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Follicular helper T cells (TFH) have specialized properties in promoting normal B cell
activation but their role in chronic lymphocytic leukemia (CLL) is unknown. We find that TFH
cells are elevated in CLL patients and are phenotypically abnormal, expressing higher
levels of PD-1, TIGIT, CD40L, IFNg and IL-21, and exhibiting abnormal composition of
TFH1, TFH2 and TFH17 subsets. Frequencies of CD4-positive T cells expressing TFH1
markers and IL-21 were positively correlated with patient lymphocyte counts and RAI
stage, suggesting that accumulation of abnormal TFH cells is concomitant with expansion
of the leukemic B cell clone. Treatment with ibrutinib led to normalization of TFH
frequencies and phenotype. TFH cells identified in CLL bone marrow display elevated
expression of several functional markers compared to blood TFH cells. CLL T cell-B cell
co-culture experiments revealed a correlation of patient TFH frequencies with functional
ability of their CD4-positive T cells to promote CLL proliferation. Conversely, CLL cells can
preferentially activate the TFH cell subset in co-culture. Together our results indicate that
CLL development is associated with expansion of abnormal TFH populations that produce
elevated levels of cytokines and costimulatory molecules which may help support
CLL proliferation.

Keywords: chronic lymphocytic leukemia (CLL), T follicular helper (Tfh) cell, interleukin 21 (IL-21), ibrutinib, TIGIT,
coculture assay, bone marrow
HIGHLIGHTS

1. Follicular helper T cells with altered cytokine and receptor profiles are progressively expanded
in CLL and normalized upon treatment.

2. CLL B cells can preferentially activate follicular helper T cells, promoting CD4+ T cell-driven
CLL B cell proliferation in vitro.
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INTRODUCTION

Monoclonal B cell lymphocytosis (MBL) and chronic
lymphocytic leukemia (CLL) are lymphoproliferative disorders
characterized by the presence of abnormal numbers of CD5+
monoclonal B lymphocytes in the blood or tissues (1). MBL is the
precursor to CLL, with approximately 1% of high-count cases
requiring therapy each year following progressing to CLL (2).
The clinical course of CLL patients is heterogeneous and
prognostic markers have been developed to predict which
patients may have aggressive disease (3). Independent
prognostic markers for CLL include Rai stage, age, IGVH
mutational status, b2-microglobulin level and TP53 loss-of-
function (1, 3), which are used to calculate the International
Prognostic Index (4). Within tissue microenvironments, CLL B
cells come into close contact with other cells such as stromal
cells, which provide signals that promote survival and drug
resistance (5). The lymphoid tissue environment also promotes
activation of B cell antigen receptor (BCR) signaling pathways
and CLL proliferation (6).

Although CLL has historically been characterized as a disease
of enhanced cell survival, active signaling and proliferation
within lymphoid tissue is now appreciated to be an important
factor determining disease prognosis (7, 8). Within bone
marrow, spleen and lymph nodes, CLL proliferation occurs in
“proliferation centers” where CLL cells interact directly with T
cells, myeloid cells and stromal cells and display markers of
active signaling (9). CLL patients showing highly active
proliferation centers exhibit aggressive disease and poor
prognosis (10). Inhibitors of Bruton’s Tyrosine Kinase (BTK)
have proven to be efficacious in treating CLL via interrupting
BCR signaling as well as the supportive cell:cell interactions
within the lymphoid tissue microenvironment (11). BTK
inhibitor treatment of CLL patients frequently results in a
transient increase in circulating malignant cells after treatment,
concomitant with dramatic loss of leukemic cells from lymph
nodes (12), suggesting that these treatments trigger a rapid
dissolution of proliferation centers.

Autologous human T cells were found to be required for CLL
proliferation in a mouse xenograft model (13), suggesting they
play an essential role distinct from stromal cells. Normal B cell
follicles, as well as germinal centers containing activated B cells,
are known to depend on a specialized subset of CD4+ T cells
called follicular helper T cells (TFH). These CD4+ T cells express
the chemokine receptor CXCR5 (14, 15), that allows them to
migrate toward its ligand CXCL13, the B cell follicle chemokine
made by follicular dendritic cells (16, 17). Normal TFH cells
produce a unique spectrum of cytokines and costimulatory
molecules and provide essential co-stimulatory signals to
sustain B cell survival and proliferation within germinal
centers (18). Functionally distinct TFH subpopulations have
been identified based on their differential expression of CXCR3
and CCR6 (19, 20). Abnormalities in TFH populations have been
observed in a number autoimmune diseases, where considerable
evidence implicates them as drivers of pathological B cell
responses (19). While substantial evidence indicates that T cell
populations are altered in CLL (21–23), a full assessment of TFH
Frontiers in Oncology | www.frontiersin.org 28
populations across the spectrum of MBL and CLL has not
previously been reported.

Here we report a comprehensive assessment of TFH

populations and associations of their frequency and
phenotypes with CLL biomarkers, clinical stage and immune
dysfunction. We find evidence that CLL TFH exhibit an increased
functional capacity to produce co-stimulatory receptors and
cytokines linked to CLL survival and proliferation and skewing
to a TFH1-like phenotype in advanced stage patients. Finally, we
find that CLL cells can preferentially activate TFH cells in vitro
and observe an association of TFH frequencies with the ability of
activated CD4+ T cells to trigger CLL proliferation. These results
define alterations in TFH phenotype and function in CLL and
indicate a potential role for these cells as part of the dysfunctional
immune microenvironment in this disease.
METHODS

Patient Samples and Clinical Biomarkers
Peripheral blood and bone marrow aspirates were obtained from
CLL patients attending the CLL clinic at CancerCare Manitoba.
Informed consent of patients and control subjects was obtained
under a protocol approved the Research Ethics Board at the
University of Manitoba. Rai staging was determined using
standard clinical criteria. Clinical biomarkers including CD38,
IgM, IgG, IgA and lymphocyte count were determined using
standard protocols and obtained from the Manitoba Tumor
Bank and CAISIS database. Mononuclear cells were isolated
using Ficoll-Paque density gradient and cryopreserved in 10%
DMSO medium prior to analysis. Lymph node biopsies were
formalin-fixed and paraffin-embedded prior to sectioning.

T Cell Phenotyping
For assessment of TFH subpopulations, peripheral blood or bone
marrow mononuclear cells were stained for the markers CD3,
CD4, CD14, CD19, CXCR5, PD-1, ICOS, CD45RA, CCR7,
CXCR3, CCR6, TIGIT (antibody details in Supplementary
Table 1) and LIVE/DEAD™ Fixable Aqua viability dye
(Invitrogen™) at room temperature for 30 minutes. Stained
cells were run on a Beckman Coulter Cytoflex instrument. TFH

populations were quantified as percent of the singlet, CD4+,
Dump (CD19/CD14/LiveDead) negative population as
illustrated in Supplementary Figure 1.

Production of Costimulatory Molecules
and Cytokines
For assessment of cytokine production, cryopreserved peripheral
blood mononuclear cells (PBMC) were cultured overnight and
then stimulated for 6 hours with 50ng/ml PMA and 1mg/ml
ionomycin (Selleck Chemicals), with 10mg/ml Brefeldin A
(Selleck) added for the last 4 hours. Cells were then cell surface
stained for CD3, CD14, CD19, CXCR5, CCR6, CXCR3 as
described above, fixed and permeabilized using eBioscience™

Fixation/Permeabilization buffer and stained intracellularly for
CD4, IFNg, IL-21 and CD40L at room temperature for 45
minutes. Intracellular CD4 staining was utilized to improve
April 2021 | Volume 11 | Article 674492
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discrimination of CD4+ cells, as cell surface CD4 is
downmodulated upon treatment with PMA+ionomycin.
Antibody details are provided in Supplementary Table 1.

Immunofluorescence Microscopy
Lymph node tissue sections were deparaffinized, rehydrated and
boiled for 20 minutes in Target Retrieval Solution, Citrate pH 6.1
(Agilent). After washing, serial tissue sections were blocked with
1% BSA and 2% FBS in PBS followed by staining with
unconjugated primary antibodies at 4°C overnight. After
washing, sections were incubated with secondary antibodies for
4 hours at room temperature with shaking, washed and then
stained with directly conjugated primary antibodies at 4°C
overnight. Following a final wash, sections were air dried and
mounted with ProLong™Gold antifade reagent (Invitrogen) and
kept at -20°C until analysis. Antibody details are provided in
Supplementary Table 2. Images were captured with a CSU-
X1M5000 spinning disc confocal microscope (Carl Zeiss)
equipped with 405/488/561/635nm lasers.

CD4 T Cell: CLL B Cell Co-Culture Assay
Autologous CD4 T cells and CLL B cells were purified from
PBMC using EasySep™ Human CD4+ T Cell Isolation Kit and
EasySep™ Human B Cell Enrichment Kit II without CD43
Depletion (both STEMCELL Technologies), respectively.
Purified CD4 T cells were suspended at 1x10^6 cells/mL in
RPMI 1640 media (GE Healthcare) with 10% FBS (Life
Technologies). T cells were cultured overnight in 24-well plates
with/without addition of ImmunoCult™ Human CD3/CD28/
CD2 T Cell Activator (STEMCELL Technologies) at 25 mL
cocktail/mL of cells. B cells were cultured overnight in U-
bottom 96-well plates at 1x10^6 cells/well, in the presence of
sCD40L+IL-4 (both 50ng/mL; R&D Systems). After 14-16 hours
incubation, cells were washed to remove stimuli. B cells were
stained with carboxyfluorescein succinimidyl ester (CFSE)
(Sigma-Aldrich) at 0.3 mM in PBS for 5min at room
temperature, then washed with culture media. T cells (with or
without pre-activation) were co-cultured together with CFSE-
labelled autologous CLL-B cells in U-bottom 96-well plates,
using 2x10^5 T and 1x10^6 B cells per well. T and B cells
alone were included as controls. Starting at day 2 of co-culture,
100 mL of culture medium was gently taken out and fresh
medium added to each well daily. At indicated times, wells
were harvested and flow cytometry analyses were carried out
using the panel detailed in Supplementary Table 1. Briefly, cells
were stained for CD4, CD19, CXCR5, CXCR3, CCR6, CCR7,
CD69, CD25, CD134/OX40, PD-1, CD38 and LIVE/DEAD™

Fixable Aqua viability dye (Invitrogen™). Following wash, cells
were fixed and permeabilized as above and stained for Ki-67 at
room temperature for 45 min.

Data Analysis and Statistics
Flow data were analyzed by FlowJo® V10 (FlowJo, LLC).
Statistical analysis was performed with GraphPad Prism
(GraphPad Software Inc). Confocal images were processed by
ImageJ (V1.47). Box and whisker plots illustrate the median,
interquartile range and 10-90% percentile values. Statistical tests
Frontiers in Oncology | www.frontiersin.org 39
used are indicated in figure legends and differences were
considered to be statistically significant at values of *(p<0.05),
**(p<0.01), ***(p<0.001) and ****(p<0.0001).
RESULTS

Follicular Helper T Cells Are Expanded and
Phenotypically Distinct in CLL Patients
Peripheral blood mononuclear cells collected from CLL patients,
MBL patients or age-matched controls were analyzed by
multicolor flow cytometry to assess T follicular helper (TFH)
cell populations. Gating on CD4+CXCR5+CD19-CD14- live
lymphocytes (Figure S1) revealed a significant elevation in
both TFH frequencies and overall TFH numbers in CLL but not
MBL patients (Figure 1A). CLL TFH express higher levels of TFH-
associated activation markers PD-1 and ICOS than
corresponding non-TFH CD4 T cells and more PD-1 than
control TFH (Figure 1B). Compared to control TFH, CLL TFH

populations contain a higher proportion of CD45RA-/CCR7-
effector memory cells and fewer CD45RA-CCR7+ central
memory cells (Figure S2). Within the TFH population we
further examined TFH1, TFH2 and TFH17 subset composition
based on expression of chemokine receptors CXCR3 and CCR6
(24) and found that CLL patients demonstrate significant
skewing towards the CXCR3+CCR6- TFH1 population (Figure
1C). The increased TFH1 skewing in CLL patients was
accompanied by significantly reduced frequencies of the TFH2
population, whereas no significant change in TFH17 cells was
observed (Figure 1C). Together these results indicate that TFH

cells are expanded and phenotypically altered in CLL.

Association of Follicular Helper T Cells
With Disease Burden
Within the spectrum of CLL patients in the cohort analyzed, we
examined whether TFH frequencies were associated with clinical
parameters or established biomarkers of disease. Strikingly, we
found that both frequency of TFH among CD4+ T cells and TFH1
skewing were positively correlated with blood lymphocyte counts
(Figure 2A). TFH expression of PD-1 or ICOS were also
positively correlated with lymphocyte count (Figure S3).
Frequencies of TFH and skewing to TFH1 were significantly
elevated in high risk CLL (Rai 3-4) relative to low risk CLL
(Rai 0) and CD38+ CLL patients showed more TFH1 skewing
than CD38- patients (Figure 2B). The latter is consistent with a
report that CD38 expression is driven by the TH1 cytokine
IFNg25. Interestingly, TFH frequency was inversely correlated
with plasma IgM and IgG levels (Figure 2C). Together these
results suggest that TFH accumulation and selective skewing to a
TFH1 phenotype occurs in parallel with expansion of the
leukemic B cell clone and decline in normal B cell function.

Impact of Ibrutinib Treatment on TFH
Populations
To determine how CLL treatment impacts TFH populations, we
examined patients during the first year of ibrutinib treatment.
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FIGURE 1 | TFH cells are expanded and phenotypically altered in CLL patients. Peripheral blood mononuclear cells (PBMC) were isolated from CLL and MBL
patients or control donors and analyzed by flow cytometry. For complete gating strategy see Supplementary Data. (A) TFH frequency and absolute numbers are
significantly increased in CLL patients. N=23 for controls, 14 for MBL and 61 for CLL. All graphs illustrate the individual patient values, median, and 95% confidence
interval. Mann-Whitney U test, **(p<0.01), ****(p<0.0001). (B) Expression of PD-1 or ICOS on TFH and non-TFH CD4+ T cell populations. TFH were gated as CD4+
CXCR5+CD45RA- cells. Individual patients or control values are connected by lines. Histograms labeled FMO show fluorescence minus one staining controls.
*denotes significance by Wilcoxon paired t test, ****(p<0.0001). #denotes significance by Mann-Whitney U test, #(p<0.05). (C) Proportions of TFH1, TFH2 and TFH17
sub-populations as determined by CCR6 and CXCR3 expression. Mann-Whitney U test, ***(p<0.001), ****(p<0.0001).
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Ibrutinib treatment led to a gradual decline in the frequency of
TFH cells over time, in parallel with a decline in total lymphocyte
count (Figure 3A). In one patient who exhibited prolonged
lymphocytosis after treatment, there was a concurrent transient
increase in the TFH population prior to normalization. Notably,
TFH composition changed post-ibrutinib treatment, with patients
exhibiting a gradual re-balancing of TFH1, TFH2, and TFH17
subsets (Figure 3A). Significant reductions in both TFH

frequencies and TFH1 skewing were observed after 40 weeks of
treatment (Figure 3B). This was accompanied by increased
frequencies of CXCR3-CCR6- TFH2-like cells, while TFH17
frequencies were not altered (Figure 3C). These results suggest
Frontiers in Oncology | www.frontiersin.org 511
that ibrutinib treatment can normalize TFH subsets concomitant
with reduction in disease burden.

CLL TFH Cells Produce High Levels of
CD40L, TIGIT, IFNg and IL-21
We further examined expression of costimulatory molecules and
cytokines by CLL TFH cells. We found that TFH express higher
levels of CD40L than non-TFH in both CLL patients and controls,
however CLL TFH exhibit a strikingly elevated expression of
CD40L (approximately 5-fold on average) relative to control
TFH (Figure 4A). In addition, we found that CLL TFH express
high levels of TIGIT (Figure 4A), an inhibitory immunoreceptor
A

B

C

FIGURE 2 | Association of TFH with disease burden and immune deficiency in CLL patients. (A) TFH frequency and TFH1 skewing are positively correlated with
lymphocyte count. (B) TFH frequency or TFH1 skewing are elevated in advanced Rai stage patients and TFH1 frequency is increased in CD38 positive versus CD38
negative patients. All graphs illustrate the individual patient values, median, and 95% confidence interval. (C) TFH frequency is negatively correlated with plasma IgM
and IgG levels. Significance was determined by Spearman correlation (A, C) or Mann-Whitney test, *(p<0.05), **(p<0.01) (B).
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previously thought to function in T:B cell interactions (25, 26). We
examined the ability of CLL TFH to produce the canonical Type 1
cytokine IFNg and the TFH-associated cytokine IL-21 (Figure 4B).
Remarkably, we observed a substantial increase in both the
frequency IL-21 producing and IL-21/IFNg double-producing
cells in CLL patients, with the CLL TFH population containing
significantly more IL-21 and double-producing cells than control
TFH cells (Figure 4B). TFH1 cells produced significantly more IL-
21 and IFNg than other TFH subsets, but interestingly produced
slightly less CD40L (Figure S4). We further assessed whether
levels of CD40L, TIGIT or IL-21 expression by TFH are associated
with disease burden or stage. Interestingly, while CD40L and
TIGIT expression did not show strong associations, IL-21
Frontiers in Oncology | www.frontiersin.org 612
expression by TFH was significantly associated with lymphocyte
count and Rai stage (Figure 4C). These results indicate that CLL
TFH cells produce abnormally high levels of costimulatory
molecules and cytokines known to stimulate CLL survival and
proliferation and the expression of IL-21 by these cells is associated
with adverse biomarkers and disease burden.

Activated TFH1-Like Cells Are Present in
CLL Lymphoid Tissues
CLL cells are present at varying levels in the bone marrow and
lymph nodes, and signals present in these microenvironments are
thought to drive CLL proliferation. To investigate whether
circulating TFH cells may represent the counterpart of TFH
A

B C

FIGURE 3 | Impact of ibrutinib treatment on TFH populations. (A) PBMC samples were collected from CLL patients prior to starting treatment with ibrutinib and at multiple
time points over a one-year follow-up. Changes in TFH frequencies, lymphocyte counts or TFH subset frequencies for 3 representative patients over time after ibrutinib treatment
for three representative patients are shown. (B) Graphs showing pre/post treatment (>40 wk) frequencies of TFH or TFH1 subsets, with individual patient data connected by a
line (*p<0.05, Wilcoxon test). (C) Stacked bar graph summarizing the average composition of four TFH subpopulations pre and post ibrutinib treatment (N=7).
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populationspresentwithin lymphoid tissues, pairedbloodandbone
marrow samples from CLL patients were analyzed. We found a
significant correlation between blood and marrow TFH and TFH1
cell frequencies from the same patients (Figure 5A). Interestingly,
TFH populations in bone marrow showed increased activation
status relative to those in peripheral blood of the same patients,
expressing significantly more IL-21, IFNg and IL-21/IFNg double-
producing cells (Figure 5B).While levels of PD-1was also elevated,
CD40L and TIGIT were similar in bone marrow and peripheral
blood TFH (Figure 5C). We further examined lymph node tissue
sections from CLL patients using immunofluorescent staining and
Frontiers in Oncology | www.frontiersin.org 713
could identifyT cells presentwithinproliferation centers expressing
the TFH1 markers CD3, CD4, CXCR5, CXCR3 and PD-1 (Figure
6). These results suggest that TFH cells are present in both
circulation and within lymphoid tissues, with the latter showing
similar skewing to TFH1 and a highly activated phenotype.

Autologous Activated CD4 T Cells Can
Promote CLL B Cell Survival, Activation
and Proliferation
We developed an in vitro system to study CLL B cell interaction
with autologous CD4+ T cells. CD4 T cells were isolated from
A

B

C

FIGURE 4 | CLL TFH cells express abnormally high levels of CD40L, TIGIT, IFNg and IL-21. (A) Expression of CD40L or TIGIT within TFH and non-TFH CD4+ T cell
populations from controls and CLL patients. Left panels show representative staining histograms within the indicated cell populations. Histograms labeled FMO show
fluorescence minus one staining controls. Right graphs show percent CD40L or TIGIT positivity among TFH or non-TFH populations, with individual subjects
connected by lines. (B) Intracellular staining of IFNg and IL-21 in TFH or non-TFH cell populations. Representative flow plots illustrate gating (left panels). Gated IL-21+
or IFNg+/IL-21+ cell frequencies within the indicated groups (right panels). In (A, B) *denotes significance by Wilcoxon paired t test, ****(p<0.0001); #denotes
significance by Mann-Whitney U test, ##(p<0.01), ###(p<0.001), ####(p<0.0001). (C) TFH cell expression of IL-21 is associated with lymphocyte count and Rai stage.
Left panel, Spearman correlation; Right panel, Mann-Whitney U test, *(p<0.05), **(p<0.01).
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patient PBMC, pre-cultured overnight with a T cell-activation
cocktail or medium alone, then washed and co-cultured with B
cells isolated from the same patient that were labeled with cell
division tracking dye CFSE. Resulting CLL-B cell division, and
expression of activation markers by B and T cells, were assessed
after 2 and 6 days of co-culture. At day 2, a significant increase in
Frontiers in Oncology | www.frontiersin.org 814
CLL B cell expression of CD69 and nuclear proliferation antigen
Ki-67 was observed in the presence of activated CD4 T cells,
compared to co-cultures with non-activated T cells or B cells
alone (Figure 7A). Activated CD4 T:B cell co-culture also
promoted an increase in CD25 activation marker expression
among B cells and increased CLL B cell survival at this time
A

B

C

FIGURE 5 | CLL bone marrow contains high levels of activated TFH1 cells. Mononuclear cells isolated from bone marrow aspirates (BM) and peripheral blood
samples (PB) of the same patients were analyzed by flow cytometry. (A) Correlation between TFH (left) or TFH1 (right) frequencies in marrow versus matched blood
samples (B) Comparison of cytokine production in marrow versus blood TFH populations. (C) Comparison of activation/costimulatory markers in marrow versus
blood TFH populations. * denotes significance by Wilcoxon paired t test, *(p<0.05).
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point, whereas increased CD38 expression or cell division (as
assessed by CFSE dilution) were not observed at day 2 (Figure
S5A). After 6 days of co-culture, CLL-B cell division was
observed (Figure 7B) and most divided cells also expressed Ki-
67 (Figure S5B). At day 6, CLL B cells also exhibited significant
upregulation of the activation marker CD25 (Figure 7B) as well
as CD38 and CD69 (Figure S5C) when co-cultured with
activated CD4 T cells. Notably, there was a positive correlation
between patient TFH frequency and the frequency of divided, Ki-
67+ and CD25+ CLL B cells observed in co-cultures (Figure 7C),
consistent with a potential role for TFH cells in driving CLL-B cell
activation and proliferation.

CLL Cells Activate TFH Cells in Co-Culture
During CLL:T cell interactions, CLL-B cells can also impact
CD4+ T cell activation (27), but it is unclear whether particular
cell subsets are preferentially targeted. In order to assess CLL B
cell-dependent activation of CD4+ T cell subsets in co-culture,
CD4 T cells untreated with activation cocktail were assessed for
their expression of various activation markers in the presence or
Frontiers in Oncology | www.frontiersin.org 915
absence of autologous CLL cells. It was found that the presence of
CLL B cells led to an increase in expression of activation markers
in a small fraction (less than 15%) of autologous CD4 T cells
(Figure 8A). This upregulation was significant for CD25, CD69
and PD-1 within 2 days of co-culture (Figure 8A). The frequency
of CD4 T cells co-expressing both CD25 and OX40, associated
with antigen-specific T cell recall responses (28), was also
increased in the presence of the B cells at both timepoints
(Figure 8A). To determine whether TFH cells were
preferentially activated by CLL-B cells, we assessed activation
marker expression on TFH and non-TFH fractions. The presence
of B cells provoked an increase in CD69+ cells in both
populations, however the fold increase in expression was
significantly higher for TFH (Figure 8B). In addition to CD69,
TFH cells showed greater fold increases in expression of CD25,
CD25/OX40 and PD-1 than non-TFH cells when co-cultured
with CLL (Figure 8B). TFH cell expression of activation markers
CD25 and OX40 increased between day 2 and day 6 of culture,
while no further increase in CD69 or PD-1 were observed after
day 2 (Figure 8C). We noted that while the patient-specific
A

B

FIGURE 6 | CLL lymph nodes contains cells expressing activated TFH1 markers. Lymph node sections from CLL patients were stained with the indicated labelled
antibodies and imaged by confocal microscopy. (A) Section stained for CLL B cell marker CD20, T cell marker CD3, proliferation marker Ki67 and CXCR5
(expressed on CLL B cells and TFH). (B) Section stained for activation marker PD-1, T cell marker CD4, proliferation marker Ki67 and CXCR3 (expressed at low levels
on CLL B cells and high levels on TFH1 cells). Several magnifications are shown (Left panel scale bar = 100µm, right panel scale bar = 25µm) to illustrate T cell
presence within CLL B cell clusters containing proliferating cells, and close contact between CLL cells and T cells expressing CD3, CD4, CXCR5, PD-1 and CXCR3.
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frequencies of TFH cells were very stable over the first two days of
culture, they began to decline by day 6 in cultures without B cells
but were well maintained in the presence of CLL B cells (Figure
8D). Taken together, these results indicate that in this co-culture
system, CLL-B cells can promote TFH cell activation
and maintenance.
DISCUSSION

Abnormalities in T cell subsets and function in CLL have been
reported in a number of studies, including changes in CD4/CD8
ratios, expansion of the Treg population, loss of naïve and
increased memory populations, and increased expression of
exhaustion markers (23, 29, 30). Here we report an in-depth
analysis of follicular helper T cell subsets and functional status as
well as their association with disease progression, immune status
and ibrutinib treatment. Our results are partially consistent with
Frontiers in Oncology | www.frontiersin.org 1016
studies from Asian and UK patients which also observed elevated
TFH frequencies in CLL (31, 32). Our study reveals that elevation
in TFH cells is first observable in Rai 0 CLL patients, whereas no
increase was apparent in the MBL group. These previous studies
reported lack of association with IgVH mutation status (31, 32)
and we also found no association with either IgVH mutation
status or ZAP-70 status (data not shown). Our study
demonstrates a significant positive correlation between TFH

frequencies and total lymphocyte counts, indicating that
increasing acquisition of the TFH phenotype among CD4+ T
cells occurs in tandem with expansion of the malignant B cell
clone. A previous study found increased TFH frequencies in Binet
C versus A/B patients (32), consistent with our observed trends
of higher TFH frequencies, in the Rai 3-4 group. Surprisingly, we
further find that expanded TFH populations in advanced stage
CLL exhibit significant TFH1 skewing. Strikingly, increased
expression of PD-1, ICOS and IL-21 by TFH cells were
associated with disease burden, and CLL TFH cells were also
A
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FIGURE 7 | Impact of activated autologous CD4+ T cells on CLL activation and proliferation. Purified CLL cells were co-cultured with purified autologous CD4+ T
cells from the same PBMC sample. Prior to co-culture, CLL cells were labeled with CFSE and T cells were briefly exposed to an activation cocktail (Tact) or kept in
medium alone (T). After 2 or 6 days of co-culture, cells were analyzed by flow cytometry to determine cell division and expression of activation markers. B cells were
gated as live CD19+CD4- cells. (A) Expression of nuclear proliferation antigen Ki67 or activation marker CD69 at day 2 of culture. (B) CLL cell division assessment
based on CFSE dilution and expression of activation marker CD25 at day 6 of culture. In (A, B) *denotes significance by Wilcoxon paired t test, **(p<0.01),
***(p<0.001). (C) Correlation of observed B cell division, Ki67 expression or CD25 expression with the frequency of TFH within CD4 T cells for each patient sample
cultured (Spearman correlation).
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found to over-express other stimulatory molecules such as IFNg,
TIGIT and CD40L.

Together our findings indicate that CLL TFH express more
PD-1 than either non-TFH CD4+ T cells from CLL patients or
TFH from controls. PD-1 is a marker for chronically-activated or
exhausted T cells, and was previously reported to be elevated in
CLL CD4+ T cells (33). Our results are consistent with this
finding, and further define the CD4 sub-populations abnormally
expressing this marker. In the context of the TFH literature, the
PD-1+ TFH phenotype which we describe here (PD-1+CXCR5+
CCR7low) is not associated with functional exhaustion but
rather has been previously associated with recent TFH
Frontiers in Oncology | www.frontiersin.org 1117
activation in tissues and enhanced functional capacity for
providing B cell help (34, 35). However, we found evidence
that TFH frequencies are negatively correlated with IgM and IgG
levels. This finding is consistent with these TFH cells being
dysfunctional in relation to their normal supportive roles for
antibody responses; or alternatively it may reflect the association
of TFH expansion with expansion of the CLL clone, and
concomitant disruption of normal B cell niches within tissues.

Our results indicate that ibrutinib can normalize TFH

frequencies and activation gradually over several months of
treatment. These results are partially consistent with previous
studies which found that ibrutinib can reduce T cell expression of
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FIGURE 8 | Impact of CLL B cells on activation of autologous CD4+ T cell subsets. Purified CLL cells were co-cultured with purified autologous CD4+ T cells that
were not pre-activated. (A) Expression of activation markers on CD4+ T cells after 2 days or 6 days of co-culture. (B) Example flow cytometry analysis showing
expression of CD69 on TFH or non-TFH CD4+ T cells. Data in right panel is expressed as fold change in activation marker expression among TFH or non-TFH
(calculated as percent expression in T+B cell co-culture/percent expression in T cell only culture). (C) CD25 and OX40 expression increase on TFH cells co-cultured
with CLL B cells between day 2 and day 6. (D) Patient-specific frequencies of TFH are maintained in CLL B cell co-culture. Individual patients are connected by lines.
*denotes significance by Wilcoxon paired t test, *(p<0.05), **(p<0.01), ***(p<0.001).
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PD-1 as well as memory markers (36, 37). The effects of ibrutinib on
T cells may be due to inhibition of the kinase ITK expressed in T
cells, since treatment with acalabrutib, which does not inhibit ITK,
showed lesser impact on T cells (37). Patients with BTK mutations
were found to have severe deficiency in TFH cells (38), suggesting the
possibility that BTK itself may be required for TFH development
and/or maintenance. Alternatively, ibrutinib may indirectly affect
TFH cell populations via depletion of the CLL B cell clone and/or its
other effects on the immune microenvironment.

Previous studies have provided considerable evidence that
blood TFH are clonally related to TFH in lymphoid tissues. We
found cells expressing markers of activated TFH cells within
proliferation centers in lymph nodes and in bone marrow,
suggesting they are in direct contact with CLL B cells within
these microenvironments. TFH cells present in the bone marrow
expressed a more activated phenotype than peripheral blood
TFH, including highly elevated PD-1 and IL-21/IFNg expression
in some patients, indicating that lymphoid tissues are likely their
primary site of activation. Given that IFNg can impair
hematopoietic stem cell function and contribute to bone
marrow failure (39), it is possible that the presence of these
activated T cells in marrow may directly participate in disruption
of marrow function in advanced stage disease.

CLL TFH cells exhibit elevated expression of B cell stimulatory
molecules CD40L and IL-21. Numerous studies have shown that
the culture with CD40L-expressing T or stromal cell lines
promotes CLL-B cell proliferation (40–42). The addition of IL-
21 to CD40L-stimulated CLL-B cells increases the frequency of
divided cells and the average number of divisions (31, 42). Our
study provides evidence that TFH cells are the predominant T cell
subset producing these CLL stimulatory factors in vivo.
Additionally, we observed that CLL TFH cells expressed high
levels of TIGIT, molecule that has been linked to CLL-B cell
survival (43). TFH1 cells are reported to be relatively poor helpers
for normal B cell responses (24), however it is possible that the
abnormal TFH1-like cells in CLL are adapted to support
malignant CLL B cells. A study using a mouse xenograft model
found that T cells driving CLL cell proliferation had a TH1
phenotype (44), indicating the potential of these cells to serve as
supportive cells in the microenvironment. Some studies have
implicated IFNg as a supportive cytokine for human CLL cells
(27, 45). Together, our data demonstrate that abnormal TFH

present in CLL patients over-produce multiple factors that could
potentially support CLL survival and proliferation in tissues.

Our in vitro co-culture studies revealed evidence that CLL
cells can preferentially activate TFH and that TFH expansion is
associated with ability of activated CD4+ T cells to trigger CLL
proliferation in vitro. Activated autologous CD4 T cells
promoted CLL cell activation marker expression and division
in line with other studies showing that the expression of
activation markers by CLL cells is increased after 2-3 days of
co-culture with T cells (27, 45), while CLL division is only
observed after 4 days (27, 40, 46). To our knowledge, this is
the first study to report this functional activity of purified
autologous CD4 T cells in CLL, without addition of other
factors such as stromal cells or cytokines. We observe that
reactivation of CD4+ T cells using anti-CD3/28 is required to
Frontiers in Oncology | www.frontiersin.org 1218
observe affects on CLL B cells, which may reflect that blood TFH,
like blood CLL cells, are relatively quiescent compared to their
counterparts in lymphoid tissues. Notably, the frequency of TFH

cells within the CD4 T cell pool positively correlated with CLL-B
cell division; however we were unable to purify sufficient
numbers of TFH from CLL patient blood to carry out co-
culture studies. Thus, while our data are consistent with a role
of TFH cells in driving CLL proliferation, it remains possible that
increased frequency of TFH could be associated with other
alterations in CD4 T cell or autologous CLL cell populations
that are critical for proliferation under these conditions.

Notably, the reciprocal activation of TFH cells by CLL cells in
co-culture included induction of CD25/OX40 double positive
TFH cells. Co-expression of these activation markers has been
shown to be dependent on antigen-specific stimulation (28).
Previous studies have raised the possibility of antigen-specific
cognate interactions between CLL and CD4+ T cells leading to
oligoclonal expansions (47), however the phenotype of these
oligoclonal T cells has not been determined. One study found
that CLL : CD4 T cell interactions in vitro can be abrogated by an
anti-pan-MHC II antibody (27), consistent with cognate
interaction. In addition to induction of activation marker
expression on TFH, we found that CLL cells could maintain
TFH frequencies during in vitro culture, resulting in significantly
higher TFH frequencies in the presence of CLL after 6 days. These
results suggest that direct bi-directional interactions between
CLL cells and abnormal TFH cells is a significant feature of the
dysfunctional CLL immune microenvironment.

Together, our findings suggest that alterations in TFH

frequencies, activation status, subset distribution and
costimulatory molecule expression can serve as alternative
biomarkers in CLL reflective of lymphoid tissue involvement and
disease progression. TFH cells may represent significant sources of
CLL stimulatory molecules and play roles in disrupting normal
immune function and promoting CLL proliferation.
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Adrenomedullin (ADM) is a hypotensive and vasodilator peptide belonging to the calcitonin
gene-related peptide family. It is secreted in vitro by endothelial cells and vascular smooth
muscle cells, and is significantly upregulated by a number of stimuli. Moreover, ADM
participates in the regulation of hematopoietic compartment, solid tumors and leukemias,
such as acute myeloid leukemia (AML). To better characterize ADM involvement in AML
pathogenesis, we investigated its expression during human hematopoiesis and in
leukemic subsets, based on a morphological, cytogenetic and molecular
characterization and in T cells from AML patients. In hematopoietic stem/progenitor
cells and T lymphocytes from healthy subjects, ADM transcript was barely detectable. It
was expressed at low levels by megakaryocytes and erythroblasts, while higher levels
were measured in neutrophils, monocytes and plasma cells. Moreover, cells populating
the hematopoietic niche, including mesenchymal stem cells, showed to express ADM.
ADM was overexpressed in AML cells versus normal CD34+ cells and in the subset of
leukemia compared with hematopoietic stem cells. In parallel, we detected a significant
variation of ADM expression among cytogenetic subgroups, measuring the highest levels
in inv(16)/t(16;16) or complex karyotype AML. According to the mutational status of AML-
related genes, the analysis showed a lower expression of ADM in FLT3-ITD, NPM1-
mutated AML and FLT3-ITD/NPM1-mutated cases compared with wild-type ones.
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Moreover, ADM expression had a negative impact on overall survival within the favorable
risk class, while showing a potential positive impact within the subgroup receiving a not-
intensive treatment. The expression of 135 genes involved in leukemogenesis, regulation
of cell proliferation, ferroptosis, protection from apoptosis, HIF-1a signaling, JAK-STAT
pathway, immune and inflammatory responses was correlated with ADM levels in the
bone marrow cells of at least two AML cohorts. Moreover, ADM was upregulated in CD4+

T and CD8+ T cells from AML patients compared with healthy controls and some ADM co-
expressed genes participate in a signature of immune tolerance that characterizes CD4+ T
cells from leukemic patients. Overall, our study shows that ADM expression in AML
associates with a stem cell phenotype, inflammatory signatures and genes related to
immunosuppression, all factors that contribute to therapy resistance and disease relapse.
Keywords: acute myeloid leukemia, adrenomedullin, hematopoiesis, inflammation, leukemia stem cells
INTRODUCTION

Adrenomedullin (ADM) is a 52-amino acid hormone belonging
to the amylin/calcitonin gene-related peptide (CGRP) super-
family, that has been originally identified in the extracts of
human pheochromocytoma (1). It is produced by cleavage of
an immature precursor that is synthesized by the ADM gene.
ADM binds to calcitonin receptor-like (CALCRL), associated
with modulating proteins with a single transmembrane domain,
named receptor activity-modifying protein 2 (RAMP-2) or
RAMP-3 (2).

ADM has been detected in many human tissues, including the
endothelium, the nervous, cardiovascular, digestive, excretory,
respiratory systems, the endocrine and reproductive organs (3).
Despite its original definition as a hypotensive and vasodilator
agent (1, 4), ADM is involved in a number of physiological
processes, including angiogenesis (5), cell proliferation,
migration (6), apoptosis (7, 8) and differentiation (9), with
potential promoting and inhibitory functions depending on the
cell type. Moreover, ADM production increases during infection,
since it acts as an anti-microbial peptide against Gram-positive
and Gram-negative bacteria (10), and during inflammation.
Indeed, inflammatory molecules, as lipopolysaccharide (LPS)
and 12-O-Tetradecanoylphorbol-13-acetate (TPA), and
cytokines, including TNF-a and IL-1a force ADM secretion
(11), and NF-kB binding sites have been identified on the ADM
promoter (12). Once released, ADM can exert local and systemic
anti-inflammatory actions by regulating cytokine secretion (13)
and immune system properties, with beneficial effects on
inflammatory conditions as gastric ulcers (14) and bowel
diseases (15). Additional stimuli, as cell-to-cell interaction (16),
growth factors, steroids, hormones, and physical factors,
including oxidative stress and hypoxia, can induce ADM
expression (3).

In the hematopoietic system, ADM is produced and secreted
by peripheral blood monocytes, monocyte-derived macrophages
and granulocytes (17). Moreover, mononuclear hematopoietic
cells of the cord blood express ADM transcript (18) and ADM, in
combination with growth-promoting cytokines, was able to
222
enhance clonal growth and expansion of cord blood
hematopoietic stem cells (18–20) and progenitor cells,
respectively (20).

In contrast with the protective and therapeutic activity
demonstrated in different diseases, ADM has pro-tumorigenic
functions. It is over-expressed in a number of malignancies,
including breast cancer, melanoma, tumors of the eye, of the
respiratory, nervous, urogenital and gastroenteric system (21).
Despite its relevance in hematopoietic stem cells and in the
myeloid lineage, little is known about ADM in acute myeloid
leukemia (AML). Previous studies on AML cellular models
showed that HL60 (22) and THP1 cells produce ADM, though
at low levels, and respond to a number of stimuli, including TPA,
LPS, TNF-a by increasing its expression (17, 23). The elevated
ADM production was associated with increased expression of
markers of monocyte/macrophage differentiation (17).
Conversely, exposure to exogenous ADM had no evident
effects on cell differentiation that was instead induced by
treatment with an ADM receptor antagonist. Exogenous ADM
promoted AML cell proliferation through the ERK/MAPK
pathway and induced CD31 upregulation, which could
enhance their transendothelial migration capacity.

Here we analyzed the expression of the ADM gene across
human hematopoietic cell differentiation and in AML, including
its morphological, cytogenetic and molecular subtypes, cell
subpopulations and T cell subsets from leukemic patients, and
we investigated ADM impact on prognosis and its related
transcriptional network.
MATERIALS AND METHODS

Sample Collection and Cell Preparation
Samples were obtained from AML and acute lymphoblastic
leukemia (ALL) patients after written informed consent, as
approved by the institutional ethics committees (Comitato
Etico Indipendente di Area Vasta Emilia Centro, protocol 112/
2014/U/Tess and Comitato Etico della Romagna, protocol 5805/
2019), in accordance with the Declaration of Helsinki.
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Mononuclear cells from bone marrow (n = 7) or peripheral blood
(n = 5) of adult (non-M3) AML patients at diagnosis were
collected by density gradient centrifugation using Lymphosep
(Biowest). CD34+ leukemic blasts were enriched by
immunomagnetic separation (CD34 MicroBead Kit, Miltenyi
Biotec). Healthy hematopoietic stem-progenitor cells (CD34+)
from bone marrow specimens (n = 3) were obtained by
STEMCELL Technologies Inc.

Gene Expression Datasets
Gene expression data were obtained from the BLUEPRINT
consortium (http://dcc.blueprint-epigenome.eu/#/home) (24)
and the Gene Expression Omnibus (GEO) repository [https://
www.ncbi.nlm.nih.gov/gds, GSE98791 (25), GSE24759 (26),
GSE24006 (27), GSE63270 (28), GSE158596 (29), GSE117090
(30), GSE14924 (31), GSE14468 (32), GSE6891 (33), GSE13159
(34)]. Array data from 61 AML bone marrow samples
(blasts ≥80%) and 29 Philadelphia-negative (Ph−) B-ALL have
been generated by the Next Generation Sequencing platform for
targeted Personalized Therapy of Leukemia (NGS-PTL) project,
as previously described (35, 36). The Beat AML (37) and The
Cancer Genome Atlas (TCGA) project on AML (38)
transcriptomic cohorts were obtained from https://portal.gdc.
cancer.gov (projects BEATAML1.0-COHORT and TCGA-
LAML), respectively. The datasets used in the manuscript are
described in Supplementary Table 1.

Transcriptomic Data Analysis
Data quality control and normalization (signal space
transformation robust multi-array average) of NGS-PTL data
(Affymetrix Human Transcriptome Array 2.0) were carried out
by Expression Console software (version 1.4.1, Affymetrix,
Thermo Fisher Scientific). Raw data from GSE24006,
GSE14468, GSE6891, GSE13159 (all Affymetrix U133 Plus 2.0
array), were normalized by Transcriptome Analysis Console
Software (version 4.0.1) using robust multi-array average
normalization. Normalized data from GSE98791 (Agilent-
021441 NCode Human Long Non-coding RNA), GSE117090
(Affymetrix Human Transcriptome Array 2.0), GSE14924,
GSE63270 (Affymetrix U133 Plus 2.0 array) and GSE24759
(Affymetrix HT-HG-U133A Early Access) were retrieved from
GEO. BLUEPRINT RNA-seq data were normalized in
Transcript Per Million (TPM) by RSEM (39). RNA-Seq data
from TCGA-LAML and Beat AML are available in the form of
HTSeq read counts. Those were transformed into Counts Per
Million (CPM) with Trimmed Mean of M values (TMM), using
calcNormFactors (method = “TMM”) function in edgeR (40)
(v3.24.1), then log2-transformed. RNA-seq data from
GSE158596 were normalized using the median of ratios
method of DESeq2 (41). Supervised gene expression analysis
was performed by Student’s t-test or Welch’s t-test [R package
stats, v3.4.1 (42)—python v3.6.5 (43) package scipy v1.5.2 (44)]
in order to compare expression of ADM, its co-expressed and
interacting genes. ADM interacting proteins were identified by
STRING (version 11.0). Pathway enrichment analysis was
carried out by Enrich R (45) on Gene Ontology Biological
Processes, KEGG and Reactome annotations. The ClueGO
Frontiers in Oncology | www.frontiersin.org 323
package (version 2.5.7) from the Cytoscape software platform
(version 3.8.1) was used for functional network analysis. Gene set
enrichment analysis (GSEA) was performed with GSEA software
(Broad Institute) (46).

qRT-PCR
After TRIzol extraction, RNA was reverse transcribed into cDNA
(PrimeScript Reag Kit with gDNA Eraser, Takara). TaqMan gene
expression for ADM mRNA (Hs00181605_m1, ThermoFisher
Scientific) was performed on CD34+ cells from AML and control
samples, using HPRT1 (Hs02800695_m1) as reference gene, on
the Applied Biosystems 7500 Real-Time PCR System
(ThermoFisher Scientific). Gene expression was quantified by
the 2−DDCt method, using the average expression of healthy
CD34+ cells as calibrator.

Statistical Analyses
Data were reported as median and minimum-to-maximum
values for continuous variables and as natural frequencies and
percentages for categorical ones. The Shapiro–Wilk test was used
to assess if continuous variables were normally distributed. The
association between one continuous and one categorical variable
was performed using the Student t-test or the Analysis of
Variance (ANOVA) or the analogous Wilcoxon–Mann–
Whitney test or Kruskal–Wallis test, as appropriate. In case of
a significant result (p-value ≤0.05) from an omnibus test for the
comparison of more than two categories, post-hoc test p-values
were adjusted using the Bonferroni method. The association
between two categorical variables was assessed by means of the
Chi-square test or the Fisher’s exact test, as appropriate.
Correlation among genes was studied through the Pearson
correlation coefficient. To investigate the association between
ADM expression and overall survival (OS), a Cox proportional
hazards model was used. Hazard ratios (HRs) and 95%
confidence intervals (CIs) were reported. To assess the
presence of outliers or influential observations as well as the
functional form of ADM in relation to the hazard function, the
Deviance and the Martingale residuals were used, respectively.
Overall survival analysis was performed firstly on each cohort
separately and then on an integrated dataset to explore the
prognostic role of ADM in specific subgroups otherwise
characterized by very low frequency. Such integrated dataset
was obtained applying the Blom transformation to the
normalized expression data of ADM (47). Such rank-based
transformation backtransforms the uniformly distributed ranks
to a standard normal distribution. Statistical analyses were
performed using R statistical language version 3.6.1 and
STATA 12.0 (College Station).
RESULTS

ADM Expression Is a Characteristic of the
Myeloid Differentiation Program
To deeply investigate ADM expression in the hematopoietic
system, we analyzed its mRNA levels at different stages of
June 2021 | Volume 11 | Article 684396
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hematopoiesis and in the microenvironment in the BLUEPRINT
dataset. ADM transcript was barely detectable in hematopoietic
stem cells (HSC) and almost undetectable in hematopoietic
multipotent progenitor cells (MPP) (Figure 1A). In the
myeloid differentiation program, ADM was not expressed by
common myeloid progenitor cells (CMP) and granulocyte-
monocyte progenitor cells (GMP). It was barely detectable in
megakaryocytes and erythroblasts, while increasing in dendritic
Frontiers in Oncology | www.frontiersin.org 424
cells (DC) and, especially, during neutrophilic differentiation and
in monocytes (Figure 1A). Monocyte-derived macrophages
showed low ADM levels. However, ADM expression was
significantly enhanced by LPS stimulation (Supplementary
Figure 1), in line with previous reports (49). In the lymphoid
lineage, ADM was not expressed by common lymphoid
progenitors (CLP) and by T cells at any stage of differentiation
(thymocytes, memory T cells and regulatory T cells, Figure 1A).
ADM expression remained close to undetectable during B
lymphocyte differentiation (naïve, germinal center and memory
B cells), while increasing in terminally-differentiated plasma cells
(Figure 1A). Of note, ADM was highly expressed by cells
populating the hematopoietic niche and/or interacting with the
hematopoietic system, including endothelial progenitor and
mature cells, bone marrow mesenchymal stem cells (MSC) and
osteoclasts (Figure 1A).

To validate these data in independent cohorts, we analyzed
the GSE98791 and GSE24759 datasets, containing hematopoietic
and immune cell populations. The results were largely
overlapping, showing very low ADM levels in CMP, GMP, B
cells, CD4+ and CD8+ T lymphocytes (naïve, mature
and memory), low expression in HSC, erythroid cells and
megakaryocytes and higher ADM transcript in monocytes and
granulocytes (Figures 1B, C).

Taken together, these data indicate that in the normal
hematopoietic system, ADM expression is a hallmark of
mature myeloid cells.

Leukemia Stem Cells Express ADM
It was previously reported that the expression of the ADM
binding receptor CALCRL is a prognostic marker in AML
(50). However, both CGRP and ADM bind to the same
receptor. To understand whether ADM may be involved in
CALCRL signaling in AML, we analyzed its expression in three
different datasets of leukemic and hematopoietic cells at different
stages of differentiation, including stem and progenitor cells,
defined on a surface phenotype base (GSE24006, GSE117190
and GSE63270).

ADM was overexpressed in leukemic stem cells (LSC)
compared with HSC (GSE24006, p = 0.017; GSE117190, p =
0.023, GSE63270, p = 0.052) or MPP (GSE24006, p = 0.018;
GSE63270, p = 0.002, Figures 2A–C). Elevated levels were also
detected in leukemic compared with hematopoietic progenitor
cells (GSE24006, p = 0.051; GSE117190, p <0.001, GSE63270, p =
0.003; Figures 2A–C). Moreover, ADM expression was
maintained in AML blast cells that showed similar levels
compared with more undifferentiated AML cells (GSE24006,
Figure 2A). The elevated ADM expression in AML was
confirmed in our qRT-PCR analysis of CD34+ AML cells
versus bone marrow hematopoietic stem-progenitor cells
(HSPC, p = 0.017, Figure 2D) and in the GSE158596 dataset,
by comparing leukemic blasts with G-CSF mobilized HSPC
(p <0.001, Figure 2E).

We then asked whether ADM expression differs between AML
and ALL. We observed higher ADM expression in AML versus
ALL (GSE13159, p <0.001, Figure 2F). This result was confirmed
by comparing AML with T-ALL (p <0.001, Figure 2G) or B-ALL
A

B

C

FIGURE 1 | ADM expression in HSC and in the hematopoietic system.
Transcriptional analysis of ADM expression in hematopoietic cells from the
BLUEPRINT (A), the GSE98791 (B) and the GSE24759 (C) datasets. Scatter
plots were generated with the R package ggplot2 (48) (version 3.3.1). Each
dot indicates one sample and the bar represents the median value (HSC,
hematopoietic stem cells; MPP, hematopoietic multipotent progenitor cells;
CMP, common myeloid progenitors; GMP, granulocyte–monocyte
progenitors; DC, conventional dendritic cells, CLP, common lymphoid
progenitors; NK, natural killer; T reg, regulatory T cells; GC, germinal center;
EPC, endothelial progenitor cells; MSC, mesenchymal stem cells; MEP,
megakaryocyte-erythroid progenitors; CS, class-switched; TPM, Transcripts
Per Million).
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FIGURE 2 | ADM expression is elevated in leukemic compared with hematopoietic stem and progenitor cells and in AML compared with ALL. (A–C) Comparison
of ADM levels between leukemic cells subpopulations and normal stem and progenitor cells in the GSE24006 (A), the GSE117090 (B) and the GSE63270
(C) datasets. Subpopulations according to their surface phenotype: leukemia stem cells (LSC): (Lin−)CD34+CD38−(CD90−), hematopoietic stem cells (HSC):
Lin−CD34+CD38−CD90+(CD45RA+/−), hematopoietic multipotent progenitor cells (MPP): Lin−CD34+CD38−CD90−CD45RA−, leukemia progenitor cells (LPC): (Lin−)
CD34+CD38+(CD90−), hematopoietic progenitor cells (HPC): Lin−CD34+CD38+(CD90+), AML blasts: Lin−CD34−. Scatter plots were generated with the R package
ggplot2 (48) (version 3.3.1). Each dot indicates one sample and the bar represents the median value. (D) Comparison of ADM levels between AML blasts (n = 12)
and healthy CD34+ bone marrow cells (n = 3, hematopoietic stem-progenitor cells, HSPC, qRT-PCR) and (E) between AML blasts (n = 60) and healthy G-CSF
mobilized HSPC (n = 16) from the GSE158596 dataset. (F) ADM transcript levels in AML (n = 505) and ALL (n = 784, GSE13159), (G) separated in T-ALL (n = 173)
and B-ALL (n = 441) and (H) in AML (n = 61) versus Ph−B-ALL (n = 29, NGS-PTL). Violin plots were generated with GraphPad Prims (version 8.4.3). The plots
represent the frequency distribution of ADM levels (from minimum to maximum) and the dotted line indicates the median value.
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(p = 0.018, Figure 2G), separately. When analyzing the NGS-PTL
B-ALL cohort, we observed that ADM expression was increased in
AML compared with Ph-negative (Ph−) B-ALL (NGS-PTL, p =
0.041, Figure 2H). Overall, these data suggest that ADM is
generally higher in AML compared with ALL.
High ADM Expression Associates With
Specific Cytogenetic Features in AML
We then asked whether ADM expression levels changed among
AML molecular and biological subgroups and investigated the
association between ADM levels and disease features, including
age, morphology, cytogenetics, and genomic lesions. To this aim,
we analyzed six independent datasets of newly-diagnosed AML
(excluding M3 cases, age ≥18 years) and focused on bone
marrow samples (GSE6891, n = 68; Beat AML, n = 142;
TCGA-LAML, n = 135, GSE13159, n = 458, NGS-PTL, n =
61), except for GSE14468 cohort that included mixed bone
marrow and peripheral blood samples (n = 459, tissue not
specified, Table 1 and Supplementary Table 2).

Elderly patients (aged ≥60 years) expressed significantly
higher ADM transcript in the GSE14468 cohort (p = 0.034)
and this comparison was close to significance in the TCGA-
LAML dataset (p = 0.056). ADM expression showed a significant
variation according to French–American–British classification
(GSE6891, p = 0.001, GSE14468, p <0.001), with high levels in
the immature M0 cytomorphology, in the monocytic types (FAB
M4/M5) and in erythroid leukemia (M6). Moreover, we observed
a significant variation among cytogenetic subgroups (Beat AML,
p = 0.001; TCGA-LAML, p = 0.001, GSE14468, p <0.001;
GSE13159, p <0.001), with elevated levels in complex
karyotype and inv(16)/t(16;16) AML and low expression in
t(8;21) cases.

The analysis of ADM expression according to genetic
alteration of AML-related genes revealed no association with
the mutational status of IDH1, IDH2, KRAS/NRAS, RUNX1,
ASXL1, DNMT3A and TP53. Moreover, no significant
differences were observed among ELN 2010 risk categories
(Table 1). Conversely, we detected lower expression in FLT3-
ITD AML (GSE6891, p = 0.023; TCGA-LAML, p = 0.001;
GSE144468, p = 0.009) compared with FLT3-ITD-negative
AML and in NPM1-mutated versus wild-type cases in the
TCGA-LAML dataset (p = 0.034). Accordingly, when
considering FLT3-ITD and NPM1 mutation simultaneously,
we observed a significant difference among the subgroups, with
the wild-type cases expressing the highest ADM levels and the
FLT3-ITD/NPM1-mutated ones expressing the lowest ones
(GSE6891, p = 0.004; TCGA-LAML, p = 0.009).

We then asked whether ADM may have a prognostic role in
terms of OS, but no statistically significant association was
observed. This analysis was performed on the Beat AML,
TCGA-LAML, GSE6891 and NGS-PTL cohorts that had the
information related to the OS. Bone marrow and peripheral
blood samples were included in order to increase the cohort size
and allow subgroup analyses. Considering the integrated dataset,
the associations between ADM and AML molecular and
Frontiers in Oncology | www.frontiersin.org 626
biological features observed on the single cohorts were
confirmed (Table 2). Moreover, the integrated dataset
suggested the association with ELN 2010 risk classification (p =
0.006, Table 2). In details, ADM expression was elevated in the
favorable and adverse risk categories, compared with the
intermediate ones, in line with the cytogenetic features.
Additional analyses showed that high ADM expression had a
negative impact on OS within the patients’ subgroup
characterized by favorable ELN 2010 risk (HR for a one-unit
increase in ADM = 1.28; 95% CI: 1.02–1.61, p = 0.031,
Figure 3A). Adjusting for age (<60, ≥60 years) that resulted
either significantly associated to ADM and to affect the OS, the
HR for a one-unit increase in ADM was equal to 1.22 (95% CI:
0.97–1.53, p = 0.083). Conversely, high ADM expression seemed
to have a positive impact on OS within the subgroup receiving a
not-intensive treatment (azacytidine, decitabine, targeted
therapies; HR = 0.65, 95% CI: 0.43–0.97 p = 0.037, Figure 3A).
In this cohort, the prognostic role of ADMwas independent from
other biological and clinical factors.

The ADM Gene Network Is Enriched of
Inflammatory Signatures in Leukemic Cells
and of Immunomodulatory Genes in T
Cells From AML Patients
To understand the biological features associated with ADM
expression in AML, we analyzed genes co-expressed and
interacting with it. We defined 135 genes whose expression
positively correlated with ADM (absolute value of Pearson
correlation coefficient ≥0.5 and p value ≤0.05) in at least two
out of the five cohorts of bone marrow samples (Figure 3B and
Supplementary Table 3). Moreover, we identified the top-
scoring ADM interactors (protein–protein interaction
enrichment p <1.0e−16, Supplementary Figure 2), that are
mainly involved in G protein-coupled receptor signaling.

Genes co-expressed with ADM were involved in regulation of
cell growth and proliferation (e.g. CDKN2D, SDCBP, BTG1,
PTPRJ, SGK1), ferroptosis (FTH1, CYBB, SAT1, FTL),
protection from apoptosis (e.g. HCK, RNF144B, BCL2A1,
BIRC3), HIF-1a signaling (e.g. CDKN1A, EDN1, PFKFB3,
CYBB), JAK-STAT pathway (SOCS3, IL6, CDKN1A, IL10RA,
IL21R) and response to stimuli, including lipids, LPS, cytokines
and chemokines (Supplementary Table 4). Three of these genes
were confirmed in four out of five cohorts, thus representing
high-fidelity ADM co-expressed genes. They were the p53
transcriptional target SAT1, that is involved in polyamine
metabolism and functions as a metabolic mediator of
ferroptotic cell death (51), the BCL2 family member BCL2A1,
that has been recently shown to confer resistance to Venetoclax
treatment (52, 53), and IER5, that regulates LPC proliferation
(54) (Figure 3B and Supplementary Table 3).

Four ADM co-expressed genes were also upregulated in LSC
compared with HSC in two analyzed datasets (GSE24006, Figure
3C and GSE117090, Figure 3D). The Src family kinase HCK is
strongly expressed in a significant proportion of AML patients
(55), is known to be upregulated in leukemic compared to
normal stem cells and is a potential therapeutic target (56, 57).
June 2021 | Volume 11 | Article 684396

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


TABLE 1 | Association between ADM expression levels and clinical/molecular data across public datasets.

142) TCGA-LAML (n=135)

in-max] p n (%) median [min-max] p

0.653 0.056
313.9] 72 (53.3) 1.3 [0.0-23.1]
-151.7] 63 (46.7) 2.0 [0.0-57.1]

–

0.057 0.591
-6.1] 14 (10.5) 2.1 [0.0-5.5]
118.2] 35 (26.1) 1.2 [0.0-12.4]
-63.6] 38 (28.4) 1.3 [0.1-17.2]
-159.1] 29 (21.6) 2.0 [0.1-12.8]
151.7] 15 (11.2) 1.1 [0.0-57.1]

2 (1.5) 2.3 [1.9-2.7]
1 (0.8) 1.4 [1.4-1.4]

1
0.001 0.001

-15.1] 7 (5.3) 0.2 [0.1-1.0]
-98.7] 10 (7.6) 1.9 [1.2-7.0]
313.9] 60 (45.5) 1.2 [0.0-57.1]
-130.8] 18 (13.6) 3.4 [0.3-17.2]
-39.3] 8 (6.1) 0.5 [0.0-1.8]
-159.1] 29 (22.0) 1.9 [0.0-12.8]

3
0.062 0.001

118.2] 27 (20.5) 0.4 [0.0-23.1]
-313.9] 105 (79.6) 1.9 [0.0-57.1]

3
0.064 0.034

313.9] 38 (28.8) 0.6 [0.0-57.1]
-159.1] 94 (71.2) 1.8 [0.0-16.8]

3
0.086 0.009

-159.1] 84 (63.6) 2.0 [0.0-16.8]
118.2] 10 (7.6) 0.8 [0.2-12.4]
313.9] 21 (15.9) 1.5 [0.0-57.1]
-46.5] 17 (12.9) 0.3 [0.0-23.1]

3
0.104 0.114

-313.9] 40 (30.8) 1.3 [0.0-57.1]
151.7] 37 (28.5) 1.2 [0.1-23.1]
-159.1] 22 (16.9) 1.5 [0.0-12.8]
-130.8] 31 (23.9) 2.8 [0.3-17.2]

5

n, number; NK, normal karyotype; p, p value; wt, wild-type.
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Variable GSE6891 (n=68) GSE14468 (n=459) Beat AML (n=

n (%) median [min-max] p n (%) median [min-max] p n (%) median [m

Age - 0.034
<60-years – – 383 (83.8) 159.8 [57.7-3848.3] 60 (42.3) 9.5 [0.2
≥60-years 63 (100.0) 196.7 [93.4-4451.3] 74 (16.2) 238.2 [98.4-442.9] 82 (57.7) 11.4 [0.3
missing 5 2 –

FAB 0.001 <0.001
M0 2 (3.6) 229.7 [188.7-270.6] 18 (4.1) 135.3 [80.5-477.7] 4 (7.8) 4.0 [1.
M1 11 (19.6) 122.7 [97.0-206.5] 97 (22.2) 134.8 [57.7-3396.9] 6 (11.8) 1.3 [1.0
M2 23 (41.1) 148.1 [92.4-1024.0] 123 (28.2) 147.0 [71.0-2936.7] 5 (9.8) 6.4 [0.9
M4 9 (16.1) 221.3 [172.4-4451.3] 83 (19.0) 205.1 [84.5-3848.3] 16 (31.4) 19.0 [3.5
M5 10 (17.9) 448.6 [166.6-4451.3] 109 (24.9) 183.6 [83.9-4482.2] 19 (37.3) 4.3 [0.3
M6 1 (1.8) 843.4 7 (1.6) 171.3 [123.6-849.2] – –

M7 – – – – 1 (2.0) 5.
missing 12 22 91
Cytogenetic group 0.063 <0.001
t(8;21) 3 (5.0) 104.0 [96.3-126.2] 32 (9.8) 137.2 [92.4-451.9] 3 (2.1) 7.3 [0.9
inv(16)/t(16;16) 4 (6.7) 516.6 [182.3-2256.7] 33 (10.1) 210.1 [125.4-2164.8] 9 (6.4) 18.9 [5.
NK 23 (38.3) 188.7 [96.3-4451.3] 139 (42.4) 149.1 [57.7-3848.3] 75 (53.6) 7.5 [0.2
CK 4 (6.7) 178.1 [92.4-4451.3] 27 (8.2) 133.4 [95.7-2740.1] 19 (13.6) 35.6 [1.2
KMT2A-r 1 (1.7) 179.8 15 (4.6) 116.2 [84.5-1782.9] 8 (5.7) 2.0 [0.3
Other 25 (41.7) 229.1 [114.6-2019.8] 82 (25.0) 169.5 [74.5-3304.0] 26 (18.6) 13.8 [0.4
missing 8 131 2
FLT3-ITD 0.023 0.009
FLT3-ITD+ 18 (26.5) 145.5[96.3-1024.0] 112 (28.3) 144.5 [57.7-2091.0] 27 (20.3) 4.2 [0.4
FLT3-ITD− 50 (73.5) 247.3 [92.4-4451.3] 283 (71.7) 167.7 [68.1-3848.3] 106 (79.7) 14.5 [0.2
missing – 64 9
NPM1 status 0.127 0.249
NPM1-mut 20 (29.4) 151.2 [96.3-2019.8] 135 (34.2) 313.9 [57.7-3743.1] 37 (27.8) 4.2 [0.6
NPM1-wt 48 (70.6) 244.0 [92.4-4451.3] 260 (65.8) 164.9 [68.1-3848.3] 96 (72.2) 13.8 [0.2
missing – 64 9
FLT3-ITD/NPM1 0.004 0.070
−/wt 40 (58.8) 244.7 [92.4-4451.3] 218 (55.2) 168.9 [68.1-3848.3] 81 (60.9) 15.1 [0.2
+/wt 8 (11.8) 281.9 [97.0-1024.0] 42 (10.6) 147.5 [83.3-2091.0] 15 (11.3) 8.9 [0.4
−/mut 10 (14.7) 305.0 [120.3-2019.8] 65 (16.5) 163.2 [71.0-3743.1] 25 (18.8) 9.4 [0.6
+/mut 10 (14.7) 123.8 [96.3-166.6] 70 (17.7) 140.6 [57.7-1758.3] 12 (9.0) 2.7 [0.8
missing – 64 9
ELN 2010 0.448 0.255
Favorable 11 (18.3) 221.3 [96.3-2256.7] 115 (35.3) 172.4 [67.2-2179.8] 38 (27.1) 10.8 [0.5
Int-I 19 (31.7) 148.1 [96.3-4451.3] 89 (27.3) 140.1 [57.3-3875.1] 49 (35.0) 7.7 [0.2
Int-II 18 (30.0) 201.6 [117.8-2019.8] 74 (22.7) 160.9 [70.0-3327.0] 26 (18.6) 10.2 [0.3
Adverse 12 (20.0) 237.3 [92.4-4451.3] 48 (14.7) 150.1 [83.7-2019.8] 27 (19.3) 21.8 [0.4
missing 8 133 2

CK, complex karyotype; Int, Intermediate; ITD, internal tandem duplication; KMT2A-r, KMT2A-rearranged; min-max, minimum-to-maximum value; mut, mutated;
p ≤ 0.05 are highlighted as bold text.
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Along with the metabolic mediator SAT1, an additional gene
functions as regulator of cell homeostasis, namely the lysosomal
thiol reductase IFI30, that facilitates degradation of unfolded
proteins, thus controlling endoplasmic-reticulum stress. IFI30 is
also a predictor of response to combined Mitoxantrone,
Etoposide, Cytarabine and the proteasome inhibitor Ixazomib
in relapsed/refractory AML (58). Moreover, FCER1G is an
immune regulator. Indeed, it is an adapter protein that
transduces activation signals from various immunoreceptors
and has been shown to prime T cells toward T-helper 2 and T-
helper 17 cell subtypes (59).

Remarkably, network analysis of the ADM co-expressed
genes across AML datasets highlighted the enrichment of
Frontiers in Oncology | www.frontiersin.org 828
transcripts involved in immune and inflammatory response,
including myeloid leukocyte activation, regulation of their
differentiation, neutrophil migration, toll-like receptor
signaling, mononuclear cell migration, regulation of leukocyte
proliferation (Figure 4 and Supplementary Table 4), suggesting
an association between high ADM levels and an inflammatory
status in leukemic cells.

Since ADM has been previously linked with immune response
under physiological and pathological conditions (60–63), we
compared its expression in T cell subsets from AML patients
and healthy controls. We observed increased ADM expression in
CD4+ T cells (GSE14924, p <0.001, Figure 5A) and in CD8+ T
lymphocytes (GSE117090, p <0.001, Figure 5B) from AML
patients. Moreover, 40 and six ADM co-expressed genes were
upregulated in CD4+ T (Figure 5C) and CD8+ T cells
(Figure 5D) from AML patients compared with cells from
healthy controls, respectively. When studied by GSEA, CD4+ T
cells from AML patients were enriched of signatures related to
regulatory T (Treg) cells (Figure 5E). Of note, some ADM co-
expressed genes, including JUNB, CDKN1A, ANXA5, CYBB,
NFKBIZ, that were upregulated in CD4+ T cells from AML
patients compared with cells from healthy controls (Figure 5B),
are known to participate to the Treg phenotype (65–69).
DISCUSSION

ADM is a circulating hormone that also functions as a local
paracrine and autocrine mediator, with involvement in a number
of different cellular responses. We here studied ADM expression
in the hematopoietic system and in AML and analyzed the
transcriptional program associated with it both in leukemic
cells and the immune microenvironment.

ADM is upregulated in a variety of human cancers compared
with normal tissues and its mRNA expression correlated with
high protein expression in the majority of them (21). In AML, we
observed elevated levels in cell subpopulation defined, on the
basis of their surface phenotype, as LSC and LPC compared with
their normal counterparts that showed undetectable-to-barely-
detectable levels.

ADM expression is also elevated in AML compared with ALL,
in line with the observation that ADM expression is a main
feature of the myeloid differentiation program. Accordingly,
among AML FAB subtypes, monocytic (M4/M5) and erythroid
(M6) leukemia had the highest expression, together with the
immature M0 phenotype. These data reflect the distribution
of ADM expression across the cytogenetic subgroups, with
complex karyotypes, that frequently have an undifferentiated
phenotype and inv(16)/t(16;16) AML, that characterizes the
myelomonocytic cytomorphology, showing the strongest ADM
positivity. This feature may also explain the lack of prognostic
relevance of ADM in AML in general, that has been reported in
other solid tumors (70–76). Conversely, high ADM levels showed
a potential negative impact on overall survival in the favorable
ELN 2010 risk class, that also includes inv(16)/t(16;16) cases. In
AML, ADM expression is related to the disease molecular
features, both in terms of genomic rearrangements and
TABLE 2 | Association between ADM expression levels and clinical/molecular
data in the overall AML cohort after normalization.

Variable Beat AML+TCGA-LAML+GSE6891+NGS-PTL (n=903)

n (%) median [min-max] p

Age <0.001
<60-years 578 (64.9) -0.1 [-3.0-2.6]
≥60-years 313 (35.1) 0.2 [-2.8-2.9]
missing 12
FAB <0.001
M0 40 (6.0) -0.4 [-2.2-1.1]
M1 147 (21.9) -0.4 [-3.0-2.4]
M2 175 (26.1) -0.2 [-2.6-2.2]
M4 143 (21.3) 0.2 [-1.9-2.9]
M5 154 (23.0) 0.02 [-2.3-2.9]
M6 9 (1.3) 0.1 [-0.6-1.4]
M7 3 (0.5) -0.1 [-0.4-0.4]
missing 232
Cytogenetic group <0.001
t(8;21) 50 (6.2) -0.5 [-1.6-1.1]
inv(16)/t(16;16) 68 (8.4) 0.3 [-0.6-2.3]
NK 360 (44.4) -0.2 [-3.0-2.9]
CK 89 (11.0) 0.4 [-1.7-2.9]
KMT2A-r 38 (4.7) -0.9 [-2.8-1.9]
Other 205 (25.3) 0.1 [-2.6-2.8]
missing 93
FLT3-ITD <0.001
FLT3-ITD+ 200 (24.3) -0.4 [-3.0-2.3]
FLT3-ITD− 622 (75.7) 0.1 [-2.8-2.9]
missing 81
NPM1 status <0.001
NPM1-mut 241 (30.4) -0.3 [-3.0-2.6]
NPM1-wt 572 (69.6) 0.1 [-2.8-2.9]
missing 81
FLT3-ITD/NPM1 <0.001
−/wt 486 (59.1) 0.2 [-2.8-2.9]
+/wt 86 (10.5) -0.2 [-2.1-1.7]
−/mut 136 (16.6) -0.01 [-2.6-2.6]
+/mut 114 (13.9) -0.6 [-3.0-2.3]
missing 81
ELN 2010 0.006
Favorable 224 (30.1) 0.1 [-2.7-2.6]
Int-I 218 (29.3) -0.2 [-3.0-2.9]
Int-II 162 (21.7) 0.02 [-2.6-2.3]
Adverse 141 (18.9) 0.4 [-2.8-2.9]
missing 158
CK, complex karyotype; ITD, internal tandem duplication; KMT2A-r, KMT2A-rearranged;
min–max, minimum-to-maximum value; mut, mutated; n, number; NK, normal karyotype;
p, p value; wt, wild-type.
p ≤ 0.05 are highlighted as bold text.
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FIGURE 3 | ADM prognostic role and co-expressed genes in AML. (A) Results from two separate Cox regression models within the subgroup with 2010 ELN
favorable risk (adjusting for age, n = 214) and within the subgroup receiving a not-intensive treatment (n = 64, HR, Hazard ratio, CI, confidence interval, trt,
treatment). (B) Correlation analysis between ADM expression and the AML transcriptome across bone marrow samples from five AML datasets (GSE6891,
GSE13159, Beat AML, TCGA-LAML, NGS-PTL). Genes showing an absolute value of Pearson correlation coefficient ≥0.50 and a p value ≤0.05 in at least two
cohorts were reported. Genes are represented according to the weighted arithmetic mean of the correlation coefficient and p value across the datasets. The scatter
plot was generated with the R package ggplot2 (48) (version 3.3.1). (C) Transcriptional analysis of ADM co-expressed genes in LSC compared with HSC in the
GSE24006 and (D) in the GSE117090 datasets (fold change ≥1.5 and p ≤0.05 were set as cut off). The boxes extend from minimum to maximum values, each
individual value is plotted and the line represents the median value.
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FIGURE 4 | The network of ADM co-expressed genes in AML. Network analysis of the Gene Ontology Biological Processes pathways enriched by ADM co-
expressed genes in AML (ClueGO). Colors indicate functionally-related pathways; one representative pathway for each subnetwork is specified.
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FIGURE 5 | ADM is overexpressed in the T cell compartment of AML patients and associates with a tolerogenic gene signature. (A) Comparison of ADM levels
between CD4+ T cells from AML patients and healthy subjects (GSE14924) and (B) between CD8+ T cells from AML patients and healthy subjects (GSE117090).
Scatter plots were generated with the R package ggplot2 (48) (version 3.3.1). Each dot indicates one sample and the bar represents the median value (CNTRL:
healthy subjects). (C) Heatmap of ADM co-expressed genes that are differentially expressed between CD4+ or (D) CD8+ T lymphocytes isolated from AML patients
and from healthy subjects. Columns represent patients/subjects. Data were standardized through a z-score transformation. Color changes within a row indicate
expression levels relative to the mean and rescaled on the transcript standard deviation. Genes are grouped according to average linkage hierarchical clustering.
Heatmaps were built with R package pheatmap (64) (version 1.0.12). (E) GSEA of CD4+ T cells from AML patients compared with healthy subjects showing the
enrichment of tolerance signatures (NES, normalized enrichment score, FDR, false discovery rate; Th2, T-helper 2, Treg, regulatory T cells).
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mutational status. Indeed, FLT3-ITD or NPM1-mutated cases
displayed lower ADM levels compared with the wild-type ones
and the expression was particularly low when the two alterations
co-occurred. Several lines of evidence may explain this
observation. First, two tyrosine kinases, namely LYN and HCK,
show a positive correlation with ADM, suggesting alternative
ways of signaling activation. Moreover, ADM is co-expressed
with SLAP, that binds to FLT3 and modulates receptor stability
and downstream signaling (77), likely favoring its activation even
in the absence of the internal tandem duplication. Regarding
NPM1-mutated AML, an inflammatory transcriptional program,
characterized by enrichment of genes belonging to IFN-g
response, IL6 signaling and complement cascade (78) has been
already associated with this genomic subgroup, and PRDM16
upregulation contributes to it (79). Functional studies on AML
genomic subtypes will clarify in the future the role of ADM in
specific leukemic cell contexts, thus overcoming the limitation of
the currently available studies that analyzed generic AML
models. Moreover, some of the identified associations and
ADM function in AML cells under the pressure of not-
intensive treatment regimens (e.g. hypomethylating agents),
deserve further validation and investigation.

Our data suggest that the ADM-related transcriptional
network has a role in cell proliferation, it negatively regulates
apoptosis and, remarkably, it is involved in the inflammatory
response. Moreover, some of the ADM co-expressed genes are
already known for their leukemia-related role, including the anti-
apoptotic gene BIRC3, the signaling molecules HCK, LYN
(tyrosine kinases), SLA (Src kinase-like-adapter protein) and
PLAUR (urokinase plasminogen activator surface receptor), the
transcriptional regulators TCF7L2 (WNT pathway) and ID2, the
metabolism-related genes FTH1, FTL (ferritin heavy and light
chain, respectively), PFKFB3 (glycolytic regulator), NAMPT
(NAD biosynthesis pathway), SLC15A3 (solute carriers
transporting histidine) and FFAR2 (free fatty acid receptor).
Among ADM interacting genes, EDN1, that mediates VEGF-C-
induced proliferation and chemoresistance in AML (80), showed
a positive correlation with ADM expression. Several co-expressed
genes and enriched pathways point towards an AML
inflammatory phenotype, characterized by expression of IL6,
IL10RA, CXCL10, THEMIS2, TNFAIP3, LILRA5, LILRB2. ADM
was also upregulated in the CD4+ and CD8+ T cell subsets from
AML patients compared with healthy controls and ADM
correlating genes that were identified in AML, participate in a
signature of immune tolerance in CD4+ T cells. We could not
perform the correlation analysis on the CD4+ and CD8+ T cells
due to the low number of samples, which would have hampered
data significance and robustness.

In our analysis, none of the genes belonging to the ADM
receptor complex (CALCRL, RAMP2, RAMP3) showed a
correlation with endogenous ADM expression. However, it has
been recently reported that CALCRL, the receptor of ADM and
CGRP, is also overexpressed in LSC and its genomic ablation
impaired the clonogenic capacity of AML cell lines (50) and the
frequency of chemotherapy-resistant cells able to initiate
leukemia relapse in preclinical models (81). In contrast to
Frontiers in Oncology | www.frontiersin.org 1232
ADM, CALCRL was highly expressed in NPM1-mutated cases
also carrying the FLT3-ITD (50). This difference reinforces the
notion that the receptor expression is not controlled by the basal
ADM levels, rather by changes in the extracellular ADM
availability (22). We can therefore hypothesize an intrinsic
capacity of leukemic cells to respond to ADM-mediated
microenvironmental and self-stimulation, as also supported by
the high level of ADM expression observed in MSC
and osteoclasts.

Overall, our results suggest multiple biological roles of ADM
in AML. Indeed, it may support LSC and may be involved in the
maintenance of a leukemic cell inflammatory phenotype via
autocrine and paracrine signaling, thus contributing to drug
resistance and relapse. Moreover, ADM may exert an anti-
inflammatory action when released in the blood and may
promote immune tolerance by direct expression in the CD4+ T
cell subset and by uptake from the tumor microenvironment, as
indicated by data from murine models of autoimmune disorders
(63). This evidence, along with the observation that an
antagonistic ADM peptide induced differentiation of leukemic
cell lines (22), suggest that targeting ADMmay carry therapeutic
potentials in AML. However, given the pleiotropic effects of
ADM, a therapeutic strategy to deplete it may have serious side
effects and toxicities. Therefore, encapsulated formulations
aimed to deliver ADM neutralizing antibodies in targeted cells
may be required. Alternatively, combination strategies blocking
the ADM-related network (e.g. HCK, LYN, NAMPT inhibitors)
may be investigated for their effect on AML cases expressing high
ADM levels.
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Without Leptomeningeal Involvement:
Flow Cytometry Evidence of a
Cerebral Lymphatic System
Iole Cordone1*, Serena Masi1, Diana Giannarelli 1, Alessia Pasquale1, Laura Conti 1,
Stefano Telera2, Andrea Pace2, Elena Papa2, Mirella Marino1, Paolo de Fabritiis3

and Andrea Mengarelli 2

1 Department of Research, Advanced Diagnostics and Technological Innovation, IRCCS Regina Elena National Cancer Institute, Rome,
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S Eugenio Hospital, ASL Roma2, Tor Vergata University, Rome, Italy

Cerebrospinal fluid (CSF) flow cytometry has a crucial role in the diagnosis of
leptomeningeal disease in onco-hematology. This report describes the flow cytometry
characterization of 138 CSF samples from patients affected by non-Hodgkin lymphoma,
negative for disease infiltration. The aim was to focus on the CSF non-neoplastic
population, to compare the cellular composition of the CSF with paired peripheral
blood samples and to document the feasibility of flow cytometry in hypocellular
samples. Despite the extremely low cell count (1 cell/µl, range 1.0–35) the study was
successfully conducted in 95% of the samples. T lymphocytes were the most abundant
subset in CSF (77%; range 20–100%) with a predominance of CD4-positive over
CD8-positive T cells (CD4/CD8 ratio = 2) together with a minority of monocytes (15%;
range 0–70%). No B cells were identified in 90% of samples. Of relevance, a normal,
non-clonal B-cell population was documented in 5/7 (71%) patients with primary central
nervous system lymphoma at diagnosis (p<0.0001), suggesting a possible involvement of
blood-brain barrier cell permeability in the pathogenesis of cerebral B-cell lymphomas.
The highly significant differences between CSF and paired peripheral blood lymphoid
phenotype (p<0.0001) confirms the existence of an active mechanism of lymphoid
migration through the meninges.

Keywords: cerebrospinal fluid, lymphocytes, flow cytometry, NHL, cerebral lymphatic system
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INTRODUCTION

Neoplastic meningitis is a dramatic complication in cancer
patients and the diagnosis of leptomeningeal metastasis
represents one of the greatest challenges in neuro-oncology.
Cerebrospinal fluid (CSF) analysis has a key role in routine
clinical practice however conventional cytology, the gold
standard for cell type identification, has considerable
limitations regarding sensitivity and specificity, with a reported
false-negative rate of up to 40% (1, 2).

In recent years, several studies have demonstrated that CSF
flow cytometry is superior to conventional cytology for detection
of CNS involvement in non-Hodgkin lymphomas, acute
leukemia and multiple myeloma (3–11). Thereafter, flow
cytometry is recognized among the basic elements for the
diagnosis of leptomeningeal metastasis in hematologic cancers
(12, 13), although the low cell count of CSF samples, combined
with the rapidly declining leukocyte viability, makes CSF flow
cytometry challenging (14). More recently, flow cytometry
application and efficiency in diagnosis of solid tumors
leptomeningeal metastasis is gaining more evidence (15–18).

However, cancer cells represent only a proportion, often a
minority, of the CSF population in neoplastic meningitis. A
significant presence of lymphocytes has been documented,
together with floating malignant cells, in CSF samples from
patients with non-Hodgkin lymphomas and breast cancer
leptomeningeal metastasis (18, 19); an active mechanism of
reactive CD8 T-lymphocyte migration has been observed in
primary central nervous system lymphomas (PCNSL) of B-cell
type (20, 21). These findings suggest an active role of the central
nervous system (CNS) lymphatic system in both lymphoid and
tumor cells migration into and out of the meninges.

Focusing on non-neoplastic populations, we report here the
immunophenotype of the CSF leukocytes of patients affected by
non-Hodgkin lymphomas without leptomeningeal involvement.
The aim was to document the feasibility of flow cytometry in
normal, thereafter, extremely hypocellular samples, to document
the immunophenotype of CSF non-neoplastic population in non-
Hodgkin lymphoma, to compare the cellular composition of the
CSF with paired peripheral blood samples. Moreover, a possible
correlation between the CSF lymphocyte subpopulations and
diagnosis was evaluated.
MATERIALS AND METHODS

Patients
From March 2010 to December 2015 a cohort of 138 samples
with non-Hodgkin lymphoma who underwent diagnostic
lumbar puncture according to the routine clinical practice
entered the study (22). All PCNSL cases diagnosed until
December 2019 were also included. Lymphomas were classified
according to the World Health Organization (WHO)
classification (23).

All CSF samples were analyzed by cytology and flow
cytometry and had no evidence of infiltration. Patients with a
positive diagnostic lumbar puncture due to CSF infiltration by
Frontiers in Oncology | www.frontiersin.org 237
pathological cells were excluded from this analysis. The Central
Ethical Committee IRCCS Lazio, Section I.F.O. approved this
retrospective study. Protocol n° 0009524, July 27th 2020.

CSF Collection and Cell Count
CSF was collected in a tube without any transport medium or
anticoagulant and processed within 1 to 3 h to minimize cell loss.
To avoid peripheral blood contamination, the first 0.2 to 0.4 ml
(four to eight drops) of CSF were discarded before sample
collection. A standard cell count was performed using the Turk
reagent and a Nageotte chamber. CSF was spun at 1,400 rpm for
5 min, the supernatant fluid was discarded and the cell pellet was
suspended in 500 µl of phosphate buffered saline (PBS): 100 µl of
cell suspension was used for cytomorphology and 100 µl/tube for
the flow cytometric study.

CSF Morphological Evaluation
Cytospins were prepared using a Shandon CytoSpin
cytocentrifuge. Morphological examination was performed by
expert cytopathologists using May–Grünwald–Giemsa staining.
All cases were morphologically negative for CNS localization.

CSF Flow Cytometry Assay and Analysis
CSF samples were processed and stained using a 6-color
monoclonal antibodies panel, 5 µl of each, and the “Duo-lyse”
program of the Becton Dickinson Bioscience (BDB) Lyse-Wash-
Assistant according to the following combinations: tube 1) CD3Fitc
(BD Biosciences Cat# 345763, RRID : AB_2811220), CD56Pe (BD
Biosciences Cat# 345812, RRID : AB_2629216), CD45PerCP-Cy5.5
(BD Biosciences Cat# 332784, RRID : AB_2868632), CD4PE-
Cy7 (BD Biosciences Cat# 348809, RRID : AB_2783789),
CD19APC (BD Biosciences Cat# 345791, RRID : AB_2868817)
and CD8APC-Cy7 (BD Biosciences Cat# 348813, RRID :
AB_2868857); tube 2) CD5Fitc (BD Biosciences Cat# 345781,
RRID : AB_2868807), CD10Pe (BD Biosciences Cat# 332776,
RRID : AB_2868625), CD45PerCP-Cy5.5, CD2PE-Cy7 (BD
Biosciences Cat# 335821, RRID : AB_2868684), CD79bAPC
(BD Biosciences Cat# 335834, RRID : AB_2868695) and
CD20APC-Cy7 (BD Biosciences Cat# 335829, RRID :
AB_2868690); tube 3) anti-Lambda Fitc (BD Biosciences Cat#
347247, RRID : AB_2868845, anti-Kappa Pe (BD Biosciences Cat#
347246, RRID : AB_2868844), CD45PerCP-Cy5.5, CD34PE-Cy7
(BD Biosciences Cat# 348811, RRID : AB_2868855), CD22APC
(BD Biosciences Cat# 333145, RRID : AB_2868646) and
CD14APC-Cy7 (BD Biosciences Cat# 333951, RRID :
AB_2868679). All antibodies were from BDB. Prior to sample
acquisition, a flow cell cleaning with FACS flow (for 1 to 2 min
run) was performed to avoid any event carry over. The whole
volume of sample was acquired and analyzed using the
FACSCanto II 2L flow cytometer and the FACSDiva software
Version 6.1.3 (BDB). Single-stained cellular controls, BD FACS™

7-color setup beads and BD FACSDiva CS&T IVD Beads have
been used to adjust detector voltage, to set fluorescence
compensation and to monitor instrument performance.

Data are presented as the percentage of positive cells
evaluated on the CD45-positive population. Lymphocytes were
identified by CD45-strong/side scatter (SSC)-low. The CD4 and
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CD8 subsets were evaluated as a percentage of CD3-positive T
lymphocytes. Monocytes were identified using the CD4-weak or
CD14 staining. Neutrophils as CD45/SSC-high. Surface
immunoglobulins (Ig) kappa and lambda light chain
expression was evaluated on CD22-positive B cells. In
agreement with the recommendations for the analysis of rare
events, a cluster of 10 events was considered to define a positive
result and identify a leukocyte subpopulation (10). Disease
infiltration of the CSF was excluded, being negative for the
lymphoma-associated phenotype identified by histopathology.
We defined as CSF negative all sample negative by cytology and
flow cytometry.

The peripheral blood lymphocyte characterization, using the
CD3 CD56 CD45 CD4 CD19 and CD8 combination (tube n°1),
was conducted in 104 paired cases.

Statistical Analysis
Qualitative items were reported as absolute and percentage
counts, while quantitative variables were summarized using
mean and standard deviation, median and range. The
difference in distribution between CSF and PB lymphoid
subpopulations was assessed by Wilcoxon rank-sum test.
Association between variables was evaluated with the
Spearman’s r coefficient. The test was two-sided with a p-value
of <0.05 indicating a statistically significant difference. All
statistical analyses were performed using SPSS (version 21.0).
RESULTS

Patients
A cohort of 138 samples from 127 non-Hodgkin lymphoma
patients, all negative for CNS disease involvement, entered the
study (Table 1). Eighty-three patients (65%) were male and
median age was 60 years (range 18–84). The lumbar puncture for
analysis was performed at diagnosis (n=108), at follow up
(n=11), at relapse (n=12), or with progressive disease (n=7).

The study focuses on 107 cases; 24 cases (17%) were not
included in analysis due to peripheral blood contamination of
the CSF documented by the identification of red blood cells in
the cytospin assessed morphologically as well as a population of
CD45/SSC high (46%; range 30–89%) positive neutrophils. In
seven cases the flow cytometry analysis was not evaluable due to
the absence of clustered events.

Immunophenotype of CSF Sample
Amedian volume of 4.0 ml (range 2.0–12.0) of CSF was available
for flow cytometry analysis. The CSF cell count was extremely
low (1 cell/µl, range 1.0–35); in 9 cases (8%) the CSF cell count
was higher than the normal reference value of 4 cell/µl, with a
median value of 22 cells/µl (5.0–35). Despite the low absolute cell
number, flow cytometry characterization was successfully
conducted in 95% of cases (131/138).

Gating on the CD45-positive population in combination with
the side scatter, a median of 384 (range 49–23649; mean 1518 ±
3772) events were acquired and analyzed. A positive correlation
Frontiers in Oncology | www.frontiersin.org 338
was found between the volume (ml) of CSF and the number of
events analyzed by flow cytometry (D 0.36; p<0.001) (Figure 1).

The CSF population was represented by lymphocytes (77%;
range 20–100%) together with a minor population of monocytes
(CD4-weak or CD14-positive 15%; range 0–70%).

The CSF lymphoid population was represented by CD2
CD3 CD5-positive T cells (94%; range 62–100%) with a
prevalence of CD4-positive lymphocytes (CD4/CD8 ratio = 2).
A minority of CD56-positive cells were also documented (5%;
range 0–47%). No B cells (< 10 clustered events) were identified
in 90% of cases (Table 2).

In 11 patients a subpopulation of CD19 CD20 CD22 CD79b-
positive B lymphocytes (4%; range 1–22%), with a normal/balanced
Ig kappa/lambda ratio evaluated on the CD22-positive population,
was identified: 5 PCNSL, 5 diffuse large B-cell lymphoma (DLBCL),
1 follicular lymphoma (Table 3) (Figures 2A–C). All 11 patients
were at diagnosis. Non-clonal B lymphocytes were documented in
45.5% (5/11) of PCNSL, in 5.5% (5/90) DLBCL and 1/5 FL cases.
Seven PCNSL were at diagnosis and 4 in disease progression;
TABLE 1 | Diagnostic distribution of 127 non-Hodgkin lymphoma patients who
underwent diagnostic lumbar puncture according to the routine clinical practice
and were negative for leptomeningeal involvement.

Diagnosis Number of cases

DLBCL 90
MCL 14
PCNSL 11
FL 5
Anaplastic large cell lymphoma 2
Peripheral T-NHL 2
Burkitt lymphoma 1
LBL 1
T-cell rich B-cell lymphoma 1
June 2021 | Volume
DLBCL, diffuse large B-cell lymphoma; MCL, mantle cell lymphoma; PCNSL, primary central
nervous system lymphoma; FL, follicular lymphoma; LBL, lymphoblastic lymphoma.
FIGURE 1 | Positive correlation between the ml of cerebrospinal fluid and the
number of cells (events) analyzed by flow cytometry (p 0.36; P < 0.001).
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normal B cells were present in 5/7 (71%) PCNSL at diagnosis,
identifying a significant correlation between a non-clonal B-cell
subpopulation in the CSF and a diagnosis of cerebral B-cell
lymphoma (p<0.0001).
Immunophenotype of Peripheral
Blood Lymphocytes
The peripheral blood lymphocyte subset was evaluated in 104
cases (97%) and compared to the corresponding CSF lymphoid
subpopulations. The absolute number of lymphocytes was 1100
cell/µl (range 70–3300), the median percentage was 19% (range
2–76). The analysis documented a population of CD3-positive
cells (72%, range 27–98) with a CD4/CD8 ratio of 1.4, CD56-
positive (21%; range 1–61) and CD19-positive (5%; range 0–29)
lymphocytes. A different distribution of CD3 CD56 and CD19
Frontiers in Oncology | www.frontiersin.org 439
lymphoid subpopulations was observed between CSF and
corresponding peripheral blood samples (p<0.0001) (Table 2)
(Figure 3).
DISCUSSION

Leptomeningeal metastasis represents one of the greatest
challenges in neuro-oncology and CSF is one of the most
promising diagnostic tissues utilized in routine clinical practice
(13, 24). In addition to cytology, the diagnostic use of flow
cytometry is strongly recommended for CSF samples of patients
clinically suspected of neoplastic meningitis (12). This report
describes the flow cytometry characterization of 138 CSF
samples of non-Hodgkin lymphoma patients who underwent
diagnostic lumbar puncture according to the routine clinical
TABLE 2 | Cerebrospinal fluid (CSF) and corresponding peripheral blood (PB) lymphoid immunophenotype comparison in 104 non-Hodgkin lymphoma patients
negative for leptomeningeal involvement.

% CSF median CSF mean PB median PB mean p CSF vs PB

Lymphocytes 78 (20–100) 71.1 ± 19.8 19 (2–76) 20.9 ± 12.0 <0.0001
CD19+ 0 (0–22) 0.4 ± 2.5 4.5 (0–29) 6.5 + 6.6 <0.0001
CD3+ 94 (62–100) 92.3 ± 6.9 72 (27–98) 71.8 + 12.7 <0.0001
CD3+/CD4+ 65 (3–95) 62.6 ± 16.0 55 (2–86) 53.9 + 14.8 <0.0001
CD3+/CD8+ 32 (4–81) 33.5 ± 14.9 38 (15–96) 40.1 + 14.7 <0.0001
CD4/CD8 ratio 2 (0.04–23.7) – 1.4 (0.02–5.7) – <0.0001
CD56+ 5 (0–47) 7.8 ± 8.9 21(1–61) 23.1 ± 12.8 <0.0001
June 2021 | Volume 11 |
Values are expresses as a percentage of CD45-positive lymphocytes. Wilcoxon rank-sum test was conducted to evaluate the different distribution between CSF and PB lymphoid subpopulations.
TABLE 3 | Analysis of the cerebrospinal fluid (CSF) and corresponding peripheral blood (PB) lymphocytes of 11/107 non-Hodgkin lymphoma patients, negative for
leptomeningeal involvement, where a subpopulation of B cells has been identified at diagnosis by flow cytometry of the CSF sample.

Diagnosis Case number PCNSL 1 PCNSL 2 PCNSL 3 PCNSL 4 PCNSL 5 DLBCL 1 DLBCL 2 DLBCL 3 DLBCL 4 DLBCL 5 FL

CSF ml of sample 5 5 5 12 4 4 3.5 7.5 4 7 5.5
Cell count/ µl 1 16 1 3 35 2 nd 1 5 24 30
Number of events 412 8583 1286 8285 21000 521 1105 6049 3647 23649 14072
Lymphocyte % 70 80 77 85 95 80 75 91 90 82 92
Monocytes % 15 16 17 11 5 19 14 6 8 17 5
CD2% 86 98 95 95 93 94 95 97 98 76 89
CD3% 82 91 93 91 90 94 91 97 96 77 87
CD5% 73 90 95 89 87 90 90 95 96 75 86
CD56% 3 9 2 4 5 7 7 3 3 1 1
CD3/CD4% 79 62 47 78 75 66 69 73 79 81 65
CD3/CD8% 21 32 48 21 24 32 32 25 20 15 31
T4/T8 ratio 3.7 1.9 1 3.7 3.1 2.1 2.1 2.9 3.9 5.4 2.1
CD19% 8 1 5 3 6 3 4 1 2 20 12
CD20% 9 1 4 4 6 4 2 1 3 22 11
CD79b % 9 1 3 3 5 4 2 1 3 21 11

PB Lymphocyte count/ µl 2300 1120 1350 730 nd 1500 1700 2100 1780 2100 900
Lymphocyte % 16 11 13 8 nd 20 30 25 37 14 11
CD3% 71 68 72 88 nd 70 75 64 77 57 64
CD56% 7 18 13 9 nd 21 11 28 7 55 16
CD3/CD4% 62 64 40 62 nd 64 54 47 65 38 66
CD3/CD8% 36 33 55 34 nd 31 45 44 32 60 33
T4/T8 ratio 1.7 1.9 0.7 1.8 nd 2.0 1.2 1.1 2.0 0.6 2
CD19% 22 13 17 9 nd 12 11 9 11 2 21
Article 6
PCNSL, primary central nervous system lymphoma; DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; nd, not done.
The bold value highlights the percentage of B cells, whose relevance is described in the text.
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A

B

C

FIGURE 2 | Cerebrospinal fluid (CSF) flow cytometry characterization in a case of diffuse large B-cell lymphoma negative for disease infiltration. Cell count: 24
cells/µl. The CSF lymphocyte immunophenotype is reported as percentage of positive cells within the lymphoid population, identified as CD45-strong/low SSC.
(A) Tube number 1: Green color has been utilized to mark CD3 CD4 CD8-positive T lymphocytes; purple for CD56-positive cells, blue for CD19-positive B
lymphocytes and dark yellow for CD4-weak monocytes. (B) Tube number 2: Green color has been utilized to mark CD2 CD5-positive T lymphocytes; blue for
CD79b CD20-positive B cells. (C) Tube number 3: Blue color has been utilized to mark CD22-positive B lymphocytes. The Ig light chain expression shows a normal
kappa/lambda ratio. Dark yellow marks CD14-positive monocytes.
Frontiers in Oncology | www.frontiersin.org June 2021 | Volume 11 | Article 685786540
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practice and who were negative for disease infiltration.
Knowledge of normal values is essential for diagnostic and
research interpretation and, to the best of our knowledge, this
is the first, single-institution, report on the flow cytometry
characterization of CSF non-neoplastic leukocytes in a large
cohort of onco-hematology patients.

The normal cell count of the CSF in adults is up to 4 cells/mL
and CSF cell count is a diagnostic criterion for leptomeningeal
infiltration. The median cellularity in this cohort of patients was
extremely low (1 cell/µl, range 1.0–35), but nevertheless flow
cytometry was successfully conducted in 95% of cases,
confirming its role of a highly sensitive and specific technique
for detection of rare cell sub-populations, even in samples with as
few as 1 leukocyte per µl of sample. Of note, in 8% of samples
(n=9) the CSF cell count was significantly higher than the normal
reference value (median 22 cell/µl). In these cases, unequivocal
identification of the cell population was mandatory to exclude
false positive interpretation: therefore, in addition to cytology,
flow cytometry becomes essential. Moreover, the role of an
increased number of lymphocytes in the CSF of non-Hodgkin
lymphomas patients deserves to be investigated.

High sensitivity has been reported utilizing a volume of 2.0 ml
of CSF for flow cytometry characterization (6). The present study
Frontiers in Oncology | www.frontiersin.org 641
was conducted on a median volume of 4 ml of CSF (≤2 ml being
withdrawn in six cases only) with a median of 384 (mean 1518 ±
3772) events analyzed. This number is appreciably higher than
the minimum number of events, 10 dots, required for minimal
disease identification in CSF flow cytometry (6, 25), confirming
the feasibility of comprehensive leukocyte characterization in
low volume/low count samples. In this series only 7 cases were
not evaluable due to the lack of clustered events. However, cancer
cells represent only a proportion, often a minority, of the CSF
population in neoplastic meningitis (18, 19, 26). Since there is a
positive correlation between the volume of CSF (ml) and the
number of events available for flow cytometric analysis (D 0.36;
p < 0.001) and taking into account the potentially extremely low
cell count of the CSF, as well as some cell loss related to the
staining technique, we recommend the withdrawal of not less
than 4 ml of sample to ensure an adequate number of events for a
reliable identification of minimally represented sub-populations.
Moreover, peripheral blood contamination of the CSF, due to
difficulty in the execution of the lumbar puncture, can occur.
False positive results represent the major pitfall in all cases with
peripheral blood infiltration by leukemic/lymphoma cells and
blood contamination of the CSF (author statement manuscript in
preparation) (12). Thereafter, discarding the first drops of
FIGURE 3 | Flow cytometry characterization of cerebrospinal fluid (CSF) and peripheral blood (PB) lymphocytes in 107 non-Hodgkin lymphoma patients negative for
leptomeningeal involvement. Wilcoxon rank-sum test documents a significant different distribution between CSF and PB lymphoid subpopulations.
June 2021 | Volume 11 | Article 685786
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sample must represent the reference standard in all CSF samples
collected for flow cytometry analysis. Moreover, the different
distribution of lymphocyte subsets between CSF and peripheral
blood can potentially represent a new, useful tool to discriminate
between primary and peripheral blood derived populations,
particularly at diagnosis or in neutropenic patients.

Studies conducted on normal CSF observed that the vast
majority of leucocytes is represented by central memory T
lymphocytes with significantly higher percentage compared to
blood. The proportion of CD56-positive cells is low while B cells
are almost absent (<1%) (27–30). This indicates a selective
recruitment of memory T cells into normal CSF. Our study
confirms, in a large cohort of samples, that CSF is a tissue rich
in CD2 CD3 CD5-positive T lymphocytes with a predominance of
CD4-positive over CD8-positive T cells (CD4/CD8 ratio = 2),
together with a minority of CD56-positive cells in patients with B-
cell non-Hodgkin lymphomas negative for leptomeningeal
involvement. The presence of normal T cells in the CSF sample
represents not only a strong, reliable internal quality control of the
technique but also documents a selective recruitment of T-cell into
CSF. The CNS is an immunological sanctuary with restricted
access and a unique microenvironment however scientific
evidences have recently documented that CNS is no longer an
immune-privileged site, but rather a virtual secondary lymphoid
organ (31, 32). The tumor inflammatory response is involved in
both cancer growth inhibitions as well as in cancer invasiveness
(33–37). A relevant proportion of infiltrating T lymphocytes and
monocytes beside cancer cells has been documented in patient
with breast cancer neoplastic meningitis, with a significant
difference in the lymphoid immunophenotype between CSF and
peripheral blood (18). Likewise, a sub-population of T cells has
been identified in CSF samples positive for B non-Hodgkin
lymphoma infiltration (7, 19). Moreover, an active mechanism
of reactive CD8 T-lymphocyte migration through the blood-brain
barrier has been consistently shown in PCNSL (20, 21). In this
study, the ratio between CD4/CD8-positive T cells was shifted
significantly in favor of CD4-positive T cells in CSF compared to
corresponding peripheral blood (ratio = 2 versus ratio=1.4
respectively; p < 0.0001). This different distribution documents
that the brain barrier actively selects a sub-population of T
lymphocytes, supporting the involvement of the meningeal
lymphatic network in lymphoid cell migration into the
meninges as a potential alternative route to the cardiovascular
system. This finding documents the existence of an active
mechanism of lymphocyte localization and provides a promising
rationale for the investigation of cellular immunotherapy in
brain diseases.

B cells were by far the smallest subset in the CSF of this cohort of
B non-Hodgkin lymphoma patients without CNS involvement.
The number of B cells is hardly above detection limit in normal
CSF (27–29). By contrast, in patients with paraneoplastic
neurological syndrome CSF B cell counts showed significantly
elevated numbers compared to normal control, suggesting that B
lymphocytes are recruited to CSF in certain pathological conditions
(38). In the present study, sporadic/no B cells (<10 clustered events)
were identified in 90% of the samples and represented a minority
Frontiers in Oncology | www.frontiersin.org 742
(4%) of the lymphoid population in eleven cases (Table 3). The
normal kappa/lambda ratio, evaluated on the CD22-positive
population, was crucial for reporting the flow cytometry as
negative for infiltration by clonal B cells. A possible correlation
between the CSF lymphocyte subpopulations and diagnosis was
evaluated. A normal, non-clonal B-cell subpopulation was
identified at diagnosis in 71% (5/7) CSF samples of patients with
PCNSL (p < 0.0001). In contrast with its low frequency in normal
CSF and systemic non-Hodgkin lymphomas, the identification of a
subpopulation of B cells in the CSF samples of PCNSL cases raises
the question of a possible role of blood-brain barrier cell
permeability in the pathogenesis of cerebral B-cell lymphomas.
Due to the small number of PCNSL cases evaluated, validation on a
larger cohort of patients is warranted to confirm this finding and to
investigate the role of the CSF B cells in the pathogenesis and
diagnosis of the B-cell lymphomas of the brain. A small clonal B‐
cell population has been described in the CSF of patients with B‐cell
lymphoproliferative disorders andmultiple sclerosis suggesting that
this finding is not diagnostic of clinically significant involvement of
the CNS by lymphoid malignancy (39, 40). Although a larger
prospective study with a long follow‐up is required to validate this
finding, the identification of a minority of clonal B cells by flow
cytometry at diagnosis deserves a careful clinical and instrumental
evaluation and more definitive evidence of CNS lymphoid
malignancy before a potentially toxic treatment is given (41).

Finally, after (CD4-positive) T lymphocytes, monocytes
represent the second most common leukocyte population of
the CSF (15%; range 0–70%). Origin and turnover of this
medium-size population, well represented in the CSF, is still
largely unexplored. The role of monocytes regarding the CNS
cellular immune surveillance and their involvement in
onco-hematological meningitis deserves in-depth studies
and attention.
CONCLUSIONS

The cellular composition of the CSF in non-Hodgkin lymphoma
patients negative for leptomeningeal involvement differs
profoundly from peripheral blood regarding all major
lymphocyte subpopulation. CSF cells are represented by T
lymphocytes, in prevalence CD4-positive, and monocytes. B
cells are rare and this analysis reveals a possible link with
PCNSL. This real-life study confirms the critical role of flow
cytometry in routine clinical practice for unequivocal
characterization of CSF populations, even in samples with an
extremely low cell count. The identification of clusters of normal
T cells in the CSF represent a reliable internal quality control of
the technique and the significant difference between CSF and
paired peripheral blood lymphoid phenotype provides evidence
of an independent cerebral lymphatic system. CSF is not an
immune-privileged site anymore but a virtual secondary
lymphoid organ. An in-depth knowledge of the function and
role of the CSF immunological sanctuary is highly needed and
has the potential to revolutionize the management of
CNS diseases.
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Relapses of acute promyelocytic leukemia (APL) beyond 7 years from the first molecular
remission are exceptional, and it is unclear whether these relapses represent a new,
therapy-related leukemia rather than a delayed relapse of the original leukemic clone. The
increase extra-medullary relapses (ER) in the era of all-trans retinoic acid (ATRA) therapy
suggests a potential correlation between ATRA therapy and ER, and several potential
explanations have been proposed. The gold standard post-remission approach,
particularly for patients in late relapse, has not yet been established. The benefit of a
transplant approach has been questioned in this setting because continuing ATRA-
arsenic trioxide (ATO) might be curative. Here we report on the case of an APL patient who
relapsed 9 years after achieving her first molecular complete remission (mCR) and who
showed an atypical isolated localization at nodal sites, including the into- and peri-parotid
glands. Genomic PML/RARa breakpoint analysis detected the same bcr3 PML/RARa
hybrid gene in DNA purified from bone marrow and lymph nodes, suggesting that the
relapse was because of the reemergence of the initial clone. This case shows that APL,
treated with ATRA and cytotoxic drugs, may still emerge in extra-medullary sites even after
a very prolonged mCR and could be salvaged with an ATO-based protocol, not including
a transplant approach.

Keywords: acute promyelocitic leukemia, transplant free approach, bcr3 variant, all-trans retinoic acid and arsenic
trioxide combination treatment, very late relapse
CASE REPORT

Late relapses in acute promyelocytic leukemia (APL) patients that occur three or more years from
the achievement of complete remission (CR) are very rare, and relapses beyond 7 years from the
initial diagnosis are exceptional. A few cases of late APL relapses treated with all-trans retinoic acid
(ATRA) in combination with other approaches have been reported (1–10). Most late relapses are
the result of the identical immunophenotypic, cytogenetic, and molecular features already present at
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diagnosis, suggesting that relapse emerged through the initial
leukemic clone (3–5). Approximately 3% to 5% of adult APL
presents an extra-medullary relapse (ER) (11, 12). The incidence
of ER, which has risen in the era of ATRA therapy, suggests a
potential correlation between ATRA therapy and ER (13). Two
possible speculative reasons have been contemplated: 1) an
increased infiltration of APL leukemic blasts into sanctuary
sites because of the effect of ATRA on adhesion molecules and
2) prolonged disease-free survival in treated APL patients (13).
However, the main reason is that, in ATRA era, the rate of long-
term survivors has increased exponentially, giving far more
opportunities to develop late relapses than in the pre-ATRA
era. Here we report on the case of an APL patient, treated using
the GIMEMA AIDA 2000 protocol, who relapsed 9 years after
achieving her first molecular complete remission (mCR) and
who showed an atypical presentation at nodal sites into- and
peri-parotid gland.

A 43-year-old female was diagnosed with classic APL in
March 2011. At diagnosis, peripheral blood count showed
WBC 3.6 × 109/l with 70% atypical promyelocytes, platelets
15 × 109/l, and Hb 12.1 g/dl. The immunophenotypic pattern
(CD13+, CD33+, HLA-DR−], karyotypic evaluation [t(15;17) as
Frontiers in Oncology | www.frontiersin.org 246
unique abnormality), and molecular analysis (positivity for PML/
RARa bcr3) were consistent with APL. The patient was enrolled
into the AIDA 2000 protocol and achieved CR following
induction with ATRA plus idarubicin (IDA). Molecular
remission was achieved after the first consolidation course, and
treatment was discontinued in October 2013, after three
consolidation cycles and 2 years of maintenance therapy based
on oral 6-mercaptopurine (50 mg/m2) and intramuscular
methotrexate (15 mg/m2) alternating with oral ATRA for 15
days every 3 months. The patient remained in CRMRD− for 9
years. In May 2020, the patient presented with a solid mass in the
parotid region: an ultrasound and a computed tomography (CT)
scan of the neck showed the presence of four right intra-parotid
lymph nodes (maximum diameter 2.5 cm) associated with sub-
centimetric peri-parotid, sub-maxillary, and retropharyngeal
lymph nodes. The bone marrow was morphologically in CR;
however, a molecular relapse of the original bcr3 PML/RARa
rearrangement was detectable by RT-PCR.

A biopsy of an intra-parotid lymph node was performed.
Histopathological examination revealed a lymph node
architecture totally effaced by a massive population of atypical
promyelocytes with kidney-shaped and/or irregular lobed nuclei,
FIGURE 1 | (A) low magnification shows a blastic population with diffuse pattern of growth admixed with a lot of tingible body macrophages and apoptotic debris.
(B) High magnification reveals blastic immature promyelocytes with hypergranular eosinophilic cytoplasm, kidney-shaped or lobed nuclei and prominent central
nucleoli. Immunohistochemistry shows a diffuse and strong expression of both MPO (C) and CD33 (D) along with very high proliferation index Ki67 (E).
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prominent central nucleoli, and an eosinophilic cytoplasm that
was hypergranulated. Immunohistochemistry revealed a diffuse
and strong expression of both MPO and CD33, whereas
expression of CD117, CD34, CD68RPGM1, CD14, CD13,
CD163, CD56, PAX5, CD3, and large-spectrum cytokeratin
AE1/AE3 was absent. Molecular analysis of embedded paraffin
tissue showed the presence of the t(15;17) PML-RARa fusion
gene, confirming the final diagnosis of APL, also defined as a
granulocytic sarcoma promyelocytic type, because of its own
extramedullary nodal localization (Figure 1). To determine the
exact chromosomal breakpoint position in the PML and RARa
genes, long-range PCR was performed on DNA samples derived
from bone marrow (BM) MNC and the lymph node biopsy. The
PML/RARa bcr3 isoform was detected using nested real-time
polymerase chain reaction (RT-PCR) on the BM sample
collected at relapse. DNA extracted from BM-MNC and the
lymph node biopsy was also analyzed using long-range PCR.
Using different primers combinations, we confirmed the
presence of the PML/RARa hybrid that was detected in DNA
purified from the lymph node sections (Figure 2). Sanger
sequencing of both PCR products showed the same
breakpoints locations in the PML and RARa genes, at
nucleotide position 996 of the PML intron 3 and position
14392 of the RARa intron 2 (Figure 2). The breakpoint
locations were the same as in the original samples harvested at
the time of initial APL diagnosis, in 2011.

The patient was treated with an induction treatment based on
the following drugs combination: IDA 12 mg/m2 on days 1 and
3, arsenic trioxide (ATO) 0.15 mg/kg from day 5 to day 28, and
ATRA 45 mg/m2 from day 1 to day 28). A second mCR, assessed
by RT-PCR of the PML/RARa hybrid, and the complete
disappearance of lymph node involvement from a CT-scan
Frontiers in Oncology | www.frontiersin.org 347
were determined after the induction course. According to the
radiological response after induction, located radiotherapy on
lymph nodes, which was contemplated among potential
treatments at relapse, was not performed. ATO and ATRA
treatments were continued with three further consolidation
courses given at monthly and bi-weekly intervals, respectively.
Four doses of intrathecal cytarabine were administered during
consolidation. She was closely monitored by RT-PCR
throughout the treatment and she will continue to be assessed
every two months for at least two years. The patient remains in
continuous second mCR until last follow up (May 2021) leading
a normal life. To our knowledge, this is one of the latest relapses
observed in an APL patient treated with ATRA plus
chemotherapy (1, 3, 7). The unusual aspects of this case appear
to be due to two main reasons: a relapse after a prolonged period
of documented mCR (9 years), and the atypical site of extra-
medullary disease. Molecular relapse in this patient was
associated with an intra-parotid lymph node involvement, a
site infrequently reported in APL relapse and usually present
in earlier disease recurrence (3, 14). Genomic PML/RARa
breakpoint analysis by RT-PCR detected the same bcr3 PML/
RARa hybrid gene in DNA purified from BM and lymph nodes,
suggesting that the relapse was due to reemergence of the initial
clone. Whereas central nervous system and skin involvement in
APL relapse have been associated with mechanisms mediated by
cellular adhesion molecules (CD56, LFA-1, and VLA-4) probably
over-expressed in response to ATRA-driven differentiation (15, 16),
the issue as to whether ATRA promotes nodal involvement in
APL relapses is still unknown. Because patients affected by
ATRA syndrome have APL cells that have infiltrated multiple
tissues and organs, it has been hypothesized that ATRA could
promote the migration of differentiating blasts into several tissues.
A B

FIGURE 2 | Genomic PML/RARA breakpoint analysis by long-range nested PCR. (A) Agarose gel electrophoresis of long-range PCR products from bone marrow
and lymph node section DNA analysis. (B) Sanger sequencing result of long-range PCR product of PML/RARA genomic amplification derived from BM analysis.
Sequence was aligned to the intronic sequences of PML and RARa genes. M, GenLadder 1kb DNA Ladder; BM, bone marrow; LN, lymph node. Arrows indicated
the long-range PCR products purified from gel.
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These blasts could form a reservoir of viable leukemic cells that
might later proliferate and result in an extra-medullary
recurrence (17, 18). Our patient achieved a second mCR and
extra-medullary response after the induction course and three
further consolidation courses based on ATO and ATRA
combination. Because of the prolonged mCR achieved after the
initial treatment, no hematopoietic stem cell transplant (HSCT)
option was offered to the patient. The gold standard post-
remission approach, especially for late relapse patients, is not
yet well established. A registry study of the European Leukemia
Net, which analyzed 155 APL relapsed patients showed the
efficacy of allogenic and autologous HSCT as a consolidation
treatment for patients with early and late relapses who did not
achieve a mCR (19).

Based on recent studies (19–23), autologous HSCT should be
considered the first choice for eligible patients achieving second
molecular remission. However, a recent NCRI report questions
the role of transplantation, at least in patients achieving
molecular remission with ATO and ATRA who do not have
CNS disease at relapse and who have received a full course of
consolidation with ATO (24).

However, the benefit of a transplant approach could be
questioned in patients relapsing after a very prolonged first CR
because continuing ATRA-ATO might in fact be curative.
Limited data have been reported for patients who received
prolonged ATRA/ATO therapy after a first relapse without a
final consolidation with a stem cell transplant. A recent update of
22 patients indicated that only two patients underwent
transplant and the rest received additional cycles of ATRA/
ATO. The four-year overall survival probability was 85% with
a disease-free survival rate of 74%, supporting the potentially
curative effect of prolonged ATO treatment especially in patients
with a long first mCR (25). In conclusion, this case shows that
APL, treated with modern combination therapies including
Frontiers in Oncology | www.frontiersin.org 448
ATRA and cytotoxic drugs, may still emerge in extra-
medullary sites even after a very prolonged molecular
remission (9 years) and could be salvaged with an ATO-based
protocol not including a HSCT.
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Decoupling Lineage-Associated
Genes in Acute Myeloid Leukemia
Reveals Inflammatory and
Metabolic Signatures Associated
With Outcomes
Hussein A. Abbas1†, Vakul Mohanty2†, Ruiping Wang3†, Yuefan Huang2,4,
Shaoheng Liang2,5, Feng Wang3, Jianhua Zhang3, Yihua Qiu1, Chenyue W. Hu1‡,
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Acute myeloid leukemia (AML) is a heterogeneous disease with variable responses to
therapy. Cytogenetic and genomic features are used to classify AML patients into
prognostic and treatment groups. However, these molecular characteristics harbor
significant patient-to-patient variability and do not fully account for AML heterogeneity.
RNA-based classifications have also been applied in AML as an alternative approach, but
transcriptomic grouping is strongly associated with AMLmorphologic lineages. We used a
training cohort of newly diagnosed AML patients and conducted unsupervised RNA-
based classification after excluding lineage-associated genes. We identified three AML
patient groups that have distinct biological pathways associated with outcomes.
Enrichment of inflammatory pathways and downregulation of HOX pathways were
associated with improved outcomes, and this was validated in 2 independent cohorts.
We also identified a group of AML patients who harbored high metabolic and mTOR
pathway activity, and this was associated with worse clinical outcomes. Using a
comprehensive reverse phase protein array, we identified higher mTOR protein
expression in the highly metabolic group. We also identified a positive correlation
between degree of resistance to venetoclax and mTOR activation in myeloid and
lymphoid cell lines. Our approach of integrating RNA, protein, and genomic data
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uncovered lineage-independent AML patient groups that share biologic mechanisms and can
inform outcomes independent of commonly used clinical and demographic variables; these
groups could be used to guide therapeutic strategies.
Keywords: acute myeloid leukemia, lineage, metabolism, inflammation, multiplatform analysis
INTRODUCTION

Acute myeloid leukemia (AML) is a clinical ly and
morphologically heterogeneous disease with significant
variability in treatment responses and outcomes (1–3).
Although almost 60-70% of AML patients achieve remission
with standard anthracycline (idarubicin or daunorubicin) and
cytarabine-based induction chemotherapy, almost 50% of these
patients eventually experience relapse within 1 year of diagnosis
(2–4). Revealing the underlying biologic processes that
contribute to AML heterogeneity and drive outcomes may
guide therapeutic strategies.

The French American British (FAB) classification was
traditionally used to categorize AML into 8 different
morphologic subtypes (M0 to M7) that reflected lineage
commitment (2, 5–7). With the advent of cytogenetic and
genomic assessments, the European Leukemia Network (ELN)
recommendations were widely adopted as it proposed a risk
stratification for patients that based on cytogenetics and
genomics (2, 8, 9). However, cytogenetic and molecular
alterations do not fully account for the heterogeneity of AML
because not all patients harbor ELN–pre-defined aberrations (2,
10, 11). Also, there is considerable patient-to-patient variability
in response to treatment and clinical outcomes within genomic
and ELN subgroups (11). Therefore, there is a need to uncover
underlying biologic pathways that are underrepresented in
genomic and cytogenetic profiling of AML and may
inform outcomes.

To fill this gap, researchers have identified several
transcriptomic signatures associated with AML clinical
outcomes (10, 12–17). However, RNA-based profiling revealed
that this method of grouping AML patients was highly associated
with FAB classifications, i.e., related to AML morphology and
lineages (15, 16, 18). Yet, the FAB-associated clustering was not
accounted for in previous transcriptome-based studies,
suggesting that the morphology and lineage of AML were
driving patient grouping. Furthermore, although mutations
were associated with some transcriptomic-based clustering,
there was significant overlap for these mutations in multiple
clusters (15, 16). We hypothesized that by decoupling the
lineage-related genes from the transcriptomic profiles of AML,
we could unmask biologically relevant pathways that are
inherent to AML independent of cell of origin and that could
inform clinical outcomes. Furthermore, such an approach could
identify biologic pathways associated with cluster-
specific mutations.

In the current study, we decoupled FAB-associated genes to
decipher lineage-independent biologic pathways in 81 newly
diagnosed and previously untreated AML patients. We
in.org 251
identified distinct biologic AML patient groups and assessed
the outcome of patients according to their group membership.
To provide further molecular orthogonal characterization of
defined groups, we applied a reverse phase protein array
(RPPA) in all patient samples and extended panel DNA
sequencing in 73 of 81 patients (90%). Using this approach, we
identified inflammatory and metabolic pathways associated with
outcomes and validated our findings in 2 independent AML
cohorts. The findings from this work demonstrate that RNA-
based classification could reveal important potentially targetable
biologic pathways.
METHODS

Patient Population
A total of 81 newly diagnosed AML patients evaluated at The
University of Texas MD Anderson Cancer Center were included
in the current study. All patients had bone marrow samples
collected and analyzed prior to treatment initiation. Patients
provided written informed consent that was approved by the MD
Anderson Institutional Review Board. The study was conducted
in accordance with the Declaration of Helsinki.

RNA Sequencing and Processing
RNA was isolated and purified from bone marrow mononuclear
cells using Qiagen’s RNAEasy preparation kits. The purified
RNA was used to create cDNA libraries that were assayed
using TruSeq (Illumina) RNAAccess. For each sample, 40M
50-bp paired-end reads were sequenced using the Illumina
HiSeq sequencer. RNA sequencing (RNA-seq) FASTQ files
were processed through FastQC (v0.11.5) and RNA-SeQC
(v1.1.8) (1) to generate a series of RNA-seq–related quality
control metrics. STAR 2-pass alignment (v2.5.3) (2) was
performed with default parameters to generate RNA-seq BAM
files. Normalized counts were generated using DESEq2, then
log2-transformed.

Differential Expression and
Pathway Analysis
In our cohort and TCGA cohort, gene-level read counts were
used to perform differential expression analysis using DESeq2
(3). The T-statistic from the differential expression analysis was
used to perform gene set enrichment analysis (GSEA) using the
Bioconductor package gage (4), and significantly dysregulated
pathways were identified at q < 0.1. For the Valk et al. validation
cohort, we used single-sample GSEA (ssGSEA) (5, 6) implemented
in the Bioconductor packageGSVA (7) to convert microarray gene
expression into pathway activity scores. Pathway activity scores
August 2021 | Volume 11 | Article 705627
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were compared between groups using the Wilcox Rank Sum test,
and p-values were corrected for multiple hypothesis testing using
false discovery rate (FDR). Significantly dysregulated pathways
were identified at q < 0.05. The Hallmark pathways (8) were used
in GSEA and ssGSEA.

Unsupervised Clustering Prior to
Excluding FAB-Associated Genes
The R package pheatmap was used to generate heatmaps and
dendrograms for samples from a matrix of variably expressed
genes. Euclidian distance and complete clustering were used to
perform hierarchical clustering of the data. We used a dynamic
tree cutting algorithm implemented in the cutreeDynamic()
function from the WGCNA package (9) to identify optimal
clustering of patients. The strength of association between
cluster membership and FAB status (M1/M2 and M4/M5) was
tested using Fisher’s test. Clustering analysis in our dataset was
performed using an increasing number of top variably expressed
genes (1000, 1500, 2000, 2500, and 3000 genes). Clustering
analysis in TCGA cohort was performed as above using the
top 1000 variably expressed genes, including only samples with
corresponding FAB status (M1/M2 and M4/M5).

Unsupervised Clustering to Identify Patient
Clusters Independent of FAB Status
To identify genes with expression associated with FAB status, we
excluded genes associated with FAB and lineage commitment.
Specifically, for each gene, a p-value was obtained for each of the
FAB groups M2, M4, and M5 relative to M1 from the regression
analysis. p-values for each of the groups (M2, M4, and M5) were
corrected for multiple testing using FDR. A gene’s expression
was considered associated with FAB status if expression of the
gene was significantly different in at least one of the FAB groups
M2, M4, and M5 relative to M1 (q < 0.05). A total of 4743 genes
were found to have expression associated with FAB status.
Enrichment of these genes in cell type-specific signatures was
quantified using Enricher (10, 11). FAB-associated genes were
excluded, and the top variably expressed genes (variance > 5, 735
genes) were used to identify clusters (as described above). Three
distinct expression clusters were identified using this approach,
Group_1, Group_2 and Group_3 (Figure 1A)

Survival Analysis
Survival analysis of patient clusters identified from our
expression data (Figures 1D–F) was performed using
multivariant Cox regression implemented in the R package
survival. First, clinical variables important for survival were
identified using univariate Cox regression. The multivariate
survival model was built using all variables that were
significantly associated with survival in the univariate analysis
(p < 0.05). Survival analysis reported in Figures 3A–C and
Supplementary Figure 4 was performed using the survminer R
package. p-values for the KM-plots were computed using log-
rank test implemented in the function surv_pvalue(). All KM-
plots in the study were plotted using the function ggsurplot().
Frontiers in Oncology | www.frontiersin.org 352
HOX Gene Survival Analysis
Activity of HOXA and HOXB gene clusters were scored in all
datasets using ssGSEA (5, 6) implemented in GSVA (7). In each
cohort, for each HOX gene cluster, the samples were split into 2
groups (the top and bottom 50th percentile) based on the activity
scores obtained from ssGSEA. Survival differences between the
groups were quantified as described above.

Estimation and Comparison of Metabolic
Activity Between Patient Groups
Pathway activity scores were calculated using 91 gene sets,
including 85 KEGG (12) metabolic pathways and 5 literature-
curated gene sets: glucose deprivation, glycolysis, hypoxia,
mTOR, and oxidative phosphorylation. The pathway activity
score was calculated using ssGSEA using GSVA (7). Differential
activity of pathways among clusters was identified using the
Wilcoxon rank-sum test based on each cell’s pathway activity
scores. p-values were adjusted using the Benjamini-Hochberg
method, and the threshold of significance was set to q < 0.05.

Foundation Medicine Assay
Samples were submitted to a Clinical Laboratory Improvement
Amendments–certified, New York State-accredited, and College
of American Pathologists–accredited laboratory (Foundation
Medicine, Cambridge, MA) for next-generation sequencing–
based genomic profiling. Samples were processed in the
protocol defined by hematologic cancers as previously
described (13). Briefly, after DNA and RNA extraction from
bone marrow aspirate, adaptor-ligated DNA underwent hybrid
capture for all coding exons of 465 cancer-related genes. cDNA
libraries prepared from RNA underwent hybrid capture for 265
genes known to be rearranged in cancer. Captured libraries were
sequenced to a median exon coverage depth of >500× (DNA)
or ~3M unique reads (RNA) using Illumina sequencing, and
resultant sequences were analyzed for base substitutions, small
insertions and deletions (indels), copy number alterations (focal
amplifications and homozygous deletions), and gene fusions/
rearrangements, as previously described (13, 14). Frequent
germline variants from the 1000 Genomes Project (dbSNP142)
were removed. To maximize mutation-detection accuracy
(sensitivity and specificity) in impure clinical specimens, the
test was previously optimized and validated to detect base
substitutions at ≥5% mutant allele frequency, indels at ≥10%
mutant allele frequency with ≥99% accuracy, and fusions
occurring within baited introns/exons with >99% sensitivity
(14). Known confirmed somatic alterations deposited in the
Catalog of Somatic Mutations in Cancer (COSMIC v62) were
called at allele frequencies ≥1% (15). Patients did not provide
consent for raw data release. Therefore, associated raw sequence
data is not shared. However, variants from a subset of the
samples used in this analysis (>18,000) have been deposited in
the Genomic Data Commons (accession #phs001179).

Mutational Analysis
Mutation data were binarized to indicate the presence or absence
of a mutation. Genes mutated in less than 10% of the samples
August 2021 | Volume 11 | Article 705627
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were excluded from the analysis. Fisher’s test was used to
quantify the association between the presence of a gene
mutation and cluster membership. p-values were corrected
using FDR and mutations significantly associated with a cluster
were identified at q < 0.1. Oncoplot was generated using R
package maftools (16). Gene Mutations that showed significant
association with FLT3 mutation were identified using Fisher’s
test, p-values were corrected for multiple testing using FDR and
significant associations were identified at q < 0.1. An odds ratio
(OR) > 1 indicates co-occurrence and OR < 1 indicates
mutual exclusivity.
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Validation Cohorts
Data for the 2 validation datasets TCGA (n= 173) and Valk et al.
(n= 293) (17, 18) were downloaded from GEO database
(GSE1159) and UCSC Xena (https://xenabrowser.net/
datapages/). Clinical data were also available on GEO for the
Valk et al. cohort, and from Firehose (https://gdac.
broadinstitute.org/) for The Cancer Genome Atlas (TCGA)
cohort. To validate survival and pathway patterns observed in
Group 2 we performed differential expression analysis between
group 2 and groups 1 and 3 combined. Upregulated and
downregulated genes were identified as fold-change >2 and
A B

D E F

C

FIGURE 1 | Identifying acute myeloid leukemia patient groups independent of French American British (FAB) classification: (A) Clustered gene expression heatmap of top
variably expressed genes (variance > 5,735 genes) whose expression was not associated with FAB classification (Fisher p = 0.251). ELN = European Leukemia Network;
CR = complete remission. (B) Oncoplot of frequently mutated genes in the cohort. (C) (left) Barplot of –log10 Fisher test q values testing the association of mutations with
sample groups. ASXL1, GATA2, and FLT3 mutations were associated with groups 1, 2, and 3, respectively (q < 0.1). (right) Heatmap showing mutation status of ASXL1,
GATA2, and FLT3 among patients. WT = wild type; MUT = mutated. (D) Overall survival, (E) event-free survival, and (F) remission duration of patients in groups 1, 2, and
3. p values for (D–F) were calculated using a multivariable Cox regression model relative to cluster 1.
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<-2, respectively, at q < 0.05. The activity of these gene sets was
scored in each of the validation cohorts using ssGSEA, and each
sample was then assigned a score indicating the difference
between the activity of the upregulated and downregulated
gene sets. In each of the validation cohorts, samples were
stratified into 2 groups indicating more Group 2 like (top 50th

percentile) and less Group 2 like (bottom 50th percentile). These
2 groups were then used to perform survival analysis as described
above. Differential expression between the groups was
determined and pathway analysis performed as described above.

Differential Expression of Proteins
RPPA data used in the study were previously published and
generated by our group for the cohort of 81 patients (19). To
identify differentially expressed proteins between 2 groups, we
computed the difference in mean expression of each protein with
a p-value using the Wilcoxon rank-sum test. p-values were
corrected using FDR. Upregulated and downregulated proteins
were identified as difference in mean >75th percentile and <25th
percentile, respectively, at q < 0.1.

Cell Line Molecular and Drug
Response Data
Cancer cell line drug response data were obtained from Rees et al.
(20). The response of each cell to a drug was quantified as the
area under the drug response curve (AUC). High AUC indicated
poor response and low AUC indicated better response. Protein
expression from RPPA for these cell lines was obtained from
Cancer Cell Line Encyclopedia (21) using the DepMap portal
(https://depmap.org/portal/download/). Correlations between
expression data and drug response were computed using
Spearman correlation.
RESULTS

Clinical and Demographic Characteristics
A total of 81 newly diagnosed AML patients (58% male and 42%
female) with a median age of 67.0 years (range 17.4-85.2 years)
were included in the study. All patients had whole transcriptome
sequencing and RPPA profiling at the time of diagnosis, and 73
of 81 patients had targeted sequencing of 465 genes using
Foundation Medicine’s FoundationOne Heme assay. Patient
clinical and demographic characteristics are summarized in
Table 1 . Briefly, 46 patients (57%) had intermediate
cytogenetic risk per ELN risk assessment (22), 30 (37%) had
unfavorable risk, and 5 (6%) had favorable risk. A total of 36
patients (44%) were classified as M1/M2 and 45 patients (56%)
were classified as M4/M5 by FAB classification. Thirty-three
patients (41%) had antecedent hematologic disorder. Eleven
patients were alive at the time of this analysis, with a median
follow-up period of 388.1 weeks (range 0-559.5 weeks). Eighty
percent of patients (56/70 for whom data were available) were
treated with cytarabine-based regimens, 13% were treated with
hypomethylating agents (9/70), and 7% with investigational
treatments (5/70). Eleven patients had no treatment records at
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MD Anderson. Of those evaluable for response, 35/63 (56%) had
complete remission or a partial response (complete remission:
33/35, 94%; partial response: 2/35, 6%), and 28/63 (44%) had
primary refractory disease. Among the patients who had
complete remission or a partial response, 20/35 patients (57%)
eventually had a relapse. The median overall survival, event free
survival, and remission duration for all evaluable patients were
25.4 weeks (range 0-559.6 weeks), 22.4 weeks (range 0-393
weeks), and 42.4 weeks (range 3.3-538.7 weeks), respectively
(Supplementary Figures 1A–C).

Unsupervised Clustering to Identify
Prognostic Clusters Independent of
FAB and ELN Classification
Unsupervised clustering of the 81 newly diagnosed AML patients
based on the top 1000 variably expressed genes initially revealed
two distinct patient clusters. The clustering was highly associated
with FAB morphologic classification (Fisher p = 9.2e-5,
Supplementary Figure 2A). The FAB-associated clustering of
patients persisted even when more genes were added to the
unsupervised clustering, suggesting a significant impact of
lineage and morphology on transcriptomic-based clustering
(Supplementary Figure 2B). To assess whether this
observation was also relevant in other AML cohorts, we
conducted unsupervised clustering of expression profiles in
M1/M2 and M4/M5 patients from TCGA AML cohort (18).
Indeed, unsupervised clustering of TCGA AML cohort revealed
similar high dependency on FAB classification (Fisher p = 2.24e-10,
Supplementary Figure 2C). These findings suggested that the genes
associated with lineage morphology in AML were contributing to
AML transcriptomic-based clustering, and hence could be masking
AML subgroups that share similar underlying biology but
different lineages.

To address this concern, we used linear regression models and
identified genes whose expression profiles were associated with
FAB classification (q < 0.05; see Methods). Using enrichment
analysis in cell lineage and morphology signatures (10, 11), we
found that these genes were highly enriched for myeloid and
monocytic lineage differentiation (Supplementary Figure 3A).
To decouple lineage-associated genes from AML patient
clustering and to identify biologically similar AML patients
independent of lineage, we excluded the lineage-associated
genes and re-clustered AML patients based on the expression
of top variable genes (735 genes, variance > 5). This approach led
us to identify 3 distinct patient clusters (hereafter referred to as
group 1, group 2, and group 3) that clustered independently of
FAB classification (Fisher p = 0.251; Figure 1A and
Supplementary Figure 2B). The clinical and demographic
characteristics of these 3 clusters are summarized in Table 1.
Briefly, after correction for multiple hypothesis testing, there
were no significant differences in distribution for FAB
classification, ELN classification, sex, antecedent hematologic
disease, or treatment group. Group 1 patients were the oldest
(mean age 68.9 ± 9.9 years), followed by group 2 patients (64.4 ±
15.1 years) and group 3 patients (57.3 ± 15.6 years; p = 0.030, q =
0.073). These findings suggested that the patient grouping was
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inherently driven by the transcriptomic signatures independent
of lineage or clinical characteristics.

Targeted DNA sequencing of 465 genes using the
FoundationOne Heme assay in 73 patients (90%) revealed
FLT3 (37%), TET2 (30%), ASXL1 (25%), NPM1 (22%), and
NRAS (22%) as the most commonly mutated genes in the
cohort (Figure 1B). ASXL1 (q = 0.006), GATA2 (q = 0.029),
and FLT3 (q = 0.006) mutations were significantly enriched in
groups 1, 2, and 3, respectively (Figure 1C), but these mutations
were not associated with FAB classification (q > 0.4 for all). FLT3
expression was highest in Group 3, but it was significantly different
only when compared to Group 2 (q= 0.018) (Supplementary
Figure 3B). We found significant association between mutations
in FLT3 and mutations in NPM1 (q = 0.094, OR: 3.82) and
ASXL1 (q = 0.094, OR: 0.3) mutations (Supplementary
Figure 3C). Of note, while a significant fraction of NPM1
mutations co-occur with FLT3, mutations in AXSL1 were
largely mutually exclusive. We included this data as
Supplementary Figure 3B. These findings suggested that
mutation profiles were associated with transcriptomic
signatures, but not with lineage.

Outcomes of AML Patient Groups
We next evaluated whether the 3 AML groups had distinct
clinical outcomes. Univariate Cox survival analysis indicated
that sample clustering was associated with differential overall
survival, event-free survival, and remission duration (p < 0.05).
To control for other confounding clinical factors, we first used
univariate survival analysis to identify clinical variables
associated with survival (p < 0.05; Supplementary Table 1)
and then built a multivariable Cox survival model with these
variables. Survival trends observed in the clusters in univariate
analysis were re-captured after controlling for other confounding
variables associated with survival (see Methods). Group 2 was
characterized by improved overall survival (median 55.86 weeks;
p = 0.037), event-free survival (median 55.85 weeks; p = 0.006),
and remission duration (median 111.71 weeks; p = 0.03 relative
to group 1, whereas no significant difference was observed
between group 1 and group 3 (Figures 1D–F).

Inflammatory and Immune Pathways
Enriched in Group 2 Patients
To explore transcriptomic signatures that were associated with
improved outcomes in group 2, we conducted differential gene
expression profiling comparing group 2 with groups 1 and 3,
revealing 70 upregulated genes and 322 downregulated genes (q <
0.05, absolute log2 fold change > 2; Figure 2A and
Supplementary Table 1). GSEA of hallmarks pathways
demonstrated significant activation of immune signaling in
group 2 compared with groups 1 and 3 (Figure 2B). To
determine whether the signal was confounded by a single
group, we next compared group 2 with group 1 and 3 each
separately. Indeed, we saw that patients in group 2 consistently
had activation of immune and inflammatory pathways, including
interferon-alpha and interferon-gamma, compared with each of
the other groups, suggesting that intrinsic immune activation in
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group 2 was associated with improved outcomes (Figures 2C, D).
HOXA and HOXB gene clusters were significantly downregulated
in group 2 compared with groups 1 and 3 (Supplementary
Table 1). Furthermore, lower expression of HOXA and HOXB
gene clusters was associated with better outcomes across all
patients in our cohort (Supplementary Figure 4A).

Validation of Immune Signatures in
Independent Cohorts
To validate the finding that immune signatures were associated
with improved outcomes in AML, we used 2 independent AML
cohorts (17, 18) with available transcriptomic and clinical data
(Supplementary Table 1; see Methods). We then compared
outcomes based on median scores derived from ssGSEA (7)
from genes differentially expressed in group 2 relative to groups 1
and 3 (see Methods). Higher-scoring patients (i.e., more similar
to group 2) had improved survival in both validation cohorts
(Figures 3A–C). Differential pathway activity analysis between
these groups revealed activation of immune-associated pathways,
consistent with observations in group 2 in our cohort and further
validating our finding that immune activity was the main
differential factor in outcomes (Figures 3D, E). Similarly,
patients with lower HOXA and HOXB gene scores had
improved outcomes (Supplementary Figures 4B, C). These
data indicate that activation of immune-associated pathways
and suppression of HOX genes in AML are associated with
improved outcomes in patients.

Pairwise GSEA Comparisons Revealing
Metabolic Signatures in Group 3
To further characterize the biologic pathways that distinguished
patient groups, we conducted pairwise GSEA between individual
groups of patients. Group 3 patients had significant activation of
metabolic activity compared with group 1 and with group 2
patients (Figures 4A, B). Although patients in group 3 and group
1 had similarly worse outcomes, activity of metabolic pathways
was significantly higher in group 3 patients, especially for
oxidative phosphorylation and fatty acid metabolism
(Figure 4B), suggesting that metabolism was a distinguishing
feature between these groups. Furthermore, activity in the
mTOR pathway, a major regulator of cancer metabolism (23),
was significantly higher in group 3 than in group 1.

To further characterize metabolic activity in group 3, we
compared the metabolic pathway activity scores between group 3
and groups 2 and 1. Relative to group 2, group 3 showed
significant activation of energy metabolism pathways such as
glycolysis, TCA cycle, biosynthesis of unsaturated fatty acids, and
gluconeogenesis. Relative to group 1, group 3 was characterized
by activation of oxidative phosphorylation, lipid metabolism
(ether lipid metabolism, steroid hormone biosynthesis), and
pyrimidine metabolism. Group 3 also showed activation of
galactose metabolism and linoleic acid metabolism relative
to both group 1 and group 2. These findings indicate that
patients in group 3 may be characterized by augmented
activation of pathways involved in energy production and
metabolism (Figure 4C).
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Proteomic Assessment to Distinguish
Group 3 and Group 1
All 81 AML patients had previously reported RPPA profiling
(19) at the same time point of RNA and genomic sequencing. We
therefore used this orthogonal molecular platform to delineate
protein-based molecular pathways that could differentiate these 3
AML patient groups (Supplementary Figure 5). Group 2 had
downregulation (q = 0.057 and difference in mean = -0.832) of
only CTNNB1 when compared with group 1 (Supplementary
Figure 5A) and downregulation of MTOR and MTOR.pS2448
compared with group 3 (Supplementary Figure 5B). These
findings suggested that unlike RNA, RPPA was not able to
delineate many proteomic differences between group 2 and
groups 1 and 3, most likely owing to the smaller number of
genes assayed.
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We next evaluated differences in RPPA signatures between
group 1 and group 3 patients who had similar outcomes,
compared with group 2 patients. We identified 28 upregulated
proteins and 19 downregulated proteins (q < 0.1, seeMethods) in
group 3 relative to group 1 (Figure 5A). MTOR.pS2448, which
signals for activation of both mTOR and PI3K pathways (23–25),
was over-expressed in group 3. This was consistent with the
mTOR upregulation in the group 3 transcriptomic signature and
suggested an active PI3K-AKT-mTOR signaling axis in group 3
patients. In addition, we found over-expression of proteins in the
MAPK signaling cascade (MAP2K1_2pS217_211, MAPK9),
apoptosis (BAX, CASP8, MCL1, BAK1, BAD.pS155), and
BRAF in group 3 compared with group 1 (Figure 5A).
Overexpression of MCL1, accumulation of total (un-cleaved)
CASP8, and lower expression of cleaved caspase-3
A B

DC

FIGURE 2 | Characterizing transcriptomic features of acute myeloid leukemia patients in group 2: (A) Volcano plot corresponding to differential expression analysis
comparing the transcriptome of group 2 with that of group 1 and 3 combined (significance based on log2 fold change > 2 and q < 0.05, in red). (B) Pathways
identified via gene set enrichment analysis (GSEA) of significantly differentially expressed genes from (A). Negative mean T-statistic (blue) indicates downregulation
and positive mean T-statistic (red) indicates upregulation of the pathway. (C) GSEA mean T-statistic heatmap based on pairwise differential expression comparing
group 2 with group 1 and with group 3. Pathways significantly dysregulated (q < 0.1) in at least one comparison are included in the heatmap. Red and blue indicate
upregulation and downregulation, respectively. Numbers in the heatmap correspond to q values. (D) Barcode plots illustrating upregulation of interferon-alpha and
interferon-gamma signaling in group 2 relative to group 1.
August 2021 | Volume 11 | Article 705627

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Abbas et al. RNA-Based Predictive Signatures in AML
(CASP3.cI175) suggested inhibition of apoptosis in group 3
patients (Figure 5A), consistent with the higher absolute blast
count observed in group 3 (Table 1).

MCL1 overexpression is associated with venetoclax resistance
and can be seen in FLT3-mutated AML (26).We therefore checked
for a correlation between mTOR and MCL1 expression. Indeed,
MTOR.pS2448 expression was positively correlated with MCL1
expression in RPPA across all patients (Figure 5B and
Supplementary Figure 5B). This is significant because resistance
to venetoclax can be mediated via MCL1 (26). We therefore
evaluated whether resistance to venetoclax in myeloid and
lymphoid cell lines is also associated with mTOR overexpression.
Phosphorylated S6 p235-236 and p240-244, which are surrogate
markers for mTOR activation, were positively correlated with
venetoclax AUC (r = 0.36, p = 0.001 and r = 0.32, p = 0.003,
respectively), suggesting thatmTOR activation was associated with
resistance to venetoclax (Figures 5C, D).
DISCUSSION

Clinical outcomes of AML patients are largely determined by
patient characteristics such as age, performance status, and the
underlying cause of the AML (27). ELN classification categorizes
AML patients on the basis of cytogenetic and mutational profiles
(22, 28). However, almost one-third of AML patients lack
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prognostic genomic features (29). Also, one-third of AML
patients have survival outcomes that deviate more than 20%
from their ELN risk category (29). Therefore, identifying
orthogonal molecular approaches contributing to AML
heterogeneity independent of clinical and genomic features
may reveal biologic processes impacting outcomes and identify
novel therapeutic strategies.

Inprevious studies usingRNAprofiling to classifyAMLpatients
(17, 30), gene expression clustering was strongly correlated with
mutational and cytogenetic profiles, as well as lineage and
morphologic groups as classified by FAB. Similarly, we identified
cluster correlation with FAB classification in TCGA and in our
cohort.We therefore hypothesized that by excluding the expression
profiles of genes associated with lineage and morphologic
characteristics in AML, we can potentially uncover AML patient
groups that share biologic pathways independent of morphology
and lineage. In the current study, we undertook a comprehensive
and unique approach to decouple lineage-related genes, combined
with RPPA and targeted mutation analysis, and we identified
immune and metabolic signatures that contributed to AML
heterogeneity and impacted outcomes.

Our analysis identified a group of AML patients (group 2) who
had significantly improved overall survival, event-free survival, and
remission duration. This patient group was characterized by
increased frequency of GATA2 mutations and an inflammatory
and immune phenotype indicated by enrichment for interferon-
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FIGURE 3 | Validating survival and pathway trends observed in group 2 in independent cohorts: Samples in The Cancer Genome Atlas (TCGA) and Valk et al.
cohorts were stratified on the basis of their similarity to group 2 (see Methods). (A) Overall survival and (B) event-free survival in TCGA cohort. (C) Overall survival in
the Valk et al. cohort. (D, E) Gene set enrichment analysis barplots of TCGA (D) and Valk et al. (E) validation cohorts.
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alpha and interferon-gamma, tumor necrosis factor-alpha, and
interleukin-6/JAK/STAT3 signaling pathways. Interestingly,
germline deficiencies in GATA2 leads to myeloid malignancies
with an immunodeficient phenotype (31). However, the exact
mechanism by which GATA2 mutations could confer a
remodeled immunologic phenotype in AML remains unclear and
warrants further investigation. Supported by previous studies
demonstrating distinct immune cell activity among AML patients
with different outcomes (32). Our findings suggested that the
intrinsic inflammatory and immune microenvironment in AML
was associated with better outcomes and responses to therapy.
Recent work demonstrated the complex immunologic landscape of
hematologic malignancies with a subset of AML patients having a
distinctively high NK/T cell cytotoxic activity {Dufva:2020bg}.
Further, recent work demonstrated that an immune-infiltrated
signal was associated with improved outcomes in AML patients
but not associated with ELN (33). However, in our results, which
were validated in 2 independent cohorts, patients could be grouped
by shared biologic characteristics independent of ELN classification
or clinical variables such as age.
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AML patients in group 2 also had significant downregulation of
HOX genes, which corresponded with improved outcomes,
consistent with previous studies (30, 34, 35). Inflammation and
cytokine production in a canine model was associated with reduced
HOXA gene expression (36), and restoring HOX gene expression
may oppose inflammation (37) or hamper innate immunity by
inhibiting granulopoiesis (38). These studies, although not
conducted in a leukemia or cancer model, suggested that
inflammation and HOX genes may be co-regulated, but the exact
mechanism linking these two pathways is still unclear.

Our analysis also revealed 2 distinct patient groups (groups 1
and 3) that had similarly worse outcomes compared with group 2
butdistinctunderlyingbiology.OurorthogonalRPPAandgenomic
analysis coupled with transcriptomic profiling revealed that these 2
groups can be distinguished by increased metabolic activity and
overexpression ofmTOR andMCL1 proteins in group 3. However,
only group 3 had FLT3 enrichment, contrary to previous
transcriptomic studies (17), demonstrating that multiple
transcriptional clusters may harbor FLT3 mutations. Therefore,
our approach of decoupling the lineage-associated genes generated
TABLE 1 | Clinical and demographic characteristics of patients.

Characteristic No. (%)

Overall, n = 81 Group 1, n = 31 Group 2, n = 29 Group 3, n = 21 p1 q2

Mean ± SD age, years 64.3±14.1 68.9±9.9 64.4±15.1 57.3±15.6 0.030 0.073
Sex 0.250 0.370
Female 34/81 (42) 12/31 (39) 10/29 (34) 12/21 (57)
Male 47/81 (58) 19/31 (61) 19/29 (66) 9/21 (43)

FAB 0.230 0.370
M1/M2 36/81 (44) 16/31 (52) 14/29 (48) 6/21 (29)
M4/M5 45/81 (56) 15/31 (48) 15/29 (52) 15/21 (71)

ELN genetic group 0.019 0.073
Favorable 5/81 (6) 0/31 (0) 5/29 (17) 0/21 (0)
Intermediate 46/81 (57) 15/31 (48) 17/29 (59) 14/21 (67)
Unfavorable 30/81 (37) 16/31 (52) 7/29 (24) 7/21 (33)

Recent AHD 0.180 0.360
No 48/81 (59) 16/31 (52) 16/29 (55) 16/21 (76)
Yes 33/81 (41) 15/31 (48) 13/29 (45) 5/21 (24)

Treatment 0.280 0.370
AraC-based 56/70 (80) 17/24 (71) 21/25 (84) 18/21 (86)
HMA-based 9/70 (13) 4/24 (17) 4/25 (16) 1/21 (5)
Investigational 5/70 (7) 3/24 (13) 0/25 (0) 2/21 (10)
(Missing) 11 7 4 0

Response >0.99 >0.99
CR 33/70 (47) 10/24 (42) 12/25 (48) 11/21 (52)
Not Evaluable 7/70 (10) 3/24 (13) 2/25 (8) 2/21 (10)
Partial remission 2/70 (3) 1/24 (4) 1/25 (4) 0/21 (0)
Resistant 28/70 (40) 10/24 (42) 10/25 (40) 8/21 (38)
(Missing) 11 7 4 0

Relapse 20/35 (57) 8/11 (73) 6/13 (46) 6/11 (55) 0.480 0.530
(Missing) 46 20 16 10

Vital status 0.028 0.073
Alive 11/81 (14) 2/31 (6) 8/29 (28) 1/21 (5)
Dead 70/81 (86) 29/31 (94) 21/29 (72) 20/21 (95)

AlloSCT 7/81 (9) 1/31 (3) 4/29 (14) 2/21 (10) 0.370 0.440
Mean ± SD bone marrow blast percentage 60.0±23.1 55.2±22.9 51.9±22.2 79.1±12.2 <0.001 <0.001
(Missing) 1 0 0 1
August 2021 | Volume
 11 | Article
1Statistical tests performed: Kruskal-Wallis test; chi-square test of independence; Fisher exact test.
2False discovery rate correction for multiple testing.
FAB, French-American-British classification; ELN, European Leukemia Network; AHD, antecedent hematologic disorder; AraC, ara-cytarabine; HMA, hypomethylating agents; CR,
complete remission; alloSCT, allogeneic stem cell transplantation.
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a better representation of the transcriptomic profile associated with
FLT3 mutations. This is also consistent with the proliferative
phenotype conferred by FLT3 mutations in AML (39). FLT3
activates downstream mTOR signaling (40, 41), and this signaling
is involved inmetabolic reprogramming (42). InhibitingmTORcan
also lead to inhibition of MCL1, but the exact mechanism is not
clear, although it is thought to involve AKT-dependent regulation
of MCL1 (43, 44). mTOR inhibition also has antitumor activity in
AML (45–47), and our data suggest that mTOR activation is
associated with venetoclax resistance. The finding is of high
importance because it suggests an alternative therapeutic target to
overcome venetoclax resistance (26). Furthermore, mTOR
inhibition could be a surrogate for inhibiting MCL1, especially
given that directMCL1 inhibitors have cardiac and gastrointestinal
toxicities that have hampered their recent clinical development.
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Our dataset comprised 81 samples from patients mostly treated
with intensive chemotherapeutic regimens (80% with cytarabine-
based regimens). Given the relatively small sample size, it is likely
that we missed subtle transcriptomic and proteomic perturbations
that might be biologically important. Furthermore, we used
targeted sequencing of AML-associated genes to study DNA
lesions in the cohort. Although this approach allowed us to
study important AML-associated mutations in these patients, it
precluded analysis of the full spectrum of mutations in these
patients or the associated mutational processes, although most if
not all of the myeloid mutations can be captured by this assay.
Outcomes in patients with FLT3 mutations (primarily group 3)
would have been improved had FLT3 inhibitors been used.
However, at the time of sample collection and AML diagnosis,
none of the FLT3 inhibitors were approved or under investigation
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FIGURE 4 | Characterizing the transcriptome of patients in group 3 and group 1: (A) Gene set enrichment analysis heatmap, similar to Figure 2. Pathways
significantly dysregulated (q < 0.1) in at least one of the comparisons were included in the heatmap. (B) Barcode plots illustrating upregulation of fatty acid
metabolism and oxidative phosphorylation in group 3 relative to group 1 patients. (C) Metabolic pathways differentially activated (q ≤ 0.05) in each of the 3
comparisons. Upregulated pathways are shown in red and downregulated pathways in blue (relative to the second group in each comparison).
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in a trial. Nevertheless, our study, which combined RPPA,
genomic profiling, and transcriptomic profiling with extensive
and long clinical follow-up data, provided a unique clinical dataset
for further interrogation.

Our approach to decouple morphology from lineage-
associated genes in AML revealed distinct groups of AML
patients that share biologic pathways independent of ELN
classification, antecedent hematologic disorders, or other
clinical and molecular variables that are known to impact
outcomes. We also used orthogonal RPPA analysis to
differentiate patients with similarly worse outcomes in groups
1 and 3, revealing an mTOR-associated metabolic profile that
can be potentially targeted. Our findings demonstrate that
employing alternative classifications for AML patients can
provide insight into AML heterogeneity.
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Supplementary Table 1 | List of French American British (FAB)-associated
genes and differentially expressed genes across all comparisons, in univariate and
multivariable analysis, and between groups.

Supplementary Figure 1 | Kaplan-Meier curves for (A) overall survival, (B) event-
free survival, and (C) remission duration for all 81 patients in the cohort.
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FIGURE 5 | Proteomic analysis: (A) Differential protein expression analysis comparing group 3 with group 1. Upregulated proteins (q < 0.1 and difference in mean
> 0.32) are shown in red and downregulated proteins (q < 0.1 and difference in mean > -0.188) in blue. (B) Scatterplot illustrating the correlation between expression
of mTOR.pS2448 (activating phosphorylation) and MCL1 (spearman correlation = 0.322, p = 0.003). (C, D) Scatterplot illustrating the expression of phosphorylated
S6 (marker of mTOR activation) with venetoclax (higher area under the curve [AUC] indicates more resistance to treatment). Statistics computed using Spearman
correlation.
August 2021 | Volume 11 | Article 705627

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165656
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE165656
https://www.frontiersin.org/articles/10.3389/fonc.2021.705627/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.705627/full#supplementary-material
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Abbas et al. RNA-Based Predictive Signatures in AML
Supplementary Figure 2 | (A) Clustered heatmap of top 1000 variably
expressed genes in our cohort. Two patient groups were identified that showed
strong association with French American British (FAB) status (Fisher p = 9.2e-5).
(B) Clustering of samples performed as in Supplementary Figure 1A for various
numbers of top variably expressed genes and their association with FAB status,
inferred using the Fisher test. The analysis was also performed for clusters
corresponding to Figure 1A (corrected_clusters). The barplot is the –log10 p values
obtained from the Fisher test. (C) Transcriptome clustering analysis in The Cancer
Genome Atlas (TCGA) acute myeloid leukemia cohort using the top 1000 variably
expressed genes. Consistent with observations in our data (A, B), identified clusters
showed a strong association with FAB status (Fisher p = 2.24e-10).

Supplementary Figure 3 | (A) Enrichment of cell type markers in genes
associated with French American British classification. Strong enrichment was
observed for genes associated with myeloid and monocytic lineage. (B) boxplot of
expression of FLT3 between groups (ANOVA p = 0.025), Tuckey post-hoc test is
used to compute q-values for pairwise comparisons. (C) Heatmap of mutations that
Frontiers in Oncology | www.frontiersin.org 1261
are associated with FLT3 mutations (q < 0.1), identified using Fisher’s test followed
by correction of p-value by FDR.

Supplementary Figure 4 | Samples stratified on the basis of activity of HOXA or
HOXB clusters and divided into high (above the fiftieth percentile) and low (below the
fiftieth percentile) groups. Survival between these groups was compared in (A) the
MD Anderson cohort (top: overall survival; bottom: event-free survival), (B) the Valk
et al. cohort (top: overall survival; bottom: event-free survival), and (C) The Cancer
Genome Atlas (TCGA) cohort (overall survival).

Supplementary Figure 5 | (A) Proteins differentially expressed in group 2 relative to
group 1. Upregulated proteins are shown in red (q < 0.1 and difference in mean > 0.149)
anddownregulated pathways in blue (q < 0.1 anddifference inmean< -0.117). (B)Proteins
differentially expressed in group 2 relative to group 3. Upregulated proteins are shown in red
(q < 0.1 and difference in mean > 0.22) and downregulated pathways in blue (q < 0.1 and
difference in mean < -0.24).
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PD-1 and TIGIT Are Highly
Co-Expressed on CD8+ T Cells
in AML Patient Bone Marrow
Ling Xu1,2†‡, Lian Liu2‡, Danlin Yao2†‡, Xiangbo Zeng2, Yikai Zhang2,3, Jing Lai2,
Jun Zhong2, Xianfeng Zha4†, Runhui Zheng5, Yuhong Lu2, Minming Li6, Zhenyi Jin2,
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Guangzhou, China, 2 Key Laboratory for Regenerative Medicine of Ministry of Education, Institute of Hematology, School of
Medicine; Jinan University, Guangzhou, China, 3 Laboratory Center, Tianhe Nuoya Bio-Engineering Co. Ltd, Guangzhou,
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5 Department of Hematology, First Affiliated Hospital, Guangzhou Medical University, Guangzhou, China, China,
6 Department of Hematology, Guangdong Provincial People’s Hospital, Guangdong Academy of Medical Sciences,
Guangzhou, China

Despite the great success of immune-checkpoint inhibitor (ICI) treatment for multiple
cancers, evidence for the clinical use of ICIs in acute myeloid leukemia (AML) remains
inadequate. Further exploration of the causes of immune evasion in the bone marrow (BM)
environment, the primary leukemia site, and peripheral blood (PB) and understanding how
T cells are affected by AML induction chemotherapy or the influence of age may help to
select patients who may benefit from ICI treatment. In this study, we comprehensively
compared the distribution of PD-1 and TIGIT, two of the most well-studied IC proteins, in
PB and BM T cells from AML patients at the stages of initial diagnosis, complete remission
(CR), and relapse-refractory (R/R) disease after chemotherapy. Our results show that
PD-1 was generally expressed higher in PB and BM T cells from de novo (DN) and R/R
patients, while it was partially recovered in CR patients. The expression of TIGIT was
increased in the BM of CD8+ T cells from DN and R/R patients, but it did not recover with
CR. In addition, according to age correlation analysis, we found that elderly AML patients
possess an even higher percentage of PD-1 and TIGIT single-positive CD8+ T cells in PB
and BM, which indicate greater impairment of T cell function in elderly patients. In addition,
we found that both DN and R/R patients accumulate a higher frequency of PD-1+ and
TIGIT+ CD8+ T cells in BM than in corresponding PB, indicating that a more
immunosuppressive microenvironment in leukemia BM may promote disease
progression. Collectively, our study may help guide the combined use of anti-PD-1 and
anti-TIGIT antibodies for treating elderly AML patients and pave the way for the exploration
of strategies for reviving the immunosuppressive BM microenvironment to improve the
survival of AML patients.

Keywords: PD-1, TIGIT, acute myeloid leukemia, immune-checkpoints, T cell, bone marrow
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INTRODUCTION

In the last few decades, immunotherapy has emerged as the
fourth pillar following surgery, radiation/chemotherapy and
targeted therapy for solid tumor and leukemia therapy. One of
the most effective immunotherapies includes resolving T cell
dysfunction with immune checkpoint (IC) inhibitors (ICIs),
such as programmed death receptor-1 (PD-1) and its ligand
(PD-L1), cytotoxic T lymphocyte-associated antigen-4 (CTLA-
4), and T cell immunoglobulin mucin-3 (Tim-3) (1–5). IC
proteins are co-inhibitory receptors that distributed on the
surface of several immune cells. After ligand binding, these
regulators can transducing inhibitory signals to avoid immune
injury under physiological conditions. However, under
pathological conditions, such as chronic inflamation and
cancer, continuous antigen stimulation and several
immunosupressive factors could drive T cells to develop into a
“unfitness” state called T cell exhaustion. One of the features of T
cell exhaustion is the occurrence of elevated expession of several
IC proteins. When these proteins bind their ligands, they reduce
the anti-virus or anti-tumor effects of T cells, ultimately resulting
in the immune escape of pathogens or tumors (3, 6–8).

Acute myeloid leukemia (AML) is a genetically, epigenetically,
and clinically heterogeneous disease characterized by a failure in
normal hematopoiesis and the accumulation of immature
myeloid cells in the bone marrow (BM) and peripheral blood
(PB) (9). For all AML patients (except for those with acute
promyelocytic leukemia) who are medically able to tolerate
chemotherapy, treatment with a 7-day infusion of cytarabine
and a 3-day infusion of daunorubicin (“7+3”), has not changed in
the past 50 years. Additionally, post-remission therapy aimed to
prevent relapse of the disease. Additional cytotoxic
chemotherapies (such as high or intermediate dose cytarabine),
with or without targeted therapies, and allogenic hematopoietic
stem cell transplantation (Allo-SCT) are the two commonly
employed strategies. Several targeted therapies have been
developed and approved for AML patients with special
molecular and cytogenetic alterations, including venetoclax to
target B-cell lymphoma 2, midostaurin, and gilteritinib to target
FLT3, and ivosidenib and enasidenib to target mutant isocitrate
dehydrogenase 1 and 2 (IDH1 and IDH2). The outcomes of AML
patients who have a favorable or intermediate risk prognostic
classification have improved with the addition of various targeted
drugs; however, longer-term overall survival (OS) beyond 3–5
years remains low for adverse risk patients, particularly older
AML patients (9–14). In recent studies, ICIs have demonstrated
encouraging results when combined with hypomethylating agents
(HMAs) in relapsed/refractory AML patients, particularly for
those who were not exposed to HMA treatment, but most of
the other clinical trials did not achieve a satisfactory response
when using ICIs alone (15–19). One of the reasons for this
discrepancy may be that the patients involved in those trials
often experienced failure with multiple lines of conventional
therapy, which could have a long-term impact on
immunological fitness and clinical responses (20, 21).
Therefore, comparing the immune status of T cells in AML
patients before and after chemotherapy may help determine
Frontiers in Oncology | www.frontiersin.org 264
which type of patient could benefit from novel immune
therapies. Additionally, cancer cells can orchestrate surrounding
cells, such as regulatory T cells (Tregs), myeloid-derived
suppressor cells (MDSCs), and plasmacytoid dendritic cells
(pDCs), to construct an immunosuppressive tumor
microenvironment (TME), enabling immune evasion and
immunotherapy resistance (22, 23). In the BM, which is the nest
of the leukemia progenitors generated and output in AML, the
environment is quite complicated and resembles that of the TME
in solid tumors to some degree. For example, the BM of AML
patients also accumulates Treg, MDSC, and pDC cells that could
inhibit the anti-leukemia immune response of T cells (24–27).
Increasing evidence has shown that the BM immune environment
of AML patients is profoundly altered, contributing to the severity
of the disease; however, there have been limited studies comparing
differences in T cell dysfunction between PB and BM. Thus,
further elucidating the characteristics of the immune
microenvironment in the BM of AML patients may help guide
the use of immunotherapy drugs and facilitate the exploration of
new immune targets.

PD-1, CTLA-4, and Tim-3 are the most well-studied IC
proteins, and multiple other IC proteins are also targeted by
immune checkpoint blockades or agonists in clinical research,
such as lymphocyte activation Gene-3 (LAG-3), T cell
immunoreceptor with immunoglobulin, and ITIM domain
(TIGIT), and tumor necrosis factor receptor (OX40) (28–31).
TIGIT, which is express on activated T cells, Treg cells, and NK
cells, has been identified as a promising new target for cancer
immunotherapy in recent years (2, 3, 7, 28, 32–34). Previously,
high expression of PD-1 and TIGIT on PB T cells from AML
patients has been reported (33, 35, 36), and higher PD-1
expression also detected on BM T cells in our previous study
(37); however, how the expression of TIGIT and its co-
expression with PD-1 changes in the BM of de novo (DN)
AML patients remains unknown. Thus, we comprehensively
compared the single and dual expression of PD-1 and TIGIT
in both PB and BM T cells from AML patients at initial diagnosis.
In addition, since ICI treatment typically used for patients with
relapsed-refractory (R/R) disease, it is necessary to check the
fitness of T cells from patients who have received chemotherapy.
Thus, we also analyzed the expression of PD-1 and TIGIT in the
PB and BM of AML patients at completed remission (CR) and
disease relapse after chemotherapy.
MATERIALS AND METHODS

Sample Collection and Preparation
A total of 38 PB samples and 32 BM samples from de novo AML
patients [(median age, range), (PB: 54.5, 11-88; BM: 57.5, 14-80)]
were collected, including 26 paired samples. A total of 17 PB
samples and 21 BM samples from AML patients who achieved
CR (PB: 46, 13-80; BM: 47, 13-73) were collected, including 16
paired samples. A total of 10 PB samples and 8 BM samples from
AML patients with relapsed-refractory disease (PB: 51, 23-80;
BM: 49, 23-67) were collected, including 6 paired samples. All of
August 2021 | Volume 11 | Article 686156

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xu et al. T Cell Dysfunction in AML
the patients included in our CR and R/R cohorts are transplant-
naïve patients. In addition, 36 PB samples from healthy donors
(53, 13-65), and 14 unpaired BM samples from hematopoietic
stem cell transplantation donors or iron deficiency anemia
patients (47, 17-68) underwent bone marrow aspiration served
as the control group. Sample details shown in Table 1. All
samples collected with informed consent. Ethical approval for
the study was obtained from the Ethics Committee of the First
Affiliated Hospital of Jinan University. All procedures were
conducted according to the guidelines of the Medical Ethics
Committees of the Health Bureau of the Guangdong Province in
China. All samples were freshly obtained and subjected to
immediate preparation.

Flow Cytometry Analysis
Cell surface staining for flow cytometry was performed using the
following antibodies: CD45-BUV395 (clone HI30, BD),
CD3-AF700 (clone UCHT1, BD), CD4-APC-H7 (clone RPA-
T4, BD), CD8-APC-H7 (clone SK1, BD), TIGIT-PE/Dazzle™

594 (clone A15153G, Biolegend), TIGIT-BV421 (clone
A15153G, Biolegend), and PD1-BV421 (clone EH12.2H7,
Biolegend). These antibodies were used to analyze surface
receptors in two different panels. Isotype-matched antibodies,
labeled with the proper fluorochromes, were used as negative
controls. Extracellular staining was performed according to the
manufacturer’s instructions. Briefly, an antibody cocktail was
added to whole blood or BM samples, which were then incubated
at room temperature for 15 minutes in the dark, followed by red
cell lysis with lysis buffer (BD; Cat: 555899). The lysed cells were
washed twice with phosphate buffer saline (PBS), and then 350 ml
stain buffer was added for further flow cytometer analysis.
Twenty microliters of absolute count microsphere (Thermo;
Cat: C36950) were added to the samples for absolute number
analysis. Cells were analyzed using a BD Fortessa flow cytometer
(BD Biosciences), and data analysis performed with Flowjo
10.6 software.
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Statistical Analysis
Data were analyzed by correlation, linear regression,
independent t-test, or paired t-test depending on the
experimental design. Calculations were performed using
GraphPad Prism, version 8.02 software. Significance is
indicated as *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
Values of p < 0.05 were considered significant.
RESULTS

The Distribution of PD-1 and TIGIT in the
PB and BM of AML Patients During
Diagnosis, Complete Remission, and in
Relapsed-Refractory Patients
We first compared the PD-1 and TIGIT expression frequency on
CptD4+ and CD8+ T cells from the PB and BM of AML patients in
the DN, CR, and R/R stages. The results demonstrated that PD-1
expression increased on both PB CD4+ (20.63% vs 15.86%, p=0.029)
and CD8+ (24.77% vs 17.49%, p=0.011) T cells in DN patients when
compared with healthy individuls (HIs), while the same result was
found when comparing the BM CD4+ (26.17% vs 18.48%, p=0.010)
and CD8+ (41.17% vs 21.68%, p=0.0003) T cell populations. When
patients achieved CR, we found that PD-1 expression recovered in
most T cell populations except for the PB CD8+ population (27.00%
vs 17.49%, p=0.014). In addition, we also detected higher PD-1
expression on PB CD4+ (23.22% vs 15.86%, p=0.023) and CD8+

(26.84% vs 17.49%, p=0.021) T cells as well as BM CD8+ (37.14% vs
21.68%, p=0.018) T cells from R/R patients when compared with
HIs (Figure 1A). Unlike the high expression of PD-1 on both PB
and BM T cells in DN AML patients, TIGIT expression was
increased only in the BM CD8+ (59.18% vs 38.69%, p=0.003) T
cell population. Interestingly, the expression of TIGIT was also
higher in the BM CD8+ population from CR (55.08% vs 38.69%,
p=0.002) and R/R (65.94% vs 38.69%, p<0.0001) patients compared
TABLE 1 | Clinical characteristics of HIs and AML patients.

Variables HIs DN AML CR AML R/R AML

PB BM PB BM PB BM PB BM

Number 36 14 38 32 17 21 10 8
Age (years) 53 47 54.5 57.5 46 47 50 49
median, range (13-84) (17-68) (11-88) (14-80) (13-80) (13-73) (23-80) (23-67)
Gender, M/F 19/17 6/8 17/21 18/14 10/7 10/11 5/5 5/3
WBC (×109/L), mean ± SD / / 54.92 ± 135.16 / 4.60 ± 1.77 / 9.29 ± 16.37 /
PLT (×109/L), mean ± SD / / 81.95 ± 143.85 / 193.69 ± 133.46 / 71.00 ± 58.68 /
Blasts (%) mean ± SD, / / / 63.15 ± 20.03 / 1.64 ± 2.09 / 25.59 ± 27.32
Paired sample (n) 2 27 16 6
Subtype(n, %)
MDS-T 3 (7.9%) 2 (6.3%) 1 (5.9%) 1 (4.8%) 2 (20%) 3 (37.5%)
M1 1 (2.6%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%)
M2 13 (34.2%) 11 (34.4%) 5 (29.4%) 8 (38.1%) 1 (10%) 0 (0.0%)
M3 2 (5.3%) 4 (12.5%) 4 (23.5%) 4 (19.0%) 0 (0.0%) 0 (0.0%)
M4 6 (15.8%) 5 (15.6%) 1 (5.9%) 1 (4.8%) 3 (30%) 3 (37.5%)
M5 11 (28.9%) 9 (28.1%) 5 (29.4%) 4 (23.8%) 2 (20%) 3 (37.5%)
Unclassified 2 (5.3%) 1 (3.1%) 1 (5.9%) 2 (9.52%) 2 (20%) 3 (37.5%)
August 20
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with HIs (Figure 1B). The above results indicated that higher
expression of PD-1 in PB and BM T cells is a characteristic of
patients with DN AML and might be a sign of disease relapse, while
PD-1 expression recovery might be a favorable signal of disease
remisson. Whether PD-1 expression could predict the prognosis or
survival of AML patients needs to be confirmed in a future study.

Age Correlation of PD-1 and TIGIT
Expression on PB and BM T Cells
TIGITwas previously reported to have increased expression in blood
T cells of elderly healthy individuals (38); thus, we analyzed the
correlation between age and the expression frequency of PD-1 and
TIGIT on PB and BM CD4+ and CD8+ T cells in each group. We
found that PD-1 had no age correlation with any T cell subset in the
HI group; however, in the DN group, the expression of PD-1 on PB
and BMCD8+ T cells was positively correlated with age. In addition,
the expression of PD-1 on BM CD4+ T cells also demonstrated a
trend toward a positive correlation (Figure2A). These results suggest
that the expression of PD-1 in elderly AML patients may be even
higher than that in young patients, which may weaken the anti-
leukemia T cell response of elderly patients. Elderly AML generally
defined as AML in a patient who is greater than 60 years of age.
Frontiers in Oncology | www.frontiersin.org 466
Hence, we further compared the expression of PD-1 on CD4+ and
CD8+ T cells in the PB and BMof young (< 60 years) and elderly (>=
60 years) AML patients. The results demonstrated that PD-1 is
expressed higher on all T cell subsets except for the CD4+ subset in
the PB of elderly AML patients (Figure 2B). As shown in Figure 2A,
there was also no correlation between age and PD-1 expression for
any of the T cell subsets in the CR and R/R groups.

Regarding the expression of TIGIT, we found the exact age
correlation for its expression on CD4+ and CD8+ T cells in HI PB,
which was dramatically evident in the CD8+ population.
Additionally, we found that the positive correlation between
TIGIT and age in the PB CD4+ T cell population lost in the DN,
CR, and R/R groups. In contrast, in the PB CD8+ T cell population,
it was diminished in the DN group but recovered in the CR group.
Considering the strong age correlation of TIGIT in the PB of HIs,
we further dissected the HI, DN, and CR groups into young and
elderly cohorts and compared the expression of TIGIT on each
subset. The results demonstrated that in the cohorts under age 60,
the frequency of TIGIT on the CD4+ T cells of DN AML patients
was higher than that on HIs (26.31% vs 20.14%, p=0.038); however,
there was no difference in other comparisons between AML andHIs
in the same age cohorts (Supplementary Figure 1). Regarding the
A B

FIGURE 1 | T cells from the PB and BM of DN AML and R/R AML patients generally have high expression of PD-1, and BM CD8+ T cells from DN, CR, and R/R
patients have increased TIGIT expression. (A) The top figure shows the gating strategy for PD-1 in the CD4+ and CD8+ populations by flow cytometry. The
frequency of PD-1 by subset in the PB of HIs (CD4, n=33; CD8, n=36) and patients in the AML-DN (CD4, n=34; CD8, n=38), AML-CR (n=17), and AML-R/R (n=10)
cohorts (Upper); The frequency of PD-1 by subset in the BM of HIs (n=14), and patients in the AML-DN (CD4, n=29; CD8, n=32), AML-CR (n=21), and AML-R/R
(CD4, n=7; CD8, n=8) cohorts (Lower). The PD-1 expression frequency generally increased in T cells from DN and R/R patients. (B) The top figure shows the gating
strategy for TIGIT in the CD4+ and CD8+ populations by flow cytometry. The frequency of TIGIT by subset in the PB (Upper) and BM of HIs, and patients in the
AML-DN, AML-CR, and AML-R/R cohorts (Lower); The TIGIT expression frequency increased in BM CD8+ T cells from DN, CR, and R/R patients compared with
HIs. The p values shown are from independent t-tests between groups. *p < 0.05, **p < 0.01, ***p < 0.001, ns denotes not significant.
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expression of TIGIT on HI BM T cells, there was no age correlation
found in either the CD4+ or CD8+ population, but a significant age
correlation was found for the DN AML group (Figure 2A). Further
analysis revealed that the frequency of TIGIT in the CD8+

population in BM was higher in elderly vs. younger DN AML
patients (Figure 2C).

In summary, we found that the frequency of PD-1 expression
on T cells in HIs had no age correlation in PB or BM; however,
strikingly, there was higher PD-1 expression in elderly AML
patients. Moreover, the above results confirmed that the
expression of TIGIT on T cells is closely correlated with age in
PB but not BM. However, higher TIGIT expression is still
detected in the CD4+ population of DN patients under 60
years. In addition, relatively higher TIGIT expression was also
detected in the BM CD8+ T cell subset of elderly DN patients.

Higher PD-1 and TIGIT Expression
Detected in the BM of DN and R/R
AML Patients
Previous studies have found that the leukemia BM micro-
environment possesses several immune suppressive factors that
may protect malignant hematopoietic stem cells from
immunological surveillance. We and others have also reported
Frontiers in Oncology | www.frontiersin.org 567
that PD-1 increased in BM CD8+ T cells from DN AML patients,
which may promote immune evasion for leukemia cells in the BM
(36, 37, 39, 40). In this study, we further compared the expression
of PD-1 and TIGIT in paired PB and BM from DN, CR, and R/R
patients. The results demonstrated that both the CD4+ and CD8+

T cell subsets in the BM of DN AML patients possessed a higher
percentage of PD-1 (Figure 3A) and TIGIT (Figure 3B) when
compared with corresponding PB, and the increase in the CD8+

population was most apparent. In addition, the above differences
did not exist for CR patients and remained in the CD8+

population for R/R patients. These results indicate that the BM
microenviroment of AML patients possesses an increased number
of immunosupressive factors compared with PB, and reviving the
immunosupressive microenviroment might be a key factor for
treating AML and preventing relapse.

Higher Co-Expression of PD-1 and TIGIT
was Detected in the DN and R/R AML
Cohorts, and DN-AML Patients
Accumulated More PD-1+TIGIT+ CD8+ T
Cells in BM Than PB
Co-expression of several IC proteins is a characteristic of
exhausted T cells. A high percentage of PD-1+TIGIT+CD8+
A B

C

FIGURE 2 | PD-1+ and TIGIT+ CD8+ T cells increase in the BM of older DN-AML patients. (A) The upper panel shows the correlation between the frequency of PD-
1 (red dots) or TIGIT (blue triangles) and age in the PB CD4+ and CD8+ T cell populations in HIs (CD4, n=33; CD8, n=36) and patients in the AML-DN (CD4, n=34;
CD8, n=38), AML-CR (n=17), and AML-R/R (n=10) cohorts; the lower panel shows the correlation between the frequency of PD-1 (the red dots) or TIGIT (blue
triangles) and age in the BM CD4+ and CD8+ T cell populations in HIs (n=14) and patients in the AML-DN (CD4, n=29; CD8, n=32), AML-CR (n=21), and AML-R/R
(CD4, n=7; CD8, n=8) cohorts. Spearman’s nonparametric test used to test for correlations between each group. (B) Comparison of the expression of PD-1 on
CD4+ and CD8+ T cells from the PB of DNy (CD4, n=19; CD8, n=21) and DNo (CD4, n=15; CD8, n=17) (younger and older than 60 years) patients (Left) from the
BM of DNy (CD4, n=16; CD8, n=17) and DNo (CD4, n=13; CD8, n=15) patients (Right). (C) Comparison of the expression of TIGIT on CD4+ and CD8+ T cell
subsets from the PB and BM of DNy and DNo AML patients. The sample cases used for TIGIT are the same as those used for the PD-1 comparison. The p values
shown in B and C are from the independent student’s t-test. *p < 0.05, ns denotes not significant.
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T cells was found in the PB of DN AML patients with the
exhaustion phenotype; however, it remains unknown whether
they change in the BM and in patients who achieve CR or those
with R/R disease. Thus, we further examined the co-expression
of PD-1 and TIGIT in the PB and BM of each cohort. As shown
in Figure 4A, higher co-expression of PD-1 and TIGIT only
detected on PB CD4+ T cells from DN patients, while, as shown
in Figure 4B, higher co-expression detected on PB CD8+ T cells
from DN and R/R AML patients but not on the cells in the CR
group. However, increased co-expression was also found in the
BM CD8+ T cell population of AML patients in all disease
conditions. However, statistical significance was found only for
DN patients based on the limited CR and R/R patient samples
analyzed (Figure 4B). We further compared the co-expression of
PD-1 and TIGIT between PB and BM in AML patients at
different disease stages. We found no significant co-expression
difference in the CD4+ population in any of the AML sub-groups
(Figure 4C, left). In terms of the CD8+ population, higher co-
expression was detected in the DN and CR cohorts (Figure 4C,
right). These results further suggest a more immunosupressive
BM microenvironment in AML patients at initial diagnosis
and relapse.
DISCUSSION

Previous studies have reported the expression of PD-1 and
TIGIT in AML patients at diagnosis and after hematopoietic
stem cell transplantation (33, 35–37, 41, 42); however, most of
Frontiers in Oncology | www.frontiersin.org 668
these studies were only concerned about T cells in the PB. Some
of these studies ignored the impact of patient age; thus,
controversial results exist. In this study, we comprehensively
compared the distribution of PD-1 and TIGIT, two of the most
well-studied IC proteins in PB and BM T cells from AML
patients at different disease stages. The results demonstrated
that PD-1 is highly expressed in almost all CD4+ and CD8+ T
cells in the PB and BM of DN AML patients and demonstrates
higher expression in the elderly than younger patients.
Expression in the BM was higher than that in PB. When
patients achieve CR after induction chemotherapy, most of T
cells can restore the average expression level of PD-1 except for
the CD8+ T cells in PB. In addition, patients who were not
response to or relapsed from chemotherapy maintained a high
expression of PD-1 in most of the T cell subsets except for CD4+

T cells in BM. These results indicated that the function of T cells
in elderly patients at first diagnosis might be worse than that in
younger patients, which may be a reason for their
chemotherapy intolerance, but this may be an advantage for
receiving ICI therapy. Although most of the clinical trials using
PD-1/PD-L1 inhibitors have been administered to R/R AML
patients who experienced intensive induction chemotherapy at
least twice (16, 32, 43, 44), a multi-center phase 2 study
(NCT02845297) of pembrolizumab (PD-1–blocking antibody)
and azacitidine (AZA) in patients with R/R AML and a small
cohort of newly diagnosed AML patients (median age and
range: 75, 67-83 years) suggested a favorable overall response
rate (ORR; 71%) and survival for newly diagnosed and unfit
older AML patients.
A B

FIGURE 3 | BM CD4+ and CD8+ T cells from DN-AML and R/R-AML patients have a higher percentage of PD-1- and TIGIT-expressing T cells than matched PB.
(A) The flow-cytometry analysis detected an increase in the frequency of PD-1-expressing CD4+ and CD8+ T cells in the BM of DN-AML patients compared with
matched PB (CD4, n=24; CD8, n=27); the expression of PD-1 on CD4+ and CD8+ T cells between PB and BM was not different in the CR-AML cohort (CD4, n=15;
CD8, n=16). Increased PD-1 expression was also detected in BM CD8+ T cells from R/R patients (n=6). (B) Flow-cytometry analysis detected an increased frequency of
TIGIT-expressing CD4+ and CD8+ T cells in the BM of DN-AML patients compared with matched PB (CD4, n=24; CD8, n=27); the expression of TIGIT on CD4+ and
CD8+ T cells between PB and BM was not different in the CR-AML cohort (CD4, n=15; CD8, n=16); increased TIGIT expression was also detected in the BM CD8+ T
cells of R/R patients (n=6). The p values in (A, B) were calculated by the paired student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, ns denotes not significant.
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Moreover, this study also found that the AZA/pembro
combination is safe, feasible, and well tolerated by these elderly
patients (45). Moreover, a higher survival rate when using drugs
targeting PD-1 in metastatic melanoma patients between the ages
of 70 and 80 was reported in a large population-based Danish
patient cohort (1,082 cases) (46). In addition to age, cytogenetic
abnormalities are another critical prognostic factor for AML. Thus,
analyzing changes in T cell status in patients with different
karyotypes and gene mutations is also essential. Previously
Williams et al. reported that PD-L1 is higher expressed in BM
blasts from patients with TP53 mutation and also have a higher
expression trend in patients with adverse cytogenetics; however,
they did not find any correlation between cytogenetic
abnormalities and the expression of IC proteins in T cells (36).
We also analyzed the expression of PD-1 and TIGIT in patients
with or without FLT3-ITD mutation and complex karyotype.
However, there was no difference to be found in either group
(data not shown). To explore the relationship of PD1 and TIGIT
expression on T cells with other gene mutations, such as TP-53 and
IDH1/2, would require a larger cohort study in the future.

The high expression of PD-1/PD-L1 is an essential indicator for
effective ICI therapy; however, whether sufficient tumor-infiltrating
Frontiers in Oncology | www.frontiersin.org 769
T cells in the tumor microenvironment is also a prerequisite (32).
We also analyzed the absolute numbers of T cells in the PB and BM
samples included in this study. We found increased numbers of
infiltrating T cells in the BM of DN patients, and CR and R/R
patients had a lower T cell count in the PB and comparable
numbers of T cells in the BM compared with HIs (Supplementary
Figure 2). These results suggest that the T cells were activated and
responded to leukemia antigen stimulation in DN patients.
However, most of them may be functionally impaired by
expressing IC proteins and other immunosuppressive factors.
When receiving induction chemotherapy, most of the T cells
were killed simultaneously by the unspecific cytotoxicity of the
chemotherapy drugs; thus, there might not be sufficient numbers of
T cells to respond to ICI treatment. This reason may be one of the
causes for anti-PD-1 treatment without satisfactory effects in R/R
patients; however, whether a single anti-PD-1 agent would affect
the overall survival (OS) of untreated younger AML patients
remains unknown. Recently, a phase 2 study (NCT02464657)
using nivolumab combined with induction cytarabine plus
idarubicin produced an ORR of 80% and a median OS of 18.54
months in untreated, younger AML patients. Interestingly,
responding patients who continued idarubicin, cytarabine, and
A

C

B

FIGURE 4 | Co-expression of PD-1 and TIGIT is increased in the PB and BM T cells of DN-AML patients. (A) Shown is the co-expression of PD-1 and TIGIT in PB
and BM CD4+ T cells from HIs (PB, n=12; BM, n=11) and patients in the DN-AML (PB, n=16; BM, n=15), CR-AML (PB, n=11; BM, n=14), and R/R-AML (n=5)
cohorts. (B) Co-expression of PD-1 and TIGIT in PB and BM CD8+ T cells from HIs and patients in the DN-AML, CR-AML, and R/R-AML cohorts. The cases in the
figure are the same as those in the CD4+ population. The p values in (A, B) were calculated by the independent student’s t-test. (C) Comparison of PD-1 and TIGIT
co-expression between the paired PB and BM CD4+ and CD8+ subsets. Higher co-expression existed in the BM CD8+ T cell from most of the DN-AML and CR-
AML patients. The p values shown in C were calculated by the paired student’s t-test. *p < 0.05, ns denotes not significant.
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nivolumab beyond remission had similar overall survival and
event-free survival compared with those bridged to allogeneic
stem cell transplantation, suggesting the possibility of nivolumab
efficacy in restoring host antitumor immune surveillance.
Moreover, the authors also found that a higher prevalence of
CD3-positive T cells in the bone marrow before the therapy
administration appeared to predict the response (47). This study,
combined with our findings here, may shed light on using anti-PD-
1 as a single agent or in combination with other drugs for treating
DN AML patients, particularly elderly DN AML patients.
Previously, two studies also compared the absolute number of T
cells in AML patients; one used flow-cytometry and found a higher
CD3+ T cell number in the PB of DNAML patients compared with
age-matched HIs. The different results reported here may be
because we used anti-CD45 to exclude the impact of many
leukemia cells in the samples (48). In another study, the authors
used immunochemistry to compare the CD3+ T cell number in the
BM and found a comparable amount of CD3+ T cells between DN
patients and HIs (36). Considering the high sensitivity of flow
cytometry in minimal residual disease detection and the greater
number of samples analyzed in our study (31 vs 14), we believe that
our results have higher accuracy. Whether the increased absolute
count of T cells in the PB and BM of DN AML patients would
predict the outcome and survival of DN AML patients is worth
further exploration with a large cohort.

With regards to the expression of TIGIT, we confirmed Yangzi
Song’s result that the TIGIT+ cell frequencies among PB CD8+ T
cells were significant age correlated, whereas CD4+ T cells exhibited
exhibited a weak correlation (38). Based on this age-induced change
in PB T cells, the different expression of TIGIT in PB T cells between
AMLy and AMLo patients is most likely to be a distinction that also
exists in the HIy and HIo groups. In 2016, Yaxian Kong had
reported that TIGIT expression elevated in the PB CD8+ T cells of
AML patients, and high TIGIT was associated with poor clinical
outcome in AML (49); however, we only found higher expression of
TIGIT on PB CD4+ T cells of DNAML patients compared with HIs
in the younger age group and on PBCD8+ T cells in both young and
older patients. This inconsistency may arise from the average age of
their healthy cohort appears to be younger than that of the AML
cohort (51 vs. 60). Interestingly, the expression of TIGIT on BM T
cells demonstrated no age correlation for HIs. Thus, we speculate
that TIGIT function in BM T cells might be different from that in
PB. Thus, the elevated TIGIT expression on the BM CD8+ T cells of
DN, CR, and R/R patients may be mainly impacted by the leukemia
microenvironment itself, while the BMmicroenvironment of elderly
patients may further exacerbate the high expression of TIGIT.
Although the immunosupressive functions of TIGIT have been
demonstrated many times, whether its high expression on the BM
CD8+ T cells of AML patients correlates with prognosis and survival
remains to be seen in the future. In addition, further studies should
elucidate the functional heterogeneity of TIGIT+ T cells co-
expressed with other IC proteins and with its competitive
activation receptor CD226, considering the complex mechanisms
of TIGIT in suppressing T cell function.

Co-expression of several IC proteins is usually thought to be
one of the characteristics of T cell exhaustion. Two previous
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studies have reported higher dual expression of PD-1 and TIGIT
in PB T cells from DN AML patients, and functional
experiments supported that PD-1+TIGIT+ CD8+ T cells were
functionally exhausted (35, 50). In this study, we further found
that the percentage of PD-1 and TIGIT double-positive T cells
not only increased in PB but also in BM CD8+ T cells from DN
AML patients. In addition, it was shown that there was an
increase in PB and a trend toward an increase in BM CD8+ T
cells in R/R AML patients. All these results indicated that a more
immunosuppressive microenvironment might exist in the BM
of AML patients. Previously Jia’s study found that intracellular
expression of Granzyme B in BM CD8+ T cells was significantly
lower compared with that of PB, which supports our results
(51); however, a study from Lamble et al. reported that there was
no significant proliferation difference between BM and PB CD8+

T cells from AML patients (52), which may be due to the high
patient-to-patient variability when looking into their data. Such
individual differences also existed in our study; thus, to precisely
understand the dysfunctional status of BM T cells in each AML
patient, a comprehensive assessment of the immune
checkpoints expression, cytokine secretion, and proliferation
capacity of paired PB and BM samples is needed. In addition,
whether these results support the combined use of anti-PD-1
and anti-TIGIT ICIs for treating DN and R/R patients remains
to be seen.

Taken together, in addition to the previously reported high
expression of PD-1 and co-expression of PD-1 and TIGIT in the
PB of DN AML patients and increased PD-1 expression in the
BM of DN AML patients, we further identified the accumulation
of TIGIT+ CD8+ T cells in the BM of DN, CR, and R/R patients.
Moreover, we found a higher percentage of PD-1 and TIGIT co-
expressing CD8+ T cells in the BM of DN AML patients. These
results support the idea that the BM microenvironment of AML
patients possesses many more immunosupressive factors than
PB. Future treatment strategies focused on reviving the
immunosuppressive BM microenvironment may improve AML
patients’ survival. Moreover, we also found that increased PD-1
and TIGIT single-positive T cells exist in the PB and BM of older
AML patients compared with younger patients, suggesting that T
cell function in elderly patients might be even worse than that in
younger patients. This finding may partially explain the
chemotherapy intolerance of older AML patients, which brings
hope for using ICIs to treat DN elderly AML patients who may
have sufficient T cells to respond.
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Supplementary Figure 1 | Expression frequency of TIGIT on the PB CD4+ and
CD8+ subsets of the HI, DN-AML, and CR-AML cohorts in the young and old age
groups. Flow-cytometry analysis shows that the expression frequency of TIGIT
increased in the PB CD4+ population of DNy patients when compared with HIy.

Supplementary Figure 2 | The absolute number of CD3+, CD4+, and CD8+

T cells in the PB and BM of the HI and AML cohorts. The total CD3+ T cell number
in PB heavily decreased in CR and R/R patients who received induction
chemotherapy, and total CD3+ T cells in the BM increased in DN-AML patients
when compared with HIs.
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Loss-of-function mutations in the DNA demethylase TET2 are associated with the
dysregulation of hematopoietic stem cell differentiation and arise in approximately 10%
of de novo acute myeloid leukemia (AML). TET2mutations coexist with other mutations in
AML, including TP53 mutations, which can indicate a particularly poor prognosis.
Ascorbate can function as an epigenetic therapeutic in pathological contexts involving
heterozygous TET2 mutations by restoring TET2 activity. How this response is affected
when myeloid leukemia cells harbor mutations in both TET2 and TP53 is unknown.
Therefore, we examined the effects of ascorbate on the SKM-1 AML cell line that has
mutated TET2 and TP53. Sustained treatment with ascorbate inhibited proliferation and
promoted the differentiation of these cells. Furthermore, ascorbate treatment significantly
increased 5-hydroxymethylcytosine, suggesting increased TET activity as the likely
mechanism. We also investigated whether ascorbate affected the cytotoxicity of Prima-
1Met, a drug that reactivates some p53 mutants and is currently in clinical trials for AML.
We found that the addition of ascorbate had a minimal effect on Prima-1Met

–induced
cytotoxicity, with small increases or decreases in cytotoxicity being observed depending
on the timing of treatment. Collectively, these data suggest that ascorbate could exert a
beneficial anti-proliferative effect on AML cells harboring both TET2 and TP53 mutations
whilst not interfering with targeted cytotoxic therapies such as Prima-1Met.

Keywords: epigenetic therapy, differentiation, ascorbate, TET2, Prima-1Met, APR-246, vitamin C, leukemia
INTRODUCTION

Acute myeloid leukemia (AML) is a hematological cancer that harbors a poor prognosis. The disease
is highly heterogeneous at the genetic level, with at least 11 distinct subgroups comprising driver
mutations in over 100 different genes (1). Epigenetic dysregulation is a key feature of many of these
AML subgroups (2, 3). Consequently, therapeutic strategies targeting the mutations that lead to
epigenetic dysregulation offer hope for novel forms of treatment.
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Ascorbate is an emerging epigenetic therapeutic. This
property arises from its co-factor activity for the Fe-containing
2-oxoglutarate-dependent dioxygenases, a large family that
includes prolyl hydroxylases (4, 5) numerous histone
demethylases (2, 6) and the ten-eleven translocation (TET)
enzymes (6–8). The TET proteins are responsible for the active
demethylation of DNA via the oxidation of 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine
(5fC), and 5-carboxylcytosine (5caC) (9–11). Ascorbate sustains
and promotes TET activity, most likely by reducing Fe3+ to Fe2+

during the catalytic cycle (8). TET2 activity and cellular levels of
5hmC increase with intracellular ascorbate availability in a dose-
dependent manner (12–14). Therefore, ascorbate has the potential
to act as an epigenetic therapeutic via the stimulation of TET2
activity. This has been demonstrated in vitro and using mouse
models (3, 15, 16). Furthermore, we have previously reported that
supplementation with ascorbate resulted in clinical remission in a
patient with AML harboring a TET2 mutation (17).

TET2 is a major regulator of hematopoiesis, regulating the
differentiation and self-renewal of hematopoietic stem cells
(HSC) (15). This has been demonstrated in murine studies
showing that Tet2 knockout results in the expansion of the
HSC population and skews the peripheral erythrocyte-to-
monocyte ratio in favor of increased peripheral monocytes
(18). The role of TET2 in hematopoiesis is also evident from
the observation that loss-of-function mutations are frequently
found in blood disorders such as AML, clonal hematopoiesis of
indeterminate potential, chronic myelomonocytic leukemia and
myelodysplastic syndrome (19, 20).

TET2 mutations in AML are associated with a significant
decrease in 5hmC (21), highlighting the role that this enzyme
plays as an epigenetic regulator in hematopoiesis. Emerging
insights also suggest that ascorbate supplementation could be
beneficial in AML cases associated with decreased TET2 activity
(15, 16). However, TET2 mutations occur in conjunction with
numerous combinations of other mutations (1, 2) and we know
relatively little about how other mutations might affect the
ascorbate-mediated up-regulation of TET2 activity and
subsequent effects on cell differentiation and survival. The
epigenetic effects of ascorbate have been explored in some
models of leukemia (15, 16, 22–24), but have not been
considered in the context of TP53 and TET2 mutated AML.

TP53 loss-of-function mutations are of clinical interest as
they confer an exceedingly poor prognosis in AML. Three-year
survival rates are between 0 – 15% (25) and new treatment
options are desperately required. Therefore, we investigated the
effects of ascorbate on growth and differentiation using SKM-1
cells - a model of leukemia where both TET2 and TP53mutations
co-exist (26). We also investigated the effects of ascorbate in
conjunction with Prima-1Met (APR-246), a compound which
reactivates some p53 mutants and promotes oxidative stress in
cancer cells (27–30). Prima-1Met has been shown to act
synergistically with azacitidine to inhibit the proliferation of a
number of TP53-mutant cell lines, including SKM-1 (31). Given
the importance of combination therapy in AML treatment, we
investigated the interplay between ascorbate and Prima-1Met to
Frontiers in Oncology | www.frontiersin.org 275
determine whether the antioxidant activity of ascorbate
interfered with the cytotoxicity of Prima-1Met.
METHODS

General Cell Culture Methods
SKM-1 cells were provided by the Dawson Lab at the Peter
MacCallum Cancer Institute, Melbourne, Australia. These cells
were grown in RPMI-1640 medium with penicillin, streptomycin
and 10% heat-inactivated fetal bovine serum. Cells were cultured
at 37°C with a humidified atmosphere of 5% CO2. A complete
refresh of the media was carried out prior to commencing
experiments by centrifugation of the cell suspension, aspiration
of media and resuspension in new media.

Validation
SKM-1 DNA was sent for analysis to CellBank Australia,
confirming a 98% match between the sample DNA and a
reference SKM-1 genome. PCR was used to amplify regions of
DNA at the sites of the known TET2 and TP53 mutations in the
SKM-1 cells. Primers were designed using the Benchling
bioinformatics platform. Sanger sequencing at the University of
Otago, Dunedin confirmed the presence of a hemizygous TP53
mutation (c.743G>A, Supplementary Figure 1) and a heterozygous
TET2 mutation (c.4253_4254insTT, Supplementary Figure 2),
consistent with other reports in the literature (26, 31). The
743G>A mutation in TP53 is a hotspot mutation in patients,
translating to a R248Q substitution in the DNA binding domain
and is predicted to result in loss-of-function (1). Some studies also
suggest that R248Q results in TP53 gain-of-function attributes (32).
The TET2 mutation results in a frameshift at p.1419 with the
truncation of ~600 amino acids. Given that the fundamental 2-OG-
dependent dioxygenase domain of TET2 is located at amino acids
1322-2002, this frameshift most likely results in complete loss-of-
function (33). Flow cytometry was used to show that the SKM-1
cells were CD11b+, CD117+, CD13+, CD33+, CD45RA+, CD15+,
CD19- and CD3-. The observed cell surface marker data is
consistent with data from Deutsche Sammlung von
Mikroorganismen und Zellkulturen and reports in the literature
(34). In house PCR testing was used to confirm that the SKM-1 cell
line was negative for mycoplasma contamination.

Ascorbate and Phosphoascorbate Uptake
Ascorbate or phosphoascorbate was added to SKM-1 cells in a
12-well plate in a final volume of 2 ml containing 0.2 x 106 cells/
ml and incubated for periods up to 48 hours. At the end of the
incubation period, the cells were pelleted by centrifugation at
1000 g for 5 minutes at room temperature and resuspended in
PBS. An equal volume of ice cold 0.54 M perchloric acid (PCA)
containing 50 µM diethylenetriaminepentaacetic acid (DTPA)
was added to supernatant and cell samples. The samples were
then mixed by vortex and centrifuged at 12,000 g for 2 minutes at
4°C to remove the protein precipitate. Extracted cell lysate and
supernatant samples were stored at −20°C and the ascorbate
levels were measured using HPLC with electrochemical detection
August 2021 | Volume 11 | Article 709543

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Smith-Dı́az et al. Ascorbate Inhibits TP53-Mutant Leukemia
as previously described (35, 36). Extracts were pre-treated with
Tris(2-carboxyethyl)phosphine (TCEP) to reduce any
dehydroascorbic acid (DHA) present and the DHA content
was determined from the difference between the two
measures (35).

Effects of Ascorbate on Cell Proliferation,
Cell Cycle and Apoptosis
SKM-1 cells were cultured for 6 days with the addition of sodium
ascorbate, bovine liver catalase, and phosphoascorbate (2-
phospho-L-ascorbic acid trisodium salt) where indicated. Cells
were seeded at 0.2 x 106 cells/ml in a volume of 1 ml in a 24-well
plate. Ascorbate and phosphoascorbate were added at 0 – 500
mM and catalase at 20 mg/ml. The media was refreshed with a 1:5
dilution at days 2 and 4, with the addition of ascorbate, catalase
and phosphoascorbate at the original concentration. The number
of cells was recorded after 6 days with a hemocytometer and
viability assessed by trypan blue dye exclusion. PI/Annexin V
and PI DNA staining were used to assess cell viability/apoptosis
and cell cycle status via flow cytometry after 6 days with 300 mM
ascorbate, with data analysis using CXP Software from Beckman
Coulter (Brea, CA, USA).

Analysis of Cell Surface Markers
To assess ascorbate-mediated changes on differentiation, SKM-1
cells were grown for up to 36 days +/- 300 mM phosphoascorbate
or ascorbate. Every 2-3 days the medium was refreshed by
diluting 1:5 with fresh media and adding phosphoascorbate or
ascorbate at the original concentration. At 7, 12/13 days, 22 days
and 36 days, cell surface marker expression was analyzed using
flow cytometry for CD15, CD33, CD45RA, CD117, CD13, and
CD11b. The percentage change in mean fluorescence intensity
(MFI) was calculated by taking the ratio of the MFI for the
treated cells relative to the control, subtracting 1 and then
converting to a percentage. The data was exported using CXP
Software. Isotype controls were used to confirm the binding
specificity of the antibodies.

Mass Spectrometry Analysis of
5hmC Levels
SKM-1 cells were cultured with 300 µM ascorbate or
phosphoascorbate in 12-well plates at 0.4 x 106 cells/ml in 2 ml
per well for periods up to 4 days. The medium was refreshed by
diluting 1:5 in fresh media with the addition of 300 µM ascorbate
or phosphoascorbate after 2 days. At the end of the incubation
Frontiers in Oncology | www.frontiersin.org 376
period, the cells were harvested and the DNA was extracted using
a DNA extraction kit (DNeasy Blood and Tissue Kit Cat No.
69504, Qiagen, Hilden, Germany).

A stable isotope dilution LC-MS/MS method was used for the
detection and quantification of 2’-deoxycytidine, 5-methyl-2’-
deoxycytidine and 5-hydroxymethyl-2 ’-deoxycytidine.
Isotopically labeled standards [2’-deoxycytidine (13C, 15N2), 5-
methyl-2’-deoxycytidine (13C, 15N2) and 5-hydroxy-methyl-2’-
deoxycytidine (d3)] were used to control for experimental
variations such as recovery, matrix effect, and ionization.
Standard calibration curves using the ratio of light to heavy
isotopes were used for quantification. One µg of SKM-1 DNA
was hydrolyzed using a nucleoside digestion kit M0649S (New
England Biolabs, Ipswich, MA, USA) in the presence of internal
standards [130 fmoles 2’-deoxycytidine (13C, 15N2), 5 fmoles 5-
methyl-2’-deoxycytidine (13C, 15N2) and 0.013 fmoles 5-
hydroxy-methyl-2’-deoxycytidine (d3)].

Standards and digested SKM-1 DNA samples were analyzed
using a 6500 QTrap mass spectrometer (Sciex, Framingham, MA,
USA) coupled to an Infinity 1290 LC system (Agilent, Santa Clara,
CA, USA). Standards and samples were stored on the autosampler
tray at 5°C. An Acclaim RSLC Polar Advantage II 120Å column
(150 x 2.1 mm, Thermo Fisher Scientific Inc., Waltham, MA,
USA) was used for chromatographic separation using 100% water
(0.1% formic acid) as Solvent A and 100% acetonitrile (0.1%
formic acid) as Solvent B. A flow rate of 0.2 mL/minute was used.
The column temperature was set to 40°C. The analytes were eluted
during the initial isocratic phase with 100% Solvent A over 3.5
minutes. The column was then flushed with 5% Solvent A and
95% Solvent B for 2.5 minutes, and then re-equilibrated at initial
conditions for 5 minutes. Data were analyzed using Analyst 1.7.1
(Sciex, Framingham, MA, USA). All species were quantified by
fragmenting the singly-charged parent ion [M+H]+, monitoring the
fragment ion resulting from the loss of the deoxyribose sugar in
positive-ion mode (Table 1), and measuring the area under the
curve of the resulting peak (Fit: Linear, Weighting: None,
Regression Parameter: Area). The concentration of deoxycytidine,
5mC and 5hmC in each sample was calculated by relating the peak
area ratio of the light to the heavy isotope to standard calibration
curves, and then converted to a percentage of the total cytidine
species. The assay was validated by measuring the relative
composition of cytidine species in frontal cortex and liver tissues
(Dunkin Hartley guinea pigs) for comparison. For guinea pig tissue
samples, one µg of DNA was hydrolyzed in the presence of 340
fmoles 2’-deoxycytidine (13C, 15N2), 10 fmoles 5-methyl-2’-
TABLE 1 | The m/z values for the singly-charged parent and fragment ions and the optimised parameters that were used to quantify each analyte in LC-MS/MS
experiments.

Analyte Parent (m/z) Fragment (m/z) DP EP CE CXP

2’-Deoxycytidine (H+) 228.10 112.05 45 7 15 16
2’-Deoxycytidine (13C, 15N2) (H

+) 231.10 115.05 45 7 15 16
5-Methyl-2’-deoxycytidine (H+) 242.11 126.07 45 7 13 16
5-Methyl-2’-deoxycytidine (13C, 15N2) (H

+) 245.11 129.06 45 7 13 16
5-Hydroxy-methyl-2’-deoxycytidine (H+) 258.11 142.06 50 7 11 16
5-Hydroxy-methyl-2’-deoxycytidine (d3) (H

+) 261.13 145.08 50 7 11 16
Augu
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deoxycytidine (13C, 15N2) and 1.3 fmoles 5-hydroxy-methyl-2’-
deoxycytidine (d3)).

Effects of Prima-1Met and Ascorbate
SKM-1 cells were cultivated in a 24-well plate in 1 ml at a starting
concentration of 0.2 x 106 cells/ml. Cells were pre-treated with
either 300 mM ascorbate or phosphoascorbate for 4 hours before
the administration of Prima-1Met. Cell viability was assessed at 24
hours by resuspending the cells in PBS with 20 µg/mL propidium
iodide (PI) and analyzed by flow cytometry.

SKM-1 cells were also grown with or without 300 mM
ascorbate or phosphoascorbate for 1 week. The cells were
seeded at 0.4 x 106 cells/ml in 2 ml in a 12-well plate. The
media was refreshed with a 1:5 dilution every 2-3 days, with the
addition of ascorbate or phosphoascorbate at the original
concentration. The cells were then centrifuged at 1000 g for 5
minutes and resuspended in fresh media at a cellular
concentration of 0.2 x 106 cells/ml. The cells were left for 1
hour in the incubator before transfer into a 24-well plate and
treatment with Prima-1Met. Cell viability was assessed at 24 hours
by resuspending the cells in PBS with 20 µg/mL PI and analyzed
by flow cytometry.

Statistical Analysis
The results in this paper are expressed as means ± the standard
error of the mean unless indicated otherwise. Prism 9 software
(GraphPad, La Jolla, CA, USA) was used for statistical analysis.
The ascorbate-mediated inhibition of cell growth and increases
in 5hmC levels were analyzed by one-way ANOVAs with
Dunnett’s multiple comparison post-hoc test. Paired t-tests (2-
tailed) were used for comparing the changes in the expression of
SKM-1 cell surface proteins and cell viability after growth in
Frontiers in Oncology | www.frontiersin.org 477
ascorbate/phosphoascorbate replete media. Two-way ANOVAs
with Tukey’s post-hoc tests were used to analyze the combined
cytotoxic effect of Prima-1Met and ascorbate/phosphoascorbate,
and differences in intracellular ascorbate concentrations. For all
tests the statistical significance was set at p < 0.05.

Materials
Nucleoside standards were obtained from Toronto Research
Chemicals (Toronto, Ontario, Canada). FITC and PE conjugated
fluorescent antibodies were obtained from Biolegend (San Diego,
CA, USA), CD15 (Cat. 301903), CD33 (Cat. 366619), CD45RA
(Cat. 304105), CD117 (Cat. 313203), CD13 (Cat. 301703), CD11b
(Cat. 301305), CD3 (Cat. 100203), CD9 (Cat. 312105). The drug
Prima-1Met (CAS No: 5291-32-7) was obtained from
MedChemExpress, Monmouth Junction, NJ, USA.
RESULTS

Ascorbate and Phosphoascorbate
Uptake Dynamics
RPMI cell culture medium does not contain ascorbate, and
therefore SKM-1 cells maintained under standard culture
conditions lack ascorbate. Following the supplementation of
ascorbate to the medium, intracellular ascorbate levels increased
in a dose-dependent manner, with levels peaking at 8-24 hours
and decreasing again by 48 hours (Figures 1A, B). When 300 mM
ascorbate was added to the medium, the intracellular levels peaked
around 4 nmoles/106 cells at 8-24 hours after ascorbate
administration, with significant variation between batches of
cells. By 48 hours, very little ascorbate remained in the medium,
A B C

FIGURE 1 | SKM-1 Ascorbate and phosphoascorbate uptake dynamics. The ascorbate content of SKM-1 cells following the addition of varying concentrations of
ascorbate or phosphoascorbate to RPMI medium for up to 48 hours. SKM-1 cells were seeded at 0.2 x 106 cells/ml in a volume of 2 ml in 12-well plates and were
harvested at the times shown. (A) The intracellular concentration of ascorbate (n = 6) or phosphoascorbate (n = 3) was measured at different time intervals following
the addition of 300 mM ascorbate or phosphoascorbate to the medium. (B) Intracellular ascorbate levels at 24 hours following the addition of 0 – 500 mM
ascorbate or phosphoascorbate to the medium (n = 3) ***p < 0.001, representing a significant difference between the intracellular concentration after
ascorbate or phosphoascorbate treatment. (C) The ascorbate concentration in the media (containing SKM-1 cells) at different time intervals following the
addition of 300 mM ascorbate (n = 3).
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although intracellular levels remained around 2 nmol/106 cells
(Figures 1A, C). Most of the cellular ascorbate was present as
reduced ascorbate: DHA was estimated to be 5.26 ± 2.4% of the
total ascorbate (SEM, n=15), determined by measuring ascorbate
with and without pre-treatment of the cell extracts with TCEP.

High ascorbate concentrations in cell culture media result in
the generation of extracellular H2O2 via the reduction of traces of
free iron present in solution. This effect can contribute to
ascorbate-mediated cytotoxicity in cell culture (37). For this
reason, we included controls that mitigated any H2O2-induced
toxicity by: (i) adding catalase to the medium, or (ii) using the
redox-stable molecule phosphoascorbate. Phosphoascorbate is
an ascorbate analogue that does not undergo oxidation to DHA
and thus circumvents the generation of H2O2 in cell culture
media (22, 38, 39). When phosphoascorbate was added to the
medium instead of ascorbate, SKM-1 intracellular ascorbate
levels also increased, but at a slower rate. The maximum
intracellular ascorbate concentration after phosphoascorbate
administration to the medium was measured at around 2-2.5
nmoles/106 cells (Figures 1A, B).

Ascorbate Inhibits SKM-1
Cell Proliferation
SKM-1 cell proliferation was significantly decreased when the
cells were maintained in ascorbate-replete media for 6 days. With
500 mM ascorbate in the medium, we noted a 75% inhibition of
cell growth (Figure 2A). When 20 mg/ml catalase was added to
the medium to control for the possible contribution of H2O2-
induced cytotoxicity, cell growth was inhibited in a
concentration-dependent manner up to 300 mM ascorbate,
with a maximum inhibition of 44% (Figure 2B). When
phosphoascorbate was added to the medium instead of
Frontiers in Oncology | www.frontiersin.org 578
ascorbate, cell proliferation was decreased at 100 mM, with no
further decrease at higher concentrations (Figure 2C). Exposure
to 300 mM ascorbate for 6 days had no effect on cell viability,
apoptosis or the cell cycle (Figures 3A, B) and no loss in viability
was observed after 28 hours growth in media with 300 mM
ascorbate or phosphoascorbate. Furthermore, staining with
trypan blue and observation by microscopy indicated that the
cells maintained a high degree of viability (between 0-1 trypan
blue positive cells per 200 cells). Collectively these data indicate
that ascorbate inhibits SKM-1 cell growth without promoting cell
death at culture media concentrations between 100 to 300 mM.
They also indicate that the inhibition of cell growth is not
dependent on H2O2 at these concentrations.

Ascorbate Modulates Expression of
SKM-1 Cell Surface Proteins
Growth in cell culture media with 300 mM phosphoascorbate
promoted changes in cell surface markers consistent with
monocytic differentiation (Figure 4A). Significant changes in
several cell surface proteins were observed, with increases in
CD13 (13, 36 days), CD15 (7, 13, 22 days), CD11b (7, 13 days),
CD45RA (36 days), and decreases in CD117 (22, 36 days) and
CD33 (36 days) (Figures 4B, C). Similar changes were also
achieved with 300 mM ascorbate at 7 days (Figure 4C). The
direction of these changes is consistent with monocytic cell
differentiation and maturation.

Ascorbate Increases 5hmC Levels
We utilized mass-spectrometry to measure the relative
abundance of deoxycytidine, 5mC and 5hmC in untreated cells
at 95.5% ± 0.4, 4.5% ± 0.4, 0.003% ± 0.001 of the total cytidine
species respectively (average ± SD, n=9). We then observed that
A B C

FIGURE 2 | Effect of ascorbate and phosphoascorbate on SKM-1 cell growth. (A–C) SKM-1 cell numbers 6 days following treatment with ascorbate (n = 5),
ascorbate and catalase (n = 5) or phosphoascorbate (n = 3). Each data point represents the mean of two cells counts recorded with a hemocytometer from two
separate wells with the same treatment. The cells were all seeded at a starting concentration of 0.2 x 106 cells/ml, with 1:5 dilutions after 2 days and 4 days in cell
culture media with re-administration of ascorbate, phosphoascorbate and catalase at the original concentration. The setup of this experiment means that if the cells
had not grown at all, then the total cell count after 6 days would be around 8 x 103 cells/ml. All treatments resulted in a statistically significant inhibition of cell growth.
100 mM ascorbate +/- catalase p < 0.01; 200 - 500 mM ascorbate +/- catalase p < 0.0001; 100, 500 mM phosphoascorbate p < 0.05; 200 - 400 mM
phosphoascorbate p < 0.01.
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the addition of either 300 mM ascorbate or phosphoascorbate to
the cell culture media resulted in increased global 5hmC. This
effect was time-dependent; culturing the SKM-1 cells with
ascorbate or phosphoascorbate for up to 2 days resulted in
progressively higher levels of 5hmC (Figures 5A, B). After 4
days with phosphoascorbate, 5hmC levels had increased 8-fold
relative to untreated cells. Treatment with ascorbate or
phosphoascorbate had no observable effect on global
methylation in either direction. We observed that SKM-1
5hmC levels, even after growth in media with ascorbate, were
still lower than levels measured in tissue samples (Table 2).

Effects of Ascorbate on Prima-1Met

Induced Cytotoxicity
The addition of 300 mM ascorbate or phosphoascorbate to the
culture medium 4 hours prior to the administration of Prima-
1Met increased the LC50 after 24 hours (Figure 6A). In cells pre-
incubated with ascorbate or phosphoascorbate for 4 hours the
LC50 for Prima-1Met was 72 mM and 64 mM respectively whereas
the control was 51 mM. However, the reverse effect was observed
when cells were grown in ascorbate-replete media for 1 week to
induce changes in cell surface differentiation markers, before
treatment with Prima-1Met (Figure 6B). After 1 week pre-
treatment with ascorbate the LC50 was 63 mM for the control,
57 mM for ascorbate pre-treated cells and 59 mM for
phosphoascorbate pre-treated cells. These differences were
small but statistically significant. It is important to note that
Frontiers in Oncology | www.frontiersin.org 679
the LC50 differs for the control between the two sets of
experiments (51 mM vs 63 mM) which may be due to
differences in experimental setup. However, a comparison has
been made for each treatment relative to its own control. Overall,
ascorbate pre-treatment only exhibited a small influence on
Prima-1Met induced cytotoxicity.
DISCUSSION

Dysregulated epigenetics is a known driver of AML (2, 3).
Mutations in proteins such as TET2, DNMT, IDH1/2, and
WT1 are common in AML, and all affect epigenetic processes
(2, 17). Recently, scientists have begun to consider the possibility
of employing ascorbate to target epigenetic dysregulation in
AML, by harnessing its ability to stimulate TET2 (15, 16).
Agathocleous et al. showed that ascorbate availability could
affect HSC proliferation and differentiation, demonstrating an
increase in HSCs relative to body mass and decreased levels of
HSC 5hmC in ascorbate-deficient Gulo−/− mice (16). Upon
administering ascorbate to a FLT3ITD TET2+/- Gulo−/− murine
model of leukemia, overall survival was prolonged and the
progression of the disease was suppressed (16). Cimmino et al.
also observed that knocking down TET2 with RNAi led to
aberrations in the self-renewal capacity of HSC, an effect that
was reversed once TET2 activity was restored. The restoration of
TET2 activity promoted cell death, myeloid differentiation and
A

B

FIGURE 3 | 300 mM ascorbate does not promote cell death or affect the cell cycle. SKM-1 cells were grown for 6 days in media with 300 mM ascorbate. (A)
Staining with annexin V/FITC and propidium iodide shows that 300 mM ascorbate does not promote cell death or apoptosis (n = 3). (B) Cell cycle analysis shows no
effect on the cell cycle (n = 3). Representative traces are shown.
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FIGURE 4 | Continued
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FIGURE 4 | Ascorbate-induced changes in cell surface antigen expression. (A) Changes in cell surface markers associated with monocytic differentiation. Common
granulocyte/monocyte precursor cells express immature cell antigens such as CD34 and CD117 which persist up until the monocyte precursor/monoblast
differentiation stage. Once these immature cells mature into promonocytes and mature monocytes, CD117 and CD34 expression is lost and the cells begin to
express CD15, CD33, CD13 and CD11b along with other characteristic cell surface markers (40). These changes are mirrored by SKM-1 cells following growth in
ascorbate-replete media with notable increases in CD15, CD13, CD11b and a decrease in CD177. (B) Representative histograms showing shifts in the fluorescence
intensity signal for each cell surface marker after treatment with phosphoascorbate, relative to the control. (C) Relative changes in cell surface antigen expression
following treatment with phosphoascorbate and ascorbate. Measurements are n = 3 except for CD45RA expression, which was measured at n = 1 (at 12 days) and
n = 2 (at 22 days). For all other measurements the 13-day timepoint includes one measurement taken at 12 days and two measurements at 13 days. For CD117,
when two distinct subpopulations were present, the change in MFI was calculated by gating to select the CD117+ subpopulation and calculating the MFI change for
this subpopulation. Statistically significant changes are marked as: *p < 0.05, **p < 0.01. Parts of this figure were made using BioRender.com.
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DNA demethylation. Moreover, the administration of ascorbate
pharmacologically mimicked TET2 restoration (15). These
findings suggest that intracellular ascorbate levels are linked to
cell differentiation and 5hmC levels.

However, few studies have investigated how additional
mutations might affect the TET2-dependent benefit of
ascorbate treatment in AML. In a model of AML characterized
by TET2 and TP53 loss-of-function, we have now shown that
ascorbate inhibits proliferation, increases 5hmC and drives
cellular differentiation. Ascorbate also had minimal effect on
the efficacy of Prima-1Met, a novel cytotoxic reagent currently in
clinical trial for AML with TP53 mutations (31, 42). This is
significant given the adverse prognosis associated with TP53
mutations and the fact that the TP53/complex karyotype
subgroup of AML has been identified as comprising 13% of
cases (1).

Ascorbate is not generally added to culture media and
cultured cells are usually ascorbate deficient (43–45). We
observed that supplementing the cell culture medium with
Frontiers in Oncology | www.frontiersin.org 881
ascorbate resulted in rapid uptake into cells and was associated
with a significant decrease in proliferation at 6 days. Extended
incubation with ascorbate also induced differentiation towards a
more mature cell phenotype over a 36-day period. Differentiation
is fundamentally an epigenetic process and can be initiated by a
variety of cell intrinsic and extrinsic cues. Given that SKM-1 cells
carry a heterozygous loss-of-function mutation in the epigenetic
eraser TET2, we hypothesized that the restoration of TET2
activity was a likely mechanism for these phenotypic changes.
Consistent with this hypothesis, we found that treatment with
ascorbate increased 5hmC - a proxy for TET activity. These
findings highlight the potential for epigenetic therapy in this
subtype of leukemia.

In untreated SKM-1 cells, 5hmC levels were very low
compared with levels reported in non-cancerous human tissues
(46) and the levels we measured in guinea pig frontal cortex and
liver samples. This phenomenon has been previously observed in
human cell lines and cancers, both of which can have very low
levels of 5hmC relative to their tissue of origin (46, 47). For
A B

FIGURE 5 | Ascorbate induced changes in 5hmC levels. (A, B) Increase in 5hmC in SKM-1 cells following growth in media with 300 mM phosphoascorbate or
ascorbate. p-values are displayed for statistically significant increases relative to the control. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. All time points
represent at least n = 3 except for ascorbate 4 hours which is n = 2. Treatment with ascorbate or phosphoascorbate had no apparent effect on global methylation.
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example, in one study, 5hmC levels in healthy colorectal tissue
were found to be ~10-fold higher compared with levels in
colorectal cancer tissue (47). Moreover, it has been observed
that cells may undergo a loss in global 5hmC as they adapt to cell
culture conditions (46). The effect may be partially attributed to
reduced TET activity in a cell culture environment lacking
ascorbate, although Nestor et al. also observed significantly
reduced TET expression in human cell lines (46). We observed
that supplementing the cell culture media with ascorbate or
phosphoascorbate caused a significant increase in 5hmC within
24 hours and an ~8-fold increase in 5hmC after 48 hours growth
with ascorbate.

The increased expression of SKM-1 cell surface proteins CD13,
CD15, CD11b and decreased expression of CD117 after growth in
ascorbate-replete media is consistent with monocytic differentiation
Frontiers in Oncology | www.frontiersin.org 982
(40). CD11b expression increases in the U937 promonocytic cell
line following treatment with 12-O-tetradecanoylphorbol-13-
acetate to induce cellular differentiation (48). CD117 expression,
in contrast, is associated with an immature cell phenotype (40).
CD117 is involved in stem cell differentiation and is generally lost as
progenitor cells differentiate into mature blood cells, with the
exception of dendritic and mast cells (49–51). The significance of
the observed decrease in CD33 and increase in CD45RA is less clear.
CD33 expression increases in the context of monocytic maturation,
however in other cellular contexts, such as neutrophil maturation, a
slight decrease in CD33 expression is observed during cellular
maturation (40). Overall, the observed changes in cell surface
protein expression following growth in ascorbate-replete media
are consistent with other findings in the literature. For example,
Cimmino et al. reported that reactivating TET2 caused a similar
decrease in CD117 expression along with increased CD34 and
CD11b expression (15). When the cell surface marker data is
considered collectively, the general trend of the changes in surface
protein expression points to cellular differentiation and mirrors the
changes observed during monocytic differentiation.

The oxidation of ascorbate in solution, and particularly in
cell culture media that contain traces of ferrous iron, is known
to generate H2O2 (3, 52). This can reach cytotoxic levels
when ascorbate concentrations approach 1 mM (52–54). We
employed two separate strategies to avoid this artefact: we
added catalase to the medium to scavenge any extracellular
TABLE 2 | The measured 5mC and 5hmC levels in SKM-1 cells grown with
and without ascorbate/phosphoascorbate, and reference tissue samples
(average ± SD).

Sample 5mC (% total
cytidine species)

5hmC (% total
cytidine species)

SKM-1 (n=9) 4.5% ± 0.4 0.003% ± 0.001
SKM-1 (48h phosphoascorbate, n=4) 4.2% ± 0.7 0.019% ± 0.004
SKM-1 (48h ascorbate, n=4) 4.2% ± 0.6 0.023% ± 0.009
Liver (guinea pig, n=4) 3.7% ± 0.7 0.076 ± 0.022
Frontal Cortex (guinea pig, n=4) 4.0% ± 0.3 0.75% ± 0.11
A B

FIGURE 6 | The effect of ascorbate on Prima-1Met cytotoxicity. (A) SKM-1 cells were grown for 4 hours +/- ascorbate or phosphoascorbate (300 mM). The cells
were all seeded at a starting concentration of 0.2 x 106 cells/ml at a depth of 1 ml in a 24 well plate. After 4 hours, Prima-1Met was added and the percentage cell
viability was calculated after 24 hours using PI and flow cytometry (n = 3). For reference, clinical studies show that Prima-1Met is tolerated at plasma concentrations
up to 250 mM with only relatively minor side effects (41). Pre-treatment with either ascorbate or phosphoascorbate significantly decreased the cytotoxicity of Prima-
1Met (p < 0.0001). (B) SKM-1 cells were grown for 1 week +/- ascorbate or phosphoascorbate (300 mM). The media was refreshed every 2/3 days with a 1:5
dilution. The cells were then resuspended in fresh media, diluted to a concentration of 0.2 x 106 cells/ml and left for 1 hour before the addition of Prima-1Met. The
percentage cell viability was then measured 24 hours later (n = 4). Pre-treatment with either ascorbate or phosphoascorbate for 1 week significantly increased the
cytotoxicity of Prima-1Met (ascorbate p = 0.0046, phosphoascorbate p = 0.0397).
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H2O2 and used phosphoascorbate, a redox inert substitute for
ascorbate. Phosphoascorbate is hydrolyzed by membrane-bound
phosphatases prior to uptake via the sodium-vitamin C
transporters and accumulates in the cells as reduced ascorbate,
with dephosphorylation being the rate limiting step for cellular
uptake (55). It is likely that the slower rate of intracellular
ascorbate accumulation when phosphoascorbate was used
reflects the requirement for phosphoascorbate to be hydrolyzed
by membrane-bound phosphatases. Both ascorbate and
phosphoascorbate resulted in similar intracellular levels after
48 hours.

Adding 300 mM ascorbate or phosphoascorbate to the medium
resulted in intracellular ascorbate levels similar to those measured
in vivo: Agathocleous et al. measured intracellular ascorbate levels at
around 2.5 fmoles/cell (or 2.5 nmoles/106 cells) in hematopoietic stem
cells from Gulo+/+ mice (16), which is comparable to the 2-4 nmoles/
106 cells measured in the SKM-1 cells. This data gives us confidence
that the ascorbate-mediated effects on hydroxymethylation,
differentiation, and growth inhibition in the SKM-1 cells were
achieved at intracellular ascorbate concentrations comparable to
those seen in vivo and were not driven by H2O2 generated in the
cell culture media. Overall, we found that phosphoascorbate was very
useful for our cell culture experiments. We recommend that future
cell culture studies with ascorbate use phosphoascorbate to limit the
pro-oxidant effects of ascorbate in cell culture.

Loss-of-function in p53 can be caused by mutations that
result in a truncated protein, disrupted protein folding or a
mutation in a DNA contact residue (56). In the case of a protein
folding mutation it is sometimes possible to pharmacologically
stabilize the mutant protein and restore a functional
conformation (57). This exciting prospect has prompted the
search for small molecule compounds that can promote
functional p53 folding, such as Prima-1Met (41). Prima-1Met is
a pro-drug that is converted to methylene quinuclidinone (MQ),
which can act as a Michael acceptor, rendering it susceptible to
nucleophilic attack from the sulfhydryl moiety of cysteine
residues. MQ has been shown to bind Cys124 and Cys277 in
p53 to promote the reactivation of R175H and R273H p53
mutants by stabilizing the protein and shifting the equilibrium
in favor of an active conformation (58, 59). In addition to p53-
dependent effects, MQ targets the cellular redox balance via
binding to glutathione and thioredoxin reductase, causing the
depletion of glutathione and the inhibition of thioredoxin
reductase (30, 41).

Interestingly, ascorbate supplementation had divergent effects
on Prima-1Met cytotoxicity depending on the order and timing of
treatment. The preincubation of SKM-1 cells with ascorbate for 1
week to promote cellular differentiation caused a small, but
statistically significant increase in the cytotoxicity of Prima-
1Met. In contrast, the reverse effect was observed when cells
were preincubated with ascorbate for only 4 hours, with a
decrease in the cytotoxicity of Prima-1Met. The protective effect
of ascorbate after 4 hours might be rationalized on the basis that
dosing with ascorbate just before Prima-1Met allows SKM-1 cells
to better survive the generation of reactive oxygen species. On the
Frontiers in Oncology | www.frontiersin.org 1083
other hand, the enhanced cytotoxic effect of ascorbate after 1
week could be a result of ascorbate induced cellular
differentiation rendering the cells more susceptible to Prima-
1Met. However, in all cases the effect size was small and thus the
biological significance of these effects remains unclear. Clinical
trial data will be required to determine the utility of ascorbate as
an adjunct therapy in this scenario.

In addition to TET2 mutations, there are potentially other
scenarios where TP53/complex karyotype AML patients could
benefit from ascorbate supplementation. For example, decreased
TET2 activity can also arise as a result of mutations in IDH1,
IDH2 or WT1 (2) and mutations in this pathway collectively
occur in around 30-50% of AML (1, 60, 61). Ascorbate-depletion
also decreases TET2 activity, with similar effects to loss-of-
function mutations (2, 15, 16), and low plasma ascorbate levels
are common in AML patients (62, 63). Importantly, in a recent
clinical trial, oral ascorbate supplementation increased 5hmC
levels in myeloid cancer patients on azacitidine treatment (64).

Overall, we have found that ascorbate has the potential to
function as an epigenetic therapeutic in a TP53-mutant leukemia
model. Moreover, our data does not contraindicate the use of
both ascorbate and Prima-1Met, as ascorbate had a negligible
effect on cytotoxicity caused by Prima-1Met.
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An observational prospective study was conducted by the CML Italian network to analyze
the role of baseline patient characteristics and first line treatments on overall survival and
CML-related mortality in 1206 newly diagnosed CML patients, 608 treated with imatinib
(IMA) and 598 with 2nd generation tyrosine kinase inhibitors (2GTKI). IMA-treated patients
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were much older (median age 69 years, IQR 58-77) than the 2GTKI group (52, IQR 41-63)
and had more comorbidities. Estimated 4-year overall survival of the entire cohort was 89%
(95%CI 85.9-91.4). Overall, 73 patients (6.1%) died: 17 (2.8%) in the 2GTKI vs 56 (9.2%) in
the IMA cohort (adjusted HR=0.50; 95% CI=0.26-0.94), but no differences were detected
for CML-related mortality (10 (1.7%) vs 11 (1.8%) in the 2GTKIs vs IMA cohort (sHR=1.61;
0.52-4.96). The ELTS score was associated to CML mortality (high risk vs low, HR=9.67;
95%CI 2.94-31.74; p<0.001), while age (per year, HR=1.03; 95%CI 1.00-1.06; p=0.064),
CCI (4-5 vs 2, HR=5.22; 95%CI 2.56-10.65; p<0.001), ELTS score (high risk vs low,
HR=3.11; 95%CI 1.52-6.35, p=0.002) and 2GTKI vs IMA (HR=0.26; 95%CI 0.10-0.65,
p=0.004) were associated to an increased risk of non-related CML mortality. The ELTS
score showed a better discriminant ability than the Sokal score in all comparisons.
Keywords: chronic myeloid leukemia, tyrosine kinase inhibitors, prognostic factors, ELTs, Sokal score
INTRODUCTION

The treatment landscape of patients with chronic myeloid
leukemia (CML) changed dramatically after the approval of
imatinib, the first tyrosine kinase inhibitor (TKI), in 2001 (1).
Since then, several newer TKIs have also been approved, and 3
different TKIs are currently available as front-line treatments in
Italy (2). Due to the remarkable efficacy of TKIs therapy, the life
expectancy of newly diagnosed chronic phase (CP) patients is
now near to that of age-matched individuals in the general
population (3). The improved outcome and long-term safety of
these drugs have mainly been demonstrated in sponsored
randomized controlled trials (RCTs) (4). However, many
questions related to the prognosis and the optimal
management of newly diagnosed CML patients remain
unanswered, and it is widely accepted that these questions
could be addressed by evaluating large prospective cohorts in
real world clinical practice. Prognostic evaluation of baseline
features has been reported in small single country series (5, 6) or
in large datasets including 20 countries in Europe, such as the
EUTOS registry (7). Until 2016, three different clinical
prognostic scores were in use in clinical practice (Sokal, Euro,
Eutos scores) (8), before the EUTOS Long Term survival (ELTS)
score (9) was introduced, that stratifies patients in three different
risk groups, with significantly different probabilities of dying of
CML. The EUTOS score ability to discriminate CML patients in
terms of long-term overall survival has been validated several
times, but predominantly in patients treated with front-line
imatinib (10–12). The score was recently suggested by the
European Leukemia Net (ELN) panel in the updated
recommendations (13) as a helpful tool to predict the rate of
deaths related to CML in TKIs-treated patients.

The ItalianCMLGIMEMAnetwork promoted an observational
cohort study in January 2013, to collect a large series of consecutive
newly diagnosed patients and evaluate the management and the
long-term outcomes in a real-world perspective.

The aim of this article is to analyze the impact of the baseline
patients’ characteristics and their front-line treatments on long
term overall survival and CML-related deaths.
rg 287
PATIENTS AND METHODS

The CML Italian GIMEMA network (including 68 Hematology
Centers from 19 Italian regions) prospectively recorded, in a
dedicated web-based database (https://www.epiclin.it/lmc), the
clinical and biological features of all newly diagnosed adult (>18
years) Italian Ph+CMLpatients in each phase of disease, diagnosed
fromJanuary2013onwards.All consecutivepatientswere included,
without any exclusion criteria and regardless of their participation
in any other clinical trial, to limit the eligibility criteria selection bias
typical of experimental studies. All centers followed the ELN
guidelines currently available and their updates (13, 14) for the
management of patients, without any other predefined
recommendations, including the selection of first line TKI
treatment and the subsequent monitoring every 3 months.

The study was approved by the local ethics committees and
other competent authorities; all patients were registered after
obtaining prior informed consent.

Standardized information on all newly diagnosed patients was
collected and entered in the database by local staff and centrally
checked for completeness and coherence. Baseline information
included sociodemographic, clinical, and standard laboratory
data. Comorbidities were evaluated by medical staff before the
start of treatment according to the Charlson Comorbidity index
(CCI) (15). CML was classified as chronic phase (CP),
accelerated phase (AP) and blast phase (BP) according to the
ELN criteria (13). Cytogenetic analysis was performed according
to banding analysis at baseline, as well as qualitative molecular
analysis to define the type of BCR-ABL transcript. Sokal (16) and
ELTS (9) scores were calculated as previously reported. Any
front-line treatment was recorded. Overall survival (OS) and
cause-specific survival (CML-related deaths, other causes of
death) were calculated from the date of diagnosis. Cause of
death was clinically defined as leukemia-related when it occurred
after progression to accelerated phase (AP) or blast phase (BP).
All other deaths were classified as leukemia-unrelated, and the
specific causes of death were recorded.

In this article we present the baseline characteristics (age, sex,
comorbidities, prognostic scores), the type of TKI initially
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prescribed (Imatinib - IMA or 2nd generation TKIs -2GTKI) and
their impact on survival, overall and by cause of death. For OS
analyses, Kaplan–Meier curves were calculated. To quantify
differences in survival probabilities between groups, the log-
rank test was applied. Cox proportional hazard regression
models were applied to analyze the influence of all the
variables considered on OS. Harrell’s C statistic was calculated
to assess the discrimination ability of the two prognostic scores.

To analyze the association of prognostic factors and of first-
line treatments on CML mortality, deaths due to other causes
were considered competitive events. Separate cumulative
incidence curves for CML and other causes mortality were
estimated with the Gooley method. Adjusted sub–Hazard
Ratios (sHR) for prognostic factors and treatment were
estimated separately for CML and other causes mortality with
the Fine and Gray method.
RESULTS

Baseline Characteristics of the Enrolled
Population
A cohort of 1206 patients was prospectively analyzed, 608
(50.4%) of whom received front-line IMA and 598 (49.6%) a
2GTKI (Table 1).

The age distribution shows a clear imbalance between
treatments. There was no difference of observation time
between age groups. Median age in the IMA cohort was 69
years (range 58-77) versus 52 years in the 2GTKI cohort (range
41-63). In the IMA group 28% were under 60 and 49% over 70,
while in the 2GTKI the corresponding figures were 68% and
10%. The male/female ratio was 1.70 in the IMA group and 1.35
in the 2GTKI cohort. Regarding the year of diagnosis, 2GTKI
were prescribed more frequently in the first period (2013-2015)
and less in more recent years (2018-2020). Overall, 98% of
patients were in CP, versus 0.4% in blast phase and 1.6% in
accelerated phase at baseline.

Results of molecular analysis of the BCR-ABL transcript at
baseline showed: b2a2 in 33.1% of patients and b3a2 in 59.9%,
while an atypical transcript was found in 7%. No other
meaningful differences were observed according to treatments.
Cytogenetic analysis at baseline showed additional cytogenetic
aberrations (ACA) in 7.3% of patients (5.7% classified as major
and 1.6% as minor) in the whole population. According to
treatment, there were 5.3% of ACA (32/608) in the IMA
cohort and 9.4% (56/598) in the 2GTKIs group respectively.
According to the different type of ACA (Major and Minor route),
high risk minor route ACA were detected only in 1/10 2GTKI
treated patients (del7q) and in none of the IMA cohort.

In the IMA cohort, 27.7%, 57.3% and 15% of patients were
stratified as low, intermediate and high risk, according to the
Sokal score, whereas according to the ELTS score 51.3%, 35.5%
and 13.3% of patients were classified as low, intermediate and
high risk, respectively. In the 2GTKI cohort, 44.8%, 34.5% and
20.8%, were low, intermediate and high risk, according to the
Sokal score, whereas according to the ELTS score, 66.9%, 22%
and 11% were assigned to the respective risk groups.
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The prevalence of comorbidity was at least double in the IMA
group: at baseline 39% of patients presented cardiovascular
comorbidities, 18% had previous pulmonary diseases and 12% a
metabolic disorder. In the 2GTKI cohort, baseline cardiovascular
comorbidities, pulmonary diseases and metabolic disorders were
recorded in 15%, 5.5% and 4.8%, respectively. The CCI was
evaluated in 82% of patients treated with IMA, and the resulting
scores were 2-3 and 4-5 in 74% and 26% of patients, respectively. In
patients treated with 2GTKI the CCI was available in 76% of
patients and resulted 2-3 in 89.8%, and 4-5 only in 10.2%.

Overall Survival and Cause-SpecificMortality
Overall, median follow-up of the whole population was 24.7
months (IQR: 13.3-39.3): 23.0 (10.3-37.0) and 33.2 (17.2-47.5)
for the IMA and 2GTKI groups, respectively.

In the overall population, 73 patients (6.1%) died (Table 2).
During follow-up, 56 patients (9.2% of the IMA cohort) died at a
median age of 80.5 years (range 73-85), but only 11/56 (19.6%)
due to CML-related causes. Indeed, 45/56 patients (80.4%) died
of other causes, mostly cardiovascular diseases (19.6%) and a
second neoplasia (19.6%). Conversely, in the 2GTKI cohort, only
17 patients (2.8%) died, at a median age of 62 years (range 53-
72), 10/17 (58.8%) due to CML-related causes. The principal
causes of death in the 2GTKI cohort were a second neoplasia
(N=3) and gastro-intestinal disorders (N=2). Estimated 2- and 4-
years OS of the entire cohort were 95.2% (95%CI 93.5-96.4) and
89.0% (95%CI 85.9-91.4), respectively (Figure 1).

The crude and adjusted effects of prognostic variables and of
front-line treatment on OS are reported in Table 3. All the
variables considered showed strong and statistically clear crude
effects on OS. Harrel’s C statistic, estimated to compare the
discriminant propriety of the two CML risk scores, was 0.705 for
the ELTS score and 0.640 for the Sokal score, confirming a better
performance of the former. In the multivariable Cox model, the
adjusted effects of increasing age, more comorbidities and a high
ELTS risk remained clearly associated with poorer survival.
Patients treated with 2GTKI showed a substantial reduction of
the risk of death for any cause (HR=0.50, 95%CI 0.26-0.94) even
after adjustment. When the Sokal score was analyzed in the
multivariable Cox model, instead of the ELTS, its impact on OS
was weaker and less precise.

Because of the wide differences in age and distribution of
comorbidities between the patients receiving the two first-line
treatments, and the different causes of deaths that occurred in
these groups, a comparison for CML-related deaths was
performed, considering other causes of deaths as competing
events. The cumulative mortality risk for CML-related causes
did not show any meaningful difference between treatments
(Figure 2A), all the difference being wholly attributable to the
other causes of deaths (Figure 2B).

The performance of the two CML prognostic scores is
described in the graphs in Figure 3. The ELTS score showed a
good discrimination of the three classes of risk, both for the
CML-related deaths (Figure 3A) and for the other causes
(Figure 3B). The discriminant ability of the Sokal score was
slightly lower for CML-related causes (Figure 3C), but especially
for the other causes of death (Figure 3D).
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TABLE 2 | Causes of death of CML patients by front-line TKI treatment.

Causes of death First-line treatment Total (N = 73)

Imatinib (N = 56) 2GTKI (N = 17)

N % N % N %

CML-related 11 19.6 10 58.8 21 28.8
Other causes: 45 80.4 7 41.2 52 71.2
cardiac 11 19.6 1 5.9 12 16.4
neoplasia 11 19.6 3 17.6 14 19.2
lung 3 5.4 0 0.0 3 4.1
infections 1 1.8 0 0.0 1 1.4
neurologic 5 8.9 0 0.0 5 6.8
gastroenteric 3 5.4 2 11.8 5 6.8
other/unknown 10 17.9 1 5.9 11 15.1
TABLE 1 | Baseline CML patient characteristics by front-line TKI treatment.

Patient characteristics First-line treatment Total (N=1206)

Imatinib (N = 608) 2GTKI (N = 598)

N % N % N %

Age:
median (iqr) 69 (58-77) 52 (41-63) 60 (48-71)
mean (sd) 65.7 (14.7) 51.6 (14.0) 58.6 (16.0)
18-29 16 2.6 34 5.7 50 4.1
30-39 23 3.8 94 15.7 117 9.7
40-49 51 8.4 133 22.2 184 15.3
50-59 81 13.3 148 24.7 229 19.0
60-69 139 22.9 129 21.6 268 22.2
70-79 192 31.6 52 8.7 244 20.2
+80 106 17.4 8 1.3 114 9.5
Sex:
Male 383 63.0 344 57.5 727 60.3
Female 225 37.0 254 42.5 479 39.7
Period of diagnosis:
2013-2015 113 18.6 172 28.8 285 23.6
2016-2017 257 42.3 261 43.6 518 43.0
2018-2020 238 39.1 165 27.6 403 33.4
Comorbidity:
Cardiovascular disease 238 39.1 90 15.1 328 27.2
Pulmonary disease 110 18.1 33 5.5 143 11.9
Metabolic disease 75 12.3 29 4.8 104 8.6
Other neoplasm 61 10.0 31 5.2 92 7.6
Charlson index score:
2 359 59.0 489 81.8 848 70.3
3 104 17.1 48 8.0 152 12.6
4 80 13.2 26 4.3 106 8.8
5 46 7.6 19 3.2 65 5.4
not available 19 3.1 16 2.7 35 2.9
CML Phase:
chronic 590 97.0 574 96.0 1164 96.5
blastic 3 0.5 2 0.3 5 0.4
accelerated 7 1.2 12 2.0 19 1.6
not available 8 1.3 10 1.7 18 1.5
ELTS score:
Low 305 51.3 390 66.9 695 59.0
Intermediate 211 35.5 128 22.0 339 28.8
High 79 13.3 65 11.1 144 12.2
not available 13 2.1 15 2.5 28 2.3
Sokal score:
Low 164 27.7 261 44.8 425 36.1
Intermediate 340 57.3 201 34.5 541 46.0
High 89 15.0 121 20.8 210 17.9
not available 15 2.5 15 2.5 30 2.5
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Finally, the adjusted effects of the variables of interest on the two
groups for causes of deaths were estimated with a Fine and Gray
model (Table 4). The effect of age was similar, but the CCI was a
strong prognostic factor for other causes, but not for
CML-related deaths. The apparent benefit of the 2GTKI on OS
disappeared completely when the CML-related deaths were
considered, their effect being completely attributable to a
reduced risk of the other causes of deaths, and in particular
of age.

The performance of the two CML prognostic scores was
much clearer in predicting the risk for CML-related deaths
than for the other causes of deaths. For both outcomes, the
ELTS showed a better discriminant ability than the Sokal score.
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DISCUSSION

In the last decade, the availability of different first line TKIs has
changed the clinical management of CML patients, allowing a
better diagnostic work-up and careful evaluation of baseline
comorbidities to select the best therapeutic option. In fact, the
consequence of TKI-related improved survival is an increased
probability of dying of other, unrelated causes: for this reason, it
is of paramount importance to analyze specific causes of deaths
separately, and avoid specific drug-related off-target effects.

In this study we report the overall survival and CML-related
death probability of a large CML population, prospectively
enrolled in a multicentric Italian observational study, together
TABLE 3 | Role of prognostic variables and front-line treatments on overall survival of CML patients.

Crude effects Adjusted effects

HR 95% CI p HR 95% CI p

Age (per year) 1.07 1.05-1.10 <0.001 1.03 1.00-1.05 0.019
Sex (F vs M) 0.59 0.35-0.97 0.040 0.71 0.42-1.21 0.211
Charlson C.I. (ref=2)
3 2.87 1.50-5.48 0.001 1.73 0.88-3.38 0.111
>=4 6.66 3.98-11.13 <0.001 3.61 2.10-6.22 <0.001
2GTKI (ref=Imatinib) 0.22 0.13-0.39 <0.001 0.50 0.26-0.94 0.025
ELTS risk (ref=low)
medium 3.45 1.91-6.25 <0.001 1.69 0.88-3.24 0.112
high 7.71 4.22-14.07 <0.001 4.80 2.48-9.30 <0.001
Sokal risk (*)
medium 3.52 1.77-7.00 <0.001 1.10 0.49-2.46 0.815
high 4.22 1.96-9.08 <0.001 2.19 0.91-5.29 0.080
August 2
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*Estimated in a model including all the covariates in the tables except the ELTS score.
Hazard Ratio (HR) and 95% Confidence Intervals (CI) estimated with Cox regression models.
FIGURE 1 | Cumulative Overall Survival of the whole CML cohort.
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with estimates of the role of major prognostic factors and of first
line treatments. Prescription preferences by Italian centers
clearly showed that imatinib was prevalently chosen for older
patients, whose median age was 69 years older, and who had an
increased burden of comorbidities, whereas a 2GTKI was
reserved to the younger and healthier population. The 4 years
OS for the complete cohort was 89%, a result not so different
from those reported in randomized controlled trials (RCT) of
younger, more selected patients.

Previous reports analyzed large CML cohorts outside clinical
trials but prevalently treated with imatinib: the EUTOS group
reported a CML population collected in 20 predefined countries
and regions in Europe between January 2008 and December
2013, showing an OS probability at 30 months of 92%, with a risk
of dying in remission of 1% after 24 months (17). In this
population, the ELTS score was tested and showed a significant
difference in OS, namely 96%, 89% and 84% in the low,
intermediate, and high-risk groups, respectively (8). The
EUTOS group reported a subsequent validation of the ELTS
score in 2949 CML patients, of whom 236 died, 89 of CML-
related causes (12). The overall probability of dying of CML was
5%: applying the ELTS score both the intermediate and high-risk
groups had significantly higher probabilities of dying of the
disease as compared to the corresponding risk groups defined
by the Sokal score. The results of our study are in line with the
report by the EUTOS group but are based on a population in
Frontiers in Oncology | www.frontiersin.org 691
which about 50% of patients were treated with a 2GTKI rather
than mainly with imatinib.

Since the introduction of imatinib as front-line treatment,
older age appears to have lost much of its prognostic relevance.
Several experiences have been reported based on age
stratification: among them, the MDACC experience showed
that older patients had similar cytogenetic response rates and
survival compared to younger patients in chronic phase, whereas
a worse survival was reported for patients in an advanced phase
of the disease (18). Characteristics of CML and rates of responses
vary according to age, as demonstrated in a large analysis
including 2784 adult patients: the frequency of splenomegaly
was more evident in younger patients, as also a high-risk
stratification according to prognostic scores, and lower rates of
cytogenetic responses with a higher risk of progression (19). In
contrast, the German group reported that younger patients do
well with imatinib despite baseline prognostic indicators (20).
Age may have an influence on the initial dose and compliance to
imatinib but the real impact on overall survival was related to
comorbidities and to a higher risk of death from other causes,
unrelated to CML, confirming the findings of a study on 181
patients aged over 75 years observed in real life practice (21).
However, in the EUTOS registry, older age, more peripheral
blasts, an enlarged spleen, and low platelet counts were
significantly associated with an increased probability of dying
of CML (8).
A B

FIGURE 2 | Cumulative incidence of mortality related to CML (A) or to other causes of deaths (B) treated as a competing event, according to front-line TKI treatment.
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Comorbidities may affect survival and the choice of treatment
in CML. A first observation analyzed the Charlson comorbidity
index in 125 older CML patients treated with dasatinib in
relation to compliance and the onset of pleural effusions,
showing a direct association between a higher comorbidity
score and drug-related side effects (22). The role of
comorbidities and the prognostic role of Charlson index
stratification on CML outcomes was further assessed by the
German group: 1519 patients entered this analysis, and no
differences were detected in terms of cumulative incidences of
Frontiers in Oncology | www.frontiersin.org 792
accelerated and blast phase or remission rates in the different
groups. Indeed, higher scores according to the Charlson index
were significantly associated with lower overall survival
probabilities, with an 8-year survival of only 46.4% in patients
with score >7 versus 93.6% in patients with score 2 (23). The
presence of comorbidities may also be correlated with the risk of
developing adverse events with TKIs. In particular, this
association is highlighted by the increasing risk of arterio-
occlusive events in patients with other pre-existing
cardiovascular risk factors (18). As shown also in our study, in
A B

DC

FIGURE 3 | Cumulative incidence of mortality related to CML and other causes of deaths (competing event) by prognostic baseline risk, according to the ELTS
(A, B) and Sokal score (C, D).
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CML patients the assessment of comorbidities and the baseline
age may affect TKI selection and dictates close follow-up to
optimize the TKI dose.

The estimated crude effects of the variables analyzed were all
strongly associated to OS, with a HR of 0.22 in favor of the
2GTKI. Even adjusting the comparison between these drugs by
applying a multivariable Cox model, the protective effect of a
2GTKI on overall survival remained remarkable, with an HR of
0.50. However, the proportion of patients who died of CML-
related causes was similar in the two cohorts: 1.8% in the
imatinib cohort and 1.7% in the 2GTKI cohort. Furthermore,
considering the CML-related deaths separately from those due to
other causes, treated as competing events, no difference could be
detected between treatments in terms of the cumulative risk of
CML mortality: all the difference observed for OS was
attributable to an increased mortality due to other causes. The
analyses performed with the Fine and Gray model, that can
account for competing events, clarified the role of the study
variables on CML-related death or other causes death. These
results did not confirm any advantage of 2GTKIs on CML
mortality, in line with the results of the meta-analyses of
randomized trials (4). However, these agents induced faster
and deeper molecular responses but without differences in
overall survival as compared to imatinib (24–26). The rationale
to start a 2GTKI was supported by a subanalysis of the
ENESTnd, that reported an increased rate of sustained deep
molecular response with the 2GTKI when started as front-line
treatment as compared to imatinib, allowing an increased
proportion of patients to become candidates for a possible
discontinuation over time (24). However, the optimization of
the dose to reduce the possible long-term off-target events, in
particular the cardiovascular side effects associated to these
drugs, and the effect of treatment discontinuation, are still a
matter of debate.

The principal strength of this large prospective and
representative national cohort is that the TKI choice was
performed according to a “patient-centered approach”,
considering at baseline the prognostic role of age, concomitant
Frontiers in Oncology | www.frontiersin.org 893
comorbidities, prognostic score stratification and all the possible
concomitant factors that could have influenced the adherence in
the long-term (27, 28). Although the comparison between
treatments has been adjusted for a set of pre-defined important
prognostic factors, and the causes of death analyzed separately,
the observational study design does not allow the role of
uncontrolled or residual confounding to be excluded.

In conclusion, the analysis conducted showed that some
specific clinical factors could be predictive of long-term overall
survival in CML patients treated with TKIs. In particular, the
comorbidity profile and the stratification by the ELTS score have
to be considered at baseline as the mainstay on which to base
decisions about the therapeutic strategy best suited to each
patient. No difference between IMA and 2GTKI was observed
for CML-related mortality.
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TABLE 4 | Role of prognostic variables and front-line treatments on survival of CML patients by cause of death (CML related or others).

CML deaths Other causes

sHR 95% CI p sHR 95% CI p

Age (per year) 1.03 0.99-1.07 0.176 1.03 0.99-1.06 0.064
Sex (F vs M) 0.88 0.32-2.43 0.805 0.65 0.34-1.27 0.207
Charlson C.I. (ref=2)
3 1.49 0.47-4.71 0.497 1.75 0.73-4.20 0.210
>=4 1.18 0.34-4.07 0.797 5.22 2.56-10.65 <0.001
2GTKI (ref=Imatinib) 1.61 0.52-4.96 0.406 0.26 0.10-0.65 0.004
ELTS risk (ref=low)
medium 2.36 0.55-10.05 0.245 1.50 0.71-3.15 0.285
high 9.67 2.94-31.74 <0.001 3.11 1.52-6.35 0.002
Sokal risk (*)
medium 1.76 0.34-9.11 0.498 0.83 0.33-2.08 0.688
high 6.94 1.39-34.54 0.018 1.07 0.35-3.24 0.909
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*Estimated in a model including all the covariates in the tables except the ELTS score.
Sub Hazard Ratio (sHR) and 95% Confidence Intervals (CI) estimated with a multivariable Fine and Gray regression model.
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Enrichment of Double RUNX1
Mutations in Acute Leukemias
of Ambiguous Lineage
Gabriele Merati 1†, Marianna Rossi1†, Anna Gallì 1 , Elisa Roncoroni1, Silvia Zibellini 1,
Ettore Rizzo2, Daniela Pietra1, Cristina Picone1, Barbara Rocca1,
Claudia Patricia Tobar Cabrera3, Eleonora Gelli 3, Eugenio Santacroce3, Luca Arcaini 1,3*‡

and Patrizia Zappasodi1*‡

1 Division of Hematology, Fondazione IRCCS Policlinico San Matteo, Pavia, Italy, 2 enGenome, Pavia, Italy, 3 Department of
Molecular Medicine, University of Pavia, Pavia, Italy

Acute leukemia of ambiguous lineage (ALAL) is a rare type of leukemia and represents an
unmet clinical need. In fact, due to heterogeneity, substantial rarity and absence of clinical
trials, there are no therapeutic guidelines available. We investigated the genetic basis of 10
cases of ALAL diagnosed at our centre from 2008 and 2020, through a targeted myeloid
and lymphoid sequencing approach. We show that this rare group of acute leukemias is
enriched in myeloid-gene mutations. In particular we found that RUNX1 mutations, which
have been found double mutated in 40% of patients and tend to involve both alleles, are
associated with an undifferentiated phenotype and with lineage ambiguity. Furthermore,
because this feature is typical of acute myeloid leukemia with minimal differentiation, we
believe that our data strengthen the idea that acute leukemia with ambiguous lineage,
especially those with an undifferentiated phenotype, might be genetically more closer to
acute myeloid leukemia rather than acute lymphoblastic leukemia. These data enrich
the knowledge on the genetic basis of ALAL and could have clinical implications as an
acute myeloid leukemia (AML) – oriented chemotherapeutic approach might be
more appropriate.

Keywords: Runx1, acute undifferentiated leukaemia, myeloid genes, acute leukemia of ambiguous lineage,
double mutations
INTRODUCTION

Acute leukemia of ambiguous lineage is a group of rare leukaemia with mixed features of
lymphoblastic and myeloid lineage, which represents <4% of all acute leukemias (1).

The 2016 WHO classification of myeloid and lymphoid neoplasms recognizes seven entities
under the category of acute leukemias of ambiguous lineage (ALAL), including mixed phenotype
acute leukemia (MPAL) with t(9;22)(q34.1;q11.2) BCR-ABL1, MPAL with t(v;11q23.3) KMT2A
rearranged, MPAL B/myeloid NOS, MPAL T/myeloid NOS, MPAL not otherwise specified (NOS)
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rare types, acute undifferentiated leukemia (AUL), and acute
leukemia of ambiguous lineage, not otherwise specified
(ALAL NOS).

Mixed phenotype acute leukemia (MPAL) is characterized in
most cases by a single population of blast cells that express both
immunophenotypic features of myeloid origin, as MPO, and
markers of B- or T-cell lineage (cCD3 for T cell or CD19 plus
CD22 and/or CD79a for B-cell commitment).

MPALs with recurrent cytogenetic abnormalities (BCR-ABL1
and KMT2A rearrangements) represent distinct entities in the
last WHO classification; MPALs without these anomalies have
been termed MPAL B/myeloid and T/myeloid NOS.

Acute undifferentiated leukemia (AUL) is the rarest type of
ALAL. By definition, AUL usually expresses no more than one
marker for B-cell, T-cell, or myeloid lineage. Blasts often express
the early hematopoietic-associated antigens CD34, CD38,
human leukocyte antigen (HLA)-DR, and may be positive for
TdT. Attention must be paid in differential diagnosis between
AUL and acute myeloid leukemia (AML) with minimal
differentiation, which grossly corresponds to the previous M0
by the French–American–British (FAB) classification.

ALALs that do not fulfil the diagnostic criteria for MPAL or
AUL should be classified as ALAL NOS.

The immunophenotypic heterogeneity of ALAL likely reflects
a heterogeneous mutational profile. Literature data on the
mutational landscape of ALAL are sparse and controversial
and have been conducted on small cohorts, mainly composed
of MPAL (2–4). Overall, they suggest that MPAL share common
genetic features with acute lymphoblastic leukemia (ALL). On
the other hand, sporadic genetic data on AUL seem to suggest
that they are more similar to AML and share a mutational and
gene expression profile with AML (3).

An increased biological knowledge on ALAL could have
clinical implications such as the choice of an appropriate
therapeutic approach: in fact, the treatment of ALAL remains a
matter of debate, and it is not clear whether patients benefit from
ALL- or AML-oriented chemotherapeutic regimens (5, 6).

Therefore, there is a great need of further studies to better
characterize the biology of this group of rare leukemias, which is
the first step for setting an effective treatment strategy that is still
an unmet clinical need.
METHODS

To address the need of a better biological definition of ALAL, we
identified 12 patients who received a diagnosis of ALAL between
2008 and 2020 at the Division of Hematology, Fondazione
IRCCS Policlinico San Matteo of Pavia.

All diagnoses have been carefully reviewed according to (1)
criteria. The review process was conducted with particular
attention to MPALs because the WHO 2016 classification states
that some well-defined myeloid leukemia entities have
immunophenotypic features that suggest that they be classified
as B/myeloid or T/myeloid leukemia. These cases should be
classified within their main WHO category, with a secondary
Frontiers in Oncology | www.frontiersin.org 297
annotation that they present a mixed phenotype (1). Therefore,
ALAL remains mainly a diagnosis of exclusion. As a result,
patients 1 and 8 have been reclassified from MPALs to the AML
with myelodysplasia-related changes (AML-MRC) category.

We conducted a mutational analysis on bone marrow samples
on the 10 patients with confirmed diagnosis, by using a targeted
sequencing approach with a 54 myeloid and a 138 lymphoid gene
panels on a HiSeq2500 Illumina (Supplemental Table 1).
Detailed methods used with each gene panel have been
previously published (7, 8). Bone marrow mononuclear cells of
patients at diagnosis were analyzed. All variants have been
confirmed by whole exome sequencing (WES).

When available, to state the germline or somatic nature of
RUNX1 mutations mesenchymal stem cells cultured from bone
marrow, skin fibroblasts or cells isolated from buccal rinse were
sequenced. The relapse sample of patient 9 was also sequenced.

Copy-number variants (CNVs) calling was performed with
ExomeDepth (9), an algorithm that uses a read depth strategy to
call CNVs from exome or targeted sequencing data. This
approach aims to compare each case with a matched aggregate
reference set that is created combining the sequencing results of
the study.

In a subset of cases with RUNX1 double mutations, we explored
the reads generated from DNA or RNA libraries spanning both
positions in order to determine if mutations involved one allele (cis)
or both alleles (trans). The reads presenting only one variant were
considered in trans, and the reads presenting both variants were
considered in cis. The fraction of reads with cis configuration and
the fraction with trans configuration were then calculated by
dividing the number of in cis reads and in trans reads by the
number of total reads. DNA libraries were prepared using Illumina
TruSight Myeloid Panel.

For patients with RUNX1 mutations not covered by unique
DNA sequencing reads (i.e., >250 bp distance), an ad hoc
procedure was developed for the analysis of RNA. Briefly,
specific primers with overhang adapter sequences were
designed to amplify the region encompassing the two RUNX1
mutations. Illumina sequencing adapters and dual-index
barcodes were added to the amplicon target through a limited
cycle of PCR. Libraries were normalized, pooled, and loaded onto
a 500-cycle MiSeq sequencer flow cell.
RESULTS

Our study cohort resulting from the diagnostic review consists of
five AUL, two MPAL B/myeloid NOS, one MPAL T/myeloid
NOS, and two ALAL NOS (Table 1); the median age at diagnosis
was 64.5 years (range, 26–73).

Seven (3 AUL, 2 ALAL-NOS, and 2 MPAL) of 10 patients
have been treated with intensive chemotherapy. Two patients
were considered unfit for intensive treatment, and one patient
was lost to follow-up after diagnosis. Both ALL- and AML-
oriented chemotherapeutic regimens showed some efficacy to
induce complete remissions, supporting the ambiguous nature of
disease. Overall, five patients achieved complete remission, and
August 2021 | Volume 11 | Article 726637
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four proceeded to allogeneic bone marrow transplant
(Supplemental Table 2).

The most frequently mutated genes within the myeloid panel
were NRAS (40%; 4/10 patients), RUNX1 (40%; 4/10), ASXL1
(30%; 3/10), DNMT3A (20%; 2/10), BCOR (20%; 2/10), EZH2
(20%; 2/10), and U2AF1 (20%; 2/10). The only recurrently mutated
lymphoid gene was KMT2C (25%, 2/8), but mutations within this
gene were mainly subclonal (Supplemental Table 3). Table 2
summarizes the mutational profile of the 10 ALAL patients.

The median number of mutations in myeloid genes [3;
interquartile range (IQR), 1–4] was superior compared to the
lymphoid ones (1; IQR, 0–19) (Supplemental Figure 1).

We then focused our attention on the RUNX1 gene, which is
a well-known regulator of hematopoiesis and is essential for the
development of both lymphoid and myeloid lineages (10).

All four RUNX1-mutated cases presented two mutations,
mainly of founding type (Table 3): three AUL patients (patients
2, 11, and 12) and one patient (patient 9) with a MPAL B/myeloid
bilinear NOS whose immunophenotype profile was a mixture of an
Frontiers in Oncology | www.frontiersin.org 398
AML with minimal differentiation and a B-cell acute lymphoblastic
leukemia (B-ALL) (Table 1). Patients 2, 9, and 12 presented high
RUNX1 variant allele frequency (VAF), suggesting that all variants
were clonal (Table 3). Patient 11 was the only one who presented
oncogenic variants with low allelic burdens, including RUNX1, and
this has been addressed to hemodilution of the bone
marrow aspirate.

In addition to SNVs and small insertions/deletions (indels),
major RUNX1 deletions represent another possible mechanism
of loss-of-function alteration. Therefore, we applied a copy
number variant (CNV)-targeted approach for the identification
of RUNX1 deletions, and we did not identify any larger deletions
or insertions along the exons of the RUNX1 wild-type cases.

To investigate whether RUNX1 SNVs and indels were
somatically acquired or inherited, we sequenced with the
myeloid-gene panel the germline control tissues (bone marrow
mesenchymal stem cells, buccal rinse cells, or skin fibroblasts)
available in three RUNX1-mutated patients (patients 2, 9, and
12): all samples resulted wild type, thus confirming the somatic
TABLE 1 | Flow cytometry and cytogenetic features of the ALAL cohort.

Patient Diagnosis
review

(WHO 2016)

Age at
diagnosis
(year)

Flow Cytometry Cytogenetic analysis

Pt 2 AUL 66 90% blasts: CD34+, CD117−, MPO−, Tdt+, CD13dim, CD38+, DR+, CD19−,
CD79a−, CD2−, cCD3−, CD3, CD4−, CD5−, CD7−, CD8−, CD10−, CD14−, CD16−,
CD19−, CD20−, CD11b−, CD11c−, CD33−, CD14−, CD15−, CD41−, CD56−, CD61
−

46 XY
FISH for 5q31/5p15,7q31/cen7,
KMT2A, t(8;21) normal

Pt 3 ALAL NOS 71 57% blasts: CD34+, CD117+, MPO−, Tdt+, CD7+, CD5+, CD99+, CD79a+,
CD38+, CD33dim, CD10−, CD19−, CD20−, cyCD22−, FMC7−, CD1a−, CD2−,
CD3−, cCD3−, CD4−, CD8−, CD11c−, CD13−, CD15−, CD16−, CD56−

46 XX
FISH for 5q31/5p15,7q31/cen7,
KMT2A, t(8;21) normal

Pt 4 ALAL NOS 46 50% blasts: CD34+, CD117−, MPO−, Tdt−, CD13+, CD33+, CD5+, CD7+, DR+,
CD10+, CD19−, CD20, cyCD22−, cyCD79a−, CD2−, CD3−, cyCD3−, CD4−, CD8−,
CD11b−, CD11c−, CD14−, CD15−, CD16−, CD56−

46, XX, t(2;3)(p21;q26), del (6q)(q23), t
(12);?(p13);?, ins (12);?(p13);?
FISH for 5q31/5p15,7q31/cen7,
KMT2A, t(8;21) normal, ETV6 and
MECOM rearranged with unknown
partner genes

Pt 5 AUL 72 27% blasts: CD34+, CD117−, MPO−, Tdt+, CD13+, CD38+, CD33−, CD99+, DR
+, CD10−, CD19−, CD20−, cyCD22−, cyCD79a−, CD1a−, CD2−, CD3−, cyCD3−,
CD4−, CD5−, CD7−, CD8−, CD11b−, CD11c−, CD14−, CD15−, CD16−, CD41−,
CD61−, CD71−, CD25−, CD56−

48, XX, −14, + mar1, + dup(mar1), +
mar2
FISH for 5q31/5p15,7q31/cen7,
KMT2A, t(8;21) normal

Pt 6 AUL 72 80% blasts: CD34+, CD117+, MPO−, Tdt−, DR+, CD38+, CD33−, CD13−, CD10−,
CD19−, CD20−, cyCD22−, cyCD79a−, CD2−, CD3−, cyCD3−, CD4−, CD5−, CD7−,
CD8−, CD11b−, CD11c−, CD14−, CD15−, CD16−, CD56−

46 XY
FISH for 5q31/5p15,7q31/cen7,
KMT2A, t(8;21) normal, BCR/ABL,
rearrangements involving EV1, FGFR1,
PDGFRB e JAK2 absent

Pt 7 MPAL B/
myeloid

52 64% blasts: CD34−, CD117−, MPO+, Tdt+, CD19+, CD79a+, CD10+, CD58+,
CD38+, CD33dim, CD10−, CD19−, cyCD22−, cyCD79a−, CD7−, cyCD3−, CD11c
−, CD14−, CD16−

45, X
FISH panel for 5q31/5p15,7q31/cen7,
KMT2A, t(8;21) normal

Pt 9 MPAL B/
myeloid bilinear

63 40% blasts: CD34+, CD117+, MPO−, Tdt+, CD13+, CD33+, CD25+, DR+. 28%
blasts: CD34+, CD117−, MPO−, Tdt+, CD19+, CD22+, CD25+; CD10−, CD20−,
cyCD79a−, CD2−, CD3−, cyCD3−, CD4−, CD5−, CD7−, CD8−, CD11b−, CD11c−,
CD14−, CD15−, CD16−, CD56−

46, XY

Pt 10 MPAL T/myeloid 45 78% blasts: CD34+, CD117+, MPO+, Tdt−, CD13+, CD33+, CD7+, CD5+,
cyCD3+, CD3+, DR−, CD2−, CD4−, CD8−, CD11b−, CD11c−, CD14−, CD15−,
CD16−, CD25−, CD56−

Hyperdiploidy

Pt 11 AUL 73 65% blasts: CD34+, CD19−, CD10dim, Tdt+, CD20−, MPO−, CD38+, CD117+,
CD13−, CD33−, CD3−, cyCD3−, CD2−, CD5−, CD7−, cyCD22dim, cyCD79a−

46, XY

Pt 12 AUL 26 91% blasts: CD34+, CD19−, CD10dim, Tdt+, CD20−, MPO−, CD38+/−, CD117−,
CD13−, CD33−, CD3−, cyCD3−, CD2−, CD7−/+(dim), CD5−, CD25−, cyCD22dim,
cyCD79a−

46, XY
Aug
Bold values highlight positive flow cytometry markers.
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TABLE 2 | Mutational profile of the 10 patients with acute leukemia of ambiguous lineage.

Pt 7 Pt 9 Pt 10 Pt 3 Pt 4
PAL B/M MPAL B/M MPAL T/M ALAL NOS ALAL NOS
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RNA splicing

Chromatin regulation
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DNA methylation
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h the 54 myeloid gene and 138 lymphoid gene panels. The green colored boxes indicate that patients 11 and 12 have not been studied with
d identify lymphoid gene mutations.
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TABLE 3 | Pattern of RUNX1 mutations in three AUL patients and one MPAL B/myeloid.

Ch AB Exon WT MT Allele configuration P. COSMIC ID FATHMM pathogenic score

2 elinsX 42.00 7 – A p.[F163Y][N260_P261delinsX] NA NA
2 43.30 5 A T COSM26023 0.99
2 26.58 5 G – NA NA NA
2 37.40 4 T C NA NA
2 4.00 5 C A p.[E143X;p.A147_T148insRDA] NA NA
2 sRDA 5.30 5 – TAGCATCTC NA NA
2 1 45.90 5 – CTCT p.[T128KfsX11];[p.R166G] NA NA
2 43.40 5 G C COSM24742 0.88
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origin of these variants. Case 11 showed a low allele burden in the
tumour sample (4% and 5%), and therefore, even in the absence
of a control tissue, we can reasonably conclude that both
mutations were somatically acquired.

To better understand the effect of RUNX1 double mutations,
we studied the distribution of RUNX1 variants between the two
alleles of the gene, as cis or trans configuration may have different
biological implications on gene function and clinical phenotype.

In three samples (samples 2, 11, and 12), we were able to
determine the allele configuration of RUNX1 composite
mutations (Table 3).

The analysis of sequencing reads generated from DNA of the
low VAF RUNX1 double mutated case (patient 11, Table 3)
revealed a cis configuration of the two lesions.

The analysis of DNA and RNA sequencing reads in patients 12
and 2, respectively, showed a trans configuration of the two
mutations; this allele configuration likely reduces the functional
form of the gene, since both homologues are altered in nearly all cells.

In addition, the missense mutation identified in patient 2
(c.488T>A, p.F163Y) was predicted, by in silico splice site
prediction tools (Human Splice Finder and Fruifly with score of
98.4 and 1, respectively), to induce the activation of a cryptic donor
site that might affect pre‐mRNA processing. Accordingly with this
prediction, the analysis of RNA reads showed the presence of a 23-
nucleotide deletion in 49% of the reads resulting from a non-
canonical splice site recognition (Supplemental Figure 2). This
event induces a shift in the reading frame that predicts the
termination of protein synthesis 41 codons downstream, thus
resulting in a truncated protein. Sanger sequencing on
complementary DNA (cDNA) confirmed next-generation
sequencing (NGS) results (c.486-508del23, p.F163EfsX41). Moreover,
the original c.488T>A and c.777dupT variants were found in the
remaining 2% and 49% of the RNA reads, respectively. Therefore, wild-
type reads were not detected, confirming that the RUNX1 variants are
in trans, and substantially, no functional RNA was present.

Case 9 was also evaluated at relapse with the targeted
myeloid panel. The mutational landscape at relapse showed
overlapping with the sample at diagnosis except for the loss of the
RUNX1 missense variant c.314A>G. Interestingly, the
immunophenotype at relapse showed loss of the lymphoid markers
Tdt, CD19, and CD22 and gain of MPO, thus corresponding to the
immunophenotypic profile of an AML with minimal differentiation.
DISCUSSION

Our cohort of patients is limited and precludes the possibility of a
significant statistical analysis. Despite this intrinsic limitation,
the amount of mutations in myeloid genes was clearly exceeding
the number of lymphoid ones, with statistical significance
(Supplemental Figure 1). This imbalance could in part reflect
the features of our cohort, which is particularly enriched in AUL,
whereas the majority of studies on ALAL have been conducted
on MPALs, and AULs were often underrepresented (4, 11, 12).

Overall, ALAL presents a heterogeneous genetic landscape,
and both individual genes and pathways do not clearly cluster
within the different disease subtypes (Supplemental Figure 3).
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One of the most frequently mutated genes was RUNX1 (40%;
4/10), which was found double mutated in all cases. To gain
insight into this particular feature, which was previously
described in AML with minimal differentiation, we further
characterized the RUNX1-mutated cases.

All RUNX1 SNV and indels resulted somatically acquired,
excluding a familial predisposition leukemia with one inherited
RUNX1 mutation, which is an increasingly recognized and often
underdiagnosed condition (13). Furthermore, we excluded other
major deletions/insertions that could affect RUNX1 gene.

Finally, we studied the cis/trans RUNX1 allele configuration
in three patients (patient 9 could not be studied due to paucity of
the sample) and revealed that two patients (patients 2 and 12)
had mutations involving both alleles, while one patient (patient
11) presented both mutations on the same allele. Therefore,
while for patients 2 and 12, we can reasonably speculate that
there is substantially no functional RUNX1 protein left, patient
11 kept one RUNX1 allele intact.

Other factors can negatively affect RUNX1 protein function
in the posttranscriptional phase, such as the dominant-negative
effect, which is a well-known mechanism that has been described
for some RUNX1 variants (14). Although it has not been
demonstrated for patient 9, we cannot exclude that protein
function be altered through other posttranscriptional events
leading to a complete RUNX1 loss of function.

Patient 2 RUNX1 c.488T>A variant has been previously
reported in the literature (15, 16) and has been interpreted as a
missense mutation coding for p.F163Y. However, data about the
mechanism of action of RUNX1 p.F163Y have not been provided,
and we could not find sequences carrying c.486_508del23 in
repositories of variants as Cosmic, ClinVar, HGMD, or Lovd.

Therefore, we gained insight into the oncogenic mechanism
of c.488T>A variants, which, instead of a missense variant,
results in a misplacing event that leads to a truncated protein.
This underlines the importance to perform RNA analysis for the
full evaluation of exonic mutations close to exon–intron border.

Patient 9 was evaluated at relapse where both the
immunophenotypic properties and genetic landscape
substantially changed. In particular, the disappearance of one
RUNX1 variant at relapse was associated with the loss of lineage
ambiguity (Table 4), and the immunophenotypic features at that
point were coherent with an AML with minimal differentiation.

Taken together, these data suggest that the complete loss of
function of RUNX1 correlates with the lack of expression of
lineage-defining markers and contributes to lineage ambiguity.

Double RUNX1 mutations have been previously reported to be
associated with AML with minimal differentiation (14), and RUNX1
mutations have been described in AUL (17) in up to 40% of cases,
consistently with our results. Our data enrich previous knowledge on
AUL, suggesting that this rare type of leukemia is genetically more
similar to AML, specific to AML with minimal differentiation.

In conclusion, we show that myeloid gene mutations are
enriched in a cohort of ALAL cases strictly diagnosed according
to WHO 2016 criteria.

Moreover, our data seem to suggest that double RUNX1
mutations are enriched in leukemias with an undifferentiated
phenotype and may support the hypothesis that AUL and AML
August 2021 | Volume 11 | Article 726637
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with minimal differentiation represent a continuum of disease with
a similar genetic background. This finding has significant clinical
implications, as AUL could be more sensitive to standard AML-
oriented therapeutic regimens.
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Cytomegalovirus Infection in
Allogeneic Stem Cell Transplantation:
A Real-World Experience
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Despite effective treatments, cytomegalovirus (CMV) continues to have a significant impact
on morbidity and mortality in allogeneic stem cell transplant (allo-SCT) recipients. This
multicenter, retrospective, cohort study aimed to evaluate the reproducibility of the safety
and efficacy of commercially available letermovir for CMV prophylaxis in a real-world
setting. Endpoints were rates of clinically significant CMV infection (CSCI), defined as CMV
disease or CMV viremia reactivation within day +100-+168. 204 adult CMV-seropositive
allo-SCT recipients from 17 Italian centres (median age 52 years) were treated with LET
240 mg/day between day 0 and day +28. Overall, 28.9% of patients underwent a
haploidentical, 32.4% a matched related, and 27.5% a matched unrelated donor (MUD)
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transplant. 65.7%were considered at high risk of CSCI and 65.2% had a CMV seropositive
donor. Low to mild severe adverse events were observed in 40.7% of patients during
treatment [gastrointestinal toxicity (36.3%) and skin rash (10.3%)]. Cumulative incidence of
CSCI at day +100 and day +168 was 5.4% and 18.1%, respectively, whereas the Kaplan-
Meier event rate was 5.8% (95% CI: 2.4-9.1) and 23.3% (95% CI: 16.3-29.7), respectively.
Overall mortality was 6.4% at day +100 and 7.3% at day +168. This real-world experience
confirms the efficacy and safety of CMV.
Keywords: cytomegalovirus infection, allogeneic stem cell transplantation, prophylaxis, real-world data, Letermovir
INTRODUCTION

Clinically significant cytomegalovirus (CMV) infection (CSCI),
defined as CMV disease or CMV viremia reactivation after
allogeneic stem-cell transplantation (allo-SCT), is often a
serious complication given the delayed immune recovery of the
host (1–3). Post-transplant CSCI varies from 30% to 70% and has
been associated with higher non-relapse mortality (NRM)
(4–10). During the past few decades, both clinical trials and
real-world experiences have evaluated the role of CMV prophylaxis,
reporting conflicting results (11, 12).

Letermovir (LET) is an antiviral agent with a novel
mechanism of action characterized by inhibition of the CMV
DNA terminase complex (13, 14). In a pivotal registration Phase
3 clinical trial, prophylaxis with LET significantly reduced the
incidence of CSCI after allo-SCT (15). The drug was granted fast-
track status by the US Food and Drug Administration (FDA),
and orphan drug status by the European Medicines Agency. In
the US and Europe, LET was approved for prophylaxis of CSCI
in adult CMV-seropositive recipients of allo-SCT (16). FDA
considers it a first-in-class medication (17).

The majority of Italian transplant programs adopted
prophylaxis with LET as standard policy as soon as the drug
became commercially available. The aims of the present
multicenter, retrospective, cohort study were to investigate
whether the results reported in the aforementioned phase 3
trial could be reproduced in a real-world experience and to assess
whether prophylaxis could affect pre-emptive CMV therapy.
METHODS

Seventeen Italian Transplant Centers took part in the study. The
observation period began in January 2019 when the Italian
Medicines Agency (AIFA) authorized LET for commercial
purposes. Prophylaxis was indicated by AIFA for patients aged
18 years or older who had positive CMV serologic status with an
undetectable level of CMV DNAemia in whole blood before
transplant. Patients received LET 480 mg tablet once daily
between day 0 and day +28 after allo-SCT and continued until
, allogeneic stem cell transplant; AML,
galovirus; CSCI, clinically significant
st disease; HLA, human leukocyte
d related; MUD, matched unrelated
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day +100 if no adverse events occurred during the observation
period. If LET was co-administered with cyclosporine, the dosage
of LET has been decreased to 240 mg once daily. The intravenous
(IV) formulation of LET was not available in Italy. All patients
continued herpesvirus prophylaxis as per standard practice.

A high sensitivity and high specificity serologic test was used
to detect CMV-IgG before transplant and real-time PCR assay
was used for post allo-SCT CMV monitoring (18). DNAemia
was determined at least once a week in the first three months,
and every other week in the second three-month period. Pre-
emptive treatment was initiated when the CMV-DNAemia level
was >1,000 copies/mL in plasma or 10,000 copies/mL in whole
blood, in two consecutive assessments (18, 19). Patients were
evaluated up to day +100 for the primary efficacy endpoint, after
which follow-up continued through week 24 post-transplant.

Conditioning intensity was classified according to Working
Group definitions (20). Donor selection, conditioning, graft-
versus-host disease (GVHD) prophylaxis, and supportive care
followed standard institutional operating procedures (21).

Patients were considered at high risk of CSC if one or more of
the following criteria were present: human leukocyte antigen
(HLA)-related (sibling) donor with at least one mismatch at
HLA-A, -B or -DR loci; haploidentical donor; unrelated donor
with at least one mismatch at HLA-A, -B, -C or -DRB; use of
umbilical cord blood as stem cell source; use of ex vivo T-cell-
depleted grafts; ≥grade 2 GVHD requiring systemic corticosteroids.
Given the retrospective design (i.e., the non-interventional nature)
of the study, no sample size calculation was performed.

Endpoints
The primary endpoint was the incidence of CSCI leading to pre-
emptive treatment (22) at day +100 (14 weeks) post allo-SCT,
and the time to CSCI. The secondary endpoint was the incidence
of CSCI at day +168 (24 weeks). Follow-up time was calculated
from the transplant date to the first positive CMV DNAemia or
its last measurement during the study period, whichever
occurred first. Censoring time was the last date of the positive
CMV test or the date of death if <14 days from the last negative
test. Since endpoints were evaluated at day +100 and day +168,
no data on CMV tests were collected after day +168.

Statistical Analysis
The follow-up period (spanning from January 2019 to June 2020)
was calculated as the time (in days) spanning from the transplant
date to the first positive CMV DNAemia (i.e., the achievement of
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the study endpoint) or the last observation coinciding with 168
days or the date of death or lost to follow-up. Data were
summarized as median and interquartile range, or absolute
number and percentage. To identify the demographic and
clinical correlates of CMV infection and drug discontinuation we
did not use a face-to-face comparison of patients’ characteristics but
the univariate logistic analysis, a method that specifically allows to
assess the strength of the risk factor-study outcomes links.
Bonferroni’s correction was used to minimize the possibility of
false-positive findings due tomultiple testing. Kaplan-Meier survival
analysis was performed for time to infection, overall-survival (OS),
and non-relapse mortality (NRM). NRM was defined as death
without recurrent or progressive disease after allo-SCT. Probabilities
of NRMwere estimated with the use of cumulative incidence curves,
with relapse viewed as a competing risk. Gray’s method was used to
evaluate the differences between groups (23). If no competitive risk
was found, a standard Kaplan-Meier analysis was applied. Data
were analysed with STATA/IC 13.1 for Windows (College Station,
TX) and RStudio-1.2.5033.1.

Compliance With Ethical Standards
This multicenter, retrospective, cohort study was approved by
the Ethics Committee of the coordinating centre, Grande
OspedaleMetropolitano “Bianchi-Melacrino-Morelli” of Reggio
Calabria, Italy, and by those of the other participating centres. All
procedures were performed according to the principles laid
down in the 1964 Helsinki declaration and its later
amendments or comparable ethical standards. All patients
signed the informed consent.

RESULTS

Overall, 230 patients who underwent an allograft in the
participating Italian centres were enrolled; 26 were excluded
from the analysis because of incomplete data. Median age of the
204 patients in the study cohort was 52 years, and 53.9% were
males (Table 1). Acute myeloid leukaemia (AML) was diagnosed
in 53.4%. Overall, 28.9% underwent a haploidentical, 32.4% a
matched related (MRD), and 27.5% a matched unrelated donor
(MUD) transplant. In the majority of patients, stem cell source
was G-CSF mobilized peripheral blood (65.7%). 65.7% of
patients were considered at high risk of CMV and 65.2% had a
CMV seropositive donor. The first patient was enrolled in
January 2019 and the last one in June 2020.

Incidence of CMV Infection and
Discontinuation
The cumulative incidence of CSCI was 5.4% at day +100 and
18.1% at day +168 after transplant (Table 2). Overall, from day
+100 to day +168, the cumulative incidence of CSCI was 12.7%.
Twenty patients discontinued the trial in the first 100 days, the
majority (13 patients) because of death. The percentage of
discontinuation was 28.4% at 168 days. Thirteen (6.4%)
patients died before day +100 day and 15 (7.3%) before day
+168. The Kaplan-Meier event rate of CSCI through 24 weeks
was 23.3% (95% CI: 16.3-29.7), 5.8% at day +100 (95% CI: 2.4-
Frontiers in Oncology | www.frontiersin.org 3106
9.1). Of note, starting at week +19, the incidence of CMV
infection rapidly increased (Figure 1A). Given that no
competitive risk from drug discontinuation was found on
incidence rate by baseline CMV risk categories, low versus
high, (competitive risk: 14 weeks, p=0.15; 24 weeks, p=0.84), a
standard Kaplan-Meier analysis showed substantially similar
curves (Figure 1B).

Adverse Events
Over 100 days of treatment, 40.7% of patients treated with LET
experienced adverse events (AEs) (Table 3). Gastrointestinal AEs
were the most frequent (36.3%), followed by skin rash (10.3%).
Six cases were CMV-positive; four were CMV negative and died
before 100 days. LET was discontinued in 20 patients before
100 days.

Correlates of Time to Drug
Discontinuation and CMV Infection
After Bonferroni’s correction, no baseline characteristics were
significantly associated with time to drug discontinuation or
CMV infection at day +100 and at day +168 (Tables 4 and 5).

GVHD
Incidences of acute GvHD grades II-IV by 168 days was 2% (4
patients) (Table 1). No patients experienced chronic GvHD
during the period of follow-up
TABLE 1 | Baseline patients’ characteristics.

Median age, years (range) 52 (18-75)
Male gender n. (%) 110 (53.9)
CMV-seropositive donor n. (%) 133 (65.2)
Disease n. (%)
Acute myeloid leukaemia 109 (53.4)
Myelodysplastic syndrome 19 (9.3)
Non-Hodgkin’s lymphoma 15 (7.4)
Acute lymphocytic leukaemia 28 (13.7)
Other disease 33 (16.2)
HLA matching and donor type n. (%)
Matched unrelated 56 (27.5)
Matched related 66 (32.4)
Mismatched related 68 (33.3)
Mismatched unrelated 14 (6.9)
Haploidentical-related donor n. (%) 59 (28.9)
Stem-cell source n. (%)
Peripheral blood 175 (85.8)
Bone marrow 27 (13.2)
Cord blood 2 (1)
Myeloablative conditioning regimen n. (%) 134 (65.7)
Acute GVHD grade ≥2 on the day of starting letermovir n. (%) 4 (2)
Risk of CMV disease n. (%)
High risk 134 (65.7)
Low risk 70 (34.3)
ATG n. (%) 98 (48.0)
Ex vivo T-celldepletion n. (%) 16 (7.8)
Cyclosporine n. (%) 66 (32.4)
Tacrolimus n. (%) 135 (66.2)
Mycophenolate n. (%) 194 (95.1)
September 2021 | Volume 11 | Arti
CMV, cytomegalovirus; HLA, human leukocyte antigen; GVHD, graft-versus-host disease,
ATG, anti-thymocyte globulin.
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Survival
4 patients with incomplete data set for OS and EFS have been
excluded from the analysis; 200 patients were eligible for survival
Frontiers in Oncology | www.frontiersin.org 4107
analysis. The cumulative incidence of death was 9.9% (95% CI
5.4-14.1) at day +100 and 14.3% (95% CI 8.7-19.5) at day +168
after transplant, respectively. Among patients who died (n=24
patients),10 had relapse. Figure 2 shows the cumulative
incidence of relapse mortality (RM) and non-relapse mortality
(NRM), taking into account the competing risk of relapse.
Overall, the cumulative incidences of NRM through the first 14
and 24 weeks were 7% (95% CI 4.0-11.0) and 8% (95% CI 4.0-
12.0) respectively. The cumulative incidences of RM were 7%
(95% CI 4.0-12.0) through the first 14 weeks and 14% (95% CI
9.0-20.0) through 24 weeks.
DISCUSSION

This multicenter, retrospective, cohort study shows that the
cumulative incidence of CSCI was 5.4% and 18.1% at day +100
and at day +168 after transplant, respectively. Twenty patients
discontinued the trial in the first 100 days, the majority (13
patients) because of death.

CSCI has been associated with increased NRM in transplant
patients (2–6). Up until the introduction of LET, no antiviral
prophylaxis had proven capable of preventing CSCI in
seropositive patients. In randomized studies, prophylaxis with
IV ganciclovir reduced the risk of CSCI without improving
survival, while high doses of aciclovir or valaciclovir reduced
the risk of CMV viremia reactivation but not of CMV disease
(24–28). No differences in the risk of CMV disease or in patient
survival were observed between prophylaxis with ganciclovir and
valaciclovir (29), or between ganciclovir prophylaxis and pre-
emptive therapy (9). Prophylaxis with foscarnet has only been
used in uncontrolled trials, and its prolonged use is commonly
limited by toxicity (30, 31).

In a phase 3 trial, maribavir at 100 mg BID did not prevent
CMV disease (32). In another phase 3 trial, brincidofovir did not
TABLE 3 | Adverse events to Letermovir. The frequency is given in percentage.

Adverse events Frequency

Gastrointestinal 36.3
Rash 10.3
Cough 1.0
Peripheral edema 2.0
Fatigue 4.4
Head pain 2.9
Acute renal damage 3.4
Hypertension 3.9
A

B

FIGURE 1 | Kaplan-Meier Survival Analysis. (A) Cumulative rate of CMV infection (continuous line). The grey area around the continuous line represents the 95%
confidence intervals. (B) Cumulative incidence of CMV infection by risk category of CMV. The analysis did not consider the competitive risk of mortality. When not
considering the competing mortality risk, the practical implication is that the analysis of CMV infection censors patients who die. As this censoring is assumed to be
uninformative, the resulting prognosis should be interpreted as the risk of CMV infection in a hypothetical setting in which patients do not die.
TABLE 2 | Cumulative incidence of CMV infection and discontinuation at 100
days and at 168 days in 204 patients.

No. % (95% CI)

Clinically significant CMV infection through week 14 after
transplantation

11 5.4 (2.3-8.5)

Initiation of pre-emptive therapy 4 2.0 (0.1-3.9)
CMV disease 5 2.5 (0.3-4.6)
Discontinued before 100 days without CMV 20 9.8 (5.7-

13.9)
Patients who died 13 6.4 (3.0-9.7)
Clinically significant CMV infection through week 24 after
transplantation

37 18.1 (12.8-
23.4)

Initiation of pre-emptive therapy 17 8.3 (4.5-
12.1)

CMV disease 7 3.4 (0.9-5.9)
Discontinued before 168 days without CMV 58 28.4 (22.2-

34.6)
Patients who died 15 7.3 (3.8-

10.9)
CMV, cytomegalovirus; 95% CI 95%, confidence interval.
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reduce CSCI at week 24 and was associated with significant
gastrointestinal toxicity (33). Two systematic reviews focused on
the effects of antiviral prophylaxis in allo-SCT recipients (11, 12).
In both analyses, none of the drugs previously described showed
reduction in all-cause mortality. Moreover, IV immunoglobulins
or CMV-specific immunoglobulins are not recommended for
prophylaxis of CSCI (34).

In 2017, the FDA approved LET to prevent CSCI in adult
allo-SCT recipients (35). In the registration trial, prophylaxis
with LET was started a median of 9 days after allo-SCT and
administered through week 14. It was significantly associated
with lower all-cause mortality than placebo through week 24
Frontiers in Oncology | www.frontiersin.org 5108
after allo-SCT (15). Patients considered at high risk of CSCI
benefitted the most from antiviral prophylaxis. However,
multiple CYP3A- and OATP1B1/3-mediated drug interactions
may occur, especially when LET is co-administered with
cyclosporine. Interestingly, LET does not appear to have
significant hematologic or extra-hematologic toxicity.

Prospective randomized clinical trials are the statistical “gold
standard” to evaluate the safety and efficacy of novel therapeutic
agents. However, inclusion criteria are often very stringent, and
the reproducibility of their results in real-world practice remains
to be confirmed. Real-world studies have become increasingly
important in their role of providing evidence of safety and
TABLE 4 | Univariate logistic regression analysis of treatment discontinuation through first 100 days and through 168 days by baseline characteristics.

14 weeks 24 weeks

No
discontinuation

Discontinuation OR (95% CI) p No
discontinuation

Discontinuation OR (95% CI) p

Age, years ≤52 97 7 1 79 25 1
>52 87 13 2.07 (0.79-5.42) 0.2 67 33 1.55 (0.84-2.87) 0.2

Gender Female 87 7 1 72 22 1
Male 97 13 1.67 (0.64-4.36) 0.3 74 36 1.59 (0.86-2.96) 0.1

CMV donor Negative 63 8 1 52 19 1
Positive 121 12 0.78 (0.30-2.01) 0.6 94 39 1.14 (0.60-2.16) 0.7

Disease* Acute myeloid
leukaemia

99 10 1 80 29 1

Myelodysplastic
syndrome

19 0.5 (0.11-1.72) 0.3 14 5 0.99 (0.3-2.83) 0.9

Non-Hodgkin’s
lymphoma

14 1 9 6 1.84 (0.57-5.56) 0.3

Acute
lymphocytic
leukaemia

26 2 23 5 0.6 (0.19-1.62) 0.3

Other disease 26 7 2.67 (0.89-7.64) 0.07 20 13 1.79 (0.78-4.04) 0.2
HLA Matched

unrelated
47 9 1 37 19 1

Matched related 63 3 0.25 (0.05-0.88) 0.04*** 50 16 0.62 (0.28-1.37) 0.2
Mismatched
related

63 5 0.41 (0.12-1.28) 0.14 50 18 0.7 (0.32-1.52) 0.4

Mismatched
unrelated

11 3 1.42 (0.28-5.75) 0.64 9 5 1.08 (0.3-3.6) 0.9

Haploidentical-
related donor

No 129 16 1 104 41 1
Yes 55 4 0.59 (0.19-1.83) 0.4 42 17 1.03 (0.52-1.98) 0.9

Stem source Peripheral blood 156 19 1 124 51 1
Other source 28 1 0.29 (0.04-2.28) 0.2 22 7 0.77 (0.29-1.84) 0.6

Myeloablative
regimen

No 60 10 1 43 27 1
Yes 124 10 0.48 (0.19-1.22) 0.1 103 31 0.48 (0.26-0.9) 0.02***

ATG No 99 7 1 79 27 1
Yes 85 13 2.16 (0.82-5.67) 0.1 67 31 1.35 (0.74-2.5) 0.3

Ex vivo cell
depletion**

No 168 20 132 56 1
Yes 16 – 14 2 0.34 (0.05-1.26) 0.1

Cyclosporine No 125 13 1 98 40 1
Yes 59 7 1.14 (0.43-3.01) 0.8 48 18 0.92 (0.48-1.77) 0.8

Tacrolimus No 62 7 1 51 18 1
Yes 122 13 0.94 (0.36-2.49) 0.4 95 40 1.19 (0.62-2.29) 0.6

Mycophenolate No 8 2 1 8 2 1
Yes 176 18 0.41 (0.8-2.07) 0.3 138 56 1.62 (0.33-7.88) 0.5

Risk of CMV
disease

Low 66 4 1 49 21 1
High 118 16 2.24 (0.72-6.97) 0.2 97 37 0.89 (0.47-1.7) 0.7
S
eptember 2021 | V
olume 11 | Article
CMV, cytomegalovirus; HLA, human leukocyte antigen; ATG, anti-thymocyte globulin; No disc, not discontinued; Disc, discontinued; OR (95% CI) odds radio (95% confidence interval).
*For analysis at 14 weeks, disease was grouped in 3 classes; acute myeloid leukaemia; myelodysplastic syndrome - non-Hodgkin’s lymphoma - acute lymphocytic leukaemia; and other.
**For analysis at 14 weeks, no OR was calculated for ex vivo cell depletion.
***Not significant after Bonferroni’s correction.
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TABLE 5 | Univariate logistic regression analysis of CMV infection through first 100 days and through 168 days by baseline characteristics.

Risk categories 14 weeks 24 weeks

CMV- CMV+ OR (95% CI) P CMV- CMV+ OR (95% CI) P

Age, years ≤52 99 5 1 88 16 1
>52 94 6 1.26 (0.37-4.28) 0.9 79 21 1.46 (0.71-3.00) 0.4

Gender Female 90 4 1 81 13 1
Male 103 7 1.53 (0.43-5.39) 0.5 86 24 1.74 (0.83-3.64) 0.1

CMV donor Negative 67 4 1 54 17 1
Positive 126 7 0.93 (0.26-3.29) 0.9 113 20 0.56 (0.27-1.16) 0.1

Disease* Acute myeloid leukaemia 100 9 1 94 15 1
Myelodysplastic syndrome 19 0.24 (0.04-0.96) 0.07 12 7 3.66 (1.2-10.69) 0.02****
Non-Hodgkin’s lymphoma 15 14 1 0.45 (0.02-2.49) 0.5
Acute lymphocytic leukaemia 26 2 22 6 1.71 (0.56-4.75) 0.3
Other disease 33 25 8 2.01 (0.74-5.18) 0.2

HLA** Matched unrelated 53 3 1 48 8 1
Matched related 63 3 0.84 (0.15-4.71) 0.8 56 10 1.07 (0.39-3.01) 0.9
Mismatched related 63 5 1.15 (0.27-5.78) 0.9 55 13 1.42 (0.55-3.86) 0.5
Mismatched unrelated 14 8 6 4.5 (1.21-16.82) 0.02****

Haploidentical-related donor No 139 6 1 120 25 1
Yes 54 5 2.15 (0.63-7.32) 0.2 47 12 1.23 (0.57-2.63) 0.6

Stem source Peripheral blood 165 10 1 142 33 1
Other source 28 1 0.59 (0.07-4.78) 0.6 25 4 0.69 (0.22-2.11) 0.5

Myeloablative regimen No 66 4 1 57 13 1
Yes 127 7 0.91 (0.26-3.22) 0.9 110 24 0.96 (0.45-2.02) 0.9

Antimycotic regimen No 101 5 1 86 20 1
Yes 92 6 1.32 (0.39-4.46) 0.7 81 17 0.9 (0.44-1.84) 0.8

Ex vivo*** No 177 11 — 154 34 1
Yes 16 13 3 1.05 (0.28-3.87) 0.9

Cyclosporine No 132 6 1 115 23 1
Yes 61 5 1.8 (0.53-6.14) 0.3 52 14 1.35 (0.64-2.82) 0.4

Tacrolimus No 64 5 1 55 14 1
Yes 129 6 0.6 (0.17-2.02) 0.4 112 23 0.81 (0.38-1.69) 0.6

Mycophenolate No 9 1 1 7 3 1
Yes 184 10 0.49 (0.06-4.25) 0.5 160 34 0.5 (0.12-2.01) 0.3

Risk of CMV disease Low 67 3 1 60 10 1
High 126 8 1.42 (0.36-5.52) 0.5 107 27 1.51 (0.69-3.34) 0.3
Frontiers in Oncology | www.fro
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CMV, cytomegalovirus; CMV-, no CMV infection; CMV+, CMV infection; HLA, human leukocyte antigen; ATG, anti-thymocyte globulin; OR (95% CI), odds radio (95% confidence interval).
*For analysis at 14 weeks, disease was grouped into 2 classes; acute myeloid leukaemia and all others.
**For analysis at 14 weeks, HLA-matching donors were grouped into 3 classes; matched unrelated, matched related and mismatched.
***For analysis at 14 weeks, no OR was calculated for ex vivo cell depletion.
****Not significant after Bonferroni’s correction.
FIGURE 2 | Cumulative incidence by relapse (RM) and non-relapse mortality (NRM).
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efficacy in larger and more representative patient populations
(36). Overall, they provide physicians with important clinical
findings outside the context of clinical trials. Moreover, more
rigorous methodology has greatly enhanced their quality, to the
point that regulatory agencies such as the FDA and EMA
currently recognize their potential value (37). Agencies
underline the importance of real-life research in assessing
marketed products and their life cycle, including development/
monitoring and regulatory decision-making.

Within the setting of CMV prophylaxis, transplant programs
will have to determine whether prophylaxis with LET is
associated with survival benefits that offset the risk of toxicity
and justify costs. In the present study, we described the most
extensive real-world experience to date of prophylaxis with LET
in allo-SCT patients, highlighting the reproducibility of the safety
and efficacy of this commercially available antiviral agent.
Although a stringent comparison of our findings with the
registration trial is not possible, it is of note that only 40% of
the enrolled patients experienced low to mild AEs that were
easily managed. In our real-world experience, the efficacy of
prophylaxis with LET was confirmed. Despite differences from
the registration study in terms of baseline patient characteristics,
none were s ignificant ly assoc iated with treatment
discontinuation or CSCI. Of note, the cumulative incidence of
CSCI did not differ between our study and that of the registration
trial in both observation periods, i.e. 5.4% versus 7.7% within day
+100, and 18.1% versus 17.5% within day +168, respectively. In
particular, we did not observe an increased frequency of CSCI in
patients considered at high risk of this event at baseline versus
those at low risk, suggesting that prophylaxis abrogated the
impact of this variable on the study endpoint. Of note, the
cumulative incidence of mortality at day +100 and at day +168
was higher than that reported in the registration trial (6.4 versus
1.5% and 7.4 versus 1.8%, respectively). This was probably due to
differences in baseline prognostic characteristics and/or inclusion
criteria between our study and the registration trial.

Other real-world experiences have also been published. An
Italian study compared 45 patients undergoing prophylaxis with
LET with a retrospective cohort that did not receive prophylaxis
(38). Results showed that prophylaxis was highly effective and
safe in reducing the incidence of CSCI when administered from
day 0 to day +100. The incidence of CSCI at day +100 was
significantly lower in patients who received prophylaxis than in
those who did not (8% versus 44%, respectively). In another
retrospective real-world study on 80 patients, prophylaxis was
started after neutrophil engraftment, around the third week
after allo-SCT (39). The incidence of CSCI at day +100 was
14%, lower than in the retrospective cohort not administered
LET (41%).

The strength of the present study are the sample size, that is
probably the largest one published so far, assessing the real word
experience of LET prophylaxis, and the multicenter characteristic,
comprising 17 centers in Italy. Nevertheless, this study has some
limitations: first, the absence of a control group to make a
comparison led to difficult interpretation of results; second, the
results confirm what has been reported in other real-life studies,
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without adding new clinical information; and lastly, today we know
that the presence of circulating infectious CMV particles is
determined by virus isolation and degradation of free-floating
viral DNA. For this reason, during LET prophylaxis the clinical
relevance of CMV DNAemia should be critically considered, since
the presence of DNAemia during letermovir prophylaxis may not
represent a real CMV reactivation, but just an abortive infection
(40). We don’t have this data in the few patients with DNAemia
within day 100

There are still several unanswered questions on prophylaxis
with LET, including potential benefits of its extension beyond
day +100. Our real-life study showed that, after discontinuation
of prophylaxis at day +101, some 13% of patients experienced
CMV reactivation, supporting the prolongation of its
administration. Moreover, a notable increase in reactivation
was observed after week +19. An ongoing phase 3 clinical trial
is currently evaluating the safety and efficacy of prophylaxis with
LET beyond day +100 (41), focusing on the hypothesis that
prolonged prophylaxis until day +200 is superior to placebo in
preventing long-term CMV reactivation.

Moreover, the use of LET can reduce NRM. In a posthoc
analysis performed to investigate the effects of LET on all-cause
mortality, the incidence of all-cause mortality in the LET
group was similar in patients with or without clinically
significant CMV infection (42). In contrast, in the placebo
group, all-cause mortality was higher in patients with versus
those without clinically significant CMV infection, despite the
use of pre-emptive therapy for CMV infection. These results
suggest that there may be a benefit to avoiding clinically
significant CMV infection and potentially toxic antivirals such
as ganciclovir.

There are currently scanty data on the cost-effectiveness of
prophylaxis with LET (43). However, in a recent study,
prophylaxis in adult patients compared with no-prophylaxis
showed favourable cost-effectiveness for the Italian National
Health Service (44).

In conclusion, our real-world analysis reports similar efficacy
findings to those of the registration trial. However, the costs of CMV
prophylaxis may be prohibitive in countries with socioeconomic
healthcare issues.
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Upregulation With Venetoclax in a
Case of Refractory Lymphomatoid
Papulosis and Progressive Chronic
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Valerio Guarente , Giovanni Martino, Erica Dorillo , Filomena De Falco, Chiara Rompietti ,
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A 57-year-old man affected by high-risk progressive chronic lymphocytic leukemia (CLL),
primary resistant to first-line chemoimmunotherapy, developed a type A lymphomatoid
papulosis (LyP) during a second progression of CLL. The two blood tumor entities were
clonally unrelated. LyP presented with a diffuse (>90% body surface area) cutaneous rash
and was characterized by intensely pruriginous dusky nodules (n = 10) and red flat-topped
papules (n = 60). No response to topical corticosteroids and psoralen plus ultraviolet A
(PUVA) phototherapy was observed. In order to effectively treat progressive TP53-
mutated CLL, the potent BCL2 inhibitor, venetoclax, was initiated with no treatment-
related complications. While CLL only achieved a partial response, a complete remission
of LyP-associated cutaneous rash and of the intractable pruritus was obtained within 2
months from venetoclax initiation. BCL2 immunostaining of the original cutaneous
specimen showed a strong over-expression of the anti-apoptotic protein, restricted to
CD30+ lymphoid cells and reactive microenvironment. At 12 months follow-up, the patient
is still in complete remission of LyP. Our findings underline the probable pathogenic role of
BCL2 in LyP and the potential therapeutic efficacy of venetoclax for the treatment of this
primary cutaneous CD30+ lymphoproliferative disorder, especially in the setting of severe
and refractory disease.

Keywords: T-cell lymphoma, chronic lymphocytic leukemia, venetoclax (BCL2 inhibitor), lymphomatoid papulosis
(LyP), lymphomatoid papulosis treatment
INTRODUCTION

Lymphomatoid papulosis (LyP) is a primary cutaneous CD30+ T-cell lymphoproliferative disorder
characterized by chronic, recurrent, and self-healing papulonecrotic or nodular skin lesions,
generally localized to the trunk and extremities (1). LyP accounts for ∼12% of cutaneous T-cell
lymphomas (CTCLs) and usually exhibits a benign course (as some cases can regress
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spontaneously), with a 5-year disease-specific survival of 99%
(1). In ∼20% of patients, LyP may be preceded by, associates
with, or followed by another malignant lymphoma such as
mycosis fungoides, anaplastic large T-cell lymphoma, or, more
rarely, Hodgkin’s lymphoma (1); however, LyP has been
anecdotally reported in patients with chronic lymphocytic
leukemia/small lymphocytic lymphoma (CLL/SLL), only
accounting for 11 adult cases previously described (2).

LyP has no approved therapy and can often be very difficult to
treat, especially in the presence of extensive and ulcerative lesions
or chronic intractable pruritus (1, 3); recently, brentuximab
vedotin, a monoclonal antibody directed against CD30, has
proved effective in treating refractory LyP in a phase II trial (4,
5), achieving an overall response rate in 12/12 cases [100%] and a
complete response rate in 5/12 cases [58%]; however, its use in
the clinic might be limited (at least in part) by peripheral
neuropathy [10/12 cases (83%) and 5/12 cases (42%)
experienced grade 2 neuropathy (5)].
CASE PRESENTATION

In June 2014, a 57-year-old Caucasian man was diagnosed with
chronic lymphocytic leukemia (CLL), Rai stage II, Binet stage A,
genetically driven by an unmutated immunoglobulin variable
heavy-chain (IGVH) gene status, with no mutations in NOTCH1,
SF3B1, and TP53 genes; interphase fluorescence in situ
hybridization (I-FISH) performed with the peripheral blood
Frontiers in Oncology | www.frontiersin.org 2114
lymphocytes identified a IGVH/14q32 deletion and no other
cytogenetic aberrations. CLL B cells did not express zeta chain-
associated protein kinase 70 (ZAP70) and CD38. Blood counts
showed lymphocytosis (lymphocyte absolute count: 8,500 × 109/L)
and no anemia or thrombocytopenia. The patient underwent a
careful clinical and laboratory follow-up for ∼4.5 years. In January
2019, CLL progressed with notable lymphocytosis (331,000 × 109/
L) and macrocytic anemia [Hb 11.2 g/dl, mean corpuscular volume
(MCV) 112 fl], accompanied with supra-/subdiaphragmatic
lymphadenopathies (>3 regions) and splenomegaly (longitudinal
spleen diameter of 22 cm); no TP53 mutations/deletion underlaid
disease progression. Chemoimmunotherapy with intravenous
bendamustine (90 mg/m2, days 1 and 2) and rituximab (375 mg/
m2, day 1) was then administered (for 6 cycles, every 28 days,
from January to July 2019), achieving a partial response (6). In
August 2019, the patient presented with a skin rash of intensely
pruritic dusky nodules (n > 10) and red flat-topped papules (n >
300) with erythema involving >90% of body surface area
(Figures 1A–D).

The punch biopsy specimen obtained from the left arm and
stained with hematoxylin and eosin demonstrated an abnormal
mixed-lymphoid infiltrate (composed of small lymphocytes and
few large-sized Hodgkin-like cells) in the dermis and subcutis,
with moderate extension into epidermis (Figure 2A).
Immunohistochemical analysis showed that pathological
Hodgkin-like cells were CD3+, CD4+, CD30+ (Figure 2B) and
CD8−, and were intermingled with numerous inflammatory cells
(mostly of T-cell origin; Figure 2C); no monomorphic small
A B D

E F G H

C

FIGURE 1 | Lymphomatoid papulosis at disease onset (A–D) and at 8 weeks from the initiation of venetoclax monotherapy (E–H). Intensely pruritic red flat-topped
papules with diffuse erythema spreading on >90% body surface area (B, C), accompanied with sparse nodules (A, black arrow, and D). At 8 weeks from the
initiation of the potent selective BCL2 inhibitor venetoclax (400 mg daily), a complete response was achieved, as defined by no detectable active skin lesions (E–H),
and it is still present (in May 2021), lasting more than 12 months.
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neoplastic B cells nor immunoglobulin gene rearrangements
were detected in the skin biopsy, thus excluding a diagnosis of
B-cell leukemia cutis while proving that the CD30+ cutaneous
lymphoproliferative disorder was clonally unrelated to the
mature B-cell neoplasm in our case. In conclusion, the
clinicopathological picture was consistent with mixed-infiltrate
type A LyP (1).

Topical corticosteroid beclomethasone (from August 2019 to
January 2020) and psoralen plus ultraviolet A (PUVA)
phototherapy were administered (three times per week, from
January to April 2020) with no improvement of the diffuse skin
papulonodular rash nor of the intractable pruritus associated
with scratch lesions [pruritus was defined as of severe entity,
according to a visual analogue scale (7)]. In April 2020, a second
progression of CLL occurred and it was clinically characterized
by progressive lymphadenopathy and, genetically, by the
acquisition of a pathogenic nonsense mutation (TP53E294X)
and of a monoallelic deletion of TP53 gene (delTP53/17p11). A
salvage therapy with oral venetoclax (400 mg, daily, following the
5-week ramp-up dosing schedule), a potent selective BCL2
inhibitor, was then started and induced a partial response of
CLL (6) with no treatment-related complications (in particular,
no tumor lysis syndrome or neutropenia); owing to the risk of
cardiotoxicity, the administration of Bruton’s tyrosine kinase
inhibitor, ibrutinib, was not considered in this patient who had
recently suffered acute myocardial infarction. Very surprisingly,
LyP-associated skin lesions completely resolved (zero lesions)
along with intractable pruritus within 8 weeks from venetoclax
initiation (Figures 1E–H).
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DISCUSSION

In order to search for the molecular underpinning of patient’s
dramatic response to venetoclax, we stained the original
cutaneous biopsy for the BCL2 anti-apoptotic protein
and demonstrated its strong expression restricted to the
CD30+ Hodgkin-like cells and reactive lymphoid infiltrate
(Figure 2D); a positive staining for BCL2 has been
previously described in 100% of LyP cases studied by
immunohistochemistry [8 and 5 cases from two independent
studies (8, 9)], and it has been mostly observed within the
reactive small T-cell infiltrate of the LyP tissue (13/13);
however, only in 1/8 cases (∼12%), BCL2 over-expression has
been even detected in the Hodgkin-like cell component (9), as it
is for the current case. Notably, BCL2 protein and mRNA
expression have shown to have an inverse relationship with in
vitro sensitivity to venetoclax in primary cells from patients
with CTCL, and a higher BCL2 expression at baseline does
correlate with a better response to venetoclax (10); these
observations are in line with the patient’s durable complete
response to venetoclax (lasting >12 months from drug
initiation and still present in May 2021), which is defined as
no detectable active skin lesion (11).
CONCLUDING REMARKS

Our findings underline the probable pathogenic role of BCL2 in
LyP and the potential therapeutic efficacy of the BCL2 inhibitor,
A B

DC

FIGURE 2 | Immunohistochemical analysis of mixed-infiltrate type A lymphomatoid papulosis (LyP). The punch biopsy from the left arm identified a diffuse infiltration
of small lymphocytes and few large-sized Hodgkin-like cells that were prevalent in the dermis and subcutis, while largely sparing the epidermis (A, original
magnification, ×10). Hodgkin-like cells stained positive for CD30 (B, original magnification, ×10; and B, inset, original magnification, ×40) and were interspersed in a
dense lymphoid infiltrate mostly contributed by CD3+ T cells (C, original magnification, ×10). The expression of the anti-apoptotic protein BCL2 was strong and
pervasive in the LyP tissue (D, original magnification, ×10), and it was readily recognized in the reactive lymphoid meshwork and large-sized Hodgkin-like cells
(D, inset, black arrow, original magnification, ×40).
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venetoclax, for the treatment of this primary cutaneous CD30+

lymphoproliferative disorder, especially in the setting of severe
and refractory disease.
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Since their license in 2008, studies on thrombopoietin receptor agonists (TPO-RAs) are
proceeding at a fast pace. Their favorable efficacy and safety profile makes them good
candidates for the management of thrombocytopenia in different settings, even beyond
their current indications. In the last 10 years, we faced patients with refractory
thrombocytopenia that required treatment with off-label TPO-RA, despite the paucity of
data in the literature and the possible risks, particularly that of thrombosis. We hereby
report our 10-year real-life single-center experience of TPO-RA used off-label. Fourteen
patients were divided into three groups according to the etiology of thrombocytopenia:
myelodysplastic syndromes, post-transplantation, and lymphoproliferative diseases.
Clinical features and results are reported within each group. Overall, TPO-RA proved
effective in all these conditions achieving responses also in heavily pretreated patients. The
overall response rate (ORR) was 100% in patients with thrombocytopenia after
transplantation and in those with lymphoproliferative diseases and 75% in patients with
myelodysplastic syndromes. The median duration of therapy was 285 days (range 93–
1,513 days). Four patients (29%) discontinued treatment because of lack of response
(n=2) or a sustained response (n=2). No grade 3–4 adverse events occurred, particularly
no thrombosis. In our real-life experience, TPO-RAs were effective and safe and proved of
value in the challenging management of patients with refractory thrombocytopenia
associated with different conditions.

Keywords: thrombopoietin receptor agonist, eltrombopag, romiplostim, myelodysplastic syndromes, transplant,
lymphoproliferative syndromes
INTRODUCTION

Since thrombopoietin receptor agonists (TPO-RAs) eltrombopag and romiplostim were licensed in
the United States for treatment of immune thrombocytopenia (ITP) in 2008, their use has
progressively increased, and they are currently available in more than 100 countries (1). Both
TPO-RAs bind to the thrombopoietin (TPO) receptor, causing conformational change, activating
the JAK2/STAT5 pathway, and resulting in higher megakaryocyte progenitor proliferation and
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increased platelet production. Indications for their use are
similar in the United States and Europe. Eltrombopag
(Revolade®, Promacta®) is approved for second-line therapy of
ITP patients older than 1 year of age with a disease lasting at least
6 months (2), for second-line therapy of severe aplastic anemia
after failure of immune suppressive therapy (3), and for the
treatment of thrombocytopenia in adults with chronic hepatitis
C treated with interferon-based regimens (4). Romiplostim
(Nplate®) is only approved as second-line treatment for
chronic ITP patients (i.e., after 12 months from diagnosis).
Two other TPO-RAs have been recently approved, namely
avatrombopag (Doptelet®) and lusutrombopag (Mulpleo®),
specifically licensed for the treatment of patients with
thrombocytopenia secondary to chronic liver disease
undergoing invasive procedures (5, 6).

As for safety, the initial concerns on the risk of myelofibrosis
induction have not been confirmed. Only a small number of
patients develop moderate to severe reticulin and/or collagen
fibrosis, which is usually reversible after drug discontinuation
(7). A higher rate of venous thromboembolism has been
reported, with a two- to threefold increased risk as compared
with non-TPO-RA treated ITP patients (8, 9). Cataract and
transiminitis are eltrombopag-associated adverse effects,
whereas the development of neutralizing antibodies and pain
after injection are associated to romiplostim (1).

Emerging evidence is being produced about TPO-RA efficacy
and safety profile in different settings other than the registered
ones. Overall, it appears relevant to understand which are the
main clinical needs and the most promising fields in which to
broaden TPO-RA use, given their convenient and safe profile.
We hereby report our real-life single-center experience of TPO-
RA use in unlabeled conditions and provide inherent
literature review.
METHODS

We conducted an observational retrospective study to report the
response rates and safety profile of TPO-RA used off-label. All
consecutive patients aged >18 years and receiving out-of-label
TPO-RA at our center between January 2010 and June 2020 were
included. Patients were divided into three main groups according
to the underlying cause of thrombocytopenia: post-transplant
thrombocytopenia, myelodysplastic syndrome (MDS), and
thrombocytopenia associated to lymphoproliferative diseases.
All patients were assessed at baseline by whole blood counts
with differential, peripheral blood smear, liver and kidney
function tests, hemolytic markers (LDH, bilirubin, haptoglobin,
reticulocytes), antiplatelet antibodies, and antiphospholipid
antibodies and underwent a bone marrow evaluation with
cytogenetic studies (karyotype for all patients and FISH for
MDS patients), according to clinical practice. In MDS patients,
a myeloid gene panel evaluating 69 genes implied in myeloid
neoplasms had been performed at diagnosis in two patients; the
test was unavailable for the others. Data on underlying disease,
previous lines of therapy, drug dosing, discontinuation, bleeding/
Frontiers in Oncology | www.frontiersin.org 2118
thrombotic events, and other adverse events were recorded.
Clinical status and platelet response were recorded at 1, 3, 6,
and 12 months after beginning of the drug. In patients with
thrombocytopenia other than the ITP candidate to treatment
with TPO-RA, a bone marrow evaluation at baseline is always
performed. MDS patients receive further bone marrow assessments
every 6months and whenever clinically indicated. Patient monitoring
and education for thrombotic complications and liver function tests
evaluation were performed according to current clinical practice for
ITP patients treated with TPO-RA. Response criteria were defined as
partial response (PR) (platelet count >30,000) and complete response
(CR) (platelet count >100,000). Adverse events were defined
according to the CTCAE version 5.0.
RESULTS

From January 2010 to June 2020, a total of 81 patients have been
treated with a TPO-RA (eltrombopag or romiplostim) at our
referral center. A total of 67 patients received the TPO-RA for in-
label conditions—ITP (54 patients) or aplastic anemia (13
patients)—while 14 patients received a TPO-RA for unlabeled
conditions (Figure 1 and Table 1). Among the latter group, four
patients had a transplant-associated thrombocytopenia, eight
suffered from MDS, and two had thrombocytopenia associated
to a lymphoproliferative neoplasm. The median patient age was
62.5 years (range 36–86). All patients were treated with
eltrombopag except for one who received romiplostim. The
median duration of therapy was 285 days (range 93–1,513
days) with 4 patients (29%) discontinuing the drug. Figure 2
shows median platelet trends over time among the different
groups (Figure 2A) and platelet counts over time for each MDS
patient (Figure 2B). Regarding responses to TPO-RA treatment,
we only observed an increase in platelet counts, while no changes
were recorded in erythrocytes and leukocytes in all the three
clinical settings. No patient received blood transfusions or
myeloid growth factors.

Transplant Group
One patient received an autologous hematopoietic stem cell
transplant (HSCT) due to an AL amyloidosis that was complicated
by graft failure, leading to persistent thrombocytopenia in the post-
transplant period. No more autologous stem cells were available to
perform a second transplant procedure, and the patient was not
suitable for an allogenic stem cell transplant given the comorbidities.
After failure of danazol therapy, she was treated with eltrombopag at
the same dose licensed for aplastic anemia (150 mg daily) reaching
platelet transfusion independency at 3 months from TPO-RA start.

The other three patients of this group received a solid organ
transplant (two liver and one kidney). The median time from
transplantation to the onset of thrombocytopenia was 7 days for
liver-transplanted patients. The kidney-transplanted patient had
instead a late-onset thrombocytopenia (4 years and 2 months after
transplantation) associatedwith graft rejection. Thrombocytopenia
in these patientswas interpreted as immune-mediated, but all failed
steroid therapy. Two of them also received high-dose intravenous
September 2021 | Volume 11 | Article 680411
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TABLE 1 | Patient outcome stratified by group.

PATIENT
ID

GROUP NUMBER OF PREVIOUS
THERAPY LINES

TPO-RA MAXIMAL
DOSE

DURATION OF
THERAPY

RESPONSE TIME TO
RESPONSE

ADVERSE
EVENT

T-01 TA-T 1 ELTROMBOPAG 150 mg die 181 d PR 87 0
T-02 TA-T 1 ELTROMBOPAG 75 mg die 1513 d PR 60 G1 liver
T-03 TA-T 2 ROMIPLOSTIM 6 mcg/kg/w 439 d CR 119 0
T-04 TA-T 2 ELTROMBOPAG 50 mg die 93 d CR 17 0
M-01 MDS 1 ELTROMBOPAG 75 mg die 702 d PR 49 0
M-02 MDS 2 ELTROMBOPAG 75 mg die 1486 d PR 57 0
M-03 MDS 3 ELTROMBOPAG 75 mg die 93 d NR - PD to AML
M-04 MDS 3 ELTROMBOPAG 50 mg die 354 d CR 14 0
M-05 MDS 1 ELTROMBOPAG 50 mg die 216 d PR 40 0
M-06 MDS 2 ELTROMBOPAG 150 mg die 317 d NR - 0
M-07 MDS 4 ELTROMBOPAG 150 mg die 252 d PR 25 0
M-08 MDS 1 ELTROMBOPAG 50 mg die 516 d PR 44 0
L-01 LPD 4 ELTROMBOPAG 25 mg die 111 d PR 20 0
L-02 LPD 2 ELTROMBOPAG 50 mg die 158 d PR 139 0
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Each row defines a patient. T-AT, transplant-associated thrombocytopenia; MDS, myelodysplastic syndrome; LPD, lymphoproliferative disease; TPO-RA, thrombopoietin receptor
agonist; CR, complete response; PR, partial response; NR, non-response; G1, grade 1; PD to AML, progression to acute myeloid leukemia.
A B

FIGURE 2 | (A) Median platelet count at baseline, 3, 6, and 12 months per group of patients. At 6 and 12 months, no data are reported for the lymphoproliferative
patients because the median follow-up was inferior to 6 months in this group. LPD, lymphoproliferative disease; MDS, myelodysplastic syndrome; M, months.
(B) Platelet counts over time for each MDS patient.
FIGURE 1 | Flowchart of thrombopoietin receptor agonist (TPO-RA) treated patients at our center in the last 10 years. Aplastic anemia (AA) refers to aplastic anemia
patients treated in second line after failure of immunosuppressive therapy as for current drug indications; we had no off-label AA patient treated in first line. MDS,
myelodysplastic syndrome; LPD, lymphoproliferative disease; ITP, autoimmune thrombocytopenia.
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immunoglobulins, with only a transient PR in the kidney-
transplanted patient. The median time from thrombocytopenia
onset toTPO-RAtherapy startwasonly 13days (10–149days), as the
general clinical conditionsof thepatients required fast intervention to
raise platelet counts. Two patients started eltrombopag 50 mg daily,
and one of them had to increase the dose to 75 mg daily due to
suboptimal response.Theotherpatientwas treatedwith romiplostim
1 mcg/kg per week, gradually increased to 6 mcg/kg per week to
obtain a response.All patients responded, andmedianplatelet counts
increased from 8,000/mcl (range 2,000–30,000/mcl) pre-TPO
therapy to 62,000/mcl (range 51,000–260,000/mcl), 91,000/mcl
(range 43,000–139,000/mcl), and 74,000/mcl (range 64,000–
84,000/mcl) at 3, 6, and 12 months, respectively (Figure 2).

The overall response rate (ORR) was 100% (1 CR and 3 PR).
After 3 years of therapy, one patient who underwent liver
transplantation stopped eltrombopag due to grade 1 hepatic
toxicity together with a stable PR, which persisted even after
TPO-RA discontinuation, until more than 6 months of follow-up
(189 days). The median duration of therapy was 310 days (range
93–1,513), and overall survival (OS) was 100% with all patients
being alive and in good general conditions at last follow-up visit.

Myelodysplastic Syndrome Group
Eight patients received eltrombopag because of thrombocytopenic
MDS. Six patients had low international prognostic scoring system
(IPSS)/revised-IPSS, and the other two had intermediate-1 IPSS/
revised-IPSS. Only one patient had abnormal cytogenetics with
chromosome 8 trisomy. Mutational analysis with NGS was
performed in two patients, one bearing a DNMT3A mutation
with a variant allele frequency (VAF) of 3.6% and the other
showing no detectable mutations. Five patients had a hypocellular
bonemarrow, three of them showing also reducedmegakaryocytes.
The other three patients showed an increased number
of megakaryocytes, one of them with marked dysplastic features.
Antiplatelet antibodies were found in five cases. The
median number of therapy lines before TPO-RA was 2 (range 1–
4). These included steroids (all patients, 5 PR), Cyclosporin A
(3 patients, 2 PR), intravenous immunoglobulin (IVIG, 3 patients,
1PRand1CR), danazol (3patients, 2PR), and rituximab (1patient,
transient PR). The median time elapsed from onset of
thrombocytopenia to eltrombopag therapy was 1,582 days (range
30–5,878 days), and the median platelet count was 20,000/mcl
(range 13,000–230,000/mcl) before therapy. Eltrombopag was
started at 50 mg daily and raised according to clinical judgment,
with a median steady dose of 75 mg (50–150 mg). The median
platelet count was 53,000/mcl (range 5,000–150,000/mcl), 38,000/
mcl (range 8,000–104,000/mcl), and 59,000/mcl (25,000–203,000/
mcl) at 3, 6, and 12months, respectively. ORRwas 75% (5 PR and 1
CR). Three patients discontinued TPO-RA, two because of failure
after 3 (93 days) and 10 months (317 days) of therapy, respectively.
Interestingly, these patients were the only ones with intermediate-1
risk score according to IPSS/r-IPSS risk stratification, and both had
an increased number of dysplastic megakaryocytes in their bone
marrow biopsies. The other patient discontinued the drug due to
persisting CR for more than 11 months (340 days). This patient
experienced transient drops in platelet counts while tapering TPO-
RA but was able to stop the drug keeping a sustained CR for 9
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months (279 days). Thereafter, a relapse occurred again,
successfully rescued with TPO-RA. No adverse events were
observed in this group of patients. The median duration of
therapy was 336 days (range 93–1,486 days) and the OS was 88%.
The patient who died had a 15-year history of thrombocytopenic
MDS heavily pretreated with steroids, IVIG, danazol, cyclosporine,
and finally eltrombopag with no response. Three months after
TPO-RA start, the patient evolved to AML, received induction
chemotherapy and bone marrow transplantation, and thereafter
died because of an infection complication. The long history of
refractory disease and the short course of eltrombopag therapy
before disease progression make it difficult to evaluate a possible
cause–effect relationship between TPO-RA treatment and
leukemic progression.

Lymphoproliferative Group
Two patients had a lymphoproliferative disorder, one chronic
lymphocytic leukemia (CLL) and one indolent non-Hodgkin
lymphoma (not histologically classified due to the patient’s frailty
and comorbidities that contraindicated biopsy).

The CLL patient had a long history (about 10 years) of indolent
untreated disease before the development of thrombocytopenia.He
received steroids, rituximab, rituximab-bendamustine, and
rituximab-idelalisib all without efficacy. Thereafter, eltrombopag
25 mg daily was started, and platelets rose to 60,000/mcl after 3
months of therapy. At last follow-up, he was still on TPO-RA
treatment, in good general conditions, andwithout need for further
CLL therapy.

The indolent non-Hodgkin lymphoma patient presented to
the emergency department with grade 4 thrombocytopenia
(platelet count 1,000/ml) associated with bleeding (grade 3
lower gastrointestinal tract hemorrhage). Steroids and IVIG
were started without any improvement in terms of transfusion
needs. After 2 weeks, she was put on eltrombopag 50 mg daily
with a PR allowing hospital discharge. At 3 months from TPO-
RA start, the platelet count was 70,000/mcl without any bleeding
symptom and no adverse event reported.

TPO-RA Off Label: Available Literature
Table2 shows themost important trials and reports ofTPO-RAuse
in a number of unlabeled conditions, includingmyeloid neoplasms
(mainly MDS, but also acute myeloid leukemia and chronic
myelomonocytic leukemia), postchemotherapy setting of solid
tumors, secondary ITP (associated to both lymphoproliferative
syndromes and systemic lupus erythematosus, SLE), graft failure
after hematopoietic stem cell transplant, thrombocytopenia after
heart and lung transplantation, non-HCV-related chronic liver
diseases, and inherited thrombocytopenia (10–52). The majority
of these studies are small trials, mostly phase I/II, with less than 50
patients enrolled. The heterogeneity of the study designs and
endpoints of the trials makes it difficult to compare their results.
Anyway, the overall response rates, reported accordingly to the
study primary objective, were high and satisfactory (more than
50%) in most cases. Some discrepancies can be appreciated in the
results for the myeloid malignancies group, characterized by high
heterogeneity in disease type and severity, ranging from low- to
high-risk MDS patients and to acute myeloid leukemia;
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TABLE 2 | Published and ongoing studies with TPO-RA used in unlabeled conditions.

TRIAL AUTHOR STUDY DESIGN DISEASE N° OF PTS DRUG RESULTS1

Ramadan et al. (10) phase I trial CMML 7 E ORR 42%
Gudbrandsdottir et al. (11) retrospective miscellaneous 17 E/R ORR 40%

NCT01481220 Svensson et al. (12) phase I trial hgh-risk MDS 12 E + A ORR 75%
NCT01286038 Duong et al. (13) phase I trial high-risk MDS/AML 37 E ORR 24%
NCT00903422 Platzbecker et al. (14) phase I/II RCT high-risk MDS/AML 98 E ORR 28%*
NCT01440374 Mittelman et al. (15) phase II RCT high-risk MDS/AML 145 E NA^
NCT01893372 Swaminathan et al. (16) phase II RCT hgh-risk MDS 28 E +/- A ORR 11%
NCT02158936 Dickinson et al. (17) phase III RCT high risk MDS 356 A +/- E ORR 16%*
NCT01890746 Frey et al. (18) phase II RCT AML 148 E ORR 70%*
NCT00303472 Kantarjian HM et al. (19) phase I/II trial low-risk MDS 44 R ORR 46%
NCT00303472 Sekeres et al. (20) phase I/II trial low-risk MDS 28 R ORR 61%
2010-022890-33 Oliva et al. (21) phase I/II RCT low-risk MDS 90 E ORR 47%
NCT00321711 Kantarjian et al. (22) phase II RCT low-risk MDS 40 R + A NA^
NCT00418665 Wang et al. (23) phase II RCT low-risk MDS 39 R + L NA^
NCT00321711 Greenberg PL et al. (24) phase II RCT hgh-risk MDS 29 R + D NA^
NCT00614523 Kantarjian et al. (25) phase II RCT low-risk MDS 250 R ORR 38%
NCT00472290 Fenaux et al. (26) extension study low-risk MDS 60 R ORR 57%
NCT04324060 ongoing low-risk MDS E/R
NCT01772420 ongoing low-risk MDS E + L
NCT02912208 ongoing low-risk MDS E

Parameswaran R et al. (27) retrospective solid tumor chemotherapy 20 R success rate 70%
Garcıá Lagunar et al. (28) retrospective solid tumor chemotherapy 6 E NA^
Al-Samkari et al. (29) retrospective solid tumor chemotherapy 153 R success rate 79%

NCT01147809 Winer et al. (30) phase II RCT solid tumor chemotherapy 26 E success rate 86%
NCT01147809 Winer et al. (31) phase II RCT solid tumor chemotherapy 75 E NA^
NCT02052882 Soff et al. (32) phase II RCT solid tumor chemotherapy 60 R success rate 93%
NCT02227576 Le Rhun et al. (33) phase II trial solid tumor chemotherapy 20 R success rate 60%
NCT04485416 ongoing phase I trial solid tumor chemotherapy E
NCT02093325 ongoing phase III RCT solid tumor chemotherapy E

Shobha V et al. (34) retrospective TP secondary to SLE 12 E ORR 100%
Maroun MC et al. (35) retrospective TP secondary to SLE 3 E ORR 100%
González-López et al. (36) retrospective secondary ITP 87 E ORR 38%

NCT01168921 Paul S et al. (37) phase II trial TP secondary to CLL 24 E ORR 82%
NCT01610180 Visco et al. (38) phase II trial TP secondary to LPD 18 E ORR 78%
NCT01610180 ongoing phase II trial TP secondary to CLL E
NCT01168921 ongoing phase II trial TP secondary to CLL E
NCT01610180 ongoing phase II trial TP secondary to LPD E

Fu et al. (39) retrospective poor graft function after HSCT 38 E ORR 63%
Marotta et al. (40) retrospective poor graft function after HSCT 13 E ORR 53%
Tang et al. (41) retrospective poor graft function after HSCT 12 E ORR 83%
Tanaka et al. (42) retrospective poor graft function after HSCT 12 E ORR 60%
Samarkandi et al. (43) retrospective poor graft function after HSCT 21 E ORR 75%
Hartranft et al. (44) retrospective poor graft function after HSCT 13 R ORR 53%
Yuan et al. (45) phase II trial poor graft function after HSCT 13 E ORR 62%

NCT01980030 Peffault de Latour et al. (46) phase I/II trial poor graft function after HSCT 24 R ORR 66%
NCT03515447 Vourc’h et al. (47) before - after study TP in heart and lung transplant 20 R NA^
NCT03437603 ongoing phase II trial poor graft function after HSCT E
NCT00861601 Kawaguchi et al. (48) phase I/II trial TP in iver disease - non HCV 8 E ORR 48%
NCT01133860 Pecci et al. (49) phase II trial inherited (MYH9) 12 E ORR 91%
NCT00909363 Gerrits et al. (50) phase II trial inherited (WAS) 8 E ORR 62%
NCT02422394 Ongoing phase II trial inherited E
NCT04371939 ongoing phase II trial inherited (WAS) E
NCT03638817 ongoing phase II trial inherited E
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Studies are grouped according to the indication for TPO-RA use. The number of trial as on ClinicalTrial.gov is reported when available. First author name is reported for published studies.
RCT, randomized controlled trial; CMML chronic myelomonocytic leukemia; MDS, myelodysplastic syndrome; AML, acute myeloid leukemia; SLE, systemic lupus erythematosus; CLL,
chronic lymphocytic leukemia; TP, thrombocytopenia; HSCT, hematopoietic stem cell transplantation; WAS, Wiskott–Aldrich syndrome; E, eltrombopag; R, romiplostim; A, azacytidine; L,
lenalidomide; D, decitabine; ORR, overall response rate.
1Response rates are reported according to the primary endpoint of each study and therefore different rates are not comparable between studies. For trials on solid cancer chemotherapy,
the term success rate more than ORR is applied, as main objectives were thrombocytopenia prevention and ability not to delay chemotherapy cycles.
*Experimental arm did not show better outcomes compared to placebo arm.
^Not applicable, due to different aims and outcomemeasures; among outcome measures: higher PLT counts/nadir, lower PLT transfusion rates, lower clinically relevant thrombocytopenic
event (CRTE).
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furthermore, medications associated to TPO-RA may also
confound the picture. Of note, none of the published or ongoing
studies have assessed the use of TPO-RA in the liver or renal post-
transplant setting, and none is a real-life study.

The most explored field of investigation for these drugs
remains myelodysplastic syndromes, especially in the low-risk
setting, where thrombocytopenia is common and can impact the
quality of life of patients with a good prognosis. Eight trials have
already been completed (19–26) and three are ongoing, including
a phase II/III trial, with a cumulative ORR of 45%. Despite some
older reports pointing out an increased leukemogenesis risk (53), a
recent phase II trial (15) did not confirm these data and showed a
reduction in the need of platelet transfusion support and bleeding
episodes also in patients with high-risk MDS or AML treated with
eltrombopag. Similarly, a phase I/II study (26) found romiplostim
to be safe in low-risk MDS patients with a good response rate in
terms of platelet count. The biggest study available in MDS is a
phase III randomized controlled trial (RCT) (17) conducted in
high-risk MDS patients with eltrombopag coupled to azacytidine.
This trial failed to show any benefit of eltrombopag and was
terminated prematurely.

Regarding chemotherapy-associated thrombocytopenia in solid
tumors (27–33), TPO-RA reduced thrombocytopenic adverse
events thus decreasing the delay between cycles and the need for
chemotherapydose reduction.Aphase IIIRCT is currentlyongoing
on the use of eltrombopag for chemotherapy-induced
thrombocytopenia in any solid tumor in Taiwan.

ITP secondary to SLE may not respond to disease-specific
treatments (steroids, immunosuppressors, and biologics) and
further impair patients’ quality of life. TPO-RA showed 100%
response rates in a total of 15 SLE patients treated in two
retrospective studies (34, 35).

ITP secondary to autoimmune and lymphoproliferative
diseases (34–38) remains an understudied setting, with the
majority of studies being retrospective and including a low
number of patients, although with remarkable efficacy. Overall,
144 patients have been reported and the cumulative ORR was
57%. Indeed, thrombocytopenia refractory to first line steroids
should be managed with lymphoma-specific treatment (e.g.,
chemo-immunotherapy in CLL) according to current guidelines.

Reports for the use of TPO-RA in inherited thrombocytopenia,
suchasMYH9-relateddisorders orWiskott–Aldrichsyndrome (49,
50), showedbenefit on transfusionneeds andhemostasis ina total of
80% of patients. There is also one report indicating benefit from
TPO-RA in von Willebrand disease type 2B refractory to more
conventional lines of therapy in emergency conditions (54).

Lastly, a promising field of interest, with an increasing
number of reports in the last years, is the post- HSCT setting.
TPO-RA could be of great benefit in prolonged cytopenia
secondary to poor graft function that remains nowadays still
difficult to manage and accounts for a significant proportion of
nonrelapse mortality after transplant. Many recent retrospective
series have reported encouraging results (39–46, 51, 52), with the
biggest experience of the Spanish Group who reported an ORR of
72% in a cohort of 89 patients (51). Importantly, promising data
exist in post-HSCT pediatric cohorts too (52).
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DISCUSSION

In this study, we report the safety and efficacy of TPO-RA use
outside approved indications in real-life cohort from a single
referral center. These clinical settings represent the real life
encountered by hematologists handling thrombocytopenia. We
found that TPO-RAs are effective and manageable even in off-
label settings, despite possible detrimental cofactors linked to
underlying conditions such as cancer and transplant. Indeed, all
the transplanted patients and those with lymphoproliferative
syndromes responded after about 3 months of TPO-RA therapy,
and among myelodysplastic patients, six out of eight achieved at
least a PR.

Only 1 transplanted patient out of 14 treated with eltrombopag
experienced a grade 1 hepatic toxicity, with complete recovery after
drug discontinuation. No other TPO-RA-related adverse events
were observed during the study.

Of note, one transplanted and one myelodysplastic patient
maintained a stable response, partial and complete, respectively,
after 189 and 279 days from TPO-RA discontinuation, showing
that the achievement of a treatment-free remission is possible
even in conditions other than ITP.

The favorable efficacy and safety profile emerging from our
cohort is similar to that reported in the increasingnumberof studies
addressing the use ofTPO-RA inmyeloidneoplasms (mainlyMDS,
but also acute myeloid leukemia and chronic myelomonocytic
leukemia), in the postchemotherapy setting of solid tumors, in
secondary ITP (associated to both lymphoproliferative syndromes
or systemic lupus erythematosus), in graft failure after HSCT, in
thrombocytopenia after heart and lung transplantation, in chronic
liver diseases, and in inherited thrombocytopenia (Table 2).
Thrombocytopenic low-risk MDS was the main clinical condition
in which we used off-label eltrombopag. Compared to the biggest
phase II trial of eltrombopag in low-riskMDS patients [EQol-MDS
study (21)], we experienced a higher ORR (75% vs 47%) possibly
due to the lower representation of intermediate-1 risk MDS in our
cohort (25% vs 71%). Interestingly, the only two intermediate-1 risk
patients were the ones who did not respond to eltrombopag.

An interesting point is that the employed doses of TPO-RA are
extremely heterogeneous, reflecting the uncertainties in off-label
conditions. Similarly, in this study, a wide range of doses of
eltrombopag has been used, from 25 to 150 mg daily. However,
both the lowest (25 mg) and the highest (150 mg) doses were
associated with at least a PR, and the two CR occurred on
eltrombopag at low dose (50 mg in both cases). This likely reflects
the use of the off-label drug at the “minimal effective dose,” with the
aim to limit toxicities, as currently suggested in ITP (55). On average,
higher doses were requested in MDS-associated thrombocytopenia
compared to transplant- and lymphoproliferative-associated
thrombocytopenia, where the ITP dose (i.e., 50–75 mg daily) seems
to be sufficient. This can be explained by the different pathogenesis of
thrombocytopenia in these settings. In particular, post-transplant
thrombocytopenia is the one that mostly resembles ITP, since the
post-transplant period is characterized by a cytokine storm that may
be responsible for theonset of cytopenia andmay require several lines
of immunosuppressive therapies other than steroids and IVIG (56).
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In contrast, thrombocytopenia associated with conditions that are
characterized by a derangement of the myeloid stem cell, such as
myelodysplasia, requires higher doses of TPO-RA to achieve a
response. Indeed, TPO-RAs exert their stimulating/differentiating
effect also on early hematopoietic stem cells (57); if the latter are
dysplastic, the stimulus carried out by standard doses of TPO-RA
maynot be sufficient (58). As amatter offact, doses as high as 300mg
daily have been used in RCT (15, 21). Clarifying the best TPO-RA
schedule in MDS will be of great value, since 50% of these patients
suffer from thrombocytopenia (59),whichmaybeworsenedbyMDS
therapy, and is mainly managed with transfusions and steroids.

The importance of bone marrow reserve is an issue also in
lymphoproliferative diseases, where the use of TPO-RA induces
an overall response of about 40–50% (58), which increases to
70–80% (the same of primary ITP), if considering only true
immune-mediated thrombocytopenia.

Thrombotic events, although infrequent, have been reported
in ITP patients treated with TPO-RA with an incidence rate
ranging from 1.4 to 4.3 per 100 patient-years (1); if we consider
the conditions other than ITP, the majority of studies reported
an incidence of venous thromboembolism lower than 2% (range
0–1.6%), while higher rates (≥2%) were reported in MDS/AML
and postchemotherapy ITP (conditions per se associated with
increased thrombotic risk), possibly related to the higher doses of
TPO-RA used. Consistently, despite the heterogeneity of
available trials, a trend toward increased thrombosis frequency
is noted with higher TPO-RA doses; and almost all studies using
eltrombopag > 200 mg reported at least one thrombotic event. In
our study, no patients developed a thrombotic event, neither
venous nor arteriosus. Even if the small number of patients does
not allow taking definitive conclusions, the long follow-up and
the supramaximal doses of TPO-RA employed in some patients
suggest that the risk of thrombosis is not significantly increased.

Finally, some concerns about the potential clonal evolution
induced by a sustained stem-cell stimulation under TPO-RA
have been raised, particularly in aplastic anemia and MDS.
However, in the prospective randomized EQoL-MDS study,
leukemic evolution was comparable among the two arms (12%
in eltrombopag versus 16% in the placebo arm), even if the long-
term assessment is still ongoing (21). In our study, only one
patient with a long history of heavily pretreated MDS presented a
rapid evolution to acute leukemia (3 months after start of
eltrombopag), making it difficult to evaluate a possible cause–
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effect relationship between TPO-RA treatment and leukemic
progression. All the other patients were on long-term TPO-RA
(range 216–1,486 days) without signs of evolution.
CONCLUSIONS

Our real-life report of TPO-RA off-label use, even though on a small
number of patients, highlights their efficacy and safety in difficult-
to-manage thrombocytopenia forms, including post-transplant ITP
and cases secondary to MDS and lymphoproliferative syndromes.
Despite the awareness on thrombotic risk and on the possible clonal
evolution should remain high, TPO-RA use in these conditions may
have a significant impact on clinical management.
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FMS-like tyrosine kinase 3 (FLT3) is among the most common driver genes recurrently
mutated in acute myeloid leukemia (AML), accounting for approximately 30% of cases.
Activating mutations of the FLT3 receptor include internal tandem duplications (ITD) that
map to the auto-inhibitory juxtamembrane (JM) domain or point mutations within the
tyrosine kinase domain (TKD). Several FLT3 tyrosine kinase inhibitors have been
developed in the last few years, but midostaurin is currently the only one approved for
the treatment of newly diagnosed patients harboring FLT3 mutations. Here we describe
for the first time a novel in-frame deletion in exon 14 (JM domain) of the FLT3 gene, that we
identified in a young woman with CBFb-MYH11-positive AML. We demonstrated that this
novel FLT3 variant is pathogenic, since it is responsible for constitutive activation of FLT3
receptor. Finally, ex-vivo studies demonstrated that this novel mutation is sensitive
to midostaurin.

Keywords: acute myeloid leukemia, FLT3 mutation, NGS - next generation sequencing, targeted therapy, midostaurin
INTRODUCTION

Acute myeloid leukemia (AML) is a highly heterogeneous haematological malignancy characterized
by a wide range of genomic alterations responsible of defective regulation of the differentiation and
self-renewal programs of hematopoietic stem cells. FMS-like tyrosine kinase 3 (FLT3) is a member
of class III receptor tyrosine kinases that exhibits activating mutations in approximately 30% of
AML patients, making it one of the most recurrently mutated genes (1, 2). Notably, there are two
types of FLT3 mutations which include the internal tandem duplications (ITD) within the auto-
inhibitory juxtamembrane (JM) domain, described in about 25-30% of AML patients, and the less
frequent gain-of-function mutations occurring in about 8% of AML cases as point mutations in the
activation loop of the tyrosine kinase domain (TKD) (1, 2). The leukemogenic relevance and inferior
overall survival of FLT3-ITD mutations have been shown, although it has been demonstrated that
the prognostic impact is affected by both mutant allele burden and presence of co-existing
mutations (3, 4). Indeed, high allele ratio (AR>0.5; FLT3-ITDhigh) is associated with higher
disease risk, whereas low AR (<0.5; FLT3-ITDlow) is associated with intermediate risk, which
becomes favourable in case of co-occurrence of the nucleophosmin 1 (NPM1) mutation (4).
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Concerning the FLT3-TKD mutations, their prognostic
significance still remains unclear, with numerous conflicting
data (3, 5–8). The clinical impact of ITD and TKD mutations
of FLT3 is dependent on the subsequent constitutive activation of
the tyrosine kinase, that activates its downstream signalling
pathways including the signal transducer and activator of
transcription 5 (STAT5), RAS/mitogen-activated protein kinase
(MAPK)/extracellular-signal-regulated kinase (ERK),
phosphoinositide 3-kinase (PI3K)/Serine-Threonine Kinase 1
(AKT) (9–13). These targets have been associated with
increased proliferation and survival of the leukemic cell
population (14). In light of the crucial pathogenetic role of
FLT3 constitutive activation, small molecule inhibitors have
been developed as new promising therapies to treat this subset
of AML patients.

Here we describe for the first time a novel FLT3 in-frame
deletion and its impact on downstream signalling pathways
showing the activation effect of such mutation on FLT3
receptor. Moreover, ex-vivo study performed on mutated
primary cells sought to demonstrated their sensitivity to
midostaurin, a multi-targeted kinase inhibitor active against
FLT3, currently approved for first-line treatment of FLT3-
mutated AML (15).
CASE DESCRIPTION

Clinical Case
A 32 years-old woman which presented with persistent fever
associated with marked hyperleukocytosis [white blood cells
(WBC), 319,000/mm3], anemia [hemoglobin (Hb), 5.7 g/dL]
and thrombocytopenia [platelets (PLTs), 22,000/mm3] was
admitted to our hospital in July 2019. Morphological analysis of
bone marrow (BM) aspirate suggested a diagnosis of acute
myelomonocytic leukemia with 80% of myeloid blasts.
Computed tomography (TC) examination of the brain detected
central nervous system (CNS) localization of blast cells.
Immunophenotypic analysis of leukemic cells from the BM
aspirate confirmed the expression of several markers of
hematopoietic stem and progenitor cells, including CD34, CD13,
CD33, CD117, MPO, CD14, CD64, and aberrant expression of
CD4. Karyotype and fluorescence in situ hybridization (FISH)
analyses of BM nuclei identified the inv(16)(p13;q22)
chromosome rearrangement in 20/20 metaphases examined.
This was confirmed by quantitative RT-PCR that detected the
presence of CBFb-MYH11 transcript type A (CBFb-MYH11/
ABL*100 = 85.37), along with over-expressed WT1 (ratio WT1/
ABL*10,000 = 1409.53). Therefore, the patient was diagnosed with
M4 inv(16) acute myeloid leukemia (AML) according to French-
American-British (FAB) classification and was classified as
favourable cytogenetic risk based on cytogenetic and molecular
biology data according to ELN 2017 (4). However, in light of CNS
localization at diagnosis, the patient was considered at high risk of
relapse. A FLAI-5 (fludarabine-cytarabine-idarubicin) regimen
was selected as induction chemotherapy, which resulted effective
and well tolerated. The follow-up evaluation performed after 2
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months of induction therapy showed a good response: the patient
exhibited a peripheral blood count withWBC levels of 6,100/mm3,
Hb levels of 10.1 g/dL and PLTs of 189,000/mm3. Accordingly,
BM evaluation by morphology, immunophenotyping and
molecular biology revealed complete remission (CR; CBFb-
MYH11/ABL*100 = 0.0332; WT1/ABL*10,000 = 13.24) and TC
of the brain was negative for SNC localization of blast cells.
Therefore, the patient continued with 1 cycle of consolidation
therapy with the FLAI-5 regimen. As reported above, due to CNS
localization at diagnosis, the patient underwent allogeneic stem
cell transplantation (allo-SCT) receiving haploidentical peripheral
blood stem cells from her brother. After transplant, she remained
in complete remission until the last follow-up. Figure 1
summarizes relevant clinical course and diagnostic results.
DETECTION OF A NOVEL FLT3
DELETION AND INVESTIGATION
OF ITS POTENTIAL ROLE

In light of the clinical utility of next-generation sequencing (NGS)
for the assessment of the genetic landscape of AML providing
diagnostic and prognostic information, the AmpliSeq Myeloid
Panel (Thermofisher) was performed on primary blast cells
enriched by density gradient centrifugation from the patient
bone marrow sample collected at diagnosis. NGS analysis
revealed a FLT3 mutation with a variant allele frequency (VAF)
of 40%, represented by an in-frame deletion at exon 14 of the JM
domain (c.1770_1784del15; p.Phe590_Arg595delinsLeu).
Interrogation of the COSMIC database indicated that this
deletion had never been reported before. The mutation was
confirmed by Sanger sequencing (Figure 2) and mutant-to-
wild-type allelic ratio (AR) was obtained through PCR-
electrophoresis and fragment analysis (FLT3-ITD-AR=1.1). The
FLT3 mutation became undetectable in the sample collected at
the time of CR after induction chemotherapy.

In order to understand whether the newly described FLT3
alteration influenced its cellular activity, we analysed by Western
blot (WB) the expression and activation of some target proteins
downstream of FLT3. As shown in Figure 3A, we observed that
the deletion in the JM domain resulted in the constitutive
activation of FLT3, with the sample at diagnosis showing
increased levels of phosphorylated FLT3 and of its downstream
signalling molecules. Five AML patients with wild-type (wt) FLT-
3 and 5 AML patients carrying canonical FLT3-ITD mutations
(with an AR ranging from 0.8 to 1.5) were used as control for
protein expression levels of FLT3 downstream signalling
molecules (Figure 3B). In particular, the sample at diagnosis,
showed increased levels of p21, c-MYC and Cyclin D1, that were
associated with the activation of STAT5 signalling pathway,
together with the up-regulation of MAPK-activated proteins p-
ERK and p38. In addition, the activation of FLT3 induced p27
and BIM expression, which are regulated by AKT and FOXO3A
signalling, as well as the up-regulation of 14-3-3 and
phosphorylated BAD (serine 112 and 136) that are responsible
for the block of cell death. Results were superimposable to what
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we could observe in the 5 FLT3-ITD mutated samples as
compared to wt FLT3 samples. As expected, the sample at
remission showed a significant reduction of phosphorylated
FLT3 and of the activation of all the above mentioned targets,
supporting the direct link between activated signalling molecules
and the observed FLT3 mutation. Lastly, to investigate the clinical
Frontiers in Oncology | www.frontiersin.org 3128
relevance of the described mutation, we assessed the effects of
midostaurin on the clonogenic potential of leukemic blasts cells
isolated from the patient at diagnosis. Midostaurin induced a
dose-dependent reduction in colony formation with an LD50 of
100nM, suggesting that the newly reported mutation is sensitive
to midostaurin inhibition (Figure 4).
FIGURE 2 | Sanger sequencing chromatogram showing the FLT3 deletion identified in the BM at diagnosis. TMD, transmernbrane domain; JMD, juxtamembrane
domain; TKD, tyrosine kinase domain.
FIGURE 1 | Schematic representation showing timeline of treatment course and clinical information. FLAI-5, fludarabine-cytarabine-idarubicin; Allo-SCT, allogeneic
stem cell transplantation; WBC, white blood cells; Hb, hemoglobin; PLTs, platelets.
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CONCLUSION AND DISCUSSION

FLT3 is the most frequently mutated gene in AML patients,
with a strong disease specificity (2), and encodes is one of the
key molecules involved in the pathogenesis of AML. Indeed,
FLT3 is one of the markers currently used for the molecular
genetic diagnosis and risk stratification of AML (4). The
clinical relevance of ITD and TKD mutations in AML
pathogenesis and progression highlighted the need for
specific compounds targeting FLT3 constitutive activation.
Consequently, during the last years several inhibitors have
been developed as target therapies to improve the outcome of
FLT3-mutated patients (16, 17). In this study, we describe for
the first time a novel FLT3 mutation identified in an AML
patient, consisting in a deletion of 15 nucleotides in the JM
domain, where the FLT3-ITDs usually localize. Interestingly,
other case reports showing noncanonical FLT3 deletions have
A B

FIGURE 3 | Western blot analysis of FLT-3 expression and of its down-stream signalling pathway. (A) Analysis of patient cells at two different time points (Dx:
diagnosis with FLT3 carrying the c.1770_1784del15; CR: complete remission with wt FLT3). (B) Analysis of 5 AML patients with wt FLT3 along with 5 patients
carrying FLT3-ITD, used as control of FLT3 downstream signalling. BM, bone marrow; PBL, peripheral blood.
FIGURE 4 | Effects of increasing doses of midostaurin on the clonogenic
capacity of primary BM and PBL cells carrying the reported FLT3 deletion
(c.1770_1784del15; p.Phe590_Arg595delinsLeu).
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been published, and all these mutations cluster in the JM
domain, a highly conserved region that mediates the activation
of the FLT3 receptor (18–20). There are limited functional
data for deletions in the JM domain, however existing
knowledge suggest that any type of mutation, including
deletions, in the JM sequence could potentially activate the
FLT3 tyrosine kinase receptor, with consequent pathogenetic
and clinical impact. In this study, we demonstrated by WB that
the newly reported deletion indeed induces the constitutive
activation of FLT3 and of its downstream effectors, including
STAT5, ERK and AKT pathways. The patient showed a good
response to conventional chemotherapy and underwent
transplant. However, we also evaluated by ex-vivo treatment
the efficacy of midostaurin, the TKI currently approved for the
treatment of de novo FLT3-mutated patients, finding that
midostaurin could effectively reduce the clonogenic capacity
of primary blast cells. Although additional studies are needed
to better characterize the functional consequences and TKI
sensitivity of this deletion, our results are corroborated by
recent work from Young and colleagues. They used a scanning
mutagenesis approach to generated a panel of FLT3 deletions
(clustering in the region comprised between K568 to V581)
demonstrating that this class of mutations lead to the
activation of signalling molecules downstream to FLT3 and
are targetable with several TKI inhibitors (20). In conclusion,
our results suggest the clinical relevance of the novel FLT3
deletion herein reported, that acts as a standard activating ITD
mutation and can be successfully targeted by midostaurin. Our
findings provide useful information for clinicians treating
AML patients, highlighting the importance to characterize
and monitor the genomic alterations of AML patients.
Frontiers in Oncology | www.frontiersin.org 5130
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Iron chelation therapy (ICT) has become a mainstay in heavily transfused hematological
patients, with the aim to reduce iron overload (IOL) and prevent organ damage. This
therapeutic approach is already widely used in thalassemic patients and in low-risk
Myelodysplastic Syndrome (MDS) patients. More recently, ICT has been proposed for
high-risk MDS, especially when an allogeneic bone marrow transplantation has been
planned. Furthermore, other hematological and hereditary disorders, characterized by
considerable transfusion support to manage anemia, could benefit from this therapy.
Meanwhile, data accumulated on how iron toxicity could exacerbate anemia and other
clinical comorbidities due to oxidative stress radical oxygen species (ROS) mediated by
free iron species. Taking all into consideration, together with the availability of approved
oral iron chelators, we envision a larger use of ICT in the near future. The aim of this review
is to better identify those non-thalassemic patients who can benefit from ICT and give
practical tips for management of this therapeutic strategy.

Keywords: iron chelation therapy (ICT), deferasirox, myelodysplastic syndromes (MDS), myelofibrosis (MF), radical
oxygen species (ROS), iron toxicity, anemia
INTRODUCTION

Iron chelation therapy (ICT) has become a mainstay in heavily transfused hematological patients,
with the aim to reduce iron overload (IOL) and prevent organ damage. International and Italian
guidelines recommend ICT in low-risk Myelodysplastic Syndrome (MDS) patients (1). ICT should
also be considered for transfusion-dependent patients with high-risk disease, when they are
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responding to therapies able to modify their life expectancy or if
they are candidate for an allogeneic stem cell transplantation
(HSCT) in their therapeutic program (2, 3).

Considering hematological and hereditary disorders,
characterized by considerable transfusion support to manage
anemia, consequent iron toxicity contributes to exacerbate
anemia and other clinical comorbidities due to oxidative stress
radical oxygen species (ROS) mediated by free iron species.
Therefore, ICT has been introduced in the last years also in
these additional categories of patients recognizing the
importance of this therapy beyond the supportive aim, to
counteract iron toxicity itself.

Approved iron chelators in the abovementioned diseases are
deferoxamine (subcutaneous route) and deferasirox (oral
administration). Unlike thalassemic patients, in whom it
should be continued indefinitely, in patients with MDS and
other hematological conditions, ICT can usually be continued
until resolution of transfusion dependency and/or normalization
of iron toxicity available markers (4–8).
THE CURRENT ROLE OF IRON
CHELATION THERAPY IN
MYELODYSPLASTIC SYNDROMES

Why to Use ICT in Patients With MDS?
Mechanisms That Can Favor Iron Toxicity in Patients
With MDS
MDSs belong to a family of clonal dysfunctions of the
hematopoietic system, which result in failure of bone marrow
hematopoiesis (ineffective hematopoiesis) and in an increased
risk of progression to acute myeloid leukemia (AML). A
common complication observed in these anemic patients is
iron toxicity, which not only causes organ damage in liver,
heart, and endocrine glands but also has toxic effects on the
bone marrow niche, favoring ineffective hematopoiesis, genomic
instability, and eventual clonal evolution towards acute leukemia,
with consequent negative implications for survival and quality of
life (9, 10).

Dyserythropoiesis affects the regulation of iron homeostasis,
favoring increased intestinal absorption and plasma
recirculation. In this setting, the two key factors involved in
the mechanisms triggered by ineffective erythropoiesis are

- hepcidin, whose generally decreased levels vary in the different
forms of MDS, with lower values observed in lower-risk MDS
and higher values in higher-risk MDS and in chronic
myelomonocytic leukemia (CMML) (11)

- hypoxia, which increases the expression of DMT1, DCYTB,
and FPN in the enterocytes, the epithelial cells that form the
epithelial lining of the intestinal villi, resulting in increased
intestinal iron absorption (12).

These pathological iron load mechanisms are active
regardless of the need for transfusions, although transfusion
support considerably worsens this pre-existing overload (9, 13–15).
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Indeed, each unit of packed red cells contains 200–250 mg of iron
(approximately 100 times the normal daily intake). Moreover, at
diagnosis 80% of patients with MDS present already anemia due to
ineffective erythropoiesis and requiring blood transfusions (16–18).
Consequently, it is very common that chronic transfusion-
dependent patients will develop IOL.

Definition of a Genetic Profile Predisposing
for Iron Overload

Different gene mutations and/or alterations that have a direct
effect on iron metabolism and accumulation have been
reported in certain forms of MDS. These include the
following:

- SF3B1 mutations: these mutations, frequently observed in MDS
patients and especially when ring sideroblasts (RS) are
present, dysregulate the RNA splicing of the erythroid
transcription factors TAL1 and GATA1, resulting in
increased but ineffective erythropoiesis (19). SF3B1-mutated
patients present mitochondrial iron accumulation (20) and
increased expression of a specific isoform of SLC25A37 (an
important transporter of Fe(2+) into the mitochondria) (21).
Splicing alterations have been observed in the key genes
associated with iron accumulation.

- 5q deletion: this karyotypic alteration results in considerable
ineffective erythropoiesis associated with the heterozygous
deletion of RPS14. RPS14 haploinsufficiency activates the
innate immune system and increases the expression of
S100A8-S100A9, resulting in p53-dependent erythroid
differentiation defects (22).

- TET2 mutations: (only in a subset of patients with MDS) may
be involved in iron metabolism and in heme biosynthesis in
the erythroblasts. Studies using TET2 knockdown mouse
models have shown high serum and mitochondrial ferritin
levels and dysregulation in a number of genes involved in iron
metabolism (23).
Diagnostic Workup for Iron Toxicity in
Patients With MDS
The approaches currently employed to diagnose iron
overload include

- estimate iron intake following transfusions;

- serum ferritin and transferrin saturation measurements (blood
ferritin levels must be monitored monthly, whereas follow-up
monitoring of the parameter trends should be performed
every 3–6 months);

- magnetic resonance imaging (MRI) of liver, pancreas and heart
evaluation when available

- morphological evaluation of bone marrow iron by Perls
staining.

Serum ferritin is an indirect and unreliable measurement of
the entity of iron deposits in the body; although there is no
validated threshold, as for other conditions such as thalassemia,
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experts consider a ferritin level >1,000 ng/ml to be suggestive of
IOL and suggest serial/periodic evaluation of ferritin to evaluate
trends instead of absolute values. However, as high ferritin levels
may be secondary to an inflammatory state regardless of iron
burden, it is always advisable to assess ferritin trends and
transferrin saturation suggesting the presence of unbound iron
that is harmful for several organs (24).

Transferrin saturation values >60–70% are correlated with
free iron in plasma as non-transferrin-bound iron (NTBI) (5, 25–
27). A subcomponent of NTBI, called labile plasma iron (LPI), is
a potent redox-active form capable of permeating cells through
free cellular ionic channels, inducing enlargement of the amount
of labile cellular iron (LCI) that in turns leads to increased levels
of intracellular ROS. The consequent intracellular oxidative
stress condition cause iron-related cellular damages or even
cellular death (10).

Unfortunately, at the time being, measurements of NTBI and
LPI are not yet standardized methods, available only in selected
research laboratories.

Lower-Risk MDS Patients: How and
When to Chelate
When to Start Iron Chelation Therapy
Current guidelines (SIE, ELN, NCCN) (2, 28, 29) consider the
following parameters as criteria for the initiation of ICT in
patients with lower-risk MDS:

• Transfusion dependency (with transfusion burden of at least
20 units of packed red cells).

• Ferritin level >1,000 ng/ml.
• Life expectancy >12–24 months.
• When the chosen drug is deferasirox, CrCl has to be >60 ml/

min; the starting dose of deferasirox is usually 7 mg/kg for the
new formulation.

Evidence of oxidative stress due to iron-induced ROS before
the conventional limit of 20 transfused units might lead to review
current indications for early starting ICT providing a better
tolerated lower-dose treatment (for deferasirox, 3.5 mg/kg) for
reducing iron overload and thus ROS overproduction
promptly (1).

Hence, it is under discussion the ideal approach to candidate
patients which might lead to an expansion of the indications for
ICT, including the following:

• Patients with transfusion-dependent MDS (and bone marrow
failure in general), regardless of the International Prognostic
Scoring System (IPSS) risk level, taking into consideration the
presumable life expectancy

• Patients with a transfusion history (even if recently started)
and/or ferritin ≥500 ng/ml, in the absence of hepatocellular
necrosis and/or inflammation
When to Discontinue Iron Chelation Therapy
Although there is currently a divergent opinion on the optimal
duration of ICT, some guidelines (NCCN, ELN) (28, 29)
recommend considering therapy interruption when serum
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ferritin levels are <1,000 ng/ml (whereas in the SmPc for
deferasirox, the threshold value is <500 ng/ml). A consensus
statement issued by the MDS Foundation Working Group in
2008 suggests continuing therapy for the entire duration of
transfusion need (1). With the aim to prevent damage induced
by free toxic iron exposure rather than iron bulk, it might be
useful to consider not only ferritin values but also transferrin
saturation, when considering the possibility of discontinuing the
chelation treatment. Although the threshold value of transferrin
saturation that protects from organ damage is not yet known, the
iron chelation optimal goal should be a normal transferrin
saturation value. Finally, when ferritin levels during deferasirox
therapy goes below 300 µg/L, a temporary discontinuation
should be taken into consideration for a potential toxicity
increase of chelation therapy itself.

Clinical Outcomes and Iron Chelation With
Deferasirox in Lower-Risk MDS
In Table 1 , response to chelation treatment, rate of
discontinuation, and erythroid response observed in the main
studies with DFX in MDS low-risk setting are reported.

Possible Effects of Iron Chelation in Addition to the
Decrease in Iron Overload
In MDS patients, when assessing iron-induced damage, changes
in the dynamic equilibrium between functional iron pool and
deposited iron pool must be considered in addition to tissue
iron concentrations.

This deposition results in exposure to iron, which causes
organ damage mainly to the heart, blood vessels, and bone
marrow, a worsening hematopoiesis, and an enhanced
clonal instability.

In MDS, further clinical outcomes are observed during
chelation treatment with deferasirox, such as the following:

• Overall survival (OS). A number of retrospective studies show
that chelated MDS patients have a better median survival than
those who are not chelated. This finding was subsequently
confirmed by a meta-analysis (eight studies for a total of 1,562
patients), which reported an advantage in terms of survival
greater than 61.2 months (38). Although these observations
may be partly attributed to selected bias, the finding of a
positive effect of ICT on the OS of patients with MDS would
appear to be fairly consistent. In addition, a Canadian
prospective study that collected data from March 2006 to
July 2016 demonstrated the advantage in terms of survival in
patients with MDS receiving ICT independently by
confounding factors such as age, comorbidities, the Revised
International Prognostic Scoring System (R-IPSS), and
treatment with disease-modifying drugs (39). An
improvement in OS for ICT patients was also evidenced in
a propensity-score analysis on transfused lower-risk MDS
subjects in the European MDS Registry (40).
In addition to an increase in OS (133 versus 105 months;
p=0.009), the IRON2 retrospective study reported a
significant increase in cardiac event-free survival (EFS) in
the 146 patients who received ICT (of whom 72% treated with
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deferasirox) compared to those who did not (137 versus 90
months; p=0.004) (41).
Focusing on the clinical outcomes, the results of the
TELESTO randomized, double-blind prospective study,
which evaluated the effects of treatment with deferasirox
versus placebo in patients with low-/int-1-risk MDS have
been reported. The primary endpoint of the study was EFS: of
a total of 225 randomized patients, the group treated with
deferasirox showed a median EFS (time to the first adverse
event, constituted by clinically significant organ toxicity,
including cardiac and hepatic events, evolution to leukemia
or death) that was significantly longer than that observed in
the placebo arm (1,440 vs.1,091 days; risk reduction: 36.4;
p=0.015) (Figure 1). The use of this molecule is therefore
supported in patients with low-/int-1-risk MDS with iron
overload (42).
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• Evolution to acute leukemia. Regarding the risk of evolution to
leukemia, data are still controversial: preclinical models
describe the effect of ICT to reduce genetic instability
induced by the greater production of ROS. Indeed, a
significant reduction in leukemia-free survival (LFS) has
been reported in patients with transfusion-dependent
disease (41, 43). The American US22 registry data on 600
patients with transfusion-dependent low-risk MDS [of whom
263 received ICT, the vast majority with deferasirox (44)]
provided prospective evidence that ICT has a positive effect.
In addition to OS, in this cohort, LFS was also better amongst
patients receiving ICT, with a median time to progression of
40.6 vs 27.3 months.
Similar results were achieved in an observational study on 97
patients with low-/intermediate-risk MDS, with a trend towards
shorter LFS in patients who did not receive ICT: at 30 months,
FIGURE 1 | Event-free survival in the Telesto trial according to treatment arm, and 225 myelodysplastic patients were included, 149 in the deferasirox arm and 76 in
the placebo one (42).
TABLE 1 | Response to chelation treatment, rate of discontinuation, and erythroid response in the main studies with deferasirox in MDS low-risk setting.

N° Pts Dosage
(mg/kg/day)

Ferritin at baseline,
ng/ml (median)

Ferritin at 12th month,
ng/ml (median)

p % stop DFX at
12th month

Erythroid
response (%)

EPIC (30) 341 10–30 2,730 1,904 0.002 48.7 22.6
GIMEMA
MDS0306 (31)

152 10–20 1,966 1,475 <0.0001 55.2 15.5

GERMAN
STUDY (32)

50 20–30 2,447 1,685 0.01 52.0 11.0

US
STUDY (33)

176 20 2,771 2,210 <0.001 47.0 15.0

Hematology
Sapienza (34)

40 10–30 2,878 1,400 <0.001 40.0 10.0

GROM +
Basilicata (35)

118 10–20 1,773 1,300 <0.001 35.0 19.0

GRUPPO
CAMPANO (36)

55 10–30 2,362 683 0.001 NR 29

STUDY
EXTEND (37)

123 10–20 2,679 2,000 0.0002 37.7 NR

STUDY
EXJANGE (37)

44 10–30 2,442 2,077 0.06 29.5 NR
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34% of patients not treated with an iron chelator had progressed
to AML vs 17% of patients receiving iron chelators (45).

• Hematological improvement. In several clinical studies,
including the EPIC (Evaluation of Patients’ Iron Chelation
with Exjade) study, a percentage of patients (10–20%) treated
withdeferasiroxobtainedapositive effectonhematopoiesis,with
erythroid hematological recovery (30–33), as reported in
Table 1. Similar results were also observed in Italian and
international real-world studies. In the data reported by two
Italian regional registries, the Roman Myelodysplasia Group
(GROM) and the Basilicata Registry, including a total of 118
patients with transfusion-dependent MDS treated with
deferasirox, hematologic improvements in the erythroid,
platelet, and neutrophil series were reported in 17.6, 5.9, and
7.1% of cases, respectively (35). In the prospective randomized
TELESTO study, 27/127 patients (22.3%) receiving deferasirox
obtained hematological improvement; however, it is worth
of note that a similar rate of hematological improvement
(14/68 patients, 20.6%) was also observed in the placebo arm
of the study (42). Although several mechanisms have been
postulated, the reduced production of iron-dependent ROS
and inhibition of NFk-B activity would appear to be
particularly relevant factors (Figure 2).
Higher-Risk MDS Patients: How and When
to Chelate
According to prognostic scores such as the IPSS, R-IPSS, and
WHO Prognostic Scoring System (WPSS), patients with “high-
risk” MDS account for 20–30% of the total population.
Historically, life expectancy in this group of patients has been
reported between 1 and 2 years; however, the introduction of
Frontiers in Oncology | www.frontiersin.org 5136
disease-modifying therapies (such as hypomethylating agents)
has led to longer survival and better prognosis (16).

The main causes of death in two-thirds of patients with high-
risk MDS are strongly correlated with cardiac events and
infectious complications (greater risk in transfused patients
than in those who do not receive transfusions), at least partly
due to the impact of iron-induced toxicity (46).

The main limiting factors to start ICT are the short OS of
these patients, the potential higher risk of renal or hepatic
impairment and gastrointestinal bleeding.

The data currently available are constituted by a retrospective
study on 51 patients with transfusion-dependent intermediate-/
high-risk MDS (in 71% azacitidine was co-administered).
Treatment with deferasirox in these patients showed a
significant clinical benefit in terms of decrease in ferritin levels,
liver marker normalization, and (in one case) hematological
improvement, without significant additional toxicity (median
follow-up was 35.3 months, and median OS 37.5 months) (3).
Some registries (US Medicare, SEER) that already reported a
higher incidence of infections in transfused than in non-
transfused MDS patients (45–47) reported data on deferasirox
treatment able to reduce risk of infection in patients more likely
suffering these events for iron toxicity exposure due to
transfusion. Prospective studies evaluating the combination of
azazitidine and deferasirox in HR-MDS are ongoing.

In patients with high-risk MDS, there is also new evidence of
a significant effect in terms of genotoxicity accumulation of IOL-
induced mutations, which might add a biological strong rationale
for the administration of ICT. In vivo evidence also shows that
oxidative stress may contribute to the hypermethylation of
important tumor suppressor genes, suggesting a synergic
action of ICT and treatment with hypomethylating agents (48).
FIGURE 2 | Possible mechanisms in the achievement of hematological improvement during deferasirox treatment.
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The ideal candidates for ICT amongst patients with higher-
risk MDS are those with a longer life expectancy and more
favorable prognostic factors, including

• good general health and age ≤65 years,
• absence of significant comorbidities, and
• patients who are candidates for allogeneic transplantation

and/or treatment with demethylating agents.
When to Start Iron Chelation Therapy and When to
Discontinue Iron Chelation Therapy
The possible parameters for starting ICT in patients with high-
risk MDS are the same as described previously for lower-risk
patients. Decisions regarding the duration of the treatment
should also be based on the same criteria already described.

Efficacy and Safety of Deferasirox in
Patients With MDS: How to Administer
Iron Chelation Therapy
How to Measure the Efficacy of Iron Chelation
Therapy in Terms of the Reduction in Iron Overload
in Patients With MDS
The assessment of the efficacy of the treatment may be based on
two types of parameters:

1. Iron toxicity markers
2. Patient clinical outcome

The biochemical and tissue damage markers that indicate a
reduction in IOL and constitute the parameters for the
administration of deferasirox are

• transferrin saturation,
• serum ferritin,
• aminotransferases (a decrease in aminotransferase with

improvement of liver function has been observed in a
significant proportion of patients with abnormal values at
baseline),

• measurement of labile plasma iron (LPI), where available, and
• T2-weighted MRI (where available).

In the published clinical studies, serum ferritin levels serially
measured throughout the observation period were the main used
parameters (16, 49).

Clinical outcomes that can be directly measured and therefore
compared, alongside cardiac events, infectious complications,
and disease progression, were hematologic response rates, in
terms of trilinear improvement (erythroid, platelet, and
neutrophil compartment). The relationship between these
parameters and the reduction in the markers of IOL was
significant in some cases, but not in all (46).

Any kind of hematologic responses, which was observed in 20%
of patients treated with deferasirox, can be considered an additional
clinical benefit constituting a further reason for continuing ICT, and
its absence does not constitute an indication for discontinuing
treatment and it does not, therefore, represent a criterion for a
therapeutic decision-making.
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How to Monitor the Safety of the Iron Chelation
Therapy
The most important studies in MDS setting reported data on old
formulation deferasirox safety profile, and the most common side
effects were gastrointestinal (GI) ones due to lactose; in particular,
diarrhea, nausea, and abdominal pain could occur. The safety
profile of deferasirox’s new formulation, now available in film-
coated tablets, was studied in ECLIPSE trial: the incidence and type
of adverse events (AEs) for the new formulation are similar to the
previous one (tablets for oral suspension), whereas the incidence of
severe AEs (SAE) is lower (19.5 versus 25.6%), especially for GI
events such as diarrhea, nausea, and vomiting (50). The study also
reports the same similarity also for hepatic and renal safety (the
CrCl values to start treatment remained ≥60 ml/min). Patients
receiving treatment with deferasirox can be subjected to the same
safety monitoring scheme.

Guidance to be Given to Patients on Iron
Chelation Therapy
It is essential to provide patients with clear and complete
information concerning the main aspects of ICT. These
aspects regard

• treatment compliance, which is extremely important for the
efficacy of therapy, as the better treatment compliance
observed amongst patients treated with the new formulation
(92.9 vs. 85.3%) coincided with a greater decrease in ferritin
levels in this group (median: –14% vs. –4.1%) (50); and

• safety management: it is important to instruct patients how to
manage adverse events and eventually refer them promptly to
their physician.

Hence, patient education can improve compliance with ICT
and reduce the complications associated with IOL (51).
IRON CHELATION THERAPY IN
MYELOFIBROSIS AND OTHER CHRONIC
ANEMIAS

Pathogenesis and Clinical Significance of
Anemia in Myelofibrosis
The Pathogenetic Mechanisms of Anemia in
Myelofibrosis
Myelofibrosis (MF) is a rare hematological condition classified in
the group of chronic BCR-ABL1- negative myeloproliferative
neoplasms (MPN) (52), characterized by bone marrow fibrosis
and consequent ineffective hematopoiesis, with the onset of
extramedullary hematopoiesis. The signs and symptoms
characterizing this condition include

- constitutional symptoms (itching, fever, night sweats and
weight loss);

- symptoms associated with splenomegaly;

- symptoms due to anemia (asthenia, dyspnea, palpitations) (53):
huge symptom burden, poorer quality of life, and iron
October 2021 | Volume 11 | Article 752192
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overload associated with transfusion therapy. As bone
marrow fibrosis, anemia increases progressively over time
from 38% of cases with Hb <10 g/dl at diagnosis to 64% 1 year
after diagnosis (54).

Although anemia is caused by bone marrow erythropoietic
tissue fibrotic replacement and by ineffective production and
maturation of red blood cells generated by a compensatory
extramedullary erythropoiesis, these are not the only etiological
factors. Other significant pathogenetic mechanisms causing
anemia are splenic sequestration and hemodilution, resulting
from the increase in plasma volume and abnormal production of
bone marrow cytokines. As a consequence, MF is characterized
by a considerable local and systemic inflammatory state, with a
wide increase of inflammatory bone marrow cytokines, which in
turn affect erythropoiesis in the residual functional areas of
hematopoietic bone marrow. This pro-inflammatory state
includes an increase in circulating hepcidin levels interfering
with iron metabolism as observed in other secondary
anemias (55).

MF patients present specific genetic changes too likely
anemia-related: patients with Calreticulin (CALR) or MPL
thrombopoietin receptor (MPL) gene mutations would appear
to have a lower likelihood of developing anemia than triple-
negative patients (CALR, MPL, and JAK2 wild types), with
underlying unknown mechanisms at this time.

The presence of anemia is a negative variable recognized in all
the scores that stratify MF patient risk from a prognostic
standpoint (56), with a negative impact on life expectancy (by
stratifying patients with primary MF according to the degree of
anemia, we observe median OS values that range from 7.9 years
in patients without anemia to 2.1 years in cases with severe
anemia) (57).

Anemia and thrombocytopenia in patients with MF could
worsen with treatment with ruxolitinib, the first Janus Kinase 1/2
(JAK) inhibitor approved on the basis of the COMFORT and
JUMP study results (58, 59). Ruxolitinib acts directly on the
hyperactivation of the JAK-STAT pathway that underlies the
disease, by selectively inhibiting the JAK-1 and JAK-2 kinases
and suppressing residual bone marrow function (55). The
anemia due to ruxolitinib treatment has not to be considered
as negative prognostic factor, as it is often transient and does not
worsen the patient’s overall outcome, unlike pre-existing anemia.
Most cases of anemia during ruxolitinib therapy appear within
the first 6 months and are Grade 1/2, rarely requiring the
discontinuation of therapy. In general, it is advisable to strictly
monitor patients during the first weeks of therapy when the Hb
levels could decrease rapidly to promptly evaluate the possible
transfusion need, before increasing again in the following
months, and stabilize on average approximately 10% below the
baseline value (60).

The onset of anemia does not reduce the efficacy of ruxolitinib
on splenomegaly and symptoms (58, 61), and consequently
treatment is strongly recommended in anemic patients too.
Similarly, it is not advisable to reduce the dose of ruxolitinib in
patients who develop anemia, as this side effect seems not dose-
dependent: the treatment should be continued at the doses
Frontiers in Oncology | www.frontiersin.org 7138
required to control the disease and established on the basis of
the platelet count.

Therefore, three types of patients can be identified:

• Patients who are not transfusion-dependent at baseline
• Patients who are already transfusion-dependent at baseline

and who usually remain so throughout treatment
• Patients just above the dependency threshold at baseline, who

become transfusion-dependent after therapy (these
borderline patients can be the most difficult to manage, as
they are not used to receiving transfusion support)
Iron Toxicity and Transfusion Need in
Myelofibrosis
The Pathogenic Mechanisms of Oxidative Stress
Iron-Mediated in Myelofibrosis and Organ Toxicity
The main treatment for anemia consists of RBC transfusions:
approximately a quarter of patients with MF are transfusion-
dependent at diagnosis (when dependency is defined as the
administration of >6 units of RBC over a period of 12 weeks
for Hb levels <8.5 g/dl), and many more become so during the
course of their illness (55).

In patients with MF, characterized by a significant pro-
inflammatory state, hepcidin levels are usually higher, with a
consequent unbalance of iron metabolism and showing a
negative prognostic value (62).

Although the vascular effects of free iron species have been
less extensively studied, it has been observed that high circulating
iron levels can worsen the atherosclerotic phenotype, especially
in elderly patients: the macrophages on the vessel wall
accumulate the iron produced by the increased destruction of
red blood cells and abnormal iron homeostasis, with an increase
in the production of ROS and decreased cholesterol outflow. The
resulting oxidative stress promotes the formation of foamy cells,
inflammation, apoptosis, and the deterioration of the
atherosclerotic plaque. Furthermore, the high hepcidin levels
typical of MF contribute to this process by blocking ferroportin
and, therefore, the exportation of iron from plaque (63).

ICT can have a beneficial effect on iron-mediated endothelial
dysfunction, because the binding of the labile cell iron in the
vessel wall may reduce the formation of ROS and the inactivation
of nitric oxide, another consequence of iron-induced toxicity. It
was observed that deferasirox can significantly improve the
dilation of the brachial artery and reduce carotid artery
stiffness in patients with beta-thalassemia (64).

In bone marrow, IOL and the consequent oxidative stress
cause an increase of genetic instability of the hematopoietic cells
and the production of pro-inflammatory cytokines by bone
marrow stromal cells that, in turn, may play a role on bone
marrow failure in patients with MF, as it was reported in MDS
(15). However, iron-induced toxicity and its negative impact on
the hematopoietic microenvironment (65) might have an impact
on the dysregulation of the JAK-STAT pathway itself, which is
able to induce an increase in pro-inflammatory and fibrogenic
cytokines and increased ROS production. In addition, patients
with MF present significant NF-kB pathway activation, which
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induces the production of inflammatory cytokines (IL6, TNFa)
and interacts with the dysregulation of the JAK-STAT pathway
to amplify the oxidative damage (66, 67).

Assessment and Monitoring of Iron-Induced Toxicity
in Patients With Myelofibrosis
As for other conditions ferritin remains the main parameter for
the evaluation of IOL although relatively less reliable in MF, due
to inflammatory state. In these patients, therefore, a more
significant role is played by transferrin saturation (marker of
free iron release, which causes organ damage), and it should be
tested together with ferritin level trends at the onset of
the disease.

The role of imaging techniques (T2-weighted MRI) in
patients with MF is more controversial, due both to the
difficulties in distinguishing between fibrosis-induced organ
damage and iron-induced toxicity and because toxic iron-
induced damage and exposure to ROS may clinically occur
even before iron accumulation will be evident in the
hepatocytes and myocardial cells.

Iron Chelation Therapy and Myelofibrosis:
Iron Chelation Response
Impact of Deferasirox Treatment in Reducing Ferritin
and Inducing Erythroid Response in Transfusion-
Dependent Myelofibrosis
Although the observation of potentially harmful iron-induced
toxicity has suggested the utility of ICT in MF in the
management of anemia, the clinical evidence regarding the use
of iron-chelating agents is still limited. In fact, only single case
reports regarding the use of ICT in MF were available until few
years ago. Recently the results of two Italian multicenter studies
became available with the following results (Table 2):

• 45 patients with primary MF or Post Polycythemia Vera MF
(PPV-MF)/Post Essential Thrombocythemia MF (PET-MF)
treated between 2010 and 2018 in the Lombardy
Hematological Network (IRON-M Study) (68)
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• 48 patients with primary MF or PPV-MF/PET-MF treated by
the Lazio Group (69)

These two studies report the impact of treatment with
deferasirox in terms of induction of iron chelation response
(ICR) and erythroid response. Based on these data, an ICR was
obtained with deferasirox in approximately 30–40% of patients
with MF, whereas complete or partial hematological response
(usually not accompanied by an increase in platelets and
neutrophils) was observed in 20–40% of cases.

The results show that in both studies, patients who obtained
an ICR experienced a progressive reduction in ferritin levels at 6,
12, and 18 months, compared to non-responders (68). As regards
the identification of factors predictive of an ICR to deferasirox, in
the study by Elli et al. (68), patients who obtained efficacious ICR
presented statistically lower ferritin levels at baseline than non-
responders. Similarly, the median number of prior transfusions
and the duration of the history of transfusion dependence were
statistically lower/shorter amongst responders. These data
highlight that an earlier access to iron chelation therapy
constitutes an advantage in terms of efficacious iron chelation.
On the other hand, other than the statistically significant
relationship between the achievement of ICR and the
obtainment of hematological improvement, it was not possible
to identify factors predictive of hematological response (68).

The achievement of ICR, defined both by reduction in ferritin
levels and by prolonged OS, are closely related in patients with
MF treated with deferasirox (69): 2-years OS after the start of
treatment was 100% in patients who responded to the ICT,
compared to 70% in patients who did not experience a reduction
in ferritin levels (68) (95% CI: 46.5–84.8%, p=0.007). In patients
who presented a reduction in ferritin levels, median survival
from the start of therapy with deferasirox was 61.0 months (95%
CI: 18.4–103.6) compared to 15.8 months (95% CI: 5.9–25.6) in
patients who did not respond to the ICT (p=0.001) (69).
Therefore, by reducing the IOL, treatment with deferasirox
seems to provide a significant advantage in terms of the
survival in patients with MF. The rate of leukemia evolution or
TABLE 2 | Iron chelation efficacy and erythroid responses during deferasirox treatment in myelofibrosis patients.

Institution Lombardy Hematological Network (68) (*) Lazio Group (69) (**)

Evaluable patients 41/45 pts 47/48 pts
Median duration of treatment 17.2 months (IR 3–59.5) 27.6 months
Iron chelating response (ICR) Ferritin <1,000 ng/ml or ≥50% decrease of baseline

ferritin: 29.3% (12 pts)
No response: 70.7% (29 pts)

Global response: 41% (19 pts) of which:
• Ferritin <500 ng/ml: 5 pts
• Ferritin <1,000 ng/ml: 11 pts
• ≥50% decrease of baseline ferritin but with ferritin level

>1,000 ng/ml: 3 pts
No response: 59% (28 pts)

Erythroid responses (ER)
• Transfusion independence
• ↑Hb ≥1,5 g/dl or decrease ≥50% of

transfusional rate
• No response

17% (7 pts)
26.9% (11 pts)
56.1% (23 pts)

12,8%
6.4%
80.8%

Median time to ER 2.4 months (IR 1–8.5) 6.3 months (IR 4.3–12.1)
(*) starting dose 750 mg/day (10 mg/kg/day); (**): Starting dose 20 mg/kg in 23 patients, 15 mg/kg in 20 patients, and 10 mg/kg in 5 patients.
IR, interquartile; pts, patients.
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progression disease seems to be lower in ICR group, with a better
2-year leukemia free survival (LFS, p=0.039) (68), but this result
needs to be confirmed in a larger and prospective cohort.

Patients with MF in Whom There is an Indication for
Initiating Iron Chelation Therapy
The data currently available allow us to identify the eligible patient
profile for ICT, for subjects with a life expectancy >6 months:

1. Patients with anemia not treated with ruxolitinib, when they
become transfusion-dependent

2. Patients with transfusion-dependent anemia and significant
symptoms and/or splenomegaly who start treatment with
ruxolitinib, whose IOL is already significant at the start of
therapy and will probably increase after the administration of
ruxolitinib itself, as transfusion needs will increase

3. Transfusion-dependent anemic patients with an indication for
HSCT, who require ICT in preparation for the transplant procedure

On the contrary, in non-anemic MF patients and who
develop transfusion dependency in the early months after
starting of ruxolitinib, the administration of an iron chelator
may not be necessary due to the likelihood of Hb level recovery.

When a Patient With MF Treated With Deferasirox
Must Be Considered a Responder
ICR to deferasirox is usually evaluated by taking into account
ferritin value trends compared to the baseline. In the absence of
standardized response criteria, ferritin levels <1,000 ng/ml or
<500 ng/ml can be considered indicative of the achievement of
ICR, as can a ≥50% decrease in ferritin levels compared to the
baseline, regardless of the final levels.

As mentioned previously, given the inflammatory nature of
the condition, although on the one hand these values are
sufficient for MDS, they would appear to be less conclusive in
patients with MF. Transferrin saturation rate could represent a
more reliable marker of chelation efficacy useful also as markers
of iron toxicity and ROS-induced damage; a threshold of 70%
might be considered for this evaluation.

Safety Profile of Deferasirox in Myelofibrosis
Treatment with deferasirox in patients with MF can be associated with
the onset of extra-hematological adverse events (AEs), which are
primarily constituted by renal impairment: 17.7% (70), hepatic
impairment: 8.9% (68), gastrointestinal symptoms: 11.1–21.4% (68,
69), and skin reactions: 6.7–7.2% (68, 69). Overall, a definitive
discontinuation of ICT secondary to toxicity of grade ≥2 of DFX was
reported in about a quarter of patients. Of note, no difference in term of
number of AEs was seen between ICR and no ICR group; among the
patients achieving ICR, no grade 3–4 toxicity was reported (68).

Therapies for Myelofibrosis and Iron
Chelation
Clinical Evidence Regarding Ruxolitinib-Deferasirox
Combinations
In recent years the advent of the specific JAK-1/JAK-2 inhibitor
ruxolitinib represented the only real innovation in the treatment
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of MF. The use of concomitant therapy with deferasirox in MF
patients treated with ruxolitinib would appear based on a clinical
need and a strong biological rationale (both drugs work
synergically by reducing the oxidative damage in the bone
marrow and interacting with the NF-kB and JAK-STAT
pathways). The limited evidence currently available (70)
suggests that this combination is feasible in terms of
tolerability and efficacious in reducing iron overload.

Iron-Induced Toxicity, Transfusion
Requirements, and Iron Chelation Therapy
in Patients With Aplastic Anemia and
Other Chronic Anemias
Utility of Iron Chelation in Aplastic Anemia
Aplastic anemia (AA), a rare blood disorder, is considered the
paradigm of bone marrow failure (BMF) syndromes. The disease
is caused by an aberrant immune response, which causes the
oligoclonal expansion of cytotoxic T cells, resulting in the
destruction of haemopoietic stem cells (71). Clinically, it
results in different grade pancytopenia (AA classified as
“severe,” “very severe,” or “not severe” depending on bone
marrow cellularity and peripheral cytopenia status).

Current treatment for AA (indicated in cases that are severe,
very severe, or become transfusion-dependent) is based on
allogeneic stem cell transplantation (in eligible patients) and
on immunosuppressive therapy [cyclosporine, anti-thymocyte
globulin (ATG)]. Patients who are not eligible due to old age or
comorbidities and those who do not obtain clinical response can
be managed with supportive care that includes the use of growth
factors, antibiotic treatments, and transfusion therapy (54).

IOL, defined as a ferritin value >1,000 ng/ml, is present in
almost 20% of patients who receive transfusions and in 6% of
non-transfused patients (72). In a post-hoc analysis of the EPIC
study, patients with AA were seen to have had an average of
between 8 and 15 transfusion sessions in the previous year, and
their median ferritin levels were 3,600–3,700 ng/ml (73). Using
imaging techniques (MRI), IOL was observed in the liver in
76.4% of patients (including AA) and in the heart in 19.2% (74).
The presence of an IOL in patients with severe AA reduces the
efficacy of the immunosuppressive therapy and increases the risk
of a relapse, confirming that it is a negative prognostic factor for
the outcome of these patients (75).

Therefore, in AA there is a significant incidence of IOL, and
its negative impact on clinical outcomes constitutes the rationale
for using ICT in this setting. Furthermore, high ferritin levels
might have a negative impact on the response to therapy and on
the risk of toxicity in patients with AA undergoing a HSCT (76).

At the current time, there are no specific standardized criteria
for starting ICT in patients with AA. The serum ferritin
threshold value >1,000 ng/ml can be used as a rule of thumb
(75, 77–80).

The EPIC prospective study evaluated the efficacy and safety
of ICT with deferasirox in 116 patients with AA (74). The
analysis showed that therapy with deferasirox efficaciously
reduced median serum ferritin levels: this efficacy was
associated with the transfusional iron load and the dose of
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deferasirox, with higher doses of medicinal product needed to
reduce the iron load in subjects with a high intake (79).

In patients with AA, as in other blood disorders, IOL is
associated with the observation of hematological response in
patients that became transfusion-independent (73). In an Italian
multicenter prospective study (81), hematological responses
were observed with transfusion independence, associated with
a significant increase in platelets, in a cohort of eight patients
with AA treated with deferasirox in a real-life setting.

Other Types of Anemia in Which Iron Overload
Occurs Regardless of the Transfusion Load
IOL is a common complication in patients with congenital
hemolytic anemias (CHAs), a heterogeneous group of
disorders that include hereditary spherocytosis, G6PD
deficiency, and pyruvate-kinase (PK) deficiency. These patients
can experience an IOL regardless of transfusion therapy due to
the hyperhemolysis caused by the hereditary deficiency, as
demonstrated by MRI evaluation that showed IOL also
reported in patients with ferritin levels <1,000 ng/ml (82). In
patients with PK deficiency who do not have regular
transfusions, a total prevalence of IOL (based on ferritin
values) of 38% was observed, which increases (to 82%) when
MRI is used as the detection technique.

In an analysis conducted on a population of 37 cases of CHAs
(26), the presence of IOL was seen to be common in patients with
congenital hemolytic anemias, especially in those with PK
deficiency and with congenital dyserythropoietic anemia type
II (CDAII), who presented particularly high ferritin and
transferrin saturation levels, even regardless of transfusion
dependency. Moreover, hepatic iron overload (LIC) was
observed in patients with not excessively high ferritin levels
also in this study.

A specific sub-analysis of the EPIC study on a total
population of 57 patients including 23 cases of hemolytic
anemia (of which five cases of PK deficiency, two cases of
congenital erythropoietic protoporphyria, and one patient with
hereditary hemolytic anemia) showed efficacy of deferasirox in
decreasing median serum ferritin levels (−617 ng/ml at 1 year),
confirming the durable response after 1 year of treatment,
regardless of the underlying pathogenic mechanisms (83).
MANAGEMENT OF SIDE EFFECTS AND
COMORBIDITIES

Frailty of Elderly Hematological Oncology
Patients and Comorbidities
When considering a new treatment approach, it is important to
consider the patient age, which is often high, and the likely
presence of comorbidities; the latter must not be seen as a
contraindication for ICT, rather a supplementary factor to be
taken into consideration in order to support its indication. Iron-
mediated toxicity caused by excess free iron can even worsen an
existing dysfunction or result in the emergence of concomitant
subclinical conditions.
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Impact of Iron-Induced Toxicity on
Renal Function
Impaired renal function is closely correlated to the age of the
patient; over 40 years of age, 2/3 of the population present a
progressive decrease in glomerular filtration rate (especially in
males) (84). Changes in renal function are therefore more
common in elderly patients and cardiac, hepatic or metabolic
comorbidities (85).

The concomitant presence of anemia, hypoxia, and iron
overload may impair the kidneys, especially in the tubular
region. Moreover, these factors can cause oxidative stress in
the tubular cells responsible for the resorption of water and
solutes, which have a consistent ATP-dependent metabolic
activity, with consequent histological and functional damage
that, in turn, results in increased urinary excretion of certain
solutes, including albumin, proteins, potassium, uric acid,
calcium, phosphorus and bicarbonate. This excretion inevitably
leads to conditions such as metabolic acidosis, bone changes, and
kidney stones (85–91).

Chelation agents such as deferoxamine and deferasirox are
thought to be responsible for the onset of renal changes and, in a
small percentage of cases, also for severe forms of acute renal
impairment, although the pathogenetic mechanism of this effect
is still unclear. The onset of Fanconi syndrome (generalized
proximal convoluted tubule defect) has also been observed,
associated, not necessarily concomitantly, with polyuria,
proteinuria, hypouricemia, hypopotassemia, hypercalciuria,
hypophosphatemia, metabolic acidosis (caused by decreased
bicarbonate resorption), and bone demineralization (due to the
buffer effect of bone that binds with the acids) (92, 93).

As demonstrated by pivotal clinical studies on the use of
deferasirox (94–96), up to one-third of cases present renal
function changes, most of which are mild and within range of
normality. These changes should not be considered clinically
significant, as they are slight, non-progressive fluctuations in
creatinine levels, with a less than 33% increase compared to the
baseline, reversible (in most cases), and transient. In the
GIMEMA MDS0306 study (31) just one in 15 cases of renal
function changes was grade 3. In most cases, the change in renal
function resolves spontaneously.

IOL leads to kidney injury secondary to oxidative stress.
However, iron constitutes an important co-factor in prostaglandin
synthesis and in the production of ATP in the kidney tubule cells by
the mitochondria (85). This results in decreased sodium and
chlorine resorption localized in the proximal convoluted tubules,
which in turn causes increased resorption of both electrolytes in the
distal portion of the tubules (macula densa) anatomically adjacent
to the glomerulus. This process transmits a vasoconstriction signal
to the afferent arteriole of the glomerulus, triggering a reduction in
glomerular filtration (tubuloglomerular feedback).

The decreased levels of prostaglandins, caused by the lack of
production, induce vasoconstriction on the afferent arteriole that
leads to the impairment of glomerular blood flow. This results in a
reduction in glomerular filtration rate that, together with renal flow,
normalizes when treatment is discontinued, even after 2 years of
treatment (97, 98). When the benefits of the treatment are
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considered to outweigh the risks associated with the increase in
creatinine (which is non-progressive and lower than 33% compared
to the baseline) and/or proteinuria (values lower than 0.5 g/24 h), it
is possible to continue treatment with deferasirox without
dose adjustments.

All patients should then undergo (also with the aid of a
nephrology specialist) renal function laboratory monitoring,
including assessments of glomerular and tubular function.

When changes in renal function in patients with chronic
anemia eligible for ICT are observed, it is necessary to consider
all factors potentially responsible for renal injury as

• anemia;
• IOL;
• viral infections (HBV, HCV, HIV);
• comorbidities (heart and liver disease, diabetes mellitus,

arterial hypertension, dyslipidemia);
• smoking habits; and
• patients, especially elderly ones, who are co-administered

nephrotoxic drugs (non-steroidal analgesics, antibiotics,
proton pump inhibitors, and allopurinol) (99, 100).
How to Monitor Renal Function at the Start of and
During Therapy With Deferasirox
In patients with IOL (regardless of treatment with deferasirox), it
is important to monitor renal function by taking into
consideration factors such as:

• albumin-to-creatinine ratio,
• protein-to-creatinine ratio.

Both tests are simple to perform on the first morning urine
sample of the day, and the results correlate with those over 24 h.

Other important, but less extensively studied, aspects are

• tubular function and
• venous blood gas analysis (to identify states of metabolic acidosis).

Table 3 provides a possible monitoring schedule during
treatment with deferasirox.
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Hepatic Comorbidities and Iron Chelation
The presence of hepatic comorbidities needs to be carefully
considered for appropriate multidisciplinary management: the free
iron can lead to functional changes in liver parenchyma that, if not
appropriately managed, can result in cirrhosis and liver cancer.

Treatment with deferasirox is not recommended in patients with
severe hepatic impairment (Child-Pugh class C), whereas for Child-
Pugh class B patients, who present moderate hepatic impairment,
the dose should be considerably decreased and progressively
increased if needed. However, baseline hypertransaminase should
not be considered an absolute contraindication to start therapy, as it
may be sign of iron-induced toxicity that will be reduced by ICT
(101, 102). For a correct management of hepatic enzymes, it is
important to perform baseline tests and constant monitoring of
AST/ALT, bilirubin and alkaline phosphatase, and of the
transfusion burden (main cause of transaminase elevation, which
conditions the adjustment of the dose of iron chelator). In order to
identify the cause of the liver disease, it is therefore essential to work
closely with a hepatology specialist.

The Role of T2-Weighted MRI in Establishing
the Relationship Between Liver Disease
and Iron Overload
MRI and the transverse relaxation rate (R2*) are non-invasive
methods for a quantitative assessment of the iron content of
almost the whole organ, unlike biopsy. While these methods are
well established in thalassemic patients, the use of MRI in
transfusion-dependent patients is increasing in recent years
(103, 104). This can be limited by the fact that most of
transfusion-dependent patients are elderly ones, in whom the
organ damage may occur even before iron accumulates in liver
and heart cells; this may correlate with higher mortality in this
group of patients (105). A recently published Italian cooperative
study (MIOMED) well demonstrated the fundamental role of
T2*-MRI in detecting IOL: amongst 50 patients affected by low-/
intermediate-1 MDS, 13 showed a hepatic and 13 a cardiac IOL.
The hepatic involvement was significantly conditioned by
transfusion load that, at the contrary, did not influence the
cardiac status. When patients were prospectively evaluated,
TABLE 3 | Optimum renal monitoring schedule.

Tests Baseline First months First 6 months Every 6 months

Nephrology consultation X
General functional markers:
▪ Creatinine X X X X
▪ Urinalysis X X (every week for first month) X X
▪ Cystatin C X X
▪ Urinary protein/creatinine ratio (mg/g) X X (every month for 6 months) X
Markers of glomerular function: X X (every month for 6 months) X
▪ Urinary albumin/creatinine ratio (mg/g) X
Markers of tubular function:
▪ Urinary Beta2-microglobulin/creatinine ratio (mcg/g) X X
▪ Urinary calcium/creatinine ratio (mg/g) X X
▪ Urinary phosphorus/creatinine ratio (mg/g) X X
▪ Urinary NGAL/creatinine ratio (mcg/g) X X
▪ Venous blood gas analysis X X
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after 12 months two (non-chelated) developed hepatic IO and
other two heart damage (106).

Patients on Polytherapy: The Most
Common Pharmacological Interactions
With Deferasirox
The Clinical Role of and Rationale for Plasma
Deferasirox Testing
From a pharmacokinetic standpoint, deferasirox is characterized
by a somewhat reduced volume of distribution, circulation that is
99% bound to serum proteins, especially albumin, metabolism
that occurs largely by UGT1A1-mediated glucuronidation (and
8% in the liver by cytochromes), and fecal elimination (107).

It has been observed (108, 109) that the plasma levels of
deferasirox are closely influenced by different polymorphisms,
such as the levels of enzymes involved in the metabolism of the
medicinal product and of efflux pumps (UTG1A1, CYP1A1,
CYP1A2, CYP2D6, ABCG2), which therefore directly influence
the safety and efficacy profile of the medicinal product. For
example, toxicity in patients with homozygosity for UGT1A1*6
is some 14 times greater than wild-type patients.

Given the number of genes involved, typing is challenging in
clinical practice; this difficulty also regards hepatic transporters like
MRP2, involved in the biliary excretion of the medicinal product,
whose polymorphisms can increase hepatotoxicity seven-fold (108).

One solution could be to test plasma deferasirox levels,
although this approach is not currently used in clinical practice.

Products That May Interact With Deferasirox
For patients with MF and MDS, concomitant use of medicinal
products is an important issue. As mentioned previously, great care
is required when usingmedicinal products such as non-steroidal anti-
inflammatory drugs (NSAIDs) and angiotensin converting enzyme
(ACE) inhibitors, whereas there is no literature evidence available for
other interactions, such as deferasirox + erythropoietin, lenalidomide,
and demethylating agents (azacitidine and decitabine).

In literature, there are comforting data regarding the
synergistic use of deferasirox with other medicinal products:
for example, the use of this treatment with anti-leukemia therapy
would appear to improve its efficacy.

In patients with MDS on treatment with demethylating agents,
which have an epigenetic effect, deferasirox has been reported to be
additive or synergistic with azacitidine and decitabine (an
association that reduces proliferation, increases apoptosis, and
halts the cell cycle in leukemia cell lines and has a more potent
effect than the individual products) (110). Moreover, treatment with
deferasirox results in the upregulation of the HJV gene that encodes
for hemojuvelin, suggesting that deferasirox might play a role in the
demethylation of certain agents together with decitabine (110).

The other therapeutic effects of deferasirox regard the
upregulation of TP53 oncosuppressor gene expression (111) and
reduction in the outflow proteins, such as the P-glycoprotein, the
levels of which are increased by iron through the production of
ROS, which decreases after treatment with deferasirox and increases
the efficacy of chemotherapy agents (112).

Synergistic use of deferasirox and eltrombopag increases the
mobilization of cell iron by the latter, which acts as a shuttle that
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removes the iron present in the tissues and rapidly transfers it to
the former (113, 114).

In patients undergoing HSCT, special attention must be
dedicated to busulfan and specific inhibitors (ibrutinib,
ruxolitinib), as concomitant use with deferasirox can increase
the plasma levels of these agents.
CONCLUSIONS

In patients with MF and MDS, but also with AA and hemolytic
anemias, the prognosis is not merely associated with individual
factors such as age, comorbidities, or underlying condition, but also
with complications associated with the degree of cytopenia present
(severity of anemia, hemorrhages, and infections) and the treatment
that they receive (blood transfusions, allogeneic transplants, etc.). In
these patients, any therapeutic interventions should also face not only
the management of comorbidities but also complications caused by
the evolution of disease and adverse effects of primary treatments.

The excess iron, associated with direct and indirect toxicity on
the various tissues, leads to a worsening in age-related
comorbidities, ultimately resulting in cumulative organ
damage. Iron-induced toxicity also affects the evolution of the
MDS or MF, by increasing cellular genomic instability and
altering the bone marrow stroma through the oxidative stress,
thus favoring progression to acute leukemia (15, 65).

The performance of a multidisciplinary evaluation of patients
treated with deferasirox, at baseline and during follow-up, makes
it possible to improve the therapeutic approach and optimally
manage elderly patients with MF and MDS, consequently
avoiding the need to discontinue specific therapy and reducing
the risk of developing organ damage.
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The high glycolytic activity of multiple myeloma (MM) cells is the rationale for use of
Positron Emission Tomography (PET) with 18F-fluorodeoxyglucose ([18F]FDG) to detect
both bone marrow (BM) and extramedullary disease. However, new tracers are actively
searched because [18F]FDG-PET has some limitations and there is a portion of MM
patients who are negative. Glutamine (Gln) addiction has been recently described as a
typical metabolic feature of MM cells. Yet, the possible exploitation of Gln as a PET tracer
in MM has never been assessed so far and is investigated in this study in preclinical
models. Firstly, we have synthesized enantiopure (2S,4R)-4-fluoroglutamine (4-FGln) and
validated it as a Gln transport analogue in human MM cell lines, comparing its uptake with
that of 3H-labelled Gln. We then radiosynthesized [18F]4-FGln, tested its uptake in two
different in vivo murine MM models, and checked the effect of Bortezomib, a proteasome
inhibitor currently used in the treatment of MM. Both [18F]4-FGln and [18F]FDG clearly
identified the spleen as site of MM cell colonization in C57BL/6 mice, challenged with
syngeneic Vk12598 cells and assessed by PET. NOD.SCID mice, subcutaneously
injected with human MM JJN3 cells, showed high values of both [18F]4-FGln and [18F]
FDG uptake. Bortezomib significantly reduced the uptake of both radiopharmaceuticals in
comparison with vehicle at post treatment PET. However, a reduction of glutaminolytic,
but not of glycolytic, tumor volume was evident in mice showing the highest response to
Bortezomib. Our data indicate that [18F](2S,4R)-4-FGln is a new PET tracer in preclinical
MM models, yielding a rationale to design studies in MM patients.
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INTRODUCTION

Multiple myeloma (MM) is a hematological disease
characterized by the accumulation of malignant plasma cells
(PC) into and, more rarely, outside the bone marrow (BM) (1).
In the last years, 2-deoxy-2-[18F]fluoro-D-glucose positron
emission tomography/computed tomography ([18F]FDG PET/
CT) in MM has attained significant relevance, and it is
considered the cornerstone of MM imaging at the initial
diagnosis as well as in staging, prognostic evaluation, and
monitoring response to therapy (2). Thus, [18F]FDG PET/CT
is currently used to assess active bone lesions and extramedullary
localizations in MM patients (3). However, [18F]FDG uptake
yields both false positive and false negative lesions, and only 60–
70% of patients with active MM are positive for [18F]FDG PET
(4, 5). These data support the need for additional imaging
methods to assess skeletal involvement and monitoring the
effect of treatment. To this purpose, several other PET tracers,
such as choline and methionine, have been proposed (6, 7).

[18F](2S,4R)-4-fluoroglutamine ([18F]4-FGln) has been
recently tested in different types of glutamine (Gln)-dependent
tumors (8–10). MM is a Gln-addicted cancer that strictly relies
on extracellular Gln uptake, and the use of Gln for anaplerosis
has been also confirmed in patients (11, 12). However, [18F]4-
FGln as a PET tracer in MM has not been investigated yet.

Previous studies showed that [18F]4-FGln is taken up by Gln
transporters, including ASCT2, in solid tumors (13). Since we
have already demonstrated that MM cells have increased
expression of several Gln transporters and mainly depend on
ASCT2 for Gln transport (11), we hypothesized that [18F]4-FGln
could be exploited to image MM. In the present study, we firstly
documented that 4-FGln and Gln share the same transporters in
human MM cell lines. Then, we investigated the sensitivity of
[18F]4-FGln in comparison to [18F]FDG for the detection of MM
cells using either a syngeneic murine model or a xenograft model
of MM. Lastly, we explored the use of [18F]4-FGln to monitor the
effects of Bortezomib against MM.
MATERIALS AND METHODS

Chemical Synthesis and Characterization
The synthesis of the four stereoisomers of 4-FGln and their 18F-
labeled counterparts, together with data on the uptake of these
compounds in 9L and SF188-Bcl-xL tumor cells (Gln-addicted
glioblastoma-derived tumor cells), has been previously reported
(14). In that work, the radiolabeled (2S,4R)-configured 4-
fluoroglutamine [18F]4-FGln (18F-1), a fluorinated analogue of
natural L-glutamine, displayed the best uptake properties in
tumor cells as compared to the other stereoisomers.

Based on these precedents, we carried out the stereospecific
synthesis of 4-FGln (1), to be used both for in vitro biological
assays and as a reference compound in radio-HPLC analyses.

The synthesis procedure moved upon the previously reported
footsteps (14), apart from some optimization variants. Thus, as
Frontiers in Oncology | www.frontiersin.org 2149
shown in Supplemental Figure 1, starting from commercially
available 2S-configured protected homoserine 2, the synthesis
path proceeded uneventfully, providing the tosyl product 10 in
29% overall yield. This advanced intermediate was ready for
either the subsequent radiofluorination step to [18F]4-FGln, or its
transformation to “cold” target 1.

Following the reported procedure for fluorination step of 10
to 11, we were able to isolate but low amounts of the desired
product (32% yield instead of the reported 77%). Thus, we
proceeded to slightly modify the procedure by adopting the
following conditions: (i) TASF (5 equiv) and Et3N·(HF)3 (3
equiv) till reaching pH 5; (ii) solution concentration was a
critical parameter and 0.1 M was judged optimal; and (iii) dry
solvents were necessary to avoid C2 epimerization. Under these
conditions, compound 11 was isolated in a very good 86% yield
with complete stereochemical integrity.

Finally, global removal of the acid-sensitive protecting groups
within 11 was carried out by employing trifluoroacetic acid and
dimethyl sulfide, to provide crude fluoroglutamine 1. The
purification procedure of the target compound 1 turned out to
be more troublesome than expected. According to the reported
procedure, a first column purification step using Dowex 50WX8-
200 (H+ form) resin followed by recrystallization from EtOH/
H2O should have provided the final product in a good yield. In
our hands, this method did not furnish any precipitate; after
resin column, the eluted fraction was purified by reverse phase
HPLC (using H2O/TFA 0.1% and acetonitrile as eluent mixture),
giving an unknown fluorinated product whose mass spectrum
(ESI+) coincided with that of the target, but the characterization
data (1H/13C/19F NMR spectra, HPLC retention time), though
similar, did not perfectly matched those reported for the target.
Further attempts of purifications of the crude using the same
acidic resin and avoiding the HPLC analysis gave, again,
unsuccessful results. The 19F-NMR analysis performed directly
on the fraction eluted from the Dowex, without concentrating it,
revealed the presence of several byproducts. Therefore, the
purification procedure was modified, and it was found that
evaporation of the reaction mixture to eliminate TFA and
direct purification via reverse-phase HPLC eluting with H2O
(+0.1% formic acid) and acetonitrile lastly provided the desired
fluoroglutamine 1 (41% yield), which was perfectly consistent
with the reported data (optical activity, 1H/13C/19F NMR spectra,
HPLC retention time, Figures S2 and S3).

It was concluded that the coexistence of many reactive
functional groups (amide, carboxylic acid, amine, fluorine)
within the small molecule, together with the presence of two
stereocenters, renders the purification of this molecule highly
challenging, and particular caution to both basic and acidic
conditions has to be paid. We may hypothesize that the use of
the acidic Dowex resin in the last stage and/or the 5% aqueous
ammonia used to elute the product could be responsible for the
undesired formation of less polar, cyclic imide product 12
(Supplemental Figures 1, 4–5), possibly deriving from 1 via
intramolecular dehydration closure. The data collected for the
unknown compound are compatible with the structure of
putative imide 12, while its mass spectrum, coinciding with
October 2021 | Volume 11 | Article 760732
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that of target 1, could be generated by reopening of imide 12
under the mass source conditions.

In conclusion, 4-FGln 1 was obtained in 10% overall yield
over six steps from homoserine 2.

(2S,4S)-tert-Butyl 2-(tert-
Butoxycarbonylamino)-4-Hydroxy-5-Oxo-
5-(2,4,6-Trimethoxybenzylamino)
Pentanoate (9)
The title compound was prepared from compound 8, thiourea
and sodium bicarbonate, according to a reported procedure (1).
The crude reaction mixture containing a 1:1 mixture of two
diastereoisomeric alcohols 9 and 9’ was purified by flash
chromatography on silica gel using CH2Cl2/MeOH as eluent
(gradient from 99:1 to 98.5:1.5). Pure product 9 was isolated in a
44% yield as a white solid.

Rf: 0.5 (EtOAc/hexane 50:50); ½a�25D : −29.8 (c = 1.95, MeOH);
lit. (1) ½a�26D : −28.7 (c = 1.06, MeOH).

1H-NMR: (400 MHz, CDCl3) d 7.27 (bs, J = 5.4 Hz, 1H, NH),
6.13 (s, 2H, Ar-H), 5.47 (d, J = 7.7 Hz, 1H, NHBoc), 4.8 (bs, s, 1H,
OH), 4.55 (dd, J = 13.7, 5.8 Hz, 1H, Ar-CHA), 4.43 (dd, J = 13.7,
5.3 Hz, 1H, Ar-CHB), 4.33 (ddd, J = 11.6, 7.8, 3.1 Hz, 1H, CH-
NHBoc), 4.06 (dd, J = 11.7, 2.4 Hz, 1H, CHOH), 3.83 (s, 9H,
OCH3), 2.14 (ddd, J = 14.0, 12.6, 2.6 Hz, 1H, CH2), 1.99 (ddd, J =
14.0, 11.9, 3.3 Hz, 1H), 1.46 (s, 9H, t-Bu), 1.43 (s, 9H, t-Bu).

13C-NMR: (100 MHz, CDCl3) d 171.8 (C=O), 171.2 (C=O t-
Bu), 160.9 (Cq), 159.4 (Cq), 157.3 (C=O Boc), 106.5 (Cq), 90.5
(CH), 82.8 (Cq Boc), 80.9 (Cq t-Bu), 68.2 (CH), 55.8 (CH3), 55.3
(CH3), 50.8 (CH), 39.1 (CH2), 31.7 (CH2), 28.1 (3C, CH3).

(2S,4R)-tert-Butyl 2-(Tert-
Butoxycarbonylamino)-4-Fluoro-5-Oxo-5-
(2,4,6-Trimethoxybenzylamino)
Pentanoate (11)
To a stirred solution of tris(dimethylamino)sulfonium
difluorotrimethylsilicate (TASF, 160 mg, 0.582 mmol) in dry
DCM/THF (0.7:0.7 ml), under nitrogen atmosphere, Et3N·(HF)3
(6 ml) was added. After that, tosylate 10 (76 mg, 0.116 mmol) in
dry DCM/THF (0.7:0.7 ml) was added to the TASF solution. The
reaction mixture was heated to 50°C and kept under inert
atmosphere. Some of the solvent was removed by a nitrogen
flux in order to have a final volume of 1 ml (final concentration
0.1 M). After 16 h, the oil bath was removed and EtOAc (8 ml)
was added. The organic phase was extracted with NaHCO3

solution (0.5 M) (1×), water (1×), and brine (1×). The organic
phase was dried with MgSO4, filtered and evaporated under
reduced pressure. The residue was purified by silica gel flash
chromatography (EtOAc/Petroleum Ether 20:80 to 30:70) to give
product 11 as a white foam (58.3 mg, 86%).

½a�25D : +1.7 (c = 1.10, MeOH); lit (1): ½a�24D : +1.7 (c =
1.14, MeOH)

1H-NMR: (400 MHz, CDCl3) d (ppm) 6.70 (bs, 1H, NH), 6.13
(s, 2H, ArH), 5.33 (d, J = 7.4 Hz, 1H, NHBoc) 5.01 (ddd, 2JHF =
49.6 Hz, 3JHH = 8.9, 3.3 Hz, 1H, CHF), 4.61 (dd, J = 13.7, 5.9 Hz,
1H, ArCHA) 4.40-4.36 (m, 2H, ArCHB + CH2), 3.82 (s, 9H,
OCH3), 2.52 (dddd, 3JHF = 34.0, JHH = 15.0, 5.3, 3.4 Hz, 1H,
Frontiers in Oncology | www.frontiersin.org 3150
CH2A) 2.22-2.17 (m, 1H, CH2B) 1.46 (s, 9H, t-Bu) 1.44 (s, 9H, t-
Bu). 13C-NMR: (100 MHz, CDCl3) d (ppm) 170.7 (C=O), 168.4
(d, 2JCF = 19.0 Hz), 161.1 (Cq), 159.3 (Cq), 106.1 (Cq), 90.6 (CH),
90.1 (d, 1JCF = 186.2 Hz, CF), 55.7 (CH3), 55.3 (CH3) 35.3 (d,
2JCF =20.1 Hz, CH2), 31.9 (CH2), 28.3 (3C, CH3), 27.9 (3C, CH3).
19F-NMR: (376 MHz, CDCl3) d (ppm) −189.2 (ddd, J = 49.5,
37.0, 19.1 Hz).

(2S,4R)-4-Fluoroglutamine (1)
Protected 4-fluoroglutamine 11 (0.104 g, 0.208 mmol) was put in
a two-neck flask, kept under N2 atmosphere and cooled at 0°C
with an ice bath. Dimethylsulfide was added (53 ml, 0.726 mmol),
and immediately after TFA was added dropwise (5 ml, 3.53
mmol). The reaction was then removed by the ice bath and kept
under stirring for 2.5 h at room temperature. TFA was
evaporated, and the crude was washed with DCM (2 × 1 ml)
and Et2O (2 × 1 ml) removing the solvent with a Pasteur pipette.
The crude was purified by a HPLC-RP ([C18-10 mm column,
21.2 × 250 mm); solvent A H2O (0.1% v/v formic acid); solvent B:
ACN; flow rate 8.0 ml/min; detection 210 nm] using the
following gradient elution: 0–1 min 0% B, 1–14 min 0–30% B,
14–23 min 30 B, 23–29 min 30–0% B (Rt = 11.4 min), obtaining
the product 4-F-Gln 1 as a white solid (14 mg, 41%).

½a�25D : +45.8 (c = 0.15, H2O); lit (1): ½a�24D : +46.2 (c =
0.16, H2O)

1H-NMR: (400 MHz, D2O) d (ppm) 5.25 (ddd, 2JH-F = 48.9 Hz,
JH-H=10.2, 2.9Hz,1H,CHF), 3.94 (dd, J=6.4, 6.4Hz,1H,CHNH2),
2.56 (dddd, 3JH-F = 37.6Hz,

3JH-H= 15.6, 6.0, 3.0Hz, 1H,CHA), 2.33
(dddd, 3JH-F = 15.8 Hz, JH-H = 15.8, 10.3, 7.1 Hz, 1H, CHB).

13C-
NMR: (75MHz, CD3OD) d (ppm) 174.8 (d, 2JC-F = 20.0 Hz), 174.2
(C=O), 90.1 (d, 1JC-F = 183 Hz, CF), 53.1 (CH), 34.4 (d, 2JC-F = 20.0
Hz,CH2).

19F-NMR: (376MHz,D2O)d (ppm) -188.1 (ddd, J=48.9,
37.6, 15.8 Hz). MS (ESI+) = 165.06 (M+H)+.

In Vitro Characterization of Glutamine and
4-FGln Transport
The human MM cell lines (HMCLs) RPMI8226 and JJN3 were
purchased from Leibniz Institute Deutsche Sammlung von
Mikroorganismen und Zellkulturen GmbH (Braunschweig,
Germany). Cells were seeded in 24-well multidish plates
(Falcon, Becton Dickinson Biosciences, Franklin Lakes, NJ,
USA) at 750×103 cells/well 48 h before performing [3H]-Gln
(L-(3,4-3H(N))-Gln, PerkinElmer, Groningen, Netherlands), and
4-FGln uptake. Cells were rinsed with Earle’s Balanced Salt
Solution (EBSS, NaCl 117 mM, TrisHCl 26 mM; KCl 5.3 mM,
CaCl2 1.8 mM, MgSO4·7H2O 0.81 mM, choline phosphate 0.9
mM, glucose 5.5 mM, supplemented with 0.02% Phenol Red,
adjusted at pH 7.4).

For the kinetic analysis of 4-FGln and Gln inhibition on Gln
transport, cells were incubated for 30 s at pH 7.4 in EBSS in the
presence of [3H]-Gln (2 mCi/ml, 0.1 mM) and of increasing
concentrations (0.05, 0.25, 1, 5, or 10 mM) of 4-FGln or Gln. At
the end of the uptake, cells were rapidly washed with ice-cold
urea (300 mM), to block amino acid trans-membrane fluxes, and
extracted with absolute ethanol. Extracts were mixed with 200 ml
of scintillation fluid and counted with a scintillation
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spectrometer (Microbeta2, PerkinElmer, Milan, Italy). [3H]-Gln
influx data, obtained at the different concentrations of the
inhibitors, were fit to the equation for competitive inhibition:

v = v0 −
Imax · ½4 − FG ln�
½I�0:5 + ½4 − FG ln�

For the discrimination of the transporters involved in 4-FGln
uptake, cells were incubated for 1 min at pH 7.4 in EBSS in the
presence of [3H]-Gln (10 mCi/ml, 0.1 mM) or 4-FGln (0.1 mM),
and the influx was measured in the absence or in the presence of
a-methylaminoisobutyric acid (MeAIB, 5 mM), L-threonine
(Thr, 5 mM), or 2-aminobicyclo[2.2.1]heptane-2-carboxylic
acid (BCH, 5 mM), as specific or preferential competitive
inhibitors of SNAT1/2, ASCT2, or LAT1 transporters,
respectively (11). At the end of the uptake, cells were rapidly
washed with ice-cold urea (300 mM), and the intracellular amino
acid content was extracted with 100 ml of cold absolute ethanol.
For cells incubated with radiolabeled Gln, extracts were mixed
with 200 ml of scintillation fluid and counted as described above,
while the intracellular content of 4-FGln was quantified by high
performance liquid chromatography coupled to tandem mass
spectrometry (HPLC-MS/MS, see below). For both Gln and 4-
FGln, influx data are expressed as pmol/mg prot/min.

Quantification of 4-FGln
Intracellular Content
An Accela HPLC system (Thermo, USA) coupled to a TSQ
Quantum Access Max Triple Quadrupole mass spectrometer
(Thermo, USA), equipped with a heated electrospray (H-ESI) ion
source, was employed for 4-FGln detection. HPLC separation
occurred by a linear gradient employing a Phenomenex HILIC
Luna column (2.1 × 100 mm; 3 µm particle size; Phenomenex,
USA). Eluent A: 90:10 acetonitrile: HCOONH4 1 mM, pH 3.2;
eluent B: 50:40:10 acetonitrile: water: HCOONH4 1 mM, pH 3.2).
HPLC Gradient was as follows: t=0 min: 90%A; t=0.5 min: 90%A;
t=7 min: 50%A; t=8 min: 90%A; with 8 min reconditioning time.
Total run time: 16min. Flow rate: 0.30ml/min; injection volume: 10
µl. Instrumental parameters were set as follows: ion source voltage:
4,000 V; Capillary temperature: 270°C; sheath gas (N2): 35 psi;
auxiliarygas (N2): 15psi; collisiongas (Ar)pressure: 1.5mtorr.Mass
spectrometer operated in positive ion (ESI+) and in Multiple
Reaction Monitoring (MRM) mode. Tube lens voltages (TL) and
collision energies (CE) for each parent-product ion transition were
optimized by Flow Injection Analysis (FIA). The following
transitions were employed: 4-FGln: m/z = 165.07 [M+H]+! m/z
= 148.08, 102.16, 82.20 (TL: 47 V; CE: 5, 16, 22 eV, respectively;
Internal Standard:N-acetylcysteinem/z = 136.04 [M+H]+!m/z =
119.07, 90.16, 77.15 (TL: 38 V; CE: 5, 13, 16 eV).

Ethanol cell extracts containing 4-FGln were dried by gentle
nitrogen flow and reconstituted inHPLC eluent (90:10 acetonitrile:
HCOONH4 1 mM) immediately before HPLC-MS/MS analysis.
Calibration curves for 4-FGln were built employing seven
calibration standards (CS) in the concentration range 100 nM–10
mM starting from 4-FGln stock solutions in water. Coefficients of
correlations (r2) were > 0.99 for all curves. The specificity of the
method was evaluated by comparison of HPLC-ESI-MS/MS traces
Frontiers in Oncology | www.frontiersin.org 4151
of 4-FGln at the Lower Limit of quantification to those of blank cell
extracts. Xcalibur software version 2.2 (Thermo, USA) was
employed for both data acquisition and processing.

Radiosynthesis of [18F]4-FGln
Radiosynthesis of [18F]4-FGln was obtained as described in
literature (15), adapting the reported procedure to the in-house
modified GE TRACERlab FX Module. [18F]Fluoride was
produced via the 18O(p,n)18F nuclear reaction by irradiation of
[18O]H2O water in a Niobium target (2 ml) using an 18 MeV
cyclotron (18 Twin, IBA RadioPharma Solutions, Louvain-la-
Neuve, Belgium). The radionuclide was transferred from target
in a water bolus by means of helium flow and trapped in a
Chromafix® PS-HCO3 cartridge (ABX, Radeberg, Germany) to
separate [18O]H2O. [

18F]Fluoride was eluted with 1 ml of 18-
crown-6 in methanol (8 mg/ml) and 0.18 ml of KHCO3 in water
(8 mg/ml). Solvents were evaporated by heating to 75°C under
reduced pressure. After azeotropic distillation, the precursor tert-
butyl-(2S,4S)-2-[(tert-butoxycarbonyl)amino]-5-oxo-4-
tosyloxy-5-[(2,4,6-trimethoxybenzyl)amino] pentanoate [Tosyl
Precursor, compound 10, Supplementary Figure 1 (3.5 mg)],
dissolved in 0.6 ml of acetonitrile, was added to the dried residue
in the reaction vessel. The reaction mixture was heated at 70°C
for 15 min without stirring. After quenching by addition of 0.6
ml of water and dilution with 3.5 ml of HPLC solvents (MeOH/
H2O 75:25+0.1% HCOOH), the reaction mixture was injected in
a semipreparative C18 HPLC column (Luna, Phenomenex) for
separation of the radiolabeled intermediate (retention time: 18
min) from unreacted [18F]Fluoride and other by-products. The
intermediate peak was collected in the round bottom flask
containing 20 ml of water and loaded on an Oasis HLB
cartridge (Waters SPA, Milan, Italy). After washing with water,
product was eluted with 1.2 ml of ethanol into the second
reaction vessel. The evaporation of the solvent was followed by
the addition to the dried residue of 1 ml of trifluoroacetic acid
(TFA) containing 20 µl of anisole. Hydrolysis was achieved by
heating at 60°C for 5 min, and excess TFA and volatile impurities
were removed by evaporation. Radiolabeled product was
dissolved in 10 ml of Phosphate Buffered Saline (PBS) and
finally recovered in a sterile vial.

Quality Controls of [18F]4-FGln
and Stability
Chiral analytical HPLC column Chirex 3126 (Phenomenex, CA,
USA) was employed for determination of radiochemical and
enantiomeric purity. [18F]4-FGln was eluted at 6.5–7.0 min with
CuSO4 1 mM at 1 ml/min. pH was measured with indicator strips.
The residual anisole in thefinal solutionwasquantifiedbyanalytical
C18 HPLC (Luna, Phenomenex), mobile phase MeOH: H2O = 75:
25 + 0.1% HCOOH, flow rate 1 ml/min, l = 269 nm. The
concentration was obtained by fitting to a calibration curve of
standard anisole solution. TFA content was obtained by analytical
C18 HPLC (Luna, Phenomenex), mobile phase 4.5 mM TBAOH:
MeOH= 60: 40 pH 3, flow rate 1ml/min, l = 200 nmby fitting to a
calibration curve of standard TFA solution. Residual ethanol
content was quantified by GC by fitting to a calibration curve of
standard ethanol solution.
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In-vial stability of [18F]4-FGln was evaluated at different time
points (1 h, 2 h, 3 h) by chiral HPLC analysis and
pH measurements.

Animal Models and Treatments
Mice were maintained under specific pathogen-free conditions
(SPF) in the San Raffaele Scientific Institute facility. Experiments
were performed according to national rules and authorized by
the Italian Ministry of Health (n. 34/2018-PR).

C57BL/6J mice (6–8 weeks, Charles River Breeding
Laboratories, Calco, Italy) were injected intravenously (i.v.).
with 0.5 × 106 Vk12598 cells in 200 µl of PBS. Mice were
monitored weekly for M-spike and MM progression by retro-
orbital bleeding. At weeks 3, 4, and 5, mice underwent PET with
[18F]FDG and [18F]4-FGln on consecutive days.

For xenograft experiments, female NOD.SCID mice (4–6
weeks, Charles River Breeding Laboratories, Calco, Italy) were
subcutaneously injected with 5 × 106 JJN3 HMCL in 100 µl of
PBS. Tumors were measured twice a week with caliper, and
tumor volume was calculated as (a × b2)/2; a: long side, b: short
side. For evaluation of tracer biodistribution, 6 and 12 days after
cell inoculation seven mice underwent PET scans with [18F]FDG
and [18F]4-FGln in consecutive days. An additional group of
mice was randomly assigned to two groups: vehicle- (n = 8) and
Bortezomib-treated (n = 7). Bortezomib (1 mg/kg) was
administered by intravenous injections on d1 and d4. Before
(d-1 and d0) and after treatment (d5 and d6), animals underwent
PET with [18F]FDG and [18F]4-FGln and sacrificed on d7.
Efficacy was determined according to the adapted RECIST
score (16). This index was defined as Tumor Volume Response
(TVR) and calculated as the percentage change in median tumor
volume measured by caliper at the end of treatment over the
median tumor volume before treatment. Treatment response was
defined as Partial Response (PR) (TVR > −30%); Stable Disease
(SD) (TVR < −30% and < +20%), and Progressive Disease (PD),
(TVR > +20%). In this study, PR and SD mice were grouped
as responders.

PET Acquisition
PET studies were performed on a YAP-(S)-PET II (ISE S.r.l.,
Pisa, Italy) (17). [18F]FDG is routinely prepared in our facility for
clinical use (European Pharmacopoeia X Edition), whereas [18F]
4-FGln preparation was described above. [18F]FDG (4.32 ± 0.23
MBq) and [18F]4-FGln (4.46 ± 0.41 MBq) were injected in a tail
vein of fasted mice (>6 h). Dynamic [18F]FDG acquisitions
started at 60 min post injection and lasted 30 min (six scans of
5 min each) (18, 19). Mice were positioned prone on a “hand-
made” mold on the PET bed to maintain the position with the
tumor centered in field of view. For [18F]4-FGln pilot study, mice
(n = 3) underwent a 90-min dynamic acquisition (frames: 4 of
2.5 min, 4 of 5 min, 6 of 10 min each) to determine the optimal
imaging time for uptake measures. In the subsequent studies,
dynamic PET acquisitions started at 15 min lasting 30 min (six
scans of 5 min each). Mice were positioned with the tumor
centered in field of view (20) and anesthetized (isoflurane 2%)
during acquisition.
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Images Quantification
All images were calibrated with a dedicated phantom, corrected
for the radionuclide half-life decay, and then quantified with
PMOD 3.2 (Zurich, Switzerland). To set acquisition time and
verify reversibility of [18F]4-FGln (21), we applied the simplified
Logan analyses using muscle as input function (21, 22) to three
JJN3 mice. Regions of interest (ROIs) were drawn on tumor and
thorax muscle and data expressed as %ID/g to obtain time-
activity curves (TACs) of [18F]4-FGln. TACs of T/B revealed a
time window of 15 to 60 min after injection when the T/B
reached stable values. For comparison studies, images were
processed as previously described (20), and maximum tumor
to muscle ratios (Tmax/M), standardized uptake value (SUV),
volume of radioactivity uptake ([18F]FDG and [18F]4-FGln
metabolic tumor volume), total lesion glycolysis (TLG), and
total lesion glutaminolysis (TLGln) were calculated. To this
aim, PET images were thresholded, as previously validated and
described by Krak et al., to create masks for the automatic
extraction of the volume of tracer distribution (23). Using
Region of Interest (ROI), we first calculated maximum
radioligands concentration in tumor (MBq/g) (upper threshold
value) and mean radioligands distribution in background (thorax
muscle, MBq/g, ROI dimension 0.022 cm3) (background value).
Then, lower threshold was calculated as the halfway value
between upper threshold value and background value. This
method allowed to automatically extract the metabolic tumor
volume (cm3) within of the threshold values and the maximum
and mean uptake of the tumor. Thanks to the positioning in the
mold, [18F]4-FGln images were co-registered with [18F]FDG
images using PMOD 3.2 and subsequently [18F]4-FGln mask
of metabolic volume was co-registered to that of [18F]FDG and
overlapped, so that exclusive radiotracer uptake regions were
identified. The profile of backbone visible both with [18F]FDG,
and [18F]4-FGln was used as anatomic landmark and co-
registration quality judged and confirmed by an expert in the
field (S.V.). For syngeneic model, ROIs were manually drawn on
spleen, thorax muscle (0.02 cm3), and femur (0.02 cm3), and
Tmax/M and SUV were calculated.

Murine Serum Protein Electrophoresis
Blood was collected in Eppendorf by retro-orbital sampling.
Semiautomated electrophoresis was performed on the
Hydrasys instrument (Sebia, Lissex, France). According to the
manufacturer’s instructions, 10 ml of undiluted serum were
manually applied to the Hydragel agarose gels (Sebia). The
subsequent steps, electrophoresis (pH 9.2, 20 W constant
current at 20°C), drying, amidoblack staining, de-staining, and
final drying, were carried out automatically. The use of Hydrasys
densitometer and Phoresis software (Sebia) for scanning
resulting profiles provided accurate relative concentrations
(percentage) of individual protein zones. M-spike levels were
calculated as total gamma globulins/albumin ratio (G/A).

Western Blot of ASCT2 in Murine MM
BM samples of either Vk12598-injected or non-injected C57BL/
6J mice were lysed in RIPA buffer (Cell Signaling Technology).
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Immunoblotting was performed as previously described (11).
Anti-ASCT2 (rabbit, polyclonal, 1:1,000, Cell Signaling
Technology) and anti-b-tubulin (mouse, polyclonal, 1:1,000,
Sigma) were used as primary antibodies.

Statistics
In vivo data are presented as means ± standard deviation (SD).
All statistical analyses were performed using Prism 8 (GraphPad
Software, Inc., USA). Statistics are detailed in figure legends.
Differences were considered significant when p < 0.05.
RESULTS

Chemical and Radiochemical Syntheses
Based on previously reported procedures (14), we carried out the
stereospecific synthesis of 4-FGln (Supplementary Figures 1–5)
to be used both for in vitro biological assays and as a reference
compound in radio-HPLC analyses. This section as well as
radiolabeling have been extensively described in Methods. For
radiochemical synthesis, 2.5 ± 1.4 GBq of [18F]4-FGln were
obtained in about 100 min by automated synthesis [see above,
(2S,4R)-4-Floroglutamine (1)]. Radiochemical yield was 12.3 ±
5.4% n.d.c (n=16). Radiochemical purity was 98.9 ± 0.9%, and
stereochemical purity was 95 ± 3.5%. The pH of the solution was
6.9–7. Residual solvents are below the admitted limit (Anisole
0.3 ± 0.1 mg/ml, TFA 78.6 ± 60 mg/ml, Ethanol 2.5 ± 0.4 mg/ml).

Characterization of 4-FGln Uptake
Gln and 4-FGln were rapidly accumulated in either RPMI8226 or
JJN3 HMCLs, reaching a maximum at 5 min of incubation
(Figure 1A). 4-FGln accumulation remained fairly stable up to 60
min, while showed a partial decrease at 120 min (Figure 1B). To
verify if 4-FGln entersMMcells through the same transporters used
by Gln, radiolabeled Gln uptake was performed in the presence of
increasing doses of either 4-FGln orGln inRPMI8226. As shown in
Figure 1C, 4-FGln inhibited [3H]-Gln with a potency comparable
to that of the natural amino acid (4-FGln [I]0.5 = 143 ± 35 µM;Gln
[I]0.5 = 193 ± 33 µM). The maximal inhibition was around 70% of
the total control uptake for both Gln and 4-FGln. Then, the 1-min
influx of 4-FGln (0.1 mM) and [3H]-Gln (0.1 mM, 2 µCi/mL) was
determined in the presence ofMeAIB, a specific substrate of System
Acarriers, Thr, a preferential substrate of theASCT2 transporter, or
BCH, a substrate of System L transporters. Although determined
with different analytical techniques, the uninhibited uptakes of Gln
and 4-FGln were fairly comparable (Figures 1D–E). Moreover, all
the inhibitors tested were able to hinder both 4-FGln and Gln
uptake, with Thr showing the highest and MeAIB the lowest
inhibitory activity (Figures 1D–E). BCH inhibited more 4-FGln
than Gln uptake, suggesting that 4-FGln exploits sodium-
independent system L transporters more than the natural
amino acid.

Tumor and Muscle Time Activity Curves of
[18F]4-FGln
Firstly, we characterized [18F]4-FGln kinetics in vivo using the
NOD.SCID JJN3 xenograft model (Figure 2). Figure 2A shows
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JJN3 tumor and muscle TACs. In tumor, [18F]4-FGln uptake
peaked at 25 min slowly declining thereafter (Figure 2B). The
Logan plot (Figure 2C) confirmed linearity starting at 15 min
from injection, consistent with largely reversible tracer exchange
(21). The R2 value for the fits of data from JJN3-grafted mice was
0.9989. For this reason, acquisition time was set between 15 and
45 min p.i. for subsequent studies.

In Vivo [18F]4-FGln and [18F]FDG
Distribution in MM Models
[18F]4-FGln and [18F]FDG were compared in two MMmodels: a
syngeneic model (murine Vk12598 cells) and a xenograft model
(JJN3 cells).

Upon injection into C57BL/6 mice, Vk12598 cells colonize
the BM, without lytic lesions, and the spleen, generating an
aggressive MM (24). The expression of the glutamine transporter
ASCT2 was checked in the BM (femur) of Vk12598 MM bearing
mice. As shown in Figure 3A, the expression of the transporter
increased along with MM progression, monitored with M-spike
in blood samples collected at weeks 3, 4, and 5 after cell injection
(Figure 3B) (25). Uptake of both tracers was measurable in the
spleen of MM mice by week 3, reached a peak at week 4 [[18F]4-
FGln (T/M: 2.51 ± 0.69); [18F]FDG (T/M: 5.73 ± 3.26)] and
declined thereafter (Figures 3C–E). At the 4th week, T/M values
of [18F]FDG were definitely higher than that of [18F]4-FGln. We
performed also a quantification of the femur uptake. Healthy
mice displayed a similar uptake of both radiotracers, whereas at
the 4th week we observed a significant increase of [18F]4-FGln
uptake. The uptake of [18F]FDG was more heterogeneous
(Figures 3F, G).

In the JJN3 cells model, mice underwent a first scan at the
tumor size of 72.8 ± 35.95 mm3, displaying both [18F]4-FGln (T/
M: 1.6 ± 0.1) and [18F]FDG (T/M: 3.5 ± 1.1) uptake. Tumor
volume (896.8 ± 349.00 mm3), [18F]4-FGln uptake, and [18F]
FDG uptake (T/M: 2.3 ± 0.3 and 7.1 ± 2.6, respectively) increased
after 1 week (Figures 4A, B). In any case, [18F]FDG displayed a
higher uptake than [18F]4-FGln. Similar results were obtained
considering SUVmax (Figure 4C).

In Vivo [18F]4-FGln and [18F]FDG Displayed
Different Response After Bortezomib
Administration in Mice
Administration of Bortezomib to JJN3-challenged mice caused a
dramatic reduction in tumor growth when compared to vehicle-
treated MMmice (172.0 ± 86.6 vs 687.9 ± 286.5 mm3; p = 0.0006)
(Figure 5A). In vehicle-treated mice at day 6, PET demonstrated
only a positive, not significant trend of [18F]4-FGln uptake (T/M
pre: 1.86 ± 0.48, post: 2.08 ± 0.59; p > 0.05), but a significant
increase of [18F]4-FGln-derived tumor volume (pre: 0.024 ±
0.016 cm3, post: 0.105 ± 0.069 cm3; p = 0.016) and total lesion
glutamine (pre: 0.021 ± 0.016, post: 0.092 ± 0.061; p = 0.016)
(Figures 5B–D). In parallel, we observed a significant increase of
[18F]FDG uptake (pre: 2.66 ± 0.78, post: 6.58 ± 2.08; p = 0.0078),
[18F]FDG-derived tumor volume (pre: 0.026 ± 0.010 cm3, post:
0.144 ± 0.061 cm3; p = 0.008) and TLG (pre: 0.017 ± 0.007, post:
0.208 ± 0.114; p = 0.008) (Figures 5E–G). In Bortezomib-treated
animals, we did not observe any increase of [18F]4-FGln uptake
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(T/M), [18F]4-FGln metabolic tumor volume, and TLGln after
treatment (Figures 5B–D). In addition, SUVmax values
highlighted a significant reduction of [18F]4-FGln (Figure 5H).
On the contrary, using [18F]FDG we observed a significant
increase of the radiotracer tumor volume (pre: 0.02 ± 0.006
cm3, post: 0.06 ± 0.04 cm3; p = 0.016), TLG (pre: 0.01 ± 0.005,
post: 0.05 ± 0.03; p = 0.016) (Figures 5F, G), and also SUVmax
(pre: 0.79 ± 0.14, post: 1.19 ± 0.24; p = 0.016) (Figure 5I). For
both radiotracers and for all the considered parameters,
Bortezomib-treated mice displayed significant lower values
than vehicle-treated mice (Figures 5B–G).

To verify if metabolic modifications were related with tumor
response, mice in the Bortezomib-treated group were classified as
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responders and non-responders based upon the adapted RECIST
score (Figure6A).ThreeBortezomib-treatedmicewere classifiedas
responders (#7G, #10G, #5G). These mice displayed a reduction of
[18F]4-FGln T/M ratio, [18F]4-FGln-related tumor volume, and
TLGln (Figure 6B). On the contrary, independently from the
response, all mice displayed increased [18F]FDG parameters
(Figure 6C). These results indicate that [18F]4-FGln better
highlights MM response to Bortezomib than [18F]FDG.

The quantitative volumetric analysis of exclusive areas of [18F]
FDGand [18F]4-FGln uptake, as well as of regions of tracer overlap,
wasperformed (Figures 7A,B).This strategywas applied toanalyze
in vivo, in the same animals, the modification in the volume of
distribution of the two radiotracers and the presence of regional
A

B

D E

C

FIGURE 1 | Gln and F-Gln accumulation and uptake in MM cells. (A) RPMI8226 and JJN3 cells were incubated in EBSS containing L-[3,4-3H(N)]-Gln (0.1 mM, 2
µCi/ml, 3H-Gln) or 4-FGln (0.1 mM) for 5 min. Means ± SD of two experiments with five independent determinations each are shown. (B) RPMI8226 cells were
incubated in EBSS containing 4-FGln (0.1 mM) for 5, 15, 30, 60, and 120 min. Means ± SD of two experiments with five independent determinations each are
shown. (C) RPMI8226 cells were incubated for 30 s in EBSS containing L-[3,4-3H(N)]-Gln (0.1 mM, 2 µCi/ml) in the presence of increasing doses (0.050, 0.25, 1, 5,
or 10 mM) of cold 4-FGln or Gln. Means ± SD of two experiments with five independent determinations each are shown. (D–E) 1-min 4-FGln (D) or Gln (E) uptake in
RPMI8226 cells in the presence of the indicated inhibitors, used at 5 mM. Means ± SD of two experiments with five independent determinations each are shown.
*p < 0.05, **p < 0.01, ***p < 0.001. as assessed with a two-tailed t test.
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treatment-related differences in metabolism. Overlapping regions
showed the part of the tumor with cells that are both glycolytic and
glutaminolytic, while in the other regions one of the two types of
metabolism is prevalent. The total metabolic tumor volume (the
sum of [18F]FDG and [18F]4-FGln) increased in all groups
(Figure 7D). The tracer overlap increased from 32 to 43% after 6
days in control and from 26 to 45% in non-responder mice. On the
contrary, the area of tracer overlap decreased at about 9% in
responder mice. After 6 days, the area of exclusive [18F]4-FGln
and [18F]FDG uptake of vehicle-treated and non-responder mice
remained fairly stable. Conversely, the area of relative exclusive
uptake of [18F]4-FGln significantly decreased at 9% (p = 0.04) in
responders compared to 32% in non-responders, while that of [18F]
FDG uptake significantly increased at 82% (p = 0.04) compared to
23% in non-responders (Figures 7B, C).
DISCUSSION

Currently, [18F]FDG is the standard tracer for the PET/CT scan
in MM patients, and the role of this imaging is well established
for checking skeletal involvement and extramedullary disease.
Recently, the prognostic role of [18F]FDG has been further
highlighted (2, 26, 27). However, [18F]FDG in CT/PET scans
may have some limitations due to the presence of MM patients
negative but with the presence of the disease. Moreover, [18F]
FDG carries its own limitations as a radiopharmaceutical,
including a rather poor sensitivity for the detection of diffuse
bone marrow infiltration, a relatively low specificity, and the lack
Frontiers in Oncology | www.frontiersin.org 8155
of widely applied, established criteria for image interpretation (4,
5). Overall, this evidence have led to the development of
alternative PET tracers, such as choline and methionine (6,
28), with promising results regarding MM detection. Other
tracers are under evaluation (29).

Growing evidence suggests the possible use of [18F]4-FGln as
a new tracer in cancer patients taking advantage by the Gln-
dependent metabolic profile of several tumors. Some preclinical
and clinical studies have been published on in vivo testing of
[18F]4-FGln (8, 9, 21, 30–32), supporting its possible use as
imaging biomarker. Moreover, [18F]4-FGln could be used to
study the metabolic profile and the Gln addiction of MM cells in
order to design a metabolic-based therapeutic approach.

Recently, we have demonstrated that MM cells are strictly Gln
addicted and lack of a sizable expression of the enzyme Glutamine
Synthetase (11). Therefore,MM cells only rely on extracellular Gln.
Consequently, MM cells are endowed with fast Gln uptake due to
high expression of at least three different types of Gln transporters
and, inparticular, of the sodium-dependent carrierASCT2,which is
overexpressed in several types of Gln-dependent cancers (33).
Moreover, we have also recently shown that the massive Gln
uptake by MM cells decreases Gln concentration in the tumor
microenvironment, contributing to the bone remodeling process
induced byMMcells (34). Overall, this evidence provides a rational
basis to exploit Gln metabolism in the design of a PET tracer for
MM diagnosis and patient stratification.

Here, the possible role of [18F]4-FGln as radiotracer for
imaging in MM has been evaluated either in vitro or in vivo.
First, we assessed 4-FGln transport in vitro, showing that 4-FGln
A B

C

FIGURE 2 | Kinetic study of [18F]4-FGln. (A) Coronal PET image summed from 15 to 50 min of dynamic scan of a representative JJN3 tumor-bearing mouse
expressed as %ID/g. The white arrow indicates tumor. (B) Time-activity curves of the muscle and tumor of JJN3 tumor-bearing mice (n = 3). (C) Logan graphical
analysis of TACs of JJN3 tumor-bearing mice. Data points used for the graphical fits are denoted in black, and unused data points are gray.
October 2021 | Volume 11 | Article 760732

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Valtorta et al. [18F](2S,4R)-4-Fluoroglutamine in Myeloma
is a reliable Gln transport analogue in human MM cell lines, with
a potency as an inhibitor of Gln even larger than the natural
amino acid. More importantly, most of the uptake of 4-FGln by
MM cells occurs through the ASCT2 transporter, the same
carrier exploited preferentially by Gln.

Applicability of [18F]4-FGln to in vivo studies was confirmed
in two models: the well-established syngeneic model, based on
Frontiers in Oncology | www.frontiersin.org 9156
the inoculation of murine MM cells Vk12598 and extensively
used to provide the rationale for novel therapeutic intervention
(24, 25, 35), and a xenograft model based on human JJN3 cells.
Our data suggest that in Vk12598 model both [18F]4-FGln and
[18F]FDG can be used to follow disease progression, as indicated
by M-spike measurement, in sites of extramedullary disease,
despite higher uptake of [18F]FDG in extramedullary lesion in
A

B

D E F G

C

FIGURE 3 | Radiotracers distribution in a syngeneic MM model. (A) ASCT2 expression in the bone marrow (femurs) of control (lanes 1–5) and Vk12598 injected
mice 5 weeks after injection (lanes 5–10). Numbers indicate the M-spike level at the time of the analysis. (B) Representative serum protein electrophoresis gel (left)
and tumor growth curves represented as total gamma/albumin ratio (right) of mice from 1 to 5 measured at 3, 4, and 5 weeks after Vk12598 injection.
(C) Representative maximum intensity projection (MIP) images of from [18F]FDG and [18F]4-FGln of a healthy mouse and at III, IV, and V weeks from the injection of
Vk12598 cells. The red arrows indicate the spleen. (D, E) Quantitative analysis of radiotracers uptake expressed as T/M in the spleen. Differences intragroups were
tested for significance using paired t test. *p = 0.03; #p = 0.04. (F, G) Quantitative analysis of radiotracers uptake expressed as T/M in the femur. Differences
intragroups were tested for significance using paired t test. ##p = 0.002.
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comparison with [18F]4-FGln, as shown by ROIs analysis. MM
can develop disease also in bone marrow, but one possible limit
of [18F]4-FGln for the detection of medullary disease is the high
Frontiers in Oncology | www.frontiersin.org 10157
uptake found in the bone after 60 min from injection (36). In
our study, with the signal acquired between 15 and 45 min,
bone signal was not evident. To better understand this issue, we
analyzed femur uptake in the syngeneic model. We performed a
quantification of uptake in femur of the syngeneic mice where
bone signal could be increased also by the presence of myeloma.
We did not observe any significant difference between the two
radiotracers when myeloma was not present (healthy
condition). However, at the 4th week we observed a
significant increase of [18F]4-FGln whereas the uptake of
[18F]FDG was more heterogeneous. Unfortunately, due to the
low sensitivity of the PET system used for the acquisition with
our PET system, it is not possible to distinguish the uptake
between bone and bone marrow. Further analyses are needed to
address this issue.

Also the xenograft model demonstrated the capacity of [18F]
4-FGln and [18F]FDG to be taken up by subcutaneous
plasmocytomas. Interestingly, in this model, we observed
minimal radiotracer trapping and largely reversible tracer
exchange despite the high glutaminase (GLS) activity of the
JJN3 line (11) that should lead to F-Gln hydrolysis. On the
other hand, [18F]4-FGln uptake could reflect glutamine pool
rather than GLS activity (8). Indeed, [18F]4-FGln tumor kinetics
reflects Logan plot confirming the presence of a reversible tracer
exchange also in this MM model. Although uptake of [18F]4-
FGln was lower than [18F]FDG uptake also in JJN3 tumors, as
observed in the Vk12598 model, variability of [18F]4-FGln was
remarkably smaller.

To better define the role of [18F]4-FGln as radiopharmaceutical,
we evaluated the effect of Bortezomib. Our most intriguing finding
was that [18F]4-FGln and [18F]FDG differently perceived the
metabolic changes imposed to the tumor by Bortezomib. Indeed,
independently from response, Bortezomib increased [18F]FDG
uptake and volume of distribution, whereas [18F]4-FGln
parameters were more closely associated with the response,
suggesting that [18F]4-FGln based PET scan reliably delineates
tumor sensitivity to the drug. In line with our observations, it has
been reported that [18F]FDG uptake may persist in MM patients
who achieved complete response to Bortezomib (37). The drug has
been reported to stimulate aerobic glycolysis, thus possibly
indicating that changes in tumor volume are masked by increased
glycolytic flux (38–40). Overall, we showed a marked effect of
Bortezomib on tumor cell metabolic phenotype, as indicated by
the reduction of volume of exclusive [18F]4-FGln uptake in
responder mice.

Previous studies suggested that [18F]4-FGln labels the
intracellular Gln pool and, indirectly, is a glutaminolytic
marker (8). This was recently supported by a kinetic analysis
applied on murine breast cancer models (21) and confirmed here
by the demonstration that [18F]4-FGln uptake in JJN3 tumors is
described by a one-compartment, reversible tissue model with no
trapping. Thus, [18F]4-FGln proves a dynamic tool for research
and potential clinical use in MM.Moreover, Bortezomib caused a
significant reduction of volume of exclusive [18F]4-FGln uptake
in responder mice, indicating a drug effect on tumor metabolic
phenotype. These results suggest that glutaminolysis impairment
A

B

C

FIGURE 4 | Characterization of [18F]FDG and [18F]4-FGln uptake in JJN3
tumor model. (A) Transaxial [18F]FDG and [18F]4-FGln PET images of a
representative JJN3 tumor-bearing mouse acquired on days 5–6 (I) and 12–
13 (II) expressed as %ID/g. (B) Quantitative analysis of radiotracers uptake
expressed as T/M. Differences intra- and intergroups were tested for
significance using Wilcoxon matched-pairs signed rank-test and Unpaired
Mann-Whitney test. *p = 0.0156; #p = 0.0167. (C) Quantitative analysis of
radiotracers uptake expressed as SUVmax. Differences intra- and intergroups
were tested for significance using Wilcoxon matched-pairs signed rank-test
and Unpaired Mann-Whitney test. *p = 0.0156; #p = 0.0167.
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FIGURE 5 | Effect of Bortezomib treatment on [18F]FDG and [18F]4-FGln uptake measured by PET. (A) Tumor volume measured by caliper in vehicle and
Bortezomib-treated mice. Data are expressed as mean ± SD and were analyzed by Unpaired Mann-Whitney test. ***p = 0.0006. (B, E) Quantitative analysis of [18F]
FDG and [18F]4-FGln T/M uptake ratio before and after treatment with vehicle and Bortezomib. (C, F) Volumetric analysis of [18F]FDG and [18F]4-FGln uptake within
the tumor region, pre- and post-therapy. (D, G) Quantification of total lesion glycolysis (TLG) and total lesion glutamine (TLGln) within the tumor region, pre- and
post-therapy. Differences intra- and intergroups were tested for significance using Wilcoxon matched-pairs signed rank-test and Unpaired Mann-Whitney test.
*, #, $, p < 0.05; **p < 0.01. (H) Quantitative analysis of [18F]4-FGln and (I) [18F]FDG SUVmax uptake before and after treatment with vehicle and Bortezomib.
Differences intra- and intergroups were tested for significance using Wilcoxon matched-pairs signed rank-test and Unpaired Mann-Whitney test. #, $, p < 0.05; **p < 0.01.
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represents a major factor in Bortezomib efficacy. This confirms
the metabolic heterogeneity of MM and suggests that
modification in glutaminolysis represents a major event in
Bortezomib efficacy. For the reasons above, our results suggest
that [18F]4-FGln may be a promising radiopharmaceutical for
PET molecular imaging of the outcome of metabolically based
target therapy acting on glutaminolysis.

Metabolic changes parallel MM progression (41). For
instance, glutamine-dependent anaplerosis of the TCA cycle
increases from MGUS to myeloma (12). Moreover, a sizable
degree of metabolic heterogeneity may be present in the same
MM (42), suggesting that subpopulations of MM cells may
respond in a different way to therapeutic treatments. For these
Frontiers in Oncology | www.frontiersin.org 12159
reasons, the combined use of distinct metabolically related
probes, such as [18F]4-FGln and [18F]FDG, may yield clinically
important information.

In conclusion, our data indicate that [18F]4-FGln may be a
new tracer to detect MM cells in preclinical in vivo models. [18F]
4-FGln might help to explore the potential use of PET to better
define the metabolic phenotype of the tumor and the
modifications induced by therapy, particularly as a potential
marker of treatment response to proteasome inhibitors.
Moreover the in vivo study of the metabolic profile of
myeloma cells by [18F]4-FGln could be useful to design future
metabolic-based therapeutic approach and for the clinical
management of MM patients.
A

B

C

FIGURE 6 | Case by case analysis of “responders” and “non-responders.” (A) Tumor volume measured at caliper, (B) T/M ratios and tumor volume relative to [18F]
4-FGln uptake and TLGln, and (C) T/M ratios and tumor volume relative to [18F]FDG uptake and TLG pre- and post-treatment with Bortezomib in responder (red
circles) and non-responder cases (black circles).
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FIGURE 7 | Volumetric analysis defines the distribution of tracers in the tumor and highlights specific therapy-induced alterations in the uptake of individual tracers.
(A) representative transaxial PET images from [18F]FDG and [18F]4-FGln and the overlay image of [18F]FDG and [18F]4-FGln masks in the same mice (vehicle,
Bortezomib-non-responder and responder) pre- and post-treatment. White arrows indicate tumor. In overlay images, green color represents exclusive [18F]FDG
uptake, red color represents exclusive [18F]4-FGln uptake, and yellow color represents co-distribution of both radiopharmaceuticals. (B) % of overlap, exclusive [18F]
FDG and [18F]4-FGln tracer uptake volumes in vehicle- and Bortezomib-treated responder and non-responder groups. Differences intra- and intergroups were tested
for significance using one-way ANOVA with multiple comparisons corrected with Tukey’s test and Wilcoxon matched pairs signed rank test. *p < 0.05. (C)
Quantitative analysis of single tracers uptake and total distribution pre-and post-treatment in vehicle- and Bortezomib-treated non-responder and responder groups;
the green lines represent [18F]FDG unique area, red lines represent [18F]4-FGln unique area, and the yellow filled space is the overlap of both tracers. (D) Metabolic
tumor volume (sum of [18F]FDG and [18F]4-FGln volume of biodistribution) pre- and post-treatment with vehicle and Bortezomib in responders and non-responders.
Differences intra- and intergroups were tested for significance using one-way ANOVA with multiple comparisons corrected with Tukey’s test and Wilcoxon matched
pairs signed rank test. #p = 0.027; **p = 0.008.
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Gianpietro Semenzato1,2, Livio Trentin1,2 and Francesco Piazza1,2*
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of Medicine-DIMED, Surgical Pathology and Cytopathology Unit, University of Padova, Padova, Italy

Mantle Cell Lymphoma (MCL) is still an incurable B-cell malignancy characterized by poor
prognosis and frequent relapses. B Cell Receptor (BCR) signaling inhibitors, in particular of
the kinases BTK and PI3Kg/d, have demonstrated clinically meaningful anti-proliferative
effects in B cell tumors. However, refractoriness to these drugs may develop, portending a
dismal prognosis. Protein kinase CK1a is an emerging pro-growth enzyme in B cell
malignancies. In multiple myeloma, this kinase sustains b-catenin and AKT-dependent
survival and is involved in the activation of NF-kB in B cells. In this study, we analyzed the
role of CK1a on MCL cell survival and proliferation, on the regulation of BCR-related BTK,
NF-kB, PI3K/AKT signaling cascades and the effects of CK1a chemical inhibition or gene
silencing in association with the BTK inhibitor Ibrutinib or the PI3Kg/d inhibitor Duvelisib.
CK1a was found highly expressed in MCL cells as compared to normal B cells. The
inactivation/loss of CK1a caused MCL cell apoptosis and proliferation arrest. CK1a
sustained BCR signaling, in particular the NF-kB, AKT and BTK pathways by modulating
the phosphorylation of Ser 652 on CARD11, Ser 536 p65 on NF-kB, Ser 473 on AKT, Tyr
223 on BTK, as well as the protein levels. We also provided evidence that CK1a-mediated
regulation of CARD11 and BTK likely implicates a physical interaction. The combination of
CK1a inhibition with Ibrutinib or Duvelisib synergistically increased cytotoxicity, leading to
a further decrease of the activation of BCR signaling pathways. Therefore, CK1a sustains
MCL growth through the regulation of BCR-linked survival signaling cascades and
protects from Ibrutinib/Duvelisib-induced apoptosis. Thus, CK1a could be considered
as a rational molecular target for the treatment of MCL, in association with novel agents.

Keywords: mantle cell lymphoma, CK1a, BCR inhibitors, ibrutinib, duvelisib, targeted therapy
INTRODUCTION

Mantle Cell Lymphoma (MCL) is a B-cell neoplasm - characterized by clinical and morphological
variants (1) - that accounts for about 6% of all Non-Hodgkin Lymphoma (NHL) in the United
States, and 7–9% in Europe (2). It is characterized by a high incidence of relapse, even after the
introduction of novel drugs in the therapeutic armamentarium (3).
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Recent studies have shown that MCL cells display an aberrant
activation of survival signaling pathways. These include the B-
Cell Receptor (BCR)-related signaling cascades, such as
Phosphatidylinositide 3-Kinases/AKT (PI3K/AKT)/mammalian
Target Of Rapamycin (mTOR), the Nuclear Factor kappa-light-
chain-enhancer of activated B cells (NF-kB) and the Extracellular
signal-Regulated Kinase (ERK) cascades, as well as signals
elicited by Tumor Necrosis Factor alpha (TNFa), Hedgehog
and Wingless (WNT) pathways. Moreover, the B-Cell
Lymphoma 2 (BCL-2) family of apoptosis regulators have also
been implicated in MCL growth (4).

In normal B cells, after the engagement of the BCR by the antigen,
Immunoreceptor Tyrosine-based Activation Motifs (ITAMs) are
phosphorylated and this event in turn recruits the cytosolic Src
Family tyrosine Kinases (SFKs) Lyn and Spleen Tyrosine Kinase
(SYK). Next, the phosphorylation of Bruton Tyrosine Kinase (BTK)
on Tyr 551 leads to its autophosphorylation at Tyr 223, necessary for
the full activation of this kinase. A subsequent cascade of events
follows, through the activation of Phospholipase Cg2 (PLCg2)
generation of inositol triphosphate (IP3) and diacylglycerol (DAG),
the release of calcium and the stimulation of Protein Kinase C b
(PKCb) (5). PKCb phosphorylates caspase recruitment domain-
containing protein 11 (CARD11) on Ser 652, enabling it to recruit
B cell CLL/lymphoma 10 (BCL10) and Mucosa-associated lymphoid
tissue lymphoma translocation protein 1 (MALT1) into a
multiprotein CARD11-BCL10-MALT1 (CBM1) complex that
facilitates the activation of the NF-kB inhibitor (IkB) kinase (IKK),
thereby initiating NF-kB signaling (6). Moreover, upon BCR
engagement, the stimulation of the PI3K/AKT signal transduction
pathway results in the activating AKT phosphorylation on Ser 473.

Ibrutinib is an oral drug, which inhibits BTK enzymatic
activity and it is currently employed in the therapy of relapsed/
refractory MCL. Even though Ibrutinib has shown an overall
response rate of 68% (7), approximately 30% of MCL patients
display a primary resistance to the drug, maybe due to a lack of
normal BTK expression or presence of mutated BTK (5, 8, 9).
Along with Ibrutinib, other BTK inhibitors such as Acalabrutinib
and Zanubrutinib are now approved in the relapsed setting in
MCL (10). Duvelisib is a PI3Kg/d inhibitor approved for the
treatment of Chronic Lymphocytic Leukemia (LLC) and
Follicular Lymphoma (FL) (11, 12). Its use in MCL is
controversial and, to date, there are limited studies regarding
the potential use in the therapy of MCL.

Protein kinase CK1 consists of a family of multiple isoforms
with distinct biochemical characteristics. In mammalians, seven
isoforms are encoded by different genes (a, b, g1, g2, g3, d and ϵ),
which have highly conserved kinase domains, but differ
significantly in length and primary structure of their N-terminal
and C-terminal regulatory non-catalytic domains (13, 14). CK1
takes part inmany cellular processes, such as stress response, DNA
damage response, cell cycle progression, spindle-dynamics and
chromosome segregation and apoptosis (13, 15).

The isoform a (CK1a) is encoded by the CSNK1A1 gene,
mapping on chromosome 5q32. It regulates a broad range of
cellular processes, and it modulates several signaling pathways
such as PI3K/AKT, NF-kB, WNT/b-catenin (13, 16). We and
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others, recently demonstrated that CK1a sustains multiple
myeloma (MM) cell growth (17, 18) positively regulating b-
catenin and AKT signaling (17) and supporting a prosurvival
autophagy (19, 20). CK1a was found highly expressed in MM
patients in a large microarray data set series (17). This protein level
is reduced by lenalidomide inMM cells and stromal cells, indicating
a role in therapy. A recent study has described CK1a as a tumor
growth-propeller in Diffuse Large B-cell Lymphoma (DLBCL), by
regulating NF-kB signaling intensity (21). In T cells, after antigen
receptor engagement, CK1a physically interacts with CARD11 (21)
and phosphorylates MALT1 on ser 562, being important for the
assembly of the CBM1 complex and the fully activation of NF-kB
signaling (22). Several highly potent CK1-specific, ATP competitive,
small molecule inhibitors have been identified. D4476 {4-[4(2,3-
Dihydro-1,4-benzodioxin-6-yl)-5-(2-pyridinyl)-1H-imidazol-2-yl]
benzamide} is one of the best commercially available cell permeant
inhibitor specific for CK1 isoforms a and d (23). Very recently, the
compound A-51 was discovered as a novel dual inhibitor of CK1a
and the kinase CDK7/9 with an anti-leukemic effect in preclinical
models (24).

Given the putative role of CK1a in signal transduction
pathways crucial for MCL, in the present study, we investigated
its function in MCL downstream of the BCR signaling. We aimed
at i) assessing the effect of CK1a inactivation on the proliferation,
survival, sensitivity to therapeutic agents and intracellular
signaling of MCL cells, ii) evaluating CK1a involvement in the
BCR cascade and in sustaining MCL cell “addiction” to the BCR;
iii) evaluating if CK1a inhibition could empower BCR inhibitors
(such as Ibrutinib and Duvelisib) cytotoxicity for the treatment
of MCL.
MATERIAL AND METHODS

Patients and Cell Cultures
PBMC, MCL cell lines Jeko-1, Rec-1, Granta-519 and primary
PBMC from patients were isolated and cultured as previously
described (25). Malignant and healthy B cells were isolated with
EasySep™ kits (STEMCELL Technologies, USA), after achieving
informed consent according to the declaration of Helsinki, with
approval of the internal Institutional Board (protocol # 4089/
AO/17). The clinical features of the patients analyzed are
described in Table 1.

Chemicals
IPTG was from Sigma-Aldrich, (Italy); Ibrutinib, Duvelisib,
Bortezomib and Z-VAD-FMK was from Selleck chemicals
(USA); D4476 (4-[4-(2,3-Dihydro-1,4-benzodioxin-6-yl)-5-
(2-pyridinyl)-1H-imidazol-2-yl]benzamide) was from abcam
(UK). Working dilution of D4476 was prepared using Fugene
VI reagent (Promega, Italy).

Evaluation of Growth and Apoptosis
Cell viability was measured through Trypan blue exclusion dye
assay. Apoptosis was assessed by Annexin V/Propidium Iodide (PI)
staining (IMMUNOSTEP, Spain) and FACS analysis as in (17).
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Cell Cycle Analysis
It was performed as described in (17).

Assessment of Drug Concentration-Effect
and Calculation of the Combination Index
Jeko-1 and Granta-519 cells were plated into 96 well plates in 100
ml media. D4476, Ibrutinib, and Duvelisib were added at different
concentrations for 72 h alone or in combination. Cell viability
was analyzed with 3-(4,5-dimethylthiazol-2-yl)- 2,5-
diphenyltetrazolium bromide (MTT) and the CI was calculated
as in (26).

Immunofluorescence
It was performed as in (26) with the following antibodies: anti-
CK1a (abcam, UK), secondary Alexa-Fluor 594-conjugated goat
anti-rabbit (Life technologies, Italy), MALT1 and CARD11,
(Santa Cruz Biotechnology, Inc (USA) using Alexa-Fluor 488
conjugated anti-mouse. Specimens were mounted in Vectashield
medium with DAPI (Vector Laboratories, USA) and analyzed
using Zeiss LSM 700 E90 confocal microscope, oil objective
63x (Italy).

Western Blot
WB was performed as described (27). Antibodies used were the
following: CK1a, PARP, Mcl1, total b-catenin, Ser 473 AKT,
total AKT, Ser 176/180, Ser 177/181 IKKa/a, total IKKa, IKKb,
Frontiers in Oncology | www.frontiersin.org 3165
Ser 536 NF-kB p65, Ser 652 CARD11, Tyr 223 BTK, total BTK,
Ser 32 Ikba, BCL10 (Cell signaling Technology, MA, USA);
GAPDH (Ambion, USA), b-actin (Sigma-Aldrich, Italy); p21
(Becton Dickinson, Italy); Caspase 3 (Enzo Life Science, UK);
total p65 (abcam, UK), DEPTOR (Millipore, Itlay); CARD11 and
BTK for immunoprecipitation (Santa Cruz Biotechnology, Inc;
Italy). Images were acquired using the Image Quant LAS 500
chemiluminescence detection system (GE Healthcare, USA).

Immunoprecipitation
Cells were lysed in immunoprecipitation (IP) buffer containing
Tris 50mM, NaCl 150 mM, Triton 1%, NP-40 1%, EDTA 2mM,
phosphatases and proteases inhibitors (Life technologies and
SIGMA Aldrich). 500-800 µg of total protein lysates were
precleared for 30 min at 4°C with anti-mouse or anti-goat
agarose beads (e-bioscience, Italy), according to the antibody
used for the IP. After centrifugation, the supernatant was
incubated overnight 4°C with the dedicated antibody
(BTK, CARD11 or CK1a) or with the corresponding pre-
immune serum. Agarose beads were added to the protein
suspension for 2h at 4°C. After extensive washes in IP buffer
the immunocomplex was resuspended in Laemmli buffer with
b-mercaptoethanol and processed for WB analysis.

RNA Interference
RNA interference (RNAi) was performed with nucleofection of
double strand (ds) siRNA and by the generation of inducible
TABLE 1 | Clinical and pathological features of MCL cases analyzed.

Patient Age/sex Stage/MIPI IHC IgH/CCND1 FISH karyotype outcome

CD5 CD20 CD23 Ciclina D1 Ki-67%

MCL#1 68/M IVA + + – + 10-15 nd nd A
MCL#2 66/F IVA + + – + nd nd nd A
MCL#3 70/M IVB + + + nd nd nd normal D
MCL#4 76/F IVA/MIPI 5.9 (intermediate risk) – + nd + nd + normal A
MCL#5 78/M IVA + + – + 40 – normal D
MCL#6 51/F IVB/MIPI 6.6 (high risk) – nd – + nd – normal A
MCL#7 74/M IVA/MIPI 9 (high risk) + + – + 40 + complex* A
MCL#8 81/F IVA + + – + nd nd normal D
MCL#9 81/M IVA + ++ – + nd – nd D
MCL#10 65/M IVA/MIPI6.1 (intermediate risk) + – – + 10 – normal A
MCL#11 55/F IVA + ++ – + nd nd nd A
MCL#12 74/F IVA/MIPI 6.4 (high risk) + + – + nd + Complex** A
MCL#13 72/F IVA/MIPI 6.1 (intermediate risk) + + – + nd nd complex*** D
MCL#14 71/M nd + + – + nd + complex**** D
MCL#15 85/F IVA + + – + nd – normal D
MCL#16 71/M IVA/MIPI 6.1 (intermediate risk) + + – + nd + normal A
MCL#17 79/M IVA + ++ + + nd + complex° D
MCL#18 68/M IVB/MIPI high risk + ++ – + nd + nd A
MCL#19 58/M IVA/MIPI 5.6 (intermediate risk) + + – + nd + complex°° A
MCL#20 61/M IVA + + – + nd + normal A
October 2021 | Vo
lume 11 | Artic
MIPI, Mantle cell International Prognostic Index; IHC, immunohistochemistry; nd, not determined; A, alive; D, death. M, male; F, female.
*43,XY,add(1)(q4)?,+3,del(6)(q13),-8,-9,der(10)t(10;13)(p13;q12),del(11)(q13),-13,-13,-14,+mar[13]/46,XY[12].ish add(1)(IGH++,CCND1++),der(11)t(11;14)(CCND1+,IGH+),add(?)(IGH
+,CCND1+)[10].
**47XX,+3,del(6),t(10;15),t(11;14).
***62,XX,-X,-3,-5,+8,-12,-16,-17,dup(17)(p11p13),-18,+21,i(22)(q10),+mar[cp6]/46,XX[4].
****hyperdiploid karyotype due to a low number of mytosis with del(17)(p13) by FISH.
ᵒ42,X,-Y,+3,der(6;17)(q12;p11)?t(6;19)(q12;p13),i(8)(q10),der(11)t(11;14)(q13;q32),-13,-14,-15,add(15)(p13),add(20)(q13)[22]/46,XY[6].nuc ish(CCND1,IGH)x3(CCND1conIGHx2)[233/
300].
ᵒᵒ43,C,-Y,+der(3)del(3)(p22)add(3)(q26),dic(4;6)(p16;q13),add(7)(p21),i(8)(q10),-10,t(11;14)(q13;q32),-13.der(15)t(10;15)(q21;q21),-20,-r[cp14]/46,XY[14].
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shRNA MCL cell clones. Nucleofection was performed by
electroporation of Jeko-1 using the Amaxa system (Lonza,
Rockland, Inc.) with 100 pmol of scrambled siRNAs or CK1a
targeting siRNAs ON-TARGET plus SMARTpool siRNA
(Thermo Scientific, USA), as described (17) through the
nucleofector solution R with the program A-023. Cells were
harvested at 48h after nucleofection. Cells were simultaneously
electroporated with a fluorescent oligonucleotide (siGLO green).
The transfection rate, evaluated by FACS analysis, has always
been around 95%. To perform shRNA lentiviral transduction,
Jeko-1 and Granta-519 cells were transduced with the IPTG
inducible lentiviral particles carrying CSNK1A1-specific shRNA
(pLKO_IPTG_3XLacO, Sigma-Aldrich, Italy) with the sequence
TRCN0000006044. 2x104 cells were infected with a multiplicity
of infection of 12, using the spinfection method, in the presence
of 8µg/ml polybrene (Sigma-Aldrich, Italy). Puromycin selection
(1µg/ml) was initiated two days after transduction. A titration
curve for puromycin resistance was performed for Jeko-1 and
Granta-519 cells by an Antibiotic Kill Curve Assay. Once a
cellular clone was established, to induce CK1a silencing, cells
were incubated with 500/1000µM IPTG every two/three day for a
total of one (in the case of Granta-519) or two (in the case of
Jeko-1) weeks, time lapse in which the best knockdown efficacy
was obtained.

Quantitative Real-Time PCR
Performed as in (25) using the QuantStudio 5 detection system
(Applied Biosystem, CA, USA) with the QuantStudio™Design and
Analysis Software v.1.4.3. The primers used are the following: BTK
Forward 5’-3’ GGGGTTTGCTCAGACTGTCC and Reverse 5’-3’
AATCACTGCGGCCATAGCTT; RELA Forward 5’-3’ CCCCA
CGAGCTTGTAGGAAAG and Reverse 5’-3’ CCAGGTT
CTGGAAACTGTGGAT; BIRC3 Forward 5 ’-3 ’ GACA
GGAGTTCATCCGTCAAG and Reverse 5’-3’ TTCCACGGCA
GCATTAAT; GAPDH Forward 5’-3’ AATGGAAATCCC
ATCACCATCT and Reverse 5’-3’ CGCCCCACTTGATTTTGG.

Statistical Analysis
Data were examined for their statistical significance with the
two-tail unpaired Student’s t test or ANOVA analysis of variance
with post-hoc corrections. Values were considered statistically
significant at p values below 0.05.
RESULTS

CK1a Is Overexpressed in MCL Samples
Compared to Healthy B Cells
We analyzed CK1a mRNA expression in different subtypes of B
cell derived cancers (through the publicly available database
Oncomine), finding that CSNK1A1 mRNA is highly expressed
in MCL human samples as compared to normal B lymphocytes
(www.oncomine.org, “Basso Lymphoma” data set). Thus, we
evaluated CK1a protein level in purified B lymphocytes from
healthy controls, MCL patients and the MCL cell lines Jeko-1,
Granta-519 and Rec-1.
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Immunoblot and densitometric analysis revealed that all the
MCL cell lines and most of MCL patients overexpressed CK1a
when compared to normal B lymphocytes, even if with some
variability between different MCL samples (Figure 1A). Among
a total of fifteen MCL patients analyzed, eleven showed CK1a
overexpression in malignant B cells at variance from what seen in
B cells from healthy controls. CK1a was overexpressed in 100%
of patients in Figure 1A left, in 80% of patients in Figure 1A
middle, and in 50% of patients in Figure 1A right. On average,
77% of MCL patients and 100% of the MCL cell lines tested
showed overexpressed CK1a at the protein level.

To study the localization of the kinase inside B cells, we
performed a confocal immunofluorescence analysis in purified B
lymphocytes from a healthy control, a MCL patient and in Jeko-1
cells. CK1a localized both in the cytoplasm and in the nucleus of
Jeko-1 and MCL patient cells while it was restricted in cytoplasm
in healthy B lymphocytes (Figure 1B). These data, which are
similar to what we observed in another B cell malignancy like
MM (17), suggest an abnormal localization of CK1a in
MCL cells.

CK1a Sustains MCL Growth
and Proliferation
To examine if CK1a is essential for MCL cell growth, Jeko-1,
Granta-519, Rec-1 and B cells isolated from 7 MCL patients,
were treated with increasing concentrations of the CK1 chemical
inhibitor D4476 or with the vehicle DMSO. Apoptosis was
investigated through Annexin V (AV) and PI labelling and
FACS analysis. Treatment with DMSO alone did not produce
any significant changes in cell viability compared to untreated
cells. All the MCL cell lines were sensitive to D4476, starting
from the 20 µM concentration for Granta-519 and Rec-1 cells
and 30 µM for Jeko-1 (Figures 2A, S1). Even if with some
variability, malignant B cells from most of MCL patients proved
to be sensitive to D4476 (6 out of 7) used at 40 µM. Of note, B
cells from 3 patients were responsive also to the 20 µM D4476
concentration (Figure 2B). We previously showed that D4476 is
not toxic for healthy B lymphocytes at any concentration
used (17).

To validate the results obtained with the chemical inhibitor of
CK1 and to investigate the specific role of the a isoform, we used
RNAi to knockdown CK1a protein in Jeko-1 cells. CK1a
knockdown was obtained through the generation of IPTG-
inducible CSNK1A1 specific shRNAs or with electroporation of
double-strand (ds) CSNK1A1 directed siRNAs (Figures 2C, S1).
The number of apoptotic cells was assessed by FACS analysis of
AV/PI positive cells, which showed increased apoptotic rate
upon silencing. To exclude off-target effects induced by IPTG
per se, wt Jeko-1 cells were treated with the same concentration of
IPTG and this treatment did not increase apoptosis. The
proapoptotic effect of CK1a inhibition or silencing was
confirmed by a reduction of uncleaved PARP, pro-caspase 3
and Mcl1 (Figure 2D). An effective decrease of CK1a protein
levels upon silencing (around 40-50% with both the techniques
used) was confirmed (Figure 2E). As expected, IPTG treatment
did not affect the expression level of CK1a and of pro- and anti-
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apoptotic proteins in wt Jeko-1 cells, confirming the efficacy/
specificity of the silencing strategy. To evaluate the effect of
CK1a silencing on MCL cell proliferation, we performed cell
cycle analysis of Jeko-1 wt and CK1a–silenced clones treated
with IPTG (Figure 2F). The pro-apoptotic effect of CK1a
knockdown was confirmed by the observation of a substantial
increase in the fraction of CK1a-directed inducible shRNA-
bearing Jeko-1 cells in the sub-G1 (apoptotic) phase of the cell
cycle upon IPTG treatment. Alongside with the prevalent
accumulation of sub-G1 (likely apoptotic) cells, CK1a
silencing in the same cellular clone determined a minimal
accumulation of cells in G0/G1 phase and a more evident
reduction of cells in the S phase, suggesting an impairment
also of proliferation upon CK1a knockdown. As expected, IPTG
treatment of wt cells did not affect cell cycle. Moreover, CK1a
silencing, through IPTG treatment for 6 days and for 13 days
caused a reduction in the total count of live cells as judged by
Trypan blue exclusion assay analysis, indicating a proliferation
dysregulation (Figure 2G).
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CK1a Sustains Chronic Active BCR
Dependent Signaling Pathways
CK1a is known to be involved in the regulation of several survival
signaling pathways associated with BCR to which MCL cells are
addicted for their growth. Bidere et al. (21) defined CK1a as a
“conditionally essential malignancy” gene demonstrating that
CK1a is required for constitutive NF-kB pathway in DLBCL.
To understand if this holds true also for MCL cells, we treated
three different MCL cell lines with D4476 40mMor DMSO for 48h
and analyzed the NF-kB signaling pathway, in particular the
activating phosphorylation of CARD11 on Ser 652, of NF-kB
p65 on Ser 536, of the upstream IKKa/b, and of IkBa on Ser 32.
Remarkably, the results showed a significant reduction of the
activation of the NF-kB pathway upon CK1 chemical inhibition
(Figure 3A). Most importantly, the specific effects of the inhibition
on NF-kB were confirmed also by RNAi, both with IPTG-
inducible shRNA transduced Jeko-1 and Granta-519 cells, and
with electroporation of ds CSNK1A1-directed siRNA in Jeko-1
cells (Figures 3B, C). Surprisingly, CK1a inactivation not only
A

B

FIGURE 1 | CK1a protein is overexpressed in MCL patients and cell lines compared to controls. (A) WB analysis (upper panel) and the corresponding densitometric
values (lower panel) of CK1a protein expression in purified B lymphocytes from 5 healthy buffy coats (white bars), from 15 MCL patients (black bars) and from the
MCL cell lines Jeko-1, Granta-519 and Rec-1 (grey bars). b-actin was used as a loading control. For each blot, the densitometric values of CK1a in MCL patients
and cell lines are reported as arbitrary units over averaged healthy controls within the blot. (B) CK1a cellular distribution along with DAPI staining in Jeko-1 cell lines,
a MCL patient sample and healthy lymphocytes from buffy coat. CK1a is detected by red fluorescence and nuclei by DAPI. On the right panel staining with only
Alexa fluor 594-conjugated goat anti-rabbit secondary antibody merged with dapi is shown. Images were collected with 63X magnification, oil objective. The insert
shows a detail of the image. Scale bars = 25µm.
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caused a decrease in the activating phosphorylations of CARD11
on Ser 652, NF-kB-p65 on Ser 536, IKKa/b on Ser 176/180, Ser
177/181, but also in their total protein levels. Consequently, CK1a
loss-of-function determined a reduced mRNA expression of the
NF-kB-p65 target BIRC3 (Figure 3D). BIRC3 encodes for c-IAP-2
(cellular inhibitor of apoptosis), which confers resistance
to apoptosis.

It has previously been demonstrated that CK1a controls
canonical NF-kB activation in stimulated T and in DLBCL cells,
participating to the activation of the upstream CBM1 complex
(CARD11, BCL10, MALT1), through the phosphorylation of
CARD11 and MALT1 (21, 22). We therefore evaluated a possible
interaction between CK1a and the CBM1 complex in MCL cells.
We stimulated Jeko-1, Granta-519 and MCL patients B cells with
anti-IgM to fully activate the BCR and NF-kB signaling, and we
performed immunoprecipitation and immunofluorescence
experiments using CARD11 and CK1a antibodies. We found that
CK1a associates with the CBM1 complex at basal and anti-IgM
Frontiers in Oncology | www.frontiersin.org 6168
stimulated conditions (Figures 4A–C), as evidenced by
coimmunoprecipitation of CK1a and CARD11 and as suggested
by cellular colocalization studies of CK1a with CARD11 and
MALT1 (Figure S2). Of note, CK1a silencing in Jeko-1
determined a reduction of CARD11 and BCL10 protein levels
(Figure 4D) accompanied by a decrease in basal and anti-IgM-
induced NF-kB pathway activation (Figure 4E). Of note, the
perturbation of NF-kB signaling is achieved also within 72h
(shorter) incubation time with IPTG treatment (silencing),
indicating an acute/direct effect of CK1a silencing.

As previously mentioned, PI3K/AKT is an essential cascade
constitutively active in a subset of MCL, including all the
aggressive blastoid variants and in MCL cell lines (28). It is
known that CK1amay impinge on the PI3K/AKT pathway (17).
Therefore, we sought to investigate whether CK1a could regulate
this cascade also in MCL. CK1 chemical inhibition with D4476 in
Jeko-1, Granta-519, Rec-1 MCL cells (Figure 5A) and CK1a
silencing through the IPTG inducible method in Jeko-1 and
A B

D E F

G

C

FIGURE 2 | CK1a sustains MCL cell survival and proliferation. Histogram showing annexin V positive cells of MCL cell lines Jeko-1 Granta-519 and Rec-1 (A),
7 independent MCL patients B cells (B) treated with different concentration of D4476 for 48h (A) or 24h (B), Jeko-1 IPTG inducible CSNK1A1 directed shRNA clone
(named CK1a shRNA) and Jeko-1 wt treated with IPTG 500µM for 13 days (C left panel) or Jeko-1 cells electroporated with CSNK1A1 directed siRNAs for 48h
(C right panel). Data are expressed as mean ± SD of n=3 (A), n=7 (B) n=4 (C left panel) and n=3 (C right panel) independent experiments. * indicates p < 0.05
compared to the untreated cell population. The silencing efficacy and the expression of anti-apoptotic proteins are showed in (D, E) In WB panels, b-actin was used
as loading control. Uncl PARP= Uncleaved PARP. (F) cell cycle distribution with PI staining and FACS analysis of the same cells as in (C). Left: bar graph representing
the average of four independent experiments of the sub-G1 (black), G0/G1 (striped, gray), S (grey) and G2/M (white) phases of the cell cycle. Right: representative
FACS histogram plots. (G) Trypan blue negative (viable) Jeko-1 wt (white bars) and Jeko 1 shRNA cellular clone (grey bars) treated with IPTG 500µM for 6 days
(left panel) or 13 days (right panel). Data are expressed as mean ± SD of n=3 experiments (wt and shRNA clone, left panel), n=4 experiments (wt Jeko-1 right panel)
and n=8 experiments (Jeko-1 shRNA clone, right panel). * indicates p < 0.05 compared to the corresponding untreated cell population.
October 2021 | Volume 11 | Article 733848

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Manni et al. Protein Kinase CK1a in MCL
Granta-519 led to a reduction of the phosphorylation of AKT on
Ser 473 and of total AKT (Figures 5B, C). Wild-type Jeko-1 or
Granta-519 cells treated with IPTG did not show any changes in
the phosphorylated/total AKT protein content. It is known that
CK1a phosphorylates the mTOR inhibitor DEPTOR, leading to
its proteasomal degradation. As expected, as a consequence of
CK1a silencing, DEPTOR level increased (Figure 5B). The
reduction in AKT activating cascade is present also in
CSNK1A1 directed siRNA transiently transfected Jeko-1
cells (Figure 5B).

Since CK1a may have a broader regulative role on the BCR-
transduced signal, we next investigated whether CK1a inhibition
could affect other BCR-triggered events, such as BTK activation.
Figure 5 shows that both the BTK activating phosphorylation on
Tyr 223 and the total amount of the BTK protein are
downregulated when CK1a is chemically inhibited or silenced,
indicating that CK1a could sustain BTK activity in MCL cells.

The observed CK1a modulation of some BCR dependent
signaling cascades was present also at early time points of D4476
treatment, such as 6h (activating phosphorylation of AKT and
CARD11) and 24h (activating phosphorylation of AKT and
BTK) (Figure S3). To exclude a global rewiring of survival
Frontiers in Oncology | www.frontiersin.org 7169
signaling events downstream the BCR as a direct effect of
CK1a inhibition dependent cytotoxicity, and to selectively
ascribe the effects observed on NF-kB, AKT and BTK cascades
directly to the activity of CK1a, we also evaluated the effects of
CK1a inactivation on ERK/MAP kinase signaling. To note,
neither the chemical inhibition nor silencing of CK1a
modified ERK 1,2 activating phosphorylation on Thr 202, Tyr
204, (Figures 5 and S3), pointing to a role of CK1a in sustaining
specifically NF-kB, AKT and BTK BCR dependent cascades.
Altogether, the observation of early signaling changes upon
CK1a inactivation indicates that they are very unlikely due to
the ongoing apoptotic process. To investigate the mechanism of
CK1a dependent regulation of BTK and NF-kB p65 stability, we
checked whether the effects observed upon CK1a inactivation
were due to transcriptional or post-translational mechanisms.
Interestingly, we found that the mRNA expression of BTK and
REL A (p65) did not change upon CK1a chemical inhibition or
silencing, suggesting a post-translational mechanism of
regulation of these two proteins (Figures S4A, B). We next
asked whether this mechanism could be proteasome- or caspase-
dependent. To this aim, the CK1a-directed shRNA transduced
Jeko-1 clone was treated with Bortezomib (7.5nM), a clinically
A B
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FIGURE 3 | CK1a sustains NF-kB signaling pathway. Representative WB of NF-ĸB dependent signaling in MCL cell lines Jeko-1, Granta-519 and Rec-1, treated
with D4476 40uM for 48h (A), in Jeko-1 IPTG inducible CSNK1A1 directed shRNA clone (named CK1a shRNA) and in Jeko-1 wt treated with IPTG 500µM for 13
days (B left panel) or Jeko -1 cells electroporated with CSNK1A1 directed siRNAs (B right panel), or in Granta-519 IPTG inducible CSNK1A1 directed shRNA clone
(named CK1a shRNA) treated with IPTG 500µM for 72h (C). Membranes for WB analysis were probed with antibodies listed in the figure. GAPDH or b actin were
used as loading control. Experiments were repeated at least three times (D). BIRC3 mRNA expression in Jeko-1 treated with D4476 40uM for 48h, (left panel) or in
Jeko-1 IPTG inducible CSNK1A1 directed shRNA clone treated with IPTG 500µM for 13 days (middle panel) or in Granta-519 IPTG inducible CSNK1A1 directed
shRNA clone treated with IPTG 500µM for 7 days (right panel). Data represent mean ± SD of at least 3 independent experiments. * indicates p < 0.05.
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used proteasome inhibitor or with Z-VAD-FMK (2mM), a cell
permeant pan-caspase inhibitor, along with IPTG to silence
CK1a. Remarkably, p65 and BTK protein levels remained
downregulated with the association of CK1a and bortezomib,
while the CK1a silencing dependent reduction was rescued by
Z-VAD-FMK treatment, suggesting that BTK and p65 degradation
might be due to a caspase- rather than to a proteasome-dependent
mechanism (Figure S4C).

Given the novel, unanticipated potential role of CK1a in
regulating BTK function, we analyzed if these two kinases could
physically interact. To this aim, we treated MCL cells with anti-
IgM for 5 min and BTK was subsequently immunoprecipitated.
Strikingly, CK1a was present in the immunocomplex
(Figure 5D). To test specificity and BCR activation,
phosphorylated AKT on Ser 473, indicative of fully activated
BCR, was evaluated. Interestingly, CK1a physically interacts
with BTK also at basal condition in patient isolated B cells
from a particularly aggressive form of MCL. Thus, CK1a
physically interacts with BTK downstream from the BCR in
MCL cells.

CK1a Inactivation Empowers BCR
Inhibitor-Induced Cytotoxic Effects
on MCL
Given the aforementioned role of CK1a on BCR related signaling
cascades, we next asked whether CK1a could interfere with BCR
inhibitors (such as Ibrutinib or Duvelisib) -induced MCL cell
Frontiers in Oncology | www.frontiersin.org 8170
apoptosis. Since we showed an unprecedented role of CK1a in
sustaining BTK levels and activity and given the known role of
CK1a on the BTK downstream CBM1 complex, we reasoned that
its inhibition or silencing combined with direct BTK targeting
would produce cooperative/synergic cytotoxic effects. Therefore,
we treated three MCL cell lines, primary MCL B cells and healthy
B lymphocytes with different doses of D4476 and Ibrutinib, alone or
in combination. Annexin V staining and FACS analysis showed a
cooperative effect of D4476 and Ibrutinib in inducing cell death in
MCL cells (Figures 6A, B and S5A). This did not hold true for
normal B cells, which were spared by the cytotoxic activity of D4476
(Figure 6C). The therapeutic potential of the association of
Ibrutinib with CK1a inactivation was confirmed also in the
models of CK1a silencing. Treatment with IPTG of CSNK1A1-
directed shRNA transduced Jeko-1 clones significantly empowered
Ibrutinib induced apoptosis (Figures 6D and S5B). Of note IPTG-
treated wt Jeko-1 cells did not show increase in apoptosis compared
to Ibrutinib-only treated cells, confirming the efficacy and the
specificity of the silencing method. These results were confirmed
also in experiments of nucleofection of CSNK1A1-directed siRNAs
in Jeko-1 cells (Figure 6D). The rise in apoptosis in the combination
treatments was confirmed by immunoblot analysis of PARP
cleavage (Figure S5C). Moreover, MTT viability assays in the
presence of increasing concentrations of Ibrutinib, D4476 or the
combination of the two drugs for 72 h showed a strong synergic
effect of the two compounds, as judged by the calculated
Combination Index (CI) below 1 (Figure 6E). Of note, the
A B
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FIGURE 4 | CK1a associates with the CBM1 complex, and its silencing reduces basal and anti-IgM induced NF-kB activation. (A) Immunoprecipitation (IP) of
CARD11 and CK1a in Jeko-1 (A), Granta- 519 (B), purified B lymphocytes from two MCL patients (pt#1 and pt#2) (C), stimulated with anti-IgM 10µg/ml for 5 min
(serum= preimmune serum). (D) CK1a silencing reduces the binding of CK1a to CARD11 and BCL10 in the CBM1 complex in anti-IgM stimulated Jeko-CK1a
shRNA inducible clone. Untreated and IPTG treated (500µM for 72h) Jeko-1 cells from the CK1a shRNA cellular clone were stimulated with anti-IgM 10µg/ml for 5
min and IP was carried out using CARD11 antibody. (E) CK1a silencing affects basal and anti-IgM stimulated NF-kB activation. Cells were treated as in (D). WB was
probed with antibodies listed in the figure. b-actin was used as loading control.
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synergy was present also in Granta-519 cells, a line known to be less
sensitive to Ibrutinib (IC50 in Granta-519 28 µM versus 11 µM for
Jeko-1), suggesting that CK1a inhibition could partly overcome
Ibrutinib resistance.

Analysis of intracellular signaling revealed that Ibrutinib
cooperated with CK1 inactivation (both chemical inhibition
with D4476 and gene silencing) in modulating NF-ĸB, AKT
and BTK-dependent cascades by further reducing the levels of
phosphorylated NF-ĸB-p65 on Ser 536, AKT on Ser 473 and
BTK on Tyr 223, without affecting ERK1/2 MAP kinase activity
(Figures 7A, B). To note, we noticed that in Ibrutinib-treated
Jeko-1 cells CK1a expression was decreased. We therefore
treated all the MCL cell lines available with different
concentrations of Ibrutinib for 24h. Strikingly, Ibrutinib
effectively caused a reduction of CK1a protein expression in
Jeko-1, Rec-1 and - even if to a lower extent - in Granta-519 cells
(Figure 7C). The effectiveness of Ibrutinib was confirmed by the
abolition of phosphorylated BTK on Tyr 223.

We next tested the interaction of CK1a inhibition with
Duvelisib, a PI3Kg/d inhibitor approved for the treatment of
Frontiers in Oncology | www.frontiersin.org 9171
Chronic Lymphocytic Leukemia (CLL) and Follicular Lymphoma
(FL). However, its use in MCL is still under scrutiny (29, 30).

We first verified the efficacy of Duvelisib on a panel of MCL
cell lines and purified B cells from six MCL patients. Cells were
treated with different doses of Duvelisib for 24 and 48 h.
Duvelisib caused MCL cell apoptosis in a dose and time
dependent manner. The efficacy of the drug was monitored by
assessing the levels of phosphorylated AKT on Ser 473, which
were always reduced in all the cells treated (Figure S6). Next, the
effects on apoptosis of the combination of CK1a inhibition
together with Duvelisib was analyzed through Annexin V
staining and FACS analysis. Jeko-1, Granta- 519, Rec-1 MCL
cells were treated with D4467 and Duvelisib alone or in
combination (Figures 8A and S7). Also, Jeko-1 CK1a silenced
cells were treated with Duvelisib (Figure 8B). The combination
of Duvelisib and CK1a inactivation cooperatively increased the
cytotoxicity induced by the single agents. Of note, this
cooperation was absent in healthy normal B cells, which were
spared by D4476-induced cytotoxicity (Figure 8C). The higher
rate of apoptosis obtained in the combination experiments was
A B
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FIGURE 5 | CK1a inactivation reduces AKT and BTK signaling pathways activation without affecting ERK/MAPK kinase and CK1a interacts with BTK in MCL cells.
Representative WB of AKT, BTK and ERK1/2 dependent signaling in MCL cell lines Jeko-1 Granta-519 and Rec-1 treated with D4476 40uM for 48h (A) or in Jeko-1
IPTG inducible CSNK1A1 directed shRNA clone (named CK1a shRNA) and in Jeko-1 wt treated with IPTG 500µM for 13 days (B left and right panel) or Jeko -1
cells electroporated with CSNK1A1 directed siRNAs (B middle panel), or in Granta-519 IPTG inducible CSNK1A1 directed shRNA clone (named CK1a shRNA)
treated with IPTG 500µM for 72h (C). Membranes for WB analysis were probed with antibodies listed in the figure. GAPDH or b actin was used as loading control.
Experiments were repeated at least three times. (D) Immunoprecipitation (IP) of BTK in Jeko-1 (left panel), Granta-519 (middle panel), or purified B lymphocytes from
one MCL patient (pt#2) (right panel), stimulated with anti-IgM 10µg/ml for 5 min. WB was probed with anti-CK1a and anti-BTK antibodies. To ensure BCR activation
AKT phosphorylation on S473 (pAKT S473) was detected after anti-IgM stimulation in the total cell lysate (input).
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confirmed also by immunoblot analysis of PARP, pro-caspase 3
and Mcl1 protein cleavage (Figure 8D). The effect was synergic
since the calculated combination index was lower than 1
(Figure 8E). Of note, CK1a inactivation caused a significant
reduction of the IC50 of Duvelisib in the more resistant Granta-
519 cells (Figure 8E). Interestingly, as observed with Ibrutinib,
treatment with Duvelisib at different concentrations caused a
reduction of CK1a protein expression in MCL cells (Figure S8).
DISCUSSION

In this work we have provided evidence that the Ser/Thr kinase
CK1a is a pivotal regulator of the BCR cascades and may be
Frontiers in Oncology | www.frontiersin.org 10172
targeted to enhance the cytotoxic effects of BCR inhibitors,
suggesting the rationale for innovative therapeutic strategies
for patients with MCL in association with novel agents.

Our findings suggest that CK1a has a pro-survival role in
MCL cells, through the regulation of BCR-linked signaling
cascades and protects from Ibrutinib/Duvelisib-induced
apoptosis indicating that CK1a could be a novel targetable
molecule in this malignancy. We described here that CK1a
inactivation disrupts the activity of specific critical cascades,
namely NF-kB, PI3K/AKT, BTK, which sustain BCR addiction
in MCL. Therefore, CK1a inhibition may be a powerful way to
boost BCR inhibitors -mediated cell death in MCL.

We showed here that the expression of CK1a, even with a
variable outcome, was elevated in most of MCL patients’ B cells
A B
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FIGURE 6 | CK1a inactivation empowers Ibrutinib induced cytotoxicity. (A–D) Annexin V staining and FACS analysis of MCL and healthy B cells in which CK1a
inactivation was associated with Ibrutinib (IBR) treatment. MCL cell lines Jeko-1, Granta-519, Rec-1 (A), were treated with D4476 40 µM for 48h, B cells derived from
MCL patients (n=5, B), or healthy B cells (n=4, C), were treated with D4476 20 µM or D4476 40 µM for 24h. From A to C, Ibrutinib 1 µM or 10 µM, alone or in
combination with D4476 was added for the last 24h. Jeko-1 wt or Jeko-1 IPTG inducible CSNK1A1 directed shRNA clone (named CK1a shRNA) were treated with IPTG
500µM for 13 days (D left panel), Jeko-1 wt cells were electroporated with CSNK1A1 directed siRNAs oligo for 48h (D right panel), and treated with Ibrutinib 1 µM or
10 µM, alone or in combination with CK1a silencing for the last 24h. Data represent the mean ± SD of at least three independent experiments. * indicates p < 0.05;
# indicates p < 0.05 between samples treated with Ibrutinib 1 µM together with D4476 (or CK1a silencing) and Ibrutinib 1 µM or D4476/CK1a silencing alone; • indicates
p < 0.05 between samples treated with Ibrutinib 10 µM together with D4476 (or CK1a silencing) and Ibrutinib 10 µM or D4476/CK1a silencing alone. (E) Synergistic effect
of D4476 and Ibrutinib in reducing cell viability. Dose response curve of Jeko-1 (upper) and Granta-519 (bottom) incubated for 72 hours with increasing concentrations
of D4476 alone, (green squared curve), of Ibrutinib alone (red tringle curve), and with the combination of D4476 and Ibrutinib (purple squared curve). Cell viability was
assessed with MTT test and reported as percentage over untreated cells. In Jeko-1, IC50 for D4476 alone was 41.5mM and for Ibrutinib alone was 11µM. IC50 for
D4476 used in combination with Ibrutinib was 24mM, while IC50 for Ibrutinib used together with D4476 was 1.6mM. The CI between D4476 and Ibrutinib was calculated
as to be 0.71. In Granta-519, IC50 for D4476 alone was 32mM and for Ibrutinib alone was 28µM. IC50 for D4476 used in combination with Ibrutinib was 14mM, while
IC50 for Ibrutinib used together with D4476 was 12mM. The CI between D4476 and Ibrutinib was calculated as to be 0.85.
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and in all the MCL cell lines analyzed compared to B cells from
healthy controls. At variance with normal B cells, we found an
atypical nuclear diffuse microspeckled localization in MCL cells,
similar to what we already observed in MM (17). Several reports
have established that CK1a is associated with distinct structures
and factors in the cell and has a cell-cycle-dependent subcellular
distribution (31). The nuclear diffusion of CK1a in MCL and
MM samples suggests that this localization could be a feature of
CK1a in B-cell derived tumors. CK1a might have nuclear roles
dependent on the transformed status. However, at present there
are no data that allow to speculate whether this kinase takes part
in the regulation of gene transcription, DNA metabolism or
chromatin dynamics in MCL.

We also demonstrated that CK1a sustains MCL survival and
proliferation. The alterations of the cell cycle and the arrest of
proliferation, seen upon CK1a silencing, suggest that CK1a has
a role in cell division. Indeed it has been previously demonstrated
that CK1amight participate in mitosis regulating spindle placing
(32). Moreover, phosphoproteomics data suggest a putative
regulative role for CK1a in phosphorylation of about 50% of
mitosis-related phosphopeptides (33).

In addition, the prosurvival effects of CK1a might depend on
its known role in the regulation of the intensity of NF-kB
activation downstream the BCR (21, 22) and, as suggested by
our observation in MM cells, in the upholding of the PI3K/AKT
pathway (17). The relevance of these two pathways in MCL are
well-established. Aberrant NF-kB activation is associated with
maintenance and progression of a range of lymphoid
malignancies, including MCL (34, 35). Moreover, a constitutive
activation of the PI3K/AKT pathway contributes to the
pathogenesis of MCL likely due to loss of PTEN expression
(28). Ibrutinib resistance in CLL and DLBCL could be attributed
to aberrant activation of the AKT pathway (36). Indeed, initial
Frontiers in Oncology | www.frontiersin.org 11173
reports indicate that targeting PI3K may overcome Ibrutinib
intolerance/resistance in CLL (37) and Richter syndrome (38).

Indeed, our experiments demonstrated that CK1a sustains
the NF-kB dependent signaling (Figure 3). Inhibition or
silencing of CK1a led to a reduction of both phosphorylated
and total NF-kB p65. The level at which CK1a seems to act in the
NF-kB signaling is upstream of p65, since phosphorylation and
total IKKa/IKKb protein levels were also reduced. Importantly,
the demonstration that CK1a inhibition/silencing significantly
causes a reduction of CARD11 phosphorylation and levels and
that CK1a is present in the CBM1 complex, both at resting and
at BCR-stimulated conditions (Figure 4), suggests that this
kinase might regulate the IKK/NF-kB activation by sustaining
the activity of CARD11, as shown in DLBCL (22).

Moreover, we have also provided evidence that CK1a
regulates other pivotal signaling molecules in MCL cells
(Figure 5). Indeed, CK1a inhibition or silencing led to a
reduction of AKT phosphorylation on Ser 473 and total AKT
and of BTK phosphorylation on Tyr 223 and total BTK. Instead,
the MAPK/ERK pathway was unaffected. The regulative role of
CK1a on the PI3K/AKT signaling axis was already documented
in previous works. For instance, CK1a is known to phosphorylate
DEPTOR, targeting it for proteasomal degradation (39). This would
leave mTOR free to phosphorylate AKT, with the consequent
activation of the downstream survival pathway. The inhibition of
the kinase would therefore cause an increase in DEPTOR activity.
However, the reduction of AKT expression could be also a
consequence of p53 activation upon CK1a inhibition, since
previous work established that cells undergoing p53-dependent
apoptosis downregulate AKT in a caspase-dependent mechanism
(40). Along this line, we showed that in MM CK1a inactivation
caused a p53/caspase dependent reduction of AKT (17). Thus, the
observed AKT decrease upon CK1a inactivation inMCL cells could
A B C

FIGURE 7 | Ibrutinib cooperates with CK1 inactivation in modulating BCR dependent signaling cascades, reducing also CK1a expression. (A, B) Representative
WB of NF-kB p65, BTK, AKT, ERK1/2 dependent phosphorylation and total protein expression in Jeko-1 cells electroporated with CSNK1A1 directed siRNA for 48h
(A), and in Jeko- 1 exposed to D4476 40 µM for 48h (B), treated with Ibrutinib (IBR) 1 µM or 10 µM for the last 24h. b actin was used as loading control. The figure
shows a representative WB, that was performed on at least 3 independent experiments. (C) Representative WB (upper panel) and densitometric analysis (lower
panel) of CK1a protein expression in Jeko-1, Rec-1, Granta-519 MCL cells, treated with Ibrutinib 1µM, 5µM and 10 µM for 24h, of three (Jeko-1), two (Rec-1), four
(Granta-519) independent experiments. b actin was used as loading control.
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still rely on the inhibitory effects exerted by the unleashed p53/
caspase axis.

Remarkably, we have also demonstrated an unanticipated
novel role of CK1a on BTK function. CK1a chemical
inactivation and gene silencing caused a reduction of activating
phosphorylation and of total BTK levels. It has been previously
reported that BTK is needed for BCR-induced activation of NF-
kB (41, 42) and BTK dependent phosphorylation of IKBa is
associated to NF-kB-p65 nuclear translocation and activation,
Frontiers in Oncology | www.frontiersin.org 12174
independently from IKK (43). On the other hand, the activity of
the NF-kB subunit p65, which directly interacts with the BTK
promoter, may cause an increase of BTK activity in B cells (44).
Our findings suggest that CK1a could be involved in the
autoregulatory loop between BTK and NF-kB in MCL.
Mechanistically, we provide evidence that CK1a might control
BTK protein stability through a post-translational mechanism
that does not involve the proteasome but instead relies on
caspases (Figure S4). Remarkably, we also showed that CK1a
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inactivation was associated with Duvelisib (Duv) treatment. (A), MCL cell lines Jeko-1, Granta-519, Rec-1, were treated with Duv for 48h and with D4476 for the last 24h at
the indicated concentrations. Purified B cells derived from 1 MCL patient were treated with Duv and D4476 for 24h. (B) Jeko-1 wt cells were electroporated with
CSNK1A1 directed siRNAs for 48h and treated with Duv 10µM alone or in combination with CK1a silencing for the last 24h. (C) Healthy B cells (n=4) were treated with
Duv 1µM or 10µM, D4476 20µM or 40µM or the combination of both compounds for 24h. Data represent the mean ± SD of at least n=6 (Jeko-1), n=9 (Granta-519), n=3
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CK1a silencing alone. (D) Representative WB analysis of Mcl1, Procaspase-3, and PARP cleavage in Jeko-1 and Rec-1 treated with Duv (10 µM for Jeko-1 and 5µM for
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500µM for 13 days and with Duv 10 µM for the last 24h, (lower panel). CK1a antibody was used to monitor the silencing efficacy. b actin was used as loading control. The
figure shows a representative WB, that was performed on at least 3 independent experiments. (E) Synergistic effect of D4476 and Duv in reducing cell viability. Dose
response curve of Jeko-1 (upper) and Granta-519 (bottom) incubated for 72 hours with increasing concentrations of D4476 alone, (green squared curve), of Duv alone
(light blue star curve), and with the combination of D4476 and Duv (black filled circle curve). Cell viability was assessed with MTT test and reported as percentage over
untreated cells. In Jeko-1, IC50 for D4476 alone was 41.5mM and for Duv alone was 16,85µM. IC50 for D4476 used in combination with Duv was 18,63mM, while IC50 for
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Ibrutinib was calculated as to be 0.90.
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physically interacts with BTK, thus making it possible that CK1a
facilitates BTK activating phosphorylation on Tyr 223. Even if it
needs to be further investigated, this new finding is particularly
relevant in the context of the therapy of MCL and other BTK-
addicted NHL. To this regard, our data indicate that the
molecular effects of CK1a on BTK and PI3K/AKT might
impinge on the action of different classes of BCR inhibitors.
Indeed, CK1a loss of function synergically potentiated Ibrutinib
or Duvelisib cytotoxicity, compared to single treatments, in all
the models tested, including cells less sensitive to Ibrutinib and
Duvelisib (Granta-519 cells). Our results showed that CK1a
inhibition could boost the Ibrutinib dependent NF-kB and AKT
inactivation, impinging on crucial survival pathways important
for MCL clonal expansion such as AKT, NF-kB and BTK. This is
particularly meaningful since it has been shown that Ibrutinib
resistance is associated to an increase of mTOR and NF-kB
mediated signaling (9). CK1a-dependent activation of these
pathways could be therefore usefully targeted in a therapeutic
perspective and the design of novel inhibitors of CK1a would be
suitable for a use in the clinical setting to overcome MCL therapy
resistance. Indeed, a successful example of such an approach is
the development of the dual PI3Kd/CK1ϵ inhibitor Umbralisib,
which has shown clinical efficacy in relapsed/refractory CLL and
lymphomas, alone, or in combination with BTK inhibitors
(45–47).

We have herein provided compelling evidence that CK1a
sustains chronic active BCR-linked signaling cascades in MCL,
namely the AKT, NF-kB and BTK-dependent pathways, and
promotes tumor survival and proliferation. CK1a genetic and
chemically inhibition causes MCL cell death and synergically
empowered Ibrutinib and Duvelisib induced apoptosis. Our
results are particularly meaningful in the perspective of
developing novel strategies that abrogate BCR activation.
Therefore, CK1a may be a key target opening new
perspectives in the treatment of MCL patients, especially those
with relapsed/refractory disease.
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The myeloproliferative neoplasms (MPNs) are characterized by an expansion of the
neoplastic hematopoietic stem/progenitor cells (HSPC) and an increased risk of
cardiovascular complications. The acquired kinase mutation JAK2V617F is present in
hematopoietic cells in a majority of patients with MPNs. Vascular endothelial cells (ECs)
carrying the JAK2V617F mutation can also be detected in patients with MPNs. In this
study, we show that a murine model with both JAK2V617F-bearing hematopoietic cells
and JAK2V617F-bearing vascular ECs recapitulated all the key features of the human
MPN disease, which include disease transformation from essential thrombocythemia to
myelofibrosis, extramedullary splenic hematopoiesis, and spontaneous cardiovascular
complications. We also found that, during aging and MPN disease progression, there was
a loss of both HSPC number and HSPC function in the marrow while the neoplastic
hematopoiesis was relatively maintained in the spleen, mimicking the advanced phases of
human MPN disease. Different vascular niche of the marrow and spleen could contribute
to the different JAK2V617F mutant stem cell functions we have observed in this
JAK2V617F-positive murine model. These results indicate that the spleen is functionally
important for the JAK2V617F mutant neoplastic hematopoiesis during aging and MPN
disease progression. Compared to other MPN murine models reported so far, our studies
demonstrate that JAK2V617F-bearing vascular ECs play an important role in both the
hematologic and cardiovascular abnormalities of MPN.
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HIGHLIGHTS

• A murine model in which JAK2V617F is expressed in both
hematopoietic cells and ECs recapitulated the key features of
the human MPN disease

• Different vascular niche of the marrow and spleen could
contribute to different JAK2V617F mutant HSC functions
during MPN disease progression
INTRODUCTION

The Philadelphia chromosome-negative myeloproliferative
neoplasms (MPNs), which include polycythemia vera (PV),
essential thrombocythemia (ET), and primary myelofibrosis
(PMF), are clonal stem cell disorders characterized by
hematopoietic stem/progenitor cell (HSPC) expansion,
overproduction of mature blood cells, a tendency to
extramedullary hematopoiesis, an increased risk of transformation
to acute leukemia or myelofibrosis, and an increased risk of vascular
thrombosis (1, 2). The incidence of MPNs increases significantly
with aging and MPN is uncommon before the age of 50 years (3).
Older age and longer disease duration are also associated with
higher risk of disease transformation to myelofibrosis or secondary
acute myeloid leukemia, as well as increased morbidity and
mortality in these patients (4). These observations suggest that
aging plays an important role in MPN development.

The acquired signaling kinase mutation JAK2V617F is
present in most patients with MPNs and aberrant JAK-STAT
signaling plays a central role in these disorders (5). Although
JAK2V617F-positive murine models have provided unequivocal
evidence that JAK2V617F is able to cause MPNs, there is
significant heterogeneity in disease phenotypes between
different murine models, and none has been able to
recapitulate both the myeloproliferative phenotype and the
cardiovascular pathology in patients with MPNs (6). In
addition, these murine models were mostly followed for less
than 3-9 months (7–18) and how aging affects MPN disease
progression has not been studied.

Endothelial cells (ECs) are an essential component of the
hematopoietic niche and most HSPCs reside close to a marrow
sinusoid (the “perivascular niche”) (19). Vascular ECs also play
critical roles in the regulation of hemostasis and thrombosis (20).
The JAK2V617F mutation can be detected in microvascular ECs
isolated from liver and spleen (by laser microdissection), and
marrow (by flow cytometry sorting) in 60-70% of patients with
MPNs (21, 22). The mutation can also be detected in 60-80% of
EC progenitors derived from the hematopoietic lineage and, in
some reports based on in vitro culture assays, in endothelial
colony-forming cells from patients with MPNs (22–26).
Previously, we reported that the JAK2V617F-bearing vascular
endothelium promotes the expansion of the JAK2V617F mutant
HSPCs in preference to wild-type HSPCs (27–31) and
contributes to the development of cardiovascular complications
(32) in a murine model of MPN. In the present study, we
Frontiers in Oncology | www.frontiersin.org 2179
investigated how MPN progresses in the JAK2V617F-bearing
vascular niche during aging.
MATERIALS AND METHODS

Experimental Mice
JAK2V617F Flip-Flop (FF1) mice (12) was provided by Radek
Skoda (University Hospital, Basal, Switzerland) and Tie2-Cre
mice (33) by Mark Ginsberg (University of California, San
Diego). FF1 mice were crossed with Tie2-Cre mice to express
JAK2V617F specifically in all hematopoietic cells (including
HSPCs) and vascular ECs (Tie2+/-FF1+/-, or Tie2FF1), so as to
model the human diseases in which both the hematopoietic stem
cells and ECs harbor the mutation. All mice used were crossed
onto a C57BL/6 background and bred in a pathogen-free mouse
facility at Stony Brook University. Animal experiments were
performed in accordance with the guidelines provided by the
Institutional Animal Care and Use Committee.

Marrow and Spleen Cell Isolation
Murine femurs and tibias were first harvested and cleaned
thoroughly. Marrow cells were flushed into PBS with 2% fetal
bovine serum using a 25G needle and syringe. Remaining bones
were crushed with a mortar and pestle followed by enzymatic
digestion with DNase I (25U/ml) and Collagenase D (1mg/ml) at
37°C for 20 min under gentle rocking. Tissue suspensions were
thoroughly homogenized by gentle and repeated mixing using
10ml pipette to facilitate dissociation of cellular aggregates.
Resulting cell suspensions were then filtered through a 40uM
cell strainer.

Murine spleens were collected and placed into a 40uM cell
strainer. The plunger end of a 1ml syringe was used to mash the
spleen through the cell strainer into a collecting dish. 5ml PBS
with 2% FBS was used to rinse the cell strainer and the resulting
spleen cell suspension was passed through a 5ml syringe with a
23G needle several times to further eliminate small cell clumps.

Complete Blood Counts and
In Vitro Assays
Complete blood counts and hematopoietic colony formation
assays were performed as we previously described (34). Mouse
methylcellulose complete media (Stem Cell Technologies,
Vancouver, BC) was used to assay hematopoietic colony
formation, which was enumerated according to the
manufacturer’s protocol.

For Lineage negative (Lin-) cell culture, marrow or splenic
Lin- cells were first enriched using the Lineage Cell Depletion Kit
(Miltenyi Biotec). On Day 0, 1,000 Lin- cells were seeded in a 48-
well plate and cultured in 150ul StemSpan serum-free expansion
medium (SFEM) containing recombinant mouse Stem cell factor
(100 ng/ml), recombinant mouse Interleukin-3 (6 ng/ml) and
recombinant human Interleukin-6 (10 ng/ml) (all from Stem
Cell Technologies). 200ul fresh SFEM medium with cytokines
was added on Day 5 and 8 and cells were counted on Day 5
and 10.
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Histology
Femur and spleen tissues were fixed in cold 4% paraformaldehyde
for 6hr at 4°C while shaking. The tissues were washed with PBS for
8-16hrs at room temperature to remove paraformaldehyde.
Femurs were then decalcified and paraffin sections (5-mm
thickness) were stained with hematoxylin and eosin or reticulin
(Reticulum II Staining Kit, Roche, Tucson, AZ) to assess fibrosis.
Images were taken using a Nikon Eclipse TS2R inverted
microscope (Nikon, Melville, NY).

Flow Cytometry
All samples were analyzed by flow cytometry using a
FACSAriaTM III or a LSR II (BD biosciences, San Jose, CA,
USA). Lineage cocktail (include CD3, B220, Gr1, CD11b,
Ter119; Biolegend), cKit (Clone 2B8, Biolegend), Sca1 (Clone
D7, Biolegend), CD150 (Clone mShad150, eBioscience), CD48
(Clone HM48-1, Biolegend), CD45 (Clone 104) (Biolegend, San
Diego, CA, USA), and CD31 (Clone 390, BD biosciences)
antibodies were used.

BrdU Incorporation Analysis
Mice were injected intraperitoneally with a single dose of 5-
bromo-2′-deoxyuridine (BrdU; 100 mg/kg body weight) and
maintained on 1mg BrdU/ml drinking water for two days. Mice
were then euthanized and marrow cells isolated as described
above. For analysis of HSC (Lin-cKit+Sca1+CD150+CD48-)
proliferation, Lin- cells were first enriched using the Lineage Cell
Depletion Kit (Miltenyi Biotec) before staining with fluorescent
antibodies specific for cell surface HSC markers, followed by
fixation and permeabilization using the Cytofix/Cytoperm kit
(BD Biosciences, San Jose, CA), DNase digestion (Sigma, St.
Louis, MO), and anti-BrdU antibody (Biolegend, San Diego,
CA) staining to analyze BrdU incorporation (31).

Analysis of Apoptosis by Active
Caspase-3 Staining
Marrow cells were stained with fluorescent antibodies specific for
cell surface HSC markers, followed by fixation and
permeabilization using the Cytofix/Cytoperm kit (BD
Biosciences). Cells were then stained using a rabbit anti-
activated caspase-3 antibody (31). Data were acquired using a
LSR II flow cytometer.

Analysis of Senescence by Senescence
Associated b-Galactosidase Activity
Marrow cells were stained with fluorescent antibodies specific for
cell surface HSCmarkers. Cells were then washed and fixed using
2% paraformaldehyde and incubated with CellEvent™

Senescence Green Probe (ThermoFisher Scientific, Waltham,
MA) according to the manufacturer’s instruction. Data were
acquired using a LSR II flow cytometer.

VE-Cadherin In Vivo Staining and
Immunofluorescence Imaging
25ug Alexa Fluor 647-conjugated monoclonal antibodies that
target mouse VE-cadherin (clone BV13, Biolegend) were
Frontiers in Oncology | www.frontiersin.org 3180
injected retro-orbitally into 2yr old Tie2FF1 or control mice
under anesthesia (35). Ten minutes after antibody injection, the
mice were euthanized. Mouse femurs and spleens were dissected
out and washed in PBS. After fixation in 4% paraformaldehyde
(PFA) (Affymetrix) for 6hr at 4°C while rotating, the samples were
washed in PBS overnight to remove PFA, cryoprotected in 20%
sucrose, embedded in OCT compound (Tissue-Tek), and flash
frozen at -80°C. Frozen samples were cryosectioned (~10uM)
using a Leica CM1510S Cryostat. Images were acquired using a
Nikon Eclipse Ts2R inverted fluorescence microscope.

Transthoracic Echocardiography
Transthoracic echocardiography was performed on mildly
anesthetized spontaneously breathing mice (sedated by
inhalation of 1% isoflurane, 1 L/min oxygen), using a Vevo
3100 high-resolution imaging system (VisualSonics Inc.,
Toronto, Canada). Both parasternal long-axis and sequential
parasternal short-axis views were obtained to assess global and
regional wall motion. Left ventricular (LV) dimensions at end-
systole and end-diastole and fractional shortening (percent
change in LV diameter normalized to end-diastole) were
measured from the parasternal long-axis view using linear
measurements of the LV at the level of the mitral leaflet tips
during diastole. LV ejection fraction (EF), volume, and mass are
measured and calculated using standard formulas for the
evaluation of LV systolic function (32, 36).

Histology
Hearts and lungs were fixed in 4% PFA overnight at 4°C while
rotating. The tissues were then washed multiple times with PBS
at room temperature to remove PFA. Paraffin sections (5-mm
thickness) were stained with Hematoxylin/Eosin (H&E)
following standard protocols. Images were taken using a Nikon
Eclipse Ts2R inverted microscope.

Statistical Analysis
Statistical analyses were performed using Student’s unpaired, 2-
tailed t tests using Excel software (Microsoft). A p value of less
than 0.05 was considered significant. For all bar graphs, data are
presented as mean ± standard error of the mean (SEM).
RESULTS

The Tie2FF1 Mice Develop ET to
PMF Transformation During Aging
To study the effects of the JAK2V617F-bearing vascular niche on
MPN disease development in vivo, we crossed mice that bear a
Cre-inducible human JAK2V617F gene (FF1) (12) with Tie2-Cre
mice (33) to express JAK2V617F specifically in all hematopoietic
cells and ECs (Tie2FF1). The Tie2FF1 mice developed an ET-like
phenotype with neutrophilia (3.8 vs 1.8 x 103)/uL, P=0.014),
thrombocytosis (1068 vs 558 x 103/uL, P=0.036), and normal
hemoglobin at 2mo of age, results consistent with previous
reports (28, 37). We followed these mice up to 18mo of age to
evaluate how the JAK2V617F mutant vascular niche regulate
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MPN neoplastic hematopoiesis and disease transformation
during aging. The Tie2FF1 mice continued to develop
increasing neutrophilia and thrombocytosis, both of which
plateaued at ~1 yr of age. In addition, the mice developed
significant lymphocytosis and anemia after 6mo of age
(Figures 1A, B). At 18mo of age, there was significant
splenomegaly (spleen weight 611mg vs 89mg, P<0.001),
increased total spleen cell counts (267 vs 153 x 106 cells per
spleen, P=0.031), and decreased total marrow cell counts (23 vs
58 x 106 cells per femur, P<0.001) in the Tie2FF1 mice compared
to age-matched Tie2-cre control mice (Figures 1C–E). Histology
examination revealed extensive marrow osteopetrosis and
destroyed splenic architecture, as well as increased fibrosis in
both the marrow and spleen of the old Tie2FF1 mice compared
to age matched control mice (Figures 1F–I). No evidence of
Frontiers in Oncology | www.frontiersin.org 4181
leukemia transformation was observed in the Tie2FF1 mice.
These findings indicate that the Tie2FF1 mice developed ET to
PMF disease transformation with extramedullary splenic
hematopoiesis during aging.

Decreased Marrow Hematopoiesis During
Aging in the Tie2FF1 Mice
Previously, we and others reported that marrow HSCs were
significantly expanded in young Tie2FF1 mice compared to age-
matched Tie2-cre control mice (28, 31, 38). To examine how
aging affects the neoplastic hematopoiesis in MPN, we first
measured the numbers of marrow hematopoietic progenitor
cells using colony formation assays. We found that the total
hematopoietic progenitor cells were significantly increased in
young (4-5mo) Tie2FF1 mice compared to age-matched control
A

B D E

F G

IH

C

FIGURE 1 | The Tie2FF1 mice develop ET to PMF transformation during aging. (A) Peripheral blood cell counts of Tie2FF1 (black line) and Tie2-cre control mice (grey line).
(n=5-10 mice in each group at 2mo and 4mo; n=6-7 mice in each group at 6mo, 12mo, and 15mo; n=10 mice in each group at 18mo). (B) Representative peripheral
blood smear of 18mo old Tie2-cre and Tie2FF1 mice (40X magnification). (C–E) Spleen weight (C), total spleen cell counts (D), and total femur cell counts (E) in 18mo old
Tie2-cre and Tie2FF1 mice (n=10 mice in each group). (F, G) Representative hematoxylin and eosin sections of marrow (F) and spleen (G) from 18mo old Tie2-cre and
Tie2FF1 mice [F: 1OX magnification, scale bar: 1OOuM; (G) 4X magnification, scale bar: 500uM]. (H, I) Representative reticulin stain of marrow (H) and spleen (I) from
18mo old Tie2-cre and Tie2FF1 mice (40X magnification). *P < 0.05.
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mice (2.6-fold, P=0.005); in contrast, there was no significant
difference in progenitor cell numbers between old (18mo)
Tie2FF1 mice and age-matched control mice (Figure 2A).
Consistent with these findings, flow cytometry analysis
revealed that marrow Lin-cKit+Sca1+CD150+CD48- HSCs (39)
were significantly expanded in young Tie2FF1 mice compared to
age-matched control mice (9.7-fold, P<0.001), while there was
no significant difference in HSC frequency between old Tie2FF1
and control mice (0.125% vs. 0.184%, P=0.087) (Figure 2B).
Considering that the total marrow cells were decreased 2.5-fold
in the old Tie2FF1 mice (Figure 1E), there was a 3.7-fold
decrease in the absolute marrow HSC cell numbers in old
Tie2FF1 mice compared to age-matched control mice.

To test whether the decreased phenotypic HSC number was
associated with altered HSC function, we isolated marrow Lin-

HSPCs fromTie2-cre control andTie2FF1miceandmeasured their
cell proliferation in vitro in serum-free liquid medium. At the end
of a ten-day culture, while JAK2V617F mutant HSPCs from
young Tie2FF1 mice displayed a higher proliferation rate than
wild-type HSPCs from young control mice (1.6-fold, P=0.012),
mutant HSPCs from old Tie2FF1 mice proliferated less than
old control HSPCs (2.0-fold, P=0.043) (Figures 2C, D). Taken
together, these data indicated that there was a loss of both HSPC
number and HSPC function in the marrow of old Tie2FF1 mice
during aging, mimicking the advanced phases of myelofibrosis (3).

Expanded Splenic Extramedullary
Hematopoiesis in the Tie2FF1 Mice
Spleen is the most frequent organ involved in extramedullary
hematopoiesis in patients with MPNs (3). To examine how the
Frontiers in Oncology | www.frontiersin.org 5182
splenic hematopoiesis changes during aging and MPN disease
progression in the old Tie2FF1 mice, we first measured the
numbers of splenic hematopoietic progenitor cells using colony
formation assays. We found that splenic hematopoietic
progenitor cells were markedly increased in both young (19-
fold, P<0.001) and old (19-fold, P<0.001) Tie2FF1 mice
compared to age-matched control mice (Figure 3A). In line
with this finding, flow cytometry analysis revealed that spleen
HSCs were expanded in both young (53-fold P = 0.046) and old
(6.2-fold, P = 0.004) Tie2FF1 mice compared to age-matched
control mice (Figure 3B). Considering that the total spleen cells
were increased 1.7-fold in old Tie2FF1 mice (Figure 1D), there
was a 10.5-fold increase in the absolute spleen HSC numbers in
old Tie2FF1 mice compared to age-matched control mice. When
we isolated spleen Lin- HSPCs from young and old Tie2-cre
control and Tie2FF1 mice and cultured them in vitro, we found
that both young (12.9-fold, P=0.005) and old (4.3-fold, P=0.022)
JAK2V617F mutant spleen HSPCs displayed a higher
proliferation rate than age-matched wild-type control spleen
HSPCs (Figures 3C, D). These results suggest that, in contrast
to the decreased HSPC number and HSPC function we have
observed in the marrow (Figure 2), the spleen of old Tie2FF1
mice was able to maintain the expansion of JAK2V617F mutant
hematopoiesis during aging and MPN disease progression.

Different HSC Functions in the Marrow
and Spleen of Old Tie2FF1 Mice
The differences between marrow (Figure 2) and spleen
(Figure 3) hematopoiesis in the old Tie2FF1 mice prompted us
to further investigate how aging and MPN disease progression
A B

DC

FIGURE 2 | Decreased marrow hematopoiesis in the Tie2FF1 mice during aging. (A) Colony formation assays in marrow cells isolated from young (n=4 mice in each
group) and old (n=6-7 mice in each group) Tie2-cre control and Tie2FF1 mice. (B) Representative flow cytometry plots showing gating strategy (left) of marrow Lin
cKit+Sca1+CD150+CD48- HSCs frequency (right) in young (n=7 mice in each group) and old (n=5-6 mice in each group) Tie2-cre control and Tie2FF1 mice. (C, D) Cell
proliferation of marrow Lin- HSPCs isolated from young (C) and old (D) Tie2-cre control and Tie2FF1 mice. Cells were cultured on SFEM medium containing recombinant
mouse SCF (1OOng/mL), recombinant mouse IL3 (6ng/mL), and recombinant human IL6 (1Ong/mL). Data are from one of two independent experiments (with triplicates
in each experiment) that gave similar results. *P < 0.05.
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affect the JAK2V617F mutant HSC function differently in the
marrow and spleen. First, we measured HSC proliferation in vivo
by BrdU labeling (31). We found that JAK2V617F mutant HSCs
from old Tie2FF1 mice proliferated more rapidly than wild-type
HSCs from age-matched control mice in both the marrow (58%
vs 21%, P=0.001) and the spleen (41% vs 22%, P=0.042)
(Figures 4A, B). Next, we measured HSC cell apoptosis by
assessing their activated caspase-3 levels using flow cytometry
analysis (31). We found that JAK2V617F mutant marrow HSCs
from old Tie2FF1 mice displayed higher level of apoptosis
compared to wild-type marrow HSCs from age-matched
control mice (3.0% vs 0.8%, P=0.006); in contrast, mutant
spleen HSCs from old Tie2FF1 mice displayed significantly less
apoptosis compared to wild-type spleen HSCs from control mice
(1.8% vs 11.6%, P=0.002) (Figures 4C, D). Since oncogenic
mutation is a major stress to induce cellular senescence (40)
and the JAK-STAT signaling has been reported to induce cellular
senescence (41–44), we assessed HSC senescence by measuring
their senescence associated b-galactosidase (SA-b-Gal) activity,
which is a hallmark of cellular senescence (40). JAK2V617F
mutant marrow HSCs from old Tie2FF1 mice demonstrated
significantly higher senescence rates compared to wild-type
marrow HSCs from age-matched control mice (18% vs 9%,
P=0.011); in contrast, there was no difference in the cellular
senescence rate between the mutant spleen HSCs from old
Tie2FF1 mice and wild-type spleen HSCs from control mice
(Figures 4E, F). Taken together, although the JAK2V617F
mutant HSCs from old Tie2FF1 mice were more proliferative
than wild-type HSCs in both the marrow and spleen, mutant
HSCs were more apoptotic and senescent than wild-type HSCs
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in the marrow while the mutant cells were relatively protected in
the spleen.

Most HSCs reside close to a perivascular niche in the marrow
and spleen (19, 45). To understand how different vascular niches
contribute to different HSC functions in the old Tie2FF1 mice, we
measured marrow and spleen ECs (CD45-CD31+) by flow
cytometry analysis. We found that marrow ECs were
significantly decreased in old Tie2FF1 mice compared to age-
matched control mice; in contrast, spleen ECs were significantly
expanded in old Tie2FF1 mice. These results were also confirmed
by in vivo VE-cadherin labeling and immunofluorescence imaging
of the marrow and spleen tissue samples (Figures 4G, H). In
addition, while there was no difference in marrow EC senescence
rate between old Tie2FF1 mice and old control mice, the
JAK2V617F mutant splenic ECs from old Tie2FF1 mice were
much less senescent compared to wild-type splenic ECs from
age-matched control mice (Figures 4I, J). Therefore, the different
vascular niche of the marrow and spleen could contribute to the
decreased marrow hematopoiesis and expanded splenic
hematopoiesis we have observed in the Tie2FF1 mice during aging.

Persistent But Compensated
Cardiomyopathy in the Old Tie2FF1 Mice
Cardiovascular complications are the leading cause of morbidity
and mortality in patients with MPNs. Previously, we reported
that the Tie2FF1 mice developed spontaneous heart failure with
thrombosis, vasculopathy, and cardiomyopathy at 20wk of age
(32). Here, we followed the cardiovascular function of Tie2FF1
mice during aging. At 18mo of age, the Tie2FF1 mice continued
to demonstrate a phenotype of dilated cardiomyopathy with a
A B
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FIGURE 3 | Expanded splenic extramedullary hematopoiesis in the Tie2FF1 mice. (A) Colony formation assays in spleen cells isolated from young (n=3 mice in each
group) and old (n=5-6 mice in each group) Tie2-cre control and Tie2FF1 mice. (B) Spleen Lin-cKit+Sca1+CD150+CD48- HSCs frequency in young (n=3 mice in each
group) and old (n=5 mice in each group) Tie2-cre control and Tie2FF1 mice. (C, D) Cell proliferation of spleen Lin HSPCs isolated from young (C) and old (D) Tie2-
cre control and Tie2FF1 mice. Cells were cultured in SFEM medium containing recombinant mouse SCF (1OOng/mL), recombinant mouse IL3 (6ng/mL), and
recombinant human IL6 (1Ong/mL). Data are from one of two independent experiments (with triplicates in each experiment) that gave similar results. *P < 0.05.
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moderate but significant decrease in LV EF (56% versus 66%,
P=0.043), an increase in LV end-diastolic volume (84mL vs 71mL,
P=0.086) and end-systolic volume (38 mL vs 25 mL, P=0.041), and
an increase in LV mass (156mg vs 113mg, P=0.021) compared to
age-matched control mice (Figure 5A). Pathological evaluation
confirmed the diagnosis of dilated cardiomyopathy in old
Tie2FF1 mice with significantly increased heart weight-to-tibia
length ratio compared to age-matched control mice (0.014 vs
0.011 gram/mm, P=0.004) (Figure 5B). Increased lung weight in
old Tie2FF1 mice compared to control mice (0.287 vs 0.226
gram) further indicated the presence of pulmonary edema
commonly associated with heart failure (Figure 5C). Similar to
what we previously reported in the young Tie2FF1 mice (32),
there was spontaneous thrombosis in the right ventricle and
pulmonary arteries in the old Tie2FF1 mice, while age-matched
Tie2-cre control mice had no evidence of spontaneous
thrombosis in their heart or lungs (Figures 5D, E). Despite
these cardiovascular dysfunctions, there was no difference in
body weight between old Tie2FF1 mice and control mice
(Figure 5F), nor was there any significantly increased
incidence of sudden death in the old Tie2FF1 mice compared
to age-matched control mice. These findings suggested that there
was a persistent but compensated cardiomyopathy and heart
failure in the Tie2FF1 mice during aging.
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DISCUSSIONS

With heterozygous human JAK2V617F transgene expression in
both the hematopoietic cells and vascular ECs, the Tie2FF1 mice
developed an ET-like phenotype at young age (2mo old) which
transformed to PMF during aging. The mice also demonstrated
features of extramedullary splenic hematopoiesis, spontaneous
vascular thrombosis, cardiovascular dysfunction, which persisted
during the aging process. Compared to other MPN murine
models reported so far (7–18), the Tie2FF1 mice is the first
MPN murine model that faithfully recapitulated almost all the
key features of the human MPN diseases. Considering the
presence of the JAK2V617F mutation in microvascular ECs
isolated from patients with MPNs (21, 22, 26) and the
recapitulation of all the key features of human MPN diseases
by the Tie2FF1 mice, the roles of endothelial dysfunction in the
hematologic and cardiovascular pathogenesis of MPN and
whether the MPN vascular niche can be targeted to provide
more effective therapeutic strategies for patients with these
diseases shall be further investigated.

Extramedullary splenic hematopoiesis often compensates for
normal hematopoietic suppression in neoplastic conditions (46,
47). Splenomegaly is a common feature in patients with MPNs as
a result of extramedullary hematopoiesis, in which HSCs
A B D
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FIGURE 4 | Different HSC functions in the marrow and spleen of old Tie2FF1 mice (A, B) Cell proliferation rate of HSCs in the marrow (A) and spleen (B) measured
by in vivo BrdU labeling (A: n=4-5 mice in each group; B: n=4 mice in each group). (C, D) Representative flow cytometry histograms (left) and quantitative analysis of
cellular apoptosis rate of HSCs in the marrow (C) and spleen (D) measured by activated caspase-3 staining using flow cytometry analysis (C: n=5 mice in each
group; D: n=5-6 mice in each group). (E, F) Cellular senescence rate of HSCs in the marrow (E) and spleen (F) measured by SA-b-Gal activity using flow cytometry
analysis (E): n=5 mice in each group; (F) n=5-6 mice in each group). (G, H) Representative immunofluorescent images of VE cadherin (+) vasculatures (magnification
1Ox for femur marrow and 4x for spleen) (left) and flow cytometry quantitative analysis of CD45-CD31+ ECs (right) of the marrow (G) and spleen (H) from 18mo Tie2-
cre control and Tie2FF1 mice (G): n=8 mice in each group; (H) n=5 mice in each group). (I) Representative flow cytometry histograms (left) and quantitative analysis
of cellular senescence of marrow ECs (n=4 mice in each group). (J) Representative flow cytometry histograms (left) and quantitative analysis of cellular senescence of
spleen ECs (n=3 mice in each group).*P < 0.05.
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are mobilized to sites outside the marrow to expand
hematopoiesis. Our study showed that the extramedullary
splenic hematopoiesis could also compensate/maintain MPN
neoplastic hematopoiesis during disease transformation/
progression. Together with a previous report that the spleens
of PMF patients contain the neoplastic stem cells for MPN
development (48), these findings indicate that effective
targeting of the splenic neoplastic hematopoiesis might be
necessary for successful MPN therapies.

ECs are an essential component of the perivascular niche in the
marrow and spleen (19, 45). It is known that vascular ECs within
different tissues have unique gene expression profile and cellular
function (49). Results from our previous studies and current work
demonstrated that there was a significant heterogeneity of the
JAK2V617F mutant ECs in different parts of the circulation (e.g.,
marrow, spleen, heart32). How the same JAK2V617F mutation
results in different EC functions in different tissues is not fully
understood. Since flow shear stress has key roles in endothelial
function (50) and biomechanical forces can regulate HSC function
(51), it is possible that different e.g. flow rate, shear stress, or
hydrostatic pressure in different tissues can contribute to different
JAK2V617F -bearing EC functions.

In summary, our previous (27–32) and current work have
demonstrated that JAK2V617F-bearing vascular ECs play an
important role in both the hematologic and cardiovascular
disease processes of MPNs. Results from our studies also
revealed a significant heterogeneity of the JAK2V617F mutant
ECs in different parts of the circulation and the spleen is
functionally important for MPN neoplastic hematopoiesis
during aging and disease progression. Therefore, the Tie2FF1
mice provide a unique in vivo model to screen or test
Frontiers in Oncology | www.frontiersin.org 8185
potential preventive and therapeutic interventions for patients
with MPNs.
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FIGURE 5 | Persistent cardiomyopathy and congestive heart failure in the old Tie2FF1 mice. (A) Measurements of left ventricular (LV) ejection fraction, end-diastolic
and end-systolic volume, and mass by transthoracic echocardiography in 18mo old Tie2-cre control and Tie2FF1 mice. (B) Heart weight adjusted by tibia length of
18mo old Tie2-cre control and Tie2FF1 mice. (C) Lung weight of 18mo old Tie2-cre control and Tie2FF1 mice. (D) Representative H&E staining of transverse
sections of heart from Tie2-cre control and Tie2FF1 mice. Note the presence of thrombus (*) in right ventricle (magnification 4x, scale bar: 500uM). (E) Representative
H&E staining of coronal sections of lung from Tie2-cre control and Tie2FF1 mice. Note the presence of thrombus (star*) in segment pulmonary arteries of the Tie2FF1
mice (magnification 4x, scale bar: 500uM). (F) Body weight of 18mo old Tie2-cre control and Tie2FF1 mice. n=8-11 mice in each group.*P < 0.05.
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Myeloid malignancies are a heterogeneous group of clonal haematopoietic disorders,
caused by abnormalities in haematopoietic stem cells (HSCs) and myeloid progenitor cells
that originate in the bone marrow niche. Each of these disorders are unique and present
their own challenges with regards to treatment. Acute myeloid leukaemia (AML) is
considered the most aggressive myeloid malignancy, only potentially curable with
intensive cytotoxic chemotherapy with or without allogeneic haematopoietic stem cell
transplantation. In comparison, patients diagnosed with chronic myeloid leukaemia (CML)
and treated with tyrosine kinase inhibitors (TKIs) have a high rate of long-term survival.
However, drug resistance and relapse are major issues in both these diseases. A growing
body of evidence suggests that Interferons (IFNs) may be a useful therapy for myeloid
malignancies, particularly in circumstances where patients are resistant to existing front-line
therapies and have risk of relapse following haematopoietic stem cell transplant. IFNs are a
major class of cytokines which are known to play an integral role in the non-specific
immune response. IFN therapy has potential as a combination therapy in AML patients to
reduce the impact of minimal residual disease on relapse. Alongside this, IFNs can
potentially sensitize leukaemic cells to TKIs in resistant CML patients. There is evidence
also that IFNs have a therapeutic role in myeloproliferative neoplasms (MPNs) such as
polycythaemia vera (PV) and primary myelofibrosis (PMF), where they can restore
polyclonality in patients. Novel formulations have improved the clinical effectiveness of
IFNs. Low dose pegylated IFN formulations improve pharmacokinetics and improve patient
tolerance to therapies, thereby minimizing the risk of haematological toxicities. Herein, we
will discuss recent developments and the current understanding of the molecular and
clinical implications of Type I IFNs for the treatment of myeloid malignancies.

Keywords: interferon, myeloid malignancies, interferon alfa, interferon beta, type I interferon (IFN) signaling,
myeloid neoplasia
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CLONAL MALIGNANCIES IN
MYELOID LINEAGES

Myeloid malignancies, consisting of myeloproliferative
neoplasms (MPNs), myelodysplastic syndrome (MDS), and
acute myeloid leukaemia (AML), are a heterogeneous group of
clonal haematopoietic disorders caused by abnormalities in
HSCs and myeloid progenitor cells, originating in the bone
marrow niche (1, 2). Each myeloid malignancy is unique and
therefore presents different challenges with regards to treatment.
MPNs have been categorized by the WHO as: chronic myeloid
leukaemia (CML), polycythaemia vera (PV), primary
myelofibrosis(PMF) and essential thrombocythemia (ET) and
are characterized by the presence of the BCR-ABL gene, JAK2,
MPL or CALR mutations, excessive erythrocyte production,
fibrot ic bone marrow degenerat ion, and excess ive
megakaryocyte lineage proliferation, respectively (3). MDS is
characterized by abnormalities in normal haematopoiesis with
resulting progression to bone marrow failure and genetic
instability with potential to develop into AML (4) which is
often considered the most aggressive myeloid malignancy.
Older AML patients, those with poor-risk associated
karyotypes, or with an unfavourable mutational burden (e.g.
TP53 mutations) have a median survival as low as 4-6 months
(5–7). In comparison, patients who are diagnosed with CML and
treated with tyrosine kinase inhibitors (TKIs), such as imatinib,
have an overall long-term (8-year) survival rate as high as 93%
(8–10). This vast difference in survival between different
malignancies warrants a novel and innovative approach to the
treatment of certain myeloid malignancies.

There are currently a variety of therapies available for myeloid
malignancies, dependent on the disease in question. Most CML
patients will experience long term responses with tyrosine kinase
inhibitors (TKIs) targeting the BCR-ABL oncogene and can in
many cases be considered functionally cured of their disease (9,
11). PV is associated with blood hyperviscosity due to the
Abbreviations: ABL, Abelson proto-oncogene; AML, Acute Myeloid Leukaemia;
ara-C, Cytarabine; bFGF, basic fibroblast growth factor; BCR, Breakpoint cluster
region gene; cGAMP, 2’3’-Cyclic GMP-AMP; cGAS, cyclic GMP-AMP synthase;
CML, Chronic Myeloid Leukaemia; cMyc, cellular Myc protein; COX,
Cyclooxygenase; DNA, Deoxyribonucleic acid; DR5, Death receptor 5; ET,
Essential thrombocythaemia; GVHD, Graft versus host disease; GVL, Graft
versus leukaemia; HCT, Haematopoietic stem cell transplant; HSCs,
Haematopoietic stem cells; IFNAR1/2, Interferon-alpha/beta receptor 1/2; IFNs,
Interferons; IFN-a/b/g, Interferon alpha/beta/gamma; IRF3/9, Interferon
regulatory factor 3/9; ISGF3, Interferon-stimulated gene factor 3; ISGs,
Interferon-stimulated genes; ISREs, Interferon-stimulated response elements;
IkB, Inhibitor of kappa B kinase; JAK1/2, Janus Kinase 1/2; LSCs, Leukaemic
stem cells; MDS, Myelodysplastic syndrome; MMR, Molecular response rate;
MPNs, Myeloproliferative neoplasms; MRD, Measurable/minimal residual
disease; MSCs, Mesenchymal stromal cells; NF-kB, Nuclear factor-kappa B;
NSAIDs, Non-steroidal anti-inflammatory drugs; PAMPs, Pathogen-associated
molecular patterns; PMF, Primary myelofibrosis; PV, Polycythaemia Vera; Rig-G,
Retinoic acid-induced gene G; RUNX1, Runt-related transcription factor 1;
STAT1/2, Signal transducer and activator of transcription 1/2; STING,
Stimulator of interferon genes; TKIs, Tyrosine Kinase Inhibitors; TNF-a,
Tumour necrosis factor alpha; TRAIL, Tumour necrosis factor-related apoptosis
inducing ligand; TYK2, Tyrosine kinase 2; VEGF, vascular epidermal
growth factor.
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expansion of the erythrocyte mass, and therefore standard
therapy involves blood withdrawal to reduce mass as well as
treatment with hydroxyurea, or ruxolitinib (Janus activated
kinase 1/2 (JAK1/JAK2) inhibitor) as a second-line
chemotherapy option (12, 13). PMF can also be treated using
JAK2 inhibitors, however this is considered only a symptom
relieving measure – PMF is only potentially curable with an
allogeneic haematopoietic stem cell transplant (HCT) and is
associated with a substantial risk of treatment-related mortality
(14). Finally, MDS and AML can also be treated with high dose,
aplasia-inducing chemotherapy and consolidated with HCT.
However, relapse remains a problem and many factors such as
poor cytogenetic risk (15); monosomal karyotype (16);
measurable residual disease (MRD) positivity (17, 18); FLT3-
ITD and other mutations (19–21) can influence the risk of
relapse in AML patients after HCT.

A large portion of AML patients are elderly and are
considered unfit to undergo intensive chemotherapy (22).
Current treatment for these malignancies is therefore
unfavourable for many patients. Alternatively, hypomethylating
agents in combination with BCL2 inhibitors (23, 24) are
becoming an increasingly better option to reduce toxicity (25),
although a new treatment for MDS and AML is still
urgently required.

For decades, cytokines belonging to the Interferon (IFN)
family have been shown to play an integral role in co-
ordinating immune responses against viruses, intracellular
pathogens and tumour control (26). IFNs are divided into three
types: Type I (including IFN-a and IFN-b), Type II (IFN-g only)
and Type III (IFN-l). A summary of these subtypes and potential
therapeutics is described in Table 1 (27–29). Type I IFNs are
produced by most cells, following detection of pathogen-
associated molecular patterns (PAMPs), such as foreign or self-
nucleic acids (30). Interestingly, Type I IFNs differ in their
binding affinity to the same cell surface receptor (IFNAR1/
IFNAR2) and consequently trigger different antiviral,
antiproliferative, and immunomodulatory outcomes (31). It is
these antiproliferative and immunomodulatory outcomes which
highlight IFNs as a potential treatment for myeloid malignancies
(32). Herein we discuss to what extent IFNs can be used
therapeutically to manage myeloid malignancies.
TYPE I INTERFERON SIGNALING

Following binding of Type I IFNs to the IFNAR1/IFNAR2
receptor complex, the associated JAK1 and tyrosine kinase 2
(TYK2) activation causes the tyrosine phosphorylation of STAT1
(signal transducer and activator of transcription 1) and STAT2
(Figure 1). This ultimately results in the formation of an IFN-
stimulated gene factor 3 (ISGF3) complex which is translocated
to the nucleus. Here, it binds IFN-stimulated response elements
(ISREs), initiating transcription of IFN-stimulated genes (ISGs)
(33). These ISGs have a wide range of functions, and can be
involved in immune system regulation and cell death, amongst
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FIGURE 1 | Type I Interferon Signalling Pathways. Type I IFNs bind the IFNAR1/IFNAR2 receptors, causing heterodimerization and TYK2 and JAK1 activation,
initiating STAT1/STAT2 heterodimerization and phosphorylation. Following IRF-9-mediated translocation of this heterodimer to the nucleus, it binds interferon-
stimulated response elements (ISREs), resulting in transcription of interferon-stimulated genes (ISGs). Resulting proteins include death receptor ligands (including
TRAIL and Fas), which bind their respective receptors. Apoptosis is induced, either directly, or indirectly via NF-kb signalling. These pathways also synergize with
TNF-a pathway, increasing apoptosis. The STING pathway, initiated by detection of circulating tumour DNA, can mediate production of Type I IFNs or induce
apoptosis, through canonical and non-canonical pathways following TBK1 activation. This includes its role in positive feedback loops involving IRF7, further
increasing Type I IFN production.
TABLE 1 | Summary of the Canonical Functions of Type I Interferons and Therapeutic Potential.

Type Expressed in
humans?

Function/Key Processes Therapeutically
used?

Cancer
therapeutic?

IFN-a Yes Apoptosis, CD8+ T cell priming, antigen presentation, pro-inflammatory cytokine
production

Yes- IFN-a2a,
IFN- a2b
IFN- a14

IFN- a2a, IFN-
a2b

IFN-b Yes Anti-proliferative, anti-angiogenic, stimulation of immune response Yes Yes
IFN-d No Anti-proliferative effects No No
IFN-ϵ Yes TNF- a pathway activation, ROS generation No No
IFN-z
(Limitin)

No MHC class I expression, increases cytotoxic T lymphocyte activity, anti-proliferative
effects

No No

IFN-k Yes Increases IFN-b production No No
IFN-t No IL-6/IL-8 expression and secretion No No
IFN-w Yes MHC I molecule production, innate immune cytokine production, phagocytosis Yes - veterinary uses No
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other processes. ISGs are also involved in both positive and
negative feedback loops within the IFN signalling system, with
the potential to increase or decrease IFN signalling, depending
on cellular context such as mutational status (34).

IFN signaling results in the transcription and translation of
cell death-inducing ISGs, and it has been hypothesized that IFN-
a works by potentiating Tumour Necrosis Factor (TNF)-induced
apoptosis through suppression of nuclear factor-kb (NF-kb)
(35). Co-treatment of AML cell lines with TNF-a and IFN-a
increased apoptosis compared to IFN-a alone, indicating IFN-a
enhancement of TNF-a apoptosis via distinct and common
pathways (36). Increased IFN production has been shown to
inhibit activity of NF-kb through the NIK/TRAF2 pathway, yet,
this can be somewhat of a ‘double-edged sword’, with this
pathway also implicated in cellular protection against IFN-
mediated apoptosis (37). Furthermore, IFN-mediated NF-kb
inhibition leads to downregulation of cellular Myc (c-Myc) by
increasing IFIT3 (RIG-G) gene expression, promoting apoptosis
and inducing cell cycle arrest, via enhancement of CD95/Fas
expression, triggering increased cellular caspase 3 activity (38–
40). Indeed, IFN-a has been known to sensitize cells to TRAIL-
induced apoptosis, through activation of DR5 receptor-mediated
death signaling and subsequent suppression of TRAIL-mediated
NF-kb activation (41).

NF-kb is also responsible for the production of cytokines in
response to the detection of cytosolic DNA. Through the
stimulator of interferon genes (STING) pathway, activation of
interferon regulatory factor 3 (IRF-3) and NF-kb leads to
transcription of ISGs and cytokines. This includes IFN-a and
IFN-b, and STING activation ultimately promotes varying
mechanisms of cell death, including apoptosis (42–44). It can
therefore be argued that the STING pathway activation of NF-kb
forms an opposing mechanism, perhaps to maintain homeostasis
as well as desensitizing the body to further IFN stimulation (45).
This could also explain why some IFN therapies require frequent
administration of IFNs to maintain a therapeutic effect.
Nevertheless, the STING pathway presents itself as a promising
target to promote immunity in cancer, including the treatment of
AML (46).

It has been proposed that antiproliferative effects stimulated
by Type I IFN on cancerous cells can enhance the immune
response in mouse models of haematological malignancies (47),
through induction of cell cycle arrest. This is largely through an
increase in p21 activity, as well as CDK2 inhibition, though
perhaps to a lesser extent (48, 49). Type I IFN-mediated cell cycle
arrest in S phase appears to be regulated through IRF9 (48–50).
Increased levels of IRF9 have been attributed to increased TRAIL
activity, which itself is an ISG (50, 51).

Type I IFNs can also negatively regulate angiogenesis, thereby
reducing oxygen supply to malignant cells. This can be through
increased transcription of anti-angiogenic factors, including the
ISGs IRF7 and PML. Alternatively, Type I IFNs can reduce
production of pro-angiogenic factors, including basic fibroblast
growth factor (bFGF), a factor increased in myeloid leukaemia
(52, 53). Furthermore, it has been suggested that IFN therapy
could reduce levels of pro-angiogenic vascular epidermal growth
Frontiers in Oncology | www.frontiersin.org 4191
factor (VEGF), which is a biomarker used for CML severity (54,
55). Again, this primarily occurs through IFN-mediated
reduction in VEGFA and HIF1a transcription, with lower
levels of VEGF mRNA detected in tumour samples following
Type I IFN therapy, as compared to diagnostic samples (52, 56).

Immunomodulatory effects of Type I IFNs can be mediated
through dendritic cells, with Type I IFNs driving activation and
maturation of dendritic cells (57). Following IFN-stimulated
dendritic cell maturation, there can be an increase in MHC
molecule production and antigen presentation to CD8+ T cells,
thereby promoting CD8+ T cell mediated responses, ultimately
leading to tumour destruction (58). Furthermore, IFN-
stimulated dendritic cell maturation also induces expression
of costimulatory ligands CD80 and CD86 (59–61). CD80 and
CD86 are needed for full T cell activation, through their
binding to CD28. Furthermore, increased CD80 expression
induces IRF-7 expression, thereby stimulating further Type I
IFN production, in somewhat of a positive feedback
mechanism. Such pathway can be mediated by TRADD,
TRAF3 and TANK activation, as well as IFN-b and IRF3 (31,
60, 62). Aside from these aforementioned signalling pathways,
IFN-a also increases production of pro-inflammatory
cytokines, including IL-1b, IFN-g and TNF-a (31, 63). As
previously stated, increased TNF-a contributes to increased
apoptosis seen in response to Type I IFN. Thus, it can
be deduced that, unsurprisingly, there is synergy between
the various IFN-stimulated pathways, converging in key
elements responsible for the apoptotic, anti-angiogenic,
immunomodulatory and antiproliferative responses.
DO IFNs REDUCE THE RATES OF
AML RELAPSE?

Treatment options for AML patients rely heavily on a
combination of anthracyclines (e.g. daunorubicin, idarubicin)
and the pyrimidine nucleoside cytarabine (64), which deliver an
unsatisfactory 5-year survival rate of <20% in older patients (65–
68). A goal of treating AML is obtaining a complete remission
and preferably eradicating MRD, which is defined as the
presence of residual leukaemic cells in bone marrow (BM) or
peripheral blood (PB) in patients who have achieved
morphologic complete remission (69). MRD positivity is
associated with increased relapse risk and shorter survival in
AML (70–73). One recent study found that measuring the
transcript levels of RUNX1/RUNX1T1 fusion gene in AML
patients with MRD (post-HCT) allowed for a significant
discrimination between patients that would continue remission
or enter relapse (74). Other studies have supported this finding
and argue that monitoring MRD using transcript levels of
RUNX1/RUNX1T1 fusion gene is favourable over the
measurement of other mutations including c-KIT mutations
for the risk stratification of AML patients with MRD (75). IFN
therapy could potentially target the leukaemic stem cells (LSCs)
at the root of AML development and relapse. It has been
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demonstrated that IFN-a triggers cell cycle entry in dormant
HSCs (76). This raises the possibility that treating AML patients
with IFN could force quiescent LSCs to proliferate, and thus
amenable to standard chemotherapy. It has been shown that
MRD-directed IFN-a treatment was able to significantly
decrease the risk of cumulative incidence of relapse and
improve survival in MRD-positive AML patients post-HCT,
compared to MRD patients with no intervention (77, 78).
Indeed, a recent retrospective study examined the use of IFN
maintenance therapy following induction and consolidation
chemotherapy in favourable-risk AML patients. Of patients
who were MRD positive at baseline measurements, 78% of
those treated with IFN-a2b became MRD negative, after a
median time of 5.5 months. In contrast, only 27% of patients
not treated with IFN-a2b (monitored only) showed MRD
conversion from positive to negative. This corresponded to an
increase in relapse-free survival, with 87% IFN-a2b treated
patients relapse free after 4 years, compared to 56% in the
control group (79). An ongoing phase I/II trial has
demonstrated that pegylated IFN-a, when administered
prophylactically after myeloablative conditioning in an AML
cohort at high risk for relapse, did not significantly alter toxicity
or acute graft versus host disease (GVHD) risk and produced
relatively low rates of relapse suggesting a robust graft versus
leukaemia (GVL) response (80). Separately a recent trial has
explored the use of IFN-a2b therapy following MRD detection
post induction and consolidation chemotherapy. A significant
decrease in the number of patients with MRD in the IFN-a2b
treated group was reported after a median follow-up time of 5
months, compared to a significant increase in patients with MRD
detection in the trial arm that did not receive IFN after
chemotherapy (patients observed only) (81). Importantly,
event-free survival was also considerably higher in the IFN-
a2b treated patients. IFN therapies to prevent relapse in AML
potentially offer significant benefit to AML patients and this
warrants further study.
IFNs FOR TKI RESISTANT CML PATIENTS

TKIs including imatinib, nilotinib, dasatinib, bosutinib, and
most recently ponatinib, are the current preferred treatment
for CML patients, and have dramatically improved the outcome
of CML patients (82). Despite the success of TKIs, there is still a
possibility that some CML patients become resistant to front-line
treatment with imatinib, and to second generation TKIs (e.g.
nilotinib, dasatinib) through the BCR-ABL T315I mutation
wherein only third generation TKIs (e.g. ponatinib) are
efficacious. Even still, resistance to imatinib has been seen since
the earliest trials and has recently been shown for third-
generation TKIs (83, 84). IFN therapy for the treatment of
CML pre-dates TKI therapy, and is characterized by its ability
to induce haematologic remission and durable cytogenetic
response (85). Combination therapy of IFNs with cytarabine
for many CML patients showed promising results, however the
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advent of TKIs meant that IFN therapy was largely replaced (86).
The IRIS trial compared the use of imatinib or IFN-a plus
cytarabine. Whilst there was no significant difference in survival
after 18 months between either group, patients treated with IFN-
a and cytarabine showed a markedly poorer cytogenetic
response, coupled with a greater risk of disease progression,
compared to those who received imatinib alone. Indeed, many
patients who initially received IFN-a and cytarabine crossed over
to imatinib therapy (9, 87, 88). Response to imatinib continued
over 5 years, with a complete cytogenetic response seen in 69% of
all patients who received imatinib (and up to 96% in those still
taking imatinib after 5 years) (87). However, approximately 17%
patients did lose complete cytogenetic response over the follow-
up period (9).

This is in line with current understanding which suggests that
TKIs are not entirely curative as monotherapies in CML, as LSC
exposure to many TKIs fails to induce apoptosis in the most
primitive quiescent CML LSCs (89, 90). Combined therapy of
IFN-a with TKIs could address this issue by stimulating
cytotoxic T cells to target LSCs refractory to standard TKI
therapy. Initial studies comparing patients treated with
imatinib and IFNa, to those treated with imatinib alone,
showed that the combination therapy resulted in a higher rate
of complete cytogenetic remission at 6 months, and similar rates
at 4 years (91). Similarly, a trial of imatinib and IFN-a
combination therapy showed 75% of patients showed sustained
remission following imatinib discontinuation at 2.4 years (92).
However, other trials involving the combination of IFNs with
imatinib have shown mixed results, with no improvement in
cytogenetic response rates or progression-free survival and
increased adverse events (93, 94). For example, in extended (10
year) follow-up of the aforementioned IRIS trial, patients treated
with imatinib alone had similar overall and progression-free
survival than those treated with imatinib and IFN-a (95).

Whilst imatinib is considered a ‘game-changing’ drug for the
extremely high survival rate it is associated with, second
generation TKIs have shown further improvements in these
rates in certain cases (10). IFN-a combination therapy with
the second generation TKI dasatinib has also shown promising
results (96). Low dose pegylated IFN-a following dasatinib
treatment was well tolerated, and demonstrated rapid increased
response rates with major molecular response (MMR) rate of
89% after 18 months. Encouragingly pegylated IFN-a was well
tolerated in this study, and further investigation is warranted
with second generation TKIs. Earlier studies of combination
therapy comprising pegylated IFN-a formulations with imatinib,
had shown good clinical response (significantly higher MMR of
82% compared to 54% for imatinib monotherapy after 12
months), yet were associated with toxicity also in a majority of
patients (54). NiloPeg, a small 2011 phase II trial looking at the
use of nilotinib and IFN-a2a showed a good molecular response
in patients treated with this regimen (64% after 12 months),
although adverse effects were, again, a frequent occurrence (97).
The currently ongoing TIGER trial of nilotinib combination
therapy with pegylated IFN-a is attempting to address these
concerns, and will evaluate the feasibility of discontinuing drug
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therapy in patients showing stable deep molecular response after
nilotinib versus IFN maintenance therapy (98).
TREATING MPNs WITH IFNs

The WHO classification system for MPNs includes seven
subcategories (3), but more commonly this refers to the JAK2
mutation-enriched diseases polycythaemia vera (PV), essential
thrombocythaemia (ET) and primary myelofibrosis (PMF). PV is
characterized by an elevated red blood cell mass (and potentially
overproduction of white blood cells and platelets). PV is also
associated with an increased risk for thromboembolic events,
leukaemic transformation, and/or myelofibrosis.

Type I IFN signalling can contribute to the pathology of
MPN, as well as being used as a therapeutic, as mentioned
previously. In PMF, levels of IFN-a , and associated
proinflammatory cytokines such as IL-1b, can be increased
compared to healthy bone marrow or plasma. This contributes
to the inflammatory phenotype associated with PMF (99). This
coincides with the effects of TET2mutations, which are common
in MPNs and are also associated with inflammation (100). In a
similar way, whilst myelodysplastic syndrome (MDS) has a vast
range of causes, increased pro-inflammatory signalling is
thought to be a key driver, again mediated by Type I IFNs.
Type I IFN-associated genes were found to be upregulated in
MDS patients’ bone marrow, including IRF-7 and ISG-15,
suggesting their involvement in MDS pathology (101).

Standard therapy for PV involves phlebotomy and
cytoreductive drugs (hydroxyurea, busulfan) but recently IFN-
a and JAK1/2 inhibitors have been examined as potential
treatments (102, 103). Although busulfan has been effective
over long periods (104), resistance to hydroxyurea is associated
with increased mortality and progression to more advanced
MPNs or secondary AML (13). IFN therapy is an accepted
alternative to hydroxyurea or busulfan in PV, and is
particularly useful for younger patients or those who are
pregnant (105, 106). In fact, IFN-a2 has been shown to induce
haematological responses in about 80% of PV patients while also
reducing splenomegaly, and relieving pruritus (107). A study of
patients treated with IFN-a compared to a control group showed
an MMR of 89%, with a stable circulating JAK2mutated allele (%
V617F) in the other 11% of patients (108).

Recent trial data have demonstrated that 76% of advanced PV
patients treated with IFN-a2a showed complete haematologic
response, while the complete molecular response rate was 19% at
42 months (109). Similarly, good efficacy for pegylated IFN-a in
hydroxyurea resistant patients was seen, with an overall response
rate of 60% at 12 months (110). Significantly this trial was based
on relatively broad inclusion criteria e.g., advanced age,
prolonged disease duration, and a high prevalence of
splenomegaly. However, 14% of patients discontinued therapy
due to adverse events. However, the PROUD-PV and
Continuation-PV trials revealed a need for prolonged IFN-a
therapy as a means of reaching both molecular response and
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complete haematological response. Whilst therapy with
ropeginterferon-alfa-2b (pegylated form of IFN-a2b) increased
the proportion of patients achieving complete haematological
response and improved disease burden after 36 months
compared to those patients treated with hydroxyurea (53%
versus 38%), this was not the case after shorter time periods
(46% versus 51% at 12 months). Thus, there is a need for
sustained treatment with IFN-a to achieve best response).
Importantly, the toxicity profile associated with prolonged
ropeginterferon-alfa-2b therapy was not significantly worse
than that of hydroxyurea (111).

Primary Myelofibrosis (PMF) can be classified into two
stages: pre-fibrotic (pre-PMF) and fibrotic PMF (overt-PMF)
diagnosed by bone marrow morphology, fibrosis grade and
clinical features including leukoerythroblastosis, anaemia and
splenomegaly (112). Aside from HCT, there are limited
treatment options for very high- and high-risk patients and 10-
year survival is estimated at <13%. The use of JAK2 inhibitors is
considered mostly palliative, and the treatment of clinical
features includes the use of androgens, hydroxyurea and
ruxolitinib (113). However, IFNs may provide a means of
increasing the survival of patients with PMF. Preliminary
results of a Phase II study using a combination therapy
between pegylated IFN-a and ruxolitinib on 50 MPN patients
(32 PV and 18 PMF patients), most of whom were resistant and/
or intolerant to IFN-a as a monotherapy, saw complete
haematologic responses in 44% and 58% of PV and PMF
patients respectively (114). Despite a 20% discontinuation rate
for this trial, there is clear indication that the inflammatory
mediated toxicity which often limits IFN-a was reduced by
ruxolitinib, known for its potent anti-inflammatory properties.
It is also reported that levels of the V617F allele declined
significantly in both groups. This supports previous findings
that monitoring the %V617F is a reliable marker for MPNs and
the detection of MRD.

Essential thrombocythaemia (ET) is a clonal MPN
characterized by excess production of platelets and mature
hyperlobulated megakaryocytes, with the presence of mutations
in JAK2, CALR, or MPL and the absence of BCR-ABL (3). Most
ET patients have a normal life expectancy, and the goals of
treatment are the prevention of thrombotic and bleeding
complications while minimizing the risk of progression, the
effective control of systemic symptoms, and the appropriate
management of complications and risk situations (105).
Treatment of ET typically involves combinations of aspirin,
ticlopidine, hydroxyurea and anagrelide to reduce platelet
number and manage clotting (115, 116). IFN therapy in ET is
also effective for reducing platelet numbers while also reducing
the risk of thrombotic complications (107, 117) but does not
appear to restore polyclonal haematopoiesis (118). Studies that
will directly compare pegylated IFN-a2a to hydroxyurea in ET
and PV are currently ongoing (110). Initial reports show an
overall response rate of 69% for pegylated IFN-a2a in ET
patients at 12 months, with acceptable safety profile (major
thrombotic events at 1 year was 1%, with no major
bleeding events).
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A recent study comprising patients with PV, PMF or ET
indicated IFN-a has a stronger effect on HSCs than mature blood
cells. Within this compartment, those with JAK2 V617F-mutated
HSCs responded better than those with other mutations, such as
CALR. This is thought to be a result of the JAK2 V617F
increasing the sensitivity of HSCs to IFN signalling, through
increased ISG activation (119). Whilst it has been widely
understood that IFN-a can reduce the HSC compartment
through cell cycle activation and subsequent HSC exhaustion,
recent findings suggest this is only the case in JAK2 V617F
mutated HSCs. In contrast, JAK2 wild-type HSCs generally
remain quiescent in the presence of IFN-a. This is consistent
with the ability of IFN-a to arrest the cell cycle in bulk tumor
cells (48). Current understanding suggests IFN-a-mediated
promotion of JAK2 V617F-mutated HSC cell cycle not only
exhausts the cells, but uses induces differentiation to the
erythroid lineage, making them susceptible to IFN-a-mediated
apoptosis (120). Nevertheless, the effects of IFN-a demonstrated
here may not be wholly specific to the V617F mutant, since stem
cell derived erythrocytes containing JAK2 with exon 12
mutations (also causing constitutive JAK2 activation, as seen in
PV) were also sensitive to IFN-a treatment (121).
CONCLUSIONS & FUTURE DIRECTIONS

Similar to symptoms experienced during normal IFN release in the
presence of a foreign pathogen, acute toxicity to IFN therapy usually
presents as flu-like symptoms including nausea, fatigue, and
myalgia (122). Most side effects associated with IFN therapy are
dose-dependent, and these can be mitigated by administering low
dose pegylated-IFNs in addition to managing inflammation with
NSAIDs. Acute toxicity is experienced by nearly all patients, while
sub-acute and chronic side effects have been reported in almost all
organ systems throughout the body. A 2018 study conducted byMo
et al. using IFN-a for the treatment for MRD in AML for example,
reported that all patients reported transient fevers and six patients
(14%) showed grade ≥3 toxicity, two of which were haematological
(77). A study of CML patients treated with low-dose pegylated IFN-
a reported that 20% and 25% of patients experienced grade 3-4
neutropenia and thrombocytopenia in the first 12 months
respectively (96). While some toxicity is still observed, pegylated
IFNs show increased patient tolerance, and modify the
immunological, pharmacokinetic and pharmacodynamic
properties of the drug to minimize off-target adverse effects and
increase efficacy (123). Pegylated IFN-a lengthens plasma half-life
and reduces sensitivity to proteolysis, allowing it to be administered
less frequently (122).

It is important that other adverse events in IFN therapy
including flu-like symptoms and myalgia are also controlled
using anti-inflammatory drugs. A common trend throughout the
studies discussed herein is a high percentage of patients who do
not complete IFN therapy because it is not well tolerated
alongside chemotherapy, which can be as high as 61% of
patients discontinuing treatment (54).
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Another confounding factor for IFN therapy is the variability
of the bone marrow niche between patients. IFN therapy relies
on the innate, non-specific immune system to induce an immune
response meaning it is not well tailored to one specific individual.
This may partially explain why the responsiveness to IFN
therapy in a small patient group varies greatly. To account for
this, larger studies such as the TIGER study (98) are vital to
better understand the causes for intolerance and resistance
to therapy.

There is also a considerable economic barrier for uptake of
IFN therapy. Analysis has shown that imatinib is a cost-effective
first line therapy versus IFN-a plus low-dose cytarabine for
newly diagnosed CML (124). If significant cohorts of patients
will ultimately discontinue IFN therapy in favour of TKIs, then
coupled with cost-based concerns, then IFNs become less
favourable drugs to develop.

It is apparent in AML that carefully targeted IFN therapy can
provide a significant improvement to patient outcome especially
in the management of MRD (27, 77, 78). The sensitization of
leukaemic cells in the bone marrow niche by IFNs to classic
chemotherapy agents will possibly improve the prospects of
many AML patients should the treatment become more widely
available (Figure 2), especially in patients post-HCT for the
eradication of MRD. This is an extremely important goal, as
multiple studies have shown the presence of MRD is associated
with increased relapse risk and shorter survival in both paediatric
and adult AML (71).

Similarly in CML, further development of IFN therapy
provides an opportunity alongside current standards.
Continuing focus on development of novel TKIs targeting
BCR-ABL has meant that IFN therapy has not advanced
greatly over the last decade for CML patients. There is
potential for IFN therapy as a combination therapy with TKIs
to sensitize cells and aid the action of the primary treatment. Just
as in the case of AML, targeting the LSC to overcome resistance
to TKIs is a fundamental goal and essential to achieving long-
term remissions.

In PV and PMF, where the side effects of IFNs are tolerated,
treatment using IFNs in combination with JAK2 inhibitors is
certainly a possibility for the prevention of disease progression to
other myeloid malignancies. As in AML, the use of IFNs for the
treatment of PV and PMF to control MRD post-HCT would be
beneficial for patients.

In conclusion, the benefits of using IFN therapy for the
treatment of myeloid malignancies warrants further research.
Despite intolerance seen in many small studies, IFNs are to be
considered as an alternative therapy to traditional chemotherapy
regimens or in combination with existing regimens for the
sensitization of leukaemic cells to treatment and the reduction
of MRD. It is important that other formulations of IFNs are
developed in addition to pegylation, as this will determine
whether pharmaceutical companies recognize this therapy as a
reliable candidate for future treatment – the findings of large,
ongoing Phase III trials will become a critical turning point. In
short, the re-emergence of IFN therapy does indeed provide new
October 2021 | Volume 11 | Article 769628

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


ajor immature blast clone and minor clones (denoted by
py in both chronic-phase (CP-CML) and blast-phase (BP-CML)
CML blasts in the bone marrow and peripheral blood. However, it
radicate these clones but some mutations (e.g. BCR-ABL T315I;
ction with an anthracycline, such as daunorubicin, for the first 3
llow triangle) in the patient. However, clones refractory to these
MDS to AML. Management of measurable residual disease (MRD)
longer remissions.

H
ealy

et
al.

Interferon
Therapy

for
M
yeloid

M
alignancies

Frontiers
in

O
ncology

|
w
w
w
.frontiersin.org

O
ctober

2021
|
Volum

e
11

|
A
rticle

769628
FIGURE 2 | Management of Clonality and MRD in AML/CML with IFN therapy. AML and CML are clonal diseases, presenting at diagnosis with a m
mutations as triangles within cells) which develop due to mutations in the haematopoietic stem and progenitor pool generating the LSC. Initial thera
patients with a first-generation tyrosine kinase inhibitor (TKI) against the BCR-ABL oncogene (pink triangle), such as imatinib, will reduce the bulk of
is not uncommon for resistant clones to persist that are refractory to this treatment. Later generation TKIs (e.g. nilotinib, dasatanib, ponatinib) may e
green circle) drive resistance to novel TKIs. Similarly, initial ‘7+3’ therapy in AML (7 day treatment with the pyrimidine analogue cytarabine, in conjun
days) and HMA-therapy (hypomethylating agent) in MDS will eradicate the bulk of leukaemic blasts (such as those containing initiating mutations; ye
therapies (including those with signalling mutations; blue and orange circles) will drive relapse in MDS/AML patients, as well as transformation from
in myeloid malignancies is critical to preventing relapse. Therapies based on IFNs could target the clones resistant to front-line therapies and deliver

195

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Healy et al. Interferon Therapy for Myeloid Malignancies
hope for leukaemia patients, more specifically in the treatment
of MRD.
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10. Garcıá-Gutiérrez V, Hernández-Boluda JC. Tyrosine Kinase Inhibitors
Available for Chronic Myeloid Leukemia: Efficacy and Safety. Front Oncol
(2019) 9(603). doi: 10.3389/fonc.2019.00603

11. Suttorp M, Bornhäuser M, Metzler M, Millot F, Schleyer E. Pharmacology
and Pharmacokinetics of Imatinib in Pediatric Patients. Expert Rev Clin
Pharmacol (2018) 11(3):219–31. doi: 10.1080/17512433.2018.1398644

12. Dale E, Davis M, Faustman DL. A Role for Transcription Factor NF-kappaB
in Autoimmunity: Possible Interactions of Genes, Sex, and the Immune
Response. Adv Physiol Educ (2006) 30(4):152–8. doi: 10.1152/
advan.00065.2006

13. Nazha A, Gerds AT. Where to Turn for Second-Line Cytoreduction After
Hydroxyurea in Polycythemia Vera? Oncologist (2016) 21(4):475–80. doi:
10.1634/theoncologist.2015-0380

14. Tefferi A, Guglielmelli P, Pardanani A, Vannucchi AM. Myelofibrosis
Treatment Algorithm 2018. Blood Cancer J (2018) 8(8):72. doi: 10.1038/
s41408-018-0109-0

15. Cornelissen JJ, Breems D, van Putten WL, Gratwohl AA, Passweg JR, Pabst
T, et al. Comparative Analysis of the Value of Allogeneic Hematopoietic
Stem-Cell Transplantation in Acute Myeloid Leukemia With Monosomal
Karyotype Versus Other Cytogenetic Risk Categories. J Clin Oncol (2012) 30
(17):2140–6. doi: 10.1200/JCO.2011.39.6499
16. Fang M, Storer B, Estey E, Othus M, Zhang L, Sandmaier BM, et al. Outcome
of Patients With Acute Myeloid Leukemia With Monosomal Karyotype
Who Undergo Hematopoietic Cell Transplantation. Blood (2011) 118
(6):1490–4. doi: 10.1182/blood-2011-02-339721

17. Leung W, Pui CH, Coustan-Smith E, Yang J, Pei D, Gan K, et al. Detectable
Minimal Residual Disease Before Hematopoietic Cell Transplantation Is
Prognostic But Does Not Preclude Cure for Children With Very-High-Risk
Leukemia. Blood (2012) 120(2):468–72. doi: 10.1182/blood-2012-02-409813

18. Walter RB, Gyurkocza B, Storer BE, Godwin CD, Pagel JM, Buckley SA, et al.
Comparison of Minimal Residual Disease as Outcome Predictor for AML
Patients in First Complete Remission Undergoing Myeloablative or
Nonmyeloablative Allogeneic Hematopoietic Cell Transplantation.
Leukemia (2015) 29(1):137–44. doi: 10.1038/leu.2014.173

19. Brunet S, Labopin M, Esteve J, Cornelissen J, Socié G, Iori AP, et al. Impact
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According to the classical paradigm, CCR7 is a homing chemokine receptor that grants
normal lymphocytes access to secondary lymphoid tissues such as lymph nodes or
spleen. As such, in most lymphoproliferative disorders, CCR7 expression correlates with
nodal or spleen involvement. Nonetheless, recent evidence suggests that CCR7 is more
than a facilitator of lymphatic spread of tumor cells. Here, we review published data to
catalogue CCR7 expression across blood cancers and appraise which classical and novel
roles are attributed to this receptor in the pathogenesis of specific hematologic
neoplasms. We outline why novel therapeutic strategies targeting CCR7 might provide
clinical benefits to patients with CCR7-positive hematopoietic tumors.

Keywords: CCR7, lymph node, lymphoma, leukemia, immunotherapy
1 INTRODUCTION

Lymph nodes (LN) function as major immunological hubs, being essential for immune homeostasis
and the generation of effective immune responses (1). LNs are also fundamental sites-of-origin in
disease development and progression as well as in treatment failure of several hematological
malignancies. Growing evidence suggests that cell trafficking orchestrated by the C-C chemokine
receptor 7 (CCR7) plays a critical role in the pathophysiology of several leukemias and lymphomas.
This receptor assists malignant cells in access to niches that provide proliferating cues and enable
escape from therapy-induced death, hence, promoting disease progression and resistance. In this
review we provide a summary of insights towards a better understanding in which blood cancers,
particularly B-cell, T-cell, and myeloid-cell malignancies, CCR7 mediates which pathogenetic
functions. We further appraise how this chemokine receptor is of great potential for the
development of rational and effective therapies in some of these conditions.
2 CCR7: A SINGLE RECEPTOR LINKING INNATE AND THE
ADAPTIVE IMMUNITY IN THE LN

The homeostatic chemokine receptor CCR7 (also known as Epstein–Barr virus-induced gene 1
(EBI1), Burkitt’s lymphoma receptor 2 (BLR2), or CD197) is a G-protein coupled receptor (GPCR)
(2–4). CCR7 is expressed by various immune cells including double negative (DN) and single
October 2021 | Volume 11 | Article 7367581200
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positive (SP) thymocytes, naï ve, central memory, and regulatory
T-cells (TN, TCM, TREG) as well as naïve B-cells, CD56+CD16-

regulatory NK cells, and semi-mature and fully mature dendritic
cells (DC) (5–7). Generally, T-cell subsets and mature B-cells
constitutively express CCR7 whereas NK cells and DC acquire
CCR7 expression upon pathogen encounter (5). In homeostasis
CCR7 specifically drives cell homing into LN and other
secondary lymphoid organs (SLO) (8–10). This single GPCR
orchestrates efficient interactions between different CCR7-
expressing cell types that belong to both the innate and the
adaptive functional axis of immunity and which immigrated to
the LN from different peripheral environments. As part of this,
CCR7 directs central aspects of immune cell migration into the
LN: cell trafficking, firm arrest at the endothelium, extravasation,
positioning within SLO, activation, differentiation, survival, and
egress. All these processes mediated by CCR7 take place upon
binding to either of its two cognate ligands, the chemokines
CCL19 (also known as ELC or MIP-3b) and CCL21 (also known
as SLC or 6CK), which are constitutively expressed by stroma
cells in SLO and which are present on lymphatic vessels, high-
endothelial venules (HEVs), and fibroblastic reticular cells (FBR)
of the T-cell zones (5, 6, 11). Different signaling pathways
downstream of CCR7 and several mechanisms differentially
ignited by CCL19 or CCL21 signaling determine the overall
outcome of CCR7 engagement in each cell type. A detailed
review on those mechanisms is provided by Hauser et al. (11).
3 CCR7 EXPRESSION AND FUNCTIONS IN
DISTINCT BLOOD CANCERS

Most of CCR7’s roles in homeostasis (e.g. cell trafficking, interstitial
migration, or survival) are particularly relevant for leukemias and
lymphomas, which very often express CCR7 because of their
lymphoid origin and/or maturation stage. In this section we will
appraise the current knowledge on CCR7 biology in several B-cell
and T-cell cancers and in selected myeloid neoplasms. In addition,
we will review the evidence that associates expression profiles of
CCR7 with functionality and pathological findings such as LN
infiltration or spread to the central nervous system (CNS).

3.1 B-Cell Malignancies
B-cell malignancies consist of distinct diseases that can arise
throughout the developmental lifespan of a B-cell. From pro-B-
cells in thebonemarrow(BM), throughcirculatingmaturememory
B-cells, each stage of B-cell development is prone to oncogenic
alterations and transformation. The corresponding entities carry
characteristic protein profiles, including differential expression of
CCR7. In some diseases, expression can differ between malignant
cells and the corresponding normal ontogenetic counterpart. In
others, tumor-associated CCR7 expression can be unaltered, but
may trigger different cellular functions.

3.1.1 B-Cell Acute Lymphoblastic Leukemia (B-ALL)
B-ALL is the most common childhood malignancy and
represents the leading cause of cancer-related deaths in
Frontiers in Oncology | www.frontiersin.org 2201
children and young adults (12). B-ALL arises from a
monoclonal or oligoclonal expansion of malignant B-cell
precursors in the BM. Normally, CCR7 is not expressed by
precursor B-cells (6, 13) and scant information is available on
CCR7 expression and function in childhood and adult B-ALL.
Indeed, reports are somehow controversial since gene expression
profiles showed both unchanged (14, 15) or upregulated CCR7
mRNA (especially in pediatric B-ALL) (16, 17). Similarly, some
protein studies performed in a low number of cases showed no
CCR7 in B-ALL (18, 19) while, in others series, expression was
detected in specific subtypes of B-ALL, mainly in pediatric
Burkitt´s-like B-ALL and in one third of pediatric pro-B, early-
pre-B, and pre-B ALL (20). In most cases, the surface levels of
CCR7 tested by flow cytometry were low-to-moderate. In our
hands, adult B-ALL showed detectable CCR7 in only a minor
tumor cell fraction of 10-40% (13, 21).

Related to differential CCR7 functionality, isolated early pre-
B-ALL cells showed spontaneous migration towards CCL19 (20)
whereas normal pre-B and pro-B-cells showed chemotactic
responses to this ligand only after a previous exposure to
soluble recombinant CD40 ligand (CD40L). In fact,
engagement of CD40 seems a common mechanism to up-
regulate CCR7 in lymphoblastic cells from patients
potentiating the migration towards CCL19 (22, 23).
Interestingly, this phenomenon seems highly specific to CCR7
since pre-incubation with CD40L did not affect chemotaxis
mediated by other chemokine receptors (e.g. CXCR4) (20).
Nonetheless, robust expression data confirm that, in general,
CCR7 is absent or found at variably low levels in B-ALL
suggesting a rather low impact in mediating migration of this
malignancy into LN or other lymphoid niches. This is in
accordance with the low incidence of lymphadenopathy in
B-ALL. However, CCR7 may provide competitive advantages
to the minor fraction of leukemic cells that express this receptor,
potentially enabling them to escape to non-lymphoid protective
tissues. Indeed, a recent study on a cohort of 160 B-ALL could
associate expression of CCR7 and of zeta-chain-associated
protein kinase 70 (ZAP-70) protein with enhanced migration
(24). These authors also showed that CCR7 expression at
diagnosis correlated with cerebral manifestation, which led to
the hypothesis that CCR7 is involved in preferred CNS homing
in the first phases of the disease. Notably, similar mechanisms
have been previously proposed for T-ALL (25). We will address
the more established contribution of the CCR7/CCL19 axis in
CNS infiltration and survival of T-ALL cells below.

Once at their protective niches, the minor fraction of homed
CCR7-expressing B-ALL cells could utilize CCR7 also as a
mediator of survival signals. In this context, synergisms
between CCR7/CCL19 and CXCR5/CXCL13 were shown to
mediate resistance of B-ALL cells to tumor necrosis factor
alpha (TNF-a)-mediated apoptosis through activation of
paternally expressed gene 10 (PEG10) (26, 27). Moreover, both
ligands also synergistically regulated CD40-CD40L crosstalk
between B-ALL cells and CD8+ T-cells leading to a PEG10-
mediated enhanced production of IL-10 in CD40-activated
leukemic cells, which impaired tumor-specific cytotoxic T-cell
October 2021 | Volume 11 | Article 736758
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(CTL) responses (28). Similarly, CD40-acivated B-ALL cells can
deplete IL-12 from the local milieu and block the differentiation
process of CCR7-expressing naïve T-cells towards active TH1
effectors (22). Therefore, CCR7 is likely involved in the creation
of tolerogenic niches and its expression might confer escape of
B-ALL cells from immune surveillance.

3.1.2 Chronic Lymphocytic Leukemia (CLL)
CLL is the most common leukemia inWestern countries (29). It is
characterized by the clonal proliferation and accumulation of
mature, typically CD5-positive B-cells within the peripheral blood
(PB), BM, LN, and spleen. Typically, blood circulating CLL cells are
arrested in theG0/G1 cell-cycle phase,whereas leukemic cellswithin
LNproliferate and receive protective anti-apoptotic signals (30, 31).
CCR7 overexpression, as mRNA (14, 32–34) and as surface protein
(in comparison to normal pan-B-cells and CD5+CD19+ B-cells), is
consistently found in virtually all CLL, irrespective whether
sampled from PB, BM, or LN (13, 19, 21, 35–48). In agreement,
migration in response to CCR7 ligands is enhanced in CLL cells as
compared to its normal cell counterparts (13, 35, 40, 46) and both
expression and functionality have been associated with nodal
disease involvement (13, 27, 35, 36, 38, 46, 47).

In CLL, genetic factors or polymorphisms involved in the
overexpression of CCR7 remain uncovered but one single-
nucleotide polymorphism (SNP) in the CCR7 gene was
strongly associated with the risk of acquiring CLL. Out of 6
tested SNPs (including rs11574665, rs2023906, rs2290065,
rs3136685, rs3136687, and rs588019) (49, 50), the major G
allele in the SNP rs3136687, which is located at the first intron
and is in linkage disequilibrium with rs11574665, was associated
with a higher risk towards CLL whereas the minor A allele
resulted in a protective effect (49). The authors found no
differences in CCR7 expression for such allelic variants. This
lack of association between CCR7 polymorphisms and receptor
over-expression suggests that other proteins might ultimately
determine different signaling pathways controlling CCR7 gene
transcription and/or surface protein expression. Accordingly,
activating mutations at Notch1 intracellular domain were
shown to repress the dual specificity protein phosphatase 22
(DUSP22) tumor suppressor gene that encodes a phosphatase
that dephosphorylates STAT3 (51). Because of this, STAT3 is
constitutively activated resulting in increased CCR7 levels in CLL
cells. Another STAT family member, STAT-4, which is
profoundly reduced in CLL cells (52), was implicated in in vivo
down-regulation of CCR7 in T-cells (53). Different B-cell
receptor (BCR) signaling pathways have been implicated as
well in the aberrant up-regulation of CCR7. For instance, after
BCR engagement, the ZAP-70 protein has been shown to up-
regulate CCR7 through an extracellular signal-regulated kinase
1/2 (ERK1/2)-dependent mechanism (42). Similarly, the
transcription factors NFATC1 (nuclear factor of activated
T-cells), NF-kB (nuclear factor kappa B), and AP-1 (activator
protein 1) are known to regulate CCR7 expression in CLL
following activation via the BCR or other receptors (54–56).

In CLL, the normal LN architecture is effaced by the
malignant infiltrate (57). Different studies confirm CCR7 as the
Frontiers in Oncology | www.frontiersin.org 3202
main receptor involved in nodal entry of CLL cells.
Mechanistically, binding to CCL21 on the surface of HEVs
activates a4b1 (CD49d/CD29; VLA-4) and aLb2 (CD11a/
CD18; LFA-1) (35, 58), which respectively bind to ICAM-1
and VCAM-1. Whether b1 and b2 integrins are equally
relevant in CCR7-mediated homing of CLL cells is still
unknown. By one hand, Till et al. showed spontaneous active
conformation (without chemokine-induced clustering) of LFA-1
on CLL cells (59). On the other hand, circulating CLL cells
usually express low levels of these integrins (60). Therefore, few
CLL cells are able to arrest in ICAM-1 expressing endothelium in
vitro and to migrate to lymph nodes of NOD/SCID mice in vivo
(60). However, a significantly higher expression of both types of
integrins (thus facilitated access to LN) is detected in CLL cells
derived from high-risk patients with unfavorable cytogenetic
abnormalities such as deletion 17p, deletion 11q and, specially,
with trisomy 12 (47, 61, 62). Recently, Legler et al. have shown on
trisomy-12 carrying OSU-CLL cells that CCR7-mediated inside-
out signaling to the b1 integrinVLA-4 and the b2 integrin LFA-1
is controlled by Src and ZAP-70 kinases (58, 63). This process is
critical for static and dynamic cell adhesions to endothelium and
subsequent migration, but did not seem to impact the speed of
migration velocity, and was dispensable for chemokine-mediated
crawling and diapedesis. Further studies are needed to know
which are the molecular mechanisms driving the latter processes.

Activation of integrins promotes the production and release
of MMP-9 (64) and the subsequent transmigration of CLL cells
through the endothelial cell wall into the LN [transendothelial
migration (TEM)]. This ability of CLL cells to eventually
accumulate at these sites may be determined by the genetic
background of CLL. The more aggressive immunoglobulin heavy
variable chain (IGHV) gene unmutated CLL subset displays
higher CCR7 expression (35, 36, 43, 46, 65). In support, the
presence of adverse factors such as IGHV unmutated status or
expression of CD38 or ZAP-70 was shown to be associated with
increased responsiveness of CLL cells to CCR7 ligands in both
chemotactic and TEM assays (38, 47, 60, 66, 67).

There is data that indicate CCR7 to drive interstitial migration
within the lymphoid tissue and to facilitate the positioning of
leukemic cells close to accessory CD40L+CD4+ TH cells, follicular
DC (FDC), and stromal cells (e.g. stromal-like cells and nurse-like
cells), which are all known to promote the survival and growth of
the malignant clone (9, 38, 68, 69). This crosstalk with accessory
cells can induce the release of high levels of CCL19 and CCL21,
which among others, has two functional consequences. First, it
causes the establishment of a self-enhancing loop that recruits
more CCR7-expressing tumor and accessory cells favoring the
creation of a protective and tolerogenic microenvironment.
Secondly, CCR7 ligands directly promote survival of CLL cells.
In these scenarios CCL19 and CCL21 can act as single factors that
activate mitogen-activated protein kinase (MAPK) and
phosphatidylinositol-3-kinase (PI3K)-AKT signaling (40, 70) or
in a cooperative fashion with CXCL13 which contributes to
resistance of CLL cells (but not normal CD5+ B-cells) to TNF-
a-mediated apoptosis through up-regulation of PEG10 which in
turn stabilizes caspases-3 and -8 (26, 27).
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Finally, besides its role in homing and survival within SLO,
CCR7 along with sphingosine-1-phosphate receptor 1 (S1P1) are
crucial molecules in the egress of lymphocytes from lymphoid
organs to PB. As shown in CCR7-deficient mice, cells lacking
CCR7 left LN quicker than wild-type cells. In contrast,
overexpression of CCR7 retarded emigration from LN to PB
(71). Evidence implicates the characteristic high CCR7
expression in CLL alongside the low expression of the egress
receptor S1P1 to contribute to nodal retention (43, 46, 72),
driving a scenario of lymphadenopathy that favors homing and
accumulation in SLO. Remarkably, driving leukemic cells out of
LN into PB induces death by deprivation of milieu-derived
signals and is one of the modes of action (MOA) of a very
efficient treatment option in CLL, ibrutinib, the first approved
Bruton´s tyrosine kinase (BTK) inhibitor with activities on
multiple other kinases (73). Recent work suggests ibrutinib to
down-modulate CCR7 expression and function in CLL (e.g.
integrin activation and receptor recycling) and by that to
restore the balance between CCR7 and S1P1 and to enforce
nodal egress of leukemic cells (44, 46).

3.1.3 Mantle Cell Lymphoma (MCL)
MCL is a B-cell tumor that originates from the clonal expansion
of a naïve CD5+ B-cell localized in the mantle cell zone
surrounding the germinal center (GC) in secondary follicles of
the LN (74). Lymphadenopathy and BM infiltration are the most
common clinical manifestations, followed by splenomegaly and
PB lymphocytosis. Gastrointestinal and CNS involvement have
been reported as well (75–77). This preferential pattern of
dissemination can be attributed to the high surface expression
of CCR7 by MCL cells as per flow cytometry, second to those
levels observed in CLL (13, 21, 78, 79). In most of these studies,
MCL cells from LN, PB, BM, and pleural effusions expressed
higher levels of CCR7 than their proposed normal counterparts.
The underlying causes of this overexpression are largely
unknown. Comparative transcript analysis between MCL and
normal B-cells have shown CCR7 mRNA to be significantly up-
regulated in lymphoma cells (32). The fact that CCR7 was not
among the top differentially regulated RNAs in MCL (80)
suggests that additional mechanisms such as altered protein
turn-over (46) are responsible for overexpression of surface
CCR7 in MCL. Nevertheless, MCL and normal B-cells differ in
their migratory behavior towards CCR7 ligands. In chemotaxis
assays, MCL cells, but not their normal counterparts, migrated in
response to CCL19, which was selectively potentiated by pre-
exposure to CXCL12 (78). These results suggested CCR7-driven
migration to be of relevance in the dissemination pattern seen in
MCL patients. We corroborated this hypothesis in pre-clinical in
vivo models in which the inhibition of CCR7 by anti-CCR7
antibodies abrogated infiltration of CCR7-expressing MCL cell
lines into LN, spleen, lung, or CNS, all of them tissues in which
CCR7 ligands are found (21). Moreover, this neutralization of
the CCR7 axis also induced a strong reduction in viability of
lymphoma cells within tumor masses, confirming that in MCL
CCR7 overexpression is not only involved in orchestrating
migration, but also in directly promotion of survival.
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3.1.4 Follicular Lymphoma (FL)
FL is the second most common type of non-Hodgkin´s
lymphoma (NHL) and despite its indolent nature, it is
essentially incurable (81). FL encompasses lymphomas
emerging from a GC B-cell, which can vary in presentation
from indolent to aggressive courses (82). Similar to normal GC
lymphocytes, which physiologically down-regulate CCR7 and
up-regulate CXCR5 (83), FL cells express low to moderate levels
of CCR7. Moreover, the proportions of CCR7-expressing cells
were reported to be low and, in some patients, no expression of
CCR7 was detected at all (13, 19, 21, 79). In agreement, mRNA
levels in FL cells did not differ from those of their normal
counterparts (32, 84–87). The genetic variants of CCR7
rs2023906, rs2290065, rs3136685, and rs588019, were not
associated with differential expression or with clinical course in
FL (50). The fact that CCR7 is not prominently found in most FL
suggests that it has a limited role in the pathophysiology of this
lymphoma, which is supported by recent evidence. In fact,
comparative analyses of LN from FL versus reactive LN
revealed that CCL21 and CXCL12 were neither over- nor
differentially expressed, whereas FL-LN nearly lacked
expression of CCL19. In addition, in FL lymphoid tissues in
which both CCR7 ligands were detected, they were preferentially
found in HEVs and in lymphatic vessels of T-cell zones, but on
average at 3-fold lower levels than in reactive LN (88).
Conceivably, the reduced abundance of CCL19/CCL21 in LN
of FL is lymphoma instructed and contributes to evasion from
anti-tumor immunity. Accordingly, FL progression may be
associated with reduced numbers of perifollicular CCR7+

gamma-delta T-lymphocytes due to a shortage of attracting
CCR7 ligands (88).

3.1.5 Burkitt`s Lymphoma (BL)
CCR7 was first characterized in EBV infected BL cell lines, hence
the initially coined term Epstein-Barr-induced 1 (EBI-1) for
CCR7 (4). CCR7 upregulation was shown to rely on the viral
transactivator EBV nuclear antigen 2 (EBNA-2), which after
binding to centromere-binding factor 1 (CBF-1, also known as
RBP-jk), a highly conserved cellular DNA binding repressor,
gains access to regulatory regions of CCR7 target genes and
activates transcription in infected (previously EBV‐negative) BL4
BL cells (4, 89). Information on CCR7 expression in primary BL
material is scarce. No upregulated mRNA levels were seen in 22
patient samples (32, 84) and, to our knowledge, only one work
studied CCR7 expression by flow cytometry in another 9 patients
(79). The receptor was found in all cases, but in a fraction of ~53%
of tumor cells per sample with no disclosed results on receptor
surface levels. Interestingly, in the NC37 BL cell line, in vitro
chemotaxis and TEM was modulated by a cooperative activity of
CXCL12 with CCL19 or CCL21, suggesting that the CCR7 axis is
involved in BL cell homing to LN (90). Accordingly, in the
syngeneic Em-Myc mouse model of BL, CCR7 was found
necessary for lymphoma cells to home to LN (9). These results
also indicated that CCR7 guides tumor cells to distinct
microanatomic sites in spleen and LN, especially to their T-cell
zones. Cross-talk with resident stromal and accessory cells at
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these sites contributed to the creation and preservation of pro-
tumor niches that conferred a survival advantage to CCR7-
positive lymphoma cells over CCR7-deficient lymphoma cells
(9). In a proposed model, stromal cells (e.g. fibroblastic reticular
cells, FRC, and HEV endothelial cells) secrete CCL21 through
which CCR7-expressing lymphoma cells home through HEV into
the LN (or spleen) and migrate towards FRC in the T-cell region.
Upon interaction with FRC, lymphoma cells secrete lymphotoxin
through which they stimulate lymphotoxin-b-receptor expressing
FRC. In turn, BL cells receive survival signals, presumably
including Indian hedgehog (Ihh) secreted by FRC and CD40
stimulation through CD40 ligand-expressing CD4+ T-cells
located in the T-zones. The importance of this cross-talk was
demonstrated by showing that genetic deletion of CCR7 impaired
lymphoma growth (9). Therefore, this model not only established
the basis for a better understanding of the pathogenic role of
CCR7 in BL, but also in many other blood cancers with a high
dependence on the nodal or splenic microenvironments.

3.1.6 Subsets of Diffuse Large B-Cell
Lymphoma (DLBCL)
DLBCL, the most common type of malignant lymphoma,
accounts for ~30% of adult NHL (91). DLBCL can arise at
multiple anatomical sites and comprises two major groups:
activated B-cell like (ABC) and GC B-cell like (GCB) DLBCL.
Therefore, it is not surprising that chemokine receptor (CKR)
expression varies between these subtypes and in association with
disease location (91, 92). Up to 62% of DLBCL express CCR7,
both in analyses of flow cytometry and immunohistochemistry
(IHC), with a preferential mRNA and protein expression in the
non-GCB subtypes, especially in patients with both LN and BM
involvement (79, 85, 93, 94). In EBV-positive DLBCL of the
elderly, in primary effusion lymphoma, in gastric extranodal
DLBCL, and in transformation of gastric mucosa-associated
lymphoid tissue (MALT) lymphomas to gastric extranodal
DLBCL, up-regulation of CCR7 mRNA, among other CKR,
was reported (32, 91, 94–96). Notably, in EBV-associated
DLBCL recurrent mutations in the CCR7 gene are found in
11% of patients (94). These alterations seem exclusive to this
subtype and could enable homing of tumor cells to SLOs where
the virus in turn propagates infection or establishes latency,
thereby driving lymphomagenesis (97). In other related primary
lymphomas such as intravascular large B-cell lymphoma and
mediastinal large B-cell lymphoma a characteristic decrease in
immunodetected CCR7 was described (32, 98, 99). As these types
typically show sparing of LN manifestation, this corroborates the
role of CCR7 in nodal homing. The genetic polymorphisms in
CCR7 that were disclosed in FL did not associate with the risk of
acquiring DLBCL (50). CCR7 expression, both at mRNA and
protein levels, was an independent prognostic factor for disease
progression, advanced clinical stages, shorter median survival
times, and poorer survival rates in GC and ABC DLBCL (93,
100). First functional data on CCR7 in DLBCL indicate that
receptor expression facilitates CCR7‐mediated in vitromigration
in EBV‐positive DLBCL cell lines with functional analyses on
primary samples still missing (91).
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3.1.7 Primary Central Nervous System
Lymphomas (PCNSL)
Immunohistochemical staining of PCNSL and secondary CNS
lymphoma (sCNSL) showed these disorders to present CKR
profiles that were different from those of systemic DLBCL.
CCR7 was detected in the malignant B-cells of specimens of
PCNSL (101) and in CNS relapses of DLBCL (102). However,
and opposed to lymphomas with peripheral involvement, CCR7
was present in the cytoplasm rather than at the cell surface
indicating that the receptor may not respond to its
corresponding ligands in the same conventional fashion (101).
It is tempting to associate this loss of surface CCR7 with the
absence of nodal involvement, which defines PCNSL (103).
However, one should also take into account that the restricted
intracellular CCR7 expression pattern may in part be a
consequence of a milieu that is highly enriched in CCR7
ligands, especially in CCL19, the most potent inducer of CCR7
endocytosis (11). In agreement, a recent study addressing the
role of gliosis in lymphoma cell retention in the CNS found that
astrocyte-derived CCL19 was required for gliosis-promoted
CNSL via enhancing parenchymal retention of lymphoma
cells (104).

3.1.8 Marginal Zone Lymphoma (MZL)
MZL comprises three entities that arise from the marginal zone
surrounding the follicular GC of the LN: extranodal MZL or
MALT lymphoma, splenic MZL, and nodal MZL. Analyses on
MALT lymphoma samples showed more than 50% of malignant
cells to express CCR7 (79). In extragastric MALT lymphoma or
malignant transformation from Helycobacter pylori-associated
gastritis to MALT lymphoma, up-regulation of CCR7 mRNA,
among other CKRs, was a common finding (91, 95, 96). In
splenic MZL, no changes were seen at the mRNA level (87)
whereas flow cytometry revealed significantly reduced expression
of CCR7 as compared to normal B-cells (13, 19, 21, 79). The low
CCR7 expression in extranodal or splenic MZL suggest a minor
role of this receptor in their pathobiology. This in turn might
explain the minimal lymphadenopathy seen in these types of
MZL (13) and reports on CCR7 expression in nodal MZL are still
missing. Accordingly, one study in salivary gland MALT
lymphoma samples selectively implicated the chemokine
CCL21 in the organization of ectopic reactive lymphoid tissue
whereas no significant expression of the ligand was detected in
the malignant lymphoid aggregate (105). The authors concluded
that CCR7 plays no major role in the infiltration of the
epithelium or in the regulation of malignant cell survival.

3.1.9 Hairy Cell Leukemia (HCL)
HCL is an indolent, rare disease that accounts for approximately
2% of leukemias and is typically defined by the B-raf kinase
mutation pV600E (106). Cell surface expression of CCR7 is low
(or absent) in HCL cells when compared to normal B-cells (13,
19, 21, 107). Similarly, CCR7 transcription in HCL samples is
reduced (32). This would explain why nodal dissemination is not
a key feature in this disease.
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3.1.10 Lymphoplasmacytic Lymphoma (LPL) and
Multiple Myeloma (MM)
LPL and its subgroup Waldenstroem´s macroglobulinemia
(WM) are rare and indolent lymphomas that arise from
terminally differentiated B-cells that physiologically do not
express CCR7 (82). Analyses on very few clinical samples did
not shed light on the expression profile of CCR7 in LPL, as some
cases did express the receptor (21) while others did not (13).
Available evidence does not link CCR7 to an altered genetic
profile in plasma cell leukemia (PCL) (108). Normal plasma cells
and those of MM do not typically express surface CCR7, and if
expressed, it is found in a minor proportion of cells as
demonstrated in samples from BM or extramedullary sites
(PB and pleural effusions) (13, 21, 109, 110). Curiously, in
non-Hispanic Caucasian subjects the genetic CCR7 variant
s3136685 was reported to be associated with an elevated risk
for MM (110). Since this genotype was not associated with MM
in further permutation-based tests and since previous evidence
did not link CCR7 to MM (108, 111), these findings should be
interpreted with caution and further investigation is required to
clarify this issue. Finally, gene expression profiles of monoclonal
gammopathy of undetermined significance (MGUS) and of
smoldering myeloma seem to discard a prominent role of
CCR7 in these conditions as well (108, 111, 112).

3.1.11 Hodgkin Lymphoma (HL)
HL is a unique type of B-cell lymphoma characterized by the
presence of a minority (<1%) of neoplastic cells in a background
of infiltrating reactive cells (113). The microenvironment is
considered to be shaped by the malignant cells and provides
survival signals and protection against anti-tumor immune
responses (114). Based on differences in histopathology, HL is
classified in two subgroups: the classical form (cHL) that
accounts for 95% of all HL cases and the nodular lymphocyte
predominant variant (NLPHL) that represents only 5% of all
cases (113). Tumor cells in cHL are termed Reed/Sternberg (RS)
cells, which generally express CD30, whereas tumor cells in
NLPHL are called lymphocytic and histiocytic (L&H) cells and
lack CD30.

CCR7 expression has been observed in cHL-derived tumor
cell lines and in primary tissue. In the majority of cell lines
expression was moderate-high and CCR7 was functional in
inducing migration towards both of its ligands (115). In
patient samples, IHC revealed a differential expression of
CCR7 between cHL and NLPHL. The classical form, located in
the interfollicular zones, showed strong CCR7 expression
whereas NLPHL, regularly associated to follicles, was shown to
be CCR7 negative (115). Accordingly, mRNA levels were highly
expressed in cHL when compared to NLPHL and normal B-cells
(84, 116). Moreover, CCL19/CCL21 were found in tumor
infiltrates of cHL, whereas the tumor nodules in NLPHD
almost completely lacked these chemokines (115).

In cHL, CCR7 upregulation might be a consequence of two,
or more, altered pathways that are partially interconnected. For
example, the CCR7 gene contains binding sites in its promoter
region for the transcription factors AP‐1 and NF‐kB (3), and
both axes have been shown to be constitutively active in cHL and
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to upregulate CCR7, individually or cooperatively (3, 117).
Notably, the combined constitutive activation of AP‐1 and
NF‐kB mimics a state of chronic inflammation that involves
the production of cytokines by RS cells. Whether CCR7
up-regulation is part of the prominent NF‐kB program in cHL,
as it is the case for CD30 expression (115, 118), remains to
be investigated.

At the functional level, constitutively active WNT signaling in
cHL is important in CCR7-mediated migration and generation
of protumorigeneic milieus. Binding of the WNT protein to the
low-density lipoprotein receptor-related protein 5/6 (LRP5/6)
regulates CCL19-guided chemotaxis through the b-catenin and
lymphocyte enhancer-binding factor-1 (LEF-1) pathways (119).
WNT signaling is commonly involved in metastasis and
angiogenesis in various tumors (120). In tumor cells of cHL
canonical WNT/b-catenin/LEF-1 signaling is also required to
secrete vascular endothelial growth factor A (VEGF-A), and by
that, to attract endothelial cells as well as to enhance their
migration, sprouting and tube formation. Therefore, canonical
WNT signaling is a regulator of the endothelium-lymphoma
interplay. WNT is a prerequisite for secretion of VGEF-A by cHL
cells which stimulates biogenesis of vascular endothelium which
in turn presents CCR7 ligands that direct movement of cHL cells
towards vascular niches. Thus homing and interstitial movement
of tumor cells within the affected LN is facilitated by constitutive
WNT. Moreover, CCR7’s ligand, CCL21, was shown to be absent
on RS cells, but was detected on the majority of small vessels
(including HEV) with a luminal membranous localization (121).

The CCR7 axis not only seems to play a pathogenic role by
recruiting cHL tumor cells, it is also implicated in recruiting pro-
tumorigenic CCR7-expressing immune cells from the
circulation. Within infiltrating immune cells in cHL, CCR7
(and the related homing markers CD62 and lymphocyte
function-associated antigen 1, LFA1) were demonstrated to be
expressed on a large proportion (~33%) of reactive T-cells, which
showed receptor-mediated chemotaxis that was similar to PBMC
from healthy donors (121). Notably, in cHL the infiltrate is
commonly enriched by CCR7+ TREG and activated T-cells (122–
126). In contrast, in NLPHL these T-cell subsets are less
abundant and are found outside the tumor area (115, 127).
Together, these findings suggest different immune escape
mechanisms in both subtypes of HL that may be related to the
different expression profiles of CCR7 in tumor-associated cells
and of CCR7 ligands in the surrounding tissue.

3.2 CCR7 in T-Cell Malignancies
As described for B-cell malignancies, T-cell neoplasms consist of
multiple entities that are thought to arise from particular stages
of T-cell development. For instance, T-cell acute lymphoblastic
leukemia (T-ALL) originates from thymic stages of T-cell
evolution while peripheral (post-thymic) T-cell neoplasms
show features of mature T-cells with distinct phenotypes of
differentiation, e.g. T-cell prolymphocytic leukemia (T-PLL)
mostly resembling TCM or unconventional transitional stages
between TN and TCM; adult T-cell leukemia/lymphoma (ATLL)
resembling TREG; Mycosis fungoides (MF) resembling TEM;
Sézary syndrome (SS) resembling TCM; or T-cell large granular
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lymphocytic leukemia (T-LGL) resembling activated cytotoxic
T-ce l ls (113 , 128–130) . Based on this phenotypic
characterization, CCR7 expression would follow its
physiological T-lineage pattern and be highest in those diseases
resembling a DN or SP thymocyte, TN, TREG, or TCM and to show
LN or CNS involvement. A low number of studies limits the
knowledge on the role of CCR7 in some of these disorders.
However, in light of the restricted armamentarium of available
efficient therapies for T-cell malignancies, such insights are
highly desired. In this section we will address our current
knowledge on CCR7 biology in several T-cell cancers and will
try to associate reported expression profiles with CCR7
functionality and pathological findings.

3.2.1 T-Cell Acute Lymphoblastic Leukemia (T-ALL)
T-ALL mainly afflicts children and adolescents. It presents with
increased white blood ce l l counts and often with
hepatosplenomegaly. At relapse, there is an increased incidence
of CNS manifestations (131, 132). A seminal report showed
CCR7 to be a functional receptor that is highly expressed in 4 of 5
T-ALL cell lines and in PB tumor cells of 8 of 11 T-ALL patients
(25). A recent study in a larger cohort of 130 patients (24) and
unpublished data from our laboratory confirm these results. In
T-ALL, CCR7 expression is controlled by the activity of the
oncogene Notch1. Significantly up-regulated CCR7 was found in
human T-ALL cells that harbor Notch1-activating mutations
while receptor expression was repressed by Notch1-specific g-
secretase inhibitors (DBZ or compound E), both at mRNA and at
protein levels (25). Mechanistically, Notch receptor engagement
initiated the PI3K/mammalian target of rapamycin complex 2
(mTORC2) pathway, which transmitted through NF-kB to
regulate expression of the CCR7 gene in leukemic cells (25,
133). Notably, in pre-clinical in vivo T-ALL models generated by
overexpression of the intracellular cleaved form of Notch1
(ICN1), CCR7 overexpression led to enhanced chemotaxis and
invasion into different tissues, especially to leptomeningeal
spaces of brain and spinal cord, in which endothelial cells were
shown to produce CCL19 (25). This CCR7-driven homing into
CNS facilitated leukemic cell survival and was associated with
reduced animal survival. Similarly, CCL19 promoted T-ALL cell
invasion of spleen in syngeneic in vivo models and shortened
host survival (134). Inside cerebral or spleen parenchyma, cross-
talk between stromal cells and leukemic cells mediates the
production of higher levels of tissue CCL19 (25, 134, 135). In
CNS, these positive loops and the concomitant alteration of
drainage from cerebrospinal fluid facilitated lymphoblastic
meningeal infiltration (25). Nonetheless, it is likely that CCR7
is not the sole mediator of this process as meningeal infiltration is
also detected in ICN1-induced T-ALL with CCR7-deficient
hematopoietic progenitors (135). A recent study suggested that
CNS infiltration in xenograft models is regulated by ZAP-70
which positively correlated with the overexpression of both
CCR7 and CXCR4 and with migratory abilities towards CCL19
and CXCL12 (24). This study also confirmed, in a large cohort of
130 T-ALL patients, the positive correlation between ZAP-70
and CCR7 expression and, importantly, high CCR7 expression in
tumor cells from BM biopsies at diagnosis was associated with a
Frontiers in Oncology | www.frontiersin.org 7206
significant 11-fold increased risk of CNS involvement (24).
Together, despite some T-ALL patients showing low or absent
expression of CCR7 in their tumor cells from BM (135), the
herein presented evidence supports CCR7 as a key element
responsible of high-risk features such as CNS infiltration.

3.2.2 T-Cell Prolymphocytic Leukemia (T-PLL)
Although being the most frequent mature T-cell leukemia in
Western countries, T-PLL represents only ~3% of all T-cell
malignancies (136–138). Its clinical course is typically
aggressive with poor responses to conventional chemotherapies
resulting in a median overall survival (OS) of usually <2-3 years
(139, 140). An inevitably rapid proliferation of mostly CD4+

prolymphocytes involves the PB, BM, spleen, liver, LN as well as
skin and effusions (136, 137, 141). Not uncommon are CNS
involvements (136, 137, 142). This pattern of dissemination
suggests chemokine receptors to play an important role in
T-PLL, however, little is known about their relevance and the
role of their ligands in the pathophysiology of T-PLL (143).
Although previous evidence did not show overexpression of
CCR7 mRNA in six primary T-PLL samples (144), a recent
study by our groups focused on CCR7 in T-PLL biology and its
interventional potential (130). We assayed CCR7 surface levels at
diagnosis by flow cytometry in 109 patients and found that
receptor overexpression in malignant cells is seen in a very high
proportion of cases (86.5%). CCR7 expression profiles were also
instrumental in assigning T-PLL to stages of memory T-cell
differentiation (130, 145). The proportion of CCR7-expressing
T-PLL cells in PB at diagnosis was associated with a shorter OS
and a higher risk of death within an 8-year follow-up period
(130). CCR7 was a fully functional receptor upon CCL19 and
CCL21 binding and its downstream signaling pathways activated
PI3K and ERK (130), two axes that have shown to be relevant in
T-PLL pathogenesis (145–147). We further showed that receptor
activation triggered chemotaxis, invasion trough biological
matrices or endothelial cells, and T-PLL cell survival (130). In
in vivo pre-clinical studies, we confirmed CCR7 to play critical
roles in enabling tumor cells to access tumor microenvironments
in CNS and lymphoid organs, especially in LN (130). In
agreement, prominent HEV are often infiltrated by neoplastic
cells in T-PLL (148), which suggests CCL21 as a major route for
homing into lymphoid tissues and in mediating the
dissemination of T-PLL cells to different organs. Our results
demonstrated CCR7 to promote a rapid niche colonization as
well as survival and proliferation in these environments.

3.2.3 Adult T-Cell Leukemia/Lymphoma (ATLL)
ATLL is an aggressive peripheral T-cell malignancy associated
with human T-cell leukemia virus, type 1 (HTLV-1) infection
and predominantly occurs in HTLV-1 endemic areas such as
South-Western Japan, the Caribbean Islands, Central and South
America, intertropical Africa, and the Middle East (149, 150).
The prognosis of ATLL is very poor with a 4-year OS rate of 11%,
16%, 36%, and 52%, in the subtypes of acute, lymphoma,
chronic, and smoldering ATLL, respectively (151, 152). In the
majority of cases, ATLL cells express CD4 and CD25 and often
lack CD7 (152–154). Forkhead box P3 (FoxP3) expression is
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detected and led to concepts of ATLL cells to resemble TREG

(155) which, however, remains a subject of debate (156). The
malignant cells of ATLL express surface CCR7 (157) and up-
regulated CCR7 transcripts are associated with the aggressive
acute ATLL subset, which distinguishes these cases from the less
aggressive chronic ATLL (158, 159). Studies in larger cohorts
confirmed upregulated CCR7 mRNA and protein, especially in
patients with acute, progressive, or treatment refractory acute
disease. These reports also associated higher CCR7 expression
levels with a poor prognosis and nodal involvement (154, 160,
161) . Accordingly , ATLL cel ls from patients with
lymphadenopathy and splenomegaly showed enhanced ability
to adhere to surfaces coated with intercellular adhesion molecule
1 (ICAM-1) and to migrate towards CCL19 or CCL21 (157).
Recent whole-exome sequencing studies revealed gain-of-
function mutations in the receptor (162, 163). The CCR7 gene
was recurrently and significantly affected in 11% of ATLL with a
majority of cases harboring mutations that led to truncated
protein forms at the C-terminal cytoplasmic domain, which
regulates multiple biological processes. Of special interest were
the mutations at CCR7 Trp355, which prevented receptor turn-
over and internalization upon ligand stimulation resulting in
increased surface receptor expression. These mutations led to an
enhanced ligand-induced chemotaxis and PI3K/AKT signaling
(162, 163). More recently, CCR7 gene mutations were mutually
associated with mutations at phospholipase C gamma 1 (PLCG1)
and caspase recruitment domain family member 11 (CARD11)
genes, which are frequent alterations in TCR/NF-ĸB signaling
(164). The pathological implications of this coexistence in ATLL
remain unaddressed.

3.2.4 Mycosis Fungoides (MF)
MF is the most common type of cutaneous T-cell lymphoma
(CTCL), in which a protracted clonal expansion of atypical
dermatotropic CD3+CD4+ T-lymphocytes underlies a chronic
cutaneous manifestation (165). The majority of patients with
early-stage (i.e. limited patch/plaque) disease have a normal life
expectancy, while in advanced (i.e. ubiquitous, tumor, nodal)
stages survival is drastically reduced, which in addition to a
marked symptomatology requires multimodal treatments (166–
168). Available data emphasize a complementary, prominent
pro-tumorigenic role of distinct factors present within the skin or
LN milieus of CTCL, such as chemokines (CCL21 or CXCL12)
(169), cytokines (IL-13) (170) or antigens able to entertain
chronic T-cell receptor stimulation (171).

Expression of CCR7 has been considered a marker of
advanced MF and a component involved in the spread of
cutaneous lesions to lymphoid tissues. Indeed, single-cell RNA
sequencing of skin biopsies from one patient with aggressive
disease showed that malignant clones in PB and LN displayed a
transcriptional program reminiscent of a more central CCR7+

memory-like phenotype, while retaining tissue-homing receptors
(i.e. CLA, CCR10) (172). Nonetheless, evidence of CCR7 protein
expression in MF samples is scarce. Kallinich et al. analyzed
expression of several CKRs in MF (165). They studied CCR7
expression in skin biopsies from six patients with early disease
and six patients at the tumor stage. Using IHC, they found no
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expression of CCR7 in any tested sample, however, two skin
samples of advanced disease showed strong and uniform
expression of CCR7 on tumor cells by flow cytometry. A more
recent study reported CCR7 expression in 62% (13/21) of
specimens as per IHC, and indicated that CCR7 expression
strongly correlated with subcutaneous extension of lymphoma
cells (173). The CCR7-expressing MF cell line MyLa shows
enhanced in vitro migration towards CCL21 in an mTOR-
dependent manner (161) and through up-regulation of
metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) (174), a long noncoding RNA that is also associated
with migration of several solid tumor types (175). These authors
also concluded that CCR7 promotes subcutaneous involvement
of MF. In agreement, total RNAs from skin biopsies of epidermis
versus those from involved dermis of MF associated the presence
of tumor cells in the dermis with the CCR7/CCL21 axis (161).
Accompanying IHC analyses confirmed that expression of CCR7
was high in infiltrating lymphoma cells. It also demonstrated
CCL21 in the cytoplasm of epidermal keratinocytes and to be
diffusely distributed in the dermal extracellular matrix.

3.2.5 Sézary Syndrome (SS)
SS is a mature systemic T-cell malignancy in which skin-homing
T-lymphocytes also accumulate in PB and LN. Patients are
highly symptomatic (e.g. pruritus, staphylococcal infections)
and prognosis is poor with a median of survival of 63 months
(166, 167). Despite increasingly better knowledge on disease
biology, currently applied therapies show short-lived responses
(168). By convention, SS has been regarded as a systemic variant
of MF based on identical cytologic and immunophenotypic
features. In addition, long-standing MF may subsequently
develop into a secondary SS-like disease that exhibits
circulating neoplastic cells, indistinguishable from those of
primary de-novo SS. Nonetheless, several studies provide clues
to consider SS and MF as two separate entities. First, patients
with primary SS typically experience a more aggressive disease
course, characterized by frequent involvement of LN (166–168).
Second, MF and SS tumor cells show different molecular and
CKR profiles (176–178). SS is thought to arise from expansions
o f ma tu r e l ong - l i v ed CD4+CD7 - T - c e l l s w i th a
CD45RO+CD27+CD62L+ TCM phenotype accompanied by a
consistently high CCR7 mRNA and protein expression,
whereas CCR7 expression in the predominantly TEM cells from
cutaneous MF lesions is controversial (165, 178–182).
Admittedly, biases by the different sources of sampling, e.g.
skin preferentially for MF versus blood and LN for SS might
attribute to the observed differences.

Although CCR7 gene expression could not be significantly
correlated with lymphoid organ involvement or patient survival
in SS (179), it appears plausible that production of CCL19 and
CCL21 by stromal and endothelial cells in lymphoid tissues
contributes to the lymphotropism of SS cells. In support, the
chemokine CXCL13, mainly produced in lymphoid tissues,
promotes a synergistic CCR7-mediated migration that was of
higher efficiency in SS cells than in normal T-cells (183).
Additionally, CCR7 activation enhanced invasion by
modulating adhesion and secretion of metalloproteases in
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clinical samples and in SS cell lines (183, 184). CCR7-induced
integrin activation and metalloprotease secretion are processes
that in other CCR7-expressing blood cancers are known to be
required for CCR7-mediated TEM and for homing (35, 130).

Epidermotropism and tumor growth within the skin
environment of SS are features that had been attributed to
CCR7 function, but the exact mechanisms are poorly
characterized. A first report found no function for CCR7 in
promoting in vitro survival or proliferation of primary SS tumor
cells (183). Another study on a cohort of 43 SS cases found
contradictory results (169). This more recent investigation
demonstrated that overexpressed CCL21 (and CXCL12) in
skin tissue induced activation of PI3K/AKT/mTORC1
signaling in skin-resident SS cells. SS samples frequently show
a recurrent loss of the phosphatase PTEN (phosphatase and
tensin homolog) and the liver kinase B1 (LKB1) (169), two
proteins that under normal conditions attenuate upstream
activation of mTORC1 in low energy conditions (185).
Therefore, these defects might result in a constitutive TORC1
activation that promotes protein translation and a metabolic
shift from oxidative phosphorylation (mainly observed in
quiescent/memory lymphocytes) toward aerobic glycolysis
(typically observed in activated lymphocytes) (185). This
increase in glucose demand (also known as Warburg effect)
might be energetically beneficial during the recruitment of SS
cells to skin and/or LN by CCL21, with the latter being able to
further enhance mTORC1 activation and by that SS cell growth
(169). Indeed, among other, in part stronger stimuli such as IL-2/
IL-7, CCL21-mTORC1 also promoted up-regulation of the Ki67
proliferative protein in SS-derived cell lines and in primary SS
cells (169).

3.2.6 T-Cell Large Granular Lymphocytic
Leukemia (T-LGL)
T-LGL is characterized by the chronic low-level expansion of
mostly CD8+ T-cells in blood, BM, and spleen. Nodal disease is
infrequent. T-LGL cells express pan-T-antigens, programmed
cell death 1 (PD-1), some NK-cell associated molecules, cytotoxic
granules (containing perforin and granzymes) and lack the CD28
co-stimulatory receptor. Detection of CD45RA and further
markers of T-cell differentiation suggest a terminally
differentiated effector memory (TEM-RA) phenotype (128, 186–
188). TEM-RA cells are featured by the absence of CCR7, and
accordingly, most T-LGL cases in these studies did not show
tumor cell expression of CCR7.

3.2.7 Other T-Cell Malignancies
In other types of T-cell neoplasms such as peripheral T-cell
lymphoma not otherwise specified (PTCL-NOS), extra-nodal
NK/T-cell lymphoma (ENKTL), anaplastic large cell lymphoma
(ALCL), and angioimmunoblastic T-cell lymphoma (AITL)
expression of CCR7 remains poorly studied and controversial
(including the source of expression, namely tumor cells versus
local bystander cells). Two studies in a total of 41 ALCL patient
samples and in 7 ALCL cell lines found the anaplastic-lymphoma
kinase (ALK)-negative ALCL variant to overexpress CCR7 genes
(compared toALK-positiveorprimary cutaneousALCL) (116, 189)
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while another series on LN biopsies associated ALCL to a
CD4+CD45RO+CD27- TEM phenotype that lacks CCR7 (190). In
contrast, PTCL-NOS showed CCR7 expression as part of its TCM

signature (190). However, gene expression profiles showed no
upregulation of CCR7 transcripts in PTCL-NOS as compared to
normalT-cells; as also observed forAITL (191).A subsequent study
reported expressionofCCR7by IHC inanoverall of83%of samples
that contained PTCL-NOS, ENKTL, ALCL, andAILT, but without
disclosed resolution for the proportions of CCR7 positive cases per
entity (184). Despite this shortcoming, this work corroborated the
expression of CCR7 in a high proportion of mature T-cell
malignancies and, importantly, significantly associated CCR7
staining with lymphatic or hematogeneous dissemination as well
as with clinical stage. As in B-cell malignancies, constitutive
activation of the transcription factor AP-1 is a proposed
mechanism underlying CCR7 overexpression and CCR7-
mediated cell survival in some of these conditions, particularly
ALCL (117).

In other, very rare T-cell lymphomas, studies on CCR7 have
been sporadically reported. In a case of primary cutaneous
aggress ive epidermotropic CD8+ T-ce l l lymphoma
transformation from an indolent to an aggressive phase was
accompanied by a shift to CCR7 expression (177). A case of
enteropathy-associated T-cell lymphoma (EATL) showed no
lymphoma-cell associated CCR7 (178), fitting its cytotoxic T-cell
nature, similar to CCR7-negative T-LGL.

3.2.8 Natural Killer (NK) Cell-Type
Lymphoproliferative Diseases
NK-cell cancers can be subdivided into aggressive NK cell
leukemia (ANKL) and indolent chronic NK cell lymphocytosis
(CNKL), both characterized by leukemic infiltration into
multiple organs (192). In a cohort composed of PB samples of
nine ANKL and six CNKL cases several CKR were investigated
by flow cytometry (193). In both types of leukemia, CCR7 was
detected in a small proportion of tumorous NK-cells (<25%), a
lower proportion than the relative number of CCR7-positive
NK-cells the authors found in six healthy controls. Together,
these results suggested that CCR7 might not play an important
role in the pathophysiology of ANKL or CNKL.

3.3 CCR7 in Myeloid-Cell Malignancies
Description of CCR7 in myeloid-cell derived cancers is anecdotal
and, as opposed to lymphoid disorders, myeloid neoplasms seem
to be mainly characterized by downregulated CCR7, although
this aspect still remains controversial.

3.3.1 Myelodysplastic Syndrome (MDS)
MDS constitutes a heterogeneous group of clonal hematopoietic
stem cell diseases that share ineffective hematopoiesis, increased
risk of developing acute myeloid leukemia (AML), and
augmented prevalence of immune deregulation. To our
knowledge no studies have addressed the expression or
functions of CCR7 in myeloid cells from MDS patients. A
comparative study of a cohort of 33 MDS, a condition with a
known prominent inflammasome, patients with healthy controls
found that in MDS CD8+ T-cells exhibited decreased levels of
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CCR7 and a concomitant upregulation of CCR3, CCR5, or
CX3CR1 (194). Hence, a central pathogenic relevance of CCR7
and other CKR in MDS still has to be shown.

3.3.2 Acute Myeloid Leukemia (AML)
AML is a heterogeneous group of aggressive proliferations with
variable genetic make-up and differential responses to therapy
(195). In clinical practice, CCR7 is sporadically detected by flow
cytometry in AML samples from PB and BM in a small
proportion of tumor cells (unpublished data). In agreement,
CCR7 mRNA is not highly abundant in AML in several
transcriptome analyses (14, 16, 196, 197). Only one study
reported CCR7 transcript over-expression (~3-fold) in 148
human AML samples as compared to 12 samples of normal
cord blood-derived CD34+CD45RA- cells (198). Protein
expression to confirm high membrane levels of CCR7 was not
studied. Potential associations of CCR7 mRNA with the most
frequent genetic aberrations were also not investigated (198).

3.3.3 Blastic Plasmacytoid Dendritic
Cell Neoplasm (BPDCN)
BPDCN is a rare and clinically aggressive hematologic tumor
derived from cells of immature PDC differentiation (199). The
clinical course of BPDCN shows progressive systemic expansion,
partially attributed to the local production of chemokine ligands
of CKR expressed by the tumor cells (CXCR3, CXCR4, CCR6,
CCR7) (200). Beyond expression data, no clues are available on
the pathogenic roles of CCR7 in BPDCN.

3.3.4 Langerhans Cell Histiocytosis (LCH)
In LCH pathological CD207+ DC show constitutively activated
MAPK pathway signaling. In in vivo and in vitro models, the
B-raf V600E activating mutation impaired the Raf/ERK-
mediated CCR7-induced migration of DC (201). This in turn
caused their retention in the tissue lesions and, by promoting
expression of BCL2-like protein 1 (BCL2L1), this resulted in
enhanced resistance to apoptosis.

3.3.5 Myeloproliferative Disorders
Chronic myeloid leukemia (CML) is a clonal disease
characterized by premature release of aberrant cells from the
BM alongside their substantial accumulation in PB, spleen, and
BM (202). In CML, the presence of the Philadelphia chromosome
and its oncogenic product, the fusion oncoprotein BCR/ABL, is
directly linked to multiple pathways involved in cell survival,
growth promotion, and disease progression (203, 204). Similarly
to LCH, an impaired adhesion and motility towards CCR7 was
first reported for CML cells (14, 205) though this effect remains
controversial since more recent reports showed in vitro and in
vivo how a positive activation loop between BCR-ABL and the
signal-transducing adaptor protein-2 (STAP-2) led to enhanced
ERK signaling resulting in overexpression of CCR7, LN
enlargement, and hepatosplenomegaly (203, 204). Whether
these contradictory outcomes are a result of differential in vitro
versus in vivo settings, or a consequence of artifacts associated to
the use of cell lines versus primary tumor cells, needs clarification.
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4 PATHOPHYSIOLOGICAL ROLE OF CCR7
IN HEMATOLOGIC MALIGNANCIES

Chemokines obey Stephen Paget’s ‘seed and soil’ paradigm,
proposing that the microenvironments of different organs are
different from each other, and that certain tumor cells have
specific attraction to the milieu of specific organs (206). As
reviewed above, CCR7 is a single receptor driving immune
cells into LN, and for this reason this receptor assumes a
central role in the pathogenesis of many leukemia and
lymphomas, which very often express CCR7 due to their
lymphoid or myeloid origin (Table 1).

In lymphoid malignancies, the role of CCR7 in hallmark
deregulations of cancer such as enhanced migration or death
resistance, can be associated to functional differences between
CCR7-expressing normal and malignant cells. In some cases,
gain-of-function in CCR7 is a consequence of an upregulated
transcription and/or protein translation (Figure 1). For example,
tonic signaling through the BCR or CD40 activates transcription
factors such as NFATC1, NF-kB, and AP-1, which target the
CCR7 gene, a mechanism found in CLL and B-ALL (22, 23, 42,
54–56, 208, 211). Similarly, CD30 down-stream signaling seems
to increase CCR7 gene transcription in cHL and ALCL likely
through NF-kB and AP-1 (3, 115, 117). Moreover, constitutive
activation of the Notch1 oncoprotein increases CCR7 expression
in T-ALL through the mTORC2/NF-kB cascade (25, 133), or in
CLL through down-modulation of the DUSP22 phosphatase
levels and the subsequent increase in STAT3 activation (51). In
other instances, CCR7 up-regulation is promoted by a viral
machinery that suppresses CCR7 gene repressor factors like
CBF-1. This is described for the viral transactivator EBNA-2 in
BL and DLBCL (89, 91) and it could be hypothesized that a
similar mechanism governs HTLV-1-induced transformation in
ATLL. Notably, downregulation of CCR7 expression and
reduction of associated chemotaxis during viral infections,
have been reported (11, 212). The EBV (213), the murine
lymphocytic choriomeningitis virus (LCMV) (214), the human
immunodeficiency virus type 1(HIV-1) (215), or the influenza
virus (216) are examples of CCR7-downmodulating viruses. In
other cases, e.g. during HIV-1 infection, primary CD4+ T-cells
showed and enhancement of CCR7-mediated motility, leading to
efficient propagation of HIV-1 (217, 218). Based on this, one
might be tempted to associate these changes of the CKR
expression profile to particular needs of each virus’ cycle.
Therefore, discrepancies between outcomes in CCR7
expression after viral infections might be also a consequence of
distinct cell-to-cell aspects such as the time elapsed after cell
infection, the cell development stage at which the infection takes
place, or baseline CCR7 expression by host cell. For example, the
impact of in vitro EBV infection on CCR7 expression was very
different between tonsillar or PB B-cells, being milder (if at all) in
the last cell type (213). Moreover, the presence of additional
tumorigeneic events in the infected tumor cells may synergize
with the viral machinery to induce CCR7 gene expression (219,
220). In agreement, expression of CKR and chemokines in
immortalized cell lines differs from that of EBV-infected PB
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B-cells (89, 213) and different growth requirements, such as the
oestrogens, are known to positively regulate viral factors like
EBNA2, which subsequently activate CCR7 gene expression
(4, 213).

Finally, CCR7 up-regulation may be also promoted by
mutations in the C-terminal cytoplasmic region of CCR7 or
dysregulation of its endocytic machinery both affect receptor
Frontiers in Oncology | www.frontiersin.org 11210
turn-over. For example, in ATLL or CLL cells impaired
internalization upon ligand stimulation results in increased
surface receptor expression (43, 46, 162, 163). Whatever the
underlying reasons for the upregulation of CCR7, in the majority
of diseases that are reviewed here, all these events lead to
increased numbers of functional receptors at the surface of the
tumor cells, which endows them with an increased migratory
TABLE 1 | Summary of blood cancers with reported CCR7 expression studies (following 2016 WHO classification of blood neoplasms) (207).

CCR7

GEP Protein

Lymphoid
neoplasms

Precursor lymphoid
neoplasms

B-ALL and B-lymphoblastic lymphoma -/+ -/+
T-ALL and T-lymphoblastic lymphoma + +

Mature B-cell neoplasms Chronic lymphocytic leukemia/small lymphocytic lymphoma + +
Monoclonal B-cell lymphocytosis na +
Splenic marginal zone lymphoma – –

Hairy cell leukemia – –

Lymphoplasmacytic lymphoma/Waldenström macroglobulinemia na -/+
Monoclonal gammopathy of undetermined significance – na
Plasma cell myeloma – -/+
Plasma cell myeloma variants Smoldering myeloma – na

Non-secretory myeloma na –

Plasma cell leukemia – na
Extranodal marginal zone lymphoma of mucosa-associated lymphoid tissue (MALT
lymphoma)

-/+ +

Nodal marginal zone lymphoma na na
Follicular lymphoma -/+ -/+
Primary cutaneous follicle center lymphoma -/+ na
Mantle cell lymphoma + +
Diffuse large B-cell lymphoma GCB type -/+ -/+

ABC type + +
T-cell/histiocyte-rich large B-cell lymphoma -/+ na
Primary diffuse large B-cell lymphoma of the central nervous system na +
EBV-positive diffuse large B-cell lymphoma -/+ na
Primary effusion lymphoma + na
Burkitt lymphoma -/+ +

Mature T- and NK-cell
neoplasms

T-cell prolymphocytic leukemia + +
T-cell large granular lymphocytic leukemia na –

Chronic lymphoproliferative disorder of NK cells na –

Aggressive NK-cell leukemia na –

Adult T-cell leukemia/lymphoma + +
Extranodal NK-/T-cell lymphoma na -/+
Mycosis fungoides + +
Sézary syndrome + +
Primary cutaneous CD30+ T-cell
lymphoproliferative disorders

Primary cutaneous anaplastic large cell lymphoma -/+ na

Primary cutaneous peripheral T-cell
lymphomas, rare subtypes

Pimary cutaneous CD8+ aggressive
epidermotropic cytotoxic T-cell lymphoma

na –

Peripheral T-cell lymphoma, not otherwise specified -/+ +
Angioimmunoblastic T-cell lymphoma -/+ -/+
Anaplastic large-cell lymphoma ALK-positive -/+ -/+

ALK-negative + +
Hodgkin lymphoma Nodular lymphocyte predominant Hodgkin lymphoma -/+ –

Classical Hodgkin lymphoma + +
Histiocytic and DC
neoplasms

Tumors derived from
Langerhans cells

Langerhans cell histiocytosis – –

Myeloid neoplasms Myelodysplastic syndromes na na
Acute myeloid leukemia and
related neoplasms

-/+ -/+

Blastic plasmacytoid dendritic
cell neoplasm

na +

Myeloproliferative neoplasms Chronic myeloid leukemia – –
October 2021 | Volume 11 |
 Article
ABC, activated B-cell like; ALK, anaplastic-lymphoma kinase; DC, dendritic cells; EBV, Epstein-Barr virus; GCB, germinal center B-cell like; GEP, gene expression profile; na, not available.
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capacity (13, 20, 35, 40, 46, 99, 115, 173). CCR7-mediated
migratory abilities can be selectively potentiated in leukemia/
lymphoma cells (as opposed to their normal counterparts) by
pre-exposure or co-incubation with other homeostatic
chemokines like CXCL12 or CXCL13, as demonstrated in
MCL, BL, or SS (78, 90, 183). Although in many entities the
molecular mechanisms of CCR7 upregulation remain unknown,
it is consistently found across various diseases, e.g. B-ALL,
T-ALL, or CLL. Therein, its overexpression is associated with
the presence of adverse prognostic factors, e.g. ZAP-70, which
seem to directly cooperate with CCR7 towards facilitation of
homing to survival niches such as LN or CNS (24, 38, 47). In fact,
in CLL ZAP-70 has been shown to govern integrin activation
upon CCR7 stimulation, in a G-protein independent fashion and
through oligomerization of four CCR7 molecules (58, 63).
Nevertheless, some associations of CCR7 expression with
markers of disease subsets, hence aggressiveness or outcome,
might be of indirect nature and just represent indicators of
Frontiers in Oncology | www.frontiersin.org 12211
different inherent cellular programs (e.g. higher migratory
potential), as suggested for the histogenetic subsets of CLL
with unmutated IGHV and/or with trisomy 12 that show
higher responsiveness to CCR7 ligands (35, 36, 38, 46, 47, 66).

Generally, in most blood cancers, CCR7 expression correlates
with nodal or spleen involvement. In the conditions of B-ALL,
MCL, T-ALL, or T-PLL it is also associated with infiltration of
the CNS and in CTCL it correlates with the degree of
epidermotropism (21, 24, 25, 130, 134, 161, 169, 221, 222).
Therefore, it is consistently proposed that overexpression of
CCR7 confers an invasive phenotype that contributes to
lymphatic and hematogenous spread and promotes homing
into target tissues (Figure 2). This CCR7+ transmigrating
phenotype is further characterized by activation of a4b1 and
aLb2 integrins that facilitate adhesion of malignant cells to HEV
or stromal proteins, and that promote the secretion of matrix
metalloproteases MMP-2 and/or MMP-9, which degrade
extracellular matrix (35, 58, 64, 130, 157, 183, 184). Both
FIGURE 1 | Causes and modes that underlie CCR7 overexpression in blood cancers. Overview of proposed signaling cascades with reported data. (A) CCR7
upregulation may be promoted by EBV. In BL and DLBCL cells, following viral endocytosis, the virion and packaged proteins are released into the cytoplasm. The
viral transactivator EBNA-2 binds to and inhibits the CCR7 gene repressor factor CBF-1 (also known as RBP-Jk) thus promoting CCR7 gene transcription (4, 89,
91). (B) In B-cell malignancies (CLL, B-ALL) tonic signaling through the BCR activates transcription factors such as NFATC1, NF-kB, and AP-1, which target the
CCR7 gene (42, 54, 56). (C) When engaged by CD40L, the receptor CD40 recruits tumor necrosis factor receptor-associated proteins (TRAF) to the membrane,
which initiate different signaling pathways leading to activation of NFkB or AP-1 (22, 23, 208, 209). (D) In cHL and ALCL, binding of CD30L (CD153) or sCD30 to
CD30 can result in trimerization and signal mediation through TRAF proteins to stimulate the NFkB pathway resulting in CCR7 gene expression (3, 210). In addition,
CD30 can signal through MAPK pathways, including ERK1/2 and the nuclear transcription factor AP-1, all leading to enhanced CCR7 transcription (3, 115, 117).
(E) In T-ALL cells, release of intracellular Notch1 (ICN1) from membrane-tethered heterodimeric Notch1 protein upregulates PI3K/mTORC2/NF-kB pathways and
activation of the CCR7 gene (25, 133). In CLL cells, activating mutations in Notch1 intracellular domain favor the downmodulation of DUSP22 phosphatase thus
facilitating the accumulation of activated STAT3 which mediates CCR7 gene transcription (51). (F) Mutations in the C-terminal amino acid Trp355, located in the
cytoplasmic region of CCR7, impair internalization upon ligand stimulation resulting in increased expression of the surface receptor in ATLL cells (162, 163).
(G) Dysregulation of the endocytic machinery of CCR7, e.g. in CLL, impacts receptor turn-over and increases CCR7 membrane expression. Deficiency of the
cytoplasmic p66Shc protein causes enhanced activity of the PP2B/calcineurin phosphatase on the endosomal CCR7 pool, which enhances its recycling back to the
plasma membrane (43, 46).
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FIGURE 2 | Pathophysiological roles of CCR7 in blood cancers. Shown are different tissues and ways in which the receptor contributes to disease progression.
(A) Following CCL21 gradients, CCR7-expressing tumor and accessory cells enter into target tissues through high endothelial venules (HEV, in LN and other SLO),
afferent lymphatic vessels (in LN), or endothelial cells (BM, spleen, skin, CNS) (8–10, 24, 25, 104, 130, 134). CCL21 on the surface of endothelial cells (EC) activates
a4b1 and aLb2 integrins thus facilitating transmigration (35, 58, 64, 130, 157). (B) Subsequently, activated CCR7 promotes invasive phenotypes that secrete
metalloproteinases 2 and 9 (MMP-2/9) and promotes extracellular matrix (ECM) degradation (64, 130, 183, 184). (C) Within the tissue, CCR7 drives interstitial
migration of tumor cells to distinct sites such as T-zones or B-zones in spleen and LN (9), or to lymphoid-like (tertiary) structures in skin or CNS (104, 169). Some
tumor cells have inherent abilities to migrate towards CCL19/CCL21 gradients whereas others need cooperative signaling by other chemokines (e.g. CXCL12 or
CXCL13) or a previous stimulus, such as exposure to CD40L, to initiate this process (20, 22, 23, 78, 90, 183, 209). (D) CCR7-driven interstitial migration assists
tumor cells in their right positioning adjacent to accessory cells such as CD40L+CD4+ TH cells, DC, and stromal cells (SC) which foster growth and resistance to
spontaneous or drug-induced cell death (9, 68). Cross-talk with accessory cells induces the release of CCL19 and CCL21 (9, 25, 134) directly promoting survival
and proliferation of tumor cells via MAP-kinase and PI3K signaling pathways (9, 40, 70, 223). CCL19 can also act in cooperation with CXCL13 to confer resistance
to TNF-a-mediated apoptosis via up-regulation of PEG10 (26, 27). Other pro-tumor factors delivered by accessory cells include the Indian hedgehog (Ihh) secreted
by fibroblastic reticular cells (FRC) and CD40 stimulation through CD40 ligand-expressing CD4+ TH cells (9). In turn, malignant cells secrete factors that stimulate and
protect accessory cells. One of these factors is lymphotoxin through which tumor cells stimulate lymphotoxin-b-receptor (LbR) expressing FRC (9). Finally, in these
niches enhanced production of CCR7 ligands establishes a self-enhancing loop that recruits more tumor and accessory CCR7-expressing cells favoring the
continuation of pro-tumor microenvironments (9, 25, 134, 161, 169, 221). (E) CCR7 ligands may attract CCR7+ immunosuppressive cells such as TREG and myeloid-
derived suppressor cells (MDSC) (224, 225). These suppressor cells inhibit anti-tumor effector cells (e.g. CTL) through cell-cell interactions or by creating a tolerant
milieu enriched in suppressor cytokines like IL-10 and tumor growth factor beta (TGF-b) (22, 28, 225, 226). Similarly, CCL19 and CXCL13 may synergistically
regulate CD40-CD40L cross-talk between cancer cells and CD8+ T-cells leading to a PEG10-mediated enhanced production of IL-10 in CD40-activated tumor cells
that inhibits tumor-specific CTL (28). Together, these CCR7-induced mechanisms facilitate permissive milieus within tumor target tissues. (F) CCR7 also prolongs the
time of residence of CCR7-expressing cells in lymphoid tissues (i.e. LN) thus favoring proliferative cycles and providing niches of escape from systemic therapies. In
the steady state, internalization of CCR7 activates the transcription and surface expression of S1P1, facilitating the egress of lymph-node-homed immune cells
through efferent lymphatic vessels (71). Tumor-associated overexpression of CCR7 impairs S1P1 upregulation thus retaining tumor cells within the LNs, reducing the
egress and causing lymphadenopathy (43, 46, 72). (G) In CNS, astrocyte-derived CCL19 attracts tumor cells and enhances their parenchymal retention thus
contributing to gliosis (24, 25, 104). Inside cerebral or spleen parenchyma, cross-talk between stromal cells and leukemic cells mediates the production of higher
levels of tissue CCL19 (25, 134) facilitating the infiltration of tumor cells. (H) In the skin, CCL21 in the cytoplasm of epidermal keratinocytes and to be diffusely
distributed in the dermal extracellular matrix may lead tumor cells to milieus enriched in growth factors such as CXCL12, IL-13 or antigens able to entertain chronic
T-cell receptor stimulation (169).
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events result in transmigration of tumor cells into protective
niches at which, particularly in T-zones, CCR7 contributes to
disease progression in four major ways:

1) In ‘homing’ tumor cells, CCR7 drives interstitial migration
within the tissue and assists in optimal positioning, e.g. adjacent
to accessory cells such as CD40L+CD4+ TH cells, DC, and
stromal cells, which foster growth and resistance to
spontaneous or drug-induced cell death. As described, this
positioning can be controlled by local factors including
gradients of CCR7 ligands (9, 69, 104, 121), CD40-CD40L
interactions (9, 68), BCR/ZAP-70 signal transduction (38, 42),
or canonical WNT signaling (119).

2) Crosstalk with accessory cells can induce the release of high
levels of the chemokines CCL19 and CCL21, which engage and
activate CCR7 to provide pro-survival signals (9, 25, 134). In
addition, stromal cells can produce CCR7 ligands in a
constitutive manner (35, 46, 121, 161, 169, 223). Whatever the
source of CCR7 ligands, they promote survival, e.g. by acting as
trophic factors that induce MAPK and PI3K-AKT signaling (9,
25, 40, 70, 134, 223). They can also act in cooperation with
CXCL13, which contributes to resistance to TNFa-mediated
apoptosis preferentially in malignant over normal B-cells, via
upregulation of PEG10 and stabilization of caspases-3 and -8 (26,
27). In some entities, e.g. MCL, T-PLL, or SS, CCR7 ligands have
also shown to trigger proliferation (21, 130, 169).

3) Besides promoting influx, CCR7 (together with S1P1) also
contributes to LN enlargement by regulating egress from
lymphoid tissues, hence accumulation. It prolongs the time of
residence of CCR7-expressing cells in lymphoid tissues, by that
favoring proliferative cycles and providing niches of escape from
systemic therapies. In CLL, the characteristic high expression of
CCR7 can be attributed to abnormalities in the surface
membrane recycling machinery as a consequence of
abnormally low production of the cytoplasmatic p66Shc
protein (43, 46). Deficiency of the cytoplasmic p66Shc protein
causes enhanced activity of the PP2B/calcineurin phosphatase on
the endosomal CCR7 pool, which enhances its recycling back to
the plasma membrane. Likewise, ATLL cells carry mutations in
the C-terminal cytoplasmic domain of CCR7 that impairs proper
recycling (162, 163).

4) CCR7 participates in the creation of permissive tumor
microenvironments within tumorous target tissues (SLOs, CNS,
or skin). As part of the involved tissue interactions between
tumor cells and stromal or other accessory cells, an increased
production of CCR7 ligands is stimulated (9, 25, 134). For
example, cooperative CCR7/WNT signaling is needed for
secretion of VGEF-A by cHL cells, which leads to de novo
generation of vascular endothelium which, in turn, presents
CCR7 ligands that direct movement of cHL towards vascular
niches (119). Similarly, BL cells can secrete lymphotoxin through
which they stimulate lymphotoxin-b-receptor expressing gp38+

FRC that secrete the survival factors Ihh and CCL21 (9). These
patterns and higher amounts of chemokines establish a feed-
forward loop that not only recruits additional CCR7-expressing
malignant cells, but also further supportive bystander cells (9, 25,
105, 134, 161, 221). Moreover, in B-ALL CCR7 ligands potentiate
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secretion of immunosuppressive IL-10 by tumor cells leading to
impaired specific anti-tumor CTL responses (28). CCR7 can also
recruit regulatory cells that hamper anti-tumor immunity. For
example, an increase of functional TREG has been established for
patients with blood cancers (226). Expansion of TREG is needed
to generate and sustain a tolerogenic TME (227). Indeed, higher
numbers of TREG associate with progressive disease in cHL, CLL,
MGUS, MM, or DLBCL (228–232).
5 BIASED SIGNALING OF CCR7 LIGANDS
IN BLOOD CANCERS

In the field of GPCRs, knowledge on the diversity in signaling
pathways has promoted the concept of “biased signaling”, which
involves a context-specific preference for one intracellular
signaling pathway over another (233). This concept can be
considered as either receptor bias (the same ligand has
different actions through different receptors), ligand bias (more
than one or naturally modified ligands act on the same receptor
and induce different outcomes), or tissue bias (the cellular effect
depends on the tissue/cell type) (234). How biased signaling
enables different downstream pathways that eventually will
determine the overall outcome of CCR7 engagement in
different immune cell types has been recently, and deeply,
reviewed by Hauser et al. (11). The role(s) of biased signaling
of CCR7 in the pathophysiology of blood cancers is not clear,
although a scarce number of studies comparing CCR7 activation
in healthy versus malignant cells indicate that a differential
regulation is plausible. For example, in CLL we demonstrated
that PI3K and ROCK, but not MAPK, were involved in
migration of CLL cells toward CCL19 and CCL21, whereas
normal B-cells relied more on PI3K, ROCK, and p38-SAPK
pathways (40). Moreover, while CLL cells showed an enhanced,
similar migratory response to both CCR7 ligands, normal B-cells
showed a moderate response, and preferentially towards CCL21
(13, 35, 40, 46). Likewise, CLL and normal B-cells showed a
different signaling to migrate through the endothelium (35, 235).
Finally, it is worth mentioning that in the last years CCR7 has
been shown to form heterodimers with CXCR4 (217). This
process affects CCR7 signaling and might explain a poorly
understood, but important, mechanism of chemokine biology
that allows synergistic and/or inhibitory outputs produced by
simultaneous activation or inhibition of multiple CKRs.
Interestingly, CCR7/CXCR4 dimers may enhance tumor B-cell
homing to LN by potentiating the TEM upon simultaneous
exposure to CXCL12, CCL19, and CCL21 (90) while in healthy,
mature B-cells CCR7 acts as a selective allosteric modulator that
inactivates CXCR4 thus impairing retention in the BM (236).
Together, these findings support the existence of a functional and
phenotypic diversity as a result of a biased signaling of CCR7 in
homeostasis and blood cancers. Nonetheless, other studies show
identical mechanisms in both healthy and neoplastic cells. For
example, CCL19-specific translation of S1P1 is mediated by ERK-
5/Krüppel-like factor-2 in the HuT78 SS cell line and healthy
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primary T-cells (237). Therefore, additional comparative studies
addressing biased signaling in both healthy and tumor tissues are
mandatory to better understand the pathophysiological roles of
these regulatory mechanisms in CCR7 and other CKRs.
6 CCR7 AS A THERAPEUTIC TARGET IN
BLOOD CANCERS

The circumstantial and direct evidence presented in this review
suggests that the tumor-associated CCR7-ligand interaction is an
actionable vulnerability. At CCR7-ligand permissive sites, e.g.
LN or brain, malignant cells evade spontaneous or drug-induced
apoptosis as well as escape immune cell control or proliferate, all
in a CCR7-mediated manner. Therefore, interfering in CCR7-
signalling promises to be of therapeutic potential in many CCR7
expressing and CCR7 promoted blood cancers. Nonetheless,
targeting CCR7 in cancer has the potential downsite of
activating and/or potentiating alternative pathways that would
eventually allow homing of tumor cells to protective niches. For
instance, to adhere to HEVs of peripheral and mesenteric LNs
T-cells rely on CCR7 and partially on CXCL12/CXCR4 whereas
normal B-cells can exploit the CXCR4 and CXCL13/CXCR5 axes
to induce integrin-mediated arrest on HEVs and homing to the
LN (238–243). To avoid this scenario, it is desirable that anti-
CCR7 drugs feature a double MOA including both,
neutralization of the target and tumoricidal capacities. In this
regard, we and others have demonstrated that approaches based
on we and others have demonstrated that approaches based on
blocking (non-activating) monoclonal antibodies (mAbs) that
target CCR7 or its ligands, are highly effective in in vitro and in
vivo preclinical models, including B-ALL (24), CLL (37, 40, 45),
MCL (21), T-ALL (24, 25), or T-PLL (130). In these studies, such
anti-CCR7 therapies reduced tumor cell migration and
infiltration into CCR7-specific environments and additionally
impaired survival/proliferation. Overall, the combined
neutralizing and killing activities of anti-CCR7 mAbs led to
retarded tumor implantation, reduced tumor burden, and
significantly extended host survival in in vivo models.

Taken together, there is ample data on target expression and
mechanistic rationales as well as sufficient proof of principle and
feasibility data that strongly encourage the therapeutic
application of anti-CCR7 therapies in blood cancers.
Consequently, first clinical-grade anti-CCR7 antibodies have
been developed during the last years. Novartis is enrolling
patients into a phase-I trial with JBH492 an antibody-drug
conjugate (ADC) targeting CCR7 (NCT042140704). Moreover,
Catapult Therapeutics presented first pre-clinical results of an
antagonist mAb called CAP-100 that will be evaluated in first-in-
human clinical trials in 2021 (NCT04704323) (244). In preclinical
settings, both compounds have shown to be highly effective as a
single agent and at least CAP-100 revealed the potential for
combinations with current standard-of-care drugs (245). Owing
to their particular MOA, antagonisticanti-CCR7 mAbs may be
likely combined with other standard-of-care drugs to obtain
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additive or synergistic effects while reducing the likelihood of
treatment resistances. For example, by blocking ligand-receptor
interactions, anti-CCR7 therapies may displace tumor cells out of
protective niches, forcing them to accumulate in blood where
they may become more accessible to other cytotoxic drugs such
antibodies against established targets (e.g. CD20, CD30, CCR4,
etc), or chemotherapeutics (e.g. fludarabine), or small molecule
inhibitors (e.g. BCL2 inhibitors). Along with the BTK inhibitor
ibrutinib or with the PI3Kd inhibitor idelalisib, anti-CCR7 mAbs
would additively or synergistically target CCR7-mediated
adhesion to lymphoid stroma or endothelium, thus favoring an
enhanced cell egress from lymphoid tissues into circulation (44,
46, 48, 246). In fact, we have recently demonstrated that CCR7
expression and functionality is not impaired during ibrutinib
treatment in CLL patients and that the anti-CCR7 CAP-100 and
ibrutinib show complementary activities (245). Moreover, while
the antibody would block recirculation and loops of LN homing,
ibrutinib would also interfere with CXCR4- and CXCR5-
mediated signaling and with the production of chemokines
(CXCL12, CXCL13, CCL19) by myeloid stroma cells (44, 247),
thus acting against potential redundant chemotactic pathways.
Finally, it is worth mentioning that immune checkpoint
blockade and CAR-T-cells have revolutionized the field of
cancer therapy during the last decades. Whether anti-CCR7
therapy may complement such treatments is uncertain since for
avoiding negative interactions it seems necessary that therapeutic
T-cells to express an effector or effector memory CCR7-
negative phenotype.

Given the various roles in tumor development and
progression, adhesion molecules are promising targets to block
the access of tumor cells to tumor-permissive niches like the LN
(248, 249). For instance, LFA-1 and VLA-4 are involved in the
development of hematological malignancies and tumor cells
require their expression to migrate into lymphoid tissues (250,
251). Therefore, it is plausible to speculate that targeting these
leukocyte adhesion molecules might be an alternative way to
target the CCR7 axis. Like anti-CCR7 assets do, targeting cell
adhesion exerts direct effects to the tumor cell (e.g. reduction of
motility, invasiveness, and proliferation) that may impair
homing to SLO (252, 253). In addition, cell adhesion molecules
are common downstream players activated by several CKRs,
including CCR7 (254), hence, their inhibition would potentially
inhibit CCR7 along with several other receptors, thus
overcoming the redundancy of CKRs (255). Yanguas et al.
showed in murine melanoma models that an increased number
of intra-tumorally injected tumor-specific T-cells migrated into
the draining LN when treated with anti-ICAM-1 or anti-LFA-1
mAbs (256). This indicates that specific approaches, such as anti-
CCR7 mAbs, are needed to block LN homing. Moreover, since
integrins play diverse roles in immunity and anti-tumor
responses, targeting the function of these molecules in vivo
may be a difficult task in cancer therapy (254, 257, 258).
Accordingly, multiple clinical trials that involve the targeting
of aV or b1 integrins have shown disappointing results with low
therapeutic efficacies (249), while anti-LFA-1 strategies have
been associated with an increased risk of malignancies,
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infections, and rare, but severe, systemic adverse events such as
immune-mediated thrombocytopenia and hemolytic anemia
(259, 260). To overcome these deleterious effects, novel
approaches aiming to target the integrin and/or ligands on
tumor cells or tumor vessels, but not in immune cells, are
needed. Bispecific antibodies simultaneously directed against
LFA-1 and a tumor specific antigen may contribute to
specifically block LFA-1-mediated tumor cell adhesion without
affecting immune responses, as shown in mice (261). Since
targeting CCR7 shares both overlapping and differentiating
MOAs with such therapies that target adhesion, combining
both of these strategies could provide clinical benefits and
needs to be further investigated.
7 SAFETY OF NOVEL THERAPIES
TARGETING CCR7 IN BLOOD CANCERS

Currently, two clinical trials aim to validate anti-CCR7
approaches in hematologic diseases with an urgent need for
more rationally based and efficient therapies. These studies will
also allow us to learn the real risks that are associated with
blocking CCR7 and/or depleting CCR7-expressing immune cell
subsets as this receptor is critical for activation steps in the
adaptive immune system and for the homeostasis of TREG,
which limit self-reactive events and autoimmunity (262). In one
hand, several mouse models revealed that deficiency of CCR7
signaling was not a life-threatening condition, as it was
associated with a moderate impact on immunity by retarded,
but preserved, T-cell and B-cell responses (8, 240, 263–265),
especially against infections with replicating antigens (266–
269). However, in different vaccinations approaches (e.g. HIV,
HSV, or HCV) adjuvant CCL19 was relevant for augmenting
the trafficking of T-cells and DC (270–272). Therefore, anti-
CCR7 therapy may reduce priming of antigen-specific T-cells
and the production of Abs in a virus-dependent manner. From
pre-clinical models, we know that the use of anti-CCR7 mAbs
selectively inhibited and/or depleted tumor cells while sparing
healthy counterparts (37, 45, 244, 273, 274). Notably, CD4+ TN

and TCM cells were preferentially impacted while other CCR7-
expressing subsets such as DC or B-cells were not. Lower target
density in non-tumor cells or lower affinity of these antibodies
for CCR7 expressed in these cell types could explain these
observations which also suggests that anti-CCR7 therapy might
impair new immunization processes dependent on TN cells, but
not memory effector responses against infections (273–275). In
this regard, CCR7-negative TEFF and TEM rather than CCR7-
expressing TN or TCM are necessary for effective anti-tumour
responses (276). Moreover, naïve tumor-specific CD8+ T-cells,
which seem less susceptible to anti-CCR7 therapy (244, 273,
274), can also become activated and gain effector-cell
phenotypes directly at the tumor site, suggesting that cross-
presenting DC are also able to prime CD8+ T-cells within the
tumor (277). These results indicate that DC migration into LN
may not even be completely necessary for DC-mediated anti-
tumor responses.
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Targeting CCR7 could also affect B-cell homing during
antigen-dependent and independent B-cell differentiation;
however, CCR7-deficient mice show splenic B-cell responses
upon bacterial challenge (240). In addition, normal B-cells are
less dependent on CCR7 than leukemic cells for the arrest on
HEVs and for homing (71, 238, 278) while BM B-cell precursors
and plasma cells lack CCR7 (13), suggesting that CCR7 therapy
would not suppress B-cell lymphopoiesis nor immunoglobulin
secretory function (8, 240).

Related to unwanted autoimmune side-effects, lack of CCR7
signaling in TREG hampered central and peripheral tolerance
(224, 279–282) and led to generalized multi-organ
autoimmunity. Whether anti-CCR7 therapies will resemble
phenotypes in CCR7-deficient animals will remain unknown
until first evidence in patients becomes available. Until then,
clinical results with the therapeutic antibody mogamulizumab
(which removes CCR4+ T-cell subsets, including TREG) (283)
allow us to speculate that anti-CCR7 can be safe and well-
tolerated. In line with this, anti-CCR7 therapy in pre-clinical
syngeneic mouse models of cancer, autoimmunity, GVHD, or
inflammation did not uncover treatment-associated side effects
(225, 273, 275) and CAP-100 toxicology studies in NHP did not
reveal overt toxicities or autoimmune disease, all indicating
superior tolerability of this novel therapy (244). In the coming
months, first data in patients receiving a chronic administration
of an anti-CCR7 mAb will be available and, hopefully, results
from clinical studies will shed light into the safety and utility of
targeting CCR7, and more importantly, will validate anti-CCR7
approaches in hematologic diseases with an urgent need for more
rationally based and efficient therapies.
8 CONCLUSIONS

Classically, the pathogenic role of CCR7 as a cancer-associated
receptor in hematology has been attributed to its unique ability to
drive tumor cells into the LN and other SLO. Accordingly, CCR7
expression has been strongly linked to bulky disease in these
lymphoid tissues. Nonetheless, this canonical (and somehow
narrow) view of CCR7 as a migratory receptor is changing thanks
to recent evidence that supports additional pathogenic functions of
CCR7. Beyond cancer cell lymphotropism, we have disclosed that
CCR7 expression is also associated to neurotropism and
epidermotropism, to interstitial migration within tumor tissues,
to juxta-positioning to accessory cells, and to cell survival and
proliferation. Moreover, CCR7 also guides different accessory cell
types that are needed to create and preserve pro-tumor niches and
to protect cancer cells from spontaneous or drug-induced
apoptosis. Likewise, immunosuppressive cells take advantage of
CCR7 to locate themselves close to innate or adaptative anti-tumor
immune cells, thus facilitating their tolerogenic or their inhibitory
participation in the TME.

However, our knowledge on CCR7 biology in blood cancers is
still scant and additional efforts are needed to solve relevant
questions such as around the major mechanisms regulating
CCR7 (over)expression, how CCR7 contributes to tumor
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growth during the first tumorigeneic events, or what the exact
contributions of CCR7 in accessory cells in early cancer events or
during different stages of target tissue colonization are.

CCR7 is currently postulated as a potential therapeutic
target for some blood cancers and novel antibody(conjugate)-
based strategies targeting CCR7 are being evaluated in early-
phase clinical trials. It is also tempting to speculate that
modulation of CCR7 expression and signaling in therapeutic
lymphocytes might allow manipulation of the performance (e.g.
migratory potential, longevity) of T- or NK-cells carrying
chimeric-antigen receptors. If such direct or indirect
modulation of tumor-cell or milieu-derived CCR7-signaling
stands out as a promising approach it is likely that in the
coming years an extensive collection of novel evidence will help
to better understand its biology and to refine CCR7-based
translational applications.
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Juárez-Sánchez R, et al. Evaluation of Therapeutic Targeting of CCR7 in
Acute Graft-Versus-Host Disease. Bone Marrow Transplant (2020) 55
(10):1935–45. doi: 10.1038/s41409-020-0830-8

275. Fowler KA, Vasilieva V, Ivanova E, Rimkevich O, Sokolov A, Abbasova S,
et al. R707, a Fully Human Antibody Directed Against CC-Chemokine
Receptor 7, Attenuates Xenogeneic Acute Graft-Versus-Host Disease. Am J
Transplant. (2019) 19(7):1941–54. doi: 10.1111/ajt.15298

276. Soudja SM, Henri S, Mello M, Chasson L, Mas A, Wehbe M, et al. Disrupted
Lymph Node and Splenic Stroma in Mice With Induced Inflammatory
Melanomas is Associated With Impaired Recruitment of T and Dendritic
Cells. PloS One (2011) 6(7):e22639. doi: 10.1371/journal.pone.0022639

277. Thompson ED, Enriquez HL, Fu YX, Engelhard VH. Tumor Masses Support
Naive T Cell Infiltration, Activation, and Differentiation Into Effectors. J Exp
Med (2010) 207(8):1791–804. doi: 10.1084/jem.20092454

278. Forster R, Mattis AE, Kremmer E, Wolf E, Brem G, Lipp M. A Putative
Chemokine Receptor, BLR1, Directs B Cell Migration to Defined Lymphoid
Frontiers in Oncology | www.frontiersin.org 25224
Organs and Specific Anatomic Compartments of the Spleen. Cell (1996) 87
(6):1037–47. doi: 10.1016/S0092-8674(00)81798-5

279. Hintzen G, Ohl L, del Rio ML, Rodriguez-Barbosa JI, Pabst O, Kocks JR, et al.
Induction of Tolerance to Innocuous Inhaled Antigen Relies on a CCR7-
Dependent Dendritic Cell-Mediated Antigen Transport to the Bronchial
Lymph Node. J Immunol (2006) 177(10):7346–54. doi: 10.4049/
jimmunol.177.10.7346

280. Worbs T, Bode U, Yan S, Hoffmann MW, Hintzen G, Bernhardt G, et al.
Oral Tolerance Originates in the Intestinal Immune System and Relies on
Antigen Carriage by Dendritic Cells. J Exp Med (2006) 203(3):519–27. doi:
10.1084/jem.20052016

281. Davalos-Misslitz AC, Rieckenberg J, Willenzon S, Worbs T, Kremmer E,
Bernhardt G, et al. Generalized Multi-Organ Autoimmunity in CCR7-
DeficientMice. Eur J Immunol (2007) 37(3):613–22. doi: 10.1002/eji.200636656

282. Kurobe H, Liu C, Ueno T, Saito F, Ohigashi I, Seach N, et al. CCR7-
Dependent Cortex-to-Medulla Migration of Positively Selected Thymocytes
is Essential for Establishing Central Tolerance. Immunity (2006) 24(2):165–
77. doi: 10.1016/j.immuni.2005.12.011

283. Lewis DJ, Rook AH. Mogamulizumab in the Treatment of Advanced
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Central nervous system (CNS) prophylaxis in patients with diffuse large B-cell lymphoma (DLBCL)
(1) remains at matter of facts an unmeet clinical need.

In a recent paper, McKay et al. for the British Society of Haematology (BSH) published a good
practice in this field (2).

Authors should be commended for the relevant effort to draw management recommendations for
routine practice. In brief, they suggested that CNS prophylaxis should be offered to patients with any
factor among high (4–6) CNS-IPI, involvement of three or more extranodal sites irrespective of CNS-
IPI, involvement of certain extranodal organs (i.e., testes, kidney/adrenal), and in intravascular large
B-cell lymphoma; they advise to consider CNS prophylaxis in patients with involvement of breast or
uterus. Authors recommend the use of two to three cycles of methotrexate (MTX) at 3 g/m2 in
infusion over 2–4 hours as early as possible, perhaps intercalating it with R-CHOP therapy, leaving
intrathecal chemotherapy only for patients unfit for high-dose MTX. These recommendations
resulted from an extensive literature research and followed the BSH guidelines, with the aim to
recommend good practice in an area where there is a limited evidence. Literature on CNS prophylaxis
in DLBCL (3–10) is mostly based on retrospective studies, where high-risk patients were defined
usually by homemade, not validated prognostic factors. Anyway, it is interestingly to understand how
much this growing, low-level evidence influenced prophylaxis strategies, and definition and
management of high-risk patients in the clinical practice. In other words, it would be important to
establish how far routine practice from proposed guidelines and supportive literature is. With this
aim, we designed a National survey focused on algorithms used in routine practice to identify DLBCL
November 2021 | Volume 11 | Article 7301941225
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patients at high CNS risk and on strategies to prevent CNS
dissemination in Italian cancer centers. A questionnaire
designed after consultation with specialist clinicians and a
review of published literature was sent to cancer centers
referring to the Fondazione Italiana Linfomi (FIL) in July 2018.
The primary objectives of this study were to establish strategies
used to detect CNS dissemination and to identify high CNS risk
patients and preferred CNS prophylaxis in real-life practice,
between 2014 and 2018. More in detail, each center was asked
to specify the characteristics of the patients considered at high
CNS risk (i.e., CNS-IPI > 4, extranodal sites, biological
parameters, and chromosomal abnormalities) as well as the list
of extranodal organs considered at high risk of CNS relapse (i.e.,
paravertebral, kidney, adrenal, massive facial, nasopharynx,
testicle, and uterus). Information on procedures routinely used
to exclude CNS disease (i.e., type of neuroimaging and/or lumbar
puncture) and availability of exams on the cerebrospinal fluid
(physico-chemical, cytological, flow cytometric) was requested.
Information on the routinely use of genetic and molecular tools
like cell of origin, chromosomal translocations, and myc/bcl-2/
bcl-6 immunostaining was also collected.

Sixty-three (57%) of the 110 invited FIL centers fulfilled
the survey.

The survey suggest a concordance between guidelines and
clinical practice regarding the criteria used to define patients with
high risk of CNS dissemination: CNS-IPI is considered in 87% of
centers, and 71% of centers considered the involvement of
extranodal organs with reported risk of CNS dissemination.
These findings reflect a diffuse acceptance of CNS-IPI in
routine practice, whereas a lower use of high-risk extranodal
sites may be due to uncertainties in literature on the prognostic
value of some sites.

In fact, 92% of centers considered at high risk for CNS relapse
the involvement of at least one of the following extranodal
organs: kidney, adrenal gland, nasopharynx, and testicle, which
is in line with ESMO guidelines (11). Conversely, consensus is
lacking for involvement of breast, orbit, paranasal sinus, and
skeleton; probably because assessed series were small, included
varied lymphoma entities and were treated with different
approaches (12). In agreement with BSH guidelines, only 5%
of Italian centers use genetic abnormalities to define CNS risk,
which reflects inconsistent results in available literature on
double hit lymphoma (13–15) and double expresser lymphoma
(16, 17). Although the combined assessment of CNS-IPI and cell
of origin by gene expression profiling seems to be associated with
a high predictive sensitivity (18), a diffuse use of this strategy to
guide CNS prophylaxis indication will require independent
confirmatory studies and a wider use of gene-expression
profiling in routine practice (19). Patients with double/triple
and/or ABC and/or double expresser lymphomas were
considered at high risk of CNS relapse in in 38 (60%) centers,
whereas only those with double\triple hit lymphoma were
considered really high risk in six centers (9%).

CNS disease status was assessed by imaging even among
asymptomatic patients in 73% of centers, but only half of them
use MRI routinely, the others used the less sensitive whole-brain
Frontiers in Oncology | www.frontiersin.org 2226
CT scan. Complete diagnostics in cerebrospinal fluid analysis
(CSF; physical-chemical, cytological, flow cytometric) are used in
79% of centers, whereas CSF flow cytometry is not routinely
performed in 10 (16%) centers. Meningeal/CSF involvement was
defined exclusively by positive CSF cytology examination in 19
(30%) centers, whereas the only positive flow cytometry was
enough to define this event in 41 (65%) centers. Noteworthy, this
is not discussed on international guidelines, but a large
retrospective study suggests that most patients with positive
CSF flow cytometry and negative CSF cytology will develop
more evident CNS disease early (20).

There is gap between guidelines and routine practice
regarding the type of CNS prophylaxis; only 40% of
participating centers use intravenous MTX at a dose of 1.5 to 3
gr/sqm), with or without intrathecal drug delivery, as CNS
prophylaxis, whereas 58% of centers use only intrathecal
chemotherapy. This may reflect discrepancies between
previously published guidelines: NCCN suggests equally
intrathecal and intravenous chemotherapy (21), while ESMO
guidelines recognize that intrathecal injections of methotrexate
may not be an optimal method, and that intravenous high-dose
methotrexate is associated with a lower CNS recurrence rate (11).

This survey shows real-life practice in a representative group
of Italian hematological centers. However, it exhibits a few
limitations. In particular, prevalently large- or medium-size
centers participated, which could have introduced an
interpretation bias, mostly in the case small center could show
a lower adherence to international guidelines. This survey was
produced in Italy and compared with recommendations written
by UK colleagues, with consequent weakness regarding
differences in patient managements, reimbursement of
therapies, among others. With these limitations, this survey
highlights the substantial inter-center differences in the use of
methods of diagnosis and prophylaxis of CNS involvement in
DLBCL patients. The growing literature has been progressively
incorporated in international guidelines, but level of evidence of
available studies should be improved to draw undebatable
recommendations. These achievements should be followed by
educational efforts to disseminate these recommendations so that
they will soon be incorporated into routine practice.
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Bruton tyrosine kinase (BTK) inhibitors represent an important therapeutic advancement
for B cell malignancies. Ibrutinib, the first-in-class BTK inhibitor, is approved by the US
FDA to treat patients with chronic lymphocytic leukemia (CLL)/small lymphocytic
lymphoma (SLL), and mantle cell lymphoma (MCL; after ≥1 prior therapy); and by the
European Medicines Agency (EMA) for adult patients with relapsed/refractory (R/R) MCL
and patients with CLL. Ibrutinib treatment can be limited by adverse events (AEs) including
atrial fibrillation, arthralgias, rash, diarrhea, and bleeding events, leading to drug
discontinuation in 4%–26% of patients. Acalabrutinib, a second-generation BTK
inhibitor, is approved by the FDA to treat adult patients with CLL/SLL or MCL (relapsed
after 1 prior therapy); and by the EMA to treat adult patients with CLL or R/R MCL. The
most common AE associated with acalabrutinib is headache of limited duration, which
occurs in 22%–51% of patients, and is mainly grade 1–2 in severity, with only 1% of
patients experiencing grade ≥3 headache. Furthermore, acalabrutinib is associated with a
low incidence of atrial fibrillation. Zanubrutinib, a selective next-generation covalent BTK
inhibitor, is approved by the FDA to treat adult patients with MCL who have received ≥1
prior therapy, and is under investigation for the treatment of patients with CLL. In the
phase 3 SEQUOIA trial in patients with CLL, the most common grade ≥3 AEs were
neutropenia/neutrophil count decreased and infections. This review provides an overview
of BTK inhibitor-related AEs in patients with CLL, and strategies for their management.

Keywords: acalabrutinib, adverse events, Bruton tyrosine kinase inhibitor, chronic lymphocytic leukemia, ibrutinib
INTRODUCTION

Ibrutinib, the first-in-class Bruton tyrosine kinase (BTK) inhibitor, is approved by the US Food and
Drug Administration (FDA) for the treatment of patients with chronic lymphocytic leukemia
(CLL)/small lymphocytic lymphoma (SLL), mantle cell lymphoma (MCL) after at least 1 prior
therapy, Waldenstrom’s macroglobulinemia, marginal zone lymphoma in patients who have
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received at least 1 prior anti-CD20-based therapy, and chronic
graft-versus-host disease after failure of at least 1 systemic
therapy (1); and by the European Medicines Agency (EMA)
for adult patients with relapsed or refractory (R/R) MCL, and
patients with CLL (2). Ibrutinib consistently demonstrated
benefit in clinical trials, with improved progression-free
survival (PFS) and overall survival (OS) in patients with CLL/
SLL and R/R MCL, compared to outcomes with conventional
therapies (3, 4). However, ibrutinib treatment can be limited by
adverse events (AEs) including atrial fibrillation, arthralgias,
rash, diarrhea, and bleeding events (3, 5, 6) leading to drug
discontinuation in 4% to 26% of patients (3, 6).

Acalabrutinib is a second-generation BTK inhibitor approved
by the US FDA for the treatment of patients with CLL/SLL, and
patients with MCL who have received at least 1 prior therapy (7),
and by the EMA for patients with CLL (8). Zanubrutinib is a
selective next-generation covalent BTK inhibitor approved by the
FDA for the treatment of adult patients with MCL who have
received at least 1 prior therapy (9); it is under investigation for the
treatment of patients with CLL (10, 11). This review will discuss the
mechanisms of BTK inhibition, review AEs associated with
ibrutinib therapy, together with their possible underlying
molecular basis, and AEs reported with acalabrutinib therapy in
patients with CLL, including recommendations for the
management of acalabrutinib-related AEs. Acalabrutinib-
associated AEs will be described using data from the phase 3
ASCEND (12) and ELEVATE-TN (13) trials, long-term safety data
from the phase 2 ACE-CL-001 study in patients with CLL who
were either treatment naïve or who became R/R (14, 15), and from
reports of the most common acalabrutinib-related AEs observed in
clinical practice. AEs associated with the use of zanubrutinib in the
treatment of patients with treatment-naïve or R/R CLL will also be
presented (10, 11). In addition, we will discuss AE management
strategies based on the authors’ experiences.
MOLECULAR MECHANISMS OF BTK
INHIBITION FOR THE TREATMENT
OF CLL/SLL

Targeting key signaling proteins responsible for driving cancer
cell growth and differentiation has provided a revolution in
cancer drug development. The B cell receptor (BCR)-signaling
pathway is fundamental to CLL cell growth and survival; hence,
antagonists have proven highly effective for the treatment of
patients with CLL (16). In normal B cells, BCR ligation first
induces activation, proliferation, and expansion. Certain B cells
generate plasma cells, while others become anergic or undergo
apoptosis (17, 18). Following antigen stimulation and activation,
certain B cells become memory B cells, and stop proliferation and
differentiation (18). When these memory B cells subsequently re-
encounter the same antigen, they are activated and proliferate
and differentiate into plasma cells (18). In CLL, there is chronic
stimulation through the BCR-signaling pathway leading to
proliferation, propagation, and increased prosurvival signals,
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contributing to expansion and prolonged survival of clonal B
cells (19). BTK is an important downstream protein in the BCR-
signaling pathway, and plays a major role in immune regulation,
as indicated by the severe immunodeficiency occurring in
patients with X-linked agammaglobulinemia (XLA) who do
not express BTK due to the presence of a mutation in this
gene (20–22). BTK is uniformly overexpressed at the
transcriptional level and constitutively phosphorylated in
patients with CLL (19).

BTK isnot only a signaling component downstreamof theBCR-
signaling pathway but it is also involved in additional signaling
pathways (i.e., chemokine receptor [e.g.,CXCR4],Toll-like receptor
[TLR], and activating Fcg receptor signaling [e.g., FcgRI]) (23).
Upon chemokine binding to the extracellular domain ofG-protein-
coupled chemokine receptors, a conformation change leads to
dissociation of the Ga and Gbg subunits, which independently
activate phosphoinositide 3-kinase (PI3K), leading to activation of
BTK,protein kinaseB (AKT), andmitogen-activatedprotein kinase
(MAPK)-dependent pathways (23). Following ligand recognition,
TLRs recruit several proteins (e.g., myeloid differentiation primary
response 88 [MYD88], interleukin-1-receptor associated kinase 1
[IRAK1], and TIR-domain-containing adaptor protein [TIRAP]/
MyD88 adapter-like [MAL]) (23). These interact with BTK to
induce nuclear factor-ĸB (NFĸB) activation, leading to activation,
proliferation, antibody secretion, and proinflammatory cytokine
production in B cells (23). Following FcgRI cross-linking, Src-
kinases, SYK, PI3K-g, and BTK are activated, while inhibitory Fc-
receptors (e.g., FcgRIIB) recruit phosphatases and reduce BTK
activation (23). However, it is not clear if BTK inhibition
interferes with the signaling of these various receptors.

All covalently binding BTK inhibitors currently in clinical use
irreversibly bind to the cysteine at position 481 (CYS-481), blocking
the ATP binding pocket of BTK, preventing autophosphorylation at
tyrosine residue 223 and full BTKactivation (24). Ibrutinib is a highly
potent, irreversible BTK inhibitor, which is rapidly absorbed
following oral administration, with a pharmacodynamic profile
that is maintained over a 24-hour period (25). Ibrutinib also
irreversibly binds other kinases possessing an analogous cysteine
with varying affinity (interleukin-2-inducible T-cell kinase [ITK] and
tyrosine kinase expressed in hepatocellular carcinoma [TEC]-family
kinases), thereby potentially disrupting normal T-cell, macrophage,
and platelet function (15, 24, 26, 27). These off-target effects may
influence the AE profile associated with ibrutinib therapy (26)
(Figure 1); bleeding is attributed to effects on BTK and TEC; rash
anddiarrheaarepossibly related to effects onepidermal growth factor
receptor (EGFR),while amolecular target leading to thedevelopment
of atrial fibrillation has been shown to be the C-terminal Src kinase
(CSK) (28) (Figure 1).

Based on the toxicity profile observed with ibrutinib, more
selective second-generation BTK inhibitors were developed for the
treatment of hematological malignancies (7, 24). Acalabrutinib is a
highly selective, potent, second-generation BTK inhibitor, with
reduced off-target activity (12, 15), rapid absorption, and a short
pharmacokinetichalf-life (15).Anadvantageof a shorthalf-life is that
there is no lasting impact upon noncovalently bound enzymes.
Furthermore, acalabrutinib has an extended pharmacodynamic
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response (15), such that inpatientswithBcellmalignancies, a100-mg
dose of acalabrutinib every 12 hours led to a mean steady-state BTK
occupancy of ≥95% in peripheral blood cells, which was maintained
over the 12-hour period, thereby ensuring BTK inhibition during the
entire dosing period (7). Acalabrutinib, and its major active
metabolite, ACP-5862, form a covalent bond with the CYS-481
residue in the active site of BTK, thereby irreversibly inhibiting
BTK enzymatic activity (7, 31). In preclinical studies, acalabrutinib
inhibited BTK-mediated activation of downstream signaling
proteins; and in mouse xenograft models, acalabrutinib inhibited
malignant B cell proliferation and tumor growth (7). Further,
acalabrutinib does not inhibit Src-family kinases, and
demonstrated less inhibition of TEC kinases compared with that
observed with ibrutinib, and displayed no in vitro activity against
EGFR or ERBB2 (27) (Table 1), consistent with a low frequency of
Frontiers in Oncology | www.frontiersin.org 3230
skin rash and diarrhea (27). However, exposure of acalabrutinib is
decreased in the presence of proton-pump inhibitors (PPIs), with a
43%reduction in theareaunder theconcentration-timecurve (AUC)
observed with coadministration of 40 mg omeprazole for 5 days (7).
Consequently, patients are advised to avoid coadministration of
acalabrutinib with PPIs (7).

The mean steady-state BTK occupancy by zanubrutinib in
peripheral blood was maintained at 100% over 24 hours at a dose
of 320mg once daily in patients with B cell malignancies (9). In vitro
half-maximal inhibitory concentration (IC50) values for zanubrutinib
for off-target kinases and BTK are presented in Table 1 (32). The
median Tmax of zanubrutinib is 2 hours, and mean half-life is 2–4
hours following a single oral dose of 160mg or 320mg. No clinically
significant differences in the pharmacokinetics of zanubrutinib were
observed when coadministered with PPIs (9).
TABLE 1 | A comparison of half maximal inhibitory concentrations of BTK and members of the TEC protein kinase family by acalabrutinib, ibrutinib, and zanubrutinib.

Kinase Acalabrutinib IC50 (nM)a Ibrutinib IC50 (nM)a Zanubrutinib IC50 (nM)b

BLK >1000 0.1 + 0.0 1.13c

BMX 46 ± 12 0.8 ± 0.1 0.62c

BTK 5.1 ± 1.0 1.5 0.3 ± 0.06
EGFR >1000 5.3 ± 1.3 2.6 ± 1.0c

ERBB2 ~1000 6.4 ± 1.8 530 ± 273
ERBB4 16 ± 5 3.4 ± 1.4 1.58c

ITK >1000 4.9 ± 1.25 56 ± 12
JAK3 >1000 32 ± 15.0 580 ± 21
TEC 126 ± 11 10 ± 2.0 2.0 ± 0.8
TXK 368 ± 141 2.0 ± 0.3 2.95c
November 2021 | Vo
aData are reproduced with permission from reference (27), and are presented as the mean ± SD of at least 3 independent experiments.
bData are reproduced with permission from reference (32) and represent triplicate determinations except where noted.
cn = 1 determination.
B-lymphoid tyrosine kinase; BMX, bone marrow kinase on X; BTK, Bruton tyrosine kinase; BLK, EGFR, epidermal growth factor receptor; ERBB2, Erb-B2 receptor tyrosine kinase; ERBB4,
Erb-B4 receptor tyrosine kinase; IC50, half-maximal inhibitory concentration; ITK, interleukin-2 inducible T-cell kinase; JAK3, Janus kinase 3; TEC, tyrosine kinase expressed in
hepatocellular carcinoma; TXK, nonreceptor tyrosine protein kinase encoded by the TXK gene.
FIGURE 1 | Reported molecular targets of ibrutinib and their associated adverse events. In addition to covalently binding to BTK, ibrutinib also targets other cellular
processes regulated by other kinases including EGFR, and TEC family kinases, thereby disrupting normal T-lymphocyte, macrophage, and platelet function (15, 24, 26).
Ibrutinib also inhibits other enzymes that contain cysteine residues that are homologous to CYS-481 present within BTK (27). Collectively, these additional off-target effects on
cellular process are thought to influence the adverse event profile associated with ibrutinib therapy (26). Bleeding is attributed to effects on BTK and TEC family proteins; rash
and diarrhea are related to effects on EGFR; and the molecular target leading to the development of atrial fibrillation is CSK (28). aData are from reference (29). bData are from
reference (30). cKinases that contain a cysteine residue that aligns with CYS-481 are present in BTK (29). BTK, Bruton tyrosine kinase; CSK, C-terminal Src kinase; EGFR,
epidermal growth factor receptor; IC50, the half maximal inhibitory concentration; TEC, tyrosine kinase expressed in hepatocellular carcinoma.
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ADVERSE EVENTS ASSOCIATED WITH
BTK INHIBITOR THERAPY OBSERVED IN
CLINICAL TRIALS
The efficacy and safety of ibrutinib was evaluated in 3 pivotal
phase 3 trials: RESONATE (5), RESONATE-2 (3), and
ILLUMINATE (33).

RESONATE (PCYC-1112), a multicenter, open-label, phase 3
study in patients with R/R CLL, compared the efficacy and safety
of ibrutinib versus the anti-CD20 antibody, ofatumumab (5).
The median age of patients was 67 years (range, 30–86) (5). At a
median follow-up point of 9.4 months, the most common AEs of
any grade occurring in >20% of patients following ibrutinib
monotherapy were diarrhea (48%), fatigue (28%), nausea (26%),
pyrexia (24%), anemia (23%), and neutropenia (22%) (5). The
most common grade ≥3 AEs occurring in ≥5% of patients were
neutropenia (16%), pneumonia (7%), thrombocytopenia (6%),
and anemia (5%) (5). In addition, atrial fibrillation (any grade)
was noted in 5% of ibrutinib-treated patients; and grade ≥3 atrial
fibrillation occurred in 3% of ibrutinib-treated patients (5). A
subdural hematoma was noted in 1 patient as an AE of interest
following ibrutinib monotherapy (5).

RESONATE-2 (PCYC-1115-CA) was a multicenter, open-
label, randomized, phase 3 study to evaluate the efficacy and
safety of ibrutinib compared with chlorambucil in treatment-naïve
patients with CLL who were ≥65 years of age (3). The median age
of patients in the ibrutinib-treated group was 73 years (range, 65–
89) (3). At a median follow-up point of 18.4 months, the most
common AEs of any grade were consistent with those observed in
RESONATE (diarrhea, 42%; fatigue, 30%; cough, 22%; and
nausea, 22%) (3). Grade ≥3 AEs were neutropenia (10%),
anemia (6%), hypertension (4%), pneumonia (4%), and diarrhea
(4%) (3). Atrial fibrillation was noted in 6% of patients in the
ibrutinib-treated group (grade 2, n = 6; grade 3, n = 2) (3).

ILLUMINATE, a multicenter, randomized, open-label, phase 3
study, evaluated the efficacy and safety of ibrutinib plus
obinutuzumab versus chlorambucil plus obinutuzumab in
treatment-naïve patients with CLL/SLL, aged either ≥65 or <65
years (33).Overallmedian agewas71years (range, 66–76), and81%
of the patients in the ibrutinib plus obinutuzumab group were ≥65
years of age (33). After amedian follow-upduration of 31.3months,
the most common grade ≥3 treatment-emergent AEs occurring in
≥5% of patients in the ibrutinib plus obinutuzumab group were
neutropenia (36%), thrombocytopenia (19%), pneumonia (7%),
and atrial fibrillation (5%) (33). Serious ibrutinib-related AEs
occurred in 27% of patients in the ibrutinib plus obinutuzumab
group; these AEs were pneumonia (n=5), atrial fibrillation (n=5),
and febrile neutropenia (n=4) (33). An ibrutinib treatment-related
death was reported in 1 patient in the ibrutinib plus obinutuzumab
group (33).

The efficacy and safety of acalabrutinib in patients with CLL
were investigated in 2 pivotal phase 3 studies: ELEVATE-TN
(13) and ASCEND (12).

ELEVATE-TN was a randomized, multicenter, open-label,
controlled study that compared the efficacy and safety of
acalabrutinib monotherapy, acalabrutinib plus obinutuzumab,
Frontiers in Oncology | www.frontiersin.org 4231
and obinutuzumab plus chlorambucil (1:1:1) in treatment-naïve
patients with CLL (13). The median age across treatment groups
was 70 years (range, 66–75); 84% of patients were aged ≥65 years
(13). After a median follow-up of 28.3 months, the most common
AEs of any grade observed for acalabrutinibmonotherapy included
headache (37%), diarrhea (35%), fatigue (18%), cough (18%), upper
respiratory tract infection (18%), arthralgia (16%), and contusion
(15%) (13). AEs of grade ≥3 severity that occurred with
acalabrutinib monotherapy included neutropenia (10%), anemia
(7%), thrombocytopenia (3%), urinary tract infection (2%),
pneumonia (2%), dyspnea (2%), headache (1%), fatigue (1%), and
back pain (1%) (13). In patients who received acalabrutinib
monotherapy, predefined events of clinical interest included atrial
fibrillation (4%), any-grade hypertension (5%), grade ≥3
hypertension (2%), and bleeding events (any grade: 39%; grade 1–
2: 37%); the most common of which were contusion (15%) and
petechiae (9%) (13). Grade ≥3 bleeding events occurred in 2% of
patients (13). In total, 9% (16/179) of patients discontinued
acalabrutinib treatment because of AEs (e.g., acute myocardial
infarction, brain injury, cardiac failure, and fatigue, n=1 each) (13).

The incidence of grade ≥3 AEs in patients receiving
acalabrutinib plus obinutuzumab was 70% compared with 50%
for patients receiving acalabrutinib monotherapy (13). Grade ≥3
neutropenia was 3 times more frequent in patients treated with
acalabrutinib plus obinutuzumab (30%) compared with patients
treated with acalabrutinib monotherapy (10%) (13). Grade 4–5
neutropenia occurred in 20% of patients receiving acalabrutinib
plus obinutuzumab compared with 6% of patients receiving
acalabrutinib monotherapy (13). In addition, grade ≥3
thrombocytopenia occurred in 8% of patients receiving
acalabrutinib plus obinutuzumab compared with 3% of those
receiving acalabrutinib monotherapy; and grade ≥3 pneumonia
occurred in 6% of patients receiving acalabrutinib plus
obinutuzumab compared with 2% in patients who received
acalabrutinib monotherapy (13). Predefined events of clinical
interest in the acalabrutinib plus obinutuzumab group included
atrial fibrillation and grade ≥3 hypertension (3% each) (13).

ASCEND, a randomized phase 3 trial, compared the efficacy
and safety of acalabrutinib monotherapy versus intestigator’s
choice of idelalisib plus rituximab or bendamustine plus
rituximab in patients with R/R CLL (12). The median age
across treatment groups was 67 years (range, 32–90); 22% of
patients in the acalabrutinib group were aged ≥75 years (12). In
patients who received acalabrutinib monotherapy, the most
common AEs of any grade were headache (22%), neutropenia
(19%), diarrhea (18%), cough (15%), upper respiratory tract
infection and anemia (14% each), after a median follow-up of
16.1 months (12). In total, 82% of patients had ≥1 treatment-
emergent AE of clinical interest, which included infection (57%),
atrial fibrillation (5%), hepatotoxicity (5%), hypertension (3%),
and major bleeding (2%) (12). Additionally, 19% (30/155) of
patients discontinued treatment, 11% (17/155) were ascribed to
an AE (e.g., alanine aminotransferase level increased, headache,
respiratory tract infection, n=1 each) (12).

Recently, mature results from the phase 2 ACE-CL-001 study
provided the longest duration safety follow-up data for
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acalabrutinib in treatment-naïve and R/R patients with CLL with a
median follow-up of 53 months and 41 months, respectively (14,
15).Themedianageof thepatientswith treatment-naïveCLL in this
study was 64 years (range, 33–85) (14); and 66 years (range, 42–85)
for patients withR/RCLL (20%ofwhomwere aged≥75 years) (15).
In treatment-naïve patients, the most common AEs of any grade
were diarrhea (51%), headache (45%), upper respiratory tract
infection (44%), arthralgia (42%), and contusion (42%) (14).
Any-grade and grade ≥3 severity AEs of clinical interest included
infection (84% and 15%, respectively), bleeding event (66%/3%),
and hypertension (22%/11%) (14). Atrial fibrillation (all grades)
occurred in 5% of treatment-naïve patients (14). Serious AEs were
reported in 38% of treatment-naïve patients, including pneumonia
(n=4) and sepsis (n=3) (14). In total, 6% of patients discontinued
due to an AE (14). No new long-term safety issues were reported in
treatment-naïve patients (14). In patients with R/R CLL, most AEs
were mild or moderate and included: diarrhea (all grades: 52%;
grade 1: 31%; grade 2: 16%; grade 3: 5%), headache (all grades: 51%;
grade 1: 44%; grade 2; 7%), upper respiratory tract infection (all
grades: 37%; grade 1: 10%; grade 2: 26%; grade 3: 1%), and fatigue
(all grades: 31%; grade 1: 17%; grade 2: 13%; grade 3: 3%) (15).
Treatment discontinuation occurred in 11% of patients due toAEs,
including infections that occurred early during treatment (15). No
patients with R/R CLL discontinued acalabrutinib treatment
because of atrial fibrillation, hypertension, or bleeding events (15).

The phase 3 head-to-head comparison to evaluate the efficacy
and safety of acalabrutinib versus ibrutinib in previously treated
patients with high-risk CLL was recently completed
(NCT02477696; ELEVATE-RR) (34). Patient median age was
66 years (range, 28–89) (34). The results demonstrated that
acalabrutinib met the primary efficacy endpoint with
noninferior PFS compared to ibrutinib in previously treated
patients with high-risk CLL after a median follow-up period of
40.9 months (range, 0.0–59.1) (34). The key secondary endpoint
for safety was also met, with a statistically significant lower
incidence of atrial fibrillation with acalabrutinib compared to
that seen with ibrutinib (9.4% vs 16.0%, P = 0.02) (34).
Acalabrutinib treatment was also associated with a lower
incidence of any-grade hypertension compared with ibrutinib
(8.6% vs 22.8%), as well as incidences of arthralgia (15.8% vs
22.8%) and diarrhea (34.6% vs 46.0%), but there was a higher
incidence of headache (34.6% vs 20.2%) and cough (28.9% vs
21.3%) (34). Overall, AEs leading to discontinuation were
numerically lower in acalabrutinib-treated patients compared
with ibrutinib-treated patients (14.7% vs 21.3%) (34).

In a phase 2 single-arm study, zanubrutinib was generally well
tolerated by Chinese patients with R/R CLL/SLL (median age, 61
years [range, 35–87]), after a median follow-up period of 15.1
months (range, 0.8 to 21.1) (11). The most common grade ≥3
AEs were neutropenia (44%), thrombocytopenia (15.4%), lung
infection/pneumonia (13.2%), upper respiratory infection
(9.9%), and anemia (8.8%) (11). Eight (9%) patients
discontinued zanubrutinib treatment due to AEs, and 7 (8%)
patients required ≥1 dose reduction (11).

The SEQUOIA trial (NCT03336333), an open-label, global,
multicenter, phase 3 study, included a nonrandomized cohort of
Frontiers in Oncology | www.frontiersin.org 5232
treatment-naïve patients with del(17p) CLL/SLL who were treated
with zanubrutinib 160 mg twice daily (10). Patient median age was
70 years (range, 42–86) (10). After a median follow-up period of
18.2 months (range, 5.0–26.3 months), AEs (of any grade;
reported in ≥10% of treated patients) were contusion (20.2%),
upper respiratory tract infection (19.3%), neutropenia/neutrophil
count decreased (17.4%), diarrhea (16.5%), nausea (14.7%),
constipation (13.8%), rash (13.8%), back pain (12.8%), cough
(11.9%), arthralgia (11.0%), and fatigue (10.1%) (10). Grade ≥3
AEs occurring in ≥2% of patients were neutropenia/neutrophil
count decreased (12.8%) and pneumonia (3.7%) (10). AEs of
interest (any grade) reported in ≥10% of patients were infections
(64.2%; grade ≥3, 13.8%), minor bleeding (26.6%), bruising
(24.8%), neutropenia (18.3%; grade ≥3, 13.8%), diarrhea (15.6%;
grade ≥3, 0.9%), nausea (13.8%), arthralgia (11.0%), and fatigue
(10.1%; grade ≥3, 0.9%) (10). Dermatological malignancies were
reported in 9.2% of patients, and nonskin second malignancies
were reported in 4.6% of patients (10). Atrial fibrillation was
reported in 3 (2.8%) patients, 2 events of which occurred in the
setting of sepsis (10). Four (3.7%) patients discontinued
zanubrutinib due to AEs (i.e., pneumonia, sepsis secondary to
pseudomonas, melanoma, and acute renal failure [associated with
disease progression]), and 2 of these patients died (10). No sudden
deaths or deaths of unknown cause were reported (10).

The ALPINE trial was an open-label, global, randomized, phase
3 study that compared zanubrutinib versus ibrutinib treatment in
patients with R/R CLL/SLL (NCT03734016) (35, 36). Data from a
pre planned interim analysis for the first 12 months after
randomization of the first 415 patients was recently reported (35,
36). Patients≥65 years of age comprised 62.3% of the zanubrutinib-
treated group and 61.5% of the ibrutinib-treated group (35).With a
median follow-up period of 15 months, grade ≥3 AEs occurred in
55.9% of patients in the zanubrutinib group compared with 51.2%
of patients in the ibrutinib group (37). Atrial fibrillation/flutter, a
prespecified safety endpoint, was observed at lower rates in patients
in the zanubrutinib group versus the ibrutinib group (2.5% vs
10.1%, respectively, P = 0.0014) (35). Rates of other AEs that were
lower in the zanubrutinib groupversus the ibrutinib group included
major bleeding (2.9% vs 3.9%), cardiac disorders of any grade
(13.7% vs 25.1%) or grade ≥3 (2.5% vs 6.8%), and AEs leading to
discontinuation (7.8% vs 13.0%) or death (3.9% vs 5.8%),
respectively (35, 37). The rate of neutropenia was higher with
zanubrutinib versus ibrutinib treatment (28.4% vs 21.7%,
respectively); however, grade ≥3 infections were lower with
zanubrutinib than with ibrutinib (12.7% vs 17.9%, respectively)
(35). Because this is an interim analysis, additional data are needed
before these results can be fully evaluated.
MANAGING BTK INHIBITOR-INDUCED
AEs IN CLINICAL PRACTICE

Headache, occurring in 22% to 51% of patients, is the most
common AE experienced by patients receiving acalabrutinib
therapy (12, 13, 15). Acalabrutinib treatment-related headaches
usually occur early in the course of treatment, are mild, and of
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limited duration (38). These headaches typically occur within 30
minutes of dosing and in many cases do not need medical
intervention, or can be effectively managed with acetaminophen
or caffeine, while avoiding the use of nonsteroidal anti-
inflammatory drugs (NSAIDs), if possible (Table 2) (39). Only
1% of headaches lead to treatment discontinuation (12). In clinical
practice, patient education prior to initiation of therapy
(i.e., advising that acalabrutinib-induced headaches are easily
managed and should abate over a period of up to 4 weeks) helps
to reassure the patient that it is not a long-term consequence. The
mechanism(s) for these headaches is unclear, but could include
calcitonin gene-related peptide (CGRP) agonism, which is of
interest given the new class of migraine medications designed to
work by antagonizing CGRP (42).

Atrial fibrillation has been reported in 6%–10% of untreated
patients with CLL (43–45). Furthermore, the prevalence of atrial
fibrillation increases with age (46). In clinical trials, the incidence
rate of atrial fibrillation with ibrutinib treatment, after a 9-month
follow-up, was 3% (5), and 6% after a median follow-up of 18
months (3); the 2-year incidence rate—based on randomized and
observational studies—was estimated at between 10%–16% (44,
47). With a follow-up ranging from 14 to 28 months in clinical
trials, the incidence rate of atrial fibrillation with acalabrutinib was
approximately 0%–5% (12, 13, 48), with a time to onset of atrial
fibrillation in the range of 23 days to >1–3 years after treatment
initiation (15). The slope is slightly higher in the first 6 months,
but is then stable, perhaps suggesting minimal risk associated with
drug initiation. Monitoring for atrial fibrillation while receiving
acalabrutinib therapy is indicated (7). Appropriate management of
atrial fibrillation, such as the administration of direct oral
Frontiers in Oncology | www.frontiersin.org 6233
anticoagulants, is recommended without necessarily withholding
acalabrutinib, and discontinuation should be considered if the
atrial fibrillation is not medically controllable (Table 2) (39).

Grade ≥3 hypertension was reported in 38% of patients treated
with ibrutinib, including 18% in patients whodid not have previous
hypertension at baseline (49). In contrast, grade ≥3 hypertension
was reported in2%–7%ofpatients treatedwith acalabrutinib,witha
median follow-up ranging from 14 to 28 months (12, 13, 48).
Further, the updated results from the long-term follow-up (41
months) of the ACE-CL-001 phase 2 study, reported that 18% of
patients experienced hypertension (all grades), 10% of which were
grade 1–2, and 7% were grade ≥3 (15). In patients treated with
ibrutinib, hypertension (all grades) was observed in 14%ofpatients;
4% of which were grade 3, after a median follow-up of 18 months
(3). Patients should be monitored for treatment-emergent
hypertension, which should be managed with antihypertensive
medication (Table 2). It should be noted that antihypertensive
medication dosages may need to be adjusted once any BTK
inhibitor therapy is discontinued.

Although a moderate incidence of diarrhea was reported with
acalabrutinib treatment in clinical trials and in a long-term follow-
up study (18%–52%) (12, 13, 15), it appeared not to be drug-
related. Diarrhea usually resolves quickly without the need for
further intervention. If intervention is required, patients can be
simply treated with an antidiarrheal medication (e.g., loperamide)
(Table 2) (40).

Thrombocytopenia is frequently observed in patients with
unfavorable biological risk factors for CLL, and is commonly
caused by splenomegaly, bone marrow failure secondary to tumor
infiltration, recent chemotherapy, ormegakaryocyte dysplasia (50).
TABLE 2 | Management of adverse events associated with BTK inhibitor therapy.

Adverse Event Management Strategy References

Atrial fibrillation • Monitor for atrial fibrillation during treatment
• Administer direct oral anticoagulants
• Discontinue BTK inhibitor therapy if atrial fibrillation is not medically controllable

(7, 39)

Bleeding events • Monitor for signs of bleeding
• Use direct oral anticoagulants if anticoagulation therapy is needed
• Withhold BTK inhibitor for 3 to 7 days before and after surgery, depending upon the type of surgery, and the risk

of a bleeding event

(7)

Diarrhea • Use antidiarrheal medication (e.g., loperamide) as needed (40)
Headache • Prior to treatment initiation: advise patients that headaches should abate quickly, are easily managed, and are not

a long-term consequence of treatment
• After treatment initiation: recommend the use of acetaminophen or caffeine and avoid NSAIDs if possible

(39)

Hypertension • Monitor for treatment-emergent hypertension
• Manage with antihypertensive medication
• Reduce antihypertensive medication dose once BTK inhibitors are discontinued

Infection • Consider prophylaxis for patients at increased risk of opportunistic infection
• Monitor for signs and symptoms
• Treat as needed

(1, 7, 9)

Musculoskeletal pain (myalgia,
arthralgia, etc)

• Grade 1 myalgias/arthralgias may not need intervention
• Dose reduction or dose interruption should be used as appropriate

(41)

Neutropenia • First to third occurrence of grade 3 or 4: dose interruptions are recommended
• Fourth occurrence: discontinuation of BTK inhibitor is recommended

(7, 9)

Thrombocytopenia • First to third occurrence of grade 3 or 4: dose interruptions are recommended
• Fourth occurrence: discontinuation of BTK inhibitor is recommended (unless thrombocytopenia is related to CLL

infiltration of the bone marrow)

(7)
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In patients with CLL who were treated with acalabrutinib
monotherapy, thrombocytopenia of any grade and grade ≥3 were
reported in7%–11%and3%–4%ofpatients, respectively (12, 13). In
patients with R/R CLL who were treated with zanubrutinib, all-
grade and grade ≥3 thrombocytopenia was reported in 42% and
15% of patients, respectively (11). Thrombocytopenia (all grades)
was reported in 6% of patients with treatment-naïve CLL whowere
treatedwithzanubrutinib,with1%ofcasesof grade≥3 severity (10).
Dose interruptions are recommended for the first to third
occurrences of grade 3 or 4 thrombocytopenia, and dose
discontinuation is recommended for the fourth occurrence,
unless thrombocytopenia is related to CLL infiltration of the
marrow (Table 2) (7, 9).

Neutropenia is also commonly observed in patients treated
with BTK inhibitors due to an on-target toxicity effect (11).
Between 10%–16% of patients treated with acalabrutinib
monotherapy developed grade ≥3 neutropenia, although this
number can be higher with combination therapies (e.g., 30% of
patients experienced grade ≥3 neutropenia when treated with
acalabrutinib plus obinutuzumab) (12, 13, 26). When treated with
ibrutinib, 10% of patients experienced grade ≥3 neutropenia (3);
and 44% of patients treated with zanubrutinib experienced grade
≥3 neutropenia (11). As with thrombocytopenia, dose
interruptions are recommended for the first to third occurrences
of grade 3 or 4 neutropenia, and dose discontinuation is
recommended after a fourth occurrence (Table 2) (7, 9).

Infections were common in patients with CLL who were
treated with zanubrutinib; 39% of patients with R/R CLL
reported ≥1 grade ≥3 infection (11), and 64% of patients with
treatment-naive CLL reported an infection of any grade, 13.8% of
which were grade ≥3 (10). Most were respiratory tract infections
and were effectively managed without the need for a dose
reduction or treatment discontinuation (11). Grade ≥3
infections occurred at similar rates in patients receiving
acalabrutinib monotherapy (14%) (13). However, 17.9% of
ibrutinib-treated patients developed grade ≥3 infections (35).
Prophylactic treatment should be considered for patients at a
higher risk of developing opportunistic infections, and all
patients should be monitored for signs and symptoms of
infection and treated promptly (Table 2) (1, 7, 9).

Monitoring for signs of bleeding is important in patients
receiving acalabrutinib therapy (7). Data suggest that BTK
inhibitors increase the risk of bleeding by impairing collagen-
induced platelet activation, akin to the effects of aspirin (51, 52).
Inhibition of Src-kinases is suggested to be associated with
bleeding (52). Acalabrutinib has less inhibitory potential with
respect to Src-family kinases compared with that seen
with ibrutinib (Table 1) (27). Preliminary studies suggest that
BTK and TEC kinases have overlapping roles in platelets, which
would explain why patients with XLA do not demonstrate a
bleeding phenotype (53, 54). In ibrutinib-treated and
acalabrutinib-treated patients, BTK and TEC kinases are both
irreversibly inhibited (52). The lower affinity of acalabrutinib for
TEC kinase (53) may preserve some platelet activity.
Further, differences in bleeding events may be related to a
greater selectivity of acalabrutinib for BTK over TEC compared
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to ibrutinib (54). Minor bleeding tends to be less evident, and
patients treated with acalabrutinib report fewer minor bleeding
occurrences. There is also evidence that major bleeding events are
rare in patients treated with acalabrutinib (54). However, in our
experience, the risk for a major bleeding event is equal for both
acalabrutinib and ibrutinib. The risk of bleeding in acalabrutinib-
treated patients can be mitigated as for those treated with
ibrutinib. Further, in patients with treatment-naive CLL, grade
1/2 minor bleeding was observed in 27% of patients, and grade ≥3
major bleeding was observed in 5% of patients—2 of whom
experienced a grade 3 major bleeding event following a surgical
procedure for which there was no per protocol dose hold (10).
Minor bleeding events were relatively common in patients with R/
R CLL treated with zanubrutinib: 1% of patients experienced grade
1-2 major bleeding, and 1% of patients experienced grade ≥3
major bleeding (gastrointestinal hemorrhage following diagnosis
of colon cancer, and posttraumatic right-thalamic hemorrhage)
(11). Patients treated with warfarin were excluded early from the
ibrutinib studies after complications, and, as such,
coadministration of warfarin and acalabrutinib has not been
studied. Jones and colleagues assessed the use of anticoagulant
or antiplatelet agents and bleeding events in patients with CLL
who were treated with ibrutinib monotherapy in 2 multicenter
studies (55). In the PCYC-1102 study (median follow-up of 22
months), 9% of patients who received ibrutinib treatment plus an
anti-coagulant agent and 4% who received ibrutinib plus an
antiplatelet agent reported a major bleeding event (55). In the
RESONATE study with a median follow-up of 10 months, 2% and
1% of patients, respectively, reported a major bleeding event (55).
Major bleeding events in these patients were typically observed in
conjunction with other factors (i.e., coexisting medical conditions,
concurrent medications) (55). Therefore, the risk-versus-benefit
profile for coadministration of a BTK inhibitor with antiplatelet or
anticoagulant therapy should be carefully considered, and the
patient should bemonitored for signs of bleeding (Table 2) (7, 39).
If anticoagulation therapy is required, we generally prefer to use
direct oral anticoagulants (Table 2). In addition, we recommend
withholding acalabrutinib administration for 3 to 7 days before
and after surgery, depending upon the type of surgery, and the
potential risk of a bleeding event (Table 2) (7).

Although musculoskeletal pain, including myalgias and
arthralgias, is a less serious AE reported with BTK inhibitor
therapy, it can be troublesome for the patient and lead to
treatment discontinuation (11, 41). Musculoskeletal pain is one of
the most common AEs (i.e., occurring in ≥30% of patients)
observed with ibrutinib treatment (1). A retrospective analysis of
patients with CLL who received ibrutinib treatment reported that
36% of patients developed new or worsening arthralgias/myalgias,
with a median time to occurrence of 34.5 months (41).
Musculoskeletal pain, of any grade, was reported in 14% of
patients treated with zanubrutinib, with grade ≥3 AEs observed in
3.4% (9), and myalgia was also observed in acalabrutinib-treated
patients (all grades, 21%; grade≥3, 0.8%) (7). Interrupting ibrutinib
therapy, as recommended, alleviated symptoms in 14% of patients,
while a dose reduction alleviated symptoms in 60% of patients (41).
Although avoiding the use of NSAIDs has been recommended
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because this class of drugs may exacerbate the risk of bleeding, 50%
ofpatientswhousedNSAIDs reported improvements in arthralgia/
myalgia symptoms (41). Additionally, 54% of patients who
developed arthralgias/myalgias had spontaneous resolution of
their symptoms with no changes to ibrutinib treatment, although
mostpatientshadgrade 1 arthralgias/myalgias (41).Ultimately 22%
of patients with arthralgias/myalgias discontinued ibrutinib
treatment; however, this increased to 63% in patients with grade 3
events (41).
DISCUSSION

Treatment options for patients with CLL have evolved
considerably over recent years (39). Small-molecule inhibitor-
based therapies have significantly improved PFS outcomes in
patients with CLL compared with chemoimmunotherapy
outcomes, especially in patients with high-risk disease
characteristics (e.g., del(17p) or TP53 mutations) (39, 56, 57).
Current National Comprehensive Cancer Network and the
European Society for Medical Oncology practice guidelines
recommend that first-line treatment for patients with CLL
should be based on the presence or absence of del(17p) or
mutated TP53, regardless of patient age and comorbidities (39,
58), and preference should be given to small molecules. The shift
from chemoimmunotherapy to oral targeted therapy provides
patients with CLL/SLL convenient options with fewer toxicities.
However, since oral therapy can be administered away from the
clinic, there must be vigilant monitoring of safety considerations
and thorough adverse event management.

Acalabrutinib is well-tolerated and associated with low rates
of treatment discontinuation due to AEs [8, 9, 18], which may
provide some advantages in routine practice. However, patients
taking proton-pump inhibitors might have impaired absorption
of acalabrutinib (7).

Long-term data from the phase 2 ACE-CL-001 study reaffirmed
that acalabrutinib monotherapy for patients with treatment-naïve
and R/R CLL provided durable responses with a favorable safety
profile, with no new safety concerns reported (14, 15). Several
clinically relevant AEs considered to be associated with BTK
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inhibition in the clinical setting appear to be present at a low
frequency inpatients treatedwith acalabrutinib.Themost common
AE associated with the use of acalabrutinib is a headache (12, 13,
26). Headaches are mild, easily managed, and of limited duration,
lasting only a few days (39, 59).

Zanubrutinib is associated with an overall favorable safety
profile, with a low incidence of major bleeding or arrythmias
observed in patients with CLL (60). The National Comprehensive
CancerNetwork guidelines recommend theuse of zanubrutinib as a
first-line or second-line therapy for patients with CLL/SLL with del
(17p)/TP53 mutations who have a contraindication to other BTK
inhibitors, and as second-line and subsequent therapy for patients
without del(17p)/TP53 mutations who are intolerant of, or have a
contraindication to, other BTK inhibitors (61). However,
zanubrutinib is currently approved by the FDA only for the
treatment of MCL in patients who have received ≥1 prior
therapy (9).

In summary, BTK inhibitors are highly effective options for
the treatment of patients with CLL, and selection is driven by
patient and physician personal choice, as well as available efficacy
and tolerability data from clinical trials and clinician experience.
Acalabrutinib is safe and effective and provides an additional
FDA-approved option for the treatment of patients with CLL.
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High Expression of BCL11A Predicts
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MLL-r ALL
Lu-Lu Wang1†, Dehong Yan2†, Xue Tang1, Mengqi Zhang2, Shilin Liu1, Ying Wang1,
Min Zhang1, Guichi Zhou1, Tonghui Li1, Feifei Jiang1, Xiaowen Chen1, Feiqiu Wen1,
Sixi Liu1* and Huirong Mai1*

1 Department of Hematology and Oncology, Shenzhen Children’s Hospital, Shenzhen, China, 2 Guangdong Immune Cell
Therapy Engineering and Technology Research Center, Center for Protein and Cell-Based Drugs, Institute of Biomedicine
and Biotechnology, Shenzhen Institutes of Advanced Technology, Chinese Academy of Sciences, Shenzhen, China

Background: Despite much improvement in the treatment for acute lymphoblastic
leukemia (ALL), childhood ALLs with MLL-rearrangement (MLL-r) still have inferior
dismal prognosis. Thus, defining mechanisms underlying MLL-r ALL maintenance is
critical for developing effective therapy.

Methods: GSE13159 and GSE28497 were selected via the Oncomine website.
Differentially expressed genes (DEGs) between MLL-r ALLs and normal samples were
identified by R software. Next, functional enrichment analysis of these DEGs were carried
out by Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene
Set Enrichment Analysis (GSEA), and Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING). Then, the key hub genes and modules were identified by Weighted
Gene Co-expression Network Analysis (WGCNA). Therapeutically Applicable Research to
Generate Effective Treatments (TARGET) ALL (Phase I) of UCSC Xena analysis, qPCR,
and Kaplan-Meier analysis were conducted for validating the expression of key hub genes
from bone marrow cells of childhood ALL patients or ALL cell lines.

Results: A total of 1,045 DEGs were identified from GSE13159 and GSE28497. Through
GO, KEGG, GSEA, and STRING analysis, we demonstrated that MLL-r ALLs were
upregulating “nucleosome assembly” and “B cell receptor signal pathway” genes or
proteins. WGCNA analysis found 18 gene modules using hierarchical clustering between
MLL-r ALLs and normal. The Venn diagram was used to filter the 98 hub genes found in
the key module with the 1,045 DEGs. We identified 18 hub genes from this process, 9 of
which were found to be correlated with MLL-r status, using the UCSC Xena analysis. By
using qPCR, we validated these 9 hub key genes to be upregulated in the MLL-r ALLs
(RS4;11 and SEM) compared to the non-MLL-r ALL (RCH-ACV) cell lines. Three of these
genes, BCL11A, GLT8D1 and NCBP2, were shown to be increased inMLL-r ALL patient
bone marrows compared to the non-MLL-r ALL patient. Finally, Kaplan–Meier analysis
indicated that childhood ALL patients with high BCL11A expression had significantly poor
overall survival.
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Conclusion: These findings suggest that upregulated BCL11A gene expression in
childhood ALLs may lead to MLL-r ALL development and BCL11A represents a new
potential therapeutic target for childhood MLL-r ALL.
Keywords: acute lymphoblastic leukemia, MLL rearrangement, BCL11A, differentially expressed gene, WGCNA
INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most common
childhood malignancy, which is characterized by recurrent
chromosomal and molecular abnormalities of immature
lymphoid cells (1). About 9% of adult and 3%–5% of children
ALL cases harbor rearrangements of the mixed-lineage leukemia
(MLL) gene (2, 3). Despite the much improvement in treatment
for ALL, childhood ALL with MLL-rearrangement (MLL-r) still
displays inferior prognosis attributed to hyperleukocytosis,
aggressive form with early relapse, and central nervous system
involvement (4–6), distinguishing itself from other
leukemia subgroups.

MLL-r genes form fusions with more than 80 partner genes,
of which the most common ones are AF4, AF9, ELL, and ENL
(7). MLL-AF4 fusion represents the largest subgroup and is
associated with a particular poor prognosis (8). Recently, much
progress has been made in understanding the MLL-r leukemia
process by using array-based technologies. A subset of
dysregulated genes were found in MLL-r ALL, especially
posterior HOXA genes and MEIS1 genes (9, 10). Previous
studies demonstrated that the MLL fusion proteins directly
stimulated the histone methylation and target genes
transcriptional elongation with the cooperation of DOT1L,
PAFc, and pTEFb, leading to the persistent expression of genes
that are important for the cell signaling, regulation of
hematopoiesis, and transcription (11–13). Thus, exploring
novel genes and pathways associated with MLL-r ALL may
help to identify potential molecular mechanisms, diagnostic
markers, and therapeutic targets in this special subgroup.

In this study, weighted gene co-expression network analysis
(WGCNA) was first used to analyze the hub genes ofMLL-r ALL
samples mined from the Gene Expression Omnibus (GEO)
database. The hub genes closely associated with MLL-r ALL
were further confirmed in the data of Therapeutically Applicable
Research to Generate Effective Treatments (TARGET) ALL
(Phase I), ALL cell lines, and childhood ALL patients. We also
evaluated the prognostic significance of hub gene expressions in
the overall survival (OS) for childhood ALL patients. Our results
provided the framework of co-expression gene modules ofMLL-
r ALL, which would be beneficial to the clinical diagnosis and
treatment of childhood MLL-r ALL.
MATERIALS AND METHODS

ONCOMINE Analysis
ONCOMINE database (https://www.oncomine.org) is an
integrated data-mining platform that analyzes previously
2239
published or open-access cancer microarray data. Using the
keywords “acute lymphoblastic leukemia” and “Cancer vs.
Normal Analysis” for searching ALL databases, we identified
two GEO Series (GSE, ID GSE13159 and GSE28497), which
could be analyzed based on the same annotation platform. The
GSE28497 was analyzed by the GPL96, while the GSE13159 was
analyzed by GPL570. As described by the GEO website, all probe
sets represented on the GPL96 are identically replicated on
GPL570. Thus, we could analyze both GSEs by the same
annotation platform GPL570.

Data Collection and Preprocessing
GSE13159 contains 74 normal samples and 70 MLL-r ALL
samples while GSE28497 includes 4 normal samples and 17
MLL-r ALL samples. Gene expression data from GSE13159 and
GSE28497 were integrated manually to two parts, respectively,
one containing 78 normal samples and another containing 87
leukemia samples for bioinformatics analysis. The combat
function in the sva package was applied to remove the batch
effects (Supplementary Figure 1) (14).

Differentially Expressed Genes Screening
The robust multi-array average (RMA) in R software (version
3.6.5) was applied to explore the gene expression data (15).
Differentially expressed genes (DEGs) between MLL-r ALL and
normal cases were identified using the Bayesian method by the
linear models for microarray expression data (LIMMA) package
in R software (16). |Log2 fold change (FC)| > 1 and a p-value
<0.01 were considered as threshold points. All the above
operations were run with scripts in the R software Ggplot2
package was conducted to show the heatmap and volcano map.

Protein–Protein Interaction
Network Building
DEGs were taken into Search Tool for the Retrieval of Interacting
Genes/Proteins (STRING) with the maximum number of
interactors = 0 and a confidence score ≥ 0.4 as the cutoff
criterion. Then, the result was analyzed by Cytoscape (17). Top
40 genes were screened using the plug-in CytoHubba in
Cytoscape (18). CytoHubba provides a simple interface to
analyze the node essentiality on the selected network with 11
scoring methods. Then, the bio-functional modules in the top 40
genes were explored using a plug-in MCODE in Cytoscape with
a Node Score Cutoff of 0.2, a degree cutoff of 2, and a k-Core of 2.
Then, the genes in the three modules were taken into the DAVID
website. Gene ontology (GO) and The Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analyses were carried
out based on DAVID (http://david.ncifcrf.gov/summary.jsp).
The significance threshold was p < 0.05.
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Gene Set Enrichment Analysis
Gene set enrichment analysis (GSEA) was conducted between
MLL-r ALL and normal samples. Expression dataset from
GSE13159 and GSE28497 was converted to the tab delimited
gene cluster text (GCT) format following the operations
according to the protocol (http://www.gsea-msigdb.org/gsea/).
False discovery rate (FDR) < 0.05 and |normalized enrichment
score (NES)| > 1 were regarded as the cutoff criteria.

WGCNA
WGCNA package of R software was applied to uncover the
correlation among genes. Firstly, gene expression data from
GSE13159 and GSE28497 were input into R software to
inspect good genes and samples. Sample clustering was used to
detect outliers and match the samples with their characteristics.
The soft thresholding power of b was set at 6 to ensure a scale-
free network. The minimum number of module genes was set at
30. The hierarchical clustering dendrogram summarized the
gene modules with different colors. Heatmap and topological
overlap matrix (TOM) plot were used to visualize the module
structure. The clinical traits were classified into two subtypes,
“Normal” and “Leukemia”, for constructing module–trait
relationships. For each expression profile, the gene significance
(GS) and module membership (MM) were defined as the
correlation value for each trait and each module eigengene,
respectively. Hub genes are a class of highly connected genes,
which have high connectivity with other genes in the same gene
module and clinical trait.

UCSC Xena Analysis
The gene expression data of TARGET ALL (Phase I) were
analyzed by the University of California, Santa Cruz (UCSC)
Xena (http://xena.ucsc.edu/). Hub gene expression levels were
calculated between MLL-r and non-MLL-r ALL patients. The
minimal residual disease (MRD) status on Day 8 and Day 29 of
patients were also detected. The TARGET ALL (Phase I) project
was obtained from patients enrolled on biology studies and
clinical trials managed through the COG, POG 9906 (clinical
trial for patients with newly diagnosed ALL between March 2000
and April 2003 that were defined as high risk for relapse). Patient
samples for full characterization were chosen based on the
following criteria: the disease onset at >9 years of age; did not
have white blood cell count > 50,000/µl; did not express
BCR/ABL fusion gene; were not known to be hypodiploid
(DNA index > 0.95); and achieved remission (fewer than 5%
blasts) following the standard two rounds of induction therapy.
The primary patient samples were collected at diagnosis and
gene expressions were analyzed following the protocol of Human
Genome U133 Plus 2.0 Array (Affymetrix).

Patients
Five childhood MLL-r ALL and 30 childhood non-MLL-r ALL
bone marrow (BM) samples were procured from the newly
diagnosed patients being treated in Shenzhen Children’s
Hospital from 2018 to 2020. Informed consent was obtained
from all patients or their parents. Experiments involving human
Frontiers in Oncology | www.frontiersin.org 3240
materials were approved by the ethics committee of Shenzhen
Children’s Hospital (approval number 202105102) and carried
out according to the Declaration of Helsinki. Primary
mononuclear cells were collected from the bone marrow
samples by Ficoll density gradient centrifugation.

Cell Culture
RS4;11 and RCH-ACV cells (ATCC) were maintained in RPMI
1640 with 10% fetal bovine serum (FBS) supplemented with 1%
penicillin and streptomycin. SEM cells (ATCC) were maintained
in IMDM with 10% FBS, 1% penicillin, and streptomycin. Cells
were cultured in a cell incubator and maintained at 5% CO2 and
37°C.

Quantitative Real-Time PCR
Total RNA of cells were reverse transcribed to cDNA with equal
RNA volume (1 mg) using the PrimeScript™ RT Master Mix
(Takara). Quantitative real-time PCR (qPCR) was performed
using SYBR Green qPCR Master Mix (MedChem Express, USA)
and detected on CFX96™ Real-Time System (BIO-RAD).
Primer sequences for mRNA expression detection are shown
in Supplementary Table 1. All experiments were repeated at
least in triplicate. Gene expression levels were calculated relative
to the housekeeping gene b-actin.

Kaplan–Meier Analysis
The gene expression data of TARGET ALL (Phase I) were
obtained from USCS Xena, and the clinical information was
downloaded from the official website of the TARGET program
(https://ocg.cancer.gov/programs/target). Finally, a total of 207
patients with gene expression data were analyzed by Kaplan–
Meier analysis. The ggplot2 of R software was used to plot the
Kaplan–Meier survival curve. The population was stratified by
the upper 25th percentile (high) versus the lower 25th percentile
(low) expression for key hub genes mRNA. The correlations
between hub gene expression and OS, the hazard ratio (HR) with
95% confidence intervals, and p-value were determined by the
Log-rank test. Log-rank test p < 0.05 was considered a significant
difference. The results published here are in whole or part based
on data generated by the TARGET (https://ocg.cancer.gov/
programs/target) initiative, phs000218.

Statistical Analysis
Student’s t-test of variance was used for comparing the statistical
differences of mRNA expression of BM samples and ALL cell
lines. All the analyses were two‐sided and p < 0.05 was
considered to be a significant difference.
RESULTS

Identification of DEGs in MLL-r ALL vs.
Normal Samples
Using the keywords “acute lymphoblastic leukemia” and “Cancer
vs. Normal Analysis” for searching ALL databases in
ONCOMINE website, we identified two GEO Series
December 2021 | Volume 11 | Article 755188
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(GSE13159 and GSE28497) based on the same annotation
platform. Gene expression data from GSE13159 and GSE28497
were integrated manually to two datasets (MLL-r ALL dataset
containing 87 leukemia samples and normal samples dataset
containing 78 normal samples, respectively). The gene
expression data were analyzed using LIMMA package of R
software and its extension packages. After removing the batch
effect, we identified a total of 1,045 DEGs, 301 of which were
upregulated genes while 744 were downregulated genes using
adjusted |logFC| > 1 and p-value < 0.01 as cutoff threshold points.
The most aberrantly expressed DEGs were marked in the
volcano map, such as upregulated genes LAMP5, CSRP2,
GPM6B, SOCS2, MEF2C, MEIS1, and FLT3 and downregulated
genes NGFRAP1, PDXK, and DEF8 (Figure 1A). The heatmap of
DEGs is shown in Figure 1B.

GO, KEGG, GSEA, and STRING Pathway
Analysis of DEGs from MLL-r ALL vs.
Normal Samples
To gain insight into a more comprehensive knowledge of DEGs
of MLL-r ALL vs. normal samples, the GO and KEGG pathway
analysis of DEGs was carried out viaDAVID online analysis tool.
GO analysis showed that MLL-r ALLs were mainly upregulating
“transcription from RNA polymerase II promoter, cell
proliferation, nucleosome assembly” genes and downregulating
“immune response, inflammatory response, cell adhesion” genes
(Figure 2A). KEGG analysis showed upregulation in
“transcriptional misregulation in cancer, pathways in cancer,
PI3K-Akt signaling pathway” and downregulation in “cytokine-
Frontiers in Oncology | www.frontiersin.org 4241
cytokine receptor interaction, hematopoietic cell lineage,
chemokine signaling pathways” (Figure 2B). Additionally,
GSEA showed MLL-r ALLs to be enriched in “primary
immunodeficiency, B cell receptor signaling pathway”
pathways (Figure 3A) and negatively correlated with
“complement and coagulation cascades, cytokine-cytokine
receptor interaction, leukocyte transendothelial migration”
pathways (Figure 3B).

Based on the STRING website, we built a protein–protein
interaction network of up- and downregulated DEGs fromMLL-
r ALL vs. normal samples (Figures 4A, 5A). In order to identify
the key up- and downregulated DEGs between MLL-r ALL and
normal samples, we adopted all the 11 methods in CytoHubba
application, a plug-in of Cytoscape. Via calculation and analysis,
the top 40 genes of up- and downregulated DEGs were identified
separately (Figure 4B and Supplementary Figure 2A).
Afterwards, the MCODE was employed to calculate the k-core
of each gene and identify the critical networks in the top 40
genes. The upregulated gene with the highest k-core comprised
three networks, which were involved in three important KEGG
pathways: nucleosome assembly, B-cell proliferation, and
transcriptional misregulation in cancer (Figure 4C). The top
40 downregulated DEGs with the highest k-score made up one
important network, which was enriched in siderophore-
dependent iron import into cell (Supplementary Figure 2B).
Through GO, KEGG, GSEA, and STRING analysis, we
demonstrated that MLL-r ALLs were upregulat ing
“nucleosome assembly” and “B cell receptor signal pathway”
genes or proteins and downregulating “complement and
BA

FIGURE 1 | The expression profiles of MLL-r ALL. (A) Volcano map of differently expressed genes between MLL-r ALL and normal samples. (B) Heatmap of the
DEGs according to the value of |logFC|.
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coagulation cascades” and “cytokine-cytokine receptor
interaction” genes or proteins. These pathways were identified
by at least two different biostatistics methods.

Identification of Hub Genes and Modules
of MLL-r ALL by WGCNA
WGCNA has been widely and successfully used to identify
candidate biomarkers and therapeutic targets in various
complicated diseases (19–21). To clarify the key modules and
hub genes in MLL-r ALL, a total of 165 samples from GSE13159
and GSE28497 were input into R software for WGCNA, which
was employed to uncover the highly correlated genes and the
coexpression networks ofMLL-r ALL. One GEO sample (GSM),
GSM331691, was excluded from the analysis due to poor quality
(Figure 5A). The power of b = 6 was set as the soft threshold for
a scale-free network (Figure 5B). Subsequently, 18 gene modules
were generated by the hierarchical clustering dendrogram,
ranging in size from 2,947 (blue module) to 41 (gray module)
(Figure 5C). After analyzing the interactions between the 18
modules, the TOM plot of a gene network was constructed with
the corresponding hierarchical clustering dendrogram and the
modules (Figure 5D). Based on the correlation between module
eigengenes and clinical traits, the co-expressed genes were found
primarily clustered in the green and steel blue modules. Among
the modules, the green module was the most relevant with
Frontiers in Oncology | www.frontiersin.org 5242
leukemia traits (Figure 5E). The heatmap of gene expression
in the green module is shown in Figure 5F. We also explored the
gene significance and module membership of the genes in the 18
modules. As shown in Figure 5G, the green module had
significant correlations with leukemia trait. Eventually, 98
genes in the green module were selected for hub genes with a
cutoff of intra-modular connectivity >0.85, demonstrating that
these genes were not only the key components in module but also
highly correlated with the leukemia trait. Taken together, we
found 18 gene modules using hierarchical clustering between
MLL-r ALLs and normal samples by WGCNA. The “Green”
module was found to be most relevant with leukemia, 98 genes of
which having the highest correlation with leukemia traits were
selected for hub genes.

Validation of Key Hub Genes in MLL-r ALL
vs. non-MLL-r ALL Patients
To gain insight into the valuable hub genes in the green module, we
used a Venn diagram to filter the 98 hub genes found in the “Green”
module with the 1,045 DEGs from Figure 1. As shown in the Venn
diagram, we identified 18 hub genes from this process (Figure 6A).
Since the higher expression of 18 hub genes in MLL-r ALL is
compared to the normal samples, we wondered which hub genes
were also highly expressed inMLL-r ALL compared to non-MLL-r
ALL. Thus, we further selected the TARGET ALL (Phase I) dataset
A

B

FIGURE 2 | PPI network by STRING. (A) GO enrichment analysis of up- and downregulated DEGs. (B) KEGG pathway analysis of up- and downregulated DEGs.
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to verify the differential expression of 18 hub genes betweenMLL-r
and non-MLL-r ALL patients (22). Based on the results from UCSC
Xena browser, nine key hub genes (AKR1A1, BCL11A, DCLRE1C,
DHTKD1, GLT8D1, NCBP2, PARP1, PTER, and STK39) were
found highly expressed in the MLL-positive samples compared to
the MLL-negative samples (Figure 6B). Accordingly, to further
determine the potential biomarkers for MLL-r ALL, we assessed
hub gene expression in ALL cell lines and childhood ALL bone
marrow samples. We found that the higher expression level of nine
key hub genes were also observed in MLL-AF4 ALL cell lines
(RS4;11 and SEM) compared to the non-MLL-r ALL cell line
(RCH-ACV) (Figure 7A). Moreover, in our single clinical center,
MLL-r ALLs had significantly higher mRNA expressions of
BCL11A, GLT8D1, and NCBP2 than non-MLL-r ALL patients
(Figure 7B). However, there was no difference in AKR1A1,
DCLRE1C, DHTKD1, PARP1, PTER, and STK39 expression levels
between MLL-r ALL and non-MLL-r ALL patients (not shown).
These data suggest that upregulated BCL11A, GLT8D1, and NCBP2
gene expression may be associated with the rearrangement of MLL
in childhood ALL.
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High BCL11A Expression Correlated With
Poor Overall Survival of ALL Patients
Given the relationship between key hub genes and MLL status, we
next examined the prognostic significance of hub genes in TARGET
ALL (Phase I) datasets.We identified by Kaplan–Meier analysis that
the high level of BCL11A mRNA expression was associated with
inferior OS [HR = 0.35 (0.15–0.84), p = 0.014] (Figure 8).
Nevertheless, there was no significant difference between the
survival rate and the expression of AKR1A1, DCLRE1C,
DHTKD1, GLT8D1, NCBP2, PARP1, PTER, and STK39
(Supplementary Figure 3). Together, these results demonstrated
that childhood ALL patients with high BCL11A expression had
significantly poor OS, and BCL11A represents a new potential
therapeutic target for pediatric MLL-r ALL.
DISCUSSION

Previous studies highlight the simple landscape of gene
mutation, low DNA copy-number abnormalities, and limited
A

B

FIGURE 3 | GSEA indicated the KEGG pathways in MLL-r ALL. (A) The gene sets enriched in MLL-r ALL samples were related to primary immunodeficiency and B-
cell receptor signaling pathway (p < 0.05). (B) The gene sets enriched in normal samples were mainly related to complement and coagulation cascades, cytokine–
cytokine receptor interaction, and leukocyte transendothelial migration (p < 0.05).
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window of genetic therapeutic targets for infantMLL-r ALLs (10,
23, 24). Transcriptional subversion and global gene expression
alternation of MLL-r ALL play a greater role in this disease (25).
Several microarray studies have already demonstrated the
identification of DEGs related to distinct clinical and
therapeutically relevant classes of leukemias (26, 27). However,
the molecular alternation observed inMLL-r leukemia patients is
rather complex and requires a more differentiated view. To gain a
larger sample size, we combined two gene microarray expression
datasets from GEO and conduct R software to analyze the DEGs
in combined dataset.

As analyzed, in the upregulated gene or protein inMLL-r ALL
samples, “B cell receptor signal pathway” was found to be
significant in GO, KEGG pathway, and GSEA (Figures 2, 3A),
while “nucleosome assembly” was significant in GO and PPI
network (Figures 2, 4C). These results indicated that
nucleosome assembly and B-cell receptor signal pathway were
playing a core role inMLL-r ALLs. It is reported thatMLL fusion
genes enhance the process of transcriptional elongation by
directly or indirectly binding to RNA polymerase II, leading to
the alternation of whole genetic expression (28, 29). With the
help of RNA polymerase II, MLL fusion genes drive the
Frontiers in Oncology | www.frontiersin.org 7244
proliferation and self-renewal of immature hematopoietic cells
by upregulating posterior HOXA genes and their cofactorMEIS1
(30, 31). Similarly, GO analysis in our study demonstrated that
the upregulated DEGs were significantly related with RNA
polymerase II pathway (Figure 2A). HOXA and MEIS1 were
also identified in our PPI analysis (Figure 4C). Thus, the
“transcription from RNA polymerase II” pathway may also be
involved in the MLL-r ALL pathogenesis in this study.

WGCNA is widely used to explore the huge and complex
relationships among genes across microarray or RNA sequence
data. It provides a convenient and effective solution for screening
core genes (32). Here, we first used WGCNA to explore the
relationship of gene modules and clinical traits in MLL-r ALLs.
As shown in the result, 18 upregulated genes were screened as
hub genes by conducting WGCNA (Figure 7A), among which 9
key hub genes were confirmed to be highly associated with the
MLL-r status in the TARGET ALL (Phase I) dataset (Figure 7B).
In our childhood MLL-r ALL patients, BCL11A, GLT8D1, and
NCBP2 had significantly higher expression in MLL-r ALL
patients than that in the non-MLL-r ALL patients. One
limitation of this study is that there were only five MLL-r ALL
BM patients for qPCR in the data analysis of our single center.
BA

C

F

FIGURE 4 | PPI networks of upregulated DEGs by STRING Search Tool. (A) The PPI network was constructed by STRING based on upregulated DEGs. (B) The 40
genes with highest CytoHubba scores were shown in a circle. The color scheme of each node from red to yellow represents the scores from high to low, respectively.
(C) The genes with highest CytoHubba scores made up three critical subnetworks.
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BA

DC

E F

G

FIGURE 5 | WGCNA of genes and modules in MLL-r ALL. (A) Cluster dendrogram of 165 samples. (B) Analysis of the scale-free fit index for various soft thresholding
powers (b) and the mean connectivity for soft threshold power. (C) Hierarchical cluster tree showing adjacency modules based on topological overlap. (D) Heatmap of all
DEGs formed a TOM plot to visualize the module structure. In the TOM plot, light yellow color represents low overlap and darker yellow color indicates higher overlap.
Left side and the top side of the heatmap show the gene dendrogram and module assignment. (E) Correlation between each module and trait. Each row represents a
module eigengene and each column represents a clinic trait. Each cell contains the correlation and p-value of each module. (F) Heatmap for the DEGs in the green
module. (G) A scatter plot of eigengenes significance versus modular membership in the green module. Intramodular analysis of the genes found in the green module
showed a high correlation with leukemia, with p < 1e-200 and correlation = 0.71.
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Thus, further investigation is required to demonstrate the
relationship of MLL-r ALL patients and DEGs with high-
throughput sequencing for multi-center data analysis.

It is noteworthy to mention that BCL11A, a C2H2 zinc finger
transcription factor, was initially identified as a chromosomal
translocation oncogene in B-cell malignancies (33, 34). It
modulated hemoglobin switching by directing g-globin gene
promoter repression (35). Recent studies uncovered that BCL11A
was a critical oncogene in many other cancers like triple-negative
breast cancer, lung squamous carcinoma, colorectal cancer, and
laryngeal squamous cell carcinoma (36–39). In acute myeloid
leukemia, high expression of BCL11A and MDR1 was
significantly associated with the poor prognosis (40). As analyzed
using Kaplan–Meier, we reported that childhood ALL patients with
high BCL11A expression showed inferior OS (Figure 8). Given the
significant difference of BCL11A found by integrated analyses, we
proposed that BCL11A could be considered as a potential target for
ALL treatment and the molecular mechanisms study should be
necessary to elucidate the role of BCL11A in MLL-r ALLs.

The high sensitivity of MRD has a profound influence on the
treatment adjustment and the outcome of ALL patients during
follow-up. MRD monitoring has been used to determine the ALL
Frontiers in Oncology | www.frontiersin.org 9246
stratification in all childhood ALL. It was reported that MRD-
positive status in Day 8 and Day 29 was associated with shorter
event-free survival (EFS) in all risk groups (41). MLL-r ALL with
positive MRD has significant worse EFS compared to those with
negative MRD (42). To determine whether the poor prognosis that
occurs with positive MRD is because of the hub gene expression, we
examined the Day 8 and Day 29 MRD status of childhood ALL
patients in the TARGET ALL (Phase I) dataset and their
relationship with hub gene expression. However, there was no
significant relationship between gene expression and MRD status
(Figure 6B), neither in our single-center clinical data (not shown).

In the current study, we first integrated the information on
DEGs through different bioinformatics analysis and identified
that the nuclear assembly and B-cell receptor signaling pathway
were the key pathways in MLL-r leukemia. Furthermore, we
combined the results of WGCNA and DEGs, validated by clinical
samples, and found that BCL11A, GLT8D1, and NCBP2 were the
key hub genes highly associated with the MLL status in
childhood MLL-r ALL patients. Childhood ALL patients with
high BCL11A expression had significantly poor OS. These
findings suggest that upregulated BCL11A hub gene expression
in childhood ALLs may lead to MLL-r ALL development and
B

A

FIGURE 6 | The expression level of key hub genes in childhood MLL-r ALL. (A) The Venn diagram showed hub genes identified from DEGs and WGCNA. (B)
Expression of AKR1A1, BCL11A, DCLRE1C, DHTKD1, GLT8D1, NCBP2, PARP1, PTER, and STK39 in MLL-r ALL was highly correlated with the MLL status in the
TARGET ALL (Phase I) dataset (p < 0.05). The red color represents positive status and the blue color represents negative status of MLL fusion and MRD.
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B

A

FIGURE 7 | The gene expression level of key hub genes in MLL-r ALL and non-MLL-r ALL patients. (A) The mRNA expression of key hub genes were measured in
RS4:11, SEM, and RCH-ACV cell lines. Data are normalized to b-actin and are representative of three independent experiments (*p < 0.05; **p < 0.01; ***p < 0.001;
****p < 0.0001). (B) The mRNA expression was detected in the BM of MLL-r ALL and non-MLL-r ALL patients. Results are expressed as a fold of the non-MLL-r
ALL that is set as 1 (*p < 0.05; **p < 0.01).
FIGURE 8 | Kaplan–Meier analysis of BCL11A expression in childhood ALL. Survival cure comparing patients with high (blue) vs. low (red) BCL11A expression were
plotted using a Log-rank test [HR = 0.35 (0.15–0.84), p = 0.014]. The unit of time is measured in days. The median survival time is 5,467 days.
Frontiers in Oncology | www.frontiersin.org December 2021 | Volume 11 | Article 75518810247

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wang et al. BCL11A Expression in MLL-r ALL
BCL11A represents a new potential therapeutic target for
childhood MLL-r ALL.
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Patients with relapsed/refractory (R/R) peripheral T-cell lymphoma (PTCL) have a poor
prognosis, with an expected survival of less than 1 year using standard salvage therapies.
Recent advances in our understanding of the biology of PTCL have led to identifying
B-Cell Lymphoma 2 (BCL2) protein as a potential therapeutic target. BLC2 inhibitor
venetoclax was investigated in a prospective phase II trial in patients with BCL2-positive
R/R PTCL after at least one previous standard line of treatment (NCT03552692).
Venetoclax given alone at a dosage of 800 mg/day resulted in one complete response
(CR) and two stable diseases (SDs) among 17 enrolled patients. The majority of patients
(88.2%) interrupted the treatment due to disease progression. No relationship with BCL2
expression was documented. At a median follow-up of 8 months, two patients are
currently still on treatment (one CR and one SD). No case of tumor lysis syndrome was
registered. Therefore, venetoclax monotherapy shows activity in a minority of patients
whose biological characteristics have not yet been identified.
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INTRODUCTION

Peripheral T-cell lymphomas (PTCLs) are a rare and heterogeneous
group of T-cell neoplasms, accounting for 5%–10% of all non-
Hodgkin lymphomas in Western countries. PTCL arises from
mature post-thymic lymphocytes, and the most represented
subtypes are PTCL not otherwise specified (PTCL-NOS),
angioimmunoblastic T-cell lymphoma (AITL) and other nodal
T-cell lymphomas of T-follicular helper origin (TFH), and
anaplastic large cell lymphoma (ALCL) ALK-positive (ALCL-
ALK+) and ALK-negative (ALCL-ALK-) (1). With few
exceptions, PTCLs share an aggressive clinical behavior and
poor prognosis; the response to induction chemotherapy is
often inadequate and/or short-term (2).

The standard of care for PTCL is based on anthracycline-
containing regimens [cyclophosphamide, doxorubicin,
vincristine, prednisolone ± etoposide (CHOP/CHOEP)],
resulting in a 5-year overall survival (OS) of only 30%–40%
(3). High-dose chemotherapy followed by autologous stem cell
transplantation (ASCT) is recommended in younger
chemosensitive patients, but many of them do not receive the
transplant because of ineffective disease control or, eventually,
relapse soon after (4).

Following the promising results of a phase 3 clinical trial, the
US Food and Drug Administration (FDA) recently approved the
use of brentuximab vedotin (BV) in combination with
cyclophosphamide, doxorubicin, and prednisolone (CHP) as
first-line treatment for CD30-positive PTCL (5). However, only
a minority of patients in this study had PTCL-NOS, AITL, or
TFH, and the benefit of the addition of BV was not demonstrated
in this small population.

Relapsed or refractory (R/R) PTCLs are characterized by a
dismal prognosis, and treatment in this setting is an unmet
medical need. There is no standard of care in R/R patients;
gemcitabine-based regimens are frequently used in this setting,
ensuring an overall response rate (ORR) of 30%–70% and
median progression-free survival (PFS) of 4–11 months (6).

Romidepsin, belinostat, and pralatrexate received FDA
approval for the treatment of R/R PTCLs, but the ORR with
these agents is 30%, with a median PFS of a few months (6–8).
More promising results were reported with BV, which showed
remarkable activity in ALCLs (9), but no similar activity was
registered in other PTCLs (10). Other compounds are under
investigation in clinical trials alone or in combination (e.g.,
lenalidomide, copanlisib, duvelisib, 5-azacitidine) (11).

Recent advances in understanding the biology of PTCLs led to
identifying BCL2, Cluster of differentiation 38 (CD38), and
Programmed death-1 (PD-1) as potential therapeutic targets.
Regarding BCL2, an immunohistochemical analysis conducted
within the Fondazione Italiana Linfomi (FIL) indicated that
BCL2, an antiapoptotic protein, is overexpressed in 88% of
2251
patients with AITL, 80% of patients with PTCL-NOS, 58% of
patients with ALK- ALCL, and 31% of patients with ALK+ ALCL
(12). Moreover, an inverse correlation between BCL2 expression
and the apoptotic rate has been demonstrated in PTCL (13), and
BCL2 overexpression in PTCLs seems to correlate with disease
progression through interactions with the p53-dependent pathway
(14). Thus, BCL2 may represent a potential therapeutic target.

Venetoclax is an anti-BCL2 agent approved in Europe for the
treatment of chronic lymphocytic leukemia (CLL) that has
shown therapeutic activity in mantle cell lymphoma (MCL)
and other hematological malignancies (15–17). We report the
results of a study from FIL that evaluated the activity of
venetoclax monotherapy in BCL2-positive R/R PTCL.
PATIENTS AND METHODS

FIL_VERT is an open-label, multicenter, single-arm phase II trial
with a two-stage Simon design that aimed to evaluate the activity
and safety of venetoclax as a single agent in patients with BCL2-
positive PTCL-NOS, AITL, or TFH who were R/R after at least
one previous standard line of treatment.

Twenty-one Italian centers belonging to FIL were involved in
the present study. Patients aged ≥18 years with a diagnosis of R/R
PTCL-NOS, AITL, or TFH and an Eastern Cooperative Oncology
Group (ECOG) performance status ≤2 were enrolled. Relapse
biopsy, if available, or otherwise the initial biopsy was centrally
revised (Division of Haematopathology, European Institute of
Oncology, Milan, Italy) according to the revised fourth edition of
the WHO classification of hematopoietic and lymphoid tumors
(1). The percentage of BCL2-positive tumor cells was scored
as follows, according to Bossard et al. (18): 4, >75%; 3, 50%–75%;
2, 25%–49%; 1, 5%–24%; 0, <5%. For central review and
confirmation of the diagnosis, fresh sections were cut from the
paraffin block(s) and used for immunohistochemistry to assess
the expression of BCL2. Only patients with ≥25% BCL2-positive
tumor cells in the relapse or initial biopsy were included in the
study. For all inclusion and exclusion criteria, see Supplement 1.

All patients provided written informed consent, and the study
was conducted in accordance with the Declaration of Helsinki.
The study protocol was approved by the ethical committee of
each participating site. The trial was registered at www.
clinicaltrials.gov (NCT03552692) and given EudraCT number
2017-004630-29.

The primary objective of the study was to evaluate the efficacy
of venetoclax in terms of ORR [complete response (CR) and
partial response (PR)] using the Revised Response Criteria for
Malignant Lymphoma (Lugano Classification) (19), which was
evaluated after three treatment cycles. Secondary objectives
included assessment of the CR rate, PR rate, stable disease
(SD) rate, overall survival (OS), time to response (TTR), PFS,
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duration of treatment, and safety. Finally, the explorative
objective was to assess the possible relationship between
response and BLC2 expression.

Thirty-five patients were planned to be enrolled. Given the two-
stage design of the study, a stop in recruitment was planned after
the enrollment of 18 patients to perform interim efficacy analysis.
To proceed to the second stage, the minimum number of patients
with anORRhad to be 3/18. Treatment consisted of oral venetoclax
(800 mg/day for 28 days/cycle) administered continuously as a
single agent until disease progression, unacceptable toxicity,
withdrawal of consent, and/or the investigator determined that
further therapy is not in the patient’s best interest. To reduce the
risk of tumor lysis syndrome (TLS), the dosage of venetoclax was
gradually increased in an initial ramp-up phase (Supplement 2).
Patients were also hospitalized for the first 72 h of treatment,
and intravenous hydration and antihyperuricemic drugs
were administered.

OS and PFS were estimated using the Kaplan–Meier product-
limit-method. Adverse events (AEs) were encoded according to
National Cancer Institute (NCI) Common Terminology Criteria
for Adverse Events v. 4.03.
RESULTS

Between May 2018 and November 2019, 22 patients were
enrolled and 17 were determined to be eligible; the diagnosis
was not centrally confirmed in one patient, BCL2 was <25% in
two patients, one patient withdrew consent, and one patient died
before starting the treatment. Patient characteristics are
summarized in Table 1. Two of the 17 patients had received
ASCT before venetoclax monotherapy. BCL2 positivity in
lymphoma cells was 25%–50% in nine patients (53%), 51%–
75% in one patient (5.8%), and >75% in seven patients (41.2%).

Overall therapeutic activity was observed in 3/17 patients
(18%). These included one 81-year-old patient in PR after three
cycles of treatment with venetoclax (Figure 1) that converted to
CR at cycle 9 and was maintained 24 months from the beginning
of treatment; this patient had PTCL-NOS histology with 50%
BCL2 lymphoma cell positivity. He was previously treated with six
cycles of age-adjusted CHOP, achieving CR that was maintained
for 12 months. Two additional patients had evidence of
improvement even without achieving the criteria for PR and for
this reason, according to the Lugano classification, were defined as
SD. These included a 58-year-old female with relapsed AITL
(BCL2 positivity 30%) who received venetoclax for 4 months
and experienced disease progression and a 77-year-old male with
refractory PTCL-NOS (BCL2 positivity 40%) who is still receiving
venetoclax 15 months since the beginning of treatment.

At a median follow-up of 8 months (range, 1–24 months),
two patients are currently still receiving treatment (one CR and
one SD). Fifteen patients (88.2%) interrupted the treatment due
to disease progression, all but one within five cycles of therapy.
Twelve patients (70.6%) died: eight (66.7%) due to Progression of
disease (PD) and four (40%) due to worsening of clinical
condition and infectious complications. Median OS and PFS
Frontiers in Oncology | www.frontiersin.org 3252
were 9 months (95% CI, 7.1–14.2) and 3.8 months (95% CI 2.0–
4.8), respectively (Figure 2).

A total of 12 patients experienced grade 3–4 hematological
toxicities: neutropenia (42%), thrombocytopenia (25%), and
anemia (25%). Nine patients (52.9%) experienced grade 3
extrahematological toxicities (two metabolism and nutrition
disorders, particularly hyponatremia and hypocalcemia, three
cases of pneumonia, one asthenia, two general disorders, and one
acute renal failure), whereas no cases of TLS were registered.

Because of the ORR rate <30%, enrollment was stopped at the
17 patients.
TABLE 1 | Patient’s characteristics at the time of enrollment.

Patient’s characteristics Patients (N = 17)

Age, median (range) 70 (29–86)
Age ≥60 years, n (%) 11 (64.7)
Age ≥70 years, n (%) 9 (52.9)

Sex
Male, n (%) 10 (58.8)
Female, n (%) 7 (41.2)
Histology
PTCL-NOS, n (%) 13 (76.5)
AITL, n (%) 4 (23.5)

Ann Arbor stage
I, n (%) 0 (0)
II, n (%) 1 (5.9)
III, n (%) 4 (23.5)
IV, n (%) 12 (70.6)

ECOG performance status
0 6 (35.3)
1 6 (35.3)
2 5 (29.4)

Systemic symptoms
Absent, n (%) 14 (82.3)
Present, n (%) 3 (17.7)

Bone marrow involvement
Negative, n (%) 7 (41.2)
Positive, n (%) 10 (58.8)
Bone marrow involvement ≥20%, n (%) 4 (23.5)

TLS risk group*
Missing data, n (%) 1 (5.9)
Low risk, n (%) 9 (52.9)
Intermediate risk, n (%) 7 (41.2)

Status of disease
Relapse 5 (29.4)
Refractory 12 (70.5)

Prior therapy, n (%)
1 8 (47.1)
2 7 (41.2)
3 1 (5.9)
4+ 1 (5.9)
Previous ASCT 2 (11.7)
Number of cycles, median (min–max) 2 (1–16)
1, n (%) 3 (17.6)
2, n (%) 6 (35.3)
3, n (%) 5 (29.4)
≥4, n (%) 3 (17.6)
December 2021 | Volume 1
*TLS risk group is defined by lymph node (LN) size and absolute lymphocyte count (ALC)
defining low-risk group for LN <5 cm and ALC <25 × 109/L, intermediate-risk group for LN
>5 cm and <10 cm or ALC ≥25 × 109/L, and high-risk group for LN >10 cm or ALC ≥25 ×
109/L associated with LN ≥5 cm. PTCL NOS, Peripheral T-cell Lymphoma not otherwise
specified; AITL, Angioimmunoblastic T-cell Lymphoma; ECOG, Eastern Cooperative
Oncology Group; TLS, tumor lysis syndrome.
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FIGURE 1 | Positron emission tomography (PET) images before (A) and after (B) three cycles of venetoclax.
FIGURE 2 | Overall survival (OS) and progression-free survival (PFS).
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DISCUSSION

FIL_VERT was designed as a proof-of-concept study to evaluate
the activity of venetoclax monotherapy in the setting of R/R
BCL2-positive PTCLs with the aim of performing a subsequent
trial with venetoclax in combination with other agents in case of
positive results. Considering that this was the first therapeutic
experience with the use of venetoclax in PTCL, the study was
designed in two stages according to Simon.

The characteristics of the 17 patients enrolled in the study
indicated high risk/poor prognosis. Unfortunately, despite the
biologic rationale and efficacy demonstrated by BCL2 inhibition
in other hematological malignancies, our preliminary experience
showed that venetoclax monotherapy had therapeutic activity in
only 18% of patients, with one case of CR. For this reason, the
study was stopped after enrollment of the first 17 patients. It is
important to point out that two patients (one CR and one SD)
experienced a durable therapeutic effect and are still receiving
venetoclax 17 and 18 months after beginning treatment,
respectively. No apparent relationship could be found, in our
small survey, between the level of BCL2 expression and response.
The safety profile was in line with previous studies of other
hematological malignancies, and no TLS was observed.

The lack of observed response could be due to cellular
mechanisms of resistance that have already been observed in
other hematological and solid neoplasms. The major determinants
of resistance to venetoclax in MCL and CLL patients have been
identified as the overexpression and de novo synthesis of BCL-XL

and MCL-1, antiapoptotic proteins belonging to the BCL2 family
(20). Other mechanisms of resistance observed in CLL patients
treated with venetoclax included early outgrowth of clones with
complex karyotype, mutations in BTG1, aberrations of CDKN2A/
B (21), and BCL2 mutation Gly101Val alone or associated with
other additional acquired BCL2 resistance mutations, as recently
reported (22, 23).

A possible strategy for circumventing resistance could be the
association with other agents (chemotherapy and/or monoclonal
antibodies or biological agents), as reported below.

In R/R follicular lymphoma (FL), despite a high level of BCL2
expression, venetoclaxmonotherapy has shown limited efficacy, with
anORR of 38% and only 14%CR rate (17). Several trials are ongoing
that combine venetoclax with other molecules and/or chemotherapy
in both previously untreated patients and in the setting of R/R FL
(e.g., NCT04722601, NCT03980171, NCT02956382).

Increased BCL2 levels are also reported in acute myeloid
leukemia (AML) patients, and a majority of AML blasts depend
on BCL2 for survival. Furthermore, high expression of BCL2 is
associated with poor prognosis with an inferior response to
chemotherapy (24). Though single-agent venetoclax has had
modest activity in AML, the association with azacitidine in
previously untreated patients has shown a synergistic effect,
with an incidence of a CR and a CR with incomplete
hematological recovery of 71% and a median response
duration of 21.1 months (25).

Similarly, in the 15%–20% of R/R multiple myeloma patients
who carry chromosomal translocation t(11;14), venetoclax has
demonstrated promising activity, with an ORR of 40% and 27%,
Frontiers in Oncology | www.frontiersin.org 5254
achieving at least a very good partial response (VGPR) (26). To
increase the rate of response, several trials of venetoclax in
combination with other agents are ongoing and some
preliminary results are available (e.g., venetoclax in association
with dexamethasone plus/minus bortezomib) (27).

In conclusion, our data suggest that a small number of R/R
patients with PTCL may benefit from venetoclax monotherapy.
Similarly to what has been observed in other hematological
malignancies, it is possible that the combination of venetoclax
plus other cytotoxic or biological agents may translate into a
synergistic activity and a higher response rate. BCL2 expression
alone seems to not be predictive of the response. Further studies
should attempt to identify the mechanisms of response and
resistance in this setting and define the predictive markers of
venetoclax efficacy.
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Lineage switch between myeloid and lymphoid in acute leukemia is well established as a
mechanism for leukemic cells to escape chemotherapy. Cross-lineage transformation is
also recognized in some solid tumors on targeted therapy, such as adenocarcinomas of
the lung and prostate that transforms to neuroendocrine carcinoma on targeted therapy.
Now lineage plasticity is increasingly recognized in mature lymphomas, such as small B-
cell lymphomas transforming to histiocytic/dendritic cell sarcoma. However, there is no
report of aggressive mature B-cell lymphoma switching from one histologic category to
another upon targeted therapy. We report here a case of high-grade B-cell lymphoma with
MYC and BCL6 rearrangements relapsing as a high-grade plasmablastic neoplasm with
MYC and BCL6 rearrangements after R-CHOP and R-EPOCH therapy. Being aware of
this rare scenario will help improve our understanding of the underlying mechanisms of
therapeutic resistance and progression of lymphoma.

Keywords: High-grade B-cell lymphoma, MYC, BCL2, BCL6, plasmablastic lymphoma, lineage switch, plasticity,
therapeutic resistance
INTRODUCTION

Significant advances have been made in cancer targeted therapy in the past decade. Unfortunately,
some patients who undergo targeted therapy experience relapse after a brief remission.
Accumulating evidence indicates that cancer cells change their identity by antigen remodeling
and phenotypic or lineage switching to cope with the adverse microenvironment and achieve
therapeutic resistance and tumor relapse and progression. Newly published data has shown that up
to 5% of EGFR-mutated adenocarcinomas of the lung on targeted therapy transform their histologic
subtype to neuroendocrine carcinoma. Similar trans-differentiation has also been reported in at least
20% of prostatic adenocarcinomas on antiandrogen therapy and some melanomas on MAPK
inhibitor treatment (1).

In hematopoietic neoplasms, lineage switch is not uncommon, mostly in immature tumors, as the
tumor cells have not yet fully differentiated and are multipotent like their normal counterparts. Cases
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of acute leukemia demonstrating lineage switch between myeloid
and lymphoid lineages during therapy have been increasingly
reported, particularly in those with KMT2A/MLL rearrangement
and/or after CD19-targeted immunotherapies including
blinatumomab and CAR-T cells (2–4). In contrast, lymphomas
deriving frommature lymphoid cells are considered lineage stable.
Nevertheless, evidence has emerged that mature lymphomas could
transform from one lineage to another at recurrence. Patients with
several types of small B-cell lymphomas, including follicular
lymphoma, chronic lymphocytic leukemia/small lymphocytic
lymphoma, mantle cell lymphoma, and marginal zone
lymphoma, can develop clonally-related histiocytic/dendritic cell
sarcomas (5–17). Recently, Zhang et al. and Kawashima et al. each
reported one case of mantle cell lymphoma switching lineage to
non-hematopoietic sarcoma with neuromuscular immuno-
phenotypic features (18, 19). Besides the lineage switch to non-
hematopoietic neoplasms in mature B-cell lymphomas, clonally-
related classic Hodgkin lymphoma can be seen at relapse in
patients with non-Hodgkin lymphomas including primary
mediastinal large B-cell lymphoma and follicular lymphoma
(FL), and vice versa (20, 21).

Among non-Hodgkin lymphomas, other than the histologic
progression from small B-cell lymphoma to large B-cell
lymphoma (LBCL) with a similar immunophenotype or verse
visa, such as FL progressing to LBCL or LBCL relapsing as FL
(22), however, there is no report so far of aggressive mature B-
cell neoplasms switching from one histologic category to
another. Here we report a patient with a high-grade B-cell
lymphoma (HGBL) with MYC and BCL6 rearrangements. The
patient received multiple intensive treatments combined with
Rituximab and achieved complete remission, but quickly
developed a high-grade plasmablastic neoplasm with retained
MYC and BCL6 rearrangements. To the best of our knowledge,
this is the first report of histologic subtype switch of high-grade
non-Hodgkin lymphoma, which provides further evidence that
Frontiers in Oncology | www.frontiersin.org 2258
fully differentiated mature B-cell lymphoma cells retain the
lineage plasticity to escape chemotherapy.
CASE DESCRIPTION

A 42-year-old man who had a 4-year history of HIV infection
and was not compliant with HAART therapy presented with
night sweat and progressive lymphadenopathy in the bilateral
neck and groin regions in May 2017. His complete blood count
was WBC 4.17 x 103/ul, Hgb 9.3 g/dL, and PLT 180 x 103/ul, with
a CD4 count of 161/ul. Position-emission tomography/
computed tomography (PET/CT) scan showed extensive
hypermetabolic lymphadenopathy involving bilateral cervical,
bilateral axillary, subpectoral, mediastinal, bilateral hilar,
gastro-hepatic, portacaval, periportal, retroperitoneal,
mesenteric, bilateral iliac, and bilateral inguinal chains as well
as diffuse hypermetabolism in the adenoidal soft tissue and
palatine tonsils, hypermetabolism in the left parotid region,
focal hypermetabolism in the left T8 paravertebral region,
and splenomegaly.

A right inguinal lymph node biopsy showed a large cell
lymphoma with starry sky appearance and frequent mitoses
(Figure 1). The lymphoma cells demonstrated frequent distinct
nucleoli and pale cytoplasm. They were positive for PAX5, CD20,
BCL6, MUM1 (subset), MYC, and BCL2, and were negative for
CD5, CD10, CD30, CD138, cyclin D1, and EBER. The Ki-67
proliferation rate was ~70%. Fluorescence in situ hybridization
(FISH) revealed MYC and BCL6 rearrangements. No BCL2
rearrangement was detected. PCR clonality assay showed
polyclonal IgH rearrangement. However, the quality of DNA
was low. A bone marrow biopsy was negative for lymphoma. The
patient was diagnosed with HGBL with MYC and BCL6
rearrangements. He was treated with 2 cycles of R-CHOP
(rituximab, cyclophosphamide, hydroxydaunorubicin,
FIGURE 1 | Morphology and immunophenotype of high-grade B-cell lymphoma with MYC and BCL6 rearrangements at initial diagnosis. The H&E showed a large
cell lymphoma with starry sky appearance. The lymphoma cells demonstrated distinct nucleoli and pale cytoplasm. Frequent mitoses were present. The lymphoma
cells were positive for CD20, PAX5, MUM1 (subset), BCL6, MYC, and BCL2, and were negative for CD138. The Ki-67 proliferation rate was ~70%.
December 2021 | Volume 11 | Article 795330

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Liu et al. Phenotypic Switch of Lymphoma
vincristine, and prednisone), 4 cycles of R-EPOCH (rituximab,
etoposide, prednisone, vincristine, cyclophosphamide, and
hydroxydaunorubicin), and methotrexate for central nerve
system prophylaxis. PET/CT scan performed in January 2018
revealed no residual disease.

Unfortunately, he developed multiple masses on the right
thigh in July 2018. MRI of the right thigh without contrast
showed a 23 x 10 x 9 cmmass centering in the vastus intermedius
muscle and a 19 x 6 x 5 cm mass centering in the distal aspect of
the sartorius muscle as well as signal abnormalities involving the
greater trochanter, tibial plateau, and femoral condyle. A core
biopsy of one of the thigh masses showed a large cell neoplasm
with starry sky appearance and multi-focal necrosis (Figure 2).
The tumor cells demonstrated eccentric nuclei and pink
cytoplasm. They were positive for MYC, BCL2, MUM1, EMA,
CD138, and Kappa, and were negative for PAX5, CD20, BCL6,
CD5, CD30, CD56, ALK1, Lambda, and EBER. The Ki-67
proliferation rate was ~90%. A diagnosis of high-grade
neoplasm with plasmablastic differentiation was entertained,
with a differential diagnosis of plasmablastic lymphoma vs
high-grade plasma cell neoplasm. Again, PCR clonality assay
showed polyclonal IgH rearrangement based on a low-quality
DNA. He was treated with 2 cycles of ICE (ifosfamide,
carboplatin, and etoposide).

About 1-2 months later, PET/CT restaging revealed multiple
hypermetabolic lesions within the chest, abdomen, and pelvis.
An excisional biopsy of the abdominal wall mass showed a high-
grade neoplasm morphologically and immunophenotypically
similar to the thigh neoplasm. FISH analysis showed MYC and
BCL6 gene rearrangements. A diagnosis of plasmablastic
lymphoma was reached. He was treated with CEOP
(cyclophosphamide, etoposide, vincristine, and prednisone),
then Gemcitabine plus oxaliplatin, and palliative radiation due
to hydronephrosis caused by tumor compression.
Frontiers in Oncology | www.frontiersin.org 3259
Bone marrow biopsy performed in April 2019 was
morphological ly negat ive for lymphoma. However ,
chromosomal analysis detected in 2 of 20 cells a complex
karyotype including two concurrent rearrangements involving
the BCL6 andMYC genes in the form of t(3;14) and t(8;14): 47,X,
dic(Y;1)(q12;p12),+1,t(3;14)(q27;q32),dup(6)(p21.1p25),+7,t
(8;14)(q24.2;q32),dup(12)(q13q22),add(18)(q21.3)[2]/46,XY
[18]. He died in July 2019, 26 months after the initial diagnosis
of HGBL.
DISCUSSION

We report here a case of HGBL with MYC and BCL6
rearrangements switching to high-grade plasmablastic
neoplasm/lymphoma with retained MYC and BCL6
rearrangements at relapse. The initial lymphoma demonstrated
the typical morphology and phenotype of a mature LBCL. Despite
the extensive involvement of lymphoma initially, the patient
responded well to chemotherapy combined with Rituximab and
achieved complete remission. After a brief remission, the patient
had an extensive relapse. The recurrent tumor demonstrated
plasmablastic morphology and immunophenotype, losing B-cell
markers (CD20, PAX5, and BCL6) and gaining plasmacytic
markers (CD138, EMA, and MUM1). The presence of both
MYC and BCL6 rearrangements in both tumors support the
clonal relatedness. Interestingly, despite retaining BCL6
rearrangement, BCL6, a molecule that is required to be
repressed for plasmacytic differentiation, was not expressed in
the recurrent tumor.

From the view of development, pluripotent stem cells
progressively lose their plasticity as they mature into
differentiated cells and maintain lineage stability after
maturation. Correspondingly, immature tumors have multi-
FIGURE 2 | Morphology and immunophenotype of high-grade plasmablastic neoplasm with MYC and BCL6 rearrangements at relapse. The H&E showed a large
cell neoplasm with starry sky appearance and focal necrosis. The tumor cells demonstrated eccentric nuclei and pink cytoplasm. Frequent mitoses were present.
The tumor cells were positive for EMA, MUM1 (diffuse strong), MYC, CD138, and Kappa, and were negative for CD20, PAX5, BCL6, and Lambda. The Ki-67
proliferation rate was ~90%.
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directional differentiation potential whereas mature tumors
typically show specific differentiation directions. However, this
traditional view has been challenged by the growing evidence
that terminally differentiated tumor cells do retain plasticity (23).
These cells have the potential to modify their molecular,
phenotypic, and histologic characteristics to cope with the
selective stresses from the microenvironment, especially after
targeted therapy. This plasticity is increasingly recognized as one
of the critical mechanisms involving tumor relapse, metastasis,
and therapeutic resistance (1).

In general, tumor cells change their identity along the path of
differentiation, backward or forward. Differentiated tumor cells
de-differentiating to an earlier stage, or even progenitor
phenotype, is commonly seen in soft tissue sarcoma (23–25).
Sometimes small B-cell lymphomas, such as marginal zone B-cell
lymphoma, demonstrate differentiation toward terminally
differentiated plasma cells, or even overwhelmed by plasma
cells, particularly after therapy (26, 27). Plasmacytic
differentiation requires downregulation of PAX5 and BCL6
expression mediated through upregulated MUM1 and BLIMP1
(28, 29). BCL6 is a master regulator for initiation of germinal
center reaction and maintenance of germinal center
immunophenotype in normal B-cells, and its downregulation
is required for their exit of germinal centers. PAX5 controls the
identity of B-cells and its downregulation leads to loss of
expression of other B-markers, facilitating upregulation of
genes for plasmacytic differentiation. Generally, B-cell
lymphoma loses only CD20 expression and retains B-cell
identity after Rituximab treatment. However, the recurrent
lymphoma in our patient lost expression of not only CD20 but
also PAX5 and BCL6. In addition, it gained expression of
MUM1, CD138, and EMA, indicating a switch to plasmacytic
immunophenotype. The loss of B-cell identify renders the
lymphoma cells less susceptible to the chemotherapeutic
regimens for B-cell lymphomas. Interestingly, PCR analyses
both at initial diagnosis and at relapse failed to detect
monoclonal IgH rearrangements based on low-quality of DNA.
Additional pathology material was not available for us to repeat
PCR analyses for IgH or immunoglobulin light chains. The false-
negative IgH rearrangement is well known in B-cell lymphomas
with translocations involving IgH. In such scenarios, V, D and J
segments are disrupted. In our case, both MYC and BCL6 had
IgH as the fusion partners. Another well-documented possibility
for the false-negative IgH analyses is the presence of extensive
somatic hypermutations of IgH gene prevents PCR amplification
(30). This possibility is supported by the findings of BCL6
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negativity by immunohistochemistry in the relapsed tumor
despite the presence of BCL6 rearrangement. However, both
initial and relapsed tumors showed MYC and BCL6
rearrangements, supporting that both tumors share a common
precursor lesion but diverge to two different histologic subtypes
of tumors at initial diagnosis and at relapse, somewhat analogous
to acute leukemia switching between myeloid and lymphoid
lineages, or analogous to branch evolution of FL (3, 4, 31, 32).
CONCLUSION

In summary, we report here a case of HGBL withMYC and BCL6
rearrangements switching to high-grade plasmablastic neoplasm
with MYC and BCL6 rearrangements. This is the first report of
aggressive mature B-cell neoplasm switching from one histologic
category to another, supporting the notion that fully differentiated
mature B-cell lymphoma retains plasticity, and expanding the
spectrum of lineage or phenotypic switch in B-cell lymphoma.
Being aware of this particular scenario will help improve our
understanding of the underlying mechanisms of tumor escape
from chemotherapy and develop novel anti-tumor therapy.
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Purpose: The aim of the study was to delineate the disease characteristics, the initial
treatment patterns, and survival in patients with mantle cell lymphoma (MCL) managed in
the real world.

Methods: Data of 518 MCL patients from 5 major Chinese Hematology Centers in the
period from 2007 to 2017 were retrospectively analyzed.

Results: The median age was 58 years. Of the patients, 88.6% had Eastern Cooperative
Oncology Group Performance Status (ECOG PS) 0–1 and 80.7% had advanced-stage
disease. Ki67 expression was <30% in 39.6% of the patients, and 43.2% of patients were
categorized into a low-risk group based on the Mantle Cell Lymphoma International
Prognostic Index (MIPI) scoring system. Overall, 73.4% of the patients received rituximab
as their first-line therapy. The most commonly used chemotherapy was the CHOP-like
(cyclophosphamide, hydroxydaunomycin, oncovin, and prednisone) regimen (45.2%),
followed by high-dose cytarabine-containing chemotherapy (31.3%) and bendamustine
(3.3%). Of the patients, 13.7% (n = 71) underwent consolidative autologous stem cell
transplantation (ASCT), and 19.3% (n = 100) received novel agents containing first-line
regimens. With a median follow-up time of 52 months, the 3- and 5-year overall survival
(OS) rates were 73.7% and 61.4%, respectively. Age ≤60 years, ECOG PS 0–1, stages
I–II, normal lactate dehydrogenase (LDH), absence of bone marrow involvement, Ki67 <30%,
and lower-risk IPI/MIPI scores were significantly associated with improved OS (p < 0.05).
The inclusion of rituximab improved the 5-year OS, with borderline significance (62.5% vs.
55.2%, p = 0.076). High-dose cytarabine-containing chemotherapy showed significant
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clinical benefit in 5-year OS (72.1% vs. 55.9%, p = 0.010). Patients with ASCT had better
5-year OS in the younger (≤60 years) age group (87.2% vs. 64.8%, p = 0.002).

Conclusion: This large retrospective dataset unequivocally confirmed the survival
advantage afforded by cytarabine-containing regimen and ASCT in a first-line setting
under real-world management in the rituximab era.
Keywords: mantle cell lymphoma, initial treatment, real-world data, the rituximab era, multicenter research
1 INTRODUCTION

Mantle cell lymphoma (MCL) is an incurable and heterogeneous
disease characterized by chromosomal t(11:14)(q13;32)
translocation and cyclin D1 overexpression (1). It represents
about 6%–9% of all newly diagnosed cases of non-Hodgkin’s
lymphomas (NHLs) in Western countries (1, 2). It has been
reported that the incidence in Asian countries is lower (about
1.5%–3.4%) (3, 4). Whether the clinical features in the Asian
population are the same as those of the Western population is
unknown. The clinical outcomes of MCL are associated with
disease biology and patient factors. About 10%–20% of MCL
patients present with an indolent course and can be managed
with the “watch-and-wait” strategy for a period of time (5). In
patients with symptomatic and aggressive course, intensive
chemotherapy containing high-dose cytarabine followed by
consolidative autologous stem cell transplantation (ASCT)
have been used in younger and fit patients, while less intensive
chemo-immunotherapy and maintenance therapy are suitable
for older or physically unfit patients. Many Chinese patients
cannot tolerate full-dose intensive chemotherapy or may choose
the less intensive chemotherapy as the first-line therapy due to
personal preference. There is a paucity of reported data on the
initial treatment patterns and clinical outcomes in Chinese
patient populations managed in the rituximab era. The aim of
the study was to delineate the disease characteristics, treatment
strategies, and survival in real-world Chinese MCL patients.
2 METHODS

2.1 Patients and Data Collection
Retrospective data of newly diagnosed MCL patients were
collected from 5 major Chinese Hematology Centers in Beijing,
Guangzhou, Nanjing, Shanghai, and Suzhou in the period from
2007 to 2017. The diagnosis for MCL was based on characteristic
immunophenotype and cyclin D1 immunohistochemistry
staining. The stage was evaluated by PET/CT or CT scan of
the neck, chest, abdomen, and pelvis and by bone marrow
biopsy. For patients with gastrointestinal involvement
indicated during imaging examination, gastrointestinal
endoscopy was conducted. Patients with unconfirmed
diagnostic histology, unknown initial treatment, or missing
outcome data were excluded. The analysis was approved by the
Institutional Review Board of the lead institution of The First
Affiliated Hospital of Soochow University and all other
2263
participating institutions. Data cut for the last follow-up
occurred on 31 October 2019.

In total, 518 cases were included in the final analysis, out of
605 cases initially diagnosed with MCL. Of the 87 cases that were
excluded, 51 cases were subsequently determined by the
Pathology Department at each center to be non-MCL in
December 2019 based on the 2016 revision of the World
Health Organization Classification of lymphoid neoplasms (6).
Another 36 cases were excluded due to conflicting survival data
between the first and the second follow-up, conducted between
July 2018 and October 2019.

2.2 Statistical Analysis
Median follow-up time was estimated for overall survival (OS)
using the reverse Kaplan–Meier method. OS time was calculated
from the date of diagnosis to the date of death or date of the last
follow-up, whichever comes first. Differences between the clinical
characteristics and therapy strategies were analyzed with the chi-
square test. The Kaplan–Meier estimator was used to estimate
survival probability. Survival differences between groups were
calculated using the log-rank test for statistical significance. The
confidence intervals of the survival rates were calculated using
Greenwood’s formula. Univariate and multivariate analyses with
the Cox proportional hazards model were conducted to estimate
the effects of prognostic factors on survival. All statistical tests
were two-sided, with an alpha level of 0.05 as the significance
cutoff. All analyses were performed in SAS statistical software,
version 9.4 (SAS Institute, Cary, NC, USA).
3 RESULTS

3.1 Patient Characteristics
A total of 518 newly diagnosed MCL patients with a confirmed
diagnosis and longitudinal treatment history and outcome data
were included in the analysis. The median age was 58 years
(range = 28–83 years), with 59.7% of the patients not older than
60 years; the male-to-female ratio was 3.35:1. Of all patients,
88.6% had Eastern Cooperative Oncology Group Performance
Status (ECOG PS) 0–1 and 80.7% had advanced-stage disease.
Ki67 expression was <30% in 39.6% and was ≥30% in 44.6% of
the patients. About 27.6% of the patients presented with
International Prognostic Index (IPI) of 3–5, and 37.8% had
intermediate- and high-risk Mantle Cell Lymphoma
International Prognostic Index (MIPI) scores (Table 1).
January 2022 | Volume 11 | Article 770988
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The elderly group (patients over 60 years, 40.3%) was similar
to the younger group (patients younger than 60 years) in gender
distribution and stage status. Patients in the elderly group had a
higher rate of poor ECOG PS, Ki67 expression ≥30%, elevated
lactate dehydrogenase (LDH), and bone marrow involvement
compared with younger patients. Since age was an important
factor in both MIPI and IPI scores, the proportions of patients
with intermediate- and high-risk MIPI and with IPI scores of 3–5
in the elderly group were higher than that in the younger group
(71.2% vs. 15.2%, p < 0.001; 52.7% vs. 10.6%, p < 0.001,
respectively) (Table 1).

3.2 Treatment Description
In the entire cohort, 73.4% (n = 380) of patients received
rituximab as their first-line therapy. The use of rituximab was
similar in the different age groups. A total of 162 (31.3%) patients
were treated with high-dose cytarabine-containing
chemotherapy. The most commonly used cytarabine-
containing regimens were Hyper-CVAD (cyclophosphamide,
Frontiers in Oncology | www.frontiersin.org 3264
vincristine, adriamycin, and dexamethasone) (83 cases) and
DHAP (dexamethasone, Ara C, and cisplatin) (73 cases). The
proportion of patients receiving high-dose cytarabine-containing
chemotherapy was higher in the younger group than that in the
elderly group (42.4% vs. 14.8%, p < 0.001).

Apart from the high-dose cytarabine-containing chemotherapy
regimens, the most commonly used chemotherapy regimen was
the CHOP-like (cyclophosphamide, hydroxydaunomycin,
oncovin, and prednisone) regimen (45.2%). The proportions of
patients using other regimens, such as bendamustine-based, CVP-
like (cyclophosphamide, vincristine, and prednisolone), GemOx
(gemcitabine and oxaliplatin), and FC (fludarabine and
cyclophosphamide), were all less than 5%.

A total of 71 patients (13.7%) received ASCT as consolidation
therapy. In the younger group, 68 patients (22.0%) received
ASCT as consolidation therapy. Three patients over 60 years
received ASCT, including a 68-year-old patient.

Among the 518 patients, 100 (19.3%) received regimens
containing new drugs as their first-line therapy, such as
bortezomib (n = 28, 5.4%), ibrutinib (n = 20, 3.9%),
lenalidomide (n = 18, 3.5%), and thalidomide (n = 34,
6.6%) (Table 2).

3.3 Comparison of Survival Between
Different Patient Characteristics
The median follow-up time was 52 months. During the analysis,
188 (36.3%) patients had died. The 3- and 5-year OS rates were
73.7% and 61.4%, respectively. Based on log-rank test analysis,
the median OS for patients in the younger group was 119 months
compared with 59 months in the elderly group (3-year OS =
81.3% vs. 62.8%, 5-year OS = 70.7% vs. 48.2%, p < 0.001). Except
for gender, the stratification of all other baseline characteristics
(including ECOG PS, Ann Arbor stage, LDH, bone marrow
status, Ki67, IPI, and MIPI) provided a reliable prediction of the
OS rates (p < 0.001, p = 0.025, p < 0.001, p < 0.001, p < 0.001, p <
0.001, and p < 0.001, respectively) (Figure 1).

3.4 Comparison of Individual
Treatment Regimens
3.4.1 Rituximab
Patients receiving rituximab trended toward better outcomes
compared with those without rituximab in the entire cohort (3-
year OS = 74.4% vs. 69.0%, 5-year OS = 62.5% vs. 55.2%, p =
0.076) (Figure 2A). The inclusion of rituximab had similar
efficacy in both the younger group and the elderly group
(younger group: 3-year OS = 81.0% vs. 79.0%, 5-year OS =
72.7% vs. 64.9%, p = 0.169; elderly group: 3-year OS = 64.6% vs.
53.5%, 5-year OS = 48.6% vs. 39.9%, p = 0.142).

3.4.2 First-Line Chemotherapy
The use of high-dose cytarabine showed significant clinical
benefit in OS (3-year OS = 77.2% vs. 71.1%, 5-year OS =
72.1% vs. 55.9%, p = 0.010) (Figure 2B). Nearly half of the
patients (45.2%) received CHOP-like regimens, with the 3- and
5-year OS at 73.9% and 58.0%, respectively. In addition, patients
receiving moderate regimens, such as CVP-like regimen, had a
TABLE 1 | Patient characteristics in different age groups.

Total N (%) Age (years) p-value

≤60, N (%) >60, N (%)

No. of patients 518 309 (59.7) 209 (40.3) –

Age median (range) 58.00 (28.00–83.00) –

Gender
Male 399 (77.0) 243 (78.6) 156 (74.6) 0.288
Female 119 (23.0) 66 (21.4) 53 (25.4)

ECOG PS
0–1 459 (88.6) 284 (91.9) 175 (83.7) 0.003
>1 44 (8.5) 17 (5.5) 27 (12.9)
Missing 15 (2.9) 8 (2.6) 7 (3.3)

Ann Arbor stage
I–II 62 (12.0) 34 (11.0) 28 (13.4) 0.480
III–IV 418 (80.7) 249 (80.6) 169 (80.9)
Missing 38 (7.3) 26 (8.4) 12 (5.7)

MIPI
High risk 96 (18.5) 24 (7.8) 72 (34.4) <0.001
Intermediate risk 100 (19.3) 23 (7.4) 77 (36.8)
Low risk 224 (43.2) 191 (61.8) 33 (15.8)
Missing 98 (18.9) 71 (23.0) 27 (12.9)

IPI
0–1 142 (27.4) 129 (41.7) 13 (6.2) <0.001
2 138 (26.6) 75 (24.3) 63 (30.1)
3 112 (21.6) 31 (10.0) 81 (38.8)
4–5 31 (6.0) 2 (0.6) 29 (13.9)
Missing 95 (18.3) 72 (23.3) 23 (11.0)

LDH
Elevated 96 (18.5) 49 (15.9) 47 (22.5) 0.043
Normal 220 (42.5) 139 (45.0) 81 (38.8)
Missing 202 (39.0) 121 (39.2) 81 (38.8)

BM positive
No 247 (47.7) 165 (53.4) 82 (39.2) 0.002
Yes 217 (41.9) 115 (37.2) 102 (48.8)
Missing 54 (10.4) 29 (9.4) 25 (12.0)

Ki67
<30% 205 (39.6) 136 (44.0) 69 (33.0) 0.032
≥30% 231 (44.6) 130 (42.1) 101 (48.3)
Missing 82 (15.8) 43 (13.9) 39 (18.7)
ECOG PS, Eastern Cooperative Oncology Group Performance Status; MIPI, Mantle Cell
Lymphoma International Prognostic Index; IPI, International Prognostic Index; LDH, lactate
dehydrogenase; BM, bone marrow.
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3-year OS of 50.0%. Among the patients who received
bendamustine-based regimens (n = 17, 3.3%), the 3- and 5-
year OS rates were 88.2% and 69.1%, respectively. The 3- and 5-
year OS rates were 81.4% and 74.0% in patients receiving the V-
CAP (bortezomib, cyclophosphamide, adriamycin, and
prednisone) regimen (n = 18, 3.5%) (Table 3).

3.4.3 Autologous Stem Cell Transplant
In the entire cohort, patients with consolidative ASCT achieved
3- and 5-year OS rates of 87.8% and 84.5%, respectively, which
were significantly higher than those in patients without ASCT (3-
year OS = 70.6%, 5-year OS = 56.3%, p < 0.001) (Figure 2C). In
the younger group, patients with consolidative ASCT had better
survival outcomes (3-year OS = 87.2% vs. 78.4%, 5-year
OS = 87.2% vs. 64.8%, p = 0.002).

3.5 Prognostic Factors
The results of the univariate analysis of independent factors are
listed in Table 4. Based on the multivariate analysis, high-risk
Frontiers in Oncology | www.frontiersin.org 4265
MIPI [hazard ratio (HR) = 2.32, 95% CI = 1.30–4.14, p = 0.0042),
Ki67 ≥30% (HR = 2.11, 95% CI = 1.37–3.24, p = 0.0007),
treatment with a rituximab-containing regimen (HR = 0.55,
95% CI = 0.33–0.91, p = 0.0197), and treatment with a high-
dose cytarabine-containing regimen (HR = 0.50, 95% CI = 0.27–
0.92, p = 0.0252) were independent risk factors for the prediction
of OS.
4 DISCUSSION

This retrospective, multicenter, real-world study presents the
largest Chinese patient cohort of MCL to date. MCL is a
heterogeneous and incurable type of lymphoma with highly
varied clinical courses. The treatment strategies for MCL have
evolved rapidly during the last decade, while the implementation
of treatment guidelines remains variable globally due to local
practices and access to care. In our study, we investigated the
association between the clinical features, initial treatment
strategies, and outcomes of MCL patients seeking initial
treatment at major academic hematology centers within China.

The 3- and 5-year OS rates of the entire cohort were 73.7%
and 61.4% in this study. In the younger group, the 3- and 5-year
OS rates were 81.3% and 70.7%, respectively. In contrast, these
were 62.8% and 48.2% in the elderly group, respectively. The
survival rate appeared to be higher than other real-world data
reported from the UK (3-year OS = 43.9%) (7) or Scandinavia (3-
year OS = 51%–61%) (8). Several factors potentially account for
the differences. Patients with complete diagnosis and treatment
data available in this study had a median age of 58 years, which
was younger than the median age of patients in Western
populations (9). The majority of patients seeking care at major
medical centers had good performance status, and nearly half of
the patients had low-risk MIPI/IPI scores, which correlated with
favorable survival. In comparison to population-based studies,
the improved survival from the current study may reflect referral
and treatment decisions that were selected for younger and fit
patients at the major urban referral centers. Nonetheless, the
clinical parameters retained robust prognostic significance
within the study cohort.

Combining rituximab in the CHOP regimen had been
confirmed to improve the objective response rate and the
complete remission rate compared to chemotherapy alone in a
prospective randomized trial in young MCL patients in 2005
(10). Rituximab chemotherapy has since been incorporated into
the National Comprehensive Cancer Network (NCCN)
guideline. The recommended frontline treatment for younger
patients was intensive chemotherapy with a high-dose
cytarabine-containing regimen with rituximab. The survival
benefit of adding rituximab to the CHOP regimen has also
been demonstrated in previous randomized (11) and
observational (12) studies for elderly MCL patients. The
bendamustine plus rituximab regimen conferred better
progression-free survival (PFS) in elderly patients compared
with the R-CHOP regimen in the StiL and BRIGHT studies
(13, 14). Since the expense of rituximab could not be covered by
TABLE 2 | Treatment summary in different age groups.

Total N
(%)

Age (years) p-
value

≤60, N (%) >60, N
(%)

No. of patients 518 309
(59.7%)

209
(40.3%)

–

Rituximab-containing
regimen
No 109 (21.0) 65 (21.0) 44 (21.1) 0.945
Yes 380 (73.4) 228 (73.8) 152 (72.7)
Missing 29 (5.6) 16 (5.2) 13 (6.2)

HDAC regimen
No 326 (62.9) 161 (52.1) 165 (78.9) <0.001
Yes 162 (31.3) 131 (42.4) 31 (14.8)
Missing 30 (5.8) 17 (5.5) 13 (6.2)

ASCT
No 419 (80.9) 225 (72.8) 194 (92.8) <0.001
Yes 71 (13.7) 68 (22.0) 3 (1.4)
Missing 28 (5.4) 16 (5.2) 12 (5.7)

First-line chemotherapy
CHOP-like 234 (45.2) 140 (45.3) 94 (45.0) <0.001
Hyper-CVAD 83 (16.0) 62 (20.1) 21 (10.0)
DHAP 73 (14.1) 62 (20.1) 11 (5.3)
V-CAP 18 (3.5) 6 (1.9) 12 (5.7)
Bendamustine-based 17 (3.3) 1 (0.3) 16 (7.7)
CVP-like 12 (2.3) 4 (1.3) 8 (3.8)
GemOx 12 (2.3) 0 (0.0) 12 (5.7)
FC 9 (1.7) 5 (1.6) 4 (1.9)
Others 23 (4.4) 10 (3.2) 13 (6.2)
Missing 37 (7.1) 19 (6.1) 18 (8.6)

First-line novel agents
Bortezomib 28 (5.4) 14 (4.5) 14 (6.7) <0.001
Ibrutinib 20 (3.9) 4 (1.3) 16 (7.7)
Lenalidomide 18 (3.5) 9 (2.9) 9 (4.3)
Thalidomide 34 (6.6) 14 (4.5) 20 (9.6)
No 418 (80.7) 268 (86.7) 150 (71.8)
HDAC, high-dose cytarabine-containing; ASCT, autologous stem cell transplantation;
CHOP, cyclophosphamide, hydroxydaunomycin, oncovin, and prednisone; CVAD,
cyclophosphamide, v incr ist ine, adr iamycin, and dexamethasone; DHAP,
dexamethasone, Ara C, and cisplatin; V-CAP, bortezomib, cyclophosphamide,
adriamycin, and prednisone; CVP, cyclophosphamide, vincristine, and prednisolone;
GemOx, gemcitabine and oxaliplatin; FC, fludarabine and cyclophosphamide.
January 2022 | Volume 11 | Article 770988

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wu et al. MCL in the Real World
government-sponsored medical insurance until September 2017,
a number of patients enrolled before 2017 opted not to use
rituximab for economic reasons. In addition, China has been an
endemic area for hepatitis B virus (HBV) infection. Thus, some
patients had a high level of HBV DNA and could not receive
rituximab treatment. Consequently, only 73.4% of patients
received rituximab as part of their initial therapy in our study.
Compared to those without rituximab, patients receiving
Frontiers in Oncology | www.frontiersin.org 5266
rituximab in our study had superior OS with borderline
significance (3-year OS = 74.4% vs. 69.0%, 5-year OS = 62.5%
vs. 55.2%, p = 0.076). The benefit of rituximab on survival
was consistent with the results of other real-world studies (7,
8). Our data supported that immunochemotherapy was the
cornerstone of MCL induction in the rituximab era. The
survival data with rituximab maintenance after induction
therapy or consolidative ASCT were not collected in this
FIGURE 1 | Kaplan–Meier curves: overall survival (OS) in different patient characteristics.
A B C

FIGURE 2 | Overall survival (OS) of mantle cell lymphoma (MCL) patients. (A) With or without rituximab. (B) With or without high-dose cytarabine-containing (HDAC)
regimen. (C) With or without autologous stem cell transplantation (ASCT).
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analysis; therefore, their impact on PFS and OS in MCL Chinese
patients is undefined (15, 16).

Apart from rituximab, intensive chemotherapy and
cytarabine-containing regimens were the most important
factors in induction therapy for younger MCL patients, as
demonstrated in regimens such as R-DHAP or R-DHAx
(rituximab, dexamethasone, cytarabine, and oxaliplatin)
Frontiers in Oncology | www.frontiersin.org 6267
alternating with R-CHOP, R-Hyper-CVAD, or Nordic MCL
studies (15, 17–22). Our study demonstrated the benefits of
high-dose cytarabine-containing regimens in MCL patients (3-
year OS = 77.2% vs. 71.1%, 5-year OS = 72.1% vs. 55.9%,
p = 0.010). Data on the efficacy of and tolerance to cytarabine-
containing regimens of elderly Chinese patients remain scanty
and deserve attention in future studies.
TABLE 3 | Overall survival (OS) stratified by clinical features and therapy strategies in mantle cell lymphoma (MCL).

Total (event) Median (95% CI) 3-year OS (95% CI) 5-year OS (95% CI) p-value

Overall 514 (188) 95.0 (73.0–119.0) 73.7 (69.7–77.8) 61.4 (56.4–66.4)
Gender
Male 399 (149) 95.0 (69.0–119.0) 72.6 (67.9–77.3) 60.9 (55.3–66.6) 0.534
Female 119 (40) 95.0 (64.0–) 77.4 (69.4–85.5) 62.8 (52.2–73.4)

Age (years)
≤60 309 (87) 119.0 (96.0–) 81.3 (76.5–86.0) 70.7 (64.6–76.8) <0.001
>60 209 (102) 59.0 (42.0–73.0) 62.8 (55.9–69.7) 48.2 (40.3–56.1)

ECOG PS
0–1 459 (154) 97.0 (76.0–124.0) 77.5 (73.4–81.6) 64.4 (59.1–69.7) <0.001
>1 44 (30) 19.0 (5.0–35.0) 34.1 (19.6–48.6) 31.1 (16.8–45.5)

Ann Arbor stage
I–II 62 (16) (62.0–) 81.2 (70.6–91.8) 71.9 (58.2–85.6) 0.025
III–IV 418 (166) 74.0 (64.0–97.0) 71.6 (67.0–76.2) 58.1 (52.5–63.6)

MIPI
High risk 96 (55) 28.0 (18.0–47.0) 47.5 (37.0–58.0) 36.5 (25.3–47.8) <0.001
Intermediate risk 100 (43) 86.0 (42.0–) 67.4 (57.7–77.1) 54.8 (43.6–66.0)
Low risk 224 (60) 120.0 (95.0–) 83.5 (78.2–88.8) 69.7 (62.1–77.3)

IPI
0–1 142 (30) 120.0 (99.0–) 89.8 (84.5–95.1) 80.0 (71.9–88.1) <0.001
2 138 (47) 95.0 (53.0–) 76.5 (68.7–84.3) 58.8 (48.4–69.2)
3 112 (56) 42.0 (29.0–97.0) 57.8 (48.2–67.4) 45.7 (34.9–56.5)
4–5 31 (25) 16.0 (7.0–27.0) 20.3 (4.9–35.6) 12.2 (0.0–24.8)

LDH
Elevated 96 (51) 37.0 (26.0–48.0) 50.7 (39.8–61.6) 36.7 (25.2–48.2) <0.001
Normal 220 (67) 119.0 (72.0–) 81.4 (75.8–86.9) 65.9 (58.0–73.7)

BM positive
No 247 (74) 119.0 (76.0–) 80.2 (74.7–85.7) 66.5 (59.1–73.8) <0.001
Yes 217 (92) 69.0 (48.0–98.0) 66.9 (60.4–73.4) 54.7 (47.0–62.4)

Ki67
<30% 205 (56) 119.0 (82.0–) 84.9 (79.6–90.2) 69.1 (61.2–76.9) <0.001
≥30% 231 (94) 71.0 (53.0–95.0) 68.3 (61.8–74.7) 55.7 (48.1–63.4)

Rituximab-containing regimen
No 109 (54) 74.0 (46.0–103.0) 69.0 (60.0–78.0) 55.2 (44.9–65.5) 0.076
Yes 380 (128) 97.0 (69.0–) 74.4 (69.7–79.1) 62.5 (56.6–68.3)

HDAC regimen
No 326 (137) 74.0 (59.0–96.0) 71.1 (65.9–76.3) 55.9 (49.7–62.2) 0.010
Yes 162 (44) 143.0 (119.0–) 77.2 (70.2–84.1) 72.1 (64.3–79.9)

First-line chemotherapy
CHOP-like 234 (93) 73.0 (62.0–143.0) 73.9 (67.9–79.9) 58.0 (50.7–65.3) <0.001
Hyper-CVAD 83 (31) 119.0 (60.0–) 68.8 (58.4–79.3) 63.6 (52.4–74.9)
DHAP 73 (9) (74.0–) 85.8 (76.3–95.3) 85.8 (76.3–95.3)
V-CAP 18 (5) (37.0–) 81.4 (62.2–100.0) 74.0 (51.7–96.2)

Bendamustine-based 17 (5) (47.0–) 88.2 (72.9–100.0) 69.1 (46.4–91.7)
CVP-like 12 (8) 40.5 (5.0–57.0) 50.0 (21.7–78.3) –

GemOx 12 (5) 42.0 (1.0–) 65.6 (38.1–93.1) 43.8 (4.2–83.3)
FC 9 (8) 26.0 (3.0–103.0) 44.4 (12.0–76.9) 22.2 (0.0–49.4)

ASCT
No 419 (173) 73.0 (62.0–96.0) 70.6 (65.9–75.2) 56.3 (50.7–62.0) <0.001
Yes 71 (11) (–) 87.8 (79.8–95.8) 84.5 (74.5–94.4)
Ja
nuary 2022 | Volume 11 | Article
ECOG PS, Eastern Cooperative Oncology Group Performance Status; MIPI, Mantle Cell Lymphoma International Prognostic Index; IPI, International Prognostic Index; LDH, lactate
dehydrogenase; BM, bone marrow; HDAC, high-dose cytarabine-containing; ASCT, autologous stem cell transplantation; CI, confidence interval; CHOP, cyclophosphamide,
hydroxydaunomycin, oncovin, and prednisone; CVAD, cyclophosphamide, vincristine, adriamycin, and dexamethasone; DHAP, dexamethasone, Ara C, and cisplatin; V-CAP,
bortezomib, cyclophosphamide, adriamycin, and prednisone; CVP, cyclophosphamide, vincristine, and prednisolone; GemOx, gemcitabine and oxaliplatin; FC, fludarabine and
cyclophosphamide.
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The survival benefit of ASCT in MCL has been well
demonstrated (23, 24). In our study, consolidative ASCT was
significantly associated with improved OS in the younger group
(3-year OS = 87.2% vs. 78.4%, 5-year OS = 87.2% vs. 64.8%,
p = 0.002). However, less than one-third of the young MCL
patient group underwent ASCT in the real world (22.0% from
our dataset and 17%–31% from other real-world studies) (7, 8, 25).
Several factors may have limited broad access to ASCT, including:
1) comorbidities contraindicating ASCT; 2) failure in achieving
remission; 3) unsuccessful harvest of stem cells; 4) patient
preference due to treatment costs; and 5) availability of local
expertise for ASCT.

Novel agents have made their way into real-world practice,
first through the introduction of global clinical trials, followed by
market access for approved new drugs in relapsed and refractory
diseases. Bortezomib, lenalidomide, bendamustine, and Bruton’s
tyrosine kinase (BTK) inhibitors have all been approved for the
treatment of relapsed and refractory MCL. In recent years, VR-
CAP (bortezomib, rituximab, cyclophosphamide, adriamycin,
and prednisone) and lenalidomide + rituximab regimens have
shown favorable survival outcomes when compared with the R-
CHOP regimen directly or with historical data (26–28).
Compared with other drugs, BTK inhibitors as single agents
have shown higher overall response rates, complete remission
rates, and PFS, contributing to improved survival of relapsed and
refractory MCL patients (29, 30). The survival benefits conferred
by BTK inhibitors in Chinese patients have also been reported
(31). In addition, BTK inhibitors are being incorporated into
first-line regimens in multiple global phase 3 studies. In our
study, 100 patients (19.3%) received regimens containing new
drugs, namely, VR-CAP containing bortezomib, bendamustine
and rituximab (BR) with ibrutinib, and CHOP or GemOx with
either lenalidomide or thalidomide, in the context of either global
trials or off-label uses. With accelerated new drug approvals for
market access in China, Chinese oncologists will be equipped
with an increasing number of treatment strategies to
benefit patients.

There were several limitations of our study, mostly pertaining
to the retrospective nature of a hospital-based cohort. Firstly, our
study did not include temporal data of the earliest diagnosis and
the commencement of first-line therapy before hospitalization;
Frontiers in Oncology | www.frontiersin.org 7268
therefore, the data did not contain information on the “watch-
and-wait” strategy. Secondly, the lack of a prior standardization in
the induction regimen and drug dosage among the different
centers resulted in heterogeneity in first-line treatment. Thirdly,
the limited number of patients who received novel agents was
suboptimal for a thorough evaluation of their therapeutic benefits.

In conclusion, this large retrospective dataset of MCL patients
who received contemporaneous real-world management in
Chinese hematology centers confirmed the survival advantage
afforded by high-dose cytarabine-containing chemotherapy and
consolidative autologous stem cell transplantation in a first-line
setting. The majority of patients in this series were not older than
60 years with good performance status and lower-risk MIPI/IPI
scores, which correlated with more favorable survival in response
to chemo-immunotherapy. The incorporation of novel agents
signals infrastructural readiness to explore novel agents and
combinations in both first-line and relapsed settings. It
remains to be seen whether a broader demographic population
of MCL patients would be attracted to the Chinese academic
centers for longitudinal follow-up in the novel agent era,
including those more elderly and with comorbidities who are
unfit for chemotherapy and those asymptomatic who can be
initially managed with expectant watch-and-wait.
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TABLE 4 | Univariate and multivariate predictor analyses.

Univariable Cox Multivariable Cox

Variable HR (95%CI) p-value HR (95%CI) p-value

Ann Arbor stages III–IV 3.26 (1.32–8.04) 0.0104 2.22 (0.88–5.63) 0.0914
BM positive 1.86 (1.25–2.78) 0.0022 1.49 (0.96–2.32) 0.0749
MIPI
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Ki67 ≥30% 2.32 (1.52–3.54) <0.0001 2.11 (1.37–3.24) 0.0007
Rituximab regimen 0.62 (0.38–1.00) 0.0505 0.55 (0.33–0.91) 0.0197
HDAC regimen 0.34 (0.20–0.61) 0.0002 0.50 (0.27–0.92) 0.0252
ASCT 0.39 (0.19–0.80) 0.0102 0.65 (0.30–1.42) 0.2858
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ECOG PS, Eastern Cooperative Oncology Group Performance Status; LDH, lactate dehydrogenase; BM, bone marrow; MIPI, Mantle Cell Lymphoma International Prognostic Index; IPI,
International Prognostic Index; HDAC, high-dose cytarabine-containing; ASCT, autologous stem cell transplantation; CI, confidence interval.
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Leukemia transformed by the CALM-AF10 chromosomal translocation is characterized by
a high incidence of extramedullary disease, central nervous system (CNS) relapse, and a
poor prognosis. Invasion of the extramedullary compartment and CNS requires leukemia
cell migration out of the marrow and adherence to the cells of the local tissue. Cell
adhesion and migration are increasingly recognized as contributors to leukemia
development and therapeutic response. These processes are mediated by a variety of
cytokines, chemokines, and their receptors, forming networks of both secreted and cell
surface factors. The cytokines and cytokine receptors that play key roles in CALM-AF10
driven leukemia are unknown. We find high cell surface expression of the cytokine
receptor CXCR4 on leukemia cells expressing the CALM-AF10 oncogenic protein,
contributing to the migratory nature of this leukemia. Our discovery of altered cytokine
receptor expression and function provides valuable insight into the propagation and
persistence of CALM-AF10 driven leukemia.

Keywords: CXCR4, CXCL12, leukemia, migration, adhesion, CALM-AF10 leukemia
1 INTRODUCTION

The t(10;11)(p13;q14-21) chromosomal translocation results in the fusion of CALM (encoding the
gene for the clathrin assembly lymphoid myeloid protein, also known as phosphatidylinositol-
CALM (PICALM)) to MLLT10 (also known as AF10) and is a recurrent genetic abnormality in
acute lymphoid and myeloid leukemia. Nearly all of each individual gene is retained in this
translocation. The endogenous CALM protein is primarily involved in intracellular trafficking. It
associates with AP2 and clathrin, and functions to stabilize the clathrin-coated endocytic pit,
allowing for efficient cellular uptake of growth factors and other receptor-bound molecules (1).
Haploinsufficiency of CALM, as is found in cells expressing CALM-AF10, results in decreased
endocytic efficiency (2). It has been reported that CALM contains a nuclear export signal (NES),
allowing interaction with the CRM1/XPO1 nuclear export receptor. The NES is retained in the
CALM-AF10 fusion construct, where it facilitates nucleocytoplasmic shuttling, and is necessary for
leukemogenesis (3). AF10 is a transcription factor, binding to DNA through its leucine zipper
domain, which is necessary for leukemogenesis (4–6). AF10 binds Dot1L, the only known H3K79
methyltransferase, and recruits Dot1L to its target genes, including the HOXA gene cluster (7).
Upregulation of HOXA genes in CALM-AF10 leukemias is a driving factor in CALM-AF10
mediated leukemogenesis (8, 9).
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The CALM-AF10 translocation was first identified in a patient
with histiocytic sarcoma but is more commonly seen in T acute
lymphoblastic leukemia (T-ALL), where it makes up about 15%
of pediatric and adult cases (10–12). CALM-AF10 translocated
T-ALL is characterized by the presence of extramedullary
disease, CNS relapse, and poor response to therapy (12). This
translocation is also seen in acute myeloid leukemia (AML),
where it is associated with bulky hepatosplenomegaly,
mediastinal disease, and central nervous system (CNS)
leukemia (13).

Extramedullary and CNS leukemia development relies on
migration of the leukemia cell out of the bone marrow
compartment, and adhesion of the leukemia cells to cells of the
target organ (CNS, liver, spleen, or lymph nodes). Multiple
proteins have been implicated in this process, including several
members of the integrin and chemokine families (14–16). More
recently, interactions between leukemia cells and components of
the bone marrow microenvironment have been shown to be
critical for leukemic cell survival as well as resistance to
chemotherapy [reviewed in (17)]. Interactions of leukemic cells
with their microenvironment are mediated both by direct cellular
contact and via soluble factors. One such factor is C-X-C motif
chemokine receptor 4 (CXCR4), a cell surface G-protein coupled
chemokine receptor that is bound and activated by C-X-C
motif chemokine ligand 12 (CXCL12). CXCL12 can also enter
the vascular system, and its interaction with CXCR4+ circulating
hematopoietic stem cells (HSCs) is vital for HSC homing to the
bone marrow compartment (18). The CXCR4/CXCL12
interaction plays a role in malignant hematopoiesis as well.
Binding of CXCL12 to CXCR4 on leukemia cells activates
multiple proliferative and survival pathways (reviewed in (19)),
and high CXCR4 expression on leukemic blasts has been
identified as a poor prognostic factor in both ALL and AML
(20, 21). Finally, increased CXCR4 expression predicts the
development of extramedullary disease in pediatric ALL (22).

We report an increase in cell surface expression of CXCR4,
and a concomitant increase in the migratory behavior of cells
transformed by CALM-AF10. Using both human and mouse cell
line models, we examine the relationship between CXCR4
expression and phenotype in CALM-AF10 transformed
leukemias. Surprisingly, we do not find synergistic effect of
CXCR4 inhibition with traditional chemotherapy in these
leukemias, strongly suggesting caution in the broad use of
these inhibitors, and a more tailored approach to this
targeted therapy.
2 METHODS

2.1 Cell Culture
Human leukemia cell lines were cultured in RPMI 1640 (Fisher
Scientific, Waltham, MA, USA) supplemented with 100 units/
mL penicillin, and 100ug/mL streptomycin. U937 and Fujioka
cells were additionally supplemented with 10% fetal bovine
serum (Atlanta, USA) and 2mM L-glutamine. Kasumi-1 cells
were additionally supplemented with 20% fetal bovine serum and
Frontiers in Oncology | www.frontiersin.org 2272
MEM non-essential amino acids. Human mesenchymal stem
cells (hMSC) were cultured in a-MEM (ThermoFisher Scientific,
Waltham, MA, USA) media supplemented with 16.5% FBS,
2mM L-glutamine, 100 units/mL penicillin, and 100ug/mL
streptomycin. Murine leukemia cell lines were derived from
cells isolated from the marrow of leukemic mice (a generous
gift from Catherine Lavau, Duke University, North Carolina).
Hoxa9-Meis1 and CALM-AF10 transformed cells were cultured
in RPMI 1640 with 20% fetal bovine serum (Atlanta, USA),
100units/mL of penicillin and streptomycin, and 10ng/mL
mouse recombinant IL-3 (Stem Cell Technologies). Murine
embryonic fibroblasts (MEFs) were generated from Picalmfit1-5R

E14 embryos, immortalized with SV40, as previously described
(2). Plat-E cells were transiently transfected with the MSCV-
IRES-GFP encoding CALM-AF10 (3), or the MSCV-IRES-GFP
empty control vector using calcium phosphate. MEFs were then
retrovirally infected with these constructs by co-culture with
filtered Plat-E supernatant. Infection efficiency was measured by
flow cytometry at the time of cell line genesis, and intermittently
confirmed using fluorescent microscopy and western blot
analysis. All cell lines were incubated at 37°C with 5 percent
CO2. All human cell lines and were validated continually by
assessment of morphology and annually by short tandem repeat
(STR) analysis. Murine cell lines were validated continually by
assessment of morphology in cell culture and periodically by
western blot assessment of the presence or absence of the CALM-
AF10 fusion protein. In addition, all cells were confirmed
negative for Mycoplasma infection with the Mycoalert
detection kit (Lonza, Basel, CH) annually, or if any
morphologic or growth changes were identified.

2.2 Immunofluorescence
Samples of 5x105 cells per condition (CXCR4 stained and
negative control) for human and murine cell lines were spun
down at 1500 rpm for 5 minutes at room temperature, washed
twice with PBS and fixed with 3.7% formaldehyde while rotating
for 10 minutes. Fixed cells were washed twice with PBS, and
resulting pellets were resuspended in 200uL of sterile filtered PBS
per condition and transferred onto slides using the Shandon
Cytospin 4 (ThermoFisher Scientific, Waltham, MA, USA). Cells
were not permeabilized prior to staining, in order to specifically
evaluate presence of CXCR4 at the plasma membrane. Slides
were air dried for 5 minutes, washed in PBS with 0.5% BSA
(PBSA), and either incubated in primary antibody against
CXCR4, diluted 1:100 in PBSA (Abcam, Cambridge, UK), or
PBSA for 1hr at 37°C in the dark. Samples were washed once in
PBSA and incubated in secondary antibody anti-rabbit IgG
Alexa Fluor 488, diluted 1:800 (ThermoFisher Scientific,
Waltham, MA, USA), for 1hr at 37°C in the dark. Samples
were washed in PBSA and stained with 0.5ug/mL DAPI for 5
minutes in the dark and washed once with PBSA. Slides were
imaged using Zeiss Imager.Z2.

2.3 Western Blot
Total cellular protein was extracted from 1 x 106 cells by boiling
in 70uL of 1X protein loading buffer for 15 minutes. Protein
samples were resolved in a 10% SDS gel at 140 V for 1.15hr, and
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the resolved proteins were transferred to a nitrocellulose
membrane at 100 V for 2 hr. Membranes were blocked in 5%
milk in Tris-Buffered Saline (TBS) for 1hr, then incubated
overnight at 4°C in primary antibody against CXCR4 (Abcam
Cambridge, UK) or CALM (Sigma, St. Louis, MI, USA), diluted
1:1000 in TBS containing 0.1% TWEEN. Following primary
antibody incubation, membranes were washed 3x in TBST for
5 minutes and incubated with HRP-conjugated anti-rabbit
antibodies (1:10,000) for 1 hour. After washing as above,
membranes were developed with BioRad Molecular Imager
ChemDoc XRS+ system using a Clarity Western ECL substrate
kit (BioRad, Hercules, CA, USA). To confirm equal loading of
proteins across the experimental conditions, membranes were
subsequently incubated with a primary antibody against b-actin
at 1:1,000 (Cell Signaling Technologies, Danvers, MA, USA),
developed, and imaged as described above.

For co-culture experiments, 1.5x 105/mL hMSC cells were
plated on 10cm plates and incubated at 37°C with 5% CO2 for
24hrs. 4.5x 105/mL U937 cells were added to previously cultured
hMSCs and incubated at 37°C with 5% CO2 for 24hrs. Following
the 24hr incubation, co-cultured cells were exposed to 1uM of
AMD3465, a CXCR4 inhibitor (Selleck Chemicals, Houston, TX,
USA), for 4hrs. Suspension U937 cells were harvested at 1x 106/
70uL of 1X loading buffer and boiled for 15 minutes. Samples
were loaded on 15% SDS gel, run at 140 V for 3.36hr, and
transferred to a nitrocellulose membranes at 100 V for 2 hr. Five
percent BSA in Tris-Buffered Saline (TBS) was used to block
membranes for 1hr. Membranes were incubated in primary
antibody solutions with TBS containing 0.1% TWEEN for p44/
42 (ERK) at 1:1,000 (Cell Signaling Technologies, Danvers, MA,
USA) and phospho-p44/42 (phospho-ERK) at 1:2000 (Cell
Signaling Technologies, Danvers, MA, USA) overnight at 4°C.
Membranes were developed and imaged as stated above, and
subsequently incubated in b-actin as described above.

All western blots are done in duplicate with one
representative experiment shown.

2.4 Real-Time qPCR
Cells (1x 106) were harvested in 300uL of Trizol reagent and
RNA was extracted using Directzol RNA MiniPrep Plus kit
(Zymo Research, Irvine, CA, USA) and quantified using the
Thermo Scientific Nanodrop 2000. cDNA was synthesized using
SuperScript III Reverse Transcriptase kit (Fisher Scientific,
Waltham, MA, USA). Real-time PCR was performed on a
ViiA 7 Real-time PCR with the ITaq Universal SYBR Green
Supermix and probes for: human GAPDH forward (5’
ACCCACTCCTCCACCTTTGAC 3’), reverse (5’ TGTTG
CTGTAGCCAAATTCGTT 3 ’ ) ; CXCR4 forward (5 ’
CACTTCAGATAACTACACCG 3 ’) , and reverse (5 ’
ATCCAGACGCCAACATAGAC 3 ’); CXCL12 forward
(5’ GGACTTTCCGCTAGACCCAC 3’), and reverse (5’
GTCCTCATGGTTAAGGCCCC 3’).

2.5 Scratch Assay
One million MEFs were plated in a 6 well tissue culture plate 24
hours prior to the experiment, allowing growth to confluence. At
hour 24, a single scratch was made using a 200uL pipette tip. The
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media was aspirated off, each well was gently rinsed with PBS,
and 2mL fresh media slowly added. Cells were photographed at
hours 0, 4, and 8. Given the short time course of this experiment,
anti-mitotic agents were not used. Photographs were processed
by ImageJ to measure the area of the scratch at each time point.

2.5 Transwell Migration Assay
Corning transwell plates (8µm pore size, Fisher Scientific,
Waltham, MA, USA) were used to assess migration. CXCL12
(R&D Systems, Minneapolis, MA, USA), or control (PBS), was
added at 100ng/uL to 1.5x 105 Kasumi-1 and U937 cells and
incubated for 24hrs at 37°C with 5% CO2. After 24hrs, inserts
were removed, each well was agitated via pipette, and cells were
incubated for 30 minutes prior to imaging. Three images were
taken of each corresponding well and representative areas of each
image were analyzed via ImageJ (23). Two independent
investigators performed each analysis to assure reproducibility.
The above was repeated in U937 cells following a 4hr incubation
in 0.25uM, 0.5uM, or 1uM AMD3465 (Selleck Chemicals,
Houston, TX, USA) or control (water). Following a 4hr, 8hr,
and 24hr incubation in transwell plates, images were taken and
analyzed as detailed above.

2.6 Cytotoxicity Assays
2.6.1 Flow Cytometry
Human MSC cells were plated at 1x 105 cells/mL per well of a 6-
well plate. Cells were cultured for 8hrs, then 3x 105/mL U937
cells were added to the hMSCs culture. Co-cultures were
maintained for 16hrs at 37°C with 5% CO2. Twenty-four hours
from initial hMSC plating, Doxorubicin (1uM) and AMD3465
(1uM) (Selleck Chemicals, Houston, TX, USA) were added to co-
cultured cells and allowed to incubate 37°C with 5% CO2 for
24hrs. Suspension cells were removed from wells and combined
with corresponding adherent cells trypsinized with 0.25%
trypsin. Samples were washed once in phenol free RPMI 1640
media. Non-specific binding was blocked with normal mouse
IgG 1:200 (Santa Cruz Biotechnology, Dallas, TX, USA) in 1%
BSA (50uL per 1x 106 cells) for 30 minutes in the dark at 4°C.
Primary antibody APC-conjugated mouse, anti-human CD45
(BD Pharmingen, San Diego, CA, USA) was added to cell
solutions at 1:10, and incubated on ice for 30 minutes in the
dark. Cells were washed once with phenol free RPMI 1640 and
resuspended in 1uM DAPI solution. Samples were run on BD
LSRII and analyzed using FlowJo software.

2.6.2 BrdU Assay
Cells were plated at 5x105 cells/mL media and treated with one of
the following conditions: vehicle control (sterile water), 1uM
AMD3465, 2uM AMD3465, 2.5uM cytarabine, 100nM
cytarabine, 1uM AMD3465 + 2.5uM cytarabine, 1uM
AMD3465 followed four hours later by 2.5uM cytarabine, 1uM
AMD3465 + 100nM cytarabine, 1uM AMD3465 followed four
hours later by 100nM cytarabine, 2uM AMD3465 + 100nM
cytarabine, and 2uM AMD3465 followed four hours later by
100nM cytarabine. Treated cells were incubated at 37 degrees
with 5% CO2 for 48 hours and were then analyzed by BrdU
staining (Cell Signaling Technology, Danvers, MA, USA).
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Absorbance was read at 450nM on a Perkin Elmer multimode
plate reader.

2.7 Statistical Analysis
All data are expressed as the mean ± Standard Error of the Mean
(SEM), unless otherwise noted. Differences between two
experimental groups were analyzed by unpaired t-test. Ordinary
one-way ANOVA was used to compare differences between
multiple groups. A p-value ≤ 0.05 was considered significant.
3 RESULTS

3.1 Enhanced Cell Migration in
CALM-AF10 Transformed Cells
Murine embryonic fibroblasts (MEFs) were stably infected with
CALM-AF10 or an empty vector (Figure 1A), and scratch assays
were performed to assess the impact of the CALM-AF10 fusion
oncoprotein on cell migration. Cells were plated the day prior to
achieve confluence at the time of scratch. Closure of the wound
was examined at four and eight hours post scratch infliction, and
percent wound closure calculated. The CALM-AF10 transformed
MEFs showed a 35 percent wound closure at 4 hours, compared
to 19% closure in the empty vector cells (p<0.05). This difference
was magnified at the 8-hour time point, with CALM-AF10
transformed cells showing a 85% closure, compared with 61%
in the empty vector cells (p=0.04) (Figures 1B, C).

We then examined the migratory behavior of human
leukemia cell lines and sought to identify cytokines that could
be involved in the migration of CALM-AF10 leukemias. Because
CXCL12 is the primary ligand for the CXCR4 receptor, we
investigated the migratory behavior of CALM-AF10
translocated leukemias when treated with CXCL12. We found
that CALM-AF10 translocated U937 cells demonstrated an
increase in cell migration upon stimulation with CXCL12,
whereas the CALM-AF10 negative Kasumi-1 cells did not have
a significant change in cell migration with the addition of
CXCL12. U937 cells exhibited a nearly 3-fold increase in
migration compared to Kasumi-1 cells when treated with
100ng/mL CXCL12 over a 24hr period (Figures 1D, E, n=3,
p< 0.001). CXCL12 is measured in U937 and Kasumi1 cells by
qPCR and reveals that CXCL12 is not expressed in either cell line
at any significant level (Figure 1F: CXCR4 expression is shown
as a reference). When analyzing the effects of a CXCR4 inhibitor,
we found that AMD3465 treatment decreased the migration of
CALM-AF10 translocated leukemias. Following a 4hr treatment
with 1uM AMD3465, U937 cells treated with 100ng/mL of
CXCL12 for 24 hours had a 6-fold decrease in migration
compared to cells exposed to vehicle control (Figure 1G, n=3,
p< 0.01). Dose and time response curves with and without
CXCL12 as a chemoattractant reveal migration of U937 cells
over time (normalized to the 0 AMD3465 condition) is
minimally impacted by increasing concentrations of AMD3465
in the absence of CXCL12. There is a trend toward diminished
migration with low doses of AMD3465 in the presence of
CXCL12 (Figure 1H). Time course experiments reveal a trend
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toward a greater impact of CXCL12 with short exposures to
chemoattractant (Figure 1I: 0uM AMD3465 at 4 hour vs 24
hour, p=0.06). These observations indicate that AMD3465 exerts
an inhibitory effect on migration of CALM-AF10 expressing
leukemia cells.

3.2 Increased Expression of CXCR4 in
CALM-AF10 Leukemia
We assessed CXCR4 expression in U937 and Fujioka, two
myeloid leukemia cell lines containing the CALM-AF10
translocation, and compared it with that in Kasumi-1, a
myeloid leukemia cell line that does not express CALM-AF10.
The mRNA expression of CXCR4 in the U937 and Fujioka cells
was 100-fold greater when compared with the Kasumi-1 cells
(Figure 2A, p< 0.001). Consistent with the elevated transcript
levels, total CXCR4 protein was also increased in CALM-AF10-
translocated cell lines (Figure 2B). Immunofluorescence
microscopy further revealed that CXCR4 was primarily
localized at the plasma membrane, to a greater degree in
CALM-AF10 translocated leukemias (Figure 2C).

We determined the CXCR4 expression in secondary murine
cell line models, characterized by either CALM-AF10 or Hoxa9-
Meis1 chromosomal translocations, to further validate the
relationship between CALM-AF10 and increased CXCR4
expression in human AML cell lines. In concordance with our
findings in the human cell line models, we found an increase in
total protein expression and plasma membrane receptor
expression in the murine CALM-AF10 leukemia cells relative
to the Hoxa9-Meis1 translocated cells (Figures 2D, E).

3.3 Effect of CXCR4 Inhibition in
Combination With Doxorubicin
We next examined the potential of CXCR4 as a therapeutic target
in CALM-AF10-driven leukemia. We co-cultured the CALM-
AF10 expressing U937 cell line with human mesenchymal stem
cells (hMSCs) to model the interaction between the bone marrow
microenvironment and leukemia cells. With CD45 as a marker
for leukemia cells, we employed dual color flow cytometry to
separate and analyze the effect of targeted and cytotoxic
treatments on leukemia cells in co-culture. We utilized this
system to investigate the possible synergistic effect of
AMD3465, a CXCR4 inhibitor, in combination with
doxorubicin, a standard chemotherapeutic agent. We first
assessed the ability of AMD3465 to inhibit CXCR4 activation
by examining its effect on the MAPK pathway, a known
downstream effector of CXCR4 signaling. U937 cells were
cultured with hMSCs for 24hrs before treatment with 1uM of
AMD3465 for 4hrs. hMSCs are known to express the ligand for
CXCR4, CXCL12. We confirmed expression of CXCL12, as well
as lack of CXCR4 expression, in our hMSCs via qPCR
(Figure 3A). Western blot analysis revealed a decrease
specifically in the phosphorylated ERK after AMD3465
treatment (Figure 3B), confirming an active CXCR4 signaling
cascade in CALM-AF10 expressing leukemia cells. We then
examined the impact of AMD3465 on activation of the ERK
pathway on U937 cells that were cultured in charcoal stripped,
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phenol-free RPMI and treated with CXCL12 in order to further
examine the impact of specific CXCR4 inhibition. Western blot
analysis again revealed a decrease in pERK/ERK in the
AMD3465 treated cells (Figure 3C). Total ERK levels were
used as a control and remained unchanged.
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We next sought to evaluate the cytotoxic effect of CXCR4
inhibition. Following 16hrs of co-culture, cells were exposed to
either 1uM AMD3465, 1uM doxorubicin, or the combination for
24hrs and analyzed for cell viability using flow cytometry. One
micromolar dosing of doxorubicin is known to be cytotoxic to
A B C
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FIGURE 1 | CALM-AF10 leukemia cells show enhanced migration, influenced by CXCL12. (A) A Western blot of MEFs transformed by empty vector (EV) or CALM-AF10
(CA) confirms the presence of the CA oncoprotein. (B) Accelerated wound closure in murine embryonic fibroblasts (MEFs) transformed by CALM-AF10. (C) Representative
images from one replicate of scratch assay demonstrate more rapid wound closure in CALM-AF10 transduced MEFs. (D) Representative images from one transwell assay
are shown. (E) The impact of CXCL12 as a stimulant for cell migration is examined in U937 and Kasumi cells. (F) qPCR of CXCL12 and CXCR4 in U937 and Kasumi1.
(G) The impact of the CXCR4 inhibitor AMD3465 on the migration of U937 cells is evaluated. (H) Dose and time response curves of U937 cells exposed to AMD3465 with
and without CXCL12 stimulation reveal migration U937 cells over time (normalized to the 0 AMD3465 condition). (I) Dose and time response experiments in U937 cells
using AMD3465 in the present or absence of CXCL12 as a chemoattractant. *p < 0.05; **p < 0.01; ***p < 0.001.
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U937 cells and this was confirmed in our lab (24), and data not
shown). We found that the AMD3465 treatment alone did not
have a significant cytotoxic effect; the control and AMD3465
treated cells showed 89.53 percent and 90.04 percent cell
viability, respectively (n=4). We also did not find a significant
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difference in cell viability between the AMD3465 in combination
with doxorubicin (75.63 percent) and doxorubicin alone (75.33
percent) (Figures 3D, E).

We then investigated the potential anti-proliferative effect of
CXCR4 inhibition alone or in combination with traditional
A

C

B

D E

FIGURE 2 | Increased CXCR4 expression in CALM-AF10 transformed leukemia cells. CXCR4 expression is evaluated in human myeloid leukemia cell lines
characterized by the CALM-AF10 translocation (U937 and Fujioka) and compared with a myeloid leukemia cell line not containing the CALM-AF10 translocation.
Expression is examined by transcript quantification, with values shown relative to GAPDH (A), and protein evaluation by Western blot, with corresponding
densitometry normalized to actin (B). Immunofluorescence staining of human leukemia cells reveals increased CXCR4 expression is concentrated on the plasma
membrane (C). (D) High CXCR4 protein expression is confirmed by Western blot in a murine leukemia induced by CALM-AF10, compared with a murine leukemia
characterized by the Hoxa9-Meis1 translocation, with corresponding densitometry shown, normalized to actin. (E) Immunofluorescence staining in the CALM-AF10
translocated murine leukemia cells reveals increased CXCR4 expression is concentrated on the plasma membrane. ***p < 0.001.
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chemotherapy. Cells were treated with either 1uM AMD3465,
2.5uM cytarabine, AMD3465 and cytarabine together, or
AMD3465 followed by cytarabine 4 hours later. This dose of
cytarabine has previously been reported to be cytotoxic to U937
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cells, and we found a 77% reduction in U937 cell proliferation with
2.5uM cytarabine (25). Human leukemia cells lines U937 (CALM-
AF10+) or Kasumi-1 (CALM-AF10 negative) were treated for 48
hours, and cell proliferation was quantified via BrdU assay. The
A B C
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FIGURE 3 | Effect of CXCR4 inhibition on cell proliferation. U937 cells are kept in co-culture with human mesenchymal stem cells (hMSCs) and the cytotoxic effect
of a CXCR4 inhibitor, AMD3465 is examined. (A) The expression of CXCL12 and CXCR4 in hMSCs is shown, normalized to GAPDH. (B) AMD3465 produces a
decrease in pERK/ERK in U937 cells kept in co-culture in regular media. (C) The impact of AMD3465 on pERK/ERK in U937 cells kept in co-culture in charcoal
stripped, phenol-free media in the presence of CXCL12 is shown by western blot, with corresponding densitometry. (D) The cytotoxic effect of AMD3465 is
examined, both with and without doxorubicin. (E) Representative FACS data is shown. Propidium iodide (PI) staining delineates live versus dead cells, and CD45
positivity separates the CD45+ leukemia cells from the CD45- hMSCs. (F) The anti-proliferative effect of CXCR4 inhibition is evaluated by BrdU assay, with and
without treatment dose cytarabine. (G) The anti-proliferative effect of high dose and low dose CXCR4 inhibition is evaluated by BrdU assay, with and without
subtoxic dose cytarabine.
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cytarabine treatment produced the expected anti-proliferative
effect with a 70-80% decrease in absorbance in both cell lines
examined. However, AMD3465 showed no anti-proliferative effect
in either cell line. This was true when cells were treated with
AMD3465 alone, and when AMD3465 was used in combination
with cytarabine, either simultaneously or sequentially (Figure 3F).
We then performed additional cell proliferation assays with low
dose cytarabine (100nM), to evaluate whether a subtoxic dose of
cytarabine would uncover a potential therapeutic effect of
AMD3465. These experiments additionally incorporated
AMD3465 at 2uM to assess the potential therapeutic impact of
a higher dose of the CXCR4 inhibitor. We found no additive nor
synergistic effect of AMD3465 at 1uM or at 2uM in combination
with subtoxic doses of cytarabine, when used simultaneously or
sequentially (Figure 3G).
4 DISCUSSION

4.1 CALM-AF10 Transformed Cells Exhibit
Enhanced Cell Migration
The t(10;11)(p13;q14-21) chromosomal translocation encodes
the leukemogenic CALM-AF10 fusion oncoprotein. The
CALM-AF10 translocation is found in both acute myeloid and
acute lymphoid leukemias and are found most frequently in T-
ALL at an incidence of about 15%. CALM-AF10 leukemia is
driven by overexpression of HOX homeobox cluster genes (26,
27). The upregulation of HOXA genes in CALM-AF10 leukemia
is dependent on AF10’s recruitment of DOT1L, and resultant
focal H3K79 hypermethylation specifically at theHOXA locus (8,
9). CALM-AF10 also interacts with the CRM1/XPO1 nuclear
export receptor via CALM’s nuclear export signal peptide
sequence, which is retained in the fusion protein, and is
necessary for leukemogenesis. This interaction is required for
localization of CALM-AF10 to the HOXA cluster, and for
resultant HOXA overexpression (3). The PHD1-zinc-knuckle-
PHD2 (PZP) domain of AF10 is consistently interrupted in
CALM-AF10 translocations. It has been recently identified that
the disruption of the PZP domain of AF10 disrupts the normal
localization of DOT1L across the genome, allowing DOT1L to be
tethered to the HOXA locus by CALM-AF10 (28).

CALM-AF10 leukemias typically show a poor response to
therapy, have an increased propensity to relapse and have a
worse overall prognosis. The poor clinical outcome of CALM-
AF10-driven leukemia necessitates the need for better
understanding of how the translocation affects the behavior of
the disease so that novel targeted therapies may be developed.
Interestingly, CALM-AF10 leukemias have a high prevalence of
extramedullary disease, including bulky mediastinal disease, and
a propensity for central nervous system relapse. Emerging
evidence reveals a role for factors influencing cell adhesion and
migration in these processes. While these processes may be
separate from the fundamental mechanisms of tumorigenesis,
they are potentially critical to tumor development, metastasis
and chemotherapeutic response.
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We therefore examined the migratory properties of cells
transformed by CALM-AF10 and found that MEFs
transformed by CALM-AF10 exhibited enhanced cell migration
in scratch assays, compared with controls. We then examined
cell migration in CALM-AF10+ leukemia cells via transwell
migration assays and discovered that CALM-AF10+ U937 cells
show enhanced migration in transwell assays, compared with
CALM-AF10 negative Kasumi-1 cells. Furthermore, the U937
cells showed a robust increase in cell migration toward a
CXCL12 stimulus; whereas the presence of CXCL12 did not
influence Kasumi-1 cell migration. Neither leukemia cell line
expresses significant amounts of CXCL12, thus CXCL12
secretion and autocrine signaling are not impacting this
differential response.

4.2 Increased CXCR4 Expression Is Seen
in CALM-AF10 Leukemia and Contributes
to Cell Migration
CXCL12 is the primary ligand for the chemokine receptor CXCR4,
found on cell surface of HSCs and some leukemia cells. The
interaction between CXCR4 on HSCs, and its ligand CXCL12,
leads to HSC migration and subsequent homing to the bone
marrow (29). Evidence suggests that CXCR4 plays a role in
leukemia cell migration as well, and one study correlated
increased CXCR4 expression on lymphoblasts with a trend
toward bulky extramedullary disease in pediatric ALL (22). We
investigated whether the increased cell migration we observed in
CALM-AF10 transformed cells correlated with CXCR4 expression.

Following the discovery that CALM-AF10 expressing
leukemia cells migrate toward a CXCL12 stimulus, we tested
whether blocking this interaction could halt migration. We
found that the CXCR4 inhibitor AMD3465 abrogated this
migration, confirming that CXCR4 was the integral mediator
of this effect. Consistent with this finding, we found an increase
in CXCR4 expression specifically in human leukemia cell lines
carrying the CALM-AF10 translocation. This finding was noted
at both the transcript and protein levels. To ensure broader
validity of these observations, we also confirmed our findings in
murine leukemia cell lines previously generated in our lab.

CXCL12 is not only present in the bone marrow but is found
in every tissue in the body, except in the CNS. CXCL12 is highly
expressed in other lymphoid tissues such as the thymus, lymph
nodes and spleen. It is also expressed in the liver and testes.
These are all sites of potential leukemic involvement, with
extramedullary involvement being characteristic of CALM-
AF10 leukemias (30). It is possible that high CXCR4
expression on the plasma membrane of CALM-AF10 leukemias
contributes to the development of extramedullary disease.
Additional in vivo studies are needed to definitively establish
the relationship between CXCR4 expression and extramedullary
disease development in CALM-AF10 leukemia.

4.3 The Effect of CXCR4 Inhibition on
CALM-AF10 Leukemia Cells
Based on our findings of increased CXCR4 expression on
CALM-AF10 leukemic blasts, and the contribution of CXCR4
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to CALM-AF10+ cell migration, we hypothesized that these cells
would be particularly sensitive to CXCR4 inhibition as a
chemosensitizer. We first established that CALM-AF10
expressing leukemia cells have an active CXCR4 signaling
cascade by observing a reduction in phophoERK to ERK after
CXCR4 inhibition. We then sought to examine the potential of
CXCR4 inhibition to contribute to either cytostatic or cytotoxic
chemotherapy effects.

Cytarabine is commonly used in the treatment of both ALL
and AML. It is a pyrimidine analog and competes with cytidine
for incorporation into DNA during repair and replication. When
cytarabine is incorporated into DNA, it halts replication, exerting
a cytostatic effect. Intriguingly, despite an intact CXCR4
signaling cascade, we found no decrease in cell proliferation
upon exposure of U937 cells to AMD3465 in combination with
either subtoxic or therapeutic concentrations of cytarabine.

Doxorubicin is another chemotherapy agent commonly used
for the treatment of both ALL and AML. It is a cytotoxic agent,
intercalating with DNA and causing double strand DNA breaks.
Doxorubicin also inhibits topoisomerase II and results in
apoptosis. We studied the effects of doxorubicin in
combination with AMD3465 in U937 cells, and surprisingly
found no synergistic nor additive effect of the combination.

Binding of CXCR4 by its ligand may result in activation of a
multitude of signaling cascades, including those involved in cell
survival and proliferation, such as the PI3K and ERK signaling
pathways. CXCR4 inhibition is therefore an attractive target as a
chemotherapeutic adjunct. CXCR4 inhibition has been
examined in acute leukemia, both as a potential therapy and as
a stem cell mobilizer. Previous studies have demonstrated
decreased cell proliferation in AML cells in vitro, and
decreased AML engraftment in vivo with the use of CXCR4
inhibitors (31, 32). A prior study reported that lymphoblastic
leukemia cells in co-culture were sensitized to vincristine
by a CXCR4 inhibitor through the upregulation of Bax
(33). However, there are conflicting data in the published
literature. For example, a 2013 study revealed that CXCL12
stimulation resulted in increased apoptosis in AML cell lines,
mediated by Bcl2 family members (34). In addition, an
examination of childhood ALL patient samples revealed
variability in chemotactic and proliferative response to CXCR4
inhibition (35).

The factors contributing to these variable and sometimes
conflicting findings are not well elucidated. CXCR4 expression
and signaling is regulated through a variety of mechanisms. At a
transcriptional level, CXCR4 expression may be modified
through DNA methylation, directly activated by multiple
transcription factors, and impacted by a range of physiologic
stimuli (19, 36). Protein expression may be impacted by tyrosine
sulfation or glycosylation or modified by oligomerization. There
are multiple processes which separately regulate CXCR4
signaling once bound by ligand, impacting receptor
internalization, degradation, and recycling (19).

Ultimately, CXCR4 expression on leukemic blasts varies, and
the factors influencing differences in expression, function, and
downstream signaling in leukemia are unknown. It is also not
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known whether degree of CXCR4 expression influences
therapeutic response to CXCR4 inhibition. Herein, we identify
a genetically defined a subtype of leukemia, which is
characterized by high CXCR4 expression and has an intact
CXCR4 signaling pathway. We report the novel findings that
despite an intact CXCR4 signaling pathway, CALM-AF10
carrying leukemia cells do not show additive nor synergistic
cytotoxic or anti-proliferative effects upon combinatorial
inhibition of CXCR4 and traditional chemotherapeutics.

Jost et al. present a model of CNS meningeal infiltration by
T-lymphoblasts through CXCR4 mediated bone marrow
colonization (37). Others have provided evidence that CXCR4
inhibition prevented homing of multiple myeloma cells to the
bone marrow compartment (38). It is possible the use of CXCR4
inhibitors in specific clinicopathologic scenarios may yet provide
clinical benefit. The studies presented here are limited by the use
of cell lines, and future studies examining CXCR4 expression and
the use of CXCR4 inhibitors in patient samples will add valuable
insight to the biology of CALM-AF10 leukemia. Additional
studies are needed to establish whether CXCR4 inhibition
impacts other characteristics of CALM-AF10 leukemia,
including CNS invasion. We utilized a co-culture system to
simulate the bone marrow microenvironment; however,
additional insight would be gleaned utilizing three dimensional
bone marrow scaffolds or in vivo models of disease (39, 40).

4.4 Summary
Due to its status as a G-protein coupled receptor, CXCR4 plays a
role in many downstream pathways controlling cell adhesion,
migration, survival and proliferation. Previous studies have
reported therapeutic effect of CXCR4 inhibition in some acute
leukemias in the preclinical setting, as described above. However,
clinical trials of CXCR4 inhibitors have not shown promising
results, particularly in ALL (41–43). Specific factors that
determine response to CXCR4 inhibition have not been
discovered. In this study, we demonstrate that CALM-AF10
translocated leukemias show an increased expression of
CXCR4, as well as an increase in CXCL12-stimulated cell
migration. We posited that this increase would lead to an
enhanced sensitivity to CXCR4 inhibitors. However, we
observed no decrease in cell proliferation nor cytotoxic effect
with CXCR4 inhibition. We have therefore identified a subtype
of leukemia that is not sensitive to anti-proliferative or cytotoxic
effect CXCR4 inhibitors, despite high levels of CXCR4 expression
and an intact CXCR4 signaling pathway. This finding strongly
suggests caution moving forward with CXCR4 inhibition as a
therapeutic adjunct. By elucidating factors that influence
response to CXCR4 inhibition, these targeted therapeutics can
be better tailored to specific diseases.
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Post-transplant lymphoproliferative disorders (PTLD) are diseases occurring in
immunocompromised patients after hematopoietic stem cell transplantation (HCT) or
solid organ transplantation (SOT). Although PTLD occurs rarely, it may be associated with
poor outcomes. In most cases, PTLD is driven by Epstein-Barr virus (EBV) infection. Few
studies have investigated the mutational landscape and gene expression profile of PTLD.
In our study, we performed targeted deep sequencing and RNA-sequencing (RNA-Seq)
on 16 cases of florid follicular hyperplasia (FFH) type PTLD and 15 cases of other PTLD
types that include: ten monomorphic (M-PTLD), three polymorphic (P-PTLD), and two
classic Hodgkin lymphoma type PTLDs (CHL-PTLD). Our study identified recurrent
mutations in JAK3 in five of 15 PTLD cases and one of 16 FFH-PTLD cases, as well as
16 other genes that were mutated in M-PTLD, P-PTLD, CHL-PTLD and FFH-PTLD. Digital
image analysis demonstrated significant differences in single cell area, major axis, and
diameter when comparing cases of M-PTLD and P-PTLD to FFH-PTLD. No
morphometric relationship was identified with regards to a specific genetic mutation.
Our findings suggest that immune regulatory pathways play an essential role in PTLD, with
the JAK/STAT pathway affected in many PTLDs.

Keywords: PTLD, Epstein-Barr Virus (EBV), florid follicular hyperplasia, targeted sequencing, next generation (deep)
sequencing (NGS), whole transcriptome sequencing
INTRODUCTION

Post-transplant lymphoproliferative disorders (PTLD) are abnormal lymphoid proliferations that
develop in immunosuppressed patients after hematopoietic stem cell transplantation (HCT) or solid
organ transplantation (SOT). The current 2017 revised World Health Organization (WHO)
classification of hematopoietic neoplasms describes four subtypes of PTLD based on histological
features: non-destructive, polymorphic, monomorphic and classic Hodgkin lymphoma type. These
four subtypes reflect the phenotypic heterogeneity of PTLD (1). An important driver of PTLD
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pathogenesis is thought to be Epstein-Barr virus (EBV). About
70% of PTLD cases are reported to be associated with an EBV
infection (2) and recent studies have investigated whether EBV
positive and EBV negative PTLDs are distinct entities.

Other studies discuss the progression of PTLD from more
benign subtypes, such as the early lesions (florid follicular
hyperplasia, FFH) or polymorphic subtypes to more malignant
subtypes of PTLD (i.e. monomorphic and classic Hodgkin
lymphoma types) (3) . Early lesions may be nearly
indistinguishable from a reactive inflammatory response.
However, next generation sequencing data may provide
information about the molecular landscape and genetic profiles
in PTLD, allowing for diagnostic subtyping, while also offering
insight into the molecular pathogenesis and development of
these diseases. To date, the published literature evaluating the
genetic landscape of PTLD has been limited. These studies have
shown distinct gene expression patterns and copy number
aberrations in EBV positive PTLD as compared to EBV
negative PTLD (3–5). Additional analyses have demonstrated
distinct genetic mutations in monomorphic PTLDs with diffuse
large B-cell lymphoma (DLBCL) (6, 7) or T-cell lymphoma
phenotypes (8) compared to the corresponding lymphomas
arising in immunocompetent patients.

Our study investigates the genetic DNA landscape and RNA
gene expression profiles of ten cases of monomorphic, three cases
of polymorphic and two cases of classic Hodgkin type PTLD. We
compare these cases to the genetic landscape and gene expression
profiles of 16 cases of early lesion FFH-PTLD using deep targeted
DNA sequencing and RNA-profiling. We additionally evaluate
nine cases of PTLD and FFH-PTLD by digital image analysis.
STUDY DESIGN

Patient Cohort
For our study, we selected ten cases of monomorphic, three cases
of polymorphic, and two cases of classic Hodgkin lymphoma
type PTLD, and 16 cases of FFH-PTLD from the archives (2003-
2018) of the Department of Pathology, University of California,
San Francisco, Department of Pathology, Stanford University,
and Department of Laboratories, Seattle Children’s Hospital. All
cases and slides were reviewed and diagnoses were confirmed.
Patient medical record charts, clinical and laboratory data as well
as treatment data were re-reviewed. This study was approved by
Institutional Review Boards at each site.

Targeted Deep Sequencing
We extracted DNA from formalin fixed and paraffin embedded
(FFPE) tissue using the DNA Storm Kit (Cell Data Science, CA,
USA). For our DNA libraries, we developed a customized
SureSelectXT HS (Agilent Technologies, CA, USA) Heme
Malignancies Evaluation and Infectious Detection panel (HeME-
ID), which includes 354 genes that are important for lympho- or
leukemogenesis in addition to 13 viruses and bacteria associated
with hematolymphoid diseases (9, 10). 100 base-pair paired-end
targeted deep sequencing was performed at an average coverage
Frontiers in Oncology | www.frontiersin.org 2283
depth of 1500-fold on a high-throughput sequencing platform
(HiSeq4000). We performed alignment using the Burrows-
Wheeler Aligner – maximum exact matches (BWA-MEM)
algorithm following the Genome Analysis Toolkit (GATK) best
practices for alignment, single-nucleotide variant, and structural
variant analysis. For variant calling, we used SureCall (version 4.1,
Agilent Technologies). Analysis was run at a variant allele
frequency (VAF) of 2%, which was justified by the high read
depth and the usage of molecular barcodes in the SureselectXT HS

kit. In order to call a mutation, a 20x read coverage per base and a
minimum coverage in forward and reverse direction were also
required. We applied the same filters for small insertion and
deletions (indel) analysis. Annotation of variants was performed
using SureCall and wAnnovar (11). For further curation we
applied filters of a maximum VAF of 40% and a minimum
Combined Annotation Dependent Depletion (CADD) score of
20. Synonymous mutations and mutations outside of exons where
excluded. We also used SureCall for analysis of structural variants.
For further downstream analysis, such as enrichment or depletion
analysis in the promoter region, promoter flanking regions and
transcription factor binding sites (CTCF), as well as the analysis of
the mutational signature, we used the MutationalPatterns (12)
Package from R. Pathway Analysis along with EnrichR (13), Gene
Set Enrichment Analysis (GSEA) (14, 15) and ConsensusPathDB-
human (CPDB) (16). Evaluation of microorganisms was
performed using the subtraction method as described for
shotgun metagenomic sequencing (17, 18). For viruses, we
interpreted the results based on percent coverage of the targeted
regions and average depth. Based on our previous studies, we
classified samples as: negative, equivocal, and positive. In order to
be interpreted as equivocal, all three viral targeted regions must
have a coverage of at least 10% up to 75% and the average read
depthmust be at least 1. For a sample to be classified as positive, all
three targeted regions of a sample required a coverage minimum
of 75% and an average read depth of at least 9.

RNA-Sequencing and Data Analysis
RNA was extracted from FFPE tissue blocks with the RNA Storm
FFPE DNA Extraction kit (Cell Data Science). The quality and
quantity of extracted nucleic acids was assessed by Qubit analysis
and 2100 Bioanalyzer (Agilent). We used 200ng of RNA to
prepare our RNA library with the SureSelectXT RNA Direct kit
(with SureSelect Exome V6 + UTR Capture Library) for strand-
specific sequencing libraries (Agilent Technologies). We
performed 150 base-pair paired-end whole transcriptome
sequencing on a high-throughput sequencing platform from
Illumina (HiSeq4000) for an average coverage of 300 million
reads per sample. For downstream processing of our output files,
we used Hisat2 (version 2.1.0) for alignment and HT-Seq
(version 0.11.1) for generation of the count files. Gene
expression analysis was performed in RStudio (version 3.5.3).
Primary analysis of expression data was performed with ClustVis
(19). We used the DeSeq2 package for differential gene
expression analysis (20). For fusion analysis, we used STAR-
Fusion (version 0.1.1) (21). The immunologic environment was
analyzed by CIBERSORT (22).
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Computational Digital Image Analysis
We performed digital imaging analysis of representative cases
from both the M-PTLD, P-PTLD (n=9) and FFH groups (n=9).
MATLAB (v2019B) was used to analyze the RGB images
acquired from an Aperio AT2 scanner at an optical
magnification of 40X. K-means clustering was used to
differentiate the different cellular components and segment the
images (23). The image processing toolbox from MATLAB was
used to extract eight parameters from the image datasets, which
include: area, circularity, major axis, minor axis, eccentricity,
equivalent diameter, solidity, and perimeter. Welch’s t-test was
used to perform a two-tailed test on these parameters.

Statistical Analysis
All statistical analysis was done in RStudio (R version 3.6.0 and
RStudio Version 1.2.1335). Student’s t-test was performed to
evaluate differences between datasets. A p-value < 0.05 was
considered statistically significant.
RESULTS

Patient Cohort
Our study included 15 patients diagnosed with advanced PTLD
and 16 patients with FFH. The cases of advanced PTLD included
ten cases of monomorphic, three cases of polymorphic, and two
cases of classic Hodgkin lymphoma type PTLD. The diagnoses for
all cases were reconfirmed and classified by R.S.O., B.P., J.K. and
K.C. and A.B. based on the 2017 revised WHO classification of
lymphoid neoplasms. Our patient cohort consisted of 12 females
and 19 males. The average age of the non-FFH PTLD group was
40 years old (range 6 to 67 years) and the average age in the FFH
group, 8 years old (range 2 to 20 years). Twelve patients were
positive for EBV by in-situ hybridization (ISH) in the non-FFH
PTLD group, and six patients were positive for EBV by ISH in the
FFH group. The clinical characteristics of the non-FFH PTLD and
FFH groups are provided in Tables 1, 2, respectively.

Mutational Analysis Reveals Recurrent
JAK3 Mutations in Monomorphic,
Polymorphic, and Classic Hodgkin
Lymphoma PTLD Cases
We performed targeted deep sequencing to gain insight into the
mutational landscape of M-PTLD, P-PTLD, and CHL-PTLD in
comparison to FFH. The average number of mutations after
curation in our M-PTLD, P-PTLD and CHL-PTLD cases was
10.8 and in the FFH cases was 2.8 (with only 10 of 16 FFH cases
carrying mutations). The mutations found in the non-FFH
PTLD cases were significantly more deleterious than the
mutations found in FFH based on the CADD score (average
CADD score 28.52 vs. average CADD score 18, p-value 0.01).
Among the histological subtypes, the polymorphic subtype had
the smallest number of mutations, and the somatic mutations
were less damaging. In comparison, other histological subtypes,
including monomorphic (DLBCL histology), and classical
Frontiers in Oncology | www.frontiersin.org 3284
Hodgkin lymphoma, had a higher number of mutations with
more damaging somatic mutations (Table 3). Variants for the
PTLD cases had a VAF ranging from 2 to 37% with an average of
4.7%, whereas the VAF for the alterations detected in the FFH
cases ranged from 2 to 6% with an average of 2.8%.

We also discovered JAK3 and BCL11B mutations in three M-
PTLD cases, two CHL-PTLD cases, and PIK3CD mutations in
four M-PTLD cases. Other genes found to be mutated in more
than one case are illustrated in Figure 1. Of the genes mutated in
greater than three patients, JAK3 mutations were classified as
deleterious based on CADD scores, whereas BCL11B mutations
had lower CADD scores. JAK3 mutations were seen in the SH2
and JH2 domains (Figure 2). Pathway analysis of the recurrently
mutated genes revealed that those genes are key in the JAK/STAT
pathway and cytokine signaling pathways. Genes affecting the
JAK/STAT pathway were marked in Figures 1, 3. These genes
were also involved in IL-2, IL-3, IL-5 and IL-7 and GM-CSF
signaling pathways and signaling events mediated by T-cell
Protein Tyrosine Phosphatase (TCPTP).

Overlapping Gene Mutations in M-PTLD,
P-PTLD, CHL-PTLD and FFH From
Post-Transplant Patients
We identified somatic mutations in 17 overlapping genes
between the M-PTLD, P-PTLD, CHL-PTLD and FFH groups
(Figure 3). The genes recurrently mutated in both groups
include NOTCH1 (four patients), CREBBP, and BCL11B. All
but one mutation in the NOTCH1 gene were deleterious. The
pathogenicity of the somatic mutations involving genes mutated
in more than three patients is shown in Figure 4.

More Mutations Than Expected in Non-
Coding Gene Regions in M-PTLD, P-PTLD,
CHL-PTLD and FFH
In order to better understand the overall mutational burden and
the distribution of somatic mutations within our samples and
groups, we also evaluated the non-coding gene regions, such as
promoter, promoter flanking and transcription factor binding
sites (CTCF). Here we noted an overall higher number of
mutations in M-PTLD, P-PTLD, and the CHL-PTLDs versus
FFH, in the promoter regions compared to three non-coding
regions (Figure 5).

The Mutational Landscape and Gene
Expression Profile in M-PTLD, P-PTLD,
and CHL-PTLD Is Unrelated
to EBV Infection
We performed mutational analysis and evaluated the EBV
infection status for M-PTLD, P-PTLD, CHL-PTLD and FFH
cases. EBV infection status was determined by ISH and NGS
using our targeted HeME-ID panel. By NGS, ten non-FFH PTLD
cases and eight FFH cases were positive for EBV infection in the
analyzed tissue (Table 2). There was no difference in the number
of mutations identified between the groups of EBV infected and
non-infected patients (Table 3). The somatic mutations found in
January 2022 | Volume 11 | Article 790481
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TABLE 2 | Clinical and histological characteristics of the patients with florid follicular hyperplasia included in study.

Case PTLD subtype EBV status (ISH) EBV Status (NGS) Sex Age HCT/SOT Indication

15 FFH – – M 20 ESRD
14 FFH – + M 5 CM
26 FFH – – M 8 ESRD
22 FFH – – F 4 ESRD
7 FFH – – F 2 Cirrhosis
16 FFH – – F 4 PCKD
3 FFH + + F 6 NEC
19 FFH + + M 4 Biphenotypic AML
2 FFH + + M 2 Cirrhosis
10 FFH Scattered + + F 13 CM
18 FFH – – F 20 ESRD
12 FFH + + M 9 Cirrhosis
5 FFH – – M 2 ESRD
31 FFH – equivocal M 14 ESRD
9 FFH + + M 18 CM
1 FFH – + F 3 CM
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PTLD, post-transplant lymphoproliferative disorder; FFH, florid follicular hyperplasia; AML, acute myeloid leukemia; CM, cardiomyopathy; ESRD, end-stage renal disease; NEC, necrotizing
enterocolitis; PCKD, polycystic kidney disease.
TABLE 3 | Summary of average number of mutations identified and average CADD score for PTLD subtypes and EBV infection status.

CHL T-cell Monomorphic (DLBCL) polymorphic PTLD EBV+ PTLD EBV- FFH EBV+ FFH EBV-

Average number of mutations 31.5 9 8.4 5.3 10.73 10.8 3 2.57
Average CADD score 30.34 28.86 28.62 25.51 27.88 29.16 15.59 20.42
e 11 | Arti
CHL, classic Hodgkin lymphoma; DLBCL, diffuse large B-cell lymphoma; PTLD, post-transplant lymphoproliferative disorder; FFH, florid follicular hyperplasia; EBV, Epstein-Barr virus.
TABLE 1 | Clinical and histological characteristics of the PTLD patients included in study.

Case PTLD subtype EBV status
(ISH)

EBV Status
(NGS)

Sex Age HCT/SOT
Indication

Treatment

4 CHL + + F 48 Relapsed HL Rituximab
6 Monomorphic

(DLBCL)
+ + M 66 BPDCN Rituximab

28 Polymorphic + + M 24 Relapsed HL NA
30 T-cell + – M 67 High risk

CLL
Nilotinib

32 Monomorphic
(DLBCL)

Scattered + – M 18 CM POG 9219

27 Monomorphic
(DLBCL)

+ + M 52 Pre-B-ALL Rituximab

8 Monomorphic
(DLBCL)

– – M 56 Cirrhosis R-CHOP

25 CHL Scattered + + M 24 CM Stanford V chemotherapy followed by involved field radiotherapy 30 Gy in 20
fractions directed at the pre-chemotherapy disease

13 Polymorphic + + M 22 Relapsed HL Rituximab
11 Monomorphic

(DLBCL)
+ + F 58 PCKD R-CHOP

17 Monomorphic
(DLBCL)

+ + F 44 Cirrhosis Rituximab
29 +
21 Polymorphic + equivocal M 23 Aplastic

Anemia
NA

24 Monomorphic
(DLBCL)

– – F 40 ESRD R-CHOP

23 T-cell + + M 6 ESRD CHOP + high-dose cytarabine with asparaginase
20 Monomorphic

(DLBCL)
– – F 54 Cirrhosis Rituximab
PTLD, post-transplant lymphoproliferative disorder; pre-B-ALL, pre-B-cell acute lymphoblastic leukemia; BPDCN, blastic plasmacytoid dendritic cell neoplasm; CHL, classic Hodgkin
lymphoma; CLL, chronic lymphoblastic leukemia; CM, cardiomyopathy; HL, Hodgkin lymphoma; DLBCL, diffuse large B-cell lymphoma; ESRD, end-stage renal disease; PCKD, polycystic
kidney disease; R-CHOP, rituximab-cyclophosphamide, doxorubicin, vincristine, prednisone. N/A, not applicable.
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infected patients had similar CADD scores of pathogenicity, p-
value 0.69 (Table 3). Discrepancies between the ISH and NGS
findings can be explained by two primary factors. The layer of
tissue obtained from sectioning the block is variable and may
account for the differences between the ISH and NGS studies (i.e.
sampling variability). Secondly, interpretation of ISH is
subjective, whereas NGS uses predefined parameters with
less variation.

Hierarchical clustering of the gene expression profiles shows
primary clustering based on the diagnosis of mpc-PTLD and
FFH. We also looked for a distinct transcriptional profile based
on EBV infection status and noted that EBV negative cases had a
tendency to cluster together (Figure 6). However, there was no
clear separation between EBV positive and negative cases in the
gene expression profiles, which was further confirmed using
principal component analysis (PCA) (Supplementary
Figure 1). The different expression patterns did not appear to
Frontiers in Oncology | www.frontiersin.org 5286
be associated with any of the other factors we investigated,
including batch, mean coverage, gender, race/ethnicity, age,
organ transplanted, SOT/HCT, PTLD subtype, or tissue type.

Genes Involved in Regulatory or Innate
and Adaptive Immune System Are
Upregulated in mpc-PTLD
We performed RNA-sequencing to understand the gene
expression profiles of mpc-PTLD compared to FFH. In our
exploratory analysis, we saw that mpc-PTLD patients have a
different gene expression profile as compared to FFH patients
with a subset of mpc-PTLD cases falling in between (cases 6, 8,
17 and 23), as demonstrated in Figure 6. We looked at the
differentially expressed genes by gene set enrichment analysis
and found that genes involved in regulatory or innate and
adaptive immune system are overexpressed in mpc-PTLD as
compared to FFH.
FIGURE 2 | Representation of the JAK3 domains and their encoding exons (24, 25) with JH2 (pseudokinase domain) and JH1 (kinase domain) being the most
important. Below the domains are the somatic mutations identified in both M-PTLD, P-PTLD, CHL-PTLD and FFH-PTLD patients. *nonsense mutation.
FIGURE 1 | Genes mutated in more than one PTLD sample. *Genes affecting the JAK/STAT pathway.
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mpc-PTLD Cases Have More T-Cell
Involvement and Fewer B-Cell Involvement
Than FFH Cases
Using the gene expression profile of our samples, we looked at
the immune cell composition within the mpc-PTLD and FFH
group. As shown in Figure 7, there is a greater B-cell component
(naïve and memory) within the FFH group, whereas the mpc-
PTLD group has a stronger overall CD8 and CD4 T-cell
component. In general, the mpc-PTLD cases have a more
heterogenous immune cell infiltration with more T-follicular
helper cells and a greater mast cell component in some of the
cases. The mpc-PTLD cases diagnosed with a T-cell subtype
show strong signal for T-cells, while lacking a significant B-
cell component.

Digital Imaging Analysis Demonstrates
That mpc-PTLD Cells Are Larger
Than FFH Cells
We performed digital imaging analysis of nine representative
cases of both the mpc-PTLD and FFH groups. In our analysis, we
found that mpc-PTLD cells have a significant larger area,
Frontiers in Oncology | www.frontiersin.org 6287
diameter, and major axis (Figure 8) (p<0.0001). There was no
significant difference in the circularity, minor axis, eccentricity,
or perimeter. We were particularly interested in cases that seems
to have a molecular overlap. Cases 6, 8 and 23 were analyzed by
digital imaging and their transcriptional profile appears more
similar to the transcriptional profile of FFH (Figure 6). We were
unable to identify differentiating features among cases 6, 8, and
23 as well as the remaining cases of the mpc-PTLD group.
DISCUSSION

In our study, we investigated and compared the molecular
landscape of 15 cases of advanced PTLD and 16 cases of FFH.
Here we performed a high-throughput molecular comparison
and conducted digital imaging analysis of mpc-PTLD and
FFH cases.

Our mutational analysis showed a higher number of
mutations for the mpc-PTLD cases with somatic mutations
that were more deleterious than those in the FFH cases. We
identified somatic mutations in all of the mpc-PTLD cases but
FIGURE 3 | Genes mutated in the mpc-PTLD and FFH-PTLD groups. *Genes affecting the JAK/STAT pathway.
FIGURE 4 | Overview of somatic mutations in recurrently mutated genes in the mpc-PTLD and FFH-PTLD groups. Somatic mutations with a CADD score of >30
are shown in red, CADD score of 25-30 in orange, and CADD score of 20-25 indicated in green. *Genes affecting the JAK/STAT pathway.
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only in 10 of 16 FFH cases. These findings were further
confirmed by evaluating the mutational burden of the specific
non-coding regions: promoter region, promoter flanking and
transcription factor binding sites (CTCF) region. Here we again
saw a higher number of mutations within the mpc-PTLD group.
Interestingly, we observed more promoter region mutations than
expected for both mpc-PTLD and FFH. Overall, we found both
groups to be very heterogenic with respect to the number of
mutations identified and the mutational landscapes.

Previous studies reported on PTLD arising from early lesions,
such as FFH (26, 27). Our analysis further corroborates these
findings and we identified 17 overlapping genes mutated in both
the PTLD and FFH groups. The majority of these genes were
mutated in more than one mpc-PTLD case. Among the
overlapping genes detected in both mpc-PTLD and FFH, JAK3,
BCL11B, and PIK3CD were recurrently mutated in mpc-PTLD in
four or more cases. Five of the six detected mutations in JAK3
were deleterious, all with very low VAF (3-10%). Although we
used FFPE tissue for targeted deep sequencing, we were able to
detect very low VAF based on a high read depth and the use of
molecular barcodes in our library chemistry. JAK3 is a cytokine
receptor and plays a critical role in the JAK/STAT pathway. The
JAK/STAT pathway plays an important role in the regulation of
cell proliferation and immune system response, especially by
involvement of cytokine and interleukin signaling (28). JAK3
mutations have been reported in mainly T-cell neoplasms (29,)
(30), immunodeficiency syndromes (31, 32), and B-cell
neoplasms (33). The mutations found in our PTLD and FFH
cases fall into the SH2 and JH2 domains of the JAK3 gene. The
JH2 pseudokinase domain is the most commonly affected
FIGURE 5 | Enrichment analysis for promoter region, promoter flanking
regions, and transcription binding sites (CTCF). The top part of the figure
shows the observed versus expected number of mutations. In the bottom
part of the figure, the mutational burden within the same non-coding gene
regions for both groups are demonstrated as the log2 ratio of the number
of observed and expected point mutations indicating the effect size of the
enrichment or depletion within each region. (*) = statistical significance
(p<0.05; two‐sided binomial test).
FIGURE 6 | Heatmap hierarchically clustered by Euclidean distance of gene
expression for all of the investigated groups (see legend).
FIGURE 7 | Analysis of the immune cell composition within (A) the FFH-
PTLD cases and (B) the monomorphic, polymorphic, and classic Hodgkin
(mpc)-PTLD cases based on gene expression profile. EBV positive cases
are circled in red.
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domain within all the JAK mutated genes involved in
hematolymphoid diseases, with most mutations functioning as
activating mutations (34). The pseudokinase domain suppresses
the directly adjacent kinase domain JH1 (24). The SH2 domain is
located in the receptor binding domain where kinase activity is
initiated and the JAK receptor specificity is determined (35,)
(36). Given that current drugs, such as tofacitinib and peficitinib,
target the JAK3 signaling pathway, our findings support the
potential role of JAK3-targeted therapy to improve treatment
options for PTLD (37–39). However, more cases are necessary to
confirm the recurrence of JAK3 mutations in PTLD. Further,
functional studies are necessary to determine if the discovered
mutations are activating or inactivating mutations.

Within the FFH group, NOTCH1 was recurrently mutated.
NOTCH1 mutations often occur in T-cell acute lymphoblastic
leukemia/lymphoma (T-ALL) (40) and multiple studies have
demonstrated the importance of NOTCH1 signaling for the
induction of lymphomagenesis (41–43). A recent study by
Kimura et al. suggested that activating NOTCH1 mutations
play a role in the genetic evolution of pediatric T-ALL (44).
The mutation detected in our cases are mostly deleterious with
two of five cases involving the PEST domain of NOTCH1 (exon
34). This PEST domain is one of the two most frequently affected
domains, often a result of activating mutations (41). Our findings
of recurrent NOTCH1 and overlapping mutational landscapes
support the published literature suggesting possible progression
of FFH to monomorphic, polymorphic, and classic Hodgkin
lymphoma type PTLD. Our FFH study group was younger than
the mpc-PTLD group which may lead to differences in outcome
and genetic landscape between the two study groups (45).

We performed RNA-sequencing to compare the gene
expression profiles of our mpc-PTLD cases with FFH. We
found that the FFH cases show a distinct gene expression
Frontiers in Oncology | www.frontiersin.org 8289
profile as compared to the mpc-PTLD cases. However, some
mpc-PTLD cases exhibited a hybrid expression profile relative to
the FFH cases, indicative of a possible relationship between the
two groups. Differential gene expression analysis showed an
overexpression of genes involved in the innate and adaptive
immune system as well as complement activating genes. These
results underline our mutational findings of recurrently mutated
JAK3 and NOTCH1, both of which are important in immune
system regulation.

Through our targeted deep sequencing analysis, we found that
the variants for the PTLD cases had a greater average VAF as
compared to the VAF for the alterations detected in the FFH cases.
These findings suggest that the lower average VAF in cases of FFH
may represent gene expression of a benign or reactive background
environment whereas the higher average VAF in the mpc-PTLD
group may indicate a gene expression pattern of neoplastic cells.
Although the majority of the mpc-PTLD group consisted of
monomorphic PTLDs, we also compared the number of
mutations of the other histological PTLD subtypes. We found
that the polymorphic subtype had the smallest number of
mutations with less damaging somatic mutations. In concordance
with the current literature, we noted that polymorphic PTLD may
be a precursor lesion to the other subtypes and we believe our data
supports these findings (3). However, given the small sample size
within this group, interpretation of these results is limited. In
addition, as mentioned before the FFH study group was younger
than the mpc-PTLD study group which may cause a difference in
genetic landscapes.

Using our HeME-ID panel that targets 13 viruses and
bacteria, we evaluated the EBV infection status of all 31
patients. EBV infection was seen in ten out of 15 mpc-PTLD
tissues and nine of 16 FFH tissues. Through mutational analysis,
we identified a similar number of mutations for EBV positive and
A B

FIGURE 8 | Violin plot of the digital imaging analysis of M-PTLD, P-PTLD, CHL-PTLD, and FFH-PTLD cases. (A) Violin plots of cellular parameters of equivalent
diameter, perimeter and eccentricity. (B) Violin plots of cellular parameters of area, circularity, major axis, and minor axis. Displayed are nine representative samples
of each group. Green represents M-PTLD and P-PTLD cases, blue indicates FFH-PTLD cases. (***) = statistical significance (p<0.0001).
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EBV negative cases. The pathogenicity of the mutations found in
the EBV positive cases was lower than in the EBV negative cases.
Our results support the findings of Menter et al., who found that
EBV positive monomorphic PTLD cases had a less pathogenic
mutational landscape as compared to EBV negative cases and
suggested that EBV induces lymphomagenesis through its
oncogenic properties, behaving as a substitute for deleterious
mutations (7). When comparing the gene expression profiles,
two studies found differences in the gene expression pattern of
EBV positive and EBV negative PTLD cases (4, 5), whereas
another study did not detect any differentially expressed genes
(27). We also noted that the EBV negative cases clustered in
between the positive cases in the hierarchical clustering analysis.
However, no genes were significantly differentially expressed
based on EBV infection status.

To study the immunologic environment of our mpc-PTLD
and FFH cases, we looked at the immune cell composition based
on the gene expression profiles of the two groups. We found that
B-cells were the predominant cell type within the FFH group,
whereas the mpc-PTLD group consisted of a large proportion of
CD4 and CD8 cells, T-follicular helper cells, and mast cells.
Overall, the immune cell composition of the mpc-PTLD cases
was more heterogenic and was also unrelated to the EBV
infection status, as noted in Figure 7. This finding is important
to note since the dominating CD4/CD8 T-cell component within
the mpc-PTLD group has been associated with EBV infection
status due to the naturally occurring T-cell immune response
seen in EBV positive immunocompetent patients (8, 46). Based
on our molecular findings, we hypothesize that a change of the
immune cell composition in PTLD may be due to the
dysregulated immune response. JAK/STAT and NOTCH1
pathway defects are often seen in T-cell malignancies (28) and
may explain the distinction in B-cell and T-cell composition
between the mpc-PTLD and FFH groups. Moreover, JAK/STAT
is a major regulator of cytokine pathways and dysregulation may
also lead to increased mast cells in the immunologic
environment. Overall, our immune cell composition findings
support our molecular findings. Future studies are also
warranted to determine whether the cell of origin in PTLD is
recipient- or donor-derived as this may provide further insight
into the immune-mediated pathways involved in PTLD.

To our knowledge, this is the first study to perform digital
analysis on whole slide images of PTLD samples. The histologic
presentation of PTLD is very heterogenic, and it can be difficult to
distinguish from other benign or malignant processes of the lymph
node (47). Thus, we utilized digital analysis of whole slide images to
determine if the cells from monomorphic, polymorphic, or classical
Hodgkin type PTLD can be distinguished from FFH cells. mpc-
PTLD cells were significantly larger in area, diameter, and major
axis as compared to the FFH lymphocytes (p<0.0001). These results
were expected as mpc-PTLD lymphocytes can be enlarged and can
be confused with other entities, such as a plasma cell neoplasm (48).
Surprisingly, mpc-PTLD and FFH lymphocytes showed no
significant differences in circularity, eccentricity, perimeter, and
minor axis since we anticipated mpc-PTLD and FFH
lymphocytes to be more distinguishable. Our findings support the
Frontiers in Oncology | www.frontiersin.org 9290
molecular data and show similarities between m-PTLD, p-PTLD,
CHL-PTLD and FFH lesions. Of note, our imaging analysis was
limited by the number of cases and disease entities in this study.
Greater sample sizes are needed to perform an in-depth analysis of
the morphological hallmarks of PTLD pathology.
CONCLUSION

Our study is the first comprehensive analysis evaluating the
molecular landscapes of monomorphic, polymorphic, or classic
Hodgkin type PTLD and FFH. Limitations of this study are the
small sample size as well as the age difference between mpc-
PTLD and FFH group. However, our findings contribute to a
better understanding of the pathogenesis of PTLD and will help
guide future functional studies for these disease processes.
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Introduction: Methotrexate (MTX) a folate antagonist is often given in high doses (≥500
mg/m2) to treat a variety of disease processes. While inpatient administration has been the
norm, outpatient administration, has been shown to be safe, effective, and patient
centered. Here in we describe development of an outpatient HDMTX protocol and our
initial experience.

Methods: All patients were to receive their first cycle of HDMTX in the hospital to ensure
they tolerate it well and also to use this time to assist in training for home administration.
The outpatient protocol involved continuous IV sodium bicarbonate, along with oral
leucovorin and acetazolamide. Patients were required to visit the infusion center daily
for labs and methotrexate levels. Clear criteria for admission were developed in the case of
delayed clearance or methotrexate toxicity.

Results: Two patients completed the safety run-in phase. Both patients tolerated
treatment well. There were no associated toxicity. Methotrexate cleared within 3 days
for all cycles. Both patients were able to follow the preadmission instructions for sodium
bicarbonate and acetazolamide. The patients reported adequate teaching on the protocol
and were able to maintain frequency of urine dipstick checks.

Conclusion: We developed and implemented an outpatient protocol for high dose
methotrexate. This study largely details the development of this protocol and its initial
safety evaluation. More work needs to be done to assess its feasibility on a larger number
of patients who receive more cycles in the outpatient setting.

Keywords: health care delivery, diffuse large B cell lymphoma, CNS prophylactic treatment, quality improvement,
chemotherapy – oncology
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INTRODUCTION

Methotrexate (MTX) is a folate antagonist used across a wide range of
diseases, with dose levels classified as low or high (1). High-dose
methotrexate (HDMTX) consists of doses ≥500 mg/m2, used for the
treatment of primary and secondary CNS lymphoma (PCNSL),
leptomeningeal metastases, and osteosarcoma, as well as central
nervous system (CNS) prophylaxis in patients with leukemia and
high-risk lymphoma. These doses are potentially lethal without
administration of intravenous and/or oral leucovorin to rescue
normal cells from apoptosis, specifically in the bone marrow and GI
tract (2, 3). In addition to leucovorin, normal renal clearanceofMTX is
required to quickly eliminate the drug, supported by aggressive
hydration and urinary alkalinization. Toxicities often occur as a
result of the high dose and duration of exposure, and include renal
toxicity, hepatotoxicity, stomatitis, myelosuppression, rash,
pneumonitis, and encephalopathy (4). To ensure safe administration,
HDMTX is most often administered in the hospital setting with an
average length of stay around 4-5 days, barring any treatment
complications. For patients receiving HDMTX for Primary CNS
lymphoma or CNS prophylaxis for DLBCL, these inpatient hospital
admissions, whichmost commonly are scheduled every 2 weeks, have
the potential to negatively impact a patient’s quality of life and
contribute to the growing financial burden on the health care system.

There is experience with outpatient administration of HDMTX
in the pediatric population. Two small prospective studies, one in
pediatric acute lymphoblastic leukemia (ALL) and one in pediatric
osteosarcoma, showed the safety and feasibility of this approach in
the appropriate patient population, reducing cost and increasing
quality of life by allowing patients to remain out of the hospital (5,
6). Two large, retrospective studies in pediatric populations from
Memorial Sloan Kettering Cancer Center (MSKCC) and the
Children’s Hospital at Montefiore support these findings (7, 8).
While NCCN has published a toolkit to implement outpatient
HDMTX (9), few studies have been published and none of these
include the adult patient population, presenting a significant gap in
the literature (10, 11). Studies are needed to examine the feasibility
and safety in this population, as comorbidities, organ dysfunction,
and social challenges seen in adults differ greatly from the pediatric
population (12).

Prior to the development of an outpatient HDMTX protocol in
the adult population, we performed a retrospective review of all
patients receiving inpatient HDMTX at Thomas Jefferson
University, an urban academic tertiary care medical center,
between January 1, 2018 and October 31, 2019 to determine the
distribution and rate of toxicities in adult patients at our institution.
Details of this study have been presented (13). The most common
toxicity observed in this population was acute kidney injury (AKI),
with an incidence of 21% in patients receiving HDMTX as
prophylaxis [median dose 3.5 g/m2 (1-3.5 g/m2)] compared to
33% in patients receiving HDMTX as treatment [median dose
3.5 g/m2 (range 0.25-12 g/m2)] for CNS disease. Additionally, all
AKI in the prophylactic group was grade II (>1.5 - 3.0 x baseline;
>1.5 - 3.0 x ULN) or lower according to CTCAE version 5.0 and
resolved. Other toxicities in patients receiving HDMTX for CNS
prophylaxis was minimal. Based on these results, we initiated an
outpatient HDMTX program in patients requiring CNS
Frontiers in Oncology | www.frontiersin.org 2294
prophylaxis for diffuse large B-cell lymphoma (DLCBL). Herein
we present the development of our outpatient HDMTX protocol
and results of the safety run-in phase.
METHODS

We created an inter-professional, multi-disciplinary team to develop
the outpatient HD-MTXprotocol. Our team included an oncologist,
oncology fellow, infusioncentermanagers, nurse educators, inpatient
and outpatient nursing staff, advanced practice providers, oncology
pharmacists and home infusion service nurses and pharmacists.
Protocol development followed an iterative process and the final
protocol is referenced inAppendix A. Once developed, the protocol
was implemented and modified through an iterative process with
each cycle of HD-MTX administered.

Complete patient eligibility criteria are listed in the protocol,
including a diagnosis of DLBCL requiring CNS prophylaxis (as
determined by their provider), age 18-70 years, ECOG
performance status ≤ 2, normal renal function (CrCl ≥60 mL/min),
no history of color blindness (to be able to read the urine dipstick),
and adequate social support. Patients who clear their first
administration of HDMTX within 3-5 days without complications
qualify to receive cycles 2 and 3 in the outpatient setting. Both the
patient and caregiver are educated on reading the urine dipsticks.
While the optimal method of CNS prophylaxis has yet to be defined
by prospective randomized studies, each patient receives a currently
accepted standard of 3 cycles of HDMTX at a dose of 3.5 gm/m2.
HDMTXcanbegivenalternatingwithR-CHOPafter evencycles (i.e.
2, 4, and 6) or at the end of 6 cycles of systemic treatment. All patients
complete cycle 1 of the protocol as an inpatient to ensure clearance of
the MTX without complications on the outpatient protocol.

During the inpatient stay for cycle 1, nursing and pharmacy
education is performed. Patients are taught how to use the urine
dipstick for pH monitoring. The frequency of monitoring is
discussed and reinforced. Scheduled medications are reviewed.
Pharmacists discuss with patients concomitant medications such
as sulfonamides, non-steroidal anti-inflammatorydrugs, andproton
pump inhibitors should be avoided until after methotrexate
clearance. The home infusion team visits with the patient, ensures
insurancewill cover all related costs, reviews the process for delivery
of materials and supplies and also provides an emergency number
for 24 hour access in case the infusion pump malfunctions or other
questions arise. Patients are also encouraged to call the cancer center
at any time to speak with a physician if any concerns or questions
arise during the home infusion process.

The protocol is initiated as follows. Oral sodium bicarbonate
1950mg every 6 hours and oral acetazolamide 500mg every 6 hours is
initiated at home, three and one days prior to MTX infusion,
respectively. On treatment day, patients receive HDMTX, given
over 4 hours, in the infusion center, and continuous IV fluids with
normal saline (later changed to IV sodium bicarbonate allowing
discontinuation of oral sodium bicarbonate) through central venous
catheter is initiated. No recommendations were made on minimum
or maximum daily oral fluid intake as the patient will receive the
necessary daily volumeoffluids intravenously. Patientsmonitor urine
pHathomeviaurinedipstickevery2hoursonday1 followedbyevery
January 2022 | Volume 11 | Article 773397
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4 hours thereafter while awake. Nightly acetazolamide 500mg is
continued, with additional dose every 6 hours as needed for urine
pH <7.5. Starting 24 hours after MTX infusion, patients begin oral
leucovorin 25mg every 6hours. A record is kept of side effects, timing
of medications, and urine pH levels (see Appendix B). Patients
present daily to the infusion center for toxicity check, medication
review, and blood draw including complete blood count,
comprehensive metabolic panel, and methotrexate levels (starting
on day 3, but this was later modified to day 2). Urine pH is checked
daily through central laboratory to ensure correlation with urine
dipsticks. Oral leucovorin is increased to 25mg every 3 hours as
needed based on the nomogram (Appendix C). According to our
standardof care practice, if the patient fails to showup for a scheduled
appointment, theywillbecalledby thecare teamto investigate further.
Indications for admission to the hospital include serum Cr ≥1.5x
baseline, toxicity unable to be managed as outpatient, or need to
increase leucovorin dose to >25mg every 3 hours (given limit on oral
bioavailability) (14). Once methotrexate level is ≤0.1µmol/L, patients
are disconnected from IV fluid infusion and stop oral acetazolamide.
Oral leucovorin is continued and oral sodiumbicarbonate is restarted
for 3 additional days.

As part of the implementation process, a safety run-in phase
was designed such that the first 5 cycles on the outpatient
protocol were administered in the inpatient setting. This run-
in was implemented to allow for any necessary changes to the
protocol to be made if unexpected barriers arose.

RESULTS

Two patients completed the safety run-in phase. The first patient,
a 46-year-old man with no comorbidities, received all three
cycles of HDMTX for CNS prophylaxis as an inpatient on the
outpatient protocol. Time to methotrexate clearance was ≤ 2
days for all three cycles. No AKI or other toxicity was observed.
During these cycles, the bedside urine dipsticks that were utilized
reported urine pH readings 0.5 higher than the lab urine pH. As a
result, an alternative urine dipstick test was used for the second
patient during the run-in phase.

The second patient, a 28-year-old man with no comorbidities,
received cycle 1 and 2 inpatient on the outpatient protocol, with
the third cycle completed outpatient. Time to methotrexate
clearance was ≤ 3 days for all three cycles. Again, no AKI or
other toxicity was observed. With the change in urine dipstick, the
lab-based pH values and those obtained at the bedside correlated.

Both patients were able to follow the preadmission instructions for
sodium bicarbonate and acetazolamide. The patients reported adequate
teaching on the protocol and were able to maintain frequency of urine
dipstick checks. Several logistical improvements were made to the
protocol based on patient feedback and process review.

DISCUSSION

Care models for the administration of outpatient chemotherapy are
becoming increasingly popular, implemented with the goal to
improve patient quality of life and decrease costs to the patient and
health care system. While the safety and feasibility of outpatient
Frontiers in Oncology | www.frontiersin.org 3295
HDMTX has been published in pediatric populations, and a toolkit
has been suggested by NCCN, this protocol is one of the few
publication we are aware of detailing implementation of outpatient
HDMTX administration in adult patients. Our safety run-in phase
demonstrated feasibility and safety of the outpatient protocol for
patients with DLBCL requiring CNS prophylaxis, although we
acknowledge the small sample size (n=2) and young age of these
patients may bias the initial results. As the next phase of this
implementation initiative, a prospective observational study is
being performed with the primary objective to evaluate the rate of
methotrexate toxicity, particularly renal toxicity, in the outpatient
setting as compared to the rate of toxicity of our historical control.
Secondary objectives include comparing the effects on treatment
burden and cost burden for these caremodels, the total cost and out-
of-pocket cost for patients, as well as quality of life of inpatient versus
outpatient treatmentmodalities. This is being assessed throughuse of
the patient reported Treatment Burden Questionnaire (TBQ) (15),
the Cost Burden Survey (16), revenue cycle evaluation, and the
EORTC-qlq-c30 quality of life survey tool (17).

MSKCC has recently demonstrated feasibility of an outpatient
HDMTX protocol integrating glucarpidase into the treatment of
primary CNS lymphoma (18). Glucarpidase, a carboxypeptidase
enzyme, rapidly inactivatesmethotrexate to reduce toxicity without
crossing the blood brain barrier. Use of glucarpidase for this patient
population in the outpatient setting is appropriate given the high
risk of AKI and other toxicity seen in our retrospective analysis.
However, patients receiving HD-MTX for CNS prophylaxis are a
different patient population with lower risk for adverse events
including acute kidney injury and thus may not need
glucarpidase to effectively receive treatment as an outpatient as
has been described in these studies (10, 11). The use of glucarpidase
is often restricted to patients who meet specific criteria due to its
high cost.Our protocol aims toprovide a patient centered approach
while at the same time limits cost and financial burden of this
outpatient regimen. We recognize that our protocol requires
significant effort and commitment on behalf of the patient and
their family, and is therefore limited to a subset of patients with
adequate social support and transportation resources. Additionally,
the success of outpatient chemotherapy care models requires a
supportive, multidisciplinary team.
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