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Editorial on the Research Topic

Dynamic Biomarkers of Response to Anti-Immune Checkpoint Inhibitors in Cancer

Immune checkpoint blockade (ICB) has been approved as first- or second-line therapy options in a
broadening range of metastatic cancer and is increasingly explored in the treatment of early stage
tumors. However, clinical responses are limited to a small group of patients and potentially long-
lasting responses were observed in 10% to 40% of cancer patients, depending on the malignancy
subtype (1, 2). Considerable efforts have been made to identify predictive factors of response to ICB
with the aim to use this therapy in patients with a high probability of response and to avoid exposing
non-responder subjects to their potential side effects. Whilst a range of biomarkers have been
investigated, their predictive potential remains unsatisfactory. In current clinical practice only PD-L1
expression in tumor tissues is used as predictive biomarker of response to PD-1 immune checkpoint
blockade. However, a small proportion of patients with absent PD-L1 tumor expression may still
respond to PD-1 blockade, making it difficult to restrict prescription of these therapies solely based on
this biomarker. Hence, the search for novel biomarkers of response to checkpoint inhibitors remains
an unmet need. One promising emerging approach is to focus on dynamic biomarkers, which would
allow, when tested in the patient early after exposition to the therapeutic agents, to identify those
patients presenting an immune response failure. The study of the dynamics of the immune system
and of the tumor under immune checkpoint blockade shed light on their mechanisms of activity.
Indeed, some immune pathways induced by ICB therapy may affect anti-tumor activity, whilst others
may correlate with immune related adverse events (irAE) rather than with response. Moreover,
tumor-intrinsic mechanisms of immune escape may develop following ICB and will consequently
affect treatment outcome. We have recently summarized the dynamics of the immune system and of
the tumor under immune checkpoint blockade. We emphasized the importance of studying
mechanisms influencing response to ICB and focused on the multitude of immune cells subsets
(including effector and immunosuppressive T cells and B cells subsets) that were shown to be
impacted by CTLA-4 and PD-1/PD-L1 blockade monotherapy (3). In this Research Topic, we
org October 2021 | Volume 12 | Article 781872156

https://www.frontiersin.org/articles/10.3389/fimmu.2021.781872/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.781872/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.781872/full
https://www.frontiersin.org/research-topics/12358/dynamic-biomarkers-of-response-to-anti-immune-checkpoint-inhibitors-in-cancer
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:Sdermime@hamad.qa
https://doi.org/10.3389/fimmu.2021.781872
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.781872
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.781872&domain=pdf&date_stamp=2021-10-21


Dermime et al. Editorial: Dynamic Biomarkers to Cancer ICIs
compiled reviews and original research articles reflecting the
current advances in the study of dynamic biomarkers as
predictors of the response to checkpoint inhibitors therapies in
cancer. Four complimentary areas are addressed in this topic.
MONITORING SPECIFIC ANTI-TUMOR
IMMUNE RESPONSES TO TUMOR
ASSOCIATED ANTIGENS AND/OR
NEOANTIGENS BEFORE AND
DURING IMMUNE CHECKPOINT
INHIBITORS TREATMENT

It has been demonstrated that Tumor Mutational Burden (TMB)
is a useful biomarker to predict the response to immunotherapy
in cancer patients. Usuda et al. indicated that high TMB and high
PD-L1 expression can predict a favorable outcome of ICB therapy
in lung cancer patients. Nie et al. reported that an increased TMB
profile in elderly melanoma patients may restore the age-related
immune dysfunction leading to favorable immune response to
anti-PD-1/anti-PD-L1 therapy comparable between patients
younger or older than 75 years old. An integrative analysis by
Mo et al. showed that the gene mutation CTNNB1 (catenin beta-
1), which is associated with a better prognosis in multiple tumors,
would help in improving the clinical outcome of immunotherapy
in patients with hepatocellular carcinoma (HCC). Interestingly,
this study has reported a significant increase in tumor infiltrated
NK cells in the HCC mutation group compared to wild-type
group. Moreover, CTNNB1 mutation was associated with a
downregulation of 4 immunoinhibitory genes including the NK
cells immune checkpoint receptor CD96. Chen et al. showed
that cyclin D1 (CCND1) amplification triggered multiple
immunosuppressive hallmarks and may be useful to predict
immune response to ICB. Bioinformatic and biostatistical
analysis tools have been shown useful to predict gene signatures
associated with clinical benefit of immune checkpoint blockade
therapy. Indeed, the group of Chen R. L. have established an
immune-related risk signature in squamous-cell lung cancer
(SQLC) by identifying 8 immune-related genes that correlated
with immune cells infiltration and clinical outcome in SQLC
patients. Moreover, Chen S. et al. have developed an
immunotherapy-responsive model including 10 prognostic
genes that might be helpful to predict response to ICB in
patients with metastatic urothelial carcinoma. Xue et al. have
established and validated a signature profile including 23 immune
related gene pairs (IRGP) associated with higher overall survival
in cutaneous melanoma (CM) patients. This study showed that
low 23-IRGP value with increased expression of PD-1/PD-L1
were associated with a better prognosis and suggested that the 23-
IRGP could be a useful predictive biomarker of response to ICB
therapy in CM patients. These findings indicate that immune
related genes can be explored as promising biomarkers for
predicting immunotherapy clinical outcomes. However, Wu S.
et al. reported that mismatch repair deficiency and microsatellite
instability are not sensitive predictive biomarkers in triple
Frontiers in Immunology | www.frontiersin.org 267
negative breast cancer and that the investigation of concomitant
expression of immune checkpoints such as PD-L1 and LAG-3 in
tumor tissue will be more helpful for establishing a successful ICB
treatment via dual blockade antibodies therapy. Wu D. et al.
identified highly immunogenic clonal neoantigen (in an
epidermal growth factor receptor (EGFR)-mutated NSCLC
patient benefitting from anti-PD-1 blockade after acquiring
resistance to EGFR-Tyrosine kinase inhibitor (TKI) therapy.
This study validated 4 clonal neoantigens, including 2 derived
from EGFR 19del, 1 from Tumor protein P53 A161T (TP53
A161T) and 1 from DENN domain containing D6B R398Q
(DENND6B R398Q) and emphasized the urgent need of robust
approaches to explore specific clonal neoantigens derived from
driver mutations to predict clinical benefit of ICB in EGFR-TKI
resistant NSCLC patients. Zhang et al. showed a 20% decrease
of 4 serum tumor biomarkers; carcinoembryonic antigen
(CEA), cancer antigen 125 (CA125), cytokeratin 19 fragment
(CYFRA21-1) and squamous cell carcinoma related antigen
(SCC-Ag) at 6 weeks after anti-PD-1/PD-L1 therapy compared
to baseline and this was associated with an improved prognosis of
late-stage NSCLC patients. The group of Yao Chen stressed the
need of predictive biomarkers to properly select those patients
resistant to standard therapies but might benefit from a novel
combination involving ICB. This group showed that high
circulating-free DNA (cfDNA), high circulating tumor DNA
(ct-DNA) and specific mutations (such as MIKI67 and hyper-
progressive disease-related gene mutations) are associated with
poor outcome in late-stage NSCLC patient treated with
combination of ICB and anti-angiogenic therapy. The NY-ESO-
1 cancer testis antigen has been shown to be expressed in several
tumors. It is a highly immunogenic tumor-specific antigen
inducing both humoral and T cell responses and it is
considered as an attractive target for immunotherapy. In fact,
NY-ESO-1 can be considered as a dynamic biomarker and a
potential target of immunotherapy (4). Indeed, it has been
demonstrated that melanoma patients treated with ipilimumab
had an increased rate of NY-ESO-1-specific immunity that was
associated with improved clinical benefit of the treatment,
especially in patients developing both NY-ESO-1-specific
antibody and specific CD8+ T cells (5). We have shown that
immunological monitoring of NY-ESO-1-specific T cells response
is a useful biomarker of response to anti-PD-1 treatment. We have
characterized the expression of immunological markers before and
after anti-PD-1 treatment in a patient with recurrent Head and neck
Squamous cell carcinoma (HNSCC) who showed a transient
regression and stability of the tumor after ICB for over 7 months.
We observed that clinical responsiveness to anti-PD-1 treatment
correlated with immunity to NY-ESO-1. Our results showed that
NY-ESO-1-specific T cells response was increased after the fifth
cycles of treatment (stable disease) but had a significant decline at
progression, and that PD-1+ T cells population was markedly
reduced after anti-PD-1 treatment (6). Recently, we have
characterized a dynamic NY-ESO-1- specific T cells population
that was significantly increased at treatment response in a patient
with a metastatic gastric cancer who displayed a long-lasting
response to combined radio-immunotherapy (4).
October 2021 | Volume 12 | Article 781872
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IDENTIFICATION OF PHENOTYPIC
MARKERS IN IMMUNE CELLS BEFORE
AND DURING IMMUNE CHECKPOINT
INHIBITORS TREATMENT

Several studies have demonstrated that phenotypic characteristics
of immune cells play an important role in predicting the
prognosis of cancer patients and their response to different
anti-cancer therapies, specifically ICB. Indeed, in a patient with
metastatic gastric cancer who responded to combined radio-
immunotherapy, we have identified a peripheral CD107+
cytotoxic T cells subset within a specific CD8/HLA-A2-NY-
ESO-1 T cell population that was low at disease progression
(2.5%), markedly increased at disease resolution (12.9%) and
significantly decreased again at disease re-progression (3.6%) (4).
In a retrospective study including 79 cancer patients who received
anti-PD-1 therapy, Yuan et al. observed that responders had
lower number of peripheral B cells compared to patients who
developed post-treatment progressive disease. These findings
suggest that blood B cells might be a potential biomarker for
anti-PD-1 therapeutic outcome. Interestingly, Araujo B. de Lima
et al. suggested that patients responding to ICB present a pre-
existing immune cells signature qualified as “favorable immune
periphery” useful to predict individuals who will benefit from ICB
therapy. This group characterized peripheral immune cells
phenotypic profile at baseline, 6 then 20 weeks after starting
ICB in 33 patients with solid tumors. The results showed that high
levels of circulating CD8+ PD-1+ T cells, of effector-memory
CD8+ T cells, abundance of dendritic cells (DCs) and low levels of
myeloid-derived suppressor cells and monocytes at baseline
correlated with good prognosis and response to ICB treatment.
Zielinski et al. discussed novel technologies that have the potential
to accelerate the characterization of functional phenotype of
immune cells before and during anti-cancer therapies to
evaluate patients’ response and to predict their prognosis. This
study suggests high throughput approaches including multi-
omics, single cells sequencing, flow cytometry, mass cytometry
and bioinformatics for the exploration of immune cells dynamics
and discovery of novel cancer biomarkers. Kidman et al. also
pointed out the application of sequencing and single-cells analysis
in characterizing dynamic changes in the T cell receptor (TCR)
repertoire during ICB therapy to evaluate treatment outcome and
stratify patients according to predicted beneficial response.
Briefly, this study reported that anti-CTLA-4 treatment
increases TCR diversity and clonal expansion of the peripheral
and tumor-infiltrating lymphocytes. Moreover, this study
suggested that the expression of PD-1+ blood T cells and the
expansion of intra-tumoral TCR clonotypes could be predictive
biomarkers of response to PD1/PD-L1 blockade. The same group
has identified in murine model a subset of antigen specific CD8+
T cells correlating with a successful response to ICB (Principe
et al.). Hence, this study suggested that increased effector memory
antigen-specific CD8+ cytotoxic T cells in the presence of reduced
regulatory T cells (Tregs) within tumors is predictive of response
to anti-PD-L1 and anti-CTLA-4 treatment. Hübbe et al. discussed
strategies described to stimulate endogenous DCs for improved
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anti-tumor immune response to ICB. Accordingly, the
presence of adequately activated DCs could be considered as a
biomarker for response to ICB since engagement of stimulated
DCs will have an impact on the expansion, proliferation and
priming of antigen-specific anti-tumor T cells. Finally, the
expression levels of the inhibitory proteins PD-1 and CTLA-4
by T cells can be a useful prognostic biomarker associated with
cancer immunity. Indeed, based on pan-cancer analysis of large
cancer datasets, Liu et al. showed that a differential expression
profiles of these immune cells inhibitory receptors are observed
by cancer type and are associated with several parameters that
play a key role in response to immunotherapy including tumor
cell infiltration and TMB.
IDENTIFICATION OF CYTOKINES/
CHEMOKINES SPECIFICALLY
GENERATED BEFORE AND DURING
IMMUNE CHECKPOINT INHIBITORS
TREATMENT

Cytokines and chemokines are biomarkers that play a pivotal role
in immune cells activity. It has been shown that differential
expression levels of these biomarkers were observed during ICB
and can be helpful in monitoring the clinical outcome. We have
shown that several cytokines/chemokines involved in immune
activation were upregulated after ICB (nivolumab) treatment of
HNSCC patient; 2 biomarkers were reduced at progression
[interleukin (IL)-10: ****p < 0.0001 and CX3CL1: ****p < 0.0001]
(6). On the other hand, some cytokines/chemokines contributing to
immune inhibition were downregulated after nivolumab treatment;
2 biomarkers were increased at progression (IL-6: ****p < 0.0001
and IL-8: ****p < 0.0001) (6). We have also shown that
downregulation of IFN-g, tumor necrosis factor-a (TNF-a) and
few interleukins (IL-2, IL-5 and IL-6) concomitant with an
upregulation of perforin, soluble FAS, macrophage inflammatory
protein-3a (MIP-3a) and C-X-C motif chemokine 11/Interferon–
inducible T Cell Alpha Chemoattractant) correlated with disease
resolution in a metastatic gastric patient treated with combined
radioimmunotherapy (4).
BIOMARKERS ASSOCIATED WITH
TREATMENT RELATED TOXICITY AFTER
TREATMENT WITH IMMUNE
CHECKPOINT INHIBITORS

As a consequence of their activity as modulators of the immune
response, ICB can exert immune-related adverse events (irAEs)
potentially leading to severe outcome and discontinuation of
therapy. In addition to most common side effects including
dermatological (reticular, erythematous rash), gastrointestinal
(diarrhea, colitis), and endocrine (thyroid, adrenal, pituitary
glands) effect, rarely described hematological irAEs associated
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with ICB therapy (thrombocytopenia, aplastic anemia, etc.) are
emphasized in a systematic review of 49 case report articles
which also summarized the current approaches used to manage
this toxicity (Omar et al.). The pattern and the onset of irAEs
differ by ICB treatment and by cancer type resulting in a highly
variable clinical presentation considered as a complicated
challenge for oncologists. Therefore, the identification of
biomarkers for early recognition and appropriate management
of ICB-iRAEs is critical for clinical practice. Indeed, several
studies have urged the need of accurate irAEs biomarkers and
highlighted the difficulty to distinguish them from regular
toxicities. Pringle et al. reported an infiltration of CD4+ and
CD8+ T cells and an increased expression of proliferative (ki67+)
and senescent (p16+) epithelial cells in the salivary gland tissue
of a NSCLC patient who was suffering from post-durvalumab
(anti-PD-L1) hyposalivation. The review article by Hommes
et al. presents a combination of biomarkers that can be useful
to predict ICB toxicity, including blood-based (neutrophil-to-
lymphocyte ratio, absolute lymphocyte count, lymphocytes,
autoantibodies and various serum cytokines/chemokines),
immunogenetic (single nucleotide polymorphisms, human
leucocyte antigen subtypes) and microbial biomarkers
(microbiome composition). However, this study highlights the
limitations related to the specificity and accuracy of these
biomarkers. Rose L. M. et al. evaluated the association between
tumor type, pre-treatment clinical parameters and the
occurrence of irAEs in cancer patients treated with ICB as a
monotherapy or in combination. This retrospective study
suggests that demographic parameters (female, obesity) and
preexisting clinical factors, such as high eosinophils or white
blood cells counts and pre-existing autoimmune disease, could
help identify cancer patients at higher risk of developing irAEs
(Rose L. M. et al.). An interesting review by Xu et al.).
summarized the key potential biomarkers from the tumor
microenvironment, peripheral blood, targeted organs, host-
related demographic parameters and treatment history,
associated with an increased incidence of ICB-related toxicities.
However, with the modification of the tumor status, tumor
microenvironment, immune response and potential
concomitant therapies, dynamic monitoring would be required
for several biomarkers to manage the toxic outcome accurately
and adequately. In conclusion, the identification of specific
biomarkers for ICB-related toxicities is still at exploratory
Frontiers in Immunology | www.frontiersin.org 489
research stage and needs further and larger investigations. In
an attempt to overcome the side effects of ICIs monoclonal
antibodies, researchers are trying to target checkpoint inhibitors
such as PD-L1 using novel immunotherapeutic approaches. In a
phase I clinical trial, Jørgensen et al. showed that subcutaneous
vaccination with IO103 peptide against PD-L1 induced
significantly high immunogenicity with low-grade and
reversible toxicity in multiple myeloma patients.
CONCLUSION

The study of the dynamics of the immune system and tumor
microenvironment during ICB is crucial to predict favorable
response and to manage undesirable adverse events. Dynamic
predictive biomarkers of ICB identified so far are still at
exploration phase and have limited reliability on a patient
basis. The development of models combining multiple
variables dynamics and using novel system approaches such as
multi-omics, single cells analysis and rigorous biostatistics and
bioinformatics tools is key in the identification of reliable
predictive dynamic biomarkers to pave the way towards a
more personalized, beneficial and safer ICB therapy.
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Background: Salivary glands (SGs) can be damaged by immune checkpoint inhibitor

(ICI) therapy. In patients with ICI-induced SG dysfunction, 60% progress to fulfill

classification criteria for primary Sjögren’s syndrome (pSS), owing to immune foci in SGs

and/or anti-SSA autoantibody positivity. We report the SG tissue analysis of a patient

with SG dysfunction after treatment with a programmed death ligand-1 (PD-L1) inhibitor,

compared to that of a dry mouth (“sicca”) control and pSS patient.

Case presentation: The patient received the PD-L1 inhibitor durvalumab (10 mg/kg,

every 2 weeks by intravenous infusion) as adjuvant treatment for stage 3 non-small cell

lung carcinoma, following concurrent chemo radiotherapy. At 43 weeks after 21 cycles

of Durvalumab, the patient was not capable of producing unstimulated or stimulated

parotid gland saliva, and a biopsy was taken. Immunohistochemical analysis showed

no classical AQP5+ CK7− acinar cell clusters (CK7 marks intercalated ducts, IDs). In

contrast, the parenchyma was dominated by hybrid epithelial “structures” with ID-like

morphology, containing a mixture of AQP5+CK7−, AQP5−CK7+, and AQP5+CK7+ cells

(30 structures/mm2). These structures were present at lower frequencies in sicca control

(2/mm2) and pSS (10/mm2) tissue. Hybrid structures contained proliferating (Ki67+)

cells and senescent (p16+) cells. Striated ducts showed no abnormal morphology

post PD-L1 treatment, in contrast to pSS tissue. PD-L1 expression was detected in

the SG parenchyma following anti-PD-L1 therapy. The SG post-PD-L1 therapy further

demonstrated focal lymphocytic sialadentitis, harboring disperse, and focal CD4+ T

cell-rich infiltrates. CD8+ T cells were also present. In this patient, these CD4+ and

CD8+ T cells were observed in-between and inside hybrid structures. CD20+ B-cells

were infrequently detected following PD-L1 blockade, in contrast to their preponderance

in pSS SG tissue.

Conclusion: This patient lacked conventional SG acinar cells following anti-PD-L1

therapy and demonstrated presence of hybrid intercalated duct-like structures.
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Understanding which mechanisms and dynamics underpinning this aberrant

parenchyma may be crucial to understand how SG dysfunction post ICI therapy,

and potentially other affected organs. Furthermore, although the patient treated with

anti-PD-L1 antibody examined here fulfills the criteria for pSS and demonstrated

focal lymphocytic sialadentitis, the further histopathological characteristics do not

resemble pSS.

Keywords: checkpoint inhibitors, anti PD-L1 therapy, salivary gland dysfunction, immune related adverse event,

cancer treatment, sicca syndrome, hyposalivation

BACKGROUND

Immune checkpoint inhibitor (ICI) therapy is the engagement of
the immune system to kill tumor cells via the blockade of immune
system inhibitory checkpoints, mostly employing cytotoxic T-
lymphocyte associated protein 4 (CTLA-4), programmed cell
death protein-1 (PD-1) and programmed death ligand-1 (PD-
L1). ICIs are efficacious in melanoma, lung cancer and head and
neck cancer treatment (1). In up to 60% of patients taking ICIs,
however, inflammatory diseases such as colitis, pneumonitis,
arthritis, inflammatory myopathy, vasculitis, nephritis and
sialadentitis, resembling primary Sjögren’s syndrome [pSS,
including salivary gland (SG) hypofunction] are observed (1–4).
“Sicca” syndrome arising from SG hypofunction, including dry
mouth, are reported at frequencies of 5% of all patients taking
ICIs (1–5).

In a healthy scenario, SG acinar cells produce and
secrete saliva, channeled through ducts into the mouth.
The vast majority of saliva is produced by the major (parotid,
submandibular, and sublingual) SGs, with small contributions
from the minor SGs located in the lips and oral cavity. SGs are
thought to be maintained by the proliferation and differentiation
of tissue resident progenitor cells, largely located in the
intercalated and striated ducts (6–9). The observation that
ICI-induced hyposalivation cannot be rescued by corticosteroid
treatment to dampen inflammation suggests that inflammation
is not causing SG hypofunction (3, 10, 11). The SG epithelium is
endowed with an ability to receive and transduce inflammatory
signals, and actively participate in inflammatory processes,
suggesting that a closer examination of the processes following
ICI use is crucial to our comprehension of this side-effect (12).

In the case presented here, we compare a parotid SG
following prolonged anti-PD-L1 therapy with a sicca control
parotid SG, and with a parotid SG from a patient with pSS,
to compare the effect of ICI treatment on the SG parenchyma.
pSS is an autoimmune disease characterized partly by SG
dysfunction, including lymphocytic infiltration, and the presence
of anti-SSA autoantibodies, resulting in hyposalivation and oral
dryness. SG lymphocytic infiltration in later stages of pSS is
predominantly B-cell based, and can also include presence of
germinal centers and lymphoepithelial lesions (LELs) (13, 14).
An increase in IgG plasma cells in the glands, resulting in <70%
IgA plasma cells, further characterizes pSS. Presence of anti-
SSA antibodies in blood, and/or a positive focus score (a read-
out of SG lymphocytic infiltration extent) plus reduced saliva

output leads to classification of our patient as suffering from
pSS [ACR-EULAR 2016 criteria (15)]. Studies have suggested
that ∼60% of patients treated with ICIs and experiencing dry
mouth complaints also demonstrate presence of SSA antibodies
and/or a positive focus score, designating them technically as
suffering from pSS (3, 5, 10, 11). The nature of the lymphocytic
infiltration following ICI therapy has been suggested to be CD4+

T cell dominated in the minor SGs (3, 5). That of the major
SGs and indeed the pathology of the parenchyma, responsible
for the majority of saliva production and secretion, has not
been documented.

CASE PRESENTATION

The patient (male, 52 years old) received the PD-L1 checkpoint
inhibitor durvalumab as an adjuvant treatment for stage
3b non-small cell lung carcinoma of the right upper lobe,
following chemo-radiotherapy. Durvalumab was administered
intravenously every 2 weeks at a dose of 10 mg/kg, as previously
published (16). The patient had a history of psoriasis. The patient
completed 1 year, 26 cycles of durvalumab. At cycle 11, he
presented clinically with a subjective sensation of dry mouth,
“sicca” complaints, and was not able to produce any unstimulated
or stimulated parotid saliva Additional clinical data is presented
in Table 1. Ultrasonography revealed moderate change in SG
topography (HOCEVAR score of 14/48), but remained under
the threshold score of 15/48 for a positive result (17–19). The
Schirmer’s test for ocular dryness was positive (4mm tear fluid
/5min), as opposed to the ocular staining score (OSS), which
was negative (0). In order to examine the pathology of the SG,
a parotid SG biopsy was performed following our previously
published protocol (20).

For comparison, parotid SG tissue from a sicca control
pSS patient were also analyzed. The sicca control patient
demonstrated reduced saliva production, negative HOCEVAR
score of 9/48, negative ocular dryness scores and no signs
of pSS development (Table 1). The patient with pSS was not
capable of producing unstimulated parotid saliva, produced
reduced volumes of stimulated parotid saliva (Table 1). The
patient with pSS also demonstrated SSA autoantibody positivity,
a positive ultrasound score (26/48), and positive test results
for ocular dryness (Table 1). All parotid salivary gland biopsies
were immunostained as previously reported, with CD45,
CD20, CD3, CD4, CD8, Ki67, IgA, IgG, Bcl6, high molecular
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TABLE 1 | Clinical characteristics of patients.

Characteristics Sicca control pSS Anti-PD-L1

Sex Female Female Male

Age 68 47 52

Unstimulated whole saliva (ml/min) ND 0.05 0

Stimulated whole saliva (ml/min) 1.35 0.37 0

Unstimulated parotid

saliva (ml/min)

Left 0 0 0

Right 0 0 0

Stimulated parotid saliva

(ml/min)

Left 0 0.09 0

Right 0.06 0.05 0

Unstimulated

submandibular/sublingual

saliva (ml/min)

Left

+

Right

0.02 0.05 0

Stimulated

submandibular/sublingual

saliva (ml/min)

Left

+

Right

0.14 0.23 0

Focus score (foci/4mm2 ) 0 2.5 1.0

Lymphoepithelial lesions (LELs) No Yes No

Germinal Center No Yes No

IgG plasma cells No No No

Ultrasound score –(9/48) +(26/48) –(14/48)

Ocular staining score (OSS) 0 3 0

Schirmer’s test (mm/5min) 6 0 4

ANA titre Neg 1:640 1:160

SSA − + +

ND, no data; ANA, anti-nuclear antibody; HC, healthy control. Ultrasound was scored

using the Hocevar et al. scoring system, as validated in Mossel et al., Annals Rheumatic

Diseases, 2017 (17). Ocular staining score (OSS) is considered positive for ocular dryness

with a score of >3 in at least one eye. Schirmer’s test is considered suggestive of

ocular dryness with <5mm tear fluid/5min in at least one eye. Serum levels of anti-SSA

antibodies were assessed with ELISA tests and scored as positive according to standard

procedures if more than 10 IU/mL.

weight cytokeratins, p16 and PD-L1 (all Ventana) (21).
Biopsies were additionally double immunostained for AQP5
and CK7, following antigen retrieval with EDTA buffer (pH
= 8) for 15min. A double staining kit containing secondary
antibodies from Thermofisher was used (TL-012-MARH).
Primary antibodies of AQP5 (Abcam, clone EPR3747, 1:200) and
CK7 (Sigma-Aldrich, clone RCK105, 1:100) were diluted in PBS.

Lack of Conventional Acinar Cells and
Skewing of the Epithelial Compartment
Toward Hybrid Intercalated Duct-Like
Structures
In order to examine the effect of anti-PD-L1 therapy on the
SG, we examined the striated ducts (SDs), intercalated ducts
(IDs) and acinar cells. The SDs of the SG in pSS can undergo
invasion by B cells, become proliferative and lead to formation of
LELs. The SDs of the sicca control patient demonstrated minimal
presence of Ki67+ proliferative cells (Figure 1a). Proliferative
epithelial cells, defined by immunostaining for Ki67 and high
molecular weight cytokeratins (hmwCK) in serial sections, were

detected in the pSS tissue (Figures 1b–d). No effect of anti-PD-
L1 therapy was apparent on SDs, which displayed a phenotype
similar to the sicca control and minimal proliferative cells,
marked by Ki67+ (Figures 1a,e).

In order to probe how durvalumab effects the acinar and
ID cell compartments, we immunostained tissue with AQP5
to mark acinar cells and CK7 to denote IDs. In healthy
conventional acinar cells, AQP5 is expressed at the apical
cell membrane, and CK7 is not heavily expressed. In sicca
control and pSS biopsies, clusters of AQP5+CK7− acinar cells
with large cytoplasm:nucleus ratios and are easily identifiable
(280/mm2 sicca control; 170/mm2 pSS; Figures 1f,g). AQP5
is localized apically in healthy acinar cell clusters (Figure 1f,
inset). In pSS tissue, these conventional acini demonstrated
some dysregulation of AQP5 localization, in line with
other studies of the minor SGs, but maintained their large
cytoplasm:nucleus ratio (22). Acinar clusters in pSS tissue
also contained occasional CK7+ cells. (Figure 1g inset). In
tissue following PD-L1 blockade, AQP5+CK7− acinar clusters
with large cytoplasm:nucleus ratio and apically located AQP5
were not detectable (Figure 1h). The parenchyma post-PD-L1
blockade was instead dominated by mixture of AQP5+CK7−,
AQP5−CK7+, and AQP5+CK7+ cell clusters, whereby AQP5
localization was homogenous throughout the cells and cells
maintained a low cytoplasm:nucleus ratio (Figures 1h,i).
Interestingly, “hybrid” epithelial structures comprising a mixture
of AQP5+ and CK7+ cells comprised 70% of total epithelial
cell clusters (33 structures /mm2; Figures 1h,j). Such hybrid
epithelial structures were also present in sicca control and
pSS tissue, but at much lower frequencies (sicca control 2%
of total IDs, 2 IDs/mm2; pSS 12%, 10/mm2; Figures 1j,k). In
sicca control and pSS tissue, CD4+ and CD8+ T cells were
detected sporadically in SG parenchyma (acinar cells plus IDs;
Figures 1l,m,o,p). Both T cell subsets were present dispersed at
visibly higher frequencies, both in-between and inside epithelial
structures following anti-PD-L1 therapy (Figures 1n,q).

Intercalated Duct-Like Structures Cells Are
Proliferative and Potentially Senescent and
Following Anti-PD-L1 Therapy
In order to probe parenchymal cell dynamics, we immunostained
for the senescence marker p16, and Ki67. In the sicca control and
pSS parotid SGs, Ki67+ proliferating cells were detected at a total
frequency of 6/mm2 and 24/mm2, respectively (Figures 2a,b).
Ninety percent of Ki67+ cells (equal to 5 cells/mm2) were located
in the epithelium (SDs, IDs, and acini) in sicca control tissue,
and 66% (equal to 16 cells/mm2) in pSS tissue (Figure 2d).
In tissue following anti PD-L1 therapy, 275 Ki67+ cells/mm2

were detected, of which 85% (equal to 230 cells /mm2) were
located within the ID-like epithelial structures (Figures 2c,d).
The remaining Ki67+ cells were located in SDs (Figures 2c,d).

p16 can be used to denote senescent cells. p16+ cells
were present at frequencies of 31/mm2 in sicca control tissue
(Figures 2e,h), and were mostly stromal/non epithelial in nature.
We have previously shown that the epithelium of parotid
SGs in the autoimmune disease pSS is likely to contain
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FIGURE 1 | Lack of acinar cells and presence of AQP5+ CK7+ hybrid epithelial structures in the parotid salivary gland following anti-PD-L1 therapy. (a,b,c,e) Ki67

staining in striated ducts of sicca control, pSS and post-anti-PD-L1 therapy tissue. Panels (c,d) (immunostained for high molecular weight cytokeratins (hmwCK) to

mark SD cells, outlined in dashed line) show high resolution of area in inset in (b). (f–h) AQP5 and K7 double immunostaining of sicca control, pSS and

post-anti-PD-L1 therapy tissue. Insets in (f) shows normal K7 and apical AQP5 staining patterns of intercalated ducts and acinar cell, respectively. Inset in (g) show

acinar cell clusters in pSS with occasional CK7+ cell presence. Block arrows in (h) denote AQP5-K7 double-positive cells. (i) Quantification of AQP5 and CK7 cell

content of epithelial cell structures following anti-PD-L1 blockade. (j) Quantification of composition of intercalated duct in sicca control tissue. (k) Quantification of

composition of intercalated ducts in pSS tissue. (l,m) CD4 immunostaining. (o–q) CD8 immunostaining. All scale bars represent 50µm, unless otherwise stated.

elevated numbers of p16+ senescent cells (8). Indeed, p16+

cells were detected in pSS tissue at a total frequency of
37/mm2 (Figures 2f,h). In pSS tissue, p16+ cells were mostly
located in striated ducts, in line with our previous studies
(13/mm2 in SDs, 8/mm2 IDs, 9/mm2 acinar cells; Figures 2f,h).

p16+ cells were present in SG tissue following anti-PD-L1
therapy at a frequency of 51/mm2, higher than both sicca
control and pSS, of which 95% (equal to 48 cells/mm2)
were located in the ID-like epithelial structures described
in Figures 1, 2g,h.
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FIGURE 2 | Hybrid epithelial structures following PD-L1 therapy are proliferative, potentially senescent and express PD-L1. (a–c) Ki67 immunostaining of sicca

control, pSS and post PD-L1 therapy SG tissue. Inset in (c) shows high resolution image of boxed area in main panel. (d) Quantification of Ki67+ epithelial cell types

(sicca control and pSS tissue) or hybrid epithelial structures (str; anti-PD-L1 blockade). (e–g) Immunostaining of sicca control, pSS and post-PD-L1 blockade tissue

for p16. (h) Quantification of frequency of p16+ cells in epithelial cell types (sicca control and pSS tissue), and hybrid epithelial structures (str; anti-PD-L1 tissue). SDs,

(Continued)
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FIGURE 2 | striated ducts; ID, intercalated ducts; Ac, acini clusters. (i) PD-L1 immunostaining in sicca control. (j) PD-L1 immunostaining in pSS tissue. (k) PD-L1

immunostaining in germinal center of pSS SG tissue, showing PD-L1+ lymphocytes. (l) Low resolution microscopy of PD-L1 immunostaining in patient taking

durvalumab. (m) High resolution image of patient taking durvalumab, showing intensely PD-L1+ epithelial structures (white arrow), lightly positive epithelial structures

(black arrow) and positive striated duct cells (block arrow). All scale bars represent 50µM.

Intercalated Duct-Like Structures and
Striated Ducts Express PD-L1 Following
Anti-PD-L1 Therapy
In order to establish if anti-PD-L1 therapy may exert a direct
effect on the SG epithelium, we performed immunostaining
for PD-L1. In sicca control and pSS tissue, no PD-L1+ cells
were present in the SG parenchyma (Figures 2i,j). PD-L1+

presumptive dendritic cells were detected in the germinal
center of pSS tissue (Figure 2k). In tissue following PD-
L1 blockade, unconventional epithelial structures were either
lightly or intensely PD-L1+ (Figures 2l,m). Striated ducts also
demonstrated some PD-L1 positivity (Figure 2m).

Patient Parotid SG Following Prolonged
PD-L1 Inhibitor Use Contains Mostly CD4+

T Cell Infiltrate and Does Not Resemble
pSS Parotid SG Gross Pathology
In order to compare SG histopathological findings (i.e., nature
of sialadentitis, presence of LELs, IgG plasma cells, and germinal
centers) in a patient with sicca following PD-L1 blockade to that
observed in pSS, we performed immunohistochemical staining
for infiltrating lymphoid cells. Sicca control parotid SGs show
dispersed, scarce CD45+ cell presence, no focal CD45+ cell
presence, no focal lymphocytic sialadentitis, no LELs, germinal
centers or IgG plasma cell presence (Figure 3a). These features
were all present in the parotid biopsy of the pSS patient examined
(Figures 3b–g; clinical details in Table 1). CD45+ leukocytes
were present throughout the biopsy post PD-L1 blockade, both
periductally and dispersed between the epithelial cells of the
parenchyma (Figure 3h). The infiltrate was composed of a
majority of CD4+ T cells, in addition to considerable presence of
CD8+ T cells, and a minor contribution to total infiltrate from
CD20+ B cells (Figures 3i–o). CD4+ and CD8+ lymphocytes
present were both diffusely dispersed through the tissue and
focally clustered around the striated ducts, in a similar manner
to pSS (“focal sialadentitis”; Figures 3k,l,n,o). No LELs, germinal
centers or IgG secreting plasma cells were observed in this biopsy
(Figures 1p, 3, Table 1). A focus score of 1.0 was calculated
for the anti-PD-L1 treated patient (the focus score of the pSS
patient was 2.5). Together with the lack of saliva production, this
focus score would lead to classification of this patient post-PD-L1
therapy as suffering from pSS.

DISCUSSION AND CONCLUSIONS

In this case study, we examine parotid SG morphology of a
patient with sicca complaints following anti-PD-L1 therapy,
with particular attention for the epithelium. The most striking
observation was the lack of cells responsible for producing saliva,

namely conventional acinar cell clusters with apically located
AQP5 expression and high cytoplasm:nucleus ratio. Intercalated
duct-like epithelial structures composed of a mixture of
AQP5+CK7−, AQP5−CK7+, and AQP5+CK7+ cells dominated
the parenchyma instead, whereby AQP5 was mislocalized.
Considering the lack of parotid SG function by this patient, these
structures are presumably not capable of saliva production. This
appears to be in contrast with the phenotype of the minor SGs
observed post-ICI use, whereby conventional acinar cells are
still present, suggesting striking differences in the reactionary
abilities between major and minor SGs (3, 5). The phenotype is
also dissimilar to parotid SG dysfunction induced by radiation,
where saliva production is lost immediately following radiation
(as opposed to around 70 days post ICI commencement), and
where tissue will demonstrate both fibrosis and acinar cell cluster
loss (23).

A predominance of CD4+ T cell lymphocytic infiltration
in the parotid SG post-PD-L1 therapy was observed, although
CD8+ T cell presence was also considerable. CD20+ B-cells were
nearly absent. This is in agreement with literature examining
minor SGs, where mostly CD4+ infiltrate was observed (3, 5).
CD4+ and CD8+ T cells were found both focally around but not
inside SDs, in addition to dispersed throughout the tissue. Both
CD4+ and CD8+ T cells also infiltrated the ID-like epithelial
structures post PD-L1 blockade. Interestingly, CD8+ T cells and
CD4+ T cells were also found sporadically in acinar cell clusters
of SG tissue from sicca control and pSS patients, albeit at lower
frequency. These data may suggest that CD8+ cell presence in the
SG parenchyma is detrimental to SG/acinar function, considering
neither sicca control or pSS patient produced normal amounts of
saliva (24).

The phenotype of the SG described in the current case
study raises questions about the sequence of events occurring
in the SG following anti-PD-L1 therapy, and their effect on
acinar cells. PD-L1 expression was greater in the SG parenchyma
after anti-PD-L1 blockade, compared to sicca and pSS control
tissues. Which stimuli originally triggers this increased PD-
L1 expression, and any effect thereafter on SG function of
epithelial PD-L1 interaction with PD-L1 blocking therapeutics
such as durvalumab remains to be clarified. Existing studies
have documented a relationship between PD-L1 expression
and interferon-γ levels (IFNγ), whereby IFNγ has been shown
to increase PD-L1 expression, and PD-L1 expression to be
protective against interferon-γ induced toxicity (25, 26). CD4+

and CD8+ T cells recruited to the SG may be responsible for
the gross alterations in parotid SG dynamics observed, although
which particular CD4+ or CD8+ subsets are responsible will
require phenotyping of the infiltrate. Proliferative (Ki67+) and
potentially senescent (p16+) epithelial cells were detected in this
SG post PD-L1 therapy. The ability to proliferate implies that a
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FIGURE 3 | The histology of a parotid salivary gland following prolonged anti PD-L1 therapy contains focal lymphocytic sialadentitis, but does not resemble the

parotid gland in pSS. (a) CD45 immunohistochemical of sicca control. (b–d) CD45, CD20 and CD3 immunohistochemical staining of a parotid salivary gland from a

(Continued)
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FIGURE 3 | pSS patient. (e) High resolution images of a lymphoepithelial lesion, whereby B cells are seen to invade striated ducts. Through as yet unclear

mechanisms, both B cells and epithelial cells proliferate, and may represent a precursor stadium to MALT lymphomas. White dashed line demarcates boundaries of

original striated duct. Inset box shows CD20+ B cells in between CD20− epithelial cells. (f) High resolution image of a germinal center, indicated by Bcl-6 positivity.

Bcl-6 positive B cells are characteristic of germinal centers. Dashed white line outlines boundaries of germinal center. Inset shows Bcl-6-positive nuclei of B cells. (g)

Double immunohistochemical staining for IgA and IgG classes of antibodies. IgA represents the isotype normally found in mucosal tissues such as the SG (red label).

Where >80% of labeled cells are IgG positive (brown), class switching is assumed to have occurred, such as the present example. (h–n) CD45, CD20, CD8, and CD4

immunohistochemical staining of a parotid salivary gland from patient following prolonged anti-PD-L1 therapy. Insets in (h) shows high resolution of boxed area. (k)

High resolution image of diffuse CD8 immunostaining. (l) High resolution image of focally organized CD8 immunostaining. (n) High resolution image of focally

organized CD4 immunostaining. (o) High resolution image of focal CD8 immunostaining. (p) IgA IgG double immunostaining following prolonged anti-PD-L1 therapy,

showing majority of pink, IgA class antibodies.

SG resident progenitor cell population may have been affected by
anti-PD-L1 therapy, directly or indirectly. The observed skewing
toward unconventional epithelial structures may represent an
attempt by progenitor cells to restore acinar cell balance, which
may have not reached completion.

Sixty percent of patients experiencing lack of saliva production
following checkpoint inhibitor use will progress to fulfill
classification criteria for pSS. Recent studies suggest that small
proportion (7 or 15%, in recent reports) of these patients display
anti-SSA positivity, with the remaining fulfilling classification
criteria owing to positive focus scores (3, 5). SGs affected by pSS,
at least in its advanced stages, are notable for their preponderance
of CD20+ B cells, in addition to germinal center, LELs, and IgG
producing plasma cell presence. These features were not present
in the SG examined here following anti-PD-L1 therapy, in line
with recent reports examining the minor SGs. Thus although
foci are present, the nature of the infiltrate and the pathology
observed are not consistent with the classical SG of a pSS patient
(3, 5). The parotid SG examined in this case does not resemble
that in pSS, histopathologically, despite the presence of anti-SSA
in the serum.

In conclusion, our observations suggest that epithelial tissues
such as the SG can react dramatically to anti-PD-L1 therapy.
Our data supports a recent observation by Warner et al., who
reported that hyposalivation following ICI therapy cannot be
resolved with anti-inflammatory corticosteroid use. These data
imply that the presence of infiltration is not the reason for lack of
SG function observed. According to our data, the SG epithelium
may be grossly dysregulated following PD-L1 blockade (3).
Whether ICI therapy targeting other receptors (anti-CTLA4;
anti-PD-1) also results in loss of acinar structures remains

to be shown. Exhaustive additional studies will be necessary
to comprehend fully the mechanisms behind PD-L1 blockade
induced SG dysfunction, to understand how to affect tumor cell
removal using ICIs with minimal epithelial organ dysfunction.
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We experienced a patient who had four lung cancers with different pathological

features, with the most advanced being diagnosed as pStage IIA. A month after the

resection, the original lung cancer had metastasized to the lung and to the liver. Of the

original lung cancers that were resected, the biggest adenocarcinoma of S3 showed

50 × 31 × 17 mm (invasion 50 mm) and pT2bN0M0 (pStage IIA) with epidermal

growth factor receptor (EGFR) mutation (–) and anaplastic lymphoma kinase (ALK)

translocation (–), but expression of programmed death ligand 1 (PD-L1) (+) tumor

proportion score (TPS) 80%. The pleomorphic carcinoma showed 23 × 20 × 17mm

(invasion 23 mm) and pT1cN0M0 (pStage Ic) with EGFR (–), ALK (–), PD-L1 (+),

TPS 95%. Tumor mutation burden (TMB), microsatellite instability (MSI), and structural

chromosome aberration analysis by DNA microarray were performed. One hundred

somatic mutations in the adenocarcinoma and 75 somatic mutations in the pleomorphic

carcinoma were identified, which showed an extremely high mutation rate, although only

16 somatic mutations were common between the two cancers. Chromosomal structural

aberrations differed greatly between the two cancers, but common aberrations were

found in chromosomes 8 and 10 and partially common aberration in chromosomes

4, 14, 17, and X. These results indicated that each lung cancer originated from a

common ancestor clone and developed on an individual molecular evolution. The patient

received a single injection of pembrolizumab and 13 injections of atezolizumab. Immune

checkpoint inhibitor treatment made metastatic pulmonary and liver lesions reduce in

size and show as Partial response (PR). Multiple lung cancers with high PD-L1 activity

tend to be TMB-high, reflecting rapid molecular evolution and relevance to the patient’s

response to immune checkpoint inhibitors. Genomic examination could help determine

what had happened in multiple cancers on progression and provide useful data to patient

treatment. Each lung cancer originated from a common ancestor clone and developed

on an individual molecular evolution.

Keywords: lung cancer, immune checkpoint inhibitor (ICI), programmed death ligand 1 (PD-L1), tumor mutation

burden (TMB), microsatellite instability (MSI)
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INTRODUCTION

Clinically valuable prognostic and predictive biomarkers that
can reliably determine the patients most likely to benefit from
adjuvant chemotherapy are still in the developmental stages.
The recent progress of antibodies that target the programmed
death 1 (PD-1) as well as programmed death ligand 1 (PD-L1)
pathways plays critical in the management of advanced non–
small cell lung cancer (NSCLC). Similar to the PD-L1 expression,
tumor mutation burden (TMB) and microsatellite instability
(MSI) are being used for the first time as predictive biomarkers
for identifying patients likely to positively react to immune
checkpoint inhibitors (1–5). However, the overlap between the
PD-L1, TMB, and MSI differs among cancer types, and only
0.6% of cases were positive for all the three markers in malignant
tumors (3).

We herein report a patient with four lung cancers who had
a remarkable response to immune checkpoint inhibitors for
NSCLC. The TMBs of the lung cancers were identified to be
105.9 mutations per megabase (mut/Mbp) in adenocarcinoma
and 79.4mut/Mbp in pleomorphic carcinoma by next-generation
sequencing analysis of cancer gene panel test, SureSelect NCC
Oncopanel (Agilent) National Cancer Center Hospital in Japan,
Tokyo, Japan.

CASE PRESENTATION

A CT scan showed that an 87-year-old man had three
nodules in his right upper lobe of the lung (Figure 1). These

FIGURE 1 | Chest CT shows multiple lung cancers. (A) Adenocarcinoma, (B) pleomorphic carcinoma, (C) adenocarcinoma, (D) positron emission tomography

computed tomography (PET-CT) of pleomorphic carcinoma (B), (E) PET-CT of adenocarcinoma (C).

nodules were highly suspected to be cancerous (cT2bN0M0,
cStage IIA), and he underwent a right upper lobectomy and
lymphadenectomy of ND1 for lung cancer under a complete
video-assisted thoracoscopic surgery procedure. A pathological
examination revealed that out of the four lung cancers one
was a pleomorphic carcinoma, and three were adenocarcinomas.
The biggest adenocarcinoma of S3 showed 50 × 31 × 17mm
(invasion 50 mm) and pT2bN0M0 (pStage IIA) with epidermal
growth factor receptor in real-time polymerase chain reaction
(PCR) (EGFR) (–), anaplastic lymphoma kinase (ALK) (–), and
expression of PD-L1 (+) tumor proportion score (TPS) 80%. The
pleomorphic carcinoma showed 23 × 20 × 17 mm (invasion
23 mm) and pT1cN0M0 (pStage Ic) with EGFR (–), ALK (–),
and PD-L1 (+) TPS 95%. One month after resection, there were
multiple metastases to lung and liver that had developed quickly.
The liver metastasis was diagnosed pathologically as a metastasis
of the pleomorphic carcinoma by percutaneous liver biopsy.

The TMB and MSI were analyzed under SureSelect NCC
Oncopanel (Agilent) and Bethesda panel assay in the patient’s
lung cancer samples. Also, OncoScan CNV (Affymetrix)
Thermo Fisher Scientific, Tokyo, Japan was performed to
analyze chromosomal aberrations (Figures 2, 3). A pleomorphic
carcinoma had a uniform carcinoma which cancer cells had
occupied more than 80% of the central tumor area (Figure 2).
The biggest adenocarcinoma had a un-uniform adenocarcinoma
with stroma and lymphocytic infiltration which cancer cells
had occupied 20 to 30% of the central tumor area. The second
adenocarcinoma showed an arrangement of islands. The
third adenocarcinoma showed adenocarcinoma in situ and
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FIGURE 2 | Relationship between pathology and somatic mutations.

FIGURE 3 | Structural chromosome aberration analysis by OncoScan CNV. Common chromosomal aberrations were found in chromosomes 8 and 10, and the

process that piled up independent chromosomal aberrations was inquired of these tumors having a common origin.

normal tissue. The second and third adenocarcinomas were not
trimmed for carcinoma tissue for DNA analysis. Finally, DNA
was extracted from the formalin-fixed paraffin-embedded

tissues of the pleomorphic carcinoma and the biggest
adenocarcinoma. DNA from the normal tissue was used as the
normal control.

Frontiers in Oncology | www.frontiersin.org 3 June 2020 | Volume 10 | Article 6892122

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


Usuda et al. TMB and PD-L1 in Immunotherapy

The number of target bases of NCC Oncopanel was 944,153
bp (0.944Mb). Therefore, when TMB was defined as the total
number of somatic mutations per 1-Mb read, the TMB was
identified to be 79.4 mut/Mbp in the pleomorphic carcinoma
and 105.9 mut/Mbp in the adenocarcinoma. Finally, 75 somatic
mutations were identified in the pleomorphic carcinoma and
100 somatic mutations in the adenocarcinoma, which showed
an extremely high hypermutation rate, although only 16
somatic mutations were common between the two cancers.
There were no instabilities of the microsatellite in both the
adenocarcinoma and the pleomorphic carcinoma, and it was
judged as microsatellite stable (MSS). The adenocarcinoma had a
driver mutation of L858R of EGFR assumed to be homozygous;
variant allele frequency is 0.278, with tumor content of the
sample being 20 to 30%, and other somatic mutations’ allele
frequencies were divided into two groups, with average 0.124
(n = 58) and 0.308 (n = 42), which seemed to represent
heterozygous and homozygous mutations, respectively. These
results indicate that this adenocarcinoma has uniform genetic
characteristics. On the other hand, although the pleomorphic
carcinoma presented a uniform pathologic finding, no specific
driver mutation was found, and average allele frequencies of
somatic mutations are divided to 0.98 (n = 1), 0.28 (n = 42),
and 0.121 (n = 32). Because tumor content of the sample is
∼80%, the former two represent homozygous and heterozygous
mutations, respectively, but the last one indicates that only a part
of the tumor has these mutations. Therefore, it is assumed that
this pleomorphic carcinoma is heterogeneous at the molecular
level. Structural chromosome aberration analysis by DNA
microarray showed great difference between two tumors, but

also common chromosomal aberration in chromosomes 8 and 10
and partially common chromosomal aberration in chromosomes
4, 14, 17, and X (Figure 3). Higher TMB and higher PD-L1
activity predicted a positive response to the immune checkpoint
inhibitor in this patient.

One hour after pembrolizumab (200 mg) had been given to
the patient intravenously, he had right abdominal pain, appetite
loss, chills, and a fever of 38.7◦C. White blood cell count
increased to 12,790/mm3 on day 1 and decreased until it finally
stabilized on day 2. C-reactive protein was 3.99 on day 1 and
increased to 10.23 mg/dL by day 3 until finally stabilizing. The
episode was judged as an infusion-related reaction of grade 3.
The patient received acetaminophen (400 mg) and hydration
(1,000 mL), which led to the amelioration of symptoms.
One month after pembrolizumab injection, multiple metastatic
pulmonary and liver tumors were reduced in size and judged as
PR (Figure 4).

Because of the pembrolizumab infusion-related reaction,
pembrolizumab was discontinued, and atezolizumab was
selected for the immune checkpoint inhibitor treatment. The
patient received acetaminophen (400 mg) and fexofenadine
hydrochloride (60 mg) 1 h before atezolizumab injection
to prevent infusion-related reactions. The patient tolerated
atezolizumab (1,200 mg) without any subsequent infusion-
related reactions. Atezolizumab was given to the patient
intravenously every 3 weeks for 13 courses. Multiple metastatic
pulmonary lesions were reduced in size and almost disappeared,
and multiple metastatic liver tumors were reduced in size.
Overall response evaluation of immune checkpoint inhibitors at
12 months after the treatment was judged as PR (Figure 4).

FIGURE 4 | Response evaluation was shown as PR after intravenous injection of immune checkpoint inhibitors.
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DISCUSSION

Programmed death 1 (PD-1) and programmed death ligand 1
(PD-L1) inhibitors in the treatment of advanced NSCLC are
currently available and have demonstrated antitumor activity (6–

8). PD-1 and PD-L1 inhibitors significantly improved the overall
survival (OS), progression-free survival, and objective response
rate in patients with advanced NSCLC with PD-L1 expression.
Furthermore, a high PD-L1 expression was likely to be associated
with increased benefits.

The TMB is defined as the total number of somatic mutations
of the genomic coding area and associated with the emergence of
neoantigens that trigger antitumor immunity (9). The TMB was
recently confirmed to be a biomarker of the efficacy of PD-1 and
PD-L1 inhibitors (1, 5). Although objective cutoff points for the
TMB are not universally established, the cutoff points have been
set at around 10 mut/Mbp in previous studies. Therefore, our
case, whose TMBs were 105.9 mut/Mbp in adenocarcinoma and
79.4 mut/Mbp in pleomorphic carcinoma, was defined as TMB-
high. High nonsynonymous TMB (>8 mut/Mb) was prognostic
for favorable outcomes in patients with resected NSCLC (10).
High nonsynonymous TMB was shown to have a better
prognosis in patients with resected NSCLC (10). Multivariate
analysis demonstrated clonal mutation burden as a promising
independent prognostic factor for OS in SCLC patients (11). High
TMB (> 21mut/Mb) was a good prognostic factor in OS (21.7 vs.
10.4months, P= 0.012) (12). Multivariate analysis presented that
high TMB was an independent prognostic factor (12).

However, other chromosomal aberrations were greatly
different between the pleomorphic carcinoma and the
adenocarcinoma, and the process of independent chromosomal
aberration was assumed, although these tumors had a common
origin. The pleomorphic carcinoma presented a uniform
pathologic finding, but suspected to have various subclones
genomically. Although the pleomorphic carcinoma did not
have a specific driver mutation, it could become a good target
of immune checkpoint inhibitors reflecting high somatic
mutation rate. The adenocarcinoma would have a driver
mutation of L858R of EGFR in homozygous and be relatively
uniform genomically in NCC Oncopanel. There is an apparent
discrepancy between negative EGFR (Cycleave methods)
expression in real-time PCR and a putative EGFR driver
mutation (L858R) in NCC Oncopanel in the adenocarcinoma.
The discrepancy was thought to be based on the methods of
EGFR examinations. In our experience, pleomorphic carcinomas
rarely express an EGFR expression. In this case, the pleomorphic
carcinoma with no specific driver mutation of EGFR had
metastases to the liver and the lungs. Epidermal growth
factor receptor–tyrosine kinase inhibitor (EGFR-TKI) was not
used because of the negative expression of EGFR. When the
adenocarcinoma relapsed, EGFR-TKI was used based on the
NCC Oncopanel.

Microsatellite instability is also considered an independent
predictive biomarker of immune checkpoint inhibitors
(2, 3). Microsatellite instability is the situation of genetic
hypermutability and represents the phenotypic results of
mismatch repair (MMR) deficiency. Cancers with instability

at two or more of these loci are defined as MSI-high (MSI-H),
whereas those with instability at a single locus are defined as
MSI-low (MSI-L), and those with no instability at any of these
loci are defined as MSS. Whereas the examination for MSI is
MSS, the frequent occurrence of the mutation would not mean
the failure of the MMR mechanism. In addition to the PD-L1
expression, MSI would be a different biomarker from TMB, and
TMB andMSI are considered independent predictive biomarkers
for selecting patients likely to benefit from immune checkpoint
inhibitor treatment.

The overall rates of PD-L1 positivity, MSI-H, and TMB-high
of cancers were 3.0, 7.7, and 25.4%, respectively (3). Only 0.6%
of the cancer cases were positive for all three markers (3). The
overlap rates between PD-L1, TMB, and MSI were reportedly
low in NSCLC (3): TMB-high and MSI-H were found in 0.5%,
TMB-high and PD-L1 positivity in 7.7%, MSI-H and PD-L1
positivity in 0.4%, and positivity in all three markers in 0.3%
of NSCLC cases (3). This reported case was classified as TMB-
high, PD-L1 positivity, and MSS. These data present several
different mechanisms in this case. This discrepancy may be
attributed to other biomarkers associated with the efficacy of PD-
l and PD-L1 inhibitors. Programmed death ligand 1 expressions
and TMB were independent variables, and a composite of
PD-L1 plus TMB further supported the efficacy of immune
checkpoint inhibitor treatment (13). Higher PD-L1 TPS scores
as well as higher TMB of both lung cancers indicated strongly
immune checkpoint inhibitors for the therapy. Higher PD-
L1 TPS scores of this different lung cancers showed to have
a common origin, which was supported by the 16 common
somatic mutations. In these lung cancers, common chromosomal
aberrations were found in chromosomes 8 and 10, which showed
two different lung cancers originated from the same origin and
then differentiated independently. These lung cancers had the
same gene abnormality of PD-L1 positivity, TMB-high, MSS, and
common chromosomal aberration, which presented the same
origin instead of different cell types.

The patient had multiple lung cancers of different histologic
types, which showed a postoperative immediate relapse. The
lung cancer was TMB-high, so the immune checkpoint inhibitor
proved to be successful in treating the relapse. The cancer
genome analysis showed the lung cancers had different genetic
backgrounds. One of which was an adenocarcinoma, and the
other, a pleomorphic carcinoma, but both would have developed
from a common ancestor. They share some similar molecular
evolution that differs from their common ancestor but eventually
followed independent evolutionary lines.We think this was a rare
case that had simultaneous examinations of gene panel test and
microarrays. The speed of the mutation in the gene was high,
so it contributed to the simultaneous cancer developments, and
therefore TMB was super high, and the immunity checkpoint
inhibitors were good indicators. Whereas the chromosomal
aberration looks remarkable, but it is only MSS. There is no
homologous recombination deficiency, showing no mutation of
the DNAMMR gene.

Infusion-related reactions in immune checkpoint inhibitor
treatment occur in ∼3% of patients, and recognition of
infusion-related reactions induced by pembrolizumab is
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an important aspect of its usage (14, 15). Corticosteroid,
antihistamine, and antipyretic analgesics were reported to be
useful for prevention of infusion-related reactions (14).

One limitation of this study was the lack of genomic data of
metastatic lesions. There was not enough carcinoma tissue of the
metastatic liver tumor to extract DNA. When two or more lung
cancers are detected or other malignancies are detected at the
condition of PD-L1 (+), there will be the possibility of a common
genomic abnormality of TMB-high. One of the strengths of this
study was the existence of the pathologically and genomically
sufficient data of multiple simultaneous lung cancers and the
outcome for immune checkpoint inhibitors.

CONCLUSION

Multiple lung cancers with high PD-L1 activity tended to be
TMB-high reflecting rapid molecular evolution and relevance
to the patient’s response to immune checkpoint inhibitors.
Genomic examination could help determine what will happen
in multiple cancers on progression and provide useful data
for patient treatment. Each lung cancer originated from a
common ancestor clone and developed on an individual
molecular evolution.
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Background: Serum tumor markers carcinoembryonic antigen (CEA), cancer

antigen 125 (CA125), cytokeratin 19 fragment (CYFRA21-1) and squamous-cell

carcinoma-related antigen (SCC-Ag) are routinely used for monitoring the response

to chemotherapy or targeted therapy in advanced-stage non-small cell lung cancer

(NSCLC), however their role in immunotherapy remains unclear. The aim of this study

was to investigate whether dynamics of these serum markers were associated with the

efficacy and prognosis of Chinese late-stage NSCLC patients treated with programmed

cell death-1/programmed cell death ligand-1 (PD-1/PD-L1) inhibitors.

Methods: We initiated a longitudinal prospective study on advanced NSCLC patients

treated with PD-1/PD-L1 inhibitors in Chinese PLA general hospital (Beijing, China).

Blood samples of baseline and after 6 weeks’ treatment were collected. CT scan were

used by all patients to evaluate treatment efficacy according to RECIST 1.1. Serum

tumor markers levels were measured with an electrochemical luminescence for SCC-Ag

and with a chemiluminescent microparticle immunoassay for serum CEA, CA125, and

CYFRA21-1. At least 20% decreases of the biomarkers from baseline were considered as

meaningful improvements after 6 weeks of treatment with immune checkpoint inhibitors

(ICIs). Optimization-based method was used to balance baseline covariates between

different groups. Associations between serum tumor biomarker improvements and

objective response rate (ORR), progression-free survival (PFS), and overall survival (OS)

were analyzed.

Results: A total of 308 Chinese patients with advanced NSCLC were enrolled in

the study. After balancing baseline covariates, patients with meaningful improvements

in <2 out of 4 biomarkers (CEA, CA125, CYFRA21-1, and SCC-Ag) was ended

up with lower ORR (0.08 vs. 0.35, p < 0.001), shorten PFS (median: 5.4 vs. 12.5

months, p < 0.001), and OS (median: 11.7 vs. 25.6 months, p < 0.001) in the total

2526

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2020.01173
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2020.01173&domain=pdf&date_stamp=2020-06-10
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:huyi0401@aliyun.com
mailto:wangjinliang301@163.com
https://doi.org/10.3389/fimmu.2020.01173
https://www.frontiersin.org/articles/10.3389/fimmu.2020.01173/full
http://loop.frontiersin.org/people/968007/overview
http://loop.frontiersin.org/people/684419/overview
http://loop.frontiersin.org/people/835403/overview
http://loop.frontiersin.org/people/973529/overview
http://loop.frontiersin.org/people/855704/overview
http://loop.frontiersin.org/people/885619/overview


Zhang et al. Markers Predict Benefit From Immunotherapy

population. Subgroup analysis of patients with adenocarcinoma revealed that patients

with meaningful improvements in <2 out of 4 biomarkers had significant lower ORR

(0.06 vs. 0.36, p < 0.001), shorten PFS (median: 4.1 vs. 11.9 months, p < 0.001), and

OS (median: 11.9 vs. 24.2 months, p < 0.001). So as in patients with squamous cell

carcinoma, meaningful improvements in at least 2 out of 4 biomarkers were linked to

better ORR (0.42 vs. 0.08, p = 0.014), longer PFS (median: 13.1 vs. 5.6 months, p =

0.001), and OS (median: 25.6 vs. 10.9 months, p = 0.06).

Conclusions: The dynamic change of CEA, CA125, CYFRA21-1, and SCC-Ag from

baseline have prognostic value for late-stage NSCLC patients treated with PD-1/PD-L1

inhibitors. Decrease of associated biomarkers serum levels were associated with

favorable clinical outcomes.

Keywords: non-small cell lung cancer, serum tumor markers, Chinese patients, immune checkpoint inhibitors,

prognostic biomarker

INTRODUCTION

Lung cancer is the leading cause of cancer-related deaths
worldwide (1, 2). As the most common subtype of lung
cancer, non-small cell lung cancer (NSCLC) accounts
for 80–85% of the total cases. Over 60% of the NSCLC
patients present with locally advanced or metastatic diseases
at the time of diagnosis, and surgical resection may not
be a treatment option (3). For these patients, although
chemotherapy or targeted therapy has improved clinical
outcomes in certain subtypes of lung cancer, up to 90% of
patients inevitably relapse with the 5-year survival rate below
20% (4–6).

The emergence of immune checkpoint blockade (ICB) therapy
targeting programmed cell death-1/programmed cell death
ligand-1 (PD-1/PD-L1) have revolutionized the treatment of
NSCLC, with large number of clinical trials demonstrating
their increased effectiveness (7–10). Unfortunately, response
rate is only ∼20% for advanced NSCLC in unselected
populations, thus biomarker development remains critical to
avoid ineffective treatments (11). PD-L1 expression and tumor
mutation burden (TMB) are the most studied and validated
predictors of clinical benefit in NSCLC patients with ICB
therapy (12–15), while their roles are still controversial (7,
16–19). Moreover, detecting these biomarkers usually requires
and invasive procedures followed by pathological assessment
or even complicated and expensive methodologies such as
the next generation sequencing (NGS). Therefore, non-invasive
method and convenient biomarkers with relatively low cost are
urgently needed.

Abbreviations: NSCLC, non-small cell lung cancer; ADC, adenocarcinoma; SCC,

squamous cell carcinoma; CA125, cancer antigen 125; CEA, carcinoembryonic

antigen; CYFRA21-1, cytokeratin 19 fragment; SCC-Ag, squamous-cell

carcinoma-related antigen; ICB, immune checkpoint blockade; ICIs, immune

checkpoint inhibitors; CR, complete response; PR, partial response; SD,

stable disease; PD, progressive disease; ORR, objective response rate; PFS,

progression-free survival; OS, overall survival; PD-1/PD-L1, programmed cell

death-1/programmed cell death ligand-1; RECIST, Response Evaluation Criteria

in Solid Tumors; TMB, tumor mutation burden.

Serum carcinoembryonic antigen (CEA), cancer antigen 125
(CA125), cytokeratin 19 fragment (CYFRA21-1), and squamous-
cell carcinoma-related antigen (SCC-Ag) might be relevant
for the prognosis of patients and have been widely used as
biomarkers predicting the efficacy of chemotherapy or targeted
therapy in NSCLC patients (20–27). However, their roles and
post-treatment changes from baseline in advanced NSCLC
treated by immune checkpoint inhibitors (ICIs) remains unclear.
The aim of this study was to investigate whether dynamics
of serum tumor markers were associated with the efficacy
and prognosis of Chinese late-stage NSCLC patients treated
with ICIs.

METHODS

Study Design
This observational study was performed in a real-life clinical
practice setting. A total of 308 consecutive NSCLC patients from
stage IIIB to IV receiving PD-1/PD-L1 checkpoint inhibitors
were prospectively enrolled in Chinese PLA general hospital
(Beijing, China) from January 2015 to January 2019. ICIs were
treated for at least 6 weeks, and serum biomarkers (CEA, CA125
CYFRA21-1, and SCC-Ag) were measured at ICIs treatment
initiation and after 6 weeks. During treatment, response was
evaluated at least once.

The efficacy of immunotherapy was assessed according to
Response Evaluation Criteria in Solid Tumors (RECIST) version
1.1 (28), including complete response (CR), partial response
(PR), stable disease (SD), and progressive disease (PD). ORR was
defined as the percentage of patients who have ever achieved a CR
or PR since the first ICIs treatment. The time interval between
date of commencement of PD-1/PD-L1 inhibitors treatment and
date of disease progression or death (PFS) or death alone (OS)
was calculated for each patient. The data cut-off date was Oct 6,
2019.

The baseline covariates including age, gender, histological
type, clinical stage, smoking history, Eastern Cooperative
Oncology Group Performance Status (ECOGPS), metastatic sites
(lung, liver, and brain), radiotherapy, treatment (monotherapy
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TABLE 1 | Characteristics of patients at baseline.

Characteristics No. of patients (n = 308) Percentage (%)

Age, median (range) 61 (33–91)

Gender

Male 236 76.6

Female 72 23.4

Histological type

Adenocarcinoma 173 56.2

Squamous 113 36.7

Others 22 7.1

Clinical stage

IIIB 53 17.2

IIIC 13 4.2

IV 242 78.6

Smoking history

Never smoker 116 37.7

Smoker or ex-smoker 192 62.3

Treatment type

Monotherapy 149 48.4

Combination therapy 159 51.6

ECOG PS

0–1 276 89.6

≥2 32 14.4

Prior lines of therapy

1 line 100 32.5

2 lines 109 35.4

≥3 lines 99 32.1

Radiation history

Yes 201 65.3

No 107 34.7

Metastasis sites

Liver 33 10.7

Lung 102 33.1

Brain 53 17.2

Drug

Pembrolizumab 162 52.6

Nivolumab 125 40.6

Atelizumab 8 2.6

Duvalumab 13 4.2

CEA (ng/ml)

Median (range) 6.2 (0.5–5207.0)

Normal (≤5.0) 139 45.1

High (>5.0) 169 54.9

CA125 (ng/ml)

Median (range) 36.0 (3.2–2002.0)

Normal (≤35.0) 149 48.4

High (>35.0) 159 51.6

CYFRA21-1 (ng/ml)

Median (range) 5.1 (1.4–345.6)

Normal (≤4.0) 122 39.6

High (>4.0) 186 60.4

SCC-Ag (ng/ml)

Median (range) 1.2 (0.2–70.0)

Normal (≤1.8) 217 70.5

High (>1.8) 91 29.5

ECOG PS, Eastern Cooperative Oncology Group Performance Status; CEA,

Carcinoembryonic antigen; CA125, Cancer antigen125; CYFRA21-1, Cytokeratin 19

fragment; SCC-Ag, Squamous-cell carcinoma-related antigen.

TABLE 2 | ORR in the whole weighted sample by groups.

Group Actual

size

Effective

size

Estimated

ORR

95% CI P-value

ORR 1 185 157 0.07 0.04–0.12 <0.001

2 123 82 0.36 0.25–0.45

Group 1, meaningful improvements in <2 out of 4 biomarkers (CEA, CA125, CYFRA21-

1, and SCC-Ag); Group 2, meaningful improvements in ≥2 out of 4 biomarkers (CEA,

CA125, CYFRA21-1, and SCC-Ag). ORR, objective response ratio.

or combination therapy), and prior lines of therapy (one line,
two lines, and at least three lines) were collected. Lab test
results including hemoglobin, white blood count, neutrophil,
lymphocyte, monocyte, lactate dehydrogenase, platelet, and
albumin were also routinely recorded.

Specimen Collection and Tumor Markers
Assay
Blood samples were collected before the first ICIs treatment and
after 6 weeks. Serum levels of CEA, CA125, and CYFRA21-1
were detected with electrochemical luminescence (CEA assay kit,
CA125 quantitative determination kit and Non-small cell lung
cancer associated antigen 21-1 detection kit; Roche), whereas
SCC-Ag was measured with chemiluminescent microparticle
immunoassay (Architect SCC reagent kit; Abbott). According
to instructions of manufacturers, the reference range was 0–
5.0 ng/ml for CEA, 0.1–35.0 ng/ml for CA125, 0.1–4.0 ng/ml
for CYFRA21-1, and 0–1.8 ng/ml for SCC-Ag. Lab test results
and levels of serum tumor markers were categorized by low,
normal, and high based on the reference range, respectively
(Supplementary Table 1). PD-L1 expression was evaluated by
immunohistochemistry and tumor proportion score using PD-
L1 antibody (Dako 22C3) before ICIs treatment.

The study protocol was approved by the Ethics Committee
of Chinese PLA General Hospital. The study was conducted in
accordance with the principles of the Declaration of Helsinki and
Good Clinical Practice guidelines defined by the International
Conference on Harmonization. Written informed consent was
collected from all patients before enrollment.

Statistical Analysis
A post-treatment decline in serum marker level ≥20% from
baseline was considered as meaningful improvement. Two
groups were subsequently divided based on whether meaningful
improvements of at least two serum biomarkers or not.
Optimization-based methods were utilized to balance the
baseline covariates between different groups (29). A weight
under the following criteria was assigned to each patient: (1)
Absolute value of standardized mean difference no more than
0.15; (2) Variance ratio between 0.67 (1/1.5) and 1.5. The effective
sample sizes in the weighted sample were calculated by Kish’s
approximate formula. Group difference in ORR was calculated
by Chi-square test. Median PFS and OS were estimated by
Kaplan-Meier method and their 95% confidence intervals (CIs)
were constructed by Brookmeyer and Crowley method, group
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FIGURE 1 | Kaplan-Meier curves of PFS/OS in the original and weighted sample of whole population. group 1: meaningful improvements in <2 out of 4 biomarkers

(CEA, CA125, CYFRA21-1, and SCC-Ag); group 2: meaningful improvements in ≥2 out of 4 biomarkers (CEA, CA125, CYFRA21-1, and SCC-Ag). Kaplan-Meier

curves of (A,C) were based on the original sample; Kaplan-Meier curves of (B,D) were based on the weighted sample.

difference was assessed by Log-rank test. Hazard ratio (HR)
with its 95% CI were calculated using Cox proportional hazards
models. All statistical tests were bilateral with significance
level 0.05. All analyses were performed in R, with the R
packages WeightIt version 0.5.1 (https://cran.r-project.org/web/
packages/WeightIt/index.html) for optimization-based methods
and survey version 3.36 (https://cran.r-project.org/web/packages/
survey/index.html) in the weighted sample.

RESULTS

Baseline Patient Characteristics
The main clinical characteristics of all the participants at
baseline were presented inTable 1. Among 308 included patients,
56.2% were adenocarcinoma (ADC), 36.7% were squamous cell
carcinoma (SCC) and the rest 7.1% belong to other subtypes.
According to the eighth edition TNM staging of International
Lung Cancer Research Association (30), 17.2% were stage IIIB,
4.2% were stage IIIC, and 78.6% were stage IV. 52.6% of patients

TABLE 3 | ORR in sub-populations of ADC and SCC by groups.

Histological

type

Group Actual

size

Effective

size

Estimated

ORR

95% CI P-value

ADC 1 104 81 0.06 0.01–0.12 <0.001

2 69 43 0.36 0.22–0.50

SCC 1 68 47 0.08 0.01–0.16 0.014

2 45 14 0.42 0.16–0.68

Group 1, meaningful improvements in <2 out of 4 biomarkers (CEA, CA125, CYFRA21-1,

and SCC-Ag); Group 2, meaningful improvements in≥2 out of 4 biomarkers (CEA, CA125,

CYFRA21-1, and SCC-Ag). ADC, adenocarcinoma; SCC, squamous cell carcinoma;

ORR, objective response ratio.

used the drug of Pembrolizumab, 40.6% used Nivolumab, and the
remaining patients used Atelizumab or Duvalumab. The median
level of serum markers at baseline was 6.2 ng/ml for CEA (range
0.5–5207.0), 36.0 ng/ml for CA125 (range 3.2–2002.0), 5.1 ng/ml
for CYFRA21-1 (range 1.4–345.6), and 1.2 ng/ml for SCC-Ag
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FIGURE 2 | Kaplan-Meier curves of PFS/OS in the original and weighted sample of adenocarcinoma. group 1: meaningful improvements in <2 out of 4 biomarkers

(CEA, CA125, CYFRA21-1, and SCC-Ag); group 2: meaningful improvements in ≥2 out of 4 biomarkers (CEA, CA125, CYFRA21-1, and SCC-Ag). Kaplan-Meier

curves of (A,C) were based on the original sample; Kaplan-Meier curves of (B,D) were based on the weighted sample.

(range 0.2–70.0). Proportion of patients with elevated levels of
CEA, CA125, CYFRA21-1, and SCC-Ag were 54.9, 51.6, 60.4, and
29.5%, respectively.

Association Between Dynamics of Tumor
Markers and Clinical Outcomes
The Total Population
The total population was divided into two groups by meaningful
improvements in <2 out of 4 biomarkers (CEA, CA125,
CYFRA21-1, and SCC-Ag) (“<2/4 biomarkers improvement
group”) and at least 2 out of 4 biomarkers (“≥2/4 biomarkers
improvement group”). Standardized mean difference values of
treatment type (combination therapy) and prior lines of therapy
(one line, two lines) before balancing was 0.25, 0.24, and
0.18, respectively, followed by optimization-based weighting
procedure to balance all baseline covariates between the two
groups (Supplementary Table 2).

In the weighted samples, the ORR in the “<2/4 biomarker
improvement group” was significantly lower than the “≥2/4

biomarkers improvement group” (0.08 vs. 0.35, p < 0.001)
(Table 2). The patients in the “<2/4 biomarker improvement
group” also had significantly shorten PFS (median: 5.4 vs. 12.5
months, p < 0.001) and OS (median: 11.7 vs. 25.6 months, p
< 0.001) compared with the “≥2/4 biomarkers improvement
group.” The Kaplan-Meier curves of PFS and OS in both original
and weighted sample were presented in Figure 1.

Subgroup Analysis of ADC
In patients with ADC, standardized mean difference of
treatment type (combination therapy), prior lines of therapy
(one line), and platelets (high level) was 0.25, 0.21, and
0.16, respectively, between the two groups before balancing
(Supplementary Table 3). After balancing by the optimization-
based method, patients in the “<2/4 biomarkers improvement
group” were less likely to respond to treatment (ORR: 0.06 vs.
0.36, p < 0.001), more likely to progress (median PFS: 4.1 vs.
11.9 months, p < 0.001) and decease (median OS: 11.9 vs. 24.2
months, p < 0.001) (Table 3 and Figure 2).
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FIGURE 3 | Kaplan-Meier curves of PFS/OS in the original and weighted sample of squamous cell carcinoma. group 1: meaningful improvements in <2 out of 4

biomarkers (CEA, CA125, CYFRA21-1, and SCC-Ag); group 2: meaningful improvements in ≥2 out of 4 biomarkers (CEA, CA125, CYFRA21-1, and SCC-Ag).

Kaplan-Meier curves of (A,C) were based on the original sample; Kaplan-Meier curves of (B,D) were based on the weighted sample.

Subgroup Analysis of SCC
In patients with SCC, standardized mean difference of the
baseline covariates stage (IV), treatment type (combination
therapy), prior lines of therapy (one line, two lines), and radiation
history (yes) before balancing was 0.16, 0.26, 0.29, 0.34, and 0.19,
respectively (Supplementary Table 4). After balancing by the
optimization-based method, patients in the “<2/4 biomarkers
improvement group” were less likely to respond to treatment
(ORR: 0.08 vs. 0.42, p = 0.014), more likely to progress (median
PFS: 5.6 vs. 13.1 months, p = 0.001) and decease (median OS:
10.2 vs. 25.6 months, p= 0.06) (Table 3 and Figure 3).

Association Between Dynamics of Tumor
Markers and PD-L1 Expression
PD-L1 expression was measured before ICIs treatment in 70
patients, of which 44 (62.8%) were diagnosed with ADC and

26 (37.2%) were SCC. Overall, there were 12 (17.1%) patients
with PD-L1 expression negative, 25 (35.7%) patients with PD-
L1 expression 1–50%, and 33 (47.1%) patients with PD-L1
expression >50%. However surprisingly, our analysis showed
no correlations of PD-L1 expression with dynamics of tumor
markers, either in the whole group or any subgroups.

DISCUSSION

Recently, immune checkpoint inhibitors such as PD-1/PD-
L1 inhibitors, have been widely used for advanced-stage
cancer treatment. Despite of enormous success in treatment
of NSCLC (31), not all patients could get long-term benefit
from the treatment of ICIs (11). PD-L1 expression and TMB
have been widely used as predictive markers, but their roles
are still controversial (32). Reliable markers remain to be
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detected to identify patients who would get benefit from
ICIs treatment.

In this study, we evaluated the baseline levels as well as
post-treatment changes of routinely measured serum tumor
markers in clinical practice to explore their associations with
response to ICB therapy in patients with late-stage NSCLC.
We demonstrated that dynamic changes of CEA, CA125,
CYFRA21-1, and SCC-Ag were associated with the efficacy and
prognosis of late-stage NSCLC patients treated with PD-1/PD-L1
inhibitors. Similar results were also observed in the subsequent
subgroup analysis on ADC and SCC. Therefore, monitoring
the changes in levels of serum tumor markers could be a
promising prognostic factor for advanced NSCLC patients with
ICIs treatment.

The approach of monitoring dynamic changes of serum
tumor markers is more convenient and affordable compared
to the most adopted PD-L1 expression or TMB. In contrast
to other non-invasive biomarkers like lactate dehydrogenase
(LDH) and neutrophil-to-lymphocyte ratio (NLR) (33–36),
dynamics of serum tumor markers were also found to be
more remarkably associated with response and survival
according to our results, and this could also be supported
by two recent studies (37, 38). Overall, as far as we know,
this is the first and largest cohort study evaluating the
relationship of routinely measured serum tumors markers
with the efficacy and prognosis of patients receiving
ICB therapy.

Optimization-based methods were used in our study. It
considered the balance of baseline covariates between two
groups compared to inverse propensity score weighting
methods, in which only the balance of propensity score
was considered in the algorithm. After balancing baseline
covariates, possible confounding effects from clinical
characteristics could be avoided and the collinearity in baseline
covariates could also be controlled. Of noted, this is the first
application of this novel statistical method in the clinical
observational study.

Although we balanced all measurable baseline variates to
avoid bias, there were still some limitations in our study.
Firstly, the results may be influenced by the method used
for choosing the cut-off point. Twenty percent was selected
as a threshold to identify meaningful change in biomarkers
according to previous reports, and meaningful improvement in
at least two biomarkers was considered as a prognostic factor
which was not data-driven. Secondly, only patients receiving
more than 6 weeks of ICB treatment were enrolled in this
study with baseline and post-treatment serum markers been
measured, which may increase selective bias. Thirdly, dynamic
change of baseline and after 6 weeks’ tumor levels were used
for our analysis, whether a shorter interval time is better need
further investigation. Fourthly, this observational study was
based on the single institution which may cause selection bias.

Fifthly, we used the methods of electrochemical luminescence
and chemiluminescent microparticle immunoassay for testing
tumor markers, some new methods with high sensitivity
and specificity may be more helpful for early detection of
tumor markers (39, 40). Last but not least, though weighting
method were used to balance all measurable baseline covariates,
some unrecorded baseline covariates such as TMB could be
potential confounders.

CONCLUSIONS

In summary, we proposed a new strategy of monitoring dynamics
of serum tumor markers and highlight their importance as
a potential prognostic biomarker of advanced NSCLC treated
with ICIs. Decrease of associated biomarkers serum levels
were associated with favorable clinical outcomes. Further
investigations will be required to evaluate the roles of
these serum markers with different cut-off values as well as
earlier dynamic changes from baseline in larger multi-center
patient populations.
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Background: Tumor mutational burden (TMB) was verified to be closely associated with

immune checkpoint inhibitors, but it is unclear whether gene mutation has an effect on

immunotherapy of hepatocellular carcinoma (HCC). This research aimed to investigate

the underlying correlation between gene mutation and immunotherapy in HCC.

Methods: The somatic gene mutation data and gene expression data were retrieved

from International Cancer Genome Consortium database and The Cancer Genome

Atlas (TCGA) database. The mutational genes were selected by the intersection of three

cohorts and further identified using survival analysis and TMB correlation analysis. After

the identification of key mutational gene, we explored the correlation between gene

mutation and both the immune cell infiltration and immune inhibitors. The signaling

pathways associated with gene mutation were confirmed through gene set enrichment

analysis. Furthermore, the survival analysis and mutational analysis based on TCGA

cohort were performed for the validation of included gene.

Results: As one of the frequently mutational genes in HCC, CTNNB1 was finally

included in our research, for which it showed the significant result in survival analysis

and the positive association with TMB of the three cohorts. Meanwhile, the validation

of TCGA showed the significant results. Furthermore, natural killer (NK) cells and

neutrophil were found to significantly infiltrateCTNNB1mutation group from two cohorts.

Besides, further analysis demonstrated that four types of immune inhibitors (CD96,

HAVCR2, LGALS9, and TGFB1) were downregulated in CTNNB1 mutation group.
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Conclusion: Our research firstly revealed the underlying association between CTNNB1

mutation and immunotherapy, and we speculated that CTNNB1mutation may modulate

NK cells by affecting CD96. However, more functional experiments should be performed

for verification.

Keywords: hepatocellular carcinoma, CTNNB1, gene mutation, immunotherapy, immune inhibitor

INTRODUCTION

Globally, liver cancer is a highly malignant tumor with high
prevalence and poor outcomes, which results in ∼850,000
new cases per year (1). As the major subtype of liver cancer,
hepatocellular carcinoma (HCC) accounts for 85–90% of all
liver cancer cases (1) and has become the second leading
cause of cancer-associated deaths (2). It has been reported that

the 5-year survival rate is 30.5% in patients with local HCC
while <5% in patients with distant metastasis (3). At present,

partial hepatectomy and liver transplantation are still the main

treatments for early-stage patients, but a significant proportion
of patients are not eligible for these treatments. Furthermore,
the postoperative recurrence or distant metastasis is prevalent
in patients after surgery (4). Although the systemic therapy
with sorafenib is regarded as a first-line chemotherapeutic

FIGURE 1 | The flowchart of this study.

therapy in patients with advanced HCC, the high resistance rate
has significantly limited the benefit of sorafenib therapy (5).
Therefore, there is an urgent need to find a novel and effective
therapy to improve the clinical outcomes of HCC patients.

The initiation, development, metastasis, and recurrence of
HCC are closely related to the immune system (6). It has been
reported that dysregulation of the immune system including
alteration in the number or function of immune cells (7) and the
release of chemokine and cytokine (8) result in the progression
of HCC. Accordingly, immunotherapy has attracted increasing
attention in HCC. As an important breakthrough in the field
of immunotherapy, immune checkpoint inhibitors target three
main molecules: cytotoxic T-lymphocyte-associated molecule-
4 (CTLA-4), programmed cell death receptor-1 (PD-1), and
programmed cell death ligand-1 (PD-L1) (9). It has been reported
that camrelizumab showed antitumor activity and manageable
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toxicities in advanced HCC patients by blocking the interaction
between PD-1 and its ligands (10). Another clinical trial (11)
also indicated that tremelimumab (CTLA-4 blockade) showed
antitumor and antiviral activities in advanced HCC patients.
Nevertheless, only a minority of patients can respond to these
immunotherapies, and fewer still achieve a lasting response (12).
Consequently, it is one of the critical challenges to explore
the molecular mechanism of immunotherapeutic responsiveness
in HCC.

Tumor mutational burden (TMB) was defined as the total
number of errors in somatic gene coding, base substitution,
gene insertion, or deletion detected in every million base.
Accumulation of somatic mutation contributes to the occurrence
of tumor and the expression of neoantigens (13). Meanwhile, it
has been reported that TMB can be used to predict the efficacy of
immune checkpoint blockade and become a useful biomarker in
some cancers for identification of patients who will benefit from
immunotherapy (14). However, the potential association between
gene mutation and immunotherapy in HCC is still unclear.

In this research, we firstly identified that CTNNB1 was
one of the frequently mutated genes in HCC and highly
associated with survival and TMB. Next, we explored the
relationship between CTNNB1 mutation and immune cell
infiltration and found that natural killer (NK) cells significantly
infiltrated the CTNNB1 mutation group. Therefore, we further
investigated the correlation between CTNNB1 mutation and
immune inhibitors. We finally found that CD96 was negatively
associated with CTNNB1 mutation and speculated that CTNNB1
maymodulate NK cells by affectingCD96. Our research proposed
a new underlying association between CTNNB1 mutation and
immunotherapy in HCC, which may help in improving the
efficacy of immunotherapy in HCC patients.

MATERIALS AND METHODS

Data Collection
The somatic gene mutation data, gene expression data, and
clinical messages were retrieved from International Cancer
Genome Consortium (ICGC) database (https://dcc.icgc.org/)
and The Cancer Genome Atlas (TCGA) database (https://portal.
gdc.cancer.gov/). Three independent cohorts (LIRI-JP, LICA-
FR, and LINC-JP) in ICGC database were employed in our
research. All the three cohorts were used for mutational gene
selection, and the LIRI-JP cohort was employed for further
analyses (owing to gene expression data and more known clinical
parameters). In addition, the TCGA-LIHC cohort was used for
further validation.

Selection of Key Mutational Genes
Based on the “GenVisR” package under the R studio software,
the details of mutation from the three cohorts were visualized
in waterfall plot. After that, we employed the intersection of
the three cohorts for further analyses and used the Venn plot
to visualize. To investigate the time-dependent prognostic value
of included genes, the survival analysis was performed using
the “survival” package. Moreover, we explored the association
between included genes and TMB. To calculate the TMB of

each case, the total number of mutations counted was divided
by the exome size (38Mb was utilized as the exome size).
The mutational genes were eligible for further analyses if they
were significantly different in both the survival analysis and
TMB correlation analysis. A P-value < 0.05 was considered
a significant difference in this section. Besides, the mutational
analysis and TMB correlation analysis were performed again
based on the TCGA-LIHC cohort for validation.

TABLE 1 | Baseline patient characteristic in three cohorts.

Clinical characteristics Number Percent

LICA-FR (n = 369)

Survival status Survival 92 25

Death 115 31

Not reported 162 44

Age ≤65 years 205 56

>65 years 164 44

Gender Female 76 21

Male 293 79

T classification T1 54 14.6

T2 65 17.6

T3 40 10.8

T4 1 0.3

Not reported 209 56.7

N classification N0 160 43

N1 0 0

Not reported 209 57

M classification M0 159 43

M1 1 0.3

Not reported 209 56.7

LINC-JP (n = 394)

Survival status Survival 269 68

Death 79 20

Not reported 46 12

Age ≤65 years 175 45

>65 years 206 52

Not reported 13 3

Gender Female 95 24

Male 299 76

Stage I 16 4.1

II 69 17.5

III 67 17

IV 43 10.9

Not reported 199 50.5

LIRI-JP (n = 260)

Survival status Survival 214 82.4

Death 46 17.6

Age ≤65 years 98 37.7

>65 years 162 62.3

Stage I 40 15.4

II 117 45

III 80 30.8

IV 23 8.8
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FIGURE 2 | Waterfall plot with the details of gene mutation from three cohorts. (A) The waterfall plot of LICA-FR. (B) The waterfall plot of LINC-JP. (C) The waterfall

plot of LIRI-JP. (D) The Venn plot of three cohorts.

Immune Cell Infiltration and Immune
Inhibitors
To explore the underlying mechanism between mutational gene
and immune cells, we estimated the abundance of immune
cell infiltration with different mutational status in the cases of
the LIRI-JP cohort on the basis of the CIBERSORT algorithm.
CIBERSORT is a deconvolution algorithm that evaluates the
proportions of 22 tumor-infiltrating lymphocyte subsets. The
number of permutations was set to 1,000, and the sample in
the cohort was eligible for further validation if a P-value <

0.05. Meanwhile, the results of immune cell infiltration were
verified in TIMER website (http://timer.cistrome.org/) on the
basis of the TCGA-LIHC cohort. Besides, we investigated the
correlation between 22 types of immune cells and survival. In
addition, we evaluated the correlation between gene mutation
and the expression of immunoinhibitory genes from TISIDB
website (http://cis.hku.hk/TISIDB/index.php) (15). Both P <

0.05 and mean difference of median-value > 0.6 were considered
significant association in TISIDB website.

Gene Set Enrichment Analysis
Gene set enrichment analysis (GSEA) is a computational
method that identifies whether a prior defined set of genes

shows statistically significant differences between two biological
states (16). In this research, we performed the GSEA to
identify statistically different pathways from Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG)
databases between the mutation group and wild-type group. The
normalized enrichment score was used to evaluate the pathways,
and the top 5 significant pathways in two groups were visualized
using the “ggplot” package.

RESULTS

Identification of Key Mutational Genes
First of all, we summarized the flowchart, as shown in Figure 1.
The clinical details of the ICGC cohorts are shown in Table 1. As
illustrated in Figure 2, the details of the top 20 most frequently
mutated genes are demonstrated in waterfall plots. Interestingly,
we observed that some genes frequently mutated in all the
three cohorts. So we executed a comparative analysis of the
20 most frequently mutated genes among the three cohorts.
The Venn plot in Figure 2D shows that nine genes (ALB,
APOB, ARID1A, ARID2, CTNNB1, MUC16, PCLO, TP53, and
TTN) were included in the intersection of the three cohorts.
After that, we performed a survival analysis to evaluate nine
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FIGURE 3 | Survival analysis and tumor mutational burden (TMB) correlation analysis.

genes. The results of the survival analysis in Figure 3 indicated
that a significant difference was found between the mutation
group and wild-type group in the three genes (CTNNB1, PCLO,
and TP53). Furthermore, we evaluated the correlation between
the three genes and TMB, and the results indicated that only
CTNNB1 mutation was statistically significant with TMB in the
three cohorts. Therefore, we focused on CTNNB1 mutation in
subsequent analyses. In addition, the validation of the TCGA-
LIHC cohort demonstrated that CTNNB1 was one of the
frequently mutated genes (Figure 4A) and positively related to
TMB in HCC (Figure 4B).

Immune Cell Infiltration and Immune
Inhibitors
As shown in Figure 5, the relative percent of 22 immune cell
infiltration was visualized based on the LIRI-JP cohort. Between
the mutation group and wild-type group, significant differences
were found (P < 0.05) in five types of immune cells (CD8T
cells, regulatory T cells, gamma delta T cells, activated NK cells,
and neutrophils) on the basis of the LIRI-JP cohort (Figure 5).
In the TCGA-LIHC cohort, significant differences were found
(Figure 5) in six types of immune cells (mast cell activated,
monocyte, neutrophil, NK cell activated, T cell CD4+ memory
resting, and T cell CD4+ naive). Both NK cell activated and
neutrophil were significantly infiltrated the mutation group
of two cohorts. In addition, the results of Figure 6 show

that CTNNB1 mutation was negatively associated with CD96,
HAVCR2, LGALS9, and TGFB1. And the expression difference
of median between the two groups was −0.965 (CD96), −0.679
(HAVCR2), −0.733 (LGALS9), and −0.951 (TGFB1). Moreover,
Figure 7A demonstrates that a significant difference was found
between the live group and deceased group in dendritic cell
activated and NK cell activated. Consequently, we focused on
NK cells and further explored the correlation between NK cells
and clinical parameters. The results from Figure 7B show that
a significantly positive correlation was found between stage and
NK cell infiltration in HCC. The verification from Figures 7C–F

also indicates that the expression and methylation of CTNNB1
were significantly associated with CD96 expression and NK
cell abundance.

Underlying Pathways Associated With
CTNNB1 Mutation
To investigate underlying pathways of GO and KEGG, we used
GSEA to find significantly enriched terms by comparing the
mutation and wild-type groups. We selected the 10 most relevant
pathways according to the normalized enrichment score (five
pathways in the mutation group and five in the wild-type group).
As illustrated in Figure 8, 10 relevant pathways (oxidoreductase
activity acting on the aldehyde or oxo group of donors,
sulfur amino acid metabolic process, C4 dicarboxylate transport,
organic acid catabolic process, and xenobiotic metabolic process

Frontiers in Oncology | www.frontiersin.org 5 June 2020 | Volume 10 | Article 8533839

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


Mo et al. CTNNB1 Mutation in Hepatocellular Carcinoma

FIGURE 4 | Validation based on TCGA-LIHC cohort. (A) The waterfall plot of TCGA-LIHC. (B) Tumor mutational burden (TMB) correlation analysis.

in GO; tyrosine metabolism, fatty acid metabolism, butanoate

metabolism, metabolism of xenobiotics by cytochrome P450, and
primary bile acid biosynthesis in KEGG) are enriched in the

mutation group, whereas other 10 pathways (negative regulation
of axon extension, positive regulation of astrocyte differentiation,

plasma membrane phospholipid scrambling, plasma membrane

organization, and cellular component maintenance in GO; renal
cell carcinoma, regulation of actin cytoskeleton, bladder cancer,

notch signaling pathway, and focal adhesion in KEGG) enriched
in the wild-type group.

DISCUSSION

With the increasing exploration of the immune system,
immunotherapy was considered to have a crucial role in
treatment of cancer. It has been verified that TMB was
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FIGURE 5 | Immune cell infiltration from LIRI cohort and LIHC cohort.

FIGURE 6 | The heatmap of 24 types of immune inhibitors and significant results from correlation analysis.

closely related to immune checkpoint inhibitors. However,
the mechanism between gene mutation and immunotherapy
in HCC was still unclear. Consequently, in our research,

we firstly analyzed the details of gene mutation from the
three cohorts. Then we performed a comparative analysis to
find the intersection of the three cohorts, and we found
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FIGURE 7 | Correlation analysis. (A) The correlation between 22 types of immune cells and survival. (B) The correlation between NK cells and clinical parameters.

(C,D) The correlation between CTNNB1 expression and CD96, and NK cells, respectively. (E,F) The correlation between CTNNB1 methylation and CD96, and NK

cells, respectively. Notes: “*” in the plots means P < 0.05, “**” means P < 0.01.

that only three mutational genes were significantly associated
with overall survival. Among the three genes, only CTNNB1
was significantly associated with TMB in all three cohorts.
Therefore, CTNNB1 was selected for further investigation.
CTNNB1 (catenin beta-1) is a key regulatory molecule of
canonical Wnt signaling pathway. An activating mutation in
exon 3 of CTNNB1 results in accumulation of β-catenin in the
nucleus and activates the transcription of downstream target
gene such as lymphoid enhancer-binding factor 1 (LEF1) (17),
and LEF1 is a transcription factor that has been implicated in
the pathogenesis of multiple tumors (18). It has been reported
that CTNNB1 mutation was highly associated with many kinds
of human tumors, such as biliary tract cancer (19), lung
adenocarcinoma (20), and endometrioid ovarian carcinoma (21).
In our research, CTNNB1 mutation was significantly associated
with a better prognosis and a higher TMB. A higher TMB
leads to the exposure of more neoantigens, which may cause a
T cell-dependent immune response (22). Meanwhile, previous
studies (23, 24) indicated that CTNNB1 significantly mutated
in immune subtypes of HCC. As a result, CTNNB1 mutation
may have an effect on immunotherapy. To further explore the
mechanism betweenCTNNB1mutation and immunotherapy, we
compared the difference of immune cell infiltration between the
mutation group andwild-type group. Interestingly, we found that

NK cells significantly positively infiltrated the mutation group.
Meanwhile, the results indicated that more NK cells significantly
infiltrated the survival group. Accordingly, we focused on NK
cells in subsequent analyses.

NK cell is an important part of the innate immune system,
which can secrete cytokines and cytolytic activity against target
cells. It has been verified that NK cells can efficiently eradicate
heterogeneous tumor cells after a long-term treatment (25).
Concerning HCC, the lack of NK cell number and the defects
of NK cell function facilitated the escape of tumor cells from
immune surveillance (26). In patients with advanced-stage HCC,
NK cells were significantly decreased in number with impaired
tumor necrosis factor alpha (TNF-α) and interferon-gamma
(IFN-γ) production (27). Our results also showed the positive
correlation between NK cell infiltration and stage. However, no
significant correlation was found between NK cell infiltration
and other clinical parameters like age and gender, which may
attribute to the small sample size. Based on the implication of
CTNNB1 mutation and NK cells in HCC, we speculated that
CTNNB1mutation may enhance the effect of immunotherapy by
NK cells.

Furthermore, we investigated the correlation between
CTNNB1 mutation and immunoinhibitory genes. In our
research, we found that CTNNB1 mutation was negatively
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FIGURE 8 | The results of gene set enrichment analysis (GSEA) based on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases.

associated with four immunoinhibitory genes. Among them,
CD96 is the novel immune checkpoint receptor in NK cells (28).
Accumulating data support the targeting of CD96 for improving
antitumor immune response (29). Galectin-9 (LGALS9) is the
most relevant ligand that interacts with Tim-3 (HAVCR2) (30).
Binding of Tim-3 (HAVCR2) to galectin-9 (LGALS9) leads to
Th1 cell death by apoptosis (30). Meanwhile, Tim-3 (HAVCR2)
is an inducible human NK cell receptor that enhances IFN-γ
production in response to galectin-9 (LGALS9) (31). In terms
of TGFB1, it has been reported that TGFB1 suppresses the
function of NK cells by inducing miRNA23a (32). Four types
of immune inhibitors showed the close association with NK
cells, which verified the relationship between CTNNB1mutation
and NK cells. On the one hand, our result indicated that CD96
was most negatively correlated with CTNNB1 mutation. On
the other hand, not only the mutation but also the expression
and methylation of CTNNB1 significantly related to CD96
and NK cells. Consequently, we speculated that there is an
underlying interactive association among CTNNB1, CD96,

and NK cells. Considering the signaling pathways associated
with CTNNB1 mutation, we employed GSEA to find the
significantly enriched pathways in the mutation group. Although
we did not find any pathways related to immune response,
five pathways involved metabolism were observed. Immune
activation is now understood to be fundamentally linked to
intrinsic and/or extrinsic metabolic process. It has been reported
that carbohydrate and amino acid metabolism are hallmarks for
the innate immune cell activation and function (33). Meanwhile,
immune cells exhibit various responses against different types of
microbes, which seems to be associated with changes in energy
metabolism (34). But it is uncertain whether CTNNB1 mutation
affects the immunotherapy through metabolic pathways.

To our knowledge, it is the first research that focused
on the gene mutation and immunotherapy in HCC. Our
research revealed the implication of CTNNB1 mutation in
the immunotherapy of HCC. Furthermore, because CTNNB1
mutation positively associated with immune inhibitors, CTNNB1
mutation may serve as the novel biomarker in identifying the
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patients who will benefit from immune checkpoint blockade
treatment. Nevertheless, some limitations in our research
have to be pointed out. First, NK cells can be divided into
subsets based on the expression of CD56 and CD16. It
is necessary to investigate the mechanism among different
NK cell subsets, CTNNB1 and CD96 in HCC. Second, the
results of GSEA were preliminary; the current evidences of
pathways still need to be validated in clinical trials and
functional experiments.

CONCLUSION

Our research firstly revealed the underlying association between
CTNNB1 mutation and immunotherapy, and we speculated that
CTNNB1 mutation may modulate NK cells by affecting CD96.
However, more functional experiments should be performed
for verification.
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Epidermal growth factor receptor (EGFR) tyrosine kinase inhibitors (TKIs) have been

recommended as the first-line therapy for non-small cell lung cancer (NSCLC) patients

harboring EGFR mutations. However, acquired resistance to EGFR-TKIs is inevitable.

Although immune checkpoint blockades (ICBs) targeting the programmed cell death

1 (PD-1)/PD-ligand (L)1 axis have achieved clinical success for many cancer types,

the clinical efficacy of anti-PD-1/PD-L1 blockades in EGFR mutated NSCLC patients

has been demonstrated to be lower than those without EGFR mutations. Here, we

reported an advanced NSCLC patient with EGFR driver mutations benefitting from

anti-PD-1 blockade therapy after acquiring resistance to EGFR-TKI. We characterized

the mutational landscape of the patient with next-generation sequencing (NGS) and

successfully identified specific T-cell responses to clonal neoantigens encoded by EGFR

exon 19 deletion, TP53 A116T and DENND6B R398Q mutations. Our findings support

the potential application of immune checkpoint blockades in NSCLC patients with

acquired resistance to EGFR-TKIs in the context of specific clonal neoantigens with high

immunogenicity. Personalized immunomodulatory therapy targeting these neoantigens

should be explored for better clinical outcomes in EGFR mutated NSCLC patients.

Keywords: neoantigens, cancer immunotherapy, immune checkpoint blockade, epidermal growth factor receptor,

tyrosine kinase inhibitor

INTRODUCTION

Lung cancer, in which about 80% of cases are identified as non-small cell lung cancer (NSCLC),
is regarded as the leading cause of cancer-related death in the world (1). Alterations associated
with specific genes, such as epidermal growth factor receptor (EGFR) or anaplastic lymphoma
kinase (ALK), contribute to the development and progression of lung cancer. Relevant targeted
therapies directing against these driver gene mutations have achieved successful clinical outcomes
(2, 3). The EGFR driver mutations are known to be prevalent among Asian NSCLC patients (4).
Although EGFR tyrosine kinase inhibitors (TKIs) could improve the objective response rate (ORR)
and progression-free survival (PFS) of EGFRmutated patients, acquired resistance is inevitable and
often occurs after 9–14 months of therapy (5). Although the administration of third-generation
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EGFR-TKIs targeting the EGFR T790M mutation, such as
Osimertinib, has shown promising outcomes (6), acquired
resistance still exists (7). Thus, novel effective treatment strategies
remain urgently needed.

Recently, immune checkpoint blockades (ICBs), including
anti-programmed cell death-1 (PD-1) and programmed cell
death-ligand 1 (PD-L1) blockades, have been demonstrated to
robustly enhance anti-tumor immunity in patients with a wide
range of cancers, especially with NSCLC (8, 9). Despite the
sustained response of ICBs in NSCLC, the clinical efficacy of
anti-PD-1/PD-L1 blockades in EGFR mutated NSCLC patients
has been reported to be moderate compared with those without
EGFR mutations (10, 11). Moreover, results from several clinical
trials indicated that the combination therapy of EGFR-TKIs
and ICBs led to a high incidence of treatment-related adverse
effects (12). As a result, immune checkpoint blockades have been
excluded from daily clinical applications for NSCLC patients with
EGFR driver mutations. Nevertheless, some EGFR mutated lung
cancer patients enrolled in clinical trials could still respond to ICB
therapy. Therefore, it is necessary to characterize the underlying
mechanism and identify prognostic biomarkers for predicting
clinical benefits with anti-PD-1/PD-L1 blockade therapy in this
specific NSCLC subpopulation.

Unlike tumor-associated antigens (TAA), which are found
both in tumor cells and normal tissues, tumor neoantigens
are exclusively processed by tumor cells and presented by
major histocompatibility complex (MHC) molecules. Individual
MHC:peptide complex can be recognized by T-cell receptor with
high specificity (13, 14). This mechanism provides promising
targets for personalized immunomodulatory therapy such as
cancer vaccine and adoptive T-cell transfer therapy (15, 16).
Interestingly, previous reports suggested that neoantigens can be
served as the targets of highly specific and durable anti-tumor
immunity (17, 18), and neoantigen-specific T-cell response can
be identified in patients benefitting from ICBs. Neoantigens
derived from EGFR mutations have been reported in preclinical
study (19), but it remains confusing whether EGFR driver
mutations could generate true neoantigens in suppressive tumor
microenvironment (TME).

With the development of next-generation sequencing (NGS)
technologies and bioinformatics algorithms, neoantigen can
be successfully identified in silico in many solid tumors (20).
Monitoring neoantigen-specific T-cell response to anti-PD-
1/PD-L1 blockades in peripheral blood has become a feasible way
to predict the prognosis of cancer patients (13, 21). Nevertheless,
only a small amount of neoantigens were identified to be truly
immunogenic, and clinical applications based on neoantigens are
still in its infancy stage (17). Given the current limiting treatment
options for NSCLC patients after EGFR-TKI resistance, novel
personalized therapeutic strategies based on T-cell immunity to
neoantigens could improve clinical outcomes when candidate
neoantigens are available.

Here, we reported an advanced NSCLC patient with
EGFR driver mutations achieved durable clinical benefits
from Nivolumab monotherapy. By conducting whole-
exome sequencing (WES), RNA sequencing (RNA-seq),
and TCR sequencing, we were able to depict a comprehensive

landscape of genomic alterations and predict candidate
neoantigens from tumor tissue obtained before the initiation
of Nivolumab. We also successfully validated anti-tumor
immunity to some high-quality neoantigens in vitro, including
two derived from EGFR driver mutation. These results
displayed that immune checkpoint blockades could elicit
robust endogenous T-cell response to clonal neoantigens
generated from driver mutations. Our findings may provide
clinical evidences that ICBs should not be completely
excluded from therapy options for NSCLC patients after
the failure of EGFR-TKIs. Furthermore, personalized
immunomodulatory therapy targeting specific clonal
neoantigens should be developed for clinical practice in
the future.

RESULT

Case Presentation
A 34-year-old male patient suffered from chest and back pain
in January 2017. Radiological examinations revealed a 65-mm
nodule in the middle lobe of the right lung, several metastatic
pulmonary nodules in both lungs, and multiple bone lesions.
The patient underwent a bronchoscopy biopsy, and pathological
examination revealed lung adenocarcinoma with EGFR exon
19 deletion (EGFR 19del). His clinical stage was T4N2M1b
stage IV (Figure 1A). The patient was initially treated with
Icotinib from February 2017 until progression occurred in
July 2017. Additionally, intensity-modulated radiation therapy
(IMRT) targeting bone metastases in the lumbar spine, pelvic
cavity, and left femur were given with a total dose of
36Gy in 12 fractions. After that, he was administered with
Pemetrexed plus Nedaplatin for four cycles and Pemetrexed
for another one cycle until progression occurred in November
2017. After systemic chemotherapy, he turned to traditional
Chinese medicine treatment, until the onset of brain metastases
in the right frontal lobe and left basal ganglia in June 2018
(Figures 1B,C).

The patient was, thereafter, enrolled in a phase 3 clinical
trial for Nivolumab monotherapy (NCT03195491). Regardless
of PD-L1 and tumor mutational burden (TMB) status, this
trial enrolled advanced lung cancer patients who failed previous
systemic therapies. Biopsy of tumor sample obtained before
Nivolumab initiation indicated EGFR T790M mutation. The
patient presented with dizziness after two cycles of Nivolumab
administration in August 2018, and magnetic resonance imaging
(MRI) scans showed an increased lesion size and edema of the left
basal ganglia, as well as multiple brain metastases (Figure 1C).
After dehydration therapy with Mannitol, Nivolumab was
reinitiated for another two cycles. According to RECIST 1.1
Criteria, he achieved partial response (PR) with decreased tumor
size of lung and brain metastases in September 2018. After
10 cycles of Nivolumab treatment, the patient experienced
hypothyroidism with elevated levels of TSH and decreased levels
of both FT3 and FT4, and treatment with Levothyroxine was
applied to relieve the symptoms. Generally, Nivolumab was well-
tolerated. Currently, the patient receives an intravenous infusion
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FIGURE 1 | Durable clinical response to Nivolumab in a non-small cell lung cancer (NSCLC) patient with epidermal growth factor receptor (EGFR) driver mutations. (A)

Clinical timeline of patient, with major treatment indicated. The patient has been benefitting from immunotherapy for more than 19 months. (B) Chest computed

tomography (CT) of the metastatic lung tumors before Nivolumab initiation (June 2018) and last time follow-up (January 2020). (C) Magnetic resonance imaging (MRI)

before and after Nivolumab treatment. Images in the middle revealed an increased size of the left basal ganglia lesion accompanied by edema and multiple brain

nodule metastases. A rapid decrease in lesions was noted in the following radiological evaluations.

of Nivolumab at 240mg every 2 weeks. Based on the follow-
up examinations, the patient has achieved PR for more than
1 year.

Comprehensive Analysis of Genome and
Immune Landscape
Of the tumor analyzed, a PD-L1 tumor proportion score
(TPS) of ≥50% was revealed (Figure 2A). Based on sequence
data, tumor mutational burden (TMB) was 6.00 muts/Mb,
and tumor neoantigen burden (TNB) was 2.67 neos/Mb.
Peripheral blood mononuclear cells (PBMCs) collected before
Nivolumab initiation and thereafter every 2 months were
investigated by TCR sequencing. We selected T-cell clones
with a frequency of ≥10−3 to investigate the dynamic TCR
changes. The maintenance of most high-frequency clones
was detected (Figures 2B,C). Only one high-frequency clone
decreased sharply after 2 months of Nivolumab therapy. This
may partly explain the pseudoprogression after four cycles
of Nivolumab treatment in August 2018 and durable clinical
response throughout the whole study.

Prediction and Validation of Immunogenic
Neoantigens
To evaluate potential factors contributing to the durable response
of the patient, we followed a restricted pipeline integrating NGS
technology and validation experiment aiming at identifying true
neoantigens. According toWES results of lung tumor samples, 84
somatic non-synonymous mutations were identified, and 28 of
them were likely to bind to the corresponding HLA alleles with
high affinity (IC50 < 500 nmol/L) (Supplementary Table 1). A
total of six genes were found to be truly expressed at the transcript
level, including EGFR, TP53, POLA2, AP2AM1, DENND6B,
and TTC37. Ultimately, 13 HLA-A∗11:01-restricted candidate
neoantigen peptides generated from these six genes were selected
for further analysis. Furthermore, clonal neoantigens can be
derived from EGFR, TP53, and DENND6B mutations, whereas
POLA2, AP2AM1, and TTC37 mutations could only generate
subclonal neoantigens (Table 1). Then, both mutant and wild-
type peptides were synthesized and tested by IFN-γ ELISPOT
assay to validate the immunogenicity of these neoantigens. As a
result, 4 out of 13 mutant peptides could elicit a strong response,
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FIGURE 2 | Comprehensive analysis of the immune landscape. (A) Immunohistochemistry (IHC) image with anti-programmed cell death-ligand 1 (PD-L1) antibody

(Dako IHC 22C3 platform). Microscope magnification 400×. A PD-L1 tumor proportion score (TPS) of ≥50% was detected. (B) Maintenance of the high-frequency

T-cell clones throughout Nivolumab treatment. TCR-seq was conducted on PBMCs collected pre and post Nivolumab treatment. T-cell clones with a frequency of

≥10−3 in the baseline are shown. Each line represents one clone. (C) Representative TRBV–TRBJ junction circos plots. Bands represent different V and J gene

segments. Ribbons imply V/J pairings. The width of the band is proportional to the usage frequency.
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TABLE 1 | HLA-A*11:01 restricted candidate neoantigens validated in IFN-γ ELISPOT assay.

Mutant peptide Wild-type peptide

Number Gene Mutation Sequence IC50 (nM)* Sequence IC50 (nM)*

Clonal neoantigens C1 EGFR E746_A750del IPVAIKTSPK 131.9 IPVAIKELRE 28,185.9

C2 EGFR E746_A750del AIKTSPKANK 404.4 AIKELREATS 37,251.5

C3 TP53 A161T RVRAMTIYKQ 288.6 RVRAMAIYKQ 486.1

C4 TP53 A161T GTRVRAMTIYK 165.5 GTRVRAMAIYK 251.6

C5 TP53 A161T TRVRAMTIYK 30.7 TRVRAMAIYK 44

C6 TP53 A161T RVRAMTIYK 16.1 RVRAMAIYK 20.9

C7 DENND6B R398Q QLLKGVQKK 498.5 RLLKGVQKK 165.1

C8 DENND6B R398Q KALLKQLLK 54.8 KALLKRLLK 71.5

C9 DENND6B R398Q KQLLKGVQK 420.6 KRLLKGVQK 17,851.5

Subclonal neoantigens S1 AP2M1 V377M KASENAIMWK 51.6 KASENAIVWK 91.8

S2 AP2M1 V377M ASENAIMWK 41.6 ASENAIVWK 68

S3 POLA2 E448K FSYSDLSRK 47.3 FSYSDLSRE 15,881.9

S4 TTC37 D95A KDALPGVYQK 171.6 KDDLPGVYQK 7,311.9

*HLA-binding affinities for peptides, predicted by NetMHCpan v3.0. Peptides with an IC50 < 500 nM can be regarded as major histocompatibility complex (MHC) binders.

whereas the wild-type counterpart generated no significant
response. Besides, there were no notable T-cell responses to
subclonal neoantigens (Figure 3).

The Dynamic Change of TCR Repertoire
After Neoantigen Stimulation
Although IFN-γ ELISPOT assay could reveal the reactivity
between immunogenic neoantigens and autologous T cells, we
utilized TCR sequencing to further confirm whether T cell
responded to neoantigens. Owing to the limited amounts of
PBMCs, we only validated the above 4 out of 13 neoantigens
generated from EGFR 19del, TP53 A161T, and DENND6B
R398Qmutations.

After stimulating PBMCs with neoantigens, the frequency
of some T-cell clones stimulated by mutant peptides was
much higher than those clones stimulated by corresponding
wild-type peptides. These clones were defined as significant
clones, which may specifically recognize neoantigens
(Supplementary Table 2). Matching significant clones to
those found in blood samples, 18 clones remained at high
frequency during this study, and 7 clones could only be detected
after the initiation of Nivolumab (Supplementary Figure 1).

DISCUSSION

Owing to the limited therapeutic strategies for NSCLC patients
acquired resistance to EGFR-TKIs, it may be tempting to begin
immune checkpoint blockades therapy for its well tolerance
and low toxicity. Some retrospective studies suggest that EGFR
mutated NSCLC cannot benefit from anti-PD-1/PD-L1 blockade
therapies (10, 11). However, long-term follow-up of these clinical
trials and some case reports showed that a group of EGFR
mutated NSCLC patients sustained a durable response. Most
studies focused on elucidating the underlying mechanism of
the negative clinical outcomes (22–25). Little efforts have been
made to stratify a small group of patients with EGFR driver

mutation, who are likely to benefit from immunotherapy.
To our knowledge, this is the first report on assessing the
predictive biomarker from the perspective of neoantigens in an
EGFRmutated NSCLC patient receiving Nivolumab. Our results
may provide clinical evidences for the potential application of
immune checkpoint blockades in NSCLC patients with acquired
resistance to EGFR-TKIs.

PD-L1 expression is employed as a general biomarker for
immune checkpoint blockade treatment (26). Previous studies
demonstrated that EGFR signaling pathway could intrinsically
upregulate tumor PD-L1 expression and contribute to the
immune escape of EGFRmutated NSCLC (10). Conversely, real-
world studies showed a higher expression level of PD-L1 in
EGFR wild-type NSCLC (27, 28). A recent study manifested that
the proportion of PD-L1-positive tumors in patients receiving
EGFR-TKIs tended to be increased after EGFR-TKI therapy
(29). As a result, these contradictory results cannot fully explain
the relationship between EGFR signaling pathway and PD-
L1 expression. Our patient had a PD-L1 tumor proportion
score (TPS) of ≥50%, which may contribute to his durable
response to ICBs. For both EGFR mutated and wild-type
NSCLC in the ATLANTIC trial, patients with higher tumor
PD-L1 expression can achieve a better objective response from
Durvalumab treatment (29). However, some patients with high
PD-L1 expression failed with immunotherapy unexpectedly
(30). The opposite results revealed that PD-L1 expression may
not be a reliable predictive biomarker for NSCLC with EGFR
driver mutations receiving immunotherapy, and new effective
biomarkers are still needed.

Currently, tumor mutational burden (TMB) is considered as
a positive prognostic factor for ICBs (31). Patients with high
TMB could have better objective responses to anti-PD-1/PD-L1
blockades compared with those with low TMB (14). Similarly,
tumor neoantigen burden (TNB) describes those mutations
at the transcript level or protein level and is supposed as
the surrogate of TMB. However, some researches showed that

Frontiers in Immunology | www.frontiersin.org 5 July 2020 | Volume 11 | Article 13664950

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wu et al. Clonal Neoantigens in NSCLC

FIGURE 3 | Immunogenicity of candidate neoantigens. (A,B) Representative images from IFN-γ ELISPOT assay. Peripheral blood mononuclear cells (PBMCs; 2 ×

105 per well) from the patient were stimulated for 10 days with individual peptides in the presence of cytokines (IL-2, IL-7, and IL-15) and were stimulated again on day

10. T-cell reactivity was assessed by IFN-γ ELISPOT assay. (C) Bar graph showing IFN-γ ELISPOT assay data. PBMCs stimulated with no peptide were regarded as

negative controls (NC). At least two independent experiments were done in triplicate. *p < 0.05.

patients with high TNB may still be resistant to ICBs (32). On
this account, identifying high-quality neoantigens could optimize
the prediction of pre-existing immunity to tumors and boost the
effect of ICBs for proper immunosurveillance (33).

We presented a pipeline combining in silico and in vitro
approaches to identify true neoantigens. Neoantigens expressed
by a large proportion of tumor cells were defined as clonal
neoantigens (34). In contrast, subclonal neoantigens may be
generated during tumor evolution, which mediated immune
escape and facilitated tumor invasion (35). In this study, we
only successfully detected T-cell response to clonal neoantigens
in IFN-γ ELISPOT assay, which could partly be explained by
the loss of subclonal neoantigens after Nivolumab treatment
(36). Here, a total of four clonal neoantigens, including two
arising from EGFR 19del, 1 from TP53 A161T, and 1 from
DENND6B R398Q, respectively, were validated in this case.
Although immunotherapy targeting EGFR mutations have been
widely discussed (34), there was no research on identifying

neoantigens generated from EGFRmutations in NSCLC patients.
Neoantigens derived from hotspot mutations of TP53, the
most frequently altered gene across solid tumors, have already
been screened for novel therapeutic approaches (35). TP53
A161T, which is present in approximate 0.06% of cancer
patients (37), remained uncharacterized, and future exploration
is warranted. Additionally, the role of DENND6B in tumors
is largely unknown. Based on our results, we speculated
that neoantigens derived from driver mutations facilitated
clinical benefit in patients treated with immune checkpoint
blockades. Therefore, EGFR mutated NSCLC patients could
be recommended to choose anti-PD-1/PD-L1 blockades in the
presence of clonal neoantigens derived from driver mutations
with high immunogenicity.

Previous studies had shown that memory T cells from
peripheral blood could respond to neoantigens in tumor tissue
(38), and CD8+PD-1+/high T-cell subsets were preferentially
enriched upon neoantigen stimulation (39, 40). Analyzing
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features of CD8+ T cells seemed to be an alternative choice
for monitoring immune response. Our former research had
already identified the peripheral blood TCR repertoire of NSCLC
patients as a useful prognostic biomarker (41). In this study, we
investigated the dynamic change in TCR frequencies and found
that the maintenance of high-frequency T-cell clones might be
associated with a durable response to Nivolumab. By comparing
each T-cell clone after neoantigen peptide stimulation, we
identified some neoantigen-specific T-cell clones, which are likely
responsible for the recognition of MHC:peptide complex. A
recent study has raised the hypothesis of clonal replacement
after immunotherapy, and researchers founded that expanded T-
cell clones were recruited from blood rather than continuously
presented in tumors (42). Consistent with the hypothesis, we
observed that some significant clones only expanded after the
initiation of Nivolumab. Further research should be conducted
to characterize the anti-tumor immunity of these T-cell clones.

Besides tumor-intrinsic factors, tumor microenvironment
(TME) will also affect the efficacy of immunotherapy. A
newly published research focused on TME found that EGFR
driver gene alterations, despite its inescapable role in tumor
growth, contributed directly to a non-inflamed phenotype, with
high regulatory T-cell (Treg) infiltration and low CD8+ T-cell
infiltration (27). For our patient, Nivolumab was initiated only
after multiline therapies, including EGFR-TKIs, chemotherapy,
and radiotherapy. Thus, we presumed an enhanced suppressive
activity of TME, and we did not conduct a comprehensive
analysis on TME.

The clinical implications of our research were profound. A
previous study showed that the anti-EGFR antibody titer was
characterized as highest in NSCLC patients with EGFR exon
19 deletion, suggesting that this mutation is immunogenic and
can be expressed at protein level (43). We may infer that
the peptide sequences derived from EGFR exon 19 deletion
(IPVAIKTSPK, AIKTSPKANK) may be a potential therapeutic
target of cancer vaccine for NSCLC. Moreover, HLA-A∗11:01
was the most frequent HLA-A allele in Asians (44). EGFR
19del is the most common mutation in EGFR mutated NSCLC
patients, accounting for ∼45% of all cases (43). Consequently, it
is reasonable that our results can provide important clinical data
for a subgroup of NSCLC patients with both EGFRmutations and
HLA-A∗11:01 allele.

There are some expected limitations of our study. At first,
TCR profiling was only performed on peripheral blood and
cultured PBMCs due to a lack of tumor tissue. A mapping
of TCR in tumor and metastatic sites will make the results
more convincing. Second, recent research has highlighted the
important role of MHC class II-restricted neoantigens in the
anti-tumor response (45). In this study, we only focused on
MHC-I-restricted neoantigens. Investigations of MHC class II-
restricted neoantigens may be carried out in the future with more
advanced technologies.

Overall, our data suggested that high-quality neoantigen
can be generated from EGFR driver mutation. ICBs can
be used for advanced NSCLC with acquired resistance to
EGFR-TKIs in the context of specific clonal neoantigens with
high immunogenicity. Monitoring of neoantigen-specific T-cell

response might be beneficial for improving the survival rate
of NSCLC patients. Personalized immunomodulatory therapy
targeting these neoantigens should be explored for better clinical
outcomes.We hope our findingsmay help pave the way for future
researches on EGFRmutated NSCLC.

MATERIALS AND METHODS

Patient Samples
Peripheral blood was obtained from the patient before the
initiation of Nivolumab and every 2 months after treatment.
PBMCs were isolated by Ficoll-Hypaque density centrifugation
and were analyzed immediately after isolation. Lung cancer tissue
sample was obtained by computed tomography (CT)-guided lung
biopsy before Nivolumab treatment.

This study was approved by the Institutional Review Board of
Tongji Medical College of Huazhong University of Science and
Technology. The patient gave his written informed consent for
the collection of blood and tissue samples in accordance with the
Declaration of Helsinki.

Immunohistochemistry
The Dako PD-L1 IHC 22C3 pharmDx assay was used to detect
PD-L1 protein expression in formalin-fixed paraffin-embedded
(FFPE) tumor tissue slides. A four-tiered grading system was
applied to evaluate the proportion of PD-L1 expression in tumor
cells: TC0 for negative expression, TC1 for 1–5%, TC2 for 5–50%;
TC3 for more than 50%.

Whole-Exome Sequencing and RNA
Sequencing
Whole-exome sequencing was carried out on the FFPE tumor
tissue and matched normal samples. Peripheral blood was served
as normal sample. Genomic DNAs were from tumor tissue,
and blood was, respectively, extracted using the Qiagen DNA
FFPE and Qiagen DNA blood mini kit (Qiagen). RNA was
extracted from FFPE tumor tissue slides using RNeasy FFPE Kit
(Qiagen). Sequencing libraries were constructed using Agilent
SureSelect Human All Exon V6 kit (Agilent Technologies,
USA), and sequencing procedures were performed on an
Illumina HiSeq X-Ten platform with 150-bp paired-end reads.
Raw reads were filtered using SOAPnuke (v1.5.6) to remove
low-quality reads with unknown bases “N” more than 10%.
Clean reads were aligned to the human reference genome
(UCSCGRCh37/hg19) with the BWA (v0.7.12) for WES and
RSEM (v1.3.0) for RNA sequencing. Somatic single-nucleotide
variants (SNVs) and indels were identified using VarScan (v2.4.1)
and subsequently filtered by an in-house approach to remove
the possible false-positive variants (46). Aligned RNA reads were
then analyzed using RSEM (v1.3.0). Tumor purity was evaluated
computationally in paired samples using AscatNGS (v3.1.0)
(47). Tumor mutational burden (TMB) was determined as the
number of non-silent somatic mutations per megabase of exome
examined. High and low TMB was determined according to a
cut-off value of 10 and 2.5 muts/Mb, respectively. The expression
of neoantigens was calculated according to both the variant allele
frequency of corresponding mutations and the expression level
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of genes involved. Tumor neoantigen burden (TNB) was defined
as the number of neoantigens per megabase of exome examined,
and high TNB was determined according to a cut-off value of
4.5 neos/Mb.

HLA Typing and Neoantigen Prediction
HLA typing of tumor samples and paired normal samples was
assessed from WES results using POLYSOLVER (v1.0) and
Bwakit (v0.7.11) (48), and were further used for neoantigen
prediction. By using in-house software, all the non-silent
mutations were translated into 21-mer peptide sequence centered
on mutated amino acid. Then, the 21-mer peptide was used
to create 9- to 11-mer peptide via a sliding window approach
for predicting the binding affinity of major histocompatibility
complex class I (MHC I) proteins and their peptide ligands.
NetMHCpan (v3.0) was used to determine the binding
strength of mutant peptides to patient-specific HLA alleles
(49). The predicted peptides were scored according to the
following indexes: strong binding affinity, mutation type, variant
allele frequency, proteasomal C terminal cleavage, transporter
associated with antigen processing, transporting efficiency, and
gene expression. Peptides of score higher than 0 were selected. If
selected peptides were generated from the same mutation, it can
be only counted as one neoantigen.

In vitro PBMC Expansion
PBMCs were rested according to previous studies (16, 50).
Autologous PBMCs (2× 105 cells per well) were co-cultured with
separate peptides derived from candidate neoantigens (10µg/ml)
with RPMI-1640 supplemented with 10% fetal bovine serum, 10
U/ml of penicillin–streptomycin, 2 mmol/L L-glutamine, and 1×
non-essential amino acid. Cell culture was conducted for 10 days
at 37◦C in a 5% CO2 atmosphere, and half of the culture media
was replaced by fresh culture media containing 100 IU/ml IL-2,
50 ng/ml IL-7, and 50 ng/ml IL-15 on days 3, 5, and 7. Half of the
culture media was replaced with fresh media without cytokines
on day 9.

IFN-γ ELISPOT Assay
The frequency of neoantigen-specific T cells after 10 days of
coculture was determined by IFN-γ ELISPOT kit (Dakewei,
China) (51). Briefly, PBMCs (2 × 105 per well) and peptides
(10µg/ml) were added to triplicate wells. PBMCs cultured
without peptides were regarded as the negative controls. Plates
were scanned by Elispot Reader System (Cell Technology Inc.,
Columbia, MD), and the results were analyzed with Elispot
software (AID, Strassberg, Germany).

TCR Sequencing
DNA extracted from PBMCs was prepared for TCR β-chain
amplification using Short Read iR-Profile Reagent System HTBI-
vc and sequenced using theNextSeq system. V-D-J gene segments
in CDR3 sequences were identified by MiXCR (v2.1.10). Basic
quantification of clonotypes was assessed with VDJ tools
(v1.1.10). High-frequency clones were defined as T-cell clones
with a frequency of ≥10−3. TCRs from simulated PBMCs were
further analyzed by comparing the frequency of each T-cell clone

being stimulated by themutant peptide with the same clone being
stimulated by the wild-type peptide. Neoantigen-specific T-cell
clones were identified with an odd ratio higher than 10 and a
value of p < 0.01.

Statistics
All the statistical analyses were conducted by GraphPad Prism
version 8.0 (GraphPad Software, USA). TCR sequencing was
compared using a one-sided Fisher’s exact test. Other values were
compared using an unpaired two-tailed Student’s t-test. A value
of p < 0.05 was considered statistically significant.
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Xian Medical Center, Macao, China, 9Department of Radiation Oncology, Fujian Medical University Cancer Hospital & Fujian

Cancer Hospital, Fuzhou, China

Cyclin D1 (CCND1) amplification relevant to malignant biological behavior exists in

solid tumors. The prevalence and utility of CCND1 amplification as a biomarker for the

clinical response to treatment with immune checkpoint inhibitors (ICIs) are unknown.

Our study is a preliminary investigation mainly focused on the predictive function of

CCND1 amplification in the tumor microenvironment (TME) in the aspect of genome and

transcriptome. We examined the prevalence of CCND1 amplification and its potential

as a biomarker for the efficacy of ICI therapy for solid tumors using a local database

(n= 6,536), The Cancer Genome Atlas (TCGA) database (n= 10,606), and the Memorial

Sloan Kettering Cancer Center (MSKCC) database (n = 10,109). Comprehensive

profiling was performed to determine the prevalence of CCND1 amplification and

the correlation with the prognosis and the response to ICIs. A CCND1 amplification

occurs in many cancer types and correlates with shorter overall survival and inferior

outcomes with ICI therapy. Transcriptomic analysis showed various degrees of immune

cell exclusion, including cytotoxic cells, T cells, CD8+ T cells, dendritic cells (DCs),

and B cells in the TME in a TCGA CCND1 amplification population. The gene

set enrichment analysis suggested that CCND1 amplification correlates with multiple

aggressive, immunosuppressive hallmarks including epithelial–mesenchymal transition,

transforming growth factor (TGF)-β signaling, KRAS signaling, phosphoinositide 3-kinase

(PI3K)/AKT/mammalian target of rapamycin (mTOR) signaling, p53 pathway, and hypoxia

signaling in solid tumors. These findings indicate that CCND1 amplification may be a key

point related to immunosuppression in TME and multiple malignancy hallmarks, and it

hinders not only the natural host immune responses but also the efficacy of ICIs.
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INTRODUCTION

Immunotherapies targeting immune checkpoints have durable
antitumor responses in multiple cancer types, which can
contribute to a remarkable improvement in treatment outcomes
in a subset of patients with advanced cancer (1). This led
to the approval of therapeutic inhibitors of programmed cell
death 1 (PD-1) pathway, pembrolizumab, nivolumab, and
cemiplimab, and of the programmed cell death ligand 1
(PD-L1) pathway, atezolizumab, durvalumab, and avelumab,
by the US Food and Drug Administration (FDA) for the
treatment of advanced melanoma, non-small-cell lung cancer,
renal cell carcinoma, head and neck squamous cell carcinoma
(HNSCC), Hodgkin’s lymphoma, squamous cell cancer of the
skin, and urothelial bladder cancer. Despite this progress, only
a minority of patients within each cancer subtype present with
a durable response to immune checkpoint inhibitors (ICIs),
and the molecular mechanisms of primary resistance remain
incompletely understood (2).

The efficiency of PD-1/PD-L1 inhibitors depends on cancer-
specific cytotoxic immune cell activation and infiltration into the
tumor microenvironment (TME) (2). Cyclin D1 protein encoded
by the CCND1 gene located on human chromosome 11q13.3
is the critical gatekeeping protein in charge of regulating the
transition through the restriction point in the G1 phase to S phase
of the cell cycle (3). The CCND1 gene is considered an oncogene,
and it reinforces cell proliferation, growth, angiogenesis, and
resistance to chemotherapy and radiotherapy (3, 4). Recently,
several studies revealed that CCND1 amplification associates
with a negative response to ICIs. In a study by Saada-Bouzid
et al. (5), pretreatment tumor tissue samples from patients
who present with hyper-progression after treatments of ICIs
were retrospectively detected with next-generation sequencing
(NGS). Three out of five patients presented with CCND1
amplification (5). A retrospective study of melanoma also
showed that 30 out of 56 patients with innate resistance to
anti-PD-1 therapy presented with CCND1 amplification (6).
Although there are currently few reported cases, the clinical
phenomena suggest the potential value of CCND1 amplification
as a biomarker for predicting negative therapeutic effects
of ICIs.

We hypothesized thatCCND1 amplificationmay be associated
with poor clinical benefits of ICI therapy through suppressing
the antitumor immunity in TME. We mainly focused on the
predictive function of CCND1 amplification in the TME in the

Abbreviations: CCND1, cyclin D1; ICIs, immune checkpoint inhibitors; NGS,

next-generation sequencing; TCGA, The Cancer Genome Atlas; MSKCC,

Memorial Sloan Kettering Cancer Center; OS, overall survival; TMB, tumor

mutational burden; TME, tumor microenvironment; PD-1,programmed cell

death 1; PD-L1, programmed cell death ligand 1; HNSCC, head and neck

squamous cell carcinoma; CNA, copy number alteration; BLCA, bladder urothelial

carcinoma; BRCA, breast invasive carcinoma; CHOL, cholangiocarcinoma;

ESCA, esophageal carcinoma; LIHC, liver hepatocellular carcinoma; LUSC,

lung squamous cell carcinoma; OV, ovarian serous cystadenocarcinoma;

SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; MDSCs,

myeloid-derived suppressor cells; GSEA, gene set enrichment analysis; CTLA4,

cytotoxic T lymphocyte-associated protein 4; DFS, disease-free survival; DCs,

dendritic cells.

aspect of genome and transcriptome. In this study, we performed
an integrative analysis of The Cancer Genome Atlas (TCGA),
Geneplus, and Memorial Sloan Kettering Cancer Center
(MSKCC) databases to clarify the frequency of amplification
of CCND1. Importantly, we aimed to explore whether CCND1
amplification correlates with a poor response to ICIs in solid
tumors, for which the potential mechanism may be correlated
with events within the TME.

MATERIALS AND METHODS

Patient Populations
From August 12, 2015, through March 19, 2019, 6,536
tumor tissue samples from 6,536 patients with solid tumors
underwent an NGS assay at Geneplus-Beijing (Beijing, China).
All procedures were conducted in accordance with the Helsinki
Declaration (7) and with approval from the Ethics Committee
of Fujian Provincial Cancer Hospital. Written informed consent
was obtained from all participants.

Tissue Processing and DNA Extraction
The germline genomic DNA of peripheral blood lymphocytes
and frozen tissue samples was extracted using the DNeasy
Blood & Tissue Kit (Qiagen, Hilden, Germany). The formalin-
fixed, paraffin-embedded (FFPE) tissue samples were isolated
using a commercially available kit (Maxwell R© 16 FFPE Plus
LEV DNA Purification, Qiagen, Hilden, Germany Kit, catalog:
AS1135). The DNA concentration was measured using a Qubit
fluorometer and the Qubit dsDNA HS (High Sensitivity) Assay
Kit (Invitrogen, Carlsbad, CA, USA). The total DNA yield must
be ≥1 µg, while 260/280 and 260/230 ratios are ≥1.8 and
2, respectively.

Library Preparation, Target Capture, and
Next-Generation Sequencing
Sequencing was carried out using Illumina 2× 75-bp paired-end
reads on an Illumina HiSeq 3000 instrument according to
the manufacturer’s recommendations using the KAPA DNA
Library Preparation Kit (Kapa Biosystems, Wilmington, MA,
USA). Bar-coded libraries were hybridized to a customized
panel of 1,021 genes containing whole exons and selected
introns of 288 genes and selected regions of 733 genes
(Table S1). The libraries were sequenced to a uniform
median depth (>500×) and assessed for somatic variants
including single-nucleotide variants (SNVs), small insertions and
deletions (InDels), copy number alterations (CNAs), and gene
fusions/rearrangements.

Next-Generation Sequencing Analysis
MuTect2 (version 1.1.4) (8) was employed to identify somatic
InDels and SNVs. Contra (v2.0.8) (9) was used to identify CNAs.
The CNA was expressed as the ratio of adjusted depth between
ctDNA and germline DNA and analyzed using FACETS (10)-
with log2ratio thresholds of 0.848 and −0.515 for gain and
loss, respectively. Specifically, for the CCND1 gene, samples
with chromosome 11q13.3 alterations were further reviewed
for CNAs.
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Data Sources
Solid tumors, which had CNAs identified in the data from 10,606
tumor tissue samples from 10,606 patients with solid tumors in
the TCGA, were obtained from the Broad Institute GenomicData
Analysis Center (https://gdac.broadinstitute.org/). The TCGA
cohort consisted of adrenocortical cancer (ACC, n= 90), bladder
urothelial carcinoma (BLCA, n= 408), breast invasive carcinoma
(BRCA, n = 1,080), cervical and endocervical cancer (CESC, n
= 295), cholangiocarcinoma (CHOL, n = 36), colon and rectum
adenocarcinoma (COADREAD, n= 616), esophageal carcinoma
(ESCA, n = 184), glioblastoma multiforme (GBM, n = 577),
HNSCC (n = 522), kidney chromophobe carcinoma (KICH, n
= 66), kidney clear cell carcinoma (KIRC, n = 528), kidney
papillary cell carcinoma (KIRP, n = 288), lower grade glioma
(LGG, n = 513), liver hepatocellular carcinoma (LIHC, n =

370), lung adenocarcinoma (LUAD, n = 516), lung squamous
cell carcinoma (LUSC, n= 501), mesothelioma (MESO, n= 87),
ovarian serous cystadenocarcinoma (OV, n = 579), pancreatic
adenocarcinoma (PAAD, n = 184), pheochromocytoma and
paraganglioma (PCPG, n = 162), prostate adenocarcinoma
(PRAD, n = 492), sarcoma (SARC, n = 257), skin cutaneous
melanoma (SKCM, n = 367), stomach adenocarcinoma (STAD,
n = 441), testicular germ cell tumor (TGCT, n = 150), thyroid
carcinoma (THCA, n = 499), thymoma (THYM, n = 123),
uterine corpus endometrial carcinoma (UCEC, n= 539), uterine
carcinosarcoma (UCS, n = 56), and uveal melanoma (UVM, n
= 80). Survival information (11) and RSEM-normalized gene-
level data from cancers with CCND1 amplification frequency
ranked first to 10th were further downloaded. The data of
CHOL were excluded for a limited number of samples (n =

36). Patients with CCND1 amplification or neutral phenotypes
were further analyzed. Patients with overall survival (OS)
more than 10 days and gene-level data were enrolled as
the TCGA pan-cancer cohort (n = 2,633). The TCGA pan-
cancer cohort consisted of BLCA (n = 247), BRCA (n =

714), ESCA (n = 122), HNSCC (n = 359), LIHC (n = 277),
LUSC (n = 292), OV (n = 145), SKCM (n = 203), and
STAD (n = 274). OS was defined from the date of initial
pathologic diagnosis.

We reviewed the CNA data from 10,109 solid tumor tissue
samples from 10,109 patients in the MSKCC database who
were enrolled as the MSKCC cohort (12). Survival information
from cancers with CCND1 amplification frequency ranked
first to 10th was further downloaded. These patients with
an OS of more than 10 days were enrolled as the MSKCC
pan-cancer cohort (n = 3,629). Their OS was defined from
the date of initial pathologic diagnosis. A total of 1,105
patients treated at MSKCC who had received at least one
dose of ICIs had an OS defined from the date of first
infusion of any ICI and were enrolled as the MSKCC-IO
cohort (13).

To explore the association between CCND1 amplification
and the clinical outcomes of ICIs, we included CNA and
clinical data from four clinical cohorts treated with ICIs.
The first cohort consisted of 72 patients with melanoma
treated with anti-cytotoxic T lymphocyte-associated protein

4 (CTLA-4) therapy (Allen cohort) (14). The second pooled
cohort consisted of 464 melanoma patients treated with ICIs
(Robert cohort treated with anti-PD-1/L1 or anti-CTLA-4 or
combination therapy, Allen and Snyder cohorts treated with
anti-CTLA-4 therapy, David cohort treated with anti-PD-1
therapy) (13–16).

Database Analysis for CCND1 and Tumor
Mutational Burden
We analyzed the CNA in the TCGA and MSKCC cohorts. The
CN changes, including putative biallelic CNA (+2) or putative
biallelic neutral (0), identified using the GISTIC2 (17) algorithm
in the TCGA samples and those using the FACETS (10) algorithm
in the MSKCC samples, were the focus of our study. For the
assessment of tumormutational burden (TMB), the total number
of somatic mutations identified was normalized to the exonic
coverage of the respective MSK-IMPACT panel in megabases
(13). Mutations in driver oncogenes were not excluded from the
analysis (13). For each histology, cases in the top 20th, 40th, 60th,
and 80th percentile of TMB were identified (13). Cases in the top
20th percentile of TMBwithin each histology were enrolled as the
TMB-High group (n= 268).

Tumor Purity Estimate and Infiltration
Levels of Immune Cells
To investigate the immune infiltration status of the tumors, we
computed tumor purity using the ESTIMATE (18) (Estimation
of STromal and Immune cells in MAlignant Tumor tissues using
Expression data) method to analyze immune components and
overall stroma in the TCGA pan-cancer cohort. To measure
the relative levels of tumor-infiltrating lymphocyte subsets, we
then employed gene expression-based computational methods
to profile the infiltration levels of 25 immune cell populations
in the TCGA pan-cancer cohort. Among the 25 immune
cell populations, 24 immune cell populations were calculated
using methods named Immune Infiltration Score (IIS) and
T cell Infiltration Score (TIS), while infiltration of myeloid-
derived suppressor cells (MDSCs) was calculated utilizing an
algorithm named Tumor Immune Dysfunction and Exclusion
(TIDE) (19, 20).

Gene Set Enrichment Analysis
Based on the hallmark gene sets (21), Gene Set Enrichment
Analysis (GSEA) software version 3.0 (Broad Institute) (22) was
used to identify the different regulated pathways between the
CCND1 amplification and neutral groups in the TCGA pan-
cancer cohort (|NES| > 1, NOM P-value < 0.10, FDR q-value
< 0.25). For significantly enriched pathways in the amplification
group, single-sample gene set enrichment analysis (ssGSEA) was
used to calculate the enrichment score in individual samples. The
rank-sum test was performed to evaluate the statistical difference.

Statistical Methods
Differences between the two groups were examined by two-
tailed, unpaired t-test. Kaplan–Meier survival and multivariate
Cox regression analyses were used to analyze associations
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FIGURE 1 | Profile of cyclin D1 (CCND1) amplification and association with prognosis. (A) Distribution of the top 10 cancer types with the frequency of CCND1

amplification in The Cancer Genome Atlas (TCGA) (n = 10,606), Memorial Sloan Kettering Cancer Center (MSKCC) (n = 10,109), and Geneplus (n = 6,536) databases.

Cancers were sorted according to the frequency of CCND1 amplification. (B) The gene expression profile of CCND1 between the amplification group and the neutral

group in the TCGA pan-cancer cohort (n = 2,633). The white dot represents the median value. The bottom and top of the violins are the 25th and 75th percentiles

(interquartile range). Differences between the two groups were evaluated by unpaired t-tests. ns P ≥ 0.05; *P < 0.05; **P < 1 × 10−2; ***P < 1 × 10−3; ****P < 1 ×

10−4. (C) Kaplan–Meier survival analysis of overall survival (OS) comparing the CCND1 amplification and neutral groups in patients in the TCGA pan-cancer cohort (n

= 2,633). (D) Kaplan–Meier survival analysis of OS comparing the CCND1 amplification and neutral groups in patients in the MSKCC pan-cancer cohort (n = 3,629).

between CCND1 status and survival. Log-rank tests were used to
determine significant differences of survival curves stratified by
TMB. Statistical analyses were performed using SPSS statistical

software version 23.0 (SPSS) and Prism analysis and graphic
software version 8.0.1 (GraphPad). A two-sided P-value of <0.05
was considered statistically significant.
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RESULT

Distribution and Clinical Implication of the
CCND1 Amplification Profile Landscape
We analyzed CCND1 amplification of 6,536 patients from the
Geneplus 1,021 panel in a Chinese population and found
that HNSCC had a high CCND1 amplification in 25.00% of
the cases (7/28), followed by ESCA in 23.88% (16/67), BLCA
in 9.76% (8/82), and melanoma in 6.67% of cases (6/90)
(Figure 1A and Table S2). Comparison of CCND1 amplification
in 10,606 patients from the TCGA database and 10,109 patients
from the MSKCC database revealed that ESCA and breast
carcinoma had the highest incidence in the TCGA patients at
34.78% (64/184) and MSKCC patients at 18.55% (228/1,229)
databases, respectively (Figure 1A). Gene expression analysis
from the TCGA database showed that CCND1 amplification was
significantly related to the upregulation of mRNA expression of
CCND1 across the top nine cancer types (TCGA pan-cancer:
cancers with CCND1 amplification frequency ranked first to
10th; CHOL was excluded because of the limited number of
samples) (Figure 1B).

Next, we examined the association of CCND1 amplification
with clinical outcome for pan-cancer in the TCGA and MSKCC
databases. Kaplan–Meier survival analysis showed that CCND1
amplification was not associated with median OS for pan-
cancer in the TCGA database. The median OS for the CCND1
amplification and CCND1 neutral groups was 1,838.0 and 2,133.0
days, respectively [P = 0.1305, HR 1.13 (95% CI 0.96–1.32);
Figure 1C]. In the MSKCC database, the median OS for the
CCND1 amplification and CCND1 neutral groups was 20.6 and
25.4 months, respectively [P = 0.1458, HR 1.16 (95% CI 0.93–
1.46); Figure 1D]. We then further investigated the role of
CCND1 amplification in specific cancer types. We did find a
significantly decreased OS for HNSCC in the TCGA database.
ThemedianOS for theCCND1 amplification andCCND1 neutral
groups was 1,079.0 and 2,002.0 days, respectively [P = 0.0125,
HR 1.51 (95% CI 1.07–2.11); Figure S1A]. For melanoma in the
MSKCC database, the median OS for the CCND1 amplification
and CCND1 neutral groups was 13.5 months and not reached [P
= 0.0139, HR 2.56 (95% CI 0.79–8.29); Figure S1B].

CCND1 Amplification Associated With
Poor Prognosis in Patients Who Received
Immune Checkpoint Inhibitors
We further explored the relationship between CCND1
amplification and the clinical outcomes of ICIs. Publicly
available datasets were utilized for this analysis, including four
melanoma clinical cohorts. The Allen cohort (14) included
72 patients with melanoma treated with anti-CTLA-4, among
whom six patients were classified as CCND1 amplification; their
disease-free survival (DFS) was inferior to that of 66 patients with
the neutral phenotype [2.667 vs. 3.233 months, P = 0.1196, HR
2.001 (95% CI 0.5786–6.922); Figure S1C]. Then, we performed
a pooled analysis on four melanoma cohorts treated with ICIs
(the Robert cohort treated with anti-PD-1/L1 or anti-CTLA-4
or combination therapy, the Allen and Snyder cohorts treated

with anti-CTLA-4 therapy, and the David cohort treated with
anti-PD-1 therapy, n = 464) (13–16). A total of 31 patients were
classified as having CCND1 amplification, and their median OS
was significantly shorter than 433 patients with a CCND1 neutral
status [18.51 vs. 32.27 months, P = 0.0426, HR 1.58 (95% CI
0.9163–2.724); Figure 2A].

Based on the impact of CCND1 amplification as a negative
prognostic factor for efficacy of ICIs in melanoma, we further
investigated its role in patients with a solid tumor. To validate
CCND1 amplification as a clinical factor associated with poor
prognosis in patients with solid tumors treated with ICIs,
we performed three analyses. First, a total of 1,105 patients
with a variety of cancer types who had received MSKCC-
IMPACT testing and at least one dose of ICIs were evaluated
and named the MSKCC-IO cohort (13). Fifty-two patients
with CCND1 amplification were identified comprising of 14
melanomas, 11 head and neck carcinomas (HNCs), 11 bladder
carcinomas, eight non-small-cell lung carcinomas, five breast
carcinomas, three esophagogastric carcinomas, and one glioma
(Table S3). Across the entire cohort, CCND1 amplification
was associated with a decreased OS. The median OS for
the CCND1 amplification and CCND1 neutral groups was
11.0 and 18.0 months, respectively [P = 0.0024, HR 1.63
(95% CI 1.09–2.43); Figure 2B]. We performed a stratified
analysis with the melanoma (n = 231) and bladder carcinoma
patients (n = 111) and observed a similar association
between CCND1 amplification with a shorter OS. In melanoma
(n = 231), the median OS for the CCND1 amplification
and CCND1 neutral groups was 22.0 and 42.0 months
[P = 0.0029, HR 2.48 (95% CI 0.99–6.23); Figure S1D].
In bladder carcinoma (n = 111), the median OS for the
CCND1 amplification and CCND1 neutral groups was 8.0
and 16.0 months, respectively [P = 0.0244, HR 2.17 (95%
CI 0.83–5.66); Figure S1E].

Recent studies have shown that a high level of TMB associates
with improved survival in patients receiving ICIs across a
wide variety of cancer types (13, 23). We therefore explored
the relationship between CCND1 amplification and TMB, and
their interaction related to ICI efficacy. We compared the
TMB between the CCND1 amplification group and the CCND1
neutral group in the MSKCC-IO cohort and found no difference
between the two groups. The median TMB for the CCND1
amplification and CCND1 neutral groups was 6.79 vs. 5.90 (P
= 0.46; Figure S2). We then prepared a stratified analysis of
the MSKCC IO-cohort by the percentile of the TMB subgroup.
A clear profile demonstrated that the CCND1 amplification
patients did not benefit from ICIs regardless of TMB status
(Figure 2C). Of note, according to a study by Robert M. Samstein
et al. (13), in patients treated with ICIs, there is a significant
association between a high level of TMB and a better OS.
But in our stratified analysis, in spite of a high level of TMB,
patients with CCND1 amplification have a significantly decreased
median OS [10.0 vs. 41.0 months, HR 2.82 (95% CI 1.11–7.20),
P = 0.0003; Figure 2D]. Finally, a multivariable analysis using
Cox proportional-hazards regression demonstrated that CCND1
amplification was significantly associated with a shorter median
OS [HR 1.60 (95% CI 1.16–2.21), P = 0.0040], with adjustment
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        Overall                                                          40/52                                              598/1053                                                            1.63 (1.09-2.43)                                                                                                   0.0024

Normalized mutation count                           Event/Patients                                                                                                          Hazard Ratio (95%CI)                                                                                         P value 

                                                                   CCND1 Amplification                     CCND1 Neutral
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FIGURE 2 | Association of cyclin D1 (CCND1) amplification with prognosis in the Memorial Sloan Kettering Cancer Center (MSKCC)-IO cohort. (A) Kaplan–Meier

survival analysis of overall survival (OS) comparing the CCND1 amplification and neutral groups in patients with melanoma treated with immune checkpoint inhibitors

(ICIs) from the Robert, Allen, Snyder, and David cohorts (n = 464). (B) Kaplan–Meier survival analysis of OS comparing the CCND1 amplification and neutral groups in

patients with solid tumors treated with ICIs in the MSKCC-IO pan-cancer cohort (n = 1,105). (C) Hazard ratios of CCND1 status across patients with different levels of

tumor mutational burden (TMB) in the MSKCC-IO pan-cancer cohort (n = 1,105). (D) Kaplan–Meier survival analysis of OS comparing the CCND1 amplification and

neutral groups in patients with solid tumors treated with ICIs identified with top 20% TMB within each histology in the MSKCC-IO cohort (n = 268).

for TMB, cancer type, age, drug class of ICI, and the year of ICI
start (Table S4).

Furthermore, we compared the OS in CCND1 amplification
patients who received or did not receive ICIs. In the MSKCC
cohort, data from Zehir et al. (12) reported 319 patients with
CCND1 amplification and 46 cases received ICIs. We found that
the ICI group has a shorter median OS than the non-ICI group
[17.5 vs. 22.6 months, HR 1.258 (95% CI 0.75–2.10), P = 0.3411;
Figure S3]. Taken together, this implies that ICIs would not be
useful for treating the CCND1 amplification population.

CCND1 Amplification Is Significantly
Associated With a Signature of Tumor
Immunosuppression and Immune Cell
Exclusion
Remarkable associations have been observed between the
presence of immune cells, especially with tumor-specific T
cell infiltration, and/or a T cell-associated inflammatory gene
expression signature and the response to ICIs (23, 24). To
assess the relationship between CCND1 amplification and the
landscape of immune cell infiltration, we used an algorithm
called ESTIMATE (18) to analyze the infiltrating fraction of
stromal and immune cells in tumor samples from the TCGA
pan-cancer cohort (n = 2,633). We found that the median
ESTIMATE score in the CCND1 amplification group was
significantly inferior to that in the neutral group (−849.10

vs. −696.23, P = 0.0051; Figure 3A). The analysis in nine
individual cancer types showed that most cancer types exhibited
a similar trend with the exception of melanoma, ESCA, and
liver hepatocellular carcinoma. For example, in breast cancer,
the CCND1 amplification group showed a lower median
ESTIMATE score (−669.12 vs.−245.99, P = 0.0130; Figure 3A).
In HNSCC, the CCND1 amplification group also exhibited a
lower median ESTIMATE score (−849.10 vs. −716.92, P =

0.0190; Figure 3A).
To further characterize the levels of distinct immune cell

subsets and the signals that are chemotactic for them, we
employed a gene expression-based computational method to
dissect infiltration of 25 immune cell subsets in the TCGA
pan-cancer cohort (19, 20). Strikingly, the analysis of the
transcriptomes revealed that, compared with the CCND1 neutral
group, the CCND1 amplification group had a decrease in the
median value of CD8+ T cells (0.0854 vs. 0.0920, P < 0.001),
cytotoxic cells (−0.1772 vs. −0.1564, P = 0.0020), dendritic cells
(DCs) (−0.1692 vs. −0.1266, P < 0.001), plasmacytoid DC cells
(pDCs) (−0.3249 vs. −0.3020, P < 0.001), and B cells (−0.1666
vs. −0.1419, P < 0.001). There was an increase in T helper cells
(0.1677 vs. 0.1603, P < 0.001), regulatory T (Treg) cells (0.0240
vs. −0.3954, P = 0.8890), activated dendritic cell (−0.0787
vs. 0.0356, P < 0.001), and MDSCs (0.0115 vs. −0.0087, P
< 0.001) (Figure 3B).

In the subtype analysis of 25 immune cell components in
nine tumor types, we found that various degrees of tumor
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A
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FIGURE 3 | Tumor purity estimate and infiltration levels of immune cells in The Cancer Genome Atlas (TCGA) pan-cancer cohort. (A) The ESTIMATE (Estimation of

STromal and Immune cells in MAlignant Tumor tissues using Expression data) score of cancers between the cyclin D1 (CCND1) amplification group and the neutral

group in TCGA pan-cancer cohort (n = 2,633). The white dot represents the median value. The bottom and top of the violins are the 25th and 75th percentiles

(interquartile range). Differences between the two groups were evaluated by unpaired t-tests. ns P ≥ 0.05; *P < 0.05; **P < 1 × 10−2; ***P < 1 × 10−3; ****P < 1 ×

10−4. (B) The measurement of the infiltration levels of 25 immune cell populations between the CCND1 amplification group and the neutral group in the TCGA

pan-cancer cohort (n = 2,633). The median white dot represents the median value, while the upper and lower represent the minimum and maximum values.

Differences between the two groups were evaluated by unpaired t-tests.

microenvironmental immunosuppression occurs (Figure S4).
For example, the median values of B cells (−0.1870 vs. −0.1691,
P < 0.001), T cells (−0.2160 vs. −0.1935, P = 0.0090), CD8+

T cells (0.0914 vs. 0.1009, P < 0.001), and DC cells (−0.1810
vs. −0.1465, P = 0.0170) were significantly attenuated in the
CCND1 amplification group in breast cancer, while Th2 cells
(0.05419 vs. 0.0148, P < 0.001) and MDSCs (0.0051 vs. −0.0198,
P = 0.0094) appear upregulated (Figure S4). The signature of
immune cell subsets in HNSCC showed a dramatic decrease
in median values of cytotoxic cells (−0.1418 vs. −0.0970, P
= 0.0030), T cells (−0.2357 vs. −0.2056, P = 0.0010), CD8+

T cells (0.0730 vs. 0.0761, P = 0.1310), DC cells (−0.2267

vs. −0.1796, P < 0.001), and B cells (−0.1676 vs. −0.1373,

P < 0.001), while MDSCs (0.0250 vs. −0.0058, P < 0.001)

(Figure S4).

Multiple Aggressive, Immunosuppressive,
and Angiogenic Hallmarks Related With
CCND1 Amplification
To investigate signaling pathways activated for CCND1
amplification tumors, we performed GSEA comparing the
CCND1 amplification group and the CCND1 neutral group
in the TCGA pan-cancer cohort. GSEA revealed significant
differences (false discovery rate-q ≤ 0.25) in the enrichment of
the Hallmark database (Figure 4A). Notably, gene sets related to
epithelial mesenchymal transition, mitotic spindle, myc targets,
transforming growth factor (TGF)-β signaling, KRAS signaling,
tumor necrosis factor (TNF)-α signaling via nuclear factor (NF)-
κB, phosphoinositide 3-kinase (PI3K)/AKT/mammalian target
of rapamycin (mTOR) signaling, p53 pathway, mTOR complex
1 (MTORC1) signaling, and the hypoxia signaling pathways
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were differentially upregulated in the CCND1 amplification
phenotype (Figure 4A). Interestingly, in HNSCC, we also found
angiogenesis in the CCND1 amplification phenotype, while the
activities of the interferon-α/β response, interleukin (IL)6-Janus
kinase (JAK)-signal transducer and activator of transcription
(STAT)3 signaling, and Wnt-β catenin signaling pathways were
increased in the neutral phenotype (Figure S5).

Since TGF-β (encoded by TGFB1), hypoxia-inducible factor
(HIF)1A (encoded by HIF1A), vascular endothelial growth
factors (VEGFs) [encoded by VEGFA-C, placental growth factor
(PIGF),VEGF receptor (VEGFR)1-3], angiopoietin growth factors
(encoded by ANGPT1-2), MET (encoded by MET), hepatocyte
growth factor (HGF) (encoded by HGF), platelet-derived
growth factors (PDGFs) (encoded by PDGFA-D, PDGFRA-
B, PDGFRL), fibroblast growth factor (FGF)2 (encoded by
FGF2), FGFR2 (encoded by FGFR2), and adhesion molecules
[encoded by intercellular adhesion molecule (ICAM)1, vascular
cell adhesion molecule (VCAM)1, CD34] might modify the
cancer-related immune microenvironment and decrease the
efficacy of immunotherapies (25), we analyzed the RNA-Seq
data in TCGA focusing on single genes including TGFB1,
HIF1A, MET, HGF, adhesion molecules, angiopoietin growth
factors, PDGF family, and VEGFs family (Table S5). In the
TME of TCGA pan-cancer cohort, CCND1 amplification showed
a statistically significant correlation with high expression of
TGFB1 (5.293 vs. 5.108, P < 0.0001), VEGFA (5.992 vs. 5.854,
P = 0.0073), VEGFB (6.458 vs. 6.483, P = 0.1283), ICAM1
(4.721 vs. 4.896, P = 0.2596), and HIF1A (6.028 vs. 5.761, P
< 0.0001) in the TME (Figure 4B and Figure S6). Previous
studies had revealed that VEGFA has direct or indirect effects
on components of the immune system, including suppressing
DC maturation and CD8+ T cell proliferation (25) and affecting
ICAM1 to suppress NK cell and T cell trafficking (25), resulting in
immunosuppressive outcomes. Another study showed that cyclin
D1 (encoded by CCND1) may play a key role in the maintenance
of VEGFs, and antisense to cyclin D1 could be useful for targeting
both cancer cells and blood vessels in tumors (26). Above all, we
deduced that anti-VEGFs/VEGFRs may potentially reverse the
CCND1 amplification that is associated with resistance to ICIs.

DISCUSSION

In this study, we comprehensively described the CCND1
amplification profile in the TCGA and MSKCC databases and
in a Chinese population in the Geneplus cohort. We found
that CCND1 amplification can hinder not only the natural
host immune response but also the efficacy of ICIs. A CCND1
amplification may potentially identify a patient population that
will not benefit from ICIs irrespective of TMB status.

The CCND1 located on human chromosome 11q13.3 is
considered an oncogene, and it increases cell proliferation,
growth, angiogenesis, and resistance to chemotherapy and
radiotherapy (3, 4). To our knowledge, our results are the first
to reveal that a CCND1 amplification may significantly correlate
with tumorigenesis and attenuation of various types of effector
immune cells in the TME, including cytotoxic cells, T cells, CD8+

T cells, DC cells, and B cells, and upregulation of Treg cells
and MDSCs. Oncogenes such as PDGFA-D, FGF2, HGF, and
MET are significantly overexpressed in the CCND1 amplification
group, promoting the development and progression of tumors.
Previous studies have shown the role of the cytokine TGF-
β, promoting immunosuppression in the TME (2, 20, 27,
28). In our analysis of the TCGA pan-cancer cohort, CCND1
amplification showed a statistically significant correlation with
high mRNA expression of TGFB1. More importantly, further
study showed significant upregulation of mRNA expression of
VEGFA, another known factor inducing tumor immune escape
and immunotherapy resistance (25), associated with the CCND1
amplification phenotype.

From the survival analysis in TCGA and MSKCC public
databases, we found no significant correlation between CCND1
amplification with prognosis in the pan-cancer group. There are
some reasons to interpret this result. Firstly, the source of samples
enrolled in the TCGA and MSKCC databases were diverse, and
the clinical pathological characters of patients were complicated.
Hence, the differences between cancer types must be taken
into account. Secondly, in previous studies, methods such as
Fluorescence in situ Hybridization (FISH), Chromogenic in
situ Hybridization (CISH) or Reverse Transcription-Polymerase
Chain Reaction (RT-PCR) were used to detect amplification
of genes. Some studies used immunohistochemistry to stain
cyclin D1. But there was no consistency on the definition of
amplification of genes or the high- or low-expression level of
cyclin D1 in various cancer types or within the same cancer
type. Here, in our study, we used sequencing of genes by a
CNV technique to detect amplification of genes. Meanwhile,
the analysis of the transcriptome showed that the amplification
of CCND1 was strongly correlated with higher expression level
of mRNA. This also increases the credibility of the results and
unifies the consistency of the detection. Thirdly, according to
our investigation, activations of a variety of oncogenes and
deactivations of tumor suppressor genes were observed along
with the amplification of CCND1 in different cancer types.
Therefore, when the sample is enlarged and after balancing
different tumor types, the value of CCND1’s impact on prognosis
may be weakened.

Nevertheless, the CCND1 amplification is a potential
predictive biomarker for the use of ICIs in patients with solid
tumors. In the melanoma pooled cohort, the median OS was
shorter in the CCND1 amplification subgroup. The survival
analysis in the MSKCC-IO cohort further verified the negative
impact ofCCND1 amplification on the efficacy of ICIs. Strikingly,
by comparing CCND1 amplification with TMB in patients with
solid tumors from the MSKCC-IO cohort, we found that the
association between CCND1 amplification and a worse clinical
outcome was more distinct in TMB-high patients. This indicates
that ICIs may not be useful, and even harmful, to patients with
CCND1 amplification. We propose three hypotheses to explain
the impairment for ICI efficacy. First, various types of effector
immune cell exclusion and immunosuppression in the TMEwere
found in tumors with CCND1 amplification. Second, CCND1
amplification results in high mRNA expression of TGFB1,
VEGFA, and HIF1A; these molecules have direct or indirect
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FIGURE 4 | Identification of hallmarks associated with cyclin D1 (CCND1) amplification in The Cancer Genome Atlas (TCGA) pan-cancer cohort (n = 2,633). (A)

Different upregulation of inflammatory pathways among the CCND1 amplification group and the CCND1 neutral group in the TCGA pan-cancer cohort. The result is

expressed according to the normalized enrichment score (NES). (B) The box and whiskers plots depict differences in transcript-level changes of transforming growth

factor (TGF)B1, vascular endothelial growth factor (VEGF)A–C, placental growth factor (PIGF), and VEGF receptor (VEGFR)1–3 between the CCND1 amplification

group and the neutral group in the TCGA pan-cancer cohort. Within each group, the scattered dots represent gene values, and the thick line represents the median

value. The bottom and top of the boxes are the 25th and 75th percentiles. Differences between the two groups were determined by unpaired t-tests.
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negative effects on components of the immune system. Finally,
some oncogene pathways are activated in CCND1 amplification
tumor that may lead to acceleration of tumor growth. Recently,
a study reported on five patients experiencing hyper-progression
who had NGS performed on pretreatment tumor tissue, and
it confirmed CNAs in MDM2/MDM4, epidermal growth factor
receptor (EGFR), and several genes located on 11q13 associated
with hyper-progression (29). So, these results will establish an
important foundation for screening patients who might not
benefit from ICI therapy.

Considering the immunosuppression in the TME and
overexpression of various oncogenes caused by CCND1
amplification, patients with such features should avoid ICI
monotherapy. Multi-combination strategies including anti-
angiogenesis agents or anti-TGF-β agents may eliminate the
latent immunosuppressive factors in the TME and reverse the
resistance to ICIs.

Our study has some limitations. When CCND1 amplification
is included in the interpretation of cancer prognosis,
issues such as tumor type, standardization of detection,
and accompanying gene mutation status should be fully
considered. The small number of CCND1 amplification tumors
and the rarity of the event suggest that further additional
data are warranted. The analysis of additional trials and
cohorts will improve the precision of our estimates and
the robustness of our findings. Our study is a preliminary
investigation mainly focused on the predictive function of
CCND1 amplification in the tumor microenvironment in the
aspect of genome and transcriptome. The full implication
of CCND1 amplification remains elusive and requires
in-depth studies. Experiments to investigate the direct
mechanism of CCND1 amplification and primary immune
resistance should be performed.

These findings indicate that CCND1 amplification may be
a key point related to immunosuppression in the TME and
multiple malignancy hallmark; it may be a common mechanism
of resistance to ICIs.
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Themechanisms underlying the resistance to immune checkpoint inhibitors (ICIs) therapy

in metastatic urothelial carcinoma (mUC) patients are not clear. It is of great significance

to discern mUC patients who could benefit from ICI therapy in clinical practice. In this

study, we performed machine learning method and selected 10 prognostic genes for

constructing the immunotherapy response nomogram for mUC patients. The calibration

plot suggested that the nomogram had an optimal agreement with actual observations

when predicting the 1- and 1.5-year survival probabilities. The prognostic nomogram

had a favorable discrimination of overall survival of mUC patients, with area under

the curve values of 0.815, 0.752, and 0.805 for ICI response (ICIR) prediction in the

training cohort, testing cohort, and combined cohort, respectively. A further decision

curve analysis showed that the prognostic nomogram was superior to either mutation

burden or neoantigen burden for overall survival prediction when the threshold probability

was >0.35. The immune infiltrate analysis indicated that the low ICIR-Score values

in mUC patients were significantly related to CD8+ T cell infiltration and immune

checkpoint-associated signatures. We also identified differentially mutated genes, which

could act as driver genes and regulate the response to ICI therapy. In conclusion, we

developed and validated an immunotherapy-responsive nomogram for mUC patients,

which could be conveniently used for the estimate of ICI response and the prediction of

overall survival probability for mUC patients.

Keywords: metastatic urothelial carcinoma, PD-L1, response, machine learning, nomogram

INTRODUCTION

Urothelial carcinoma is one of the most aggressive malignancies, with an estimated 81,400 new
cases and 17,980 deaths in the United States in 2020 (1). Up to 10–15% of initially diagnosed
patients have metastatic urothelial carcinoma (mUC), with a 5-year survival possibility of 5%
worldwide (2, 3). Currently, cisplatin-based combination chemotherapy is identified as the
standard first-line therapy for mUC patients (4). However, more than 60% of mUC patients are
not suitable for cisplatin treatment (5) due to their poor performance status or other comorbidities,
including renal dysfunction, hearing loss, and heart failure (6). Hence, there remain tremendous
practical demands for the development of optimal treatments for these patients.

Currently, developments in immune checkpoint inhibitor (ICI) therapy targeting programmed
cell death 1 (PD-1) and PD-1 ligand (PD-L1) have revolutionized the management of mUC (3, 7).
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Compared with traditional chemotherapies, pembrolizumab, a
PD-1 blockade drug, demonstrates robust antitumor activity and
improves overall survival (OS) by almost 3 months in patients
with advanced urothelial carcinoma (7). Unfortunately, only 20–
30% of mUC patients achieve response to ICI therapy, and fewer
patients could enjoy durable responses for more than 2 years
(8). To date, the mechanisms underlying the resistance to ICI
therapy in mUC patients are still not clear, suggesting the urgent
clinical need for the identification of predictive biomarkers
that could discern mUC patients who could benefit from
ICI therapy.

Tumor mutational burden (TMB) (3) and DNA mismatch
repair (DDR) (9) have been found to be related to the objective
response to ICI therapy in mUC patients. However, limitations
remain in the clinical application of TMB and DDR mutation
status for mUC patients (10). The prognostic model reported
by Guru Sonpavde et al. combined genomic and clinical factors
to predict the response to anti-PD-1/PD-L1 therapy among 62
patients with advanced urothelial carcinoma (11), and the results
also need further validation due to the limited sample size.

In this study, by performing machine learning and nomogram
methods, we aimed to create a nomogram model to predict
the ICI response and the OS of mUC patients treated with ICI
therapy, which could aid in decision-making in clinical practice.

MATERIALS AND METHODS

Patients and RNA Sequencing Data
IMvigor 210 trial was a clinical study (12) exploring the
antitumor activity of the PD-L1 inhibitor atezolizumab in
patients with mUC. The clinicopathological and the processed
gene expression data of 348 mUC patients in IMvigor210 were
retrieved from IMvigor210CoreBiologies, a free data resource
based on the R environment (13). The baseline characteristics
of the mUC patients included sex, race, and tobacco use history;
metastatic sites: lymph node (LN) only, visceral, liver, and others;
intravesical therapy (BCG) and chemotherapy (platinum); ICI
therapy results: complete response (CR), partial response (PR),
stable disease (SD), and progressive disease (PD); OS status; and
immunotherapy indicators: PD-L1 expression level in immune
cells (ICs), tumor cells (TCs), mutation burden per million base
pair (Mb), and neoantigen burden per Mb.

The inclusion criteria were as follows: patients with mUC
who were platinum refractory or cisplatin-ineligible and treated
with atezolizumab, patients with sufficient therapy results (CR,
PR, SD, or PD) and follow-up information, and patients with
transcriptome RNA sequencing (RNA-seq) data. Patients with
missing information on therapy results or survival data were
excluded. Finally, 298 patients who met the abovementioned
criteria were included and randomly assigned into a training
cohort (200 patients) and a testing cohort (98 patients) for the
following analyses.

A total of 134 patients with stage IV bladder cancer were
also retrieved from The Cancer Genome Atlas (TCGA), as
well as their clinical, RNA-seq, and somatic variant data for
verification analysis.

Prognostic Nomogram Model
Establishment
The RNA-seq data were log2-transformed before further analysis.
Genes with very low expression levels were further filtered out.
We used the limma package in the R environment to identify
differentially expressed genes (DEGs) between ICI response and
nonresponse patients with a p value <0.05 and |fold change|
>1.5. The ICI response patients were defined as mUC patients
with CR or PR results after receiving the PD-L1 inhibitor
atezolizumab, while the patients with SD or PD results were
defined as ICI nonresponse patients. The most useful genes
for OS prediction were selected from the top 20 upregulated
DEGs and the top 20 downregulated DEGs via the least absolute
shrinkage and selection operator (LASSO) method (14) in the
training cohort using the glmnet package in R. A prognostic
nomogram model was then established based on the selected
predictive genes via the rms and nomogramEx packages of R in
the training cohort.

Evolution of the Prognostic Nomogram
Model
Calibration with bootstrapping was conducted to verify the
nomogram-predicted probabilities of 1- and 1.5-year OS by
plotting these on the x-axis, with the actual OS plotted on
the y-axis. The receiver operating characteristic (ROC) curve
was performed to assess the specificity and the sensitivity
of the nomogram through the area under the curve (AUC)
value. The Kaplan–Meier (KM) curves of OS were compared
between the low ICI response score (ICIR-Score) group and the
high ICIR-Score group based on the log-rank test. Univariate
and multivariate Cox regression analyses were also conducted
to determine whether the ICIR-Score was an independent
prognostic factor of OS. We also performed decision curve
analysis (15) to compare the clinical usefulness of the nomogram,
mutation burden (per Mb), and neoantigen burden (per Mb) by
quantifying the net benefits at different threshold probabilities
though the rmda package in R.

Immune Infiltrates and Potential
Mechanism Analysis
We estimated the abundances of 22 types of ICs by using
CIBERSORT (16). The infiltration scores of the mUC patients
were estimated by an immune cell abundance identifier (17).
The immunophenoscore based on the expression of major
immunocompetence determinants was directly obtained from
The Cancer Immunome Atlas for predicting the clinical benefits
of tumor immunotherapy (18).

Immune infiltration-related Gene Ontology (GO) biological
process and Kyoto Encyclopedia of Genes and Genomes (KEGG)
gene sets were enriched via gene set enrichment analysis (GSEA)
(19). We also performed somatic variant analysis to detect
differentially mutated genes associated with the ICI response via
themaftools package (20).
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Statistical Analysis
Continuous variables were compared by a two-tailed Student’s t-
test or a one-way analysis of variance. Pearson’s chi-square test
was used to analyze categorical variables. Statistical Package for
Social Sciences 24.0 software (SPSS Inc., Chicago, IL, USA) and R
were used for statistical analysis. A P-value < 0.05 was regarded
as significant.

RESULTS

Clinical Characteristics
The baseline clinical characteristics of the training and the testing
cohorts are shown in Table 1. Except for the tumor metastasis
sites, there was no significant difference in the othermedical traits
between the two cohorts, which indicated the good performance
of the random assignment of mUC patients to the training and
the testing cohorts. The baseline clinical characteristics of the
TCGA cohort are shown in Table S1.

Identification of DEGs and Key Prognostic
Genes
Using the limma package in the R environment, we identified
457 DEGs between ICI response (CR and PR) and nonresponse
(SD and PD) patients, with a cutoff p-value of < 0.05 and
|fold change| value over 1.5. Among the 457 DEGs, the top 20
upregulated DEGs and the top 20 downregulated DEGs, which
were significantly highly correlated with ICI responsiveness,
were further used to identify the most prognostic genes for
OS prediction via the LASSO Cox regression method in the
training cohort (Table S2). As shown in Figure 1A, the first
vertical line pointed at 10, which equaled the minimum 10-fold
cross-validated error. After calculating the active coefficients in
Figure 1B, 10 key prognostic genes were selected by the LASSO
Cox regression model. A further univariate Cox regression
analysis was performed and identified that the 10 selected genes
were significantly associated with OS in mUC patients receiving
ICI therapy (Table 2). Finally, 10 prognostic genes, including six
OS-favorable genes (CDH18, CXCL10, FOXN4, SLC6A4, CXCL9,
and PCDH11X) and four OS-detrimental genes (ITIH2, BNC1,
DAPL1, and FGB) from the training cohort, were used for
further analysis.

Development and Evaluation of the
Prognostic Nomogram
The prognostic nomogram for predicting theOS ofmUCpatients
treated with ICI therapy was constructed based on the 10 selected
genes in the training cohort. As shown in Figure 1C, each of the
10 selected genes contributed to the total points in the nomogram
developed by using the rms and the nomogramEx packages of R.
The total point, which was also called the ICIR-Score, was then
acquired by adding the individual points together to predict the
1- and 1.5-year survival probabilities of mUC patients.

The calibration plot revealed that the 1- and 1.5-year
survival probabilities predicted by our nomogram model had an
excellent agreement with the actual observations (Figures 2A,D),
indicating that the nomogram had a good ability to accurately
predict the survival status of mUC patients treated with ICIs.

TABLE 1 | Baseline characteristics of mUC patients in the training cohort and the

testing cohort.

Characteristics All (%) Training cohort (%) Testing cohort (%) p value

Sex 0.852

Male 233 (78.2) 157 (78.5) 76 (77.6)

Female 65 (21.8) 43 (21.5) 22 (22.4)

Race 0.529

White 270 (90.6) 182 (91.0) 88 (89.8)

Asian 7 (2.3) 3 (1.5) 4 (4.1)

Black 9 (3.0) 6 (3.0) 3 (3.1)

Other 12 (4.0) 9 (4.5) 3 (3.1)

ICI response 0.438

CR/PR 68 (22.8) 43 (21.5) 25 (25.5)

SD/PD 230 (77.2) 157 (78.5) 73 (74.5)

Intravesical BCG

administered

0.370

Yes 67 (22.5) 48 (24.0) 19 (19.4)

No 231 (77.5) 152 (76.0) 79 (80.6)

Platinum received 0.852

Yes 233 (78.2) 157 (78.5) 76 (77.6)

No 65 (21.8) 43 (21.5) 22 (22.4)

Tobacco use 0.642

Yes 200 (67.1) 136 (68.0) 64 (65.3)

No 98 (32.9) 64 (32.0) 34 (34.7)

Metastasis sites 0.018

LN only 51 (17.1) 26 (13.0) 25 (25.5)

Visceral (include

liver)

220 (73.8) 157 (78.5) 63 (64.3)

Other 27 (9.1) 17 (8.5) 10 (10.2)

ICs level 0.571

IC0 83 (27.9) 54 (27.0) 29 (29.6)

IC1 113 (37.9) 80 (40.0) 33 (33.7)

IC2+ 102 (34.2) 66 (33.0) 36 (36.7)

TCs level 0.804

TC0 239 (80.2) 159 (79.5) 80 (81.6)

TC1 17 (5.7) 11 (5.5) 6 (6.1)

TC2+ 42 (14.1) 30 (15.0) 12 (12.2)

Mutation burden

(per MB)

10.8 ± 9.4 10.4 ± 8.9 11.4 ± 10.3 0.448

Neoantigen

burden (per MB)

1.4 ± 1.6 1.4 ± 1.6 1.3 ± 1.7 0.636

mUC, metastatic urothelial cancer; ICI, immune checkpoint inhibitor; CR, complete

response; PR, partial response; SD, stable disease; PD, progressive disease; LN, lymph

node; ICs level, PD-L1 expression level on immune cells; TCs level, PD-L1 expression

level on tumor cells.

Less accuracy was found in the testing cohort (Figures 2B,E),
which might be due to the small sample size of the testing cohort.
The survival probability predicted by the nomogram had an
excellent agreement with the actual observations in the combined
cohort (Figures 2C,F). A subsequent ROC analysis revealed
that our prognostic nomogram had favorable discrimination,
with an AUC value of 0.815 (95% confidence interval: 0.754–
0.867, P < 0.0001) for ICI response prediction in the training
cohort (Figure 2G). Validation of the prognostic nomogram was
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FIGURE 1 | Gene selection via the least absolute shrinkage and selection operator (LASSO) Cox regression model and establishment of the prognostic nomogram

model in the training cohort. (A) Tenfold cross-validated error. The first vertical line equals the minimum error, whereas the second vertical line shows the

cross-validated error within one standard error of the minimum. (B) The profile of coefficients in the model at varying levels of penalization plotted against the log

(lambda) sequence. (C) Nomogram based on selected prognostic genes for the 1- and 1.5-year overall survival predictions in the training cohort. One-year survival

probability = 7.9e-08* total points3−6.1263e-05 * total points2+ 0.010410469 * total points + 0.388686628; 1.5-year survival probability = 1.45e-07 * total

points3−9.7482e-05 * total points2+ 0.016297495 * total points + 0.019957873.

performed in the testing cohort and the combined cohort, with
AUC values of 0.752 (95% confidence interval: 0.654–0.834,
P < 0.0001) and 0.805 (95% confidence interval: 0.755–0.848,
P < 0.0001), respectively (Figures 2H,I), indicating the good
prognostic ability of the nomogram for clinical use.

According to the KM survival analysis, our prognostic
nomogram model was able to discriminate patients with poor
prognosis from patients with favorable prognosis in both the
training and the testing cohorts. The hazard ratios (HRs) of
the high- and low-score groups were 3.51 (95% confidence
interval: 2.44–5.05, P < 0.0001) in the training cohort, 3.11 (95%

confidence interval: 1.84–5.26, P = 0.002) in the testing cohort,
and 3.48 (95% confidence interval: 2.58–4.69, P < 0.0001) in
the combined cohort (Figures 2J–L). Univariate andmultivariate
Cox regression analyses in the training cohort indicated that our
prognostic ICIR-Score could serve as a predictor of OS in mUC
patients, independent of other characteristics (Table 3).

A further decision curve analysis showed that, when
the threshold probability was >0.35, using the prognostic
nomogram for OS prediction showed more benefits
than either mutation burden or neoantigen burden
(Figure 3).
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TABLE 2 | Univariate Cox regression analyses of 10 genes selected via LASSO

analysis based on overall survival in the training cohort.

Characteristics Cox regression analysis

HR (95% CI)

p value LASSO coefficient

Favorable

CDH18 0.887 (0.809–0.973) 0.011 −0.020244481

CXCL10 0.862 (0.807–0.921) <0.001 −0.098454694

FOXN4 0.877 (0.805–0.956) 0.003 −0.048390155

SLC6A4 0.896 (0.829–0.968) 0.005 −0.031102883

CXCL9 0.882 (0.831–0.936) <0.001 −0.019969709

PCDH11X 0.859 (0.788–0.938) 0.001 −0.043952722

Detrimental

ITIH2 1.075 (1.012–1.141) 0.018 0.004941391

BNC1 1.052 (1.003–1.103) 0.038 0.03469075

DAPL1 1.098 (1.041–1.158) 0.001 0.041243449

FGB 1.046 (1.002–1.091) 0.040 0.017649583

LASSO, least absolute shrinkage and selection operator; HR, hazard ratio; CI,

confidence interval.

Low ICIR-Score Values in mUC Patients
Were Associated With CD8+ T Cell
Infiltration and the Immune-
Checkpoint-Associated Signature
As shown in Figure 4A, different abundances of ICs were
identified between mUC patients with low and high
ICIR-Score values. For example, mUC patients with low
ICIR-Score values had higher abundances of activated CD8+

T cells, M1 macrophages, and follicular helper T cells. In
addition, the low ICIR-Score values in mUC patients were
associated with higher expression levels of some chemokines
(Figure 4B), including CXCL9 and CXCL10, which have been
proven to attract dendritic cells and CD8+ T cells (21). In
addition, the higher expression levels of MHC molecules
and co-inhibitors were also found to be associated with
low ICIR-Score values. Correlation analyses indicated that
the mRNA expression levels of ICIs, including CD274
(PD-L1), PDCD1 (PD-1), CTLA-4, LAG-3, and TIM-3
(HAVCR2), were inversely correlated with the ICIR-Score
(Figure 4C).

GSEA revealed that low ICIR-Score values were significantly
associated with several immune infiltration-related biological
processes, including the T cell receptor signaling pathway,
antigen processing and presentation via MHC II, immune
response regulating the cell surface receptor signaling
pathway, and antigen receptor-mediated signaling pathway
(Figures 4D,E). A further analysis revealed that, compared
with patients in the high ICIR-Score group, the mUC
patients in the low-ICIR-Score group were statistically
associated with a higher infiltration score (Figure 4F),
which might account for the probable sensitivity to
ICI therapy.

The mutation landscapes of mUC patients with high
ICIR-Score values and low ICIR-Score values are shown in
Figure 5A. Differentially mutated genes, including EIF4G1,

CNTNAP2, SCAF4, MBD6, ITGA4, AUTS2, COL6A6,
MYCBP2, DST, NUP107, and MYH9 in the low-ICIR-
Score group and RXRA in the high-ICIR-Score group
(Figure 5B), might act as driver genes and result in differential
responses to ICI therapy in mUC. Higher infiltration scores
and immunophenoscores were also identified in mUC
patients with low ICIR-Score values in the TCGA cohort
(Figure 5C).

DISCUSSION

In this study, we designed and validated a gene signature-
based nomogram that was associated with ICI response
and could predict the OS of mUC patients treated with ICI
therapy. Bic-NaSong et al. identified an immunotherapy-
responsive molecular subtype of bladder cancer based on
a cluster of 1,627 genes, in which a class 3 cluster was
reported to be associated with ICI response because of
their high rates of alterations in DDR genes and somatic
mutations (22). In this study, our prognostic nomogram
comprises only 10 prognostic genes, including six OS-
favorable genes and four OS-detrimental genes. Among
them, CDH18, CXCL10, FOXN4, SLC6A4, CXCL9, and
PCDH11X are highly associated with ICI response in patients
with mUC.

The mUC patients with clinical benefits from ICI therapy
were successfully stratified by the prognostic nomogram in
both the training cohort and the testing cohort, with HR
values of 3.51 and 3.11, respectively, which facilitated the
preoperative individualized prediction of ICI response. Accurate
predictions of the 1- and 1.5-year survival probabilities of
ICI-treated mUC patients were also observed in this study,
indicating the good ability of the prognostic nomogram for
OS prediction.

ICI response status is a vital clinical factor for patients
receiving anti-PD-1/PD-L1 treatment. In a multicenter clinical
trial, the objective response rate of cisplatin-ineligible mUC
patients treated with pembrolizumab was 24% (23). The objective
response rate to another ICI, atezolizumab, was 23%, and
the complete response rate was only 9% (3). Our prognostic
nomogram performed well in accurately predicting ICI response
in mUC patients, with AUC values up to 0.815 in the training
cohort, which indicated a good performance for clinical practice.

A further decision curve analysis showed that, when
the threshold probability was >0.35, the prognostic
nomogram for OS prediction could add more benefit
than either mutation burden or neoantigen burden.
TMB has been reported to be a significant predictor for
the treatment response to ICIs in urothelial cancer in
various studies (3, 13, 22). However, high TMB in mUC
patients is not sufficient to predict ICI response (9). In
addition, whole-exome sequencing for calculating TMB is
expensive, which impedes its widespread use in clinical
practice (24). Incorporating only 10 genes, our prognostic
nomogram seems to be more cost-effective and time-saving in
clinical application.
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FIGURE 2 | Evaluation of the prognostic nomogram model in the training cohort, testing cohort, and combined cohort. Validity of the predictive performance of the

nomogram in the training cohort (A,D), testing cohort (B,E), and combined cohort (C,F). Nomogram-predicted probabilities of 1- and 1.5-year overall survival are

plotted on the x-axis; actual overall survival is plotted on the y-axis. ROC curve evaluating the prognostic accuracy of ICI response prediction by nomogram score in

the training cohort (G), testing cohort (H), and combined cohort (I). Kaplan–Meier curves of the training cohort (J), testing cohort (K), and combined cohort (L). The

median scores of the nomogram in two cohorts were defined as the cutoff value for the high-score and the low-score group, respectively. ROC, receiver operator

characteristic; AUC, area under the curve; ICI, immune checkpoint inhibitor.
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TABLE 3 | Univariate and multivariate Cox regression analyses of mUC patients based on nomogram score and other characteristics in the training cohort.

Characteristics Univariate analysis HR

(95% CI)

p value Multivariate analysis HR

(95% CI)

p value

Sex (male vs. female) 1.263 (0.816–1.956) 0.294 / /

Race (White vs. others) 1.686 (0.824–3.450) 0.153 / /

Intravesical BCG administered 0.860 (0.565–1.307) 0.480 / /

Platinum received 0.522 (0.352–0.775) 0.001 0.788 (0.509–1.221) 0.287

Tobacco use history 1.541 (1.041–2.282) 0.031 1.417 (0.935–2.148) 0.100

Metastasis sites

Visceral vs. LN only 0.585 (0.364–0.940) 0.027 0.597 (0.370–0.963) 0.034

Visceral vs. other 0.796 (0.436–1.453) 0.458 / /

IC level 1.041 (0.828–1.308) 0.730 / /

TC level 1.306 (0.818–1.311) 0.772 / /

Mutation burden (per MB) 1.017 (0.998–1.037) 0.080 / /

Neoantigen burden (per MB) 1.059 (0.956–1.173) 0.272 / /

Nomogram score 1.015 (1.011–1.019) <0.001 1.014 (1.009–1.018) <0.001

mUC, metastatic urothelial cancer; LN, lymph node; IC Level, PD-L1 expression on immune cells; TC, PD-L1 expression on tumor cells; HR, hazard ratio; CI, confidence interval.

FIGURE 3 | Decision curve analysis comparing overall survival benefits among the nomogram, mutation burden (per MB), and neoantigen burden (per MB). Black line:

all victims were dead. Gray line: none of the victims was dead.

The low ICIR-Score values in mUC patients were found
to be associated with CD8+ T cell infiltration, conforming to
the T cell activation-related biological processes and pathways,
which include the T cell receptor signaling pathway and antigen
processing and presentation via MHC II.

There are also some notable limitations in our study. First,
experimental validation was not performed in this study. The

genes used in the nomogram were measured by RNA-seq,
which still needs further verification by molecular biology.
Second, since this study is a retrospective analysis with data
retrieved from IMvigor210CoreBiologies (13), the baseline
characteristics of the mUC patients were incomplete. For
example, we failed to obtain information about the dose and
the schedule of ICIs from IMvigor210CoreBiologies. Third,
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FIGURE 4 | Immune infiltrates and potential mechanism analyses of mUC patients with low ICIR-Score. (A) Heatmap and bar graph illustrating the different

abundance of 22 immune cell types based on CIBERSORT between mUC patients with high ICIR-Score and low ICIR-Score. (B) Expression levels of chemokines,

interleukins, interferons, MHC molecules, co-stimulators, co-inhibitors, and other important cytokines and their receptors in mUC patients with low ICIR-Score relative

those with high ICIR-Score, shown as log2(fold change) of expression value of the respective mRNA. (C) Correlation analyses of ICIR-Score and expression levels of

immune checkpoint inhibitors in mUC patients. (D,E) Gene Ontology and Kyoto Encyclopedia of Genes and Genomes analyses of the differentially expressed genes

for mUC patients with low ICIR-Score values using gene set enrichment analysis. (F) Comparison of infiltration score of mUC patients between high ICIR-Score group

and low ICIR-Score group. mUC, metastatic urothelial cancer; ICIR-Score, immune checkpoint inhibitor response score.

some potential medical traits, including physical condition and
nutritional status, were neglected. Despite these limitations,
this study is the largest cohort study of a prognostic

nomogram based on gene signatures for ICI efficacy and
OS prediction in patients with mUC. Independent of the
pathological stage, our prognostic nomogram could help
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FIGURE 5 | Mutation analysis of mUC patients in The Cancer Genome Atlas cohort. (A) Mutation landscape of mUC patients with high ICIR-Score and low

ICIR-Score. (B) Mutation plot detecting differentially mutated genes between mUC patients in the high ICIR-Score group and the low ICIR-Score group.

(C) Comparison of infiltration score and immunophenoscore of mUC patients between the high ICIR-Score group and the low ICIR-Score group. mUC, metastatic

urothelial cancer; ICIR-Score, immune checkpoint inhibitor response score.
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clinicians make more accurate ICI therapy decisions in
clinical practice.

In conclusion, based on the 10 prognostic genes associated
with ICI therapy, we developed and validated an immunotherapy
response nomogram for mUC patients. The prognostic
nomogram model has the potential to facilitate the estimation
of ICI response and the prediction of OS in patients with mUC,
even though experimental validation and prospective validation
studies are still needed.
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Immunotherapy by immune checkpoint inhibitors (ICIs) has showed outstanding efficacy
in the treatment of advanced non-small cell lung cancer (NSCLC). The combination of
immunotherapy with anti-angiogenic therapy exhibited enhanced efficacy in multiline
treatment. However, the potential biomarkers for predicting and monitoring the
therapeutic response of the combined therapy remain undefined. In this study, we
performed a pilot study by prospectively recruiting 22 advanced NSCLC patients who
failed to previous lines of chemotherapy, chemoradiotherapy, TKI therapy, surgery, or any
combination of the therapies, and investigated the prognostic factors for patients who
received anti-PD-1 (Camrelizumab) and anti-angiogenic (Apatinib) combined therapy.
The objective response rate (ORR) assessed by an independent radiology review was
22.7%, and the median progression-free survival (PFS) was 5.25 months. We found
that high concentration of circulating-free DNA (cfDNA) (HR = 27.75, P = 0.003), MIKI67
mutation (HR = 114.11, P = 0.009) and gene variations related to hyper-progressive
disease (HPD) (HR = 36.85, P = 0.004) were independent risk factors and exhibited
significant correlation with PFS. Circulating tumor DNA (ctDNA) mutational status was
also a predicting indicator for PFS. In contrast, the blood tumor mutational burden
(bTMB) could not stratify the clinical benefit in this combined therapy (HR = 0.81,
P = 0.137). Furthermore, we found that the variant allele fraction (VAF) of mutations
in ctDNA was sensitive indicators of therapeutic response and therefore can be used
to monitor the tumor relief or progression. In conclusion, cfDNA concentration, MIKI67
mutations and HPD-related mutations were independent risk factors and PFS predictors
for multiline combined anti-angiogenic/ICI combined therapy. ctDNA may be a novel
monitoring biomarker for therapeutic response and predicting biomarker for prognosis
in future combined therapy involving PD-1 blockade.
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INTRODUCTION

Immune checkpoint inhibitors (ICIs), such as programmed death
1 (PD-1)/programmed death ligand 1 (PD-L1) inhibitors have
made a significant breakthrough in lung cancer treatment
(1–3). Antibody blockade of the PD pathway rectifies
immunodeficiency in tumor microenvironment, and empowers
CD8+ T cells with the capability to kill tumor cells efficiently
(4, 5). Along with success in clinical trials of immunotherapy,
many more therapeutic options have appeared for lung cancer
patients (6–12).

In patients with previously treated lung cancer, especially
patients with wild-type driver genes, ICIs have substantially
improved clinical prognosis compared with chemotherapy, as
evidenced by an improvement of overall survival (OS) from 9.6
to 13.8 months in OAK cohorts (13). However, the achieved
objective response rate (ORR) was less than 20% for anti-PD-
1/PD-L1 antibody monotherapy in second-line or higher settings,
including Nivolumab, Pembrolizumab, and Atezolizumab (6, 13,
14). Therefore, there is an urgent need to explore appropriate
methods for improving the efficacy of immunotherapy and
selecting patients potentially benefit from immunotherapy at
multiline levels.

Many studies have focused on combination strategies
to improve clinical efficacy of ICIs. The combination of
Atezolizumab with Bevacizumab, Carboplatin, and Paclitaxel
(ABCP) had significantly improved OS (19.2 months vs.
14.7 months) and PFS (8.3 months vs. 6.8 months) for
metastatic non-squamous non-small cell lung cancer (NSCLC)
in the phase III IMpower150 trial (9). Evidence has also
suggested that anti-PD-1 and anti-vascular endothelial growth
factor (VEGF) combined therapy may be a more favorable
treatment option than any single reagent for NSCLC patients
who had failed on the first-line or later treatment, and this
therapeutic response was not affected by VEGF mutational
status (15–17). CheckMate 227, another phase III trial in
advanced NSCLC, suggested that Nivolumab plus Ipilimumab
resulted in a longer OS independent of the PD-L1 expression
level (18). This could be because the differential immune
effects of CTLA-4 vs. PD-1 inhibition recruited effective
antitumor immunity from the peripheral compartment, which
is increasingly recognized as an important mechanism of
response to immunotherapy (19–21). The combination of
Pembrolizumab with chemotherapy exhibited superior ORR
(57.9% vs. 38.4%), OS (15.9 months vs. 11.3 months) and
PFS (6.4 months vs. 4.8 months) compared with placebo
group for previously untreated metastatic, squamous NSCLC,
demonstrated by the phase III KEYNOTE-407 trial (22).
Similarly, in patients with treatment-naïve metastatic non-
squamous NSCLC without EGFR or ALK mutations, the
combination of standard chemotherapy with Pembrolizumab
resulted in significantly longer OS (1-year OS rate: 69.2% vs.
49.4%) and PFS (8.8 months vs. 4.9 months) compared with
placebo in KEYNOTE-189 trial (11). Moreover, PEMBRO-RT, a
multicenter, randomized phase II study for metastatic NSCLC
patients after chemotherapy failure, indicated that the ORR at
12 weeks was improved from 18 to 36% when radiotherapy was

combined with Pembrolizumab, although the improvement did
not reach statistical significance (P = 0.07) (23).

All the above clinical trials suggest that immunotherapy
combined with chemotherapy or radiotherapy improved clinical
efficacy in NSCLC patients. However, most randomized phase
III clinical trials using combined immunotherapy were designed
for first-line therapy, and there are few data for NSCLC
patients in second-line or higher settings. In this study, we
therefore performed a pilot study by recruiting a total of 22
NSCLC patients who failed to previous lines of chemotherapy,
chemoradiotherapy, TKI therapy, surgery, or any combination
of the therapies, and investigated the clinical efficacy of
Camrelizumab, a humanized, high-affinity IgG4-kappa mAb
against PD-1, combined with Apatinib, a small molecular drug
targeting vascular endothelial growth factor receptor-2 (VEGFR-
2). Since the traditional biomarkers for immunotherapy, such
as the PD-L1 expression and tumor mutation burden (TMB)
appeared to have limited predicting values in several clinical
trials using combined immunotherapy (11, 12, 22, 24, 25), we
investigated the values of a few new biomarkers in predicting and
monitoring the therapeutic response and prognosis in second-
line or higher settings when ICI was combined with anti-
angiogenic therapy.

MATERIALS AND METHODS

Ethic Approval by Participating Hospitals
All study plans and protocols for the study were submitted to
the ethics/licensing committee of the First Affiliated Hospital of
Zhejiang University for review and approval before the start of
the study, and were approved by the corresponding committee.
Confirmation of approval for clinical study was received from the
ethics board (approval number: 2018-775-1) before the start of
the study. All experiments, methods, procedures and personnel
training were carried out in accordance with relevant guidelines
and regulations of participating hospitals and laboratories.

Study Design, Patients, and Samples
Patients recruited in this study were advanced NSCLC patients
who received at least one line of treatment (chemotherapy or
target therapy) and exhibited disease progression, and were
recommended for subsequent therapy using Camrelizumab (or
SHR-1210, Hengrui Medicine, Jiangsu, China) (200 mg q2w)
combined with Apatinib (Hengrui Medicine, Jiangsu, China)
(250 mg qd). Blood samples were collected at the First Affiliated
Hospital of Zhejiang University. All patients received written
informed consent for the use of clinical samples. Patient
information was kept anonymous for confidentiality.

A total of 22 advanced lung cancer patients were recruited
in this study between July 1, 2018 and October 31, 2019.
The baseline characteristics of these patients are described in
Table 1, and the detailed information has been included in
Table 2, Supplementary Tables S2, S3. The median age of
these patients was 61.5 years old (33∼73 years old). Seventeen
patients (77.3%) were male and five (22.7%) were female, and
all the female patients (n = 5) were non-smokers, whereas
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TABLE 1 | Patient characteristics grouped by clinicopathological factors.

Clinicopathological
factors

Number of patients Percentage (%)

Total 22 100

Age

<40 1 4.5

40–49 2 9.1

50–59 3 13.6

60–69 12 54.6

≥70 4 18.2

Gender

Male 17 77.3

Female 5 22.7

Pathological types

ADC 10 45.5

SCC 12 54.5

Smoking history

Yes 15 68.2

No 7 31.8

Stage

IIIB 5 22.7

IV 17 77.3

Lines of therapy

2nd 14 63.6

3rd 6 27.3

4th–6th 2 9.1

ADC, adenocarcinoma; SCC, squamous cell carcinoma.

15 (88.2%) male patients had more than 20 pack years of
smoking history. The number of lung adenocarcinoma patients
(n = 10) was approximately equal to the patients harboring
squamous cell carcinoma (n = 12). Seventeen patients (77.3%)
were diagnosed with stage IV lung cancer, and five patients were
at stage IIIB. Fourteen patients (63.6%) underwent this combined
immunotherapy as second-line therapy, and the remaining eight
patients (36.4%) received this therapy as third-line or higher
treatments. The clinical information of all patients is summarized
in Table 1. Disease control rate (DCR) and progression free
survival (PFS) was used to assess the response of therapy. The
expression of PD-L1 was determined before the first-line therapy
on primary tumors and not on recurrent or resistant tumors, and
immunohistochemistry was performed with Dako PDl-L1 IHC
22C3 pharmDx [Agilent Technology (China) Co., Ltd.] using
the 22C3 antibody.

Sample Preparation, Library
Construction, Targeted Sequencing, and
Data Processing
Blood samples from patients were collected in Ethylene
Diamine Tetraacetic Acid (EDTA) tubes and centrifuged at
1600 g for 10 min and at 4◦C. The supernatants were
further centrifuged at 10,000 × g for 10 min at 4◦C, and
plasma was harvested and stored at −80◦C until further use.
Circulating tumor DNA (ctDNA) was extracted from 3 to
3.5 ml plasma using the QIAamp Circulating Nucleic Acid

TABLE 2 | The relationship between therapeutic responses and
clinicopathological factors.

Clinicopathological
factors

DCR PD P-value

Gender

Male 11 6 0.61*

Female 2 3

Histology

ADC 5 5 0.67*

SCC 8 4

Smoking history

Ever 10 5 0.38*

Never 3 4

Stage

IIIB 3 2 1*

IV 10 7

Mutational status in
ctDNA

Negative 7 0 0.017*

Positive 6 9

bTMB

High 4 4 0.66*

Low 9 5

Lines of therapy

2nd line 9 5 0.66*

3rd–6th line 4 4

PFS (mean, 95%
CI)

2nd line 9.03 (6.03∼12.02) 3.19 (1.50∼4.88) 0.010#

3rd–6th line 7.83 (0.62∼15.03) 2.10 (0.17∼4.13) 0.088#

TKI-related driver
gene status

With mutations 1 3 0.26*

Without mutations 12 6

DCR, disease control rate; PD, progressed disease; ADC, adenocarcinoma; SCC,
squamous cell carcinoma; ctDNA, circulating tumor DNA; bTMB, blood tumor
mutational burden. ∗Calibrated Chi-square test or Fisher exact probability test;
#unpaired t-test.

kit (Qiagen, Inc., Valencia, CA, United States) according to
the manufacturer’s instructions. Blood cell fragments (including
peripheral blood lymphocytes and red cells) were preserved
at −20◦C for further study. We applied the RelaxGene blood
DNA system (Tiangen Biotech) to extract genomic DNA from
peripheral blood lymphocytes (PBLs) as the normal control
for mutation calling from cancer tissues and ctDNA. DNA
was quantified with the Qubit 2.0 Fluorometer and the Qubit
dsDNA HS assay kit (Thermo Fisher Scientific, Inc., Waltham,
MA, United States) according to manufacturer’s instructions.
Fragmented genomic DNA underwent end-repairing, A-tailing
and ligation with indexed adapters sequentially, followed by size
selection using Agencourt AMPure XP beads (Beckman Coulter
Inc., Brea, CA, United States), and DNA fragments were used
for library construction using the KAPA Library Preparation
kit (Kapa Biosystems, Inc., Wilmington, MA, United States)
according to the manufacturer’s protocol. Hybridization-based
target enrichment was carried out with HaploX pan-cancer gene
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panel (605 cancer-relevant genes, HaploX Biotechnology, gene
list is provided in Supplementary Table S1) for cancer tissue
sequencing. Seven to eight polymerase chain reaction (PCR)
cycles, depending on the amount of DNA used, were performed
by pre-capture ligation-mediated PCR (Pre-LM-PCR) Oligos
(Kapa Biosystems, Inc.) in 50 µl reactions. ctDNA sequencing
was then performed on the Illumina Novaseq 6000 system
according to the manufacturer’s recommendations at an average
depth of 20,000×.

Data which meet the following criteria were chosen for
subsequent analysis: the ratio of remaining data filtered by fastq
in raw data is ≥85%; the proportion of Q30 bases is ≥85%;
the ratio of reads on the reference genome is ≥85%; target
region coverage ≥98%; average effective sequencing depth in
ctDNA is ≥ 3000×. The called somatic variants need to meet
the following criteria: the read depth at a position is ≥20×;
the variant allele fraction (VAF) is ≥0.5% for ctDNA and ≥2%
for PBL genomic DNA; somatic-P-value ≤0.01; strand filter ≥1.
VAF were calculated for Q30 bases. The copy number variation
(CNVs) was detected by CNVkit version 0.9.31. Further analyses
of genomic alterations were also performed, including single
nucleotide variants (SNVs), CNVs, insertion/deletion (Indels),
fusions, and structural variation.

Statistical Analysis
Statistical analysis was performed and figures were plotted with
Graphpad Prism 5.0 software (GraphPad Software, Inc., La Jolla,
CA, United States). Student t-test was performed when two
groups were compared, and ANOVA and post hoc tests were
performed when three or more groups were compared. Chi-
square test, calibrated Chi-square test or Fisher exact probability
test were performed when rate or percentage was compared for
significance. Figures for mutation spectrum were made with the
R software2. Univariate and multivariate analyses were performed
using the SPSS 17.0 software (IBM China Company Limited,
Beijing, China). P < 0.05 was regarded as statistically significant.

RESULTS

Genetic Alterations Were Capable of
Predicting the Therapeutic Response
and Prognosis of the Multiline
Anti-angiogenic/ICI Combined Therapy
Twenty-two patients involved in this study received
Camrelizumab combined with Apatinib therapy (Table 1).
Fourteen patients received the combined treatment as the
second-line therapy, while the rest as the third to sixth line
therapy. The ORR and DCR assessed by an independent
radiology review were 28.6% (4/14) and 64.3% (9/14),
respectively, for the second-line therapy, and were 12.5%
(1/8) and 50.0% (4/8), respectively, for the third to sixth line
therapy (Table 2). All patients were followed up until disease

1https://github.com/etal/cnvkit
2https://www.r-project.org/

progression (PD) or the end of this study. The progression-free
survival (PFS) for all patients ranged from 1.4 to 15.5 months
(median at 5.25 months). Data in Table 2 showed a significantly
longer PFS in patients with DCR than those with PD at the
second-line therapy (P = 0.010, unpaired t-test), and similar
trend can also be observed with patients at third to sixth
line therapy (P = 0.088, unpaired t-test), while no significant
difference was observed in PFS between patients with second-line
therapy and patients with third to sixth line therapy (Table 2).
We stratified all patients into the ADC group and SCC group,
and examined the potential correlation between the above
factors and patients’ response (DCR or PD). It can be observed
from Supplementary Table S2 that the significant difference
in PFS between patients with DCR and PD can be observed
in SCC patients at second-line level (P = 0.04), while a trend
of better PFS was also observed with ADC at second-line
level (P = 0.15).

The mutational spectrum of circulating-free DNA (cfDNA)
was established using the pre-therapeutic blood samples
(Figure 1A). Mutations were detected in cfDNA of 15 patients
while not detected in 7 patients. The NGS sequencing yielded a
total of 80 somatic SNVs, 19 small insertions/deletions (indels),
and 4 CNVs. TP53 (41%), FAT1 (14%), and KMT2D (14%)
exhibited the highest mutational frequencies (Figure 1A). Few
patients carried TKI-related driver gene mutations, including
EGFR (one patient), BRAF (one patient), PIK3CA (one patient),
and ERBB2 (one patient).

We further explored the potential predicting efficacy of genetic
variations on PFS and therapeutic response (Figures 1B,1C).
Patients with PR and SD were combined into DCR group
due to the limited number of patients. It was found that
patients with no detectable ctDNA mutations (ctDNA-negative
group) showed significantly better PFS than patients with ctDNA
mutations (ctDNA-positive group) (P = 0.017, Fisher exact
probability test), suggesting that the pre-therapeutic ctDNA
mutations were predictive for PFS (Figure 1B and Table 2).
Further analysis on ADC and SCC individually revealed that
the significant correlation between ctDNA mutational status
and response was mainly reflected in ADC (P = 0.008,
Supplementary Table S2). In contrast, the pre-therapeutic blood
TMB (bTMB) level was not able to predict the PFS, when
the 66.7 percentile bTMB value (6.96 mutations/Mb) was used
to discriminate TMB-high (TMB-H) from TMB-low (TMB-
L) (Figure 1B, Table 2 and Supplementary Table S3). This
observation indicates that the predictive capability of bTMB
may be compromised in the second-line or multiline combined
immunotherapy. Further correlation analysis showed that PFS
had significant correlation with the blood cfDNA concentration
(Spearman’s rho = −0.439, P = 0.041), in which patients with
better therapeutic response (PR or SD) correlated with longer PFS
and lower cfDNA concentration, while no significant correlation
can be found between bTMB and blood cfDNA concentration
(Figure 1C and Supplementary Table S3). Furthermore, it
appeared that gender, pathological types, smoking history,
cancer stage, line of therapy, and the presence of TKI-
related driver gene mutations did not affect the therapeutic
response (DCR or PD) (Table 2). The correlation between
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FIGURE 1 | The relationship between blood mutational landscape and therapeutic response. (A) The pre-therapeutic blood ctDNA mutational landscape.
(B) Keplan–Meier survival analysis of patients with negative or positive ctDNA mutation detection (left panel, 7 patients with negative and 15 patients with positive
ctDNA mutation detection) or patients with low or high bTMB levels (right panel, 8 patients with high and 14 patients with low bTMB levels). (C) Correlation between
cfDNA concentration and PFS (left panel) or bTMB (right panel).

PD-L1 expression and PFS (Supplementary Figure S1A),
bTMB (Supplementary Figure S1B), ctDNA concentration
(Supplementary Figure S1C), and response (Supplementary
Figure S1D) were investigated, and no clear correlation was
identified. In addition, PD-L1 expression levels, whether grouped
by positive or negative expression (P = 0.18) or by 50%
threshold (P = 0.39), did not show significant stratification on
response (Supplementary Figures S1E,F).

The relationship between gene variations and PFS was
investigated in detail. Kaplan–Meier survival analysis showed
that patients with MIKI67 mutations (Log-rank test P = 0.022)
or CREBBP mutations (Log-rank test P = 0.049) exhibited
significantly worse PFS than those without mutations
(Figures 2A,B). In contrast, no such difference was observed
in patients with or without TP53 mutations (Figure 2C).
Interestingly, we found that patients who carried mutations
in genes related to hyper-progressive diseases (HPDs) (one
patient carried EGFR amplification and one patient carried
FGF4 amplification) showed significantly worse PFS compared
with those without such mutations (Log-rank test P = 0.028)
(Figure 2D), while no significant difference in PFS was found
between patients with or without TKI-related driver gene
mutations (Figure 2E). Finally, no significant difference was
found between patients with second-line therapy and those with
third- to sixth-line therapy (Figure 2F and Table 2).

Multivariate Cox regression analysis (Figure 3) was performed
using variables with P ≤ 0.3 as described above (Figures 1B,C,
2). The concentration of cfDNA was found to be an independent
predictor of PFS (HR = 27.75, P = 0.003), in which higher cfDNA
concentration correlated with poorer outcomes (Figure 3).
Similarly, patients harboring mutations in MIKI67 (HR = 114,
P = 0.009) or genes relating to HPDs (HR = 36.85, P = 0.004)
were also significantly associated with shorter PFS. Meanwhile,
due to the limited number of patients, the ctDNA-negative group
did not show more benefit from this combined immunotherapy

compared with the ctDNA-positive group, although a trend
of difference was observed (HR = 0.19, P = 0.068). As
expected, bTMB could not predict the clinical benefits in this
combined therapy.

ctDNA Is Capable of Monitoring the
Therapeutic Responses of the Multiline
Anti-angiogenic/ICI Combined Therapy
We further investigated the potential of blood ctDNA in
therapeutic response monitoring. Plasma samples were obtained
before and after treatment at key assessment points of therapeutic
response in parallel with imaging examination. Figure 4 shows
several examples of patients with distinct therapeutic responses.
We found that the changes in variant allelic frequency (VAF) of
mutations exhibited identical trend to the changes in target tumor
maximal diameter, whether in progressed disease (patient A),
partial response (patient B), or in stable disease (patient D). More
interestingly, we observed that the VAF of ctDNA decreased
significantly in one patients following combined immunotherapy
without significant change in tumor size (patient C), but
exhibited and a clear cavity inside the tumor. The patient was
progression free for 12 months and achieved PR ultimately. These
results indicate that dynamics of ctDNA may be more sensitive
than imaging examination to monitor the therapeutic response
to combined immunotherapy. Furthermore, the regression tree
analysis has been performed. PFS, cfDNA concentration, ctDNA
detection (negative or positive), bTMB, MIKI67 mutation,
CREBBP mutation, TKI-related driver gene mutation, HPDG
mutation, TP53 mutation, and lines of therapy were set as the
independent variable and the patient risk (determined by the
significant factors in Figure 3) was set as the dependent variable.
Although ctDNA detection appeared to be the only significant
factor that may predict the risk of patients, the test was not
conclusive as the number of patients involved was limited.
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FIGURE 2 | Keplan–Meier survival analysis of various mutational status. The mutational status of MIKI67 (A, 2 muts and 20 WTs), CREBBP (B, 2 muts and 20 WTs),
TP53 (C, 12 muts and 10 WTs), HPD genes (D, 2 with HPDG alterations and 20 without), TKI-relevant mutations (E, 4 with TKI-related mutations and 18 without),
and lines of therapy (F, 12 at second-line and 10 at higher lines) were compared and shown as indicated.

DISCUSSION

In this study, we prospectively enrolled 22 patients with advanced
NSCLC and studied the therapeutic responses and prognostic
factors of the combined anti-angiogenic/ICI therapy at second-
line and multiline levels. Previous research reported that
antiangiogenic drugs can exert immune activation by inhibiting
VEGF, promoting dendritic cell maturation, increasing T cell
infiltration, and reprogramming the immune microenvironment
(26). Therefore, anti-vascular drugs may reverse VEGF-mediated
immunosuppression, thereby enhancing the antitumor activity
of immunotherapy. Compared with the therapeutic responses of
second- or multi-line PD-1 blockade previously reported (13,
14), PD-1 blockade combined with anti-angiogenic drugs had
obvious clinical advantages, significantly improving ORR and
PFS. This combined therapy could have better ORR, DCR, and
PFS in the second-line treatment than the multiline treatment.
In this study, we found a trend that the PFS of patients with
second-line therapy may be better than that of the 3rd—6th
lines of therapy, which supported previous observations. We also
found that cfDNA concentration, MIKI67 mutations, and HPD-
related gene mutations and potentially ctDNA mutations, were
independent risk factors for therapeutic response prediction,
while age, gender, lung cancer subtypes, smoking history, and
bTMB did not affect the response.

Previous studies have shown that ctDNA was able to predict
PFS in the first-line or multi-line immunotherapy of NSCLC (1,
27, 28). Similar capability were confirmed in colorectal cancer
(29, 30), breast cancer (31, 32), liver cancer (33), and gastric

cancer (34, 35). In this study, we found that ctDNA was also
capable of predicting the response of NSCLC to multiline anti-
angiogenic/ICI combined therapy. Patients with positive ctDNA
exhibited worse prognosis (PFS) than patients with negative
ctDNA. This may be due to fact that higher tumor load in
ctDNA-positive patients led to poor treatment response and
poor tumor remission. It can be concluded from previous and
our studies that the survival of ctDNA-positive patients will
be worse than ctDNA-negative patients, regardless of single-
agent or combined immunotherapy, and regardless of first-
line or multi-line therapy. In addition, we also found that the
VAF of ctDNA mutations was a good indicator of response of
the combined therapy. In this study, prospective collections of
blood samples before and after treatment and tests using NGS
panel allowed the tracking of multiple genes with fluctuating
VAF found in ctDNA. High concordance was found between
the change of VAF and the tumor size. Due to the limited
number of mutations that can be detected in ctDNA, our
observation suggested that targeting a few mutations with high
VAF in ctDNA may be sufficient to monitor the therapeutic
response. We also found that ctDNA may be more sensitive
and have predicting efficacy compared with imaging studies.
This is supported by previous reports showing that ctDNA can
predict tumor recurrence or remission much earlier than imaging
examination (36), which is important for decision-making in
therapeutic strategy selection. Therefore, we speculate that if
ctDNA is used in combination with imaging, they can better
monitor and predict the response and prognosis of patients than
using one method alone. In addition, we found that cfDNA
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FIGURE 3 | The results of multivariate Cox regression analysis for various potential risk factors. cfDNA concentration (P = 0.003), MIKI67 mutations (P = 0.009), and
HPD gene mutations (P = 0.004) were identified as independent risk factors, while a trend of significance can be observed with ctDNA mutations (P = 0.068).
Negative (cfDNA) indicates that no mutations in any gene were found in the 605 gene-panel test.

concentration was significantly correlated with PFS and was an
independent risk factor for patients, suggesting that the plasma
cfDNA level can predict the response and prognosis regardless
of the mutational status, which was also supported by previous
reports (37–39).

Many studies support the viewpoint that bTMB can be used
as a biomarker to predict clinical efficacy in anti-PD-1/PD-L1
immunotherapy. Patients with high bTMB have a better ORR
and PFS than patients with low bTMB (1, 40). However, a
retrospective analysis of the POPLAR and OAK studies found
that bTMB may not effectively distinguish the benefit in OS of
patients receiving immunotherapy at second-line or higher (1,
41). Giles et al. (42) recently also found worse PFS and OS in
NSCLC patients with higher bTMB in first-line immunotherapy.
This suggests us that evidence is still needed to support the
effectiveness of bTMB as a biomarker in immunotherapy,
especially in multiline combined therapy. We provided such
evidence in this article and found that the level of bTMB cannot
effectively distinguish the benefit population in second-line and
multi-line anti-angiogenic/ICI combined therapy. We speculate
that one of the possible reasons is that the combined therapy
improved the patients’ response, and weakened the stratification

of bTMB on the patients’ response and prognosis observed in
single-agent based immunotherapy.

It has been previously reported that PD-L1 expression can
effectively stratify the therapeutic effect of ICIs, and the PD-
L1 expression has been approved by the FDA as a companion
diagnostic marker for anti-PD-1/PD-L1 treatment. Patients
with high PD-L1 expression are more likely to benefit from
immunotherapy (43). However, the PEMBRO-RT study found
that PFS and OS in patients with PD-L1 high expression
were shorter in the second-line immunotherapy combined
with radiotherapy for lung cancer (23), also suggesting that
the efficacy of biomarkers in multiline combined therapy
involving PD1/PD-L1 blockade may be different from previous
observations with immunotherapy alone. Ideally, the PD-L1
expression status of all patients with recurrent or resistant tumors
should be reexamined, and multiline therapeutic strategies
should be established based on the information. However,
practically, many patients were reluctant to receive a second
biopsy with both PD-L1 test and NGS test, because they believe
that immunotherapy combined with other therapies was possibly
the only option for them when the disease progressed, and
therefore there was no need to repeat the tests anymore. As a
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FIGURE 4 | Correlation between tumor diameter change and ctDNA mutational change following the multiline anti-angiogenic/ICI combined therapy. The CT images,
tumor diameter changes and VAF changes of blood ctDNA mutations of four patients (A–D) were illustrated.

result, the reexamination rate in these patients was very low.
We were facing the similar situation in this study. Therefore, we
tried to link the PD-L1 expression from primary tumor with the
response of 2nd–6th lines therapy to see if we can identify any
correlation, while no significant correlation was found, as shown
in supplementary Figure S1. Another concern is that due to
the better response in patients with combined therapy, the effect
of stratification by PD-L1 may not be significant anymore, and
patients with negative PD-L1 expression may also benefit from
the therapy, which was reflected in some recent studies (15–17).

Previous reports have shown that tumors were not effectively
controlled and hyperprogression finally developed after
immunotherapy in some patients (44). Further clinical studies
have shown that these patients may carry genetic alterations,
such as EGFR amplification, MDM2/MDM4 amplification,
and chromosome 11 band 13-related gene amplification
(FGF4, FGF19) (45). In this study, we prospectively enrolled
two patients, who carried EGFR amplification and FGF4
amplification, respectively. They quickly developed PD with
PFS of 1.9 and 2.2 months, respectively, far lower than those
who did not carry hyperprogression-relevant gene mutations.
Our observation suggests that the clinical response of patients
with hyperprogression-relevant gene mutations was also poor
in multiline anti-agiogenic/ICI combined therapy. Similarly,
evidence also showed that NSCLC patients with TKI-related
driver gene mutations often had poor ORR and PFS in anti-PD-
1/PD-L1 treatment, in which the evidence for EGFR mutations
and ALK fusions were strong, while other TKI-related driver
gene mutations were not confirmed (46, 47). In this study, we
compared patients with or without TKI-related driver gene
mutations and found no significant differences in PFS between
the two groups, suggesting that not all TKI-related driver

gene mutations affect anti-angiogenic/ICI combined therapy.
Interestingly, we found that two patients with ALK mutations
(not fusions) with PFS of 12 and 1.4 months, respectively. The
latter had a shorter PFS possibly due to a MIKI67 mutation,
since MIKI67 mutations were an independent factor of poor
prognosis. Our observation suggests that ALK non-fusion
mutations may not affect the response of the combined therapy.

There were some limitations of this study. Firstly,
heterogeneity of therapy was a weakness of the study, especially
when therapeutic lines from 2nd to 6th were all involved. This
is why we stratified the patients into 2nd line and 3rd–6th
lines in this study, at least the therapy for 2nd line patients
was homogeneous. By comparing these two populations, we
found that the PFS of 2nd line treatment might be better than
that of 3rd—6th treatment (Supplementary Table S2), which
was one of main findings in the study. Secondly, two control
cohorts, including one Camrelizumab and one Apatinib cohort,
should be included to compare with the Camrelizumab and
Apatinib combined cohort. However, it is difficult in reality to
recruit patients using Camrelizumab or Apatinib alone, since
both doctors and patients are aware that patients with combined
therapy may potentially respond better than those treated with a
single drug, therefore, challenges exist in both practical therapy
and ethics if single drug group is recruited in parallel. However,
some previous patients using the single drug may be involved
as the control cohort. Thirdly, it was unfortunate in this study
that we were unable to obtain any tissue samples from patients
at advanced therapy stages, and therefore the test for tissue TMB
was not possible. This was mainly because patients normally
receive the tissue sampling and test when they are first diagnosed
(before any therapy), and tissue sampling at later treatment
is performed only when specific genetic alterations related to
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disease progression are highly suspected. In future study, tissue
TMB should be obtained whenever possible, since difference
might exist between tissue and blood TMB in therapy guidance.
Fourthly, a relatively small cohort was one limitation of the study.
For example, Figure 2 showed all mutations with significant
stratification of survival. Due to the limited number of patients
with MIKI67 or CREBBP mutants, the conclusion was not solid,
although significant stratification was observed. The results need
further validation with larger cohort in future.

CONCLUSION

In summary, we found that the combination of anti-angiogenic
with PD-1 blockade therapy significantly enhanced the ORR and
PFS of NSCLC patients in second-line or multiline treatment.
ctDNA concentration, MIKI67 mutation, and HPD-relevant
gene mutations were independent risk factors for PFS. The
blood ctDNA mutations can potentially identify the benefit
population and predict the patients’ response and prognosis. In
addition, ctDNA detection at series time points can effectively
monitor disease relief or progression. Our study provided
valuable evidence for treatment strategy selection in the second-
line and multiline anti-angiogenic/ICI combined treatment of
advanced NSCLC. There were also limitations in this study,
mainly due to the limited number of patients included, while
more patients should be enrolled in the future to confirm the
conclusion of this study.
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FIGURE S1 | Correlation of PD-L1 expression level with other markers or patient
response or survival. Results of correlation were shown for PD-L1 expression with
PFS (A), bTMB (B), ctDNA concentration (C), response (D). The influence of
PD-L1 expression (negative or positive) on survival was shown in panel (E), and
the influence of PD-L1 expression (<50% or ≥50%)was shown in panel (F).
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level of ≥50% was considered high expression. In 15 patients with available
PD-L1 expression data, 11 had expression level of >1% and 4 had expression
level of ≥50% (Supplementary Table S3).
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Combination therapy with inhibitors of cytotoxic T lymphocyte-associated protein

(CTLA)4 and programmed death (PD)-1 has demonstrated efficacy in cancer patients.

However, there is little information on CTLA4 and PD-1 expression levels and their

clinical significance across diverse cancers. In this study, we addressed this question

by analyzing PD-1 and CTLA4 levels in 33 different types of cancer along with their

prognostic significance using The Cancer Genome Atlas (TCGA) and Cancer Cell

Line Encyclopedia datasets. Liver hepatocellular carcinoma (LIHC) patients receiving

cytokine-induced killer cell (CIK) immunotherapy at Sun Yat-sen University cancer center

were enrolled for survival analysis. The correlation between PD-1/CTLA4 expression and

cancer immunity was also analyzed. The results showed that PD-1 and CTLA4 transcript

levels varied across cancer cell lines, with aberrant expression detected in certain cancer

types; Kaplan–Meier analysis with the Cox proportional hazards model showed that

this was closely related to overall survival in breast invasive carcinoma, glioblastoma

multiforme, head and neck squamous cell carcinoma, acute myeloid leukemialymphoma,

uterine corpus endometrial carcinoma, and uveal melanoma in TCGA. High serum

PD-1 and CTLA4 levels predicted better survival in LIHC patients receiving CIK therapy.

PD-1 and CTLA4 levels were found to be significantly correlated with the degree of

tumor cell infiltration using Tumor Immune Estimation Resource, Estimating Relative

Subsets of RNA Transcripts, and Estimation of Stromal and immune Cells in Malignant

Tumor Tissues Using Expression Data as well as with tumor-infiltrating lymphocyte

marker expression; they were also related to tumor mutation burden, microsatellite

instability, mismatch repair, and the expression of DNA methyltransferases in some

cancer types. Gene set enrichment analysis of 33 cancer types provided further evidence

for associations between PD-1/CTLA4 levels and cancer development and immunocyte

infiltration. Thus, PD-1 and CTLA4 play important roles in tumorigenesis and tumor

immunity and can serve as prognostic biomarkers in different cancer types.
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INTRODUCTION

Cancer is a leading cause of death worldwide, and the low
efficacy of many existing therapies is a major clinical challenge
(1). Molecular-level pan-cancer analyses have provided insights
into the common features and heterogeneity of various human
malignancies (2). For example, Cancer Cell Line Encyclopedia
(CCLE) and The Cancer Genome Atlas (TCGA) were developed
based on epigenomic, genomic, proteomic, and transcriptomic
data from multiple human cancer cell lines and tissues (3–5).
Pan-cancer analyses have also revealed the significance of specific
genes and signaling pathways in cancers. For example, tumor
hypoxia-associated multi-omic investigations have shown that
some molecular variants are correlated with antitumor drug
sensitivity or resistance, which has important implications for
cancer treatment (6). The expression status of Forkhead box M1
and its relationship to etiology and outcomes of human cancers
(7), as well as proteomic and genomic features related to MYC
and the proximal MYC network (8) have been reported for 33
cancer types in TCGA. The expression of more than 9,000 genes
in TCGA has been characterized in terms of their contribution to
the immune phenotype of various cancers (9). Thus, pan-cancer
analyses can be useful for the development of new combination
treatments and individualized therapies.

FIGURE 1 | PD-1 and CTLA4 expression in different cancer types. (A–D) Expression levels of PD-1 (A,C) and CTLA4 (B,D) in CCLE (A,B) and TCGA (C,D) are

shown. *P < 0.05, **P < 0.01, ***P < 0.001.

The mechanisms of immune evasion by cancer cells are
the target of immunotherapies (10). Cytotoxic T lymphocyte-
associated protein (CTLA)4 and programmed death (PD)-1
are receptors that attenuate the T cell response (11). Both
factors are the immune checkpoint inhibitors with distinct
but complementary mechanisms of action. CTLA4 is a target
for monoclonal antibody-based drugs that enhance anticancer
immunity such as ipilimumab, which was the first CTLA4
inhibitor to be developed and the only one to date that has
been approved by the U.S. Food and Drug Administration (FDA)
(12). PD-1 is a transmembrane protein that is expressed by
immunocytes; blocking PD-1 signaling enhances the anticancer
effect of T cells, thereby promoting cancer cell killing. The
combination of nivolumab (13)—which targets PD-1—and
ipilimumab increased overall survival (OS) in patients with
melanoma (14), renal cell carcinoma (15–17), and advanced
non-small cell lung cancer (18), and has been approved for
the treatment of hepatocellular carcinoma (LIHC) patients
previously treated with sorafenib (19).

Although PD-1 and CTLA4 overexpression, mutations, and
gene amplification have been reported in certain cancers, the
studies had small sample sizes and used different experimental
approaches, making it difficult to compare the findings.
Additionally, these studies focused on a single or a few
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types of cancer; there have been no studies comparing
multiple types of cancer. To this end, the present study
investigated PD-1 and CTLA4 expression profiles and their
prognostic significance in various human malignancies based
on large CCLE and TCGA datasets. We also examined the
associations between PD-1/CTLA4 expression and the extent
of tumor cell infiltration, microsatellite instability (MSI), tumor
mutational burden (TMB), DNA methyltransferase (DNMT)
levels, and mismatch repair (MMR) in different tumor types
by gene set enrichment analysis (GSEA). The results provide
important insights into the roles of PD-1 and CTLA4 in
anticancer immunity.

MATERIALS AND METHODS

Patient Datasets and Processing
TCGA comprises over 20,000 samples from 33 types of cancer
and corresponding non-carcinoma samples. Processed level 3
RNA sequencing data and corresponding clinical annotations
were obtained from TCGA using the University of California
Santa Cruz cancer genome browser (https://tcga.xenahubs.net;
accessed April 2020). CCLE (https://portals.broadinstitute.org/
ccle) provides genetic and pharmacologic information from a
large number of human tumor models, with RNA sequencing
data for over 1,000 cell lines. Ethics approval for use of human
data was not required for this part of the study as only open-
access datasets were used.

A total of 122 consecutive patients with LIHC (mean
age, 46.8 years; range: 22–75 years) who underwent curative
resection and received adjuvant cytokine-induced killer

(CIK) cell immunotherapy at Sun Yat-sen University Cancer
Center between March 2004 and January 2015 were enrolled.
Preparation of CIK cells and the treatment schedule are
described in our previous study (20). Preoperative patient
serum samples were obtained from our hospital’s sample bank
and analyzed using an anti-PD-1 and -CTLA4 antibody array
(RayBiotech, Norcross, GA, USA; product no. QAH-ICM-1-1)
according to the manufacturer’s instructions. Briefly, the array
was incubated with blocking buffer for 1 h before 2-fold–diluted
serum samples (60 µl) were added. After overnight incubation
at 4◦C followed by washes, biotin-conjugated detection antibody
was added for 2 h. The array was washed and Alexa Fluor 555-
conjugated streptavidin was added for 1 h at room temperature.
An InnoScan 300 scanner (Inopsys, Carbonne, France) was
used to detect the signals (532 nm excitation); raw data were
processed as images and spot intensities using Mapix 7.3.1
software (Innopsys). Serum concentrations of PD-1 and CTLA4
proteins were determined by automatic normalization and
calculation. Follow-up was conducted until November 2019,
with a median time of 84.3 months (range: 11.6–134.7 months).
The primary endpoint was OS. This study was approved by the
Ethics Committee of Sun Yat-sen University Cancer Center. All
participants provided written, informed consent. The analytical
workflow is shown in Supplementary Figure 1.

Correlation Between PD-1/CTLA4
Expression and Survival
Data on PD-1 and CTLA4 gene expression for 33 cancer types
and adjacent non-carcinoma tissues were extracted from TCGA
and used to generate an expression matrix, which was matched

FIGURE 2 | PD-1 and CTLA4 expression across 21 cancer types. (A,B) Boxplots of PD-1 (A) CTLA4 (B) levels.
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to clinical information by patient identification number. A
univariate Cox proportional hazards model was used to calculate
correlations between gene expression and patient survival, where
P < 0.05 was taken as the threshold for a statistically significant
difference for PD-1 and CTLA4 expression in a given cancer
relative to normal tissue. A Kaplan–Meier survival analysis was
carried out to compare OS of patients in TCGA, which was
stratified according tomedian PD-1 and CTLA4 expression levels
with the log-rank test.

Relationship Between PD-1/CTLA4 and
Tumor Immunity
Tumor Immune Estimation Resource (TIMER; https://
cistrome.shinyapps.io/timer/) allows systemic analysis of
immune infiltrates in different cancer types (21) using a
deconvolution statistical approach to infer tumor-infiltrating
lymphocyte (TIL) counts based on gene expression data (22).
Using the TIMER algorithm, we examined the associations
between PD-1/CTLA4 levels and the numbers of 6 immune

TABLE 1 | Univariate Cox regression analysis of the associations of PD-1 and CTLA4 expression with patient survival.

Cancer PD-1-OS PD-1-PFI CTLA4-OS CTLA4-PFI

HR HR (95% CI) P-value HR HR (95% CI) P-value HR HR (95% CI) P-value HR HR (95% CI) P-value

ACC 1.338 0.670–2.675 0.409 0.675 0.281–1.626 0.381 1.305 0.477–3.571 0.605 0.605 0.201–1.825 0.372

BLCA 0.813 0.676–0.977 0.027 0.777 0.645–0.936 0.008 0.826 0.694–0.984 0.032 0.750 0.627–0.896 0.002

BRCA 0.753 0.595–0.953 0.018 0.688 0.538–0.879 0.003 0.845 0.681–1.049 0.127 0.831 0.672–1.028 0.088

CESC 0.683 0.514–0.907 0.008 0.686 0.516–0.912 0.010 0.652 0.482–0.882 0.006 0.581 0.423–0.799 0.001

CHOL 0.979 0.657–1.461 0.919 0.952 0.655–1.383 0.795 0.630 0.286–1.387 0.251 0.388 0.161–0.937 0.035

COAD 1.219 0.872–1.704 0.247 1.130 0.837–1.525 0.424 0.767 0.537–1.095 0.144 0.855 0.631–1.160 0.315

DLBC 0.807 0.461–1.413 0.454 1.203 0.745–1.942 0.451 0.972 0.569–1.660 0.918 1.113 0.701–1.767 0.649

ESCA 1.066 0.745–1.523 0.727 0.909 0.658–1.256 0.564 0.898 0.659–1.225 0.498 0.832 0.628–1.102 0.199

GBM 2.048 1.156–3.628 0.014 1.585 0.894–2.813 0.115 1.307 0.945–1.807 0.106 1.023 0.691–1.515 0.910

HNSC 0.764 0.638–0.914 0.003 0.814 0.679–0.974 0.025 0.725 0.606–0.868 <0.001 0.799 0.671–0.951 0.012

KICH 1.113 0.085–14.499 0.935 1.439 0.280–7.412 0.663 3.155 0.054–185.196 0.580 7.337 0.560–96.103 0.129

KIRC 1.210 1.064–1.375 0.004 1.130 0.995–1.284 0.060 1.619 1.292–2.028 <0.001 1.345 1.080–1.675 0.008

KIRP 1.568 1.241–1.981 <0.001 1.421 1.141–1.769 0.002 1.804 1.054–3.088 0.031 1.651 1.045–2.608 0.032

LAML 1.316 1.021–1.697 0.034 \ \ \ 1.452 0.959–2.198 0.078 \ \ \

LGG 3.423 2.153–5.441 <0.001 2.381 1.578–3.594 <0.001 2.671 1.566–4.556 <0.001 3.365 2.057–5.505 <0.001

LIHC 1.009 0.818–1.245 0.935 0.884 0.732–1.069 0.203 1.008 0.740–1.374 0.959 0.918 0.709–1.188 0.516

LUAD 0.978 0.813–1.177 0.814 0.967 0.818–1.143 0.694 0.777 0.638–0.945 0.012 0.884 0.743–1.051 0.161

LUSC 1.007 0.846–1.199 0.934 0.997 0.814–1.220 0.975 1.007 0.837–1.210 0.943 0.947 0.765–1.173 0.617

MESO 1.001 0.781–1.282 0.995 0.983 0.728–1.327 0.912 1.078 0.804–1.446 0.615 0.859 0.572–1.289 0.463

OV 0.885 0.703–1.114 0.297 0.867 0.712–1.055 0.154 0.711 0.508–0.996 0.047 0.739 0.557–0.980 0.035

PAAD 0.952 0.695–1.304 0.759 1.028 0.792–1.334 0.835 0.970 0.715–1.316 0.846 1.034 0.795–1.345 0.803

PCPG 0.770 0.085–6.953 0.816 1.865 0.652–5.333 0.245 0.010 0.000–19.263 0.232 1.411 0.213–9.346 0.721

PRAD 0.728 0.155–3.422 0.687 1.356 0.929–1.980 0.115 0.571 0.109–2.993 0.507 1.358 0.986–1.870 0.061

READ 1.054 0.408–2.718 0.914 0.958 0.441–2.083 0.914 0.974 0.522–1.817 0.934 1.133 0.682–1.882 0.631

SARC 0.853 0.691–1.053 0.139 0.947 0.810–1.108 0.499 0.886 0.663–1.184 0.413 0.965 0.773–1.204 0.751

SKCM 0.764 0.683–0.855 <0.001 0.898 0.823–0.980 0.016 0.783 0.691–0.888 <0.001 0.907 0.823–1.000 0.050

STAD 0.794 0.644–0.978 0.030 0.942 0.768–1.155 0.565 0.775 0.624–0.962 0.021 0.875 0.705–1.085 0.223

TGCT 1.373 0.507–3.717 0.533 0.927 0.686–1.255 0.625 2.026 0.563–7.294 0.280 0.869 0.604–1.250 0.448

THCA 0.706 0.322–1.546 0.384 1.032 0.774–1.375 0.832 0.896 0.384–2.091 0.800 1.207 0.861–1.692 0.276

THYM 0.801 0.423–1.515 0.495 1.108 0.691–1.776 0.669 1.954 1.191–3.203 0.008 1.966 1.343–2.879 0.001

UCEC 0.684 0.530–0.882 0.003 0.709 0.572–0.879 0.002 0.592 0.412–0.852 0.005 0.650 0.483–0.874 0.004

UCS 1.185 0.740–1.899 0.479 0.853 0.524–1.388 0.522 1.073 0.577–1.995 0.824 0.840 0.469–1.503 0.557

UVM 1.905 1.289–2.816 0.001 1.506 1.007–2.253 0.046 3.299 1.299–8.379 0.012 2.088 0.745–5.849 0.161

ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and endocervical adenocarcinoma;

CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B-cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme;

HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid

Leukemia; LGG, brain lower grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; MESO, Mesothelioma; OV, ovarian

serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma; PRAD, prostate adenocarcinoma; READ, Rectum adenocarcinoma;

SARC, sarcoma; SKCM, skin cutaneous melanoma; STAD, stomach adenocarcinoma; TGCT, testicular germ cell tumors; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine

corpus endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma.

Frontiers in Immunology | www.frontiersin.org 4 September 2020 | Volume 11 | Article 20489192

https://cistrome.shinyapps.io/timer/
https://cistrome.shinyapps.io/timer/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Liu et al. Pan-Cancer Analysis of PD-1/CTLA4

infiltrates—namely, cluster of differentiation [CD]4+ T
cells, CD8+ T cells, B cells, neutrophils, dendritic cells,
and macrophages.

Estimating Relative Subsets of RNA Transcripts
(CIBERSORT) is a metagene tool that can be used to predict the
phenotypes of 22 human immunocytes, as previously reported
for all TCGA samples (23). In this study, CIBERSORT was used

to calculate the relative fractions of the 22 leukocyte types; the
correlations between PD-1/CTLA4 levels and each leukocyte
across 33 cancer types was then determined.

Estimation of Stromal and Immune Cells in Malignant
Tumor Tissues Using Expression Data (ESTIMATE) uses gene
expression profiles to predict the purity of a tumor based on
infiltration of stromal cells/immunocytes (24). The ESTIMATE

FIGURE 3 | Association between PD-1 expression and OS. (A–I) Kaplan–Meier analysis of the association between PD-1 expression and OS.
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algorithm yields 3 scores based on GSEA of single samples,
including (1) stromal score, which reflects the presence of stromal
cells in tumor tissue; (2) immune score, which indicates the
degree of immunocyte infiltration into tumor tissue; and (3)
estimate score, which describes tumor purity. We used the
algorithm to estimate both immune and stromal scores for a

variety of tumor tissues, and evaluated the associations between
the scores and PD-1/CTLA4 levels.

We also examined the associations between PD-1/CTLA4
levels and the expression of TIL markers (25–27). An expression
heatmap was generated for gene pairs in specific cancer types and
correlations were analyzed with Spearman’s rank correlation test.

FIGURE 4 | Association between CTLA4 expression and OS. (A–G) Kaplan–Meier analysis of the association between CTLA4 expression and OS.
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TMB measures the number of mutations in a specific cancer
genome and is used as a biomarker to identify patients that are
most likely to respond to checkpoint inhibitor therapy (28). We
obtained somatic mutation data of all TCGA patients (https://
tcga.xenahubs.net), calculated their TMB scores, and then
analyzed the correlation between TMB and PD-1/CTLA4 level.
MSI is characterized by length polymorphisms of microsatellite
sequences resulting from DNA polymerase slippage. Patients
with high MSI (MSI-H) cancers benefit from immunotherapy,
and MSI is an index used for cancer detection (29). We
computed the MSI score of each patient and performed a
correlation analysis between MSI and PD-1/CTLA4. MMR, is
a DNA repair mechanism in normal cells that corrects DNA
replication errors. Gene mutation frequency may be increased
in cancer cells as a result of downregulation of MMR genes or
defective MMR (29). Here we analyzed the correlation between
MMR gene (MutL homolog [MLH]1, MutS homolog [MSH]2,
MSH6, postmeiotic segregation increased [PMS]2, and epithelial
cell adhesion molecule [EPCAM]) and PD-1/CTLA4 expression
levels. DNA methylation has been implicated in tumorigenesis
and cancer progression. As DNMT1, DNMT2, DNMT3A, and
DNMT3B are the major enzymes involved in DNA methylation
(30), we analyzed the correlation between their expression levels
and those of PD-1 and CTLA4.

Functional Analysis
We carried out GSEA using the JAVA program (http://
software.broadinstitute.org/gsea/index.jsp) to investigate
the biological significance of PD-1 and CTLA4 expression
levels in tumor tissues. The random sample permutation
number was set as 100, and the threshold of significance

was P < 0.05. The results were visualized with
enrichment maps generated using Bioconductor (http://
bioconductor.org/) and R v3.6.0 software (R Foundation,
Vienna, Austria).

Statistical Analysis
Survival was evaluated as OS (defined as the time from the
date of diagnosis to death from any cause) and progression-free
survival (PFS; defined as the time until disease progression or

death from any cause). The Wilcox log-rank test was used to

assess changes in the sum of gene expression z-scores of cancer
tissues compared to adjacent normal tissues. Differences in PD-1
and CTLA4 levels between different tumor stages were compared
with the Kruskal–Wallis test. Survival was analyzed with Kaplan–
Meier curves, the log-rank test, and Cox proportional hazards
regression model. Spearman’s or Pearson’s test was used for
correlation analysis. All statistical analyses were performed using
R software.

RESULTS

Pan-Cancer Expression Profiles of PD-1
and CTLA4
The CCLE data revealed variable expression of PD-1 and
CTLA4 ligands across cancer cell lines (both P < 0.001;
Figures 1A,B). Among the 33 cancer types in TCGA, PD-
1 and CTLA4 levels were upregulated in tumor tissues
relative to matched non-carcinoma tissues in uterine corpus
endometrial carcinoma (UCEC), cholangiocarcinoma (CHOL),
breast cancer (BRCA), head-neck squamous cell carcinoma
(HNSC), esophageal carcinoma (ESCA), kidney renal papillary

FIGURE 5 | Relationship between serum PD-1/CTLA4 levels and prognosis of LIHC patients receiving CIK therapy. (A,B) Serum levels of PD-1 (A) and CTLA4 (B) are

shown.
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cell carcinoma (KIRP), kidney renal clear cell carcinoma
(KIRC), lung adenocarcinoma (LUAD), LIHC, and stomach
adenocarcinoma (STAD); whereas both were downregulated
in kidney chromophobe. PD-1 was also upregulated in
glioblastoma multiforme (GBM) and downregulated in thyroid
cancer (THCA). CTLA4 expression was elevated in colon
adenocarcinoma (COAD), lung squamous cell carcinoma
(LUSC), and prostate adenocarcinoma (PRAD) and reduced in
thymoma (THYM). The expression profiles of PD-1 and CTLA4
in TCGA cohorts are shown in Figures 1C,D, respectively, and

PD-1 and CTLA4 gene expression matrices for the 33 cancer
types in TCGA are shown in Supplementary Table 1.

We examined PD-1 and CTLA4 expression according
to age, sex, race, and tumor stage and found that older
patients had higher expressions of these genes than younger
patients, while no differences were observed between sexes
(Figure 2). Black patients had higher PD-1 and CTLA4 levels
than Caucasian patients. PD-1 level was higher whereas
CTLA4 level was lower in stage I disease compared to
other stages.

FIGURE 6 | Correlation between PD-1/CTLA4 expression and cancer immunity in TIMER. (A), Top Association between PD-1 level and degree of TIL infiltration in

LIHC. (Bottom) TIMER prediction of the association between PD-1 level and degree of TIL infiltration in 33 cancer types. (B) TIMER prediction of the relationship

between CTLA4 level and degree of TIL infiltration in LIHC and 33 cancer types. For each pair in (A,B), the left top triangle is colored to represent the P-value, and the

right bottom triangle is colored to represent the Spearman correlation coefficient. *P < 0.05, **P < 0.01, ***P < 0.001.
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Association Between PD-1/CTLA4 Levels
and Survival
PD-1 expression was identified by Cox regression analysis as a
prognostic factor for OS in urothelial bladder carcinoma (BLCA),
BRCA, cervical squamous cell carcinoma and endocervical
adenocarcinoma (CESC), GBM, HNSC, KIRC, acute myeloid
leukemia (LAML), STAD, UCEC, and uveal melanoma (UVM)
(Table 1). The Kaplan–Meier survival analysis showed that
subjects with higher PD-1 levels had shorter OS than those
with lower levels in GBM (P = 0.037), KIRP (P = 0.040),
LAML (P = 0.002), low-grade glioma (LGG) (P < 0.001),
and UVM (P < 0.001). On the other hand, subjects with

higher PD-1 levels had longer OS than those with lower levels
in BRCA (P = 0.014), HNSC (P = 0.006), skin cutaneous
melanoma (SKCM) (P < 0.001), and UCEC (P < 0.001)
(Figures 3A–I).

PD-1 expression was also a prognostic factor for PFS
in BLCA, BRCA, CESC, HNSC, KIRP, SKCM, UCEC,
and UVM (Table 1). The Kaplan–Meier survival analysis
showed that patients with higher PD-1 expression had
shorter OS than those with lower expression in LGG
(P < 0.001) and UVM (P = 0.025), whereas patients
with higher PD-1 levels had longer OS than those with
lower PD-1 levels in BRCA (P = 0.018), CESC (P =

FIGURE 7 | Correlation between PD-1 and CTLA4 expression and cancer immunity in CIBERSORT. (A,B) CIBERSORT prediction of the association between PD-1

(A) and CTLA4 (B) levels and degree of TIL infiltration in 33 cancer types. For each pair, the left top triangle is colored to represent the P-value, and the bottom right

triangle is colored to represent the Spearman correlation coefficient. *P < 0.05, **P < 0.01, ***P < 0.001.
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FIGURE 8 | Correlation between PD-1 and CTLA4 expression and cancer immunity in ESTIMATE. ESTIMATE prediction of the relationship between PD-1 (A,B) and

CTLA4 (C,D) levels and the degree of TIL infiltration in 33 cancer types (A,C) and LIHC (B,D). For each pair, the top left triangle is colored to represent the P-value,

and the bottom right triangle is colored to represent the Spearman correlation coefficient. *P < 0.05, **P < 0.01, ***P < 0.001.
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0.047), SKCM (P = 0.047), and UCEC (P < 0.001)
(Supplementary Figures 2A–F).

CTLA4 expression was identified by Cox regression analysis
as a prognostic factor for OS in BLCA, BRCA, CESC, GBM,
HNSC, KIRC, LAML, STAD, UCEC, and UVM (Table 1). The
Kaplan–Meier survival analysis showed that patients with higher
CTLA4 expression had shorter OS than those with lower CTLA4
expression in KIRC (P = 0.008), LGG (P < 0.001), and THYM
(P = 0.040). Meanwhile, patients with higher CTLA4 levels had
longer OS than those with lower levels in COAD (P = 0.031),
HNSC (P < 0.001), SKCM (P < 0.001), and UCEC (P = 0.001)
(Figures 4A–G).

CTLA4 expression was also a prognostic factor for PFS
in BLCA, CESC, CHOL, HNSC, KIRC, KIRP, ovarian serous
cystadenocarcinoma (OV), THYM, and UCEC (Table 1). The
Kaplan–Meier survival analysis showed that patients with higher
CTLA4 expression had shorter OS than those with lower
expression in KIRC (P= 0.021), LGG (P < 0.001), and THYM (P
= 0.010), whereas patients with higher CTLA4 levels had longer
OS than those with lower levels in BLCA (P= 0.011), HNSC (P=

0.004), and UCEC (P = 0.002) (Supplementary Figures 3A–F).
Among the LIHC patients at our hospital, the median serum

PD-1 level was 82.9 µg/µl (range, 7.6–2,886.8); serum CTLA4
was undetectable in 77 patients (63.1%), and the maximum level
was 88.6 µg/µl in the others (n = 45; 36.9%). The survival

analysis showed that among LIHC patients who underwent CIK

cell therapy, higher levels of PD-1 (P = 0.040) and CTLA4 (P =

0.036) were associated with longer OS (Figure 5).

Relationship Between PD-1/CTLA4 Levels
and Degree of Immune Cell Infiltration
TILs are independent predictors of sentinel lymph node status
as well as survival. We examined the correlation between PD-
1/CTLA4 levels and the degree of immune cell infiltration in
diverse cancer types in TIMER. PD-1 and CTLA4 levels were
significantly associated with tumor purity in 35 and 36 cancer
types, respectively. Additionally, PD-1 and CTLA4 levels were
correlated with the degree of infiltration of CD4+ T cells in
33 and 33 cancer types, respectively; of B cells in 30 and
32 cancer types, respectively; of CD8+ T cells in 32 and 34
cancer types, respectively; of macrophages in 24 and 25 cancer
types, respectively; of dendritic cells in 35 and 36 cancer types,
respectively; and of neutrophils in 32 and 35 cancer types,
respectively. The FDA granted the accelerated approval for the
use of PD-1 in combination with CTLA4 for the treatment of
LIHC (19). In this study, the association of the degree of immune
infiltration with the levels of PD-1 and CTLA4 within LIHC is
presented as an example in the top panels of Figures 6A,B. While
the pan-cancer correlations of immune infiltration level with

FIGURE 9 | Correlation between PD-1 and CTLA4 levels and expression of immune markers. (A,B) Heatmap of the relationship between PD-1 (A) and CTLA4 (B)

levels and expression T cell and other immunocyte markers in 33 cancer types. For each pair, the top right triangle is colored to represent the P-value, and the bottom

left triangle is colored to represent the correlation coefficient. *P < 0.05, **P < 0.01, ***P < 0.001.
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PD-1 and CTLA4 expression are present in the bottom panels
of Figures 6A,B and Supplementary Table 2, respectively.

CIBERSORT was used to determine immunocyte profiles in
all TCGA patients, and the correlation between 22 immunocytes
and PD-1/CTLA4 expression was determined for the 33
cancer types in TCGA (Supplementary Table 3). PD-1 and
CTLA4 were significantly correlated with CD8+ T cell but

not CD4+ naïve T cell counts in most cancers (Figure 7).
Additionally, the expression of T cell markers (CD25, CD137,
and human leukocyte antigen DRB1) was correlated with PD-1
and CTLA4 levels.

Immune and stromal scores for tumor tissues were calculated
using ESTIMATE; we then assessed the associations between
these scores and PD-1 and CTLA4 expression (Figure 8 and

FIGURE 10 | Correlation between PD-1 and CTLA4 expression and TMB and MSI. (A,C) Radar chart showing the correlation between PD-1 and TMB (A) and MSI

(C) in 33 cancer types. Black and blue numbers represented the Spearman correlation coefficient. (B,D) Relationship between CTLA4 and TMB (B) and MSI (D). *P <

0.05, **P < 0.01, ***P < 0.001.
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Supplementary Table 4). Figures 8B,D exhibit the typical results
in LIHC. The results showed that PD-1 and CTLA4 levels were
significantly correlated with immune and stromal scores as well
as estimate scores.

Correlations Between PD-1/CTLA4 and
Immune Cell Marker Expression
We examined the associations between TIL markers and PD-
1/CTLA4 expression and found that PD-1 and CTLA4 levels
were significantly correlated with the expression of T cell and
other immunocyte markers (Figure 9), suggesting that both
factors are involved in the regulation of the immune response to
these cancers.

Correlation Analysis of TMB, MSI, MMR,
and DNMT Expression
We next examined the associations between PD-1/CTLA4
expression and TMB, MSI, MMR, and DNMT levels

(Supplementary Table 5 and Figures 10, 11). PD-1 expression
was correlated with TMB in BRCA, BLCA, COAD, CESC,

HNSC, lymphoid neoplasm diffuse large b-cell lymphoma
(DLBC), LGG, KIRP, PRAD, pancreatic adenocarcinoma

(PAAD), testicular germ cell tumors (TGCT), THCA,
THYM, and UCEC (Figure 10A); and CTLA4 expression

was correlated with TMB in DLBC, BRCA, COAD, OV,
HNSC, mesothelioma, LGG, SKCM, UCEC, PAAD, THYM,

and TGCT (Figure 10B). PD-1 expression was correlated
with MSI in COAD, BRCA, GBM, ESCA, OV, KIRP, HNSC,

TGCT, LUSC, PAAD, THCA, and UCEC (Figure 10C);
and CTLA4 expression was correlated with MSI in BRCA,
COAD, ESCA, LUAD, LUSC, OV, TGCT, THCA, and
UCEC (Figure 10D). Correlations between the expression
of MMR genes (MLH1, MSH2, MSH6, PMS2, and EPCAM)
and PD-1 and CTLA4 levels are shown in Figures 11A,B,
respectively; and correlations between the expression of DNA
methylation regulatory genes (DNMT1, DNMT2, DNMT3A,

FIGURE 11 | Correlation between PD-1 and CTLA4 expression and MMR and DNMT levels. (A) Heatmap of the correlation between PD-1 expression and MMR in 33

cancer types. For each pair, the top right triangle is colored to represent the P-value, and the bottom left triangle is colored to represent the Spearman correlation

coefficient. (B,D) Relationship between CTLA4 level and MMR (B) and DNMT levels (D). (C) Circle chart of the correlation between PD-1 and DNMT expression in 33

cancer types. The first outer ring represents cancer types; the second ring shows 4 DNMTs; the third ring shows correlation coefficients; the fourth ring is colored to

represent P-values; and numbers in the inner ring are correlation coefficients and P-values.
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and DNMT3B) and PD-1 and CTLA4 levels are shown in
Figures 11C,D, respectively.

Functional Analysis
We performed GSEA to assess the biological significance
of PD-1 and CTLA4 expression in different cancers. The
functional Kyoto Encyclopedia of Genes and Genomes (KEGG)
and Hallmark terms for PD-1 and CTLA4 are listed in
Figures 12A,B, respectively.

DISCUSSION

Combination therapy with immune checkpoint inhibitors
including anti–PD-1 and –CTLA4 antibodies shows greater
therapeutic efficacy than the monotherapies in several cancers
(31–35). In the present study, we used a comprehensive pan-
cancer approach to evaluate the clinical significance of PD-
1 and CTLA4 expression in a variety of cancers. Our results
showed that PD-1 and CTLA4 expression varies across cancer
types and that most cancers are characterized by PD-1 and

FIGURE 12 | GSEA of top functional terms associated with PD-1 and CTLA4 expression. (A,B) Top KEGG and HALLMARK terms related to PD-1 (A) and CTLA4 (B).
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CTLA4 mutations that lead to their abnormal expression, which
can serve as a prognostic biomarker. Serum PD-1 and CTLA4
levels were survival predictor in LIHC patients receiving CIK
therapy. Using TIMER, CIBERSORT, and ESTIMATE, we found
that PD-1 and CTLA4 overexpression was associated with TIL
infiltration, immune scores, and immune marker expression.
Furthermore, PD-1 and CTLA4 levels were correlated with TMB,
MSI, MMR, and the expression of DNMTs. We also identified
KEGG and Hallmark terms that are associated with PD-1 and
CTLA4 expression.

Identifying aberrantly expressed genes in tumors is important
for the development of individualized treatments, which can
improve therapeutic outcomes (36). Pan-cancer analyses can
reveal the functional significance of PD-1 and CTLA4 in cancers
(37, 38). Here we examined PD-1 and CTLA4 expression in a
large and diverse set of samples from CCLE, which provides
gene expression data for future experiments, and from TCGA,
which provides genomic and survival data that may be useful
for clinical investigations. Consistent with previous reports (39,
40), we found that PD-1 was more highly expressed in older
cancer patients, indicating that checkpoint inhibitor treatment
maymore effective in this group. Additionally, Black patients had
higher PD-1 and CTLA4 levels than Caucasian or Asian patients,
suggesting better outcomes following immunotherapy.

Our results showed that PD-1 and CTLA4 are implicated in
cancer immunity, as evidenced by the association between PD-1
and CTLA4 levels and the degree of infiltration of immunocytes
in the TIMER and CIBERSORT analyses. The ESTIMATE
method has been used to assess genomic data in various cancers,
including the prediction of clinical outcomes in GBM and SKCM
(41, 42). We determined immune and stromal scores based
on TCGA data and found that PD-1 and CTLA4 levels were
correlated with ESTIMATE scores as well as the expression of
TIL markers.

Gene mutations are the major cause of cancer development
(43), and specific mutations predict treatment response and
prognosis (44, 45). TMB affects the generation of immunogenic
peptides, thereby affecting patients’ response to immune
checkpoint inhibitor treatment (46, 47). Additionally, TMB and
MSI reflect the production of new antibodies, with the latter
being linked to increased TMB (48). In cervical squamous cell
carcinoma and adrenocortical carcinoma, MSI-H was associated
with an abnormally high mutation frequency (49). Thus, MSI is
an important predictor of tumor development (29). MSI testing is
recommended in the National Comprehensive Cancer Network
guidelines for all colorectal cancer subtypes, as early detection
of MSI-H can reduce mortality (50). Cancer cells with MMR
deficiency (dMMR) can generate heterologous antigens that are
recognized by T cells. PD-1 inhibitors are highly effective against
MSI-H solid tumors (51); accordingly, the FDA has approved
the use of the anti–PD-1 immunotherapy pembrolizumab for
the treatment of MSI-H/dMMR solid tumors (51). Thus, TMB,
MSI, and MMR can be used to predict therapeutic responses.
In this study, we showed that PD-1 and CTLA4 levels were
correlated with TMB and MSI in BRCA, COAD, TGCT, and
UCEC. However, it remains to be determined whether the
combination of PD-1 and CTLA4 inhibitors has greater efficacy
than monotherapy in these cancers. Epigenetic modifications

modulate gene expression and can be exploited by tumor cells
to evade immune surveillance. A potential therapeutic strategy
to circumvent this problem is to combine immune checkpoint
and methylase inhibitors (30). PD-1 and CTLA4 have been
implicated in various pathways related to immune function (52,
53). We carried out GSEA to identify clinically relevant pathways
that may provide clues for future research. Taken together, our
findings provided clues for the roles of PD-1 and CTLA4 in
cancer immunity. However, these results should be interpreted
with caution since checkpoint inhibitor treatment not analyzed
in our work. And more experiments are needed to demonstrate
our results, such as immunohistochemistry.

In conclusion, the results of our pan-cancer analysis indicate
that PD-1 and CTLA4 are useful prognostic biomarkers in
some cancer types. Importantly, we found that PD-1/CTLA4
expression is associated with cancer immunity. The integrative
omics-based workflow in this study can serve as a basis for
developing and testing hypotheses regarding novel targets in
cancer treatment.
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Background: Limited treatment strategies are available for squamous-cell lung cancer
(SQLC) patients. Few studies have addressed whether immune-related genes (IRGs)
or the tumor immune microenvironment can predict the prognosis for SQLC patients.
Our study aimed to construct a signature predict prognosis for SQLC patients
based on IRGs.

Methods: We constructed and validated a signature from SQLC patients in The Cancer
Genome Atlas (TCGA) using bioinformatics analysis. The underlying mechanisms of the
signature were also explored with immune cells and mutation profiles.

Results: A total of 464 eligible SQLC patients from TCGA dataset were enrolled
and were randomly divided into the training cohort (n = 232) and the testing cohort
(n = 232). Eight differentially expressed IRGs were identified and applied to construct the
immune signature in the training cohort. The signature showed a significant difference
in overall survival (OS) between low-risk and high-risk cohorts (P < 0.001), with an
area under the curve of 0.76. The predictive capability was verified with the testing
and total cohorts. Multivariate analysis revealed that the 8-IRG signature served as an
independent prognostic factor for OS in SQLC patients. Naive B cells, resting memory
CD4 T cells, follicular helper T cells, and M2 macrophages were found to significantly
associate with OS. There was no statistical difference in terms of tumor mutational
burden between the high-risk and low-risk cohorts.

Conclusion: Our study constructed and validated an 8-IRG signature prognostic model
that predicts clinical outcomes for SQLC patients. However, this signature model needs
further validation with a larger number of patients.

Keywords: squamous-cell lung cancer, prognostic, immune-related genes, signature, immune cells,
mutation profiles
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INTRODUCTION

Lung cancer is the most commonly diagnosed cancer and the first
leading cause of cancer-related mortality worldwide, making it a
major public health concern (1). In 2018, there were an estimated
2,093,876 new cases, and 1,761,007 deaths from lung cancer
worldwide (1). There are two common histological types of non-
small cell lung cancer (NSCLC): adenocarcinoma carcinoma,
which accounts for 70% of NSCLC cases, and squamous
carcinoma, which accounts for 30% of cases. Standard treatments,
including chemotherapy, radiotherapy, and surgical resection,
have improved the prognosis of early stage squamous-cell lung
cancer (SQLC) (2). However, it is difficult to prevent metastasis
and recurrence of SQLC, which is considered responsible for
most SQLC deaths (3). Platinum-based doublet chemotherapy,
the standard therapy for advanced SQLC, only obtained poor
efficacy, with a median overall survival (OS) of 12.1 months
(4). The utility of targeted drugs had brought significant
improvements on OS and the quality of life for advanced NSCLC
patients (5, 6). However, driver gene alterations are rarely found
in SQLC patients, so the benefit from targeted agents is limited
(7). Furthermore, most novel drugs, including pemetrexed
and bevacizumab, have been approved in the treatment for
lung cancer but not for squamous-cell subtype because of
the adverse events (8, 9). Thus, there are limited treatment
strategies available for SQLC patients. Checkpoint inhibitors,
including anti-cytotoxic T lymphocyte antigen 4 (CTLA4), anti-
programmed cell death (PD-1), or anti-programmed cell death-
ligand 1 (PD-L1), have brought impressive clinical benefit for
various cancer types (10, 11). Due to the remarkable response,
pembrolizumab was approved as the first-line treatment for
recurrent or metastatic SQLC by the United States Food and Drug
Administration and National Medical Products Administration
of China (12).

Recent studies have shown that several promising biomarkers
might help to select patients who were appropriate candidates
for immunotherapy (13, 14). PD-L1 protein expression has been
reported to predict the response of checkpoint inhibitors (15, 16).
Previous studies have indicated that the tumor mutation burden
(TMB) and T-cell infiltration levels were related to the efficacy
of immunotherapy (13, 17). However, there is no consensus on
the biomarkers that can predict prognosis for SQLC patients.
The tumor biology and immune microenvironment were so
complicated that a single biomarker may be unable to sufficiently
predict the clinical outcomes of immunotherapy.

Several studies have demonstrated that immune signatures
played an important role in predicting the prognosis of patients
with cancers, such as ovarian cancer, colorectal cancer, and
cervical cancer. However, few studies have explored whether
immune-related genes (IRGs) could be biomarkers for predicting
the prognosis of SQLC. Furthermore, diverse treatment outcomes
of PD-1 or PD-L1 inhibitors were observed in SQLC patients
(12, 18). Therefore, an immune signature of SQLC based on
IRGs is urgently needed to predict clinical outcomes. The aim
of the current study was to establish an immune signature
that predicts the prognosis of SQLC patients based on IRGs
or tumor immune microenvironment (TIME). Furthermore, we

explored the relationships of the immune signature and the
clinical characteristics, immune cell infiltration, and mutation
data. This immune signature may help clinicians to provide more
precise immunotherapy for SQLC patients.

MATERIALS AND METHODS

Clinical Samples and Data Acquisition
Transcriptome mRNA-sequencing data and clinical information
of SQLC patients were downloaded from The Cancer Genome
Atlas (TCGA) data portal1. These data contained 49 normal
and 502 primary SQLC tissues. The raw count data were
downloaded for further analyses. Clinical information was also
downloaded and extracted from the Immunology Database and
Analysis Portal (ImmPort) database2. ImmPort is an important
foundation of immunology research, which updates immunology
data accurately and timely. This database provides a list of IRGs
that are involved in the process of immune activity for cancer
researchers (19).

Differentially Expressed Gene Analysis
To select the IRGs involved in the development of SQLC,
differentially expressed genes (DEGs) between tumor and normal
samples were identified with the limma package3. A differential
gene expression analysis was performed with a false discovery rate
(FDR) < 0.05 and a log2 fold change > 1 as the cutoff values. A list
of IRGs was derived from Immport. We identified differently
expressed immune-related genes (DE IRGs) at point intersection
between the IRGs list and all DEGs. Functional enrichment
analyses were performed to investigate the potential molecular
mechanisms of the DE IRGs with gene ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) enrichment using
DAVID. Terms in GO and KEGG with an FDR < 0.05 were
considered significantly enriched.

Development and Validation of the
Immune-Related Signature for SQLC
Squamous-cell lung cancer patients from TCGA data were
randomly divided into two cohorts, including the training
cohort and the testing cohort. The training cohort was used to
identify the prognostic immune-related signature and to develop
a prognostic immune-related risk model. The testing cohort
was used to validate its prognostic capability. We performed a
univariate Cox proportional hazard regression analysis to identify
the correlation between DE IRGs and OS in the training cohort.
To minimize overfitting and to identify the best gene model,
survival-related DE IRGs (P < 0.05) were evaluated with a
least absolute shrinkage and selection operator (LASSO) (20).
The risk score was established with the following formula: risk
score = expression gene 1 ∗coefficient + expression gene 2
∗coefficient + . . . + expression gene n ∗coefficient (21). The risk
score was calculated for each patient in the training and testing

1https://cancergenome.nih.gov
2https://immport.niaid.nih.gov
3https://Bioconductor.org/packages/limma
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cohorts based on this model. SQLC patients were divided into the
high- and low-risk groups based on the median cutoff of the risk
score. We validated the prognostic ability of the immune-related
signature by calculating the area under the curve (AUC) and
evaluating the survival difference between the high- and low-risk
groups (22).

TMB Analysis
The mutation data for SQLC patients were obtained from
the TCGA data portal, and analyzed with maftools (23). For
each patient, the TMB score was calculated as follows: (total
mutations/total covered bases) × 106 (24).

Tumor-Infiltrating Immune Cells
We used gene expression RNA-sequencing data from TCGA
to estimate the proportions of 22 types of infiltrating immune
cells with the CIBERSORT algorithm following the procedure as
previously reported (25).

Statistical Analysis
Differences among variables were analyzed with independent
t tests, chi-square tests, non-parametric tests, or ANOVA
tests. Univariate cox regression analysis and multivariate cox
regression were conducted to assess the prognostic effect of the
immune signature and clinical characteristics including gender,
age, clinical stage, and TNM stage. Statistical analyses were
conducted with SPSS 22.0 and R software, version 3.6.1. The
heatmap was generated with R package “pheatmap” and the
volcano plot was generated with R package “ggplot2”. A two-
sided P < 0.05 was considered statistically significant.

RESULTS

Clinical Characteristics
A total of 502 SQLC patients were identified in the TCGA cohort.
In order to reduce the effect of follow-up time on short term,
patients with follow-up time less than 30 days were not included
in our study. Thus, a total of 464 patients were enrolled, including
344 (74.1%) male and 120 (25.9%) female patients. These SQLC
patients were randomly divided into the training cohort (n = 232)
and the testing cohort (n = 232). No significant difference was
observed in terms of the clinical characteristics between these
two cohorts. The clinical characteristics of the patients are listed
in Supplementary Table S1.

Identification of DE IRGs
We identified 8527 DEGs for SQLC, including 5803 up-
regulated and 2724 down-regulated genes (Supplementary
Figure S1). We extracted 587 DE IRGs from the set of
DEGs, comprising 287 up-regulated and 300 down-regulated
genes (Figures 1A,B). Gene functional enrichment analysis
indicated that these genes were significantly enriched in
important inflammatory pathways, including leukocyte
migration, regulation of inflammatory response, regulation
of immune effector process, and lymphocyte-mediated

immunity (Figure 1C). KEGG pathway analysis highlighted
the six ranked pathways that were enriched among the DE
IRGs: “cytokine–cytokine receptor interaction”, “neuroactive
ligand–receptor interaction”, “viral protein interaction with
cytokine and cytokine receptor”, “chemokine signaling
pathway”, “rheumatoid arthritis”, and “JAK-STAT signaling
pathway” (Figure 1D).

Construction of Immune-Related Risk
Signatures in SQLC
We performed a univariate Cox regression analysis to explore
the association between OS and these 587 DE IRGs identified
above. A total of 32 DE IRGs were significantly associated with
the OS of SQLC patients in the training cohort (P < 0.05).
LASSO analysis was performed with these 32 survival-associated
IRGs in order to minimize overfitting. Eight DE IRGs were
utilized to construct the immune signature (Figure 2). The
prognostic model was established with the linear combination
of the expression levels of the 8-IRGs weighted by their relative
coefficient in multivariate Cox regression analysis as follows: risk
score = (MMP12 × 0.00332) + (PLAU × 0.00434) + (IGHD3-22
× 0.00460) + (IGKV1D-17 × 0.03535) + (CGA× 0.66283) + (SPP1
× 0.00072) + (AGTR2× 0.10901) + (NR4A1 × 0.02224)
(Supplementary Table S2). We calculated risk scores for each
patient in the training cohort based on the expression of the eight
IRGs and their relative coefficient. A total of 232 patients in the
training group were divided into a high-risk cohort (n = 166)
and a low-risk cohort (n = 166) based on their median risk score.
A significant difference in OS was observed between the high-risk
and low-risk cohorts [median OS, 4.56 vs 7.40 years; hazard
ratio (HR), 2.21; 95% CI, 1.44–3.41, P < 0.001] (Figure 3A).
The AUC for the 8-IRG signature was 0.76 at 1 year for OS
(Figure 3B). The distribution of the risk score and survival
status and the expression of 8-IRGs in the training cohort were
presented in Figures 3C–E.

Evaluating the Predictive Value of the
8-IRG Signature
The predictive capability of the 8-IRG signature was verified
with the testing cohort and the total cohort. As previously
described, there were 125 high-risk and 107 low-risk patients
in the testing cohort. The patients in the high-risk cohort
had a significant shorter median OS than those in the low-
risk cohort (median OS, 3.93 vs 6.47 years; HR, 1.84; 95%
CI, 1.20–2.84; P = 0.005; Figure 4A). The AUC of 1 year
was 0.63 (Figure 4B). The distribution of the risk score,
survival status, and the expression of 8-IRGs in the testing
cohort are shown in Figures 4C–E. Similarly, SQLC patients
in the total cohort were divided into low-risk (n = 223) and
high-risk (n = 241) groups. The median OS in the high-
risk cohort was inferior than that of the low-risk cohort
(median OS, 4.34 vs 7.00 years; HR, 2.04; 95% CI, 1.50
to 2.76, P < 0.001; Supplementary Figure S2a). The AUC
of 1 year in the total cohort was 0.69 (Supplementary
Figure S2b). The distribution of the risk score, survival
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FIGURE 1 | Identification and functional enrichment analyses of differentially expressed immune-related genes in SQLC from training cohort. (A) Heatmap of
differentially expressed immune-related genes. (B) Volcano plot of differentially expressed immune-related genes. (C) Gene ontology analysis. (D) The top 10 most
significant Kyoto Encyclopedia of Genes and Genomes pathways.

status, and the expression of 8-IRGs in the total cohort are
presented in Supplementary Figures S2c–e.

Association Between the
Immune-Related Risk Signature and the
Clinical Outcome
A univariate Cox regression model was conducted to explore the
association between clinical characteristics, OS, and the 8-IRG
risk signature in the total SQLC cohort (Table 1). The immune-
related risk signature could independently predict OS in the total
cohort (HR, 1.60; 95% CI, 1.17–2.19, P = 0.003). Multivariate
Cox regression analysis suggested that the immune-related risk
signature could act as an independent prognosis predictor for
OS (HR, 1.94; 95% CI, 1.38–2.72, P < 0.001). The relationships
between the immune signature and clinical characteristics were
also explored. No significant difference of risk scores was found
in terms of age, gender, clinical stage, T stage, and N stage
(Supplementary Figure S3).

TIME Changing and the Immune-Related
Risk Signature
We applied RNA-sequencing data to assess the relative
proportion of the 22 immune cells in each SQLC sample with

CIBERSORT (Figure 5A). The abundances of the immune cell
types in the 8-IRG signature low- and high-risk cohorts are
presented in Supplementary Table S4. Among the 22 immune
cell types, the proportions of follicular helper T cells, naïve B cells,
and activated NK cells were low in the 8-IRG signature high-
risk group. The abundances of resting memory CD4 T cells, M2
macrophages, and neutrophils were high in the 8-IRG signature
high-risk group (Figure 5B). The proportions of naïve B cells,
resting memory CD4 T cells, follicular helper T cells, and M2
macrophages were significantly associated with OS. For the 8-
IRG signature in the low-risk cohort, the abundance level of
resting memory CD4 T cells and M2 macrophages was low and
showed a significant association with superior OS, whereas the
abundance levels of naïve B cells and follicular helper T cells were
high and were associated with inferior OS (Figures 5C–F).

Tumor Mutation Profile and the
Immune-Related Risk Signature
We explored the relationship between the mutation profile and
the immune-related risk signature in TCGA SQLC patients
with available somatic mutation data. The 30 ranked, mutated
genes in the low-risk and high-risk cohorts are illustrated in
Figures 6A,B. The top 10 mutated genes in SQLC patients
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FIGURE 2 | Forest plot of the multivariable Cox model of each gene in 8-IRG risk signature.

were TP53, TIN, CSMD3, MUC16, RYR2, SYNE1, USH2A,
LRP1B, ZFHX4, and FAM135B. There were no statistical
differences in terms of TMB between the high-risk and
low-risk cohorts (P = 0.121; Figure 6C). No significant
difference in OS was found in the high- or low-TMB cohorts
(P = 0.657; Figure 6D).

DISCUSSION

Several clinical trials have shown that checkpoint inhibitors were
superior to chemotherapy for SQLC patients (12, 18). However,
SQLC patients have shown limited improved clinical outcomes
from immunotherapy. Thus, it is important to identify and
develop potential biomarkers for predicting prognosis in SQLC
patients treated with immunotherapy.

Early studies have demonstrated that PD-L1 expression, T-cell
receptor clonality, TMB, and T-cell infiltration levels may be
associated with the clinical response to immunotherapy (13,
17). However, due to the complexity of tumor biology and the
immune microenvironment, a single biomarker could not be
sufficiently predictive of clinical outcomes to immunotherapy
(26). It may be necessary to apply the integration genomics
and transcriptomic to improve the accuracy of predictions.
Furthermore, as the TIME served as a critical role in tumor
progression, it is important to explore an immune-related model
to predict the prognosis of SQLC patients and identify patients
who would obtain clinical benefit from immunotherapy.

To the best of our knowledge, it was the first immune-related
signature prognostic model for SQLC patients based on RNA-
sequencing data. In our study, we firstly presented the gene

mutation profiles and the relative proportion of 22 immune cells
of SQLC from TCGA dataset. Besides, the relationships between
TMB, proportion of immune cells, and SQLC prognosis were
firstly systematic exploration in our article.

Our study established and validated an immune-related risk
signature model for SQLC from TCGA dataset. A total of eight
DE IRGs with prognostic value were included in the signature.
Among these genes, six (MMP12, PLAU, IGHD3-22, IGKV1D-17,
CGA, and SPP1) were up-regulated in SQLC tissues compared
with normal samples, while two (AGTR2 and NR4A1) were
down-regulated. PLAU and MMP12 have been reported to be
associated with aberrant regulation of gene function and poor
prognosis for lung carcinoma (27–30). SPP1 has been reported as
an independent risk biomarker prognostic evaluation of patients
with lung adenocarcinoma (31). NR4A1 has been considered
as a member of the orphan nuclear receptor superfamily of
transcription factors (32). In our study, NR4A1 was down-
regulated in the SQLC tissues compared with the normal tissues.
However, NR4A1 has been reported to be overexpressed in
multiple types of carcinomas in previous reports, and play a
critical role in survival or cell proliferation in cervical, lymphoma,
pancreatic, lung, and colon cancer cells. NR4A1 has been found
to be involved in promoting cancer invasion and metastasis
(33–35). A previous research showed that AGTR2 was under-
expressed in lung adenocarcinoma and played a role in the
pathology of adenocarcinoma (36). CGA gene was identified as
a new estrogen receptor a (ERa) responsive gene in human breast
cancer cells and a member of a novel dysregulated pathway
in prostate cancer (37–39). IGKV1-17 gene was reported to
be rarely expressed by normal cells and play a critical role
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FIGURE 3 | Construction of an 8-IRG signature in the training cohort. (A) Kaplan-Meier curve analysis of overall survival of SQLC patients in high- and low-risk
groups. (B) ROC curves analysis of 1 year. Risk score distribution (C), survival status (D), and heatmap of expression profiles (E) for patients in high- and low-risk
groups by the 8-IRG signature.

in the development of SLE-nephritis (40). IGHD gene served
as suppressor genes in the recurrence of triple-negative breast
cancer (41). Although the role of the remaining CGA, IGHD3-
22, and IGKV1D-17 genes in lung cancer patients has not
been previously reported, they might play an important role as
potential biomarkers.

We found that four IRGs encoded cytokines or cytokine
receptors, including CGA, SPP1, AGTR2, and NR4A1 genes.
Cytokines and cytokine receptors have been reported to modulate
the tumor microenvironment and promote the development
of cancer, which may contribute to disease progression and
a worse prognosis for SQLC patients in the high-risk group
(42–44). Significant differences in OS were found between
patients with high-risk and low-risk scores. Furthermore, our
signature was significantly associated with the prognosis of
SQLC patients in the training, testing, and total cohorts.
Our 8-IRG signature has acted as an independent prognostic
factor in OS for SQLC patients in both the univariate
and the multivariate Cox regression analyses. These results
demonstrated that the signature might be a useful tool for
predicting prognosis.

Our signature had also shown relationships with immune
cells. CIBERSORT was applied to assess the relative abundances
of 22 immune cells types in each SQLC sample. Our study
showed that the proportion of resting memory CD4 T cells, M2

macrophages, and neutrophils were positively correlated with 8-
IRG risk score, and the proportion of follicular helper T cells,
naïve B cells, and activated NK cells were negatively associated
with the 8-IRG risk score. Furthermore, high abundance levels of
resting memory CD4 T cells and M2 macrophages were found
in the high-risk cohort, which was associated with poorer OS.
Low abundance levels of naïve B cells and follicular helper T
cells were found in the high-risk cohort, which was associated
with better OS. High proportion of M2 macrophage was reported
to be correlated with a poor response to immunotherapy (45).
These results may contribute to the poor prognosis in the
high-risk cohort.

We also performed gene mutation analysis to explore the
possible mechanisms of the 8-IRG signature in the high- and low-
risk groups. However, there was no significant difference in TMB
between the 8-IRG signature high-risk group and low-risk group.
Furthermore, our study showed that TMB was not associated
with OS, which was not consistent with the results of previously
reported studies (17, 46). However, a recent study showed that
there was no significant correlation between TMB and the
prognosis of lung cancer patients treated with pembrolizumab
(26). According to the NCCN guideline for NSCLC patients,
TMB is an evolving biomarker that may be helpful to select
patients for immunotherapy, but there is no consensus on how
to measure TMB in clinical practices (14).
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FIGURE 4 | Validation of an 8-IRG signature in the validating cohort. (A) Kaplan-Meier curve analysis of overall survival of SQLC patients in high- and low-risk
groups. (B) ROC curves analysis of 1 year. Risk score distribution (C), survival status (D), and heatmap of expression profiles (E) for patients in high- and low-risk
groups by the 8-IRG signature.

TABLE 1 | Univariate and multivariate Cox regression analysis of SQLC.

Variables Univariate analysis Multivariate analysis

Hazard ratio (95% CI) P value Hazard ratio (95% CI) P value

Age (≤65 vs. >65) 1.237 (0.908–1.686) 0.178 1.285 (0.932–1.771) 0.126

Gender (male vs. female) 0.899 (0.637–1.268) 0.544 0.800(0.562–1.138) 0.215

Tumor stage

T1 1 1

T2 1.274 (0.859–1.890) 0.229 1.302(0.862–1.969) 0.210

T3 1.972 (1.204–3.231) 0.007 2.245 (1.093–4.612) 0.028

T4 2.491 (1.308–4.744) 0.005 3.250 (1.288–8.196) 0.013

N stage

N0 1 1

N1 1.205 (0.862–1.684) 0.275 1.361 (0.780–2.374) 0.278

N2 1.405 (0.862–2.292) 0.173 1.521 (0.622–3.722) 0.358

N3 2.987 (0.733–12.174) 0.127 5.574 (1.005–30.929) 0.049

Clinical stage

I 1 1

II 1.235 (0.871–1.750) 0.236 0.918 (0.507–1.661) 0.777

III 1.784 (1.229–2.591) 0.002 0.874 (0.330–2.315) 0.787

IV 2.251 (0.707–7.166) 0.170 1.579 (0.419–5.959) 0.500

8-IRG risk score (low vs high) 1.600 (1.168–2.193) 0.003 1.937 (1.382–2.715) <0.001

HR, hazard ratio; CI, confidence interval; IRG, immune-related genes.
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FIGURE 5 | (A) Bar chart of the relative proportion of the 22 immune cells in each SQLC sample. (B) The association of immune cells infiltration and the
immune-related risk signature in SQLC. A red violin and a blue violin represent the 8-IRG signature high-risk and low-risk groups. The white points inside the violin
represent median values. (C–F) The association of immune cells infiltration and OS in TCGA SQLC dataset. (C) Naïve B cells; (D) Resting memory CD4 T cells; (E)
M2 macrophages; (F) Follicular helper T cells.

FIGURE 6 | The mutation profiles and TMB among low-risk and high-risk groups. Mutation profile of low-risk (A) and high-risk (B) groups. (C) The relationship
between the immune-related risk signature and TMB. (D) The association of TMB and OS in TCGA SQLC dataset.

Despite these promising results, there were several limitations
in our study. First, the immune-related signature model was
established and validated with gene profiles from the public
dataset. Second, the proportion of Asian SQLC patients was small

in the TCGA cohort. Thus, it is still unclear whether this signature
model will be effective for Asian SQLC patients. Further studies
should incorporate with a larger number of SQLC patients from
Asia and the clinical practice.
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CONCLUSION

Our study constructed and validated an 8-IRG signature
prognostic model to predict clinical outcomes for SQLC patients,
which may provide a deeper understanding of immunotherapy.
However, this signature model for SQLC needs further validation
with a larger number of patients.
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Adoptive cell therapy (ACT), based on treatment with autologous tumor infiltrating

lymphocyte (TIL)-derived or genetically modified chimeric antigen receptor (CAR) T cells,

has become a potentially curative therapy for subgroups of patients with melanoma

and hematological malignancies. To further improve response rates, and to broaden

the applicability of ACT to more types of solid malignancies, it is necessary to explore

and define strategies that can be used as adjuvant treatments to ACT. Stimulation

of endogenous dendritic cells (DCs) alongside ACT can be used to promote epitope

spreading and thereby decrease the risk of tumor escape due to target antigen

downregulation, which is a common cause of disease relapse in initially responsive ACT

treated patients. Addition of checkpoint blockade to ACT and DC stimulation might

further enhance response rates by counteracting an eventual inactivation of infused

and endogenously primed tumor-reactive T cells. This review will outline and discuss

therapeutic strategies that can be utilized to engage endogenous DCs alongside ACT

and checkpoint blockade, to strengthen the anti-tumor immune response.

Keywords: cancer immunotherapy, immune checkpoint blockade, combination therapies, T-cell therapy, dendritic

cells

INTRODUCTION

The ability of the immune system to recognize and eliminate cancer cells has paved the way for
the development of cancer immunotherapies that target components of the immune system to
mobilize a tumor-reactive immune response (1). Adoptive cell therapy (ACT) using T cells is an
example of a cancer immunotherapy that has become a potentially curative option for subgroups of
patients with melanoma and hematological malignancies (2). ACT is based on a systemic treatment
with tumor-reactive autologous T cells that are obtained from tumor biopsies or blood samples,
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expanded in vitro and infused back to the patient (3, 4). This
process can involve selection of tumor-reactive clones or genetic
modification to generate chimeric antigen receptor (CAR) T cells
or T cell receptor (TCR) modified T cells that recognize cancer-
specific antigens (5). ACT using tumor infiltrating lymphocytes
(TILs) is being used to treat patients with advanced stage
melanoma and have mounted durable complete responses in up
to 20% of treated patients (6, 7). CAR-T cells targeting the shared
tumor antigen CD19 have been used to treat adult and pediatric
patients suffering from B-cell acute lymphocytic leukemia (8),
reaching up to 90% response rate in some clinical trials (9).

Clinical success of ACT has been correlated with the ability
of the transferred T cells to undergo post-infusion priming and
expansion, which is dependent on the phenotype of infused T
cells (10–12) as well as antigen presentation and activation of
dendritic cells (DCs) in the tumor-draining lymph node (tdLN)
(13–15). Following priming and expansion, the therapeutic
efficacy of the transferred T cells is dependent on their ability
to engraft the tumor and maintain their effector functions.
Thus, even sufficiently primed T cells can lose their tumor-
reactivity due to escape mechanisms adapted by the tumor
(16, 17), such as downregulation of the cognate antigen (18).
Accordingly, it has been found that many patients treated with
CAR-T cells targeting CD19 eventually suffer from relapse with
CD19-negative leukemias (19, 20). Tumor escape has also been
described in melanoma patients treated with TILs, where ACT
was found to alter the antigenic landscape by causing target
antigen downregulation (21). Relapse caused by loss of antigen
can be ameliorated by the engagement of endogenous T cells to
facilitate recognition of a broader tumor antigen repertoire (22–
24). This phenomenon, denoted epitope spreading, is facilitated
by peripheral, migratory DCs that transport antigen from the
tumor to the tdLN, where naïve, endogenous tumor-reactive T
cells can be primed (25) (Figure 1). Thereby the engagement of
DCs alongside ACT can help to facilitate a broader and durable
therapeutic response.

Another major obstacle to clinically efficient ACT is an
eventual inactivation of infused and endogenously primed T cells
via engagement of immune checkpoints, such as programmed
cell death protein 1 (PD-1) and cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), expressed by activated T cells
(26). Checkpoint blockade has been a major milestone in the field
of cancer immunotherapy and has shown remarkable clinical
success (27). Accordingly, in 2018, the discovery that inhibition
of negative immune regulation through checkpoint inhibition
could be utilized for cancer therapy was awarded with the
Nobel Prize jointly to James P. Allison and Tasuku Honjo (28).
Immune checkpoint engagement results in an inactivation of T
cells through binding of PD-1, expressed by activated T cells,
to programmed death-ligand 1 (PD-L1), expressed by cells of
the tumor stroma, e.g., cancer cells and other immune cells.
Priming and activation of T cells can also be inhibited by
interaction between CD28 on T cells and CTLA-4 expressed by
regulatory T cells (Tregs) (26). In order to become activated, T
cells must receive co-stimulatory signals from antigen presenting
cells, such as DCs, through interaction between CD28 and B7
(CD80 or CD86) and Tregs can prevent this interaction by

hijacking B7 through binding to CTLA-4, thereby blocking the
binding between CD28 and B7. Antibody-based blocking of
PD-1 or PD-L1 can therefore prevent inhibition of activated
T cells whereas CTLA-4 blockade can enhance the priming of
T cells.

Besides PD-1 and CTLA-4, other co-inhibitory receptors that
influence anti-tumor immune responses have been discovered.
In particular Lag-3 and T cell immunoreceptor with Ig and ITIM
domains (TIGIT) are of interest in this respect and blockade of
these receptors are being explored in clinical trials.

Lag-3 is upregulated by activated CD4+ and CD8+ T cells,
it structurally resembles the CD4 co-receptor and binds MHC
class II molecules with high affinity (29). Lag-3 is also expressed
by Tregs and Lag-3 blockade has been shown to abrogate the
suppressive functions of Tregs. Lag-3+ Tregs produces high
amounts of IL-10 and transforming growth factor beta (TGF-β)
and expand in tumor tissue of patients with melanoma and
colorectal cancer (30). In pre-clinical cancer models, Lag-3
expression has been found to be co-expressed with PD-1 on
tumor-infiltrating CD4+ and CD8+ T cells and co-blockade
of Lag-3 and PD-1 can improve the proliferation and cytokine
production of tumor-antigen specific CD8+ T cells (31). Also,
Lag-3 blockade has been shown to have a synergistic therapeutic
effect in combination with tumor antigen vaccination (32).

TIGIT is expressed by activated T cells, NK cells memory
T cells and a subset of Tregs. TIGIT binds to CD155 and
CD112 that are expressed by antigen-presenting cells (APCs),
T cells and other non-hematopoietic cells, including tumor
cells. Engagement of TIGIT to CD155 on DCs has been
shown to inhibit IL-12p40 production and instead induce IL-
10 production, thereby rendering DCs tolerogenic rather than
inflammatory (33). In this way, TIGIT can indirectly inhibit
the priming of tumor-reactive T cells but TIGIT engagement
can also directly induce T cell inhibition by blocking T cell
activation, proliferation, and acquisition of effector functions
(34). In Tregs, TIGIT expression marks a phenotype that
suppresses pro-inflammatory type I and type 17 responses and
TIGIT engagement on Tregs has been shown to induce IL-10
secretion (35). TIGIT has been shown to be highly expressed by
TILs in melanoma patients (36) and in murine tumors, the most
dysfunctional TIL phenotype is CD8+ T cells that co-express
TIGIT, PD-1, Tim-3, and Lag-3 (37). Consequently, in melanoma
patients, co-blockade of PD-1 and TIGIT has been shown to
improve proliferation, cytokine production and degranulation of
CD8+ TILs (36).

The use of PD-1 and CTLA-4 blockers has been shown
to increase the durable response rates and overall survival
of responding patients when administered as monotherapies.
However, the clinical benefits of the checkpoint blockers as
monotherapies are limited by relatively low objective response
rates, e.g., 10–16% for ipilimimab and 30–40% for nivolumab
and pembrolizumab in metastatic melanoma patients (38–40).
The combined treatment of ACT and checkpoint blockade
has however been explored with encouraging results. ACT in
combination with blockade of both PD-1 and CTLA-4 has shown
particularly good effects (41), most likely because the anti-PD-
1 treatment counteracts PD-L1-mediated inactivation of T cells
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FIGURE 1 | Therapeutic strategies to engage endogenous DCs alongside ACT to promote T cell priming and enhance effector functions. The therapeutic efficacy of

ACT can be enhanced by induction of epitope spreading which requires tumor antigen presentation by activated DCs. The T cell priming abilities of endogenous DCs

can be enhanced by promoting activation and antigen presentation e.g., through stimulation of TLRs, STING, or CD40, induction of immunogenic cell death or

vaccination with tumor- or viral antigens. Eventual inactivation of infused or endogenously primed T cells by engagement of checkpoint expressed by cells of the tumor

stroma can be inhibited by checkpoint blockade using antibodies targeting e.g., PD-1/PD-L1, CTLA-4, Lag-3, and TIGIT.

whereas anti-CTLA-4 enhances priming of endogenous tumor-
reactive T cells (42, 43). The combination of ACT and anti-
PDL1/PD-1 or CTLA-4might be of particular relevance as release
of IFN-γ by T cells in the TME has been shown to induce
checkpoint expression in both stromal cells and myeloid cell
subsets, thereby constituting a negative feedback loop which
hinders the continuous function of infused T cells (44, 45).

Clinical studies evaluating the efficacy of Lag-3 and TIGIT
inhibition are still in early phases and despite encouraging
results, the majority of patients still fail to respond to PD-1 or
CTLA-4 blockade as mono- or combination therapy. This lack

of sustained therapeutic responses can partly be attributed to
the actions of other immune suppressive mechanisms in the
tumor, e.g., secretion of amino acid depleting enzymes [such
as Arginase-1 and Indolamin-2,3-dioxygenase (IDO)], TGF-β
or IL-10 (46). For this reason, it can be necessary to include
additional treatments that counteract these immunosuppressive
mechanisms. There are several therapeutic strategies that can
be utilized for this purpose, but particularly stimulation of
endogenous DCs represents an interesting approach.

In this review, we will discuss strategies, that have been
described pre-clinically and clinically, to improve the efficacy of
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ACT and immune checkpoint blockade by engaging endogenous
DCs to support the effector functions of infused and endogenous
tumor-reactive T cells. Our primary focus will be on CD8+
T cells and the subsets of DCs that that are essential for
stimulating a tumor-reactive T cell response, i.e. cross-presenting
conventional type 1 dendritic cells (cDC1s) and type I interferon
(IFN) producing plasmacytoid DCs (pDCs).

DENDRITIC CELL SUBTYPES AND THEIR
ROLE IN T CELL PRIMING

In order to become activated and gain an effector phenotype,
naïve T cells must to be introduced to their cognate antigen
presented by activated APCs in the context of MHC molecules.
DCs are the most effective type of APCs and they are
indispensable for initiating an anti-tumor response (47). The
outcome of an interaction between a DC and a T cell is
however critically dependent on the activation status of the DC.
Consequently, antigen presentation by DCs in the absence of co-
stimulatory molecules or in the presence of co-inhibitory signals
can result in induction of antigen-specific CD8+ T cell tolerance
(48) or expansion of antigen-specific regulatory T cells (Tregs)
(49, 50). The tolerogenic DCs can be induced by IL-10 that causes
downregulation of co-stimulatory molecules and decreases the
secretion of inflammatory chemokines (51). Priming of tumor-
reactive T cells can therefore only be achieved if there is
availability of tumor antigens in an inflammatory environment
that also facilitates DC activation. DCs can become activated by
pathogen-associated molecular patterns (PAMPs), inflammatory
cytokines, and damage-associated molecular patterns (DAMPs)
(52). Activation of DCs stimulates intrinsic processes necessary
for T cell priming, including accumulation of MHC class
I molecules in MHC loading intracellular compartments
for enhanced cross-presentation (53), upregulation of co-
stimulatory molecules (54) and secretion of T cell promoting
cytokines (55).

Due to the pivotal role of the DC activation status on
T cell priming, tumor infiltration of immature or otherwise
functionally deficient DCs presents an obstacle for efficient
ACT. Non-activated tumor-associated DCs can contribute to the
induction of a tolerable environment that both limits the effector
functions of infused T cells and affects priming of endogenous T
cells (56). It is therefore relevant to discuss therapeutic strategies
that can increase the availability of tumor antigens and enhance
DC activation as adjuvant therapies to ACT. Enhancing the
tumor antigen presentation and DC activation will not only
remove a potential barrier to T cell functions, but also enhance
post-infusion priming of T cells and support the mobilization of
an endogenous T cell response.

Conventional Dendritic Cells
cDCs are the most effective types of APCs and they are dedicated
to the continuous sampling of antigen. Precursors to cDCs are
released from the bone marrow where after they enter lymphoid
organs or other peripheral sites and develop into migratory
or resident DC subsets (57). The migratory DCs travel to the

TABLE 1 | Main markers of dendritic cell subtypes.

Human Murine

cDC1 Surface markers

MHC II, CD11c, XCR1, CD141,

CLEC9A

Transcription factors

BATF3, IRF8

Surface markers

MHC II, CD11c, XCR1,

CD8a/CD103

Transcription factors

BATF3, IRF8

cDC2 Surface markers

MHC II, CD11c, CD1c, CD172a

Transcription factors

IRF4

Surface markers

MHC II, CD11c, CD11b, CD172a

Transcription factors

IRF4

pDC Surface markers

MHC II, CD11c, CD123, CD303,

CD304

Transcription factors

TCF4 (E2-2), BCL11A

Surface markers

MHC II, CD11c, Siglec-H, Ly-6C

Transcription factors

TCF4 (E2-2)

local lymph nodes (LNs) via the afferent lymph, where they are
able to mature and function (58, 59). Both human and murine
cDCs can be divided into cDC1s and cDC2s and these subtypes
can be further discriminated on the basis of surface marker
and transcription factor expression (Table 1). An important
difference between cDC1s and cDC2s is their ability to perform
cross-presentation (60), which is a process where exogenous
derived antigens are internalized, processed and presented on
MHC I molecules. Cross-presentation is a pre-requisite for
induction of a tumor reactive cytotoxic T cell response because it
enables the presentation of exogenous tumor antigens on MHC
class I molecules, which are normally presented on MHC class
II molecules. cDC1s are known to excel at cross-presentation of
antigen to CD8+ T cells and they are the main producers of
IL-12 (61, 62). In contrast, cDC2s orchestrate CD4+ T helper
responses (60).

In a cancer immunotherapy context, the important function
of intra-tumoural CD103+ cDC1s has been well-described pre-
clinically and via their function as the primary producers of
the T cell recruiting chemokine CXCL10, they are known to be
essential for tumor-homing of effector T cells (63). Furthermore,
migratory cDC1s are critical for the continuous trafficking of
tumor antigens to the draining LN in a CCR7-dependent process
(64, 65).

Plasmacytoid Dendritic Cells
pDCs are unique in their ability to rapidly produce vast amounts
of type I IFNs (IFN-α/β) in response to TLR stimulation (66). In
contrast to cDCs, pDCs develop fully in the bone marrow where
after they traffic to secondary lymphoid organs (67). Activated
pDCs are known to augment CD8+ T cell responses, even in
the absence of specific antigen stimulation (68). In addition,
studies indicate that TLR-activated pDCs can function as cross-
presenting cells (69–71) and even have direct cytotoxic effects
(72, 73).

The ability of pDCs to produce vast amounts of type I
IFNs upon activation is important for induction of cancer
immunity (74, 75). A pre-clinical study reported that tumor
rejection was dependent on secretion of type I IFNs (76) and
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this observation has later been seconded by a study reporting
that production of type I IFNs by DCs were required for priming
of tumor-reactive T cells and tumor elimination (77). Type I
IFNs have been found to promote cross-priming of CD8+ T cells
(78), enhance the division of activated CD8+ T cells (79) and
stimulate intratumoural accumulation of cross-presenting DCs
(80). Stimulating production of type I IFNs by pDCs therefore a
feasible strategy to augment tumor-reactivity.

STRATEGIES TO ENGAGE ENDOGENOUS
DCS FOR IMPROVED ACT EFFICACY

Because engagement of DCs alongside ACT is pivotal for
broadening the tumor-reactive response, it is relevant to explore
treatment strategies that can be used to stimulate DC activation
and/or antigen presentation. In this review, the focus will be
on pre-conditioning with chemotherapeutics or radiotherapy,
peptide or DC-based vaccination, stimulation with toll-like
receptor (TLR) agonists or stimulator of interferon genes
(STING) agonists, and CD40 ligation as adjuvant treatments to
ACT and checkpoint inhibition.

Pre-conditioning With Chemotherapeutics
or Radiotherapy
It is well-established that ACT following lymphodepletion can
enhance anti-tumor reactivity in murine and human hosts
(81–83), and lymphodepleting pre-conditioning is a standard
treatment before T cell infusion in human patients (84).
Lymphodepletion refers to an elimination of endogenous
lymphocytes, which can be achieved by treatment with a low
dose of radiotherapy (RT) or a chemotherapeutic agent, typically
cyclophosphamide (CPX) and Fludarabine. Lymphodepletion
results in a more pronounced tumor regression than observed
with ACT alone and there are several proposed mechanisms
behind the improved immunity. Depletion of immune cell
subsets that can suppress tumor-reactive T cells, in particular
Tregs, has been suggested as an important feature of pre-
conditioning before ACT. Pre-clinically, a single treatment with
a low dose of doxorubicin or paclitaxel was found to reduce
the amount of Tregs and increase the amount of adoptively
transferred CD8+ T cells in EG.7-OVA tumors, compared to
tumors of mice treated only with chemotherapy or ACT. In this
study, it was also found that the frequency of myeloid derived
suppressor cells (MDSCs), that can inhibit tumor-reactive T cells
through secretion of anti-inflammatory cytokines and amino
acid depletion, decreased in the combination treatment groups
(85). In a clinical study with metastatic melanoma patients,
pre-conditioning with non-myeloablative chemotherapy before
adoptive transfer of TILs was likewise shown to decrease
the frequency of peripheral CD4+ FoxP3+ Tregs, which in
turn correlated with an improved response to the ACT (86).
Another proposed mechanism for enhanced ACT efficacy after
pre-conditioning is an increased availability of homeostatic
cytokines for the infused T cells (87). Under normal physiological
circumstances, IL-7, IL-15, and IL-21 exert a supportive role
for endogenous T cells because they stimulate homeostatic

proliferation. Lymphodepletion, as a result of pre-conditioning,
results in a decrease in the endogenous T cell population, which
in turn increases the availability of IL-7, IL-15, and IL-21 to
support proliferation of adoptively transferred T cells (81).

Enhanced functionality of APCs, in particular DCs, is also
believed to play an important role in mediating the enhanced
anti-tumor reactivity of adoptively transferred T cells following
pre-conditioning (88–90). A pre-clinical study demonstrated that
pre-conditioning with CPX enhanced the proliferative capacity
of bone marrow-derived DC precursors (91). Compared to
untreated control mice, bone marrow harvested from CPX-
treated mice generated higher numbers of DCs with the ability
to become activated in response to TLR stimulation and prime
T cells in vitro. These results were in line with previous findings
demonstrating that lymphodepletion with a single dose of CPX
induced expansion of immature DCs that could be detected
in the peripheral blood 8–16 days post treatment (92). Pre-
conditioning with CPX followed by a DC based vaccine has
also been found to enhance the anti-tumor response in murine
hosts, even in the absence of ACT (93), suggesting that CPX
stimulates priming of endogenous T cells. Another proposed
mechanism, behind the enhanced DC function following pre-
conditioning, is induction of immunogenic cancer cell death,
which is a result of the anti-proliferative and cytotoxic effects of
chemotherapy or ionizing radiation (94–96). Immunogenic cell
death involves exposure of several plasma membrane markers
that enhances DC functions, e.g., HSP70 and calreticulin that
stimulates cross-presentation of tumor derived antigens and
phagocytosis, repectively (97). In response to plasma membrane
markers associated with immunogenic cell death, DCs become
activated and release cytokines, which supports the process of
creating a pro-inflammatory environment for T cell priming and
activation (98). Immunogenic cell death is also a determining
factor for antigen trafficking and presentation by DCs in the
tdLN (99). In particular RT is known to induce immunogenic
cell death and is therefore a potent DC stimulator. RT also
influences APCs directly by inducing cell-intrinsic changes that
affect the activation status. This was demonstrated in a study
where a single high dose of local RT promoted the activation
and functional maturation of a human antigen-presenting cell
line through intrinsic DNA damage and p53 activation (100).
Also a RT-dependent release of Type I IFNs has been found to
be an important contributor to activation of tumor infiltrating
innate immune cells, including DCs (101). On the contrary, RT
might increase the secretion of TGF-β, which in turn can inhibit
the activation and maturation of DCs, and pre-clinical studies
have shown that TGF-β blockade enhances the efficacy of RT
(102, 103). Negative effects on APCs and consequently the anti-
tumor immunity have however also been reported as an effect
of RT. In a pre-clinical study, a single dose of RT was found
to cause a significant decrease in the amount of CD8+ DCs in
murine spleens, which correlated with a switch from a Th1 to a
Th2T cell response (104). In the same study, an analysis of blood
samples from RT-treated patients revealed a significant decrease
in the frequency of circulating BDCA3+ DCs. Evidently, RT can
affect APC function and consequently the anti-tumor immunity
in different ways. The main outcome does however seem to be

Frontiers in Immunology | www.frontiersin.org 5 September 2020 | Volume 11 | Article 578349119120

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hübbe et al. Enhancing Adoptive T-Cell Therapy

mostly favorable for supporting anti-tumor T cell priming and
pre-conditioning using RT or chemotherapy remains to be a
well-established therapeutic strategy that enhances the efficacy
of ACT.

Vaccination
Pre-clinical and clinical studies have demonstrated that the
in vivo expansion, persistence and poly-functionality of infused
T cells can be enhanced by providing post-transfer vaccination.
Vaccination can facilitate post-infusion priming of adoptively
transferred T cells, which stimulates the expansion and
functionality and enhances the tumor-reactivity. Clinical trials
combining ACT and post-infusion vaccination with viral or
tumor antigens are in early stages and with a primary focus on
evaluating safety and applicability but encouraging findings have
been reported.

Several strategies for enhancing the post-infusion effect of
adoptively transferred T cells by vaccination have been explored.
One of these is to exploit the ability of viral antigens to stimulate
potent T cell activation and expansion, as well as promoting
central memory formation. A recent study demonstrated that
vaccination with Epstein Barr Virus (EBV) antigen improved the
persistence of CD19 CAR T cells modified to recognize EBV in
relapsed pediatric acute lymphoblastic leukemia patients (105).
In this study, donor Epstein–Barr virus (EBV)-specific cytotoxic
T-cells were genetically modified to express a CD19CAR to
enhance the long-term persistence of the transferred T cells
but also to facilitate a more physiologically relevant expansion
of the CARs and avoid cytokine mediated toxicities. An
initial patient cohort treated only with the EBV CD19CARs
showed poor post-infusion persistence and expansion, but
EVB CD19CARs combined with post-infusion EBV vaccination
showed enhanced persistence without induction of cytokine
release syndrome, neurotoxicity or graft vs. host disease. Another
study evaluated the effects of combining a DC-based vaccine
with cytomegalovirus (CMV) antigens and CMV-specific T
cell transfer in glioblastoma patients (106). CMV-antigens have
previously been found to be expressed by GBM which in this
study was leveraged to enhance the expansion and persistence of
adoptively transferred CMV pp65-specific T cells. For this study,
autologous DCs were transfected with CMV pp65 mRNA and
infused following adoptive T cell transfer. The results showed
that DC vaccination with the CMV pp65 mRNA gave an increase
in the frequency of polyfunctional CMV pp65-specific CD8+ T
cells with simultaneous expression of IFN-y and TNF-α. This
increase in polyfunctional antigen-specific T cells correlated with
an improved overall survival.

Stimulating TAA-specific adoptively transferred T cells with
post-infusion TAA vaccination has also shown promising results
in pre-clinical and clinical trials. Recently, a pre-clinical study
found that the persistence and activity of infused CAR-T cells
could be enhanced by a tumor antigen vaccination (107). Results
from this study showed that the CAR-T cells could undergo post-
infusion priming in lymphoid organs which triggered extensive
expansion and enhanced anti-tumor efficacy. These results were
in line with findings from a previous study demonstrating that
a DC-based tumor antigen vaccination significantly enhanced

the proliferation, cytokine production and tumor infiltration of
infused T cells (108).

Other clinical trials have reported encouraging results related
to the objective clinical response of cancer patients treated with
the ACT and post-infusion TAA vaccination. In line with these
findings, a clinical phase II trial reported an improved 5 year
recurrence-free and prolonged overall survival of patients with
invasive hepatocellular carcinoma who received a post-operative
DC based vaccine combined with ACT (109). This treatment was
based on autologous tumor lysate pulsed DCs and transfer of
activated T cells.

Recent research has provided evidence of the existence
of so-called “anti-regulatory T cells” that recognize
immunosuppressive molecules (110, 111). Studies have shown
that both human cancer patients and healthy individuals have
CD8+ and CD4+ T cells that can respond to factors associated
with immune suppression, such as PD-L1 (112), arginase-1
(113), arginase-2 (114), and IDO (115, 116). The existence of
anti-regulatory T cells represents an interesting potential of
vaccinating against immune suppressive subsets that express
these immunomodulatory molecules, e.g., M2 macrophages,
MDSCs, and Tregs. Accordingly, an interesting study showed
that the immunogenicity of a DC-based vaccine against p53
could be enhanced by co-stimulation with a PD-L1 derived
epitope (117). This could potentially be one mechanism to
counter-act the inflammation-induced suppressive mechanisms
that can counter-act the anti-tumor effects of T cells.

The ability to combine ACT with vaccination, either with viral
antigens or TAAs, represents an interesting approach to enhance
the efficacy of ACT. The persistence of infused T cells have
been linked to therapeutic efficacy (118, 119) and because post-
transfer vaccination has been shown to enhance the persistence of
infused T cells, future studies should further explore the concept
of enhancing ACT with post-infusion vaccination.

TLR Stimulation
A well-established way to activate DCs is by stimulation
with TLR agonists. TLRs are a type of pattern recognition
receptors (PRRs) that comprise a group of endosomal and
plasma-membrane associated proteins expressed on DCs and
other innate immune cells, such as macrophages (120). TLRs
are conventionally used as vaccine adjuvants (121) and when
DCs or macrophages are stimulated through TLRs, a process
of activation and maturation is initiated which results in
secretion of T cell activating cytokines such as TNF-α, IL-
6, IL-12, and type I IFNs (122). To this date, three TLR
agonists have been approved by US regulatory agencies to
treat cancer patients; (1) Imiquimod, a TLR7 agonist used to
treat superficial basal cell carcinoma, (2) Bacillus Calmette-
Guérin (BCG), supposedly stimulating TL2, TLR3, and TLR9,
used to treat non-invasive transitional cell carcinoma of the
bladder, and (3) monophosphoryl lipid A (MPL) stimulating
TLR4 and used in a prophylactic vaccine against HPV-
virus (123).

TLR stimulation can be used in combination with tumor
antigen delivery to ensure activation of antigen presenting DCs.
TLR stimulation can however also be used as an adjuvant
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treatment to other cancer therapies that induce tumor antigen
release, such as RT. The combination of TLR stimulation and
RT has been explored in pre-clinical studies with encouraging
results. A study reported that intravenous administration of
the TLR7 agonist resiquimod (R848) in combination with RT
lead to clearance of established tumors in murine lymphoma
models (124). The treatment effect was associated with expansion
of tumor-antigen specific CD8+ cells and improved survival
of the treated mice. These results were in line with findings
from other pre-clinical studies demonstrating that TLR7/8
agonists can be potent adjuvants to RT by boosting antigen-
presentation by DCs in subcutaneous and orthotopic mouse
models of colorectal and pancreatic cancer (125). Similarly,
systemic administration of a TLR7 agonist in combination with
RT has been shown to prime a tumor-reactive CD8+ T cell
response and result in improved survival in syngeneic models of
colorectal carcinoma and fibrosarcoma (126). The combination
of RT and TLR stimulation is interesting because the RT-
induced availability of tumor antigens at the tumor site can be
exploited to stimulate an endogenous tumor response. RT acts
directly on cancer cells and introduce DNA damage that, if left
unrepaired, results in cell death (95, 96). This can stimulate
an anti-tumor T cell response, when APCs engulf (parts of)
dying cancer cells for subsequent T cell priming. In this setting,
TLR stimulation can feed into the circle of events and boost
activation and antigen-presentation of DCs that enhances the T
cell priming.

To the best of our knowledge, no clinical trials evaluating the
effect of enhancing ACT efficacy by TLR stimulation have so
far been completed. Pre-clinical studies have however described
the use of TLR stimulation to augment ACT with encouraging
results. A recent study reported that the administration of
the TLR4 agonist Lipopolysaccharid (LPS) could augment the
tumor-reactivity of adoptively transferred pmel-1 CD8+ T cells
in mice with established B16.F10 tumors (127). Administration
of MPL and the TLR9 agonist CpG ODN likewise potentiated
the anti-tumor activity of infused CD8+ T cells. These results
were in line with findings from a previous study demonstrating
that TLR3 stimulation and a tumor antigen vaccination increased
the expansion and anti-tumor efficacy of adoptively transferred
antigen-specific pmel-1 CD8+ T cells in pre-conditioned
B16.F10 tumor-bearing mice (92).

Although TLR agonists are effective vaccine adjuvants,
the overall beneficial effect of TLR stimulation as cancer
immunotherapy is debated. The concept is complicated
by the fact that TLRs are not only expressed by immune
cells but also by cancer cells (128) and TLR expression by
cancer cells has been linked to metastasis in breast cancer
(129) and esophageal squamous cell carcinoma (130).
Accordingly, the reported effects of TLR treatment as a
cancer immunotherapy have been mixed (123, 131), reflecting
issues with toxicity and supposedly the complexity of TLR
expression in the tumor microenvironment. Therefore,
additional research is needed to further elucidate the effect
of TLR stimulation as a cancer immunotherapy and current
issues related to safety and administration of TLR agonists have
to be resolved.

STING Agonists
Given the importance of type I IFNs in cancer immunity, efforts
have been put into identifying pathways that are responsible for
or linked to secretion of type I IFNs. Recent findings have pointed
toward a crucial role for the STING pathway in this process
(132). STING is an adapter molecule that becomes activated
by cyclic dinucleotides generated by cyclic GMP-AMP synthase,
which in turn is activated by cytosolic DNA. Activated STING
phosphorylates interferon regulatory factor 3 (IRF3) that directly
contributes to type I IFN gene transcription (133). One study
found that spontaneous tumor-reactive CD8+T cell priming was
defective in STING−/− mice and that STING pathway activation
and IFN-β production correlated with DNA detection in tumor
infiltrating DCs (134). The STING pathway therefore appears
to be involved in detecting the presence of a tumor to drive
DC activation and subsequent T cell priming against tumor
associated antigens.

STING agonists have been shown to have therapeutic
implications for stimulating anti-tumor T cell reactivity. Pre-
clinical studies have described that treatment with STING
agonists can induce an increase in the abundance and
functionality of tumor-infiltrating cytotoxic T cells associated
with tumor regression (135–137) and STING stimulation has
also been shown to antagonize expansion of immune suppressive
myeloid derived suppressor cells (138). Interestingly, a pre-
clinical study recently demonstrated that co-delivery of a STING
agonist and CAR-T cells resulted in elimination of tumor cells
that were not recognized by adoptively transferred CAR-T cells as
monotherapy (139). The combined delivery of a STING agonist
and CAR-T cells resulted in a synergistic activation of APCs and
was associated with prolonged survival and protection against
tumor escape. These results indicate that STING activationmight
enhance the effect of CAR-T cell therapy by broadening the
tumor-reactive T cell response.

Given the ability of STING to stimulate priming of tumor-
reactive T cells through DC activation, it is likely that STING
activation can enhance epitope spreading when combined with
ACT. The combination of STING and checkpoint inhibitors
is being tested in clinical settings and has been shown to
enhance the therapeutic response to chemotherapy in patients
with ovarian cancer (140). A study done in a pre-clinical
model of head and neck cancer also demonstrated that the
combined treatment of STING and PD-1 blockade could enhance
local and systemic immunity and reverse adaptive resistance to
chemotherapy (141). The ability to (re)establish tumor immunity
using STING and checkpoint inhibition indicates that STING
activation can expand pre-existing tumor reactivity, perhaps by
broadening the tumor response. STING activation could thereby
support the therapeutic efficacy of adoptively transferred T cells
by activating APCs that in turn can cross-prime endogenous
tumor-reactive T cells.

CD40 Stimulation
Another well-established mechanism, which is implicated in
priming of tumor-reactive T cells, is engagement of the
CD40/CD40L axis. CD40 is a member of the Tumor necrosis
factor (TNF) receptor family and is expressed by a range of
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different cell types including DCs, B cells, platelets and non-
hematopoietic cells such as endothelial cells, fibroblasts and
some types of cancer cells (142). Ligation of CD40 on DCs
has been found to upregulate the expression of co-stimulatory
molecules (e.g., CD80 and CD86) and MHC molecules, induce
secretion of pro-inflammatory cytokines and enhancing the
antigen processing machinery (143). Stimulation with CD40
agonists has been shown to stimulate the T cell priming abilities
of DCs and lead to potent anti-tumor T cell immunity in pre-
clinical models. Early mechanistic studies also demonstrated that
CD40 stimulation can enhance the efficacy of tumor antigen
vaccination (144, 145), induce activation of endogenous CD4+
T cells (144) and reverse cytotoxic T cell tolerance (145).
Interestingly, pre-clinical studies indicate that activated CD8+
T cells are able to boost IL-12 production by DCs through
expression of CD40L. Consequently, this could provide a positive
feedback loop for adoptively transferred T cells through the
engagement of DCs (146).

The ability of CD40 stimulation to enhance the efficacy
of ACT has been evaluated in different pre-clinical models.
Recently, a study showed that lymphodepleting WBI in
combination with CD40 stimulation enhanced the accumulation
of infused T cells in amurine pancreatic tumormodel (147). Here
it was demonstrated that the combination of CD40 stimulation,
WBI and ACT enhanced the proliferation of infused T cells,
promoted high levels of tumor inflammation and was associated
with tumor regression and prolonged survival of treated mice.
These findings were in line with observations from a previous
study, where CD40 stimulation was shown to boost the anti-
tumor activity of ACT in murine B16.F10 tumors (148). Here, a
monoclonal antibody targeting CD40 was combined with ACT
and administration of IL-2. This combination improved the
expansion of the infused T cells and was associated with tumor
regression. The results also showed that the T cell expansion
was dependent on IL-12 and expression of CD80 and CD86 by
endogenous DCs.

The use of CD40 agonists has also been tested as cancer
immunotherapy in clinical settings. A paper recently summarized
the long-term outcomes of a phase I study of agonistic CD40
antibody and CTLA-4 treatment ofmetastaticmelanoma patients
(149). Here it was found that the therapy was associated
with increased tumor T cell infiltration, T cell reinvigoration
and T cell clonal expansion. The positive effects of CD40
stimulation on T cell priming can however not necessarily be
attributed to DC stimulation alone. Co-stimulatory signaling
through CD40/CD40L interaction influences not only DCs but
also macrophages and in particular B cells. CD40 stimulation
promotes the survival and expansion of B cells and supports
their development into antibody-secreting plasma cells and
memory B cells. CD40 stimulated B cells also undergo somatic
hyper-mutation of the Ig, which gives and enhanced antigen-
affinity (150). Importantly, since B cells can also function as
APCs, it is possible that the enhanced T cell functions as a
result of CD40 stimulation can be attributed to the effects
of both activated B cells and DCs. Collectively, findings from
pre-clinical and clinical studies indicate that CD40 agonists,
via the ability of CD40 stimulation to enhance APC functions

and T cell priming, could be a feasible adjuvant therapy
to ACT.

DISCUSSION

The post-infusion performance of adoptively transferred T
cells is critically dependent on several factors, in particular
the composition of the TME that can favor or suppress the
tumor-reactivity of the T cells. Studies have also linked the
post-infusion performance to the differentiation status of the
adoptively transferred T cells, with less differentiated T cells, such
as naïve or stem cell memory T cells, having greater capacity for
expansion and persistence after transfer. The T cells used for ACT
typically have a more differentiated effector T cell phenotype at
the time of infusion, because the in vitro expansion step of the
process involves activating and stimulating T cell proliferation to
reach a large number of cells. This activation and stimulation of
T cells induce a stepwise differentiation process, which ultimately
leads to generation of T cells with a terminally differentiated
and short-lived effector phenotype that is suboptimal for ACT
(151). Because T cells with a less differentiated phenotype have
greater post-infusion expansion and persistence potential (10,
12), efforts are being put into designing strategies to maintain
the less differentiated phenotype of T cells used for ACT. These
strategies include optimizing the T cell culture conditions to
preserve a less differentiated phenotype during expansion. This
can be done e.g., by adding specific (combinations of) cytokines
(152, 153), small molecule inhibitors (154, 155) or co-stimulatory
molecules (156, 157) to the culture medium. Another strategy
is to generate antigen-specific T cells that are induced from
pluripotent stem cells (158, 159). The less differentiated T cells
are however critically dependent on post-infusion priming with
their cognate antigen to have any tumor-reactivity, which can
be provided through endogenous DC stimulation. Therefore, if
T cells with e.g., a stem cell memory phenotype are being used
for ACT, it could be favorable to combine the T cell infusion
with post-infusion vaccination with the cognate antigen of the
T cells. If T cells with a more differentiated phenotype, such
as effector memory, are being infused, the secretion of pro-
inflammatory cytokines might be sufficient for enhancing the
post-infusion expansion and persistence. When choosing the
optimal add-on therapy to ACT, it is therefore important to
take into consideration the differentiation status of the infused
T cells.

In addition to the examples given above, another emerging
strategy is to modify the T cell product prior to infusion, thereby
“arming” the T cells with the ability to engage endogenous
DCs. Recent pre-clinical studies have investigated ACT with
genetically modified T cells expressing membrane-anchored IL-
12 (160), which is known to increase co-stimulation by dendritic
cells. In addition, T cells engineered to express the DC-recruiting
cytokine FLT3L, was recently shown to enhance efficacy and
support epitope spreading after ACT therapy (161). With the
advancements made within engineering of T cells for ACT, it is
feasible to include the DC-priming strategy—not only as an add-
on treatment, but also as an intrinsic property of the transferred
T cells.
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CONCLUDING REMARKS

The concept of ACT has been manifested as a promising
therapeutic option for a subgroup of patients with melanoma and
hematological malignancies. To further improve the therapeutic
efficacy of ACT, and to broaden the application to other types of
solid cancers, it is necessary to expand our knowledge on factors
that can enhance the post-infusion persistence and functionality
of transferred T cells. Engagement of DCs, as an adjuvant therapy
to ACT, can stimulate a broader tumor-reactive response by
priming endogenous T cells and facilitate post-infusion priming
of adoptively transferred T cells. Accordingly, the combination
of ACT and DC-activating treatments such as TLR or STING
agonists, as well as CD40 stimulation and vaccination with viral
or tumor antigens, has been found to have implications for the
in vivo expansion, persistence and polyfunctionality of infused T
cells. Engagement of activated DCs alongside ACT has also been
associated with improved tumor control and prolonged survival
in pre-clinical models. The addition of checkpoint blockade
alongside ACT and DC stimulation can be utilized to counteract

an eventual inactivation of tumor-reactive T cells and might
provide an additional synergistic effect. The combination of ACT,
treatments that activates and/or induces antigen presentation of
DCs and checkpoint blockade therefore represents an interesting
therapeutic strategy that potentially can enhance the efficacy and
broaden the applicability of ACT in the future.

AUTHOR CONTRIBUTIONS

MH and DJ did the literature search and wrote the review.
TA and MA revised and approved the final version of the
review. All authors contributed to the article and approved the
submitted version.

FUNDING

During the writing of this review, DJ and MH have been
employed with funding received from the Independent Research
Fund Denmark and Herlev Hospital. The funders were not
involved in the compilation of the review.

REFERENCES

1. Chen DS, Mellman I. Oncology meets immunology: the cancer-immunity

cycle. Immunity. (2013) 39:1–10. doi: 10.1016/j.immuni.2013.07.012

2. Met Ö, Jensen KM, Chamberlain CA, Donia M, Svane IM. Principles of

adoptive T cell therapy in cancer. Semin Immunopathol. (2019) 41:49–

58. doi: 10.1007/s00281-018-0703-z

3. Rosenberg SA, Spiess P, Lafreniere R. A new approach to the adoptive

immunotherapy of cancer with tumor-infiltrating lymphocytes. Science.

(1986) 233:1318–21. doi: 10.1126/science.3489291

4. Boon T, van der Bruggen P. Human tumor antigens recognized by T

lymphocytes. J Exp Med. (1996) 183:725–9. doi: 10.1084/jem.183.3.725

5. Kershaw MH, Westwood JA, Darcy PK. Gene-engineered T cells for cancer

therapy. Nat Rev Cancer. (2013) 13:525–41. doi: 10.1038/nrc3565

6. Rosenberg SA, Yang JC, Sherry RM, Kammula US, Hughes MS, Phan

GQ, et al. Durable complete responses in heavily pretreated patients with

metastatic melanoma using T-cell transfer immunotherapy. Clin Cancer Res.

(2011) 17:4550–7. doi: 10.1158/1078-0432.CCR-11-0116

7. Besser MJ, Shapira-Frommer R, Treves AJ, Zippel D, Itzhaki O,

Hershkovitz L, et al. Clinical responses in a phase II study using

adoptive transfer of short-term cultured tumor infiltration lymphocytes

in metastatic melanoma patients. Clin Cancer Res. (2010) 16:2646–

55. doi: 10.1158/1078-0432.CCR-10-0041

8. Park JH, Geyer MB, Brentjens RJ. CD19-targeted CAR T-cell therapeutics

for hematologic malignancies: interpreting clinical outcomes to date. Blood.

(2016) 127:3312–20. doi: 10.1182/blood-2016-02-629063

9. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al.

Tisagenlecleucel in children and young adults with B-Cell lymphoblastic

leukemia. N Engl J Med. (2018) 378:439–48. doi: 10.1056/NEJMoa1709866

10. Zhou J, Shen X, Huang J, Hodes RJ, Rosenberg SA, Robbins PF. Telomere

length of transferred lymphocytes correlates with in vivo persistence and

tumor regression in melanoma patients receiving cell transfer therapy. J

Immunol. (2005) 175:7046–52. doi: 10.4049/jimmunol.175.10.7046

11. Hinrichs CS, Borman ZA, Cassard L, Gattinoni L, Spolski R, Yu Z, et al.

Adoptively transferred effector cells derived from naive rather than central

memory CD8+ T cells mediate superior antitumor immunity. Proc Natl

Acad Sci USA. (2009) 106:17469–74. doi: 10.1073/pnas.0907448106

12. Klebanoff CA, Gattinoni L, Torabi-Parizi P, Kerstann K, Cardones AR,

Finkelstein SE, et al. Central memory self/tumor-reactive CD8+ T cells

confer superior antitumor immunity compared with effectormemory T cells.

Proc Natl Acad Sci USA. (2005) 102:9571–6. doi: 10.1073/pnas.0503726102

13. McDonnell AM, Currie AJ, Brown M, Kania K, Wylie B, Cleaver

A, et al. Tumor cells, rather than dendritic cells, deliver antigen to

the lymph node for cross-presentation. Oncoimmunology. (2012) 1:840–

6. doi: 10.4161/onci.20493

14. Marzo AL, Lake RA, Lo D, Sherman L, McWilliam A, Nelson D, et al.

Tumor antigens are constitutively presented in the draining lymph nodes.

J Immunol. (1999) 162:5838–45.

15. Munn DH, Mellor AL. The tumor-draining lymph node as

an immune-privileged site. Immunol Rev. (2006) 213:146–

58. doi: 10.1111/j.1600-065X.2006.00444.x

16. Khong HT, Nicholas Restifo P. Natural selection of tumor variants in the

generation of “tumor escape” phenotypes. Nat Immunol. (2006) 3:999–

1005. doi: 10.1038/ni1102-999

17. Sharma P, Hu-Lieskovan S, Wargo JA, Ribas A. Primary, adaptive,

and acquired resistance to cancer immunotherapy. Cell. (2017) 168:707–

23. doi: 10.1016/j.cell.2017.01.017

18. Olson BM, McNeel DG. Antigen loss and tumor-mediated

immunosuppression facilitate tumor recurrence. Expert Rev Vaccines.

(2012) 11:1315–7. doi: 10.1586/erv.12.107

19. Brown CE, Mackall CL. CAR T cell therapy: inroads to

response and resistance. Nat Rev Immunol. (2019) 19:73–

4. doi: 10.1038/s41577-018-0119-y

20. Gardner R,WuD, Cherian S, FangM,Hanafi LA, Finney O, et al. Acquisition

of a CD19-negative myeloid phenotype allows immune escape of MLL-

rearranged B-ALL from CD19 CAR-T-cell therapy. Blood. (2016) 127:2406–

10. doi: 10.1182/blood-2015-08-665547

21. Verdegaal EME, de Miranda NFCC, Visser M, Harryvan T, van

Buuren MM, Andersen RS, et al. Neoantigen landscape dynamics

during human melanoma–T cell interactions. Nature. (2016) 536:91–

5. doi: 10.1038/nature18945

22. Pilon SA, Kelly C, Wei W-Z. Broadening of epitope recognition

during immune rejection of ErbB-2-positive tumor prevents

growth of ErbB-2-negative tumor. J Immunol. (2003) 170:1202–

8. doi: 10.4049/jimmunol.170.3.1202

23. Heckler M, Dougan SK. Unmasking pancreatic cancer: epitope

spreading after single antigen chimeric antigen receptor T-

cell therapy in a human phase I trial. Gastroenterology. (2018)

155:11–4. doi: 10.1053/j.gastro.2018.06.023

24. Walsh SR, Lichty BD, Wan Y. Endogenous T cells prevent tumor immune

escape following adoptive T cell therapy. J Clin Invest. (2019) 129:5400–

10. doi: 10.1172/JCI126199

Frontiers in Immunology | www.frontiersin.org 9 September 2020 | Volume 11 | Article 578349123124

https://doi.org/10.1016/j.immuni.2013.07.012
https://doi.org/10.1007/s00281-018-0703-z
https://doi.org/10.1126/science.3489291
https://doi.org/10.1084/jem.183.3.725
https://doi.org/10.1038/nrc3565
https://doi.org/10.1158/1078-0432.CCR-11-0116
https://doi.org/10.1158/1078-0432.CCR-10-0041
https://doi.org/10.1182/blood-2016-02-629063
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.4049/jimmunol.175.10.7046
https://doi.org/10.1073/pnas.0907448106
https://doi.org/10.1073/pnas.0503726102
https://doi.org/10.4161/onci.20493
https://doi.org/10.1111/j.1600-065X.2006.00444.x
https://doi.org/10.1038/ni1102-999
https://doi.org/10.1016/j.cell.2017.01.017
https://doi.org/10.1586/erv.12.107
https://doi.org/10.1038/s41577-018-0119-y
https://doi.org/10.1182/blood-2015-08-665547
https://doi.org/10.1038/nature18945
https://doi.org/10.4049/jimmunol.170.3.1202
https://doi.org/10.1053/j.gastro.2018.06.023
https://doi.org/10.1172/JCI126199
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hübbe et al. Enhancing Adoptive T-Cell Therapy

25. Johnson LA, Sanchez-Perez L, Suryadevara CM, Sampson JH. Chimeric

antigen receptor engineered T cells can eliminate brain tumors and

initiate long-term protection against recurrence. Oncoimmunology. (2014)

3:e944059. doi: 10.4161/21624011.2014.944059

26. Pardoll DM. The blockade of immune checkpoints in cancer

immunotherapy. Nat Rev Cancer. (2012) 12:252–64. doi: 10.1038/nrc3239

27. Costa R, Carneiro BA, Agulnik M, Rademaker AW, Pai SG, Villaflor VM,

et al. Toxicity profile of approved anti-PD-1 monoclonal antibodies in solid

tumors: a systematic review and meta-analysis of randomized clinical trials.

Oncotarget. (2017) 8:8910–20. doi: 10.18632/oncotarget.13315

28. Guo ZS. The 2018 Nobel Prize in medicine goes to cancer

immunotherapy (editorial for BMC cancer). BMC Cancer. (2018)

18:1086. doi: 10.1186/s12885-018-5020-3

29. Huard B, Prigent P, Tournier M, Bruniquel D, Triebel F. CD4/major

histocompatibility complex class II interaction analyzed with CD4- and

lymphocyte activation gene-3 (LAG-3)-Ig fusion proteins. Eur J Immunol.

(1995) 25:2718–21. doi: 10.1002/eji.1830250949

30. Camisaschi C, Casati C, Rini F, Perego M, De Filippo A, Triebel F, et al.

LAG-3 expression defines a subset of CD4+ CD25 high Foxp3+ regulatory

T cells that are expanded at tumor sites. J Immunol. (2010) 184:6545–

51. doi: 10.4049/jimmunol.0903879

31. Matsuzaki J, Gnjatic S, Mhawech-Fauceglia P, Beck A, Miller A, Tsuji T, et al.

Tumor-infiltrating NY-ESO-1-specific CD8+ T cells are negatively regulated

by LAG-3 and PD-1 in human ovarian cancer. Proc Natl Acad Sci USA.

(2010) 107:7875–80. doi: 10.1073/pnas.1003345107

32. Grosso JF, Kelleher CC, Harris TJ, Maris CH, Hipkiss EL, De Marzo A,

et al. LAG-3 regulates CD8+ T cell accumulation and effector function in

murine self- and tumor-tolerance systems. J Clin Invest. (2007) 117:3383–

92. doi: 10.1172/JCI31184

33. Yu X, Harden K, Gonzalez LC, Francesco M, Chiang E, Irving B, et al.

The surface protein TIGIT suppresses T cell activation by promoting the

generation of mature immunoregulatory dendritic cells. Nat Immunol.

(2009) 10:48–57. doi: 10.1038/ni.1674

34. Joller N, Hafler JP, Brynedal B, Kassam N, Spoerl S, Levin SD, et al. Cutting

edge: TIGIT has T cell-intrinsic inhibitory functions. J Immunol. (2011)

186:1338–42. doi: 10.4049/jimmunol.1003081

35. Joller N, Lozano E, Burkett PR, Patel B, Xiao S, Zhu C, et al.

Treg cells expressing the coinhibitory molecule TIGIT selectively inhibit

proinflammatory Th1 and Th17 cell responses. Immunity. (2014) 40:569–

81. doi: 10.1016/j.immuni.2014.02.012

36. Chauvin JM, Pagliano O, Fourcade J, Sun Z, Wang H, Sander C, et al. TIGIT

and PD-1 impair tumor antigen-specific CD8+T cells inmelanoma patients.

J Clin Invest. (2015) 125:2046–58. doi: 10.1172/JCI80445

37. Kurtulus S, Sakuishi K, Ngiow SF, Joller N, Tan DJ, Teng MWL, et al. TIGIT

predominantly regulates the immune response via regulatory T cells. J Clin

Invest. (2015) 125:4053–62. doi: 10.1172/JCI81187

38. Stephen Hodi F, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen

JB, et al. Improved survival with ipilimumab in patients with metastatic

melanoma. N Engl J Med. (2010) 8:711–34. doi: 10.1056/NEJMoa1003466

39. Robert C, Thomas L, Bondarenko I, O’Day S, Weber J, Garbe C, et al.

Ipilimumab plus dacarbazine for previously untreated metastatic melanoma.

N Engl J Med. (2011) 364:2517–26. doi: 10.1056/NEJMoa1104621

40. Robert C, Long GV, Brady B, Dutriaux C, Maio M, Mortier L, et al.

Nivolumab in previously untreated melanoma without BRAF mutation. N

Engl J Med. (2015) 372:320–30. doi: 10.1056/NEJMoa1412082

41. Shi LZ, Goswami S, Fu T, Guan B, Chen J, Xiong L, et al.

Blockade of CTLA-4 and PD-1 enhances adoptive t-cell therapy

efficacy in an ICOS-mediated manner. Cancer Immunol Res. (2019)

7:1803–12. doi: 10.1158/2326-6066.CIR-18-0873

42. Fiegle E, Doleschel D, Koletnik S, Rix A, Weiskirchen R, Borkham-

Kamphorst E, et al. Dual CTLA-4 and PD-L1 blockade inhibits tumor growth

and liver metastasis in a highly aggressive orthotopic mouse model of colon

cancer. Neoplasia. (2019) 21:932–44. doi: 10.1016/j.neo.2019.07.006

43. Seidel JA, Otsuka A, Kabashima K. Anti-PD-1 and anti-CTLA-4 therapies in

cancer: mechanisms of action, efficacy, and limitations. Front Oncol. (2018)

8:86. doi: 10.3389/fonc.2018.00086

44. Thibaut R, Bost P, Milo I, Cazaux M, Lemaître F, Garcia Z, et al.

Bystander IFN-γ activity promotes widespread and sustained cytokine

signaling altering the tumor microenvironment. Nat Cancer. (2020) 1:302–

14. doi: 10.1038/s43018-020-0038-2

45. Benci JL, Xu B, Qiu Y, Wu TJ, Dada H, Twyman-Saint Victor

C, et al. Tumor interferon signaling regulates a multigenic

resistance program to immune checkpoint blockade. Cell. (2016)

167:1540–54. doi: 10.1016/j.cell.2016.11.022

46. Shimizu K, Iyoda T, OkadaM, Yamasaki S, Fujii SI. Immune suppression and

reversal of the suppressive tumor microenvironment. Int Immunol. (2018)

30:445–55. doi: 10.1093/intimm/dxy042

47. Pfirschke C, Siwicki M, Liao HW, Pittet MJ. Tumor microenvironment:

no effector t cells without dendritic cells. Cancer Cell. (2017) 31:614–

5. doi: 10.1016/j.ccell.2017.04.007

48. Probst HC, McCoy K, Okazaki T, Honjo T, Van Den Broek M. Resting

dendritic cells induce peripheral CD8+ T cell tolerance through PD-1 and

CTLA-4. Nat Immunol. (2005) 6:280–6. doi: 10.1038/ni1165

49. Darrasse-Jèze G, Deroubaix S, Mouquet H, Victora GD, Eisenreich T, Yao

K, et al. Feedback control of regulatory T cell homeostasis by dendritic cells

in vivo. J Exp Med. (2009) 206:1853–62. doi: 10.1084/jem.20090746

50. Jonuleit H, Schmitt E, Schuler G, Knop J, Enk AH. Induction of interleukin

10–producing, nonproliferating CD4+ T cells with regulatory properties by

repetitive stimulation with allogeneic immature human dendritic cells. J Exp

Med. (2000) 192:1213–22. doi: 10.1084/jem.192.9.1213

51. Clausen BE, Girard-MadouxMJH. IL-10 control of dendritic cells in the skin.

Oncoimmunology. (2013) 2:8–10. doi: 10.4161/onci.23186

52. Reis E Sousa C. Activation of dendritic cells: translating

innate into adaptive immunity. Curr Opin Immunol. (2004)

16:21–5. doi: 10.1016/j.coi.2003.11.007

53. Nair-Gupta P, Baccarini A, Tung N, Seyffer F, Florey O, Huang Y, et al.

TLR signals induce phagosomal MHC-I delivery from the endosomal

recycling compartment to allow cross-presentation. Cell. (2014) 158:506–

21. doi: 10.1016/j.cell.2014.04.054

54. McLellan AD, Starling GC, Williams LA, Hock BD, Hart DNJ. Activation

of human peripheral blood dendritic cells induces the CD86 co-stimulatory

molecule. Eur J Immunol. (1995) 25:2064–8. doi: 10.1002/eji.1830250739

55. Wenzel J, Uerlich M, Haller O, Bieber T, Tueting T. Enhanced

type I interferon signaling and recruitment of chemokine receptor

CXCR3-expressing lymphocytes into the skin following treatment

with the TLR7-agonist imiquimod. J Cutan Pathol. (2005)

32:257–62. doi: 10.1111/j.0303-6987.2005.00297.x

56. Waisman A, Lukas D, Clausen BE, Yogev N. Dendritic cells

as gatekeepers of tolerance. Semin Immunopathol. (2017)

39:153–63. doi: 10.1007/s00281-016-0583-z

57. Shortman K, Naik SH. Steady-state and inflammatory dendritic-cell

development. Nat Rev Immunol. (2007) 7:19–30. doi: 10.1038/nri1996

58. Villadangos JA, Schnorrer P. Intrinsic and cooperative antigen-presenting

functions of dendritic-cell subsets in vivo. Nat Rev Immunol. (2007) 7:543–

55. doi: 10.1038/nri2103

59. Huang SW, Chang SH,Mu SW, JiangHY,Wang ST, Kao JK, et al. Imiquimod

activates p53-dependent apoptosis in a human basal cell carcinoma cell line.

J Dermatol Sci. (2016) 81:182–91. doi: 10.1016/j.jdermsci.2015.12.011

60. Eisenbarth SC. Dendritic cell subsets in T cell programming:

location dictates function. Nat Rev Immunol. (2019) 19:89–

103. doi: 10.1038/s41577-018-0088-1

61. Böttcher JP, Reis e Sousa C. The role of type 1 conventional

dendritic cells in cancer immunity. Trends Cancer. (2018)

4:784–92. doi: 10.1016/j.trecan.2018.09.001

62. Cance JC, Crozat K, Dalod M, Mattiuz R. Are conventional type 1 dendritic

cells critical for protective antitomor immunity and how? Front Immunol.

(2019) 10:9. doi: 10.3389/fimmu.2019.00009

63. Spranger S, Dai D, Horton B, Gajewski TF. Tumor-residing Batf3 dendritic

cells are required for effector T cell trafficking and adoptive T cell therapy.

Cancer Cell. (2017) 31:711–23. doi: 10.1016/j.ccell.2017.04.003

64. Roberts EW, Broz ML, Binnewies M, Headley MB, Nelson AE, Wolf DM,

et al. Critical role for CD103+/CD141+ dendritic cells bearing CCR7 for

tumor antigen trafficking and priming of T cell immunity in melanoma.

Cancer Cell. (2016) 30:324–36. doi: 10.1016/j.ccell.2016.06.003

65. Clatworthy MR, Aronin CEP, Mathews RJ, Morgan NY, Smith

KGC, Germain RN. Immune complexes stimulate CCR7-dependent

Frontiers in Immunology | www.frontiersin.org 10 September 2020 | Volume 11 | Article 578349124125

https://doi.org/10.4161/21624011.2014.944059
https://doi.org/10.1038/nrc3239
https://doi.org/10.18632/oncotarget.13315
https://doi.org/10.1186/s12885-018-5020-3
https://doi.org/10.1002/eji.1830250949
https://doi.org/10.4049/jimmunol.0903879
https://doi.org/10.1073/pnas.1003345107
https://doi.org/10.1172/JCI31184
https://doi.org/10.1038/ni.1674
https://doi.org/10.4049/jimmunol.1003081
https://doi.org/10.1016/j.immuni.2014.02.012
https://doi.org/10.1172/JCI80445
https://doi.org/10.1172/JCI81187
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1104621
https://doi.org/10.1056/NEJMoa1412082
https://doi.org/10.1158/2326-6066.CIR-18-0873
https://doi.org/10.1016/j.neo.2019.07.006
https://doi.org/10.3389/fonc.2018.00086
https://doi.org/10.1038/s43018-020-0038-2
https://doi.org/10.1016/j.cell.2016.11.022
https://doi.org/10.1093/intimm/dxy042
https://doi.org/10.1016/j.ccell.2017.04.007
https://doi.org/10.1038/ni1165
https://doi.org/10.1084/jem.20090746
https://doi.org/10.1084/jem.192.9.1213
https://doi.org/10.4161/onci.23186
https://doi.org/10.1016/j.coi.2003.11.007
https://doi.org/10.1016/j.cell.2014.04.054
https://doi.org/10.1002/eji.1830250739
https://doi.org/10.1111/j.0303-6987.2005.00297.x
https://doi.org/10.1007/s00281-016-0583-z
https://doi.org/10.1038/nri1996
https://doi.org/10.1038/nri2103
https://doi.org/10.1016/j.jdermsci.2015.12.011
https://doi.org/10.1038/s41577-018-0088-1
https://doi.org/10.1016/j.trecan.2018.09.001
https://doi.org/10.3389/fimmu.2019.00009
https://doi.org/10.1016/j.ccell.2017.04.003
https://doi.org/10.1016/j.ccell.2016.06.003
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hübbe et al. Enhancing Adoptive T-Cell Therapy

dendritic cell migration to lymph nodes. Nat Med. (2014)

20:1458–63. doi: 10.1038/nm.3709

66. Fitzgerald-Bocarsly P, Dai J, Singh S. Plasmacytoid dendritic cells and type

I IFN: 50 years of convergent history. Cytokine Growth Factor Rev. (2008)

19:3–19. doi: 10.1016/j.cytogfr.2007.10.006

67. Villadangos JA, Young L. Antigen-presentation properties

of plasmacytoid dendritic cells. Immunity. (2008) 29:352–

61. doi: 10.1016/j.immuni.2008.09.002

68. Masuta Y, Yamamoto T, Natsume-Kitatani Y, Kanuma T, Moriishi E,

Kobiyama K, et al. An antigen-free, plasmacytoid dendritic cell–targeting

immunotherapy to bolster memory CD8 + T cells in nonhuman primates.

J Immunol. (2018) 200:2067–75. doi: 10.4049/jimmunol.1701183

69. Mouriès J, Moron G, Schlecht G, Escriou N, Dadaglio G,

Lederc C. Plasmacytoid dendritic cells efficiently cross-prime

naive T cells in vivo after TLR activation. Blood. (2008)

112:3713–22. doi: 10.1182/blood-2008-03-146290

70. Tel J, Schreibelt G, Sittig SP, Mathan TSM, Buschow SI, Cruz LJ, et al.

Human plasmacytoid dendritic cells efficiently cross-present exogenous Ags

to CD8+ T cells despite lowerAg uptake than myeloid dendritic cell subsets.

Blood. (2013) 121:459–67. doi: 10.1182/blood-2012-06-435644

71. Tel J, Sittig SP, Blom RAM, Cruz LJ, Schreibelt G, Figdor CG, et al. Targeting

uptake receptors on human plasmacytoid dendritic cells triggers antigen

cross-presentation and robust type I IFN secretion. J Immunol. (2013)

191:5005–12. doi: 10.4049/jimmunol.1300787

72. Stary G, Bangert C, Tauber M, Strohal R, Kopp T, Stingl G. Tumoricidal

activity of TLR7/8-activated inflammatory dendritic cells. J Exp Med. (2007)

204:1441–51. doi: 10.1084/jem.20070021

73. Drobits B, Holcmann M, Amberg N, Swiecki M, Grundtner R, Hammer M,

et al. Imiquimod clears tumors in mice independent of adaptive immunity

by converting pDCs into tumor-killing effector cells. J Clin Invest. (2012)

122:575–85. doi: 10.1172/JCI61034

74. Cella M, Jarrossay D, Faccheth F, Alebardi O, Nakajima H, Lanzavecchia

A, et al. Plasmacytoid monocytes migrate to inflamed lymph nodes and

produce large amounts of type I interferon. Nat Med. (1999) 5:919–

23. doi: 10.1038/11360

75. Swiecki M, Colonna M. The multifaceted biology of plasmacytoid dendritic

cells. Nat Rev Immunol. (2015) 15:471–85. doi: 10.1038/nri3865

76. Dunn GP, Bruce AT, Sheehan KCF, Shankaran V, Uppaluri R, Bui JD, et

al. A critical function for type I interferons in cancer immunoediting. Nat

Immunol. (2005) 6:722–29. doi: 10.1038/ni1213

77. Diamond MS, Kinder M, Matsushita H, Mashayekhi M, Dunn GP,

Archambault JM, et al. Type I interferon is selectively required by dendritic

cells for immune rejection of tumors. J Exp Med. (2011) 208:1989–

2003. doi: 10.1084/jem.20101158

78. Lorenzi S, Mattei F, Sistigu A, Bracci L, Spadaro F, Sanchez M, et al. Type I

IFNs control antigen retention and survival of CD8 + dendritic cells after

uptake of tumor apoptotic cells leading to cross-priming. J Immunol. (2011)

186:5142–50. doi: 10.4049/jimmunol.1004163

79. Starbeck-Miller GR, Xue H-H, Harty JT. IL-12 and type I interferon prolong

the division of activated CD8T cells by maintaining high-affinity IL-2

signaling in vivo. J Exp Med. (2013) 211:105–20. doi: 10.1084/jem.20130901

80. Fuertes MB, Kacha AK, Kline J, Woo SR, Kranz DM, Murphy KM,

et al. Host type I IFN signals are required for antitumor CD8+ T cell

responses through CD8α+ dendritic cells. J Exp Med. (2011) 208:2005–

16. doi: 10.1084/jem.20101159

81. Klebanoff CA, Khong HT, Antony PA, Palmer DC, Restifo NP. Sinks,

suppressors and antigen presenters: how lymphodepletion enhances T

cell-mediated tumor immunotherapy. Trends Immunol. (2005) 26:111–

7. doi: 10.1016/j.it.2004.12.003

82. Dudley ME, Yang JC, Sherry R, Hughes MS, Royal R, Kammula U, et al.

Adoptive cell therapy for patients with metastatic melanoma: evaluation of

intensive myeloablative chemoradiation preparative regimens. J Clin Oncol.

(2008) 26:5233–9. doi: 10.1200/JCO.2008.16.5449

83. Dudley ME, Wunderlich JR, Yang JC, Sherry RM, Topalian SL,

Restifo NP, et al. Adoptive cell transfer therapy following non-

myeloablative but lymphodepleting chemotherapy for the treatment

of patients with refractory metastatic melanoma. J Clin Oncol. (2005)

23:2346–57. doi: 10.1200/JCO.2005.00.240

84. Gattinoni L, Powell DJ, Rosenberg SA, Restifo NP. Adoptive immunotherapy

for cancer: building on success. Nat Rev Immunol. (2006) 6:383–

93. doi: 10.1038/nri1842

85. Hsu FT, Chen TC, Chuang HY, Chang YF, Hwang JJ. Enhancement

of adoptive T cell transfer with single low dose pretreatment

of doxorubicin or paclitaxel in mice. Oncotarget. (2015)

6:44134–50. doi: 10.18632/oncotarget.6628

86. Yao X, Ahmadzadeh M, Lu YC, Liewehr DJ, Dudley ME, Liu F, et al. Levels of

peripheral CD4 +FoxP3 + regulatory T cells are negatively associated with

clinical response to adoptive immunotherapy of human cancer. Blood. (2012)

119:5688–96. doi: 10.1182/blood-2011-10-386482

87. Gattinoni L, Finkelstein SE, Klebanoff CA, Antony PA, Palmer DC, Spiess PJ,

et al. Removal of homeostatic cytokine sinks by lymphodepletion enhances

the efficacy of adoptively transferred tumor-specific CD8 + T cells. J Exp

Med. (2005) 202:907–12. doi: 10.1084/jem.20050732

88. Salem ML, Cole DJ. Dendritic cell recovery post-lymphodepletion:

a potential mechanism for anti-cancer adoptive T cell therapy

and vaccination. Cancer Immunol Immunother. (2010) 59:341–

53. doi: 10.1007/s00262-009-0792-6

89. Schiavoni G, Sistigu A, Valentini M, Mattei F, Sestili P, Spadaro F, et al.

Cyclophosphamide synergizes with type I interferons through systemic

dendritic cell reactivation and induction of immunogenic tumor apoptosis.

Cancer Res. (2011) 71:768–78. doi: 10.1158/0008-5472.CAN-10-2788

90. Torihata H, Ishikawa F, Okada Y, Tanaka Y, Uchida T, Suguro T, et al.

Irradiation up-regulates CD80 expression through two different mechanisms

in spleen B cells, B lymphoma cells, and dendritic cells. Immunology. (2004)

112:219–27. doi: 10.1111/j.1365-2567.2004.01872.x

91. SalemML, El-Naggar SA, Cole DJ. Cyclophosphamide induces bone marrow

to yield higher numbers of precursor dendritic cells in vitro capable of

functional antigen presentation to T cells in vivo. Cell Immunol. (2010)

261:134–43. doi: 10.1016/j.cellimm.2009.11.011

92. Salem ML, Diaz-Montero CM, Al-Khami AA, El-Naggar SA, Naga O,

Montero AJ, et al. Recovery from cyclophosphamide-induced lymphopenia

results in expansion of immature dendritic cells which can mediate

enhanced prime-boost vaccination antitumor responses in vivo when

stimulated with the TLR3 agonist Poly(I:C). J Immunol. (2009) 182:2030–

40. doi: 10.4049/jimmunol.0801829

93. Liu JY, Wu Y, Zhang XS, Yang JL, Li HL, Mao YQ, et al. Single

administration of low dose cyclophosphamide augments the antitumor effect

of dendritic cell vaccine. Cancer Immunol. Immunother. (2007) 56:1597–

604. doi: 10.1007/s00262-007-0305-4

94. Bloy N, Pol J, Manic G, Vitale I, Eggermont A, Galon J, et al. Trial watch:

radioimmunotherapy for oncological indications. Oncoimmunology. (2014)

3:e1214790. doi: 10.4161/21624011.2014.954929

95. Casares N, Pequignot MO, Tesniere A, Ghiringhelli F, Roux S, Chaput N,

et al. Caspase-dependent immunogenicity of doxorubicin-induced tumor

cell death. J Exp Med. (2005) 202:1691–701. doi: 10.1084/jem.20050915

96. Prise KM, O’Sullivan JM. Radiation-induced bystander signalling in cancer

therapy. Nat Rev Cancer. (2009) 9:351–60. doi: 10.1038/nrc2603

97. Tesniere A, Panaretakis T, Kepp O, Apetoh L, Ghiringhelli F, Zitvogel L,

et al. Molecular characteristics of immunogenic cancer cell death. Cell Death

Differ. (2008) 15:3–12. doi: 10.1038/sj.cdd.4402269

98. Galluzzi L, Buqué A, Kepp O, Zitvogel L, Kroemer G. Immunogenic

cell death in cancer and infectious disease. Nature. (2016) 17:97–

111. doi: 10.1038/nri.2016.107

99. Bonnotte B, Favre N, Moutet M, Fromentin A, Solary E, Martin M, et al. Role

of tumor cell apoptosis in tumor antigen migration to the draining lymph

nodes. J Immunol. (2000) 164:1995–2000. doi: 10.4049/jimmunol.164.4.1995

100. Parker JJ, Jones JC, Strober S, Knox SJ. Characterization of direct

radiation-induced immune function and molecular signaling changes

in an antigen presenting cell line. Clin Immunol. (2013) 148:44–

55. doi: 10.1016/j.clim.2013.03.008

101. Burnette BC, Liang H, Lee Y, Chlewicki L, Khodarev NN, Weichselbaum

RR, et al. The efficacy of radiotherapy relies upon induction of type I

interferon-dependent innate and adaptive immunity. Cancer Res. (2011)

71:2488–96. doi: 10.1158/0008-5472.CAN-10-2820

102. Bouquet F, Pal A, Pilones KA, Demaria S, Hann B, Akhurst RJ, et al.

TGFβ1 inhibition increases the radiosensitivity of breast cancer cells in vitro

Frontiers in Immunology | www.frontiersin.org 11 September 2020 | Volume 11 | Article 578349125126

https://doi.org/10.1038/nm.3709
https://doi.org/10.1016/j.cytogfr.2007.10.006
https://doi.org/10.1016/j.immuni.2008.09.002
https://doi.org/10.4049/jimmunol.1701183
https://doi.org/10.1182/blood-2008-03-146290
https://doi.org/10.1182/blood-2012-06-435644
https://doi.org/10.4049/jimmunol.1300787
https://doi.org/10.1084/jem.20070021
https://doi.org/10.1172/JCI61034
https://doi.org/10.1038/11360
https://doi.org/10.1038/nri3865
https://doi.org/10.1038/ni1213
https://doi.org/10.1084/jem.20101158
https://doi.org/10.4049/jimmunol.1004163
https://doi.org/10.1084/jem.20130901
https://doi.org/10.1084/jem.20101159
https://doi.org/10.1016/j.it.2004.12.003
https://doi.org/10.1200/JCO.2008.16.5449
https://doi.org/10.1200/JCO.2005.00.240
https://doi.org/10.1038/nri1842
https://doi.org/10.18632/oncotarget.6628
https://doi.org/10.1182/blood-2011-10-386482
https://doi.org/10.1084/jem.20050732
https://doi.org/10.1007/s00262-009-0792-6
https://doi.org/10.1158/0008-5472.CAN-10-2788
https://doi.org/10.1111/j.1365-2567.2004.01872.x
https://doi.org/10.1016/j.cellimm.2009.11.011
https://doi.org/10.4049/jimmunol.0801829
https://doi.org/10.1007/s00262-007-0305-4
https://doi.org/10.4161/21624011.2014.954929
https://doi.org/10.1084/jem.20050915
https://doi.org/10.1038/nrc2603
https://doi.org/10.1038/sj.cdd.4402269
https://doi.org/10.1038/nri.2016.107
https://doi.org/10.4049/jimmunol.164.4.1995
https://doi.org/10.1016/j.clim.2013.03.008
https://doi.org/10.1158/0008-5472.CAN-10-2820
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hübbe et al. Enhancing Adoptive T-Cell Therapy

and promotes tumor control by radiation in vivo. Clin Cancer Res. (2011)

17:6754–65. doi: 10.1158/1078-0432.CCR-11-0544

103. Young KH, Newell P, Cottam B, Friedman D, Savage T, Baird JR,

et al. TGFβ inhibition prior to hypofractionated radiation enhances

efficacy in preclinical models. Cancer Immunol Res. (2014) 2:1011–

22. doi: 10.1158/2326-6066.CIR-13-0207

104. Liu H, Li B, Jia X, Ma Y, Gu Y, Zhang P, et al. Radiation-induced decrease of

CD8 + dendritic cells contributes to Th1/Th2 shift. Int Immunopharmacol.

(2017) 46:178–85. doi: 10.1016/j.intimp.2017.03.013

105. Rossig C, Pule M, Altvater B, Saiagh S, Wright G, Ghorashian S, et al.

Vaccination to improve the persistence of CD19CAR gene-modified T

cells in relapsed pediatric acute lymphoblastic leukemia. Leukemia. (2017)

31:1087–95. doi: 10.1038/leu.2017.39

106. Reap EA, Suryadevara CM, Batich KA, Sanchez-Perez L, Archer GE,

Schmittling RJ, et al. Dendritic cells enhance polyfunctionality of adoptively

transferred T cells that target cytomegalovirus in glioblastoma. Cancer Res.

(2018) 78:256–64. doi: 10.1158/0008-5472.CAN-17-0469

107. Ma L, Dichwalkar T, Chang JYH, Cossette B, Garafola D, Zhang

AQ, et al. Enhanced CAR-T cell activity against solid tumors by

vaccine boosting through the chimeric receptor. Science. (2019) 365:162–

8. doi: 10.1126/science.aav8692

108. Lou Y,Wang G, Lizée G, Kim GJ, Finkelstein SE, Feng C, et al. Dendritic cells

strongly boost the antitumor activity of adoptively transferred T cells in vivo.

Cancer Res. (2004) 64:6783–90. doi: 10.1158/0008-5472.CAN-04-1621

109. Shimizu K, Kotera Y, Aruga A, Takeshita N, Katagiri S, Ariizumi SI,

et al. Postoperative dendritic cell vaccine plus activated T-cell transfer

improves the survival of patients with invasive hepatocellular carcinoma.

Hum Vaccines Immunother. (2014) 10:970–6. doi: 10.4161/hv.27678

110. Andersen MH. The T-win R© technology: immune-modulating vaccines.

Semin Immunopathol. (2019) 41:87–95. doi: 10.1007/s00281-018-0695-8

111. Klausen U, Holmberg S, Holmström MO, Jørgensen NGD,

Grauslund JH, Svane IM, et al. Novel strategies for peptide-based

vaccines in hematological malignancies. Front Immunol. (2018)

9:2264. doi: 10.3389/fimmu.2018.02264

112. Munir S, Lundsager MT, Jørgensen MA, Hansen M, Petersen TH, Bonefeld

CM, et al. Inflammation induced PD-L1-specific T cells. Cell Stress. (2019)

3:319–27. doi: 10.15698/cst2019.10.201

113. Jørgensen MA, Holmström MO, Martinenaite E, Riley CH, Hasselbalch

HC, Andersen MH. Spontaneous T-cell responses against Arginase-

1 in the chronic myeloproliferative neoplasms relative to disease

stage and type of driver mutation. Oncoimmunology. (2018)

7:1–8. doi: 10.1080/2162402X.2018.1468957

114. Emilie Weis-Banke S, Linder Hübbe M, Orebo Holmström M, Aaboe

Jørgensen M, Kloch Bendtsen S, Martinenaite E, et al. The metabolic enzyme

arginase-2 is a potential target for novel immune modulatory vaccines.

Oncoimmunology. (2020) 9:1–16. doi: 10.1080/2162402X.2020.1771142

115. Sørensen RB, Hadrup SR, Svane IM, Hjortsø MC, Straten PT, Andersen

MH. Indoleamine 2,3-dioxygenase specific, cytotoxic T cells as immune

regulators. Blood. (2011) 117:2200–10. doi: 10.1182/blood-2010-06-288498

116. Bjoern J, Iversen TZ, Nitschke NJ, Andersen MH, Svane IM. Safety, immune

and clinical responses in metastatic melanoma patients vaccinated with a

long peptide derived from indoleamine 2,3-dioxygenase in combination with

ipilimumab. Cytotherapy. (2016) 18:1043–55. doi: 10.1016/j.jcyt.2016.05.010

117. Munir Ahmad S, Martinenaite E, Hansen M, Junker N, Borch TH,

Met Ö, et al. PD-L1 peptide co-stimulation increases immunogenicity

of a dendritic cell-based cancer vaccine. Oncoimmunology. (2016)

5:e1202391. doi: 10.1080/2162402X.2016.1202391

118. Powell J, Rosenberg El-Gamil SA, Li YF, Zhou J, Huang J, Paul Robbins

DF, et al. Cutting edge: persistence of transferred lymphocyte clonotypes

correlates with cancer regression in patients receiving cell transfer therapy. J

Immunol. (2004) 173:7125–30. doi: 10.4049/jimmunol.173.12.7125

119. Zhou J, Dudley ME, Rosenberg SA, Robbins PF. Persistence of multiple

tumor-specific T-cell clones is associated with complete tumor regression in

a melanoma patient receiving adoptive cell transfer therapy. J Immunother.

(2005) 28:53–62. doi: 10.1097/00002371-200501000-00007

120. Schreibelt G, Tel J, Sliepen KHEWJ, Benitez-Ribas D, Figdor CG,

Adema GJ, et al. Toll-like receptor expression and function in

human dendritic cell subsets: implications for dendritic cell-based

anti-cancer immunotherapy. Cancer Immunol Immunother. (2010)

59:1573–82. doi: 10.1007/s00262-010-0833-1

121. Duthie MS, Windish HP, Fox CB, Reed SG. Use of defined TLR ligands

as adjuvants within human vaccines. Immunol Rev. (2011) 239:178–

96. doi: 10.1111/j.1600-065X.2010.00978.x

122. Cen X, Liu S, Cheng K. The role of toll-like receptor in

inflammation and tumor immunity. Front Pharmacol. (2018)

9:878. doi: 10.3389/fphar.2018.00878

123. Smith M, García-Martínez E, Pitter MR, Fucikova J, Spisek R, Zitvogel

L, et al. Trial watch: toll-like receptor agonists in cancer immunotherapy.

Oncoimmunology. (2018) 7:e1526250. doi: 10.1080/2162402X.2018.1526250

124. Dovedi SJ, Melis MHM, Wilkinson RW, Adlard AL, Stratford IJ,

Honeychurch J, et al. Plenary paper systemic delivery of a TLR7

agonist in combination with radiation primes durable antitumor immune

responses in mouse models of lymphoma. Blood. (2013) 121:251–

9. doi: 10.1182/blood-2012-05-432393

125. Schölch S, Rauber C, Tietz A, Rahbari NN, Bork U, Schmidt T, et al.

Radiotherapy combined with TLR7/8 activation induces strong immune

responses against gastrointestinal tumors. Oncotarget. (2015) 6:4663-

76. doi: 10.18632/oncotarget.3081

126. Adlard AL, Dovedi SJ, Telfer BA, Koga-Yamakawa E, Pollard C,

Honeychurch J, et al. A novel systemically administered toll-like receptor

7 agonist potentiates the effect of ionizing radiation in murine solid tumor

models. Int J Cancer. (2014) 135:820–9. doi: 10.1002/ijc.28711

127. Nelson MH, Bowers JS, Bailey SR, Diven MA, Fugle CW, Kaiser

ADM, et al. Toll-like receptor agonist therapy can profoundly

augment the antitumor activity of adoptively transferred CD8+ T

cells without host preconditioning. J Immunother Cancer. (2016)

4:6. doi: 10.1186/s40425-016-0110-8

128. Sato Y, Goto Y, Narita N, Hoon DSB. Cancer cells expressing toll-like

receptors and the tumor microenvironment. Cancer Microenviron. (2009)

2:205–14. doi: 10.1007/s12307-009-0022-y

129. González-Reyes S, Marín L, González L, González LO, Del Casar

JM, Lamelas ML, et al. Study of TLR3, TLR4 and TLR9 in breast

carcinomas and their association with metastasis. BMC Cancer. (2010)

10:665. doi: 10.1186/1471-2407-10-665

130. Sheyhidin I, Nabi G, Hasim A, Zhang RP, Ainiwaer J, Ma

H, et al. Overexpression of TLR3, TLR4, TLR7 and TLR9 in

esophageal squamous cell carcinoma. World J Gastroenterol. (2011)

17:3745. doi: 10.3748/wjg.v17.i32.3745

131. Griffiths EA, Srivastava P, Matsuzaki J, Brumberger Z, Wang ES, Kocent J,

et al. NY-ESO-1 vaccination in combination with decitabine induces antigen-

specific T-lymphocyte responses in patients with myelodysplastic syndrome.

Clin Cancer Res. (2018) 24:1019–29. doi: 10.1158/1078-0432.CCR-17-1792

132. Ishikawa H, Barber GN. STING is an endoplasmic reticulum

adaptor that facilitates innate immune signalling. Nature. (2008)

455:674–8. doi: 10.1038/nature07317

133. Sun L,Wu J, Du F, Chen X, Chen ZJ. Cyclic GMP-AMP synthase is a cytosolic

DNA sensor that activates the type I interferon pathway. Science. (2013)

339:786–91. doi: 10.1126/science.1232458

134. Woo SR, Fuertes MB, Corrales L, Spranger S, Furdyna MJ,

Leung MYK, et al. STING-dependent cytosolic DNA sensing

mediates innate immune recognition of immunogenic tumors.

Immunity. (2014) 41:830–42. doi: 10.1016/j.immuni.2014.1

0.017

135. Jing W, McAllister D, Vonderhaar EP, Palen K, Riese MJ, Gershan

J, et al. STING agonist inflames the pancreatic cancer immune

microenvironment and reduces tumor burden in mouse models.

J Immunother Cancer. (2019) 7:115. doi: 10.1186/s40425-019-0

573-5

136. Corrales L, Glickman LH, McWhirter SM, Kanne DB, Sivick KE, Katibah

GE, et al. Direct activation of STING in the tumor microenvironment leads

to potent and systemic tumor regression and immunity. Cell Rep. (2015)

11:1018–30. doi: 10.1016/j.celrep.2015.04.031

137. Demaria O, De Gassart A, Coso S, Gestermann N, Di Domizio J, Flatz L,

et al. STING activation of tumor endothelial cells initiates spontaneous and

therapeutic antitumor immunity. Proc Natl Acad Sci USA. (2015) 112:15408–

13. doi: 10.1073/pnas.1512832112

Frontiers in Immunology | www.frontiersin.org 12 September 2020 | Volume 11 | Article 578349126127

https://doi.org/10.1158/1078-0432.CCR-11-0544
https://doi.org/10.1158/2326-6066.CIR-13-0207
https://doi.org/10.1016/j.intimp.2017.03.013
https://doi.org/10.1038/leu.2017.39
https://doi.org/10.1158/0008-5472.CAN-17-0469
https://doi.org/10.1126/science.aav8692
https://doi.org/10.1158/0008-5472.CAN-04-1621
https://doi.org/10.4161/hv.27678
https://doi.org/10.1007/s00281-018-0695-8
https://doi.org/10.3389/fimmu.2018.02264
https://doi.org/10.15698/cst2019.10.201
https://doi.org/10.1080/2162402X.2018.1468957
https://doi.org/10.1080/2162402X.2020.1771142
https://doi.org/10.1182/blood-2010-06-288498
https://doi.org/10.1016/j.jcyt.2016.05.010
https://doi.org/10.1080/2162402X.2016.1202391
https://doi.org/10.4049/jimmunol.173.12.7125
https://doi.org/10.1097/00002371-200501000-00007
https://doi.org/10.1007/s00262-010-0833-1
https://doi.org/10.1111/j.1600-065X.2010.00978.x
https://doi.org/10.3389/fphar.2018.00878
https://doi.org/10.1080/2162402X.2018.1526250
https://doi.org/10.1182/blood-2012-05-432393
https://doi.org/10.18632/oncotarget.3081
https://doi.org/10.1002/ijc.28711
https://doi.org/10.1186/s40425-016-0110-8
https://doi.org/10.1007/s12307-009-0022-y
https://doi.org/10.1186/1471-2407-10-665
https://doi.org/10.3748/wjg.v17.i32.3745
https://doi.org/10.1158/1078-0432.CCR-17-1792
https://doi.org/10.1038/nature07317
https://doi.org/10.1126/science.1232458
https://doi.org/10.1016/j.immuni.2014.10.017
https://doi.org/10.1186/s40425-019-0573-5
https://doi.org/10.1016/j.celrep.2015.04.031
https://doi.org/10.1073/pnas.1512832112
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Hübbe et al. Enhancing Adoptive T-Cell Therapy

138. Zhang C-X, Ye S-B, Ni J-J, Cai T-T, Liu Y-N, Huang D-J, et al. STING

signaling remodels the tumor microenvironment by antagonizing myeloid-

derived suppressor cell expansion. Cell Death Differ. (2019) 26:2314–

28. doi: 10.1038/s41418-019-0302-0

139. Smith TT, Moffett HF, Stephan SB, Opel CF, Dumigan AG, Jiang X,

et al. Biopolymers codelivering engineered T cells and STING agonists

can eliminate heterogeneous tumors. J Clin Invest. (2017) 127:2176–

91. doi: 10.1172/JCI87624

140. Ghaffari A, Peterson N, Khalaj K, Vitkin N, Robinson A, Francis

JA, et al. Sting agonist therapy in combination with pd-1 immune

checkpoint blockade enhances response to carboplatin chemotherapy

in high-grade serous ovarian cancer. Br J Cancer. (2018) 119:440–

9. doi: 10.1038/s41416-018-0188-5

141. Moore E, Clavijo PE, Davis R, Cash H, VanWaes C, Kim Y, et al. Established

T cell-inflamed tumors rejected after adaptive resistance was reversed

by combination STING activation and PD-1 pathway blockade. Cancer

Immunol Res. (2016) 4:1061–71. doi: 10.1158/2326-6066.CIR-16-0104

142. Richards DM, Sefrin JP, Gieffers C, Hill O, Merz C. Concepts for agonistic

targeting of CD40 in immuno-oncology. Hum Vaccin Immunother. (2020)

16:377–87. doi: 10.1080/21645515.2019.1653744

143. O’Sullivan BJ, Thomas R. CD40 ligation conditions dendritic cell antigen-

presenting function through sustained activation of NF-κB. J Immunol.

(2002) 168:5491–8. doi: 10.4049/jimmunol.168.11.5491

144. Sotomayor EM, Borrello I, Tubb E, Rattis FM, Bien H, Lu Z, et al. Conversion

of tumor-specific CD4+ T-cell tolerance to T-cell priming through in vivo

ligation of cd40. Nat Med. (1999) 5:780–7. doi: 10.1038/10503

145. Diehl L, Den Boer AT, Schoenberger SP, Van Der Voort EIH, Schumacher

TNM, Melief CJM, et al. CD40 activation in vivo overcomes peptide-

induced peripheral cytotoxic T-lymphocyte tolerance and augments anti-

tumor vaccine efficacy. Nat Med. (1999) 5:774–9. doi: 10.1038/10495

146. Tay NQ, Lee CPD, Chua YL, Prabhu N, Gascoigne NRJ, Kemeny

DM. CD40L expression allows CD8+ T cells to promote their own

expansion and differentiation through dendritic cells. Front Immunol. (2017)

8:1484. doi: 10.3389/fimmu.2017.01484

147. Ward-Kavanagh LK, Kokolus KM, Cooper TK, Lukacher AE,

Schell TD. Combined sublethal irradiation and agonist anti-CD40

enhance donor T cell accumulation and control of autochthonous

murine pancreatic tumors. Cancer Immunol Immunother. (2018)

67:639–52. doi: 10.1007/s00262-018-2115-2

148. Liu C, Lewis CM, Lou Y, Xu C, Peng W, Yang Y, et al. Agonistic antibody to

CD40 boosts the antitumor activity of adoptively transferred T cells in vivo.

J Immunother. (2012) 35:276–82. doi: 10.1097/CJI.0b013e31824e7f43

149. Bajor DL, Mick R, Riese MJ, Huang AC, Sullivan B, Richman LP, et al. Long-

term outcomes of a phase I study of agonist CD40 antibody and CTLA-4

blockade in patients with metastatic melanoma. Oncoimmunology. (2018)

7:e1468956. doi: 10.1080/2162402X.2018.1468956

150. Chand Dakal T, Dhabhai B, Agarwal D, Gupta R, Nagda G, Meena AR,

et al. Mechanistic basis of co-stimulatory CD40-CD40L ligation mediated

regulation of immune responses in cancer and autoimmune disorders.

Immunobiology. (2020) 225:151899. doi: 10.1016/j.imbio.2019.151899

151. Gattinoni L, Klebanoff CA, Palmer DC, Wrzesinski C, Kerstann K, Yu Z, et

al. Acquisition of full effector function in vitro paradoxically impairs the in

vivo antitumor efficacy of adoptively transferred CD8+ T cells. J Clin Invest.

(2005) 115:1616–26. doi: 10.1172/JCI24480

152. Li Y, Bleakley M, Yee C. IL-21 influences the frequency, phenotype, and

affinity of the antigen-specific CD8T cell response. J Immunol. (2005)

175:2261–9. doi: 10.4049/jimmunol.175.4.2261

153. Zeng R, Spolski R, Finkelstein SE, Oh SK, Kovanen PE, Hinrichs CS, et

al. Synergy of IL-21 and IL-15 in regulating CD8+ T cell expansion and

function. J Exp Med. (2005) 201:139–48. doi: 10.1084/jem.20041057

154. Mousset CM, HoboW, Ji Y, Fredrix H, De Giorgi V, Allison RD, et al. Ex vivo

AKT-inhibition facilitates generation of polyfunctional stem cell memory-

like CD8+ T cells for adoptive immunotherapy. Oncoimmunology. (2018)

7:e1488565. doi: 10.1080/2162402X.2018.1488565

155. Sabatino M, Hu J, Sommariva M, Gautam S, Fellowes V, Hocker JD, et al.

Generation of clinical-grade CD19-specific CAR-modified CD81 memory

stem cells for the treatment of human B-cell malignancies Marianna. Blood.

(2016) 127:1117–27. doi: 10.1182/blood-2015-11-683847

156. Kondo T, Morita R, Okuzono Y, Nakatsukasa H, Sekiya T, Chikuma

S, et al. Notch-mediated conversion of activated T cells into stem cell

memory-like T cells for adoptive immunotherapy. Nat Commun. (2017)

8:1–14. doi: 10.1038/ncomms15338

157. Chacon JA, Wu RC, Sukhumalchandra P, Molldrem JJ, Sarnaik

A, Pilon-Thomas S, et al. Co-stimulation through 4-1BB/CD137

improves the expansion and function of CD8+ melanoma

tumor-infiltrating lymphocytes for adoptive T-cell therapy.

PLoS ONE. (2013) 8:e0060031. doi: 10.1371/journal.pone.006

0031

158. Minagawa A, Yoshikawa T, Yasukawa M, Hotta A, Kunitomo M, Iriguchi

S, et al. Enhancing T cell receptor stability in rejuvenated iPSC-derived T

cells improves their use in cancer immunotherapy. Cell Stem Cell. (2018)

23:850–8. doi: 10.1016/j.stem.2018.10.005

159. Vizcardo R, Masuda K, Yamada D, Ikawa T, Shimizu K,

Fujii SI, et al. Regeneration of human tumor antigen-specific

T cells from iPSCs derived from mature CD8+ T cells.

Cell Stem Cell. (2013) 12:31–6. doi: 10.1016/j.stem.2012.1

2.006

160. Zhang L, Davies JS, Serna C, Yu Z, Restifo NP, Rosenberg SA, et al. Enhanced

efficacy and limited systemic cytokine exposure with membrane-anchored

interleukin-12 T-cell therapy inmurine tumormodels. J Immunother Cancer.

(2020) 8:210. doi: 10.1136/jitc-2019-000210

161. Lai J, Mardiana S, House IG, Sek K, Henderson MA, Giuffrida L,

et al. Adoptive cellular therapy with T cells expressing the dendritic

cell growth factor Flt3L drives epitope spreading and antitumor

immunity. Nat Immunol. (2020) 21:914–26. doi: 10.1038/s41590-020-0

676-7

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Hübbe, Jæhger, Andresen and Andersen. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 13 September 2020 | Volume 11 | Article 578349127128

https://doi.org/10.1038/s41418-019-0302-0
https://doi.org/10.1172/JCI87624
https://doi.org/10.1038/s41416-018-0188-5
https://doi.org/10.1158/2326-6066.CIR-16-0104
https://doi.org/10.1080/21645515.2019.1653744
https://doi.org/10.4049/jimmunol.168.11.5491
https://doi.org/10.1038/10503
https://doi.org/10.1038/10495
https://doi.org/10.3389/fimmu.2017.01484
https://doi.org/10.1007/s00262-018-2115-2
https://doi.org/10.1097/CJI.0b013e31824e7f43
https://doi.org/10.1080/2162402X.2018.1468956
https://doi.org/10.1016/j.imbio.2019.151899
https://doi.org/10.1172/JCI24480
https://doi.org/10.4049/jimmunol.175.4.2261
https://doi.org/10.1084/jem.20041057
https://doi.org/10.1080/2162402X.2018.1488565
https://doi.org/10.1182/blood-2015-11-683847
https://doi.org/10.1038/ncomms15338
https://doi.org/10.1371/journal.pone.0060031
https://doi.org/10.1016/j.stem.2018.10.005
https://doi.org/10.1016/j.stem.2012.12.006
https://doi.org/10.1136/jitc-2019-000210
https://doi.org/10.1038/s41590-020-0676-7~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


REVIEW
published: 06 October 2020

doi: 10.3389/fimmu.2020.02023

Frontiers in Immunology | www.frontiersin.org 1 October 2020 | Volume 11 | Article 2023

Edited by:

Maysaloun Merhi,

Hamad Medical Corporation, Qatar

Reviewed by:

Loredana Ruggeri,

University of Perugia, Italy

Jeff K. Davies,

Queen Mary University of London,

United Kingdom

*Correspondence:

Bicheng Zhang

bichengzhang@hotmail.com

Jun Wang

ggjun2005@126.com

†These authors have contributed

equally to this work

Specialty section:

This article was submitted to

Cancer Immunity and Immunotherapy,

a section of the journal

Frontiers in Immunology

Received: 11 May 2020

Accepted: 27 July 2020

Published: 06 October 2020

Citation:

Xu Y, Fu Y, Zhu B, Wang J and

Zhang B (2020) Predictive Biomarkers

of Immune Checkpoint

Inhibitors-Related Toxicities.

Front. Immunol. 11:2023.

doi: 10.3389/fimmu.2020.02023

Predictive Biomarkers of Immune
Checkpoint Inhibitors-Related
Toxicities
Ya Xu 1†, Yang Fu 2†, Bo Zhu 3, Jun Wang 4* and Bicheng Zhang 1*

1Cancer Center, Renmin Hospital of Wuhan University, Wuhan, China, 2Department of Oncology, Xiangyang Hospital, Hubei

University of Chinese Medicine, Xiangyang, China, 3 Institute of Cancer, Xinqiao Hospital, Army Medical University,

Chongqing, China, 4Department of Oncology, The First Affiliated Hospital of Shandong First Medical University, Jinan, China

The emergence and continuous development of immune checkpoint inhibitors (ICIs)

therapy brings a revolution in cancer therapy history, but the major hurdle associated

with their usage is the concomitant ICIs-related toxicities that present a challenge for

oncologists. The toxicities may involve non-specific symptoms of multiple systems as for

the unique mechanism of formation, which are not easily distinguishable from traditional

toxicities. A few of these adverse events are self-limiting and readily manageable,

but others may limit treatment, cause interruption and need to be treated with

methylprednisolone or tumor necrosis factor-α (TNF-α) antibody infliximab, and even

directly threaten life. Early accurate recognition and adequate management are critical

to the patient’s prognosis and overall survival (OS). Several biomarkers such as the

expression of programmed cell death ligand 1 (PD-L1), tumor mutation burden (TMB),

and microsatellite instability-high (MSI-H)/mismatch repair-deficient (dMMR) have been

proved to be the predictors for anti-tumor efficacy of ICIs, but there is a gap in clinical

needs for effective biomarkers that predict toxicities and help filter out the patients who

may benefit most from these costly therapies while avoiding major risks of toxicities.

Here, we summarize several types of risk factors correlated with ICIs-related toxicities

to provide a reference for oncologists to predict the occurrence of ICIs-related toxicities

resulting in a timely process in clinical practice.

Keywords: immune checkpoint inhibitor, toxicity, predictive biomarker, PD-1, PD-L1

INTRODUCTION

The development of ICIs has changed the systemic treatments of tumors and rewritten history.
Even as advanced stage therapy, ICIs have enjoyed unprecedented success in many types of
cancers including malignant melanoma (1), non-small cell lung cancer (NSCLC) (2), small cell
lung cancer (3), metastatic bladder cancer (4), and urothelial carcinoma (5), etc. Because of such
an effective anti-tumor immune response, the Food and Drug Administration (FDA) has approved
ICIs for more than thirty indications. With the unprecedented objective response rates (ORR) as
well as durable responses across many tumor types, the clinical application of ICIs continues to
expand in various combinations including ICIs monotherapy or combination with chemotherapy,
radiotherapy, anti-angiogenic agents, or other ICIs.

ICIs are a novel category of drugs that are essentially humanized monoclonal antibodies, which
activate T cells and relieve the immune system to recognize and assault cancer cells by targeting
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cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) (CD152),
programmed cell death protein 1 (PD-1), or programmed cell
death ligand 1 (PD-L1). However, the unleashing immune
response could increase autoimmunity and cause a plethora of
immune-related toxicities, termed ICIs-related toxicities, which
can potentially affect any tissue and organs of patients (mainly
including gut, skin, endocrine glands, liver, and lung) (Figure 1).

With unclear mechanisms, ICIs-related toxicities may require
discontinuation of immunotherapy. Furthermore, because of the
early onset and fulminant progression, some severe toxicities
are even life-threatening (such as myocarditis, serious colitis,
and pneumonia). Oncologists are facing huge challenges
in optimizing outcomes during the use of ICIs, which is
expected to increase significantly in the years to come.
Assuming most toxicities are mild and reversible when
detected early and properly managed, searching for predictive
biomarkers for the ICIs-related toxicities remain essential
for early recognition and appropriate clinical management.
Identifying predictive biomarkers to distinguish patients most
likely to suffer immune-related adverse events (irAEs) from
overall individuals will avoid severe toxicity risk and decrease
treatment costs.

This review focuses on summarizing a variety of potential
biomarkers from different sources for ICIs-related toxicities
and discussing the unique considerations relevant to patients’
treating (Figure 2).

FIGURE 1 | In the tumor microenvironment, PD-1/CTLA-4 molecules on activated T cells are up-regulated and combined to PD-L1/PD-L2 or CD80/CD86 molecules

on tumor cells. Consequently, T cell activity is inhibited, and an immunosuppressive microenvironment is formed, which leads to tumor cells escaping the immune

surveillance and growing wildly. ICIs restore anti-tumor activity of T cells by targeting and blocking PD-1 or CTLA-4 signaling pathway. Activated T cells kill tumor cells

and may attack normal human tissue cells, forming ICIs-related toxicities. PD-1, programmed cell death protein 1; PD-L1/2, programmed cell death ligand 1/2;

CTLA-4, cytotoxic T lymphocyte-associated antigen-4; ICIs, immune checkpoint inhibitors; MHC, major histocompatibility complex; TCR, T cell receptor.

PREDICTIVE BIOMARKERS FOR CTLA-4
INHIBITORS-RELATED TOXICITIES

CTLA-4 plays a pivotal role in inducing peripheral tolerance
and maintaining immunologic homeostasis but it is believed
to be a negative regulator within the anti-tumor immunity.
Specifically, CTLA-4 and CD28 are homologous receptors of
T cells, which share a pair of ligands, B7 molecules (CD80
and CD86) expressed on the surface of antigen-presenting cells
(APCs) (6). CTLA-4 binds with B7 molecules or detaches them
away on APCs in the lymph nodes, causing T cell activation
to be inhibited during the primary phase (7). The recombinant
fully human immunoglobulin (Ig) monoclonal antibodies, such
as ipilimumab and tremelimumab, activate T cells by forming
a CTLA-4 pathway blockade at an early stage, of which the
former was the first FDA approved inhibitor for unrespectable
or metastatic melanoma based on significantly improved survival
data in March 2011 (8). However, ICIs-related toxicities were
accompanied with the enhanced anti-tumor responses following
the CTLA-4 blockade. Ipilimumab-related all grade and 3–4
grade toxicities rates were 86.8 and 28.6%, respectively, which
mainly affected gastrointestinal, skin, and renal system (9),
while tremelimumab commonly led to gastrointestinal events,
dermatologic events, and fatigue (10). Recently, several studies
have looked for predictive biomarkers of CTLA-4 inhibitors-
related toxicities. Key results are summarized in Table 1.
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FIGURE 2 | Expression of key potential biomarkers from the tumor microenvironment, circulating blood, target organs or clinical factors, predictive for ICIs-related

toxicities. The up or down arrows represent the increase or decrease of biomarkers. All these factors are associated with an increased incidence of ICIs-related

toxicities. ICIs, immune checkpoint inhibitors; Tregs, regulatory T cells; IL-6/17/2, Interleukin-6/17/2; HLA, human leukocyte antigen; WBC, white blood cells; RLC,

relative lymphocytes count; ctDNA, circulating tumor DNA; CTCs, circulating tumor cells; 18F-FDG, 18F-fluorodeoxyglucose; CRP, C-reactive protein; CTLA-4,

cytotoxic T lymphocyte-associated antigen-4; pre-existing ADs, pre-existing autoimmune disorders.

Biomarkers From Circulating Blood
T Cell Repertoire
Since CTLA-4 blockade leads to the proliferation of circulating
T cells, the diversity of the T cell receptor (TCR) repertoire
as well as the expanse of the T cell repertoire are increased
simultaneously (25). The clonal expansion of CD8+ T cells
occurred predating the onset of grade 2–3 ipilimumab-
related toxicities (11), patients with ipilimumab-related toxicities
exhibited greater diversity of CD4+ and CD8+ T cells (12),
indicating that the early diversification of the T cell repertoire
appeared to present with the development of ipilimumab-
related toxicities as well as an efficacious prostate-specific antigen
responses (12). In total, the checkpoint blockade therapy with
subsequent T cell repertoire diversification immediately can
be both detrimental and beneficial for patients with cancer,
suggesting that oncologists should be more cautious about
this indicator.

Tregs
Regulatory T cells (Tregs) are a kind of CD4+ T cells that inhibit
immunopathology or autoimmune disease in vivo by influencing
the activity of other cell types. The expression of CTLA-4 on
Tregs directly influenced its homeostasis and the function of

preventing autoimmunity, the loss of CTLA-4 promoted the
expansion of Tregs (6). Zhang’s group reported that ipilimumab
could prevent CTLA-4 recycling by lysosomal degradation and
be less effective in intratumor Tregs depletion and rejection
of large established tumors. Notably, the CTLA-4 inactivation
led to irAEs (26). The selective depletion of tumor-infiltrating
Tregs enhanced by preserving CTLA-4 recycling led to the cancer
therapeutic effect of anti-CTLA-4 antibodies (27). That is to say,
the depletion of tumor-infiltrating Tregs was closely related to
CTLA-4-related toxicities and CTLA-4 molecule inactivation. It
was reported that a low baseline proportion of peripheral blood
CD4+ Tregs was associated with subsequent colitis caused by
ipilimumab (13), consistent with previous views that Tregs were
capable of suppressing autoimmune diseases (ADs).

Eosinophils
A retrospective analysis informed that the growth count
of circulating eosinophils during treatment with ipilimumab
was associated with ICIs-related toxicity occurrence (14, 15).
Furthermore, biopsies of diseased tissue about ipilimumab-
associated hepatitis (28), rash (29), and colitis (16) showed
the inflammatory infiltrate was similar, and all contained
with eosinophils. Similarly, immunohistochemistry revealed the
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TABLE 1 | Predictive biomarkers for CTLA-4 inhibitor-related toxicities.

Marker Cancer type (sample size) Source Measurement methods Drugs Correlation

T cell repertoire (11) Metastatic prostate

cancer (N = 27)

Blood TCR β-chains sequencing Ipilimumab Early clonal expansion of CD8 T-cell clones

preceded the development of 2-3

CTLA-4-related toxicities

T cell repertoire (12) Prostate cancer

(N = 42)

Blood TCR β-chains sequencing Ipilimumab Patients with CTLA-4-related toxicities

exhibited greater diversity of CD4+ and CD8+

T cells

Tregs (13) Metastatic melanoma

(N = 26)

Blood Absolute cell counts Ipilimumab A low baseline proportion of peripheral blood

CD4+ Tregs was associated with subsequent

colitis caused by ipilimumab

Eosinophils (14, 15) Melanoma (N = 156)

/(N = 43)

Blood Absolute cell counts Ipilimumab The growth count of circulating eosinophils

during treatment with ipilimumab was

associated with CTLA-4-related toxicities

occurrence

Neutrophils (16) Melanoma (N = 115) Tissue Biopsy Ipilimumab The inflammation of neutrophils was associated

with the occurrence of dysregulation of

gastrointestinal immunity

IL-6 (17) Metastatic melanoma

(N = 140)

Blood Chemoluminescent

immunoenzymatic method

Ipilimumab Baseline IL-6 serum levels was significantly and

independently associated with higher risk of

severe toxicity

IL-17 (18) Metastatic melanoma

(N = 52)

Blood Chemoluminescent

immunoenzymatic method

Ipilimumab The fluctuations in blood IL-17 levels was

associated with the development and the

resolution of colitis symptoms in individually

IL-17 (19) Metastatic melanoma

(N = 35)

Blood Chemoluminescent

immunoenzymatic method

Ipilimumab The baseline serum IL-17 levels were

significantly higher in patients with grade 3

diarrhea/colitis

sMICA (20) Advanced melanoma

(N = 77)

Serum ELISA Ipilimumab The increased of baseline sMICA related to a

lower frequency of ipilimumab-related toxicities

Ectopic expression of

CTLA-4 (21)

Advanced melanoma/

prostate cancer (N = 20)

Tissue RT-PCR and Western

blotting

Ipilimumab Ectopic expression of CTLA-4 was associated

with the onset of hypophysitis

Sex (17) Metastatic melanoma

(N = 140)

Clinical

characteristics

Logistic regression Ipilimumab Female faced higher risk of irAEs

Baseline gut microbiota

(13)

Metastatic melanoma

(N = 26)

Fecal Next generation

metagenomic sequencing

Ipilimumab Ipilimumab-related colitis was associated with

decreased bacterial diversity

Baseline gut microbiota

(22)

Metastatic melanoma

(N = 115)

Fecal Next generation

metagenomic sequencing

Ipilimumab The bacteroidetes phylum bacteria were more

abundant in the faces of the patients who were

resistant to ipilimumab-induced colitis

MA (23) Metastatic melanoma

(N = 84)

Body composition CT Ipilimumab The decrease of MA significantly associated

with high-grade ipilimumab-related toxicities

Pre-existing ADs (24) Advanced melanoma

(N = 30)

Clinicopathologic

characteristic

Data collection Ipilimumab 50% of patients with pre-existing ADs

experienced exacerbations of their autoimmune

or grade 3–5 -CTLA-4-related toxicities

CTLA-4, cytotoxic T lymphocyte-associated antigen-4; TCR, T cell receptor; Tregs, regulatory T cells; sMICA, soluble major histocompability complex class I chain-related

protein A; ELISA, enzyme-linked immunoassay; IL-6/17, interleukin-6/17; MA, muscle attenuation; CT, computed tomography; Pre-existing ADs, pre-existing and early changes in

autoimmune disorders.

infiltration of CD4+ and CD8+ T cells and highly activated
effector cells of affected skin and gut correlated with ipilimumab-
related toxicities intensity (30).

IL-6
Interleukin (IL)-6 is a pleiotropic inflammatory cytokine acting
as a keystone factor in infection, cancer and inflammation.
The blocking of immune checkpoints increases cytokine release
including IL-6. Notably, low baseline IL-6 serum level was an
independent risk factor for ICIs-related toxicities (17). Lower
baseline levels of IL-6, IL-8, and sCD25 were associated with

subsequent colitis in metastatic melanoma patients treated with
ipilimumab (13).

IL-17
Compared with no colitis patients, serum IL-17 levels were
significantly higher in patients with CTLA-4-related colitis;
furthermore, the growth and fall in blood IL-17 levels were,
respectively, associated with the development and the resolution
of colitis symptoms individually (18). A significant association
was demonstrated between baseline circulating IL-17 levels and
the later progress of grade 3 diarrhea/colitis after the neoadjuvant
treatment of ipilimumab (19). All these studies consistently
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showed a positive correlation between IL-17 levels and CTLA-
4-related toxicities.

Other Serum Protein
The release of soluble major histocompability complex
class I chain-related protein A (sMICA) compromised
natural killer (NK)- cell cytotoxicity, resulting in the
tumor’s escape from immunosurveillance (31, 32). A visible
association was found between a higher baseline serum
level of sMICA and lower frequency of ipilimumab-related
toxicities (20).

Gene Expression Profile
The increased expression of CD177 and CEACAM1 genes,
markers of neutrophils activation, were found associated with
gastrointestinal toxicity occurrence (33). Similarly, using whole-
blood RNA transcript-based models from a169-gene panel, a 16-
gene signature (including CARD12, CCL3, CCR3, CXCL1, F5,
FAM210B, GADD45A, IL18bp, IL2RA, IL5, IL8, MMP9, PTGS2,
SOCS3, TLR9, and UBE2C) was identified to be predictive
of tremelimumab-related gastrointestinal toxicities as well as
to discriminate patients developing grade 0–1 from grade 2–4
diarrhea/colitis (34).

Biomarkers From Target Organs
Ectopic Expression of CTLA-4
Hypophysitis induced by ipilimumab in about 4% of patients
may be attributed to the ectopic expression of CTLA-4 in the
pituitary glands, which has been proved at both RNA and
protein levels. Furthermore, pituitary antibodies were negative
at baseline, increased in the 7 patients with hypophysitis but
remained negative in the 13 patients without it (21). In other
words, the CTLA-4 molecular expressed ectopically in the
pituitary glands or the development of pituitary antibodies
may be predictors for the appearance of ipilimumab-related
pituitary toxicities.

Baseline Gut Microbiota
In recent years, intestinal commensal bacteria has gradually
become a popular research direction. Commensal bacteria
in the colonic microbiota showed an immunomodulatory
effect. For example, the members of Bacteroidetes phylum
can limit inflammation by stimulating Tregs differentiation
(35). More specifically, colitis was associated with decreased
bacterial diversity, the microbiota of patients prone to develop
ipilimumab-induced colitis was enriched in Firmicutes at
baseline, but others abundant with high proportions of
Bacteroidetes phylum in the feces seemed resistant to
ipilimumab-induced colitis (13). Besides, a lack of genetic
pathways involved in polyamine transport and B vitamin
biosynthesis was associated with an increased risk of
colitis (22). These affirm the accurately predicted value of
the intestinal bacterial spectrum and genome as potential
biomarkers for identifying patients who are at risk of developing
CTLA-4-related colitis.

Muscle Attenuation
With computed tomography (CT), low muscle attenuation (MA)
were independent factors significantly associated with high-grade
ipilimumab-related toxicities in metastatic melanoma (23).

Biomarkers From the Host
Valpione et al. (17) found female sex was significantly
associated with a higher risk of several ipilimumab-related
toxicities, Specifically, abnormal thyroid function happened
more frequently in female patients (36).

Compared with 3 and 10 mg/kg dosage of ipilimumab, it
showed an ∼50% rate of increase of grade 3–5 toxicities and an
increased count of toxicities-related death with the higher dosage
group (37). Similarly, the incidence level of all grade adverse
events with anti-CTLA-4 treatment was 61% for 3 mg/kg dosage
and 79% for 10 mg/kg (38). These dose effects corroborated that
the dosage decided the risk of developing ipilimumab-related
adverse events.

PREDICTIVE BIOMARKERS FOR
PD-1/PD-L1 INHIBITORS-RELATED
TOXICITIES

PD-1 molecule is an inhibitory receptor that was expressed on
activated T cells and avoids unwanted inflammation and tissue
damage caused by the excessive activation of T cells. But tumor
cells take advantage of immune-tolerance mechanisms by up-
regulating the expression of PD-1 ligands, PD-L1 (B7-H1), and
PD-L2 (B7-DC). Subsequently, the binding of PD-1 and its
ligands in the peripheral tissues inhibits those already activated
T cells in the immune response. The production of monoclonal
antibodies target the PD-1/PD-L1 signaling pathway to mobilize
the host autoimmune system’s anti-tumor potential. PD-1/PD-
L1 monoclonal antibodies significantly improve the survival of
patients with advancedmalignancies compared to chemotherapy,
and they are now being used as the second-line, or even first-line
treatment in many types of cancers. However, it can also provoke
powerful autoimmune reactions in other organ systems, classified
as PD-1/PD-L1 inhibitors-related toxicities. PD-1-related serious
adverse events were reported to occur at a percentage of 11%
with a 1% rate of PD-1-related deaths (39). Key results about
predictive markers for PD-1/PD-L1 inhibitors-related toxicities
are summarized in Table 2.

Biomarkers From Circulating Blood
Routine Blood Count
The routine blood count is a basic and routine examination
for clinical tumor inpatients. After univariate analysis
and multivariate analysis in routine blood count data, an
increased white blood cells (WBC) count and decreased relative
lymphocytes count (RLC) were independent factors associated
with lung/gastrointestinal toxicities (40). The baseline Absolute
eosinophils count >240/µL or relative eosinophils count could
be useful biomarkers to predict PD-1-related endocrine toxicities
(48). Besides, numerous neutrophils infiltrated into the skin
of one of the nivolumab-associated psoriasiform dermatitis
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TABLE 2 | Predictive biomarkers for PD-1/PD-L1 inhibitors-related toxicities.

Marker Cancer type (smple

size)

Source Measurement

methods

Drugs Correlation

Routine blood count

(40)

Melanoma (N = 101) Blood The count of blood

cells

Nivolumab An increased WBC count and decreased RLC

were independently associated with

lung/gastrointestinal toxicities

TgAbs and TPOAbs

(41)

cancer (N = 66) Blood TOSOH Nivolumab The baseline TgAbs and TPOAbs levels were

associated with the development of thyroiditis

TgAbs and TPOAbs

(42)

Advanced NSCLC

(N = 137)

Blood TOSOH PD-1 inhibitors Thyroid dysfunction was more frequent among

patients with pre-existing antithyroid antibodies

Rheumatoid factor (42) Advanced NSCLC

(N = 137)

Blood TOSOH PD-1 inhibitors Skin reactions were more frequent among

patients with pre-existing rheumatoid factor

TgAbs and TPOAbs

(43)

Advanced malignant

diseases (N = 26)

Blood TOSOH PD-1 inhibitors The pre-existing and early increase (≤4 weeks)

in TgAbs and TPOAbs levels were found to be

associated with PD-1-related thyroid toxicities

Tg (43) Advanced malignant

diseases (N = 26)

Blood Chemiluminescence

immunoassay

PD-1 inhibitors The early increase in Tg levels were strongly

associated with development of thyroid irAEs

sCD163 and CXCL5

(44)

Advanced melanoma

(N = 46)

Blood ELISA Nivolumab The serum absolute level of serum sCD163

was significantly increased in patients with

nivolumab-related toxicities, accompaning by

an increasing trend of CXCL5

Pre-existing ADs (45) Advanced melanoma

(N = 119)

Clinicopathologic

characteristic

Data collection PD-1 inhibitors 20 (38%) patients had a flare of ADs requiring

immunosuppression, 2 (3%) patients

experienced a recurrence toxicities the same

with ipilimumab while 23 (34%) developed new

toxicities

Pre-existing ADs (46) NSCLC(N = 56) Clinicopathologic

characteristic

Data collection PD-(L)1 inhibitors 55% patients developed an ADs flare and/or

ICIs-related toxicities

Pre-existing

ICIs-related toxicities

(47)

Metastatic melanoma

(N = 80)

Clinical

characteristic

Data collection PD-1inhibitors 31 patients experienced clinically significant

recurrent or distinct toxicities

WBC, white blood cells; RLC, relative lymphocytes count; TgAbs, anti-thyroglobulin antibodies; TPOAbs, anti-thyroid peroxidase antibodies; sCD163, soluble CD163; PD-1, programmed

cell death protein 1; PD-L1, programmed cell death-ligand 1; NSCLC, non-small-cell lung cancer; ICIs, immune checkpoint inhibitors; Tg, thyroglobulin; ADs, autoimmune diseases;

TOSOH, electrochemiluminescent immunoassay; ELISA, enzyme-linked immunosorbent assay; irAEs, immune related adverse events.

patients (49). It is manifested that these factors could be a
prompting signal of PD-1-related toxicity occurrence.

Th1
CD4+ helper T cells (Th) 1 are key regulators in the tumor
immune microenvironment and have a crucial role in activating
cytotoxic T lymphocytes, participating in the pathological
response process of inflammatory bowel disease (IBD) and
rheumatoid arthritis (RA). Previous study showed that the
subepithelial layer was enriched with CD4+ T cells in colitis
induced by CTLA-4 inhibitors (50). The increased numbers of
Th1 in tumors was reported to be associated with an improved
response to immune therapies (51). By contrast, the presence of
high CD4+ and low CD8+ tumor-infiltrating lymphocyte levels
were independent predictors of poor progression-free survival
(PFS), while the former was positively correlated with late tumor
stage (52). Infiltration of Th1 in the colon suggested that the
development of nivolumab-related colitis is associated with Th1
dominant response (53).

Serum Autoantibodies
Hypothyroidism was observed in 8.6% of metastatic melanoma
patients treated with nivolumab (54), thyroid dysfunction has

been reported to be one of the most frequent nivolumab-
related adverse events. Compared with those patients free of
thyroiditis, the baseline anti-thyroglobulin antibodies (TgAbs)
and anti-thyroid peroxidase antibodies (TPOAbs) levels were
significantly higher in destructive thyroiditis patients (41),
the appearance of thyroid dysfunction during PD-1 treatment
closely associated with anti-thyroid antibodies (55). Toi et al.
(42) assessed the relationship between the safety and efficacy
of anti-PD-1 treatment and preexisting autoimmune markers,
found that the clinical outcomes, including PFS, ORR, and
disease control rate, were significantly better among patients
with any of the preexisting antibodies positive. Moreover,
thyroid dysfunction was more frequent among patients with
preexisting thyroid autoantibodies (TgAbs and TPOAbs) (20
vs. 1%, P < 0.001) while skin toxicities were more frequent
among patients with preexisting rheumatoid factors (47 vs. 24%,
P = 0.02). In addition, the pre-existing and early increasing
(≤4 weeks) serum thyroid autoantibodies levels were found
to be associated with ICIs-related thyroid toxicities (43). The
homology of tumor-associated antigen NY-ESO-1 with thyroid
autoantigens leads to the cross presentation, which might
partly explain the mechanisms of PD-1/PD-L1 related thyroid
toxicities (56).

Frontiers in Immunology | www.frontiersin.org 6 October 2020 | Volume 11 | Article 2023133134

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Xu et al. Predictive Biomarkers for ICIs-Related Toxicities

PD-1/PD-L1 related autoimmune diabetes (type 1 diabetes
mellitus, T1DM) were rare with an incidence of 1% ∼53% of
which had at least one positive islet autoantibody (57) and 21%
had two or more (58). A Hispanic boy with insulin autoantibody
and islet antigen 2 antibody-positive, was reported to suffer from
T1DM which presented with acute progression to hyperglycemia
and diabetic ketoacidosis after treated with pembrolizumab
because of the progression of classical Hodgkin lymphoma (59).
Briefly, the autoantibodies would be great potential predicting
indicators for these endocrine toxicities with genetic disposition,
which need to be detected before ICIs to assess risk.

Soluble Serum Proteins
Immune-mediated myocarditis was rare but presented unique
clinical challenges due to non-specific presentation, exclusive
diagnosis, and potentially life-threatening consequences, and the
time-critical need to differentiate it from other causes of cardiac
dysfunction. In some cases, the common cardiotoxicity markers,
troponins, and BNP were found to be raised (60, 61), circulating
anti-conductive tissue autoantibodies (ACTA) was suggested
as a possible biomarker (62). The true incidence of ICIs-
included cardiotoxicity is presently unknown, the biomarkers
are needed for early identification and diagnosis of myocarditis
because of the fatal consequences. Since the serum absolute
levels of serum soluble CD163 (sCD163) and CXCL5 were
significantly increased in patients who developed nivolumab-
related toxicities, the absolute level of sCD163 and CXCL5 may
serve as possible prognostic biomarkers (44). Besides, low serum
albumin was reported as an independent risk factor for PD-
1-related pneumonitis (63). The baseline and early increase
(before 4 weeks) in serum thyroglobulin (Tg) levels were strongly
associated with the development of thyroid irAEs (43). C-
reactive protein (CRP) level and IL-6 were observed to reflect the
clinical course of colitis clearly, which exposed the potentiality
nivolumab-related toxicities predictive value (53).

HLA Genotypes
As we know, the human leukocyte antigen (HLA) genotypes
are strongly associated with many kinds of autoimmune
diseases. For example, the HLA B27 was identified as the
susceptibility gene of ankylosing spondylitis (AS); HLA-DR3
was reported as the main predisposing allele for autoimmune
thyroid diseases (64). Susceptible HLA genotypes dominated
by DR4 were present in 76% patients with PD-1/PD-L1
related T1DM (58). The dominance of susceptible HLA
genotypes indicates the potentiality in identifying patients
who are at the highest risk of suffering from T1DM during
ICIs treatment.

Biomarkers From the Host
Similarly to CTLA-4, compared with men, women were more
likely to develop all grades of PD-1-related toxicities (mainly
including pneumonitis and endocrinopathies). Interestingly,
endocrinopathies were more common in premenopausal women
than postmenopausal women or men (67 vs. 60 vs. 46%)
(65). The female sex is known as one of the risk factors for
autoimmune diseases, which provides us with an idea that

differences in sex hormone levels in patients may affect the
incidence of toxicity. It reminds us that in the era of precision
treatment, we need to record the clinical characteristics and
baseline hormone level status of patients before treatment in
more detail.

Other Biomarkers
Because of the non-invasive, intuitive, and fast advantages,
imaging examination plays an irreplaceable role for cancer
patients in diagnosing, staging, curative effect evaluation,
and adverse events detection in clinical practice. With
the 18F-fluorodeoxyglucose (18F-FDG) positron emission
tomography-computed tomography (PET/CT), thyroid gland
diffuse increased 18F-FDG uptake was observed in majority of
patients at the period of PD-1-related thyroid toxicities suffering
(45, 46). the baseline thyroid uptake of 18F-FDG increased the
risk of nivolumab induced thyroid toxicity development (47).
Therefore, with dynamic imaging monitoring, the dynamic
changes of thyroid 18F-FDG uptake may predict PD-1 related
markers of thyroid toxicity. Additionally, with chest CT, the
baseline fibrosis score ≥1 (0–5) was the only risk factor for
PD-1-related pneumonitis (66).

COMBINED PREDICTIVE BIOMARKERS

Because of the similar onset mechanism, there were some
overlaps between PD-1, PD-L1, and CTLA-4 blockades related
toxicity spectra, indicating the presence of common predictors.

Biomarkers From Circulating Blood
Circulating Blood Cells
Since the elevated baseline neutrophil-to-lymphocyte ratio
(NLR) and absolute neutrophil counts were significantly
correlated with poor outcome data of immunotherapies,
a neutrophil-based index was suggested as biomarkers for
risk-group stratification (67). Neutrophils are the main
components of inflammatory infiltration; higher-grade colitis
was associated with endoscopic inflammation (68). Lamina
propria infiltration by neutrophils was associated with the
occurrence of dysregulation of gastrointestinal immunity after
the CTLA-4 was blocked (16). Low NLR and low platelet-to-
lymphocyte ratio at baseline were confirmed as independent
predictive markers of the development of ICIs-related toxicities
(69). Besides, early changes in B cells induced by inhibitors
combined-treatment predicted higher rates of higher-grade
ICIs-related-toxicities after therapy (70). Taken together these
findings suggest a potential predictive role of circulating blood
cells as markers for ICIs-related-toxicities development in a
category of patients, which is easy to measure in daily practice.

Serum Pro-inflammatory Cytokines
Blood markers, such as the raised serum levels of lactate
dehydrogenase and CRP were identified as risk factors for
poor survival in patients treated with ICIs (71). In view of
the finding of 11 significantly upregulated cytokines (including
proinflammatory cytokines such as IL-1α, IL-2, and IFN-α2)
in patients with severe toxicities at baseline and early during
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ICIs treatment, these were integrated into a single toxicity
score and validated to predict for high grade ICIs-related
toxicities in patients treated with combination immunotherapy
(72). In addition, a significant serum IL-6 levels increase in
patients with psoriasis-afflicted or other ICIs-related toxicities
after nivolumab treatment while decreases were observed in
non-afflicted metastatic melanoma patients (49).

Anti-CTLA-4 antibodies could regulate the unfolding of
autoimmune diabetes (73). PD-1/PD-L1 binding played an
important role in preventing the onset of diabetes in mouse
models (74). The existence of PD-1 or CTLA-4 genetic
polymorphisms in humans was linked to series of autoimmune
diseases (ADs) susceptibility, which mainly included RA,
AS, T1DM, and graves’ disease. For different genotypes, the
correlation with ADs was inconsistent (75–77). Indeed, ICIs
treatment can cause or exacerbate ADs including T1DM (78),
Immune checkpoint-associated gene polymorphisms may be
potential predictors of ICIs-related autoimmune toxicity, but still
need to be validated in clinical practice.

Biomarkers From Tumor Microenvironment
Co-expression Antigens
A case report which made the post-mortem evaluation and
analyzed the immune infiltrated tissues (including skeletal
muscle and myocardium) and tumor in two melanoma patients
suffered from fulminant myocarditis after the combination
treatment with ipilimumab and nivolumab, presented the most
abundant TCR type increases in one of the patients. Additionally,
tumors in the two patients expressed abundant desmin and
troponin which belonged to the muscle-specific antigen (61).
These may be interpreted that the presence of common antigens
between tumor and healthy tissue caused the myocarditis,
supporting with recent views that the cross-presentation of
shared antigens might lead to autoimmunity in patients treated
with ICIs.

Tumor Burden
According to the Response Evaluation Criteria in Solid Tumors
version 1.1 (RECST 1.1), tumor burden was defined as the
sum of the longest diameters for a maximum of five target
lesions and up to two lesions per organ and accessed by CT
(79). A higher tumor burden was a significant independent
predictor of severe irAEs (P = 0.03) (80) and poorer survival
(P < 0.01) (79).

Biomarkers From the Host
ICIs may trigger a higher risk of toxicity among patients
with pre-existing autoimmune disorders (ADs) or inflammatory
diseases, which excluded such patients from most clinical trials
involving ICIs therapy and the relevant data were limited
(24). These situations led to a gap in clinical needs for those
patients. Patients with pre-existing ADs (including RA, psoriasis,
IBD, systemic lupus erythematosus, multiple sclerosis, and
autoimmune thyroiditis) treated with ipilimumab, 50% of those
experienced exacerbations of their autoimmune or grade 3–5
ICIs-related toxicities (24). Then, after identifying another 119

melanoma patients with pre-existing ADs and/or ipilimumab-
related adverse events treated with PD-1 blockades, 38% patients
experienced a flare of ADs requiring immunosuppression,
3% suffered a recurrence toxicity while 34% developed new
toxicities (81). A 55% rate of patients developed an ADs flare
and/or an ICIs-related toxicity in PD-1/PD-L1 antibodies treated
NSCLC patients with ADs (82). A serious case of metastatic
melanoma patients resumed PD-1 therapy after suffering from
combination ICIs treated-related toxicities, ultimately, 39% of
patients experienced clinically significant recurrent or distinct
toxicities (83). Recently, multivariable analyses showed whether
the pre-existing ADs identified by strict criteria or relaxed criteria
were both associated with the ICIs-related toxicities diagnosis
during hospitalization therapy resumption (84). These results
consistently indicated that pre-existing ADs may be a predictor
of toxicity. Notably, ICIs could be considered in this setting with
vigilant clinical monitoring after a detailed and comprehensive
assessment on the risk vs. benefit for each case.

As a matter of fact, ICIs-related toxicities in different tumor
types showed a regular pattern. For instance, gastrointestinal
and skin toxicities were more common in melanoma patients.
Compared with melanoma, NSCLC had a higher rate of
pneumonitis. Arthritis and myalgia happened more frequently
in melanoma patients compared to renal cell carcinoma where
pneumonitis and dyspnoea were more endemic (85).

Generally, PD-1-related toxicities were different from CTLA-
4. Compared with PD-1 inhibitors, more high-grade toxicities
occurred in patients treated with CTLA-4 inhibitors (86).
Specifically, all grades colitis, hypophysis, and rash were more
common with CTLA-4 inhibitors, whereas PD-1 inhibitors had
increased risk for development of pneumonitis, hypothyroidism,
arthralgia, and vitiligo (85). There was a greater risk of
hyperthyroidism in patients with PD-1 inhibitors than PD-
L1 inhibitors. Even as for PD-1 inhibitors, the rates of
hyperthyroidism were significantly different between nivolumab
and pembrolizumab (87). That is to say, the species of ICIs
are closely related to the occurrence of different toxicities. For
patients with different basic conditions, the choice of ICIs is
important to the overall efficacy and safety of the patient.

Combination strategies of ICIs have been suggested to expose
synergistic effects on the activation of anti-tumor immune
response and increase the response rates in patients, which may
offer promising future cancer treatments (88–90). Because of
immunotherapy resistance or toxicity, sequential therapy with
two or more ICIs to prolong survival in cancer patients is
becoming more common in clinical practice (91). However,
ICIs-based combination therapy leads to a relatively high
incidence of ICIs-related toxicities coexisting with improved
efficacy (92, 93). Severe ICIs-related pneumonitis (94), fulminant
cardiotoxicities (95) or other severe toxicities (91) were observed
in lung cancer patients re-treated with PD-(L)1 inhibitors after
having experienced previous ICIs treatment, indicating that the
sequential and combined use of ICIs treatment for patients may
predict higher frequency of toxicity. Likewise, the incidence of
ICIs-related pneumonitis was marginally higher in those lung
cancer patients who received prior chest radiotherapy than
patients who did not (96); Curative-intent chest radiotherapy
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may increase the risk of any grade ICIs-related pneumonitis (97).
Therefore, great caution is needed in patients receiving ICIs in
combination or sequel.

DISCUSSIONS

Immunotherapy represents a major breakthrough for several
cancers, but only 20–30% of patients with malignancies
respond to ICIs. Unfortunately, the incidence of any-grade
irAEs is more than 50%, including a significant proportion of
serious and occasionally life-threatening irAEs, and treatment-
related deaths occur in up to 2% of patients (98). Based
on this, tumor immunotherapy requires the selection of the
most beneficial population based on minimizing the risk of
irAEs. Looking for highly efficient and specific predictive
biomarkers is an urgent problem during the current stage
of the explosive application of immunotherapy. Identification
and investigation of potential biomarkers that may predict
the development of ICIs-related toxicities are areas of active
research. Several potential biomarkers have been reported to
show the early predicative value of ICIs-related toxicities, which
mainly taken from circulating blood, affected organs, tumor
microenvironment, and clinical parameters.

Generally, biomarkers from affected organs or tumor
microenvironments requires tissue biopsy, which is useful
for predicting the biological behavior, especially for high
heterogeneous tumor tissue (99). Besides, histopathological and
immunohistochemical are mature clinical routine examination
methods. However, tumor and immune microenvironments may
change dynamically during tumor development and treatment.
It is necessary to dynamically observe biomarkers to accurately
reflect the actual state at different time points which requires
repeated biopsy, but the invasive procedures are inevitable
steps which are not allowed to be used often and may cause
additional side effects such as infection. In these subtypes, the
gut microbiota is an exceptional biomarker, as it can be collected
from the patient’s feces without intrusive steps. Therefore, it
has unique clinical application value in this view and needs
further verification in prospective studies. Compared with biopsy
samples from tumor tissue, circulating blood sample is more
available because of negligible invasion, it is an ideal access to
monitor the shift of biomarkers in peripheral blood for predicting
the development of ICIs-related toxicities. Circulating blood-
based liquid biopsy holds a high position in oncology because
of the unique advantages and wide clinical applications, such
as estimating overall tumor heterogeneity, dynamic tracking
temporal-based tumor heterogeneity, and assessing response
to therapy early in real time (100). In the age of precision
medicine, with the development of cutting-edge molecular
diagnostics, soluble immune checkpoint molecule, exosomal
protein, exosomal microRNA, circulating tumor cells (CTCs),
and circulating tumor DNA (ctDNA) were established to be
closely correlated with tumor diagnosis, staging, monitoring,
and prognosis (100–105). These molecules played critical
roles in tumorigenesis and tumor progression; therefore, they
demonstrated a promising predictive value at the clinical

treatment efficacy and ICIs-related adverse events. Advances in
technologies such as sequencing will bring more translational
research and clearmechanisms of action,making the treatment of
cancer patients more personalized and efficient. For example, the
pre-exciting thyroid autoantibodies were significantly associated
with subsequent PD-1 related toxicities and with the clinical
benefits (42). Some other potential clinical factors predictive for
severe ICIs-related toxicities have also been proposed, including
family history of ADs, tumors infiltration and location, previous
viral infections (HIV or hepatitis B virus) and the concomitant
use of medicines with known autoimmune toxicities (106, 107).
Additionally, monitoring muscle attenuation, tumor burden and
thyroid 18F-FDG uptake through imaging examinations is also
the preferred solution, because it is relatively convenient, quick
and non-invasive. From a practical clinical perspective, these data
are relatively simple to collect and do not require additional
financial burden on patients, most biomarkers are practical.

The oncologists should be familiar with every patient in
detailed medical history and basic conditions (included but not
limited to routine blood counts, lymphocyte typing, cytokine and
autoantibody detection, and gender, age, basic immune status,
and other general situation) before immunotherapy, watch out
for any new or worsening symptoms as well as detailed and
dynamic but comprehensive auxiliary inspection during the
treatment, evaluate it in time and treat these toxicities. For
example, tocilizumab can target inhibit IL-6 in order to prevent
the increased of IL-6 and stop related toxicities (108); patients
with high titer of TgAbs and TPOAbs who developed to grade 2
hypothyroidisms early take a moderate dosage of L-T4 therapy
throughout (43). Then, a close follow up is also necessary
after treatment.

Identification of biomarkers that predict the onset of ICIs-
related toxicities has great relevance in clinical practice, as
it could help identify patients earlier that are particularly
susceptible to distinct forms of immunotherapy-induced
adverse events, and consequently facilitate proper preemptive
management and not only reduce the risk of severe toxicities,
discontinuation of medication or obstruction of efficacy but also
the costs of treatment. Since a single biomarker change is often
related to a certain type of toxicity, it is necessary to increase
the types of biomarker and combine them, with dynamic and
continuous monitoring, in order to comprehensively analyze
the risk of toxicity in patients and perform treatment, benefit
in survival but also improve the quality of life on the premise
of maximization.

In conclusion, we summarized multiple kinds of potential
biomarkers and discussed their respective advantages and
disadvantages. Firstly, additional studies are still needed to
confirm the predictive value of potential biomarkers and
identify other risk factors for irAEs to ICIs helping to
determine the patients who are able to maximize the therapeutic
benefits while minimizing irAEs. Secondly, with the changes
of the immune microenvironment and tumor status in tumor
patients at different stages, most biomarkers require dynamic
monitoring and combined analyzing so as to predict the
possible risks and development direction more comprehensively
and accurately and deal with them in time. Thirdly, irAEs
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predictive biomarkers are still in the exploratory stage recently.
We insist that oncologists should examine different kinds of
potential biomarkers as comprehensively as possible in clinical
practice, to comprehensively assess the risk-benefit ratio for
individual patients and maximize therapeutic benefits while
minimizing irAEs. In the future, the focus should perhaps be on
effective screening of the benefit-seeking population through the
diversified detection based on liquid biopsy and the combination
of new immune toxicities related biomarkers. Furthermore,
precision strategy should be applied in irAE management

according to patient’s toxicity features associated with cellular
and molecular mechanisms including T cell activation, and
inflammatory responses.
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Identification of reliable biomarkers to predict efficacy of immune checkpoint inhibitors

and to monitor relapse in cancer patients receiving this therapy remains one of the

main objectives of cancer immunotherapy research. We found that the pretreatment

B cell number in the peripheral blood differed significantly between responders and

non-responders to anti-PD-1-based immunotherapy. Patients with various cancer types

achieving a clinical response had a significantly lower number of B cells compared

with those with progressive disease. Patients who progressed from partial response

to progressive disease exhibited a gradually increased number of circulating B cells.

Our findings suggest that B cells represent a promising biomarker for anti-PD-1-based

immunotherapy responses and inhibit the effect of PD-1 blockade immunotherapy. Thus,

preemptive strategies targeting B cells may increase the efficacy of PD-1 blockade

immunotherapy in patients with solid tumors.

Keywords: immunotherapy, immune checkpoint inhibitor, PD-1, biomarker, B cells

INTRODUCTION

Therapeutic blocking of the programmed death-1 (PD-1) pathway has recently been shown to be
a promising strategy for treating solid tumors, rendering long-term survival possible (1). However,
only a minority of patients benefit from this treatment. Identification of reliable predictors of
response to PD-1 blockade is therefore of utmost importance for determining the most appropriate
therapy candidates. PD-L1 overexpression is the most logical biomarker to predict patient response
to anti-PD-1 therapy; however, various shortcomings limit its clinical utility, including variability
in detection antibodies and differing immunohistochemistry cutoffs (2). Other reports suggest
that potential biomarkers could include tumor-infiltrating lymphocytes, mutational burden, and
immune gene signatures (3). However, the main obstacle for these biomarkers is the need to obtain
tumor biopsies, which is often not feasible, especially for patients with poor performance status or
who need to begin therapy urgently. More importantly, even the use of these tumor-based factors
fails to reliably identify potentially responsive patients.

Blood is the ideal biological specimen for identifying biomarkers, due to its availability. Hence,
analysis of circulating biomarkers as an alternative method is much more convenient for clinical
application. Recently, several studies have reported that the proportion of circulating myeloid-
derived suppressor cells (MDSCs) differed significantly between responders and non-responders
following immunotherapy; patients with a lower frequency of MDSCs had enhanced immune
responses when compared with patients who had high MDSC levels (4–8). Furthermore, a recent
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TABLE 1 | Characteristics of patients enrolled in this study.

Number (n, %) BCELL (%) TCELL (%) NKCELL (%)

Tumor type Malignant melanoma (n = 11, 13.92%) 10.05 ± 1.83 68.30 ± 3.04 15.66 ± 2.10

Lung cancer (n = 16, 20.25%) 8.36 ± 0.5 65.79 ± 2.15 21.30 ± 2.44

Sarcoma (n = 8, 10.13%) 7.45 ± 2.36 70.85 ± 2.40 17.1 ± 2.65

Renal carcinoma (n = 12, 15.19%) 7.08 ± 1.78 72.14 ± 2.68 16.72 ± 3.07

Mammary cancer (n = 3, 3.80%) 12.77 ± 1.98 61.63 ± 4.64 19.97 ± 4.04

Cervical carcinoma (n = 5, 6.33%) 21.22 ± 7.49 58.78 ± 10.24 20.78 ± 9.50

Liver cancer (n = 7, 8.86%) 8.81 ± 2.11 66.24 ± 4.07 22.71 ± 4.59

Lymphoma (n = 3, 3.80%) 7.87 ± 5.59 72.17 ± 3.07 17.05 ± 2.38

Pancreatic cancer (n = 2, 2.53%) 4.59 ± 0.35 66.60 ± 8.50 21.05 ± 0.25

Thymic carcinoma (n = 2, 2.53%) 29 ± 26.5 52.40 ± 28.60 12.85 ± 9.15

Esophageal cancer (n = 22.53%) 7.65 ± 1.25 57.20 ± 4.50 26.55 ± 1.65

Oophoroma (n = 1, 1.27%)

Oropharynx malignant tumor (n = 1, 1.27%)

Ulreter carcinoma (n = 1, 1.27%)

Orchioncus (n = 1, 1.27%)

Carcinoma tubae (n = 1, 1.27%)

Gallbladder carcinoma (n = 1, 1.27%)

Intramedullary glioma (n = 1, 1.27%)

Vular cystadenocarcinoma (n = 1, 1.27%)

Gender Male (n = 42, 53.16%) 7.14 ± 0.87 67.73 ± 1.53 19.20 ± 1.51

Female (n = 37, 46.84%) 13.32 ± 1.83 65.73 ± 2.2 17.52 ± 1.56

Age (years) ≤65 (n = 66, 83.54%) 11.05 ± 1.18 66.68 ± 1.43 18.94 ± 1.49

>65 (n = 13, 16.46%) 5.65 ± 1.01 67.37 ± 3.32 22.66 ± 2.68

Clinical response PD (n = 36, 45.57%) 13.24 ± 1.39 65.09 ± 1.66 17.58 ± 1.67

SD (n = 18, 22.78%) 7.21 ± 1.31 70.05 ± 2.26 18.16 ± 1.92

PR (n = 25, 31.65%) 7.47 ± 2.18 66.92 ± 2.95 21.92 ± 2.36

study found that a set of MDSC-related microRNAs are
associated with resistance to treatment with immune checkpoint
inhibitors (9). These studies suggest that circulating MDSCs
are a potential biomarker for predicting the response to
immunotherapy. A recent study investigated the correlation
between circulating B cells and clinical response as well as adverse
effects in 39 patients with advancedmelanoma receiving anti-PD-
1 or anti-cytotoxic T lymphocyte-associated protein 4 (CTLA-
4) therapy alone, or in combination (10). Although this study
did not find a correlation between B cells and clinical response
to immunotherapy, it demonstrated that checkpoint blockade
immunotherapy led to changes in circulating B cells (10).

In the present study, we set out to identify a reliable
biomarker that can be used to predict the response to anti-
PD-1-based immunotherapy, and our results strongly suggest
that pretreatment levels of B cells are highly predictive of
immunotherapy response.

MATERIALS AND METHODS

Study Subjects and Samples
Whole peripheral blood samples from cancer patients
were aseptically collected by venipuncture before or after
anti-PD-1-based immunotherapy and prepared using a

stain-lyse-no-wash procedure to provide white blood cells
labeled with fluorescence-linked CD3, CD4, CD8, CD19, CD45,
CD16, and CD56 antibodies (BD Multitest 6-color TBNK
reagent). Lymphocyte absolute counts and subset percentages
are automatically calculated using BD FACSCanto clinical
software. The absolute numbers (cells/µL) of positive cells in
the sample are determined by comparing cellular events to bead
events. The percentages of subsets are obtained by gating the
lymphocyte population.

Statistical Analysis
Data were analyzed using GraphPad Prism Software (GraphPad
Software Inc.). Unless otherwise indicated, the results are
presented as mean ± standard deviation. The results were
analyzed using 2-tailed unpaired or paired Student’s t-tests. A
p-value <0.05 was considered significant.

RESULTS

Patients and Treatments
A total of 79 patients treated with anti-PD-1-based
therapy were included in the study. A detailed listing
of patients and treatment characteristics is presented in
Table 1. All patients received at least one prior systemic
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FIGURE 1 | Baseline B cell number correlates with response in cancer patients with anti-PD-1-based immunotherapy. Whole blood cells, obtained from patients

before treatment with anti-PD-1-based therapy, were stained and analyzed using flow cytometry. Shown are baseline frequencies, which were expressed as a

percentage of total lymphocytes (gated from an CD45 PerCP vs. SSC dot plot) according to clinical response, and absolute number, which were expressed as

cells/µL of B cells (A,B), T cells (C,D), and NK cells (E,F). A t-test was conducted to test for differences between groups.
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FIGURE 2 | B cell number correlates with progression in patients with PR receiving anti-PD-1-based immunotherapy. Whole blood cells, obtained from patients with

PR before and at various timepoints after treatment receiving anti-PD-1-based therapy, were stained and analyzed using flow cytometry. Shown are changes of B cell

percentages and absolute numbers in patients with PR who (A,B) later developed PD over time, with time of relapse shown with arrows, (C,D) maintained stable

disease, or (E,F) further improved the PR over time.

treatment before anti-PD-1-based therapy. Combination
immunotherapy approaches involved chemotherapy,
radiotherapy, antiangiogenic therapy, and adoptive T-cell

therapy. The tumor response was assessed in accordance
with the Response Evaluation Criteria In Solid Tumors
(RECIST) 1.1. This approach has four response categories:
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complete response (CR), partial response (PR), stable disease
(SD) and progressive disease (PD). Of response-evaluable
patients, 31.7% achieved a PR, 22.8% had SD, and 45.6%
developed PD, which resulted in a disease control rate of
54.4% (Table 1).

Baseline B Cell Number Correlates With
Efficacy in Cancer Patients With
Anti-PD-1-Based Immunotherapy
We analyzed the absolute lymphocyte counts and lymphocyte
subset percentages in the peripheral blood of 78 cancer
patients prior to treatment with anti-PD-1-based therapy and
evaluated the association with clinical efficacy. A significant
difference in the proportion of B cells between responders and
non-responders to combination immunotherapy was observed.
Patients achieving a PR had a significantly lower frequency
of CD19+ B cells compared with that in the patients with
PD (Figure 1A). We also found this difference in patients
with SD when comparing with patients with PD (Figure 1A).
In contrast, no difference was observed in the frequency
of CD3+ T cells or CD16+CD56+ natural killer (NK)
cells between patients with PD and PR (Figures 1C,E). In
addition, no difference was observed in the proportion of
T cells or NK cells between patients with PD and SD
(Figures 1C,E). Similar results were observed when absolute
numbers of lymphocyte subsets were analyzed (Figures 1B,D),
except that the value of NK cells was higher in PR patients
(Figure 1F). Together, these results indicated that the frequency
of B cells in the peripheral blood is associated with efficacy
of immunotherapy and might be a potential biomarker
for predicting response in patients who receive anti-PD-1-
based therapy.

B Cell Frequency Correlates With
Progression in Patients With PR Receiving
Anti-PD-1-Based Immunotherapy
We next explored whether B cell frequency is able to predict
tumor relapse in patients who achieve a PR. Among the 21
patients who achieved a PR, five progressed to PD (PR-PD), 11
exhibited no change (PR-SD), and five had further improvement
in their PR over time (PR-PR). B cell counts and imaging
studies were performed after every 2–4 cycles of PD-1-based anti-
tumor therapy. Most of the patients who progressed from PR
to PD exhibited a gradually increased number of circulating B
cells (Figures 2A,B), which was not observed in patients who
maintained SD or had an improved PR (Figures 2C–F). We also
evaluated the association between T cells as well as NK cells and
tumor development. No changes were observed whether these
patients with PR further improved the PR, maintained SD, or
developed PD (data not shown). As of the most recent follow-up,
none of the patients in PR-PR or PR-SD groups have relapsed.
Together, these data indicate that B cell number might represent
a reliable biomarker for monitoring tumor relapse in patients
with PR.

FIGURE 3 | B cell absence leads to delay of tumor growth. WT or µMT mice

were injected s.c. with 1 × 105 TSA tumor cells and observed for 31 days

(n = 5 in each group). Three-dimensional tumor growth was serially measured

using calipers and tumor volumes calculated. The average tumor volume (±

SD) among all the mice in each group over time is shown.

B Cell Absence Leads to Delay of Tumor
Growth
The aforementioned clinical observation that B cell number is
associated with tumor growth suggested that B cell presence
might be detrimental to anti-tumor immunity of the host.
We tested this hypothesis using a murine model of mammary
carcinoma. TSA cells were injected s.c. at day 0 into both
syngeneic immunocompetent BALB/c mice as well asµMTmice,
which lack B cells but produce normal levels of granulocytes
and CD4+ and CD8+ T cells (11). As shown in Figure 3,
tumors in the wild-type mice proliferated rapidly. In contrast,
the rate of proliferation was significantly reduced in µMT mice.
Together, these data suggest that absence of B cells enhances
anti-tumor responses.

DISCUSSION

In the present study, we retrospectively reviewed patients treated
with anti-PD-1-based therapy at our center in recent years. We
found that patients who developed PD following therapy had
a higher number of B cells than those achieving SD and PR,
suggesting that B cells in the peripheral blood may impact the
efficacy of PD-1-based immunotherapy and might be a potential
biomarker for patients who receive this treatment. In addition, an
increase in B cell frequency may also be a biomarker identifying
patients at high risk for imminent cancer progression after an
initial response. These findings need to be confirmed in larger
prospective studies enrolling patients with specific cancer types,
since this study included a wide variety of cancers.

This study is consistent with our previously published finding
that the presence of B cells inhibits induction of T cell-dependent
anti-tumor immunity (11). In that study, µMT mice immunized
with irradiated TSA cells and challenged 2 weeks later with
a lethal dose of the same tumor typically rejected the tumor,
whereas nearly all wild-type mice developed a tumor (11). These
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data suggested, consistent with the present results, that B cells are
possibly another negative regulatory factor, in addition to PD-
1/PD-L1 co-inhibitory signals, in inducing immune tolerance.
PD-1 blockade in combination with B cell inactivation or
depletion might be a promising way to achieve more potent
responses in tumor immunotherapy.

In conclusion, the data reported herein show that B cells
represent a potential predictive biomarker for anti-PD-1-based
immunotherapy responses. Preemptive strategies targeting B
cells and/or MDSCs may increase the efficacy of PD-1 blockade
immunotherapy in patients with solid tumors.
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Immunotherapies have revolutionized cancer treatment. In particular, immune checkpoint
therapy (ICT) leads to durable responses in some patients with some cancers. However,
the majority of treated patients do not respond. Understanding immune mechanisms that
underlie responsiveness to ICT will help identify predictive biomarkers of response and
develop treatments to convert non-responding patients to responding ones. ICT primarily
acts at the level of adaptive immunity. The specificity of adaptive immune cells, such as T
and B cells, is determined by antigen-specific receptors. T cell repertoires can be
comprehensively profiled by high-throughput sequencing at the bulk and single-cell
level. T cell receptor (TCR) sequencing allows for sensitive tracking of dynamic changes
in antigen-specific T cells at the clonal level, giving unprecedented insight into the
mechanisms by which ICT alters T cell responses. Here, we review how the repertoire
influences response to ICT and conversely how ICT affects repertoire diversity. We will also
explore how changes to the repertoire in different anatomical locations can better correlate
and perhaps predict treatment outcome. We discuss the advantages and limitations of
current metrics used to characterize and represent TCR repertoire diversity. Discovery of
predictive biomarkers could lie in novel analysis approaches, such as network analysis
of amino acids similarities between TCR sequences. Single-cell sequencing is a
breakthrough technology that can link phenotype with specificity, identifying T cell
clones that are crucial for successful ICT. The field of immuno-sequencing is rapidly
developing and cross-disciplinary efforts are required to maximize the analysis,
application, and validation of sequencing data. Unravelling the dynamic behavior of the
TCR repertoire during ICT will be highly valuable for tracking and understanding anti-tumor
org October 2020 | Volume 11 | Article 5870141147148
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immunity, biomarker discovery, and ultimately for the development of novel strategies to
improve patient outcomes.
Keywords: checkpoint immunotherapy, tumor immunology, T cell receptor, immunogenomics, dynamic analysis
INTRODUCTION

Immunotherapies that harness T cell responses against cancer
have changed cancer treatment. Therapies such as immune
checkpoint therapy (ICT) and adoptive T cell transfer now play
a critical role in the treatment of solid and blood malignancies. In-
depth understanding of the biology that underlies immunotherapy
success or failure is crucial for treatment monitoring and
improving current therapies. Cutting edge high-throughput
sequencing and flow cytometry have enabled multi-faceted
profiling of T cells, evaluating immune receptor composition,
antigen specificity, epigenetic and functional status of T cells,
greatly contributing to our understanding of how the anti-tumor T
cell responds especially in the context of ICT.
ICT IS A REVOLUTIONARY CANCER
THERAPY, BUT NOT ALL
PATIENTS RESPOND

Treatment with antibodies that block inhibitory receptors, such
as cytotoxic T lymphocyte associated protein 4 (CTLA-4),
programmed death receptor 1 (PD-1), or its ligand PD-L1, can
lead to durable complete responses in some patients depending
on the cancer type (1). CTLA-4 blockade has been the most
successful in metastatic melanoma, while responses in other
cancers such as non-small cell lung (NSCLC) (2, 3), Hodgkin’s
lymphoma (4), Merkel-cell carcinoma (5), triple-negative breast
cancer (6), renal cell carcinoma (7), urothelial bladder (8, 9) and
squamous cell carcinoma of the head and neck (10) are common
with anti-PD-1/PD-L1 therapy.

Despite these promising results, it is difficult to predict
whether an individual will benefit from ICT or not. ICT
removes T cell suppression indiscriminately, causing immune
related adverse events in up to 90% of treated patients, with
serious autoimmune-like toxicity observed in approximately 2–
5% of treated patients (11). Immune related adverse events
are observed with either anti-CTLA-4 or anti-PD1/L1 therapy
and increase in incidence with combination therapy. ICT is
also expensive, costing approximately USD6,000 to 20,000
per patient each month, depending on the cancer type and
treatment schedule (12). Importantly, only a minority of
patients respond to ICT, highlighting a need to develop
accurate biomarkers of response. The most clinically advanced,
pre-treatment biomarkers of ICT responses include CD8+ T cell
tumor infiltration (13, 14), intra-tumoral PD-L1 expression (13,
15), tumor mutation burden and neo-antigen burden (16, 17).
However, these have poor positive and negative predictive value
as pre-treatment biomarkers of ICT response and are not
reproducible across all cancers.
org 2148149
MEASUREMENTS OF DYNAMIC CHANGE
IN THE IMMUNE SYSTEM COULD OFFER
A BIOMARKER OF ICT RESPONSE

Although a pre-treatment predictor of ICT response would be
ideal, an early on-treatment biomarker could also have value. We
previously argued the therapeutic response to ICT can be
visualized as a critical state transition of a complex system
because of its dichotomous nature; some patients experience
rapid tumor regression, but other patients do not benefit from
ICT at all (18). In such complex, highly connected systems, not
all determinants of response can be found in pre-treatment.
Small differences in the initial state (e.g. minor differences in T
cell repertoire) can be easily amplified in cascading events,
resulting in a dramatic shift in the system state. Biomarkers
could be identified between the start of treatment and when the
critical state transition occurs. In the context of ICT, dynamic
changes in features of the immune system, such as the T cell
repertoire shortly after initiation of treatment, could inform ICT
responses and biomarker development. We envisage that a
dynamic biomarker will complement existing ones and
facilitate clinical decisions once treatment has started. For
example, dynamic biomarkers would allow the identification of
patients with ‘pseudoprogression’ (an initial increase in tumor
diameter due to immune cell infiltration and edema, followed by
regression) who would benefit from continuing therapy, and it
would identify early-on patients who will not benefit, thus
limiting side effects and reducing the substantial costs
associated with continued treatment. Characterizing the T cell
repertoire is useful for developing potential dynamic biomarkers
of ICT response, and there are different technologies used to
approach this.
SEQUENCING TECHNOLOGY
IS IMPORTANT FOR THE
CHARACTERIZATION OF
TCR REPERTOIRES

Fine characterization of T cell repertoires is made possible by the
application of high-throughput sequencing. Immune specificity
is derived from T cell receptors (TCRs) expressed on the surface
of all T cells that bind to peptides in the context of major
histocompatibility complex (MHC) proteins. Conventional T
cells express a vast range of TCRs, and each TCR is typically
composed of a heterodimer of a and b chains. This diversity is
generated during random, somatic rearrangement of variable
(V), joining (J), and diversity (D) gene segments in TCR chains
(19). Most TCR diversity arises from the b chain because it
October 2020 | Volume 11 | Article 587014
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utilizes an additional D segment (Figure 1). Furthermore, the
process of gene rearrangement adds and removes random
nucleotides between segments (20), forming a hyper-variable
third complementarity-determining region (CDR3) that is a key
component of specificity. Although an upper bound of 1016

possible unique TCRab pairs can occur, 104 unique TCRbs can
be typically routinely sampled in human peripheral blood
samples (21, 22). In this review, we refer to TCR repertoire as
the collection of TCRs within a given T cell population.

Sequencing across the CDR3 region of TRBV gene in either
bulk populations of cells or at the single-cell level can be used to
fingerprint a repertoire (21, 23, 24). There are several well-
established TCR sequencing protocols, which involve targeted
PCRs to generate amplicons across the CDR3 region. We briefly
review commonly used protocols, as in-depth assessment and
head-to-head comparisons of different techniques have been
reviewed elsewhere (25–27).

TCR sequencing libraries can be prepared from genomic
DNA (gDNA) or messenger RNA (mRNA) starting material,
both with pros and cons (28). Essentially, DNA is more stable
and can be isolated from frozen or FFPE samples, whereas there
are more TCR RNA transcripts compared to the single copy of
rearranged DNA. Multiple fixed forward and reverse primers
specific to TCR Vb, and TCR Jb gene segments respectively are
used in multiplex PCRs to generate TCR libraries (24). Because
there are multiple TCR Vb and TCR Jb gene combinations,
multiplex PCR is required to cover most variations (24). The
benefit of the DNA approach is the direct quantification of single
TCR clones as each T cell contains one TCRb gene
rearrangement. However, transcriptional information is only
contained in RNA. Both RNA and gDNA based TCRseq have
Frontiers in Immunology | www.frontiersin.org 3149150
well documented methods and choosing one is dependent on
individual use cases.

5′ rapid amplification of cDNA ends (5′RACE) with template
switching oligonucleotides is the most widely used RNA based
approach to generate TCR sequencing libraries (29). This
approach incorporates an adaptor site at the 5′ end of a TCR
template during first strand synthesis, paired with a 3′ primer
specific for the TCR constant region. Subsequent PCR
amplification is performed with primers specific for 3′ end
and the 5′ adaptor sequence. 5′RACE is widely used because it
circumvents the need for multiple fixed primers. RNA
approaches measure expressed TCRbs, but quantification
of clonal expansion is challenging when sequencing bulk
populations of T cells, because multiple copies of the same
TCR could be expressed within a single cell (30). In a recent
study, matched samples underwent single-cell and bulk TCR
sequencing, and the proportion of each unique TCRb sequence
highly correlated between the two approaches (31). This suggests
that TCR transcript counts detected by bulk TCRseq can be
representative of T cell clonal expansion, rather than increased
expression of TCRs in a limited number of cells.

Regardless of starting material, PCR-based approaches are
often susceptible to amplification bias, which distort the relative
abundances of the sequenced products. A challenge lies in
distinguishing genuine rare clones from sequencing errors,
especially if sequences differ by a few nucleotides. Errors can
be corrected during analysis. For example, low frequency TCR
clones are often clustered with highly similar clones with
significantly greater frequencies because it is more likely the
sequence differences arising from these clones are due to error.
We also highlight the utility of unique molecular identifiers
A B

FIGURE 1 | All germline VDJ gene segments of the human T cell receptor. Variable (V) genes in red, diversity (D) genes in yellow and joining (J) genes in blue. From
outmost ring to innermost ring are the V (D)J sub-group, V (D)J group, and alpha (A)/beta (B) chains. Non-functional alleles are in white.
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(UMIs) or adjusting primer concentrations to correct this error
(32–34). UMIs are strings of random nucleotides added between
the adaptor sequence and oligonucleotides of the template
switching primer. During first-strand synthesis, each cDNA
template is tagged with a UMI which is carried through the
entire PCR and sequencing process. Post sequencing analysis
identifies sequences that originate from the same starting
priming molecule based on UMI sequence, allowing for
correction of any PCR bias and sequencing errors. Longer
UMI sequences lower the chance of identical but distinct RNA
molecules binding the same UMI (35). UMIs of 9 to 12
nucleotides are used in most RNA based TCR sequencing
protocols because it provides coverage for a typical range of
105 to 108 distinct TCR transcripts. Repeated deep sequencing of
human peripheral blood T cells identified a lower bound of 106

unique TCRb chains in a repertoire (36). With 12 nucleotide
UMIs there is sufficient coverage to sequence each unique
human peripheral blood TCRb at most 100 times. Both DNA
and RNA based bulk TCRseq approaches are now available
through commercial services or kits. While it is generally
accepted that current TCR sequencing methods will not
capture the entirety of repertoire diversity in an individual
(36), there is significant overlap between different bulk TCR
sequencing approaches in capturing the most abundant and
frequent TCRs.

Single-cell analysis is at the forefront of TCR sequencing
technology. In addition to sequencing TCRs, single-cell
sequencing interrogates transcriptional activity of individual
cells, linking T cell phenotype and specificity (37). With
single-cell technology, each cDNA molecule is barcoded to a
unique cell in a microfluidic droplet. UMIs are added and
amplicon libraries are similarly generated for sequencing.
Sequencing reads from individual cells are identified through
their unique barcodes. Single-cell fluidic platforms such as 10×
Chromium capture transcript and TCR information from up to
10,000 of individual cells in parallel. Bulk TCRseq captures 105

transcripts that provides more opportunity to sample low
expanded T cell clones. Although bulk TCRseq does not
provide transcriptomic information, it gives a more accurate
estimation of diversity than single-cell sequencing, and
is considerably cheaper. Both single-cell and bulk TCR
sequencing approaches have been used in combination because
they offer complementary information (reviewed in later
sections). The accessibility of the assays has led to an increase
in its use in immuno-oncology studies to characterize T cell
repertoires, especially in the context of response/non-response
to ICT.
TCR REPERTOIRES CAN BE
CHARACTERIZED BY DIFFERENT
METRICS

It is important to understand how multiple TCR clones are
distributed in T cell repertoires of patients that respond to ICT.
As TCRseq data sets typically contain millions of TCR sequences,
Frontiers in Immunology | www.frontiersin.org 4150151
with unique TCR clonotypes expressed at variable frequencies,
diversity metrics adapted from ecological studies are used to
characterize the relative distributions of multiple TCR clones.
These metrics are one-dimensional scores that estimate the
distribution of species in any given system. In the case of TCR
repertoires, each unique TCR clone represents a unique species,
and the abundance of each clone represents the number of
members of that species. The fraction of every unique
species (unique TCR clone) over the total number of T cells
(total TCRs) in the repertoire is calculated, weighted, summed
and normalized to produce a summary statistic. The most
commonly used metrics to characterize repertoire diversity in
published studies are based on Shannon’s and Simpson’s
diversity indices (38, 39). These scores range between
maximum clonality (with one clone occupying the whole
repertoire) and maximum evenness (with all clones occurring
equally). The degree of T cell clonal expansion is estimated with
these values. Importantly, diversity scores allow for statistical
comparisons between different TCR repertoires within (for
example before and after treatment) and between patients.
Perturbations in TCR repertoire, such as changes in TCR
diversity reflect immunological processes that can be analyzed
to understand antigen-specific T cell responses. ICT-induced
clonal expansion of antigen-specific T cells results in a reduction
of TCR diversity. Conversely, increased migration of T cells into
the tumor due to ICT could be reflected in an increase of TCR
diversity. The diversity index also offers a possible stratification
score for developing a biomarker of responsiveness to therapy,
but this requires further validation. Diversity indices are one of
few widely used metrics to characterize TCR repertoires in
ICT (40).

Another common metric used to characterize similarities or
differences in TCR repertoires is the Morisita–Horn index (41). It
accounts for both the number and abundance of shared TCRs
between two repertoires, and its score ranges between zero (no
overlap) and one (all clones overlapping at similar frequencies).
An advantage of performing TCR sequencing on serial samples is
the ability to track dynamic changes in TCR clonotypes over
time. For time course data, not only frequencies of individual
TCR clonotypes are measured, but overlap metrics have been
used as well (42). For example, an increased Morisita–Horn
Index between two sequential samples could reflect the
persistence and expansion of TCR clonotypes over time (43).
Changes in TCR overlap and diversity over time are important
dynamic measurements that could be informative of ICT
outcomes, and have been assessed in different studies (44–47).
ANTI-CTLA-4 MONOTHERAPY
REMODELS THE BLOOD TCR
REPERTOIRE

Studies investigating TCR repertoire and ICT are difficult to
compare because they differ in the type of cancer, type of sample
(blood or tumor biopsy), and timing (pre-treatment or post-
treatment) of sample collected, genetic material used for
October 2020 | Volume 11 | Article 587014
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sequencing (gDNA or RNA), and different diversity metrics used
for analysis. Our next section will focus on anti-CTLA-4 and
anti-PD-1/PD-L1 separately, as they are the most commonly
used antibodies in the clinic and have different mechanisms of
action (48, 49).

CTLA-4 blockade appears to broaden blood CD8+ T cell
responses against tumor associated antigens, increasing the
number of tumor-specificities measured by peptide-MHC
multimer staining when pre- and post-blood samples were
compared (50). TCRb sequencing performed in separate
studies support this, as anti-CTLA-4 increases the total
number of unique TCR clones and increases TCR diversity in
the blood (51). Although significant changes in TCR diversity
were not observed in all studies (43, 52), an important
observation with anti-CTLA-4 monotherapy is that highly
different repertoires were observed pre- and post-treatment, as
measured by low overlap indices (43, 48). This suggests that anti-
CTLA-4 treatment drives a rapid influx of new T cell clones and
broadens the circulating TCR repertoire, with minimal clonal
expansion of T cells within the blood (51). The broadening of the
T cell repertoire is indiscriminate in its specificity, as increased
blood TCR diversity has been linked to immune-related side
effects (48, 53).

Patients with a high pre-treatment blood TCR diversity score
experienced more clinical benefit and increased survival with
anti-CTLA-4 monotherapy in some studies (43, 54), but
not others (48, 55, 56). TCR diversity scores from pre-
treatment blood samples are highly variable because the
peripheral blood contains the most heterogeneous populations
of T cells. Although anti-CTLA-4 reshapes the blood TCR
repertoire, some TCR clonotypes are still found before and
after treatment. The persistence and expansion of high-
frequency TCR clonotypes post-treatment correlate with
survival in some studies (43, 51). There is no clear consensus
on how TCR diversity in whole blood samples correlates with
anti-CTLA-4 response.
ANTI-CTLA-4 DRIVES CLONAL
EXPANSION OF TUMOR INFILTRATING
LYMPHOCYTES

There is limited clinical data about dynamic changes in tumor
TCR repertoire diversity upon anti-CTLA-4 monotherapy. A
reduction in overall TCR diversity (measured by Shannon’s
Diversity) post-treatment compared to pre-treatment was
reported in a melanoma study (57) but not in a breast cancer
study (52). When TCR clones were tracked, anti-CTLA-4 drove
polyclonal, rather than oligoclonal expansion of TCR clones
within the tumor (52). Recent studies highlight that bystander
T cells specific for non-tumor antigens can infiltrate tumors,
obscuring the ability to analyze the anti-tumor T cell response
(58). A significant challenge lies in distinguishing tumor-specific
TCRs from the bystanders. Furthermore, most early clinical
Frontiers in Immunology | www.frontiersin.org 5151152
studies were performed with limited samples, and the effects of
anti-CTLA-4 monotherapy are not clear because anti-CTLA-4 is
mostly administered in combination with anti-PD-1/L1 or other
adjuvant therapies in clinical studies. Furthermore, serial tumor
biopsies are limited for most cancers. Hence preclinical models
have been widely used to study the effects of anti-CTLA-4 on
tumor TCR repertoires.

In murine studies, the effects of anti-CTLA-4 monotherapy on
tumor TCR diversity are model-dependent. Treatment of breast
tumors (4T1, E0771) results in reduced tumor TCR diversity
compared to untreated tumors, and this reduction in diversity is
accompanied by expansion of dominant TIL clones (59, 60).
However, similar changes are not observed in murine melanoma
(61, 62). B16 tumors did not respond to anti-CTLA-4 monotherapy
in these studies, likely contributing to the discrepancy. In vivo anti-
CTLA-4 treatment increases the frequency of neo-antigen specific
tumor-infiltrating T cells in other responsive murine cancer lines,
suggesting that clonal expansion of T cells, and reduction in tumor
TCR diversity is a feature that accompanies anti-CTLA-4 treatment
(63, 64). In most preclinical studies, tumors from treated vs
untreated animals are compared, unlike clinical studies where
serial samples from the same individual can be studied. This has
to be taken into consideration when studying dynamic changes in
murine models, as individual mice have highly private tumor TCR
repertoires even though they are genetically identical, and were
inoculated with ostensibly similar cancer cell lines (60, Nicola
Principe et al., 2020) (manuscript under review). This highlights
the challenge of developing a TCR based dynamic biomarker of
response from tumor samples.
NUANCED ANALYSIS OF PD-1+ BLOOD T
CELLS MIGHT OFFER A BIOMARKER TO
RESPONSE TO PD-1/L1 BLOCKADE

Peripheral blood T cells are heterogeneous and include naïve,
effector and memory T cells. Bulk TCR sequencing is often
performed on all PBMCs, and TCR distributions within these
different T cell subsets are lost. This could explain why some
studies show an association between TCR diversity and response
to ICT, but not others. Focusing TCR diversity analysis on a
phenotypically distinct subset of blood T cells could provide a
more accurate biomarker of response, compared to analysis of
whole blood samples. Peripheral PD-1+ T cells represents one
such population, as CD8+PD-1+ are the primary T cells which
PD-1 blockade acts, are clonally expanded, and are enriched for
tumor-specific T cells (65–67). TCR diversity of select
populations of T cells can be derived from sequencing flow
cytometry sorted populations. Patients with high pre-treatment
TCR diversity, and reduced diversity post anti-PD-1 treatment in
their CD8+PD-1+ T cell population had longer progression-free
survival. Importantly, these associations with treatment
outcomes were not observed when TCR sequencing was
performed on blood CD8+ T cells (66, 68).
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EXPANSION OF INTRA-TUMORAL TCR
CLONOTYPES IS A FEATURE OF
RESPONSE TO ANTI-PD-1 THERAPY

A pre-treatment tumor TCRb repertoire with reduced diversity
correlates with clinical response to anti-PD-1 therapy in some
melanoma, and lung cancer patient cohorts (13, 17, 40), but not
others (69, 70). In pancreatic ductal carcinomas, post-treatment
but not pre-treatment TCRb clonality was associated with response
to anti-PD-1 (43). Patients who were refractory to anti-CTLA-4
therapy, but who responded to subsequent anti-PD-1 therapy had
a more clonal TCRb repertoire before and after PD-1 blockade
(57). In studies where subsequent biopsies could be profiled,
expansion of a greater number of TCRb clonotypes between pre-
and on-treatment samples was observed in responders compared
to a smaller number of expanded clonotypes in non-responders
(13, 40, 57, 70). Even though the timing of biopsies varied between
studies, expansion in tumor TCRb clonotypes suggests antigen-
specific T cell proliferation and is likely to be a key feature of
successful responses to anti-PD-1 therapy.

Some studies have described dynamic changes in tumor and
blood TCR repertoire, providing insight into how the T cell
response changes when ICT treatment is administered. However,
the utility of the TCR repertoire as a dynamic biomarker of ICT
response is still limited, and we discuss some of the current
limitations in the next section.
IMPROVING HOW TCR REPERTOIRE
DATA IS REPRESENTED

The most frequently used diversity metrics, including Shannon’s
and Simpson’s indices are useful to generate a single numerical
score to estimate repertoire diversity of millions of TCR
sequences (71). However descriptive information, such as
Frontiers in Immunology | www.frontiersin.org 6152153
oligo- or monoclonality is lost when data is compressed like
this. For example, two repertoires with the same numerical
Shannon’s or Simpson’s diversity values can have vastly
different repertoires, especially in how the most abundant
clones are distributed (Figures 2A, B). Renyi entropy can be
used to graphically represent how abundant clones are
distributed in relation to the rare clones within a given
repertoire, in addition to assigning a numerical value to
repertoire diversity (Figure 2C) (72). For example, the gradient
of the slope increases as the distribution of the repertoire
becomes more monoclonal.

Another common feature of bulk TCR sequencing data is the
large number of unique TCR clones that occur once only. These
low-frequency TCRs can skew Shannon’s and Simpson’s indices,
increasing the diversity score in the presence of a few dominant
clones. Ecological diversity metrics were designed to account
for rare species, but it is unclear if a rare, unique TCRb
sequence belongs to a rare T cell clone, or a sequencing
artefact. Even if it was the former, it is likely that only the
most abundant clonotypes are of biological relevance. Hence,
modified diversity metrics that only account for the more
abundant TCR clonotypes have been used to characterize
repertoires, and stratify patients. Top 10 clones or the top 50%
of the most abundant clones have been used to represent TCR
repertoire diversity (62). A recent melanoma study highlighted
ICT response correlated with a higher number of large clones
(clones occupying greater than 0.5% of the total repertoire) in the
blood (31).

Diversity indices are highly sensitive to the sequencing depth
and absolute number of TCRs sampled in each repertoire.
Comparisons of diversity measurements are only meaningful if
repertoires have sufficient sampling and similar repertoire sizes.
The absolute number of TCRs and unique TCRs from individual
samples are important data that should be presented for
understanding and comparing TCR repertoire diversity. A
challenge with developing a predictive biomarker based on
A B

C

FIGURE 2 | Identifying pitfalls in one-dimensional T cell receptor diversity metrics. (A) Tree maps of four examples of TCR repertoires. Each tile is a unique clone,
and the size of each tile represents the abundance of each clone. (B) Table of summary statistics of the four repertoires, highlighting different distributions of TCRs
can have similar diversity scores. (C) Representative Renyi diversity plots of the four repertoire examples. Features of each line/curve on the plot, such as the
gradient and where the curve intersects the y-axis, correspond to different repertoire features.
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TCR diversity is the variation in how repertoire diversity is
measured between different studies and the lack of validation of
these metrics used to stratify ICT responders and non-responders.
MOVING BEYOND DIVERSITY: NOVEL
APPROACHES TO STUDY
TCR REPERTOIRES

Recent studies have approached TCR repertoire analysis utilizing
novel computational approaches. Some unique TCRb CDR3
sequences only differ from others by a single or few amino
acids. A novel approach to studying TCR repertoires is to
account for sequence similarity, with the underlying
assumption that TCRs specific for the same antigen will have
similar CDR3 amino acid sequences. Clustering highly similar
sequences, and mapping them as networks can reveal interesting
properties about TCR repertoire structure. The most abundant,
public TCRb CDR3 sequences are highly conserved between
healthy individuals, more so than previously expected (73).
When clustering approaches are applied to longitudinal blood
samples, changes in the connectivity of TCR clusters over time
distinguished healthy and tumor bearing mice (74). ICT possibly
alters TCR networks in patients over time (73). Mapping TCR
networks based on amino acid motifs within the CDR3 region
potentially offers a more robust biomarker of response to therapy
than TCR diversity measurement by Shannon’s alone (75).

Some key papers describe how a clustering approach
identified shared amino acid motifs within CDR3 regions of
common virus (influenza, CMV) epitope specific TCR
repertoires (76, 77). If tumor-epitope associated TCR clusters
can be identified, the expansion and contraction of these clusters
can be tracked over time and might be expected to correlate
better with response. Heterogeneity in tumor antigens between
patients and the lack of TCR sequencing data of tumor-specific T
cells are significant hurdles to this. It is also likely that such an
approach would be suited to shared tumor antigens, such as
tumor differentiation or viral associated tumor antigens.

As a further consideration, it is important to recognize that
the nucleotide sequence within TCRb CDR3 regions can be
redundant, with receptors having identical amino acid sequences
but different nucleotide sequences. TCR convergence in
peripheral blood, defined as the frequency of unique TCRb
nucleotide sequences that share a CDR3 amino acid sequence
with at least one other clone, correlated with response to anti-
CTLA-4 in a small cohort of patients (42).

High dimensional analysis comparing amino acid residues or
nucleotide bases between millions of TCR sequences is now
possible, giving us unprecedented information about TCR
repertoires and how they relate to anti-tumor immunity.
Although these approaches are at an early stage, the use of
novel analytic approaches could inform our understanding of the
TCR repertoire structure in the context of tumor immunology
and assist development of a TCR based dynamic biomarker
of response.
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CLONAL DIVERSITY OF MEMORY CD8+

T CELL SUBSETS MIGHT OFFER A
DYNAMIC BIOMARKER OF
ICT RESPONSE

Another approach to develop a novel biomarker of response is to
focus on the clonal diversity within a population of relevant T
cells. Most existing studies perform bulk TCR sequencing on
whole blood and tumor samples, without the capacity to
differentiate heterogeneous T cell populations that differ in
phenotype and function. We would anticipate that changes in
TCR diversity, such as clonal expansion within a population of T
cells would be more robust biomarkers of response to ICT,
compared to TCR diversity derived from unsorted T cells.

The advent of single-cell technology that incorporates
transcriptome and TCR profiling now permits the assignment
of T cell clones to a phenotype or phenotype cluster. This has the
potential to provide unprecedented insight into the dynamics of
phenotype change within T cell clones and how those changes
relate to ICT treatment response. Recent papers highlight the
role of memory CD8+ T cells in ICT therapy, identifying tissue
resident memory (TRM) and effector memory-like CD8+ T cell
subsets as potential predictors of positive outcomes to
ICT therapy.

A specialized subset of resident memory T cells reside in
tissues to mount an effective, rapid local immune response. TRM
cells are canonically identified by surface expression of CD69 and
CD103 and reside in organs such as the skin and lung and within
solid tumors. CD8+CD103+ tumor infiltrating T cells often
correlate with better prognosis and outcomes in multiple
cancers (68, 78–87). Clonally expanded TRM expressed PD-1
and correlated with effective anti-PD-1 therapy in lung cancer
patients. Single-cell analysis of TRM from these responding
patients demonstrated increased expression of cytotoxicity
genes in these populations (88).

Single-cell analysis of CD8+ T cells from melanoma biopsies
revealed that ICT responders are enriched with effector memory
like T cells that express genes associated with memory, activation
and cell survival (IL-7R, TCF7), but not residency (89). The
transcription factor TCF7 is critical for CD8+ T cell proliferation,
differentiation (90), especially in the context of anti-PD-1
therapy (91, 92). Importantly, TCF7 expression was validated
in a different patient cohort and found to associate with
responses to ICT (89). A limitation to acquiring dynamic data
of TRM or TIL subsets is the difficulty in obtaining serial on-
treatment tumor biopsies for study.

When serial peripheral blood T cells were analyzed using
single-cell phenotyping, responders to both anti-PD-1 and anti-
PD-1/anti-CTLA-4 exhibited more expanded T cell clones than
non-responders in PBMCs post-treatment (31). Some highly
expanded clones appeared to differentially express genes
associated with cytotoxicity (such as granzyme B, perforin,
ITGB1, and CCL4), compared to the non-expanded clones
(31). In another study, a subset of clonally expanded memory
T cells characterized by CD27−CCR7− were found in the
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peripheral blood of patients responding to ICT (93). In these
patients, response to immunotherapy correlated with a subset of
clonally expanded T cells identified by single-cell RNAseq,
representing a potential biomarker of response.

Although single-cell sequencing is a powerful tool, the costs
are very high. It does, however, provide novel insights that can be
tested with bulk TCRseq and flow cytometry analysis. A more
cost effective T cell based biomarker might lie in TCR analysis of
a subset of effector T cells. Further work is required to identify
surface markers that define memory T cell subsets of interest
across multiple studies. Lastly, the approach of combining TCR
sequencing and flow cytometry analysis to develop a biomarker
of response is agnostic to antigens and would be useful when
tumor antigens are not well defined.
CONCLUSION

Immune checkpoint therapy has changed the therapeutic
landscape allowing the word “cure” to enter the oncologist’s
lexicon at least for a subset of hitherto incurable cancer patients.
Methods to stratify cancer patients who will benefit most from
therapy are desperately needed because of the high cost of
treatment and the potential for adverse reaction without
clinical benefit. The specificity of the immune system allows us
to leverage T cell receptor sequencing as a potential biomarker of
patient outcomes. T cell proliferation and differentiation is a
dynamic process so serial samples are likely to boost the
predictive potential of TCRseq on ICT outcomes. Sequencing
of specific subsets of T cells will also improve predictive power as
the downstream effectors and additional targets of ICT are
Frontiers in Immunology | www.frontiersin.org 8154155
identified. Immune cell phenotyping and receptor sequencing
combined in single-cell RNAseq is beginning to provide the
greatest depth of analysis and is likely to better stratify patients
by predicted outcomes. The current challenge is to make single-
cell RNAseq more accessible by overcoming technical barriers
and developing robust mathematical and statistical models to
accurately interpret the wealth of information. The last 10 years
of cancer immunology research have demonstrated an
acceleration in treatment, diagnostic and predictive capacity
that ensure the future contains better outcomes for all
cancer patients.
AUTHOR CONTRIBUTIONS

JK wrote the article. JC edited and conceived the article. NP, TL,
AN, MW, RH, WL, and RL provided critical review and edited
the article. All authors contributed to the article and approved
the submitted version.
FUNDING

JK receives a stipend from the iCare Dust Diseases Board. JC
receives funding from the iCare Dust Diseases Board, Cancer
Council Western Australia and the University of Western
Australia Raine Foundation. WL is supported by a Simon Lee
Fellowship, an NHMRC Fellowship and a Cancer Council WA
fellowship. The National Centre for Asbestos Related Diseases
receives funding as an NHMRC Centre of Research Excellence.
REFERENCES

1. Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al.
Improved Survival with Ipilimumab in Patients with Metastatic Melanoma.
New Engl J Med (2010) 363(8):711–23. doi: 10.1056/nejmoa1003466

2. Brahmer J, Reckamp KL, Baas P, Crinò L, Eberhardt WEE, Poddubskaya E,
et al. Nivolumab versus Docetaxel in Advanced Squamous-Cell Non–Small-
Cell Lung Cancer. New Engl J Med (2015) 373(2):123–35. doi: 10.1056/
NEJMoa1504627
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In this study, we aimed to identify an immune-related signature for predicting prognosis in
cutaneous melanoma (CM). Sample data from The Cancer Genome Atlas (TCGA; n = 460)
were used to develop a prognostic signature with 23 immune-related gene pairs (23
IRGPs) for CM. Patients were divided into high- and low-risk groups using the TCGA and
validation datasets GSE65904 (n = 214), GSE59455 (n = 141), and GSE22153 (n = 79).
The ability of the 23-IRGP signature to predict CM was precise, with the stratified high-risk
groups showing a poor prognosis, and it had a significant predictive power when used for
immune microenvironment and biological analyses. We subsequently established a novel
promising prognostic model in CM to determine the association between the immune
microenvironment and CM patient results. This approach may be used to discover
signatures in other diseases while avoiding the technical biases associated with
other platforms.

Keywords: immune related gene pairs (IRGPs), cutaneous melanoma (CM), immunemicro-environment, prognosis,
immune check point
INTRODUCTION

The incidence of cutaneous melanoma (CM) is increasing more rapidly than any other cancer, and
accounts for about 132,000 new cases and 65,000 deaths worldwide annually (1). CM is the most
lethal form of skin cancer and is a serious public health concern. The primary clinical feature of CM
is early stage metastasis, which is one of the most significantly increasing cancers in the United
States (2). Siegel et al. reported that in 2018, it had been 91,270 new cases and 9,320 deaths in the
United States, owing to this disease (3).

As most diagnoses are made in the terminal stage, surgical results are often poor. At present,
chemotherapy is the first line of treatment for CM (4), although many cases respond poorly to such
regimens due to a high prevalence of adverse drug reactions and resistance to chemotherapeutic agents.

CM is associated with strong immunogenicity; thus, immunotherapy is a promising treatment
alternative (5). Initial clinical trials using interferon-a (6) and high-dose interleukin-2 for advanced
cases of CM (7) reported successful results. In addition, immune checkpoint inhibitors (ICIs), such
org October 2020 | Volume 11 | Article 5769141158159
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monoclonal antibodies against cytotoxic T-lymphocyte-
associated protein (CTLA-4) (8) and programmed cell death
protein 1 (PD-1) (9), have provided meaningful results in the
clinical outcomes against advanced melanoma, as demonstrated
by improved survival and a greater curative effect for an
increasing proportion of patients with CM.

However, despite broad efforts to identify novel prognostic
biomarkers, the clinical behavior of CM remains unpredictable,
rendering the prediction of survival time and tumor stage
particularly difficult (10). Therefore, novel biomarkers and
patient-tailored treatments are greatly needed, especially for
patients at higher risk of recurrence. Although the immune
system plays an essential role in the development and
progression of CM (11), few immunity-related genes (IRGs)
have been identified for use as tumor markers for prognosis.
Nowadays, many recent CM investigations have several
limitations such as studies only one or a few immunity-related
biomarkers, small sample datasets, lack of follow-up validations
or lack of detailed and comprehensive immunity-related
studies. Moreover, many studies have reported that genetic
mutations and the interactions between the tumor and its
microenvironment can impact the biological features and
malignant potential of CM. Considering that many immunity-
related treatments have shown significant therapeutic effects,
identification of the interactions between cancer cells and the
host immune response is especially important (12, 13).

In this study, 23 IRGs associated with CM were identified
from the whole transcriptome sequencing (RNA-seq) data
retrieved from The Cancer Genome Atlas (TCGA) (14) and
the ImmPort dataset (15). Then, three microarray datasets
(GSE65904, GSE59455, and GSE22153) were selected from the
Gene Expression Omnibus (GEO) database (16) to verify the
usefulness of this 23 IRG pair (IRGP) signature for the prognosis
of CM. Moreover, the possible relationships between clinical
pathological factors and the prognostic signature were explored
to validate the predictive efficacy and accuracy of the IRGP.
Finally, analyses of immune cell infiltration, the tumor
microenvironment, and biological functions of different risk
groups based on the 23 IRGPs were performed.
MATERIALS AND METHODS

CM Patient Data
In this retrospective study, four independent RNA-seq datasets
and clinical data from diverse, high-throughput sequencing
platforms were comprehensively analyzed. A CM dataset (n =
460) was downloaded from the TCGA data portal (https://portal.
gdc.cancer.gov) and randomly assigned to a training dataset (n =
230) or a testing dataset (n = 230). In addition, the GSE65904
(n = 214), GSE59455 (n = 141), and GSE22153 (n = 79) datasets
were downloaded from the GEO database (http://www.ncbi.nlm.
nih.gov/geo/) for validation of the IRGP signature. In total,
905 samples were available for analysis. A file containing
1534 IRGs that was downloaded from the ImmPort database
(https://immport.niaid.nih.gov) and the CIBERSORT analytical
Frontiers in Immunology | www.frontiersin.org 2159160
tool (https://cibersort.stanford.edu/) were used to determine
an estimation of the abundances of 22 distinct cell types
in a mixed cell population based on gene expression
data. Immunohistochemical images of CM patients were
downloaded from The Human Protein Atlas dataset (http://
www.proteinatlas.org/). All data was available for free
from website.

Data Preprocessing
All data were preprocessed using R software (version 3.6.2). If
more than one probe was matched to the same target gene, the
average value of the probe was calculated to replace the
expression level of the single gene. If there were multiple
samples from the same patient, the average value of each gene
was used as the expression level of that gene.

Establishment of Prognostic IRGPs Based
on the TCGA Dataset
The TCGA CM dataset was randomly divided into a training
group and a testing group by R package “caret” with the ratio of
training group samples to test group samples is 0.5. The
distribution of CM patients gender (p = 0.068), age (p =
0.047), clinical stage (p = 0.036), follow-up time (p < 0.0001),
death rate (p < 0.0001) and the number of CM samples in the
dichotomies was similar between the two groups (17, 18). The
GSE65904, GSE59455, and GSE2215 datasets were employed as
the validation group. IRGs with relatively high variation (median
absolute deviation >0.5) were extracted from the platforms, as
described previously. For the pairwise comparison of a specific
sample, two IRGs were paired off, and if the expression of the
first IRG was higher than that of the second, the two IRGs were
merged as an IRGP and assigned a score of 1; otherwise, a score
of 0 was assigned. Then, IRGPs with score of 1 or 0 in over 80%
of the specimens both in the training and testing groups were
selected as potential prognostic IRGPs. Based on the results of a
log-rank test, IRGPs with a false discovery rate (FDR) <0.001
(n = 23) were retained and entered into a least absolute shrinkage
and selection operator (LASSO) penalized Cox regression model
(iterations = 1000). The median value of the risk score was used
as a cut-off to divide the patients into high- and low-risk groups.
Next, a heat map, risk score map, state map of overall survival
(OS), and 1-, 3-, and 5-year receiver operating characteristic
(ROC) curves were created, and the concordance (C)-index was
calculated. Then, the IRGPs were integrated with other clinical
factors to construct a nomogram and a calibration curve. Finally,
univariate and multivariate Cox regression analyses were
performed to determine whether the 23 IRGPs were
independent from other clinical parameters.

Verification and Assessment of the IRGP
Signature for the Prediction of OS
The TCGA testing dataset and three microarray data files were
selected to validate the signature comprised of 23 IRGPs. Every
dataset was stratified into high- and low-risk groups based on the
cut-off value of the prognostic signature. Next, the log-rank test
and Cox analysis were performed, and a graph of OS was created
October 2020 | Volume 11 | Article 576914
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to calculate the C-index between the high- and low-risk groups
in each dataset. Finally, the signature of the 23 IRGPs was
compared to the 1-, 3-, and 5-year area under the ROC curves
(AUCs) and the C-indices.

Immune Cell Infiltration in CM
The CIBERSORT analytical tool (19) was used to explore the
enrichment of immune cells in the two CM risk groups.
CIBERSORT is a tool used for deconvolution of the expression
matrix of immune cell subtypes based on the principle of linear
support vector regression, which can estimate the enrichment of
various immune cell types in CM. Based on the CIBERSORT
results, a radar chart of significantly differentially expressed IRGs
between the two risk groups was constructed. All procedures
were performed using R software (version 3.6.2).

Biological Function Analysis of the
23 IRGPs
Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathways analyses of the two risk groups were
performed using the R bioconductor package “fgsea.” GO
analysis and KEGG pathways files (c5.all.v7.0.symbols.gmt and
c2.cp.kegg.v7.1.symbols.gmt, respectively) were downloaded
from the Gene Set Enrichment Analysis (GSEA) website
(https://www.gsea-msigdb.org/gsea/datasets.jsp) (20). Gene sets
with an FDR-adjusted probability (p) value <0.05 were
considered statistically significant.

Statistical Analysis
All statistical analyses were performed using the software
packages R (version 3.6.2; www.r-project.org) and Prism 8
(GraphPad Software Inc., San Diego, CA, USA). Training
group and testing group were randomly divided by R package
Frontiers in Immunology | www.frontiersin.org 3160161
“caret”. OS curves were plotted using the R packages “survival”
and “survminer.” A heat map of the IRGPs, risk score map, and
OS status graph were created using the R package “pheatmap.” A
model of prognostic IRGPs was established using the R package
“glmnet” (21). Univariate and multivariate Cox regression
analyses were performed using the R package “survival.” ROC
curves were constructed using the R package “survivalROC.” A
nomogram and calibration curves were plotted using the R
packages “rms,” “foreign,” and “survival.” The C-index was
computed using the R package “Hmsic.” Immune cell
infiltration was processed with the R packages “e701,”
“limma,” and “fmsb” (22). The tumor environment plot, based
on the R package “estimate” (23), and the expression levels of six
single key genes were determine using the R package “ggpubr.”
GO and KEGG analyses were conducted using the R
package “fgsea.”
RESULTS

Establishment, Definition, and Genetic
Variation of the IRGP Signature
A flowchart of the establishment and validation of the 23 IRGPs
is presented in Figure 1. The TCGA dataset was divided into a
training dataset (n = 230) and a testing dataset (n = 230) (Table
S2). Filter analysis was applied to establish a prognostic model of
1,811 unique IRGs that were obtained from the ImmPort
database (accessed on January 4, 2020). In total, 620 IRGs with
a median absolute deviation >0.5 were common among the
datasets. After removing any IRGPs with a score of 0 or 1 in
<20% or >80% of the samples in the TCGA training and testing
datasets, a total of 74,750 IRGPs remained. Of these, 6,800
prognostic IRGPs were significantly associated with OS (FDR <
FIGURE 1 | A flowchart of the establishment and validation of 23 IRGPs. The TCGA data were divided into a training cohort (230), which was applied to identify
potential IRGPs, and a testing cohort (230). A validate cohort of the datasets GSE65904, GSE59455, and GSE22153 was used to verify the 23 IRGPs, which were
also compared to the IRGP-OBS and IRGs.
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0.001), as determined by log-rank testing. Finally, 23 IRGPs
consisted of 39 IRGs were selected for the LASSO penalized Cox
regression model (Figure 3A), including 39 unique IRGs, most
of which encoded molecules related to antimicrobials and
cytokines (Table 1). Furthermore, we conducted Principal
Component Analysis (PCA), bioligical function analysis and
genetic and expression variation of the 39 unique IRGs using
GEPIA web (gepia.cancer-pku.cn/), Metascape (https://
metascape.org/gp/index.html) and R package “RCircos” and
“GenVisR”. We found that the genes expressed in TCGA
tumor samples were independent parts, compared to TCGA
normal sample (only one sample), GTEx normal skin exposed
samples or not to the sun (Figure 2A). What’s more, Figure 2D
showed 39 IRGs were positively correlated with cancer immune-
related biological functions, including cytokine-mediated
signaling pathway, defense response to other organism,
Influenza A, response to interferon-gamma, and type I
interferon signaling pathway. We first summarized the
incidence of copy number variations and somatic mutations of
39 IRGs in CM. The investigation of CNV alteration frequency
showed that only 12 IRGs had alteration, and most were focused
on the deletion in copy number, while CYBB, NGFR and BIRC5
had a widespread frequency of CNV amplification (Figure 2B).
The location of CNV alteration of 12 IRGs on chromosomes was
shown in Figure 2C. Among 460 samples downloaded from
TCGA-CM mutation dataset, 253 experienced mutations of 39
IRGs, with frequency 53.94%. We found that the LTBP2
exhibited the highest mutation frequency followed by PLXNB2,
while almost antigen processing and presentation molecules
(HSPA1A, ICAM1, and PSME1) as well as cytokines (CCL17
and LHB) did not show any mutations in CM samples (Figure
2E). Further analyses revealed a significant mutation co-
occurrence relationship between IKBKE and CYBB, IKBKE
and CD8A, GPB2 and CD8A, GNLY and CD40, LYZ and
TNFSF10, along with GPB2 and PSME1 (Figure S1). To
explore whether the above genetic variations influenced the
expression of 39 IRGs in CM patients, we investigated the
mRNA expression levels of genes between skin normal samples
(GTEx skin normal sample and TCGA skin normal sample) and
tumor samples, and found that the alterations of mutation could
be the prominent impact factors resulting in perturbations on the
39 IRGs expression. Compared to normal skin tissues, 39 IRGs
with high mutation obviously lower expression in CM samples
(e.g., LTBP2, CD86, EDNRA, TRIM22, CYBB, STC1, GBP2, and
RNASEL), and vice versa (e.g., LHB, PSME1, CCL17, ICAM1,
ISG15, and BIRC5) (Figure 2E and Figure S2). The above
analyses presented the highly heterogeneity of genetic and
expressional alteration landscape in 39 IRGs between normal
and CM tissues, indicating that the expression imbalance of 39
IRGs played a important role in the CM occurrence
and progression.

Twenty-three IRGPs were used to calculate a risk score to
predict the 5-year OS rate of each patient in the training cohort.
The analysis of the 5-year dependent ROC curve revealed that the
best cut-off value of the 23 IRGPs to stratify patients in the training
cohort and testing cohort into the high- or low-risk group was
Frontiers in Immunology | www.frontiersin.org 4161162
−0.674 (Figure 4A). These data suggested that the high-risk group
had a higher risk index than the low-risk group. A higher risk
score means a higher number of deaths (Figures 3B, C), indicating
that OS was significantly poorer for the high-risk group than for
the low-risk group (p < 0.001; Figure 3E). As shown in Figure 3D,
the AUC values (24) for the 1-, 3-, and 5-year OS rates of the
training cohort were 0.909, 0.901, and 0.912 (Table S3),
respectively, and the C-index was 0.775 [95% confidence
interval (CI) = 0.748–0.802] (Figure 6E). Moreover, the AUC
values for the 1-, 3-, 5-year OS rates of the testing cohort and
TCGA dataset was also shown in Table S3. A nomogram of OS
was created by combining all of the clinicopathological factors,
including age, sex, tumor stage, and the IRGP risk score, to predict
the prognosis of CM (Figure 4C). The IRGP risk score made a
major contribution to the nomogram, and the 1-, 3-, and 5-year
calibration curves (Figure 4B) demonstrated the promising
predictive ability of the nomogram, moreover, the nomograms
of TCGA-test dataset and TCGA dataset were shown in Figure S7.
The 1-, 3-, and 5-year calibration curves of TCGA-test dataset and
TCGAdataset were shown in Figures S9 and S10.

Univariate and multivariate Cox proportional hazards
regression analyses of the TCGA dataset were performed to
further assess the prognostic accuracy of the IRGPs for other
clinical elements. The results of the univariate and multivariate
Cox analyses showed that the signature of the 23 IRGPs and
clinical factors, such as tumor stage, were indeed predictive of
prognosis. However, although the IRGP signature was highly
predictive of prognosis, the p-value was notably low (Figures 5A,
B and Table 2).

Stratified analyses of patient age, tumor stage, and sex were
also conducted. First, all patients in the TCGA training dataset
were stratified by age into a young dataset (age ≤ 65 years) or an
old dataset (age > 65 years), where OS was expected to be better
for the younger patients (p = 0.029, Figure 5C). Then, all patients
from the TCGA training dataset were further divided into an
early onset dataset (stages I and II) or a later onset dataset (stages
III and IV). Similar results were observed for the late dataset (p =
0.002, Figure 5D). Finally, all patients were stratified by sex into
a male dataset or a female dataset. As shown in Figure 5E, there
was little difference in the OS rate between males and females
(p = 0.543), possibly due to the small number of samples.

Collectively, the results indicate that the predictive ability of
the 23-IRGP signature was independent of other clinical
parameters and was predictive of OS of CM patients.

Verification of Ability of the 23-IRGP
Signature to Predict OS
To determine whether the 23-IRGP signature had consistent
prognostic value in different risk groups, the validation datasets
GES65904 (n = 214), GSE59455 (n = 141), and GSE54467 (n =
79) were applied for external validation. The risk score of each
patient was calculated using the same 23-IRGP prognostic
signature. Then, based on the median risk score, the patients
were assigned to the low- or high-risk group. Interestingly, OS
was poorer in the high-risk group (Figures 6A–D). The results of
multivariate Cox regression analysis (Table 2) showed that, after
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FIGURE 2 | Landscape of genetic and expression variation of 39 IRGs in CM. (A) the Principal Component Analysis (PCA) of 39 unique IRGs to distinguish tumors
and normal samples in TCGA cohort and GTEx normal skin cohort. Normal samples and tumor samples were identified without intersection, indicating the two
subgroups were well distinguished based on the expression profiles of 39 IRGs. GTEx normal skin exposed sun were marked green, GTEx normal skin not exposed
sun were marked blue, TCGA normal sample were marked gray and TCGA tumor samples were marked with red. (B) The CNV variation frequency of 12 IRGs in
TCGA cohort. The blue dot meaning deletion frequency and the red dot meaning amplification frequency. The height of the column represented the alteration
frequency. (C) The location of CNV alteration of 12 IRGs on 23 chromosomes using TCGA cohort. (D) The biological functional enrichment analysis and interaction
network of enriched terms for 39 IRGs. (E) The mutation frequency of 39 IRGs in 460 patients with CM from TCGA mutation dataset. Each column represented
individual patients. The number on the left showed the mutation frequency in each gene. The upper barplot showed the mutations per MB, Synonymous, red; Non
Synonymous, blue. The right annotation list showed the different variant type.
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adjustment for age, sex, and tumor stage (age is a continuous
variable), the risk score from the 23-IRGP signature was an
independent prognostic factor in the testing dataset [hazard ratio
(HR) = 2.08, 95% CI = 1.41–2.75, p = 0.0002] and TCGA dataset
(HR = 2.08, 95% CI = 1.41–2.75, p = 0.0002), as well as the GSE
datasets [GSE65904 (HR = 5.11, 95% CI = 3.12–7.10, p = 0.009),
GSE59455 (HR = 1.64, 95% CI = 0.94–2.34, p = 0.042), and
GSE22153 (HR = 2.07, 95% CI = 1.16–2.98, p = 0.014)]. Finally,
the C-index values for the TCGA training dataset, TCGA test
dataset, TCGA dataset, GSE65904, GSE59455, and GSE22153
datasets were 0.775 (95% CI = 0.748–0.802), 0.636 (95% CI =
0.585–0.687), 0.650 (95% CI = 0.609–0.691), 0.691 (95% CI =
0.653–0.729), 0.557 (95% CI = 0.508–0.606), and 0.610 (95%
CI = 0.537–0.683), respectively (Figure 6E), the AUC values for
the 1-, 3-, 5-year OS rates of the these datasets were also shown in
Table S3. Moreover, the nomograms and the 1-, 3-, and 5-year
calibration curves of three GSE validation datasets were shown in
Figures S8, and S11–S13.
Frontiers in Immunology | www.frontiersin.org 7164165
Immune Cell Infiltration, the Tumor
Microenvironment, Potential of 23-IRGP as
an Indicator of Response to
Immunotherapy, and Analysis of Six Key
Genes
Reportedly, the infiltration of immune cells is associated with the
prognosis of CM patients. The CIBERSORT analytical tool can be
used to estimate the abundances of immune cell subsets and has
been used in many previous studies of the cancer
microenvironment. Therefore, the CIBERSORT analytical tool
was applied to estimate the relative abundances of 22 different
immune cells for each patient. A comparative summary of the
CIBERSORT output resulting from the two risk groups is shown
in Figure 7A. Immune cells, such as M0, M1, and M2
macrophages; plasma cells; activated CD4+ memory T cells;
monocytes; CD8+ T cells; follicular helper T cells; and gamma
delta T cells, were enriched in the risk groups. As shown in Figures
7B, D, M0 macrophages (p = 0.004) and M2 macrophages
A

B

D

E

C

FIGURE 3 | Establishment and assessment of a 23-IRGP signature. (A) A heat map of the risk scores of the 23 IRGPs. (B) According to the 23 IRGPs, the training
cohort was divided into high and low immune risk groups. The red and green points represent the risk scores of the high and low risk groups, respectively. (C) A
plot of OS based on the 23 IRGPs. The red points represent deaths, while the blue points represent survivors. (D) The AUCs for 1-, 3-, and 5-year OS in the training
cohort were 0.909, 0.901, and 0.912, respectively. (E) According to the OS curve, OS was poorer for the high risk group as compared to the low risk group in the
training cohort (p < 0.001).
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(p = 0.003) were significantly high in the high-risk group, while the
abundances of M1 macrophages (p = 0.001), activated CD4+
memory T cells (p = 0.005), monocytes (p = 0.047), plasma cells
(p = 0.011), CD8+ T cells (p = 0.028), follicular helper T cells (p =
0.017), and gamma delta T cells (p = 0.014) were significantly
enriched in the low-risk group (Figures 7C, E–J). Then, we
estimated the tumor microenvironment (TME) in the two
groups and found that the high-risk group had a higher tumor
purity with lower immune cells and stromal cell infiltration
(Figure 8A). Furthermore, as 23-IRGP had a potential of
indicator of response to CM immunotherapy, the relationship
between the 23-IRGP and ICIs, namely PD-1, PD-L1, and CTLA-
4, were investigated. As shown in the Figure S14, the 23-IRGP was
markedly negatively related with PD-1 and PD-L1 (rho = 0.321
and p < 0.001 for PD-1, and rho = 0.203 and p < 0.001 for PD-L1)
(Figures S14A, B), and positively correlated with CTLA-4 (rho =
0.085 and p = 0.145, without statistical significance). Moreover,
three ICIs were found to be highly expressed in the low-risk group
of 23-IRGP prognosis signature (Figures 8B–D), and this result
indicated that patients with low risk presented obviously higher
expression levels of immune checkpoint genes (PD-1, PD-L1)
Frontiers in Immunology | www.frontiersin.org 8165166
compared with those in the high risk group (p < 0.001 for PD-1,
and p < 0.001 for PD-L1) (Figures 8B, C), which demonstrated
that the PD-1 and PD-L1 are involved in better immunotherapy
efficacy, and their high expression is associated with better
prognosis. The effect of cross-talk between 23-IRGP and ICIs on
CM patients’ survival was shown in Figures S14D–F. According
to the Meng Zhou et al. (25), we divided TCGA-CM patients into
four clusters according to the connection of 23-IRGP and ICIs,
and survival comparisons of three ICIs were presented among the
four clusters. In PD-1 and PD-L1, Survival rate results showed that
the 23-IRGP could significantly differentiate the result of patients
with the same or similar levels of PD-1 and PD-L1 (P < 0.001, log-
rank test) (Figures S14D, E). Relative to other three clusters,
patients who had low 23-IRGP value with high level of PD-1 or
PD-L1 were likely to have best survival results. However, patients
who had high 23-IRGP value with low level of PD-1 or PD-L1
expression tended to the poorest consequence compared with the
other three clusters (Figures S14D, E). Meanwhile, patients who
had low level PD-1 or PD-L1 with low 23-IRGP value had better
survival outcomes than the patients that had low PD-1 or PD-L1
with high 23-IRGP value. Furthermore, no obvious statistical
A B

C

FIGURE 4 | Construction of a Robust nomogram in TCGA training dataset. (A) A time-dependent ROC curve for IRGPs in the training and testing dataset. An IRGP
score of −0.674 was used as a cut-off to assign patients to the high- or low-risk group. (B) The 1-, 3-, and 5-year calibration curves of the nomogram. (C) A
nomogram of OS was established by 23-IRGP risk score and other clinicopathological parameters.
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significance was identified between the expression level of CTLA-4
and survival results for patients with 23-IRGP (P = 0.063, log- rank
test) (Figure S14F). Collectively, these investigations between the
23-IRGP and ICIs made us to speculate that the 23-IRGP may
have a predictive ability of the response to CM immunotherapy.
Kalaora et al. reported that that the among melanoma patients,
overexpression of PSMB8 and PSMB9 was predictive for better
survival and improved response to immune-checkpoint inhibitors
(26), and these genes were highly expressed in the low-risk group
(Figures 8E, F). Interestingly, the PRAME gene, which is an
independent biomarker of uveal melanoma metastasis (27), was
also significant expressed in the high-risk group (Figure 8G).
These results correlated with the immunohistochemical results
downloaded from The Human Protein Atlas dataset (THPA)
(Figures 8H–Q), which showed no results for CTLA-4, while
the other five genes were expressed in melanoma tissue.
Furthermore, in GEPIA, patients with high PD-1, PD-L1,
CTLA-4, PSMB8, and PSMB9 expression showed better OS
(Figures S3A–E). cBioPortal (https://www.cbioportal.org/) was
used to determine the mutation rates of the different genes.
According to the results, the probability of mutation for PD-1,
PD-L1, CTLA-4, PSMB8, and PSMB9 were 5%, 1.9%, 1.6%, 5%,
and 4% (Figure S4A), respectively. Poor OS was observed in cases
where these genes were mutated (Figure S4B). In addition, in the
Frontiers in Immunology | www.frontiersin.org 9166167
GEPIA analysis, PRAME had no significant effect on OS (Figure
S3F). However, further study will be needed to verify this result.

Biological Function Analysis in the High-
Risk Group Stratified by the 23-IRGP
Signature
First, GSEA was used to investigate the results of the GO and
KEGG pathway analyses between the high- and low-risk groups
using genes that were more highly expressed in the high-risk
group than the low-risk group. According to the GO analysis
results, these genes were positively correlated with skin-related
biological functions, including keratinization, epidermal cell
differentiation, keratin filament, intermediate filament
cytoskeleton, and skin development (padj < 0.05). A bubble
graph of the 16 GO terms enriched in the high-risk group with a
padj value < 0.05 is presented in Figure S5. Information on every
GO term is provided in Table S1. As shown in Figure S6, several
melanoma progression-related pathways, including oxidative
phosphorylation (28, 29), retinol metabolism (30–32), and
ribosome (33, 34), were significantly upregulated in the high-
risk group (padj < 0.05). Collectively, the results obtained using
the IRGP signature provide evidence of the molecular
mechanisms affected by CM and, thus, the predictive power of
this signature for the prognosis of CM patients.
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FIGURE 5 | Cox proportional hazards model and stratified analysis of the training cohort revealed 23-IRGP was a independent prognostic factors. (A) Age, stage
and risk score were the independent prognostic factors in Univariate Cox analysis. (B) Stage and risk score were the independent prognostic factors in Multivariate
Cox analysis. Stratified analyses applied by age (p = 0.029) (C), tumor stage (p = 0.002) (D) and sex (p = 0.543) (E) demonstrated the predictive of 23-IRGP in OS
of CM patients.
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Comparison of IRGP Signature Model and
Others in CM
TCGA-CM dataset includes primary and metastatic samples, the
primary samples submitted to sequence were initially diagnosed
melanoma samples; however, the metastatic samples for sequencing
Frontiers in Immunology | www.frontiersin.org 10167168
were always from follow-up patients instead of initially diagnosed
samples. So the TCGA-CMdataset did not always adopt the initially
diagnosed melanoma samples for sequencing. So we established
another prognostic model in CM determine the effectiveness of this
approach according to the observed survival interval (OBS), which
A B
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C

FIGURE 6 | Validation of the 23-IRGP signature. As indicated, OS was poorer for the high-risk group than the low-risk group of the testing cohort (A). Datasets
GES65904 (B), GSE59455 (C), and GSE54467 (D). These results showed that the 23-IRGP signature had good predictive ability (p < 0.05) (E). The C-index values
for the TCGA training, testing cohorts and TCGA dataset, as well as the datasets GES65904, GSE59455, GSE54467, IRGs and IRGP-OBS were 0.775 (95% CI =
0.748–0.802), 0.636 (95% CI = 0.585–0.687), 0.691 (95% CI = 0.653–0.729), 0.650 (95% CI = 0.609–0.691), 0.557 (95% CI = 0.508–0.606), 0.610 (95% CI =
0.537–0.683), 0.647 (95% CI = 0.612–0.682), 0.751 (95% CI = 0.716–0.786), respectively.
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could be defined as the time interval from TCGA sampling to
patient death or last follow-up (35). As is shown in Figures 9A, B,
IRGP-OBS prognostic signature divided the TCGA training dataset
and testing dataset into a low- or high-risk OBS group, respectively,
with cut off value −1.433 (Figure 9D). Both in training and testing
groups, high-risk group had a poor OBS than low-risk group. As
shown in Figure 9C, the AUC values for the 1-, 3-, and 5-year OS
rates of the training cohort were 0.946, 0.928, and 0.957,
respectively, and the C-index was 0.751 (95% CI = 0.716–0.786)
(Figure 6E). It is worth noting that, group’s immune cells
infiltration of IRGP-OBS had a similar trend with 23-IRPG’s
(Figure 9E). In this study, both IRGP prognostic and 23-IRGP
prognostic models had predictive power of immune cells
infiltration, with high AUC value and C-index value.

The 23-IRGP prognostic signature was also compared with the
prognostic signatures of individual IRGs. First, as the TCGA CM
data had only one normal sample, the samples from the Genotype-
Tissue Expression dataset (36) and TCGACMdataset were merged.
Then, significant differentially expressed IRGs were selected. Next,
the LASSO penalized Cox regression model was applied to the
TCGA clinical dataset, and 24 prognostic IRGs were selected for the
Frontiers in Immunology | www.frontiersin.org 11168169
final risk scoring model (Figure 10A). Most of the 24 prognostic
IRGs coded for molecules related to antimicrobials and cytokines.
The IRGs significantly stratified the TCGA dataset patients into a
low- or high-risk OS group. These data suggested that the high-risk
group had a higher risk index than the low-risk group, as a higher
risk score was associated with a higher risk of death (Figures 10B,
C). Moreover, the high-risk group had a significantly poorer OS
than the low-risk group (p < 0.001) (Figure 10E). As shown in
Figure 10D, the AUC values of the 1-, 3-, and 5-year OS rates were
0.731, 0.760, and 0.749, respectively, and the C-index was 0.647
(95% CI = 0.612–0.682) (Figure 6E). Collectively, these results
demonstrate that the prognostic signatures of these IRGs had
predictive ability but with a smaller AUC and lower C-index than
the 23-IRGP signature, demonstrating that the 23-IRGP signature
was the more precise predictive model in CM.
DISCUSSION

CM is a solid malignant tumor with strong immunogenicity with a
rapidly increasing incidence rate worldwide. Since the approval of
TABLE 2 | Univariate Cox and Multivariate Cox analysis of clinicopathological factors and risk signatures.

Variable Univariate Cox analysis of clinicopathologicalfactors
and risk signatures

Multivariate Cox analysis of clinicopathologicalfactors
and risk signatures

TCGA-train dataset
id HR 95% CI p-value HR 95% CI p-value
age 1.02 1.00–1.04 0.013 1.01 0.99–1.03 0.221
gender 1.11 0.73–1.49 0.621 1.25 0.79–1.71 0.339
stage 1.54 1.20–1.88 0.001 1.56 1.20–1.92 0.001
riskScore 10.41 6.43–14.39 1.49E-21 10.64 6.47–14.81 1.15E-20
TCGA-test dataset
id HR 95% CI p-value HR 95% CI p-value
age 1.02 1.01–1.03 0.002 1.02 1.01–1.03 0.002
gender 0.94 0.60–1.28 0.805 0.84 0.53–1.15 0.469
stage 1.27 1.02–1.52 0.036 1.3 1.03–1.57 0.029
riskScore 2.12 1.44–2.80 0 2.08 1.41–2.75 0.0002
TCGA dataset
id HR 95% CI p-value HR 95% CI p-value
age 1.02 1.01–1.03 0.011 1.01 0.98–1.04 0.010
gender 1.04 0.60–1.48 0.701 1.02 0.61–1.43 0.412
stage 1.42 1.31–1.63 0.006 1.13 0.83–1.43 0.008
riskScore 6.32 2.14–10.50 0.002 5.11 3.12–7.10 0.009
GSE65904 validation dataset
id HR 95% CI p-value HR 95% CI p-value
age 0.99 0.98–1.01 0.567 1 0.99–1.02 0.592
gender 1.37 0.90–1.84 0.143 1.31 0.86–1.76 0.205
stage 2.35 1.53–3.17 8.55E-05 2.77 1.78–3.76 5.53E-06
riskScore 1.76 1.34–2.18 4.48E-05 1.98 1.49–2.47 1.87E-06
GSE59455 validation dataset
id HR 95% CI p-value HR 95% CI p-value
age 0.99 0.98–1.00 0.177 0.99 0.98–1.00 0.112
gender 1.24 0.84–1.64 0.283 1.17 0.80–1.54 0.421
stage 0.77 0.67–0.87 0 0.76 0.66–0.86 8.68E-05
riskScore 1.35 0.78–1.92 0.141 1.64 0.94–2.34 0.042
GSE22153 validation dataset
id HR 95% CI p-value HR 95% CI p-value
age 1.01 0.99–1.03 0.372 1.01 0.99–1.03 0.547
gender 0.99 0.55–1.43 0.967 1.32 0.71–1.93 0.378
stage 1.69 0.66–2.72 0.27 1.05 0.33–1.77 0.938
riskScore 1.95 1.15–2.75 0.013 2.07 1.16–2.98 0.014
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interferon-a for the treatment of CM in 1995, the potential of
other immunotherapies have received much attention from
researchers (37). Like with many other tumors, immune
checkpoint (PD-1/PD-L1 and CTLA-4) blockade therapy has
also become a target clinical. In 2011, ipilimumab, which targets
CTLA-4, provided a major breakthrough in the clinical treatment
Frontiers in Immunology | www.frontiersin.org 12169170
of CM and was subsequently approved for marketing by the Food
and Drug Administration (FDA). Ipilimumab is the first antibody
drug to prolong the OS of patients with metastatic cancer (38).
However, ipilimumab has been associated with some toxicity;
thus, other immune surveillance sites have since been investigated,
which has led to phase III clinical studies of the anti-PD-1
A

B D
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IH J

C

FIGURE 7 | Immune infiltration status of the 23 IRGPs. (A) Summary of the abundances of 22 types of immune cells, as estimated with the use of the CIBERSORT
analytical tool for different risk groups. (B–J) The abundance distribution of specific immune cells within different risk groups. The abundances of M0 macrophages
(p = 0.004) and M2 macrophages (p = 0.003) were significantly greater in the high risk group, while the abundances of M1 macrophages (p = 0.001), activated
CD4+ memory T cells (p = 0.005), monocytes (p = 0.047), plasma cells (p = 0.011), CD8+ T cells (p = 0.028), follicular helper T cells (p = 0.017), and gamma delta
T cells (p = 0.014) were significantly enriched in the low risk group. *p < 0.05, **p < 0.01 (t-test).
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antibody drugs pembrolizumab and nivolumab. These drugs were
approved for use by the FDA in September and December 2014,
respectively. With lower anti-drug resistance and higher clinical
safety, these anti-PD-1 antibody drugs offer hope to patients with
advanced unresectable or metastatic CM (39, 40). Given that the
results of single antibody drugs are limited and the many links
between the occurrence and development of CM, a multiple-
immune therapy strategy may have more prospects (41). It is,
therefore, necessary to develop a prognostic signature using IRGs.
Frontiers in Immunology | www.frontiersin.org 13170171
Due to the technical bias of sequencing platforms, gene
expression data must be preprocessed for standardization,
which is particularly significant when establishing prognostic
signatures. To achieve robust prognosis prediction without the
technical bias associated with different platforms, prognostic
signatures of IRGPs can be established by pairwise
comparison, which does not require preprocessing for data
standardization. IRGP scores are calculated based on the
expression levels of IRGs in the same sample. As such, the
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FIGURE 8 | Tumor micro-environment (TME) and key genes expression in two different groups. In TME, “TumorPurity” is the percentage of tumor cells,
“ImmuneScore” is the percentage of Immune cells, “StromalScore” is the percentage of stromal cells, “EstimateScore” is the percentage that merge the
“ImmuneScore” and “StromalScore”. as we can see, high risk group had higher tumor purity with lower immune cells and stromal cells infiltration (A). In low immune
risk group, PD-1, PD-L1, CTLA-4, PSMB8, and PSMB9 were highly expressed (B–F). PRAME were significant expressed in high risk group (G). (H) IHC result of
PD-1 protein in high risk group. Staining, not detected; intensity, negative; quantity, none; location, none. (I) IHC result of PD-1 protein in low risk group. Staining,
low; intensity, weak; quantity, 75%–25%; location, cytoplasmic/membranous. (J) IHC result of PD-L1 protein in high risk group. Staining, not detected; intensity,
negative; quantity, none; location, none. (K) IHC result of PD-L1 protein in low risk group. Staining, high; intensity, Strong; quantity, >75%; location, cytoplasmic/
membranous. (L) IHC result of PSMB8 protein in high risk group. Staining, low; intensity, moderate; quantity, <25%; location, cytoplasmic/membranous nuclear.
(M) IHC result of PSMB8 protein in low risk group. Staining, high; intensity, Strong; quantity, >75%; location, cytoplasmic/membranous nuclear. (N) IHC result of
PSMB9 protein in high risk group. Staining, not detected; intensity, negative; quantity, none; location, none. (O) IHC result of PSMB9 protein in low risk group.
Staining, medium; intensity, moderate; quantity, >75%; location, cytoplasmic/membranous nuclear. (P) IHC result of PRAME protein in high risk group. Staining,
medium; intensity, moderate; quantity, 75%–25%; location, cytoplasmic/membranous. (Q) IHC result of PRAME protein in low risk group. Staining, not detected;
intensity, weak; quantity, <25%; location, cytoplasmic/membranous. ***p < 0.01 (t-test).
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prognostic signature is not only able to overcome the batch
effects of different platforms, but also does not require the scaling
and normalization of data. In CM prognostic model, based on
the AUC and C-index values, the prediction capability of IRGPs
is more promising when compared with prognostic checkpoint
(AUC = 0.729) (42), prognostic DNA methylation (AUC =
0.822) (43), prognostic IRGs that require preprocessing for
data standardization. Moreover, this approach has been
reported to be robust in other cancer-related studies (44, 45).

Given that the results of TCGA-CM dataset is made up of
primary and metastatic samples, and the metastatic samples for
sequencing were always from follow-up patients instead of
initially diagnosed samples, IRGP-OBS prognostic model were
established to make a predict comparison with 23-IRGP. As we
Frontiers in Immunology | www.frontiersin.org 14171172
expected, both IRGP-OBS model and 23-IRGP model had
precious prediction capability with high AUC and C-index
values. In addition, many researchers of CM also regarded OS
as golden standard to evaluate the model predict power (43, 46),
and there is no significantly different trend in immune cell
infiltration in our study. Collectively, IRGP model could be well
applied to survival probability and immune cell infiltration of CM
patients, providing reference for immunotherapy.

In the present study, an IRGP signature was established using a
LASSO penalized Cox regression model to predict OS in CM
patients. The prognostic signature of the 23 IRGPs consisted of 46
unique IRGs. Most of the genes in the immune signature encoded
molecules related to antimicrobials and cytokines, which play
important roles in the response to stimuli and the immune
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FIGURE 9 | Establishment and assessment of the IRGP-OBS. (A) According to the OBS curve, OBS was poorer for the high risk group as compared to the low risk
group in the training cohort (p < 0.001). (B) According to the OBS curve, OBS was poorer for the high risk group as compared to the low risk group in the training
cohort (p = 0.003). (C) The AUCs for 1-, 3-, and 5-year OS in the training cohort were 0.946, 0.928, and 0.957, respectively. (D) A time-dependent ROC curve for
IRGP-OBS in the training and testing dataset. An IRGP score of −1.433 was used as a cut-off to assign patients to the high- or low-risk group. (E) The abundances
of M0 macrophages (p = 0.013), M2 macrophages (p = 0.049), T cells CD4 memory resting (p = 0.001) and NK cells resting (p = 0.035) were significantly greater in
the high risk group, while the abundances of CD8+ T cells (p < 0.001), plasma cells (p = 0.043), follicular helper T cells (p = 0.025), gamma delta T cells (p < 0.001),
T cells regulatory (p = 0.019), T cells CD4 memory activated (p = 0.011) were significantly enriched in the low risk group. *p < 0.05, **p < 0.01, ***p < 0.001 (t-test).
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microenvironment. Many of these IRGs have be shown to be
related to cancer development and prognosis, expression of serine/
threonine kinase 1 promotes melanoma metastasis (47), serum
levels of C-C motif chemokine ligand 17 (CCL17) are an
independent prognostic marker of distant metastasis of
melanoma, and patients with 43% of patients with high CCL17
levels survived to 3 years (48). Singh et al. found that activation of
intratumoral cluster of differentiation 40 induced T cell-mediated
eradication of melanoma in the brain (49). Smith et al. discovered
that endothelin 1 was enhanced in treated melanomas and
conferred drug resistance via endothelin receptor type A (50).
Ribonuclease L has been reported to interact withmicroRNA-146a
as a sex-specific factor in melanoma (51), and semaphorin 7A has
been found to reduce the pulmonary metastasis of melanoma (52).

In this study, according to 23-IRGP signature, ICIs, including
PD-1, PD-L1, and CTLA-4, were highly expressed in the low-risk
group which had better survival. When exploring the relationship
between PD-1/PD-L1 and the 23-IRGP value, the 23-IRGP
signature presented significant relationship with PD-1/PD-L1
expression. Moreover, the interaction between ICIs and the 23-
Frontiers in Immunology | www.frontiersin.org 15172173
IRGP indicated a combined prognostic effect on patient survival.
M2 macrophages have been shown to promote growth and are
related to poorer OS in melanoma patients, while M1
macrophages support tumor destruction and antigen
presentation (53). Yamaguchi et al. found that anti-PD-1
antibody (nivolumab) therapy increased the activated effector
memory phenotypes of central memory T cells and subsets of
CD4+ and CD8+ central memory T cells, as well as Th1 plus T-
helper follicular 1 cells (54), indicating that these immune cells can
prolong patient survival when they are activated. The results of the
present study revealed a significant increase in the abundance of
infiltrating M0 and M2 macrophages in the high-risk immune
group, while the abundances of infiltrating M1 macrophages,
activated memory CD4+ T cells, CD8+ T cells, follicular helper
T cells, monocytes, plasma cells, and gamma delta T cells were
greater in the low-risk immune group, which was found to have a
better survival rate. In addition, both the mRNA analysis and
immunohistochemistry results showed that the high-risk group
had higher tumor purity and lower infiltration of immune cells
and stromal cells. Meanwhile, low-risk group had higher immune
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FIGURE 10 | Identification of IRGs and comparison with IRGPs. (A) A heat map of the patient risk scores of the 24 IRGs. (B) Based on the 24 IRGs, patients in the
TCGA dataset were assigned to the high- or low-immune risk groups. The red and green points represent the risk scores of the high and low risk groups,
respectively. (C) A plot of OS based on the 24 IRGs. The red points represent deaths and blue points represent survivors. (D) The AUCs for 1-, 3-, and 5-year OS in
the training cohort were 0.731, 0.760, and 0.749, respectively. (E) According to the OS curve, OS was poorer for the high risk group as compared to the low risk
group in the training cohort (p < 0.001). These results showed that the prognostic signature of the IRGs had good predictive power, but with a smaller AUC and
lower C-index (0.610 in Figure 5E) than the 23 IRGPs signature. Therefore, the 23-IRGP was more precisely predictive for CM.
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checkpoint inhibitors indicating that patients in the low-risk group
may have better outcomes with immunotherapy. Nowadays, ICIs
provide a new way to cacer immunotherapy, when exploring the
relationship 23-IRGP signature and ICIs, 23-IRGP signature
showed closely connections with ICIs expression. Moreover, the
relationship between 23-IRGP and ICIs indicated an integrated
prognostic power on patient OS, which is associated with previous
result that M1 macrophages, activated CD4+ memory T cells,
monocytes, plasma cells, CD8+ T cells, follicular helper T cells,
and gamma delta T cells infiltration and ICIs expression may
make a difference on patients’ OS and patients’ immunotherapy
effect. Collectively, it may suggested that the 23-IRGP may have a
predictive ability of the response to CM immunotherapy (25).

In our previous study, overexpression of PSMB8 and PSMB9
was found to be predictive of better survival and improved
response to immune-checkpoint inhibitors. This was reflected
in the low-risk group in the present study, in which PSMB8 and
PSMB9 were highly expressed, indicating that the low-risk group
had better survival rate and immunotherapy effect. Moreover,
this indicates that a mutation in these genes will result in poor
OS. Unexpectedly, PRAME, which acts as an independent
biomarker in uveal melanoma metastasis, was also significantly
expressed in the high-risk group, indicating that PRAME may
also be a biomarker in CM. However, further study will be
needed to verify these results. Thus, our research outcomes were
closely in line with those of previous studies, demonstrating the
precise predictive power of our platform (55).

The 23-IRGP signature identified three pathways (i.e., oxidative
phosphorylation, retinol metabolism, and ribosome) that were
highly related to the invasiveness of melanoma, suggesting that a
high-risk score was correlated with increased melanoma metastasis
and poorer survival. These results indicated the capability of the
IRGP signature for predicting tumor invasion in CM patients.

Nevertheless, there were some limitations to this study that
should be addressed. First, the 23-IRGP prognostic signature was
based on a retrospective study using the TCGA CM dataset and
validated using three microarray datasets from the GEO dataset.
Thus, these results should be validated against other datasets
with different sample attributes in a prospective cohort. Second,
as the 23 IRGPs were used to construct a prognostic signature
model, different prognostic signature models are needed for
comparison. Third, further validation of the 23 IRGPs by
quantitative real-time polymerase chain reaction, western
blotting, and immunohistochemical analyses will be needed
before this approach can be applied clinically. Fourth, due to
the fact that the relevant CM data (such as patients that received
PD-1, PD-L1, and CTLA-4 treatment) cannot be obtained, the
analysis of cross-talk between the signature and ICIs cannot be
compensated systematically at present.
Frontiers in Immunology | www.frontiersin.org 16173174
CONCLUSIONS

In conclusion, our findings indicate that our prognostic signature
established using 23 IRGPs is a novel, promising model for
predicting the prognosis of CM, indicating an association
between the immune microenvironment and CM. This
approach can be used to discover signatures in other diseases
without the technical bias associated with different platforms.
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There has been less volume of literature focusing on the Immune-related Hematological

Adverse Drug Events (Hem-irAEs) of Immune Checkpoint Inhibitors (ICPis) in cancer

patients. Furthermore, there has been no consensus about the management of

hematological toxicity from immunotherapy in the recently published practice guidelines

by the European Society for Medical Oncology (ESMO). We conducted a systematic

review of case reports/series to describe the diagnosis and management of potentially

rare and unrecognized Hem-irAEs. We searched Medline, OVID, Web of Science

for eligible articles. Data were extracted on patient characteristics, Hem-irAEs, and

management strategies. We performed quality assessment using the Pierson-5

evaluation scheme and causality assessment using the Naranjo scale. Our search

retrieved 49 articles that described 118 cases. The majority of patients had melanoma

(57.6%) and lung cancer (26.3%). The most common Hem-irAEs reported with ICPis

(such as nivolumab, ipilimumab, and pembrolizumab) were thrombocytopenia, hemolytic

and aplastic anemias. Less reported adverse events included agranulocytosis and

neutropenia. Steroids were commonly used to treat these adverse events with frequent

success. Other used strategies included intravenous immunoglobulins (IVIG), rituximab,

and transfusion of blood components. The findings of this review provide more insights

into the diagnosis and management of the rarely reported Hem-irAEs of ICPis.

Keywords: immune checkpoint inhibitors, immune-related adverse events, ipilimumab, pembrolizumab,

nivolumab, atezolizumab, durvalumab, avelumab
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INTRODUCTION

In the past decade, the enthusiasm for connecting the
immune system and malignancy has expanded. Exploiting the
host’s immune system to treat cancers depends on immune
surveillance: the ability of the immune system to identify foreign
neo-antigens and target them for elimination (1). Immune
checkpoint receptors, i.e., cytotoxic T-lymphocyte-associated
protein 4 CTLA4 antibody ipilimumab, and programmed cell
death protein-1 (PD-1) are critical for the physiological responses
of the immune system. Checkpoint signaling triggers immune
tolerance of T-cell activation to avoid autoimmunity and the
adverse effects of excessive inflammatory responses. Tumor cells
utilize these mechanisms to avoid destruction by the immune
system (2).

In August, 18, 2010, the FDA approved the CTLA-4
ipilimumab antibody as the first ICPi for the treatment of
metastatic melanoma (3). The filing was based on results from
the primary analysis of the pivotal MDX010-020 trial, which
were published online in the New England Journal of Medicine
and presented in June 2010 during a plenary session at the 46th
Annual Meeting of the American Society of Clinical Oncology
(3). Despite its approval, ICPis have not been widely used except
in the last 2 years. Recently, PD-1 inhibitors were approved
for the treatment of non-small cell lung cancer (NSCLC) (4).
Following their approval, these immunotherapeutics became
integral parts of the treatment protocols against melanoma and
NSCLC. Furthermore, they have shown promising responses
[objective response rates (ORRs)] against different cancers,
including mismatch repair deficient colorectal cancer (60%) and
Hodgkin’s disease (65–85%) (5).

Although the side effects of immunotherapy are less than
chemotherapeutic agents (4), immunotherapy still may cause
dermatological (reticular, maculopapular erythematous rash,
and mucositis), gastrointestinal (diarrhea and colitis), hepatic
(elevation of liver enzymes in serum), and endocrine adverse
effects (involving pituitary, adrenal, or thyroid glands). This
is because the immune response triggered by these drugs is
not completely tumor-specific (6). The management of their
adverse events usually includes various forms and regimens of
corticosteroids (7).

With the expanding use of ICPis in clinical practice, more
rare side effects are being discovered. Some Hem-irAEs were
described, including immune thrombocytopenia, autoimmune
hemolytic anemia, agranulocytosis, or pure red cell aplasia

Abbreviations: Hem-irAEs, Hematological Immune-Related Adverse Events;

ICPis, Immune Checkpoint Inhibitors; ITP, Immune Thrombocytopenia; IVIG,

Intravenous Immunoglobulins; ESMO, The European Society for Medical

Oncology; CTLA4, Cytotoxic T-Lymphocyte-Associated Protein 4; PD-1,

Programmed Cell Death Protein-1; SCLC, Small Cell Lung Carcinoma; NSCLC,

Non-Small Cell Lung Cancer; ORRs, Objective Response Rates; PRISMA,

Preferred Reporting Items for Systematic Reviews and Meta-Analyses; CD8,

Cluster of Differentiation 8; IVATG, Intravenous Anti-thymocyte Globulin; CSF,

Colony Stimulating Factor; G-CSF, Granulocyte Colony Stimulating Factor;

GM-CSF, Granulocyte-Macrophage Colony Stimulating Factor; RBC, Red Blood

Cells; AEC, Absolute Eosinophil Count; AHA, Autoimmune Hemolytic Anemia;

IFN-α, Interferon alpha; CTCAE, Common Terminology Criteria of Adverse

Events.

(8). The evidence focusing on the Hem-irAEs of ICPis is
scarce. Moreover, there is no consensus on the management
of hematologic toxicity from immunotherapy in the recently
published practice guideline by ESMO (9). We aimed to evaluate
the published literature on this topic and summarize the
successful management approaches of the rare side effects.

METHODS

Data Sources and Searches
We commenced this study inMay 2018 and included all available
updates published since 2008 till the present time.

We conducted literature search using different databases:
Medline, OVID, and Web of Science. Furthermore, we searched
the gray literature; conference proceedings; using Web of
Conferences, Open Grey up to January 2019. We searched
the bibliographies of relevant studies for any eligible case
reports/series up to January 2019. The flow of the article selection
process is presented in the graphical abstract as Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) figure. We used no time limit to date.

We used well-defined keywords. The search terms are
listed in Appendix 1. The following keywords: (immune
checkpoint inhibitors), (ICPis), (immunotherapy) (ipilimumab),
(programmed cell death), (Programmed Cell Death 1 Receptor),
(Programmed death ligand), (pembrolizumab), (nivolumab),
(atezolizumab), (durvalumab), (avelumab) (adverse drug
reaction), (adverse effects) (hematological adverse effect),
Immune related adverse event (pancytopenia), (immune
thrombocytopenic purpura), (thrombocytopenia), (leucopenia),
(anemia) and (neutropenia) were entered, and the search was
limited to articles in English. A summary of the 49 enrolled
studies, clustered based on the medication used and Hem-irAEs
experienced is shown in Table 1.

Initial screening of the eligible articles was done
independently by two authors NO and NE. The articles
were screened first based on their titles and abstracts, and
then the full text was reviewed to decide the eligibility. Any
conflict was solved by a third author KE. Only full-text articles
published in peer-reviewed journals were retrieved for review
according to the following criteria. AA, MY, AH, SE contributed
to data analysis.

Inclusion Criteria
1. Case reports/series of solid tumors;
2. Reporting Hem-irAEs;
3. Using ICPis, monotherapy or combinations either as part of a

clinical trial or during clinical practice;
4. English language;
5. Adults or pediatrics.

Exclusion Criteria
6. Other irAEs than Hem-irAEs;
7. Non-solid tumors;
8. Article reporting side effects which are not immune related;
9. Use other medications than ICPis causing Hem-irAEs;
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GRAPHICAL ABSTRACT 1 | The flow of the article selection process is presented as PRISMA.

10. Use of non-FDA approved ICPis up to the date of
data extraction.

Data Extraction and Quality Assessment
Data was extracted by NO and NE, then was revised by KE.
The extracted data included type of cancer, ICPis, number of
cases, Hem-irAEs, onset of the adverse events, management of
Hem-irAEs, and management outcomes. We used the Pierson-
5 evaluation scheme (57) to assess quality of case reports based
on 5 domains: documentation, uniqueness, educational value,
objectivity, and interpretation as shown in Table 2. Each domain
is scored, for example (0, 1, or 2 points, the upper score is
10 points). When a case report scores 9–10 points, the report
contributes to the literature; a 6–8 points indicates validity and
clinical value of the report are doubtful; a 5 points or less indicates
insufficient quality. The assessment was carried out by KE and a
random sample was crosschecked by NO and NE.

Causality Assessment
Each case report was assessed according to Naranjo scale (58)
for causality as shown in Supplementary Table 1. Naranjo scale
was used for causality assessment of the case reports, that
allows categorical classification of adverse events as “definite,”
“probable,” “possible,” or “doubtful” based on the answers to 10
questions. One investigator KE carried out the assessment and
NO and NE randomly re-checked it.

RESULTS

Patient Characteristics
Patient characteristics are described in Table 3. One hundred and
eighteen cases were identified in 49 articles. The median age of
cases was 54 years (range 32–85 years). Themajority of cases were

males (n= 73, 61.8%). Most patients had melanoma (57.6%) and
lung cancer (26.3%). Other cancer sites included prostate (n= 1),
bladder (n = 1), glioblastoma multiforme (n = 1), renal cell
carcinoma (n= 4), and others (n= 10). Fifty three (44.9%) cases
were labeled as stage 4, two cases as stage 3, one case as locally
advanced disease, while in 61 (51.7%) cases, the stage of cancer
was not mentioned. Twenty one (17.8%) cases were confirmed to
have bone metastasis, while 55 (46.6%) cases did not have bone
metastasis and no data were mentioned for the remaining 42
(35.5%) cases.

Thirty seven (31.3%) cases were treated with radiotherapy,
while 38 (32.2%) cases did not receive radiotherapy and no
history of exposure to radiotherapy in 43 (36.5%) cases.

Heavily pretreated patients were defined as patients who
previously received two or more lines of treatment; 56 (47.5%)
cases were heavily pretreated; 50 (42.4) cases received only one
previous line of treatment; 5 cases were treatment naïve. With
respect to history of autoimmune or hematological disorders
before the use of ICPis; no data was provided in 73 (61.8%)
cases, while 18 (15.3%) cases had history of either autoimmune
or hematological disorder before ICPis usage, while 27 (22.9%)
cases did not have history. A bone marrow biopsy was done to
confirm the Hem-irAEs in 71 (61.2%) cases, but it was not done
in 19 (16.1%) cases. The grade of Hem-irAEs was labeled as grade
2 in 3 cases, grade 3 in 5 cases, grade 4 in 50 (42.3%) case, and
grade 5 in 2 cases.

Nivolumab
Seventeen case studies (out of 49) reported Hem-irAEs with
nivolumab in 20 cases (13 lung cancer, 5 melanoma, 1 cutaneous
squamous cell carcinoma, and 1 glioblastoma). Anemia was
reported in 7 cases; two had aplastic anemia and five had
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TABLE 1 | Summary of available literature about immune check point inhibitors-associated hematological adverse effects.

References Therapeutic agent Diagnosis Number of

cases

Hematological adverse

effect/s

Occurred after how many

cycles/days post ICPis

Intervention or management

of hematological adverse

effect/s

Outcome of hematological

adverse effect/s management

(10) Pembrolizumab Metastatic melanoma Case A

Case B

Immune thrombocytopenia A: 1st cycle

B: NA

A: three boluses of

methylprednisolone and two

infusions of immunoglobulins (2

g/kg). Followed by oral

corticosteroid therapy then

tapered down

B: a course of corticosteroid was

initiated (1 mg/kg/d)

Resolved

Resolved

(11) Pembrolizumab Metastatic melanoma 1 Immune thrombocytopenia After the 2nd dose of

pembrolizumab

Steroids Ineffective

(12) Pembrolizumab Metastatic melanoma 1 Pancytopenia The 18th cycle High dose prednisolone and a 5

day course of IVIG therapy

Resolved after IVIG course

(13) Pembrolizumab Metastatic melanoma 1 Warm antibody autoimmune

hemolytic anemia and pure

red cell aplasia

The 3rd cycle High dose glucocorticoids Pure red cell aplasia flared when

prednisone tapered to 20mg

Subsequent treatment with one dose

of IVIG enabled tapering of

the glucocorticoids

(14) Pembrolizumab Stage 4 lung

adenocarcinoma

1 Sever neutropenia The 2nd cycle G-CSF, IV solumedrol, IVIG,

cyclosporine A

Recovered

(15) Pembrolizumab Metastatic bladder cancer 1 Hemophagocytic

lymphohistiocytosis

NA Etoposide and dexamethasone NA

(16) Pembrolizumab Metastatic NSCLC 1 Evan’s syndrome After the 18th cycle Pembrolizumab discontinuation

and prednisone, azathioprine,

cyclophosphamide, and IVIG

therapy combined with

erythropoietin injections and

transfusion, then weekly

rituximab and re-initiation of high

dose prednisone

Resolved

(17) Pembrolizumab Stage 3a lung

adenocarcinoma

1 Exacerbation of

autoimmune hemolytic

anemia

17 days after the 1st cycle IV steroids and blood transfusion Recovered but patient died 33 days

later

(18) Pembrolizumab Metastatic melanoma 1 Autoimmune hemolytic

anemia

The 4th cycle IV steroids Recovered

(19) Pembrolizumab Metastatic melanoma 1 Autoimmune hemolytic

anemia

The 3rd cycle Steroids, rituximab and

pembrolizumab discontinuation

Resolved

(20) Nivolumab Metastatic melanoma 1 Severe anemia and

thrombocytopenia

(Bicytopenia)

The 6th cycle RBCs, platelet transfusion and

high dose IV methylprednisolone

Ineffective

(21) Nivolumab Metastatic NSCLC 1 Severe pancytopenia After the 3rd cycle IV steroids, G-CSF and IVIG Ineffective

(Continued)
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TABLE 1 | Continued

References Therapeutic agent Diagnosis Number of

cases

Hematological adverse

effect/s

Occurred after how many

cycles/days post ICPis

Intervention or management

of hematological adverse

effect/s

Outcome of hematological

adverse effect/s management

(22) Nivolumab Metastatic NSCLC 1 Exacerbation of underlying

immune thrombocytopenia

After the 9th cycle IV romiplostim, withholding of

nivolumab

Recovered and nivolumab resumed

(23) Nivolumab Metastatic NSCLC 1 Immune Thrombocytopenia After the 6th cycle Discontinuation of nivolumab,

platelet transfusions were given

for 4 weeks then IV steroids

Resolved

(24) Nivolumab Metastatic NSCLC 1 Immune-mediated

thrombocytopenia and

hypothyroidism

After the 2nd cycle IV steroids, levothyroxine and

discontinuation of nivolumab

Recovered

(25) Nivolumab Metastatic melanoma 1 Severe thrombocytopenia,

ITP

Before the 3rd dose Prednisolone, IVIG, romiplostim

and platelet transfusion

Resolved

(4) Nivolumab Metastatic NSCLC 1 Severe agranulocytosis The 2nd cycle 3 doses of IVIG without

improvement, then oral 1.5

mg/kg/day prednisone for 3 days

without improvement, count

improved after high dose IV

methylprednisolone

Resolved only after high dose

methylprednisolone

(3 mg/kg IV)

(26) Nivolumab Metastatic NSCLC Case A

Case B

Severe complicated

neutropenia

Case A: the 5th cycle

Case B: after the 9th cycle

Case A: G-CSF, IV steroids

Case B: G-CSF, IV steroids

Case A: ineffective and patient

passed away 13 days later

Case B: ineffective

(8) Nivolumab Stage IV adenocarcinoma

of the lung

Case A

Case B

Case C

Bone marrow failure as an

immune-related aplastic

anemia

NA A: IVIG, antibiotics 4 RBCs units,

and 3 platelets units

B: prednisone 1 mg/kg,

norethandrolone,

G-CSF, 4 RBCs and

9 platelets units

C: prednisolone 1 mg/kg

IVIG, G-CSF,

antibiotics, 20 RBCs and 15

platelets units

A: no response

to IVIG, death at 1 month of febrile

neutropenia

B: partial and transient response to

steroids, persistent pancytopenia

ongoing at 4 months

C: no response to steroids and IVIG,

death at 3 months from acute

coronary syndrome

(27) Nivolumab Metastatic melanoma 1 Symptomatic warm

autoimmune hemolytic

anemia

The 4th cycle Discontinuation of nivolumab

and prednisone

Resolved

(28) Nivolumab Metastatic cutaneous

squamous cell carcinoma

and CLL

1 Hemolytic anemia The 8th cycle Discontinuation of nivolumab

and prednisone

Anemia recovered after 2 weeks

(29) Nivolumab Stage 4 lung

adenocarcinoma

1 Autoimmune hemolytic

anemia

The 2nd cycle Prednisolone Ineffective

(30) Nivolumab Glioblastoma multiforme 1 Aplastic anemia After the 2nd cycle G-CSF, eltrombopag and blood

transfusion

Ineffective, death 73 days

after the 2nd dose of nivolumab

(Continued)
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TABLE 1 | Continued

References Therapeutic agent Diagnosis Number of

cases

Hematological adverse

effect/s

Occurred after how many

cycles/days post ICPis

Intervention or management

of hematological adverse

effect/s

Outcome of hematological

adverse effect/s management

(31) Nivolumab Metastatic melanoma 1 Pure red cell aplasia The 31st cycles IV steroids and blood

transfusion, nivolumab was

discontinued

Recovered

(32) Nivolumab Metastatic melanoma 1 Severe allograft rejection

and autoimmune

hemolytic anemia

NA IV steroids Recovered

(33) Nivolumab Stage 4 NSCLC 1 Immunotherapy-associated

hemophagocytic syndrome

After the 2nd dose IV steroids Resolved with tumor regression

(34) Nivolumab Metastatic lung squamous

cell carcinoma

1 Acquired

hemophilia A

After 17 months from the

1st cycle

Oral steroids then IV

cyclophosphamide and factor VII

Resolved

(35) Ipilimumab Metastatic melanoma 1 Autoimmune pancytopenia 8 days after the 4th cycle High dose

corticosteroids

Erythropoietin 30,000 IU/wk,

N-plate 1 mg/kg/wk, filgrastim

10 mg/kg/d and IVIG

Pancytopenia was resistant to high

dose oral corticosteroids and to

hematopoietic growth

factors, but resolved after IVIG

injection

(36) Ipilimumab Metastatic melanoma 1 Pancytopenia After 36 weeks Growth factors, transfusions,

antibiotics, immunoglobulins,

and immunosuppressive therapy

(cyclosporine)

Ineffective

(37) Ipilimumab Metastatic melanoma 1 Pancytopenia with cerebral

hemorrhage and respiratory

insufficiency

Unknown Steroids Ineffective

(38) Ipilimumab Metastatic melanoma 1 thrombocytopenia Day 12 after the 2nd cycle 1 mg/kg prednisolone and 1

g/kg IVIG

Resolved

(39) Ipilimumab Metastatic melanoma 1 Immune-mediated

thrombocytopenia.

After the 1st cycle IV steroids, platelet transfusion,

oral steroids and ipilimumab

discontinuation

Effective

(40) Ipilimumab Metastatic melanoma 1 Acute grade 4 neutropenia 14 days after the 4th cycle CSF, steroids and IVIG Neutropenia did not respond to CSF

and steroids, it rapidly improved after

administration of IVIG

(41) Ipilimumab Metastatic melanoma 1 Febrile neutropenia

with agranulocytosis

14 days after administration

of the 3rd cycle

Filgrastim, meropenem,

fluconazole IV, and 2 mg/kg of

methylprednisolone (120mg) IV

daily, and was discharged on

128mg oral methylprednisolone

daily

Ineffective

(Continued)
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TABLE 1 | Continued

References Therapeutic agent Diagnosis Number of

cases

Hematological adverse

effect/s

Occurred after how many

cycles/days post ICPis

Intervention or management

of hematological adverse

effect/s

Outcome of hematological

adverse effect/s management

(42) Ipilimumab Metastatic melanoma Case A

Case B

Case C

A: hemolytic autoimmune

anemia

B: severe leukopenia and

febrile neutropenia

C: severe anemia

and leukopenia

A: after the 3rd cycle

B: after the 3rd cycle

C: after treatment discharge

(48 weeks from initial dose),

during follow up

A: high dose methylprednisolone

and blood transfusion

B: antibiotics, GM-CSF and high

doses of IV

Methylprednisolone followed by

tapering

C: oral corticosteroids

prednisone 1 mg/kg/day and

GM-CSF for 1 week

A: resolved

B: resolved

C: resolved

(43) Ipilimumab Stage IIIB melanoma 1 Neutropenia After the 4th cycle - Oral steroids,

- IV cyclosporine,

- IVIG,

- G-CSF,

- IVATG

Resolved after 7.5 weeks from the

4th dose

(44) Ipilimumab Metastatic melanoma 1 Large granular

lymphocytosis with severe

neutropenia

After the 3rd cycle Discontinuation of ipilimumab, IV

antibiotics, G-CSF, IVIG, IV

steroids, IVATG, IV cyclosporine

Resolved after IVATG plus

cyclosporine and steroids

(45) Ipilimumab Metastatic melanoma 1 Acquired hemophilia A After the 3rd cycle IV steroid, factor VII and

tranexamic acid

Effective, bleeding stopped

(46) Ipilimumab Metastatic melanoma 1 Immune-mediated red cell

aplasia

After the 9th cycle Oral prednisone at 1 mg/kg /day

with little change in his

transfusion requirement

after 4 weeks, he received IVIG

Poor response to

corticosteroids and rapid clinical

benefit from IVIG

(47) Ipilimumab Metastatic melanoma 1 Hemophagocytic syndrome After the 2nd cycle IV steroids and IV etoposide Ineffective

(48) Durvalumab NSCLC 1 A fatal allo- and

immune-mediated

thrombocytopenia

Two months after cessation

of treatment with the PD-L1

inhibitor

Platelet transfusion daily for 12

days and polyvalent

immunoglobulins (25 g/day for 4

days) and steroid treatment (1

mg/kg)

No improvement and death occurred

36 days after the 1st transfusion due

to intra-alveolar hemorrhage

(49) Avelumab Metastatic Merkel cell

carcinoma

1 Lethal thrombocytopenia After the 4th cycle IV steroids, IVIG Ineffective, patient died 1 month of

ITP

(50) Ipilimumab and

nivolumab

Case A: melanoma stage IIb

Case B:

metastatic melanoma

Case A

Case B

Severe thrombocytopenia
A: The 1st cycle

B: 43 days after nivolumab

monotherapy and 8 days

after ipilimumab

monotherapy

A: 1st dose of steroids and IVIG,

then rituximab

B: prednisone, IVIG, and

rituximab, cessation

of ipilimumab

A: no response to steroids or IVIG,

recovered after 4 doses of rituximab

B: Resolved

(51) Ipilimumab plus

nivolumab

Metastatic melanoma 1 Aplastic anemia After four courses of the

combined treatment,

followed by five courses of

nivolumab in 3 days

Daily treatment with prednisone

(1 mg/kg), and G-CSF

At the 11th day of hospitalization

patient suffered brain hemorrhage

with rapid fatal outcome

(Continued)
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TABLE 1 | Continued

References Therapeutic agent Diagnosis Number of

cases

Hematological adverse

effect/s

Occurred after how many

cycles/days post ICPis

Intervention or management

of hematological adverse

effect/s

Outcome of hematological

adverse effect/s management

(52) Ipilimumab and

nivolumab

Metastatic melanoma 1 Autoimmune hemolytic

anemia

The 2nd cycle Multiple blood transfusions and

started on pulse dose steroids

using 1,000mg of IV

methylprednisolone daily for 3

days then course of oral

prednisone, had AHA after

re-challenging with

immunotherapy which

responded faster to rituximab

First occurrence responded gradually

to corticosteroid

Due to slow response to steroids after

the 2nd occurrence of AHA; rituximab

added, and the patient responded

well to it

(53) Case A: ipilimumab

Case B:

pembrolizumab

Case C:

pembrolizumab

Case D: ipilimumab

and nivolumab

A: prostate cancer

B: metastatic melanoma

C: SCLC

D: metastatic melanoma

A

B

C

D

A: neutropenia

B: hemolytic anemia

C: hemolytic anemia

D: hemolytic anemia

A: after the 2nd cycle of

ipilimumab

B: After 3 weeks of

immunotherapy

C: After 2 weeks of

pembrolizumab

D: on day 33

A: Methylprednisolone at 1

mg/kg every 12 h IV for 3

consecutive days and

subsequent oral prednisone at 1

mg/kg daily

B: IV methylprednisolone 1

mg/kg once daily for 3 days and

then transitioned to oral

prednisone 1 mg/kg daily for 2

additional weeks

C: prednisone at 1 mg/kg/d

D: prednisone 1 mg/kg/d initially

which was increased to 2

mg/kg/d after day 38 when

platelet count dropped to

5,000/µL

IVIG 1 g/kg/d for 2 days for

presumed

immune thrombocytopenia

A: Resolved

B: Resolved

C: Resolved

D: Resolved

(54) Pembrolizumab

(n = 17), nivolumab

(n = 7), and

durvalumab (n = 2)

Melanoma

(n = 20),

renal cell carcinoma (n = 3),

other tumor types (n =3)

26 Increase in AEC After a median

of 3.0 months after the 1st

cycle

NA NA

(55) Ipilimumab and

nivolumab

Metastatic melanoma 1 Aplastic anemia Two weeks following the

2nd cycle

IV methylprednisone 70 mg/ day

for 8 days, followed by a

prednisone taper.

Recovery

(56) Nivolumab (n = 20),

pembrolizumab

(n = 14), and

atezolizumab (n = 1)

Melanoma (n = 15), NSCLC

(n = 12), and other types of

cancers (n = 8)

35 Neutropenia

9 (26%),

anemia 9 (26%),

thrombocytopenia 9 (26%),

pancytopenia or aplastic

anemia 5 (14%),

bicytopenia 2 (6%),

and pure red cell aplasia

1(3%)

Median time to onset was

10.1 weeks

22 (63%) of 35 patients were

given steroids orally, 5 (14%)

were given steroids IV and orally,

11 (31%) had IVIG, and 7 (20%)

had rituximab

21 (60%) of patients recovered

ICPi, Immune Check Point inhibitors; IVIG, Intravenous Immunoglobulin; IVATG, Intravenous Anti-thymocyte Globulin; CSF, Colony Stimulating Factor; G-CSF, Granulocyte Colony Stimulating Factor; GM-CSF, Granulocyte-Macrophage

Colony Stimulating Factor; RBC, Red Blood Cells; NA, Not Available; ITP, Idiopathic Thrombocytopenic Purpura; SCLC, Small Cell Lung Carcinoma; AEC, Absolute Eosinophil Count; NSCLC, Non-Small Cell Lung Carcinoma; AHA,

Autoimmune Hemolytic Anemia.
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TABLE 2 | Number of case reports with different scores for the five domains of

Pierson-5 scale.

Domain/score 0 1 2

Documentation 3 9 42

Uniqueness 12 23 19

Educational value 3 29 22

Objectivity 1 19 34

Interpretation 1 8 45

hemolytic anemia. Thrombocytopenia was reported in five cases.
Bone marrow failure was reported in three cases, pancytopenia
in one case, neutropenia in one case, red cell aplasia in one case,
hemophagocytic syndrome in one case, agranulocytosis in one
case and acquired hemophilia A in one case.

Treatment was reported for all patients. Resolution of the
adverse events was reported in 11 cases (55%) and treatment was
ineffective in 8 cases (40%). One case showed partial and transient
response to treatment. In the 11 cases that showed response, the
most common treatment for Hem-irAEs was IV corticosteroids,
however, IV romiplostim, platelets transfusion, IVIG, and oral
steroids were used. Many patients had to discontinue nivolumab
with the treatment used.

Another two-case series reported Hem-irAEs with
nivolumab in 27 cases. An increase in the absolute eosinophil
count was reported by Bernard-Tessier et al. (54). No
treatment was mentioned in this report. Delanoy et al.
(56) reported neutropenia, anemia, thrombocytopenia,
pancytopenia, bicytopenia, pure red cell aplasia with nivolumab,
pembrolizumab, and atezolizumab. Twenty one patients had
resolved symptoms with oral steroids, IV steroids, IVIG,
and rituximab.

Ipilimumab
Fourteen articles reported Hem-irAEs with ipilimumab in
16 cases (15 melanomas and one with prostate cancer).
The adverse events reported were neutropenia (5 cases),
pancytopenia (3 cases), leukopenia (3 cases), thrombocytopenia
(2 cases), anemia (2 cases), and 5 cases showed one of
the following adverse events: agranulocytosis, lymphocytosis,
hemophagocytic syndrome, acquired hemophilia A, and red
cell aplasia. Eleven cases (68.75%) recovered after treatment.
Steroids (8 cases) and IVIG (7 cases) were the most commonly
used treatments.

Pembrolizumab
Twelve reports described Hem-irAEs with pembrolizumab in
13 cases (7 melanomas, 4 lung cancer, and 1 bladder cancer).
In these cases, hemolytic anemia was reported in five cases
and thrombocytopenia in two cases. Neutropenia, pancytopenia,
red cell aplasia, hemophagocytic lymphohistiocytosis, and Evan’s
syndrome were reported in one case each. Adverse events
were resolved in 11 cases. Steroids (whether IV or oral)
were used in all the managed cases, and IVIG was used in
five cases.

Combination of Ipilimumab—Nivolumab
This combination of ipilimumab and nivolumab, used to treat
metastatic melanoma, was associated with Hem-irAEs in 6 cases
(5 reports). Thrombocytopenia, aplastic anemia, and hemolytic
anemia were reported in two cases each. The adverse events were
resolved in 5 cases. One case died with refractory aplastic anemia.
Rituximab was a commonly used treatment; one patient with
thrombocytopenia recovered after 4 doses of rituximab following
IVIG failure. The second occurrence of hemolytic anemia in one
of the cases resolved with rituximab use.

Durvalumab
A fatal allo- and immune-mediated thrombocytopenia was
reported with durvalumab use in one NSCLC case. Platelet
transfusion, polyvalent immunoglobulins and steroid treatments
were used to treat the patient without improvement.

Avelumab
One patient with metastatic Merkel cell carcinoma developed
lethal immune thrombocytopenia (ITP) after avelumab
administration. Treatments with steroids and IVIG were
ineffective and the patient died after 1 month from
initial diagnosis.

Concerning the treatment of Hem-irAEs reported, steroids
were the most commonly used (80/118, 67.7%), with a failure
rate of (16/80 = 20%) out of 118 cases. Other treatment options
included IVIG, rituximab, and combination of the three options
at varying doses.

Quality Assessment
Table 2 shows quality assessment of the extracted citations
using Pierson-5. The number of case reports is based on five
domains: uniqueness, documentation, objectivity, interpretation,
and educational value. Every domain is scored with 2 points,
the upper score is 10 points. Naranjo scale was used for
causality assessment of the case reports, that allows categorical
classification of adverse events as “definite,” “probable,”
“possible,” or “doubtful” based on the answers to 10 questions.

Fifty-four case reports were retrieved from the literature and
assessed. Out of the 54 reports, 5 (9.2%) could not be assessed,
since the data presented were insufficient for assessment for 4
of them, while 1 study was an observational study. Seven cases
(12.9%) were rated as “of insufficient quality for publication”
because they scored 5 or less. The second case reported in
Shiuan et al. (50) got zero score in the five domains. Twenty-six
studies (48.1%) were assessed as “reader should be cautious about
validity and clinical value of the report” because they scored 7–8.
Twenty-one cases (38.8%) were rated as “likely to be a worthwhile
contribution to the literature” as they scored 9–10.

Causality Assessment
Eight studies were ranked as “possible” adverse drug reaction,
scoring 3 (one study) and 4 (7 studies). Two studies were not
assessed because their data were insufficient. Sixteen studies
were ranked as “probable” adverse drug reaction as they scored
between 5 and 8. No cases were ranked as “definite” or “doubtful”
adverse drug reaction.
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TABLE 3 | Characteristics of the described patients in the eligible case reports.

References Therapeutic

agent

Age Gender Stage of the

disease

Bone metastasis

Y, N, or NA

How many line/s

of therapy

before ICPi

History of

radiotherapy

Y or N

History of autoimmune

or hematological

disorder/s before ICPi

Bone marrow

Biopsy done

Y or N

Grade of

Hem-IRAEs according

to the (CTCAE)

(10)

Case a

Case b

Pembrolizumab 34

51

M

F

4 locally advanced NA

N

4 lines

None

Y

N

NA

None

Y

Y

NA

NA

(11) Pembrolizumab 73 M 4 Y 3 lines Y IFN-α Hashimoto thyroiditis

mild thrombocytopenia

N NA

(12) Pembrolizumab 52 F 4 N 1 line N None Y 4

(13) Pembrolizumab 52 F 4 N 2 lines Y Autoimmune hepatitis Y NA

(14) Pembrolizumab 73 F 4 NA 1 line NA Autoimmune myositis (in

remission)

N 4

(15) Pembrolizumab 76 M 4 NA NA NA NA Y NA

(16) Pembrolizumab 67 M 4 N 2 lines Y NA N NA

(17) Pembrolizumab 82 M 3a N 1 line N Chronic anemia Y NA

(18) Pembrolizumab 79 F 4 Y 1 line Y None N NA

(19) Pembrolizumab 78 M 4 NA 1 line NA NA N NA

(20) Nivolumab 73 M 4 N 2 lines Y Moderate macrocytic anemia

and mild thrombocytopenia

Y 4

(21) Nivolumab 56 M 4 N 1 line NA None Y NA

(22) Nivolumab 32 M 4 Y 3 lines Y Mild ITP N NA

(23) Nivolumab 78 M 4 Y 1 line N Early stage lymphoma (in

remission)

Y 4

(24) Nivolumab 62 M 4 NA 2 lines NA Asymptomatic Hashimoto’s

thyroiditis

Y NA

(25) Nivolumab 79 F 4 N 1 line N NA N 4

(4) Nivolumab 74 F 4 Y 1 line Y Ulcerative colitis (in remission) Y NA

(26)

Case a

Case b

Nivolumab 73

74

M

M

Both cases were stage

4

N

N

4 lines

3 lines

N

N

None

Treated intermediate

grade follicular lymphoma

N

Y

4

4

(8)

Case a

Case b

Case c

Nivolumab 73

70

78

F

M

M

All 3 cases were stage

4

N

N

Y

2 lines

3 lines

1 line

Y

N

Y

None

None

None

Y

Y

Y

Sever cytopenias, grade

3 or higher

(27) Nivolumab 85 M 4 N 2 lines N None N NA

(28) Nivolumab 82 M 4 Y 2 lines Y CLL N NA

(29) Nivolumab 70 M 4 NA 1 line N NA N NA

(30) Nivolumab 57 F 4 N 2 lines Y None Y 4

(31) Nivolumab 70 F 4 N 1 line Y None Y NA

(32) Nivolumab 73 M 4 NA NA NA None Y NA

(Continued)

F
ro
n
tie
rs

in
Im

m
u
n
o
lo
g
y
|w

w
w
.fro

n
tie
rsin

.o
rg

O
c
to
b
e
r
2
0
2
0
|V

o
lu
m
e
1
1
|A

rtic
le
1
3
5
4

185186

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


O
m
a
r
e
t
a
l.

A
n
U
p
d
a
te

o
n
H
e
m
a
to
-To

xic
ity

F
ro
m

Im
m
u
n
o
th
e
ra
p
y

TABLE 3 | Continued

References Therapeutic

agent

Age Gender Stage of the

disease

Bone metastasis

Y, N, or NA

How many line/s

of therapy

before ICPi

History of

radiotherapy

Y or N

History of autoimmune

or hematological

disorder/s before ICPi

Bone marrow

Biopsy done

Y or N

Grade of

Hem-IRAEs according

to the (CTCAE)

(33) Nivolumab 63 F 4 NA 3 lines NA None Y NA

(34) Nivolumab 68 M 4 NA 1 line NA None N NA

(35) Ipilimumab 77 F 4 N 2 lines N History of regressive thyroiditis Y 4

(36) Ipilimumab NA NA 4 NA Heavily pretreated NA NA NA 4

(37) Ipilimumab NA NA 4 NA NA NA NA NA 4

(38) Ipilimumab 57 M 4 Y 1 line Y None Y 4

(39) Ipilimumab 54 M 4 N 1 line N None Y 4

(40) Ipilimumab 42 F 4 N 5 lines Y None Y 4

(41) Ipilimumab 35 M 4 Y 1 line Y None Y 4

(42)

Case a

Case b
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Ipilimumab 68

49
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F

F

M

All 3 cases were stage

4

N

Y

N
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1 line
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Y

N
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N

Y

Y
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(43) Ipilimumab 54 M 3b N None N None Y NA

(44) Ipilimumab 74 F 4 NA 1 line NA NA Y 4

(45) Ipilimumab 42 M 4 Y 3 lines N None N NA

(46) Ipilimumab 55 M 4 N 3 lines N None Y NA

(47) Ipilimumab 52 F 4 N 1 line Y Indolent lymphoplasmocytic

lymphoma

Y NA

(48) Durvalumab 39 M 4 NA None NA None Y 4

(49) Avelumab 77 M 4 N None N B12 and folic acid deficiency Y 4
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Ipilimumab and
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2b
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N

N
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Y

N

4
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(52) Ipilimumab and
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M
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4
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For pembrolizumb case reports (13 reports), 8 of them (61.5%)
were assessed as probable Hem-irAEs. Next to pembrolizumab,
nivolumab (20 reports), 12 of which (60%) were assessed as
probable, then comes ipilimumab (14 reports), 8 of which
(57%) were assessed as probable. For the combination of
ipilimumab and nivolumab (6 reports), 3 of them (50%) were
assessed as probable. Finally, only one case report was assessed
for durvalamab where the causality assessment yielded as a
possible Hem-irAEs.

DISCUSSION

Immunotherapeutics are increasingly used in cancer patients.
However, adverse events can limit their use and may result in
serious adverse outcomes, including death. While some adverse
events have been well-described in clinical trials (e.g., dermatitis
and colitis), other inflammatory and autoimmunemanifestations
are reported. Case reports can provide vital clues and signals
to identify rare but serious events and can generate hypotheses
that can direct ongoing scientific research. We conducted a
systematic review of case reports/series of patients treated with
checkpoint blockade to identify the scope of rare Hem-irAEs that
may occur with these therapies. We included publications that
had adequate description of the clinical manifestations of the
patients reported.

This systematic review showed thrombocytopenia, hemolytic
and aplastic anemias as the most commonly associated with
ICPis use, i.e., nivolumab, ipilimumab, and pembrolizumab.
Less reported adverse events included agranulocytosis and
neutropenia. Steroids (either intravenous or oral) were
commonly used to treat these adverse events with frequent
success. Other strategies used IVIG, rituximab and transfusion
of blood components.

The mechanisms of the recorded adverse events in the
included articles remain elusive. The most plausible theory is
activation of T-cells, leading to the secretion of different cytokines
from T-helper cells and consequent tissue infiltration with
cluster of differentiation 8 (CD8) T-cytotoxic cells (59). Another
suggested mechanism was immune-mediated dysfunction in
hematopoietic cell maturation and proliferation, yet, the exact
intermediate mechanism is unknown (20). The response to
steroids in the majority of these cases potentiates the theory of
immune-mediated mechanisms that occur centrally (in the bone
marrow) or peripherally (in the circulation).

We used the Naranjo scale to infer causality of the reported
adverse event to the used ICPi drug. Although data were not
available for some reports, we showed possible or probable
causality in several included reports. In some of these reports,
the ICPi was the only new treatment introduced and the
events diminished after the drug withdrawal. Further, the
temporal relationship between ICPis administration and the
occurrence of the adverse effect implicates these drugs. Hem-
irAEs are known to occur within 12 to 16 weeks of treatment
initiation (60).

As reflected from the causality assessment results, the majority
of cases reported were “probable”; being at the near top of the
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causality continuum of the Naranjo scale (just before definite).
Consequently, the association between ICPis and Hem-irAEs
cannot be ignored.

This review provides insights into the proper management
strategies for Hem-irAEs. Previously, it was thought that
cancer patients receiving immunotherapy should not receive
immunosuppressive drugs. This view has significantly changed
over the past few years and the use of immunosuppressive
agents has been proven not to impair the efficacy of ICPis (61).
Corticosteroids should be the first resource and some reports
highlighted the benefit of high dose steroids therapy. In grade 3/4
adverse events, the ICPis should be discontinued and steroids can
later be tapered off in 4 to 6 weeks with close monitoring of blood
counts (7). Other immunosuppressive drugs as IVIG, rituximab
or tumor necrosis factor antagonists may also be effective. In
case the immunosuppressive therapy is prolonged, immunization
against pneumocystis is recommended (4).

Definitions of the side effects in the registries of rare events
are poor. Therefore, we focused on the qualitative features
such as demographic characteristics of patients, diagnosis and
management. We did not perform quantitative analysis of these
case reports because risk analysis was not possible. Randomized
clinical trials were not related to our objective and were excluded
in this systematic review. Limiting the inclusion criteria to studies
published in English was challenging. However, a former analysis
showed that this language limitation does not usually alter the
study results (62).

Future case reports/series should follow a standardized
approach in reporting their patients characteristics and findings.
Further attention should be given to Hem-irAEs in ICPis
randomized controlled trials to provide higher quality data in this
regard. Moreover, the mechanisms of these adverse events should
be investigated on the molecular and cellular levels to specify
more effective pharmacological interventions. The management
of Hem-irAEs in patients receiving ICPis needs evidence-based
guidelines to inform future practice and research in this area.

Concerning the factors that may have predisposed patients to
the adverse effects, there was no clear pattern for age. Patients
characteristics were heterogenous for age with high interpatient
variability with median age of 54 years and wide range 32–85
years. For gender, most patients were males (n = 73, 61.8%);
although the percentage is not conclusive, it warrants further
investigations and more research.

There was no predictor for the response to treatment.
However, steroids were the most commonly used option. This
can be explained secondary to its relative availability, low
cost, and physicians’ experience compared to other options.

Furthermore, steroid was not always successful (20% failure
rate) which implies seeking other treatment options and keeping
patients on steroids for Hem-irAEs closely monitored.

CONCLUSION

Although rare, Hem-irAEs are serious adverse events that may be
associated with checkpoint blockade therapy. Depending on the
grade of the adverse event, the ICPi therapy may be discontinued
and steroid therapy should be initiated. Steroids were the
most commonly management strategy with considerable failure
rate. There were no detected underlying factors predicting
the outcome to steroid therapy. Other promising management
strategies for some events include IVIG, rituximab, and
transfusion of blood components.

FUTURE RESEARCH RECOMMENDATION

Further research should focus on the plausible mechanisms
contributing to these adverse events, to develop more specific
management strategies.
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Peptide Vaccination Against
PD-L1 With IO103 a Novel
Immune Modulatory Vaccine
in Multiple Myeloma: A Phase I
First-in-Human Trial
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Denmark, 5 Department of Immunology and Microbiology, University of Copenhagen, Copenhagen, Denmark

Background: Immune checkpoint blockade with monoclonal antibodies targeting
programmed death 1 (PD-1) and its ligand PD-L1 has played a major role in the rise of
cancer immune therapy. We have identified naturally occurring self-reactive T cells specific
to PD-L1 in both healthy donors and cancer patients. Stimulation with a PD-L1 peptide
(IO103), activates these cells to exhibit inflammatory and anti-regulatory functions that
include cytotoxicity against PD-L1–expressing target cells. This prompted the initiation of
the present first-in-human study of vaccination with IO103, registered at clinicaltrials.org
(NCT03042793).

Methods: Ten patients with multiple myeloma who were up to 6 months after high dose
chemotherapy with autologous stem cell support, were enrolled. Subcutaneous
vaccinations with IO103 with the adjuvant Montanide ISA 51 was given up to fifteen
times during 1 year. Safety was assessed by the common toxicity criteria for adverse
events (CTCAE). Immunogenicity of the vaccine was evaluated using IFNg enzyme linked
immunospot and intracellular cytokine staining on blood and skin infiltrating lymphocytes
from sites of delayed-type hypersensitivity. The clinical course was described.

Results: All adverse reactions to the PD-L1 vaccine were below CTCAE grade 3, and
most were grade 1–2 injection site reactions. The total rate of adverse events was as
expected for the population. All patients exhibited peptide specific immune responses in
peripheral blood mononuclear cells and in skin-infiltrating lymphocytes after a delayed-
type hypersensitivity test. The clinical course was as expected for the population. Three of
10 patients had improvements of responses which coincided with the vaccinations.
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Conclusion: Vaccination against PD-L1 was associated with low toxicity and high
immunogenicity. This study has prompted the initiation of later phase trials to assess
the vaccines efficacy.

Clinical Trial Registration: clinicaltrials.org, identifier NCT03042793.
Keywords: peptide, vaccination, PD-L1, first-in-human, myeloma
INTRODUCTION

The development of monoclonal antibodies that block immune
checkpoint molecules (ICB) has launched a new era in the
treatment of malignancies. However, ICB treatment benefits a
minority of patients with cancer and is associated with side
effects (1, 2). We have recently explored whether ICBs can also be
targeted by peptide vaccination. Such a vaccine could potentially
combine the low toxicity of vaccination with a therapy that
mitigates cancer-imposed immune inhibition.

In preclinical studies, we have demonstrated that the ICB
programmed death ligand 1 (PD-L1) is recognized by T cells in
both healthy donors and cancer patients (3). These PD-L1–reactive
T cells can be activated by peptide stimulation. From the signal
peptide of PD-L1, we developed a highly immunogenic 19-amino-
acid peptide, designated IO103. IO103-stimulated PD-L1–specific T
cells are cytotoxic to cancer cell lines, includingmelanoma, renal cell
carcinoma, breast cancer, leukemia, and chronic myeloproliferative
neoplasms (4–7). In vitro stimulation with PD-L1 peptide boosted
immune responses to a dendritic cell (DC) vaccine (8). Similarly,
immune responses to PD-L1 have been observed in multiple
myeloma (MM) (Jørgensen et al., in preparation).

In MM, T cells and natural killer (NK) cells in the tumor
microenvironment exhibit upregulated PD-1, and MM cells,
osteoclasts, and DCs are often PD-L1+ (9–16). The PD-1/PD-
L1 pathway indirectly promotes myeloma progression by causing
failure of immune control. Moreover, bone marrow (BM)
stromal cells induce myeloma cells to express PD-L1, inducing
increased tumor cell proliferation and reduced susceptibility to
chemotherapy (17). PD-L1 expression is often detected on
plasma cells in extramedullary plasmacytomas of late-stage
disease (18). Furthermore, PD-1 levels on T cells in myeloma
patients are negatively correlated with survival (19), and PD-L1
upregulation on MM cells is common among patients with
relapsed or refractory MM and associated with an aggressive
phenotype (20). However, PD-1 blockade does not exhibit
single-agent activity in MM (21), and initial promising data
regarding combination therapy with PD-1 ICB and
immunomodulatory drugs with dexamethasone was not
confirmed in randomized trials (22, 23). The present study was
initiated before these randomized trials were halted by the FDA
in 2017.

Peptide vaccination has shown promising results in early-
stage neoplasia, and combined with chemotherapy (24). High-
dose chemotherapy with autologous stem cell support (HDT)-
mediated lymphodepletion yields a decreased Treg/CD8+ ratio,
which theoretically should favor immunotherapy post-HDT (25,
26). Furthermore, in preclinical studies, homeostatic cytokine-
org 2192193
driven peripheral T-cell expansion after lymphodepletion
reportedly aids the establishment of antitumor responses to
vaccines, prompting several studies of post-HDT immune
therapy (27, 28). Hence, we chose to vaccinate patients as they
were in post-HDT remission.

Based on previous studies of therapeutic cancer vaccines, we
expected a low level of adverse reactions. The impressive
preclinical immunogenicity of the peptide led us to expect the
induction of strong immune responses to IO103. Here, we
present the results from a phase I first-in-human study of
subcutaneous vaccination with IO103 emulsified with the
adjuvant Montanide.
SUBJECTS AND METHODS

Study Design
In this first-in-human open-label single-armed study, the safety and
immunogenicity of vaccinations using the PD-L1 peptide IO103
with the adjuvant Montanide was evaluated. Patients were enrolled
at Herlev and Gentofte University Hospital, Copenhagen, Denmark,
between February and November of 2017. The study was conducted
in accordance with the Helsinki Declaration, and Good Clinical
Practice (GCP) recommendations. All participants gave written
informed consent before enrollment. The protocol was approved
by the Ethics Committee of the Capital Region of Denmark, the
National Board of Health, and the Danish Data Protection Agency,
and registered at www.clinicaltrials.gov (NCT03042793; date of
registration: February 2, 2017). Blood samples were obtained from
a reference cohort of unvaccinated patients (n = 6) with MM and
who concurrently received the same standard-of-care treatment as
the vaccinated patients, after they gave written informed consent in
an observational study approved by the Ethics Committee of the
Capital Region of Denmark (Approval no. H-17010084). In the
same study, serum was sampled from patients with smoldering
multiple myeloma (n = 10).

With no previous human exposure to this vaccine to perform
statistical power calculations, a sample size of 10 individuals was
chosen based on experience from similar studies. Eligibility criteria
included Eastern Cooperative Oncology Group performance
status of ≤2, no severe comorbidities or autoimmune diseases,
and no signs of myeloma relapse. Cytogenetic analyses were not
required. Supplementary Table 1 presents full inclusion and
exclusion criteria. Patients with MM were enrolled to receive
vaccination once they were in remission, between 4 weeks to 6
months post-HDT. No additional maintenance treatment was
given. All patients received zoledronic acid to minimize the rate of
skeletal osteolytic lesions.
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https://clinicaltrials.gov/
http://www.clinicaltrials.gov
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Jørgensen et al. Vaccination Against PD-L1 in Myeloma
Treatment
Vaccination with a long peptide forces uptake and presentation
by antigen presenting cells, whereas vaccination with short
peptides (9–10 amino acids) could lead to merely coating HLA
molecules. Thus, vaccination with long peptides permits
inclusion of patients without HLA-type restriction, and is
associated with stimulation of both CD4+ and CD8+ T cells
(29). In this study, patients were administered subcutaneous
vaccinations containing 100 mg IO103, a 19-amino-acid peptide
(FMTYWHLLNAFTVTVPKDL) from the signal peptide of PD-
L1 (PolyPeptide Laboratories, France). The peptide was dissolved
in dimethylsulfoxide (DMSO), sterile filtered, and frozen at –20°
Celsius (NUNC™ CryoTubes™ CryoLine System™ Internal
Thread, Sigma-Aldrich). At ≤2 h before administration, the
peptide was thawed and dissolved in sterile water for injection.
Immediately before injection, the dissolved peptide was
emulsified 1:1 with the adjuvant Montanide ISA-51 (Seppic
Inc. Paris, France) to a total volume of 1 ml (30). Vaccinations
were administered by subcutaneous injection every two weeks,
repeated six times, and then once every 4 weeks until reaching a
total of 15 vaccines.

Clinical Evaluation
Adverse events were assessed according to CTCAE v.4.03.
Patients were followed with frequent blood samples including a
full myeloma panel and electrocardiograms. Clinical response
was evaluated following International Myeloma Working Group
(IMWG) response criteria (31). Time to next treatment was
calculated from autologous stem cell transplant (ASCT) until
initiation of next treatment.
Blood and Bone Marrow Samples
Blood samples for isolation of serum and peripheral blood
mononuclear cells (PBMCs) were obtained at baseline, after
three vaccinations, after six vaccinations, and after 15
vaccinations or at relapse. Samples were kept at room
temperature (RT) for ≤5 h until handling. PBMCs were
isolated by gradient centrifugation of heparinized blood on
Lymphoprep (STEMCELL Technologies) in LeucoSep tubes
(Greiner Bio-One). Isolated PBMCs were cryopreserved in 90%
human serum (Sigma-Aldrich) with 10% DMSO (Sigma-
Aldrich) using controlled-rate freezing (Cool-Cell, Biocision) in
a –80°C freezer. The next day, the ampules were transferred to –
140°C. To obtain serum samples, blood was collected in 8-ml
Vacuette gel tubes containing clot activator (Greiner Bio-One).
The tubes were centrifuged, and serum was stored at –140°C.
Serum and PBMCs were stored in 1.8-ml NUNC™ CryoTubes™

CryoLine System™ Internal Thread (Sigma-Aldrich).
Heparinized bone marrow samples (10 ml in a heparinized

tube) were obtained at baseline, after six vaccines, and after 15
vaccines or at relapse. The samples were subjected to red blood
cell lysis by adding Ortho-Lysing Buffer diluted 10× in H20,
followed by centrifugation and incubation for 15 min in the dark.
The remaining cells were cryopreserved following the same
procedure as for PBMCs.
Frontiers in Immunology | www.frontiersin.org 3193194
Delayed-Type Hypersensitivity and Skin-
Infiltrating Lymphocytes
Presence of tumor-specific T cells in biopsies from delayed-type
hypersensitivity (DTH) testing post-vaccination is correlated
with clinical outcome (32). We assessed the presence of
vaccine-reactive cells at DTH sites after six vaccinations. On
the lower back, we performed three intradermal injections of
IO103 without adjuvant and one control injection of aqueous
solvent containing DMSO without peptide. At 48 h post-DTH
injection, skin reaction was measured, and punch biopsies were
taken from the sites of IO103-containing injections and cut into
fragments. Fragments were cultured in 24-well plates for 3–5
weeks in RPMI-1640 with 10% human serum and 100 U/ml
interleukin-2 (IL-2) with penicillin, streptomycin, and fungizone.
Three times weekly, half the medium was replaced with fresh
medium containing IL-2. Skin-infiltrating lymphocytes (SKILs)
emigrated from the biopsies. After 3–5 weeks, SKILs were
harvested and tested in ELISPOT assays (see below). The
remaining SKILs were cryopreserved, as described for PBMCs.

IFNg ELISpot Assay
To assess T-cell responses against IO103, indirect interferon gamma
Enzyme-Linked ImmunoSPOT (IFNg-ELISpot) assays were
performed as previously described (3). PBMCs were stimulated
once in vitro to increase assay sensitivity (33). Briefly, cryopreserved
PBMCs were thawed and stimulated once with IO103 at RT in 24-
well plates with 0.5 ml X-VIVOmedium. After 2 h, 1.5 ml X-VIVO
medium with 5% human serum was added, and the plate was
incubated at 37°C under 5% CO2. The next day, IL-2 was added,
yielding a concentration of 120 U/ml. After 5–10 days, stimulated
PBMCs were added to a 96-well nitrocellulose plate (MultiScreen,
MAIP N45; Millipore) precoated with anti-IFNg-mAb (mAb 1-
DIK, Mabtech, Sweden). IO103 was added, and the cells were
incubated overnight. Next day, the plates were washed, biotinylated
secondary anti-INFg mAb (Mabtech) was added, and the plates
were incubated for 2 h at RT. Then, the plates were washed,
Streptavidin-enzyme conjugate (AP-Avidin; Calbiochem/
Invitrogen Life Technologies) was added, and the plates were
incubated for 1 h at RT, and then washed again. Finally, the
enzyme substrate NBT/BCIP (Invitrogen Life Technologies) was
added, and the resulting spots were counted using the ImmunoSpot
Series 2.0 Analyser (CTL Analyser). Maximum count was set to 500
spots/well. Raw data are available upon request.

IFNg-ELISPOT assays on PBMCs were run in triplicate with
2.2–3.0 × 105 cells/well. For graphic representation, numbers
were normalized to 2.2 × 105 cells/well. IFNg-ELISPOT assays on
SKILs were run in triplicate or quadruplicate with 3 × 105 cells/
well, using a reversed sequence of the IO103 peptide as a control.
IFNg-ELISPOT assays on BM samples were hampered by low
viability and high background, but singlets were run from all
time points from one patient.

Flow Cytometry on PBMCs
Cryopreserved PBMCs were thawed in wash buffer (0.5% BSA, 2
mM EDTA in PBS) at 37°C, and Fc-receptors blocked by
incubation with human IgG (20 mcg/ml). PBMCs were
November 2020 | Volume 11 | Article 595035
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stained in three panels using the following antibodies: CD3-
FITC, CD56-PE, CD11c-PE, CD8-PerCP, HLA-DR-PerCP,
CD27-BV421, CD25-BV421, CD4-BV510, CD28-PE-Cy7,
CD3-PE-Cy7, CD19-PE-Cy7, CD127-PE-Cy7, CD45RA-APC,
CD56-BV510 (all from BD Bioscience, NJ, United States),
CCR7-PE, PD-1-APC, CD14-BV421 (all from Biolegend,
California, United States), CD16-FITC (Dako, Glostrup,
Denmark), and NiR live-dead reagent for APC-Cy7 channel
(Invitrogen-Thermo Fischer, United States). Two panels for
analyzing regulatory T cells (Tregs) were run: one with
intracellular FoxP3-PE and one with only surface markers,
including CCR7-PE. Both Treg panels included CD45RA-
FITC, CD4-PerCP, CD127-PE-Cy7, CCR4-APC, CD25-
BV421, and CD15s-BV510. Samples were incubated with
relevant antibodies for 20 min in the dark at 4°C, washed, and
then analyzed on a FACS Canto II flow cytometer (BD) and
analyzed using FACSDiva Software version 8.0.1 (BD). T cells in
the CD4 and CD8 compartments were characterized by
examining live singlet events in the PBMC (lymphocyte and
monocyte) gate in the forward and side scatter plot. Naïve T cells
were characterized as CCR7+CD45RA+, central memory (CM)
as CCR7+CD45RA–, effector memory as CCR7–CD45RA–, and
effector memory RA+ (EMRA) as CCR7–CD45RA+. Tregs were
gated on PBMCs, singlets, live cells, and subsequently on CD4+

cells. Supplementary Figure 10 presents the gating strategy for
Tregs. Myeloid DCs (LIN–CD11c+HLA-DR+CD14-CD16–) and
non-classical monocytes (LIN–CD11c+HLA-DR+CD14–CD16+)
were gated from the Lineage (CD3/CD19/CD56) and CD14
negative and CD11c, HLA-DR positive fraction of PBMCs. To
analyze SKILs’ cytokine secretion capability, intracellular
cytokine staining was performed on SKILs incubated 5 h with
or without 5 mg/ml IO103 (37°C, 5% CO2). GolgiPlug (BD) was
Frontiers in Immunology | www.frontiersin.org 4194195
applied before staining with CD3-APC-H7, CD4-PerCP/FITC,
CD8-Pacific Blue/PerCP, and Horizon Fixable Viability Stain
510 (BD). The cells were fixed and permeabilized with Fixation/
Permeabilization Buffer (eBioscience), following the
manufacturer’s instructions, and then intracellularly stained
using IFNg-PE-Cy7/APC (eBioscience) and TNF-APC/BV421
(eBioscience). Relevant isotype controls were used to support
correct compensation and confirm antibody specificity.

Cytokines in Serum
Cytokines in serum samples were measured using the MSD
Mesoscale V-Plex Human Cytokine 30-plex Kit (Catalog No.
K15054D-1), following the manufacturer’s instructions, except
that the samples were diluted four-fold instead of two-fold.

Statistical Analysis
Responses in ELISpot assays were determined using the
previously described distribution-free resampling (DFR)
method as described by Moodie et al. (34). The Wilcoxon
matched-pairs signed-rank test was used to compare responses
to IO103 between baseline and later time points. For flow
cytometry samples, the unpaired Mann-Whitney was used to
compare lymphocyte subsets in vaccinated patients versus the
reference cohort at an individual time point. As this exploratory
analysis was descriptive and done post hoc, no formal multiple
testing corrections were performed. p values ≤ 0.05 were
considered significant. All analyses were performed in
Graphpad Prism v 8.0 (GraphPad Software. Inc.).

For cytokine heatmaps each protein/cytokine was normalized
by subtracting the mean value and dividing by standard
deviation of the logarithmic transformed values. The
normalized values for the cytokines for each subject were
TABLE 1 | Patient characteristics.

Age Sex ECOG
PS

Comorbidity Type of
paraprotein

LDH at
diagnosis

Cytogenetics at
diagnosis

ISS/R-ISS at
diagnosis

Time from
HDT

to start of
vaccination

(days)

Patient 1 70 F 0 Hypertension, Cholecystectomy Lambda 262 Not enough material 2/2 188
Patient 2 69 M 0 Hypertension,

Hypercholesterolemia, CABG,
BCC

Kappa 188 amp1q(80%), t(11:14)
(100%) = High risk

1/1 70

Patient 3 58 F 1 Hypertension, multinodular goiter Lambda 246 Normal FISH = Standard
risk

3/3 131

Patient 4 58 M 1 None IgG kappa 172 t(11:14)(91%) = Standard
risk

3/2 43

Patient 5 60 F 1 Inguinal hernea Lambda 141 t(11:14)(96%) = Standard
risk

3/3 61

Patient 6 59 M 1 None IgG kappa 220 del(13q14.3)(96%) del1p
(97%) = High risk

1/2 82

Patient 7 60 F 1 Hypertension, Spinal stenosis
operata

IgG kappa 260 Not enough material 3/2 41

Patient 8 61 M 1 None Biclonal IgG kappa
IgA kappa

142 Not enough material 2/2 50

Patient 9 69 M 1 None IgG kappa 175 Not done Missing 28
Patient 10 39 M 1 None IgG kappa 148 Not possible 2/2 83
November 202
0 | Volume 11 | A
Patient 9 had previously been transplanted, and was enrolled after a HDT treating first relapse.
HDT, high dose chemotherapy with autologous stem cell transplant; ISS, International Staging System; LDH, lactate dehydrogenase.
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shown in the heatmap. The dendrograms and ordering of
subjects and cytokines were performed by hierarchical
clustering using Ward’s method. Distances between cytokines
were calculated by 1 – r, where r is the Pearson correlation
coefficient and distances between subjects by Euclidian distance.
The R function “agnes” in the “cluster” package was used
for clustering.
RESULTS

Patient Characteristics
Our study population included 10 patients with MM (4 female
and 6 male; mean age, 60.3 years; age range: 39–70), who had
undergone HDT treatment within 1–6 months. Table 1 shows
patient characteristics. Nine patients were included after first-
line induction therapy with HDT. Induction therapy comprised
standard of care therapy of cyclophosphamide, bortezomib, and
dexamethasone (Cy-Vel-Dex) for all but one patient who instead
received bortezomib, thalidomide, and dexamethasone (VTD,
patient 4) due to renal insufficiency at diagnosis. Patient 9 was
included after Cy-Vel-Dex and HDT, following relapse occurring
18 years after primary double transplantation. Five patients
lacked cytogenetic data from diagnosis. FISH was performed
on BM samples at inclusion, but the low tumor burden post-
HDT prohibited cytogenetic analysis. All included patients
received at least 6 vaccines and are included in the data set.

Adverse Events
Infections are common in patients with MM, and the infection
rate is further increased for at least one1 year post-HDT. The rate
of infections and other adverse events was as expected for the
population (Table 2). Adverse events considered potentially
related to vaccination were most commonly injection site
reactions and were all transient of nature (Table 2). No
adverse events above grade 2 were deemed related to the
vaccine. No autoimmune adverse events were observed.

Immune Responses in Blood
PBMCs from blood samples were assessed using indirect
ELISPOT assays against IO103. No or little response to the
vaccine occurred at baseline, while all patients exhibited a
response to IO103 during the vaccination course (Figures 1A–
D). To assess whether immune responses to IO103 would
normally occur post-HDT, we ran IO103 ELISPOT on our
reference cohort at similar time points as in the vaccinated
patients. Consistent with our previous data, we observed
spontaneous immune responses to IO103 before HDT. These
responses were not observed post-HDT in the unvaccinated
reference cohort (Figure 1E), likely due to the strong lympho-
depleting chemotherapy.

Immune Responses in the Skin
Nine patients consented to DTH testing before the seventh
vaccine. The cells from one patient (patient 3) were
accidentally infected in culture. All eight evaluable patients had
Frontiers in Immunology | www.frontiersin.org 5195196
a positive skin induration of more than double the diameter of
the control injection. SKILs could be grown from skin biopsies of
all patients, and all were strongly reactive to the vaccine as
evaluated by IFNg-ELISPOT (Figure 2A). IL2-expanded SKILs
were mainly CD4+ T cells (data not shown). Intracellular
cytokine staining after stimulation with IO103 revealed that
these CD4+ SKILs secreted tumor necrosis factor alfa (TNF-a)
and a minor fraction also secreted IFN-g (Figures 2B, C).
TABLE 2 | AEs total adverse events during vaccinations.

Relation to therapy* Adverse event No. of
patients

Grade
1

Grade
2

Grade
3

Cy-Vel-Dex induction,
HDT, myeloma or
unrelated

Cold 6 6
Respiratory
tract infection

3 1 2

Influenza 2 1 1
Urinary tract
infection

2 2

Abscessus 1 1
Conjunctivitis 1 1
Fungal skin
infection

1 1

Flu-like viral
infection

1 1

Gastroenteritis 1 1
Herpes
reactivation

1 1

Sinusitis 1 1
Tonsillitis 1 3
Cough 2 2
Diarrhoea 2 2
Basal cell
carcinoma

1 1

Constipation 1 1
Creatinin
increase

1 1

Hernia, inguinal 1 1
Nausea 1 1
Palpitations 1 1
Sore throat 1 1
Tendernes of
jaw

1 1

Artroscopic
miniscus
manipulation

1 1

PD-L1 vaccine (IO103) Injection site
reaction

9 6 3

Pruritus 3 2 1
Myalgia 3 1 2
Artralgia 2 2
Sore nipple 2 2
Dry skin 1 1
Lymphopenia 1 1
Cough 1 1
Dermatitis 1 1
Rash 2 1 1
Swelling of
bursa olecrani

1 1
Novembe
r 2020 | V
olume 11
 | Article
*Investigator deemed whether adverse events were related or possibly related to the
experimental treatment or to other causes. Injection site reactions included local erythema,
oedema, and pruritus. Non-tender subcutaneous lumps up to 1 cm in diameter could
linger up to months, as is seen commonly with the deposition of the adjuvant Montanide.
Cy-Vel-Dex, cyclophosphamide-bortezomib-dexamethazone; HDT, high-dose
chemotherapy with autologous stem cell transplantation.
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Immune Responses in the Bone Marrow
ELISPOT assays on cryopreserved BM samples had a very high
background signal due to ex vivo cell death. Reduced viability of
BMmononuclear cells is well known (35). The fact that these BM
samples were taken in the recovery from HDT, may have
decreased the viability further. The low viability of the immune
cells in the BM samples did not permit in depth immune
monitoring with functional living cells. Nonetheless, singlet
samples were run with only modest background in one of
three tested patients, and in samples from this patient, a strong
immune response to IO103 was seen in the BM (Figure 1F).
Frontiers in Immunology | www.frontiersin.org 6196197
Lymphocytes
An exploratory analysis of lymphocyte phenotypes was
performed comparing samples from the vaccinated patients to
samples from the unvaccinated reference cohort. Vaccinated
patients 1, 3, 6, and 10 were not included in these
comparisons, since these patients did not have synchronous
reference cohort samples for comparison. An inversion of the
CD4/CD8 ratio following HDT was seen in the unvaccinated
cohort, and the vaccinated patients had a similar ratio at baseline
(Supplementary Figures 1A, B). A significantly lower level of
CD4 cells in vaccinated patients after 15th vaccination or relapse
A B

D

E

F

C

FIGURE 1 | IFNg-ELISPOT immune responses against IO103. (A) responses in PBMCs in vaccinated patients (bars represent median); (B) Heatmap of responses in
PBMCs per vaccinated per time point. (*DFRx1; **DFRx2); (C) representative example of ELISPOT-wells with response; (D) best response in PBMCs in vaccinated
patients; (E) responses in unvaccinated reference cohort including time point before HDT (All p-values: Wilcoxon matched-pairs signed rank test); (F) IFNg-ELISPOT
responses against IO103 in bone marrow samples from patient 4.
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was seen. Gating of differentiation stages did not reveal
significant differences and exhibited substantial interindividual
variance. Naïve cell repopulation post-HDT did not significantly
differ in samples from vaccinated patients compared to the
reference population (Supplementary Figures 2 and 3). The
level of Tregs was not found to be significantly different
compared to the reference population (Figures 3A–D). The
FoxP3+ Treg levels of all vaccinated patients are shown in
Supplementary Figure 12. Levels of DCs in peripheral blood
samples did not show significant differences compared to the
reference population (Supplementary Figure 13).
Frontiers in Immunology | www.frontiersin.org 7197198
Clinical Course
Before vaccinations, four patients were in complete response
(CR) or better, and five had very good partial response (VGPR).
At the data cut-off (May 14, 2020; mean follow-up, 36.5 months),
2/10 patients had not started their next treatment, and 8/10 were
still alive (Supplementary Figure 4). The relapse rate was as
expected for the population.

Three patients exhibited improved depth of response during
vaccination therapy: patient 2 at day 145 post-ASCT (after 5
vaccines), patient 5 at day 161 (6 vaccines), and patient 7 at day
168 (7 vaccines) (Figure 4).

Patients 3 and 7 showed declining levels of M component/
involved light chain during vaccinations; however, both exhibited
slow biochemical relapse after completing vaccinations. As a study
amendment, these two patients were revaccinated to test if a
stabilization or decline could be induced. In patient 3,
revaccination did not decrease the tumor marker slope
(Supplementary Figure 7). In patient 7, the M-component slope
decreased briefly along with revaccinations (Supplementary
Figure 8).

Patient 8 exhibited an early rapid clinical relapse, which was fatal
despite initiation of therapy with daratumumab, lenalidomide, and
dexamethasone. At this time, the patient had received 11 vaccines.
We explored possible correlations between immune data and
clinical course. Patients who did and did not relapse during the
vaccination course did not differ in ELISPOT responses to IO103 in
blood samples (Supplementary Figure 5). However, the two earliest
relapsing patients (patients 8 and 9) showed baseline cytokine
profiles that grouped apart from the remaining vaccinated
patients in unsupervised analysis (Supplementary Figures 6A, B).
Furthermore, two patients (patients 8 and 4) with early relapses had
the lowest ELISPOT responses to IO103 in PBMCs (Figure 1C),
and the highest Treg levels in PBMCs even at baseline
(Supplementary Figure 11).

During the vaccination course, patient 2 exhibited significant
regression of concurrent basal cell carcinoma (BCC), and patient
6 exhibited spontaneous BCC clearance that was macroscopically
complete, such that planned surgery was cancelled. In patient 6,
BCC recurred, coinciding with biochemical relapse of MM.
DISCUSSION

The vaccine was generally well tolerated, and the frequency of
adverse events was as expected in the patient population.
Adverse events that were related or possibly related to
vaccination with IO103 were mild (CTCAE grade 1–2) and
reversible, and most frequently injection site reactions.

PD-L1 is expressed on cancer cells and non-cancerous cells in
the tumor microenvironment, on normal antigen-presenting
cells and placental cells, and frequently on cells in an
inflammatory microenvironment, since its expression is
primarily regulated by interferons (36). We recently
demonstrated that inflammation alone induces PD-L1–specific
T cells (37). The fact that PD-L1–specific T cells are so easily and
rapidly activated, but do not lead to outright autoimmune
A

B

C

FIGURE 2 | Immune responses to the vaccine in the skin. (A) IFNg-ELISPOT
responses against the PD-L1 peptide IO103 of skin infiltrating lymphocytes
after delayed type hypersensitivity reaction performed after 6 vaccines.
300,000 cells per well. Samples were run in triplicate or quadruplicate.
**DFRx2; (B) intracellular cytokine staining (ICS) of SKILs. Almost all cells were
CD4+ (not shown). Two out of six evaluable patients had TNFa- and INFg-
double positive SKILs; (C) example of a double positive ICS (patient 7).
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A B

DC

FIGURE 3 | Flow cytometric analyses of levels of Tregs. (A) FoxP3+ Treg. (B) CD25highCD127neg Treg; (C) CCR4 + Primed Tregs; (D) CD15s Effector Tregs. % of
CD4+ PBMCs. Bars represent median (Mann-Whitney).
FIGURE 4 | Clinical course. Swimmer’s plot. Colors of bars symbolize depth of response at start of vaccinations, after HDT and during the vaccination course.
†patient 8 had a rapid relapse after having received 11 vaccinations and died shortly thereafter despite initiation of daratumumab-lenalidomide-dexamethasone.
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reactions, implies that these cells are strictly regulated. Mouse
studies of vaccination with murine PD-L1 peptides confirm the
absence of signs of autoimmune events (in preparation). In this
first-in-human study, we observed immune reactions to the
vaccine in blood samples and skin tests from all patients. It is
intriguing that stimulation of these self-reactive T cells strongly
induced immune responses in all patients, with low toxicity.

In the months following lymphodepleting chemotherapy in
HDT, CD8+ T-cell repopulation is aided by homeostatic
peripheral expansion more than the CD4+ compartment,
yielding a relatively low Treg/CD8+ ratio, which gradually
normalizes as levels return to baseline (25). An inverted ratio
of CD4+/CD8+ T cells was found in both vaccinated patients and
the unvaccinated reference cohort. In preclinical studies,
activation of PD-L1–specific T-cells reduced Treg levels in
autologous PBMCs (37). Vaccination against an indoleamine
2,3-dioxygenase (IDO) peptide in patients with lung cancer
similarly induced a significant decrease in Tregs (38). IDO is
another self-antigen expressed in regulatory immune cells, which
is recognized by pro-inflammatory T cells (39, 40). In the present
study, although the proportion of CD4+ T cells was lower in
vaccinated patients at the last time point, the levels of Tregs was
not significantly lower among vaccinated patients at any time
point. This study setting might not permit the assessment of the
vaccine’s effect on Treg levels, due to the recently been exposure
to lymphodepleting chemotherapy.

Antigen presenting cells at the vaccination site may be PD-L1
positive. Thus, vaccination induced elimination of these cells could
impact antigen presentation at the vaccination site. However,
analysis of DC infiltration at the vaccination site was not been
performed in this study but will be part of future investigations.
Importantly, no signs of a major effect of vaccinations were seen on
the frequencies of DC in peripheral blood.

One limitation of this study was our inability to thoroughly
investigate immune responses in BM samples. Since MM is a
disease of BM-residing cells, one would hope to see an immune
response in the BM. However, the viability of BM samples
precluded other functional assays of BM immune cells, and
assessment of immune responses at the tumor site. These
limitations led us to instead analyze the impact of vaccinations
on T-cell-receptor (TCR) diversity in SKILs and BM samples,
including PD-L1–specific TCRs. These studies are currently
on-going.

The current study was valuable for examining the vaccine’s
safety. The minimal tumor burden post-HDT allowed us to
vaccinate many times, over a prolonged period. Phase one
studies are often performed in the relapsed or refractory
setting, which would likely not leave sufficient time to test the
vaccine’s safety before disease progression. One downside of the
post-HDT setting is that clinical efficacy was difficult to
investigate. Nine patients were vaccinated post-HDT as part of
primary treatment of newly diagnosed MM. In this patient
population, median progression-free survival without
maintenance treatment is 32 months, and 20% of patients will
be in long-term remission (6 years post-HDT) (41). With a
median follow-up of 29 months, the PFS data are not yet mature.
Frontiers in Immunology | www.frontiersin.org 9199200
In a Mayo Clinic study, response improvements after day +100
occurred in up to 39% of cases (42). However, among patients
treated in Barcelona and Salamanca, only 1/74 patients had an
upgraded response after day 100 without maintenance or
consolidation (43). Response improvements beyond day 100
rarely occur at our institution (personal communication), and
late improvements have been used as an argument regarding
response to immunotherapy after HDT (12). The three late
response improvements (over 100 days post-HDT), and one
case of short-term stabilization coinciding with revaccination,
may indicate the vaccine’s efficacy.

The incidental findings of spontaneous BCC regression in
patients 2 and 6 are interesting. After the initial spontaneous
BCC clearance, patient 6 experienced clinical relapse of BCC
coinciding with biochemical relapse of MM. This suggests that
the vaccine induced a response toward the BCC, which lasted for
months, and then experienced a loss of immune control affecting
both malignancies once the vaccination was no longer effective.
This cannot be tested with current methods but has prompted
the initiation of a phase IIa study of vaccination with IO103 in
BCC (NCT03714529).

Based on the present promising safety and immune data,
several clinical trials have been initiated. It is hypothesized that
therapeutic cancer vaccines, without chemotherapy or ICB, are
likely to be most effective if administered in early disease stages
(44, 45). Thus, a trial of IO103 in high-risk smoldering myeloma
has been initiated (NCT03850522). Additionally, we are testing
this vaccine combined with other peptide vaccines against PD-
L2, IDO, and arginase, and with immune checkpoint-blocking
antibodies (NCT03381768, NCT03939234, and NCT04051307).

In conclusion, the vaccination against PD-L1 was easily
administered and was associated with few and low-grade and
reversible side effects. Furthermore, the vaccine induced strong
immune responses in all patients.
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Immune checkpoint therapy (ICT) results in durable responses in individuals with some
cancers, but not all patients respond to treatment. ICT improves CD8+ cytotoxic T
lymphocyte (CTL) function, but changes in tumor antigen-specific CTLs post-ICT that
correlate with successful responses have not been well characterized. Here, we studied
murine tumor models with dichotomous responses to ICT. We tracked tumor antigen-
specific CTL frequencies and phenotype before and after ICT in responding and non-
responding animals. Tumor antigen-specific CTLs increased within tumor and draining
lymph nodes after ICT, and exhibited an effector memory-like phenotype, expressing IL-
7R (CD127), KLRG1, T-bet, and granzyme B. Responding tumors exhibited higher
infiltration of effector memory tumor antigen-specific CTLs, but lower frequencies of
regulatory T cells compared to non-responders. Tumor antigen-specific CTLs persisted in
responding animals and formed memory responses against tumor antigens. Our results
suggest that increased effector memory tumor antigen-specific CTLs, in the presence of
reduced immunosuppression within tumors is part of a successful ICT response.
Temporal and nuanced analysis of T cell subsets provides a potential new source of
immune based biomarkers for response to ICT.
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INTRODUCTION

Cancer immunotherapies that block inhibitory checkpoint
receptors on T cells, such as cytotoxic T-lymphocyte associated
protein 4 (CTLA-4) and programmed death receptor 1 (PD-1),
have resulted in remarkable, long-term tumor control in a subset
of patients (1–3). However, the majority of ICT-treated patients
do not benefit. ICT is very expensive and causes immune-related
toxicities. Accordingly, there is an urgent need for sensitive and
specific biomarkers of response. Current biomarkers include the
expression of checkpoint inhibitory ligands such as PD-L1 (4),
tumor mutation burden (5), gene expression profiles of the
tumor microenvironment (6), and the extent of tumor
infiltrating immune cells (7). Each biomarker has its own
strengths and limitations, but there is currently no accurate
predictor of responsiveness to ICT across multiple cancers.
Developing novel, complementary biomarkers associated with
successful response to ICT will guide clinical decisions and help
understand the underlying immune mechanisms of a successful
anti-tumor immune response (8).

Analysis of CD8+ cytotoxic T lymphocytes (CTL) could offer
a biomarker of response to ICT. Inhibitory checkpoint signaling
that occurs through the PD-1/PD-L1 pathway suppresses
activated CTLs within the tumor microenvironment,
preventing tumor cell killing. ICT drives dynamic changes in
CTL frequency (7, 9), phenotype (10–12), proliferation (13, 14),
and cytotoxic function (6, 15). T cell receptor (TCR) sequencing
studies further suggest that ICT causes clonal proliferation of
CTLs within the tumor (7, 16, 17) and the periphery (16, 18, 19).
As antigen-specificity is crucial for a successful anti-tumor
response, we reasoned that dynamic changes in tumor
antigen-specific CTLs could inform ICT responses. Indeed,
ICT can increase tumor antigen-specific CTLs (20, 21), but
there are limited studies on how ICT-driven phenotypic
changes in tumor antigen-specific CTLs correlate with
ICT outcomes.

The ability to study how tumor antigen-specific CTLs
contribute to ICT outcomes in clinical studies is limited
because of variability in host genetics (which includes TCR
repertoire), clinical history, tumor mutations, and antigen
expression. Furthermore, serial tumor biopsies are often not
feasible, making it difficult to assess dynamic changes within the
tumor microenvironment. Murine models are useful in this
context because variation can be controlled. We used a model in
which inbred mice bearing tumors derived from monoclonal
cancer cell lines respond dichotomously to anti-CTLA-4 and
anti-PD-L1 ICT, with some mice experiencing complete tumor
regression within days, and the others not responding to
therapy (22). We previously defined a pre-treatment ICT
responsive gene signature in the tumor microenvironment
using this model (23). In the present study, we characterized
CTLs specific for a model tumor antigen using this established
model, correlating dynamic changes in T cell frequencies,
phenotype, and clonality to ICT outcomes. We identified
effector memory CTL phenotypes that can be further tested as
immune biomarkers of ICT response.
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MATERIALS AND METHODS

Mice
BALB/c.Arc and BALB/c.AusBP mice were bred and maintained
at the Animal Resource Centre (ARC; Murdoch, WA, Australia)
or Harry Perkins Institute of Medical Research (Nedlands, WA,
Australia). Clone 4 (CL4xThy1.1) TCR transgenic mice express a
TCR that recognizes a MHC class I-restricted influenza A/PR/8
hemagglutinin (HA533-541) epitope (24). As >97% of
CD8+Thy1.1+ T cells expressed the transgenic TCR, Thy1.1
was used as a surrogate marker to track HA-specific CD8+ T
cells. CL4xThy1.1 mice were kindly provided by Prof Linda
Sherman (The Scripps Research Institute, La Jolla, CA) and bred
at the Animal Resource Centre (ARC). All mice used in these
studies were between 8 and 10 weeks of age and were maintained
under standard specific pathogen free housing conditions at the
Harry Perkins Bioresources Facility (Nedlands, WA, Australia).
All animal experiments were carried out in accordance with the
Harry Perkins Institute of Medical Research Animal Ethics
guidelines and protocols (AE140).

Transfer of TCR Transgenic Splenocytes
Spleens from CL4xThy1.1 mice were manually dissociated
through 40 μm strainers with phosphate-buffered saline (PBS)
supplemented with 2% Newborn Calf Serum (NCS; Life
Technologies). Red blood cells were lysed with Pharm Lyse
(BD Biosciences) and splenocytes were washed twice with PBS.
Mice were intravenously injected with 1 x 106 splenocytes
suspended in 100 μl of PBS 24 h prior to tumor inoculation.

Cell Lines
The murine malignant mesothelioma cell line AB1 (25) was
transfected with influenza hemagglutinin (HA) from the Mt Sinai
strain of PR8/24/H1N1 influenza virus to generate theAB1-HAcell
line (26) (CBA, Cat# CBA-1374, RRID: CVCL_G361). AB1 and
renal cell carcinoma (RENCA) cell lines were used for re-challenge
and ex-vivo co-culture experiments. RENCA was obtained from
ATCC (ATCC, Cat# CRL-2947, RRID: CVCL_2174) and AB1 was
obtained from Cell Bank Australia (CBA, Cat# CBA-0144, RRID:
CVCL_4403). Cell lines were maintained in R10; RPMI 1640
(Invitrogen) supplemented with 20 mM HEPES (Gibco), 0.05
mM 2-mercaptoethanol (Sigma Aldrich), 100 units/ml
benzylpenicillin (CSL), 50 μg/ml gentamicin (David Bull Labs),
10% NCS (Life Technologies) and 50 mg/ml of geneticin for AB1-
HA only (G418; Life Technologies). Cells were grown to 80%
confluence before passage and passaged three to five times
before inoculation.

Tumor Cell Inoculation
Cells were harvested when they reached 80% confluence. Mice
were inoculated subcutaneously (s.c.) into the shaved, right-hand
flank (for single inoculations) or both left- and right-hand flanks
(for dual-tumor inoculations) with 5 x 105 tumor cells suspended
in 100 μl of PBS using one 26-gauge needle per injection (22).
Length and width tumor measurements were monitored using
calipers to calculate tumor area (mm2).
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Immune Checkpoint Therapy
Immune checkpoint antibodies anti-CTLA4 (clone 9H10) and
anti-PD-L1 (clone MIH5) were prepared and purified by
Polpharma Biologics (Urecht, Netherlands) as previously
described (23). Mice received an intraperitoneal injection (i.p.)
of 100 μg of anti-CTLA4 and 100 μg of anti-PD-L1. 100 μg of
anti-PD-L1 was subsequently administered 2 and 4 days after the
initial dose, as previously optimized (22). Control mice received
PBS at the equivalent volume, as previous work found no
difference between control immunoglobulin G and PBS (27).
Mice were randomized before treatment. The first dose of ICT
was administered 7 to 10 days after tumor inoculation, when
tumors were between 9 and 20 mm2 in size. Mice were defined as
responders when their tumor completely regressed and remained
tumor-free for at least 4 weeks after treatment. Mice were
designated as non-responders if their tumors grew to 100 mm2

within 4 weeks after the start of therapy, similar to PBS controls.
Mice that had a delay in tumor growth or partial regression were
designated as intermediate responders and excluded from the
analysis. We only used experiments in which mice displayed a
dichotomous response, where there had to be at least one non-
responder and one responder in each cage (22, 23).

Surgical Excision of Lymph Nodes and
Complete Tumor Debulking
Complete tumor debulking and lymphadenectomy of the right-
hand flank was performed either on the day of treatment (prior
to ICT administration; day 0) or 7 days post-therapy (day 7), as
previously described (22). Briefly, mice were dosed with 0.1 mg/
kg of buprenorphine in 100 μl, 30 min before anaesthesia with
isoflurane (4% in 100% oxygen at a flow rate of 2 liters/min).
Whole tumors and draining inguinal lymph nodes (DLN) were
surgically excised. Surgical wounds were closed using Reflex
wound clips (CellPoint Scientific). Mice received subsequent
doses of 0.1 mg/kg of buprenorphine in 100 μl 6 and 24 h after
surgery for pain relief.

Preparation of Single Cell Suspensions
DLNs were manually dissociated through 40 μm strainers with
PBS + 2% NCS. Tumors were dissected into smaller pieces with a
scalpel blade and subjected to digestion with 1.5 mg/ml type IV
collagenase (Worthington Biochemical) and 0.1 mg/ml type I
DNAse (Sigma Aldrich) in PBS + 2% NCS for 45 min at 37°C on
a Microtitre Plate Shaker Incubator (Thomas Scientific) (28).
Tumors were washed twice in PBS + 2% NCS following
digestion. Cell counts were performed using a hemocytometer
with trypan blue exclusion.

T Cell: Tumor Co-Culture
Spleens from ICT responders were harvested 14 days post re-
challenge with cell line AB1-HA. Splenocytes were seeded at a
density of 1 x 106 cells/well in a 96-well plate and stimulated with
cell lines; AB1-HA, AB1 or RENCA, or the HA peptide at a 10:1
effector:target ratio for 20 h at 37°C. Brefeldin A (Biolegend) was
added into each well for the last 4 h of the culture. Cells were
washed twice with PBS + 2% NCS before antibody staining.
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Flow Cytometry
Four flow cytometry panels outlined in Table S1 were
performed. Samples were stained with Fixable Viability Dye
(FVD) eFluor™ 506 (eBioscience) or Zombie UV™

(BioLegend) to exclude dead cells. Cells were incubated with
Zombie UV™ suspended in PBS in the dark for 30 min at room
temperature (RT) prior to staining with surface antibodies.
Antibodies for surface staining (including FVD eFluor™ 506)
were suspended in PBS + 2% NCS and incubated on cells for 30
min at 4°C. PBS + 2% NCS was used to wash cells between
incubations. Samples were then fixed and permeabilised for 10
min at 4°C using the Foxp3/Transcription Factor Staining Buffer
Set (eBioscience). Cells were washed with Permeabilization
Buffer (eBioscience), subjected to intracellular staining and left
overnight at 4°C. Single stain and fluorescence minus-one
(FMO) controls were also used. Data were acquired using a
BD LSRFortessa™ SORP or BD FACSCanto II™ (BD
Biosciences) with 50,000 live events collected per sample where
possible. All flow cytometry analyses were completed using
FlowJo™ Software version 10 (BD Biosciences). Summary of
antibodies concentrations and gating strategies is outlined (Table
S1, Figure S8).

Fluorescence Activated Cell Sorting
Tumors were stained for fluorescence activated sorting using the
BD FACSMelody™ cell sorter (BD Biosciences). All samples
were stained with antibodies outlined in Table S1 for 30 min at
4°C to sort for CD8+ T cells for TCRb sequencing or
CD8+Thy1.1+ T cells for RNA sequencing. Sorted cells were
collected in 500 μl of RNAprotect cell reagent (QIAGEN) and
stored at −20°C. Sorts were run on greater than 85% efficiency.
Sorting gates are described in Figure S9.

Bulk TCRb Sequencing
TCRb libraries were made using a 5’Rapid Amplification of
cDNA Ends (5’RACE) technology optimised from R. Holt and
colleagues (29). RNAwas extracted from cell sorted samples using
the RNeasy Plus Micro Kit (QIAGEN). Total RNA was
transcribed to cDNA using a TCRb constant region primer
(Integrated DNA Technologies) and a modified SMARTerIIA
primer (Integrated DNA Technologies), adding unique molecular
identifiers (UMI) to individual TCRb cDNA sequences for
unbiased PCR amplification. The TCRb locus was amplified by
nested PCR with another TCRb constant region primer
(Integrated DNA Technologies), and a universal primer to
SMARTerIIA, with the final PCR adding sequencing adaptors
and barcodes to the TCRb libraries. PCR products were purified
using AMPure XP AgenCourt Beads (Beckman Coulter).

Paired-end (2 × 300 bp) high-throughput sequencing was
performed using the Illumina MiSeq platform (Illumina, RRID:
SCR_016379). Data processing, aggregation of UMIs and
alignment of CDR3 sequences to the IMGT/V-QUEST
reference genome (30) were performed using repertoire
analysis software based on MIGEC (31) (RRID:SCR_016337)
and MiXCR (32) (RRID:SCR_018725) pipelines. Only sequences
with UMIs were aligned. In-house analysis tools used were
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provided by AC and MW (Institute for Immunology and
Infectious Diseases, Murdoch, Australia).

TCRb Repertoire Analysis
TCRb libraries were analyzed using functions in R (R Project for
Statistical Computing, RRID: SCR_001905, v3.6.0). A TCRb
clone was defined by the CDR3 amino acid sequence. Clones
that were less than 8 or greater than 20 amino acids in length,
included a stop codon or a frameshift were defined as non-
functional and were excluded from analysis. To measure TCRb
repertoire diversity, Renyi entropy was used given by Ha (X) =
1

1−a log (S
n
i=1 p

a
i ) where a is a scale of values, ranging from 0 to

infinity. The closer a gets to infinity, the more weight is given to
more abundant TCRs. a = 0 corresponds to ‘richness’, the
number of unique TCRb sequences (TCRb clones). a = 1
corresponds to Shannon’s entropy. a = 2 corresponds to
Simpson’s diversity (33). Shannon’s entropy was also
calculated by; H = 1 − (−SN

i=1 pilnpi)
n where pi is the proportion of

sequence i relative to the total N sequences (34). This index
ranges from 0 to 1; 0 being an entirely monoclonal sample, and 1
meaning each unique TCRb clone only occurs once. Networks of
the most abundant TCRb clones were constructed using the
ggraph extension (v2.0.2) of ggplot2 package in R (RRID:
SCR_014601, v3.2.1). Each node in the network represents a
unique CDR3 TCRb sequence. Each edge is defined as a single
amino acid difference (levenshtein distance of 1) between the
CDR3 TCRb sequences (35). TCRb CDR3 sequence for the CL4
clone (CASGETGTNERLFF) was determined by bulk TCRb
sequencing of sorted CD8+ splenocytes from CL4xThy1.1 mice.

Bulk RNA Sequencing
RNA was extracted from CD8+Thy1.1+ cell sorted samples using
the RNeasy Plus Micro Kit (QIAGEN). RNA quality was
confirmed on the Bioanalyzer (Agilent Technologies). Library
preparation and sequencing on the Novaseq 550 (75 base pair,
paired-end, Illumina), quality assessment using FastQC and
alignment to the GRCm38/mm10 mouse reference genome
were performed by the Institute for Immunology and
Infectious Diseases (Murdoch, Australia). The Broad Institute
Inc. Gene Set Enrichment Analysis (GSEA) Software (RRID:
SCR_003199, v4.0.2) was used to analyze 50 MSigDB hallmark
gene sets on normalized gene expression data (36). Gene sets
enriched at a nominal P < 0.05 and FDR < 0.25 were
considered significant.

Statistical Analysis
Data are presented as mean ± SD. Mann-Whitney U tests were
used for comparisons between the means of two variables.
Ordinary Two-way ANOVA with Sidak’s multi-comparisons
was used to compare the interaction between two variables.
Correlation was analyzed using Pearson correlation tests.
Kaplan-Meier method was used for survival analysis with log-
rank test (Mantel-Cox) to analyze significance. All statistics was
performed using GraphPad Prism Software (Graph Pad Software
Inc., RRD:SCR_002798, v8). Results were significant when p <
0.05 (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
Frontiers in Immunology | www.frontiersin.org 4205206
RESULTS

The Frequency of Tumor Antigen-Specific
CD8+ TILs Is Highly Variable Irrespective
of Response Phenotype
To track how ICT changes the frequency and phenotype of
tumor antigen-specific CD8+ T cells, we transferred T cells
specific for a MHC-I restricted HA533-541 antigen from
CL4xThy1.1 mice (24) into BALB/c recipient mice prior to
inoculation of a HA expressing tumor cell line (26). Mice were
treated with anti-CTLA-4 and anti-PD-L1, and HA-specific
(CD8+Thy1.1+) T cells in tumors (Tum) and draining lymph
nodes (DLN) post therapy were analyzed (Figures 1A, B).

Overall, there was no significant difference in frequency of
CD8+Thy1.1+ and CD8+Thy1.1− T cells between ICT treated and
control groups. However, CD8+Thy1.1+ T cells tended to
increase in the tumors of ICT treated mice (Figures 1C, D).
Recipient and donor CD8+ T cells in DLNs expressed minimal
granzyme B (GrB), regardless of treatment (Figure 1E). The
number of CD8+Thy1.1+GrB+ TILs were significantly higher in
the ICT treated group (P = 0.013), but this difference was not
found in endogenous CD8+ T cell populations, suggesting that
our ICT regime increased the cytotoxic function of HA-
specific CTLs.

Interestingly, the number of HA-specific CTLs varied
between ICT treated animals, making up greater than 20% of
CD8+ TIL populations in some tumors, and less than 5% in
others. This suggests that although all tumors expressed HA (26),
the frequencies of HA-specific CTLs did not increase in all
animals after ICT.

A Unique Murine Bilateral Tumor Model to
Track Tumor Antigen-Specific CTLs in ICT
Outcomes
To have more certainty on the presence or absence of a
correlation between the frequency of HA-specific CTLs and
outcome to ICT, we utilized our established bilateral tumor
model where inbred, age-matched mice harboring monoclonal
tumors display dichotomous responses to ICT (22) (Figure 2A).
Importantly, the addition of CL4xThy1.1 splenocytes did not
alter ICT response rate or symmetry in the bilateral model
(Figures 2B, S1). Symmetry in tumor growth and regression
upon ICT allowed us to surgically remove one tumor and its
corresponding DLN to track HA-specific CTLs, while tracking
how this tumor would have responded to ICT, by monitoring the
contralateral tumor.

Tumors and their corresponding DLNs were resected for
analysis either prior to ICT administration (day 0) or 7 days after
(day 7; Figure 2A). At day 0, excised tumors were
indistinguishable by size, total cell count, and proportions of
CD45+ cells regardless of subsequent response outcomes (Figure
S2A). At day 7, non-responding tumors were greater in size than
responding tumors (P = 0.003), however total cell counts and
proportions of CD45+ cells were similar between groups (Figure
S2A). Dichotomous responses to ICT were observed, with
tumors reaching 100 mm2 in non-responders (NR; red), or
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completely regressing to 0 mm2 in responders (R; blue) by 20
days post-treatment (Figure 2C).

ICT Responders Have More Tumor
Antigen-Specific CTLs in Tumors and
Draining Lymph Nodes, and Reduced
Intra-Tumoral Tregs Compared to Non-
Responders
In responding mice, the number of CD8+ TILs were significantly
higher after treatment (Figure 2D). In contrast, non-responding
animals had a similar amount of CD8+ TILs pre- and post-treatment
(Figure 2D; R vs NR; DLN: P > 0.05; Tum: P = 0.0011). The number
of HA-specific CD8+Thy1.1+ T cells in DLNs and tumors were
significantly higher after treatment in responding, but not in non-
responding mice (Figure 2D; R vs NR; DLN: P = 0.02; Tum: P =
0.004). Endogenous CD8+Thy1.1− T cells significantly decreased
after treatment in DLNs, but remained similar in tumors in both
responders and non-responders (Figure 2D).

The number of total CD4+ T cells, Tregs (CD4
+Foxp3+) and

helper T cells (CD4+Foxp3-) in the DLN increased after
Frontiers in Immunology | www.frontiersin.org 5206207
treatment in both responding and non-responding animals
(Figure 2E). Intra-tumoral CD4+ T cell frequencies decreased
post-ICT in responders, which was largely attributed to a
reduction in Tregs. This reduction was not observed in non-
responders (Figure 2E, R vs NR; DLN: P > 0.05; Tum: P = 0.002).
Intra-tumoral CD4+Foxp3+ frequencies inversely correlated to
the proportion of CD8+Thy1.1+ T cells after treatment (Figure
S3; r = −0.393; P = 0.03). Taken together, our data suggests that a
post‑treatment increase in HA-specific CD8+ T cells in DLN and
tumors, accompanied by a reduction in intra-tumoral Tregs is
associated with ICT response.

Responding Tumors Have a More Clonal
TCRb Repertoire Compared to Non-
Responders, but Each Animal Uses a
Private CD8+ TIL Repertoire
As responding animals had increased frequencies of CTLs
specific against one tumor antigen, we next examined if there
was oligoclonal expansion of other CTL specificities in the
endogenuous population. To characterize TCR repertoires of
A B

D EC

FIGURE 1 | ICT increases tumor infiltrating cytotoxic tumor antigen-specific CD8+ T cells. (A) Experimental timeline. CL4xThy1.1 splenocytes were adoptively
transferred into BALB/c mice one day prior to AB1-HA tumor inoculation. Mice were treated with ICT (aCTLA-4 and aPD-L1) or PBS when tumors reached 9 to 20
mm2 in size. Tumors (Tum) and corresponding draining lymph nodes (DLN) were harvested 7 days post-treatment. (B) Tumor growth curves of mice treated with
PBS (black) or ICT (blue). Each line represents an individual animal. Dotted lines indicate days of treatment. (C) Representative FACS plots, and (D) dot plots
representing frequencies of CD8+Thy1.1+ (HA-specific) T cells in DLN and Tum of both treatment groups. (E) Frequency of granzyme B (GrB) expressing
CD8+Thy1.1+ or Thy1.1− T cells. Data in dot plots represented as mean ± SD. Mann-Whitney U tests were used to compare groups; *P ≤ 0.05. Data represents two
independent experiments.
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FIGURE 2 | Tumor antigen-specific CD8+ T cells increase in ICT responding DLN and tumors. (A) Experimental timeline. CL4xThy1.1 splenocytes were adoptively
transferred into BALB/c mice one day prior to bilateral AB1-HA tumor inoculation. Right-hand flank (RHF) tumor (Tum) and draining lymph node (DLN) were surgically
resected either pre- (day 0) or post-ICT (day 7). Left-hand flank (LHF) tumor was followed for ICT response. (B) Growth curves representing symmetrical growth and
regression of bilateral AB1-HA tumors treated with ICT (n = 8; color-coded per mouse) or PBS (n = 2; black), without surgery. Dotted lines indicate days of
treatment. (C) Growth curves of LHF tumors for mice that had their RHF tumors and DLNs resected at day 0 (left) or day 7 (right). Mice were characterized as
responders (R; blue) or non-responders (NR; red). Dotted lines indicate days of treatment. Pre (Day 0) and post (day 7) treatment frequencies of total CD8+,
CD8+Thy1.1+ and CD8+Thy1.1− (D); total CD4+, CD4+Foxp3+ and CD4+Foxp3- T cells (E) in resected DLNs (top) and tumors (bottom) of responding and non-
responders. Data represented as mean ± SD, summary of five independent experiments. Two-way ANOVAs were used to compare the magnitude of difference
between responders and non-responders, with Tukey’s multiple-comparisons to compare pre- and post-treatment frequencies within each group; *P ≤ 0.05, **P ≤

0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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post-treatment CD8+ TILs, we performed bulk TCRb sequencing
on sorted CD8+ TIL populations. The total number of sorted
cells significantly correlated with the total number of TCRb
sequences returned (Figure S4A; r = 0.89, P < 0.0001), and the
total number of sorted cells, unique and total TCRb sequences
were similar between responders and non-responders (Figure
S4B). The frequency of HA-specific CD8+ T cells identified by
flow cytometry also significantly correlated with the number of
CL4 TCRb CDR3 sequences (CASGETGTNERLFF) in matched
samples (Figure 3A; r = 0.87, P < 0.0001), highlighting that the
most abundant TCR clones were being captured by our
TCRseq assay.
Frontiers in Immunology | www.frontiersin.org 7208209
Consistent with our previous experiments, the proportion of
post-treatment CL4 TCRb sequences was significantly greater in
responders (80.5 ± 16.1%) than non-responders (26.9 ± 35.5%)
(Figure 3B; P = 0.03). We estimated the diversity of TCRb
repertoires by their Renyi entropies (Figure 3C), and found that
responders had significantly less diverse TCRb repertoires than
non-responders (Figure S4C, D; P = 0.019), suggesting that
expansion of the CL4 clone correlated with response. The CL4
clone was the most frequent TCRb clone for all responding
animals (47.9–92.3%) and the majority of non‑responding
animals (11.6–87.9%). The subsequent most abundant TCR
clonotypes (2nd to 10th) varied between animals, making up
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FIGURE 3 | CL4 transgenic TCRb clone dominated post-treatment CD8+ TIL TCRb repertoire in responding animals. (A) Linear regression analysis between the
CL4 TCRb clone frequency in TCRb sequencing and the frequency of CD8+Thy1.1+ T cells analyzed in flow cytometry. (B) Dot plot representing the CL4 TCRb clone
frequencies in responders (R; blue) and non-responders (NR; red). (C) Graph of Renyi diversity profiles for each TCRb repertoire. The scale of Renyi order a
corresponds to calculated diversity metrics. a = 0 indicates the richness of the repertoire (number of unique TCRb clones). Shannon’s diversity index corresponds to
a = 1. Each line represents the Renyi entropy of one animal, and a steeper gradient between a = 0 and 1 represents a less diverse repertoire. (D) Bar graph
displaying proportions of the 10 most frequent TCRb clones in responders and non-responders. Each bar represents the TCRb repertoire of one animal. CL4 clone
(purple) is the most frequent clone in 11/13 animals. (E) Bar graphs representing the number of shared TCRb clones between 2 or more animals. Shared clones are
separated into overlap within only responders (blue), only non-responders (red), or all mice regardless of outcome (black). (F) Network analysis of the top 50 most
abundant TCRb clones for each animal. Each node represents a unique CDR3 TCRb sequence (TCRb clone) and each edge defines a single amino acid difference
(levenshtein distance of 1). Size of each node represents the number of mice that have the TCRb clone in their repertoire and nodes are colored by presence of
TCRb clone in only responders (blue), only non-responders (red) or both groups (purple). Data is shown as mean ± SD where appropriate; R (n = 8) and NR (n = 5)
were sampled from three independent experiments; Mann-Whitney U tests; *P ≤ 0.05.
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3.72% to 27.6% of each repertoire (Figure 3D), suggesting that
expansion within responding tumors was mostly monoclonal.

As all mice harbored a tumor that expressed a common
antigen (HA), we examined the overlap between tumor-
infiltrating CD8+ TCRb clones between animals. Excluding the
transferred CL4 clone, there was minimal sharing of TCRb
clones between all animals, regardless of response. The
majority of overlapping clones were shared between two and
three animals (Figure 3E). We next represented the top 50 most
abundant TCRb clones from each animal in a network based on
their TCRb CDR3 amino acid sequence similarities. 57 out of 560
TCRb clones formed networks, but the majority of TCRb clones
were not related to any other clone, failing to form any networks
(Figure 3F). Most TCRb CDR3 sequences were randomly
distributed throughout the networks regardless of response,
with the exception of two groups of highly similar TCRb
CDR3 sequences that were exclusively found in responding
tumors (Group 1, 2, Figure 3F). However, each clone from
these groups was present in only one to three responding mice
and comprised less than 0.6% of the TCRb repertoire.

These data suggest that apart from the clone we introduced,
each animal had a private and highly diverse tumor-infiltrating
CD8+ TCRb repertoire. Importantly, responders had a less
diverse CD8+ TCR repertoire compared to non-responders, but
this was largely attributed to the expansion of HA-specificity in
this model.

ICT Responders Have Increased Post-
Treatment Tumor Antigen-Specific
Effector Memory CTLs Compared to Non-
Responders
We next investigated CD8+ T cell phenotype in ICT responders
and non-responders. Endogenous (Thy1.1−) and transferred
(Thy1.1+) CD8+ T cells were analyzed for expression of
differentiation and memory-associated markers. We focused on
post-treatment (day 7) because pre-treatment DLN and tumors
contained <1% of CD8+Thy1.1+ T cells (Figure 2D), making it
difficult to accurately analyze their phenotype.

Post-treatment CD8+Thy1.1+ T cells were activated
(CD44hiCD62Llo) and upregulated memory and differentiation
markers IL-7Ra (CD127), killer cell lectin-like receptor subfamily
G1 (KLRG1) and transcription factor T-box (T-bet), suggesting that
the HA-specific CTLs acquired an effector memory (TEM) like
phenotype (Figures 4A, B, Figures S5A–C). More than 92% of
CD8+Thy1.1+ T cel l s displayed a naive phenotype
(CD44loCD62LhiCD127loKLRG1lo) prior to transfer, indicating
that upregulation of these markers occurred in vivo within the
tumor-bearing animal (Figure S5D). Importantly, ICT responders
displayed increased frequencies ofCD44hiCD62LloCD127hiKLRG1hi

TEM CD8+Thy1.1+ T cells compared to non-responders in both
DLNs (Figure 4C; P = 0.0002) and tumors (Figure 4D; P < 0.0001).
Endogenous CD8+Thy1.1− T cells retained a naïve phenotype
(CD44loCD62Lhi) in DLNs and an effector phenotype (TEFF;
CD44hiCD62LloCD127loKLRG1lo) in tumors (Figures 4A, B).
Endogenous CD8+Thy1.1− T cells were similar between
responding and non-responding tumors and DLNs (Figures 4C,
Frontiers in Immunology | www.frontiersin.org 8209210
D), suggesting that differences in TEM frequencies weremostly found
in the HA-specific CTLs.

A small proportion of non-responding mice exhibited tumor
infiltration of CD8+Thy1.1+ T cells (>10%). To determine
whether HA-specific CTLs acquired a TEM surface phenotype
in these non-responding animals, we examined the expression
profiles of CD127 and KLRG1 based on their median
fluorescence intensity (MFI). Responders had a significantly
higher CD127 MFI compared to non-responders in tumors,
but not DLNs (Figures 4E, F; DLN: P = 0.05; Tum: P = 0.02).
KLRG1 MFI was similar between responders and non-
responders for both compartments (Figures 4E, F; DLN:
P = 0.77; Tum: P = 0.08).

We questioned whether CTL function, as measured by the
release of cytotoxic effector molecules and the expression of
proliferation and activation markers, was associated with
response to ICT. Although CD8+Thy1.1+ T cells had increased
expression of Granzyme B, Ki67 and PD-1 compared to their
endogenous CD8+Thy1.1− counterparts, the frequencies for both
endogenous and HA‑specific CD8+ T cells that expressed these
markers were similar between responders and non-responders
(Figure S6). Bulk RNAseq of CD8+Thy1.1+ TILs supported this,
as we found minimal differences in immune-related gene sets
between responders and non-responders, with the exception of
genes associated with WNT/b-catenin signaling being
upregulated in non-responders (Figure S7).

Together, these data suggest that HA-specific CTLs display an
activated phenotype after ICT, and that animals with increased
frequencies of TEM HA-specific CTLs are more likely to respond
to ICT. Although non-responding animals had significantly
lower frequencies of tumor infiltrating HA-specific CTLs, they
still exhibited a memory-like phenotype and retained
cytotoxic function.

ICT Responders Maintain a Tumor-
Specific Memory T Cell Response
To determine if ICT responders formed a memory T cell response
against a broad range of tumor antigens, we re-challenged
responding animals with AB1-HA or the parental AB1 tumor cell
lines 30 days after the original tumor completely regressed. All ICT
responders were protected from re-challenge of either tumor cell
line (Figure5A).CD8+Thy1.1+Tcellsweredetected in the spleenof
these re-challenged animals, indicating that they persisted after
tumors regressed (Figure5B).CD8+Tcells fromsplenocytesof ICT
responders produced IFNg and upregulated CD137 when co-
cultured with AB1-HA tumor cells (P = 0.002) and HA peptide
(P = 0.007), but minimally with AB1 or MHC-I matched control
(RENCA) tumor cells (Figures 5C–E). These results suggest that
ICT responders successfully formed a long-lastingmemoryCD8+T
cell response against AB1-HA tumors.
DISCUSSION

Here, we studied tumor antigen (HA)-specific CTLs in ICT
responders and non-responders using an established murine
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FIGURE 4 | Tumor infiltrating tumor antigen-specific CD8+ T cells acquire an effector memory phenotype in ICT responding animals. Representative FACs plots
comparing CD8+Thy1.1+ (blue) and CD8+Thy1.1− (gray) T cell phenotype in post-treatment (A) DLNs and (B) tumors. Cells were analyzed for CD44, CD62L, CD127,
KLRG1 and T-bet expression. Gates on the FACS plot represent effector memory (TEM; CD44

hiCD62LloCD127hiKLRG1hi) and effector (TEFF;
CD44hiCD62LloCD127loKLRG1lo) T cell subsets. Graphs representing frequencies of tumor antigen-specific (CD8+Thy1.1+) and endogenous (CD8+Thy1.1−) T cells
that exhibit TEM or TEFF phenotypes in (C) DLNs and (D) tumors, grouped by response/non-response to ICT. (E) Representative histograms comparing CD127 and
KLRG1 expression on activated (CD44hiCD62Llo) CD8+Thy1.1+ T cells between responding and non-responding DLNs (top) and tumors (bottom). (F) Median
fluorescence intensity (MFI) expression of CD127 and KLRG1 on CD8+Thy1.1+ T cells in DLNs (top) and tumors (bottom) represented as dot plots. Data shown as
mean ± SD. Mann-Whitney U tests were used to compare between both responders and non-responders, and between Thy1.1+ and Thy1.1− T cells for each T cell
phenotype; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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FIGURE 5 | ICT responders develop a tumor antigen-specific memory T cell response. (A) Representative tumor growth curves of ICT responders re-challenged
with AB1-HA or AB1 tumor cells 30 days after the primary tumor regressed to 0 mm2. (B) Representative FACs plot of CD8+Thy1.1+ T cells from splenocytes from
an ICT responder, 15 days after AB1-HA tumor re-challenge. (C) Ex vivo co-culture setup to assess antigen-specific T cell responses. Splenocytes from ICT
responders or naive BALB/c mice were co-cultured with AB1-HA, AB1, RENCA tumor cells, or HA peptide. (D) Dot plots and (E) representative flow cytometry
plots, showing percentages of CD8+ T cells that co-expressed IFNg and CD137 for each culture condition. Data shown as mean ± SD, summary of two independent
experiments; ICT responders: n = 10; Naïve BALB/c: n = 4. Mann-Whitney U tests; **P ≤ 0.01.
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bilateral tumor model (22, 23, 37). We found that ICT increased
tumor infiltration of HA-specific CTLs, but this increase varied
between animals. Successful ICT responses were associated with
increased post-treatment frequencies of effector memory (TEM)
HA‑specific CTLs within tumors and draining lymph nodes, but
not with pre-treatment frequencies. Previous murine studies
demonstrated that some ICTs enhanced tumor antigen-specific
CTL responses (21, 38, 39), and increased expression of
activation and memory associated markers (20, 40). While
these reports have added to our understanding of how ICT
changes tumour antigen‑specific CTLs, the majority are limited
to comparisons between ICT-treated and untreated animals. Our
study adds to this as we relate ICT induced changes in tumor
antigen-specific CTLs to eventual outcomes in treated mice.

Our main finding is that increased frequencies of IL-7Ra
expressing HA-specific TEM CTLs correlated with ICT response.
The TEM phenotype reported in our study is similar to memory
precursor effector T cells found in chronic viral infections (41–
44). IL-7/IL-7Ra signalling pathway is crucial for memory CTL
formation. The effects of ICT are IL-7 dependent (45), and
combination IL-7 and ICT improved therapeutic benefit and
long-term memory T cell responses in murine models (46–48).
Increased frequencies of IL-7Ra expressing tumor antigen-
specific CTLs found in the present study could indicate
increased survival and persistence of memory CTLs in the
tumor microenvironment and possibly providing long-term
therapeutic benefit to ICT. A recent study by Sade-Feldman
and colleagues similarly found an effector/memory CTL gene
signature including the IL-7R gene, that was enriched in ICT
responding tumors (12). IL-7R expressing memory T cells could
be a T cell population of interest that defines ICT outcomes.

A challenge lies in identifying definitive CTL populations that
correlate with ICT outcomes. Memory CTLs exist in
heterogeneous differentiation states expressing different
combinations of surface markers CCR7, CD69, CD44, Slamf7,
PD-1, and T cell factor 1 (TCF1). However, the change in
different memory CTL subsets during ICT vary between
studies (12, 20, 40, 49, 50). In contrast to published studies, we
did not observe any difference in post-ICT PD-1 expression or
proliferation (Ki67) of HA-specific CTLs between responding
and non-responding animals (9, 13, 51). This highlights the
complexity in memory CTL differentiation and the need to
understand how these populations change during ICT,
especially in relation to treatment outcome.

HA-specific CTLs present in non-responding tumors were
enriched for genes involved in WNT/b-catenin signaling, which
could be a mechanism underlying the difference in HA-specific
CTL frequencies between responders and non-responders. Our
result is supported by studies which show that increased b-
catenin in vitro reduces CD8+ T cell proliferation, decreases
tumor antigen-specific CTL function and promotes resistance to
ICT in vivo (52–55). NeutralisingWNT signaling in vivo expands
tumor antigen–specific effector memory CTLs, which were
phenotypically similar to our study (56). However, WNT
signaling is also associated with the formation of stem-cell like
memory T cells through the upregulation of TCF1, which
Frontiers in Immunology | www.frontiersin.org 11212213
mediate superior anti-tumor T cell responses (57). Increased
proportions of CD8+PD-1+TCF1+ T cells associated with
improved survival for ICT treated melanoma patients (11). A
caveat with our study is that non-responding mice with HA-
specific CTLs present in tumors are rare, and we were unable to
perform an in-depth phenotypic analysis to address this
discrepancy. The role of WNT/b-catenin signaling in the
development of anti-tumor CD8+ T cell immunity requires
further investigation.

In clinical studies, increased frequencies of tumor antigen-
specific CTLs from pre- to post-ICT have been reported in ICT
responders (5, 58). While most responding tumors generally
exhibited high frequencies of HA-specific CTLs in the present
study, there were some exceptions. A small proportion of
animals had greater than 20% tumor infiltration of HA-specific
CTLs however did not respond to ICT. This may be due to the
presence of immune suppressive cells, such as myeloid derived
suppressor cells and regulatory T cells, which suppressed tumor
antigen-specific CTL function even if they were present (59, 60).
Conversely, few animals had an absence of HA-specific CTLs but
still displayed complete tumor regression following ICT. This
suggested that while it is desirable to have large numbers of CTLs
specific for one tumor antigen, it is not essential for response;
CTLs specific for multiple tumor antigens may be required (61).
The present study was limited to analysing the role of CTLs
against one model tumor antigen. We did not analyse the tumor
reactivity of endogenous CTLs which could have correlated to
ICT response. Tracking one antigen specificity allowed us to
study the effects of antigen-specific CTLs in ICT outcomes
however the frequency and phenotype of multiple tumor
antigen-specific CTLs in ICT should be investigated in
future studies.

TCR sequencing is often used as a complementary approach
to assess the breadth of antigen-specific T cell responses and is a
potential biomarker of response to ICT. Successful ICT
responses were associated with reduced tumor TCRb diversity
in our study, similar to other murine studies (38, 62, 63). Cancer
patients with improved survival exhibit a greater expansion of
TCRb clones after ICT in their tumors and peripheral blood,
compared to non-responders (16–19, 64), suggesting that
effective therapy requires expansion of tumor antigen-specific
CTLs. Although we were able to track the expansion of a single
antigen-specific CTL clone, the dominance of this clone
prevented us from studying the breadth of the anti-tumor T
cell response or identifying expansion of other TCRb clones in
the endogenous CD8+ T cell compartment in relation to ICT
outcomes. The combination of the high affinity CL4 TCR
transgenic, and robust cross presentation of the HA antigen in
draining lymph nodes (65, 66) could have resulted in the
dominant expansion of HA-specific CTLs over other
specificities in responding animals.

Apart from the introduced CL4 clone, there was minimal
sharing and similarities in tumor TCRb clones between animals.
Highly private tumor TCRb repertoires have been described in
pre-clinical studies by others (38, 67) and ourselves (unpublished
data). Crosby and colleagues found that ICT expanded private
November 2020 | Volume 11 | Article 584423
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tumor TCRb clones even in the presence of a fixed tumor antigen
(38). This highlights the highly diverse nature of TCRb
repertoires in tumor models with limited variation. Each
animal expands unique tumor TCRb clones during ICT, and
identifying cognate antigens of expanded TCR clones associated
with successful ICT responses will inform personalized antigen-
specific therapies.

In conclusion, post-treatment frequencies of effector memory
tumor antigen-specific CTLs, and a clonal CTL repertoire
correlate with response to ICT in our model. A potential
dynamic biomarker of response could lie within the
distribution of TCRb clones within a memory T cell
population (18). Further validation is required to investigate if
this could predict ICT outcomes in cancer patients.
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Checkpoint inhibitors (CPIs) increase antitumor activity by unblocking regulators of the immune
response. This action can provoke a wide range of immunologic and inflammatory side effects,
some of which can be fatal. Recent studies suggest that CPI-induced immune-related adverse
events (irAEs) may predict survival and response. However, little is known about the
mechanisms of this association. This study was undertaken to evaluate the influence of
tumor diagnosis and preexisting clinical factors on the types of irAEs experienced by cancer
patients treated with CPIs. The correlation between irAEs and overall survival (OS) was also
assessed. All cancer patients treated with atezolizumab (ATEZO), ipilimumab (IPI), nivolumab
(NIVO), or pembrolizumab (PEMBRO) at Virginia Mason Medical Center between 2011 and
2019 were evaluated. irAEs were graded according to the Common Terminology Criteria for
Adverse Events (Version 5) and verified independently. Statistical analyses were performed to
assess associations between irAEs, pre-treatment factors, and OS. Of the 288 patients
evaluated, 59% developed irAEs of any grade, and 19% developed irAEs of grade 3 or 4. A
time-dependent survival analysis demonstrated a clear association between the occurrence of
irAEs andOS (P < 0.001). A 6-week landmark analysis adjusted for bodymass index confirmed
an association between irAEs and OS in non-Small Cell Lung Cancer (NSCLC) (P < 0.03). An
association betweenmelanoma and skin irAEs (P < 0.01) and between NSCLC and respiratory
irAEs (P = 0.03) was observed, independent of CPI administered. Patients with preexisting
autoimmune disease experienced a higher incidence of severe irAEs (P = 0.01), but not a higher
overall incidence of irAEs (P = 0.6). A significant association between irAEs and OS was
observed in this diverse patient population. No correlation was observed between preexisting
comorbid conditions and the type of irAE observed. However, a correlation between skin-
related irAEs and melanoma and between respiratory irAEs and NSCLC was observed,
suggesting that many irAEs are driven by a specific response to the primary tumor. In patients
with NSCLC, the respiratory irAEs were associated with a survival benefit.

Keywords: checkpoint inhibitors, immunotherapy, immune-related adverse events, biomarkers, survival benefits,
preexisting conditions, autoimmune disease
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INTRODUCTION

Immune checkpoint inhibitors (CPIs) that target the cytotoxic T-
lymphocyte-associated antigen 4 (CTLA-4) and the programmed
cell death protein-1 (PD-1)/programmed cell death ligand-1
(PD-L1) pathway have demonstrated remarkable efficacy
across a wide variety of cancer types (1). In addition to
inducing durable anti-tumor responses and improving survival
of patients, treatment with CPIs is often better tolerated than
conventional cytotoxic chemotherapeutic agents. However, CPIs
can lead to immune-related adverse events (irAEs) that result in
significant morbidity and discontinuation of therapy (2). Recent
studies suggest that CPI-induced irAEs can predict survival and
response, however little is known about the mechanisms of this
association (3, 4).. We undertook this study to evaluate the
relationship between tumor type, preexisting clinical factors,
the occurrence and type of irAEs, and OS in a diverse set of
cancer patients treated with CPIs. Accurately measuring the
prognostic significance of preexisting clinical factors could help
identify those patients at higher or lower risk for developing
irAEs (5–8).
MATERIALS AND METHODS

Patients
This retrospective study included all cancer patients treated at
the Virginia Mason Medical Center (Seattle, WA) between July
2011 and October 2019 with atezolizumab (ATEZO),
ipilimumab (IPI), nivolumab (NIVO), or pembrolizumab
(PEMBRO). No exclusions were based on preexisting
conditions or other clinical factors that frequently preclude
participation in clinical trials. Thus, these data represent “real
world” patients and treatment responses (9). Patients were only
excluded if they were on a blinded clinical trial where their CPI
was unknown or if there was missing clinical data. Institutional
review board approval was obtained prior to initiation of the
study. All data were gathered retrospectively (by LR and AM)
using diagnostic codes, search terms, and manual chart review.

Clinical Measures
Patients were separated into three groups: those treated with
inhibitors of CTLA-4 (IPI) alone, CTLA-4 in combination with
PD-1 (IPI and NIVO), or PD-1/PD-L1 inhibitors alone (ATEZO,
NIVO, or PEMBRO). Data collection included patient
demographics (e.g., gender, age, and body mass index [BMI]),
primary diagnoses, dates of CPI administration and pre-infusion
laboratory test results. All irAEs were graded 1–5 according to the
Common Terminology Criteria for Adverse Events (Version 5)
(10) and verified independently by the treating physicians. No
grade 5 irAEs were recorded. Grade 4 irAEs were life-threatening,
requiring urgent hospitalization and suspension of CPI
treatment. Preexisting diseases were grouped as: cardiovascular
(e.g., coronary artery disease), endocrine/metabolic (e.g., type 2
diabetes mellitus), allergy and/or asthma, autoimmune disease,
gastrointestinal (e.g., GERD, colitis), and prior cancers unrelated
Frontiers in Oncology | www.frontiersin.org 2217218
to the CPI-treated diagnosis. Pre-treatment laboratory test results
were categorized according to whether the reported result fell
within, above, or below the normal ranges. Prior treatment with
steroids (e.g., dexamethasone) within the six months prior to
checkpoint inhibitor therapy was also assessed as a possible
mitigator of irAEs and overall survival. For purposes of our
study, we defined sustained steroid use to be the administration
of a prednisone-equivalent dose of 20 mg or higher at least four
times in the six months prior to CPI administration

Statistical Analysis
We calculated summary statistics for demographic and clinical
variables and for subgroups categorized by CPI treatment
regimen. A Chi-square or Fisher’s exact test was used to
evaluate relationships between categorical variables, including
cancer diagnosis, preexisting disease, demographic variables, and
the grade of the irAE. For patients who were treated with more
than one CPI regimen, irAEs associated with the first CPI were
used for analysis to avoid introducing bias from double-counting
these individuals. Logistic regression was used to model the odds
of experiencing an irAE within the first 6 weeks of treatment.
Two statistical methods were used to assess the association
between irAEs and OS. In the first, a time-dependent Cox
proportional hazard regression was performed. In this analysis,
irAE experience was modeled as a binary time-dependent
covariate for the entire study population. In the second, a
landmark approach to Cox proportional hazards regression
with a landmark time of 6 weeks was employed to assess OS
models (11). Patients with survival times of less than 6 weeks
after first CPI treatment (n = 36) were excluded from the both
the irAE development and landmark survival analyses. Patients
with incomplete irAE records (n = 6) were also excluded.
Patients who were treated in an adjuvant setting (n = 20) were
excluded from the survival analysis. A heat map showing the
incidence of irAEs according to cancer diagnosis was generated
using a Fisher’s exact test. A false discovery rate multiple testing
correction was applied to the test.
RESULTS

Patient Demographics
A total of 321 CPI treatment courses were identified,
corresponding to 288 individual patients (Tables 1 and 2).
Patients were predominantly men (62%) with a median age of
69 years. Almost all patients had metastatic disease (94%).
The most common diagnoses were non-Small Cell Lung Cancer
(NSCLC-31%), melanoma (24%), urothelial cancer (13%), and
renal cell carcinoma (9%) (Table 1). The distribution of
treatments over time is provided in Table 2. Comorbid
conditions were grouped as: cardiovascular (n=204); endocrine/
metabolic (n = 99); allergy and/or asthma (n = 64), autoimmune
disease (n = 58), gastrointestinal (n = 127) and prior cancers
unrelated to the CPI-treated diagnosis (n = 96). The cases of
preexisting autoimmune disease included: autoimmune thyroid
disease (n = 17), rheumatoid arthritis (n = 9), Crohn’s disease or
January 2021 | Volume 10 | Article 570752
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ulcerative colitis (n = 9), systemic lupus erythematosus (n = 3),
psoriasis (n = 5), polymyalgia rheumatica (n=3), multiple
sclerosis (n = 2), Raynaud’s syndrome (n = 2), chronic lichen
planus (n = 2), and ankylosing spondylitis (n = 2). Five
individuals had more than one autoimmune disease.

Overall Incidence of irAEs
Fifty-nine percent of patients treated with CPIs (Table 3)
developed irAEs (n = 171). Severe irAEs (grade 3 or 4)
occurred in 29% of patients (n = 55) (Table 3). The median
time to first irAE was 4 weeks. The median time from initial CPI
treatment to the most severe irAE was 10 weeks. Of the irAEs
evaluated, 147 (41%) were grade 1, 137 (38%) grade 2, 63 (18%)
grade 3, and 15 (4%) grade 4. Maculopapular skin rashes and
pruritis were the most frequently reported irAEs with 34% of
patients reporting at least one skin-related irAE. Other common
irAEs were immune-mediated colitis and other gastrointestinal
irAEs (23% of patients), endocrine or metabolic adverse events
(14%), and respiratory irAEs (11%) (e.g., pneumonitis).
Hepatobiliary, blood, eye, musculoskeletal, nervous system, and
renal irAEs each affected less than 10% of patients. The grade 3
and 4 irAEs were predominantly respiratory, hepatobiliary,
gastrointestinal, and endocrine. One patient developed chronic
Frontiers in Oncology | www.frontiersin.org 3218219
type 1 diabetes mellitus because of treatment with PEMBRO.
Figure 1 presents the distribution of irAEs by severity and type.

Factors Impacting irAE Development
Anti-PD-1/PD-L1-treated patients were less likely to experience
an irAE than patients treated with anti-CTLA-4 (OR=0.33, 95%
CI 0.15 to 0.70, P = 0.004). Odds ratios (OR) for the occurrence
of irAEs are shown in Figure 2. A 6-week landmark analysis was
applied to pre-treatment OR calculations to avoid potential bias
from patients with very short survival times. No other factors
were significantly associated with increased odds of irAE
development (Figure 2). As previously reported, two factors
decreased odds of irAE development, age > 70 and low pre-
infusion lymphocyte counts (P = 0.05) (5, 6). In subjects who
survived for at least 6 weeks, there was an association between
preexisting autoimmune disease and the occurrence of a severe
irAE (grade 3 or 4; P = 0.01, Chi-squared test).

Categories of irAEs
An increased incidence of skin-related irAEs was observed in
melanoma patients receiving CPI treatment relative to other
cancer diagnoses, with 51% of melanoma patients experiencing
at least one skin-related irAE. An increased incidence of
TABLE 1 | Patient cohort demographics.

CTLA-4 CTLA-4/PD-1 PD-1/PD-L1 Overall

Number 37 18 233 288
Age, median (range) 68 (25-90) 68 (44–79) 70 (30–95) 69.5 (25–95)
Body mass index median (range) 29 (19–52) 28 (18–38) 25 (16–46) 25 (16–52)
Sex, n (%)
Male 27 (73) 14 (78) 138 (59) 179 (62)
Female 10 (27) 4 (22) 95 (41) 109 (38)

Adjuvant therapy, n (%) 9 (24) 0 (0) 11 (5) 20 (7)
Metastatic disease, n (%) 37 (100) 17 (94) 216 (93) 270 (94)
Cancer diagnosis, n (%)
Bladder 0 (0) 0 (0) 37 (16) 37 (13)
Melanoma 36 (97) 5 (28) 27 (12) 68 (24)
NSCLC 0 (0) 0 (0) 89 (38) 89 (31)
RCC 0 (0) 11 (61) 14 (6) 25 (9)
Othera 1 (3) 2 (11) 66 (28) 69 (24)

Preexisting conditions, n (%)
Cardiovascular 22 (59) 14 (78) 168 (72) 204 (71)
Gastrointestinal 13 (35) 8 (44) 106 (45) 127 (44)
Endocrine or metabolic 7 (19) 4 (22) 88 (38) 99 (34)
Other cancer 10 (27) 3 (17) 83 (36) 96 (33)
Allergy or asthma 7 (19) 6 (33) 51 (22) 64 (22)
Allergy 6 (16) 3 (17) 38 (16) 47 (16)
Asthma 3 (8) 3 (17) 21 (9) 27 (9)
Autoimmune disease 6 (16) 4 (22) 48 (21) 58 (20)
January 2021 | Volume 10 | A
aHead and neck (n = 16), colorectal (n = 7), hepatocellular (n = 7), esophageal (n = 7), and other (n = 32).
TABLE 2 | CPI use over time. Number of CPI treatment courses administered by year.

2011 2012 2013 2014 2015 2016 2017 2018 2019a Total

CTLA-4 5 7 8 9 7 2 0 1 0 39
CTLA-4/PD-1 0 0 0 0 2 3 4 8 6 23
PD-1/PD-L1 0 0 0 1 11 56 60 78 53 259
Total 5 7 8 10 20 61 64 87 59 321
rticle 5
aData collected from July 2011 through October 2019.
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respiratory irAEs was also observed in patients undergoing CPI
therapy for NSCLC with at least one respiratory irAE reported in
17% of NSCLC patients (Figure 3). These differences were
significant even with a multiple testing correction applied
(Figure 4). To account for the possible confounding effect of
ipilimumab, used predominantly in treatment of melanoma
patients, we conducted a subgroup analysis of patients only
treated with anti-PD-1/PD-L1 CPIs. Within this subset,
significantly more respiratory irAEs were reported in NSCLC
patients than in patients with other diagnoses (OR = 2.4, P <
0.03, Fisher’s exact test) and significantly more skin-related
irAEs were reported in melanoma patients than in patients
with other diagnoses (OR = 2.9, P = 0.01, Fisher’s exact test).
No melanoma patients developed vitiligo, a skin irAE reported in
the literature. A positive correlation (P < 0.05) between
gastrointestinal irAEs was observed in patients with renal cell
carcinoma (RCC).
Frontiers in Oncology | www.frontiersin.org 4219220
Factors Impacting Survival
Using a time-dependent Cox proportional hazard regression
analysis to model irAEs as a binary time-dependent covariate,
we observed a clear relationship between irAE and improved
survival (HR = 0.41, 95% CI 0.29 to 0.57, P < 0.001) (12–14). To
account for potential bias due to variability in survival times, we
also employed a landmark approach to assess the effects of irAEs
and the impact on OS models (11). We employed a 6-week
landmark based on the median time to first irAE and to be
consistent with previous studies that have used landmark times
between 6 and 12 weeks (3, 12–14). Using this approach, we
observed a median survival of 57.1 weeks in patients without irAEs
and 78.1 weeks in patients with irAEs. However, these differences
were not statistically significant (HR = 0.78, 95% CI 0.54 to 1.13,
P = 0.19, Figure 5A). We observed significantly worse OS in
patients who experienced sustained steroid treatment prior to CPI
treatment, which may have resulted in a less robust response to
TABLE 3 | irAE incidence. Numbers and percentages of patients who experienced at least one irAE of the specified type. Numbers inside of parentheses indicate
percentages of patients relative to the CPI treatment group.

irAE Type CTLA-4 (n = 37) CTLA-4/PD-1 (n = 18) PD-1/PD-L1 (n = 233) Overall (n = 288)

All Grades
1–2

Grades
3–4

All Grades
1–2

Grades
3–4

All Grades
1–2

Grades
3–4

All Grades
1–2

Grades
3–4

Blood 0 (0) 0 (0) 0 (0) 1 (6) 1 (6) 0 (0) 1 (0) 0 (0) 1 (0) 2 (1) 1 (0) 1 (1)
Cardiac 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (0) 0 (0) 1 (0) 1 (0) 0 (0) 1 (1)
Dermatological 18 (49) 16 (43) 2 (5) 12 (67) 12 (67) 0 (0) 62 (27) 59 (25) 3 (1) 102 (32) 97 (39) 5 (7)
Endocrine/
Metabolic

5 (14) 2 (5) 4 (11) 2 (11) 1 (6) 1 (6) 29 (12) 24 (10) 5 (2) 39 (12) 28 (11) 11 (16)

Eye 0 (0) 0 (0) 0 (0) 1 (6) 0 (0) 1 (6) 5 (2) 5 (2) 0 (0) 6 (2) 5 (2) 1 (1)
Gastrointestinal 14 (38) 10 (27) 4 (11) 9 (50) 7 (39) 3 (17) 40 (17) 36 (15) 4 (2) 66 (21) 55 (22) 11 (16)
Hepatobiliary 4 (11) 2 (5) 2 (5) 5 (28) 2 (11) 5 (28) 15 (6) 11 (5) 6 (3) 39 (12) 20 (8) 19 (27)
Musculo-skeletal 2 (5) 2 (5) 0 (0) 1 (6) 0 (0) 1 (6) 18 (8) 16 (7) 3 (1) 22 (7) 18 (7) 4 (6)
Nervous system 0 (0) 0 (0) 0 (0) 2 (11) 2 (11) 0 (0) 10 (4) 8 (3) 2 (1) 14 (4) 11 (4) 3 (4)
Renal 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (1) 1 (0) 1 (0) 2 (1) 1 (0) 1 (1)
Respiratory 1 (3) 1 (3) 0 (0) 1 (6) 1 (6) 0 (0) 26 (11) 13 (6) 13 (6) 28 (9) 15 (6) 13 (19)
January
 2021 | Volu
me 10 | Artic
FIGURE 1 | Numbers of reported immune-related adverse events (irAEs) by severity and type.
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CPI. Among PD1/PDL1 treated patients, we identified 21 patients
(9%) who received steroids with a prednisone-equivalent dose of
20 mg or higher at least four times in the six months prior to CPI
administration. This sustained steroid treatment was associated
with significantly worse OS in this patient population (HR = 2.16,
Frontiers in Oncology | www.frontiersin.org 5220221
95% CI 1.39 to 3.61, P = 0.003, Figure 5B). No patients with
sustained steroid treatment were identified in other CPI classes.
We also identified 20 individuals who were administered a
prednisone-equivalent dose of 20 mg or higher in the month
following the first CPI infusion. The OS of this patient group did
FIGURE 2 | Unadjusted odds ratios for immune-related adverse event (irAE) development. Unadjusted odds ratios and 95% confidence intervals are shown for the
indicated variables.
FIGURE 3 | Percentages of patients who experience immune-related adverse events (irAEs) by cancer diagnosis and irAE type. Bars report the percentage of
patients with the indicated diagnosis who experienced at least one irAE of the type indicated by the panel title.
January 2021 | Volume 10 | Article 570752
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not differ significantly from the group that did not receive steroids
following CPI administration (HR = 1.38, 95% CI 0.33 to 1.56, P =
0.41). The only other factor that showed a significant association
with OS was pre-treatment BMI > 30 kg/m2 (p = 0.03). A subset
analysis employing an adjustment for patient BMI of the two
largest patient populations, NSCLC and melanoma, revealed a
significant OS benefit in patients with NSCLC who experienced
irAEs (adjusted HR = 0.43, 95% CI 0.21 to 0.93, P = 0.03, Figure
5C), but not in melanoma (adjusted HR = 1.35, 95% CI 0.58 to
3.14, P = 0.49, Figure 5D).
DISCUSSION

We undertook this study to assess the impact of tumor type and
other preexisting factors on the development and type of irAEs,
while also examining the effect of irAEs on OS. The study is
based on a retrospective analysis of the irAEs observed across a
diverse set of malignancies. In this study, no exclusions were
imposed based on preexisting conditions or other comorbid
conditions that frequently preclude participation in clinical
trials, which represent the “real world” experience of the irAEs
in cancer patients treated with CPIs and the outcomes.

We employed two methods to evaluate the OS benefit: a
landmark survival analysis, which excluded patients who died in
Frontiers in Oncology | www.frontiersin.org 6221222
the first 6 weeks of treatment and a time-dependent covariate
analysis which included all patients. Previous studies of NSCLC
and melanoma have reported an association between improved
survival and irAE experience using survival analyses with 6 to 12-
week landmarks. Our 6-week landmark analysis confirmed an
association between survival and irAEs in NSCLC patients but
was inadequately powered in the “no-irAE” group to assess
survival of melanoma patients on the basis of irAE. The result
in NSCLC patients is consistent with previously reported results
in which a 6-week landmark analysis of 134 NSCLC patients
receiving NIVO demonstrated increased progression-free
survival (PFS) and OS in patients who experienced an irAE (3).

The landmark analysis also revealed a trend towards an OS
benefit in individuals experiencing an irAE in the first 6 weeks of
treatment. For this reason, OS was also calculated as a time-
dependent variable which included patients who experienced
irAEs within the first 6 weeks of treatment (3, 12–14). This
analysis identified a highly significant association between irAEs
and OS. Sato and colleagues also noted an association between
irAEs and PFS in the absence of a landmark or other accounting
for the time-dependence of irAEs in 38 NSCLC patients treated
with NIVO (15). Teroaka et al. reported an association between
irAEs and survival in NIVO-treated NSCLC patients with a 2-
week landmark time (16). Based on our comparison of the
landmark and time-dependent analyses, we propose that a
FIGURE 4 | Heatmap showing the incidence of immune-related adverse events (irAEs) according to cancer diagnosis. Color indicates the percent of individuals with
a diagnosis (column) who experienced an irAE of the indicated class (row). Asterisks indicate a significance, *p < 0.05, **p < 0.01 (Fisher’s exact test with a false
discovery rate multiple testing correction applied).
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time-dependent treatment of irAEs may be a more relevant
measure of survival benefit, since landmark analyses, by
definition, do not account for early irAEs. Relative to time-
dependent Cox regression, landmark analyses have been shown
to attenuate the effect of a time-dependent covariate and our
results are consistent with this observation (11).

None of the preexisting comorbid conditions which we
evaluated (e.g., cardiovascular disease, autoimmune disease, etc.)
altered the overall incidence or type of irAEs experienced by the
various patient subgroups, but the higher incidence of grade 3 or 4
irAEs which we detected in patients with preexisting autoimmune
disease did appear to be clinically relevant (P = 0.01). However, in
this subset of 58 patients, there was no obvious link between the type
of irAE experienced and the underlying autoimmune condition.
Thus, although exacerbations of preexisting autoimmune disease
are a predicted consequence of CPI treatment, this was not observed
in our study (17). Our data do suggest that patients with preexisting
autoimmune disease are more prone to developing serious irAEs of
any type, thus emphasizing the need for careful monitoring of this
patient population. Most irAEs were managed with corticosteroids
and irAEs subsided without permanent discontinuation of CPI
therapy. Recent studies do suggest that limiting the use of
corticosteroids to the lowest dose possible to achieve clinical
benefit may lead to better control of cancer for these patients
Frontiers in Oncology | www.frontiersin.org 7222223
(18). In one study, NSCLC patients treated with ≥ 10 mg of
prednisone at the time of CPI initiation had worse outcomes than
patients who received 0 to < 10 mg of prednisone. The authors
suggest that this difference may be driven by a poor-prognosis
subgroup of patients who receive corticosteroids for palliative
reasons (19).

Our most significant finding is that the lung and skin irAEs
correlate with the primary tumor sites for both NSCLC and
melanoma. This suggests, that at least in these two diseases, the
irAEs are an important biomarker of a specific tumor-directed
response. Previous reports have suggested that the incidence of
respiratory irAEs is similar between NSCLC and melanoma
patients, however our data do not support this conclusion (20,
21). In our cohort of 68 melanoma patients, only one patient
experienced pneumonitis, a significantly lower incidence than in
NSCLC (p = 0.01, Fisher’s exact test). In this study, the incidence
of respiratory irAEs was higher than in other published reports
(22). This difference may be due to the challenge in
distinguishing pneumonia due to infection from pneumonitis
due to CPI treatment. With respect to melanoma, we observed a
strong association between the skin irAEs and melanoma, but no
association with OS. We hypothesize that the skin rashes, which
occur early in the treatment with CPIs, may predict later
development of vitiligo, another skin-related irAE that is
A B

DC

FIGURE 5 | Kaplan-Meier survival curves comparing patients who do and do not experience an immune-related adverse event (irAE) in the 6-week landmark
analysis and survival relative to pre-treatment steroid administration. (A) Survival of all patients. (B) Survival relative to pre-treatment steroid administration in PD1/
PDL1 treated patients. (C) Survival within the subset of non-Small Cell Lung Cancer (NSCLC) patients. (D) Survival within the subset of melanoma patients.
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associated with successful anti-melanoma responses (23). The
pathogenesis of vitiligo is unknown, but one potential link may
be epitope spreading, in which initial immune activity against
one or more tumor-specific epitope extends to antigens shared
by melanoma cells and melanocytes (24).

The main limitation of this study is its retrospective design and
the inclusion of data generated by multiple treating physicians. Due
to potential variability in practice patterns, there could be
inconsistencies in the reporting of irAEs, patient follow-up, and
administration of interventions to reduce or prevent irAEs. We
sought to mitigate these variables by having the treating physicians
review their medical records and confirm the irAE grade assignment.
Certain irAEs, e.g., pneumonitis, were radiographically diagnosed
and therefore not associated with the bias of oncologist’s notation of
the irAE. Furthermore, all oncologists involved in this study treated
multiple cancer types, which mitigates the risk of reporting diagnosis
specific effects being associated with an individual physician.
Therefore, we believe that the timing of irAEs post-CPI treatment,
was consistent across all treating physicians, suggesting no specific
interference of effect.

Use of a broad study interval for CPI experience, in this case July
2011–October 2019, though inclusive for patients, is also a potential
limitation given that clinical experience in managing irAEs has
increased over time. In addition, the number of CPIs and their
applicability across different tumor types have also increased over
time. The newer CPIs are purported to have less side effects. A
review of treatments by year indicated that the incidence of irAEs
remained consistent, although the severity dropped as ipilimumab
was replaced by less toxic PD1/PDL1 inhibitors for the treatment of
metastatic melanoma. In recent years, the combination of CPIs with
cytotoxic chemotherapy (e.g., pembrolizumab plus platinum-based
agents), may have contributed to the heterogeneity of reported
irAEs. Chemotherapy may have inherent immunosuppressive
effects, albeit low and variable, and also some regimens (e.g.,
carboplatin/paclitaxel) may incorporate a single time low-dose of
steroids. These factors may have led to a lower incidence of irAEs in
this cohort.With respect to findings of interstitial pneumonia in this
cohort, we note that interstitial pneumonitis is a rare complication
of paclitaxel and does not increase the incidence of pneumonitis
compared to patients treated with pembrolizumab as single therapy
(25, 26). While we hope to establish a consistent grading system for
future retrospective analyses of responses to therapy, we note that
the frequencies of irAEs identified in this study are not dissimilar
from those reported in the literature.

In conclusion, there is growing evidence that irAEs may be
directly linked to improved survival in cancer patients treated
Frontiers in Oncology | www.frontiersin.org 8223224
with CPIs. We undertook this retrospective study to identify
clinical factors that inhibit or contribute to an active irAE
response. A time-dependent analysis confirmed a significant
association between irAEs and OS. We observed a clear
association between skin-related irAEs and melanoma as well
as between respiratory irAEs and NSCLC, suggesting that these
two types of irAEs may be driven by specific immune responses
to the primary tumor. In patients with NSCLC, the respiratory
irAEs were associated with a survival benefit.
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Immune checkpoint inhibitors (ICIs) have substantially improved the prognosis of patients
with different types of cancer. Through blockade of cytotoxic T-lymphocyte antigen 4
(CTLA-4) and programmed cell death protein 1 (PD-1), negative feedback mechanisms of
the immune system are inhibited, potentially resulting in very durable anti-tumor
responses. Despite their promise, ICIs can also elicit auto-immune toxicities. These
immune-related adverse events (irAEs) can be severe and sometimes even fatal.
Therefore, being able to predict severe irAEs in patients would be of added value in
clinical decision making. A search was performed using “adverse events”, “immune
checkpoint inhibitor”, “biomarker”, and synonyms in PubMed, yielding 3580 search
results. After screening title and abstract on the relevance to the review question,
statistical significance of reported potential biomarkers, and evaluation of the remaining
full papers, 35 articles were included. Five additional reports were obtained by means of
citations and by using the similar article function on PubMed. The current knowledge is
presented in comprehensive tables summarizing blood-based, immunogenetic and
microbial biomarkers predicting irAEs prior to and during ICI therapy. Until now, no
single biomarker has proven to be sufficiently predictive for irAE development.
Recommendations for further research on this topic are presented.

Keywords: biomarker, immune checkpoint inhibition, immunotherapy, cytokines, blood cells, review (article),
checkpoint inhibitor toxicity, immune-related adverse event
INTRODUCTION

Since the U.S. Food and Drug administration (FDA)’s approval of ipilimumab for metastatic
melanoma patients in 2011, immune checkpoint inhibitors (ICIs) have become an important
treatment for many cancer patients (1). Since then, ICIs have been approved for a wide range of
cancer types, including melanoma, kidney cancer, lung cancer, lymphoma, and liver cancer (1).
Immune checkpoints successfully targeted by ICIs are cytotoxic T lymphocyte antigen 4 (CTLA-4)
and programmed cell death protein 1 (PD-1).

Immune checkpoints play an important role in immune homeostasis by controlling immune
responses, maintaining self-tolerance and preventing autoimmunity. ICIs are monoclonal
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antibodies that specifically target immune checkpoints and block
their function. Upon initial response of a T cell to an antigen,
CTLA-4 is upregulated on its membrane and competes with
CD28 for binding B7-1 (CD80) and B7-2 (CD86) on antigen
presenting cells (APCs) by binding with higher affinity (2). In
contrast to CD28 which is a costimulatory factor on T cells,
CTLA-4 inhibits further activation of effector T cells.
Furthermore, CTLA-4 expression on regulatory T cells (Tregs)
may result in trans-endocytosis of B7-1 and B7-2 on APCs,
thereby leaving APCs without costimulatory factors. PD-1, upon
binding its ligands (PD-L1 and to a lesser extend PD-L2), which
are mainly present on non-lymphoid cells in peripheral tissues,
generates local tolerance by dephosphorylating the T-cell
receptor, leading to T-cell exhaustion (2). By blocking the
above described tolerance mechanisms, ICIs enforce anti-
tumor immunity, which has clinically proven to result in long-
lasting responses even after stopping treatment.

As a consequence of their mechanism of action, ICIs can
cause immune-related adverse events (irAEs). The onset of irAEs
is highly unpredictable, as they may develop early after ICI
treatment up to more than 18 months after treatment started (3,
4). Furthermore, patients do not necessarily develop a single
irAE, but may develop multiple different irAEs, either
simultaneously or subsequently (5). Severity of irAEs is graded
according to the Common Terminology Criteria for Adverse
Events (CTCAE) on a scale from 1 (mild) to 5 (death) (6). IrAE
frequency differs per ICI treatment, with any irAE occurring in
60%–85% of anti-CTLA-4 treated patients, 57%–85% of anti-
PD-1 treated patients, and 95% in patients receiving combined
CTLA-4 and PD-1 blockade (7). Severe irAEs (≥grade 3) occur in
approximately 10%–27% of anti-CTLA-4 treated patients, 7%–
20% of anti-PD-1 treated patients, and 55% of patients receiving
combined anti-CTLA-4 and anti-PD-1 (7). Patterns of irAEs
differ per ICI type. As an example, colitis occurs more frequently
in anti-CTLA-4 treated patients while thyroid disorders are more
frequently seen during anti-PD-1 therapy (8). While CTLA-4 is
thought to inhibit immune responses in an earlier phase, PD-1
inhibits T cells at a later stage in the peripheral tissue. Although it
has not been fully understood why irAE profiles differ between
anti-CTLA-4 and anti-PD-1 treated patients, some hypotheses
have been proposed (4). As an example, the higher frequency of
autoantibody-related irAEs such as thyroid disorders in PD-1
treated patients could be a result of the modulation of humoral
immunity by PD-1-inhibitors, or of its effects on self-tolerance.
Keeping this in mind, biomarkers could very well be ICI type-
specific. This hypothesis is supported by data showing that anti-
CTLA-4-induced and anti-PD-1-induced colitis are eminently
different in their immune cell composition, suggesting a distinct
underlying mechanism for these toxicities (9).

Frequently observed irAEs include dermatitis, colitis, and
thyroiditis, while especially the more rare irAEs, such as
myocarditis, myositis, and encephalitis have a high fatality rate
(5). It has been suggested that irAE kinetics differ per organ type.
Dermatological irAEs usually develop early, followed by
gastrointestinal irAEs such as colitis (after 1 to 3 months), with
hepatitis and endocrinopathies occurring later (10). Usually,
Frontiers in Oncology | www.frontiersin.org 2226227
irAEs are diagnosed once patients experience symptoms, and
after alternative diagnoses are ruled out by additional testing,
such as imaging, endoscopic evaluation, biopsies or blood tests
(11, 12). Treatment depends on the severity of the irAE, and can
include temporary or permanent ICI discontinuation,
corticosteroids and second line immunosuppressants (3).

With more ICIs being approved and increasing indications,
patients and healthcare professionals will progressively be
confronted with irAEs. However, diagnosing irAEs is
challenging due to their highly variable and often aspecific
clinical presentation, which complicates distinguishing
irAEs from alternative diagnoses such as infection or tumor
progression. This often leads to delay in diagnosis and since early
immunosuppressive treatments for irAEs can prevent morbidity
and even mortality, biomarkers that can predict or signal irAEs
in an early stage are urgently needed (13). A biomarker is defined
as a characteristic measured as an indicator of pathogenic
processes or responses to an exposure or intervention (14).
While starting with proof that a biomarker is statistically
associated with the clinical state of interest (i.e., irAEs),
subsequent assessment of its diagnostic or predictive accuracy
is essential to determine clinical utility. Two types of biomarkers
can be distinguished: biomarkers assessed either at baseline or
during treatment that predict irAEs, or biomarkers that can be
used to signal/diagnose irAEs at the moment of signs or
symptoms during treatment. Biomarkers determining the risk
of irAE development prior to the start of therapy could be used to
stratify patients offering alternative treatments, or monotherapy
instead of combination ICIs to patients who are predicted to be
at high-risk. However, sufficient discriminative power is a
prerequisite for its use in clinical decision making. If, for
example, a two times increased risk of severe irAEs is
predicted, alternative treatment strategies could be considered
(including refraining from ICIs in the adjuvant setting) as well as
more intensive clinical monitoring of the patients by more
frequent and lower ICI dosing. A biomarker during treatment,
signaling upcoming toxicity, could serve as a warning upon
which patients could be monitored more strictly, ICIs could be
discontinued early or immunosuppressive therapy could be
started more rapidly. However, a particularly strong correlation
with both timing and severity of toxicity is required to take such
far-reaching decisions. Finally, a biomarker that can help to
adequately diagnose irAEs at the moment of signs or symptoms
during ICI treatment could prevent delay in diagnosis and enable
early immunosuppressive management.

In the last years, several studies have been performed
searching for potential irAE biomarkers. Recently, two reviews
on irAE biomarkers have been published (15, 16). However,
these reviews did not include all studies reported. Particularly,
studies describing biomarkers during ICI treatment were lacking.
In this review we aim to provide an overview of primary articles
on blood-based and microbial biomarkers described so far. We
performed a search using “adverse events”, “immune checkpoint
inhibitor”, “biomarker”, and synonyms in PubMed, yielding
3580 search results (see Appendix 1 for complete search). After
screening title and abstract on the relevance to the review
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question and evaluation of the remaining full papers, 35 articles
were included. Five additional reports were obtained by means of
citations and by using the similar article function on PubMed.
We excluded case reports and included only papers with
statistically substantiated data. The majority of studies
analyzed in this review, focused on predictive biomarkers.
BIOMARKERS

An overview of the studies on irAE biomarkers at baseline and
during treatment is given in Tables 1 and 2, respectively. The
studies are discussed in more detail below.

Immune Cells
High neutrophil-to-lymphocyte ratio (NLR) was shown to
correlate with worse survival in multiple ICI treated
malignancies (56), which might suggest that ICI-induced anti-
tumor responses are less effective in these patients. In line with
this hypothesis, patients with high NLR might also have a lower
risk of immune-mediated toxicities. Indeed, among 391 anti-PD-
1 treated patients with various types of malignancies, Eun et al.
demonstrated that patients with an NLR ≥ 3 less often
experienced irAEs than patients with a low NLR (17).
However, the median follow-up time in this study was less
than 7 weeks and irAEs were reported in only 17% of patients.
In their study amongst 102 anti-PD-1 treated melanoma
patients, Peng et al. reported that patients with NLR>5
experienced less irAEs (18). Additionally, they observed that a
prognostic nutrition index (PNI), which is calculated from the
serum albumin level and total lymphocyte count, of 45 or higher
was correlated with increased risk of irAEs. In a third study
consisting of 173 anti-PD-(L)1 treated NSCLC patients, Pavan
et al. reported that patients with an NLR < 3 had an increased
risk of irAEs in univariable analysis, as did patients with a
platelet-to-lymphocyte ratio (PLR) < 180. In multivariable
analysis however, only a low-PLR remained significant, which
was confirmed in a competing risk analysis accounting for death
(19). Altogether, these three studies support the hypothesis that
high NLR may be associated with less irAEs. However,
confirmational studies accounting for time at risk should be
conducted to dissect the risk of irAEs from survival.

In a retrospective analysis of 167 anti-PD-1 treated patients,
Diehl et al. observed that patients with an absolute lymphocyte
count (ALC) > 2,000 at baseline and at one month into therapy
significantly more often developed grade ≥ 2 irAEs (20).
Additionally, a 10% increase of overall leukocyte count and
relative lymphocyte count were associated with grade ≥ 3 irAEs
in a univariable analysis of 101 anti-PD-1 treated melanoma
patients. However, this association was not significant in adjusted
analyses (45).

Since a pathogenic role of eosinophils has been proposed in
various autoimmune diseases such as inflammatory bowel
disease, primary biliary cirrhosis, bullous pemphigoid, and
eosinophilic myocarditis (57), eosinophils might be an
interesting biomarker of irAEs. Indeed, two studies reported
Frontiers in Oncology | www.frontiersin.org 3227228
increased peripheral blood eosinophil counts both at baseline
and one month after start of anti-CTLA-4 or anti-PD-1 in
patients with irAEs compared to those without (20, 21). While
Diehl et al. aimed to study the relationship between lymphocyte
counts and irAEs in 167 solid tumor patients treated with anti-
PD-1 or anti-PD-1/CTLA-4 combination therapy, they also
observed that absolute eosinophil counts correlated to ≥2 grade
irAEs. However, the OR was just 1.34 for increments of 100,
which may not be clinically relevant. In an analysis of 44 anti-
PD-1 treated melanoma patients, Nakamura et al. showed that
elevated baseline absolute eosinophil levels (>240/µl) and a
relative eosinophil count after one month >3.2% correlated to
endocrine irAEs specifically. A third study by Jaber et al. in nine
anti-CTLA-4 treated melanoma patients showed increased blood
eosinophil levels after onset of dermal irAEs compared to pre-
treatment levels, which was not found in 8 patients without irAEs
(46). In contrast to these studies, Eun et al. found no correlation
of eosinophil counts with toxicity in 391 anti-PD-1 treated
patients with various types of malignancies (17). Still, these
results demonstrate that eosinophils might play a role in the
development of irAEs and could pose as interesting biomarkers.

As key players in cancer immunology and main target cells of
ICI therapy (58), T cells are of particular interest in the quest for
biomarkers of irAEs. Only few studies reported on specific T-cell
subsets. To analyze myeloid-derived suppressor cell (MDSC) and
T-cell subsets, Damazzu et al. conducted multi-color flow
cytometry on fresh whole blood samples of 44 anti-CTLA-4
treated melanoma patients at baseline and at 12 week time
intervals after treatment initiation (22). Although they found
no difference in CD3+ count or CD3+/CD4+ ratio, they
demonstrated lower percentages of PD-1-expressing CD4+ and
CD8+ T cells at baseline in patients with grade ≥3 irAEs
compared to those without. In addition, significant upregulation
of PD-1 expression was observed on CD4+ T cells in patients
without irAEs. In patients with irAEs, PD-1 was also upregulated
on CD4+ T cells but this did not reach statistical significance. In
CD8+ T cells, PD-1 expression was significantly upregulated in
both patients with irAEs and those without. There were no
differences in MDSC subsets in patients with or without severe
toxicities. Chaput et al. reported that patients with anti-CTLA-4-
induced colitis had higher absolute CD4+ T-cell numbers at
baseline in peripheral blood compared to non-colitis patients
according to flow-cytometry analysis. The difference did not
reach statistical significance (p = 0.053) (23). Whereas Damazzu
et al. did not report on regulatory T-cells (Tregs), Chaput et al.
reported that the percentage of Tregs at baseline in patients with
anti-CTLA-4-induced colitis was significantly lower compared to
non-colitis patients, although absolute numbers were not
significantly different. Taken together, although correlations of
some T-lymphocyte subsets with irAEs have been reported,
further research is needed to prove their predictive value.

Changes in T-cell receptor repertoire in peripheral blood
early during treatment were linked to irAEs in two studies
reporting on anti-CTLA-4 treatment combined with either
androgen deprivation therapy (ADP) or granulocyte-macrophage
colony-stimulating factor (GM-CSF) (47, 48). Both studies used
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TABLE 1 | Potential biomarkers for irAE development measured prior to ICI treatment.

Potential
biomarker

Determinant Results Significance Accuracy Cancer
type

n Treatment Study design References

Cellular
Neutrophil to
lymphocyte
ratio (NLR)

Ratios calculated
from peripheral
neutrophil,
eosinophils and
lymphocyte count;
and albumin

NLR ≥3 associated with less
irAEs

ORadj = 0.37;
95%CI 0.17–
0.81;
p = 0.012

– Solid tumor 391 Anti-PD-1 Retrospective
cohort

(17)

NLR;
prognostic
nutrition index
(PNI)

Ratio calculated
from neutrophil
and lymphocyte
counts; LDH and
serum albumin

Low NLR (<5) and high PNI
(≥45) independently associated
with irAEs

p < 0.001 |
p = 0.001

– NSCLC 102 Anti-PD-1 Retrospective
cohort

(18)

Platelet to
lymphocyte
ratio (PLR)

Ratios calculated
from peripheral
neutrophil,
lymphocyte, and
platelet counts

PLR <180 associated with irAEs ORadj = 2.3;
95%CI 1.1–
4.8;
p = 0.027

– NSCLC 173 Anti-PD-(L)1 Retrospective
cohort

(19)

Eosinophils Peripheral blood
cell counts

Eosinophil count associated
with grade ≥2 irAEs

ORadj =
1.003;
95%CI
1.000–1.006;
p = 0.027

– Solid tumor 167 Anti-PD-1,
combination

Retrospective
cohort

(20)

Peripheral blood
cell counts

Eosinophil count of >240/ml
associated with endocrine (but
not any) irAEs

OR = 7.0;
95%CI 1.50–
32.72;
p = 0.0134

Sens = 88%
Spec = 50%

Advanced
melanoma

44 Anti-PD-1 Retrospective
cohort

(21)

Lymphocytes Peripheral blood
cell counts

Lymphocyte count >2,000
associated with risk of grade ≥2
irAEs

ORadj =
1.996; 95%
CI 1.16–3.49;
p = 0.014

– Solid tumor 167 Anti-PD-1,
combination

Retrospective
cohort

(20)

Myeloid and T cell
subsets by flow
cytometry

Lower % PD-1 expression on
CD4+ and CD8+ T cells
associated with grade ≥3 irAEs

p = 0.025 |
p = 0.022

– Metastatic
melanoma

44 Anti-CTLA-
4

Retrospective
cohort

(22)

CD4+ T cells and
Treg cells counts
at baseline

Lower percentage of Tregs
associated with colitis

p = 0.018 – Metastatic
melanoma

18 Anti-CTLA-
4

Prospective
cohort

(23)

Cytokines/Chemokines
IL-6 5 cytokines and

lymphocyte
subsets

Lower IL-6 levels associated
with grade ≥3 irAEs

OR = 2.84;
95%CI 1.34–
6.03;
p = 0.007

Sens = 70%
Spec = 66%

Metastatic
melanoma

140 Anti-CTLA-
4

Prospective
cohort

(24)

IL-6, IL-8, and
sCD25

Baseline IL-6, IL-8
and sCD25 in
serum

Lower levels of IL-6, IL-8, and
sCD25 associated with colitis

p = 0.008 |
p = 0.0031 |
p = 0.0097

– Melanoma 18 Anti-CTLA-
4

Prospective
cohort

(23)

IL-17 Multiplex serum
testing for 36
different cytokines
and chemokines

Higher IL-17 levels associated
with grade ≥3 colitis and grade
≥3 irAEs

p = 0.02 |
p = 0.03

– Advanced
melanoma

35 Anti-CTLA-
4

Clinical trial (25)

Various
cytokines/
chemokines

65 cytokines/
chemokines
profiles; validated
in separate cohort

CYTOX score (G-CSF, GM-
CSF, fractalkine, FGF-2, IFNa2,
IL1a, IL1B, IL1RA, IL2, IL12p70
and IL13) associated with irAEs
that required ICI discontinuation
or immunosuppression

p = 0.0366 AUC = 0.68 Melanoma 49 Anti-PD-1
or
combination

Prospective
cohort

(26)

IL-1b, IL-2,
GM-CSF

13 cytokines in
serum

Increased levels of IL-1b, IL-2,
and GM-CSF correlated with
thyroid irAEs

p < 0.05 – Advanced
malignancies

26 Anti-PD-1,
anti-CTLA-
4, or
combination

Prospective
cohort

(27)

CXCL9,
CXCL10,
CXCL11,
CCL19

40 cytokines in
serum

Lower levels of CXCL9,
CXCL10, CXCL11, and CCL19
associated with irAEs

p < 0.05 – Solid tumor 42 Anti-PD-(L)1 Prospective
cohort

(28)
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TABLE 1 | Continued

Potential
biomarker

Determinant Results Significance Accuracy Cancer
type

n Treatment Study design References

Autoantibodies
Anti-thyroid
antibodies

Thyroid
peroxidase and
thyroglobulin
antibodies in
serum

Anti-Tg and anti-TPO
associated with thyroid
dysfunction

p < 0.001 |
p = 0.002

– NSCLC 64 Anti-PD-1 Retrospective
cohort

(29)

Anti-thyroid
antibodies in
serum

Anti-Tg antibody, but not anti-
TPO associated with thyroid
dysfunction

ORadj = 26.5;
95% CI
8.18–85.8;
p < 0.001 |
p > 0.05

– Solid tumor 168 Anti-PD-1 Retrospective
cohort

(30)

Anti-BP180 IgG Serum IgG
directed against
BP180, BP230,
and type VII
collagen
measured by
ELISA

Anti-BP180 IgG levels
associated with dermal irAE

p = 0.04 – NSCLC 40 Anti-PD-(L)1 Prospective
cohort

(31)

Anti-GNAL and
anti-CD74

Identification of
autoantibodies
using recombinant
cDNA expression
libraries

Anti-GNAL presence associated
with hypophysitis | anti-CD74
presence associated with
pneumonitis

OR = 2.66;
95%CI 1.14–
7.29;
p = 0.02
OR = 1.25;
95%CI 1.03–
1.52;
p = 0.03

AUC = 1 for
both

Solid tumor 20
32

Anti-CTLA-
4, anti-PD-
1,
combination

Nested
prospective
cohort

(32)

Various
autoantibodies

Autoantibodies
tested with
HuProt array
covering >19,000
proteins

Enrichment of autoantibodies
directed against targets in (auto)
immunity pathways associated
with grade ≥3 irAEs
Classification model based on
baseline antibody levels predicts
risk of developing severe irAEs

p < 0.05 -
Classification
models:
Sens≥0.89
Spec≥0.85
for each
therapy

Melanoma 75 Anti-CTLA-
4, anti-PD-
1,
combination

Prospective
cohort

(33)

Immunogenetics
Single-
nucleotide
polymorphisms
(SNPs)

7 SNPs in the
PDCD1, PTPN11,
ZAP70 and IFNG
genes analyzed
using whole blood
DNA sequencing

PDCD1 804C>T associated
with increased irAE risk in
exploration cohort, but not in
validation cohort

p = 0.039 |
p = 0.828

– NSCLC 161|
161

Anti-PD-1 Prospective
cohort

(34)

166 SNPs in 86
immune or cancer
related genes
analyzed using
sequenom
MassArray iPLEX
assay

SNPs in UNG, IFNW1, IFNL4,
PD-L1, and CTLA-4 associated
with grade ≥3 irAEs

p < 0.05 AUC = 0.89
Sens = 0.8
Spec = 0.85

Solid tumor 94 Anti-PD-(L)1 Retrospective
cohort

(35)

Polygenic risk
scores for skin
autoimmunity
computed with
whole-genome
germline
sequencing

Psoriasis-associated polygenic
risk score associated with skin
irAEs

p < 0.05 – Bladder
cancer

220 Anti-PD-L1 Retrospective
analysis of
clinical trial
data

(36)

miR-146a
rs2910164 CC
genotype

rs2910164 CC genotype
associated with grade 3-4 irAEs

OR = 6.78;
95%CI 1.87–
24.6;
p = 0.004

– Solid tumor 167 Anti-PD-(L)1 Prospective
cohort

(37)

Human
leukocyte
antigen (HLA)

HLA-A*02:01
subtype

No association between HLA-
A*0201 status and irAEs

Not reported – Melanoma 450 Anti-CTLA-
4

Retrospective
analysis of
pooled clinical
trial data

(38)
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next-generation sequencing of CDR3 regions in rearranged T-cell
receptor (TCR) b-chains and reported that a more diverse T-cell
repertoire is observed in patients with irAEs. Subudhi et al.
demonstrated in 16 anti-CTLA-4 + ADP treated patients, that
the number of expended clonotypes of CD8+ (but not CD4+) T cells
just before toxicity compared to baseline was significantly higher in
11 patients with grade ≥2 irAEs compared to five patients without.
An expansion of ≥55 T-cell clones was reported to be 100%
sensitive and 42% specific of grade ≥2 irAEs, which was
confirmed in a validation cohort of 11 patients. Similarly, Oh
et al. reported that an increase in frequency of preexisting
Frontiers in Oncology | www.frontiersin.org 6230231
clonotypes in the blood was associated with irAEs in a study with
35 anti-CTLA-4 + GM-CSF treated patients. In addition, irAE
occurrence was also associated with an increase of newly detected
TCR clones. Overall clonality declined in CD4+ and CD8+ T cells at
week 2 after treatment initiation in all patients, which was
significant in patients with irAEs but not in patients without.
Taken together, these data show that anti-CTLA-4-induced
increase in T-cell diversity preceded irAEs. This observation is
not surprising considering that CTLA-4 suppresses T cells early
after activation, thereby preventing T-cell reactions against self-
antigens. Thus, blocking CTLA-4 might allow activation of
TABLE 1 | Continued

Potential
biomarker

Determinant Results Significance Accuracy Cancer
type

n Treatment Study design References

HLA loci with
common variants
associated with
autoimmune
disease

No association of HLA and risk
of any irAE
HLA-DRB1*11:01 associated
with pruritis and HLA-
DQB1*03:01 with colitis

Not reported
OR = 4.53;
p = 0.002 |
OR = 3.94;
p = 0.017

– Melanoma,
NSCLC

102 Anti-CTLA-
4, anti-PD-
1,
combination

Prospective
cohort

(39)

HLA subtypes in
patients with ICI-
induced diabetes

Higher HLA-DR4 frequency
compared to general population
and spontaneous type I
diabetes is associated with ICI-
induced diabetes

p < 0.0001 |
p = 0.002

– Solid tumor 23 Anti-CTLA-
4, anti-PD-
1,
combination

Case series (40)

HLA haplotypes in
patients with ICI-
induced adrenal
insufficiency

HLA-DR15 associated with
pituitary irAEs

p = 0.0014 – Advanced
cancer

11 Anti-PD-1
or anti-
CTLA-4

Case-control
study

(41)

Microbiome
Bacteroidetes,
Firmicutes

Microbiome
composition in
fecal samples
using 16S rRNA
and shotgun
metagenomic
sequencing

Enrichment of Bacteroidetes in
patients without colitis. Lack of
pathways involved in vitamin B
synthesis associated with
increased colitis risk

p < 0.05 |
p < 0.05

Sens = 70%
spec = 83%

Melanoma 34 Anti-CTLA-
4

Prospective
cohort

(42)

Microbiome
composition in
fecal samples
using16S rRNA
sequencing

Enrichment of Bacteroidetes in
patients without colitis.
Enrichment of Firmicutes in
patients with colitis

p = 0.011 |
p = 0.009

– Melanoma 26 Anti-CTLA-
4

Prospective
cohort

(23)

Other
Thyroid
stimulating
hormone (TSH)

TSH, free T3 and
free T4 in serum

TSH ≥5 µIU/ml associated with
increased risk of thyroid
dysfunction

ORadj = 7.36;
95%CI 1.66–
32.7;
p = 0.01

– Solid tumor 168 Anti-PD-1 Retrospective
cohort

(30)

Serum TSH TSH >2.19 µIU/ml associated
with increased risk of thyroid
dysfunction

OR = 3.46;
95%CI 1.2–
9.8

AUC = 0.66
Sens = 53%
Spec = 76%

Melanoma 99 Anti-PD-1,
combination

Retrospective
cohort

(43)

Soluble CTLA-4 sCTLA-4 in serum
by ELISA

>200 pg/ml sCTLA-4
associated with irAEs

ORadj = 3.63;
95%CI 1.14–
11.5;
p = 0.029

– Melanoma 113 Anti-CTLA-
4

Prospective
cohort

(44)
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n, number of patients included in the reported analysis (irrespective of irAE presence); irAE, immune-related adverse event; OR, odds ratio; ORadj, adjusted odds ratio; 95%CI, 95%
confidence interval; Sens, sensitivity; Spec, specificity; AUC, area under the receiver operating curve; NSCLC, non-small cell lung cancer; Anti-PD-(L)1, anti-programmed cell death protein
(ligand) 1; anti-CTLA-4, anti-cytotoxic T lymphocyte antigen 4; combination, combined anti-CTLA-4 plus anti-PD-1 therapy; ICI, immune checkpoint inhibitor; CD, cluster of differentiation;
sCD, soluble CD; Tregs, regulatory T-cells; NLR, neutrophil to lymphocyte ratio; PNI, prognostic nutrition index; PLR, platelet to lymphocyte ratio; IL, interleukin; G-CSF, granulocyte
colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; FGF, fibroblast growth factor; IFN, interferon; CXCL, chemokine C-X-C motif ligand; CCL,
chemokine C-C motif; Tg, Thyroglobulin; TPO, Thyroid peroxidase; BP, bullous pemphigoid; IgG, immunoglobulin G; GNAL, guanine nucleotide-binding protein G subunit alpha; SNPs,
single-nucleotide polymorphisms; HLA, human leukocyte antigen; TSH, thyroid stimulating hormone; T3, Triiodothyronine; T4, thyroxine; miR, micro-RNA; ELISA, enzyme-linked
immunosorbent assay.
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TABLE 2 | Potential biomarkers for irAE development during ICI treatment.

Potential
biomarker

Determinant Results Significance Accuracy Cancer
type

n Treatment Study design References

Cellular
Leukocytes Peripheral blood cell

counts after irAE
onset**

Increase in leukocyte count and
decrease in relative lymphocyte
count associated with grade ≥3
irAEs in univariable, but not
multivariable analysis

ORadj = 1.13;
95%CI 0.99–
1.29;
p = 0.074 |
ORadj = 1.18;
95%CI 0.94–
1.48;
p = 0.15

– Melanoma 101 Anti-PD-1 Retrospective
cohort

(45)

Eosinophils Leukocyte subsets at
1, 3 and 6 months*

Absolute eosinophil count after 1
month associated with grade ≥2
irAEs

ORadj =
1.002;
95%CI
1.000–1.004;
p = 0.027

– Solid
tumor

167 Anti-PD-1,
combination

Retrospective
cohort

(20)

Absolute and relative
eosinophil counts after
1, 3 and 6 months*

Relative eosinophil count at 1
month >3.2% associated with
endocrine irAEs

OR = 5.11;
95%CI 1.23-
21.3;
p = 0.025

Sens =
67%
Spec =
72%

Melanoma 44 Anti-PD-1 Retrospective
cohort

(21)

Relative eosinophil
count after onset of
dermal irAEs compared
with baseline**

Relative eosinophil count
increased during treatment in
patients with dermal irAEs, but
not in those without

p = 0.006 vs.
p = 0.19

– Melanoma 17 Anti-CTLA-4 Nested case
control

(46)

Lymphocytes Leukocyte subsets at
1, 3 and 6 months*

Lymphocyte count >2,000 at 1
month associated with risk of
grade ≥2 irAEs, any irAEs and
irAEs requiring treatment

ORadj = 1.81;
95%CI 1.03–
3.25;
p = 0.039 |
p < 0.05 |
p < 0.01

– Solid
tumor

167 Anti-PD-1,
combination

Retrospective
cohort

(20)

T-cell receptor b-chain
sequencing in purified T
cells from blood at
baseline and before
irAE occurrence
(median 13 days; IQR
2-24)*

Clonal expansion of ≥55 CD8 T-
cell clones associated with grade
≥2 irAEs

p < 0.0001 Sens =
100%
Spec =
42%
AUC =
0.87

Prostate
cancer

27 Anti-CTLA-4
+ androgen
deprivation

Retrospective
analysis of
clinical trial
data

(47)

T-cell receptor b-chain
sequencing in purified T
cells from blood at
baseline and week 2*

Clonal expansion of more T-cell
clones and higher number of
newly emerging T-cell clones are
associated with irAEs; decline in
T-cell clonality in patients with
irAEs at week 2 versus baseline

p = 0.028 |
p = 0.042;
p = 0.023

– Prostate
cancer

21 Anti-CTLA-4
+ GM-CSF

Retrospective
analysis of
clinical trial
data

(48)

Circulating B-cell
changes after the first
cycle of treatment
compared to baseline*

≥30% decline in B cells and
doubling of CD21lo cells or
plasmablasts associated with
grade ≥3 irAEs

p < 0.001 – Melanoma 23 Combination
of anti-
CTLA-4 and
anti-PD-1

Prospective
cohort

(49)

Cytokines/Chemokines
IL-6 Pre- and post-

treatment serum
samples tested for IL-6,
TNF-a, IFN-g, IL-8 and
IL-17A analysis?

Increased IL-6 levels in irAE
patients post-treatment
compared to pre-treatment, not in
patients without irAEs

p = 0.018 – Melanoma 20 Anti-PD-1 Case series (50)

Various
cytokines/
chemokines

65 cytokines/
chemokines profile at
week 1-6 validated in
separate cohort*

CYTOX score (G-CSF, GM-CSF,
fractalkine, FGF-2, IFNa2, IL1a,
IL1B, IL1RA, IL2, IL12p70, and
IL13) associated with irAEs that
required ICI discontinuation or
immunosuppression

p = 0.0168 AUC =
0.70

Melanoma 49 Anti-PD-1 or
combination

Prospective
cohort

(26)

CXCL9,
CXCL10

40 cytokines in serum
tested at baseline and
after 2-3 and 6 weeks*

A greater increase of CXCL9 and
CXCL10 at week 6 in irAE
patients compared to non-irAE
patients

p < 0.05 – Solid
tumor

42 Anti-PD-(L)1 Prospective
cohort

(28)

(Continued)
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previously suppressed self-reactive T-cell clones and the degree of
activation expressed as early diversification of T-cell repertoire after
treatment might be associated with occurrence of irAEs. As PD-1
acts later after T-cell activation in the peripheral tissue, the results
obtained by Subudhi and Oh et al. may not be translatable to anti-
PD-1 therapies.

Three recent papers simultaneously identified B cells as major
actors in ICI therapy by demonstrating that B-cell tumor
infiltration and formation of tertiary lymphoid tissues was
correlated with better prognosis (59–61). The role of B cells
and their predictive value in irAEs has however been less well
studied. Only one study on B-cell changes has been reported.
Frontiers in Oncology | www.frontiersin.org 8232233
By using flow cytometry on PBMCs of 23 anti-CTLA-4 + anti-
PD-1 treated melanoma patients, at baseline and during follow-
up, Das et al. demonstrated that an early decline in B-cell
numbers of more than 30% together with a doubling of
CD21lo B cells or plasmablasts preceded grade ≥3 irAEs (49).
The severity of the decline in B cells was directly correlated with
the time of onset of the irAEs.

Cytokines/Chemokines
Various cytokines, such as interleukin (IL)-6 and IL-17, are
associated with inflammation and autoimmune diseases (62)
and have therefore been proposed as predictors of irAEs.
TABLE 2 | Continued

Potential
biomarker

Determinant Results Significance Accuracy Cancer
type

n Treatment Study design References

CCL5 75 serum proteins
measured by Milliplex
MAP assay at baseline
and after 4 weeks*

CCL5 levels at 4 weeks in irAE
patients increased compared to
non-irAE patients

p < 0.05 – NSCLC 32 Anti-PD-1 Prospective
cohort

(51)

sCD163 Serum levels of
sCD163 and CXCL5
measured at day 0 and
day 42*

Change from baseline of sCD163
level at day 42 was higher in irAE
patients compared to non-irAE
patients

p = 0.0018 Sens =
73%
Spec =
75%

Melanoma 46 Anti-PD-1 Retrospective
cohort

(52)

Autoantibodies
Anti-thyroid
antibodies

Anti-Tg and anti-
microsomal antibodies
measured at baseline
and every cycle during
treatment*/**

Anti-Tg present in 80% of
patients with thyroid dysfunction
compared to 8% of patients
without

p < 0.0001 – NSCLC 48 Anti-PD-1 Prospective
cohort

(53)

Autoantibodies tested
at baseline and after 4
weeks*

Increased levels of anti-Tg and
anti-TPO at 4 weeks compared to
baseline associated with thyroid
irAEs

p = 0.012 |
p = 0.048

– Advanced
cancer

26 Anti-PD-1,
anti-CTLA-4,
or
combination

Prospective
cohort

(27)

Anti-GNAL
and anti-
ITM2B
antibodies

Pre-treatment and
post-treatment before
irAE analysis with
recombinant cDNA
libraries

Stronger increase of anti-GNAL
and anti-ITM2B in patients with
hypophysitis

p < 0.001 |
p < 0.001

AUC = 1 |
AUC = 1

Solid
tumor

20 Anti-CTLA-4,
anti-PD-1,
combination

Nested
prospective
cohort

(32)

Other
CRP CRP levels measured

at baseline and just
before or at irAE
onset*/**

CRP levels rose from mean 8.4
mg/L at baseline to 52.7 mg/L at
irAE onset

p < 0.0001 – Melanoma 37 Anti-CTLA-4,
anti-PD-1,
combination

Case series (12)

CRP levels at baseline,
at irAE onset and after
tocilizumab
administration**

CRP levels increased from
median 23 mg/L at baseline to
109 mg/L at onset of irAEs and
decreased to 19 mg/L after irAE
treatment

p < 0.00001 – Advanced
cancer

34 Anti-PD-1 Case series (54)

CD177 Gene expression
profiling of 9697 non-
control probe sets on
whole blood samples at
baseline, week 3 and
11*

Increased CD177 gene
expression at 3 weeks in patients
with GI irAEs compared to non-
irAE patients and compared to
baseline

p = 0.0076 – Melanoma 162 Anti-CTLA-4 Retrospective
analysis of
clinical trial
data

(55)
F
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*before onset of irAEs, either obtained through collection at regular time points or at last measurement before irAE onset; **at onset of irAEs; ?timing not clear from report
n, number of patients included in the reported analysis (irrespective of irAE presence); irAE, immune-related adverse event; OR, odds ratio; ORadj, adjusted odds ratio; 95%CI, 95%
confidence interval; IQR, interquartile range; Sens, sensitivity; Spec, specificity; AUC, area under the receiver operating curve; NSCLC, non-small cell lung cancer; Anti-PD-(L)1, anti-
programmed cell death protein (ligand) 1; anti-CTLA-4, anti-cytotoxic T lymphocyte antigen 4; combination, combined anti-CTLA-4 plus anti-PD-1 therapy; ICI, immune checkpoint
inhibitor; GM-CSF, granulocyte-macrophage colony-stimulating factor; CD, cluster of differentiation; sCD, soluble CD; IL, interleukin; TNF, tumor necrosis factor; IFN, interferon; G-CSF,
granulocyte colony-stimulating factor; FGF, fibroblast growth factor; CXCL, chemokine C-X-C motif ligand; CCL, chemokine C-Cmotif; Tg, Thyroglobulin; TPO, Thyroid peroxidase; GNAL,
guanine nucleotide-binding protein G subunit alpha; ITM, integral membrane protein; CRP, c-reactive protein.
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IL-6, produced by almost all stromal and immune cells, has
broad context-dependent pro-inflammatory effects on innate
and adaptive immunity and is also important in epithelial
homeostasis (62, 63). Two studies reported that lower baseline
serum IL-6 was associated with irAEs in anti-CTLA-4 treated
melanoma patients. In blood of 140 anti-CTLA-4 treated
melanoma patients at baseline, Valpione et al. analyzed LDH,
S-100, CRP, b-2-microglobulin, VEGF, IL-2, and IL-6 levels
using various techniques including immune-enzymatic
methods as well as lymphocyte subsets using flow cytometry
(24). They observed that only low baseline IL-6 serum levels
(<2.5ng/L) and female sex were correlated with increased risk of
grade ≥3 irAEs after adjustment for follow-up time. Similarly,
Chaput et al. observed lower levels of IL-6, IL-8, and sCD25 in
patients with anti-CTLA-4-induced colitis using multiplex assays
(23). Furthermore, Tanaka et al. reported that serum IL-6 levels
increased during treatment in all six patients with anti-PD-1-
induced psoriasis and all seven patients with other irAEs, while
IL-6 levels declined in five out of seven control patients without
irAEs according to a multiplex assay (50). In agreement with
these findings, C-reactive protein (CRP), a general marker of
inflammation, which is sometimes suggested as surrogate marker
of IL-6 (64), was reported to rise in patients with irAEs just
preceding or at onset of irAEs in two studies (presented under
“other” section in Table 2). In 37 ICI-treated melanoma patients
with 88 cases of irAEs, Abolhassani et al. observed a statistically
significant increase of the mean CRP level from 8.4 mg/L at
baseline to 52.7 mg/L just before or at onset of irAEs for all 88
cases (12). Similarly, Stroud et al. reported a statistically
significant increase in CRP from a median of 23 mg/L at
baseline to 109 mg/L at time of irAEs, which decreased to 19
mg/L after tocilizumab (anti-IL-6) in 87 anti-PD-1 treated
patients (54). However, a remarkably high percentage of these
patients (39%) required tocilizumab to treat the irAE, which
suggests selection of patients. Furthermore, neither Abolhassani,
nor Stroud et al. reported data on CRP alterations in patients
without toxicity, so a rise in CRP during ICI treatment
irrespective of irAE development could not be ruled out.

Five additional studies reported on the correlation between
numerous cytokines/chemokines and irAEs using multiplex
assays consisting of 18 to 65 variables in cohorts ranging from
26 to 49 patients, which yielded contradicting results
(Supplementary Table S1). In contrast to the studies discussed
above, none of these five studies reported a correlation between
IL-6 and irAEs (25–28, 51). Nevertheless, IL-6 and CRP could be
promising predictors of irAEs if validated in sufficiently
powered cohorts.

In a study of 35 anti-CTLA-4 treated patients, Tarhini et al.
observed higher baseline IL-17 levels to be associated with grade
≥3 irAEs and colitis, using a multiplex panel of 36 cytokines and
chemokines (25). IL-17 is a pro-inflammatory cytokine mainly
produced by T-helper 17 (Th17) cells, and contributes to the
pathogenesis of several autoimmune diseases, such as psoriasis
and rheumatoid arthritis (65). IL-17 seems to have both
oncogenic and anti-tumor effects, as comprehensively reviewed
by Qian et al. (66) and Th17 cells have been proposed as
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important actors in irAEs (67). In line with this, colonic
mRNA expression of IL-17A was shown to be upregulated in
nine anti-CTLA-4-induced colitis patients compared to eight
healthy controls as well as interferon-g, FoxP3, IL-10 and TNF-
like molecule TL1A in a study of mRNA expression of 14
inflammatory mediators in colon tissue biopsies (68). In the
studies on anti-PD-(L)1 or combination therapy treated patients
however, no significant correlation of IL-17 with toxicity
was observed.

In an analysis of 65 cytokines or chemokines in combination
ICI-treated patients, an aggregated CYTOX score consisting of
12 cytokines/chemokines was associated with severe irAEs in
exploratory (n = 58) and validation (n = 49) cohorts at baseline
and 1-6 weeks after treatment initiation (26). Three of these 12
parameters (IL-1b, IL-2, and GM-CSF) were also observed to be
associated with irAEs among a multiplex assay of 18 cytokines/
chemokines in 26 anti-PD-1, anti-CTLA-4 or combined therapy-
treated patients (27). Additionally, this study found an early
decrease of IL-8, G-CSF, and MCP-1 during treatment to be
associated with thyroid irAEs.

With their role in the migration of immune cells into tissues,
chemo-attractants may play a crucial role in irAE development.
In a 40-plex assay in 65 patients receiving ICIs, Khan et al.
observed that CXCL9 (monokine induced by gamma interferon
[MIG]), CXCL10 (IFN-g induced protein -10 [IP-10]), CXCL11
(interferon-inducible T cell a chemoattractant [I-TAC]), and
CCL19 (macrophage inflammatory protein 3b [MIP-3b]) were
lower at baseline in patients with irAEs compared to those
without (28). Furthermore, they reported a greater increase of
CXCL9 and -10 in patients with irAEs at 2-3 and 6 weeks after
treatment initiation. Interaction of the chemokines CXCL9, -10,
and -11 with their receptor CXCR3 can elicit differentiation of
naïve T cells into Th1 cells and plays a role in the recruitment of
these Th1 cells, cytotoxic T cells and natural killer (NK) cells, as
comprehensively reviewed by Tokunaga et al. (69). Another
chemoattractant, RANTES (regulated on activation, normal T
cell expressed and secreted/CCL5) was observed to be higher in
11 anti-PD-1 treated patients with irAEs compared to the 21
patients without 4 weeks after treatment initiation, but not at
baseline (51).

Fujimura et al. reported a greater increase of soluble CD163
after 42 days of anti-PD-1 treatment in 22 patients with irAEs
compared to the 24 without, using enzyme-linked immunoassays
(ELISA) on serum (52). However, this seems to be mainly due to
3 patients with major increases, as sCD163 levels actually
decreased in half of the patients with irAEs. In fact, the
authors report a receiver operating characteristic (ROC) curve
in which the cut-off level of 21.3% is based on both increase or
decrease of sCD163 serum levels.

Autoantibodies
The observation that pre-existing autoantibodies are present in
patients with several specific types of irAEs has led to the
hypothesis that these play a role in modulation of irAE
pathogenesis (4). For example, increased anti-thyroid antibody
levels at baseline or during anti-PD-1 treatment were associated
February 2021 | Volume 10 | Article 585311
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with thyroid dysfunction in three studies (29, 30, 53). The study
of Maekura et al. included 64 anti-PD-1 treated NSCLC patients
of which serum thyroid peroxidase and thyroglobulin antibody
levels were determined with an electrochemiluminescence
immunoassay. Five patients developed hyperthyroidism, and
this was significantly and positively correlated to the presence
of thyroid peroxidase and thyroglobulin antibodies at baseline. A
second study by Kimbara et al. in 168 anti-PD-1 treated solid
tumor patients reported baseline thyroglobulin antibody levels to
be significantly correlated to later thyroid dysfunction after
multivariate analysis. However, no correlation of thyroid
peroxidase antibodies with thyroid dysfunction was observed
in this study. Anti-thyroid antibodies determined during
treatment have also been shown to correlate to thyroid
dysfunction occurrence. Osorio et al. studied 48 anti-PD-1
treated NSCLC patients and found that 80% of patients with
thyroid dysfunction (8 out of 10 patients) displayed anti-
thyroglobulin and/or anti-microsomal antibodies compared to
7.8% of patients who did not develop thyroid dysfunction (3 out
of 38 patients). Not all patients with anti-thyroglobulin
antibodies developed thyroid dysfunction during the study.
The majority of patients, 7 out of 11, who were positive for
anti-thyroglobulin antibodies developed these antibodies during
anti-PD-1 treatment. For six out of these seven patients,
antibody presence coincided with thyroid dysfunction onset.
Furthermore, Kurimoto et al. studied thyroglobulin and
thyroid peroxidase autoantibodies in 26 advanced malignancy
patients. Autoantibody levels were determined using an
electrochemiluminescence immunoassay. They observed that
levels of both autoantibodies showed a more significant
increase after four weeks of treatment in patients developing
irAEs compared to patients who did not develop irAEs (27).
Interestingly, these four studies identified predictive value of
anti-thyroid antibodies for irAE development at various time
points. Based on the presented data, the strongest predictive
value for this biomarker seems to be at baseline.

Various other autoantibodies have been associated with irAE
development. One study tested anti-BP-180 IgG (which is
associated with bullous pemphigoid) levels by means of ELISA.
The authors demonstrated that elevated baseline levels of these
antibodies were associated with skin irAEs, but not with irAEs in
general in 40 anti-PD-(L)1 treated patients included in the study
(31). Using ELISA, baseline anti-GNAL and elevation of both
anti-GNAL and anti-ITM2B antibodies during treatment were
shown to be associated with hypophysitis in 20 patients and anti-
CD74 antibodies with pneumonitis occurrence in 32 patients
with solid tumors (32). Finally, one study used a human
proteome array covering >19,000 human proteins to assess the
presence of autoantibodies against these proteins in serum
samples of 75 ICI-treated melanoma patients (33). This study
demonstrated a differential expression of autoantibodies in
patients with grade ≥3 irAEs compared to those with no or
mild irAEs for 914 autoantibodies in 37 anti-CTLA-4 treated
patients, for 723 autoantibodies in 27 anti-PD-1 treated patients,
and for 1161 autoantibodies in 11 combined anti-CTLA-4 plus
anti-PD-1 treated patients. Interestingly, there was only minor
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overlap in differential expression of autoantibodies in anti-
CTLA-4 versus combined and anti-PD-1 versus combined
therapy (99 and 54 autoantibodies respectively). Pathway
analysis on the protein antigen targets revealed involvement of
proteins associated with (auto)immunity. A support vector
machine (SVM) classification model was developed to classify
patients according to their risk of developing severe
immunotherapy-related toxicity based on specific antibody
levels in baseline sera. SVM model testing using “curated”
antibody lists with lower numbers of antibodies (n = 45 for
anti-CTLA-4, n = 25 for anti-PD-1, n = 575 for combination
treatment) revealed a high sensitivity (>0.89) and specificity
(>0.85) for all treatment groups.

Although autoantibodies have been found that correlate with
irAE development, the results certainly warrant further
investigation. Remarkably, the strongest correlation of specific
autoantibodies with irAE development was seen at baseline. It is
well known that organ-specific autoantibodies can be present
before onset of clinical symptoms of autoimmune diseases (70).
Therefore, patients who present with autoantibodies at baseline
might already be prone to develop autoimmune disease
irrespective of ICI treatment. Still, ICIs might accelerate the
development of immunological disease in these patients. The
study of Gowen et al. suggests that prediction models based on
baseline random antibody signatures could be further developed
as biomarkers to predict toxicity from immunotherapy.

Immunogenetics
Several single-nucleotide polymorphisms (SNPs) in immune-
associated gene loci and human leukocyte antigen (HLA) profiles
have been described to be associated with irAEs. Associations
with anti-PD-(L)1 related irAEs were found for SNPs in UNG,
IFNW1, IFNL4, PDCD1, PD-L-1 and CTLA-4, although this
could not be confirmed in a validation cohort (34, 35). Both these
studies used a different approach to find useful SNPs. The study
of Bins et al. composed an exploration cohort and a validation
cohort, both consisting of 161 NSCLC patients. They
investigated seven specific SNPs in the PDCD1, PTPN11,
ZAP70, and IFNG genes by means of DME Taqman allelic
discrimination assays. Specifically, the 804C>T SNP in the
PDCD1 gene was shown to correlate to increased risk of irAE
development. The other study by Refae et al. selected genes that
have been reported in literature to be of relevance for the
immune and/or cancer response, which resulted in 166 SNPs
in 86 genes. These were analyzed in 94 solid tumor patients with
a sequenom MassArray iPLEX assay. This resulted in association
of SNPs in UNG, IFNW1, IFNL4, PD-L1, and CTLA-4 with
grade ≥3 irAE development. In addition to these two studies,
Khan et al. recently published a retrospective analysis of clinical
trial data of 220 bladder cancer patients (36). By means of whole
genome sequencing they calculated polygenic risk scores for skin
autoimmunity and found that psoriasis-associated polygenic risk
scores were correlated to dermal irAE development (p < 0.05).

A recent study by Marschner et al. demonstrated microRNA-
146a to be of importance for irAE development (37). Mouse
models deficient for microRNA-146 showed a higher incidence
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of severe irAEs compared to wild type mice. In addition, severity
of irAEs in mice could be lowered by administering a
microRNA-146a mimic in vivo. Based on this finding, SNP
analysis was performed to identify the SNP rs2910164 (C>G),
which is known to decrease microRNA-146a expression, in 167
patients with solid tumors, who had been treated with anti–PD-1
or anti–PD-L1 antibodies. Patients with an rs2910164 CC
genotype and therefore decreased microRNA-146a expression
had a significantly higher risk of grade ≥3 irAEs development
compared to patients with a GC or GG genotype. Patients with
rs2910164 CC genotype also showed progression-free survival
and increased neutrophil counts both at baseline and during ICI
therapy. The frequency of the rs2910164 CC genotype in the
study population was low (7%), which was comparable to
previously published data in the European population (5%–
6%), whereas in Asians, the frequency might be higher (33%)
(71). Although the rs2910164 CC genotype was significantly
enriched in patients with grade 3–4 irAEs (17.9% versus 3.1% in
grade 0–2 irAEs), the majority of patients developed severe irAEs
without this genotype. Further studies have to be performed to
evaluate the use of this SNP as a biomarker.

HLA profiles have been linked to several autoimmune
diseases, such as ankylosing spondylitis (72). Four independent
studies reported on HLA profile and irAE development (38–41).
In a retrospective analysis of pooled clinical trial data of 450 anti-
CTLA-4 treated melanoma patients, Wolchok et al. did not
observe a significant association between HLA-A*02:01 profile
and irAE occurrence (38). However, this study did notice a trend
toward increased irAE frequency in HLA-A*02:01-positive
patients, although this was only observed in the subgroup of
patients treated with 3 mg/kg anti-CTLA-4. The second study
looked at HLA haplotyping by means of next generation
sequencing in a prospective cohort of 102 metastatic cancer
patients. HLA profiles did not correlate to all developed irAEs,
but specifically HLA-DRB1*11:01 was shown to be associated
with ICI-induced pruritis and HLA-DQB1*01:01 was associated
with colitis (39). Yano et al. performed a case-control study on 11
advanced cancer patients who developed ICI-induced adrenal
insufficiency. HLA haplotyping showed a positive association
between HLA-DR15 and pituitary irAE development compared
to a healthy control group. The study of Stamatouli et al. used a
reverse sequence-specific oligonucleotide HLA typing method in
23 patients with solid tumors who developed ICI-induced
diabetes. They reported the presence of HLA-DR4 in 76% of
these patients, which was significantly higher than in the general
population (17%) and in a population with type-1 diabetes
(42%). It is known that HLA-DR4 is associated with a higher
risk to develop diabetes type 1 (73). It is therefore not surprising
that patients expressing this HLA type have a higher risk to
develop type 1 diabetes after ICI treatment. Taken together, the
data show that certain HLA types might be predictive for a
specific irAE type. Since HLA types are associated with different
autoimmune phenomena and hence different irAEs, a single
HLA type might not serve as a good predictive biomarker for
development of irAEs.
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Microbiome
It has been well accepted that the microbiome impacts immune
homeostasis (74), and microbiome composition has been
demonstrated to impact ICI-efficacy (75–77). Two small
studies analyzed microbiome composition in relation to irAEs.
Dubin et al. prospectively analyzed the baseline microbiome
composition of 34 anti-CTLA-4 treated patients of whom 10
developed colitis using 16S rRNA and metagenomic shotgun
sequencing. They reported significantly increased fecal abundance
of Bacteroidetes phylum at baseline in patients without colitis (42).
Furthermore, they found a relative lack of pathways involved in
vitamin B synthesis in the patients who developed colitis. Looking
at the predictive accuracy of a four-module analysis identified by
machine learning, a 70% sensivity and 83% specificity was
reported. In another prospective analysis of 26 anti-CTLA-4
treated patients using 16S rRNA sequencing, a significantly
lower abundance of Bacteroidetes but higher abundance of
Firmicutes at baseline was reported in the nine patients who
developed ICI-associated colitis (23). Although the numbers of
patients with irAEs in these studies were small, the identification
of Bacteroidetes in both studies is remarkable and deserves further
validation in larger cohorts.

Other
Two studies have reported that baseline thyroid stimulating
hormone (TSH) was associated with thyroid dysfunction due
to anti-PD-1 or combined therapy, although cut-off values used
were different (30, 43). Among 168 anti-PD-1 treated patients,
Kimbara et al. observed that a baseline TSH level ≥5 µIU/ml was
significantly associated with thyroid dysfunction in a
multivariable model. Similarly, in 99 melanoma patients
treated with either anti-PD-1 monotherapy or combined with
anti-CTLA-4, Pollack et al. reported higher TSH levels at
baseline to be associated with thyroid dysfunction, although
they used a cut-off of 2.19 µIU/ml. Together and in line with
the autoantibody data, this suggests that some patients might
have had subclinical thyroid disease before the start of ICIs.

Soluble CTLA-4 has been reported to be associated with irAE
development at baseline (44). For this study, serum samples of
113 melanoma patients were collected at baseline and tested with
a soluble CTLA-4 specific ELISA. They demonstrated that high
baseline levels of soluble CTLA-4 of >200 pg/ml resulted in more
than three-fold increased risk of any irAE occurrence.

Retrospective analysis of clinical trial data by Shahabi et al. in
162 melanoma patients identified CD177 mRNA expression as a
potential biomarker (55). Gene expression profiling was
performed on whole blood samples at baseline and three and
six weeks after ICI treatment. They reported increased CD177
mRNA expression levels after three weeks of treatment to be
correlated with gastro-intestinal irAEs, when compared to
baseline and non-irAE patients. CD177 is a neutrophil marker,
which is upregulated during inflammatory responses with
neutrophil activation (55). However, only a minority of
patients developing grade ≥2 gastro-intestinal irAEs showed an
elevated mRNA expression of CD177. Therefore, CD177 has a
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low sensitivity for prediction of gastro-intestinal irAE development
that hampers its use as a biomarker.
DISCUSSION

This review presents an overview of suggested biomarkers in
patients undergoing ICI therapy. We conclude that thus far,
none of the proposed biomarkers has shown sufficient accuracy
in predicting or signaling irAEs to be of value for clinical practice.

Despite the substantial number of studies on irAE
biomarkers, some methodological issues in these studies thus
far limit their translation to clinical practice. Generally, the
number of patients at risk is low. With the minority of patients
developing severe irAEs, this results in low statistical power. As a
consequence, most studies focused on irAEs of any grade,
including low-grade irAEs, which are less reliably graded.
More importantly, the clinical significance of these biomarkers
is limited, because low-grade irAEs have fewer clinical implications.
Moreover, most analyses were performed retrospectively, and some
data are based on case series with their inherent risk of selection
bias. Measures indicating their predictive or diagnostic accuracy
(such as sensitivity and specificity, ROC analysis) were often not
reported. Furthermore, many studies regarding on-treatment irAE
biomarkers even lack the comparison with non-irAE patients,
making it impossible to analyze their accuracy. Lastly, validation
cohorts are lacking in most studies. Future prospectively designed
studies should be well powered and address these issues, in order to
advance the field.

In our search, we focused on studies reporting potential
blood-based, microbiome and immunogenetic biomarkers, but
did not include the more pathogenesis focused studies reporting
histopathological changes in irAE affected tissue, which could
evolve into diagnostic biomarkers in the future. The fact that we
only searched PubMed could be seen as a limitation. Although
we did not search on other databases such as Embase and
Cochrane, we do not expect to have missed articles, because
we assume that these articles would have been published in
journals which are included in the Medline database.

Reviewing the data, it is unlikely that one single biomarker
will be specific or sensitive enough to predict irAE development
accurately. Given the fact that there are several mechanisms
involved in this process (4) and considering the difference in
immunological set-up between patients, it is likely that a
combination of multiple biomarkers is needed. Pre-treatment
biomarkers should focus on risk stratification and the type of
treatment most suited to prevent occurrence of irAEs. A
combination of genetic markers (either DNA or RNA based),
characteristics of the microbiome and pre-clinical signs of
autoimmune disease like presence of autoantibodies or
expression of cytokines could be of added value herein. During
treatment, biomarkers are needed that distinguish between
potential irAE, infection or tumor progression and ideally
already indicate development of irAE before onset of clinical
symptoms. In this setting, a combination of markers that show a
Frontiers in Oncology | www.frontiersin.org 12236237
high dynamic range like RNA or protein expression together
with traditional inflammatory parameters, like CRP or blood cell
counts, seems more suited.

Moreover, as mentioned, biomarkers for anti-PD-(L)1 related
irAEs will probably differ from anti-CTLA-4 irAE biomarkers,
requesting sufficiently powered studies in these separate populations.
In analogy with the work of Bigot et al. who developed a score
predicting overall survival for patients receiving ICIs in phase 1
trials (78), a risk score for irAE development could be established.
Naturally, such a prediction model should be developed and
subsequently validated in separate patient cohorts with sufficient
power. The complexity of data generated with different methods,
i.e., genomics, transcriptomics, proteomics, and microbiome
analysis clearly requires new methods of data analysis. Machine
learning techniques could be of added value in this setting as have
been applied to predict cutaneous adverse events in patients
receiving anti–PD-1 immunotherapy (79).

The development of irAEs has been associated with improved
response to ICI treatment, as reviewed by Das & Johnson (80). In
line with this, some of the irAE biomarkers in this review have
also shown associations with ICI responses (18–22, 31, 37, 44).
This is not surprising, in view of the common underlying
mechanism of irAEs and anti-tumor responses (48). It is
important to consider that the patients at increased risk of
irAEs could also be the patients deriving the most benefit from
ICIs and that aggressive or early irAE management could
compromise ICI efficacy (81).

In conclusion, no single blood-based biomarker has been
identified to date that has the potential to accurately predict risk
of irAE development in patients undergoing ICI treatment.
Future prospective studies using standardized sampling and
analyses should be performed in well-powered cohorts and
focus on combinations of potential biomarkers that are
validated in separate cohorts. The overview of suggested
biomarkers in this review could be a starting point for further
research in order to develop a successful prediction method.
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APPENDIX 1: SEARCH STRATEGY

A search was conducted using PubMed with search terms for
immune checkpoint inhibitor therapy, immune-related adverse
events and biomarker (full search question below). The search on
PubMed yielded 3580 results on the 1st of July 2020, of which 35
were included in this review. Five other articles were obtained by
means of citation and by using the similar article function
on PubMed.

((toxicit*[Title/Abstract] OR (adverse[Title/Abstract] AND
(event [Title/Abstract] OR events[Title/Abstract])) OR irAE
[Title/Abstract])

AND
(PD-1[Title/Abstract] OR PD1[Title/Abstract] OR anti-PD1

[Tit le /Abstract] OR ant i-PD 1[Tit le /Abstract] OR
pembrolizumab[Title/Abstract] OR nivolumab[Title/Abstract]

OR
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PD-L1[Title/Abstract] OR anti-PD-L1[Title/Abstract] OR
anti-PDL1[Title/Abstract] OR durvalumab[Title/Abstract] OR
avelumab[Title/Abstract] OR atezolizumab[Title/Abstract]

OR
CTLA-4[Title/Abstract] OR CTLA4[Title/Abstract] OR

ipilimumab[Title/Abstract] OR tremelimumab[Title/Abstract]
OR cemiplimab[Title/Abstract] OR anti-CTLA-4[Title/
Abstract] OR anti-CTLA4[Title/Abstract] OR

Anti cytotoxic T-lymphocyte-associated protein 4[Title/
Abstract] OR anti-CD152[Title/Abstract]

OR
checkpoint inhibit*[Title/Abstract] OR immune checkpoint

[Title/Abstract])
AND
(predict*[Title/Abstract] OR associate*[Title/Abstract] OR

biomarker*[Title/Abstract] OR signal*[Title/Abstract] OR
increase*[Title/Abstract] OR decrease*[Title/Abstract]))
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Background and Aim: Poor response to immune checkpoint inhibitors (ICIs) has been
observed in most triple-negative breast cancer (TNBC) cases (around 80%). Our aim was
to investigate the status of mismatch repair (MMR), microsatellite instability (MSI),
programmed death-ligand 1 (PD-L1), and lymphocyte-activation gene 3 (LAG-3) in TNBC.

Methods: A total of 74 TNBC samples were retrospectively analyzed. MMR andMSI were
evaluated by immunohistochemistry (IHC) and polymerase chain reaction (PCR) using
Promega 1.2 and NCI panels, respectively. PD-L1, LAG-3, and CD8 expression was
assessed by IHC.

Results: None of the cases demonstrated deficient MMR (dMMR) or MSI. In total, 43/74
cases (58.1%) were PD-L1+, including 1 tumor PD-L1+, 25 tumor-infiltrating lymphocytes
(TILs) PD-L1+, and 17 cases involving concurrence of tumor and TIL PD-L1+. The rate of
TIL PD-L1+ was remarkably higher than that of tumor PD-L1+ (P<0.001). We identified 20
LAG-3+ cases (27.0%, 20/74), all of which were PD-L1+. Co-expression of PD-L1 and
LAG-3 was noted in 46.5% (20/43) of the PD-L1+ population. In the LAG-3+ subtype (co-
expression of PD-L1 and LAG-3), high correlation between TILs PD-L1+ and LAG-3+ was
observed (P<0.01). A high frequency of CD8+ (98.6%, 73/74) was observed.

Conclusion: dMMR/MSI characteristics may not be a practical predictive marker for ICIs
in TNBC. PD-L1+ is more common in TILs than in tumors. In the PD-L1+ population,
approximately half of the cases showed LAG-3 co-expression. For patients with a poor
response to PD-1(L1) mono ICI, dual blockade of PD-1(L1) and LAG-3 may be a viable
option for the management of TNBC.
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INTRODUCTION

Breast cancer (BC) is a heterogeneous disease. Molecular types,
essentially including luminal, human epidermal growth factor
receptor 2 positive (HER2+), and triple-negative, for which
clinical outcomes are closely tied to the corresponding treatment,
are categorized based on the status of estrogen receptor (ER),
progesterone receptor (PR), and human epidermal growth factor
receptor 2 (HER2). Unlike luminal (hormone receptor-positive) and
HER2+ (HER2-rich) patients, who benefit from endocrine therapy
and HER2-targeted therapy, respectively, cytotoxic chemotherapy is
the standard strategy for the advanced triple-negative (HER2-, ER-,
and PR-) cases, which account for 15%–20% of invasive BCs. The
exception is a small number of TNBC cases with BRCA gene
mutation (approximated 11-25%) that respond well to poly (ADP-
ribose) polymerase (PARP) inhibitors. In general, the prognosis of
triple-negative breast cancer (TNBC) is relatively poor, and the
tumors recur rapidly (1–3).

Programmed death-ligand 1 (PD-L1), which is a negative
regulator of T-cell activation, is expressed in many cancers. The
interaction of programmed cell death 1 (PD-1) and its ligand,
PD-L1, is known to act as a critical blockade pathway in
malignant tumors for regulating immune escape. Therefore,
exploring the mechanism of immune regulation involving the
PD-1/PD-L1 axis, innovating blocking drugs, and implementing
the related clinical practice has attracted a lot of attention among
researchers. Naturally, inhibitors of PD-1(L1) are expected to be
promising options for the treatment of TNBC (4, 5).

In the last two years, promising findings about the therapeutic
effects of anti-PD-1(L1) agents in TNBC have been published.
For example, the efficacy in patients who received atezolizumab
(a monoclonal antibody targeting PD-L1) plus chemotherapy
was significantly better than in those treated with chemotherapy
alone. Moreover, PD-L1+ patients had prolonged median overall
survival in advanced TNBC (6). Therefore, PD-L1 expression
detected by immunohistochemistry (IHC) was considered as one
of the most essential predictors for identifying potential
beneficiaries of PD-1(L1) checkpoint inhibitors, and these
inhibitors were approved by the US Food and Drug
Administration (FDA) (https://www.fda.gov/medical-devices/
vitro-diagnostics/list-cleared-or-approved-companion-
diagnostic-devices-vitro-and-imaging-tools/).

However, clinical response to PD-1(L1) blockers as a single-
drug therapy was quite limited, and sufficient benefit has not yet
been achieved in the majority of TNBC patients based on the
published data.

For example, in a phase I study of 116 patients with metastatic
TNBC (mTNBC) to whom atezolizumab was administered, the
objective response rates (ORRs) were 24% and 6% in first-line
and second-line or greater for patients, respectively, and the
ORRs were 12% and 0% for the PD-L1≥1% and <1% subgroups,
respectively (7). Likewise, in a phase II study, KEYNOTE-086, 84
cases of PD-L1+ mTNBC were enrolled in first-line therapy with
pembrolizumab (a PD-1 inhibitor). The ORR was 21.4% (8).
Most TNBC cases had no benefit from anti-PD-1(L1) agents.
Therefore, besides PD-L1 expression, it is important to
Frontiers in Immunology | www.frontiersin.org 2242243
investigate additional biomarker(s) to evaluate the efficacy of
immune checkpoint inhibitors (ICIs) such as anti-PD-1(L1) and
to determine which biomarker(s) may serve as indicator(s) for
the combination regimens (e.g. ICI plus ICI) other than ICI
plus chemotherapy.

Solid tumors with impaired DNA mismatch repair (MMR)
system {mainly including MLH1, PMS2, MSH2, and MSH6
molecules from which phenotype microsatellite instability
(MSI) was determined} responded well to ICI therapy (e.g.
pembrolizumab) due to the existence of mutation-related
neoantigens presumably derived from high tumor mutation
burden, which was recognized by the immune system and
triggered T-cell function upregulation. High concordance
between high-frequency microsatellite instability (MSI-H) and
deficient mismatch repair (dMMR) was revealed in colorectal
cancer in many investigations (9–11). Nevertheless, the available
results about MMR (conventionally detected by IHC) or MSI
{usually detected by polymerase chain reaction (PCR)} status in
TNBC are still limited and contradictory to the data compared to
colorectal and endometrial carcinoma (started with Lynch
syndrome research) for which there were relevant guidelines
for MMR and MSI detection. Although the frequency of dMMR
and/or MSI tumors in TNBC is very rare (0.04-1.8%), according
to some investigators, as much as 20.5% of homogeneous dMMR
and 9.1% of heterogeneous dMMR, 90% of which were
microsatellite stable (MSS) and showed highly discordant
results between IHC and PCR, have also been reported (12–
14). Faced with the current situation in which tumors with
dMMR/MSI-H obtained durable immune responses from ICIs
which were approved by FDA but had insufficient and contrary
findings about the molecular features, it is necessary to conduct
more studies on this pathway for searching other biomarkers that
can help identify patients who may potentially benefit from these
treatments (15).

With respect to investigating the biomarker(s) to assess the
efficacy of ICI via PD-1 (L1) blockade, a new checkpoint,
lymphocyte-activation gene 3 (LAG-3), which is an inhibitory
receptor expressed on activated T lymphocytes and down-
regulates T cell-mediated immune response via LAG-3/MHC
class II (ligand of LAG-3) interaction, has been the focus of
recent research. Upregulated LAG-3 expression has been
observed in some malignant diseases. Effector T lymphocytes
were energized by blocking LAG-3 based on previous
investigations. In addition, co-expression of PD-L1 and LAG-3
was identified in approximately 50% of PD-L1+ cases that were
estrogen receptor-negative (16). Therefore, LAG-3-mediated
immunosuppression was exhibited depending on the biological
behavior of LAG-3 exposure. It is inferred to be a potential
prospect for interdicting LAG-3 and exploring the combination
of anti-PD-1(L1) and anti-LAG-3 strategies. From the available
data, the responsiveness to PD-1(L1) inhibitor was improved
when the dual inhibition immunotherapeutic strategy, anti-PD-1
(L1) plus anti-LAG-3, was applied (17, 18). Furthermore, trials
focusing on the evaluation of clinical response to LAG-3
suppressor (IMP321, a recombinant soluble LAG-3Ig fusion
protein) plus chemotherapy (paclitaxel) in BCs (e.g.,
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NCT00349934) as well as IMP321 plus pembrolizumab in
advanced solid tumors (e.g., NCT2676869), were carried out,
respectively (19). Based on the findings described, examination
of the LAG-3 expression and co-expression of PD-L1 as well as
elucidation of the tumor microenvironment referring to
immunotherapeutic resistance to anti-PD-1(L1) were all
extremely valuable for adopting suitable immunologic treatment
and improving the clinical effect of anti-PD-1(L1) therapy
in TNBC.

Additionally, presence of cytotoxic CD8+ T cells has been
found to indicate a favorable prognosis. High-frequency
expressions of PD-L1 and tumor infiltrating lymphocytes (TILs)
were distinguished, and CD8+ TILs attracted further attention in
TNBC, although very few related studies have been conducted (12,
20). Consequently, the meaningful association between CD8+
TILs and the predictive markers of response to ICIs need to be
assessed in combination and stratified precisely.

Our purpose was to evaluate the status of MMR/MSI, PD-L1,
LAG-3+ TILs, and CD8+TILs and to survey the relationship
between these markers in TNBC.
MATERIALS AND METHODS

Patients and Specimens
A total of 74 formalin-fixed paraffin-embedded specimens from
primary and metastatic triple-negative invasive breast cancers,
including 62 invasive breast cancers of no specific type cases and
12 invasive lobular carcinoma, archived in Peking Union
Medical College Hospital between December 2015 and
December 2018 were enrolled in the study. The ER, PR, and
HER2 status were identified using protein expression and gene
amplification by IHC (ER, PR, and HER2) and fluorescent in situ
hybridization (FISH, reflex HER2 testing for IHC equivocal
samples) assays along with the conventional histopathological
diagnosis. The clinicopathological characteristics of the patients
are listed in Table 1. This retrospective study was approved by
the Institutional Review Board of Peking Union Medical College
Hospital and was performed in accordance with the Declaration
of Helsinki and the ethical standards for medical research
involving human participants.

MMR Protein Expression Detection by IHC
IHC staining was conducted to assess the expression of four
MMR proteins, MLH1, MSH2, MSH6, and PMS2 on 4 mm
formalin-fixed paraffin-embedded slides. According to the
manufacturer’s protocols, primary monoclonal antibodies
against MLH1 (clone M1), MSH2 (clone G219-1129), MSH6
(clone SP93), and PMS2 (clone A16-4) were used based on
Ventana BenchMark autostainer (Ventana Medical System, Inc.,
Tucson, AZ, USA). dMMR was considered when any of the four
MMR proteins were completely absent in the nuclear staining of
tumor tissue, while concurrent positive benign cells were found
in adjacent tissues, and intact IHC staining of these four
antibodies was classified as proficient MMR (pMMR)
according to the interpretation criteria described previously
(21). For the pMMR subtype, MLH1, PMS2, MSH2, or MSH6
Frontiers in Immunology | www.frontiersin.org 3243244
protein was scored as high if IHC staining was found in more
than 50% of tumor cells according to a previous study (22).

Intrinsic Subtype Stratification by IHC
and FISH
The expression of ER, PR, and HER2 proteins was evaluated on
4mm thick tissue sections by IHC using Ventana BenchMark
automated immune stainer with antibodies of SP1, IE2, and 4B5
clones (Ventana Medical System, Inc., Tucson, AZ, USA),
respectively, according to the manufacturer’ s instructions. The
tumors were classified as positive for ER or PR if immunoreactivity
was found in ≥1% of tumor cell nuclei, according to ASCO/CAP
recommendations for immunohistochemical testing of ER and PR
in BC (23). HER2 status was detected by IHC in the initial
examination, followed by FISH testing for IHC equivocal cases.
FISH was performed on 4 mm sections using the Thermo-Brite
Elite automated FISH slide prep system (Leica, Richmond, CA,
USA) with a PathVysion HER2 DNA probe kit (Vysis/Abbott,
Abbott Park, Illinois) as the standard protocol. HER2 IHC and
FISH slides were scored according to the ASCO/CAP HER2
testing guidelines: IHC 0, 1+, 2+, and 3+ were determined. IHC
0 and IHC 1+ were classified as HER2-negative, and IHC 3+ was
classified as HER2-positive. IHC 2+ was considered as HER2
equivocal and was further confirmed by FISH assay. HER2 FISH
positivity was determined when the ratio of HER2/CEP17 ≥2.0 or
the average HER2 signal/tumor cell ≥6.0, with a ratio of HER2/
CEP17 <2.0; FISH negative was identified when the ratio of HER2/
CEP17<2.0 (24). TNBC was defined as ER-, PR-, and HER2- (25).

MSI Detection by PCR With Two
MSI Panels
MSI was measured using a Veriti DX 96-well PCR thermal cycler
(Applied Biosystems, Foster City, CA, USA) for PCR assay with
two panels of microsatellite markers {Promega 1.2: BAT-25,
BAT-26, NR-21, NR-24, and MONO-27; National Cancer
Institute (NCI): BAT25, BAT26, D2S123, D5S346, and
D17S250}, respectively, and a 3500 Dx Genetic Analyzer
TABLE 1 | The clinicopathologic characteristics of 74 patients with TNBC.

Characteristics Number of patients Percent (%)

Gender
Female 74 100.0
Male 0 0.0
Age
<50 30 40.5
≥50,<60 21 28.4
≥60,<70 15 20.3
≥70 8 10.8
Degree of tumor differentiation
High 3 4.1
Middle 32 43.2
low 39 52.7
Distant metastases
0 52 70.3
1 22 29.7
Tumor size
≤2cm 43 58.1
≤5cm,>2cm 25 33.8
>5cm 6 8.1
Fe
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(Applied Biosystems, Foster City, CA, USA) for PCR product
detection after DNA extraction from formalin-fixed paraffin-
embedded tumor tissue and paired peritumoral benign tissue.
The sample was considered to be microsatellite unstable if there
was a shift of three base pairs in the tumor allele compared with
normal tissue. MSI-H, MSI-L (low-frequency microsatellite
instability), and MSS were distinguished when two or more,
one, and no unstable markers were observed, respectively (26).

PD-L1, LAG-3, and CD8 Protein
Expression Testing by IHC
IHC staining of three antibodies, including PD-L1 (clone E1L3N,
dilution 1:200; Cell Signaling Technology, MA, USA), LAG-3 (clone
D2G40, dilution 1:150; Cell Signaling Technology, MA, USA), and
CD8 (clone 4B11, Leica, Newcastle upon Tyne, UK) were carried
out using the DAKO EnVision method on 4 mm sections according
to the manufacturers’ protocols, respectively. Positive PD-L1
expression was interpreted when there was membranous staining
with or without cytoplasmic staining of any intensity in ≥1% of
tumor cells or immune cells as described previously (12). LAG-3
and CD8 were respectively defined as positive when there were intra
tumoral and peri-tumor stromal lymphocytes with any
immunoreactivity in ≥1% or in ≥10% of the entire tumoral area
according to published studies and the recommendations of the
International TILs Working Group (12, 27).

Statistical Analysis
The data were analyzed using SAS version 9.4 software.
Significance was considered at a P-value < 0.05.
RESULTS

MMR and MSI Status
Four MMR proteins, MLH1, MSH2, MSH6, and PMS2, were
homogenously expressed in all samples; all were pMMR. No
heterogeneous expression was observed in our cohort. Except for
one sample with low-expressed MLH1 and two samples with
low-expressed PMS2, high expression of MMR proteins in all
other cases was determined (Table 2). MMR protein expression
is listed in Figure 1. Tumors with dMMR were not found in the
series. All samples showed MSS detected by Promega 1.2 and
NCI panels (Figure 2). There were no cases of MSI-H or MSI-L
(Table 3).
Frontiers in Immunology | www.frontiersin.org 4244245
PD-L1, LAG-3, and CD8 Expression
In 43 of the 74 cases (58.1%) PD-L1 expression was identified,
including 1 case (1.4%, 1/74) with tumor PD-L1+, 25 cases
(33.8%, 25/74) with TIL PD-L1+, and 17 cases (23.0%, 17/74)
with tumor and TIL co-expression of PD-L1, respectively. The
rate of PD-L1+ TILs was remarkably higher than that of PD-L1+
tumors (P<0.001).

From the perspective of expression level, 18 cases (24.3%, 18/
74) with tumor PD-L1+ (the proportion of positive cells was 1%–
80%) were observed, including 16 cases (88.9%, 16/18) of low-
level expression (≥1% and <50%) and two cases (11.1%, 2/18) of
high-level expression (≥50%). In another subtype, 42 cases
(56.8%, 42/74) with TIL PD-L1+ were determined (the
proportion of positive cells was also 1%–80%), including four
cases (9.5%, 4/42) of low-level expression (1%) and 18 cases
(42.9%, 18/42) of high-level expression (≥50%). In summary,
PD-L1 was predominantly expressed in immune cells, most of
which showed high-level expression.

We recognized 20 cases with LAG-3 expression (27.0%, 20/
74) with a 1%–30% proportion of positive lymphocytes,
including seven cases (35.0%, 7/20) of high-level expression
(≥10%). The LAG-3 positive samples were PD-L1+ (the
frequency of PD-L1 and LAG-3 co-expression was 27.0%, 20/
74), which accounted for 46.5% (20/43) of all PD-L1+ cases. In
the LAG-3+ subtype, 10 cases (50%, 10/20) had TIL PD-L1+,
nine cases (45%, 9/20) showed concurrence in tumor and
immune cells for PD-L1 expression, and 1 case (5.0%, 1/20)
showed tumor PD-L1+ only. In the LAG-3+ subgroup, TIL PD-L1
expression was also dramatically higher than tumor PD-L1
expression. The high correlation between TIL PD-L1 expression
and LAG-3 expression was explored (P<0.01). In brief, all LAG-3+
cases expressed PD-L1 simultaneously. Most samples with
concurrence of PD-L1+ and LAG-3+ were of TILs PD-L1+ or
concurrence of TILs and tumor PD-L1+.

Apart from one CD8- case (also PD-L1- and LAG-3-), high-
frequency CD8 +was exhibited (98.6%, 73/74) with 20-90% positive
cell proportion, including 64 cases (86.5%, 64/74) moderate or more
level (≥50%) of expression, and 14 cases (18.9%, 14/74) of high-level
expression (≥90%). CD8+ with high-level expression was a
common feature in our patients (Figure 3).

In addition, these samples possessed 5%–90% Ki67 index,
including 50 (67.6%, 50/74) cases with high proliferation index
(Ki67≥30%). The proportion of high Ki67 index in the PD-L1+
and PD-L1- subgroups was 88.4% (38/43) and 38.7% (12/31),
respectively. In the subgroup of concurrent PD-L1+ and LAG-3+,
18 cases had high Ki67 index (90.0%, 18/20), except for two cases
with low expression of Ki67 (5% and 25%) (Figure 4).
DISCUSSION

With the increasing application of immune components in solid
tumors, the detection of potential TNBC patients who could
benefit by receiving ICIs warrants further research. Therefore, it
is important to explore the incidence of TNBC with dMMR/
MSI-H features, which is a predictive marker approved by the
TABLE 2 | MMR protein expression levels in the study cohort.

MMR protein expression by IHC

Average (range) n

MLH1 88.1%(30-90) High
Low

73
1

PMS2 83.4%(30-90) High
Low

72
2

MSH2 88.8%(70-90) High
Low

74
0

MSH6 89.9%(80-90) High
Low

74
0
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FDA for solid tumors treated with ICIs (pembrolizumab), and it
is also vital to identify TNBC with dMMR/MSI-H or for drafting
some recommendations of immune biomarkers in the future,
although this indication of ICIs is not used in China to date.

In our series, all cases were pMMR, and no dMMR samples
were found. The IHC results were confirmed by both Promega
1.2 and NCI panels, and MSS status were disclosed for all
samples. IHC and PCR showed high consistency. Our findings
corroborated the reports that dMMR and/or MSI were rare
events (<1.0%) in TNBC (13, 28). Recently, MMR gene
variation in 963 cases of invasive breast cancer in TCGA (The
Cancer Genome Atlas) was evaluated by a research team. They
confirmed a low incidence of MMR deficiency, reporting that
2.9% of specimens harbored any mutation in at least one of the
MMR genes (MLH1, PMS2, MSH2, and MSH6) as well as a low
frequency of driver mutation as compared to colorectal cancer
(29). In our pMMR subgroup, majority of cases with highly
expressed MMR proteins were found. Only one case with low-
expressed MLH1 and two cases with low-expressed PMS2 were
exposed. In a previous study, dMMR was observed in 0.4% (1/
285) of breast cancer cases, which were TNBC cases with loss of
MLH1 and PMS2 proteins (29). In another recent study
including 63 TIL-high TNBC cases from Japan, MSS was
identified in all samples, and only one dMMR case with loss of
MLH1 and PMS2 was reported (22). Low or loss of MLH1 and
PMS2 protein expression might often occur in TNBC patients
based on our results and the published data available. Low-
expressed PMS2 protein was also observed in one out of 10 cases
of colorectal cancer in our previous study cohort, and other
Frontiers in Immunology | www.frontiersin.org 5245246
MMR proteins were all highly expressed in all samples (data not
shown) (26). The potential biological implications of this process
remain to be explored further. We used the IHC detection system
approved by the FDA for Lynch syndrome test (https://www.fda.
gov/medical-devices/vitro-diagnostics/nucleic-acid-based-tests)
and two accepted conventional MSI panels (Promega 1.2 and
NCI) to reduce approach bias. Similar to the findings from the
literature mentioned above, we did not find a high discordance
between MMR protein expression by IHC and MSI status by
DNA testing (NCI panel), which has been reported previously
(14). Although, a study declared that the hormone receptor-
positive BC possessed a similar rate of dMMR as TNBC patients
(17% vs. 20%), which was also noted, response rates from PD-1
inhibitors (e.g., avelumab, an anti-PD-L1 antibody) was
obviously lower than that of TNBC (14, 30). Hence, screening
of TNBC patients who benefit from ICIs has been brought into
focus relatively so far.

Our data showed homogeneous pMMR staining and
consistent results between IHC and PCR for MMR and MSI
measurement, respectively, suggesting that the two methods
could be used interchangeably in TNBC notwithstanding no
infrequent dMMR/MSI-H or MSI-L cases in our cohort for
conclusively verifying our view. Our results of IHC (whole
slide staining) were different from a tissue microarray (TMA)
cohort study in which 6.9% of TNBC cases with complete MMR
loss were presented (12). These differences between the two
studies were probably caused by different IHC antibody clones
and sample types. Two out of 228 cases (0.9%) were found to
harbor MSI-H in TNBC via the same analysis system (Promega
FIGURE 1 | MLH1, PMS2, MSH2, and MSH6 protein expression in 74 triple-negative breast cancer (TNBC) samples.
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FIGURE 2 | Representative images from pMMR/MSS triple-negative breast cancer (TNBC) in our cohort. The four MMR proteins (MLH1, PMS2, MSH2, and MSH6)
(X200) all showed intact immunohistochemistry (IHC) staining. The microsatellite markers presented MSS both by Promega 1.2 and NCI panels. Promega 1.2 panel:
BAT-25, BAT-26, NR-21, NR-24, and MONO-27; NCI panel: BAT25, BAT26, D2S123, D5S346, and D17S250.
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1.2) as ours, which was reported by another research team. IHC
was supported for MMR assessment by some researchers despite
being unchecked by MSI assay (28, 31). Consequently, adequate
experience of detecting MMR/MSI in TNBC is still required.
Despite PD-1(L1) ICIs (such as pembrolizumab) targeting
dMMR/MSI-H tumors, the beneficiary was not preselected
using this immune biomarker because of the rare event in
TNBC. The exploration should be focused on other effective-
related biomarkers of ICIs.
Frontiers in Immunology | www.frontiersin.org 7247248
Currently, PD-L1 expression is considered to be one of the
most important markers for predicting ICI effect. The data from
clinical settings remain limited because ICIs (such as
atezolizumab) are not currently used as first-line therapy for
TNBC in China. A study involving 228 cases mentioned above
showed that 39.5% of Japanese TNBC expressed tumor PD-L1
(same E1L3N and cutoff values as in our study), but immune cell
PD-L1 status was not evaluated (28). Moreover, a Chinese team
demonstrated that PD-L1+ (using E1L3N with 5% cutoff)
accounted for 25.74% and 30.79% in tumor cells and
lymphocytes, respectively, in primary TNBC (32). We
identified 58.1% of cases with PD-L1+, including only 1 tumor
PD-L1 expression (1.4%, 1/74), which was much lower than the
positive rate in lymphocytes (33.8%, 25/74). This tendency was
similar to another study on 119 cases of TNBC that reported
64.4% of TILs and 0% of tumor cell PD-L1+. Accordingly, they
revealed that TNBC had a higher PD-L1 expression rate than
TABLE 3 | MSI status detected by Promega 1.2 and NCI panels.

MSI status by Promega 1.2

MSI-H MSI-L MSS

MSI-H 0 0 0
MSI status by NCI MSI-L 0 0 0

MSS 0 0 74
FIGURE 3 | Case no. 74 (A–C) showed tumor programmed death-ligand 1 (PD-L1)+, tumor-infiltrating lymphocytes (TILs) PD-L1+, lymphocyte-activation gene 3
(LAG-3)+, and CD8+ with 80%, 10%, 30%, and 70% positive cells, respectively (X200). (A) PD-L1 staining with clone E1L3N (A1. tumor PD-L1+/partial TILs PD-L1+;
A2. TILs PD-L1+); (B) LAG-3 staining with clone D2G40; (C) CD8 staining with clone 4B11; Case no. 46 (D–F) showed tumor PD-L1+, TILs PD-L1-, LAG-3+, and CD8+
with 80%, 0%, 1%, and 90% positive cells respectively (X200). (D) PD-L1 staining with clone E1L3N (D1. tumor PD-L1+/TILs PD-L1-; D2. TILs PD-L1-); (E) LAG-3
staining with clone D2G40; (F) CD8 staining with clone 4B11; Case no. 34 (G–I) showed tumor PD-L1-, TILs PD-L1+, LAG-3+, and CD8+ with 0%, 10%, 10%, and
70% positive cells respectively (X200). (G) PD-L1 staining with clone E1L3N (G1. tumor PD-L1-; G2. TILs PD-L1+); (H) LAG-3 staining with clone D2G40; (I) CD8 staining
with clone 4B11.
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HER2+ BC (75.2% vs16.8%), which validated the findings
published previously (12, 33). In addition to PD-L1 commonly
expressed on immune cells, in which PD-L1 expression (≥ 1%,
with any intensity) was determined as a sensitive marker for
evaluating TNBC response to ICI (Impassion 130 study) (34).
Our data supported TNBC patients as a potential population
who benefited from ICIs and indicated the need to focus on PD-
L1 status in immune cells.

Available evidence indicates that the level of TILs, which are also
important biomarkers for immunotherapy in TNBC, was much
Frontiers in Immunology | www.frontiersin.org 8248249
higher than in other subtypes, among which cytotoxic CD8+
lymphocytes were considered as independent markers of favorable
prognosis in TNBC (35, 36). Vihervuori et al. reported that when
the cutoff was ≥10%, ≥50%, and ≥90%, the CD8+ rates in the tumor
center and invasive front of the tumors were 54% vs. 53.5%, 8.2% vs.
8.8%, and 0 vs. 0, respectively (37). A meta-analysis demonstrated
that a high number of TILs would predict prolonged overall survival
(OS) regardless of TIL location (intratumoral or stromal), total TILs,
or CD8+ TILs (38). Thus, in the current study, we scored
fashionable CD8+ immune cells, including intratumoral and
FIGURE 4 | The status of programmed death-ligand 1 (PD-L1), lymphocyte-activation gene 3 (LAG-3), CD8 and Ki67 index in our series.
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stromal infiltrating lymphocytes. The frequency of CD8+ (≥10%) T
cells was up to 98.7%, among which the samples with CD8+ cells
≥50% and ≥90% were 87.8% and 18.9%, respectively. The different
findings between our study and previous studies need to be
further analyzed.

However, the response rates from ICIs (especially
monotherapy) are usually lower because the tumor
microenvironment is quite heterogeneous and have
complicated interactions with biological factors that are less
known. Several inhibitory checkpoints have been recognized
and are being tested as promising new targets for cancer
immunotherapy in addition to PD-1 (L1) blockade, including
LAG-3, TIM-3 (T cell immunoglobulin and mucin domain-
containing molecule-3), and TIGIT (T cell immunoreceptor
with immunoglobulin and immunoreceptor tyrosine-based
inhibitory motif domain) are highly anticipated (39). LAG-3 is
considered the paramount target next to PD-1. At least 13 anti-
LAG-3 reagents have been developed to date (40).

LAG-3 was found to be upregulated in some epithelial
cancers. In addition, LAG-3 and PD-L1 showed synergism in
T-cell action regulation causing immune resistance (17, 41).
Inhibition of LAG-3/MHCII interaction with targeted reagents
(such as IMP321) was found to activate tumor-related CD8
expression and produce cytokines (42–44). Furthermore,
overexpression of LAG-3 was inferred to be one of the causes
of poor response to PD-1(L1) ICIs in cancers. According to the
reports, the clinical benefit of combining anti-LAG-3
(relatlimab) and anti-PD-1 (nivolumab) was observed for
melanoma patients with progressive disease during prior
nivolumab monotherapy, and the objective response rate
(ORR) was 3 fold higher in patients with LAG-3 positive than
in LAG-3 negative patients (45, 46). Semblance of LAG-3+ TILs
may be a predictor of existing cancer–immune interaction and
present an inflamed tumor, which indicates a better prognosis. In
a phase I/II study (NCT02460224), LAG525 (an anti-LAG-3
reagent) plus spartalizumab (an anti-PD-1 reagent) showed a
durable response in solid tumors including TNBC (47). In a BC
study with TMA samples, 53% of PD-L1+ cases expressed LAG-
3, and the proportion of concurrent LAG-3+ and CD8+, and PD-
L1+ and CD8+, were 26% and 18%, respectively (data on TNBC
were not available). In addition, compared with other subtypes,
basal-like BC possessed more LAG-3+ cases (33%). They
suggested that this may be significant for evaluating ICI anti-
tumor activity in relevant clinical trials via stratification of PD-
L1 + and double-positive PD-L1 and LAG-3 (16). In our
specimens, we recognized 27.0% of LAG-3+ cases in TNBC,
meaning that 46.5% of cases had concurrent PD-L1 and LAG-3
expression and high Ki67 index for most cases in the PD-L1+
subgroup. Our findings were consistent with those reported
previously for BC. In summary, studies on the biological and
clinical significance of LAG-3 in TNBC are extremely limited.

As mentioned above, like LAG-3, upregulation of TIM-3 or
TIGIT is also associated with an immune resistance mechanism
(39). Relevant data from a large cohort study strongly supported
TIM-3 as a prospective target for BC immunotherapy based on
their finding that 28% basal-like breast cancers and 18% non-
Frontiers in Immunology | www.frontiersin.org 9249250
basal TNBC possessed TIM-3 expression in intra-epithelial TILs
(iTILs), respectively, and TIM-3 + iTILs significantly correlated
with PD-1, LAG-3, and PD-L1 expression in BC (48). Several
anti-TIM-3 agents are currently being used in clinical trials. The
preliminary data showed 20% tumor regression from a phase 1
study of LY3321367 (an anti-TIM-3 antibody) monotherapy or
in combination with LY3300054 (an anti-PD-L1 antibody) (49).
TIGIT is another promising immune therapeutic target. Blocking
TIGIT or its ligand poliovirus receptor leading to enhanced anti-
tumor effects was observed in HER2 positive BC and TNBC cell
lines (50). In a study of 10 fresh tumor samples from untreated
TNBC patients, TIGIT overexpression was found in CD8+ and
CD4+ TILs, and highly expressed TIGIT and its ligands (CD155
and CD112) were discovered in tumor cells and antigen-
presenting cells (51). These data indicate that anti-TIGIT is a
potentially valuable therapeutic approach for BC treatment. In a
first-line therapy for non-small cell lung cancer, atezolizumab
plus tiragolumab (an anti-TIGIT antibody) showed superior
clinical efficacy as compared with anti-PD-L1 therapy alone
recently (52). Therefore, dual PD-1(L1) and TIGIT blockade
might be a promising option. However, TIM-3 and TIGIT
targeting are still early in clinical research, and few reports of
the therapeutic efficacy of anti-TIGIT or anti-TIM-3 including
combinatorial therapies (TIGIT ICI or TIM-3 ICI plus PD-1(L1)
ICI) are available in breast cancer to date. Furthermore, detailed
mechanisms of anti-tumor immunotherapy, including blocking
PD-1(L1), LAG-3, TIM-3, and TIGIT, are still unclear and
require further research.

In conclusion, we retrospectively analyzed MMR, MSI, PD-
L1, and LAG-3 status in TNBC. None of the cases demonstrated
dMMR or MSI, as detected by authentic IHC assay and MSI
panels, respectively. This indicates that potential beneficiaries of
PD-1(L1) ICIs may not be preselected by these markers. All cases
enrolled in the current study exhibited a high frequency of PD-
L1+ and CD8+. Compared to tumors, PD-L1 expression in
lymphocytes was more common and more attractive to
investigators. Furthermore, in the PD-L1+ population,
approximately half of the samples had PD-L1+ and LAG-3 co-
expression, which symbolized the synergism of PD-L1 and LAG-
3 in TNBC. For patients with poor responsiveness to PD-1(L1)
mono immunotherapy, the possibility of benefiting from dual-
blockading PD-1 and LAG-3 may not be neglected. It is
worthwhile to further understand the significance of LAG-3
in TNBC.
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Therapy in Patients Aged 75 Years or
Older: A Study-Level Meta-Analysis
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Recent trials have shown a promising anti-tumor activity for advanced cancer patients
treated with PD-1/PD-L1 inhibitors; however, little is known on the use of PD-1/PD-L1
inhibitors in adults over 75 years of age. Here, we performed a study-level meta-analysis to
compare the efficacy of anti-PD-1/PD-L1 agents between elderly (≥ 75 years) and non-
elderly (< 75 years) patients. In the present study, we systematically reviewed phase 2/3
trials of PD-1/PD-L1 inhibitors of advanced solid tumors that reported treatment effect
(hazard ratio [HR]) in patients based on age (≥ 75 years vs. < 75 years) and set anti-PD-1/
PD-L1 monotherapy or combinational therapy as experimental arm. The HRs of OS and
progression-free survival (PFS) are based on random-effect models. Overall, a total of
eight qualifying trials comprising 5,393 subjects were included for meta-analysis, and 472
patients (8.8%) were aged 75 years or older. The overall estimated HR for OS was 0.70
(0.62–0.79) in patients < 75 years vs. 0.94 (0.67–1.30) in patients ≥ 75 years. Anti-PD-1/
PD-L1 agents improved OS of melanoma patients in both elderly (HR 0.25 [0.10-0.60])
and non-elderly (HR 0.49 [0.33–0.71]) group. The OS difference in the efficacy of PD-1/
PD-L1 inhibitors between elderly and non-elderly patients was significant (P = 0.043 for
interaction). The overall estimated HR for PFS was 0.77 (0.60–1.00) in patients < 75 years
vs. 0.97 (0.60–1.58) in patients ≥ 75 years. Therefore, with the exception of melanoma,
elderly patients (≥ 75 years) could not benefit from the anti-PD-1/PD-L1 agents in survival,
and toxicity profile of anti-PD-1/PD-L1 drugs should be explored in this population.
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INTRODUCTION

Recently, the advent of immune checkpoint inhibitors (ICIs) has
tremendously revolutionized the landscape of cancer treatment.
Monoclonal antibodies targeting the programmed cell death 1
(PD-1) or its ligand, programmed death ligand 1 (PD-L1), have
been demonstrated to induce remarkable survival outcomes in a
wide range of advanced malignancies (1–10). So far, the FDA has
approved anti-PD-1/PD-L1 agents and their combinations for
treatment of more than 13 cancer types and mismatch repair
deficiency or microsatellite instable-high solid tumors (11).
However, although cancer predominantly affects older adults
(12), there is a lack of consensus on the efficacy of anti-PD-1/PD-
L1 immunotherapy in this geriatric population (13).

It had been reported that aging is accompanied by decreased
or dysregulation of immunity (14–16), which can theoretically
blunt the efficacy of the PD-1/PD-L1 inhibitors. There have no
prospective clinical trials focused specifically on the use of PD-1/
PD-L1 inhibitors in elderly patients, which was mainly due to
concerns about the safety profile. Elias et al. (17) also reported
that PD-1/PD-L1 inhibitors had similar therapeutic effect in
younger and older patients, with an age cutoff of 65 years. With
the aging of society, average human lifespan has dramatically
increased across the globe (12), with life expectancy higher than
75 years, and the therapeutic effect of PD-1/PD-L1 inhibitors in
patients aged 75 years or older was still unknown. Therefore, we
conducted a study-level meta-analysis to compare the efficacy of
anti-PD-1/PD-L1 agents between elderly (≥ 75 years) and non-
elderly (< 75 years) patients.
METHODS

Search Strategy and Study Selection
This study was conducted in compliance with Cochrane
Handbook for Systematic Reviews of Interventions
recommendations and was reported based on Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement guidelines (18).

We conducted a comprehensive systematic search of Medline
(PubMed), Embase, ClinicalTrials.gov and Cochrane Library
databases from inception to November 2019 using the
following key words: “pembrolizumab” , “nivolumab”,
“avelumab”, “atezolizumab”, “durvalumab”, and “immune
checkpoint inhibitor”, limiting to phase 2 trials and phase 3
trials. The 2019 ASCO meeting and 2019 ESMO congress were
also searched for the additional studies. The terms of the search
strategy were shown in Doc S1 (Supplementary Materials). The
clinical trials should meet the following criteria: (1) phase 2 and
phase 3 randomized controlled trials (RCTs) of advanced solid
tumors; (2) studies that assigned participants to PD-1/PD-L1
inhibitors or non-PD-1/PD-L1 inhibitors, and set anti-PD-1/
PD-L1 monotherapy or combinational therapy as experimental
arms; (3) subgroup comparisons of overall survival (OS) using a
hazard ratio (HR) based on the age (≥ 75 years versus < 75 years).
Two independent authors (RCN and YFL) screened the titles and
Frontiers in Oncology | www.frontiersin.org 2253254
abstracts of the reports to identify the potential articles, and then
assessed the eligibility of the full texts of these relevant articles.
The references of the relevant trials were also reviewed through
hand-searching strategy.

Data Extraction
Two reviewers (RCN and YFL) extracted the following data: first
author’s name, study number, accrual period, phase of study,
included population, line of therapy, treatment strategy, number
of patients by age, median follow-up duration, HR for OS and for
progression-free survival (PFS) based on the age. The
discrepancies in the literature search and data extraction were
resolved by consensus.

We also used the MSKCC immunotherapy cohort (19) to
further explore the tumor mutation burden (TMB) and survival
outcomes according to the age through cBioPortal website
(https://www.cbioportal.org/). We extracted the data of anti-
PD1 monotherapy or combination therapy of the specified
cancer types that were included in the meta-analysis.

Data Synthesis and Analysis
In our study, the primary outcome was to evaluate OS between
elderly and non-elderly patients treated with PD-1/PD-L1
inhibitors. The secondary outcome was to compare the PFS
between elderly and non-elderly patients. The measures of OS
and PFS were quantified by the HR with the corresponding 95%
confidence intervals (CI). The heterogeneity among trials was
examined using Cochran Q statistic, and quantified by I2 index.
The heterogeneity was considered significant for P < 0.1 and I2 <
50%. All the pooled HR of this meta-analysis was calculated
through random effects model because of the potential
heterogeneity among the included trials. For studies that
reported the HR estimates for < 65 and 65–75 years separately,
we combined the estimate (< 75 years) using a random effects
model. An interaction test was used to evaluate the heterogeneity
of efficacy between subgroups, which was expressed as P for
interaction to quantify the potential publication bias. Regarding
the MSKCC immunotherapy cohort, TMB and OS based on the
age were compared by t-test and log-rank test, respectively. All
the statistical analyses were performed using Stata version 13.0
(StataCorp, College Station, TX) and R version 3.6.2 (https://
www.r-project.org/). Statistical significance was considered as
P < 0.05.
RESULTS

Search Results and Patient
Characteristics
Initially, a total of 763 relevant publications matched our basic
search strategy. After screening the titles and abstracts of these
publications, 75 studies were reviewed the full-text for eligibility.
Sixty-seven of those 75 articles were excluded since they did not
report the OS subgroup by age with the cutoff 75 years (Figure 1).
Finally, a total of eight phase 3 trials (1, 8, 20–25) were included for
meta-analysis, among which four investigated nivolumab, two
March 2021 | Volume 11 | Article 538174
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investigated the combination of nivolumab plus ipilimumab, one
investigated pembrolizumab, and one investigated avelumab. The
underlying malignancies comprised were non-small-cell lung
cancer (four trials), renal-cell carcinoma (two trials), melanoma
(one trial), and head and neck cancer (one trial). There were six
trials of anti-PD-1/PD-L1 monotherapy and two trials of anti-PD-
1/PD-L1 plus anti-CTLA therapy as the experimental arms. A
total of 5,393 patients (intervention: 2,698; control: 2,695) were
included, and 472 patients (8.8%) were aged 75 years or older. The
baseline characteristics of each trial are presented in Table 1. A
funnel plot was performed to assess the publication bias, which
showed a symmetric distribution of studies on either side of the
funnel. The Begg and Egger test also indicated no obvious
publication bias (P = 0.071; Figure S1).

Primary Outcome: Overall Survival
The primary outcome is OS in trials comparing PD-1/PD-L1
inhibitors with control agents. The HR of each trial and the
pooled result based on the random effects model are shown in
Figure 2. Overall, the estimated HR is 0.73 (95% CI: 0.65 to 0.81)
(P < 0.001), suggesting that PD-1/PD-L1 inhibitors reduced the
risk of death by 27% compared with control treatments. Patients
were then dichotomized into elderly and non-elderly groups with
the cutoff of 75 years. For non-elderly patients, the estimated HR
for OS showed significant difference between PD-1/PD-L1
Frontiers in Oncology | www.frontiersin.org 3254255
inhibitors and control agents (HR, 0.70; 95% CI: 0.62 to 0.79;
P < 0.001; Figure 3A). For this subgroup, no significant
heterogeneity was observed among individual trials (I2 =
38.7%, chi-squared P = 0.122). For elderly patients, no
significant heterogeneity was observed (I2 = 41.1%, chi-squared
P = 0.104), and all studies reported no OS benefit for PD-1/PD-
L1 inhibitors except for the CheckMate 066, which explored the
efficacy of nivolumab in melanoma (22); the overall estimated
HR was 0.94 (95% CI: 0.67 to 1.30; P = 0.696; Figure 3B).
Furthermore, we observed a significant heterogeneity of efficacy
between elderly and non-elderly patients concerning the pooled
HRs for OS (P = 0.043 for interaction), which indicated that the
effects of the anti-PD-1/PD-L1 therapy on OS varied for the
elderly and non-elderly adults (Table 2). Subgroup stratified by
anti-PD-1/PD-L1 monotherapy and anti-PD-1/PD-L1
combinational therapy showed the similar results (Table S1).
Moreover, we found that the estimated HR for OS was 0.68 (95%
CI: 0.59 to 0.77; P < 0.001; Figure S2) in patients aged 65-
75 years.

Secondary Outcome: Progression-Free
Survival
The secondary outcome is PFS in trials comparing PD-1/PD-L1
inhibitors with control agents. Of the eight included trials, eight
reported HR for overall PFS, and four reported HR for PFS based
FIGURE 1 | Study flow diagram. OS, overall survival; PD-1, programmed death 1; PD-L1, programmed death-ligand 1.
March 2021 | Volume 11 | Article 538174
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on the age group. Overall, the estimated HR for PFS is 0.76 (95%
CI: 0.63 to 0.92; P = 0.005; Figure 4), indicating of 24% reduction
of the risk of progression treated with anti-PD-1/PD-L1 agents.
Using the random effects model, the measures of PFS of the non-
elderly patients favored anti-PD-1/PD-L1 therapy for a HR of
0.77 (95% CI: 0.60 to 1.00; P = 0.054; Figure 5A). There was
significant heterogeneity among individual trials (I2 = 74.9%, chi-
squared P = 0.008). However, for elderly patients, the PFS was
not different between PD-1/PD-L1 inhibitors and controls (HR,
0.97; 95% CI: 0.60 to 1.58; P = 0.898; Figure 5B). No difference
between elderly and non-elderly subsets was observed regarding
the estimated HR for PFS (P = 0.433 for interaction) (Table 2).

Tumor Mutation Burden
Finally, we extracted the patients with non-small-cell lung
cancer, renal-cell carcinoma, head and neck cancer and
melanoma to explore the TMB differences between elderly and
non-elderly patients in the MSKCC immunotherapy cohort (19).
A total of 845 patients treated with PD-1/PD-L1 inhibitors were
included. For non-melanoma cohort, the TMB between elderly
and non-elderly patients was not significant (median TMB: 6.89
[0–33.45] vs 5.27 [0–100.37]; P = 0.230; Figure 6A), and elderly
patients were associated with shorted OS (HR, 1.35; 95% CI: 1.02
to 1.78; P = 0.038; Figure 6B). Interesting, for melanoma cohort,
elderly patients had higher TMB than non-elderly patients
(median TMB: 15.74 [0–33.45] vs 7.87 [0–100.37]; P = 0.012;
Figure 6C), and comparable OS with non-elderly patients (HR,
1.39; 95% CI: 0.87 to 2.22; P = 0.171; Figure 6D).
DISCUSSION

The aging phenomenon is one of the most significant global
challenges today, which would accompany with age-related
disease, such as increasing incidence of cancer. Aging is
associated with the immune dysfunction that may affect the
efficacy of PD-1/PD-L1 inhibitors (14, 15, 26, 27). Consequently,
we performed this first meta-analysis of eight RCTs that
comprised 5393 patients to explore the efficacy of PD-1/PD-L1
inhibitors in patients ≥ 75 years with metastatic cancer compared
to those < 75 years. Overall, our finding suggested that the impact
of PD-1/PD-L1 inhibitors significantly improved the OS (HR
0.70 [0.62–0.79] vs. 0.94 [0.67–1.30]) and PFS (HR 0.77 [0.60–
1.00] vs. 0.97 [0.60–1.58]) in the non-elderly patients rather than
elderly patients. Parallel results were confirmed in both
monotherapy and combinational therapy. Melanoma patients
aged 75 years or older can still benefit from PD-1/PD-
L1 inhibitors.

Only two previous literatures attempt to review the topic of
geriatric population in PD-1/PD-L1 inhibitors (17, 28).
Nishijima et al. (28) compared the efficacy of ICIs between
younger and older patients. However, only four of their
included trials (eight trials) were anti-PD-1 trials. They
concluded that a benefit in OS with ICIs was observed in both
younger (HR, 0.75; 95% CI, 0.68–0.82) and older (HR, 0.73; 95%
CI, 0.62–0.87) patients, but it should be noted that the age cutoff
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FIGURE 2 | Forest plot of hazard ratio for overall survival. CI, confidence interval; PD-1, programmed death 1; PD-L1, programmed death-ligand 1.
A

B

FIGURE 3 | Forest plot of hazard ratio for overall survival in patients < 75 years (A) and ≥ 75 years (B). CI, confidence interval; PD-1, programmed death 1; PD-L1,
programmed death-ligand 1.
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of this study was non-uniform (65–70 years). Elias et al. (17) also
reported that anti-PD-1/PD-L1 agents had similar therapeutic
effect in younger and older patients. Nonetheless, this analysis
dichotomized patients into younger and older with an age cutoff
of 65 years. Initially, we also found that patients aged 65–75 years
could still benefit from PD-1/PD-L1 inhibitors. With the aging of
society, adults over 75 years of age contribute more than 25% of
the new cancer cases annually (12). Therefore, it is critical to
clarify the efficacy of PD-1/PD-L1 inhibitors specific to patients
aged 75 years or older. In contrary to the previous meta-analysis,
we observed the better survival outcomes only in patients < 75
years, but not in patients ≥ 75 years. It had been reported that
aging is associated with immune dysregulation, such as the
decreased TCR diversity in CD4+ T cells (14) and CD8+ T
cells (15), but not the T-cell immunosenescence (29). In addition,
aging-associated adipocyte accumulation in the bone marrow
also contributes to reduced hematopoiesis with age (30), and
hematopoiesis becomes skewed toward myeloid and away from
lymphoid lineages with age (16). Moreover, aging is associated
with increased M2 polarization (26). Thus, the hypothesis of
immunosenescence, the age-related decline in host immunity,
may explain the invalid efficacy of PD-1/PD-L1 inhibitors in
patients ≥ 75 years.

Among the eight included trials, the CheckMate 066 (22)
study reported the OS outcomes of melanoma for the age groups
Frontiers in Oncology | www.frontiersin.org 6257258
of 75 years. Notably, we found that a significant improvement in
OS was still observed in melanoma patients aged 75 years or
older (HR, 0.25; 95% CI, 0.10–0.62; Figure 3B). Betof et al. (31)
reported the survival outcomes of 254 patients with metastatic
melanoma treated with anti-PD-1/PD-L1 agents, and found that
the OS and PFS of patients ≥ 75 years were comparable to those
with age < 75 years. Additionally, the safety profiles were also
similar. In the present study, we also used the MSKCC
immunotherapy cohort (19) to further explore the underlying
mechanism of age based efficacy difference in term of TMB
(Figure 6). Interestingly, an increased TMB was observed in the
elderly patient with melanoma; this increased TMB may restore
the age-related immune dysfunction of melanoma, thus leading
to the comparable immunity between patients younger and older
than 75 years.

Our study has several potential limitations. First, we observed
heterogeneity among the included trials, which was mainly due
to the multiple cancer types among the included trials. Thus, we
minimized its influence through the random effects model for
quantitative synthesis. However, the conclusion of this study still
cannot be expanded to all solid tumor types. Second, although
our work contributes the best level of evidence showing an age-
based (≥ 75 years vs. < 75 years) efficacy difference for anti-PD-1/
PD-L1 agents, this is a meta-analysis at study-level in essence. A
meta-analysis at individual level should be performed to further
validate the impact of age on the efficacy of anti-PD-1/PD-L1
agents. Third, the toxicities difference between elderly and non-
elderly patient could not be analyzed because of lack of report.
The toxicity profile might influence the therapeutic choice
between anti-PD-1/PD-L1 agents or standard chemotherapy in
elderly patients. Finally, elderly patients enrolled in clinical trials
were a selected population with good performance status at
academic hospitals. These selected elderly patients do not
represent the real medical conditions of the elderly adults.
Therefore, whether our findings applicable to patients treated
in the community remains further validation.

In conclusion, our study suggested that the use of anti-PD-1/
PD-L1 significantly improved the survival of patients aged < 75
TABLE 2 | Summary of HR for PFS and OS by age.

Age OS PFS

HR
(95% CI)

P for
interaction*

HR
(95% CI)

P for
interaction*

<75 years 0.70
(0.62 to 0.79)

0.043 0.77
(0.60 to 1.00)

0.433

≥75 years 0.94
(0.67 to 1.30)

0.97
(0.60 to 1.58)
HR, hazard ratio; PFS, progression-free survival; OS, overall survival; CI, confidence
interval.
*P for interaction was expressed as the heterogeneity of efficacy between elderly and non-
elderly patients.
FIGURE 4 | Forest plot of hazard ratio for progression-free survival. CI, confidence interval; PD-1, programmed death 1; PD-L1, programmed death-ligand 1.
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A

B

FIGURE 5 | Forest plot of hazard ratio for progression-free survival in patients < 75 years (A) and ≥ 75 years (B). CI, confidence interval; PD-1, programmed death
1; PD-L1, programmed death-ligand 1.
A B

C D

FIGURE 6 | Comparisons of the tumor mutation burden and OS based on the age (< 75 years vs. ≥ 75 years) in non-melanoma (A, B) and melanoma patients
(C, D) of the MSKCC immunotherapy cohort (19). CI, confidence interval; HR, hazard ratio.
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years, but not those aged ≥ 75 years. This is mainly due to a
potential interaction of immunosenescence and efficacy of anti-
PD-1/PD-L1 drugs. An improved OS was still observed in
melanoma patients aged ≥ 75 years, owing to the increased
TMB in the elderly melanoma patients. Overall, our study
indicated that, with the exception of melanoma, elderly
patients (≥ 75 years) could not benefit from the anti-PD-1/PD-
L1 agents in survival, and toxicity profile of anti-PD-1/PD-L1
drugs should be explored in this population.
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Despite encouraging results with immune checkpoint inhibition (ICI), a large fraction of
cancer patients still does not achieve clinical benefit. Finding predictive markers in the
complexity of the tumor microenvironment is a challenging task and often requires
invasive procedures. In our study, we looked for putative variables related to treatment
benefit among immune cells in peripheral blood across different tumor types treated with
ICIs. For that, we included 33 patients with different solid tumors referred to our clinical
unit for ICI. Peripheral blood mononuclear cells were isolated at baseline, 6 and 20
weeks after treatment start. Characterization of immune cells was carried out by multi-
color flow cytometry. Response to treatment was assessed radiologically by RECIST
1.1. Clinical outcome correlated with a shift towards an effector-like T cell phenotype,
PD-1 expression by CD8+T cells, low levels of myeloid-derived suppressor cells and
classical monocytes. Dendritic cells seemed also to play a role in terms of survival. From
these findings, we hypothesized that patients responding to ICI had already at baseline
an immune profile, here called ‘favorable immune periphery’, providing a higher chance
of benefitting from ICI. We elaborated an index comprising cell types mentioned above.
This signature correlated positively with the likelihood of benefiting from the treatment
and ultimately with longer survival. Our study illustrates that patients responding to ICI
seem to have a pre-existing immune profile in peripheral blood that favors good
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outcome. Exploring this signature can help to identify patients likely to achieve benefit
from ICI.
Keywords: immune checkpoint inhibition, PBMCs, immune signature, prediction, clinical outcome
INTRODUCTION

The advent of immune checkpoint inhibitors (ICI) as an effective
therapeutic modality in oncology has come under spotlight
during the last decades, mainly after the first clinical trial
showing positive impact of ipilimumab for treatment of
patients with metastatic melanoma (1).

Despite encouraging results (2–4), a considerable fraction of
patients undergoing ICI still do not benefit from the treatment
(5) and primary or acquired ICI resistance is a significant
problem that patients and clinicians face on a daily basis. In
this context, the field of biomarkers has gained a lot of attention
as tool to guide treatment indications and to promote
understanding of the biological events taking place in the tumor.

Efforts trying to predict patients likely to respond to ICI are
numerous andcomprise amyriadof variables spanning fromisolated
genetic features (e.g. tumor mutational burden, neoepitope load,
transcriptomic signatures) (6–9) to multiparametric approaches
looking into the tumor microenvironment (TME)’s cellular
composition (e.g. immunoscore (10)). Common ground for these
methods is the fact that they are tumor tissue-centered, which is
reasonable since tumor site harbors the ‘battlefield’ where
interactions between cancer and immune system unfold. However,
these approaches are limited by the fact that they offer a glimpse of a
very dynamic cellmilieu and do not take into consideration the effect
of non-cellular (11, 12) and extrinsic features (13) that equally can
affect T cell function. Another disadvantage is that invasive
procedures are required to keep track of changes happening during
ICI, which is not always feasible.

Analyses of peripheral blood offer, on the other hand, a non-
invasive and simpler alternative to monitor not only biochemical
changes (e.g. lactate dehydrogenase, cytokines) but also
variations along the treatment in frequencies of immune cells
(peripheral blood mononuclear cells - PBMCs) that ultimately
can infiltrate the TME and therefore add valuable information in
the context of ICI. In this regard, there is evidence supporting
that counts of lymphocytes and myeloid subsets in the peripheral
blood (14–16), and phenotypical features of circulating T cells
[e.g. regulatory T cells (17), CD8+effector-like (18)] seem to
correlate with clinical outcome. These analyses, however, have
focused on the impact of isolated cell populations on reactivity
against neoantigens and/or clinical outcome upon treatment
with ICI. Efforts to obtain a more comprehensive knowledge of
how different cell types interact with each other during ICI and
ultimately affect response patterns is still an ongoing task.

Since most studies addressing the use of PBMCs as predictive
tools are restricted to specific tumor types (mainly melanoma) or
assess few cell subpopulations at a time, the use of PBMCs requires
further investigation prior to implementation in a clinical setting
(19–22). Furthermore, predictive power can potentially be
2262263
increased by involving multiple variables, bearing in mind the
multitudeoffactors preceding andperpetuating immune responses.

In this study, we took a different approach and investigated the
immune cell repertoire from peripheral blood (including the
influence of both lymphoid and myeloid subsets) of patients with
different metastatic solid tumors, in order to gain insight into the
impact of differences in distribution of T cells and myeloid cells
prior to treatment start andwhether changes in these subsets during
ICI can shed light on the clinical outcome. We present data
indicating that despite possible differences in the PBMC’s
composition across patients with different tumor types, there is
an underlying preexisting immune signature (here called ‘favorable
immune periphery’) among patients likely to benefit from ICI.

As novelty, our study takes into consideration the
simultaneous effect of lymphoid and myeloid cells showing
that information regarding how peripheral blood is populated
may provide patients undergoing ICI with a better starting point.
MATERIALS AND METHODS

Study Design
In order to investigate common immunological features across
different tumor types, we designed a basket study.

The protocol was approved by The Danish National
Committee on Health Research Ethics (H-16046968) and the
Danish Data Protection Agency (RH-2018-44). Informed
consent was obtained from all individual participants included
in the study prior to collection of biological material. This study
was conducted in accordance to 1964 Declaration of Helsinki
and its later amendments.

Cohort
Patients with histologically confirmed metastatic solid tumors
referred to our department for ICI treatment were considered as
potential candidates for inclusion. Other inclusion criteria were
ECOG performance status 0 to 1, age above 18 years, at least one
measurable lesion according to response evaluation criteria in
solid tumors version 1.1 (RECIST 1.1).

Response Assessment
Response to the treatment was assessed both clinically and
radiologically. Computed Tomography (CT) scan was
performed during treatment and assessed with RECIST 1.1.
Patients were pooled in two groups referred as ‘benefit’ and ‘no
benefit’. The first group comprised individuals who achieved, as
best response, either complete response (CR), partial response
(PR) or stable disease (SD) with progression free survival (PFS)
larger than the median value for the whole cohort (i.e. above than
3 months as described in the result section).
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Blood Samples PBMCs
Immune monitoring was carried out by collection of heparinized
blood up to three times over treatment period, i.e. baseline, 6
weeks after treatment start (called ‘T1’) and approximately 20
weeks after treatment initiation(‘T2’). Blood samples were
transported in room temperature from ambulatory to our
laboratory (elapsed time approximately 2 hours), where they
were diluted with phosphate-buffered saline (PBS) (Lonza, Basel,
Frontiers in Oncology | www.frontiersin.org 3263264
Switzerland), facilitating PBMCs’ by means of centrifugation. Cell
count was carried out automatically by Sysmex-XP 300 (Kobe,
Japan). Aliquots containing between 2.5x106 to 15x106 cells were
cryopreserved in 90% Human AB serum and 10% DMSO. To
control the freezing process during the first 24 hours at -80˚C,
alcohol-free freezing containers (Cool cell, Biocision) were used.
Samples were stored at -140˚C until further use. Overview of
biological material is displayed on Supplementary Table 1.
TABLE 1 | Cohort characteristics.

Patient
no.

General features Treatment characteristics Response pattern

Gender Diagnosis No. of previous
treatment lines

PS Age Checkpoint
inhibition
target

No. of
immunotherapy

cycles

Best achieved
RECIST response

OS
(months)

PFS
(months)

Clinical
Benefit

PB2 M CRCa 2 1 71 PD-1 4 PD 3.3 1.8 No benefit
PB6 F Pancreas

adenocarcinoma
3 0 75 PD-L1 1 PD 3.1 1.4 No benefit

PB10 M HCCb 2 0 43 PD-1+LAG-3 2 SD 4.7 4.0 Benefit
PB12 M CRCa 5 1 72 PD-1 7 PD 16.9 6.3 No benefit
PB16 F Upper GI

adenocarcinomac
2 1 68 PD-1+LAG-3 4 PD 12.5 1.9 No benefit

PB18 M Upper GI
adenocarcinomac

3 1 53 PD-1+LAG-3 1 PD 1.4 0.9 No benefit

PB20 M HCCb 2 0 75 PD-1+LAG-3 13 CR 10.8 10.8 Benefit
PB22 M Urothelial

Carcinoma
1 0 62 PD-1 20 PR 15.5 15.5 Benefit

PB24 M Urothelial
Carcinoma

1 0 56 PD-1 22 PR 14.8 14.8 Benefit

PB26 M CRCa 3 0 73 PD-L1 6 PD 7.5 4.2 No benefit
PB28 M NECd+NSCLCe 0 1 68 PD-1 1 PD 6.1 0.7 No benefit
PB30 F Ovarian cancer 6 0 64 PD-L1 4 SD 7.1 2.1 No benefit
PB32 F IDCf 3 0 40 PD-1 11 PR 12.5 12.2 Benefit
PB34 F IDCf 1 0 42 PD-1 6 PR 8.6 2.7 Benefit
PB36 F CRCa 2 1 57 PD-L1 2 PD 6.3 3.1 No benefit
PB38 F Ovarian cancer 3 1 49 PD-L1 8 SD 8.7 5.6 Benefit
PB40 F Head and Neck 0 1 64 PD-1 4 PD 6.3 4.5 No benefit
PB42 M CRCa 4 1 66 PD-L1 4 PD 4.0 2.9 No benefit
PB44 F HCCb 4 0 58 PD-1+LAG-3 16 CR 24.9 24.9 Benefit
PB46 F Urothelial

Carcinoma
2 1 43 PD-1 1 PD 2.4 0.7 No benefit

PB48 M Upper GI
adenocarcinomac

2 0 70 PD-L1 4 PD 6.8 0.6 No benefit

PB50 M UPTg 1 1 59 PD-L1 12 SD 9.6 9.6 Benefit
PB54 F IDCf 2 0 36 PD-L1 3 PD 4.7 1.5 No benefit
PB56 F UPTg 2 1 50 PD-1 1 PD 0.7 0.4 No benefit
PB58 F Ovarian cancer 3 0 52 PD-L1 3 SD 5.5 4.5 Benefit
PB60 F MPMh 3 0 58 PD-1 1 PD 3.3 2.1 No benefit
PB62 F NSCLCe 2 1 72 PD-1 4 PD 0.5 2.7 No benefit
PB64 F Ovarian cancer 7 0 65 PD-L1 1 PD 14.5 1.2 No benefit
PB66 M NSCLCe 0 0 60 PD-1 3 PD 4.8 1.8 No benefit
PB68 M MPMh 3 0 56 PD-L1 7 SD 4.0 4.0 Benefit
PB70 F NSCLCe 2 1 62 PD-1 2 PD 3.3 1.9 No benefit
PB72 F NSCLCe 4 0 53 PD-1+CTLA-4 6 PD 2.6 3.7 No benefit
PB74 F NSCLCe 5 1 68 PD-1+CTLA-4 4 PD 4.2 1.9 No benefit
March 2
021 | Volum
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aColorectal adenocarcinoma.
bHepatocellular carcinoma.
cUpper gastrointestinal adenocarcinoma.
dNeuroendocrine carcinoma.
eNon-small cell lung cancer-adenocarcinoma.
fInvasive ductal carcinoma.
gUnknown primary tumor.
hMalignant peritoneal mesothelioma.
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In this paper, we focused our flowcytometry analyses on the
characterization of subsets of T cells (i.e. CD4+ and CD8+), since
they are known to be the final target of checkpoint inhibition. We
investigated also the impact of myeloid cell populations known
to affect antigen presentation (dendritic cells) and modulate T
cell response such as monocytic populations such as classic/non-
classic and myeloid derived suppressor cells (MDSCs).

Phenotyping of PBMCs by Flowcytometry
Cryopreserved PBMCs were thawed in wash buffer (0.5% BSA,
2mM EDTA in PBS) at 37˚C and Fc-receptors blocked by
incubation with human IgG (20 µg/mL).

PBMCs were stained in three panels with pre-titrated
amounts of premixed reagents: CD3 FITC, CD56 PE, CD11c
PE, CD8 PerCP, HLA-DR PerCP, CD27 BV421, CD25 BV421,
CD4 BV510, CD28 PE-Cy7, CD3 PE-Cy7, CD19 PE-Cy7, CD127
PE-Cy7, CD45RA APC, CD56 BV510 (all from BD Bioscience,
New Jersey, United States), CCR7 PE, PD-1 APC, CD14 BV421
(all from Biolegend, California, United States), CD16 FITC
(Dako, Glostrup, Denmark) and NiR live-dead reagent for
APC-Cy7 channel (Invitrogen- Thermo Fischer, United States).

Samples were incubated 20 minutes in the dark at 4˚C and
then washed prior to acquiring on a FACS Canto II flow
cytometer (BD). Data was analyzed on FACSDiva Software
version 8.0.1 (BD).

Characterization of CD3+ T cells in both CD4 and CD8
compartments was done by looking at the live singlet events in
the PBMC(lymphocyte andmonocyte) gate in the forward and side
scatter plot. Naïve T cells were further characterized as CCR7+
CD45RA+, central memory (CM) as CCR7+CD45RA-, effector
memory as CCR7-CD45RA-, and effector memory RA+ (EMRA)
as CCR7-CD45RA+. Exhaustionmarker programmed cell death-1
(PD-1) was gated on live CD3+CD8+ cells. Gating strategy for
lymphoid cells are displayed on Supplementary Figure 1. Myeloid
populationsweredefinedas fractionof live singlet cells in thePBMC
gate (forwardand side scatterplot). Representative gating strategy is
displayed on Supplementary Figure 2.

Statistical Analysis
Due to non-normality in flow cytometric data, Mann-Whitney
test was used for assessing differences in distributions of cell
subpopulations among group of patients according to response
pattern. For paired sample analysis, stepwise Wilcoxon test was
chosen in order to find whether significant changes occurred and
at which timepoint they took place (i.e. from baseline to T1, from
T1 to T2 and from baseline to T2). Survival analysis and Cox
regression models were done using median value of cell
population of interest as threshold for stratification of patients.

All analyses are done using IBM SPSS version 25. Tests were
two-sided and p values ≤ 0.05 were considered as significant.
RESULTS

Cohort Characteristics
From February 2017 to September 2018, 37 patients with
metastatic solid tumors referred to treatment with ICI, either
Frontiers in Oncology | www.frontiersin.org 4264265
as standard treatment or in a protocol, were screened for
inclusion in this study. Four patients were excluded due to
withdrawal of informed consent or worsening of performance
status (PS) prior to treatment initiation. All patients received
ICIs targeting either PD-1 or PD-L1, some in combination with
novel therapies targeting potential synergistic targets (Table 1).
Thirteen different diagnosis were included. The median age at
inclusion was 60 years (range 36 to 75) with all patients having
PS 0 or 1 by the time of treatment initiation. Prior to inclusion,
patients had on average undergone three previous treatment
lines. Two patients (no. PB72 and PB74) had previously failed to
other ICIs with an interval between failure and inclusion in this
study of 12 and 9 months, respectively.

Response to the Treatment
Median follow-up period was 7.4 months. The overall median
PFS was 81 days (95%CI 46-116) and the median OS was 188
days (95%CI 148-227). We did not observe any statistically
significant correlation between the number of treatments
received prior to initiation of ICI and clinical outcome (Mann-
Whitney test, p= 0.15; Fisher exact test assuming cut-off of three
treatments with p=0.69). Neither did we observe any difference
in benefit between the group receiving combination therapy and
the group receiving monotherapy (Fischer exact test p=0.29).
Best tumor size variation during therapy for each patient can be
seen on waterfall plot - Supplementary Figure 3.

Exploring the T Cell Phenotype
in Peripheral Blood
In order to get insight into how treatment impacted the
functional repertoire of T cells, we performed phenotyping of
cryopreserved PBMCs collected at 3 time points, i.e. baseline, T1
and T2. Differences in distribution of several subsets of T cells
were investigated at each time point. Stepwise changes from
baseline to T1, from T1 to T2 and baseline to T2 were based on
paired samples available for 26 patients (9 presenting treatment
benefit), 12 patients (7 with benefit) and 11 patients (6 with
benefit), respectively.

In the current study, we hypothesized that patients likely to
respond to ICI have a peripheral lymphoid and myeloid cell
signature characterized by high cytotoxic activity, presence of
treatment target on T cells (i.e. expression of PD-1), high antigen
presentation, and low counts of immunosuppressive cells.

To address the first premise of our hypothesis, we investigated
the functional subsets of circulating CD4+ and CD8+ T cells by
looking into expression of CD45RA, CCR7, CD25 and
expression of PD-1.

In the CD4 compartment, T cells were mainly represented
by naïve and central memory (CM) phenotypes at all time
points, regardless of response pattern. We also observed that
percentages of different CD4+ subsets at each time point were
similar between patients that benefited from the treatment and
those that did not (p>0.05 - Supplementary Figure 4A). Paired
samples analysis revealed among the patients benefiting
from ICI a statistically significant decrease of CD4+ effector
memory (EM) from baseline to T1(median 21.7% vs 19.6%,
March 2021 | Volume 11 | Article 558248
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p=0.008) whereas CD4+ effector memory RA+ (EMRA)
increase from baseline to T1, and overall from baseline to
T2 (Wilcoxon test p=0.024 and p=0.043, respectively-
Supplementary Figure 4B).
Frontiers in Oncology | www.frontiersin.org 5265266
Unlike CD4 compartment, CD8+ T cells had a predominant
effector/cytotoxic phenotype (i.e. EM and EMRA) at all time
points (Supplementary Figure 5A). Paired analysis comprising
baseline and T1 samples revealed a slight but non-significant
A B

C

FIGURE 1 | Levels of functional subsets of CD8+T cells as fraction of live PBMCs at all three time-points (unpaired samples). Baseline analysis are carried out on 32
samples (10 deriving from patients benefiting from treatment), T1 comprises 27 samples (10 presenting benefit) and T2 comprises 12 samples (7 with treatment
benefit). Section (A) shows an association with benefit during ICI treatment and levels of CD8+EM T cells at baseline and increased levels of EMRA in the group
benefiting from treatment at late follow-up, with marginal p value. Effect of CD8+EM T cells on survival is displayed on (B) for PFS and (C) for OS.
A B

C

FIGURE 2 | Percentage of CD8+T cells expressing PD-1 at all time-points (unpaired samples) and correlation with outcome. Levels of CD8+PD-1+ T cells are higher
at baseline in the group benefiting from the treatment (A) and correlates positively with longer PFS (B) and OS (C).
March 2021 | Volume 11 | Article 558248
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increase of the effector subset (i.e. sum of EM and EMRA) from
70.4% to 72.6% during treatment (p=0.052). Variations in levels
of EMRA CD8+ T cells in the benefit and no benefit group were
not statistically significant - Supplementary Figure 5B.

Next, we proceeded to investigate to which extent lymphocyte
subsets as a fraction of the PBMC gate are associated with clinical
outcome. Patients with clinical benefit presented higher
percentage of CD8+ EM T cells at baseline (5.7% vs 3.3%,
p=0.023). In the same group of patients, we found that, over
time, the phenotype became more effector-like with increasing
numbers of circulating CD8+EMRA at T1 which, despite a
decrease at T2, still seemed to be higher when compared to
patients not benefiting from ICI (5.8% vs. 2.9%; p=0.08,
Figure 1A).

In terms of survival, patients with high numbers of circulating
CD8+EM T cells at baseline(i.e. above median value), did not
have longer median PFS (121days vs. 57 days, Log rank p=0.12
Figure 1B), but the observed median OS was longer (259 days
vs.120 days, Log Rank p= 0.04, Figure 1C).

Since all patients in our cohort received treatment blocking
the PD-1/PD-L1 axis, we then proceeded to investigate whether
the expression of PD-1 by circulating CD8+T cells correlated
with outcome. Results for baseline samples demonstrated that
patients with relatively high values of CD8+PD-1+T cells in the
peripheral blood (i.e. above median value) benefited most from
the treatment (p=0.023, Figure 2A) presenting extended PFS
(135 days vs. 57 days; LogRank p=0.004, Figure 2B) and OS (203
days vs 188 days; Log Rank p=0.042, Figure 2C). In univariate
Cox regression, baseline high counts of CD8+PD-1+T cells
correlated significantly to longer PFS (HR=0.31, p=0.006; 95%
CI 0.12-0.71) but no solid trend regarding longer OS was verified
Frontiers in Oncology | www.frontiersin.org 6266267
(HR 0.4, p=0.051; 95%CI 0.16-1.0). No difference in CD8+PD-1+

T cell levels was observed for follow-up samples.
It has also been reported that expression of PD-1 and effects

deriving from blockade of this axis are tightly related to
expression of CD28 by CD8+ T cells. In our data, we observed
that the number of CD8+ T cells expressing this molecule
increased significantly upon treatment initiation, regardless of
clinical outcome (Supplementary Figure 6).

Further, we investigated the impact of regulatory T cells
(CD3+CD4+CD25+CD127low). Even though, this cell subset is
known for damping immune responses, levels of Tregs have not
served as a unifying marker for response to therapy. In our study,
we found that, at all timepoints, T regs were elevated among
patients benefiting from treatment, reaching statistical
significance level at T2 (p=0.045; Supplementary Figure 7).
Longitudinal measurements showed in benefiting patients a
gradual and statistically significant increase in the levels of the
T reg population, especially from baseline to T2 (median 7.7% to
11.6%, p= 0.046; Supplementary Figure 7).
Role of Myeloid Cells
The association of myeloid cell levels and clinical outcome and
survival was addressed by investigating dendritic cells (DC),
monocytic MDSC (mMDSCs) and monocyte subpopulations.
DCs were chosen due to the important role they play in terms of
antigen presentation. This cell subset was gated as the fraction of
PBMCs co-expressing CD11c and HLA-DR, and lacking CD14,
CD16 and CD56. We found a trend between treatment benefit
and abundance of DCs at baseline, however not statistically
significant (1.15% vs. 0.8%, p=0.074, Figure 3A). Over time,
A B

C

FIGURE 3 | Percentage of dendritic cells (DCs) all time-points (unpaired samples) and correlation with outcome. Levels of DCs seem to be elevated at baseline in
the group benefiting from the treatment, but not at longitudinal measurements (A). High levels of DCs seem to affect PFS (B) and OS (C).
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variations in percentage of this cell type were small and not
significant. Yet, survival analysis appeared to show impact of DC
levels at baseline on PFS (Log Rank p= 0.062, Figure 3B) and OS
(p=0.029, Figure 3C). High counts of DCs (i.e. above median
value) also correlated with longer PFS (HR=0.14, p=0.03 95%CI
0.026-0.83) but not OS (HR=0.18, p=0.087 95%CI 0.026-1.28).

Other cell types of myeloid lineage have been reported as
immune suppressive elements in TME. To investigate whether this
applies for the periphery we explored the impact of mMDSC and
monocyte populations. In this regard, we found that high baseline
levels (i.e. superior to the median value) of mMDSCs (CD14+

CD3- CD19- HLA-DRlow, CD56-), classical (CD14+CD16-HLA-
DR+), and non-classical (CD14+CD16+ HLA-DR+) monocytes
were associated with poorer outcome (p= 0.036, 0.006, 0.042,
respectively - Figures 4A, D andG). Changes of these populations
during therapy did not reach statistically significant levels
(Wilcoxon test p>0.05).

Longer PFS and OS were associated with low baseline levels
of mMDSC (LogRank p=0.005 and 0.019, Figures 4B, C)
and classical monocytes (Log Rank p=0.007 and 0.018, Figures
4E, F). Non-classical monocytes did not seem to have any impact
on survival (Figures 4H, I).

Univariate Cox regression models were then used to
investigate the effects of mMDSC and classical monocytes on
survival. We found that high baseline counts of circulating
Frontiers in Oncology | www.frontiersin.org 7267268
mMDSC were associated with shorter PFS (p= 0.008, HR=
3.15, 95%CI 1.35-7.35) and OS (p=0.025, HR=2.78, 95%CI
1.13-6.8). For classical monocytes, we also found a similar
trend both in terms of PFS (p=0.01, HR= 2.7, 95%CI 1.2-6.0)
and OS (p=0.024, HR= 2.85, 95%CI 1.14-7.1).

The ‘Favorable Immune Periphery’
Concept
The previous analysis showed that several immune cell types in
peripheral blood have the potential to affect how patients
undergoing ICI benefit from the treatment in terms of clinical
response and survival.

Overall, we noted that baseline counts of CD8+ T cells with
effector memory phenotype, CD8+T cells expressing PD-1 and DC
cells as a fraction of total live PBMCs seemed to correlate positively to
response and survival, whereas mMDSCs and classical monocytes as
a fraction of total live PBMCs seemed to be associated with poor
clinical outcome. Based on these results, we hypothesized that patients
benefitting from checkpoint inhibition have already at baseline a
favorable immune signature that upon ICI could lead to improved
clinical outcome. Bearing this in mind, we elaborated a numerical
index where relative counts (i.e. percentage of live PBMCs) of
CD8+PD1+, CD8+effector memory cells and DCs were entered as
numerator and mMDSCs and classical monocytes were entered as
denominator (Equation 1 - SupplementaryMaterial). The geometric
A B C

D E F

G H I

FIGURE 4 | Frequency of CD14+ myeloid populations is inversely associated with benefit and survival. Percentages of mMDSCs (A), classical monocytes (D) and
non-classical monocytes (G) out of alive PBMCs (y-axis) are, already at baseline, elevated in the group of patients that did not achieve benefit during ICI treatment.
Effects on survival for the respective myeloid subsets are displayed on (B, E, H) for PFS and (C, F, I) for OS. Overall, classical monocytes and mMDSCs affected
negatively survival times. No effect on PFS nor OS was observed for non-classical monocytes.
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mean values for both parts of the fraction where used to minimize
the effect of outliers. Patients achieving clinical benefit had a
significantly higher index, suggesting a prevalence of factors
promoting immune antitumor activity, p=0.002 (Figure 5A).
Reiterating this, we noted that our index significantly correlated
with treatment related change in tumor size (Spearman’s rho:
-0.40, p=0.043, Figure 5E).

Sensitivity and specificity of the index were tested by looking
at receiver operational characteristic curve (ROC). A cut off for
the index was determined where sensitivity and specificity were
equally as high as possible (dashed lines on Figure 5B).

Patients were subsequently pooled in two groups, namely
high (i.e. favorable immune periphery; n=11) and low ‘favorable
immune periphery’-index (i.e. non-favorable immune periphery,
n=21). The high favorable-index patients presented longer PFS
(288 days vs 62 days; p= 0.001, Figure 5C) and OS (p=0.013,
median survival not reached, Figure 5D), and equally exhibited
reduced risk of progression (HR=0.18, p=0.002, 95%CI 0.065-
0.52) and death (HR=0.27, p=0.021, 95%CI 0.09-0.82).
DISCUSSION

Immunotherapy with checkpoint blockade is a fast-growing field
in the landscape of cancer treatment. However, despite
documented benefit in terms of survival, the effect is only seen
in a smaller fraction of patients which most likely reflects the
multiple features that directly and indirectly affect T cell reactivity
(23). Studies trying to find predictive biomarkers for response have
broadly focused on variables spanning from genetic determinants,
cell composition in the tumor microenvironment to markers in
Frontiers in Oncology | www.frontiersin.org 8268269
the peripheral blood and microbiome (22, 24). Majority of these
approaches have focused on specific tumor types and have taken
into consideration few factors at a time. With the increasing
number of basket trials trying to find best therapeutic options
and which patients are likely to benefit from ICI, there is an
imperative need of multiparametric biomarker models capable of
assessing broader and more heterogenous cohort of patients.
Studies conducted so far using circulating immune cells have
mainly investigated role played by T cells upon ICI, despite the
growing evidence that other cell types might equally influence how
patients respond to immunotherapy.

Bearing this in mind, we investigated by means of conventional
flow cytometry and across tumor types, the peripheral immune
cell repertoire (both lymphoid and myeloid subsets) of patients
undergoing ICI, how the treatment affects this immune profile and
whether these changes can possibly impact clinical outcome.

Our results suggest that patients benefiting from ICI seem to have
a pre-treatment immunological profile (here called ‘favorable
immune periphery’) entailing: high levels of T cells carrying
treatment target (i.e. PD-1) and with cytotoxic potential; moreover,
a periphery where cells involved in antigen processing/presentation
(DCs)werepresent andwhere immunosuppressive effects (mMDSC,
CD14+CD16-monocytes) were not prominent. Such changes were
not observed to be reliant of tumor type. By pooling patients
according to the two possible scenarios (favorable versus non-
favorable immune periphery), we could distinguish patients with
high chance of achieving benefit from those where treatment did not
improve outcome.

In the lymphoid lineage, we focused our analysis on T cells,
since they are the ultimate target of ICI. For the CD4+

compartment we observed that, T cells mainly expressed a naïve
A

B

C E

D

FIGURE 5 | The favorable immune periphery index and its impact on clinical outcome. Patients benefiting from ICI treatment presented a higher index (A). Threshold
for favorable immune periphery index was determined by ROC, assuming the highest sensitivity and specificity as possible (B) represented by the point where
dashed lines cross each other. Patients with a favorable immune periphery had longer PFS (C) and OS (D). On (E), the scatter plot depicts correlation between best
tumor variation and immune index based on baseline samples. Two parameters are inversely correlated (Spearman’s r= -0.40; p=0.043). Vertical dashed line
represents the threshold for immune index determined by ROC. Horizontal dashed line represents 20% limit for tumor growth and distinguishes patients who
progressed (zone above 20%) from those that did not (area bellow below 20%). Patients that did not benefit from the treatment tend to cluster below the threshold
for favorable periphery index.
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or central memory phenotype. Percentages of these functional
subsets remained stable over time, while a decrease in EM and an
increase in EMRA+ CD4+ was seen in patients responding to the
treatment. CD4+T cells play a role not well-explored in checkpoint
inhibition as cellular cytotoxic activity usually is attributed to
CD8+ T cells. However, there is growing evidence supporting the
role played by CD4+T cells in cancer immunology. Active
circulating CD4+Th cells (i.e. expressing PD-1 and TIM-3 or
CD62Llow) have, for instance, been shown to correlate with a
better outcome in cohorts of breast (25) and lung cancer (26).

Intriguingly, we found an increased level of T regs in patients
benefiting from ICI at late follow-up as well as expansion of T regs
during treatment, possibly as an attempt to keep homeostasis
upon the successful activation of T cells during ICI among patients
responding to the treatment Proliferation of CD4+CD25+T regs
following treatment with checkpoint inhibition has been
previously observed mainly in patients treated with anti-CTLA-4
(27–29), with some data showing that T regs expanded upon ICI
targeting CTLA-4 expressed FoxP3 but did not release IL-2,
inferring that they were in fact ‘bona fide’-T regs (30). On the
other hand, studies assessing T regs under PD-1/PD-L1 blockade
show a distinct downregulation of FoxP3 for melanoma (31) while
in gliomas exhausted T regs with high expression of PD-1 failing
to suppress effector T cell proliferation accumulated (32). These
diverse results demonstrate the heterogeneity of T regs and that
further studies are needed to get a clearer picture of their role in
immune activation during ICI.

Contrarily to the observations for CD4+T cells, a large
fraction of CD8+ T cells exhibited a more effector-like
phenotype and clinical benefit was associated with higher
baseline levels of EM and, at late follow-up, with increased
levels of CD8+EMRA, a functional subset known to produce
granzymes, perforin and INF-gamma (33). The correlation
between a shift towards a more effector-like phenotype and
positive outcome has also been demonstrated by Kamphorst et
al (18). in a NSCLC cohort undergoing PD-1 targeted therapy
where efficacy was associated with an increase in CD8+ effector T
cells in peripheral blood within the first 4 weeks. Positive effects
of CD8+EM T cells on survival during treatment with ICI have
also been shown in patients with metastatic melanoma (34).

Although outcome seemed to be linked to a more cytotoxic
CD8 phenotype, we did not note any significant correlation to
progression-free survival. A possible explanation is that, even
though, phenotypically, these T cells have cytolytic activity, that
does not necessarily imply that the circulating CD8+T cells in
question are indeed only tumor specific. As a matter of fact,
Kamphorst et al (18). highlights that the tumor reactive CD8+T
cells expanding in peripheral blood expressed Ki67 and were
positive for PD-1+. Also, Gros et al. find that expression of PD-1
could be used to determinate tumor specific reactive CD8+T cells
in the tumor (35) as well as in peripheral blood in melanoma
patients (36). In line with these findings our results suggest that
patients benefiting from ICI have high counts of CD8+T cells
expressing PD-1 at baseline. Thus, expression of PD-1 indicates
tumor reactive T cells and by blocking PD-1/PD-L1, specific
antitumor activity is unleashed initially at periphery and later in
Frontiers in Oncology | www.frontiersin.org 9269270
the tumor as CTLs move from blood stream into the TME. As a
matter of fact, a recent work by Yost and colleagues has shown
that T cells responses arising upon PD-1 blockade are mainly due
to new T cell clones entering the tumor rather than the already
existing T cells in TME (37).

Follow-up measurements indicated a reduction of the PD-1
positive CD8 population during therapy which could be
explained by the fact that PD-1 staining was affected by the
therapeutic antibody given during ICI treatment, as previously
demonstrated by Zelba et al. (38). Another reason could also be
that our second blood collection (approximately 6 weeks after
treatment start) does not time with the moment when expansion
in relative numbers of this cell population took place or due to
migration of these tumor specific T cells to TME.

Reactivity of T cells is also reliant on the crosstalk between
lymphoid and non-lymphoid cell types. An important part of
cytotoxicity lies on antigen presentation and activation provided
by APCs, which in the peripheral blood, are represented by a
broader class of myeloid cells. We covered the role of antigen
presentation by looking into myeloid DCs as they are capable of
antigen uptake/processing/presentation and thereby promote
priming of naïve T cells (39). In line with other studies (40, 41),
DCs were scarcely represented at the periphery. Circulating
myeloid DCs tended already at baseline to be slightly more
abundant among patients experiencing treatment benefit,
however, not reaching statistical significance. The lack of impact
on response, when employing DCs as a single parameter, could
likely be attributed to their paucity in peripheral blood

The relevance of the myeloid lineage in the context of ICI is still
noteworthy. Several studies have provided strong evidence that
these cells, although not directly involved in the immunological
synapse, can still influence processes triggered upon antigen
recognition (20, 42, 43). Sun et al. has recently demonstrated
that abrogation of mMDSCs’ trafficking into the TME using
chemokine receptor inhibitors led to improved T cell infiltration
and subsequent tumor cell killing (44). In our study, high counts of
mMDSCs prior to treatment culminated with shortened PFS and
OS. Our analyses corroborate the immunosuppression associated
with this myeloid fraction (20, 44, 45) and similar trend for
classical monocytes. Several studies have shown that the
presence of macrophages in the tumor is, in general, associated
with a poor prognosis (46). A recent work by Krieg et al. showed,
however, that the circulating counterpart of classical monocytes
(CD14+CD16-HLA-DR+) actually seem to be associated with
better response in melanoma patients undergoing anti-PD-1
therapy (16), which is in contrast to our findings. Reasons for
these divergent results could be difference in patient cohort
composition (several histologies versus one single immunogenic
tumor type) and the method used of characterizing cell phenotype
(conventional Flow cytometry versus Mass Cytometry - CyTOF).

Overall, we did not find any statistically significant increase of
specific myeloid and lymphoid subsets (except for T regs, as
previously discussed) from baseline to later time-points. Even
though, we could not see clear expansion of certain cell subsets
among patients benefitting ICI, we did find that the effect on
clinical outcome of the cells populations we looked into was also
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quite similar to what has been previously described, which is
noteworthy considering the heterogeneous cohort composition.
Moreover, we found a persistent pattern showing that patients
who benefitted from the treatment seem to have at baseline a
preexisting immune signature in peripheral blood which makes
the basis for our predictive index.

Even though our study has the clear limitation of sample size,
the exploratory character, cohort’s heterogenicity and need of
validation in bigger cohorts it brings as novelty the fact that
compiling the activity of lymphoid and myeloid subsets suggests
that, also across tumor types, patients benefiting from ICI seem
to have a pre-existing favorable immune signature in peripheral
blood that provides a better biological starting point and
ultimately better outcome. Furthermore, different cell types
taken as explanatory variables cannot stand alone when
predicting response to ICI, which underscores the complexity
of mechanisms preceding and sustaining T cell activation.
Therefore, designing multiparametric peripheral immunity
models like ours and validating them in a bigger scale of
patients is important to enable more precise predictive tools
for clinical decision making.
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High throughput single cell multi-omics platforms, such as mass cytometry (cytometry by
time-of-flight; CyTOF), high dimensional imaging (>6 marker; Hyperion, MIBIscope,
CODEX, MACSima) and the recently evolved genomic cytometry (Citeseq or REAPseq)
have enabled unprecedented insights into many biological and clinical questions, such as
hematopoiesis, transplantation, cancer, and autoimmunity. In synergy with constantly
adapting new single-cell analysis approaches and subsequent accumulating big data
collections from these platforms, whole atlases of cell types and cellular and sub-cellular
interaction networks are created. These atlases build an ideal scientific discovery
environment for reference and data mining approaches, which often times reveals new
cellular disease networks. In this review we will discuss how combinations and fusions of
different -omic workflows on a single cell level can be used to examine cellular phenotypes,
immune effector functions, and even dynamic changes, such as metabolomic state of
different cells in a sample or even in a defined tissue location. We will touch on how pre-
print platforms help in optimization and reproducibility of workflows, as well as community
outreach. We will also shortly discuss how leveraging single cell multi-omic approaches
can be used to accelerate cellular biomarker discovery during clinical trials to predict
response to therapy, follow responsive cell types, and define novel druggable target
pathways. Single cell proteome approaches already have changed how we explore
cellular mechanism in disease and during therapy. Current challenges in the field are how
we share these disruptive technologies to the scientific communities while still including
new approaches, such as genomic cytometry and single cell metabolomics.

Keywords: CyTOF/mass cytometry, Cite/REAP-seq, high-dimensional analysis, bioinformatics, machine
learning, biomarker
INTRODUCTION

Since the early days of cell biology scientists have been using optical instruments to identify cell
types in homeostatic conditions and diseases. With the wide introduction of flow cytometry in the
early 70-ies markers and subsequent cell types have evolved but it was only in the last decade that
the introduction of single cell transcriptome sequencing, high dimensional cytometry and imaging
cytometry started revolutionizing the way we interrogate biological samples.
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Isolation of multiple types of molecules (DNA, RNA, or
protein) from a single cell simultaneously, stands at the
beginning of each approach and having standardized and
validated protocols for single cell solutions is surely the
foundation of all the herein described approaches. Utilizing
single cell genome, methylome, chromatin accessibility, while
RNA or protein from the same cell can be used to profile the
transcriptome, and proteome, different single cell omics profiles
alone or in combination can serve as building blocks to construct
a multi-omics profile for the same cell.

In this review article we will recapitulate the highlights of each
of these technologies, analysis pipelines and discuss their
potential to revolutionize future sample analysis, clinical trial
design and ultimately redefine clinical research.
A NEW ERA OF SINGLE CELL DATA
GENERATION

Pioneering Flow Cytometry
The first particle separator using the flow cytometry technology
was employed in 1965 at Los Alamos National Laboratory (1) for
sorting particles with different volumes to meet the needs of
Mack Fulwyler. Meanwhile, Len Herzenberg, who was interested
in a machine that could sort living cells based on their
fluorescence, applied the design of the Fulwyler particle
separator to build the first fluorescence activated cell sorting
(FACS) instrument at Stanford University in the late 1960s (see
the video Inventing the Cell Sorter, Herzenberg Lab, https://
www.youtube.com/watch?v=Ro8P3w9BPhg).

The HIV/AIDS pandemic in the 1980s then gave a dramatic
impulse to the technology of counting specific cells, since it
became clear that the quantification of peripheral blood CD4+ T
cells was crucial to follow the course of the infection, and
eventually for monitoring response to therapy (2). As a
consequence, the development of flow cytometers that had to
be easy-to-use in all clinical laboratories, mainly focused on the
proteome, and helped to widely disseminate this technology.
Nowadays, flow cytometry is a commonly used tool in the field of
immunology to finely dissect the diverse phenotypic and
functional properties of immune cells.

Decades of development have created very robust flow
cytometers aimed to deliver data from thousands to millions of
individual cells from tubes or multi-well plates at acquisition
rates of tens of thousands of cells per minute and expanding from
the proteome, over genes to reporters of transcription. In order
to have a wide dynamic range, the systems are designed for
optimal signal to noise ratios. Typically, fluorescence tagged
antibodies as well as molecular sensors (such as Ca2+-flux),
and genetically encoded reporters (GFP, tdTomatoe, RFP, etc.)
can be detected. The main limitation of this technology lies in the
amount of available dyes, lasers and comparable detectors.
Currently, up to seven lasers with emission wavelengths from
325nm to 650nm are used and tunable lasers are becoming
increasingly common. Nevertheless, the overlap in the emission
spectra limits the number of detectable markers.
Frontiers in Immunology | www.frontiersin.org 2273274
Flow cytometers use either photomultipliers or avalanche
diodes to convert fluorochrome-emitted light into electrical
impulse. The advent of advanced detectors, such as spectral
flow analyzers, first introduced in 1979 (3), allows the acquisition
of biological information over multiple channels/probes. Modern
high parameter flow cytometers, like the BD Symphony, the
Beckham Coulter CytoFLEX, or the Sony Spectral Cell Analyzer
easily allow the measurement of 20+ parameters in a single
sample at high throughput.

Prior to expert guided or automated analysis, data from flow
cytometers needs rigorous pre-processing, which includes
compensation and data normalization. To compensate the
spectral overlap automated approaches using fluorescence
beads and software solutions can be used. Normalization
represents a more complex issue. Traditionally, standardization
of flow cytometry data is difficult as flow cytometry settings
change over time also in the same instrument, therefore creating
batch effects when samples are analyzed days or even months
apart. This issue is also caused by the fact that in flow cytometry
samples cannot be acquired using a truly multiplexing approach,
rather they can only be acquired sequentially over days or weeks
if a plate reader is available. Therefore, curative naming and
metadata are necessary to identify sources of batch effects. To
date, several software solutions are available to normalize
fluorescence values between data sets (4, 5). Magnetic gates on
sub-population landmarks (6) are one of these solutions and
consist in expert-identification of cell sub-populations with
subsequent use of a software tool that automatically adjusts the
gate on the identified populations. However, while this and all
other available solutions are effective when minor shifts occur
during acquisition, they might not be suitable in case of more
substantial shifts occurring during time intensive acquisitions or
when multiple instruments or data from multiple sites are used.

Mass Cytometry: A Truly Multiplexing
Single Cell Technology
Mass cytometry is a new hybrid technology employing principles
of flow cytometry and mass spectrometry. Introduced in 2009
(7), mass cytometry (or Cytometry by Time-Of-Flight, CyTOF)
has pioneered a new era of high-dimensional single-cell analysis,
surpassing the limitations imposed by the spectral overlap in
conventional flow cytometry (8, 9). The new concept of mass
cytometry is the use of high purity, stable, rare earth metal
isotopes coupled to a target-specific probe for single cell labeling.
These probes are detected based on the metals’ mass/charge
ratios by inductively-coupled plasma time of flight mass
spectrometry (10). Among the advantages of this technology
are the absence of spectral overlap, which allows to realistically
measure over 40 markers on a single cell; absence of tissue auto-
fluorescence; true multi-plexing capacity using barcoding
matrices, which allow to run up to 100 samples in parallel
without compromising dimensionality. To date, mass
cytometry has not only been performed on leukocytes by using
antibody-labeled probes but also on cell lines, bacteria,
nanoparticles and beads (11–15). The core technology is
rapidly developing along with bioinformatics and reagent
March 2021 | Volume 12 | Article 590742
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FIGURE 1 | Four-step modular approach for high dimensional OMICS analysis for immune profiling during disease and (immuno)-therapy. Steps consist of (1) sample
preparation, (2) cell barcoding and staining, (3) sample acquisition, and (4) data analysis. Briefly, single cells or histologic slides are prepared from blood, or fixed tissue
samples. Single cells from blood or dissociated fresh tissues are barcoded, stained for live/dead, surface and/or intracellular markers and acquired using single cell solution
mass cytometry. As an alternative CiteSeq can be utilized. Tissues on histologic slides are stained and acquired using imaging mass cytometry. For mass cytometry, data is
bead-normalized and randomized. After de-barcoding data can be loaded in the bioinformatic analysis platform of choice.
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chemistry, thereby creating a largely universal and extendable
next generation platform for multiplexing high-dimensional
single-cell cytometry applied to translational research, systems
biology, and biomarker discovery.

Mass cytometry is ideally applied to research requiring high
parametrization at single-cell resolution such as: (i) resolving
cellular heterogeneity in complex mixtures of cells (e.g. bone
marrow, blood or tissue); (ii) delineating complex phenotypes of
isolated cell types, such as T-cell or myeloid subsets (16–19); or
(iii) extracting maximum information out of limited (clinical)
samples, such as tissue biopsies, blood samples from cancer
patients and children (20–22). This latter makes mass
cytometry ideal for large-scale immune monitoring and drug
screening studies in clinical/translational research and systems
immunology (Figure 1). The type of probes (antibodies) used by
mass cytometry are the same as the ones used in flow cytometry
with the caveat that mass cytometry is less sensitive than
flow cytometry.

Multiparametric Tissue Imaging
More recently, multiparametric (>6 markers) imaging using
immunofluorescent or metal-labeled probes has been
translated to tissues. Currently there are four commercially
available systems: the Hyperion technology (Fluidigm), the
MIBIscope system (Ionpath), the CO-Detection by indEXing
(CODEX, Akoya) instrument platform and the MACSima
(Miltenyi). The concept behind all of these technologies arose
from Stanford University with the idea to extend high
dimensional studies from solution mass cytometry to tissues,
thus allowing efficient spatial resolution.

Mass spectrometry-based instruments like the Hyperion and
MIBIScope vaporize histologic samples previously tagged with
rare metals conjugated-antibodies and analyze their content in a
mass spectrometer. The Hyperion system is an appendix to the
Helios solution mass cytometer and can be operated using the
same instrument with the addition of a laser ablation table to
vaporize histologic samples (23). The MIBIScope is a stand-alone
instrument, which uses an Ion beam for ablating rare metal
stained tissues and needs special gold-coated slides for sample
preparation (24, 25). The administered energy and speed of the
ion beam can be regulated thus enabling different ablation speeds
and tissue resolutions. Most importantly, the ion beam can reach
sub-cellular resolution, therefore allowing the study of
intracellular organelles and structures. The CODEX as well as
the MACSima technologies use antibodies conjugated to unique
oligonucleotide sequence barcodes. Target-specific barcodes with
a dye-labeled reporter allow for highly specific detection.

All data generated on imaging platforms are displayed as data
spots per area revealing the amount of probe that was bound to
Frontiers in Immunology | www.frontiersin.org 4275276
that spot when the tissue section was stained and ablated/
screened. By plotting the data so that the single-spot data
points are next to each other in the order they were originally
sampled, highly multiplexed images of the tissue sections can be
reconstructed. Together with the spatial information, whole
tissues are electronically reassembled by using bioinformatics.
By employing tissue microarrays and standardized staining
panels, these technologies can be high throughput. Sensitivity
for some probes on Hyperion is low. Due to a higher amount of
energy transferred to the probe, the MIBIscope may offer higher
sensitivity. As for the CODEX platform, this technology has just
become commercially available and evaluation of performance in
terms of sensitivity is still premature. Of note, the MIBIscope and
CODEX systems are less tissue destructive, therefore allowing
downstream use of the tissue for microdissection and further
analyses. All technologies are relatively new to the broad
scientific community and time and user preferences will clarify
which technology is best to address each individual
scientific question.

Genomic Cytometry
Due to its long history and multiple validated analysis workflows,
single cell (sc) RNA sequencing (scRNASeq) in combination
with unsupervised machine-learning bioinformatics is nowadays
the preferred approach to in-depth reveal the complexity of the
cellular landscape in multiple diseases. In 2011 a pioneering
study from Wigler and colleagues using scRNASeq showed that
the metastatic dissemination is the consequence of a single clonal
expansion (26). Increasing scRNASeq throughput (27) (28), has
enabled the identification and characterization of novel or rare
cell types (29), in addition to providing insights into the
underlying mechanisms of cellular development (30) and
response to therapeutic interventions (31).

However, proteins, not mRNAs, are the primary targets of
drugs and protein abundance cannot necessarily be inferred
directly from mRNA abundance (32–35). An unbiased view of
proteins is thus necessary to model cellular dynamics and
response to environmental and therapeutic perturbations. To
address this need, recently, new cross over technologies using
specific protein-targeted tags and untargeted transcriptomic or
targeted genomic approaches have been developed. Cellular
Indexing of Transcriptomes and Epitopes by Sequencing
(CITE-seq) (36) and its sister technology RNA Expression and
Protein Sequencing assay (REAP-seq) (37) use DNA-barcoded
antibodies to convert detection of proteins into a quantitative,
sequenceable readout. CITE-seq uses biotin-conjugated
barcodes, while in the REAP-seq technology barcodes are
directly bound to the probes. These antibody-bound oligos act
as synthetic transcripts that are captured during most large-scale
March 2021 | Volume 12 | Article 590742
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oligodT-based scRNA-seq library preparation protocols (e.g. 10x
Genomics, Drop-seq, ddSeq).
BIOMARKER DISCOVERY AND NOVEL
TARGET IDENTIFICATION

scRNA-Seq in Biomarker Discovery
According to the DNA-RNA dogma, DNA provides the code for
RNA, which in turn is translated into protein (38). The majority
of cell populations studies from complex heterogenous tissues
such as cancer has been conducted on bulk samples, which read
the average signal within a population thus preventing
measurements of the single cell variation. The widespread
knowledge of transcriptomic analysis fueled the study of single
cell genes, transcriptomes and proteomes in several different
diseases and cell types.

Non-invasive single cell-based sequencing of liquid biopsy
has been proposed to screen circulating clonal population of
cancer cells (39). For these reason, sophisticated methods to
capture, enrich and sequence circulating tumor cells (CTCs)
have been optimized. In metastatic breast cancer, scRNA analysis
of CTCs has been performed using Hydro-Seq: high-efficiency-
cell-capture-contamination free scRNA-seq. Using this powerful
method, the authors revealed clinically relevant markers to
identify CTCs and, interestingly, inter- and intra-patient
transcriptome heterogeneity (40). In addition, the use of single
cells sequencing enabled the identification of disease-associated
cellular profile and interactome, which have been subsequently
validated across 13 different diseases such as asthma,
atherosclerosis, breast cancer, chronic lymphocytic leukemia
(CLL), Crohn’s disease, eczema, obesity, influenza, psoriasis,
seasonal allergic rhinitis, type 1 diabetes, tonsillitis and
ulcerative colitis. This further supports the universality and the
power of scRNA-seq for biomarkers detection and identification
of therapeutic targets (41). The breakdown of immune cells
activation and interaction have been analyzed by single cells
studies during bacterial infection: over 7000 human PBMC ex-
vivo infected with Salmonella have been sequenced using 10X
Genomics with the aim to generate a detailed picture of
infection-induced cell states (42).

A similar dynamic of the immune cells can be investigated in
the tumor microenvironment. In hepatocellular carcinoma the
combination of two scRNASeq technologies, SMART-Seq2 and
drop-based platform, revealed six different macrophage clusters
and a novel class of LAMP3+ mature dendritic cells, which
dampens T cell antitumor functions. Additionally, the analysis of
cell populations in multiple organs and body sites has revealed
both the migration paths of immune cells and their origins (43).
Single cell studies of lymphoid cells in cancer are also leading to
the discovery of stronger predictors for disease and treatment
outcomes. TCGA multi-omic data was collected across several
cancers to identify novel markers from tumor infiltrating
lymphocytes as key indicators for prognosis. Protein and
mRNA expression profiles were correlated with survival curves
leading to the discovery of GPR18 as a better prognostic indicator
Frontiers in Immunology | www.frontiersin.org 5276277
over the previously established CD20+ (44). The interaction
between immune cells and cancer can also be useful to identify
novel therapeutic strategies. In this context, using scRNA-seq,
lymphoid cells generated in the gut mucosa have been proposed
as modulators in colorectal cancer. Various differentiation states
can also play significant roles in the tumor microenvironment
and be potentially relevant for novel immunotherapy strategies
(45). In addition to the interaction among different immune cell
subsets, scRNA-seq has proved valid to investigate the
interaction between immune cells and non-immune cells such
as tumor cells and stroma (46). The power of scRNA-seq in
exploring cell heterogeneity within the same population has been
also applied to the analysis of HIV permissiveness in CD4+ T
cells. In this study CD298, CD63 and CD317 have been identified
as a biomarker signature of cell permissiveness to the viral
infection (47).

Besides study focusing on CTC and immune cells in the
context of cancer, scRNA-seq has recently been used to unearth a
range of clinically relevant non-immune markers from tumor
samples. Recent work has defined cell populations within
malignant osteosarcoma using scRNA-seq and Monocle 2 for
pseudo-time analysis. Markers identified with this method were
accurate in predicting metastases and disease recurrence (48).
Similar techniques were applied to existing data to define novel
biomarkers for hepatocellular carcinoma (49). Zhao et al.
exposed glioblastoma samples to different chemotherapeutics
and used scRNA-seq expression profiles to predict drug
response in individual patients (50). A different study focused
on glioma used existing multi-omic data, including scRNA-seq,
to identify novel biomarkers in cerebrospinal fluid that can be
used to assess diagnosis, prognosis, and directions for therapy
(51). In patients with lung adenocarcinoma, scRNAseq on
samples collected at different time points during disease,
including at the time of metastases formation, enabled the
identification of markers of cellular reprogramming and
immunosuppression (52).

Lately, single cell methods have been employed to
characterize SARS-CoV-2. Using scRNA-seq on COVID-19
positive patient bronchoalveolar lavage fluids (BAL), key
immune cell populations were found to predict disease severity
(53). In another study, peripheral blood mononuclear cells
(PBMC) were collected from patients in the early recovery
phase and using scRNA-sequencing Wen et al. showed a pro-
inflammatory state following the primary infection, therefore
suggesting that patients should be monitored for up to one week
after the primary infection wanes (54). Using previously
collected scRNA-seq data, one study developed a pipeline for
identifying drug targets for COVID-19 and another combined
this data with viral receptor interaction information to identify
mechanisms of COVID entry across multiple organs (54, 55).

Single Cell Proteomics in Biomarker
Discovery
The Nolan laboratory has conducted pioneer work to adapt
analysis of single cell proteomes to immunology using CyTOF.
The more abundant proteomic information from each single cell
March 2021 | Volume 12 | Article 590742
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enabled by mass cytometry provides a much broader landscape
for different types of biological questions such as the frequency of
immune cells in response to a stimulus (56) and the correlation
between tumor pathology and phosphoproteins signaling (57).
Relevant clinical information such as immune response during
diseases (58, 59), assessment of clinical recovery after surgery
(60), and guidance to effective therapy (22, 59) has also been
obtained using this method. Over time, several research groups
have combined this technology with clinical samples, clinical
data and novel functional assays to assist easier disease diagnosis
(61). Mass cytometry has been crucial in deciphering dendritic
cell ontogeny (19, 62), B cell development (63) and in
characterizing the human mucosal immune system in
gastrointestinal pathologies (64). Krieg et al. used high-
dimensional single-cell mass cytometry to characterize subsets
of immune cells in the peripheral blood of metastatic melanoma
patients before and during anti-PD-1 immunotherapy (20).
Thirty surface markers were first assayed in the leukocytes and
a set of T cell subsets at the different stages of differentiation and
activation. Then, functional phenotypes of T cells and myeloid
cells were extensively characterized with single-cell proteomic
profiling to discover the difference between responders and non-
responders to anti-PD-1 immunotherapy. This study showed for
the first time that the frequency of CD14+ CD16− HLA-DRhi

monocytes may serve as a prognostic biomarker of progression-
free and overall survival before immunotherapy (20). Wei et al.
characterized single tumor-infiltrating T cells (TILs) with mass
cytometry by assessing 33 surface and 10 intracellular markers,
including non-T cell lineage markers, T cell differentiation and
activation markers, and T cell lineage transcription factors. This
study showed that both anti-CTLA-4 and anti-PD-1 antibodies
expand exhausted-like CD8 T cells, and that anti-CTLA-4
antibody modulates an ICOS+ Th1-like CD4 effector subset for
engaging exhausted-like CD8 T cells. Wei et al. discovered the
distinct cellular mechanisms of antitumor immune responses
induced by CTLA-4 and PD-1 blockade in the preclinical and
clinical analysis (65). Recently, Spitzer et al. proposed that
effective cancer immunotherapy depends on systemic
immunity. To validate this hypothesis, they assessed antitumor
immune response in lymph node, spleen, blood, and bone
marrow in mouse models of breast cancer using 39 immune
markers for surface and intracellular proteins. This study
provided evidence that a population of CD4+ T cells in
peripheral blood could predict systemic active immunity
required for tumor rejection (66). In addition, Becher et al.
showed circulating auto-reactive T cells in patients suffering
from narcolepsy and multiple sclerosis (21, 67).

Compared to scRNAseq and fluid phase mass cytometry,
imaging mass cytometry (IMC) is still in its infancy mainly
because of the still limited distribution of the technology and
expert laboratories across the world. To date, the most exhaustive
results obtained using IMC have been produced by the
Bodenmiller laboratory using the Hyperion system and focused
on the characterization of immune contexture and tumor
microenvironment in breast cancer (23, 68). We envisage a
widespread dissemination of high dimensional imaging using
Frontiers in Immunology | www.frontiersin.org 6277278
the Hyperion and previously mentioned sister technologies. This
in turn will contribute to the generation of very comprehensive
atlases, which will be of great value for a deeper understanding of
cellular interactions during health and disease.
INTEGRATION USING BIOINFORMATCS

Pre-print Platforms
One of the biggest challenges posed by single-cell-omic
approaches is the simplification of data processing and
analysis, so that workflows can become readily available not
only for research purposes but also for clinical application.
Several solutions for data storage and processing are nowadays
free or commercially available via subscription or licensing.

Free platforms are FlowRepository (www.flowrepository.org),
ImmPort (import.niaid.nih.gov), and ImmuneSpace (www.
immunespace.org). One commercial service, CytoBank, offers
a cloud-based network that allows easy accessibility to data and
code in a user-friendly format. Online support for analysis or
workflow problem solving is also available. CytoBank includes
analysis packages for FlowSOM and CITE-seq, which are used
for proteomic and transcriptomic data sets, respectively.

FlowJo and SeqGe are two additional large platforms from
BD, which offer user-friendly workflows. Each of these
applications uses extension plugins that can provide quality
control, data analysis, and visualization tools. Because of the
user-friendly data analysis, there are far more limitations on how
the user controls the data meaning that the preprocessing of
single cell data files requires higher refinement prior to using
such a service and often may still require some expertise to
ensure the analysis is robust and significant. Much of the
preprocessing and detailed aspects of data organization are not
controllable within such platforms, which means there is still
room for mistakes.

VDJViewer was specifically developed with the intention to
provide single cell data processing for users that do not have
advanced bioinformatic expertise, therefore making
immunologic single cell data more accessible (69). In addition
to modeling antigen markers, scRNA seq, and meta data, this
application can also perform pseudo-time analysis and
dimensionality reduction (69). As more data and platforms like
VDJViewer become available, there is also a need to improve the
models that operate within a given platform.

While these platforms are undoubtedly allowing wet
laboratories to successfully analyze complex -omic data sets
with minimal assistance of trained bioinformaticians, they are
often limited in their application especially when dealing with
complex datasets.

An alternative approach to commercially available solutions
is the use of preprint platforms, which rely on community
feedback for rapid development of data processing solutions.
Because there is no “universal standard method” to process
single cell data from different experiments and combining
these large data sets requires creative and strategic
methodology, actively seeking user feedback can streamline
March 2021 | Volume 12 | Article 590742
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solutions. The use of these platforms is free and only requires
updated software and operation systems. Further, it ensures
reproducibility, which is essential when the aim is the
generation of a data cloud containing standardized cell and
diseases atlases as references.

There are several leaders in preprint workflows, including
Bioconductor and F1000. F1000 is a life sciences publisher with
four primary divisions. F1000Research is the branch that focuses
on data sharing. Bioconductor is a ready to download software
package available within F1000Research, written in R and used as
a bioinformatics community platform. Bioconductor offers free
download of user-friendly workflows, sample data sets, and data
analysis software packages. Additionally, an updated package is
released every six months. Some of the common workflows
within Bioconductor include scRNAseq and proteomic
differential analysis. One example is Catalyst, a software
program within Bioconductor developed by Mark Robinson
laboratory. This program was specifically developed to offer a
simplified way to analyze single cell mass cytometry data. One
recent application of Catalyst allowed the identification of
immunologic phenotypes pertinent to lung cancer prognosis
(70). Other software programs within Bioconductor optimize
single cell RNA-seq and epigenomic data. Among these
softwares, the ChAMP software program recently allowed the
identification of novel epigenomic biomarkers in colorectal
cancer (71).

Another preprint leader, the 10X genomics platform, is an
organization focused on the development of single cell
technologies and analysis pipelines. Although CellRanger is
best used by commercially available kits, the free available
software is gauged at the analysis of single cell data. Recent
technologies within the 10X genomic project include the Visium
Spatial Gene Expression Solution, which was developed for
spatial resolution of transcriptomic data. In this assay, total
mRNA samples are collected and processed by linking the
transcriptomic barcode to a defined region of interest on the
slide, thus providing spatially relevant information. In addition
to technology development, 10X has led efforts to expand the
power of single cell analysis. In 2017, 10X initiated a project in
partnership with the Human Cell Atlas to create a single-cell
based atlas available as a reference, which would initially include
scRNA-seq data.

CHALLENGES

The field of high dimensional data poses several challenges,
which in our view limit the accessibility of high dimensional
technologies to clinical trial evaluation and drug discovery. The
challenges are mostly related to three major areas: 1) data quality,
2) computational tools, and 3) training of the end user and
generating the infrastructure.

Challenge One—Data Quality
Examples of high dimensional data include genomic,
transcriptomic, proteomic, and microbiome data, which are
derived from different sources and are collected in a variety of
Frontiers in Immunology | www.frontiersin.org 7278279
distinct formats and often over several sites. This data is
complemented by patient data/medical records. Errors
occurring during measurement or during processing can
compromise the reproducibility and the use of the generated
data. To overcome this hurdle, details about data collection and
generation must be transparently reported and each processing
step must be documented to avoid or minimize data alteration.
Additionally, wet laboratories must follow strict standards
during sample collection, storage, processing and acquisition. It
is also important that data collection, processing and
management follow pre-defined national or international
standards. The national FAIR (findable, accessible,
interoperable, reusable) initiative is one attempt to imply such
a standard (72). Notably, attempts in ensuring procedural
standards must be supported by the application of ethical
standards to protect the privacy of the participating patients
(73). Furthermore, throughout processing and management data
must remain reliable and therefore be complete, of high quality,
diverse, relevant to the question asked, timeless and accurate
(74). Furthermore, data quality must be maintained upon data
compression, storage, transfer and analysis and the entire process
must be reproducible.

Challenge Two—Computational Tools
A desirable goal in the clinics is the creation of a FDA-approved
software that can support clinical decisions (75). A prerequisite
to this is the development of well tested wet lab protocols and
computational tools, which can be easily used by users with a
diverse knowledge level encompassing computational scientists,
wet lab scientist and medical personnel (76). Open shared
resources and code transparency as well as snapshots of
program development can vastly enhance computational tool
development and make the field more attractive to a wide group
of users. Most importantly, wet lab protocols must be developed
and pre-tested over several sites. Docker engines, which allow
running software in a container, therefore making its installation
independent on the environment, resulted in the use of software
by a larger community (77). In this context, it will be of utmost
importance having accessible, large and free data sets to allow for
the testing and validation of software tools on real world data
(78). Approaches such as the moonshot atlas initiative and the
whole genome sequencing project are some of the examples.

Challenge Three—Training of the End User
and Generating the Infrastructure
With the continuous growth of the big data field, the training of
wet lab and clinical scientists in computational sciences becomes
essential (76). Ideally the training should be multi-disciplinary
and cover a broad array of concepts such as molecular diagnosis,
cellular immunology, computer programming, system biology
and patient care. This broad rather than specialized knowledge
will empower the next generation of students to use new software
tools with ease. This can be done in specialized PhD programs or
in the form of on job training degrees. Most importantly, to
optimally achieve these objectives, hospitals and universities
should provide the infrastructure, such as cloud computing,
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high speed internet connections in central as well as rural areas,
easy access to the necessary software and sufficient support staff.
CONCLUSION

There are endless challenges facing multi-omic data processing,
as it is critical to consistently assess analysis methods and avoid
over fitting. Part of this challenge is interpreting how the
individual cell features and their interaction with other cell
types contributes to specific outcomes and therefore designing
appropriate algorithms. Such theory is relevant in economics and
consumer behavior and many of these models have operated as
examples for single cell analysis. For instance, economic game
theory models weigh the net effects of individual decisions and
small subgroups to understand what drives certain economic
trends and this type of strategy has been used to create novel
analysis methods for single cell data (79).

Furthermore, when dealing with multi-omic approaches
layers of single cell data need to be stacked. Therefore, another
challenge is the creation of robust systems to process individual
data sets as well as effective strategies to combine multiple data
sets and produce meaningful outcomes. Novel technologies like
single cell proteomics, single cell sequencing, and single cell
spatial resolution are rapidly developing. As more and more
laboratories world-wide get access to these technologies, network
like the Immuno-Oncology Translational Network (IOTN)
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develop reference atlases of tissues and lay the basis to
analytical tools. With these atlases as reference we are
witnessing the beginning of tremendous insight into immune
and disease mechanisms during (immuno)therapy.
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