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Editorial on the Research Topic

Immunity to Cytomegalovirus Infections: Challenges and Therapeutic Opportunities

Human cytomegalovirus (CMV) is a double-stranded DNA virus belonging to the Herpesviridea
family. Its transmission, through different fluids such as saliva, sexual contact, blood, and breast
milk, makes its prevalence high, and the probability of infection increases with age. The implications
of acute infection are of relevance for immunocompromised individuals (such as neonates and
transplantation patients), and such CMV infections can lead to long lasting complications and even
mortality. CMV is also of importance for the healthy population due to its chronicity and latency
throughout the life of the infected individual. The development of an inflationary immune response
over the years, which is not fully clarified, is a wide field of research where we can deepen our
knowledge on the CMV-host interactions.

This Research Topic gives us a comprehensive overview of the current knowledge of CMV
infection in various situations, as well as its possible solution or attenuation. This monograph
includes thirteen articles: nine original articles and four review articles. The authors invited scientific
collaborators to this collection based on their unique and specific findings on CMV under
physiological and pathological conditions including: (a) mechanisms regulating CMV immune
evasion, (b) the role of CMV in the alterations suffered by the immune system in patients with
inflammatory chronic diseases, (c¢) CMV infection in the context of primary and secondary
immunodeficiencies, (d) influence of CMV infection on the immunosenescence process
associated to aging and (e) therapeutic opportunities in the management of CMV disease.

In the article by Reus et al,, sex differences in the response of T lymphocytes to different CMV
proteins are explored. The response of both CD4+ and CD8+ T lymphocytes was greater and more
proinflammatory in men than in women. These findings may help understand sex differences in
CMV-associated pathologies. Jackson et al. analyzed the effect of latent CMV infection on the
secretome of CD14+ monocytes, finding an increase in the production of the chemokines CCL8 and
CXCL10. The CD14+ latency-associated secretome also suppresses the anti-viral activity of
stimulated CD4+ T cells. Moreover, co-culture of activated autologous CD4+ T cells with
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latently infected monocytes resulted in reactivation of CMV at
levels comparable to those observed using M-CSF and II-1b
cytokines. This mechanism could be a strategy of CMV to
reactivate and achieve local dissemination in peripheral tissues.
Another article that studies the CMV latency period is the work
by Griessl et al. showing that the IE, E and L genes are
transcribed during latency, but in a stochastic manner, not
following the IE-E-L cascade pattern. In addition, the
transcripts that code for memory inflation-driving antigenic
peptides rarely coincide with those that code for immune
evasion proteins. This stochastic expression could explain why
immune evasion is not operative in latently infected cells,
however, it does not interfere with memory inflation. Another
possible evasion mechanism studied in this monograph is the
one analyzed by Zhang et al. where they observe that the
expression of certain microRNAs that interact with IFN
receptor 1 (IFNARI1) could achieve immune evasion, both in
lytic and latent infection. van den Berg et al. investigated the
impact of CMV infection on influenza-specific CD8+ T cells and
the response to influenza infection in the elderly. CMV infection
does not appear to diminish the influenza-specific response in
acute CMV infection.

In the section on CMV infection associated with other
pathologies, we find several very interesting works such as that
of Garcia-Torre et al. that relates the level of proinflammatory
cytokines with the functional status of patients with chronic
heart failure and with CMV infection. They found higher levels
of all cytokines in patients with heart failure compared to healthy
controls, as well as a direct correlation between levels of
proinflammatory cytokines and worse functional status in
patients. This cytokine production was much higher in CMV-
infected patients, and anti-CMV antibodies correlated with levels
of proinflammatory cytokines. The review presented by Alonso-
Alvarez et al. tells us about the relationship between CMV
infection and hematological tumors. The evolutionary
symbiotic relationship between herpesviruses and humans
disappears in immunosuppressed patients, especially in
hematological patients. New procedures in transplantation
have been introduced as well as new treatments to manipulate
the composition of the graft and its functionality. In addition,
new drugs have also been introduced to treat CMV infection.
Another point discussed in this interesting review is the effects of
CMV in terms of mortality or progression in patients with
hematological tumors treated with immunochemotherapy or
new molecules or in patients who have received SCT. El Baba
and Herbein review the immunological profile in cancer patients
infected by CMV. The changes promoted by CMV infection are
related to immunosenescence and phenotypes that lead to
immunosuppressive tumor environments and oncomodulation.
CMV-induced evasion mechanisms play a major role in
developing new approaches in tailored therapeutics against
CMV, especially since immunotherapy has revolutionized
therapeutic strategies against cancer.

Luo et al. discuss CMV infection and CMV-specific immune
reconstitution in the context of haploidentical stem cell
transplantation (SCT). The cure in haploidentical stem cell

transplantation (haploSCT) is seriously hampered by CMV
infection and delayed immune reconstitution compared to
HLA-Matched stem cell transplantation. The authors provided
an update on CMV infection and CMV-specific immune
recovery in this fast-evolving field. Another very interesting
original work is the one carried out by Gergely et al. where
therapeutic vaccination against CMV in hematopoietic cell
transplantation (HCT) recipients is reviewed. Therapeutic
vaccination aims at restimulation and expansion of specific
transferred CD8+ T lymphocytes in the recipient of HCT. Their
preclinical research data provide an argument for using pre-
emptive therapeutic vaccination to improve antiviral protection
by adoptive cell transfer in HCT recipients with diagnosed CMV
reactivation. In the review written by Garcia-Rios et al. the
possibilities of using CMV-specific T-cell adoptive transfer as a
treatment against CMV infection in solid organ transplantation
(SOT) recipients are described. This option may be a therapeutic
alternative to reconstitute the specific T cell response against CMV
and control CMV viremia in SOT patients.

Pardieck et al. declare in their article that a vaccine that
induces immunity against CMV in an immunocompromised or
immunoimmature population is highly needed. Current insight
encourages that a protective immune response to CMV might
benefit from the induction of virus-specific T cells. The
combination of antibodies and CD8+ T cell-eliciting vaccines
provides a collaborative improvement of humoral and cellular
immunity allowing to improve protection against CMV. In the
article by Sustic et al. the role of memory CD8+ T cells, generated
by a CMV vaccine vector expressing NKG2D ligand, with an
effector-like phenotype and distinct functional features is
studied. CMV is an attractive vaccine vector due to its large
genome with few non-essential genes that can be easily
manipulated. Their results shed new insights into the
phenotypical and functional distinctness of memory CD8+ T
cells induced with CMV vectors expressing cellular ligands for
the NKG2D receptor.

We hope that all articles in this Frontiers in Immunology
Research Topic will serve to broaden the knowledge of
researchers and clinicians in the field of CMV infection. In
addition, we hope that these works will serve as a stimulus to
expand research on the mechanisms behind infection by this
virus that will result in an improvement in the lives of patients.
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Human Cytomegalovirus
miR-US33as-5p Targets IFNAR1 to
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As the first line of antiviral defense, type | interferon (IFN) binds IFN receptor 1
(IFNAR1) and IFNAR2 to activate the Jak-STAT signal transduction pathway, producing
IFN-stimulated genes (ISGs) to control viral infection. The mechanisms by which human
cytomegalovirus (HCMV) counteracts the IFN pathway are only partially defined. We
show that miR-US33as-5p encoded by HCMV is expressed in both lytic and latent
infection. By analysis with RNA hybrid and screening with luciferase reporter assays,
we identified IFNAR1 as a target of hcmv-miR-US33as-5p, which was further verified
by examining the expression of two IFNAR1 mutants and the binding of IFNAR1
to miR-US33as-5p/miR-US33as-5p-M1/miR-US33as-5p-M2. We found that after the
transfection of miR-US33as-5p mimics into different cell lines, the phosphorylation of
downstream proteins and ISG expression were downregulated. Immunofluorescence
showed that the miR-US33as-5p mimics also inhibited STAT1 translocation into
the nucleus. Furthermore, we constructed HCMV with mutant miR-US33as-5p and
determined that the mutation did not affect HCMV replication. We found that
MRC-5/human foreskin fibroblast (HFF) cells infected with AmIRNA HCMV exhibited
higher IFNAR1 and ISG expression and a reduced viral load in the presence of
exogenous IFN than cells infected with WT HCMV did, confirming that the knockout
of miR-US33as-5p impaired viral resistance to IFN. Finally, we tested the effect of
AmMIRNA HCMV on THP-1 and d-THP-1 cells, common in vitro models of latent infection
and reactivation, respectively. Again, we found that cells infected with AmMIRNA HCMV
showed a reduced viral load in the presence of IFN than the control cells did, confirming
that miR-US33as-5p also affects IFN resistance during both latency and reactivation.
These results indicate a new microRNA (miRNA)-based immune evasion mechanism
employed by HCMV to achieve lifelong infection.

Keywords: cytomegalovirus, viral miRNAs, US33as-5p, IFNAR1, immune evasion
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Zhang et al.

Viral miRNA and Immune Evasion

INTRODUCTION

Human cytomegalovirus (HCMYV), a prevalent human pathogen,
is a member of the subfamily of B-herpesviruses, which are
enveloped, double-stranded (ds) DNA viruses that maintains
persistent latent infection for the duration of the host’s
lifetime (1). HCMYV infection can be asymptomatic in healthy
individuals but is the major cause of morbidity and mortality
in immunocompromised patients and the leading cause of
congenital birth abnormalities (2). Current antiviral drugs
(such as ganciclovir) have been proven efficacious to control
viral infection, but there are few approaches to thoroughly
eliminate the virus (3). Therefore, further investigation to identify
the mechanism linking viral persistence and immune evasion
remains necessary.

MicroRNAs (miRNAs) are short non-coding RNAs (19-22
nucleotides in length) that post-transcriptionally regulate gene
expression, causing the degradation and translational inhibition
of target mRNAs by base-pairing with the 3'-untranslated region
(3’-UTR) through the RNA-induced silencing complex (RISC)
(4, 5). More than 230 viral miRNAs have been discovered, but
the target genes of these viral miRNAs have not been extensively
studied (6). HCMV has a large genome of 230-250kb and is
currently known to encode 26 miRNAs from 16 precursors.
However, several miRNAs not included in the miRBase database
(http://www.mirbase.org/) have been discovered. For example,
we and other researchers found that miR-US33as-5p is encoded
by HCMV and expressed in both lytic and latent infection (7).

In previous studies on herpesviruses, many viral miRNAs
were found to be expressed to avoid host immune mechanisms,
allowing persistent infection to be maintained, which is
particularly common in - and y-herpesviruses (8). UL-112-1,
miR-BART2-5p, and miR-K12-7, which are encoded by HCMYV,
Epstein-Barr virus (EBV) and Kaposis sarcoma-associated
herpesvirus (KSHV), respectively, were found to target MHC
class I-related chain B (MICB), a stress-induced ligand that is
targeted by natural killer (NK) cells through the ligand NKG2D
(9, 10). miR-K12-9, encoded by KSHYV, reduces NF-kB signaling
by binding IRAK1 and MyD88, leading to reduced levels of the
inflammatory cytokines IL-6 and IL-8 (11). miR-UL112-1, US5-
1, and US5-2, encoded by HCMYV, targets multiple cellular targets,
reducing the secretion of the inflammatory cytokines TNF-o and
IL-6 (12). miR-UL148D-1 targets RANTES, regulating activation,
and normal T-cell expression and secretion (13, 14). Although
some HCMV miRNAs and their targets have been reported,
many more miRNAs, their target antiviral mechanisms, and their
biological functions remain unclear.

In this study, we found that hcmv-miR-US33as-5p targets
interferon (IFN) receptor 1 (IFNARI1) to evade host immunity
by interfering with the canonical IFN signaling pathway. Type
I IFNs play a key role in innate immune responses against
viral infection through the production and secretion of IFNs by
host cells upon the recognition of viral nucleic acids. Moreover,
IENs protect cells from further enhanced viral infection by
inducing ISGs, many of which encode antiviral proteins. We
showed that overexpression of hemv-miR-US33as-5p obviously
downregulated the expression of IFNARI, further leading to

inhibition of the Jak-STAT signal transduction pathway. Besides,
mutation of miR-US33as-5p in HCMV obviously decreased viral
resistance to IFN in both lytic and latent infection. These results
establish a mechanism of hemv-miR-US33as-5p-based immune
evasion utilized by HCMV.

MATERIALS AND METHODS
Cells and Viruses

MRC-5 cells were cultured in minimum Eagle’s medium (MEM,
Gibco, Shanghai, China), HEK293 (293) cells and human
foreskin fibroblast (HFF) cells were cultured in Dulbecco’s
modified Eagles medium (DMEM, Gibco), and THP-1 cells
were cultured in RPMI 1640 medium (Gibco). All media
were supplemented with 10% fetal bovine serum (FBS), 100
U/mL penicillin, and 100 pg/mL streptomycin, and all cells
were cultured at 37°C under a 5% CO; atmosphere. Confluent
cell monolayers were starved of serum for 4h before drug
treatment. Cells were treated with 10 pg/mL cycloheximide
(CHX, Monmouth Junction, NJ, USA) for 0.5h, maintained
in serum-free DMEM, washed with phosphate-buffered saline
(PBS) three times, and then stimulated with 1,500/500 TU/mL
IFNo (Sigma-Aldrich, St. Louis, MO, USA) in medium
supplemented with 10% FBS until harvesting.

HCMV (Toledo strain) was routinely inoculated and
propagated in MRC-5 cells, and aliquots were stored at —80°C.
MRC-5 and HFF cells were infected with HCMV at a multiplicity
of infection (MOI) of 1, and THP-1 cells were infected with
HCMYV at an MOI of 10. For HCMV infection, the cells were
infected with HCMV in a medium without FBS for 2h, after
which the medium was replaced with a medium containing
5% FBS.

Plasmid Construction

The 3'-UTRs of hecmv-miR-US33as-5p targets predicted by the
RNA hybrid procedure were amplified from mRNA-derived
complementary DNA (cDNA) with the corresponding primers
listed in Supplementary 1. After purification and digestion, the
fragments were cloned into the pmirGLO dual-luciferase vector
(Promega, Madison, WI, USA). In addition, vectors encoding
IFNARI1 with one of two binding-site mutations were produced
as described in Supplementary 2 and named IFNAR1-M1 and
IFNAR1-M2 (depicted in Figure 2B).

The sequence of hcmv-miR-US33as-5p was similarly
amplified with miR-US33as-5p-specific primers, and the
fragment was cloned into the GV251 vector (GeneChem,
Shanghai, China), with the resulting vector named GV251-miR-
US33as-5p. Two vectors encoding the mutants IFNAR1-M1 and
IFNAR1-M2 were individually generated and named US33as-M1
and US33as-M2, respectively, as described in Supplementary 3.

To construct a RED-flagged STAT1 expression vector,
STAT1 was amplified using semi-nested PCR (outer forward
primer: 5-TGCGTAGCTGCTCCTTTGGT-3/, outer reverse
primer: 5'-GTCAGGATCCACTTCAGACACAGAAATCAA-3;
inner forward primer: 5-GTCAGTCGACATGTCTCAGTGGT
ACGAACT-3, inner reverse primer: 5-GTCAGGATCCACTT
CAGACACAGAAATCAA-3'). Fragments were cloned into the
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pDsRed1-N1 vector (Takara), and the resultant vector was named
pDs-RED-STAT1. Insertion of the construct was confirmed by
the company AuGCT.

Dual-Luciferase Reporter Assays

To confirm the target of hcmv-US33as-5p, 293 cells were
cultured in 24-well plates. The cells were co-transfected with
150 ng of pmirGLO vector containing the 3’-UTR of a
predicted target gene and 350 ng of GV251 blank vector
or vector containing US33as-5p/US33as-5p-M1/US33as-5p-M2
using jetPRIME (Polyplus, Illkirch, France) in triplicate wells
according to the manufacturer’s instructions. The cell medium
was replaced after 4h of transfection. Luciferase activities
were determined at 48h post-transfection (hpi) according
to the manufacturer’s instructions (Dual-Luciferase Reporter
Assay System, Promega) using a luminometer. The transfection
efficiency was normalized by the Renilla luciferase activity in the
corresponding well.

Western Blot Analysis

Cell pellets were lysed in RIPA lysis buffer (CWBio, Beijing,
China) with a cocktail of protein inhibitors and phosphatase
inhibitors (CWBio). Extracts were separated by 10% sodium
dodecyl sulfate-polymerase gel electrophoresis (SDS-PAGE),
after which proteins were transferred to polyvinylidene
difluoride (PVDF) membranes (Sigma-Aldrich) and visualized
with antibodies specific for IFNAR1 (A1715), IFNAR2 (A1769),
STAT1 (A0027), STAT2 (A14995), and PB-actin (A2319) (all
from ABclonal, Wuhan, Hubei, China), p-STAT1 (7649T),
p-STAT2 (4441T), p-JAK1 (74129S), JAK1 (3344T), p-Tyk2
(68790S), and Tyk2 (14193S) (all from CST, Boston, MA, USA);
and HRP-conjugated goat anti-rabbit IgG (ABclonal) via an
electrochemiluminescence (ECL) detection system, followed by
exposure using a ChemiDoc™ XRS$+- imaging system (Bio-Rad,
Hercules, CA, USA).

RT-gPCR

Total RNA was isolated from cells using TRIzol reagent
(Sigma-Aldrich), chloroform, and isopropanol according to the
manufacturer’s protocols. RNA purity and quantity were detected
by a UV-2700 spectrophotometer (Shimadzu, Kyoto, Japan).
cDNA was reverse transcribed from the extracted RNA using
ReverTra Ace qPCR RT Master Mix with gDNA Remover
(TOYOBO, Osaka, Japan).

The expression levels of IFNARI, IFNAR2, and 6 ISGs
(primers listed in Supplementary4) were screened and
normalized to GAPDH mRNA expression (forward primer:
5-TCGCTCTCTGCTCCTCCTGTTC-3/, reverse primer: 5'-
CGCCCAATACGACCAAATCC-3'). The expression levels of
other genes relative to the control were calculated as fold changes.

Real-Time PCR

The total viral copy number in cell supernatants of
infected cells was determined with a genomic DNA
extraction kit (BioTeke, Beijing, China) according to the
manufacturer’s instructions. Changes in HCMV DNA load
were monitored by absolute quantitative real-time PCR

with SYBR Green (TOYOBO). HCMV DNA levels were
detected using primers specific for the HCMV IEl gene
(forward primer: 5'-ATGTACGGGGGCATCTCTCT-3/, reverse
primer: 5'-GGCTTGGTTATCAGAGGCCG-3).

mRNA Stability

MRC-5 cells transfected with mimics were treated with 10 g/10°
cells/mL actinomycin D (ActD) at 48 hpi. Samples were taken at
0,2,4, 6,and 8 h post-treatment and processed for qPCR analysis.
MRC-5 cells treated with ActD at the specific concentration for
8 h did not show signs of overt ActD toxicity.

Examination of miRNA

miRNA expression was determined with a modified protocol
from our previous report (15). Briefly, cDNA synthesis such
that a poly(A) tail followed each miRNA was performed by
reverse transcription (RT) using a tagged poly(T) primer (5'-
CAGGTCCAGTTTTTTTTTTTTTTTVN-3) and the One-Step
miRNA cDNA Synthesis Kit (Hai-gene Bio Inc., Harbin, China).
The generated cDNA was then used for miRNA examination
(primers listed in Supplementary 5). The relative expression
level of each miRNA was normalized to the expression of U6, and
the cycle threshold (CT) ranged from 15 to 17 cycles.

Immunofluorescence

Two hundred and ninety three cells were transfected with
GV251 blank vector or vector containing US33as-5p, followed
by selection with G418 (0.5pg/mL) for 3 days. The cells
were then transfected with the pDs-RED-STAT1 vector for
24h and then stimulated with or without IFNa (1,500 ITU/mL)
for 12h. STAT1 nuclear localization was detected by indirect
immunofluorescence using an Immunol Fluorescence Staining
Kit (Beyotime, Beijing, China) according to the manufacturer’s
instructions. Fluorescence was visualized with an Olympus
FluoView 1000 confocal microscope.

hcmv-33as-5p Knockout With the

CRISPR-Cas9 System

hemv-33as-5p was knocked out with the lentiCRISPR v2 plasmid
as described previously (16, 17). Briefly, sgRNAs targeting hcmv-
US33as-5p sequences capped by a 5'-NygGG PAM sequence
was designed using an online tool (https://zlab.bio/guide-design-
resources). The sgRNAs were then synthesized and annealed
and ligated to the linearized vector. Lentivirus was produced
at a high titer in 293 cells by co-transfection with 2.6 pg of
CRISPRv2 vector, 0.25 pg of pVSVg plasmid (Addgene 8454),
and 2.5 pg psPAX2 plasmid (Addgene 12260). MRC-5 cells were
infected with the Cas9/sgRNA lentivirus (MOI = 0.5), and stable
transfectants were selected using puromycin (2.5 wg/mL). The
MRC-5 cells were then infected with HCMV (Toledo strain, MOI
= 1), and the supernatant, which contained the mutant virus,
was collected at 72 hpi. The mutant virus was seeded in 96-well
plates containing MRC-5 cells for plaque assays and isolated as
described previously (18).

Frontiers in Immunology | www.frontiersin.org

10

March 2021 | Volume 12 | Article 628364


https://zlab.bio/guide-design-resources
https://zlab.bio/guide-design-resources
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Zhang et al.

Viral miRNA and Immune Evasion

TABLE 1 | Putative hcmv-miR-US33as-5p targets identified by RNA hybrid.

Putative target mRNA Accession number Position of binding site Mfe

Homo sapiens TNF receptor associated factor 5 (TRAF5) NM_145759 3UTR —28.2 kcal/mol
Homo sapiens interferon alpha and beta receptor subunit 1 (IFNART) NM_000629 3UTR —30.9 kcal/mol
Homo sapiens signal transducer and activator of transcription 5A (STAT5A) NM_003152 3UTR —35.7 kcal/mol
Homo sapiens adhesion G protein-coupled receptor G1 (ADGRG1) NM_201524 5'UTR —33.0 kcal/mol
Homo sapiens serine active site containing 1 (SERAC1) NM_032861 3UTR —29.3 kcal/mol
Homo sapiens kinesin family member 1B (KIF1B) NM_015074 3'UTR —35.7 keal/mol
Homo sapiens upstream binding protein 1 (UBP1) NM_014517 3'UTR —32.1 keal/mol
Homo sapiens BCL2 like 14 (BCL2L14) NM_030766 3'UTR —29.2 kcal/mol
Homo sapiens regulator of G protein signaling 20 (RGS20) NM_170587 3'UTR —30.5 kcal/mol
Homo sapiens cytochrome p450 oxidoreductase (POR) NM_000941 3UTR —30.9 kcal/mol
Homo sapiens Rho GTPase activating protein 45 (ARHGAP45) NM_012292 3UTR —29.7 kcal/mol
Homo sapiens interferon regulatory factor 8 (IRF8) NM_002163 3UTR —27.9 kcal/mol
Homo sapiens heat shock protein family B (small) member 8 (HSPB8) NM_014365 3UTR —29.1 kcal/mol

Statistical Analyses

All analyses were performed using SPSS software. All data are
shown as the means + standard deviation (SD). Significant
differences (p < 0.05) were determined by one-way analysis
of variance (ANOVA) followed by Dunnett’s ¢-test or Kruskal-
Wallis test followed by the Mann-Whitney U test. All
experiments in this study were performed at least twice.

RESULTS

IFNAR1 Is a Putative Target of
hcmv-miR-US33as-5p

To investigate the influence of hcmv-miR-US33as-5p on viral
infection, 13 putative target mRNAs and their hcmv-miR-
US33as-5p-binding sites were identified using RNAhybrid
(http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/).  Detailed
information on the targets is provided in Table1, and all
putative targets were selected from the human genome database.
To further validate these miRNA targets, we constructed 13
pmirGLO-reporter plasmids with primers analyzed by BLAST
(Supplementary 1). To determine potential targets, the ability
of hemv-miR-US33as-5p to bind the 3’-UTR of each putative
mRNA was verified by dual-luciferase reporter assay. From the
13 predictive targets, two targets were confirmed, and the relative
luciferase activity in cells co-transfected with pmirGLO-STAT5A-
UTR or pmirGLO-IENARI-UTR and hcmv-miR-US33as-5p
mimics was obviously downregulated by 14.2% (p = 0.072)
and 27.3% (p < 0.05), respectively, compared with that in cells
co-transfected with negative control miRNA (Figure 1A). Since
STATS5 is a transcription factor involved in IFN signaling, we
concentrated on the IFNAR1-encoded protein, which activates
Jak-STAT signaling and functions as an antiviral factor.

We next investigated the expression of hcmv-miR-US33as-
5p during HCMV replication. MRC-5 cells were infected with
HCMYV (Toledo strain), and total RNA and protein were collected
at different time points following infection. Based on melt
curve analysis, the relative expression levels were calculated as
fold changes relative to the level at 72 hpi. The expression of

hcmv-miR-US33as-5p was increased with HCMV replication
(Figure 1B). In addition, 293 cells were transfected with hcmv-
miR-US33as-5p mimics/negative control (NC)-RNA (100 nM)
and incubated with 1,500 U/mL IFNa The expression of INFAR1
was determined by western blot analysis. The results showed
that the expression of IFNAR1 was reduced at different times
postinfection (Figure 1C). These results indicate that hcmv-
miR-US33as-5p may target IFNAR1 by binding the 3'-UTR of
IFNAR1 mRNA.

Mutation of IFNAR1-Binding Sites
Abolished the Targeting of IFNAR1 by
hcmv-miR-US33as-5p, Which Was
Restored by Back Mutation of the

hcmv-miR-US33as-5p Seed Region

The putative IFNAR1-binding sites in hcmv-miR-US33as-5p
identified by RNAhybrid are listed in Figure 2A. To confirm
the exact binding site in hcmv-miR-US33as-5p for IFNARI, we
designed two mutations in the IFNARI1-binding site. To generate
the first mutant, the nucleotides GCA were mutated to CGC, and
to generate the second, the nucleotides AUC were mutated to
CCG; these sequences were cloned into the pmirGLO vector, and
the resultant plasmids were named IFNAR1-M1 and IFNARI-
M2, respectively. The complementary nucleotide sequences of
the hcmv-miR-US33as-5p seed region corresponding to the
mutated sites in IFNARI were mutated into GCG (US33as-M1)
or CGG (US33as-M2) and then cloned into the GV251 vector.
The mutagenesis and back mutagenesis protocols are explicitly
described in Figure 2B.

The pmirGLO-IFNARI-Mutation-UTR vectors (for the
expression of WT IFNARI, IFNAR1-M1, or IFNARI-M2) and
GV251-US33as-Mutation-UTR  vectors (for the expression
of blank vector, US33as, US33as-M1, and US33as-M2) were
co-transfected into 293 cells cultured in 24-well plates. Dual-
luciferase reporter assays were used to determine the fluorescence
intensity. The grouping and results are listed in Figure 2C.
Compared with 293 cells co-transfected with IFNAR1+blank
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FIGURE 1 | hcmv-miR-US33as-5p inhibited the expression of IFNAR1 by targeting the 3'-UTR of IFNART. (A) Reporter vectors containing the 3'-UTRs of 13
predicted target genes were co-transfected with GV251 blank vector or vector containing US33as-5p into 293 cells. The dual-luciferase reporter assay was used to
determine the relative Renilla luciferase activity normalized to firefly luciferase activity in cells in the corresponding wells at 48 h post-transfection (hpi) when cell lysates
were harvested. (B) The expression of hcmv-US33as-5p during HCMV infection at different time points was determined by gPCR. U6 was used as a loading control.
(C) IFNAR1 protein expression at different time points after the transfection of US33as-5p mimics was examined by western blot analysis. The sample of the control
group comes from cells transfected with NC-RNA for 72 h. B-Actin was used as a loading control. The assays were performed in triplicate wells, and data were
collected from two different experiments and are represented as the means + SDs; **p < 0.05.

vector, 293 cells co-transfected with IFNAR1+US33as showed Interestingly, although base pairing between both IFNARI-
significantly decreased relative luciferase activity, which ~ M1+US33as-M1 and IFNAR1-M2+4-US33as-M2 was correct, the
was then found to be significantly increased in IFNARI-  relative luciferase activity upon the transfection of IFNARI-

MI1/IFNAR1-M24-US33as-co-transfected 293  cells. These  MI1+4US33as-M1 did not differ from that of the control
results indicate that base pairing between the seed region  group, while relative luciferase activity upon the transfection
of US33as-5p and the 3'-UTR of IFNARI (regardless of the  of IFNARI-M2+US33as-M2 showed a significant difference
nucleotides at the M1 or M2 site) plays a key role in miRNA  compared with that of the control group, indicating that the base
function. This is consistent with the findings that mutation  sequence at the M1 site plays a more important role in miRNA
of IFNARI-binding sites disturbed hcmv-miR-US33as-5p  function than that at the M2 site.

binding to IFNARI and that back mutation of the hcmv-miR-
US33as-5p seed region restored this binding ability, which was .
validated by Westegrn blot analysis (FiguregZD). E}),(pression of hcmv-miR-US33as-5p Blocks the

the IFNARIL protein was clearly reduced in GV251-US33as- Jak-STAT Signaling Transduction Pathway
UTR-transfected 293 cells compared to negative control- or by Targeting IFNAR1

GV251-transfected 293 cells, but this reduction was abolished by ]ak-STAT Signaling is a necessary Cytokine receptor Signaling
GV251-US33as-Mutation-UTR transfection. pathway that is important in many processes, including growth

Frontiers in Immunology | www.frontiersin.org 12 March 2021 | Volume 12 | Article 628364


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

Zhang et al. Viral miRNA and Immune Evasion
IFNAR1 5'G G C u 3
GCUGU AUG UC GGCACAUCC
UGGCA UGC AG UCGUGUAGG
hcmv-miR-US33as-5p 3'G G C GC 5'
IFNARI1-M1: miRNA back
B GCA to CGC 5'-QCGCCAUCC-3' mutation 1 5'-GCGCCAUCC-3'
3-U GUAGG-5' 3'YGCGHUAGG-S'
CGU

3UTR :
US33as-5p seed region :

5'-GGCACAUCC-3'
3'-UCGUGUAGG-5'

(o]
G.
> " ek o
2 k i
2 -
=
& 4] ' 1
4
e
2
v
2
o 24
2
=
Q
o
0-
¢ 8 S Y\
& ' 27 4 3 <
S % %] %] b b
N e & & G o
& 5 5 2
X s 3 5 I
p & @ S S
& 5 > P p S
\g & & & K\
@e ~ ‘\V‘ ‘\?' A ~
& & Q& o
» & \a &
& ¢

—
IFNARI-M2:
AUC to CCG UAG

FIGURE 2 | Main binding site in hcmv-miR-US33as-5p for IFNAR1T mRNA. (A) Schematic of the targeting of IFNAR1 by hcmv-miR-US33as-5p. Mutated nucleotides
are shown in color and underlined. (B) Mutation of the IFNAR1-binding site and back mutation of the hcmv-miR-US33as-5p seed region. For IFNAR1 mutagenesis 1,
GCA was mutated to CGC, and the miRNA was complementarily mutated to GCG for miR-US33as-5p back mutagenesis 1. For IFNAR1 mutagenesis 2, AUC was
mutated to CCG, and the miRNA was complementarily mutated to CGG for miR-US33as-5p back mutagenesis 2. The pmirGLO-IFNAR1-Mutation-UTR vector and
GV251-US33as-Mutation-UTR vector were co-transfected into 293 cells cultured in 24-well plates. (C) Dual-luciferase reporter assays to determine relative firefly
luciferase activity in 293 cells co-transfected with pmirGLO-IFNAR1-Mutation-UTR vector and GV251-US33as-Mutation-UTR vector were performed, and the
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regulation, survival, differentiation, and especially pathogen
clearance. Blockade of the binding of type I IFNs to their cell
surface receptor (IFNARI1) reduces a series of signaling events in
the target cells, therefore undoubtedly inhibiting the conserved
Jak-STAT pathway. Notably, HCMV has been demonstrated to
encode several factors that counteract the IFN signaling pathway,

including HCMYV tegument protein pp65 (19-22) and pp71 (23);
therefore, a subsequent series of experiments were performed
by the transfection of miRNA mimics without HCMV infection,
with IFNAR?2 also examined as a control target.

Both MRC-5 and HFF cells were cultured in 24-well plates
and transiently transfected with hcmv-US33as-5p mimics or
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NC-RNA at a concentration of 100 nM for 24 h, followed by 12h
co-culture of serum-free mediums. The cells were then treated
with 10 pg/mL CHX to inhibit the synthesis of endogenous IFN,
followed by stimulation with 1,500 U/mL IFNa for 1h until
harvest. The mRNA levels were examined by qPCR, and the
results showed that both MRC-5 and HFF cells had significantly
lower INFARI mRNA expression than NC-transfected cells. In
contrast, the expression of IFNAR2, which does not have a
binding site for miRNA, was not affected by hcmv-miR-US33as-
5p mimics (Figure 3A). To investigate this further, we treated
the transfected MRC-5 cells with ActD, a transcription inhibitor.
The cells transfected with hcmv-miR-US33as-5p mimics showed
a rapid decline in IFNARI expression but no difference in
IFNAR2 expression (Figure 3B). Taken together, these results
suggest that the hcmv-miR-US33as-5p mimics obviously reduced
IFNARTI expression.

Prolonged IFN stimulation for 6 h was carried out to further
investigate changes in the downstream pathway. We next
evaluated differences in the expression of IFNARI and its
downstream proteins, which are key proteins in the Jak-STAT
signaling pathway, by western blot analysis. The cells transfected
with hemv-miR-US33as-5p showed lower levels of IFNARI,
phosphorylated STAT1, STAT2, Jakl and Tyk2, suggesting
decreased activation of the Jak-STAT signaling pathway, while
IFNAR2 showed no difference among groups (Figure 3C). In
addition, the ISGs Mx1, RSAD2, DDX58, BST2, IFIT2, and
ISG20 were selected to analyze changes in ISG mRNA levels
by qRT-PCR. The mRNA expression of these ISGs in cells
transfected with hcmv-miR-US33as-5p mimics was lower than
that in cells transfected with NC-RNA (Figure 3D). Therefore,
these results showed that hcmv-miR-US33as-5p inhibits the Jak-
STAT signaling pathway.

Moreover, immunofluorescence was performed to determine
whether hcmv-miR-US33as-5p could inhibit the nuclear
translocation of STAT1. As Figures4A,B shows, without
IFNa treatment, STAT1 was retained in the cytoplasm in both
GV251 blank- and GV251-US33as-5p-transfected cells. After
stimulation with IFNa, STATI1 translocated into the nucleus
in the GV251 blank-transfected control group but was still
retained in the cytoplasm of GV251-US33as-5p-transfected cells.
All of the above results reveal that hcmv-miR-US33as-5p can
downregulate IFNAR1, STAT1 and ISGs and inhibit STAT1
nuclear translocation by targeting IFNARI.

HCMV in Which hcmv-miR-US33as-5p Was
Knocked Out Was Produced and Verified

To further investigate the effect of hcmv-miR-US33as-5p on
viral infection, HCMV with hcmv-miR-US33as-5p knockout was
established by the CRISPR-cas9 system. A lentivirus CRISPR-
cas9 system targeting HCMV miR-US33as-5p was designed by
constructing Cas9- and sgRNA-co-expressing lentiviruses. After
recombined lentiviral infection and selection with puromycin,
the CRISPR-cas9 system was constructed in MRC-5 cells. These
cells were then infected with WT HCMYV, and mutant viruses in
the supernatant were harvested at 72 hpi. After further plaque

assays and the isolation of viral mutants three times, the pure
AmiRNA HCMYV strain was obtained, amplified, and stocked.

To determine whether the targeting region was mutated,
DNA was extracted from the three mutant strains of
HCMV and Sanger sequenced (Figure5A, forward primer:
5-AGCGGTCGTGCTTGTCTTTA-3'; reverse primer: 5'-
ACGTGGTCCGTCGAAATTGA-3'). We observed that the
CRISPR-cas9 system-induced indel mutations in the regions
surrounding hemv-miR-US33as-5p. To further evaluate whether
genome editing affected viral proliferation and other miRNAs,
MRC-5 cells were separately infected with mutated and WT
HCMYV, and the viral load was determined at different times
(Figure 5B). The results indicate that genome editing did not
impair viral replication. In addition, analysis of several viral
miRNAs at 72 hpi showed no differences in the expression of
these other viral miRNAs (Figure 5C). HCMV mutant strain #1
(named AmiRNA HCMV) was selected and investigated in the
next series of experiments.

Mutation of hcmv-miR-US33as-5p

Impaired Viral Resistance to IFN

Given the effect of genome editing on the targeting region,
we next investigated whether mutation would affect viral
infection. Both MRC-5 and HFF cells were infected with WT
or AmiRNA HCMYV for 48h, followed by treatment with CHX
and stimulation with IFN for 24 h. The RNA and DNA were
then collected for further analysis. The transcription of IFNARI
was obviously higher in cells infected with AmiRNA HCMV.
However, there was no difference in the transcription of IFNAR2
(Figure 6A). The results were furtherly determined by western
blot (Figure 6B). In addition, the relative mRNA levels of all 6
selected ISGs in the WT HCMV-infected cells were obviously
lower than those in the AmiRNA HCMV-infected cells in the
presentation of IFN stimulation (Figure 6C). Furthermore, the
HCMYV copy number in AmiRNA HCMV-infected MRC-5 cells
was significantly lower than that in the WT HCMV-infected
MRC-5 cells in the presentation of IFN, while no obvious
difference was seen between groups without IFN incubation
(Figure 6D). These results indicate that inhibition of hcmv-
miR-US33as-5p enhanced the expression of ISGs and weakened
HCMV replication, which could impair the resistance of HCMV
to IFN.

hcmv-miR-US33as-5p Is Essential for

Latent Viral Infection and Viral Reactivation
Many researchers agree with the view that the differentiation
of monocytes into macrophages in vivo may represent a pivotal
process triggering the recurrence of the latent virion, furtherly
rendering CMV to disseminate into host tissues (24-27). Among
the in vitro cell lines to mimic the natural infection, human
monocytic leukemia cells (THP-1) and differentiated THP-1
cells (d-THP-1) are universal models in which HCMV latency
and reactivation are investigated (6, 28, 29). Considering that
herpesvirus miRNAs play key roles in latency and reactivation,
the biological function of hcmv-miR-US33as-5p was investigated
in THP-1 and d-THP-1 cells.
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to that described in Figure 3A and prolonged incubation with 1,500 U/mL IFN-a for 6 h. was performed. Blots were probed for IFNART, IFNAR2, STAT1, STAT2,
Jak1, Tyk2 and their phosphorylated forms. B-Actin was run as a loading control. (D) The expression of multiple ISGs (Mx1, RSAD2, DDX58, BST2, IFIT2, and ISG20)
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*p < 0.05.

THP-1 cells were infected with WT or AmiRNA HCMV and
maintained for 10 days in culture medium. Then, the THP-1 cells
were stimulated with TPA at 50 ng/mL and further maintained

in medium for another 5 days (Figure7A). Expression of
the IE gene (UL122) was not detected until 9 days post-
infection (dpi) in THP-1 cells and detected after 1 day of TPA
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FIGURE 4 | hcmv-miR-US33as-5p inhibits the nuclear translocation of STAT1. (A) 293 cells were transfected with GV251 blank vector or vector containing
US33as-5p, followed by selection with G418 (0.5 ng/mL) for 3 days. The cells were then transfected with the pDs-RED-STAT1 vector for 24 h and then stimulated
with or without IFNa (1,500 IU/mL) for 12 h. STAT1 nuclear localization was detected by indirect immunofluorescence. (B) Percentage of cells with nuclear STAT1 from
experiments performed in A. Cells were counted in three random fields and the results are expressed as mean + SD (**p < 0.01). Fluorescence was visualized with an
Olympus FluoView 1000 confocal microscope. All images were captured under a 60x objective lens.
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induction in d-THP-1 cells with both WT and AmiRNA HCMV
infection, indicating that the latency and reactivation models had
been successfully established (Figure 7B). We next investigated
the expression of hcmv-miR-US33as-5p at different stages of
infection (Figure 7C). Samples were collected from cells at 9 dpi
and 3 days after TPA induction, representative of viral latency and
reactivation, respectively. As expected, the expression of hcmv-
miR-US33as-5p was not detected in cells infected with AmiRNA
HCMV. In addition, analysis of miRNA expression indicated
that hemv-miR-US33as-5p was expressed both in latency and
reactivation. However, its expression exhibit a higher level in
reactivation than in latency. This result suggests that miRNAs can
affect viral infection in both latency and reactivation.

In another set of experiments based on the same in vitro
models of latency and reactivation, THP-1 cells were infected
with WT or AmiRNA HCMV and stimulated in a culture
medium supplemented with or without IEN (500 IU/mL) from
infection. The THP-1 cells were further stimulated with TPA
to induce differentiation at 10 dpi in viral reactivation groups
(see Figure 8A for details). The expression of hcmv-miR-US33as-
5p was determined by qPCR (Figure 8B). The viral loads at
9 dpi or 3 days after TPA induction was then determined
by qPCR. The results showed no differences in the effects
of WT and AmiRNA HCMV during latency and reactivation
without IEN stimulation and no difference in viral load between

the two groups during quiescent infection in the presence of
IFN. However, IFN obviously inhibited viral replication in cells
infected with AmiRNA HCMV during reactivation compared
with cells infected with WT HCMV (Figure 8C). The results
were furtherly verified by western blot targeting viral IE proteins
(Figure 8D). To confirm that hcmv-miR-US33as-5p plays a role
in HCMYV virology during latency, the mRNA level of IFNAR1
9 dpi in THP-1/d-THP-1 cells was examined (Figure 8E). In cells
with IFN stimulation, cells in both latency and reactivation group
infected with AmiRNA HCMV had obviously higher IFNAR1
expression levels than those infected with WT HCMYV, indicating
the biological function of miRNAs during quiescent infection and
viral recurrence. This is furtherly determined by examination of
transcription of downstream ISGs by qPCR (Figure 8F). Taken
together, these results suggest that hcmv-miR-US33as-5p serves
as a powerful mediator of viral resistance to IFN in latency.

DISCUSSION

Although the detailed mechanism remains to be fully elucidated,
researchers have reported several strategies by which viruses
subvert the IFN pathway, such as mechanisms involving pp65,
pp71 (pUL82), US9, and IE86, all of which are proteins encoded
by HCMV (19, 21-23, 30-36). To the best of our knowledge,
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FIGURE 5 | CRISPR-Cas9 introduced mutations in hcmv-US33as-5p and did not obviously affect HCMV virology. (A) The DNA sequence surrounding the
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region are indicated with lines. The DNA sequence-editing miRNA bases are highlighted in red. Deletions and insertions are presented by dashed lines or a letter
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several miRNAs encoded by HCMV at 72 hpi was examined by gPCR.

this study is the first to report how HCMV miRNA affects
the IFN signaling pathway. In this study, we found that hcmv-
miR-US33as-5p encoded by HCMYV is expressed during both
lytic and latent infection. It binds the 3'-UTR of IFNARI,
blocks IFN stimulation, and further inactivates the JAK-STAT
signaling pathway, resulting in the limited release of ISGs
(Figure 9). HCMV with mutant miR-US33as-5p exhibited a
lower resistance to IFN treatment than HCMV with WT miR-
US33as-5p. Therefore, we have provided a new approach by
which HCMV manipulates the expression of miRNAs to achieve
immune evasion.

A total of 26 miRNAs encoded by HCMV are listed in the
miRBase database (37), and many of these miRNAs target both
viral and cellular genes involved in HCMV processes, such
as the maintenance of latency and immune evasion (38, 39).
Several miRNAs, such as miR-UL148D and miR-US22, have been
reported to play a key role in latency as well as reactivation
(13, 40-44). hemv-miR-US33as-5p, the miRNA discussed in this
article, is not included in the miRbase database; however, we and

other investigators found that this miRNA is expressed during
both lytic and especially latent infection (7). Notably, previous
studies analyzed several HCMV-encoded miRNAs expressed
during latent infection by directly screening 20 HCMV miRNAs,
including miR-UL112-5p, miR-UL36-5p, and miR-UL22A-5p, in
human peripheral blood mononuclear cells (PBMCs). However,
this screen did not include hecmv-miR-US33as-5p, which maybe
because it is not listed in the miRBase database (43).

By analysis with RNAhybrid, we found that hcmv-miR-
US33as-5p may interact with the IFN signaling pathway, an
approach by which it serves as a pivotal mediator of broad
antiviral activity. In the next series of experiments, we found that
hemv-miR-US33as-5p can interact with the 3-UTR of IFNARI,
especially by base-pairing with its seed region, leading to a
reduction in the expression of IFNARI. Interestingly, we found
that the sequence of the M1 site in the miRNA plays a more
important role in the biological function of this miRNA than the
M2 site, which is near the 5" end of the miRNA. The results from
Figure 3B showed lower levels of transcripts, furtherly indicate
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FIGURE 6 | Knockout of hcmv-US33as-5p alleviated blockade of the IFN pathway. (A,B) MRC-5 and HFF cells were infected with WT or AmIRNA HCMV for 48h,
followed by treatment with CHX and stimulation with IFN for 24 h. The expression of IFNAR1 and IFNAR2 was determined by gPCR and western blot. (C) The
expression of multiple ISGs was examined by gPCR. (D) Total DNA was isolated from the supernatants, and HCMV copy numbers were determined and calculated by
gPCR. *p < 0.05.

that the hcmv-miR-US33as-5p target IFNAR1 by binding the IFNs are virus-inducible cytokines that comprise a primordial
3’-UTR of IFNAR1 mRNA to inhibit transcription. Because  and tightly regulated defense system against acute viral infection
HCMYV can employ multiple strategies to defend against the IFN by activating the conserved Jak-STAT signal transduction
pathway (45), hcmv-miR-US33as-5p mimics in the absence of  pathway, which enhances antiviral function and induces
HCMYV were used to investigate changes in downstream signaling ~ immunoregulatory activities (46). IFNs bind the corresponding
pathways. Consistent with our previous hypothesis, hcmv-  receptor IFNARI, stimulating the release of hundreds of ISGs,
miR-US33as-5p mimics obviously inhibited the expression of  but only a few of these ISGs have been characterized with
IFNAR], inhibiting the phosphorylation of STAT1, STAT2, Tyk2,  respect to their role in antiviral activity (47). For example, the
and Jakl, further reducing the expression of downstream ISGs. Mx1 gene encodes a guanosine triphosphate (GTP)-metabolizing
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protein that participates in the cellular antiviral response,
antagonizing the replication process in RNA or DNA viruses
(48). The protein encoded by the DDX58 gene contains RNA
helicase-DEAD box protein motifs and a caspase recruitment
domain (CARD) involved in viral dsRNA recognition and
regulation of the immune response (49). RSAD2 restricts the
replication of a wide range of viruses by modulating cellular
metabolic pathways essential for viral replication and/or cell
proliferation and survival (50). BST2 inhibits viral replication
by tethering enveloped virions to the cell surface to restrict
viral release and by inducing the NF-«kB-dependent antiviral
immune response (51). IFITM2 and other proteins in the IFITM
family prevent viruses from traversing the lipid bilayer of the
cell and accessing the cytoplasm (52). IFIT2 is involved in a
nonspecific antiviral program through its direct interaction with
elF3, which subsequently suppresses translation by more than
60% in cells and viruses during protein synthesis (53). HCMV
invasion induces the cellular secretion of IFNs, but this strategy
is far less effective than the strategy by which HCMV-encoded
miR-US33as-5p targets IFNARI1, which abolishes primary

immunomodulatory activity and reduces the release of ISGs.
Interestingly, several recent research reported that the association
between Covid-19, CMV and inflammageing which potentially
leads to higher rates of Covid-19-related mortality (54-56). As
miR-US33as-5p would also be active during latent infection,
this may become relevant for patients who will experience an
IFN response and reactivate CMV. Besides, the impact on IFN
and downregulation of IFNARI has also been studied in cancer
models (57-62). Considering that CMV found to be present in a
majority of tumor cells in several forms such as brain tumors,
breast, colon, prostate, ovarian cancer as well as in metastases
(63-67), it is reasonable to propose that CMV miRNAs are
involved in cancer progression as well as IFN treatment, by which
further investigation to characterize the role of IFN in tumor
invasion is required.

To investigate whether hcmv-miR-US33as-5p plays an
important role in real infection, we constructed an HCMV
strain in which hemv-miR-US33as-5p was mutated by CRISPR-
Cas9 technology. This genome-editing approach is a convenient
way to investigate the role of specific genes in viral activity
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FIGURE 8 | culture medium supplemented with or without IFN (500 IU/mL). For viral reactivation, THP-1 cells were infected and maintained for 10 days in the culture
medium. Then, the THP-1 cells were stimulated with TPA and further maintained in the medium for another 5 days. The cells were stimulated in a culture medium
supplemented with or without IFN (500 IU/mL) beginning at 8 dpi. (B) The expression of mIRNA among groups was examined by gPCR.THP-1 (C,D) The viral loads at
indicated days were determined by gPCR and western blot. (E,F) The expression of IFNAR1 and ISGs (Mx1, RSAD2) among groups were determined by gPCR.
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and was reported in several recent studies (18, 68, 69). We
provide evidence that this genome-editing strategy did not have
an obvious effect on viral proliferation or the expression of
other viral miRNAs. Based on this finding, we tested viral
resistance to IFN in MRC-5 and HFF cells, THP-1 cells and
d-THP-1 cells, which acted as models of primary infection,
latency and reactivation, respectively. Upon the viral infection
of MRC-5 and HFF cells, we observed that the expression of
ISGs in cells infected with the mutant virus was higher than
that in cells infected with the WT virus, and the viral load in
cells infected with mutant HCMV was obviously lower than
that in cells infected with WT virus, suggesting that hcmv-
miR-US33as-5p knockout significantly impaired viral resistance
to IFN treatment. These effects were slightly different from
those on latency and reactivation. IFN treatment showed an
obvious inhibitory effect against viral reactivation; however, IFN
treatment failed to reduce latent HCMV infection in THP-1
cells but did alter the expression of IFNARI. Several factors
may contribute to these results: (1) Several other mechanisms
may have been employed by HCMV to interact with the type
I IFN pathway (30, 31, 33, 35, 36), (2) the IEN incubation
period may have been too short for IFN to exhibit inhibitory
effects, and (3) a lower viral load during latency may only

partially reflect the antiviral effects of IFN treatment. We favor
the first hypothesis. Nevertheless, the data revealed that hcmv-
miR-US33as-5p is involved in evading host immune attack
during latency. A previous study indicated that miR-US4-1
encoded by HCMV in human plasma serves as a biomarker for
predicting the efficacy of IFN-a treatment in chronic hepatitis
B patients (70). Considering the high prevalence of HCMV
in the population, further investigation to reveal the clinical
link between HCMV miRNAs and the type I IFN response in
remains necessary.

When HCMYV enters latency, the expression of major viral
proteins is silenced, and the replication cycle of the virus
stops. It is believed that viral proteins expressed during latency
are recognized by the host immune system, while as a non-
immunogenic approach, viral miRNAs benefit viral persistence
in the presentation of immune surveillance. Recently, two groups
separately identified miR-UL-148D and miR-US22 as playing
a key role in viral reactivation, demonstrating that mutant
cytomegalovirus (CMV) failed to reactivate in an in vitro
hematopoietic progenitor cell (HPC) model. Therefore, viral-
encoded miRNAs may be ideal in the environment of latent
infection, in which cells harbor viruses for long periods and subtle
effects on gene regulation may be effective.
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In conclusion, our research provides the first details in
understanding the molecule mechanisms by which HCMV-
encoded miRNAs dampen type I IFN to achieve immune
evasion. However, the present study has some limitations. The
latency model established in THP-1 cells may be restricted
to mimicking quiescent HCMV infection in the host, and
more investigations in other experimental HCMV latency
models, such as Kasumi-3 cells and CD34+ primary HPCs
(43), as well as clinical samples are needed. Therefore, further
research to illustrate the role of hcmv-miR-US33as-5p in an
in vivo model is required and may provide insight into how
CMV establishes lifelong infection in the face of the host
immune response.
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Human cytomegalovirus (HCMV) infection is not cleared by the initial immune response
but persists for the lifetime of the host, in part due to its ability to establish a latent infection
in cells of the myeloid lineage. HCMV has been shown to manipulate the secretion of
cellular proteins during both Iytic and latent infection; with changes caused by latent
infection mainly investigated in CD34+ progenitor cells. Whilst CD34+ cells are generally
bone marrow resident, their derivative CD14+ monocytes migrate to the periphery where
they briefly circulate until extravasation into tissue sites. We have analyzed the effect of
HCMV latent infection on the secretome of CD14+ monocytes, identifying an upregulation
of both CCL8 and CXCL10 chemokines in the CD14+ latency-associated secretome.
Unlike CD34+ cells, the CD14+ latency-associated secretome did not induce migration of
resting immune cell subsets but did induce migration of activated NK and T cells
expressing CXCR3 in a CXCL10 dependent manner. As reported in CD34+ latent
infection, the CD14+ latency-associated secretome also suppressed the anti-viral
activity of stimulated CD4+ T cells. Surprisingly, however, co-culture of activated
autologous CD4+ T cells with latently infected monocytes resulted in reactivation of
HCMV at levels comparable to those observed using M-CSF and IL-1B cytokines. We
propose that these events represent a potential strategy to enable HCMV reactivation and
local dissemination of the virus at peripheral tissue sites.

Keywords: human cytomegalovirus, latency, monocytes, reactivation, CD4+ T cells

INTRODUCTION

A characteristic of human cytomegalovirus (HCMV), common to all the herpesviruses, is an ability
to establish a lifelong latent infection. In healthy individuals, primary infection and subsequent
reactivation of latent HCMV rarely cause disease; whereas in immunocompromised or immune
suppressed patients, it can be life-threatening (1). Persistent HCMV infection is established in the
immune competent despite a broad and robust immune response and this inability of the immune
response to completely clear HCMV infection is likely due to the numerous immune evasion
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molecules encoded by the virus (2) as well as the ability of the
virus to establish a latent infection. CD34+ progenitor cells and
their monocyte derivatives are an established site of latent
HCMV carriage in vivo (3-5) characterized by the carriage of
viral genome in the absence of infectious virion production (3).
However, viral gene transcription has been reported during
latency (6-9) resulting in expression of numerous viral genes
involved in the maintenance of viral latency, such as US28
(10-14). Carriage of HCMV in monocytes from the bone
marrow to the peripheral tissue sites (15) can result in virus
reactivation due to differentiation of monocytes to mature
myeloid cells (16) and likely prolongs the lifespan of the
infected monocyte (17). Evidence for the periodic subclinical
reactivation of the virus has been surmised by the continual
presence of large HCMV-specific T cell populations in infected
individuals (18) and the suggested association of HCMV
persistence with long-term illnesses such as vascular disease (19).

CD34+ progenitor cells — pluripotent cells that give rise to all
circulating blood cells, populate the bone marrow environment
(20). However, once the bone marrow resident CD34+ cell
matures into monocyte derivatives, they migrate from the bone
marrow to the peripheral blood (21) circulating for a day or so
(22), patrolling the endothelial cell layer in an inactive state (23).
The mature monocyte then either leaves the circulation to traffic to
tissue sites where they may differentiate to, for instance, tissue
resident macrophages (24, 25) or they die via apoptosis (22, 23,
26). In normal steady state conditions the type of mature myeloid
cell the tissue resident monocyte differentiates into is dependent
on signals from the local tissue microenvironment (20). Localized
acute inflammation has been shown to recruit CD14+ monocytes
in humans to the kidneys, intestine, skin, lungs and heart (25),
inflammatory cytokines will provide the localized monocyte with
very different signals to a bone marrow resident CD34+ cell.
Latency and reactivation of HCMV is directly linked to the
differentiation status of the infected cell. Latency is established
in bone marrow resident CD34+ cells and the subsequent egress
and terminal differentiation of CD34+ cells to macrophages and
dendritic cells is concomitant with HCMV reactivation (27),
reactivating HCMV has been identified in tissue resident
macrophages in vivo (28). HCMV also manipulates the host’s
cellular processes prolonging the life-span of monocyte cells (17,
26, 29) and promoting the migration of monocytes from the
circulation into tissue sites (15). Therefore, it is important to
improve our understanding of how latent HCMV infection
manipulates the host’s cellular processes and immune responses
in different tissue environments.

The manipulation of secreted cellular proteins (the cell
secretome) by HCMV during lytic infection includes the
release of factors that induce angiogenesis (30) and the release
of inflammatory cytokines (31). We have previously shown that
latent HCMV infection in CD34+ progenitors also modulates the
cell secretome resulting in increased levels of CCL8, which
recruits CD4+ T cells, as well as increased secretion of cellular
IL-10 (cIL-10) and TGF-B, which suppress anti-viral functions of
recruited CD4+ T cells (32). Another study of latent infection
utilizing granulocyte macrophage progenitors have shown

increased expression of CCL2, which enhances the migration
of monocytes (33). A short-term model of latent infection in
CD14+ monocytes revealed secretion of inflammatory immune
mediators and promotion of differentiation to a macrophage-like
phenotype (34). In a previous study, we also observed that viral
IL-10 produced during latent infection of CD14+ monocytes
results in upregulation of secretion of cIL-10 and CCL8 (35).
However, a comprehensive assessment of the cellular secretome
of latently infected monocytes has yet to be described and the
effect of this latency-associated secretome on other immune cells
has not been addressed.

Thus, using an established experimental model of HCMV
latent infection in CD14+ monocytes (36), we have characterized
the latency-associated changes in the cell secretome using
chemokine and cytokine arrays. Consistent with previous
studies in CD34+ and CDI14+ cells (34, 35, 37), we observed
upregulation of expression of cIL-10, CCL8 and CXCL10 by
latently infected monocytes. We go onto show that the latency-
associated secretome promoted the recruitment of immune cell
subsets; in particular the recruitment of activated NK cells, CD8+
and CD4+ T cells via the interaction of CXCR3 expressed by the
activated immune cells and CXCL10 present in the secretome. In
addition, we also demonstrate that the latent secretome inhibited
the production of anti-viral cytokines by stimulated CD4+ T
cells. Intriguingly, the co-culture of activated CD4+ T cells with
latently infected CD14+ monocytes promoted viral reactivation,
likely due to the induction of differentiation pathways in the
monocyte. Together, our data suggests that HCMV latently
infected monocytes which have migrated to peripheral sites
modulate the cellular secretome to enable reactivation but
concomitantly prevent immune effector function to allow local
dissemination of the virus in order to support long-term
persistence of the viral infection of the host.

MATERIALS AND METHODS

Donor Sample and Ethics Statement

Ethical approval for the work on healthy human samples was
obtained from the Health Research Authority (HRA) Cambridge
Central Research Ethics Committee (97/092) for this study,
informed written consent was obtained from all healthy donors
in accordance with the Declaration of Helsinki. Heparinized
peripheral blood was collected from healthy donors or cells
isolated from apheresis cones (National Health Service (NHS)
Blood and Transplant Service). HCMV serostatus was
determined using an IgG enzyme-linked immunosorbent assay
(Trinity Biotech, Co. Wicklow, Ireland). 13 HCMV-seronegative,
7 HCMV-seropositive donors and 3 HCMV-seronegative
apheresis cones were used in this study.

Viruses

A low passage isolate of HCMYV strain TB40/E and TB40/E UL32-
GFP derived from it (a gift from Christian Sinzger, University of
Ulm, Germany) and TB40/E-IE2-EYFP virus (a gift from Michael
Winkler, Ulm University Hospital, Germany) were used for
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infections in this study, as indicated in the text. The infectious titer
of the TB40/E strain was determined using HFFF cells; the pfu/ml
(plaque forming units) was used to calculate the Multiplicity of
Infection used to infect monocytes. The amount of TB40/E UL32-
GFP and TB40/E-IE2-EYFP virus strains used to infect monocytes
was assessed by titration of a range of concentrations of individual
virus stocks on monocytes and choosing the input dose which
resulted in a latent infection (relative absence of GFP or EYFP
signals) compared to fluorescent cells following treatment with
either PMA (Sigma Aldrich, Poole, UK) or M-CSF and IL-1B
(Miltenyi Biotec, Bisley, UK), in order to reactivate the virus.
Ultra-violet inactivation of virus strains used in this study was
performed by placing an aliquot of virus in a tissue culture plate
and placing this within 10cm of a UV germicidal (254nm) lamp
for 60 minutes to inactivate the virus stock. We routinely test UV
inactivated virus by infecting fibroblast and looking for IE protein
expression, IE is not detectable by Immunofluorescence in these
confirmatory studies.

Preparation of Peripheral Blood
Mononuclear Cells

Peripheral blood mononuclear cells (PBMC) were isolated from
heparinized blood samples or apheresis cone mononuclear cells
using either Lymphoprep (Axis-shield, Alere Ltd, Stockport, UK) or
Histopaque-1077 (Sigma Aldrich) density gradient centrifugation.

HCMV Latency and Infection of Monocytes
CD14+ Monocytes were isolated from donor PBMC by MACS
using anti-CD14+ direct beads (Miltenyi Biotech), according to
manufacturer’s instructions and separated on LS columns or an
AutoMACS Pro (Miltenyi Biotec). Purified monocytes were
adhered to a tissue culture plate at either 0.1 x 10° cells per
well density for 96 well plates, 0.3 x 10° cells per well for 48 well
plates or 0.5 x 10° cells per well for 24 well plates, and then
incubated overnight in X-VIVO 15 (Lonza, Slough, UK)
supplemented with 2.5mM L-Glutamine (Sigma Aldrich) at
37°C in a humidified CO, atmosphere.

Monocyte latent secretomes were generated by infecting
adherent monocytes with TB40/E strain at a HFFF titrated
MOI of 5 or the equivalent amount of UV-inactivated virus for
3 hours at 37°C in L-glutamine supplemented X-VIVO 15. Media
was then replaced following a DPBS (Sigma Aldrich) wash and
the infected cells were incubated in fresh supplemented X-VIVO
15 at 37°C in a humidified CO, atmosphere. The supernatant
(secretome) of the Mock, UV irradiated, and latently infected
monocytes were collected and then replenished at days 3, 7 and 10
or 14. The collected supernatants were clarified by centrifugation.
Latent infection was confirmed by harvesting RNA from the 3 cell
treatments at day 7 and using RT-qPCR methods to compare
relative expression of UL138 transcripts compared to the relative
absence of IE72 transcripts controlled by GAPDH transcripts as
explained in the supplementary methods with representative
results also shown in Figure S1. We have demonstrated that in
this experimental model of latency, that by day 7 latency is
established, shown by expression of UL138 and absence of IE
transcripts (38).

Latent infection of adherent monocytes in 96-well or 48-well
plates with strains TB40/E UL32 GFP or TB40/E-IE2-EYFP at a
pre-titrated concentration of virus (MOI was dependent on
individual virus preparations) was performed for 3 hours in
L-glutamine supplemented X-VIVO 15 at 37°C. Media was then
replaced following a PBS wash and the infected cells were
incubated in fresh supplemented X-VIVO 15 at 37°C in a
humidified CO, atmosphere for 4 - 6 days to allow latency to
establish. At this time RNA was harvested from mock and
infected cells to confirm latent infection by RT-qPCR and used
for reactivation of HCMV from Latency experiments.

Cytokine and Chemokine Array Analysis

The day 10 secretomes from mock, UV irradiated and Latent virus
infected CD14+ monocytes were analyzed by Proteome Profiler
Array - Human Chemokine Array Kit (R & D Systems, Abingdon,
UK), RayBio Human Cytokine Array C1000 and RayBio Human
Cytokine Array C5 (RayBiotech, supplied by Insight
Biotechnology Ltd, Wembley, UK) following the manufacturer’s
instructions. The arrays were imaged by autoradiography and then
analyzed by Image] (Rasband, W.S., Image], U. S. National
Institutes of Health, Bethesda, Maryland, USA, https://imagej.
nih.gov/ij/, 1997-2018.) to measure the density of each spot and
to compare the relative amount of proteins expressed in different
secretomes. The fold change in proteins expressed by the

latent infected secretome were calculated as: Fold change =

(Density of Latent infection spot—Density of Mock infected spot)
(Density of UV irradiated spot —Density of Mock infected spot)* Then whether
the individual proteins in the array were significantly upregulated

across all 3 experiments was tested by multiple student t-tests. The
results of this analysis are presented as a volcano plot (39) in
Figure 1A.

Neutralization of Interferons During the
Generation of Latent CD14+

Monocyte Secretomes

Adherent CD14+ monocytes were infected with mock, UV
irradiated or TB40/E strain as described above in the presence
of excess neutralizing anti-Human Interferon o [3pg; Clone:
MMHA-6; EC50 20ng/ml (40)], anti-Human Interferon B [4pg/
ml; Clone : MMHB-3 (41)] (both PBL Assay Science, USA) and
Ultra-leaf anti-human Interferon y [10pg/ml; Clone: B27 (42)]
(BioLegend, London, UK) antibodies or Mouse IgGl isotype
control (Clone: 11711) (R & D Systems). The secretomes
generated were harvested after 10 days, clarified and then
analyzed by ELISA for CXCL10 and CCL8 cytokines.

Generating Secretomes From Monocytes
Treated With Recombinant Human IFNy
Uninfected adherent monocytes were treated with recombinant
human IFNY protein (R&D Systems) over a concentration range
of 100IU - 3.125IU for 4 hours. The IFNYy containing medium
was removed and the cells washed with DPBS twice, then L-
glutamine supplemented X-VIVO 15 was added to the treated
cells and the cells were incubated at 37°C in a humidified CO,
atmosphere. Continuous application of 100IU/ml IFNYy was used
as a positive control and X-VIVO 15 media alone was used as the
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FIGURE 1 | CXCL10, CCL8 and clL-10 are upregulated in the secretome
from latently infected CD14+ monocytes. A Volcano plot summarizing the
protein array results from 3 independent day 7 secretomes, significant
(p<0.05) highly upregulated (values > 4-fold) proteins are indicated by the red
circle and label. Data was analyzed as described in the methods. (A)
Confirmatory ELISA results for the production of CXCL10 (B) and CCL8 (C)
show that both cytokines are significantly upregulated in the HCMV latent
infected secretome at day 7. Seven and six independent secretomes were
analyzed for CXCL10 and CCL8 production respectively. Friedman 1-way
ANOVA results are shown in black on the graph; CXCL10 p=0.0012** and
CCL8 p=0.0031**. Post hoc Dunn’s test results are shown in blue CXCL10
p=0.004** and CCL8 p=0.0133".

negative control. Supernatants were harvested and media
replenished on days 3, 6 and 10 and then analyzed by ELISA
for CXCL10 production.

Cytokine Quantification by Enzyme-Linked
Immunosorbent Assay (ELISA)

Human IFNy ELISA MAX Standard and Human CXCL10 and
CCL8 ELISA MAX Deluxe sets (all Biolegend) were used to
quantify cytokine concentrations in secretomes and
supernatants. ELISAs were performed according to the
manufacturer’s recommended protocols.

Isolation of T Cells, B Cells, Monocytes
and NK Cells

PBMCs were sorted into cellular subpopulations by positive
selection using anti-CD14 microbeads to isolate monocytes,
anti-CD4 microbeads for CD4+ T cells, anti-CD8 microbeads
for CD8+ T cells and anti-CD19 microbeads for B cells with
either LS columns or an AutoMACS Pro (Miltenyi Biotec). NK
cells were isolated by either positive selection using anti-CD56
microbeads (Miltenyi Biotec) or negative selection using the NK
cell isolation kit (Miltenyi Biotec) or with the EasySep Human
NK cell enrichment kit (Stem Cell Technologies, Grenoble,
France) following the manufacturer’s instructions.

Preparation of Activated PBMC Subsets

Activated CD4+, CD8+ T and NK cells were generated in two
ways. In the first method, isolated CD4+ and CD8+ T cells were
re-suspended in RPMI-1640 (Sigma Aldrich) supplemented with
100IU/ml penicillin, 100pg/ml streptomycin and 10% Fetal Calf
Serum (Gibco, Paisley, UK or PanBiotech, Wimborne, UK) -
RPMI-10 and stimulated with irradiated (solid source -
irradiator) autologous PBMC and 1ul/ml PHA (Sigma Aldrich)
in the presence of 50IU/ml rhIL-2 (CFAR, NIBSC). The
polyclonally activated T cell lines were maintained for up to 2
weeks at 37°C in a humidified CO, atmosphere, with media and
IL-2 replenishment every 5 days. Isolated NK cells were
stimulated by an irradiated mixture of autologous PBMC and
allogeneic lymphoblast cell line (BLCL) and 50IU/ml IL-2 in
RPMI-10 and cultured for up to two weeks at 37°C in a
humidified CO, atmosphere, with periodic replenishment of
media and IL-2. In the other method, total PBMC were
stimulated with irradiated allogeneic PBMC and 50IU/ml rhIL-
2 for the polyclonal activation of NK cells and the addition of
1ug/ml anti-CD3 (clone CD3-2) and 0.5ug/ml anti-CD28 (clone
CD28-A) (both Mabtech AB, Nacka Strand, Sweden) for the
polyclonal activation of T cells in RPMI-10. After 5 — 8 days
stimulation the activated NK cells and CD4+ and CD8+ T cells
were isolated by positive selection as described in section
2.8 or by using the NK cell, CD4+ T cell and CD8+ T
cell isolation kits (Miltenyi Biotec) using an AutoMACS
Pro, following manufacturer instructions. Activated NK
cells and activated PBMC were sorted into two
populations of cells (CXCR3+ and CXCR3-) using a BD
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FACSAria cell sorter by staining with Live Dead Far-Red
(Thermo Fisher Scientific, Loughborough, UK) and CXCR3-
PE (BioLegend).

Transwell-Migration and CXCL10
Neutralization Assay

Transwell ChemoTx plates (5-um pore size and 30-pl well
volume) (Neuro Probe Inc, USA) were used to determine cell
migration to latent and control secretomes. Cell subsets were
fluorescently labelled using Calcein AM (BD Biosciences,
Wokingham, UK) according to the manufacturer’s protocol.
2 x 10* labelled cells in 20ul of X-VIVO-15 per well were
transferred to the transwell plate and incubated at 37°C for 2
hours with supernatants from mock, UV and latently infected
CD14+ monocytes in the lower chamber. Supernatants from
monocyte-derived macrophages stimulated with LPS were used
as a positive control, while X-VIVO-15 alone was used as a
negative control. Migrated cells were enumerated using an UV
microscope, five fields of view of each well were counted and all
conditions were run in triplicate. CXCL10 neutralization assays
were performed using supernatants or supernatants treated
with anti-CXCL10 neutralizing antibodies or IgG2a isotype
control (R & D Systems) for 1 hour using the recommended
neutralization procedure and dose of the manufacturer, prior to
being used in the migration assays.

Flow Cytometry Methods

Phenotyping of Resting and Activated

PBMC Subsets

The phenotype of resting and activated NK and T cell subsets
was assessed by flow cytometry by staining with 3 antibody
cocktails all containing Live Dead Far Red (Thermo Fisher
Scientific); and (i) CD56 FITC, CXCR3 PE and CD3 PerCP
Cy5.5; (ii) CD4 FITC, CXCR3 PE and CD3 PerCP Cy5.5; (iii)
CD3 FITC, CXCR3 PE and CD8 PerCP Cy5.5 (details of
antibody clones and manufacturer are listed in Table S2),
following staining the cells were washed and fixed with 2%
Paraformaldehyde in PBS solution (2% PFA (made from 4%
PFA in PBS, Santa Cruz Biotechnology Inc, Dallas, USA)) and
acquired on a BD Accuri C6 flow cytometer.

Further details of antibody cocktails used to assess the
phenotype of resting and activated NK and T cell subsets are
detailed in the supplementary methods (section 1.3 and
Table S2), example gating analysis figures are also included
(Figure S2).

Phenotyping of Monocytes and CXCR3+ and

M-CSF Treated Co Cultured Monocytes

Latent infected monocytes and latent infected monocytes treated
with either M-CSF and IL-1P or co-cultured with CXCR3+ T
cells were harvested using Accutase (BioLegend). Details of the
antibodies and methods used to analyze these samples can be
found in the supplementary methods (Section 1.3, Table S2
and Figure S2).

HCMV Reactivation Experiments

Adherent monocytes were latently infected with either TB40/E-
IE2-EYFP or TB40/E UL32-GFP strain of HCMV as described
above. Between 4-days — 6-days infection the latently infected
CD14+ monocytes were treated with either CXCR3+ sorted
PBMC, activated CD8+, CD4+ T cells, NK cells, 20ng/ml M-
CSF and 10ng/ml IL-1fB (both Miltenyi Biotec) or PMA (Sigma
Aldrich). The treated monocytes were observed by fluorescent
microscope and EYFP or GFP expressing cells enumerated on
the subsequent days post treatment.

To assess whether latently infected CD14+ monocytes treated
with activated CD4+ T cells and M-CSF & IL-1 fully reactivated
virus, fibroblasts were overlaid onto the treated monocytes and
co-cultured for up to 14 days. Lytic HCMV infected fibroblasts
were observed by fluorescent microscope and photographed.
Quantification of HCMV DNA level in the overlaid fibroblast
cultures was performed by isolating DNA using a previously
described method (43), with quality and quantity being
determined using a Nanodrop 1000 (Thermo Fisher Scientific),
before HCMV genomic DNA (gDNA) level was determined
using HCMV gDNA-specific primers (Table S1) with Luna
Universal SYBR Green qPCR Master Mix (NEB, Hitchin, UK)
as per manufacturer’s instructions on an ABI StepOnePlus
(Thermo Fisher Scientific). DNA copy number was then
determined by referencing to host GAPDH promoter copy
number via the Pfaffl method (44).

Suppression Assays and Cell

Proliferation Assay

PBMC were depleted of CD8+ T cells by MACS using anti-CD8+
direct beads (Miltenyi Biotec), according to manufacturer’s
instructions and separated on an AutoMACS Pro. The
resulting CD4+ T cell & Antigen Presenting Cell (APC) PBMC
were resuspended in either X-VIVO 15, X-VIVO 15 with 4ng/ml
TGF-B and 10ng/ml IL-10 (both Miltenyi Biotec), neat Mock
infected monocyte secretome, neat UV irradiated infected
monocyte secretome or neat Latent Infected Monocyte
secretome. The cells were then plated in 48-well tissue culture
plates and incubated overnight at 37°C in a humidified CO,
atmosphere. After 24 hours incubation, the cells were stimulated
with 1pg/ml anti-CD3 and 0.5pg/ml anti-CD28 (both Mabtech
AB) and overlapping peptide pools for HCMV proteins (43)
resulting in a 1:2 dilution of the secretomes and TGF-B/IL-10
mix. Following a further 24-hour incubation at 37°C in a
humidified CO, atmosphere, the plates were centrifuged, and
supernatants harvested and then analyzed for the production of
IFN-y by ELISA. Full details of proliferation assays used to
measure whether latent secretomes can suppress CD4+ T cells
can be found in the supplementary material (Section 1.8).

Statistics

Statistical analysis was performed using GraphPad Prism version
8.00 and 9.00 for Windows (GraphPad Software, San Diego, CA,
USA). Multiple data sets groups were compared using a 1-way
ANOVA Kruskall-Wallis test or Friedman test (for matched
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samples) with post hoc Dunn’s or Sidak’s multiple comparisons
tests to correct for multiple testing false discovery.

mm CMV405 ! !

10003 = Cmva401

RESULTS

IL-10, CCL8 and CXCL10 Are Upregulated
in the Latent HCMV Infected CD14+
Monocyte Secretome
We have previously shown that experimental latent HCMV
infection of CD34+ progenitor cells alters the cellular UVirr LAT LAT LAT LAT
secretome resulting in the upregulation of chemokines CCLS, A
CCL2 and secretion of TGF-f and cellular IL-10 (cIL-10) (32). B == CMVA0S
Monocytes, which arise from CD34+ progenitor cells, are also a 10003 mm Cmv401 ns ,
site of latent HCMV carriage in vivo (3). Consequently, we
wanted to investigate whether the cellular secretome is also
modulated in latently infected monocytes and, additionally,
how this compares with the latency associated CD34+
secretome. Using an experimental model of latent HCMV
infection of CD14+ monocytes (Figure S1), we screened 04
secretomes from three independently generated latent HCMV Uvir AT LAT meﬁ Lar
infections of CD14+ monocytes using antibody arrays. In order c NAb  NAB NAB
to identify changes specific to latent infection, the fold change of 199997 = Mock =3 uvir == LAT
cytokines in the secretome of latently infected monocytes was 10001
expressed relative to levels seen in the secretome of monocytes
infected with UV-inactivated HCMV and corrected for 100+
background protein expression in mock infected monocytes
(Figure S3). This analysis identified three proteins, IL-10, 1% ﬂ
CCL8 and CXCL10, which were significantly upregulated ﬁm ’{-‘m [ : I_IH ﬁm
(more than 4-fold) in all three latency-associated secretomes D3 Wish D6 Wish waish DMWath D20
(Figure 1A). The production of CXCL10 and CCL8 by latently D
infected monocytes was confirmed by ELISA (Figures 1B, C); 400 D3 3 D6 mm D10
the level of both chemokines in the latently infected CD14+ E
monocytes were significantly increased over mock and UV g
inactivated infection controls.

The promoters of CXCL10 and CCL8 contain both Type I and 1004
II Interferon-responsive elements (45). As such, the H H
overexpression of these chemokines could simply represent the O s Neg [ T ' ' ' T
induction of an anti-viral interferon response to infection rather Ctrl Ctrl IFNy Concentration
than long term effects of latent carriage of virus. To determine if
this was the case, latent secretomes were generated in the presence FIGURE 2 | Production of CCL8 and CXCL10 by latently infected CD14+
of neutraliZing antibodies for IEN-0, IFN—B, IFN-y or isotype monocytes is independent of interferon signaling. Neutralization of IFNo, IFNB

. . . and IFNy does not prevent the production of either CCL8 (A) or CXCL10
controls. Analysls of the mOCk’ UV irradiated and latency— (B) from latent infected CD14+ cells at day 7 post infection. CXCL10 and
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associated secretomes by ELISA for CCL8 (Figure 2A) and CCL8 was measured by ELISA, with background chemokine production in
CXCL10 (Figure 2B) shows that both chemokines are generated response to mock infection subtracted and fold-change results above UV
by the latently infected monocytes in the presence of interferon irradiated infection from 2 CMV sero-negative donors CMV401 and CMV405

shown. There was no significant (ns) change in the production of CCL8 or
CXCL10 in the presence of neutralizing antibodies (Kruskall-Wallis test).
(C) Freshly isolated monocytes were infected with TB40/E virus as described,

neutralizing antibodies and the magnitude of production is not
significantly different. In addition, analysis of latency-associated

secretomes after sequential replacement with fresh media across cell supernatant was removed and replaced (indicated on x-axis) over a 20-
multiple time points (wash out experiments), revealed that latently day period, error bars represent SEM. This shows that CXCL10 is only
infected monocytes continually produce CXCL10 (Figure ZC). In reproduced by the latent infected monogy‘[es over this tilme period. .

. (D) Treatment of monocytes by recombinant IFNy protein shows CXCL10 is
contrast, the treatment of monocytes with exogenous IFN-y at the q : . .

L. . i 5 etectable at day 3 but lost at later time points. Freshly isolated monocytes
begmmng of culture to stimulate CXCL10 pl‘OduCthIl did not were stimulated with decreasing amount of IFNy from 100IU/ml for 4 hours.
result in the continuous production of CXCL10 after IFN-y is Supernatants were collected on days 3 (white), 6 (grey) and 10 (black). Levels
washed out (Figure 2D). Taken toge‘[her, these data suggest that of CXCL10 were assayed using ELISA. Positive control consisted of
both CCL8 and CXCL10 are produced as a result of the latent continuous 100IU/ml IFNy and negative control was media alone. This is the

representative results of three repeats, error bars represent SEM.

HCMYV infection of monocytes.
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Latency-Associated CD14+ Monocyte
Secretomes Induce Activated CXCR3+
Immune Cell Migration Mediated
by CXCL10
Cellular chemotaxis can be regulated by various chemokines and
cytokines. In the context of HCMV infection, we have previously
demonstrated that secreted factors from latently infected CD34+
cells promoted the migration of CD14+ monocytes and resting
CD4+ T cells (32). Thus, we investigated the effect of latently
infected CD14+ monocyte secretomes on cellular migration.
Using a transwell migration assay, we assessed the impact of
latency-associated CD14+ monocyte secretomes on the migration
of NK cells (Figures 3A, D), CD8+ T cells (Figures 3B, E), CD4+
T cells (Figures 3C, F), B cells (Figure S4A), activated directly ex
vivo or in vitro, and on monocytes (Figure S4B). In contrast to our
observations with the latency-associated CD34+ secretome (32),
we observed no significant migration of the freshly isolated
lymphocyte cell subsets to the monocyte latency-associated
secretome in six donors tested (Figures 3A-C; Figures S4A, B),
despite the presence of CCL8 in these secretomes (Figure 1C).
However, when cells were polyclonally activated prior to the assay,
we saw significant migration of activated NK cells and CD4+
T cells (Figures 3D, F) and an upregulation of migration of
activated CD8+ T cells (Figure 3E) to the latent infected
monocyte secretomes.

CXCR3, a receptor that interacts with CXCL10 (46), is known
to be upregulated on subsets of activated CD4+ T cells, CD8+ T
cells and NK cells (47-49). We, therefore, analyzed the
expression of CXCR3 on both resting and polyclonally
activated T and NK cell subsets. The data show that there is
low level expression of CXCR3 on all three subsets isolated
directly ex vivo (Figures 4A-C, left hand histogram). However,
CXCR3 expressed by un-activated T and NK cells has been
shown to be non-responsive to its chemokine ligands (47),
possibly explaining why ex vivo NK and T cells did not
migrate to the latent secretome. The polyclonal activation of
the NK cells, CD8+ and CD4+ T cells resulted in an upregulation
of CXCR3 expression in all cases (Figures 4A-C, right hand
histogram). Furthermore, flow sorting of activated NK cells into
CXCR3+ and CXCR3- populations prior to performing a
transwell migration assay showed that only the CXCR3
expressing cells had the capacity to migrate (Figure S4C).
Importantly, antibody neutralization of CXCL10 present in the
latently infected monocyte secretomes significantly abrogated the
migration of all three activated cellular subsets (Figures 4D-F).

Latent HCMV Infected CD14+ Monocyte
Secretome Suppresses T Cell Function
Virus driven recruitment of activated CD4+ T cells to latently
infected cells does, at first, seem counter-intuitive with respect to
virus survival; CD4+ T cells can be potently anti-viral and thus,
hypothetically, if HCMV-specific, could limit HCMV
reactivation (50, 51). However, we also observed elevated levels
of cIL-10 (Figure 1A), an immunomodulatory cytokine that can
suppress IFN-y production by T cells (52), in the latently infected
monocyte secretomes. Therefore, we hypothesized that the

latently infected monocyte secretomes may also suppress
possible anti-viral activity of the recruited CD4+ T cells. We
assessed the production of IFN-y by CD4+ T cells following
polyclonal stimulation in the presence or absence of latency-
associated secretomes. As expected, polyclonal stimulation of
CD4+ T cells induced IFN-y production (Figure 5A). However,
this was significantly suppressed in the presence of the latently
infected monocyte secretomes for each of five donors tested
(Figure 5B, right-hand graph). Interestingly, treatment of
stimulated CD4+ T cells with TGF-f and cIL-10 only
suppressed IFN-y production in three of the five same donors
(Figure 5B, left-hand graph). Furthermore, we also observed a
suppression of both IFN-y production and cell proliferation by
the latently infected monocyte secretome when the CD4+ cells
were stimulated with HCMV antigen in some donors (Figures
S5A, B).

To determine if the secretomes produced by latently infected
cells could also suppress HCMV lytic replication, we utilized
viral dissemination assays and show that spread of Iytic virus was
not inhibited (Figures S6A, B). We also determined if the
secretomes caused an alteration in the phenotype of bystander
uninfected monocytes (Figures S6C, D), however there was no
change in expression of myeloid differentiation markers in
monocytes incubated with latency-associated secretomes
compared to secretomes from untreated monocytes. This
evidence suggests that while proteins secreted by the latently
infected monocyte recruit activated CD4+ T cells to its location,
it can also suppress known anti-viral functions, such as
production of IFN-y, from these cells.

CXCR3+ CD4+ T Cell Co-Culture Induces
Reactivation From Latent HCMV Infected
CD14+ Monocytes

The accumulation of CXCL10 in the latently infected monocyte
secretome and the consequent recruitment of activated
lymphocyte cell subsets was unexpected (32). However, virally
induced supernatants from monocytes that recruited these
activated lymphocyte cell subsets also simultaneously reduced
their effector function. Consequently, we reasoned that
recruitment of activated immune cells to the site of latent
infection (as long as their effector functions were suppressed)
might, in some way, have a pro-viral effect on latency and/or
reactivation. To interrogate this in more detail, we initially
performed a co-culture experiment with CXCR3+ PBMC and
monocytes latently infected with either TB40/E UL32-GFP or
TB40/E IE2-YFP tagged strains of HCMV. Both pp150 (encoded
by UL32) and IE2 proteins are expressed during lytic replication
of the virus and, thus, can be used as markers of HCMV
reactivation. Virus reactivation from latently infected
monocytes was induced by culturing them in the presence of
either GM-CSF and IL-4 or M-CSF and IL-1f cytokines which
differentiate monocytes into a dendritic cell or macrophage like
phenotype, respectively. When latently infected monocytes were
incubated with CXCR3+ PBMC:s, virus reactivation (UL32-GFP
expression) was observed (Figure 6A left-hand panel) which was
shown to be statistically significant (Figure 6A right-hand
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FIGURE 3 | Migration of activated immune cell subsets in response to monocyte latent secretome. Transwell migration assays were performed in response to
positive control, Mock, UV irradiated (UV irr) and Latent infected (LAT) CD14+ monocyte secretomes from day 7 harvest in multiple donors (indicated on each graph).
Shown are the results from migration assays performed with resting NK cells — light green (A), CD8+ T cells — light red (B) and CD4+ T cells — light blue (C) subsets.
Following polyclonal activation (Act) transwell migration assays were performed with NK cells — dark green (D), CD8+ T cells — dark red (E) and CD4+ T cells — dark
blue (F). All tested immune cell subsets from all donors migrated to the positive control, but there was only significant migration of the activated cell subsets
(Friedman’s 1 way ANOVA - results indicated in black on graphs; Act NK p=0.0085"*, Act CD8 p=0.0123* and Act CD4 p=0.0123*, non significant (ns) results are
also indicated) to the latent infected secretomes. Activated NK cells and CD4+ T cells significantly migrated to the latent infected secretome (Dunn’s post-test shown
in blue on graphs; NK p=0.0133* and CD4 p=0.0342").
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FIGURE 4 | CXCR3 is upregulated on activated immune cell subsets and neutralization of CXCL10 abrogates migration of these cells. Histograms from flow
cytometry analysis of CXCR3 expression on resting (left-hand histogram) and activated (right-hand histogram) NK cells (A), CD8+ T cells (B) and CD4+ T cells
(C) showing increased expression of CXCR3 on activated cell subsets (value shown on graph normalized geo-mean of CXCR3 expression for all cells analyzed).
Representative results from 6 individual donors shown. Transwell migration assays were performed on the latent infected monocyte secretomes in the presence of
CXCL10 neutralizing antibody or isotype controls showing that neutralization of CXCL10 significantly abrogates migration of activated NK cells (D), CD8+ T cells
(E) and CD4+ T cells (F) (1-way ANOVA with Sidak’s multiple comparison results shown in blue on the graphs; NK p<0.0001***, CD8 p=0.0488* and CD4
p=0.0032**, non-significant (ns) comparisons are also shown.).
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Dunn’s corrected post-test (blue line p=0.0133%).
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FIGURE 5 | The latent infected monocyte secretome inhibits the production of IFNy in response to polyclonal activation. CD4+ T cells were resuspended in either X-
VIVO Media (Not Treated (NT)), media with added recombinant protein TGFB & IL-10 (TGFB/IL-10), Mock, UV irradiated (UV irr) or Latent infected (LAT) secretomes;
following 24 hours pre-treatment the CD4+ T cells were stimulated with a mixture of anti-CD3 and anti-CD28 for a further 24 hours and then supernatants harvested.
Production of IFNy in the supernatants was measured by ELISA, representative results from one donor are shown (A). Summary graphs showing the percentage
suppression by either TGF/IL-10 treatment or the Latent infected monocyte secretomes of polyclonally stimulated CD4+ T cells from 5 donors (B). The Latent
infected secretomes significantly suppressed the production of IFNy by polyclonal stimulation (Friedman matched 1-way ANOVA test (black line p=0.0085**) and

graph). Importantly, these levels of reactivation were comparable
to that observed with the cytokine cocktails that promote
dendritic (IL-4/GM-CSF) and macrophage (IL-1B/M-CSF)
differentiation (Figure 6A). To determine which CXCR3
expressing cells could drive HCMV reactivation, we assessed
the contribution of individual cell populations. A comparison of
co-cultures of separate CXCR3+ populations of NK cells, CD8+
T cells and CD4+ T cells with latently infected monocytes
alongside positive control for reactivation M-CSF and IL-1B
treatment of infected monocytes was performed. The results
show that co-culture with purified activated NK cells or CD8+ T
cells did not result in virus reactivation in three separate donors
tested (Figure S7A). Co-culture with activated NK cells may
result in killing of latently infected monocytes, as the number of
reactivating cells is lower than in the other conditions, this is not
however a significant repression of infected monocyte numbers.
In contrast, co-culture of activated CD4+ T cells with latently
infected monocytes promoted virus reactivation at levels that
were comparable to those observed following monocyte
differentiation with M-CSF and IL-1 cytokines (Figure 6B).

We also demonstrated that expression of IE2-YFP in monocytes,
is indicative of the production of infectious virions, as the
addition of fibroblasts to the reactivating monocyte culture
results in infection of the fibroblast cell layer. Fibroblast
overlaid on monocytes treated with M-CSF and IL-18
cytokines and co-cultured with CXCR3+ CD4+ T cells formed
[E2-YFP positive infectious plaques (Figure 6C left-hand panel).
This observation was quantified by the measurement of genomic
HCMV DNA present in the fibroblast overlaid cultures
(Figure 6C right-hand graph), showing the presence of HCMV
DNA in all reactivating conditions (PMA and cytokine treated
and activated CD4+ T cell co-culture).

Cytokines produced by allogeneically stimulated T cells have
been demonstrated to promote virus reactivation in supernatant
transfer experiments (53) and, thus, we asked whether cytokines
produced by polyclonally stimulated CD4+ cells were similarly
able to induce virus reactivation. Supernatants derived from
activated immune cell subsets were co-cultured with a THP-1
monocytic cell line stably transfected with an integrated MIEP
driven GFP expression cassette which act as a model of
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FIGURE 6 | Activated CD4+ T cells can reactivate HCMV infection of latent infected monocytes. (A) CD14+ monocytes from a CMV sero-negative donor were
infected with TB40/E UL32-GFP virus and co-cultured with activated PBMC or treated with cytokine cocktails (GM-CSF & IL-4 or M-CSF & IL-1), virus reactivating
GFP positive cells (white arrows) were visualized by microscope (right-hand panel — a Media, b M-CSF, ¢ CXCR3+ PBMC & d GM-CSF) and enumerated (left-hand
graph). All treatment conditions results in significant levels of GFP expressing cells representing reactivated virus (1-way ANOVA (black line: p=0.0112*) with
corrected Dunnets post-test (blue lines: GM-CSF p=0.044*, M-CSF p=0.0048"*, PBMC p=0.0363*). Shown is one representative donor of 4 different donors
analyzed. (B) CD14+ monocytes latently infected with TB40/E IE2-YFP virus were co-cultured with activated CD4+ T cells or treated with M-CSF & IL-1B in 3 CMV
sero-negative donors, reactivating YFP positive cells were enumerated. Both activated CD4+ T cells and M-CSF & IL-1 significantly increased reactivation of HCMV
from latently infected autologous CD14+ monocytes (Kruskal Wallis 1-way ANOVA (Black line: CMV400 p=0.0049**; CMV410 p=0.0078"*; CMV401 p<0.0001****)
and Dunn’s post-test (Blue line CMV400 MCSF p=0.003**, CD4 p=0.03*; CMV410 M-CSF p=0.0133*, CD4 p=0.0098"*; CMV401 MCSF p=0.0086**, CD4
p<0.0001****). (C) CD14+ monocytes latently infected with TB40/E IE2-YFP virus were co-cultured with activated CD4+ T cells, treated with M-CSF & IL-1 or
treated with PMA, then the cultures were overlaid with fibroblasts to measure the production of infectious virions. The resulting plaques were visualized by
microscope (left-hand panel — a M-CSF & b Act CD4+ Treated) and IE2-YFP infected fibroblast plaques are indicated (white arrows). The infection of fibroblasts was
quantified by measurement of genomic HCMV DNA present in each condition (right-hand graph), HCMV genome copy number was determined by gPCR of UL44
promoter relative to host GAPDH promoter. This demonstrates that detection of IE2-YFP positive monocytes can be used as a surrogate for the production of
infectious virions in this system.

Frontiers in Immunology | www.frontiersin.org 35 April 2021 | Volume 12 | Article 657945


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

Jackson et al.

Latent HCMV Infected Monocyte Secretomes

differentiation dependent induction of MIEP activity - when the
THP-1 cells differentiate GFP is induced. Using this model cell
line, we observed that supernatants derived from polyclonally
activated CD4+ T cells do not promote increased MIEP
expression whereas co-culture with activated CD4+ T cells do
increase GFP expression (Figure S7B). This suggests that a
physical interaction between the activated CD4+ T cell and
monocyte is required. Phenotype analysis of monocytes co-
cultured with CD4+ T cells showed that monocytes increased
expression of T cell co-stimulation molecules CD80 and CD86
whereas monocytes differentiated with M-CSF and IL-1B
increased expression of macrophage associated markers CD64
and CD68 (Figures S8A, B), all these upregulated markers are
consistent with monocyte differentiation to myeloid derivatives.
CD4+ T cell activation was confirmed by increased expression of
CD40L, CXCR4 and 4-1BB alongside increased CXCR3
expression. In addition, MHC Class II (HLA-DR) was robustly
upregulated on CXCR3+ CD4+ T cells in multiple donors
(Figure S8C).

It has been reported that ligation of CD4 expressed on
monocytes, by MHC Class II molecules expressed on other
cells, promotes differentiation to macrophages (54) via Src
family kinase (SFK), mitogen-activated protein kinase (MAPK)
and extracellular signal-regulated kinase (ERK) pathways. Given
the importance of these pathways in HCMV reactivation from
dendritic cells (55, 56) we attempted to investigate whether
inhibitors of ERK-MAPK signaling (U0126) and Src Family
Kinases (PP2) prevented reactivation in our co-culture model.
Unfortunately, treatment of latently infected monocytes with the
inhibitors for the 96 hours incubation required for activated
CD4+ T cells and M-CSF and IL-1f to trigger expression of IE2
protein was toxic. We investigated if by detecting IE72 mRNA by
RT-qPCR we could perform these reactivation experiments over
a shorter time period when these inhibitors would be less toxic to
the cells. Latently infected monocytes were stimulated with either
PMA (which induces rapid reactivation and IE72 expression) or
M-CSF & IL-1 in the presence of U0126 inhibitor or its inactive
control. The results at 24 hours post stimulation show PMA
drives IE72 transcripts and this is partially inhibited by 10um
U0126 and not U0124 (the inactive analog), however M-CSF &
IL-1PB did not induce IE72 at this time point. By 48 hours PMA
drive IE72 was no longer inhibited by U0126, as such inhibitions
of these signaling pathways in an experimental set up that takes
96 hours to cause reactivation is not tractable.

DISCUSSION

Taken together, our analyses of the latency-associated secretome
of monocytes is consistent with the view that latent HCMV
infection results in modulation of the cellular secretome of the
myeloid lineage which profoundly affects the latent cell
microenvironment and modulates host immune responses to
the latent reservoir (57, 58). Whilst carriage of latent HCMV
genome by monocytes is likely to be short lived due to the limited
lifespan of monocytes once they have migrated to the periphery

(15, 22, 24), viral genomes can be detected in CD14+ monocytes
isolated from healthy HCMV infected individuals (43, 59) and,
importantly, the virus can be reactivated from these cells (3, 16,
53, 60). Therefore, consideration of the impact of latent infection
on the local micro-environment in peripheral tissue sites, not just
bone marrow sites of latency, is crucial for a full understanding of
latency and reactivation in vivo and may be particularly helpful
in the development of therapeutic measures to target HCMV
reactivation in transplantation patients or pregnant women, the
latter of which can lead to congenital HCMV (cCMYV) sequalae
in the new-born.

Previously, we have shown that experimental latent infection
of CD34+ progenitor cells alters the cellular secretome to induce
migration of CD4+ T cells and subsequent suppression of their
effector function (32). That study revealed the impact of HCMV
latent carriage on the CD34+ progenitor cellular
microenvironment in the bone marrow but did not consider
the very different environment encountered at peripheral tissue
sites by the HCMV infected CD34+ myeloid derivatives. Here,
we have shown that experimental latent infection of CD14+
monocytes, an established in vitro model system for latent
infection in vivo (36), also results in changes to the cellular
secretome causing upregulation of cIL-10, CCL8 and, in
particular, CXCL10. Our analyses are consistent with another
study of short-term latency in monocytes (34), but that study did
not address the functional consequences of increases in latency-
associated CCL8 and CXCL10 and did not identify an increase in
cIL-10. These differences in latent secretome analyses may be
attributable to the fact that, in our study, latency-associated
secretomes were analysed at much later times (up to 14 days
latency). The bioactivity of the CD14+ monocyte latent
secretome differs to that observed for CD34+ progenitor cells
in that monocytes and CD4+ T cells isolated directly ex vivo did
not specifically migrate to the CD14+ secretome. Instead, we
observed a significant recruitment of activated NK cells, CD8+
and CD4+ T cells, all with increased CXCR3 expression, to the
CD14+ monocyte latency-associated secretome. Migration of
these immune cell subsets was abrogated by neutralisation of
CXCL10, a known ligand of CXCR3, in the CD14+ latency-
associated secretome. Suggesting that the migration of activated
CD8+ and CD4+ T cells as well as NK cells is mediated via
interaction of CXCL10 present in the latently infected monocyte
secretomes and that this effect is specific to CXCR3 expressing
immune cells. Clear parallels from our study can be drawn with
other infections, for example, the expression of CXCL10 was IFN
independent - an observation also made with Hepatitis A
infection (61). Furthermore, herpes simplex virus promotes
CXCR3-mediated migration of CD4+ T cells to sites of
infection (62) and CD8+ T cells to sites of latent infection
(63). Recruitment of NK cells in the lung during Influenza A
infection is similarly dependent on CXCR3 expression (64).
These results could represent host driven anti-viral responses
although, at least in the case of HCMYV, the recruitment of
CXCR3+ cells appears to be virus driven.

Activated antigen specific CD4+ T cells directed against
HCMYV have been demonstrated to be highly anti-viral (50, 51).
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Thus, it seems counterintuitive for the latent infection to
modulate the cellular secretome to produce chemokines that
attract activated and potentially antigen-specific immune cells
to latently infected monocytes. However, our previous studies
of HCMV latent infection in CD34+ progenitors showed that
the latent secretome was also able to suppress inflammatory
cytokine production by CD4+ T cells due to the presence of
immunomodulatory cytokines including cIL-10 and TGF-f (32)
as well as HCMYV vIL-10 (35). This observation also holds true for
the monocyte secretome, which we demonstrated has a significant
inhibition on the production of IFNy by CD4+ T cells following
polyclonal activation. Whilst the suppression of activated CD4+ T
cell anti-viral activity at the local site of latent monocytes would
enable persistence of the virus infection, it does not entirely
explain why activated immune cells are recruited. It may be
that the secretion of CXCL10 and the recruitment of activated T
cells is an unintended, and unwanted, consequence of the latent
infection. Alternatively, the cellular secretome from latently
infected monocyte might be promoting the recruitment of
activated CD4+ T cells to the local tissue microenvironment for
a pro-viral purpose.

While the establishment of cellular latency in reservoir sites
such as CD34+ progenitor cells within the bone marrow is a
long-term survival strategy for HCMV within the infected host,
virus has to be able to reactivate in order for viral replication and
dissemination to occur with a potential to transmit to a new host.
In order to achieve this, the virus needs to be able to react to
favourable changes in the cellular environment and external
signals in order to initiate reactivation and provide a
permissive cellular environment for virus replication. It is well
established that HCMV reactivation is closely linked to myeloid
cell differentiation and inflammatory environments (16, 53, 56,
65, 66). Utilisation of the monocyte, a derivative of CD34+
progenitor cells, to export the latent HCMV infection from the
bone marrow to the periphery is one possible strategy for the
virus to employ in order to reach an appropriate environment for
virus replication. To overcome the short lifespan of monocytes in
the periphery (15, 22, 24) the virus has been shown to manipulate
cellular processes to promote a pro-survival state (17). Therefore,
we hypothesized that the latent viral infection may be promoting
a pro-inflammatory environment at peripheral sites by inducing
production of CXCLI10, rather than needing to relocate to a pre-
existing inflammatory environment. The recruitment of
activated CD4+ T cells by CXCL10 in the local environment
may, then, trigger myeloid cell differentiation and successful
virus reactivation, despite the concomitant recruitment of
activated NK cells which may kill latently infected monocytes.
Consistent with this, co-culture of latently infected monocytes
with activated CD4+ T cells results in reactivation of virus and
increased expression of myeloid differentiation markers. Further,
our evidence suggests that direct interaction between the
activated T cell and infected monocytes is required, possibly
via ligation of HLA-DR, upregulated on CXCR3+ CD4+ T cells,
with CD4 expressed on monocytes and other myeloid cell subsets
(67). This CXCR3-mediated signalling to the monocyte has been
shown to result in monocyte differentiation to a mature myeloid

population (54) and is known to involve the ERK-MAPK
pathway. Interestingly, the ERK-MAPK signalling pathway is
also utilised by the M-CSF receptor (68) and Src family kinases
are also implicated in reactivation of HCMV (55, 56).
Unfortunately, due to the toxicity of the inhibitors to the ERK-
MAPK signalling pathway over the time required to observe
reactivation induced by both CD4+ T cell co-culture as well as
M-CSF & IL-1PB treatment we were not able to confirm this
hypothesis. Other approaches to investigate the mechanisms
involved in the reactivation of virus by activated CD4+ T cells
include the use of neutralising antibodies to both CD4 (expressed
by the monocytes) and HLA-DR (expressed by the T cells) or the
use of recombinant HLA-DR to stimulate monocytes. These
experimental approaches are limited to known ligand
interactions, however, it is possible that reactivation of virus by
activated CD4+ T cells or by differentiation with M-CSF and IL-
1B employs similar signalling mechanisms with both resulting in
monocyte differentiation to terminally differentiated
myeloid cells.

Taken together, our observations support a model whereby
latent HCMV promotes the recruitment of activated CD4+ T
cells to monocyte sites of latency to promote viral reactivation
which, in vivo, may support local dissemination of the virus at
peripheral tissue sites. Importantly, HCMV simultaneously
down-regulates effector functions of CD4+ T cells thereby
“cherry picking” the effects of this CD4+ T cell recruitment by
obtaining the benefit of T cell inflammation and contact-driven
myeloid differentiation of the monocytes but preventing any T
cell-mediated anti-viral immune response. In interpreting the
evidence from this study it is important to note that this is an ex
vivo model system, utilised because of the low frequency of
latently infected monocytes in peripheral blood (69). There is
evidence from many studies that subclinical reactivation of
HCMYV likely occurs in persistently infected, healthy,
individuals; for instance there is a strong association of CMV
infection with vascular disease in population studies (19) and
CMV DNA has been identified in atherosclerotic plaques in a
number of studies (70-72). It has been shown that HCMYV latent
infection results in profound changes in the latently infected cells
besides just secreted cellular proteins - it also manipulates
apoptotic pathways (17, 73) and modulates expression of
cellular microRNAs (35, 74). HCMV latent infection
of monocytes is also known to manipulate the recruitment of
neutrophils (75) as well as the motility of latently infected
monocytes to increase their trans endothelial migration (76).
The association of persistent HCMV infection with vascular
disease could also be partly explained by recruitment of
activated T cells to peripheral sites of latency, as demonstrated
here, as it is long established that CXCR3 expressing
CD4+ T cells are recruited to atherosclerotic plaque sites
(77). Therefore, the evidence from this study using an
ex vivo model of latently infected monocytes, suggests
potential avenues for future investigations looking for CMV
reactivation in peripheral tissue sites in association with
CXCL10 production and recruitment of CXCR3 expressing
activated T cells.
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In conclusion, the work presented here shows that latent
HCMV carriage in monocytes at peripheral tissue sites results in
manipulation of the cellular secretome of the infected cell in
order to recruit activated immune cells resulting in reactivation
and potential dissemination of the virus. This underscores how
dynamic latent HCMYV infection is and the extraordinary range
of cellular processes that are manipulated by latent infection. We
believe that identifying and understanding such latency-
associated changes can only improve the development of
therapeutic agents for use in clinical situations where CMV
reactivation can cause significant morbidity and mortality such
as in post-transplant or other immunosuppressed patients.
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Acute infection with murine cytomegalovirus (MCMV) is controlled by CD8* T cells and
develops into a state of latent infection, referred to as latency, which is defined by lifelong
maintenance of viral genomes but absence of infectious virus in latently infected cell types.
Latency is associated with an increase in numbers of viral epitope-specific CD8" T cells
over time, a phenomenon known as “memory inflation” (MI). The “inflationary” subset of
CD8" T cells has been phenotyped as KLRG1*CD62L" effector-memory T cells (iTEM). It is
agreed upon that proliferation of ITEM requires repeated episodes of antigen presentation,
which implies that antigen-encoding viral genes must be transcribed during latency.
Evidence for this has been provided previously for the genes encoding the MI-driving
antigenic peptides IE1-YPHFMPTNL and m164-AGPPRYSRI of mCMV in the H-2°
haplotype. There exist two competing hypotheses for explaining MI-driving viral
transcription. The “reactivation hypothesis” proposes frequent events of productive
virus reactivation from latency. Reactivation involves a coordinated gene expression
cascade from immediate-early (IE) to early (E) and late phase (L) transcripts, eventually
leading to assembly and release of infectious virus. In contrast, the “stochastic
transcription hypothesis” proposes that viral genes become transiently de-silenced in
latent viral genomes in a stochastic fashion, not following the canonical IE-E-L temporal
cascade of reactivation. The reactivation hypothesis, however, is incompatible with the
finding that productive virus reactivation is exceedingly rare in immunocompetent mice
and observed only under conditions of compromised immunity. In addition, the
reactivation hypothesis fails to explain why immune evasion genes, which are regularly
expressed during reactivation in the same cells in which epitope-encoding genes are
expressed, do not prevent antigen presentation and thus MI. Here we show that IE, E, and
L genes are transcribed during latency, though stochastically, not following the IE-E-L
temporal cascade. Importantly, transcripts that encode MI-driving antigenic peptides
rarely coincide with those that encode immune evasion proteins. As immune evasion can
operate only in cis, that is, in a cell that simultaneously expresses antigenic peptides,
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the stochastic transcription hypothesis explains why immune evasion is not operative in
latently infected cells and, therefore, does not interfere with MI.

Keywords: antigen presentation, effector memory CD8* T cells, gene expression, immune evasion, latency, latent
infection, memory inflation, virus reactivation

INTRODUCTION

Mouse models of experimental high-dose systemic cytomegalovirus
(CMYV) infection, using murine cytomegalovirus (mCMV) to
account for host-species specificity of CMVs (reviewed in (1)),
have revealed an unconventional kinetics of the immune response.
After clearance of productive infection, transient contraction of the
viral-epitope specific pool of CD8" T cells is followed by pool
expansion selectively for certain viral epitopes during non-
productive, latent infection (2-6). This phenomenon is known as
“memory inflation” (MI) (for reviews, see (7-11)). MI has
prompted the promising idea to use CMVs as vaccine vectors by
replacing endogenous MI-driving epitopes with epitopes of
unrelated pathogens or tumors to generate enduring and self-
enhancing immunological memory [(12-16), reviewed in (17-19)].

The expanding CD8" T-cell population is characterized in the
mouse model by the cell surface marker phenotype KLRG1"CD62L
and was originally classified as short-lived effector cells (SLEC) (20).
A recent study has shown an extended life span of these cells, based
on IL15-mediated increased expression of the anti-apoptotic protein
Bcl-2, which makes them memory cell-like (21). We have therefore
suggested naming these cells inflationary T effector-memory cells
(iTEM) to distinguish them from KLRG1 CD62L" conventional T
effector-memory cells (cTEM) (22).

Although MI is not consistently observed in human
studies on the development and maintenance of the memory
CD8" T-cell response to natural infections with human
cytomegalovirus (hCMYV), large T-cell responses can be elicited
that remain high or even increase over time, and display a
phenotype characterized by an advanced differentiation stage
(for recent reviews, see (23, 24)). A difference between
experimental models and human infection may relate to latent
viral genome load, which is determined by the extent and
duration of virus replication and spread, based on the history
of primary infection in terms of age at the time of infection, route
of infection, initial virus dose, and immune status (25-27). As
discussed and proposed by Adler and Reddehase (26), congenital
infection that is characterized by an extended period of persistent
virus replication and shedding due to an immature immune
system, is to be expected to generate a high load of latent viral
genomes favoring MI. Clinical investigations to test this
hypothesis are pending, not least because of ethical concerns.

Local infection, which is rapidly controlled by the
immune response (28), failed to support MI of iTEM in
immunocompetent mice (22, 29). In contrast, despite the same
virus dose and site of infection, transient immunodeficiency in a
model of hematopoietic cell transplantation (HCT) (reviewed in
(30)) led to systemic acute infection and eventually to a high
latent viral genome load supporting MI of iTEM after CD8"

T-cell reconstitution (2, 3, 22, 31). While these parameters can be
experimentally preset to support MI in animal models, they are
given and mostly unknown variables in humans who have
individual histories of natural hCMV infections.

Although CD8" T-cell priming determines the magnitude of MI
by generating the epitope-specific cells that can later be re-
stimulated (32), MI is programmed by viral latency. Maintained
expression of the lead marker of iTEM, namely KLRG1, requires
persistent or at least repetitive antigen stimulation. KLRG1 is
known to be expressed by CD8" T cells during chronic infections
but lost in resolved infections (33). While the immunology of MI is
well-characterized (7-11), the source of the viral antigens that drive
M is still under debate. CMV infections are not chronic infections
with persistent, though low-level, virus production continuously
providing antigen for CD8" T-cell re-stimulation, but become
latent as defined by maintenance of the viral genome in certain
cell types in absence of virus production [(34), reviewed in (35)].
This definition of latency by Roizman and Sears (36) applies to all
members of the herpesvirus family. However, CMVs, like all other
herpesviruses, can reactivate from latency to productive, recurrent
infection. It has been proposed that frequent reactivation events
drive MI by re-expression of antigens that then re-stimulate cells to
generate a growing pool of iTEM (37).

This “reactivation hypothesis” of MI is, however, not compatible
with reports that showed absence of infectious virus in tissues of
latently infected mice, including the lungs that represent the major
organ site of CMV pathogenesis, latent viral genome load, and
reactivation in the model of neonatal infection and in the HCT
model (25, 38, 39). Importantly, absence of infectious virus was
confirmed by ultrasensitive detection methods that by far exceeded
the sensitivity achieved by methods used for routine quantitation of
infectious virus (34). Productive reactivation was in fact never
observed to occur spontaneously in latently infected,
immunocompetent mice, but only after experimental depletion of
immune cell subsets or after general hematoablation (25, 40, 41),
and the incidence of induced reactivation correlated with latent
viral genome load (25, 38, 39). Notably, MI was observed also in
mice latently infected with a single-cycle recombinant mCMV
unable to reactivate to production of infectious virions because of
genetic deletion of glycoprotein L (29). Thus, experimental data do
not support the hypothesis of frequent events of productive
reactivation being the driver of MI.

However, a modification of the “reactivation hypothesis”,
assuming incomplete reactivation under conditions of immune
surveillance, remained valid. So, one might argue that
inflationary CD8" T cells sense reactivation events by
recognizing antigens expressed in the course of reactivation,
and terminate the productive viral cycle before the assembly
and release of infectious virions (42). The productive viral cycle is
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characterized by coordinated gene expression defined for all
members of the herpesvirus family as a temporal transcription
cascade that is divided into three kinetic classes progressing from
the immediate-early (IE) phase, to the early (E) phase, and finally
to the late (L) phase (43-45). Thus, if the hypothesis applies, the
analysis of transcripts in tissues of latently infected mice should
be in conformity with coordinated gene expression.

Here we provide evidence in support of an alternative hypothesis
for explaining MI, the “stochastic transcription hypothesis” (8)
proposing sporadic episodes of transient de-silencing of genes in
latent viral genomes in a stochastic fashion, not following the IE-E-L
temporal cascade of productive cycle transcription. Notably, only
the “stochastic transcription hypothesis” can explain why
expression of viral immune evasion genes does not prevent the
presentation of MI-driving antigenic peptides.

MATERIALS AND METHODS

Viruses and Mice

Bacterial artificial chromosome (BAC)-cloned virus MW97.01,
derived from BAC plasmid pSM3fr (46, 47), is herein referred to
as mCMV-WT. Cell culture-derived high titer virus stocks were
generated by a standard protocol (48).

Female BALB/c (8-week-old) mice were purchased from
Harlan Laboratories and were housed under specified pathogen-
free (SPF) conditions in the Translational Animal Research Center
(TARC) of the University Medical Center Mainz.

Experimental HCT and Establishment of
Latent mCMV Infection

Syngeneic hematopoietic cell transplantation (HCT) with 9-
week-old female BALB/c mice as bone marrow cell (BMC)
donors and recipients was described previously (48, 49). In
brief, hematoablative conditioning was performed by total-
body y-irradiation with a single dose of 6.5 Gy. At 6 h after
irradiation, 5x10° BMC were infused into the tail vein of the
recipients, followed by intraplantar infection with 1x10°> PFU of
mCMV-WT. Organ infectivity was followed up to 4 months
post-HCT by a high-sensitivity plaque assay performed under
conditions of “centrifugal enhancement of infectivity” [(34, 48)
and references therein].

Quantitation of Latent Viral Genomes in
Lung Tissue

To determine the latent viral DNA load in lung tissue of latently
infected mice, DNA from the postcaval lobe was extracted with
the DNeasy blood and tissue kit (catalog no. 69504; Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.
Viral and cellular genomes were quantitated in absolute numbers
by M55-specific and pthrp-specific qPCRs normalized to a log;,-
titration of standard plasmid pDrive_gB_PTHrP_Tdy (50, 51).

In Vitro Transcripts
For generation of in vitro transcripts, the sequences
encompassing the open reading frames (ORFs) M86, M105,

M112/E1, and m152 were amplified by PCR with the
respective oligonucleotides (Table S1) from viral DNA (strain
Smith ATCC VR-1399) as template. The resulting products were
inserted via UA-cloning into the pDrive vector (Qiagen) to
generate pDrive-M86, pDrive-M105, pDrive-El, and pDrive-
m152, respectively. For generation of in vitro transcripts for
the viral ORFs m04 and m06, the respective sequences were
amplified by PCR and inserted via the HindIIl and Xmal
restriction site into vector pSP64 Poly(A) (Promega, Madison,
WI). All vectors were linearized with EcoRI (ThermoFisher
Scientific, Langenselbold, Germany) and used as template for
in vitro transcription with the MAXIscript SP6/T7 Transcription
Kit (catalog no. AM1320, ThermoFisher Scientific). In vitro
transcripts IE1 and m164 were described previously (52, 53).

Analysis and Quantitation of Transcripts
Viral transcripts in latently infected lungs were detected by
quantitative reverse transcriptase PCR (RT-qPCR) as described
previously (50). Briefly, lungs of latently infected HCT recipients
were cut into pieces followed by shock-freezing in liquid N2.
Total RNA was isolated with the RNeasy Mini Kit (catalog no.
7410, Qiagen) according to the manufacturer’s instructions,
including an on-column DNAase I (catalog no. 79254, Qiagen)
digestion. Synthesis of cDNA and transcript quantification were
performed using 100 ng of RNA per sample and the OneStep RT-
PCR Kit (catalog no. 210212, Qiagen). For absolute quantitation,
dilution series of specific in vitro transcripts served as standards
(50). In parallel, cellular B-actin transcripts were quantified for
normalization. For primers and probes, see Table S2.

Separation of Lung Endothelial Cells

Endothelial cells (EC) from latently infected mice were sort-
purified from single-cell suspensions of lung tissue by
cytofluorometric cell sorting. Single-cell suspensions were
prepared essentially as described previously (22, 48), though
with modifications. In brief, lungs were perfused with PBS
supplemented with 10U/ml Heparin (Ratiopharm, Ulm,
Germany). Lungs were excised, tracheae, bronchi, and
pulmonary lymph nodes were discarded, and the lung lobes
were minced. The tissue of 4-5 lungs was digested in 15 ml
Gey’s Balanced Salt Solution (GBSS), containing collagenase A
(1.6 mg/mL; catalog no. 10 103 586 001, Roche, Mannheim,
Germany) and DNase I (50 pg/mL; catalog no. DN-25, Sigma-
Merck, Darmstadt, Germany), for 1 h at 37°C with constant
stirring. The resulting cell suspension was washed with GBSS, and
after lysis of erythrocytes washed again with GBSS. After blocking
of Fc receptors with CD16/CD32 monoclonal antibody (mAb),
cells were labeled with R-phycoerythrin (R-PE)-conjugated rat
anti-mouse CD31 mAb (clone 390, AbD Serotec, Kidlington,
United Kingdom). The cell pellet was resuspended in phosphate-
buffered saline (PBS) containing 1% FCS, and cells were labeled
with fluorescein isothiocyanate (FITC)-conjugated rat anti-
mouse mAb CD146 (clone ME-9F1, Miltenyi Biotec, Bergisch
Gladbach, Germany). CD31"CD146" ECs were isolated at the
FACS core facility (IMB Mainz, Germany) by cytofluorometric
cell sorting using BD FACS Aria (BD Bioscience, San Jose, CA).
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Cytofluorometric Analyses

Single-cell suspensions were prepared from lung tissue as
described (22, 48). Unspecific staining was blocked with
unconjugated anti-FcyRII/III antibody (anti-CD16/CD32; clone
2.4G2, BD Pharmingen, Heidelberg, Germany). Cells were
specifically stained with the following antibodies for multi-
color cytofluorometric analyses: ECD-conjugated anti-CD8a
(clone 53-6.7; Beckman Coulter, Krefeld, Germany), FITC-
conjugated anti-KLRG1 (clone 2F1; eBioscience, Frankfurt),
PE-Cy5-conjugated anti-CD127 (clone A7R34; eBioscience,
Frankfurt), and PE-Cy7-conjugated anti-CD62L (clone MEL-
14; Beckman Coulter). Phenotypic characterization of peptide-
specific CD8" T cells was performed using PE-conjugated
dextramers H-2Ld/YPHFMPTNL (IE1), H-2Dd/AGPPRYSRI
(m164), and H-2Kd/TYWPVVSDI (M105) (22, 31). H-2Kb/
SIINFEKL served as the control for excluding unspecific
staining (Immudex, Copenhagen, Denmark). For the analyses,
a “live gate” was routinely set on leukocytes in the forward scatter
(FSC) versus sideward scatter (SSC) plot. All cytofluorometric
analyses were performed with flow cytometer FC500 and CXP
analysis software (Beckman Coulter).

Statistical Calculations

Statistical significance of differences between two independent
sets of data was evaluated using the two-sided unpaired ¢-test
with Welch’s correction for unequal variances. In the case of
genome quantification, log-normally distributed data were log-
transformed to enter the t-test. Differences were considered as
statistically significant for p-values of <0.05 (*), <0.01 (**)
and <0.001 (***). Graph Pad Prism 6.04 (Graph Pad Software,
San Diego, CA) was used for the calculations. Frequencies of
transcriptional events were estimated from the fraction of
transcript-negative pieces by using the Poisson distribution
function as described (54, 55). Detection limits for viral
transcripts and the corresponding 95% confidence intervals
(CI) were determined by limiting dilution analysis as described
(54-56). The null hypothesis of independent distribution of pairs
of gene expression events was evaluated by organizing data in
2x2 contingency tables for calculation by Fisher’s exact
probability test (https://www.socscistatistics.com/tests/fisher/
default2.aspx) (57). The null hypothesis is not refuted, and
thus a correlation not assumed, if p >0.05.

RESULTS

Viral Transcription in Latently Infected
Lungs Comprises Genes of the Three
Kinetic Classes IE-E-L of the Viral
Replication Cycle and Declines Over Time
Lungs represent a major organ site of CMV pathogenesis in
clinical HCT (reviewed in (58)) and in the mouse model of
experimental HCT (59). They were identified as a site of high
latent viral DNA load and high risk of reactivation to recurrent
infection in mouse models of neonatal infection (25, 38) and

infection under conditions of HCT (34, 39). In addition, the
phenomenon of MI was originally observed for CD8" T cells in
persistent pulmonary infiltrates in the mouse model of HCT and
mCMYV infection (2, 59). We thus focus here on studying viral
transcription and MI in latently infected lungs in the well-
established HCT model (Figures 1A, B). In accordance with
previous work in this model (60), productive viral replication was
cleared by 4 months after HCT and infection, based on the high-
sensitivity assay of “centrifugal enhancement of infectivity” (34)
(Figure 1C). Viral genome remained present in the lungs over the
entire observation period of 8 months with a statistically
significant decline only between 4 months and 6 months
(Figure 1D). So, the definition of viral latency, namely presence
of viral genome in absence of infectious virus (36), is fulfilled in
our study, which is a precondition for linking MI to viral latency.

Already at a time before MI was discovered, we showed
stochastic activity of mCMV IE-phase gene iel during latent
infection of the lungs as a first example of a “transcript expressed
in latency” (TEL) [(52), reviewed in (8)], and soon later stochastic
and independent expression of genes iel and ie2 was described (54).
These two genes flank the major IE promoter-enhancer and form a
bidirectional gene pair governed by independent promoters (61, 62).
As gene iel encodes protein IE1/pp89, which contains the antigenic
peptide IEI-YPHFMPTNL that is presented by the MHC class-I
molecule L? (63), we proposed episodes of antigen presentation
during latent infection in absence of completion of the viral
productive cycle (52). The IE1 peptide was the first peptide
shown to drive MI of CD8"CD62L" T effector-memory cells
(TEM) (2). A role for IE1-specific CD8" T cells in immune
sensing and surveillance of latent mCMYV infection was proposed
in the original report on antigenicity of IE proteins (64), and an
antigenicity loss mutant coding for peptide IE1-YPHFMPTNA
provided evidence for this (42). Only recently, transcripts coding
for the second MI-driving peptide of mCMYV in the H-2? haplotype,
namely peptide m164-AGPPRYSRI presented by the MHC class-I
molecule D? (3), were detected in latently infected lungs (56). To
our knowledge, in other mouse models of MI, such as MI in the
H-2" haplotype, transcription during viral latency of genes coding
for MI-driving antigenic peptides has not been studied.

Here we have addressed the question if transcription during
latency follows the coordinated and temporal gene expression
cascade of the productive viral cycle, characterized by directed
IE-E-L phase progression (see the Introduction). For a clonal
analysis, we used the established method of quantitating viral
transcripts in individual tissue pieces of latently infected lungs
(41, 42, 51, 52, 54). We chose transcripts to represent viral proteins
characterizing the three kinetic phases. The MI-driving protein IE1
represents the IE phase, the MI-driving protein m164 is expressed
in both the IE and the E phase (56), the E phase proteins E1 (65-67)
and M105 (68) are both critically involved in viral DNA replication,
and the L phase protein M86 is the major capsid protein (MCP)
essential for virion structure and assembly (69). We quantitated
transcripts by RT-qPCR at 4, 6, and 8 months after HCT and
infection. The analysis was performed for 5 latently infected mice
per time and for 8 lung tissue pieces p1-p8 per lung, derived from
the three lobes of the right lung and the postcaval lobe (for a
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FIGURE 1 | Outline of the model and verification of the establishment of viral latency in the lungs. (A) Sketch of the experimental model of syngeneic hematopoietic
cell transplantation (HCT) with BALB/c mice as hematopoietic cell donors and recipients, and schedule of assays. The flash symbol indicates hematoablative
treatment of the recipients by total-body y-irradiation with a single dose of 6.5 Gy prior to performing HCT and infection with mCMV. (B) Scheme of the lungs in
anatomical view with tissue pieces p1-p6 used for quantitation of viral transcripts, p7 and p8 used for quantitation of viral transcripts and latent viral DNA load

simultaneously, and the left lung used for cytofluorometric analyses. SL, superior lobe; ML, middle lobe, IL, inferior lobe; PCL, postcaval lobe, LL, left lung. (C) Virus
titers expressed as plaque-forming units (PFU) per organ, were determined under conditions of centrifugal enhancement of infectivity. Routinely, 1% aliquots of lung
homogenate were tested. Negative results were confirmed by plating the homogenate in total to avoid a sampling error. Symbols represent data from individual

mice. Median values are marked. (D) Latent viral DNA load determined for lung tissue pieces p7 and p8 of the PCLs of mice #1-to-#5 (at 4 months), #6-to-#10 (at 6
months), and #11-to-#15 (at 8 months). Each single symbol represents the mean value from triplicate determinations. The shaded areas indicate the 95% confidence

intervals for the log-normally distributed data. (*) Data sets are considered as being significantly different if p < 0.05.

scheme, see Figure 1B). Thus, 40 pieces altogether were analysed
per time. The detection limits for the 5 phase-marker transcripts as
well as for the transcript of the house-keeping gene standard B-actin
in the respective RT-qPCRs were determined by limiting dilution
analysis of synthetic transcripts, and were found to be comparable
with overlapping 95% confidence limits (55) (Figure S1). At a
glance, all phase-marker genes were found to be expressed in
latently infected lungs, although also transcript-negative pieces
existed for each of them (Figures 2A-C). This already indicated
critical gaps in the IE-E-L cascade. The overall transcriptional
activity declined over time, with the strongest recession between
4 and 6 months (Figures 2A, B), corresponding to a loss of latent
viral genomes in this period (Figure 1D).

Viral Transcription in Latently Infected
Lungs Follows Stochastic Patterns
Incompatible With the Temporal Gene
Expression Cascade During

Productive Reactivation

The quantitative expression data (Figure 2) were categorized
into tissue pieces being positive or negative for TEL from the five

chosen phase-marker genes, and the resulting contextual
expression patterns are shown for the 40 lung tissue pieces per
time of analysis to reveal the genes expressed in the individual
pieces (Figure 3). At 4 months after HCT and infection, the
overall high transcriptional activity prevented a formal exclusion
of productive infection in the 9 out of 40 pieces (#1p3/4/5, #2p6,
#3p2/3/4/6, and #4p5) in which all of the five chosen phase-
marker genes were found to be expressed. However, as mCMV
has a coding capacity of about 200 open readings frames
specifying many more essential E and L phase genes (70, 71),
these 9 pieces most likely have unidentified other critical gaps in
the gene expression cascade. The stochastic mode of gene
expression without completion of the productive cycle becomes
more evident at 6 months and 8 months when the overall
transcriptional activity has declined. Notably, there even
existed pieces in which the late gene M86 was expressed,
although the E phase genes el and M105, which are essential
for progression to the L phase, were both not expressed.
Examples are pieces #9p6, #11p5, and #12p3.

The existence of negative pieces for any of the five phase-
marker genes indicates stochastic events that follow the Poisson
distribution function, from which one can calculate the number
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(Figure 4A). For an illustration, the occupancies of tissue pieces
A with TEL events are shown for 8 pieces of statistically averaged
5 4 months lungs by down-extrapolating data from 40 pieces from five mice
_ per time of analysis (Figure 4B). This illustrates that TEL are
§a 41 . . mostly of clonal origin at 6 and 8 months, with the exception of
3 ;?1 34 3 . :::':’; IE1 for which biclonal and triclonal transcription existed.
] 02999, £ :
S 2 24 eonsero %85 -
gL | R ) Memory Inflation and Deflation Reflect
2T " . ’ % e Preceding Events of Transcription During
. . Viral Latency
X N o S In an attempt to relate MI to transcription of epitope-encoding
3/40 4140 6140 28140 20/40 genes, we used the left lung of the mice, corresponding to the TEL
IE1 m164 B M105 M86 analyses performed with the three lobes of the right lung and the
Viral genes postcaval lobe (for a scheme, see Figure 1B), to isolate lung-
B 6 months infiltrating lymphocytes fc?r cytoﬂuoron:etric analyses (Figu.res
5 5, 6). We quantitated lung-infiltrate CD8" T-lymphocytes specific
= for the known antigenic peptides IE1, m164, and M105 in the H-
g R . 2¢ haplotype (reviewed in (72)), shown exemplarily for 6 months
2 8 3] e . . (Figure 5A). The full kinetics of frequencies, normalized to lung-
g 2 o Ed . . infiltrating lymphocytes (Figure 5B), is compared to TEL activity
g % Sepe ’ . in terms of transcriptional events determined in parallel in the
g ‘é 1 ° same cohort of mice (Figures 4A and 5C). As the bottom-line
o pemmmremmmmommmeeee oo message, MI peaking at 6 months is preceded by high TEL
X °3888° S0000s00s  seessessens  sessessens activity, and the deflation seen at 8 months is preceded by a
13|/40 30I/40 34I/40 38{40 38:40 decli_ne in TEL aCtiVitY.
IE1 m164 E1 M105 m86 Latent mCMYV genomes reside in non-hematopoietic tissue
Viral genes cells in organs, specifically in endothelial cell (EC) types [(73),
reviewed in (8, 35)], including CD31"CD146" EC in the lungs
¢ 5 8 months (Figure S2). Previous work in chimera models has shown that
- MI depends on antigen presentation by non-hematopoietic cells
2 47 ’ (60, 74). In models of MI after systemic infections that result in
3 g S a high latent virus genome load in organs, the expanding CD8"
g 3 . e . T-cell pool is made up primarily of inflationary effector-memory
s E 000 T cells (iTEM) characterized by the cell surface phenotype
é % 14 KLRG1"CD62L" (20, 60, 74). In contrast, these cells decline
T B over time after local primary infection that leads to an only low
g latent virus genome load in organs (22). Here we have included
22/40 36/40 38/40 38/40 38/40 the marker molecule CD127 (IL-7Ro) to further distinguish
IE1 m164 E1 M105 M86 between KLRG1*CD127" iTEM and KLRG1*CD127" double-
Viral genes positive effector cells (DPEC) (75, 76) as well as KLRG CD127"
conventional effector-memory T cells (¢cTEM) within
FIGURE 2 | Kinetics of viral transcriptional activity in latently infected lungs. CD8"CD62L  cells (Figure 6A). As we have shown previously
Transgripts from the indicated IE, E, and L phase-marker genes were that the majority of cells of long-term cytolytic T-lymphocyte
quantitated by RT-GPCR at (A) 4 months, (B) & months, and (C) 8 months lines (CTLL) propagated in cell culture assume DPEC phenotype
after HCT and infection. Symbols represent data from lung tissue pieces p1- K . X i K
to-p8 of 5 mice, that is altogether 40 pieces per time of analysis. Pieces (72), we surmised that repetitive antigen restimulation by
negative in the respective RT-gPCR are shown below the dashed line. The latently infected cells might generate CTLL in vivo. However,
proportion F(0) of negative samples is indicated. the kinetics revealed an MI predominantly made up by iTEM

of transcription events (54). This number is higher than the
number of positive pieces, because a positive piece necessarily
reflects at least one clonal transcription event but may comprise
also more than one transcription event. The fraction of negative
pieces F(0) (Figures 2A-C) defines the Poisson distribution
parameter lambda (A) = - InF(0) and allows to calculate the
fraction F(n) of tissue pieces with 1,2, ...n transcription events
according to the formula F(n) = A/n x F(n-1) (41, 42, 51, 54)

with just minimal contributions from DPEC and cTEM. As
expected, the pool of KLRG1'CD127"CD62L" central memory T
cells (TCM) does not expand at the non-lymphoid site of lung
tissue (Figure 6B). A triple-negative population of KLRG1
CD127°CD62L" cells, discussed as representing early effector
cells (EEC) (75, 76), is not further considered here as it does
not participate in MI (data not shown).

While our focus was here on the lungs as the most prominent
site of CMV pathogenesis in HCT recipients, EC or EC-related

Frontiers in Immunology | www.frontiersin.org

46

April 2021 | Volume 12 | Article 668885


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

Griessl et al.

Viral Driver of Memory Inflation

p1
p2
p3
p4
pS
p6

4 months

Individually tested mouse

I+
N

o

p7

.

p8

p1
p2

;

+H+
©

E

=

p3

p4

]

p5

6 months

p6

p7

p8

#13

#14

p1

p2

p3

[ ]

p4

p5

=

[ ]

[l 164

8 months

p6 [ |

[ et

p7

n

[l m105

||
[ ]
pe [ | [ ]|

SRR

[ ]
[ ]
[ |
:: []E1
[ |
[ ]
| |

I
[ |1
[T 1 .M86

FIGURE 3 | Stochastic gene expression patterns in latently infected lungs. The quantitative gene expression data shown in Figure 2 were categorized into positive
or negative for transcripts from the respective viral gene and were assigned to the lung tissue pieces p1-to-p8 of mice #1-to-#15. Boxes negative for the respective
transcripts are left blank, boxes positive for the respective transcripts are shown color-coded as specified in the internal legend.

cells are cellular sites of latent mCMV infection also in other
organs, including the spleen (reviewed in (35)), and thus likely
contribute to MI. As a central lymphoid organ and organ site of
mCMYV latency, the spleen can harbor recirculating T cells that
have received an antigen signal during the patrolling of non-
lymphoid tissue sites, but can also provide an antigen signal
locally. We have therefore studied MI in the spleen in parallel in
the same experiment for which lung data are shown above

(Figure S3, corresponding to Figures 5, 6). In essence, like in
the lungs, MI in the population of CD8" T cells is predominantly
made up of iTEM with the same hierarchy of viral epitopes and
similar kinetics, though with some distinctive differences.
Specifically, the relative decline in numbers of iTEM between 6
months and 8 months was less for epitopes IE1 and m164
compared to the lungs, whereas the number of iTEM specific
for epitope M105 was even slightly increasing. Notably, TCM
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FIGURE 4 | Quantitation of transcriptional episodes in latently infected lungs. (A) Poisson distribution analysis of clonality. Based on the fraction of tissue pieces
negative for transcripts from the respective viral gene (Figure 2), the Poisson distribution parameter A = - InF(0) allows the calculation of the numbers of clonal
F(n=1), biclonal F(n=2) and oligoclonal F(n >2) transcription events according to the formula F(n) = A/n x F(n-1). (B) lllustration of clonality for a “statistical lung”,
representing the average of lungs derived from 5 mice per time of analysis.

stayed at low-level throughout the observation time. Based on
previous findings on secondary iTEM pool contraction at late
times due to exhaustion of frequently re-sensitized high-avidity
cells (22), we speculate that re-stimulation by local TEL activity is
generally less frequent in the spleen compared to the lungs, and is
particularly rare for epitope M105 for which the iTEM pool
continued to expand instead of contract.

Stochasticity of Viral Gene Expression
During Latency Allows MI by Avoiding
Immune Evasion

CMVs express immune evasion proteins that interfere with cell
surface trafficking of peptide-loaded MHC class-I (pMHC-I)
complexes in the MHC class-I pathway of antigen processing
and presentation (reviewed in (77, 78)). In the case of mCMV,
three “viral regulators of antigen presentation” (VRAP) operate
in the E phase. The negative vVRAP m06/gp48 (79, 80) and the

positive VRAP m04/gp34 (81-83) compete for pMHC-I cargo in
post-Golgi network sorting to the lysosome and the cell surface,
respectively. They thus oppose each other when co-expressed
(84). In consequence, during productive infection when both are
expressed, immune evasion is primarily determined by the
negative VRAP m152/gp40 that traps pMHC-I complexes in a
cis-Golgi/ER intermediate-Golgi compartment (85, 86).

Given the overall low transcriptional activity of viral epitope-
encoding genes during latency, one wonders why the
mechanisms of immune evasion do not interfere with antigen
presentation and thus do not prevent MI. If the “reactivation
hypothesis” applies, reactivation originating from viral genomes
in a latently infected cell would proceed along the programmed
IE-E-L phase progression (see the Introduction) and must
inevitably reach the point at which the E-phase VRAP m152/
gp40 is expressed to interfere with pMHC-I cell surface
presentation and thus also with ML If, however, the “stochastic
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FIGURE 5 | Time course of MI of viral epitope-specific CD8"* T cells in the
lungs. (A) Gating strategy for the cytofluorometric quantitation of pulmonary
CD8* T cells expressing T-cell receptors specific for the pMHC-I complexes
IE1-LY, m164-DY and M105-K%. Control, PE-conjugated pMHC-I dextramer
H-2Kb/SIINFEKL. SSC, sideward scatter. Data refer to 6 months after HCT
and infection. (B) Response kinetics of viral epitope-specific CD8" T cells
isolated from pulmonary infiltrates of the LL at the indicated times after HCT
and infection. Note that, so far, antigenic peptides are not identified for
proteins E1 and M86. Shown are median values and range for five mice per
time of analysis. (C) Corresponding total numbers of transcriptional events as
determined in SL, ML, IL, and PCL (recall Figure 4A).

transcription hypothesis” applies, epitope-encoding viral genes
and immune evasion molecule-encoding genes are not
necessarily expressed in the same cell and thus do not meet

each other.

To decide between these two hypotheses, we studied
transcription of MI-driving genes and of vRAP-encoding genes
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effector-memory cells (TEM), KLRG1°CD62L"CD127" early effector cells
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CD62L*CD127* central memory cells (TCM). SSC, sideward-scatter. Data
refer to |E1-specific cells measured at 6 months after HCT and infection.

(B) Response kinetics of the indicated subsets of viral epitope-specific

CD8" T cells isolated from pulmonary infiltrates of the LL at the indicated
times after HCT and infection. Shown are median values and range for five
mice per time of analysis.

in latently infected lungs of five mice at 6 months after HCT and
primary infection (Figure 7, for the experimental protocol of
HCT, see Figure 7A). To enhance statistical resolution, lungs
were subdivided into 18 pieces (Figure 7B). The two pieces of the
postcaval lobe, p10 and p11, served to determine the latent viral
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DNA load (Figure 7C). Pieces pl-p9 of the three lobes of the
right lung and pieces p12-p18 of the left lung, altogether 80
pieces of the lungs of 5 mice, were used to detect transcripts
encoding MI-driving proteins IE1 and m164, as well as
transcripts encoding VRAPs m04, m06, and m152 (Figure 7D).

At a glance, for each of the lungs of the 5 mice tested, the
summarized expression patterns reveal tissue pieces in which
either or both of the MI-driving antigens IE1 and m164 are
expressed in absence of both inhibitory vRAPs m06 and m152
(Figure 8A). Examples are pieces #1p4/7/12, #2p2/12/13/14,
#3p6/8, #4p14/18, and #5p1/6/8/14/16/18. The positive VRAP
mo04 was rarely expressed, specifically only in pieces #2p16 and
#3p8, so that it can be neglected in this particular experiment.
Altogether, there apparently existed quite a number of tissue
pieces in which absence of immune evasion allowed the
presentation of MI-driving antigenic peptides.

Moreover, inhibitory vRAPs can only operate when expressed
in the same cell that expresses a MI-driving antigen. They cannot
inhibit antigen presentation in a neighboring cell. In consequence,
double occupancy of a tissue piece with MI-driving transcription
events and immune evasion-mediating transcription events does

not necessarily imply that immune evasion is operative. If cases of
co-expression in the same cell were frequent, the number of
pieces simultaneously positive for antigen-encoding and
inhibitory vRAP-encoding transcripts should be higher than
expected by the null hypothesis of independent distribution of
these transcriptional events, that is, expression in different cells.
As revealed by Fisher’s Exact Probability Test comparing the
observed 2x2 contingency table with the one expected for
independent distribution (57), the hypothesis of independence
was accepted with p >0.05 (Figure 8B).

In conclusion, viral immune evasion does not prevent MI-
driving antigen presentation, because antigens and inhibitory
VRAPs are rarely co-expressed in the same cell.

DISCUSSION

It was the aim of our study to contribute to the open question of
how MI-driving antigens are provided during viral latency, a
state defined by absence of infectious virus despite presence of
viral genomes in latently infected cells, from which reactivation
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antigens (IE1 and m164 combined) and of immunoevasive VRAPs (m06 and m152 combined) for testing the null hypothesis of independent distribution with Fisher’s

Exact Probability Test. The null hypothesis is accepted for p >0.05.

of the full transcriptional program to productive infection can be
re-initiated [for reviews, see (35, 36)]. Roizman’s definition of
herpesvirus latency, originally proposed for alpha-herpesviruses
(36), has long been disputed with the alternative hypothesis of
“low-level persistent infection” below the detection limit of
assays for infectious virus. Obviously, low-level persistent
infection would elegantly explain sustained provision of
antigens for driving MI. However, epigenetic silencing of
essential genes of the productive/lytic viral cycle and latency-
specific patterns of latency-associated transcription argued for
the existence of true molecular latency of the beta-herpesvirus
hCMV in hematopoietic progenitor cells committed to the
myeloid lineage [for reviews, see (35, 87)]. Specifically, as IE
genes code for essential transactivator proteins in the viral
program of replication, absence of lytic cycle IE transcripts
long served as molecular evidence for latency. In turn,
presence of lytic cycle IE transcripts was taken as indicating
productive infection, though it is hardly possible to draw a clear
distinction between a continual ‘persistent’ infection and
frequent episodes of reactivation from latency that mimic
persistence the better the shorter the intervals are. On the
organismal level, latent infection and truly persistent or
intermittent reactivated productive infections can co-exist

compartmentalized to different cell types and organs. For
instance, after acute mCMYV infection, virus replication persists
for some time in glandular epithelial cells of salivary glands when
latency is already established in cells of other organs (25), such as
in liver sinusoidal endothelial cells (LSECs) (73). Likewise,
experimentally provoked reactivation of latent mCMV in
organs was found to be a stochastic process that can take place
in any one organ that harbors latent viral genomes, while other
organs stay latently infected (25, 26). Similarly, during clinical
hCMV latency, children can shed low levels of virus from
infected epithelial cells in the salivary glands or kidneys for
months to years, while, at the same time, infection is already
latent in hematopoietic myeloid lineage progenitor cells [for
reviews, see (26, 88)].

Epigenetic switches are thought to determine the transition of
the viral genome into and out of latency [for reviews, see (87,
89)]. The binary view of viral gene silencing during molecular
latency and coordinated de-silencing upon productive
reactivation has been challenged for hCMV by highly sensitive
assays that detected low levels of viral transcripts from each of
the three kinetic gene classes IE, E, and L in latently infected
myeloid lineage hematopoietic cells [reviewed in (90)]. This led
Collins-McMillen and Goodrum to propose an equilibrium
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between “true latency” characterized by a pattern of restricted
latency-associated transcription and “dynamic latency” where IE,
E, and L genes of the lytic program are expressed sporadically not
following the canonical temporal IE-E-L cascade of productive
reactivation (90). More recent work on the transcriptome of
latent hCMV determined by single-cell RNA sequencing
(scRNAseq) arrived at the conclusion that latently infected
CD34" hematopoietic progenitor cells (HPCs) as well as
CD14" monocytes express a broad spectrum of canonical viral
Iytic cycle genes at a low level [(91), reviewed in (92)]. Based on
these findings, cells latently infected with hCMV almost certainly
express antigen-encoding viral genes and thus could potentially
present antigenic peptides driving MI. However, a retrospect on
studies of the immune response to hCMV revealed only limited
evidence supportive of MI occurring in humans (23). One may
speculate that missing or inhibited MI in latently infected
humans may relate to the virally encoded interleukin-10, a
form of which is expressed in cells latently infected with
hCMV [(93, 94), reviewed in (95)]. Alternatively, in view of
the broad spectrum of transcripts revealed by scRNAseq in
latently infected myeloid lineage hematopoietic cells,
expression of immune evasion genes interfering with the
MHC/HLA class-I pathway of antigen presentation (77) might
prevent ML

In contrast to hCMV, the predominant cell types in which
mCMYV latency is established are not myeloid lineage
hematopoietic cells but are EC, as shown for LSECs in the liver
(73) and for EC of the capillary bed of the lungs [this report]. In
accordance with viral latency in ECs, MI of KLRG1"CD62L
iTEM during latency has been shown to be driven by non-
hematopoietic cells (60, 74), and the finding that iTEM
proliferate in response to viral antigen presented by cells that
are accessible to the blood supply (96) is compatible with antigen
presentation by latently-infected EC of the lung
microvasculature. Notably, our previous work has shown that
genes coding for the MI-driving antigenic peptides IE1 and m164
are expressed in latently infected lungs (52, 54, 56).

It was the aim of our study to decide between two models of
MI-driving viral gene expression during latency (Figure 9A). The
“reactivation hypothesis” proposes episodes of productive virus
reactivation characterized by progression of the canonical IE-E-L
gene expression cascade within a cell. In contrast, the “stochastic
expression hypothesis” proposes stochastic events of viral gene de-
silencing that can also generate transcripts of the three kinetic
classes IE, E, and L, although not in the temporal order and not
necessarily all in one cell. In both models, high latent viral genome
load favors high transcriptional activity, because the number of
viral genomic DNA molecules determines the probability of
productive cycle reactivation as well as of stochastic gene de-
silencing. In accordance with this, we found here that the loss of
latent viral genomes between 4 and 6 months after infection led to
a drop in the transcriptional activity.

Previous work by Snyder and colleagues (29) has shown MI
after high-dose systemic infection with a single-cycle
recombinant mCMYV lacking the essential glycoprotein L. This
finding implies that MI does not depend on release of infectious

virus and thus modulates the “reactivation hypothesis” in the
sense that completion of the lytic cycle is not a demand for
driving MI. The interpretation of MI not being driven by
recurrence of infectious virus is also strongly supported by the
already discussed finding of MI depending on direct antigen
presentation by latently infected non-hematopoietic tissue cells
(60, 74). This is in accordance with the observation that MI-
inducing epitopes do not depend on the immunoproteasome for
antigen processing (97). In contrast, virus released after
productive reactivation, like virus produced during acute
infection (60), should involve hematopoietic lineage antigen-
presenting cells, such as dendritic cells, which constitutively
express the immunoproteasome.

The conclusion that MI does not depend on productive
reactivation was still compatible with the assumption of a
canonical IE-E-L gene expression cascade of non-productive
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FIGURE 9 | Comparison between “reactivation hypothesis” and “stochastic
expression hypothesis”. (A) Consequences on the temporal order of viral gene
expression and on recurrence of infectious virus. (B) Consequences on antigen
presentation for driving M. |E, immediate-early phase or protein; E, early phase
or protein; L, late phase or protein; VRAP, (negative) viral regulator of antigen
presentation, iTEM, inflationary effector-memory CD8" T cells; MI, memory
inflation. Grey circles, silenced circularized viral genomes in the nucleus of latently
infected non-hematopoietic tissue cells. Color-coded boxes: viral transcripts and
proteins. Receptor symbols on tissue cells and on iTEM represent antigenic
peptide-presenting MHC class-1 molecules and T-cell receptors, respectively.
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reactivation interrupted at a stage before virion assembly and
release. However, our data showing stochastic expression
patterns of genes of the three kinetic classes falsify the
“reactivation hypothesis” and, instead, strongly support the
“stochastic expression hypothesis”. Intriguingly, gaps in
the expression patterns for essential transcripts provide an
immediate explanation for maintenance of latency despite
expression of genes of all three kinetic classes. Note that
experimentally induced reactivation does, in fact, follow the
canonical IE-E-L gene expression cascade and proceeds to the
production of infectious virus (41).

It is important to understand that stochastic expression of
viral genes during latency means that epigenetic switches
between viral chromatin opening and closing, and thus
between gene desilencing and silencing, respectively, can be
described by the Poisson distribution function, which allows us
to calculate the frequency of transcription events at a certain time
(54). It is understood that oft-on-off states generate expression
patterns that fluctuate in the time course, so that what we observe
are snapshots. Stochastic expression, however, is not the same as
spontaneous expression. As we have shown previously, TNFo.
signaling to the major immediate-early enhancer of mCMV
enhances the transcription from gene iel, which encodes the
IE1 protein and MI-driving antigenic peptide (51, 61). In
accordance with the stochastic nature of enhancer action (98),
this enhancement was caused by increasing the frequency of still
stochastic transcription events (51, 61). It is current
understanding that signaling increases the probability of
transcription initiation, rather than the duration of
transcription once it is initiated, although one can recognize
the stochastic nature of gene activity only when on-states are
rare, as it is the case in viral latency. The frequencies of on-states,
as we saw them in the stochastic gene expression patterns, differ
significantly between different viral genes (see the numbers of
transcription events in Figure 4A). As an extreme example, m04
was rarely expressed (Figure 8). These differences likely relate to
different promoter activities, although experimental proof is
pending. The finding that IE1 transcription stands out is
reasonably explained by the fact that a strong transcriptional
enhancer regulates it. Interestingly, Smith and colleagues
recently presented data indicating that stochastic encounters
with antigen account for the clonal dynamics during MI (99).
Our data provide a molecular explanation for these
immunological findings, namely that stochastic encounters of
inflationary iTEM with antigen are based on stochastic
expression of the corresponding viral genes during latency.

IE1 is the prototype of an MI-driving antigenic peptide (2-4),
and this likely relates to the high frequency of transcription during
mCMYV latency, which corresponds to frequent presentation of
IE1 peptide-L¢ complexes on the surface of latently infected cells
for re-stimulating cognate iTEM. At first glance, it may surprise
that one of our experiments by chance picked up a case with
overall low IEI transcriptional activity and even absence of IE1
transcripts in 2 out of 5 mice tested individually (Figure 8). This
brings us to consider two aspects: (i) Transcription patterns
represent just snapshots, whereas the iTEM pool “samples”

preceding transcription events and memorizes antigen
presentation over longer periods. This explains the phase shift
between a high rate of transcription at 4 months and the peak
number of iTEM at 6 months when transcriptional activity had
already declined (compare Figures 3, 4 with Figures 5, 6). (ii)
iTEM sense antigen presentation while patrolling in tissues for
immune surveillance, and then terminate viral gene expression by
their effector functions. We concluded this previously from a low
frequency of IE1 transcription events in lungs during latent
infection with virus mCMV-YPHEMPTNL, which expresses the
epitope, and a high frequency after infection with the L9A epitope
loss mutant mCMV-YPHFMPTNA (42). Thus, low
transcriptional activity might reflect a high level of iTEM activity.

Stochastic expression patterns also help us to understand why
reduction of transcription by immune sensing of latently infected
cells is epitope-selective. If, for instance, IE1 and m164 were co-
expressed in the same cells due to coordinated gene expression
during productive reactivation, IE1-specific iTEM should not only
reduce IE1 but also m164 transcription events. Apparently, this
was not the case (Figures 7, 8). Finally, one should keep in mind
that transcriptional activity of epitope-encoding viral genes during
latency is a prime condition for MI to occur, but other parameters
represent bottlenecks. These include the amount and stability of
the antigenic protein (for a recent review, see (100)), the efficacy of
its proteasomal processing and the affinity with which the peptide
binds to the presenting MHC-I molecule (42, 101), and the
functional avidity of the tissue-patrolling CD8" T cells (22).

Our data also offer an elegant answer to the so far pending
question of why viral immune evasion proteins/vRAPs do not
prevent MI, although they strongly reduce cell surface
presentation of pMHC-I complexes (78, 102). Very early work
on the role of immune evasion in MI by Gold and colleagues
(103) arrived at the conclusion that interference with antigen
presentation has little effect on the size of the iTEM pool. For
quite some time, this correct finding was mistaken as an evidence
against an in vivo relevance of immune evasion in general,
although soon thereafter a crucial role of immune evasion in
the effector phase of the antiviral CD8" T-cell response was
demonstrated in many models (for a review, see (104)). Recently,
it has been shown that immune evasion is the reason for a failure
in preventing lethal virus spread and histopathology in mouse
models of allogeneic HCT and CMV infection (105, 106).

This apparent discrepancy is now explained by the stochastic
expression of MI-driving genes and immune evasion genes during
viral latency. Whereas every cell in which antigens are expressed in
the course of reactivation inevitably also reaches the point at which
VRAPs become expressed, stochastic gene expression rarely leads
to a “by chance co-expression” of MI-driving antigens and vRAPs
in the same cell (Figure 9B). In consequence, there always exist
latently infected cells in which the presentation of MI-driving
antigenic peptides is not inhibited by immune evasion.

In an attempt to provide a mathematical model, Gabel and
colleagues (37) studied the dynamics of MI in individual mice and
found that curve fitting is best when intervals between iTEM re-
stimulations are short enough to level the oscillation between
expansion and contraction of the iTEM pool. With this
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understanding, the authors proposed frequent episodes of
productive virus reactivation with bursts of virus release
providing the antigen for frequent re-stimulation of iTEM.
Such a view on MI is, however, incompatible with experimental
data showing that productive reactivation is exceedingly rare in
latently infected immunocompetent mice (34, 41, 42, 51) and is
also incompatible with critical gaps in viral gene expression [this
report] as well as with MI induced by the single-cycle virus
mutant (29). Instead, the mathematical modeling of MI is in
perfect accordance with an almost continuous re-stimulation of
iTEM by antigenic peptides derived from episodes of stochastic
gene expression during viral latency.

Overall, our data provide reasonable evidence to conclude
that stochastic gene expression during viral latency is the viral
driver of MI.
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Is It Feasible to Use CMV-Specific
T-Cell Adoptive Transfer as
Treatment Against Infection

in SOT Recipients?

Estéfani Garcia-Rios, Marcos Nuévalos, Francisco J. Mancebo and Pilar Pérez-Romero ™

National Center for Microbiology, Instituto de Salud Carfos Ill, Majadahonda, Spain

During the last decade, many studies have demonstrated the role of CMV specific T-cell
immune response on controling CMV replication and dissemination. In fact, it is well
established that transplanted patients lacking CMV-specific T-cell immunity have an
increased occurrence of CMV replication episodes and CMV-related complications. In
this context, the use of adoptive transfer of CMV-specific T-cells has been widely
investigated and applied to Hematopoietic Stem Cell Transplant patients and may be
useful as a therapeutic alternative, to reconstitute the CMV specific T-cell response and to
control CMV viremia in patients receiving a transplantation. However, only few authors
have explored the use of T-cell adoptive transfer in SOT recipients. We propose a novel
review in which we provide an overview of the impact of using CMV-specific T-cell
adoptive transfer on the control of CMV infection in SOT recipients, the different
approaches to stimulate, isolate and expand CMV-specific T-cells developed over the
years and a discussion of the possible use of CMV adoptive cellular therapy in this SOT
population. Given the timeliness and importance of this topic, we believe that such an
analysis will provide important insights into CMV infection and its treatment/prevention.

Keywords: cytomegalovirus, CMV-specific immune response, T-cell adoptive transfer, CMV treatment,
cellular therapy

INTRODUCTION

Viral infection, including cytomegalovirus (CMV), BK virus and Epstein-Barr virus, remains a
major cause of morbidity and mortality in immunocompromised individuals (1-5). While in
immunocompetent individuals latent CMV infection is controlled by the immune system (6), in
transplant recipients, both hematopoietic stem cell (HSCT) and solid organ transplantation (SOT),
CMYV infection is one of the main infectious complications. CMV seropositive allogeneic HSCT
patients presents the highest risk of recurrent infections, followed by CMV seronegative SOT
recipients that receive a graft from a seropositive donor (R-/D+), HIV patients, and patients who
have received T-cell depletion therapies (alemtuzumab, antithymocyte globulin, or post-transplant
cyclophosphamide) (6, 7). The incidence of CMV reactivation/reinfection in SOT is 16-56% (8-12),
with a median value of 30%, while in HSCT has been reported to be 30-70%, with a median value of
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37% (13-15). In addition to the direct effects of CMV proliferation
causing viral syndrome with clinical manifestations such as
gastroenteritis, pneumonitis, hepatitis, uveitis, retinitis, encephalitis
and graft rejection, CMV infection also cause indirect effects related
with increased incidence of graft rejection and opportunistic
infections or decreased recipient survival (16-18).

Cell mediated immune response is considered the most
important arm of the immune system against CMV infection
with increasing evidences demonstrating a role of CMV-specific
T-cells in protecting from infection, which can contribute to
improve clinical care after transplantation (19-27).

A few authors have suggested the importance of monitoring
patient’s CMV-specific immunity using standardized tools for
individualizing the risk of CMV infection after transplantation
(21, 28-31). Thus, using both immunological and virological
patient monitoring may provide a wider knowledge of patients’
clinical situation that may facilitate clinical decisions during
follow-up of SOT recipients (32).

Although the antiviral drugs to treat CMV infection have
highly improved during the years, there are still some issues
associated with the use of the available antivirals (ganciclovir,
foscarnet, cidofovir and more recently letermovir) such as
undesirable side effects (nephrotoxicity) and selection of
resistance mutations in addition to the high cost. Consequently,
strong efforts have been made to search for new therapeutic
approaches (33).

In this context, the use of cellular therapy may be useful to
reconstitute the CMV specific T-cell response and to control
CMYV viremia in SOT recipients. Here we provide a synthesis of
recent data regarding the impact of using CMV-specific T-cell
adoptive transfer on the control of CMV infection in SOT
recipients, the different approaches to stimulate, isolate and
expand CMV-specific T-cells developed over the years and a
discussion of the possible use of CMV adoptive cellular therapy
in these patients.

USE OF ADOPTIVE TRANSFER OF CMV-
SPECIFIC T-CELLS IN THE CONTEXT OF
SOLID ORGAN TRANSPLANTATION

The use of CMV-specific T-cell adoptive transfer is currently
being evaluated for clinical application, with promising results as
a treatment for CMV infection and disease in ulcerative enteritis
in primary immunodeficiency (34) or in pediatric retinitis caused
by CMV (35).

In the context of transplantation, CMV-specific T-cell
transfer has been widely investigated and applied to
Hematopoietic Stem Cell Transplant (HSCT) patients, both
prophylactically, to reconstitute protective antiviral immunity,
and as a treatment in patients with refractory CMV infection
(36-38). In contrast, in SOT recipients it has been less
investigated probably due to the T-cell response attenuation
produced by the administration of the immunosuppressive
therapy. In addition, SOT recipients may not tolerate donor-

derived cytolytic T lymphocytes (CTLs) due to the activation of
cytokine-mediated stimulation of the alloreactive T-cells causing
direct alloimmune injury (39, 40).

Few authors have explored the use of T-cell adoptive transfer
in SOT recipients during the last decade (Table 1). In 2009,
Brestrich et al. (41) performed a study in a lung transplanted
recipient with a severe and persistent CMV pneumonia resistant
to ganciclovir and foscarnet. Patient’s peripheral blood
mononuclear cells (PBMCs) were stimulated with overlapping
peptide pools covering the whole protein IE-1 and pp65 and
CMV-specific INF-y positive cells were subsequently selected
and infused. The patient was treated with two infusions of 1 x
10”/m?* CMV-specific T-cells. After the first infusion, the patient
developed an overall improvement, with a decrease of the viral
load and pneumonia symptoms and an increase of the CMV-
specific T-cell levels. Four weeks after the first infusion, a second
infusion was administered due to a worsening of the disease,
testing positive for CMV. However, the patient died due to graft
failure with a negative biopsy for CMV antigen (41).

Since then, a number of authors have explored the potential of
T-cell adoptive transfer as a therapy in SOT recipients (42). A
renal transplant recipient (D+/R-) with refractory CMV infection
received partially HLA-compatible (at three of six HLA loci A, B
and DRB1) CMV-specific T-cells at a dose of 1.6 x 107 T-cells/m?,
successfully generated from a third donor. Nineteen days
following the infusion, a fifty fold decreased of the CMV DNA
viral load was observed and plasma exchange was ceased due to
resolution of hematological features of thrombotic
microangiopathy (platelets 269 x 109/L, LDH 369 IU/L, no red
cell fragments on blood film). Patients was discharged from
hospital four weeks after the infusion (43). The authors
highlighted the effective application of CMV-specific CTLs from
third donors, suggesting that creating donor cell-banks could be
useful as a therapeutic alternative in SOT recipients (43-45). In a
later study, the same group successfully expanded autologous
CMV -specific T-cells from a seronegative recipient that received a
seropositive lung allograft and that developed a CMV disease due
to ganciclovir resistant CMV infection (46). CMV-specific T-cells
were isolated and stimulated with autologous PBMCs coated with
HLA class I-restricted CMV peptide epitopes, based on patient’s
HLA class I typing. The in vitro expanded T-cells showed an
increase in HLA epitopes (A1, B7 and B35) and in the proportion
of IFN-y+ CD107a+ cells that indicates the granule-dependent
(perforin/granzyme) pathway of cytotoxic CD8+ T-cells. The
patient received four infusions of 3 x 107 autologous T-cells.
After the infusion of the in vitro expanded T-cells no adverse
events occurred, the CMV viral load became undetectable, the
patient’s usual immunosuppression regime was resumed, hepatic
and bone marrow function remained normal with no evidence of
acute rejection. These results indicated that adoptive therapy
can contribute to immune control of CMV infection (46).
Pierucci et al. (47) employed autologous T-cell transfer in a
seronegative lung transplant recipient with a ganciclovir and
foscarnet resistant CMV infection, who also developed
cidofovir-related nephrotoxicity. Cells were obtained from
patient’s peripheral blood and expanded using epitopes of
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synthetic HLA-compatible peptides (pp65, pp50 and IE-1).
Around 42% of the obtained CD8+ T-cells were CMV-specific
and T-cells were restricted to three HLA Class I alleles: HLA-A1,
HLA-B7 and HLA-B8. The patient received 2 infusions (1.9 x 107
T cells/infusion) 2 weeks apart, with no side effects and with low
CMV titers during two months after which a relapse of the viral
load occurred. The patient received a third infusion (22.2 x 10°
T-cells) showing some therapeutic benefit, with further significant
reduction in CMV titers, which was maintained for 2 months.
The patient did not have any documented rejection or acute
change in lung function after the T-cell infusions. However, the
patient died due to clinical complications unrelated to CMV
infection (47).

The most ambitious study carried out to date was performed in
a cohort of 21 SOT recipients (13 kidney, 8 lung and 1 heart) who
developed recurrent ganciclovir resistant CMV infections. Thirteen
of these patients (8 D+/R-, 3 D+/R+ and 2 D-/R-) were subjected to
T-cell (ranging from 22.2-245 x 10° T-cells) adoptive transfer
receiving a maximum of 6 doses one of which discontinued therapy
after a single dose. Adverse events attributable to T-cell infusion
were grade 1 or 2 (fatigue and malaise) with no adverse events
associated with a change in the graft status. Eleven of the 13 showed
objective improvement in their symptoms including a reduction
(with a median drop of 1.2 x 10> CMV copies/mL) or resolution of
CMV reactivation and resolution of CMV disease symptoms. In
addition, the use of antiviral drug therapy was either completely
stopped (in 5 of 11 patients) or significantly reduced (in 6 of
11patients). Evidences of immunological reconstitution was
associated with control of viremia (48).

Based on these promising results, several clinical studies are
currently been conducted: (i) A clinical trial (NCT03665675)
including 20 patients, both HSCT recipients and SOT recipients
is been conducted, to study the effect of transferring allogeneic
CMV-specific T lymphocytes on CMV infection or reactivation.
The first results will be available at the end of 2021. (ii) A clinical
trial (NCT02779439) with 25 patients enrolled, to elucidate the
biological efficacy of therapeutically administered most closely
HLA-matched third-party donor-derived specific cytotoxic T
lymphocytes (CTLs) targeting CMYV, following allogeneic blood
or marrow stem cell or SOT. (iii) A clinical trial (NCT04364178)
including 25 patients assessing whether partially matched, >2/6
HLA-matched, viral specific T-cells have efficacy against CMV in
subjects who have previously received any type of allogeneic
HSCT or SOT. (iv) A clinical trial (NCT03266640) with 20
participants investigating the therapeutic role of CMV CTLs in
children, adolescents and young adults (CAYA) with refractory
CMYV infection post allogeneic HSCT or SOT.

Together these results suggest that, although there is still
space for improvement, the use of CMV-specific T-cell adoptive
transfer is promising in SOT recipients with limited options for
CMV-infection treatment.

CELLULAR THERAPIES AVAILABLE

During the last years a better understanding of the CMV-specific
T-cell immunology such as the conserved T-cell epitopes (49),

has led to the improvement of the methods for ex vivo T-cell
culture (50). In addition, rapid tests to evaluate the effector
function of the CMV-specific T-cells have become available
(51, 52). In this section, we describe the features of the
methodologies available to generate CMV specific T-cells,
which are summarized in Figure 1 and Table 2.

T-Cell Expansion

To successfully generate and expand CMV-specific T-cells, it is
crucial to define the most immunogenic epitopes used by the
antigen presenting cells (APC) to promote the activation and
proliferation of peptide-specific T-cells (53). A large number of
antigens expressed at different stages during viral replication
participate in the activation of both CMV-specific CD8+ and
CD4+ T-cells, known to mediate the immune response against
the virus (50). IE-1 and pp65 proteins are two of the most
immunodominant CMV antigens and have been widely used to
stimulate the CMV-specific immune response (50, 54-56).

Different approaches have been carried out for in vivo
expansion and generation of CMV-specific T-cells (57). In the
initial studies, CMV-specific CD8+ T-cell clones were generated
by stimulating donor peripheral blood mononuclear cells
(PBMC) with CMV-infected fibroblasts (23). However, this
approach was discontinued because of the risk of producing
infection in patients. Later, CMV lysates or pp65-NLV peptide
were used to stimulate CMV-specific T-cells (58-60). Using the
pp65-NLV peptide only stimulated adoptive immunity against a
single viral epitope (50) and its application may be limited for
HLA-A2 patients/donors (60). To overcome this problem, “poly-
specific” products targeting multiple antigens were generated by
incubating allogeneic T-cells in vitro with clusters of 15-mer
peptides spanning the entire pp65 antigen to generate CMV-
specific oligoclonal T-cells (61). Adoptive transfer of the
oligoclonal T-cells were able to eliminate viremia, and infused
cells persisted for up to two years (61, 62).

The improvement of the methodology for ex vivo expansion
has reduced the presence of alloreactive or naive T-cells in the final
product (63). In addition, T-cell ex vivo stimulation and expansion
requires a small blood volume to establish the T-cell culture,
making possible the generation of CMV-specific T-cells from low
levels of circulating T-cells and naive donor sources (51).

Direct Selection Using Specific
Peptide-MHC (pMHC)

Using pMHC multimers allows to isolate T-cells based on the T-
cells receptor (TCR) ability to bind a complex mixture of
peptide-loaded recombinant HLA molecules (53). Since this
method is restricted by HLA type, a previous knowledge about
the immunodominance of the epitopes is necessary. HLA-
peptide tetramers from pp65 and IE-1 proteins have been
previously used to select CD8+ T-cells that were further
isolated using magnetic beads (64).

This method allows to reduce the time and improve the
quality of the final product, minimizing alloreactivity (57).
However, the main disadvantages of this technique are related
with the limitation of the method to isolate only CD8+ or CD4
T-cell populations, and the irreversibility of the binding that can
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cause changes in the T-cell phenotype, leading to functional
alterations of the purified T-cell population (such as TCR
internalization, activation, overstimulation and cell death)
(65-67). It has been shown that pMHC multimer binding
interferes with the functional status of epitope-specific T-cell
population in vivo, causing epitope-specific tolerance in a dose-
dependent manner (68, 69). This intrinsic characteristic of
pMHC multimer binding substantially limits the clinical
application of this technology.

This issue has been further solved with the development of
the Streptamer technology in which the binding of the HLA
peptide and the antigen-specific TCR is reversed, by competing
with a molecule that causes the Streptamer to monomerize,
causing no alteration of the phenotype or the functional status
of the T-cells (70-72). However, the selected T-cells are limited
by the HLA restriction imposed by the Streptamer, and this may
be a limitation for CD8+ T-cells survival when CD4+ T-cells are
absent (73). Some authors have used this new technology to
isolate CD8+ T-cells from CMYV seropositive donors,
demonstrating both immune reconstitution, as well as antiviral
safety and efficacy after HSCT (74, 75). The results obtained with
this technology are promising however, further studies are
necessary to demonstrate efficacy in SOT recipients.

In the context of SOT, p-MHC multimers has been previously
used using autologous T-cells harvested from lifelong

immunosuppressed patients (while healthy donors were used
in HSCT). In these patients, deficiencies in T-cell differentiation,
longevity, as well as the use of immunosuppressive regimen can
affect to long-term survival of the transplanted cells limiting its
use for adoptive therapy (76). The associated challenges of this
method could be minimized by using partially HLA-matched
CMV-specific T-cells obtained from a third party donor (43).
This approach was shown to be safe to treat CMV infection in
SOT patients, however, more research is needed (43).

Direct Selection Using Cytokine Capture
System (CCS)

CMV-specific T-cells can also be selected using IFN-y cytokine
capture system (CCS), a rapid assay that allows to select and enrich
CD8+ and CD4+ INF-ysecreting T-cells that have been previously
stimulated using viral antigens (77). This strategy allows T-cell
selection that in contrast with pMHC has no HLA restriction and as
an additional benefit, stimulating and capturing a polyclonal
population of CD4+ and/or CD8+ T-cells depending on the
antigen used for stimulation, not achieved using the Streptamer
strategy. Different authors have successfully isolated functional
CMV-specific T-cells using this method. Two of these studies
stimulated donors PBMC using pp65 that were administrated to
patients after HSCT who were able to expand the CMV-specific T-
cells and reduced the CMV load in blood (78, 79). More recently,
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Kim et al. (80) used the automated CliniMACS Prodigy platform to
generate pp65-specific CTL that exhibited functional activity,
including efficient proliferation, sustained antigen-specific IFN-y
secretion, and cytotoxicity against pp65-pulsed target T-cells.
Although little clinical experience is available, this approach has
the potential to be applicable to any type of patients with a clinical
emergency due to CMV-related diseases including SOT recipients
(80, 81).

Other selection strategy is to isolate and enrich activated viral-
specific T-cells after antigen stimulation based on the detection of
specific surface molecules that are selectively expressed or strongly
up-regulated after T-cell activation, such as CD25, CD69, CD137
and CD154 (82-84). In this sense, several publications have shown
results using CD137 as a specific activation marker due to its
predominant expression on T lymphocytes after activation,
including CD8+ and CD4+ cells (85, 86). This approach allows
simultaneous targeting of antiviral T-helper and effector cells.
Other data showed the feasibility of isolating CMV -specific T-cells
from PBMCs through the use of CD25 and CD154 activation
marker expression (82, 87). However, as both markers are
predominantly expressed in CD4+ T-cells, these strategies do
not allow the enrichment of CD8+ cytotoxic T-cells.

T-Cell Generation Using Activation Marker
and Engineered T-Cells (CAR, TCR)
Other interesting strategies based on the successful performance
for cancer treatment (88-90) is the gene modification of patient’s
lymphocytes with tumor-specific T-cell receptors (TCRs) or
chimeric antigen receptors (CAR). The generation of
autologous CAR T-cells which has also been explored as
immunotherapy against CMV (91, 92, 93) enables antigen
recognition in a MHC independent manner and can be
designed to specifically target conserved and essential epitopes
of the selected antigen (94), overcoming pathogen escape
mechanisms. In a nutshell, CAR consists of a defined antigen-
binding domain represented by a single-chain fragment variable
(scFv) antibody, an extracellular spacer region, a transmembrane
domain, and an intracellular domain that triggers T-cell
activation, mainly by the T-cell receptor signaling domain
CD3C (94). Several groups have recently generated gB-targeted
CAR T-cells using scFvs derived from gB-specific NAb antibody
(SM5-1) fused to CARs with 4-1BB (BBL) or CD28 (28S)
costimulatory domains and subcloned into retroviral vectors
(95, 96). In a recent study, CD4+ and CD8+ T-cells obtained
from blood or cord blood of CMV-seronegative donors were
transduced showing efficacy in preclinical models (96). Further
clinical studies will be necessary to demonstrate in vivo efficacy.
The other TCR strategy uses heterodimers integrated by alpha
and beta peptide chains to recognize specific polypeptide
fragments presented by MHC complexes. While CAR-T-cell
therapy identifies exclusively antigens located in the cell
surface, TCR can also recognize intracellular antigenic
fragments presented by MHC molecules (97). However, TCR
T-cell therapy is restricted to MHC presentation, which
represents a limitation of the strategy. The main goal of TCR
T-cells is to modify the TCR binding to the pathogen antigens.
Naturally, the affinity of TCRs for the pathogen antigens is
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TABLE 2 | Characteristics of the T-cell therapies available.

Method System Advantages
Ex vivo No restricted by HLA type; small blood volume required; naive donor can
expansion be used; generation of polyclonal T-cells
Direct pMHC No needed extensive ex vivo manipulation and undergo rapid expansion
Selection multimer in vivo
Cytoquine  No needed extensive ex vivo manipulation and undergo rapid expansion
capture  in vivo; not restricted by HLA type; isolation of polyclonal CD4+ and CD8+
cells
Activation  Rapid detection and enrichment of T-cells; broader repertoire of antigen-
marker specific T-cells; Compatible with other assay formats; not restricted by
HLA; not needed previous information of immunodominant epitopes; no
specialized APC such as dendritic cells are needed
Genetically CAR-T  Recognize antigens in an HLA-independent manner; target conserved and
engineered essential epitopes; infused to a broad range of patients irrespective of
cells HLA
TCR-T Wider range of targets; high affinity for specific antigens through genetic

engineering; strong activation when a small amount of antigen is present;
use of natural T-cell signaling mechanisms

Disadvantages

Extensive culture period; seropositive donors required

Restricted by HLA type and streptamer; seropositive donors
required; high frequency of specific T-cells needed; select for a
limited repertoire of CD8+ cells
Requires seropositive donors; large blood volumes needed

Time-consuming and difficulty to isolate and expand functional
cells; identification of novel T-cell epitopes often requires
screening of a high number of epitopes

Only surface antigens can be targeted; restricted by epitope;
expensive; Several toxicities

Expensive; time- and labor-consuming; MHC restricted and
depends on presentation by MHC molecules to recognize
targets and activate T cell function; risk of hybridization

very low, which difficult the recognition. To overcome this
problem, modifications of the TCR using genetic engineering
technology has been able to enhance the specificity and affinity of
the recognition of the antigens by T-cells (98).

Cell Therapy Limitations and Alternatives
in SOT Patients

The intensity and long-term immunosuppression requirement to
prevent allograft rejection pre-disposes SOT recipients to a wide
range of viral complications (1). In addition, antiviral treatment can
generate side effects such as nephrotoxicity (99), and the selection of
drug-resistant mutant CMV strains (100), limiting treatment capability
in SOT recipients. Based on these limitations, cell therapy may be an
appropriate and effective alternative antiviral treatment. However, as
pointed out previously, deficiencies in T-cell differentiation and lifelong
immunosuppression can affect to long-term survival of the transfused
cells, interfering in the antiviral functionality and limiting its use for
adoptive therapy in SOT recipients (76). Here, we analyze the
alternatives available to overcome these limitations.

Different authors have demonstrated that in vitro generated
CMV -specific CTL are highly sensitive to immunosuppressive
drugs (such as cyclosporin A and FK506) impairing the
production of effector cytokines (101, 102). A possible solution in
order to overcome this problem, is to genetically modify the in vitro
generated CTL to confer resistance to these drugs (103, 104).
Alternatively, decreasing patient’s immunosuppression during a
period post-infusion may allow the expansion and functionality
of the CMV-specific T-cells. As an example, Macesic et al. used
third-party T-cells to infuse a kidney transplant patient who had
ganciclovir resistant persistent CMV viremia, and decreased the
levels of immunosuppressive drugs. A significant decrease of the
patient CMV DNA viral load, from >5x10° copies to 682 copies/mL,
was observed within 4 months after transfusion and remained
controlled up to 1 year, leading to clearance of the infection (43).
These results suggested that the use of third-party CMV-specific T-
cells could be used in patients that admit a reduction of the

(mismatch) between exogenous and endogenous chains

immunosuppression regimen without compromising the
allograft stability.

Another limitation is associated with deficiencies of T-cell
differentiation in SOT recipients receiving immunosuppression.
Most of the studies have used the viral antigens UL123 (IE1) and
UL83 (pp65), known to promote a strong T-cellular response, for
T-cell ex vivo stimulation to generate CMV-specific oligoclonal
T-cells. Few studies have provided information regarding the cell
mediated response to other viral multiple antigens in addition to
IE1 and pp65 (54, 105-107). Thus, efforts should be made to
promote the generation of CD8+ and CD4+ T-cells displaying
multiple polyfunctional effector functions that may be more
effective in controlling CMV infection (50, 54-56).

As previously mentioned infusion of donor derive T-cells
from donors may also transfer alloreactive T cells in numbers
sufficient that could trigger episodes of rejection, particularly if
the donor and the host differ in one or more HLA alleles, due to
sensitization to specific non-self HLA alleles present on the
donor T-cells. A way of assessing this issue is to extensive
culturing T cells or even establishing T-cell clones to eradicate
alloreactive T cells but may also result in replicative senescence of
the ex vivo-manipulated virus-specific T cells (108).

The creation of third-party cell banks as well as third party
donor registries has emerged as a new possibility of treatment
that employs T-cells derived from partially HLA-matched third-
party donors (109). The use of this method allows to achieve a
rapid “off the shelf” product that could be used in a broader range
of patients. Furthermore, it offers the potential advantage of
targeting multiple viral epitopes rather than a monospecific
approach, potentially increasing the antiviral effect (109). Over
the past years third party donor T-cell banks have been
established. Such banks permit selection of T-cells on the basis
of HLA allele phenotype, viral specificity and HLA restriction,
which may provide distinct advantages, particularly in the
treatment of HLA non-identical recipients. Although it is still
under study, the obtained results to date are highly promising.
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FUTURE DIRECTIONS AND
PERSPECTIVES

CMV is a major cause of severe complications in SOT recipients
such as graft loss especially in patients that develop CMV
infection with antiviral refractory CMV strains (110, 111). The
period early after the transplant is considered critical due to the
high risk of infections associated with a high incidence of CMV
(42). The role of CMV-specific T-cell immune reconstitution
after SOT have demonstrated several benefits, including lower
risk of CMV infection and graft rejection. Thus, the development
and improvement of new CMV-specific T-cell transfer based
therapies could be a useful to adjust the therapeutic interventions
(112-114). However, despite the increasing interest on adoptive
CMYV specific T-cell transfer, most of the information available
comes from studies in HSCT recipients (23, 53, 115). Only few
reports including a small number of SOT recipients have used T-
cell adoptive immunotherapy as a treatment of CMV infection or
disease (41, 43, 46-48). These studies enrolled SOT recipients
that previously failed to conventional treatment, with low
survival rate. Although promising results were obtained,
further development have been limited due to difficulties of T-
cell expansion in SOT that are receiving immunosuppressive
regimens, and the risk of graft rejection after T-cell
administration. One possible approach to overcome these
limitations is generating ready to use third-party CMV-specific
T-cell banks to ensure the availability of well characterized the
T-cell products (57, 116). In addition, better results should be
obtained using T-cell adoptive immunotherapy in SOT
recipients that had optimal clinical outcomes. Results from the
ongoing clinical trial analyzing the safety and feasibility of
administering CMV specific- CTLs from haploidentical donors
in transplant patients would be of importance to implement
T-cell adoptive therapy in SOT recipients.

CONCLUSIONS

Recent studies have significantly increased our knowledge about
the protective role of CMV-specific T-cell immune response
against CMV infection and disease. And thus the use of T-cell
adoptive therapy may help to restore the CMV-specific
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Latent CMV Infection Is Associated
With Lower Influenza Virus-Specific
Memory T-Cell Frequencies, but Not
With an Impaired T-Cell Response to
Acute Influenza Virus Infection

Sara P. H. van den Berg "2, Josien Lanfermeijer 2, Ronald H. J. Jacobi’,
Marion Hendriks ', Martijn Vos’, Roos van Schuijlenburg’, Nening M. Nanlohy’,
José A. M. Borghans?, Josine van Beek, Debbie van Baarle *" and Jelle de Wit"*

1 Center for Infectious Disease Control, National Institute for Public Health and the Environment, Bilthoven, Netherlands,
2 Center for Translational Immunology, University Medical Center Utrecht, Utrecht, Netherlands

Latent infection with cytomegalovirus (CMV) is assumed to contribute to the age-associated
decline of the immune system. CMV induces large changes in the T-cell pool and may thereby
affect other immune responses. CMV is expected to impact especially older adults, who are
already at higher risk of severe disease and hospitalization upon infections such as influenza
virus (IAV) infection. Here, we investigated the impact of CMV infection on IAV-specific CD8*
T-cell frequencies in healthy individuals (h=96) and the response to IAV infection in older adults
(n=72). IAV-specific memory T-cell frequencies were lower in healthy CMV* older individuals
compared to healthy CMV" older individuals. Upon acute 1AV infection, CMV serostatus or
CMV-specific antibody levels were not negatively associated with IAV-specific T-cell
frequencies, function, phenotype or T-cell receptor repertoire diversity. This suggests that
specific T-cell responses upon acute 1AV infection are not negatively affected by CMV. In
addition, we found neither an association between CMV infection and inflammatory cytokine
levels in serum during acute 1AV infection nor between cytokine levels and the height of the
IAV-specific T-cell response upon infection. Finally, CMV infection was not associated with
increased severity of influenza-related symptoms. In fact, CMV infection was even associated
with increased IAV-specific T-cell responses early upon acute IAV infection. In conclusion,
although associated with lower frequencies of memory IAV-specific T cells in healthy
individuals, CMV infection does not seem to hamper the induction of a proper T-cell
response during acute IAV infection in older adults.

Keywords: influenza infection, T cell, immune response, ageing, cytomegalovirus infection

INTRODUCTION

The worldwide population is ageing rapidly. With age, deleterious changes in the immune system
arise, referred to as ‘immunosenescence’, which impair responses against infectious diseases and
vaccinations (1, 2). Age-related changes of the immune system mainly occur in the T-cell pool,
including an increase in the number of CD45RA™ memory T cells (3, 4) and decreased diversity of
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the T-cell receptor repertoire (5, 6). About 2 decades ago, latent
infection with cytomegalovirus (CMV) was implicated as a
possible driving force of these age-related changes (7-9). CMV
seropositivity was identified as part of the so-called ‘immune risk
profile’, predictive of early mortality in older adults (7, 10).
Moreover, CMV seropositivity is the largest non-heritable factor
influencing differences among humans in the immune profile
(11). CMV is generally thought to establish this large effect by its
frequent attempts to reactivate during life-long carriage, thereby
gradually affecting the immune system (12). Since the 2000s, it is
often hypothesized that CMV might impair the human immune
response to a heterologous challenge (6, 12, 13), as was shown in
mice (14-16).

With age, the risk for serious complications and
hospitalization after influenza virus (IAV) infection increases
(17). Vaccination is an important tool to prevent infection,
however also the efficacy of influenza vaccination decreases
with age (2, 18). The role of CMV infection on influenza
vaccination efficacy has been well studied. These studies have
yielded conflicting results as a negative effect of CMV (19-21), a
positive effect (1) as well as no effect of CMV on the vaccine
response have been reported (22, 23). A systematic review by our
group including a meta-analysis showed no clear evidence for a
negative effect of CMV infection on the antibody response to
influenza vaccination (24).

Both CMV and ageing primarily affect the T-cell
compartment (3, 4, 25-27). During IAV infection, an effect of
CMYV would therefore mainly be expected on the T-cell response.
T cells play an important role in clearance of the IAV (28). These
T-cell responses are predominantly specific for the internal viral
proteins, such as matrix protein-1 (29), which are conserved
among influenza strains that have undergone antigenic drift.
Indeed, pre-existing and early IAV-specific T-cell responses are
associated with lower disease severity of influenza (30, 31), while
delayed T-cell responses to IAV are thought to induce prolonged
inflammation and delayed viral clearance and recovery (31, 32).
Upon activation, IAV-specific CD8" T cells show increased
expression of activation markers (33, 34), produce
proinflammatory cytokines and kill virus-infected cells by
releasing perforin and granzyme B (29, 35).

Whether CMV infection attenuates the immune response to
IAV infection in older adults remains unclear. There are two
major hypotheses explaining how CMV infection may affect the
immune response to a heterologous virus. First, it has been
proposed that large clonal expansions of terminally differentiated
CMV-specific CD8" T cells, which are a hallmark of CMV
infection and which can take up to 30%-90% of the CD8" T-
cell memory pool (36-38), may fill the ‘immunological space’
(10, 13, 39). Thereby CMV infection may hamper the induction
of other immune responses (10, 13, 39). IAV-specific T cells may
thus be outcompeted by CMV-specific T cells in their
competition for proliferation and survival factors (13).
Secondly, it has been suggested that CMV is linked to
‘inflammaging’, the lingering low-graded level of inflammation
occurring with ageing (40). The production of pro-inflammatory
mediators has been shown to enable CMV reactivation (41, 42).

Upregulation of TNF-o, IL-6 and CRP have been observed in
CMV-infected individuals, as well as increased production of IL-
10 (11, 43, 44). Especially the increase of IL-10 combined with a
decrease of IFNy has been associated with reduced cytolytic
capacity of CD8" T cells responsible for clearing IAV, which also
fits with the observed lower levels of granzyme B (45-47).
Importantly, even though CMV has been suggested to
diminish the T-cell response to IAV, there is no clinical
evidence of a direct link between CMV infection and the T-cell
response against IAV infection in humans.

We had the unique opportunity to study the effect of CMV
infection on IAV in humans in the in a relatively large cohort of
natural influenza infected older adults. We first investigated the
effect of CMV infection on the presence of IAV-specific memory
T cells in healthy young and healthy older individuals. Next we
assessed the effect of latent CMV infection on the IAV-specific T-
cell response in older adults undergoing an acute IAV infection.
Our data show that CMV’infection is associated with reduced
frequencies of IAV-specific T cells in healthy older adults,
whereas in healthy younger adults no association with CMV
infection is observed. Nevertheless, CMV infection does not
hamper the T-cell response to acute IAV infection in
older adults.

MATERIALS AND METHODS

Study Design

Healthy Young and Older Adults

Samples of healthy individuals covering a broad age range were
combined from two cohorts. Samples of young adults (n=34),
between 18 and 52 years of age, from unvaccinated controls or
pre-vaccination participants were selected based on age and sex
from a study carried out in 2009-2011 (the Pandemic influenza
vaccination trial, Netherlands Trial Register NL1952) (48). The
study was approved by the Central Committee on Research
Involving Human Subjects of the Netherlands. Samples of
older adults (N=65), 260 years of age, were control samples
from a study carried out in 2014-2015 (Influenza-like-illness-3,
Netherlands Trial Register NL4666) (Kaaijk et al., submitted).
This study was approved by the acknowledged ethical committee
METC Noord Holland. Both studies were carried out in
accordance with the recommendations of Good Clinical
Practice with written informed consent from all subjects, in
accordance with the Declaration of Helsinki.

IAV A Infected Older Adults During IAV Infection

Laboratory-confirmed Influenza virus A infected older adults
were selected from the same study as the healthy older adults.
In this prospective observational study participants were
monitored for influenza-like-illness (ILI) in the influenza
season of 2014-2015 (NL4666, Kaaijk et al., submitted).
Study design of the Influenza-like-illness-3 study was
comparable to previous studies as described in Van Beek
et al. (49). In short, participants were instructed about
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influenza-like-illness (ILI) symptoms according to the Dutch
Pel criteria, defined by fever (237.8°C) with at least 1 other
symptom of headache, muscle pain, sore throat, coughing,
runny nose, or chest pain (50) and to report ILI as soon as
possible after onset. Nasopharyngeal and oropharyngeal
samples were obtained within 72 hours of reporting ILI by
standard procedures (49). IAV infection was laboratory
confirmed, and subtyped by PCR and sequencing in n=72
individuals by methods described previously (49). The 72 IAV
confirmed patients were included in the current study. The
H3N2 strain was detected in the majority of patients (n=64, of
which n=20 clade 3C.3b, n=37 clade 3C.2a, n=7 not
determined), and the HINI strain in the remaining
individuals (n=8). Blood samples were collected within the
first 72 hours of fever onset, and followed up after 2 weeks and
8 weeks.

PBMC and Serum Isolation

Peripheral blood mononuclear cells were obtained by
Lymphoprep (Progen) density gradient centrifugation from
heparinized blood, according to the manufacturer’s
instructions. PBMCs were frozen in 90% fetal calf serum and
10% dimethyl sulfoxide at -135°C until further use. Serum was
isolated out of tubes with clot-activation factor and stored at -80°
C until further use.

Cytomegalovirus (CMV)-Specific
Antibodies

Anti-CMV IgG antibody concentrations were measured either
using a commercial ELISA (IBL international GMBH) according
to manufacturer’s instructions or by an in-house-developed
multiplex immunoassay (51), depending on the cohort. For
healthy young adults, CMV-specific antibody levels were
measured using a commercial ELISA. Recommended cutoffs of
the commercial ELISA kit were followed. Participants with a
CMV antibody level of =12 U/ml or higher were considered
CMV", those with a level of <8 U/ml were considered CMV", and
those with a level between 8 and 12 U/ml were considered
inconclusive and hence excluded for further analysis. For older
healthy adults and IAV-infected individuals, CMV-specific
antibody levels were measured in serum by our in-house-
developed multiplex immunoassay. Cutoff were based on
previous calculations: Individuals with a CMV-specific
antibody level of <4 arbitrary units/ml were considered to be
CMV’ and individuals with an antibody level > 7.5 RU/ml were
considered CMV", and those with a level between 4 and 7.5
arbitrary units/ml were considered inconclusive and hence
excluded from further analysis (52). To reduce inter-assay
variation, all samples from the same individual were measured
on the same plate.

Antigen-Specific T Cells by Flow
Cytometry

Healthy Individuals

HLA-A2 positive healthy individuals were selected based on
availability from young and old healthy individuals for

subsequent IAV-specific T-cell analysis, by staining PBMCs for
expression of HLA-A2 with the HLA-A2(BB7.2)-V450 antibody
(BD Bioscience). Of the HLA-A?2 positive individuals, + 4 million
PBMC’s were stained using the HLA-class I dextramer for
epitope GILG of the M1 protein of IAV (A*0201/GILGFVFTL-
APC, Immudex) for 20 minutes at room temperature. Surface
staining was performed for 30 minutes at 4°C with the following
antibodies: Fixable Viability Staining-780 (BD bioscience), CD3
(SK7)-AF700(BD bioscience), CD8(RPA-T8)-BrilliantViolet510,
CD45RO(UCHL1)-BrilliantViolet711, CD27(0323)-
BrilliantViolet786, CCR7(150503)-BrilliantUV395 (BD
bioscience), KLRG-1(13F12F2)-PE-Cy7 (eBioscience), PD-1
(EH12.2H7)-PerCP Cy5.5, CD95(DX2)-BrilliantViolet421 (BD
Biosciences), CD127(A019D5)-BrilliantViolet650, CD57
(HCD57)-PE and CXCR3(G025H7)-PE-Dazzle. All antibodies
were purchased from Biolegend, unless stated otherwise.
Acquisition was performed on a LSRFortessaX20 and data
analysis was performed using FlowJo (Treestar). tSNE-analyses
were performed using Cytobank (www.cytobank.org) (53) with
for every donor 10.000 CD8" T cells. Donors with less than
10.000 CD8" T cells were excluded from t-SNE analysis (n=3).

IAV-Infected Individuals

Of all HLA-A2 positive individuals undergoing IAV infection
(n=36), both IAV-specific T cells and CMV-specific T cells were
assessed within the first 72 hours 2 and 8 weeks after fever onset.
PBMCs were stained using the HLA-A2 dextramer for the GILG
epitope of the M1 protein of IAV (A*0201/GILGFVFTL-APC,
Immudex) (+ 8 mln PBMCs) (detected in n=17) and the HLA-
A2 dextramer for the NLV epitope of the pp65protein of CMV
(A*0201/NLVPMVATV)-APC (Immudex) (1 mln PBMCs) for
20 minutes at room temperature. Extracellular staining was
performed for 30 minutes at 4°C with the following antibodies:
Fixable Viability Staining-780 (BD bioscience), CD3 (SK7)-
AF700(BD bioscience), CD8(RPA-T8)-BrilliantViolet510
(Biolegend), CD45RO(UCHLI)-BrilliantViolet711 (Biolegend),
CD27(0323)-BrilliantViolet786 (Biolegend), CCR7(150503)-
BrilliantUV395(BD bioscience), KLRG-1(13F12F2)-PE-Cy7
(eBioscience), CD127(A019D5)-BrilliantViolet650 (Biolegend),
CD57(HCD57)-PE (Biolegend) and CXCR3(G025H7)-PE-
Dazzle (Biolegend), CD38(HIT2)-PE-Dazzle (BD bioscience)
and HLA-DR(TU39)-BrilliantUV737 (BD Bioscience). Analysis
was performed on an LSRFortessaX20.

IAV-Specific and CMV Specific IFNy T-Cell

Response by ELISpot

Virus-specific T-cell responses were quantified using the IFNy
enzyme-linked immunospot (ELISPOT) assay at all three time
points for those of which enough cells were available
(respectively n=66, n=61, n=58 out of n=72). Briefly, 400.000
PBMCs were stimulated with a 15-mer peptide-pool with 11
amino acids overlap, covering the total influenza M1 protein
(1 pg/ml) (JPT) and incubated for 18 hours at 37°C on 96-well
membrane-bottomed plates (PVDF plate MSIPS4510, Millipore)
coated with anti-IFNy mAbs (Mabtech). If indicated, IFNy
responses were corrected for the percentage of T cells in
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lymphocytes based on flow cytometry data. For CMV responses,
100,000 PBMCs were stimulated with a 15-mer peptide-pool
with 11 amino acids overlap, covering either the UL55 (1pg/ml)
(JPT), the IE-1 (1ug/ml) (JPT), or the pp65 (1ug/ml) (JPT) CMV
protein. The sum of the response to these three CMV peptide
pools is presented in this study.

Cytokine and Chemokine Levels in Serum
Cytokines and chemokine levels in serum were assessed for all
IAV-infected individuals within 72 hours, and 2 and 8 weeks
after fever onset. Levels were measured by bead-based multiplex
LEGENDplex™ (BioLegend) according to the manufacturer’s
instructions. The pro-inflammatory cytokines IL-6, IFNy, IL-10
and CRP were analyzed for this study. Stimulations were
performed in duplicate. Analysis was performed on a Canto II
flowcytometer. Data were analyzed via Legendplex V8.0 software
(Biolegend). All data were transformed into averages of the
logarithms of two measurements, and each data point was
corrected by subtraction of the intra-assay averages to correct
for batch effects.

Isolation of IAV-Specific T-Cells for T-Cell
Receptor Analysis

CD8" T cells were isolated from PBMCs using a negative
selection microbeads kit (Miltenyi Biotec). Next, CD8" T cells
were labeled at room temperature for 20 minutes with the
A*0201/GILGFVFTL-APC dextramer (Immudex) (GILG).
Subsequently surface staining was added with the following
mAbs: CD3(UCHT1)-PerCP (Biolegend), CD4(OKT4)-BV510
(Biolegend) and CD8(RPA-T8)-FITC (Biolegend) and
CD3"CD4 CD8"GILG" cells were sorted by FACS Melody
(BD) directly into RNAlater (Ambion Inc. Applied Biosystems)
and stored at -80°C for subsequent TCRf clonotype analysis.

Preparing TCRbeta cDNA Libraries for
High Throughput Sequencing

T-cell receptor analysis was performed as described previously
(54), with minor modifications. Briefly, mRNA was isolated with
the RNA microkit (Qiagen) according to manufacturer’s
protocol. Isolated mRNA was used for cDNA synthesis with
5’RACE template switch technology to introduce a universal
primer binding site, and unique molecular identifiers (UMI’s)
were added at the 5 end of the cDNA molecules using the
SMARTScribe Reverse Transcriptase (TaKaRa). cDNA synthesis
was followed by an AMPure XP bead-based cleanup (Beckman
Coulter). Purified ¢cDNA molecules were amplified in two
subsequent PCR steps using the Q5® High-Fidelity DNA
Polymerase (New England BioLabs), with an AMPure XP
bead-based cleanup in between. PCR products were size
selected on gel and purified using the Nucleospin PCR cleanup
kit (Machery-Nagel). The PCR products were sequenced via
Ilumina MiSeq paired end using 2x250 bp sequencing.

Analysis of TCRbeta Clonotype Analysis
Raw sequencing data was processed using the 12nt UMIs to
correct for amplification biases and error-correction of reads.

RTCR (55) was used to identify both the UMI sequence and
clonotype information from the reads. Because of the relatively
small number of cells per sample, additional filtering steps were
followed to minimize cross-sample contamination and biases
introduced by errors in the UMI sequence. Sequences were only
accepted if their UMI was observed in at least 40 sequencing
reads. Sequences with identical UMIs in multiple samples were
removed if they did not occur in at least 1000 sequencing reads
and also if their absolute frequency was lower than 10% of the
maximum frequency in the other sample. UMIs were clustered
within each sample within a Hamming Distance of 3.

Severity of Symptoms Assessment

Symptom assessment was performed by self-reporting by the
participants. As soon as a fever occurred, participants reported
the already experienced symptoms up until then and subsequently
reported the last day of each symptom until full recovery up until a
maximum of timepoint three (8 weeks after start of fever). This
way, the presence and duration (start date and end date) of the
following symptoms were collected: fever (=37.8°C), cough, sore
throat, runny nose, headache, pain while breathing and muscle
pain. Symptoms of an IAV-infected individual up until ten days
before onset of fever were considered to be IAV infection related
and included in the analysis in this paper. The duration of each
symptom in days was normalized by transformation of these
values to Z-values, e.g. the number of standard deviations by
which the value of the score of an individual is above or below the
mean value. Finally, to assess the overall severity of symptoms
during IAV infection, the average of the Z-values of the seven
symptoms was calculated.

Statistical Analysis

Differences between groups (for example CMV™ compared to
CMV") were assessed using Mann-Whitney U test, and
comparisons within the same individuals (for example to
compare time points in response upon influenza virus
infection) with the Wilcoxon singed-rank test. Differences
between groups in categorical variables were tested by chi-
square test and corrected for multiple testing if applicable and
indicated in figure legends. Correlations were tested with
Spearman’s rank correlation coefficient. For all analyses p
values < 0.05 were considered statistically significant. Data
were analyzed using GraphPad Prism 8.3 and SPSS statistics 22
for Windows (SPSS Inc., Chicago, IL, USA).

RESULTS

Characteristics of Study Population

Healthy individuals were on average 59.2 years old (range 21-
82 year) (n=99). They were categorized into young (21-52 years
old) (n=34) and old (>60 years old) (n=65) individuals,
of whom respectively 55.9% and 58.5% were CMV-infected
(Table 1). No significant differences in age or sex were
observed between CMV™ and CMV" individuals (Table 1).
In addition to healthy individuals, older adults (average 69.9
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years, range 60-88 years) with confirmed IAV infection were
included in this study (n=72). Also for the IAV-infected
older adults, no significant differences in age or sex were
observed between CMV™* and CMV" individuals (Table 1). The
majority of individuals were infected with the H3N2 strain
(n=64/72), while some were infected with the HIN1 strain of
influenza (n=8/72). All individuals in the HINI infected group
turned out to be CMV".

CMV Induces an Increase in Senescence-
Associated Markers in the T-Cell Pool in
Older Adults

We assessed the effect of latent CMV infection on the CD8" T-
cell pool of all healthy individuals, by performing a cluster
analysis (tSNE) based on memory T-cell markers CD27, CCR7,
CD95, CD45R0, and CXCR3, and senescence-associated T-cell
markers CD57 and KLRG-1, known to be altered in CMV
infection (56). Cluster analysis conformed the large differences
between the CMV™ (n=40) and CMV" (n=56) group (Figure
1A), and six different clusters were identified. Clusters 1-3
containing non-senescent CD27"¢"CCR7"%#" CD57"°" cells
were predominantly present in CMV™ individuals (Figure 1B
and Supplementary Figure 1A). In contrast, clusters 4-6
containing the more differentiated cells expressing KLRG-
1MehCD57™edium were more pronounced in CMV™ individuals
(Figure 1B and Supplementary Figure 1A). We next performed
more detailed analysis on the expression of senescence-
associated markers within the two age groups: young adults
(20-52 years) and older adults (older than 60 years). CMV
infection was associated with significantly increased expression
of CD57 and KLRG-1 among older, but not in young, adults
(Figures 1C, D). Likewise, expression of PD-1 was only
significantly reduced in CMV" individuals (as compared to
CMV’) in the older group, and not in the younger group
(Figure 1E). In line with this, CMV infection was associated
with significantly increased frequencies of Tgypra cells
specifically in older individuals (Figure 1F). Together, this

indicates that CMV infection establishes large changes in the
CD8" T-cell pool by inducing terminally differentiated and
senescent T cells in older adults.

Frequency of IAV-Specific T-Cells Is
Decreased in CMV* Individuals, but

Only in Older Adults

To investigate the hypothesis that CMV infection may negatively
influence the immune response to other pathogens by
outcompeting other antigen-specific T cells, the frequency
of TAV-specific T cells in healthy individuals was determined
using HLA-A2 dextramers containing the matrix protein-1
GILG-epitope. The frequency of IAV-specific T cells was
significantly lower in CMV™ compared to CMV"™ individuals
(P=0.0005) (Figure 1G). Importantly, this lower percentage of
IAV-specific T cells was solely explained by a lower frequency in
the older group, where some donors even had no detectable
HLA-A2 GILG-specific T cells. Among the young adults no
differences in the frequencies of IAV-specific T cells between
CMV  and CMV" individuals were observed (Figure 1H). Thus,
CMV infection results in lower frequencies of IAV-specific
memory T cells, but only in older adults.

Characterization of the T-Cell

Response During IAV Infection

in Older Adults

To investigate the effect of CMV infection on the T-cell response
during IAV infection, we characterized the T-cell response
to IAV infection during infection in older adults (N=72), i.e.
within 72 hours after start of fever, and 2 and 8 weeks later.
The frequency of IAV-specific CD8" T cells was determined
dextramer staining for the HLA-A2 GILG-epitope. IAV-
specific CD8" T-cell frequencies were increased upon IAV
infection at the 2 week time point compared to <72 hours
after fever onset (median 0.03% to 0.15% of total CD8" T
cells respectively), after which the response contracted
(8 weeks post infection, median of 0.08/total CD8" T cells)

TABLE 1 | Characteristics of the study population.

Healthy young adults

Total (n=34) CMV- (n=15) CMV+ (n=19) Statistics
Age (mean + SD) 35.9+10.3 35.3 +£10.8 36.4 + 10.1 ns
Sex (% women) 61.8% 53.3% 68.4% ns
CMV-serostatus (CMV+) 55.9%
Healthy older adults

Total (n=65) CMV- (n=25) CMV+ (n=37) Statistics
Age (mean + SD) 71.7 £ 6.6 709 +6.8 725+6.5 ns
Sex (% women) 38.5% 33.3% 44.7% ns
CMV-serostatus (CMV+) 58.5%
Influenza virus infected older adults

Total (n=72) CMV- (n=35) CMV+ (n=37) Statistics
Age (mean + SD) 69.9 + 6.1 69.2 £5.3 70.4 £6.9 ns
Sex (% women) 41.7% 37.1% 45.9% ns
CMV-serostatus (CMV+) 51.4% . . .
Influenza virus strain (%H1N1) 11.1% 22.9% 0.0% P=0.002

Differences were tested with Mann-Whitney U test for continues variables and chi-square test for categorical variables.

ns stands for non significant.
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(Figure 2A). The increase in IAV-specific CD8" T-cell
frequencies was mainly explained by the expansion of IAV-
specific effector memory T cells (Tgy) (Figure 2B), while the
frequencies in the other subsets (i.e. naive (Ty), central memory
(Tcy) and Tgyra) did not increase (data not shown). IFNy
responses after in vitro stimulation of PBMCs with peptide
pools covering the influenza matrix-protein-1 revealed similar
results (Figure 2C).
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CD57, KLRG-1, CXCR3, CD95, CD127, CD45R0, CD27 and CCR7 in CMV™ and CMV™* individuals (total of n = 96). (B) Heatmap of expression of markers of t-SNE
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This was true for both H3N2 influenza-infected and HIN1
influenza-infected individuals, and no difference in increase in the
IENY response between the two strains was observed (data not
shown). When the IAV-specific IFNY response was calculated as
percentage of CD3" T cells instead of PBMCs, the IAV-specific
IFNY response also tended to be higher in response to IAV
infection (2 weeks) compared to steady state (8 weeks), albeit
not significant (p=0.059) (Supplementary Figure 2A left panel).
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T-Cell Response to IAV Infection in Older individuals (P=0.013) (Figure 2F). Also when corrected for the
Adults Is Not Impaired by CMV Infection percentage of T cells among all lymphocytes, the same trend was
To investigate whether the T-cell response during IAV infection =~ observed (Supplementary Figure 2A right panel). This higher
(N=72) is influenced by CMV infection, we analyzed CMV*and ~ IAV-specific IFNy T-cell response in CMV" individuals could
CMV' individuals separately. No significant association of CMV™  not be explained by the moment of sampling within the 72 hours
seropositivity on IAV-specific CD8" T-cell percentages or on the after fever onset (data not shown).

percentage of Tgy; cells among the IAV-specific T cells was A possible explanation for the higher IAV-specific IFNy T-
observed (Figures 2D, E). Likewise, IAV-specific IFNyresponses  cell response in CMV" individuals might be related to
were not negatively associated with CMV seropositivity  differences in T-cell migration. We therefore also investigated
(Figure 2F) or with the level of CMV-specific antibodies in  the total frequency of T cells in the blood and their expression
CMV" individuals at any of the time points (Supplementary  of activation and migration markers upon IAV infection in
Figure 2B). Surprisingly, in the acute phase (<72 hours after ~ CMV™ and CMV" individuals. The frequency of total CD3" T
fever onset), CMV" individuals even showed a significantly  cells in the blood of influenza-infected individuals was
higher TAV-specific IFNy T-cell response than CMV™  significantly lower early after infection compared to 2 or 8
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weeks later (Figure 2G left panel). Comparing CMV"
individuals with CMV~ individuals, the CD3" T-cell
frequency was also consistently lower in CMV™ individuals
(Figure 2G right panel). Next, the migration of CD3" T cells
outside the blood, early after influenza infection, was further
assessed by comparing the relative decrease within CMV™ and
CMV" individuals. The drop in CD3+ T-cell frequency early
after IAV infection was significantly larger in CMV" than in
CMV" individuals (Supplementary Figure 3A). Thus, the
higher IFNy IAV-specific responses in blood in CMV™
individuals early after influenza virus infection (Figure 2F)
may at least partly be explained by higher frequencies of total T
cells in CMV™" as compared to CMV™ individuals. The higher
frequencies of total T cells may be a result of less migration of T
cells. Investigating migratory capacity of T cells, we indeed
found that early after IAV infection CXCR3 expression by
CD8" T cells, which is associated with migratory capacity of
these cells to the lungs, was lower in CMV" individuals
compared to CMV’ individuals (Figure 2H). These data
suggest that T cells in CMV" individuals may be less prone to
be recruited to the lungs early after IAV infection and thereby
accumulate in the blood leading to higher frequencies.
However, on IAV-specific CD8" T cells, only a small trend of
increased CXCR3 expression on (p=0.11) was observed in
CMV™ compared to CMV" individuals (Supplementary
Figure 3B) early after IAV infection. In addition, the
activation status of IAV-specific T cells by the frequencies of
HLA'DR'CD38" or CD127' KLRG'1" revealed no difference
between CMV™ and CMV" individuals. IAV-specific T cells
from CMV™ and CMV" individuals both showed increased
expression of these activation markers early after IAV
infection (<72 hours after start fever) as compared to 2 and 8
weeks later, irrespective of CMV serostatus. This pattern was
not seen for CMV-specific T cells, which served as a control.
This suggests that activation and rapid expansion of IAV-
specific memory T cells early after infection occurs
irrespective of CMV serostatus (Supplementary Figure 3C).
Overall, these data suggest that migration of T cells to the lungs
might play a role in the enhanced IAV-specific IFNYy response
observed in CMV™" individuals early after IAV infection (Figure
2F) although evidence remains circumstantial.

Large CMV Specific T-Cell Responses Are

Not Associated With Impaired IAV-Specific
T-Cell Responses

As CMV might only affect the immune system through
competition for “limited immunological space” in individuals
with large CMV-specific T-cell responses, we next investigated
the association between CMYV infection and the T-cell response
to IAV by taking into account the magnitude of the IFNy CMV-
specific T-cell responses within CMV™ individuals. First, we
assessed the IFNy T-cell response to IAV infection. No
negative correlation between expanded CMV-specific T-cell
responses and T-cell response to IAV infection was observed at
any of the three time points (Figure 3A). Surprisingly, we even
observed a significant positive correlation between the height of

the CMV-specific IENy T-cell response and the height of the
IAV-specific IFNy T-cell response at 2 and 8 weeks after fever
onset (Figure 3A) (R: 0.52, p=0.016 and R:0.45, p=0.014
respectively. In addition, we further assessed the quality of the
IAV-specific T-cell response by investigating TCR diversity of
the TAV-specific T-cell response, by sorting the HLA-A2-GILG-
specific T cells and sequencing the TCRP chain. The clonotype
distribution was analyzed over time after IAV infection in two
CMV™ and two CMV" individuals. In general it was observed
that 89% of the different TCR sequences expressed the V[(3-19
segment, of which 74% consisted of the highly conserved -RS-
motif (See Supplementary Tables 1A, B for the V and J
segments). Interestingly, all donors showed a shift in
dominance after IAV infection, however large heterogeneity
was observed between the donors with some repertoires
becoming more diverse and other less diverse over time. No
indication for CMV-related differences were present, as no
differences between the CMV™ and CMV" individuals were
observed. Based on these data no differences were observed in
the TCR diversity of the IAV-specific T-cell repertoire between
CMV™ and CMV" individuals (Figure 3B). These lines of
evidence do not support the competition between CMV-
specific memory T cells and a proper IAV-specific T cells
during TAV infection.

Cytokine Levels in Serum of Influenza-
Infected Individuals Are Not Affected by
CMV and Not Associated With IAV-
Specific T-Cell Responses

As it is suggested that CMV is linked to “inflammaging”, we
questioned whether pro-inflammatory mediators may be
enhanced in CMV" individuals during IAV-infection. We
investigated the levels of pro-inflammatory cytokines in
serum of CMV"' and CMV" individuals, and their potential
association with the IAV-specific T-cell response. At the early
phase of IAV infection, the inflammation-associated factors IL-
6 and CRP were elevated in serum compared to 2 and 8 weeks
later (Figure 4A). No significant differences in IL-6 and CRP
levels were observed between CMV™ and CMV™ individuals,
also at the peak of the T-cell response (2 weeks later) and at
steady state (week 8 after fever onset) (Figure 4A). We also
measured the IFNY:IL-10 ratio, as it was suggested that a shift in
this ratio leads to a decline in IAV-specific T-cell responses
with age and is associated with decreased protection against
IAV (46, 57). No difference was observed (Figure 4B) in the
IFNY:IL-10 ratio between CMV"' and CMV" individuals at any
of the time points, even though both IFNy and IL-10 levels were
elevated at the earliest timepoint (Supplementary Figure 4).
Although increased levels of the cytokines IL-6, CRP, IFNy and
IL-10 were observed in the acute phase of IAV infection, no
significant association between these cytokine levels and the
height of the IAV-specific T-cell response was observed <72
hours after start of fever (Figure 4C) or 2 and 8 weeks later
(data not shown). Together, this suggests that CMV infection in
older adults does not affect cytokine levels in serum upon
IAV infection.
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Severity of Symptoms of IAV Virus
Infection Is Not Increased by CMV

Since early T-cell responses during IAV infection play an
important role in limiting disease severity, we also investigated
whether the height of the IAV-specific T-cell response was
associated with severity of symptoms of IAV infection. In
IAV-infected older adults, the number and duration of the
following symptoms was assessed: fever (237.8°C), cough, sore
throat, runny nose, headache, pain while breathing and muscle
pain. The severity of symptoms of IAV infection was positively
associated with the height of the IAV-specific T-cell response at
timepoint 3 (8 weeks after start of fever) (Figure 5A), but not
within 72 hours or 2 weeks after start of fever. This association
was mainly based on the number of symptoms, and not on their
duration (Supplementary Figure 5). Thus, the [AV-specific T-
cell response 8 weeks after IAV infection, and not the early T-cell
response, was linked to the severity of symptoms of the IAV
infection in this cohort.

We next investigated whether CMV infection was associated
with more severe symptoms during IAV infection. No significant
differences between CMV™ and CMV" individuals were observed
in the number of symptoms during IAV infection (Figure 5B),
total duration of symptoms (Figure 5C), or severity of symptoms
as assessed by a combination of duration and number of
symptoms (Figure 5D). When investigating the IAV infection
symptoms individually, CMV" individuals tend to suffer less
from muscle pain (Figure 5E) and although frequency of
coughing was not different between CMV" and CMV", CMV"

individuals tended to suffer less long from coughing as a
symptom compared to CMV™ individuals (data not shown).
When the frequency of individuals coughing was plotted over
time, we indeed found a indication for a faster decline in the
frequency of coughing individuals amongst CMV" individuals
compared to CMV' individuals (Figure 5F). Of note, both the
increased frequency of muscle pain and the longer persistence of
coughing among CMV" individuals could not be ascribed to a
difference in IAV strain infection between CMV™ and CMV*
individuals (data not shown). The severity of symptoms was also
not associated with CMV specific antibody levels (data not
shown). Together, this suggests that CMV infection at least
does not worsen the number and duration of IAV
infection symptoms.

DISCUSSION

In this study we investigated the impact of CMV infection on the
immune response to IAV. We found that CMV infection is
associated with a more differentiated and senescent phenotype of
CD8" T cells. In healthy younger individuals, no difference in
IAV-specific T-cell frequencies were observed, but, CMV™" older
individuals had lower frequencies of IAV-specific memory CD8"
T cells compared to CMV™ older individuals. Nevertheless, the
induction of an IAV-specific T-cell response during active IAV
infection in older adults was not impaired. Also, severity of IAV-
associated symptoms was not negatively affected by CMV
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1 x 106 PBMCs. **P < 0.01, **P < 0.0001. ns, non significant.

infection. We did not find any evidence for a negative effect of
CMV infection on the IAV immune response by ‘Ilimited
immunological space’ or by increased levels of pro-
inflammatory mediators. In contrast, there seemed to be a
positive association between CMV infection and the IAV-
specific T-cell response early after IAV infection (<72 hours
after fever onset).

To the best of our knowledge, we are the first to investigate
the potential effect of CMV infection on the T-cell response to a
heterologous infection in humans. A negative effect of CMV
infection on the functioning of the immune system is often
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FIGURE 4 | No sign of increased inflammation in CMV* individuals based on cytokines levels in serum nor in relation to the IAV-specific T-cell response. (A) Serum
levels of “inflammaging markers” CRP and IL-6 upon influenza infection for CMV* and CMV" individuals at < 72 hours after fever onset, and 2 and 8 weeks later.
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influenza virus are not associated with the level of CRP, IL-6, IFNy or IL-10 in serum. Serum levels of the cytokines were measured by multiplex assays and
normalized based on subtracting the mean per plate. Differences were tested using unpaired T-test to compare CMV™ and CMV™ individuals. Correlations

between IAV-specific IFNy response and the different cytokines levels in serum were assessed by Spearman correlation. T-cell IFNy responses are presented per

intuitively explained by competition between T cells for ‘limited
immunological space’. Indeed, CMV infection has a profound
impact on the composition of the overall CD8" T-cell pool in
healthy individuals, by increasing the number of highly
differentiated memory cells, especially in older adults (25). We
show that CMV infection leads to a decrease in the frequency of
memory IAV-specific T cells in healthy older adults. Relatively
low frequencies of IAV-specific T cells in older adults compared
to younger adults have been reported before (58, 59) and are
considered to be a key determinant of a diminished T-cell
response in IAV infection (60). Note, that the observed
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frequencies and characteristics of the IAV-specific response are
based on one HLA-A2 epitope (GILGFVFTL). Although this
epitope is immunodominant and conserved between most
influenza strains, it remains to be determined whether it
reflects the T-cell total IAV-specific T-cell response.
Unfortunately, absolute T-cell numbers could not be
investigated in this study, leaving the possibility that the
decreased frequency of IAV-specific T cells merely reflected a
relative increase in CMV-specific T cells in older adults. A
decline in the frequency -and not in the number- of IAV-
specific T cells may explain why decreased IAV-specific T-cell
frequencies in healthy older adults do not seem to result in
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FIGURE 5 | No negative effect of CMV-infection on number and duration of symptoms of influenza virus infection in older adults. (A) IAV-specific T-cell responses
upon influenza virus infection at < 72 hours after fever onset, and 2 and 8 weeks later was associated with the severity of symptoms of influenza infection.
Association was tested by Spearman correlation. (B) Number of symptoms during influenza virus infection in CMV™ and CMV* individuals. Due to study design,
participants had a minimal of two symptoms; fever (> 37.8°C) and at least 1 other symptom. Statistical differences between CMV™ and CMV* were tested by -
square test. (C) Duration of having symptoms, regardless which one and how many, of influenza virus infection in CMV™ and CMV* individuals. Duration in days was
calculated to Z-values. Difference between CMV™ and CMV* individuals was tested by student-t test. (D) Severity of symptoms, taking along both duration and
number of symptoms was assessed by taking the mean of Z-values of the six symptoms (cough, sore throat, runny nose, headache, pain while breathing or muscle
pain). (E) Percentage of CMV™ and CMV* individuals suffering from one of the six symptoms. Statistical differences between CMV™ and CMV* were tested by -
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Difference between CMV™ and CMV* individuals was tested by linear regression analysis on the downslope (starting at day of fever onset, day O on the x-axis) and
comparison of the slope of CMV" individuals and CMV* individuals. *P < 0.05.

reduced T-cell responses upon acute influenza virus infection.
This was also observed in the MCMV mouse model, were
reduced frequencies were observed, but the absolute counts of
CD8" T cell against an heterologous virus infection were
maintained in MCMYV infected mice (61). Alternatively, the
number of IAV-specific T cells may have been lower in CMV*
older adults. A similar effect has previously been reported for
EBV-specific T cells (37). During IAV infection, we observed that
IAV-specific T cells in CMV" and CMV" individuals responded
equally well and no substantial changes in IAV-specific T-cell
repertoire were observed in CMV™ and CMV" individuals.
Previously, to influenza vaccination, other studies reported
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impaired IAV-specific T-cell responses by CMV infection (20,
62, 63). In contrast, other groups showed a positive effect of
CMV on the vaccine-induced IAV-specific T-cell response in
humans (64). In addition, in mice, MCMYV infection was shown
to enhance the diversity of the T-cell repertoire against Listeria
monocytogenes expressing OVA (65), whereas we found no
differences in the repertoire diversity between CMV™ and
CMV" individuals. This could probably be explained by the
small sample size of our repertoire analyses, or by the difference
in epitope, as the HLA-A2-GILG specific T-cell repertoire is
suggested to be more restricted compared to other antigen-
specific repertoires (66). We also found that the magnitude of
the CMV-specific T-cell response was positively associated with
the magnitude of the IAV-specific T-cell response 2 weeks and 8
weeks after fever onset of IAV infection. Together, this suggests
that CMV" individuals have a sufficient amount of IAV-specific
T cells able to respond to IAV infection.

Pre-existing T cells and timing of the IAV-specific CD8" T-
cell response are thought to play an important role in the
reduction of severity of IAV-related symptoms (30, 31). An
early T-cell response has been proposed to accelerate viral
clearance, whereas a delayed and prolonged T-cell response
may lead to high and prolonged levels of inflammation and
increased severity of disease (31, 32). Unfortunately, pre-existing
T-cell responses could not be investigated in this study. Our data
suggest that CMV" individuals have an increased early or
accelerated IAV-specific T-cell response compared to CMV~
individuals. We speculate that this may lead to earlier viral
clearance, and thereby might explain the faster recovery of
coughing and decreased frequency of muscle pain. When we
assessed severity of symptoms of symptoms, we found a
significant positive correlation between the magnitude of the
IAV-specific T-cell response and severity of symptoms 8 weeks
after fever onset, and not early after fever onset or 2 weeks later.
This suggests that a prolonged T-cell response, still present 8
weeks after fever onset, is increasing symptom severity of
TAV infection.

As CMV infection was suggested to induce a more
inflammatory environment (67), we also studied the potential
association between CMV and inflammatory markers and how
this might be related to IAV-specific T-cell responses. Although
the levels of pro-inflammatory cytokines and chemokines
measured here were significantly increased in the acute phase
of IAV infection (<72 hours after fever onset), they were similar
between CMV" and CMV" individuals. Since pro-inflammatory
responses were similar between CMV" and CMV' individuals, it
may (partly) explain the lack of difference in the severity of
clinical symptoms between these groups. Furthermore, these
levels did not seem to be associated with the IAV-specific T-
cell response at any time point, although, we cannot rule out the
possibility that other immune modulatory factors may play
a role.

Most studies claiming a negative effect of CMV on an
immune response to a heterologous challenge have been
performed in mice. Several mouse studies have shown that
only lifelong infection with MCMV leads to decreased

immunity against heterologous infections (14-16). The
magnitude of the effect of CMV infection might thus be
linked to the duration of CMV infection and the experienced
amount of viral reactivation in an infected host. We found no
evidence for decreased immunity against a heterologous
infection in humans infected with CMV. Also, high CMV-
specific antibody levels were not associated with the height of
the IAV-specific T-cell response. One of the reasons for the
observed differences between mice and men, could be the order
of infections by CMV and IAV. In mouse studies, mice are
typically first infected with MCMV long before they are
challenged with a heterologous acute infection. Many
humans, in contrast, may have undergone their first AV
infection before they were infected with CMV, which may
lead to the presence of IAV-specific memory T cells before the
CMV-specific immune response is established. A potential
harmful effect of CMV might be less pronounced in a host
who already has a proper immune response against IAV.
Furthermore, as mouse models of CMV are almost
exclusively done in specific pathogen free mice, and humans
are exposed to dozens of infections and triggers during life, it
might be that the effect of CMV is magnified in mice. Even if
CMV can modulate other immune responses, there is no
substantial evidence that CMV impacts the function of the
immune system by hampering immune responses against
heterologous infections in humans.

The increased IFNY T-cell response to IAV infection that we
observed in CMV™ older individuals remains partially
unexplained. Previously, enhanced influenza vaccine
responses in humans and mice were explained by an increase
in IFNY in serum (1). However, we did not observe a difference
in IFNY levels in serum between CMV ™ and CMV" individuals
in our study. However, an important difference between our
study and the study by Furman et al. is the age of the
individuals, as the latter observed this increase in IFNy levels
mainly in younger adults. As the positive effect of CMV was
observed in IAV IFNYy ELIspot assays, we cannot exclude the
possibility that CMV infection may only affect CD4" T cells,
which may respond in the assay as well. Another explanation
for the difference in the early IAV-specific T-cell response
between CMV™ and CMV" individuals could be related to the
migratory capacity of the responding T cells, as we observed a
trend towards enhanced CXCR3 expression of IAV-specific
CD8" T cells in CMV™ individuals. This may lead to early
migration towards tissues such as the lungs. The effect of CMV
on IAV-specific T-cell responses at the site of infection
instead of the blood would be of great interest, and requires
further research. Also, other factors like apoptosis or
proliferation of the IAV-specific T cells may play a role in
the difference in IAV-specific T-cell response between CMV"
and CMV" individuals.

In conclusion, identification of the driving forces that
induce age-related changes in the immune system is
important to protect the growing population of older adults
against infectious diseases. Especially IAV leads to more
increased disease burden in older adults, e.g. severe
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symptoms and higher risk of complications, hospitalization
and mortality. Our study shows that despite the lower
frequency of IAV-specific memory T-cell responses in older
adults, CMV infection does not seem to impair the T-cell
response against acute IAV infection. This work supports the
view that CMV acts, if anything, as an immune modulatory
mediator, rather than having a true negative impact on the
immune system.
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Viral vectors have emerged as a promising alternative to classical vaccines due to their
great potential for induction of a potent cellular and humoral immunity. Cytomegalovirus
(CMV) is an attractive vaccine vector due to its large genome with many non-essential
immunoregulatory genes that can be easily manipulated to modify the immune response.
CMV generates a strong antigen-specific CD8 T cell response with a gradual
accumulation of these cells in the process called memory inflation. In our previous
work, we have constructed a mouse CMV vector expressing NKG2D ligand RAE-1v in
place of its viral inhibitor m152 (RAE-1yMCMV), which proved to be highly attenuated
in vivo. Despite attenuation, RAE-1yMCMYV induced a substantially stronger CD8 T cell
response to vectored antigen than the control vector and provided superior protection
against bacterial and tumor challenge. In the present study, we confirmed the enhanced
protective capacity of RAE-1yMCMV as a tumor vaccine vector and determined the
phenotypical and functional characteristics of memory CD8 T cells induced by the RAE-1y
expressing MCMV. RNAseq data revealed higher transcription of numerous genes
associated with effector-like CD8 T cell phenotype in RAE-1yMCMV immunized mice.
CD8 T cells primed with RAE-1yMCMV were enriched in TCF1 negative population, with
higher expression of KLRG1 and lower expression of CD127, CD27, and Eomes. These
phenotypical differences were associated with distinct functional features as cells primed
with RAE-1yMCMYV showed inferior cytokine-producing abilities but comparable cytotoxic
potential. After adoptive transfer into naive hosts, OT-1 cells induced with both RAE-
1YMCMV and the control vector were equally efficient in rejecting established tumors,
suggesting the context of latent infection and cell numbers as important determinants of
enhanced anti-tumor response following RAE-1yMCMV vaccination. Overall, our results
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Sustié et al.

RAE-1YMCMV Induced CD8 T Cells

shed new light on the phenotypical and functional distinctness of memory CD8 T cells
induced with CMV vector expressing cellular ligand for the NKG2D receptor.

Keywords: memory T cells, CD8 T lymphocytes, cytomegalovirus, vaccine vector, tumor vaccine, Kirg1, TCF1

INTRODUCTION

In recent decades, various attempts have been made to harness
the body’s immune system in the fight against neoplastic cells by
modulating various stages of the “cancer-immunity cycle” (1).
Live replicating viral vectors, genetically engineered to express
tumor epitopes, have a great potential in inducing potent and
long-lasting cellular immunity against malignant cells. In this
respect, cytomegalovirus (CMV) represents a particularly
attractive viral vector candidate due to its life-long persistence
and strong capacity to induce antigen-specific CD8 T cells, which
gradually accumulate in the host (2). Moreover, CMV possesses
many immunomodulatory genes that can be manipulated to
modulate the immune response against viral or vectored
epitopes (3).

RAE-1y is a ligand of NKG2D, an activating receptor
expressed on various immune cells, including NK and CD8 T
cells (4). In our previous research, we have constructed a mouse
CMV vector expressing RAE-1y in place of its viral inhibitor
ml152 (RAE-1YMCMYV). This vector proved to be highly
attenuated in vivo in both BALB/c and C57BL/6] mice (5).
Furthermore, co-expression of foreign CD8 T-cell epitope with
RAE-1y in CMV vector induced an augmented CD8 T cell
response (6). When tested in the murine melanoma model, the
MCMYV vector expressing RAE-1y and tumor antigen proved to
be superior in delaying melanoma growth compared to the
control vector (7). However, the mechanisms conferring this
increased protection remained unclear.

The memory population of CD8 T cells consists of three
major subsets: central memory (Tcm), effector memory cells
(Tem), and tissue-resident memory cells (Trm). Tcm express
CD62L and CCR?7, transcription factors Eomes and TCF1 and
are thought to have enhanced proliferative capabilities with low
cytotoxic potential. On the other hand, Tem lack CD62L and
CCR?7 expression, express T-bet and Blimp 1 transcription
factors, and are associated with lower proliferative capabilities
but are considered to be highly cytotoxic (8-10). Further work
identified subpopulation in the Tem compartment of effector-
like cells expressing KLRG1 and conferring greater protective
capabilities in certain models of infection (11, 12). However, this
division based on a handful of molecules has come under intense
scrutiny, as the advances of single-cell sequencing technologies
and mass cytometry showed memory CD8 T cells to be more
heterogeneous than previously thought (13).

This study confirmed the superiority of MCMV vector
expressing RAE-17 in conferring protection against
subcutaneous tumor challenge in both prophylactic and
therapeutic settings. RAE-1'YMCMYV induced substantially
higher numbers of epitope-specific memory CD8 T cells, which
had a highly differentiated, effector-like transcriptional profile.

The majority of these cells lacked the expression of the TCF1
transcription factor, produced lower amounts of cytokines but
exhibited similar cytotoxic capabilities compared to OT-1 cells
primed with the control vector. Overall, our study revealed that
the insertion of RAE-1y into the CMV vector leads to gross
differences in transcriptomic, phenotypical, and functional
profiles of memory CD8 T cells.

METHODS

Mice, Viruses, Tumor Cell Lines and

In Vivo Depletion

C57BL/6J, OT-1 (3831), CD4® and Kirk’™" mice were housed
and bred under specific pathogen-free conditions at the Central
Animal Facility, Faculty of Medicine, University of Rijeka, under
the guidelines contained in the International Guiding Principles
for Biomedical Research Involving Animals. CD4“* mice were
kindly provided by D. Littman. Klrk#"/" mice were generated as
described previously (14). Adult female mice (6-12 weeks old)
were strictly age-matched for use in experiments. The Ethics
Committee at the Faculty of Medicine, Rijeka and Ethics
Committee of the Veterinary Department of the Ministry of
Agriculture, Croatia approved all experiments.

MCMV-SIINFEKL and RAE-1YMCMV-SIINFEKL were
constructed as described previously (6, 15). Virus stocks were
prepared as previously described (16). Mice were immunized
with 2 x 10’ PFU in the final volume of 50 pL DMEM via
footpad (f.p.) route of injection.

E.G7-OVA cell line was kindly provided by V. Sexl
(Vetmeduni, Vienna). Cells were cultured in RPMI 1640 (10%
FCS) supplemented with G418 (Geneticin, Invivogen). B16-
OVA cell line was kindly provided by T. Sparwasser
(TWINCORE, Hannover) and cells were cultured in DMEM
(10% FCS) also supplemented with G418. 10° E.G7-OVA and
10°> B16-OVA cells were inoculated subcutaneously into an
animal’s right flank in 100 yL PBS. Tumor growth was
measured using digital caliper two-three times a week, and
mice were sacrificed when tumors reached approximately
1000 mm for ethical reasons.

In vivo CD8 T cell depletion was performed by i.p. injection
of 150 g of anti-CD8 antibody (YTS 169.4). Antibodies were
administered once a week, over a period of 8 weeks.

Flow Cytometry

Flow cytometry was performed according to the Guidelines for
the use of flow cytometry and cell sorting in immunological studies
(17). Splenocytes were isolated using a standard protocol. Briefly,
mice were sacrificed, spleens harvested, and homogenized,
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followed by erythrocyte lysis. Blood samples were collected from
a saphenous vein, followed by erythrocyte lysis. After leukocyte
isolation, Fc receptors were blocked using a 2.4G2 antibody. For
surface staining following antibodies were used: CD8c. PerCP-
Cy5.5 or SB780 (clone: 53-6.7; 1:400 or 1:200), CD45.1 €450
(clone: A20; 1:400), KLRG1 PE-e610 (clone:2F1, 1:100), CD127
APC (clone: SB/199, 1:100), CD44 A700 (clone: IM7, 1:100),
PD1 PerCP-e710 (clone: RMP1-30; 1:200), TIM3 Pe-Cy7 (clone:
RMT3-23; 1:100), CD27 PE-Cy7 (clone: LG.7F9; 1:200) and
CD107a eF660 (clone: 1D4B; 1:400). Fixable Viability Dye
(eBioscience) was used to exclude dead cells. For intracellular
staining Intracellular fixation and permeabilization buffer set
(eBioscience) was used along with following intracellular
antibodies: IFNy FITC (clone: XMG1.2; 1:100), TNFo. PE-e610
(clone: MP6-XT22; 1:100), IL-2 PE-Cy7 (clone: JES6-5H4;
1:100), Granzyme B PE (clone: NGZB; 1:100). For
transcription factor staining eBioscience Foxp3/Transcription
Staining Buffer Set was used with: TCF1 A488 (clone:C63D9;
1:400), TOX PE (clone: TXRX10; 1:100), T-bet PerCP-Cy5.5
(clone:4B10; 1:400) and EOMES PE (clone:Danllmag; 1:100).
Antibody against TCF1 was produced by Cell Signaling
Technology, and Invitrogen produced all other antibodies.
Flow cytometry was performed on FACS Aria II, and data
were analyzed using FlowJo v10 (Tree Star) software.

Biotinylated pMHC-I multimers were conjugated with
streptavidin-PE, and splenocytes were stained as described
previously (18).

In Vitro Stimulation and Killer Assay

Mice harboring memory OT-1 cells, primed with MCMV-
SIINFEKL or RAE-1YMCMV-SIINFEKL, were sacrificed and
splenocytes isolated using a standard protocol. 2x10° cells were
then incubated for 6h with different concentrations of SIINFEKL
peptide (JPT PeptideTechnologies GmbH) in RPMI 1640 (PAN-
Biotech) supplemented with 10%FCS (PAN-Biotech), Brefeldin
A (Invitrogen), Monensin (Invitrogen), and CD107 (Invitrogen)
at 37°C.

For the in vitro killer assay, mice harboring memory OT-1
cells (CD45.1) were sacrificed and splenocytes isolated using a
standard protocol. Splenocytes were pooled from 4-5 mice/
group. CD8 T cells were purified by negative selection using
magnetic beads (Miltenyi Biotec), and OT-1 (CD45.1) cells were
stained with CD45.1 antibody and sorted using FACSAria II
(BD) using high-speed sorting into RPMI supplemented with
20% FCS. Sorted OT-1 (CD45.1) cells were co-incubated with
E.G7-OVA (CD45.2) cells for 4h in 2:1, 1:1, and 0.5:1 effector to
target ratios at 37°C. After co-incubations, target cells were
identified as CD45.1 negative, and viability was determined
using Fixable Viability Dye (eBioscience). OT-1 cytotoxicity
was calculated using following formula: [(% FVD*CD45.1" cell-
specific lysis — % FVD"CD45.1" cell spontaneous lysis)/(100 — %
FVD'CD45.1" cell spontaneous lysis)] x 100 as described in (19).

Adoptive Transfer Experiments

Naive OT-1 cells were purified by negative selection using
magnetic beads (Miltenyi Biotec). 10* OT-1 (CD45.1) cells
were adoptively transferred into naive C57BL6/] (CD45.2)

animals in 500 uL DMEM i.v. For adoptive transfer
experiments, mice harboring memory OT-1 cells primed with
viral vectors were sacrificed, splenocytes were isolated using a
standard protocol, and CD8 T cells were purified using magnetic
beads (Miltenyi Biotec). Following magnetic separation, OT-1
(CD45.1) cells were stained with CD45.1 (Invitrogen) antibody
and sorted using FACSAria II (BD) using high-speed sorting into
RPMI supplemented with 20% FCS. The purity and viability of
sorted cells were checked immediately after sorting with
PI staining and in all of the experiments exceeded 97%.
Cells from 5-10 mice from each group were pooled, and 3x10*
cells were transferred in 500 uL DMEM i.v. into mice
harboring tumors.

RNAseq Sample Preparation

and Sequencing

Splenocytes were isolated from mice immunized with MCMV-
SIINFEKL or RAE-1YMCMV-SIINFEKL at day 36 post-
immunization. CD8 T cells were purified using magnetic beads
(Miltenyi Biotec). After magnetic beads separation, OT-1
(CD45.1) cells were stained with CD45.1 antibody
(Invitrogen), high-speed sorted on FACSAria II (BD) directly
into the RLT lysis buffer (QIAGEN), and their total RNA isolated
using RNeasy Micro Kit (QIAGEN), according to manufacturers’
protocol. Agilent Bioanalyzer 2100 and Agilent RNA 6000 Nano
Kit were used to estimate sample quality and determine the
quantity of isolated RNA. Before library generation, RNA was
subjected to DNAse I digestion (Thermo Fisher Scientific)
followed by RNeasy MinElute column clean up (Qiagen).
RNAseq libraries were generated using the SMART-Seq v4
Ultra Low Input RNA Kit (Clontech Laboratories) following
the manufacturer’s recommendations. From cDNA, final
libraries were generated utilizing the Nextera XT DNA Library
Preparation Kit (Illumina). Concentrations of the final libraries
were measured with a Qubit 2.0 Fluorometer (Thermo Fisher
Scientific), and fragment lengths distribution was analyzed with
the DNA High Sensitivity Chip on an Agilent 2100 Bioanalyzer
(Agilent Technologies). All samples were normalized to 2nM and
pooled at equimolar concentrations. The library pool was
sequenced on the NextSeq500 (Illumina) in a single 1x84bp
run, producing 22.5 M to 29.7 M reads per sample from a total of
six mRNAseq libraries. Adapter sequences were hard-clipped
from raw sequencing reads as part of the bcl2fastq pipeline
(version 2.20.0.422). The overall quality of the trimmed
sequences was assessed by FastQC v0.11.9. Where applicable,
quality data from individual analyses were aggregated using
MultiQC v1.9.

RNAseq Data Processing and Analysis

RNASeq data processing and analysis were performed as
described previously (20), with minor modifications specific to
this study’s experimental system. Briefly, following quality
control using FastQC v0.11.9, sequencing libraries were
searched for potentially contaminating sequences against an
in-house database of common contaminants using FastQ
Screen v0.14.0 (21) and Bowtie 2 v2.3.5.1 (22). Quality-checked
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sequencing reads were then mapped to the mouse GRCm38.p6
(release M25) primary reference genome assembly (23)
with STAR v2.7.6a (24-26), alignment files indexed using
samtools v1.11 (27), and reads mapping to individual
genes counted using featureCounts (28). Obtained uniquely
mapped read counts were used for differential expression
analysis, which was performed with the DESeq2 package (29),
applying p.qj < 0.05 as a cutoff for statistical significance. Gene
ontology overrepresentation analysis was performed using the
clusterProfiler package v3.14.1 (30), and heatmaps were
generated using R package pheatmap v.1.0.12 (https://CRAN.
R-project.org/package=pheatmap).

Statistical Analysis

Unpaired t-test, ANOVA (followed by LSD post test), and log-
rank Mantel-Coy test were performed using Prism software
(GraphPad Software Inc., La Jolla, CA). P<0.05 was considered
statistically significant.

RESULTS

RAE-1yMCMYV Confers Robust Long-Term
Protection Against Subcutaneous

Tumor Challenges

To expand on our previous work (6) and investigate the
robustness of protection conferred to mice immunized with
RAE-1YMCMV against tumor challenge, we utilized viral
vectors expressing H2Kb restricted SIINFEKL epitope (6, 15).
C57BL6/] mice were immunized with MCMV-SIINFEKL, RAE-
1YMCMV-SIINFEKL, or left unimmunized. Two months
following the immunization, mice were challenged with E.G7-
OVA lymphoma expressing SIINFEKL epitope, and tumor
appearance and growth were followed over time (Figure 1A).
Unimmunized mice rapidly developed large tumors while
MCMV-SIINFEKL immunized mice developed smaller tumors
that subsequently retracted (Figure 1B). Conversely, all of RAE-
1YMCMV-SIINFEKL immunized mice failed to develop
observable tumors during the initial three weeks after tumor
inoculation, and the overall percentage of mice that developed
tumors was much smaller than MCMV-SIINFEKL immunized
animals (Figure 1C). Furthermore, immunization with either of
these two vectors substantially increased the overall survival of
mice after the tumor challenge. Although the survival rate was
higher in mice immunized with RAE-1YMCMV-SIINFEKL than
in MCMV-SIINFEKL immunized mice (80% vs. 64% survival),
the difference was not statistically significant (Figure 1D). Next,
two months after primary challenge, survivors of E.G7-OVA
tumor were inoculated with a different, more malignant
neoplasm expressing the same SIINFEKL epitope, B16-OVA
melanoma (Figure 1E). Again, RAE-1YMCMYV-SIINFEKL
immunization led to an increase in the survival rate as 91% of
mice survived the challenge in this group compared to 75% in the
MCMV-SIINFEKL immunized group (Figure 1F). To confirm
that the protection against secondary tumor challenge is

mediated via CD8 T cells, half of the mice in each group were
depleted of this lymphocyte population starting one day prior to
the B16-OVA challenge. Mice lacking cytotoxic T cells quickly
succumbed to tumor challenge, proving that this population
mediates the protection.

We went on to investigate the therapeutic potential of the
RAE-1YMCMV-SIINFEKL vector in the E.G7-OVA challenge.
Mice were inoculated with E.G7-OVA subcutaneously and
6 days later immunized with MCMV-SIINFEKL or RAE-
1YMCMV-SIINFEKL, whereas one group of mice was left
unimmunized (Figure 1G). RAE-1YMCMYV-SIINFEKL
vaccination was superior to MCMV-SIINFEKL vaccination in
tumor size reduction (Figure 1H) and substantially increased the
survival of mice inoculated with E.G7-OVA lymphoma cells
(Figure 1I). Overall, the MCMYV vector expressing RAE-1y in
place of its viral inhibitor proved more efficient than the wild-
type MCMYV vector in protection against subcutaneous tumor
challenge in both prophylactic and therapeutic settings.

Memory CD8 T Cells Primed With
RAE-1yMCMV Exhibit a Distinct
Transcriptional Profile

We have previously shown that RAEI'YMCMYV-SIINFEKL has
enhanced priming capacity compared to the wild-type MCMV
vector (6, 7). However, differences in phenotype and function of
memory populations of SIINFEKL specific CD8 T cells induced
with these viral vectors remained poorly characterized. To screen
for distinct characteristics in memory populations induced with
indicated vectors, we compared their transcriptional profiles at
the memory timepoint. 10* congenic OT-1 T cells (expressing H-
2Kb-SIINFEKL restricted TCR) were transferred to naive
animals that were subsequently vaccinated with MCMV-
SIINFEKL or RAE-1YMCMV-SIINFEKL (Figure 2A). The
transcriptional profile of OT-1 cells was determined on day
36 post-vaccination. Overall, 249 genes were differentially
expressed between OT-1 cells primed with MCMV-SIINFEKL
and RAE-1YMCMYV-SIINFEKL (Table S1). Gene ontology
overrepresentation analysis revealed that differentially
expressed genes between these two groups participate in
biological processes related to proliferation, cellular division,
and cellular activation involved in immune response
(Figure 2B). Interestingly, both Sell (CD62L) and Ccr7, coding
for prototypical markers of central memory phenotype (31), as
well as the antiapoptotic molecule Bcl2, were more strongly
transcribed in the MCMV-SIINFEKL immunized group.
Simultaneously, RAE-1YMCMV-SIINFEKL primed cells
showed higher expression of transcripts associated with an
effector-like phenotype, such as Cx3Crl (32), Gzma, Gzmb,
Adam8, Cd244a, Lgals3, and Lgalsl (33, 34) (Figure 2C).
These differences prompted us to analyze other genes
associated with central memory and effector-like phenotype
below the chosen significance threshold. In the MCMV-
SIINFEKL group, we observed a clear trend in the expression
of other transcripts associated with Tcm such as Tcf7 (35), 1d3,
Eomes, Il7r (36), and Cd27 (12) which were also elevated. At the
same time, effector marker Kirgl (36) was more highly
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FIGURE 1 | RAE-1YMCMV-SIINFEKL confers robust long-term protection against subcutaneous tumor challenges. (A) Mice were immunized with either MCMV-
SIINFEKL, RAE-1YMCMV-SIINFEKL, or left unimmunized (n=10-20). 2 months after immunization, mice were inoculated with E.G7-OVA tumor subcutaneously.
(B) Tumor growth was followed over time. (C) Percent of mice that developed tumors (>15 mm?). (D) Overall survival after E.G7-OVA challenge. (E) Mice that
survived the initial E.G7-OVA challenge were further challenged with B16-OVA subcutaneously. Half of the survivors were depleted for CD8 T cells prior to the
secondary challenge. (F) Overall survival of mice after secondary challenge. (G) Mice were inoculated with E.G7-OVA subcutaneously. 6 days later, mice were
immunized with indicated vectors or left unimmunized (n=10). (H) Tumor growth and (I) overall survival were followed over time. Prophylactic data are from a single
experiment representative of two independent experiments (B, C). Survival data are pooled from two independent experiments (D, F). Therapeutic data are from a
single experiment representative of two independent experiments (H), and survival data are pooled from two independent experiments (I). Data are represented as
mean + SEM (B, H) and statistical significance is expressed as *p < 0.05, **p < 0.01, **p < 0,001, ***p<0,0001. Statistical significance was tested using one-way
ANOVA followed by LSD post test (B, H) or log-rank Mantel-Cox test for Kaplan-Maier curves (C, D, F, I).

transcribed in RAE-1YMCMV-SIINFEKL immunized mice  suggesting their higher proliferation rate (Figure 2E).
(Figure 2D). Furthermore, many genes linked with  Together, RNAseq data strongly associated OT-1 cells primed
progression through the cell cycle were more highly  with RAE-1YMCMV-SIINFEKL and MCMYV-SIINFEKL with
transcribed in cells primed with RAE-1YMCMV-SIINFEKL,  effector-like and central memory phenotype, respectively.
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FIGURE 2 | Memory CD8 T cells primed with RAE-1YMCMV exhibit a distinct transcriptional profile. (A) 10* naive OT-1 cells were transferred to C57BL/6J mice
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(C) Heat map showing the expression of indicated genes. (D) Transcription of indicated genes below chosen significance threshold. (E) Heat map showing the
expression of genes belonging to the GO term “Mitotic cell cycle phase transition”. Data are from a single experiment. Genes and GO terms with padj<0.05 were
considered statistically significant.

RAE-1yMCMV-SIINFEKL Has Superior
Priming Capacity and Generates
Phenotypically Distinct Memory

CD8 T Cells

We validated gene expression data and analyzed the kinetics and
phenotype of OT-1 cells primed with viral vectors using flow
cytometry. To that aim, 10* congenic OT-1 T cells were
transferred to naive animals that were subsequently vaccinated
with MCMV-SIINFEKL or RAE-1YMCMV-SIINFEKL
(Figure 3A). The frequency of OT-1 T cells was followed over
time. The initial expansion of OT-1 cells was substantially
increased in RAE-1YMCMV-SIINFEKL immunized mice
compared to MCMV-SIINFEKL immunized animals, and OT-
1 T cells were maintained at significantly higher levels in the
RAEIYMCMV-SIINFEKL group compared to MCMV-

SIINFEKL group (Figures 3B, C). Importantly, OT-1 cells in
RAEIYMCMV-SIINFEKL showed signs of memory inflation, as
the frequency of these cells increased in later time points.
Confirming our RNAseq data, we observed major phenotypical
differences between OT-1 cells primed with different vectors.
Notably, the frequency of cells expressing the TCF1 transcription
factor was significantly lower in the RAEIYMCMV-SIINFEKL
immunized group than in the MCMV-SIINFEKL immunized
mice (Figure 3D, left). RAE-1YMCMV-SIINFEKL primed OT-1
cells showed a higher frequency of KLRG1" cells in accordance
with RNAseq data (Figure 3D, right). Interestingly, these
differences were not present at initial time points during acute
CD8 T cell response but manifested themselves at memory time
points, around day 30. A detailed phenotypical analysis of OT-1
cells at day 37 corroborated our RNAseq findings, as RAE-
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FIGURE 3 | RAE-1YMCMV-SIINFEKL has superior priming capacity and generates phenotypically distinct memory CD8 T cells. (A) 10" naive OT-1 cells were
transferred to C57BL/6J mice one day prior to immunization with MCMV-SIINFEKL or RAE-1yMCMV-SIINFEKL (n=4-5). (B) OT-1 frequency (blood) at indicated time
points post-immunization. (C) Absolute numbers of OT-1 cells at day 7 post-immunization in the spleen. (D) Kinetics of TCF1* and KLRG1" populations were
followed in blood over time. (E) The phenotype of memory OT-1 cells primed with indicated viruses at day 37 post-immunization shown as the percentage of TCF1™,
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Statistical significance was determined using unpaired Student t-test.
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1YMCMV-SIINFEKL primed OT-1 cells expressed lower levels
of CD62L, CD127, and CD27 as well as TCF1 and Eomes
transcription factors (Figure 3E). To confirm that TCF1
expression successfully delineates two distinct populations with
different phenotypical features, we compared the expression of
several molecules on TCF1" and TCF1™ cells. CD127, CD27,
Eomes, and CD62L expression were all significantly elevated in
TCF1" cells, while KLRG1 and Tbet showed a significant
increase in TCF1™ population (Figure 3F). These data
convincingly demonstrate that RAE-1YMCMV-SIINFEKL
induces memory CD8 T cells with distinct, effector-like
phenotypical features that grossly differ from memory CD8 T
cells primed with the vector lacking RAE-1y expression.

CD8 T Cells Primed With RAE-1yMCMV
Show Lower Cytokine-Producing
Capabilities Than Cells Primed With

the Virus Lacking RAE-1y but Similar
Cytotoxic Potential

Distinct phenotypical features are associated with different
functionality of memory CD8 T cells (31, 36). To compare the
cytokine-producing capabilities of cells primed with
RAEIYMCMYV-SIINFEKL or MCMV-SIINFEKL on a per cell
basis, OT-1 cells were transferred to naive animals that were
immunized with indicated viruses the following day. On day 50,
mice were sacrificed, splenocytes were isolated and stimulated
with different SIINFEKL peptide concentrations (Figure 4A).
OT-1 cells primed with the virus lacking RAE-1y showed higher
cytokine-producing capabilities as measured by frequency of
IFNy, TNFo and IL-2 positive cells (Figures 4B, C).
Furthermore, MCMV-SIINFEKL induced memory OT-1 cells
also showed enhanced degranulation ability as measured by
mobilization of LAMP-1 (CD107a) molecule (Figure 4D).
Despite the difference in CD107a mobilization, RAE-
1YMCMV-SIINFEKL primed OT-1 cells showed equal or
higher Granzyme B content (Figure 4E), suggesting the equal
or higher cytotoxic potential of these cells when compared to
OT-1 cells primed with wild-type virus. We sorted OT-1 cells
from immunized mice at memory time point to compare the
cytotoxicity of cells primed with these two vectors and incubated
them in different ratios with E.G7-OVA cells. OT-1 cells primed
with RAE-1YMCMV-SIINFEKL showed enhanced but not
significantly different cytotoxic potential against tumor cells
(Figure 4F), confirming previous studies that revealed that
degranulation and cytotoxic potential do not necessarily
correlate (37). KLRG1" population was enriched in OT-1 cells
primed with RAE-1y expressing vector, and we wondered
whether there was any difference in the functional capacity of
this population compared to cells lacking KLRG1 expression.
KLRG1" cells had a lower frequency of IFNy and IL-2 producing
cells, showed lower degranulation capacity, but simultaneously
had higher per cell content of cytotoxic Granzyme B molecule
(Figure 4G). Therefore, RAE-1'YMCMV-SIINFEKL primed OT-
1 cells at the memory time point showed lower cytokine-
producing capabilities and a lower percentage of cells
mobilizing CD107a during in vitro stimulation. On the other

hand, these cells had higher per cell Granzyme B content and
similar or slightly elevated cytotoxic potential against tumor cells
expressing their cognate antigen.

Adoptively Transferred CD8 T Cells Primed
With RAE-1yMCMV Vector Show
Protective Potential Similar to Cells
Primed With the MCMV Lacking RAE-1y
Prophylactic and therapeutic vaccination protocol established
that immunization with RAE-1YMCMV-SIINFEKL confers
greater protection against tumor challenge than immunization
with a vector lacking RAE-1y. To assess the protective
capabilities of OT-1 cells generated with indicated vectors
when an equal number of cells are transferred into naive hosts,
we performed an adoptive transfer experiment. OT-1 (CD45.1)
cells were primed with indicated viruses, and at a memory time
point, equal numbers of OT-1 cells were sorted and transferred
into mice that were inoculated with E.G7-OVA tumors 5 days
prior to transfer (Figure 5A). Both populations of transferred
OT-1 cells were successful in tumor control (Figure 5B), and the
survival rate was similar in both groups, 65% and 68% for
MCMV-SIINFEKL and RAE-1YMCMYV-SIINFEKL primed
OT-1 cells, respectively (Figure 5C). Several studies associated
TCF1" memory cells with increased proliferative capabilities (35,
38, 39), and accordingly, the initial response was somewhat
augmented in OT-1 cells primed with the wild-type MCMV
vector. However, by day 15 post-transfer, the difference was lost
(Figure 5D). In line with previous findings (40), OT-1 cells in
both groups became TCF1'™™ during recall response, but RAE-
1YMCMYV primed cells still maintained elevated expression of
KLRG1 (Figure 5E). We also analyzed the expression of CD8 T
cell exhaustion markers PD-1 and Tim-3 on OT-1 cells, as well as
Tox, a transcription factor crucially associated with T cell
exhaustion (41). We found no difference in the expression of
these molecules, suggesting the absence of CD8 T cell exhaustion
in both groups (Figure 5F). Overall, OT-1 cells primed with both
vectors showed comparable protective capabilities against
subcutaneous tumor challenge after adoptive transfer into
naive hosts.

DISCUSSION

In our previous work, we have demonstrated the potential of
MCMYV expressing NKG2D ligand RAE-1y as a viral vaccine
vector in the generation of CD8 T cell response to an inserted
foreign epitope in the context of bacterial (6) and
tumor challenge (7). We expanded our findings regarding the
robust, long-term protection conferred by RAE-1YMCMV
immunization against tumor challenge. First, we confirmed
that this vector can induce substantially higher numbers
of CD8 T cells specific for inserted foreign epitope than
the vector lacking NKG2D ligand expression. Next, the
transcriptomic analysis revealed ~250 differentially expressed
genes between OT-1 cells derived from mice immunized
with RAE-1YMCMV and WT MCMYV vectors and uncovered
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FIGURE 4 | CD8 T cells primed with RAE-1yMCMV show lower cytokine-producing capabilities than cells primed with the virus lacking RAE-1y but similar cytotoxic
potential. (A) Naive OT-1 (CD45.1) cells were transferred to CD57BL/6J mice (CD45.2). One day after the transfer, mice were immunized with indicated viruses (n=5-
6). On day 50, mice were sacrificed, and splenocytes were stimulated with different concentrations of SIINFEKL peptide. Production of IFN-y and TNF-a. (B), IL-2 (C),
CD107a (D), Granzyme B (E) was analyzed using flow cytometry. (F) Memory time point OT-1 cells were incubated with E.G7-OVA cells in indicated effector:target
ratios. (G) Percentage or MFI of indicated molecules in KLRG1* and KLRG1" cells. Data are from a single experiment representative of two independent experiments.
Data is represented as mean + SEM and statistical significance *p < 0.05, **p < 0.01, **p < 0,001, ***p<0,0001. Statistical significance was determined using
unpaired Student t-test.

that genes associated with effector-like phenotype and cellular ~ cells induced by RAE-1y expressing MCMV vector were
proliferation are more strongly expressed in RAE-1y  predominantly TCF1 negative and showed effector-like
MCMV primed cells. Using flow cytometry, we validated these ~ phenotype (KLRG1"™ CD127° CD27 CD62L"). Finally, we
findings on protein levels for several genes. Remarkably, CD8 T showed that this phenotypical difference is associated with
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FIGURE 5 | Adoptively transferred CD8 T cells primed with RAE-1YMCMV vector show protective potential similar to cells primed with the MCMV lacking RAE-1y.
(A) Naive OT-1 cells were transferred into C57BL/6 mice (n=8-10) one day prior to immunization with indicated viruses. On day 44 after immunization, 3x10%
memory OT-1 cells were sorted and transferred to mice (n=11) that were inoculated with E.G7-OVA tumors 5 days prior to OT-1 transfer. Tumor growth (B) and
overall survival (C) were followed over time. (D) The frequency of OT-1 cells was determined in blood at indicated time points. (E, F) The phenotype of OT-1 cells
was analyzed on day 15 following adoptive transfer in blood. Data are from a single experiment representative of two independent experiments (B, D-F). Survival

data are pooled from two independent experiments (C). Data are represented as mean + SEM and statistical significance *p < 0.05; **p < 0.01. Statistical
significance was determined using one-way ANOVA followed by LSD post test (B), log-rank Mantel-Cox test (C), or unpaired Student t-test (D-F).

distinct functional capabilities of cells primed with indicated
vectors in a series of functional assays. RAE-1'YMCMYV primed
OT-1 cells produced lower amounts of IFNy, TNFa and IL-2,
showed decreased degranulation potential, while simultaneously
exhibiting similar cytotoxicity against tumor cells expressing
their cognate antigen. However, when we transferred equal
numbers of memory OT-1 cells primed with MCMV-
SIINFEKL or RAE-1YMCMV-SIINFEKL into mice harboring
subcutaneous tumors, OT-1 cells induced with both vectors were
comparably successful in rejecting established tumors.

Memory CD8 T cells are traditionally divided by CD62L and/
or CCR7 expression on central memory (Tcm) and effector
memory (Tem) populations. These phenotypical properties
were thought to entail functional distinction, as original
reports identified the CCR7" CD62L" effector memory

population as superior in cytokine production, whereas the
central memory population was shown to exhibit enhanced
proliferative capabilities (31). Further reports quickly led to a
more complicated picture of functional division. For instance,
Wherry et al. showed no substantial difference in cytokine-
producing abilities (except IL-2 production) or cytotoxicity on
per cell basis between Tcm and Tem in LCMV infection. At the
same time, several other studies in different models obtained
contrasting results, as Tem cells proved more protective and
demonstrated higher cytotoxic capabilities (42, 43). In a recent
study (11), the Tem population was further subdivided into
effector-like CD127°% CD62L!°Y (terminal-Tem) and CD127"€"
CD62L°Y (Tem). The effector-like terminal-Tem population
(notably also expressing high levels of KLRG1) conferred the
greatest protection against Listeria monocytogenes infection but
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minimal protection against tumor challenge, indicating that
protective capacity is highly dependent on the disease and
therapeutic context. Our transcriptomic analysis revealed
several effector genes, such as Cx3Crl, Gzma, Gzmb, Adams§,
Cd244a, and Lgals3, were upregulated in CD8 T cells primed
with RAE-1YMCMYV, suggesting their greater cytotoxic
capabilities. Cx3crl is a particularly interesting gene, as one
study proposed memory CD8 T cell subset classification based
on the expression of this marker (32). In that study, CX3CR1"&"
cells were CD277, CD127" and KLRG1" and produced smaller
amounts of cytokines but displayed greater cytotoxic potential,
therefore closely corresponding to OT-1 cells primed with RAE-
1YMCMYV. Interestingly, despite somewhat enhanced
cytotoxicity, we observed decreased degranulation of RAE-
1YMCMV primed OT-1 cells as measured by LAMP1
(CD107a) mobilization. Previous reports also demonstrated
decoupling of degranulation and cytotoxicity in memory CD8
T cells specific for viral antigens, confirming that our observation
is not an isolated finding (37). Furthermore, both RNAseq and
flow cytometry data demonstrated elevated levels of Granzyme B
in RAE-1YMCMYV primed OT-1 cells indicating granule content
as a better predictor of cytotoxicity than degranulation per se.
This is also illustrated by the fact that KLRG1" cells consistently
showed lower levels of LAMP1 mobilization and substantially
higher per cell content of Granzyme B.

Two aspects of CD8 T cell response are crucial for cellular
immunity induced by a vaccine to be successful: cell numbers and
their functionality. RAE-1YMCMV-SIINFEKL induced much
higher numbers of OT-1 cells by day 7, which remained
elevated throughout the experiment and showed distinct
phenotypical and functional features. MCMV-SIINFEKL primed
OT-1 cells, enriched in the TCF1" population, appeared to have
slightly augmented recall response and cytokine-producing
capabilities. However, when we transferred equal numbers of
OT-1 cells primed with RAE-1y expressing vector or wild-type
viral vector, both of these populations successfully rejected
established tumors. Therefore, superior cytokine production and
recall response of MCMV-SIINFEKL induced OT-1 cells was,
perhaps, compensated by slightly elevated cytotoxicity or different
tumor-infiltrating potential of RAE-1YMCMYV primed OT-1 cells,
leading to a similar anti-tumor response in vivo by adoptively
transferred cells. These results indicate that the enhanced anti-
tumor potential demonstrated in Figure 1. might depend on the
immunological milieu provided by chronic/latent infection by
MCMV vector expressing RAE-1y and the superior numbers of
SIINFEKL specific CD8 T cells.

The mechanistic explanation for superior priming and
maintenance of CD8 T cells in RAE-1YMCMV immunized
mice remains unanswered. Increased frequency of CD8 T cells
might be due to the costimulatory nature of NKG2D signaling on
these cells. However, several studies have shown no substantial
alterations in frequency or absolute numbers of CD8 T cells that
lacked NKG2D signaling during priming (44-46), and we
observed no diminishment in the frequency of CD8 T cells in
RAE-1YMCMV immunized NKG2D deficient mice (6), nor in
conditional knock-out mice in which NKG2D receptor is

specifically lacking in T lymphocytes (Figure S1). It is also
possible that RAE-1y mediates its function through a yet
unknown interaction partner, which would explain the
persistence of this phenotype even in Kirkl”" animals. On the
other hand, in RAE-1Yy expressing vector, the gene is inserted in
place of its viral inhibitor m152, which has several functions,
including the retention of MHC-I molecules in ERGIC-cis Golgi
compartment (47). This suggests that CD8 T cells primed with
RAE-1YMCMYV have stronger TCR signalling, which is known to
directly correlate with the magnitude of T cell response (48, 49)
and thus provides a feasible hypothesis for superior initial
expansion of epitope specific CD8 T cells in RAE-1YMCMV
immunized mice. However, this would only apply to CD8 T cells
primed via direct presentation by infected dendritic cells and not
during cross-presentation which was shown to have a far more
important role in T cell response to MCMV epitopes (50, 51).
Finally, m152 protein delays STING protein trafficking to Golgy
compartment and, hence abrogates type I IFN response (52).
Type I interferons are potent modulators of T cell proliferation
and differentiation (53) and this increased interferon signalling
could have an impact on T cell expansion in mice immunized
with RAE-17 expressing vector. Our preliminary results suggest
that this is not the case, as we failed to observe any difference in T
cell response to RAE-1YMCMYV-SIINFEKL in STING deficient
animals compared to control animals (data not shown).

Tcm phenotype is crucially connected with TCF1 expression
(35, 38). Major phenotypical differences between OT-1 cells
primed with RAE-1YMCMV and wild type vector regarding
the expression of this transcription factor became apparent
only at memory time points, around day 30. Therefore, either
TCF1" cells in the RAE-1YMCMV group died off or were
converted to TCF1™ population. This conversion might be the
result of an antigen encounter. Welten et al. (54) showed that
TCF1" cells give rise to TCF1™ only in the presence of latent
antigenic load. Although RAE-1YMCMYV establishes a lower level
of latent viral load (5), immunization with this vector might lead
to more frequent reactivation events or higher antigen
expression on latently infected cells and higher T cell
stimulation. This would not only explain the difference in
phenotype between T cells primed with indicated vectors, but
also signs of memory inflation in RAE-1YMCMV immunized
mice and the fact that some of the most abundantly transcribed
genes in this group were associated with cellular proliferation
and TCR stimulation (Lgals3 and Zbtb32). Another explanation
for the phenotypical and functional differences might be due to
different priming conditions imprinting the long-term fate of
these cells on the epigenetic level. Pace et al. identified histone
methyltransferases Suv39hl as a potent epigenetic silencer of
genes related to stemness/memory potential such as II7r, Eomes,
and Ccr7 (33). Epigenetic mechanisms play a crucial role in
poising the cells towards particular phenotype and functionality
(55), and it would be interesting to investigate whether RAE-
1YMCMYV confers distinct epigenetic states to cells primed with
this vector.

Overall, our study confirms great potential of highly
attenuated CMV viral vectors expressing NKG2D ligand in
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prophylactic and therapeutic vaccine settings. The translational
possibilities of CMV vectors expressing ligands for activating
immune receptors are further supported by potent cellular
immune response induced by human CMYV vector expressing
NKG2D ligand ULBP2 (56). More fundamentally, our study also
indicates that small genetical changes of viral vectors can lead to
gross differences in CD8 T cell expansion, phenotype,
and function.
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High levels of inflammation play an important role in chronic heart failure (CHF). Patients with
CHF have elevated levels of pro-inflammatory cytokines circulating systemically, mainly TNF
and IL-6. However, there are almost no studies that relate these levels to the functional status
of patients in CHF, much less to their CMV serostatus. In this study, patients with CHF (n=40;
age=54.9 + 6.3; New York Heart Association functional classification (NYHA, I-lll) and healthy
controls (n=40; age=53.5 + 7.1) were analyzed. The serum concentrations of nine pro- and
anti-inflammatory cytokines were measured by Luminex® xMap Technology and the basal
level of MRNA expression of some immune molecules was quantified by TagMan™ Array in
CD4+ T-lymphocytes. The concentration of these cytokines in culture supernatants in
response to anti-CD3 and LPS was also measured. The percentage of CD28null T-cells
was determined, as well as the antibody titer against CMV. We found a higher concentration
of all cytokines studied in CHF serum compared to healthy controls, as well as a direct
correlation between functional status in CHF patients and levels of inflammatory cytokines.
Moreover, the highest cytokine concentrations were found in patients with higher
concentrations of lymphocytes lacking CD28 molecule. The cytokine production was much
higher in CMV+ patients, and the production of these cytokines was found mainly in the T-
lymphocytes of CMV+ patients in response to anti-CD3. Anti-CMV antibody levels were
positively correlated with cytokine levels. The baseline expression of specific MRNA of the
main molecules involved in the Th1 response, as well as molecules related to the CD4+
CD28 null subset was higher in CMV+ patients. The cytokine concentrations are higher in
CHF CMV+ patients and these concentrations are related to the production of antibodies
against CMV. These high levels of cytokines are also associated with the more differentiated
CD28null ymphocyte populations. All this, together with the dynamics of the pathology itself,
makes CMV+ patients present a worse functional status and possibly a worse evolution of
the pathology.

Keywords: CHF, CMV, inflammation, T-lymphocyte, immunosenescence, TNF, IL-6

Frontiers in Immunology | www.frontiersin.org 98

August 2021 | Volume 12 | Article 687582


https://www.frontiersin.org/articles/10.3389/fimmu.2021.687582/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.687582/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.687582/full
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:ralonsoarias@hotmail.es
mailto:marcomorog@hotmail.com
https://doi.org/10.3389/fimmu.2021.687582
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.687582
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.687582&domain=pdf&date_stamp=2021-08-12

Garcia-Torre et al.

CMV and Inflammation in CHF

INTRODUCTION

The process known as immunosenescence may affect both the
elderly and individuals of all ages with chronic inflammatory or
infectious diseases. The changes produced by immunosenescence
are therefore found in patients with chronic heart failure (CHF).
The immunosenescence found in CHF patients is not only
associated with the pathology itself but also with a worse
functional status (1). The aging of the immune system, mainly
adaptive, has been associated with the presence of chronic and
persistent antigens, as well as a low-level inflammatory state,
maintained for a considerable period of time. All these processes
lead to a dysregulation of the immune system, compromising
immune responses, producing an increase in the frequency of
highly differentiated T-lymphocytes, mainly with the loss of the
CD28 molecule (2, 3).

The inflammation found in patients with CHF may be a
consequence of the increase in the pro-inflammatory cytokines
expression as mediators of the protective effect on cardiac cells, as
a rapid adaptation to the stress suffered by these cells (4). On the
other hand, this increase in pro-inflammatory cytokines leads to
an advance in cardiac pathology due to the harmful effect that these
cytokine present on the heart-cells and on the systemic circulation
(5, 6). IEN-y production, mainly by CD4+ Thl lymphocytes, is
directly related to these deleterious effects produced by circulating
pro-inflammatory cytokines (7-9). Accordingly, the differentiation
of T-lymphocytes and the increase in the concentration of pro-
inflammatory cytokines in physiological aging, and in certain
chronic diseases, are events that occur at the same time. Because
of this it is not at all clear what produces what. Differentiated T-
lymphocytes are related to the production of inflammatory
cytokines, while a high concentration of circulating cytokines has
been related to the differentiation of T-lymphocytes.

Not much is known about the antigens involved in the
differentiation of T-lymphocytes in the immunosenescence
process in the context of CHF. T-lymphocytes could be activated
repeatedly and continuously over time by antigens from chronic
infections, and this continuous activation could be the cause of
increased inflammatory degree and probable tissue damage. To
date, the main known inducer of T-cell differentiation is CMV.
This virus has been related to the immunosenescence process,
even the antibody titer against CMV has been related to
immunocompetence, and the degree of lymphocyte
differentiation in the elderly (10-14). Recent studies in our
laboratory have also found this association in patients with
CHE (15).

The objective of this study was to investigate the implication
of CMV infection in the production of pro-inflammatory
cytokine, and its relationship with functional status in
CHEF patients.

MATERIALS AND METHODS

Study Population
Forty healthy volunteers and 40 chronic heart failure (CHF)
patients were recruited for the study. Individuals in the study

were divided into two groups: healthy control (n=40) and CHF
patients (n=40). In turn, each of these groups was divided
according to their CMV-seropositivity (Table 1). All
volunteers were defined as individuals younger than 65 years
old to reduce the effect of aging on the study. The control group
was recruited from the Centro de Transfusiones del Principado
de Asturias (Oviedo, Spain). CHF patients were classified
according to the New York Heart Association functional
classification (NYHA) and recruited from the Heart Failure
Unit at Hospital Universitario Central de Asturias with
symptomatic HF (NYHA class I to III). All subjects underwent
a physical examination and answered a standardized
questionnaire to assess their medical history, current illnesses,
and any medication they were taking. Exclusion criteria included
all conditions that might influence the immune system, such as a
recent or current infection, autoimmune disease or tumor,
malnutrition, abnormal laboratory data (hemoglobin <
12 g/dL, leukopenia < 3500 cells/puL, neutropenia < 1500 cells/
pL, leukocytosis > 15000 cells/uL and platelets < 105 cells/uL),
and pharmacological interference. Informed consent was
obtained from all volunteers before participation in the study.
The study was approved by the ethics committee of the Hospital
Central de Asturias (Oviedo, Spain) with the number 82/17.
Peripheral blood samples were drawn from all subjects for
hematological and immunological analyses.

Hematological Analysis and

Immunological Phenotyping

The hematological parameters were determined using a Sysmex
XT-2000i (Sysmex, Hamburg-Norderstedt, Germany), and the
biochemistry values using a Cobas c711 analyzer series (Roche
Diagnostics, Indianapolis, USA). For flow cytometry analysis,
peripheral blood cells were surface-stained with anti-CD4
(PerCP), anti-CD8 (PE), anti-CD3 (FITC) and anti-CD28 (APC)
(Biolegend, San Diego, CA, USA). One hundred microliters of
whole blood from volunteers were stained with the labeled
monoclonal antibodies for 20 min at room temperature. Samples
were red-blood lysed with FACS Lysing Solution (BD Biosciences),
washed in PBS, and analyzed using Kaluza software in a Gallios
cytometer (Beckman-Coulter, Brea, CA, USA). Appropriate isotype
control mAbs were used for marker settings.

Cytomegalovirus Serology

Serum presence of CMV-specific antibodies was determined by
an enzyme-linked immunosorbent assay, Vir-ELISA Anti-CMV-
IgG (Viro-Immun Labor-Diagnostika GmbH, Oberursel,
Germany), according to the manufacturer’s specifications.
CMV-serostatus was interpreted by means of the calculation of
the ratio: Cut-off Index = optical density (OD) value of sample /
cut-off value, whereby a ratio of 1.0 is equivalent to the cut-off
value. Cut-off indexes >1.1 were considered positive.
Quantification of anti-CMV antibody titers was performed
through a semi-quantitative titer calculation.

Isolation of PBMC and Cell Cultures

Peripheral blood mononuclear cells were isolated from
peripheral blood that had been anticoagulated with EDTA by
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TABLE 1 | Participant characteristics in relation to CMV serostatus.

Chronic Heart Failure Patients Healthy Controls ANOVA
(CHF) (n=40) (HYC) (n=40)
CMV- CMV+ CMV- CMV+ Ppathology Pcmv Pinteraction
(n=13) (n=27) (n=19) (n=21)
Demographic data
Age + SD 53.1 £ 8.9 56.7 £+ 5.6 52175 54.9 + 6.6 NS NS NS
Male (%) 10 (76.9) 22 (81.7) 16 (84.2) 13 (61.9) NS NS NS
BMI = SD (kg/m?) 239+ 3.6 244 +28 23.8 + 3.6 25.0+2.9 NS NS NS
Smoking status, current (%) 4 (30.8) 6 (22.2) 421.1) 5(23.8) NS NS NS
Hypertension (%) 2 (15.4) 5(18.5) 0(0) 0 (0) NA
% LVEF + SD 372+ 154 36.1 + 10.6 >60% >60% NA
Diabetes mellitus (%) 3 (23.1) 6 (22.2) 0(0) 0 (0) NA
Cholesterol + SD (mg/dL) 173.1 £ 38.1 162.3 £ 25.5 ND ND NA
NT-proBNP, pg/mL (IQR) 4985 (4759) 5304 (4172) ND ND NA
CRP, mg/dL (IQR) 1.6 (1.65) 1.6 (2.75) ND ND NA
CHF etiology
Coronary artery disease (%) 5 (38.5) 12 (44.4) NA NA NA
Idiopathic dilated cardiomyopathy (%) 5 (38.5) 9 (33.3) NA NA NA
Others (%) 3(23.1) 6 (22.2) NA NA NA
Hematological variables (mean and SD)
WBCs (10%/ul) 7.7+£19 82+19 6.4+1.8 6.9+1.8 0.007 NS NS
Neutrophils (10%/ul) 50+ 1.7 54+1.8 39+10 43+1.0 0.025 NS NS
Neutrophils (%) 64.1+£8.9 64.1 £ 8.1 542 +8.7 56.4 + 6.6 0.001 NS NS
Monocytes (10°/ul) 0.7+0.2 0.6 £0.1 05+0.3 04 +£0.2 0.002 NS NS
Monocytes (%) 89+26 82+25 70x44 57+23 0.009 NS NS
Lymphocytes (10%/l) 1.7+0.7 1.9+06 26+0.7 3207 <0.001 NS NS
Lymphocytes (%) 23388 24372 36.2 +3.8 416 +5.0 <0.001 NS NS

LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal protype B natriuretic peptide; BMI, body mass index; CRP, C-reactive protein; WBCs, white blood cells; SD, standard

deviation; IQR, interquartile range; NA, not applicable; ND, not done; NS, not significant.

centrifugation on Ficoll-Hypaque gradients (Lymphoprep;
Nycomed, Oslo, Norway). Cultures were performed in RPMI
1640 medium containing 2x10-3 M L-glutamine and Hepes
(BioWhitaker, Verviers, Belgium) and supplemented with 10%
FCS (ICN Flow; Costa Mesa, CA, USA) and antibiotics. Cells
were incubated at 37°C and 5% carbon dioxide.

Cytokine Quantification in Patient

Serum and Supernatants

The sera of the individuals under study were collected and stored
at -80°C until the cytokine quantification and analysis.
Meanwhile, response to anti-CD3 (1 ug/mL) (eBioscience, San
Diego, CA, USA) and to LPS (1 pg/mL) was analyzed in PBMCs
(2x10° cells/ml) from CHF patients. PBMCs were cultivated
alone or stimulated with anti-CD3 and LPS in 48-well plaques
in a humidified 37°C incubator for three days. Finally, cell-free
supernatants were collected and stored at —80°C for multiplexed
cytokine analyses.

The production of 9 different cytokines (IFN-y, IL-10, IL-12,
IL-17, IL-1B, IL-2, IL-4, IL-6 and TNF) was quantified in sera
and supernatants using the ProcartaPlex " Mix & Match Panel
(Affymetrix eBioscience, San Diego, USA) and the Luminex®
xMap Technology (Luminex Corporation, Austin, USA)
equipment following manufacturer’s settings.

Cytokine Expression Array
To isolate CD4+ T-cells, PBMCs from 5 CMV-positive and 5
CMV-negative CHF patients were isolated by centrifugation on

Ficoll-Hypaque gradients (Lymphoprep; Nycomed, Oslo,
Norway) after 20 min of incubation with the RosetteSep
Human CD4+ T-cell Enrichment Cocktail (StemCell
Technologies, Grenoble, France). In all cases, purity of isolated
CD4+ T-lymphocytes, tested by flow cytometry was higher than
95%. mRNA was extracted using a Total RNA Isolation
(Macherey-Nagel GmbH & CoKG, Diiren, Germany)
according to the manufacturer’s instructions. Reverse
transcription of mRNA isolated from each sample was carried
out in a 20 pL final volume with the iScript cDNA Synthesis Kit
(Bio-Rad, Life Science Research Group, Hercules, CA, USA)
following manufacturer’s instructions. The mixture was
incubated at 25°C for 5 min, at 42°C for 30 min, and at 85°C
for 5 min and stored at -80°C until required for the array. Equal
quantities of cDNA were mixed to generate two pools, one with
samples from CMV-seronegative patients and another one with
samples from CMV-seropositive patients. Cytokine gene
expression was examined through TaqMan'" Array Human
Immune Response Real-Time PCR (Applied Biosystems, Foster
City, CA, USA) using predesigned human gene-specific primers
and probes based on published cytokine sequences and following
manufacturer’s instructions.

Statistical Analysis

Results are expressed as the median and interquartile range (IR)
or the mean and standard deviation. Quantitative variables were
compared using the analysis of variance (ANOVA) to study the
effect of CMV (CMV- or CMV+), pathology (CHF+ or CHF-) or
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NYHA (Class I+II or Class III) and adjusting for sex. If
significant interactions were observed in any of these analyses,
comparisons with a Bonferroni-correlated post-hoc test were
performed. In order to perform these analyses, non-parametric
variables were normalized by logarithmic transformation.
Groups were compared using the non-parametric Mann-
Whitney U test (for non-normally distributed data) or
Student’s t-test (for normally distributed data). To compare the
results obtained in the expression arrays, we used the
comparative ddCT method (16) to calculate relative
quantitation of gene expression after outlier removal and data
normalization based on the endogenous control genes expression
(18S rRNA, GAPDH, HPRT1 and GUSB) using DataAssist
software (Thermo Fisher Scientific). The list of analyzed genes
and their assay IDs is presented in the Supplementary File
(Supplementary Table 1). The outlier and the extreme values
were calculated by adding 1.5 and 3 times the interquartile range
(IR) to the 75th percentile, respectively. Correlations between
variables were assessed using the non-parametric Spearman test
(p). Analyses were performed using the PASW Statics 17.0
statistical software package (IBM SPSS, NY, USA) and p-values
of 0.05 or less were considered significant.

RESULTS

Characteristics of Studied Groups Related
to CMV-Serostatus and Cytokine Levels

In Table 1 we can see the characteristics of the two studied
groups, CHF patients and healthy control group (HC). All the
participants in the study belong to the Caucasian ethnic group.
Levels of the antibodies against CMV were measured in all
participants. All study volunteers had a blood test and
immunophenotype. When we made statistical comparisons
with the ANOVA test, we found significantly higher levels in
total white blood cells (WBCs), monocytes, and neutrophils and

significantly decreased levels in lymphocytes (Table 1). We did
not find any other difference in relation to CMV serostatus in any
leukocyte subpopulation or in any other measured variable.

After measuring the cytokine concentrations of pro-
inflammatory cytokines (IFN-y, IL-12, IL-17, IL-1B, IL-2,
TNF), anti-inflammatory (IL-10 and IL-4), and the pro- and
anti-inflammatory cytokine IL -6, in the CHF group and
controls, we found that the levels of cytokines were always
significantly higher in the CHF group (Mann-Whitney Test,
p < 0.001 in all cases except IL-17, p=0.015, and IL-1f3, p=0.001)
(Figure 1). In addition to the increased levels of the cytokines
studied in CHF patients, all of them were positively correlated
with each other (Supplementary Table 2). Therefore, in some of
the figures we will only display the most representative cytokines,
the rest of the figures of the cytokines can be consulted in the
Supplementary Material.

Despite CHF patients showing higher CMV infection rate,
total WBCs and leukocyte populations are related only to
pathology and not to CMV serostatus in the groups studied.
The levels of the cytokines studied are clearly increased in
patients with CHF and all of them are correlated with each other.

Association Between CMV-Serostatus and
Level of Cytokines in CHF

To evaluate the association of CMV infection with cytokine
production we divided our CHF patients according to their CMV
serostatus, 27 out of 40 were CMV-seropositive. Moreover, we
classified the patients according to the extent of CHF by
functional criteria (NYHA). As we only had three NYHA class
I patients, we decided to combine the patients from groups I and
II. We observed that the highest concentrations of cytokines were
found in CMV-positive individuals from NYHA class III. We
found that the cytokine concentrations were increased in the
CMV+ patients in the case of IL-12, IL-17 and IL-6. These
concentrations were also increased in CMV+ patients and
belonging to NYHA class III in the case of IL-1B and TNF.
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FIGURE 1 | Cytokine levels in the two studied groups. Cytokine concentrations were measured using Luminex multiplex technology. Levels of cytokines in CHF (n =
40) and controls (n = 40) are illustrated in the box plots. Differences between groups in the levels of cytokines were compared using the Mann-Whitney Test, p-
values are depicted in the panels. Outlier values are represented by circles and extreme values by stars, calculated by adding 1.5 and 3 times the IR to the 75th
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When we analyzed IFN-y and IL-10, we saw that their increase
was only related to NYHA class III, but not to their CMV
serostatus. In the case of IL-2 and IL-4, we did not find
significant differences in patients with respect to their CMV
serostatus or their functional class (ANOVA test, p<0.05)
(Figure 2 and Supplementary Figure 1).

Next, we wanted to find out if there was any type of
correlation between the antibody titer against CMV and the
level of the cytokines analyzed. Levels of anti-CMV antibodies in
CHF individuals were measured and they showed a median
concentration of 2,336 VU/ml (IR, 1,350 VI/ml). We found a
clear correlation between the levels of the cytokines IL-17, IL-1f3,
IL-6 and TNF and the antibody titer against CMV (Spearman
Rho test; p<0.05) (Figure 3), the antibody titer is positively
correlated with the levels of these pro-inflammatory cytokines. In
the case of the rest of cytokines, we did not find a significant
relationship, but a clear trend (Supplementary Figure 2).

In summary, we can confirm that the increase in cytokine
concentrations in CHF patients is related both to the worsening
of the functional status of the patients and to their serostatus
against CMV, and these levels of cytokines correlate with the
levels of antibodies to CMV.

Relationship Between Cytokine Level

and T-Lymphocyte Differentiation in

CHF Patients

It is well known that the degree of differentiation in T-
lymphocytes in the elderly is related to, among other things, an

We observed more differentiated phenotypes in T-cells in CHF
patients related to the concentrations of IL-6 (1). T-lymphocytes
can be separated into less differentiated subsets that express the
CD28+ marker and the most differentiated subsets with loss of
expression of CD28. We wanted to verify the association between
the levels of the studied cytokines and the T-cell differentiation in
the CHF patients. For this, we face the percentage of CD4
+CD28null T-cells and the level of cytokines in the CHF
patients and we found a significant positive correlation
between all the studied cytokines (Spearman Rho test; p<0.05),
less in the case of IL-10, IL-2 and IL-4 where we did not find a
significant correlation but a very marked trend in the case of IL-2
and IL-4 (Figure 4A and Supplementary Figure 3A). After
analyzing the CD8+ T-lymphocyte populations, we also observed
a strong correlation between all the studied cytokines (Spearman
Rho test; p<0.05), but not in the case of IL-10. In patients with a
larger CD8+CD28null population we found significant higher
concentrations of all cytokines except for IL-10 (Figure 4B and
Supplementary Figure 3B).

To test the implication of T-lymphocytes in pro-
inflammatory cytokine production in CHF patients, we
cultivated PBL’s alone, in the presence of anti-CD3, and in the
presence of LPS. We only found a significantly high production
of cytokines compared to the culture without stimulation in the
case of anti-CD3 (Student’s t-test for paired data, p<0.001 in all
cases except, curiously, IL-2). This could be indicating that most
of these cytokines are being produced by T-lymphocytes. When
we divide these results by CMV seropositivity, a significantly
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FIGURE 2 | Levels of cytokines analyzed in CHF with respect to the different degrees of HF classified according NYHA (New York Heart Association) in CMV- and
CMV+ patients. Outlier values are represented by circles and extreme values by stars, calculated by adding 1.5 and 3 times the IR to the 75th percentile,
respectively. The ANOVA test was used to examine differences between the groups; p-values are depicted in the boxed text; the interaction is between NYHA and
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patients, except with anti-inflammatory cytokine IL- 10, where
the highest production is observed in CMV- patients (Student’s
t-test for paired data, p <0.05 in all cases except IFN-y and
IL-2) (Figure 5).

In summary, CD4+ and CD8+ phenotype is associated with
the level of the cytokines; more differentiated CD4+ and CD8+
T-lymphocyte subsets are increased in CHF patients with higher
pro-inflammatory cytokine levels. Furthermore, the production
of these cytokines comes primarily from the T-lymphocyte
population, with increased production in CMV+ patients.

Differential mMRNA Expression in

CMV- and CMV+ Patients

As it is already well known, the production of IFN-y by the Th1
CD4+ T-lymphocytes are major contributors to heart failure (9).
For this, we wanted to verify their influence in the high cytokine
levels found in CHF patients. To this, we analyzed CD4+ baseline
level of gene expression related to inflammation. We used
TaqManl Array Human Immune Response plates where we
measured separately the level of mRNA expression in a pool of 5
CMV- seronegative and 5 CMV-seropositive patients (Figure 6).
We separated CD4+ lymphocytes, extracted their mRNA and
quantified it in expression plate arrays.

After analyzing the results, we found that only two genes were
under-expressed in the CHF CMV+ patients, IL-8 and CCL2,
both involved in pro-inflammatory and chemotactic processes. A
large number of genes were found to be overexpressed in CMV+
patients, and these genes can be categorized in some groups.

We found IL-10 overexpressed, possibly as a reaction to the
higher concentration of circulating pro-inflammatory cytokines
that CMV+ patients present. We also found two of the main
genes related to the Thl cell response overexpressed, in this case
TBX21 (T-bet) and IFN-y. CD4+CD28null T-cells are associated
with high cell differentiation and are found in a much higher
proportion in CHF CMV+ patients (15). In addition, they
present a cytotoxicity similar to CD8+ T-cells or NK cells and
we found that the molecules related to this cytotoxicity are
overexpressed, in this case, perforin, granzyme B and
granulysin. We also observed overexpressed genes for
molecules that are increased in activated CD4+ T-lymphocytes
such as CD38, CTLA4, CD40LG, ICOS, CXCR3 and CCRS5.
Finally, the antiapoptotic genes BCL2 and BCL2L1 are also
overexpressed in the CD4+ T-lymphocytes in CMV+ patients.
Two other overexpressed genes were the SMAD3 genes, involved
in the TGF-B production cascade, and the IKBKB gene, an
inhibitor of the NF-kf3 pathway.

In summary, we can say that CHF CMV+ patients present
overexpressed genes of the Thl pathway, molecules involved in
the cytotoxicity of CD4+CD28null cells, molecules related to the
activation of CD4+ T-cells and antiapoptotic molecules.

DISCUSSION

The present study exhibits that CHF patients show a higher level
of cytokines than age-matched healthy controls, and this high
level of cytokines is even higher in CMV+ CHF patients and in
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those with worse functional status. Moreover, not only
seropositivity but also serum titers of anti-CMV antibodies are
related to a higher level of proinflammatory cytokines such as IL-
17, TNF, IL-1B and IL-6. CHF patients may display
immunocompromised responses, resulting in an inability in
controlling viral reactivations where CMV may be exacerbating
T-cell differentiation, being these populations, the main
producers of the cytokines analyzed in this study.

CHEF is a disease with high morbidity and mortality, despite
the treatments that have emerged in recent years, which seems to
indicate that the pathogenic mechanisms are not fully controlled
by these treatments. Permanent inflammation may be one of
these underlying mechanisms unaltered by current treatments
(17, 18). After the finding of elevated levels of TNF in sera from
patients with CHF, it was seen that other pro-inflammatory
cytokines are also elevated (19). Since then, numerous evidences
have pointed to the activation of inflammatory pathways as an
important pathological event in the onset and progression of the
syndrome (20-22). The increased concentration of pro-
inflammatory cytokines in the serum of patients with CHF
compared to healthy controls is a circumstance that can be
caused by some relevant processes in the context of CHF, among
others: global aging, metabolic syndrome, chronic obstructive
pulmonary disease (COPD), chronic kidney disease (CKD),
atrial fibrillation and neurohormonal hypothesis of renin-
angiotensin-aldosterone system (23-26). Our results have
shown that chronic CMV infection is a main factor related to
this inflammatory status.

The relationship between poorer functional status, (measured
as NYHA) and the level of pro-inflammatory cytokines, mainly
with TNF and IFN-v, had already been demonstrated in other

studies (27-29). This relationship has even been correlated with
increased mortality (30) but it had never been demonstrated in
relation to CMV infection in CHF, although the role of CMV as a
marker of disease severity in acute heart failure had been
described and its possible implication in the development and
worsening of other cardiac pathologies has been seen (31-33).
What has never been proven is the relationship that we have
shown between poorer functional status, levels of inflammatory
cytokines, and CMV seropositivity. Seropositive patients have a
higher concentration of pro-inflammatory cytokines, and the
levels of antibodies against CMV are directly correlated with the
level of inflammatory cytokines. In view of these results, lowering
the levels of pro-inflammatory cytokines in CHF could improve
quality of life. In this way, administration of methotrexate, with
its anti-inflammatory effects, has demonstrated improving
NYHA (34). In view of our results, the possible vaccination
against CMV at an early age or once the disease is diagnosed,
could also be a strategy to improve functional status in CHF
patients (35, 36).

Like the concentration of pro-inflammatory cytokines, we
also found elevated concentrations of the two anti-inflammatory
cytokines studied, IL-10 and IL-4, contrary to what was found in
another study from the 2000s (37). This elevation could be
justified in the context of an environment with high
concentrations of pro-inflammatory cytokines, in which IL-10
and IL-4 would act as feed-back, trying to reduce these levels of
pro-inflammatory cytokines, although with little success,
possibly because the mechanisms that are producing these high
levels of inflammatory molecules are very powerful and difficult
to counteract. IL-10 is one of the most powerful anti-
inflammatory cytokines and is involved in various regulatory
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actions of the immune and inflammatory systems (38). Some in
vitro and in vivo studies have suggested that IL-10 could be used
as a helpful therapeutic agent in the treatment of chronic and
acute inflammatory processes, both systemic and localized (39).
This cytokine has important suppressive properties in macrophages,
T-cells and B cells (40). Both IL-10 and IL-4 have an important
regulatory role in the cytokine network, acting as anti-inflammatory
regulators in immune reactions in patients with CHF (37, 41).
Curiously, we found a discrepancy between the levels detected in
serum and the basal expression of mRNA, this could be due to an
increased consumption of the cytokine in more inflammatory
environments, or even to its blockage with the soluble form of its
receptor (38).

The relationship between CMV and the host’s immune
system is very intimate and produces multiple changes in the
lymphocyte compartment. This virus takes advantage of the
host’s inflammatory response to perpetuate itself and avoid
being eliminated (42). In immunocompetent people, CMV is
an asymptomatic, latent infection with periodic reactivations,
whereas in immunosuppressed patients it usually causes acute
pathology (43). The host’s inflammatory response is essential for
the reactivation of CMV and is very important in stimulating the
gene expression of the virus (44). In turn, some of the virus gene
products positively regulate the production by the host of a wide
variety of pro-inflammatory mediators (IL-1f, IL-6, TNF) (45).
Moreover, highly differentiated T-lymphocytes could be being
activated by agents implicated in chronic infections, and this
activation would lead to increased cytokine production and
possible tissue damage. CMV reactivations could be producing
this continuous activation of highly differentiated T-
lymphocytes, exacerbating cardiac pathology and the defective
response of these activated lymphocytes. Immunosuppressed
individuals, as is well known, can suffer dire consequences in
the context of a CMV reactivation. As is already known in the
elderly, CMV reactivations in CHF patients may not give any
kind of symptoms and may go completely unnoticed, despite
being quite frequent (46). The greater lymphocyte differentiation
found in patients with CHF may partly explain the higher
production and concentration of pro-inflammatory cytokines
in these patients, since the more differentiated lymphocytes are
producers of large amounts of inflammatory products (12,
47, 48).

On the other hand, CMV seropositivity has recently been
associated with gut damage and microbial translocation, markers
of intestinal damage have been associated with IgG levels against
CMYV in elderly patients and this has been associated with
increased inflammation (49). The translocation of microbial
products into circulation further contributes to systemic
immune activation. Microbial translocation was first described
by quantifying levels of the bacterial lipopolysaccharide (LPS) in
blood circulation. It has been demonstrated that plasma levels of
a fungal cell wall component are also elevated and related to
inflammation (50). It would be of great interest to be able to
study these parameters in our patients and see if there is any
relationship between gut damage or microbial translocation and
inflammation and worse functional status.

It has been known for years that the immune response in patients
with CHF is shifted towards the Th1 pathway (9) and in our study we
have shown that this response is even more exacerbated in CMV+
patients, possibly as a control to the possible reactivations of the virus,
with an increased expression of TBX21 and IFN-y(51). The increased
expression of the pro-inflammatory molecules IL-8 and CCL2 can be
explained in the context of chronic inflammatory disease, these
molecules producing an attraction for monocytes, neutrophils and
lymphocytes, involved in the inflammatory state of the pathology.
This infection control could also be involved in the increased
expression of genes associated with the activation of CD4+ T-
lymphocytes, since both CMV surveillance and the continuous
presence of pro-inflammatory cytokines in the environment may be
continuously activating these lymphocytes. CMV reactivations
leads to an increase in CD4+CD28null T-cells (52, 53). One of
the main characteristics of this lymphocyte population is the
production of cytotoxic molecules, such as perforin and
granzyme B (47). In fact, we have found genes involved in
cytotoxicity, such as perforin, granzyme B, and granulysin,
overexpressed in CD4+ T-lymphocytes. Another characteristic of
this CD4+CD28null population is its resistance to apoptosis (54, 55)
this is corroborated by the increased expression of the BCL2 and
BCL2L1 genes, antiapoptotic molecules, in CHF CMV+ patients.
As awhole, we can affirm that CHF CMV + patients compared with
CMV- patients present an expression profile in CD4+ T-
lymphocytes Thl type, more activated and with a highly
differentiated and highly reactive CD4+CD28null T population,
thatis possibly the result of the own fight against CMV infection and
the environment, even more pro-inflammatory than in
CMV- patients.

In summary, the high levels of pro-inflammatory cytokines
found in CHF patients are due, as was already known, to the
processes present in the context of CHF but are also, and in a very
important way, related to dynamics of CMV-infection, since these
high levels of cytokines are related to anti-CMV antibody titers and
not only to CMV-infection. The inflammation found and the
consequent immunosuppression are probably the main causes of
the re-emergences of CMV, and the great lymphocyte
differentiation demonstrated in CHF patients. Both characteristics
are enhanced in patients with worse functional status, probably due
to the negative effects of the chronic inflammation present in
these patients.
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The impact of biological sex on T-cell immunity to Cytomegalovirus (CMV) has not been
investigated in detail with only one published study comparing CMV-specific T-cell
responses in men and women. Many studies, however, have shown an association
between CMV infection and immunosenescence, with broad effects on peripheral blood
lymphocyte subsets as well as the T and B-cell repertoires. Here, we provide a detailed
analysis of CMV-specific T-cell responses in (n=94) CMV+ older people, including 47
women and 47 men aged between 60 and 93 years. We explore sex differences with
respect to 16 different CMV proteins arranged in 14 peptide pools (overlapping peptides).
Following ex vivo stimulation, CD4 and CD8 T-cells producing IFN-y, TNF, and IL-2 were
enumerated by flow-cytometry (intracellular cytokine staining). T-cell responses were
evaluated in terms of each cytokine separately or in terms of cytokines produced
simultaneously (polyfunctionality). Surface memory phenotype and CD3 downmodulation
were assessed in parallel. The polyfunctionality index and a memory subset differentiation
score were used to identify associations between response size, cytokine production,
polyfunctionality, and memory subset distribution. While no significant sex differences were
found with respect to overall CMV target protein selection, the T-cell response in men
appeared more focused and accompanied by a more prominent accumulation of CMV-
specific memory CD4 and CD8 T-cells. T-cell polyfunctionality and differentiation were similar
in the sexes, however, CMV-specific T-cells in men produced more pro-inflammatory
cytokines. Particularly, TNF production by CD4 T-cells was stronger in men than in
women. Also, compared with women, men had larger responses to CMV proteins with
immediate-early/early kinetics than women, which might have been driven by CMV
reactivation. In conclusion, the CMV-specific T-cell response in men was larger and more
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pro-inflammatory than in women. Our findings may help explain sex differences in CMV-

associated pathologies.

Keywords: aging, T cell, Cytomegalovirus (CMV), immunosenescence, biological sex

INTRODUCTION

Cytomegalovirus (CMV) infection has a major impact on the
immune system, in particular on the distribution of lymphocyte
subsets (1, 2). CMV prevalence increases with age, which also has
a profound effect on the immune system by reducing its ability to
respond to infection and cancer (immunosenescence). This
CMYV prevalence results in increased morbidity and mortality
in older people. Biological sex appears to modify both the effect
of CMV infection and aging (3-6). It is important to note that
immunosenescence also occurs in the absence of CMV infection,
however, changes resulting from CMYV infection may accelerate
the effects of immunosenescence.

A role of CMV infection in immunosenescence has been
supported by numerous publications since the early 2000s. Loss
of the costimulatory molecule CD28 on CD4 T-cells (generating
‘CD28™!' CD4 T-cells’) has been recognized as a hallmark of
immune ageing since 1999 (7) and for just as long, it has been
clear that CMV is associated with its occurrence (8). This
culminated in the hypothesis that immunosenescence may be
‘infectious’ (9). Our own recent work (10) has clarified that
CD28™" CD4 T-cells do not increase with age among CMV-
seronegative (CMV-) people showing that accumulation of these
cells is not related to aging per se. So, aging and immune aging
are not the same thing, they just coincide in older people.
CD28™" CD4 T-cells clearly have features of ‘aged’ immune
cells (e.g., replicative senescence) and the immune system of
people with expanded CD28™" CD4 T-cells would, therefore,
appear more aged. Since older people tend to be more frequently
CMV-seropositive (CMV+) than younger individuals, the effects
of aging and CMV cannot be easily differentiated in the elderly.
CMV prevalence can be up to 90% or more in many parts of the
world (11).

CMV has been implicated in memory T-cell inflation, in
particular in mouse models (12), and in a number of conditions
associated with changes to the peripheral blood T-cell
compartment, including autoimmune disease, atherosclerosis,
and cardiovascular disease (CVD). CVD is not only more
common in older ages, but also shows considerable sex bias
(13, 14). Our own recent work demonstrated an association of
CMV infection with increased aortic stiffness in healthy, White
British older males (15). Although confirmation of these findings
in populations of different genetic backgrounds and social
circumstances is pending, our findings suggest a potentially
very important effect of biological sex on CMV-induced
immunopathology. However, despite some inroads, detailed
knowledge of sex-related differences in CMV-associated
immunity and immunopathology is lacking. A number of
studies have established that CMV infection biases the

differentiation of the overall T-cell repertoire (2, 3, 6), however,
it is still unclear to what extent CMV-specific T-cells may
account for this effect. The Berlin Aging Study II (BASE-II)
showed that both age and CMV infection drive T-cell
differentiation, in both the CD4 and CD8 compartments, with
men accumulating higher frequencies of terminally differentiated
CD57+ CD8 T-cells. These cells are strongly associated with
CMV infection and have high cytotoxic potential (3). Overall,
older people had significantly higher proportions of late-
differentiated TEMRA cells (T effector memory cells re-
expressing CD45RA) among both men and women, but,
interestingly, these were exclusively accounted for by CMV+
subjects. Our own recent study on vascular stiffness also
suggested a stronger effect of CMV on memory T-cell
differentiation in men than in women, which could be one
possible explanation for increased vascular stiffness in CMV+
older men (15).

To our knowledge, the only published study on sex differences
with respect to CMV-antigen specific T-cell responses dates back
to 2004 (16). It showed that the in vitro CD4 T-cell response to a
CMV virus lysate was dominated by IFN-y and that women
exhibited higher levels of IL-2, IL-2-secreting cells, and
proliferation than men, suggesting that women react more
strongly to CMV than men. Since T-cells are the mainstay of
CMV-specific immunity, it is surprising that such differences
have not been explored in more detail since. In this study, we use
overlapping peptide pools for T-cell stimulation rather than a
virus lysate. This has a number of advantages, not least the fact
that both CD4 and CD8 T-cells can be stimulated efficiently (17,
18). A landmark study on CMV-specific T-cell immunity
published in 2005 showed that this approach is very powerful
(19). In that study CD4 and CD8 T-cell responses to 213 different
CMYV proteins (ORFs) were tested in 33 adults of different ages
and biogeographical ancestries. This historic dataset was later
reanalyzed to gain insight into the variability of CMV-specific T-
cell immunity in different individuals (20), but the cohort was
too small to robustly address sex differences. Our current dataset,
however, is ideally suited for this purpose; the population of
n=94 individuals of at least 60 years of age is evenly split into
women and men, which ensures not only that the effects of CMV
on the immune system are visible in most participants, but also
that comparisons between the sexes are statistically robust. Our
work focuses on the most important CMV target proteins in
order to highlight patterns of responsiveness, including response
size, differentiation, (poly-)functionality, and efficiency of
activation (CD3 downmodulation). This study is the first ever
to show a range of significant sex differences in CMV-specific T-
cell immunity that will help explain different immunopathologies
in women and men following CMV infection.

Frontiers in Immunology | www.frontiersin.org

110

August 2021 | Volume 12 | Article 707830


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

Reus et al.

Sex Differences in CMV-Specific Immunity

MATERIALS AND METHODS

Ethics Statement

Study approved by the UK National Research Ethics Service (NRES)
London Centre (Reference 13/LO/1270). Written informed consent
was obtained from all participants. The study was conducted in
accordance with the Declaration of Helsinki.

Participants and Samples

Generally healthy (n=94), CMV+ older volunteers (60-94 years)
were recruited through general practices (GP) in Southern
England with help of the primary care research network
(PCRN). Individuals with previous vascular events, such as
TIA, stroke or CV complications were included if generally
well with normal physical activity. However, individuals with
advanced CV morbidity were excluded.

Inclusion criteria were: White British ethnicity and age 60
years or older; exclusion criteria were: known immunodeficiency
(including HIV infection), organ transplantation, use of
immunosuppressive or immune-modulating drugs within the
last year (excluding acetylsalicylic acid < 100mg/day), cancer or
treatment for cancer within the previous 5 years, insulin
dependent diabetes, moderate or advanced renal failure, liver
disease, endocrine disorders (except corrected thyroid
dysfunction), manifest autoimmune disease, dementia/mental
incompetence, known alcoholism or other drug abuse, acute
infection or illness in the last 4 weeks, raised body temperature
(>37.5°C), moderate or severe heart failure (NYHA III or IV),
inability to lie flat. Individuals with typical, age-related
cardiovascular morbidity were not excluded.

Participant Data and Sample Collection
Peripheral blood from each subject was collected by
venipuncture in sodium Heparin-containing tubes. PBMCs
were isolated after collection using Ficoll-Hypaque density
gradient centrifugation (Sigma Aldrich, Steinheim, Germany).

TABLE 1 | CMV protein-covering peptide-pools used for T-cell stimulation®.

CMV Serology

CMYV immunoglobulin G (IgG) serology (Architect CMV IgG,
Abbot, Maidenhead, UK) was performed at the Brighton and
Sussex University Hospital Trust (BSUHT) virology laboratory.

CMV Peptides

Overlapping peptide pools representing 16 CMV proteins
arranged in 14 pools (Table 1) were used in T-cell stimulation
assays [for details see Supplementary Material and (15)].

CMV Reactivity of T-Cells

PBMCs were stimulated overnight (16h) with CMV peptide
pools. The following morning cells, were stained and acquired
by flow-cytometry. Phenotype markers included CD3, CD4,
CD8, CD45RA and CCR7 (surface staining). Activation
markers included IL-2, TNF, and IEN-y (ICS). The gating
strategy is shown in Figure S1. Responses were considered
positive when a clustered population of activated cells was
identified (visual inspection) above 0.01% of CD4 or CD8 T-
cells after background subtraction from the unstimulated sample.
For more details, see Supplementary Material and (15).

T-Cell Counts

T-cell counts per nanoliter (nL) of blood were determined using
a dual platform approach. White blood counts were obtained
from the routine clinical laboratory using a Sysmex counter
(Sysmex, UK). Using fresh whole blood, CD45+ cells (white
blood cells) were gated as well as CD4 and CD8 T-cells (using
CD3, CD4, and CD8). CD4 and CD8 T-cells per nL of blood
were determined in two steps. First, the proportion of CD4 and
CD8 T-cells among WBC was determined by dividing the CD4
and CD8 T-cell counts in the CD45+ gate (absolute event count)
by the CD45+ gate count (absolute event count). This proportion
was then multiplied with the WBC. Absolute CD4 and CD8
T-cell counts were available in 47 men (100%) and 42
women (89.4%).

Pool CMV Protein(s)
1 none

2 UL55

3 UL83 (‘pp65’)

4 uL86

5 uL122 (1E2’)

6 UL123 (‘IE1")

7 UL153

8 uL32

9 uL28

10 UL48A°

11 uL48B°

12 [USK]

13 UL151& UL82

14 UL94 & US29

15 US24 & UL36

16 SEB (positive control)

Kinetic class® (21) No. of Peptides

n.a. n.a.
L 224
L 138
E-L 340
IE (L) 120
IE 143
L 67
L 260
L 92
L 281
L 281
IE 44
unclassified & L 219 (82 &137)
L&E-L 197 (84 &113)
E&E(E) 240 (123 &117)

A panel of 19 CMV protein-spanning peptide pools was previously shown to correlate highly with the CD4 and CD8 T-cell response against 203 tested CMV proteins (19). The original
panel contained UL99, UL103, and US32 in addition, but were left out here since responses were absent in >100 White British people. "UL48 was divided into two pools (UL48A and
UL48B), however, results were combined with respect to determining T-cell reactivity. °IE, immediate early; E, early; L, late; n.a., not applicable.
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Data Processing

The raw data obtained from Flow Cytometry (Flow]Jo v9.6) was
processed by a php script running PHP Version 7.1.33. The data
processing involves the computation of percentage counts for
each patient and tube, background subtraction, sums of subset
counts for each patient (and type of subset), and the production
of FunkyCells compatible data files, containing percentages for
each T-cell memory subset.

HLA Typing
HLA-typing was performed at the Institute for Transfusion
Medicine, Hannover Medical School, Hannover/Germany [see (10)].

Polyfunctionality Index and

Differentiation Score

Polyfunctionality analysis was performed using FunkyCells software
(www.Funkycells.com). The polyfunctionality index was described
previously (22). Of note, here we performed the analysis on antigen-
specific T-cells by gating on cells secreting at least one cytokine.

Polyfunctionality Index = sk, Fx é,

where k is the total number of functions studied, F; is the frequency
(%) of cells performing i functions.

The differentiation profiles of T-cells were based on CD45RA
and CCR7 expression. The four differentiation states were identified
as Naive (i=0, CD45RA+CCR7+), Central Memory (i=1, CD45RA-
CCR7+), Effector Memory (i=2, CD45RA-CCR7+) and Revertant
(i=3, CD45RA+CCR7-).

Differentiation Score = X7, % Subset é

Statistical Analysis
Sidak’s (biological sex) and Tukey’s (CMV proteins) multiple
comparison correction were applied for multiple end-point
correction with respect to gender and protein-specific T-cell
reactivity, and gender and protein-specific CD3 downregulation
in 2-way ANOVA analyses.

Charts

The 3D bar charts were created by a Python program running
Python version 3.3.7. The following python libraries were used:
numpy, pandas, matplotlib, math, and scipy.stats. Scatter pie
charts were generated using R (version 3.6.2) (23) and the
packages ggplot2 (24) and scatterpie (25).

RESULTS

Global Distribution of CMV Protein
Reactivity Does Not Differ Between

Males and Females

We recently recruited a cohort of 108 CMV seropositive and 101
CMYV seronegative individuals between 60 and 93 years of age

(10, 15). The present analysis comprises 94 CMV+ participants,
in whom T-cell responses to CMV were measured including 47
women and 47 men of very similar age distribution (70.7 £ 6.5
years and 71.1 + 8.2 years, respectively, mean + SD). For testing
T-cell reactivity to CMV, we used overlapping peptide pools
covering 16 CMV proteins arranged in 14 stimulation pools
(Table 1). The 16 proteins were selected from a group of 19
proteins previously identified to correlate highly with the T-cell
response to all CMV proteins (19), but three proteins previously
not inducing a single response in >100 White British individuals
were omitted (26). Note that the selected proteins cover different
kinetic classes (Table 1), which are being considered as part of
the analysis. The division of proteins by kinetic classes accounts
for the fact that different CMV proteins occur at different times
after CMV reactivation. More precisely, those detectable at the
earliest times are referred to as ‘immediate early’ (IE) and those
that appear last are part of the virion at late (L) times. Some
proteins appear in between, i.e., at early (E) and early-late (E-L)
times (21, 27).

For the representation of protein-specific reactivity, the
responses to two pools including UL48 peptides (UL48A and
UL48B) were combined (Figure 1). We first analyzed CD4 and
CD8 T-cell responses to each pool with respect to the three
cytokines measured (IL-2, TNF, IFN-y). This was done cytokine
by cytokine and in combination. (Figure S1, gating strategy).
Logical combination of two possible states for each cytokine (i.e.,
IL-2+ or IL-2-, TNF+ or TNF-, IEN-y+ or IFN-y-) resulted in
seven non-overlapping (Boolean) subsets of cells with one or
more positive markers (Figure 1C, 1-7 hereafter), and one non-
activated all-negative subset (IL-2-/TNF-/IFN-y-). Individuals
were considered ‘reactive’ to a pool if the percentage of
activated events was equal to or larger than 0.01% (1/10,000)
within CD4 and CD8 T-cells. After ranking the responses
according to the number of individuals reacting to each CMV
protein pool, the top five CD4 T-cell targets (UL83, UL55, US24
& UL36, UL86 and UL32) and top two CD8 T-cell targets (UL83
and UL123) were the same as in our previous study (28), but the
order deviated slightly for the less dominant proteins
(Figure 1A). The number and frequency distribution of
protein target-specific T-cell responses were very similar in the
two sexes (Figure 1B). For CD4 T-cells the median number of
recognized proteins was 9 (IQR 7-11) in women and 8 (IQR 6-
10) in men, the difference being borderline significant (p=0.082),
for CD8 T-cells it was 6 (IQR 4-9) in both groups.

Theoretically, CMV protein recognition by T-cells should be
affected by HLA-type. Peptides arising from a given CMV target
protein will bind to some, but not all HLA-alleles. Individuals
possessing the right alleles are, therefore, more likely to respond to
these peptides than other individuals. All the participants of this
study were White British and no significant difference between men
and women in terms of target protein recognition was observed
(Figure 1B). Regarding protein-specific response size, we observed a
statistically significant difference between men and women in the
size of the CD8 T-cell response to UL123 (IE-1) and UL153 proteins
(p < 0.05/14, ie., p < 0.0036, Bonferroni correction for 14
endpoints), which could have been caused by differences in the
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FIGURE 1 | Reactivity of CD4 and CD8 T-cells against dominant CMV proteins. (A) The indicated proteins (overlapping peptide pools) were used for PBMC
stimulation. Responses (IL-2, TNF, or IFN-y) equal to or higher than 0.01% (1/10,000) of the reference population (CD4 or CD8) were included. The graph shows the
number of individuals recognising the indicated CMV protein pools within the entire cohort (n=94). (B) The graph shows the number of recognised proteins per
individual (x-axis) in females (right panels, n=47) and males (left panels, n=47), respectively. (C) Heatmaps show the frequency distribution of functional Subsets 1 to
7 (respectively: IL-2+/TNF+/IFN-y+; IL-2+/TNF+/IFN-y-; IL-2+/TNF-/IFN-v+; IL-2+/TNF-/IFN-y-; IL-2-/TNF+/IFN-v+; IL-2-/TNF+/IFN-y-; and IL-2-/TNF-/IFN-y+, right
table) within CD4 and CD8 T-cells, in females and in males. The heatmaps on the left show the contribution of each subset after weighing this relatively to the overall
response size, while the heatmaps on the right show the unweighted contribution (not normalised for the response size).

frequencies of one or more class-I HLA-alleles. HLA-typing (2-
field-code) was available for only 28 women and 25 men. The
difference with respect to these protein-specific responses, however,
was not significant among the HLA-typed individuals, so that a
possible effect of HLA-type on these responses could not be
explored. As would be expected in a group of this size (given the
vast polymorphism of the HLA-locus), HLA-alleles were not
distributed completely evenly between women and men. Among
the 53 HLA-typed participants, a total of 109 class-I and class-1I
HLA-alleles were present. Using the CHI? test (Fisher’s exact test),
we identified one single (class-II) HLA allele that was distributed
significantly differently between the sexes at the p < 0.05 level
(HLA-DQB1*03:01, p=0.02, CHI* test). Multiple end-point
correction, however, would reduce the significance level to p <
0.05/109, i.e., p<0.00046. No allele difference between the sexes was
significant at that level. On the whole, the number of HLA-typed

individuals was too small to allow a rigorous analysis of the effect of
HLA-type on protein-specific T-cell response sizes in women
and men.

Next, the distribution of functional subsets 1 to 7 across all
CMV proteins by size (Figure 1C) was determined either as
weighted (contribution is proportional to protein-specific
response sizes) or unweighted (all responses make the same
contribution). No significant sex differences in functional subset
distribution were detected at this level.

Among Men, Response Profiles Are More
Focused on Fewer Dominant Responses
Than in Women

To explore potential sex differences, we conducted an in-depth
analysis of T-cell responsiveness to a range of known and
dominant target proteins (Table 1) using ex vivo stimulation
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followed by intracellular cytokine detection. First, we investigated
whether the overall CMV-specific T-cell response size differed
between the sexes. This was achieved by summing up all CMV
protein-specific responses (i) with respect to each cytokine
separately (IL-2, TNF and IFN-y) and (ii) all cytokines in
combination. Although men generally showed higher (median)
responses, no statistically significant sex differences were detected
with respect to the overall CD4 T-cell response. However, CD8 T-
cell responses measured in percent of CD8 T-cells were significantly
bigger in men than in women with respect to TNF, IFN-v, or ‘any’
activation marker. This was also true (and included IL-2) when
considering T-cell counts per volume of blood (Table 2). Note that
for the purpose of analyzing T-cell response size, we mostly rely on
subset percentages in terms of CD4 and CD8 T-cells, which agrees
with our own previous work and most reports in the literature. The
percentage reflects the degree of commitment of the overall resource
(CD4 and CD8 T-cells) to certain phenotypic/functional subsets,
making them amenable to comparison. We have, however, also
performed analyses in terms of cell counts per volume of blood.
Overall, the two measures show a very high correlation (Figure S2
and Table S1).

We then investigated the question whether the size of the
summated CMV-specific T-cell response correlated with the
number of recognized CMV proteins in each individual. There was
a weak, but statistically significant correlation among CD4 (R=0.258,
p=0.012), but not CD8 T-cells (Table S2). The lack of a stronger
correlation between these parameters reflected that the contribution
of individual CMV protein-specific responses to overall response size
was clearly highly variable (Figures $3, $4). The UL83 and UL55-
specific responses among CD4 T-cells were significantly bigger than
other responses. IL-2+ CD4 T-cell responses were dominated by
responses to the late (L) structural target proteins, UL55, UL83, and
UL86 (Figure S3). However, in regards to TNF and IFN-y responses,
the immediate early (IE) protein-specific responses also played a
major role. US3 was slightly less frequently recognized than UL123
(IE-1) and UL122 (IE-2) (Figure 1A), yet clearly induced bigger CD4
T-cell responses (Figure S3). As previously reported (26, 28), the CD8

T-cell response was dominated by UL83 and UL123 (Figure 1A and
Figure S3). Of note, we found that CD8 T-cell responses to UL28
were very large in some individuals, but more variable than responses
to UL83 and UL123. Essentially, the same patterns were revealed
when using cell count per volume of blood (cells/nL) instead of
percentages of CD4 or CD8 T-cells (Figure S4).

We subsequently explored which proteins showed the biggest
sex differences in response magnitude and if there were sex
differences in regards to protein immunodominance (Figure 2).
Overall, there was a clearly visible trend towards higher TNF and
IFN-v responses in men (Figure 2, heatmaps) both among CD4
and CD8 T-cells. However, using stringent multiple endpoint
correction, only the difference in the size of the IFN-y CD4 T-cell
response to the UL86 protein was statistically significant. US3-
specific CD4 T-cell responses were four to five times bigger in
men than in women, but the difference did not reach statistical
significance (Figure 2).

Interestingly, the CD4 T-cell response to UL55 differed
significantly in size from responses to multiple other CMV
proteins in men (blue) but not women (orange), underscoring the
dominance of UL55 as CD4 T-cell target, particularly in men
(Figure 2). In particular, with respect to TNF+ and IFN-y+ CD4
T-cells, UL55-specific responses were significantly higher than
responses to nine other proteins, but only in men. Also, UL123
CD8 T-cell responses were significantly higher than three other
responses in men, but not in women. Together, these data suggest
that protein recognition is more focused on dominant proteins in
men than in women, with UL55, UL86 and US3-specific CD4 T-cell
responses and UL123-specific CD8 T-cell responses contributing
most to the overall larger summated response sizes.

We subsequently sought to investigate cytokine dominance in
CMV-specific T-cell responses in the two sexes. In the entire
cohort and with respect to each peptide pool, TNF and IFN-y
CD4 T-cell responses were on average higher than IL-2 responses
(p<0.0001 for each comparison), and TNF responses were bigger
than IFN-y responses (Wilcoxon test, related samples, p<0.001).
For CD8 T-cells, both TNF and IFN-y responses were bigger

TABLE 2 | Overall CMV-specific response size in men and women.

Parameter All Women Men Women vs Men
Median (IQR) Median (IQR) Median (IQR) p?
CD4 IL-2 (%) 0.65 (1.34) 0.60 (0.97) 1.21 (1.73) 0.069
CD4 TNF (%) 2.42 (3.61) 2.28 (2.34) 3.08 (5.86) 0.192
CD4 IFN-y (%) 217 (2.78) 2.06 (2.27) 2.23 (5.39) 0.268
CDA4 (any) (%) 2.84 (3.81) 2.59 (2.53) 3.27 (6.43) 0.143
CD8 IL-2 (%) 0.29 (0.52) 0.20 (0.56) 0.35 (0.63) 0.128
CD8 TNF (%) 5.55 (6.64) 3.82 (5.90) 7.26 (7.91) 0.008
CD8 IFN-y (%) 5.63 (7.26) 3.68 (6.56) 7.29 (7.22) 0.004
CD8 (any) (%) 6.53 (8.61) 4.10 (7.55) 8.61 (9.21) 0.008
CD4 IL-2 (cells/nl) 0.50 (0.98) 0.45 (0.59) 0.68 (1.11) 0.324
CD4 TNF (cells/nL) 1.74 (2.54) 1.83(1.85) 1.70 8.27) 0.593
CD4 IFN-y (cells/nL) 1.29 (2.04) 1.53 (1.46) 1.18 (3.13) 0.721
CD4 (any) (cells/nL) 1.95 (2.69) 2.02 (1.75) 1.92 (8.59) 0.593
CD8 IL-2 (cells/nL) 0.09 (0.25) 0.08 (0.10) 0.14 (0.29) 0.030
CD8 TNF (cells/nL) 2.00 (3.25) 1.32 (3.00) 2.91 (3.26) 0.006
CD8 IFN-y (cells/nL) 1.78 (3.43) 1.09 (2.88) 3.13 (3.40) 0.005
CD8 (any) (cells/nL) 2.39 (4.27) 1.56 (3.74) 3.61 (3.62) 0.009

AMann-Whitney test, not corrected for multiple endpoints. Significant values (p<0.05) are shown in bold.
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FIGURE 2 | Impact of biological sex on the CD4 and CD8 T-cell reactivity against 14 different CMV peptide pools. PBMCs from males (n=47) and females (n=47)
were stimulated with CMV peptide pools; responses below the 1/10,000 threshold were excluded (grey shaded area of each plot). Heatmaps represent response
size in males (M) and females (F). As indicated in the scale, darker shades of red represent large responses, while darker shades of blue correspond to low response
frequencies. Scatter plots show the frequencies of CD4 and CD8 T-cells responding to the indicated CMV proteins in males (blue empty triangles, M) and females
(orange empty circles, F). Error bars show median and interquartile range. Statistical differences in response sizes with respect to different CMV protein were
assessed in 2-way ANOVA (addressing both the effect of ‘sex’ and ‘CMV protein’ on the size of the cytokine response, Table S3) followed by multiple end-point
correction. Differences between proteins within males and females are shown by blue and orange lines, respectively, and differences between males and females by
black lines. Significance levels are: *p < 0.05; *p < 0.005; **p < 0.0005; ***p < 0.0001.

than IL-2 responses (p<0.0001 for each comparison), however,
the differences between TNF and IFN-y responses were not
statistically significant. All of the above differences persisted
when men and women were analyzed separately.

Sex Differences Are Reflected by CMV
Target Protein-Associated CD3
Downregulation Patterns

With respect to most tested CMV-proteins, T-cell responses
tended to be larger in men than in women (Figure 2).
Consequently, we investigated if such differences were reflected
by different degrees of activation-induced CD3 downmodulation,
which is often used as a measure of stimulation efficiency. In each
individual, CD3 downmodulation was assessed relative to the
non-activated (i.e., cytokine-negative) portion of CD4 and CD8
T-cells. Because differences in cytokine production may be

associated with different propensities to respond to antigenic
challenge, we analyzed relative CD3 downmodulation in
each of the seven functional subsets defined by IL-2, TNF, and
IFN-y production (Figure 1C). CD3 downmodulation was
calculated as:

( MFI of the non-responsive T-cell population
— MFI of the activated T-cell population)/ MFI of the

non-responsive T-cell population

This typically resulted in values between 0 and 1 (‘I
indicating 100% downmodulation). However, in a few cases,
this ratio was negative (if the activated events had a higher MFI
than the non-responsive population) or >1 (if the MFI of the
activated T-cell population was below baseline, i.e., recorded
with a negative value).
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Interestingly, CD3 downregulation varied significantly between
the seven functional subsets in regards to each protein, but also the
responses to different proteins. It also varied between women and
men (Figures 3 and S5, S6). Functional subset 5 (IL-2-/TNF
+/IFN-y+, ‘Sub5’) showed the biggest CD3 downmodulation of all
subsets both in CD4 and CD8 T-cells (Figure S5). CD3
downmodulation in Sub5 was frequently close to 100% in CD4
T-cells but somewhat less often in CD8 T-cells. The heatmaps in
Figure S5 show a tendency towards lesser CD3 downmodulation
in Sub5 in men than in women (dominance of red over green,
Figure S5). CD3 downmodulation of Sub5 among UL28 and
UL48A-specific CD4 T-cells was weaker than among CD4 T-cells
specific to other proteins. With respect to CD8 T-cells, UL83
showing the highest levels of downregulation in both sexes,
followed by UL55 and US3. No significant differences were
elicited but, surprisingly, CD3 downmodulation overall was
weaker in the CD8 T-cells (Figure S5).

Next, in order to establish if there was a hierarchy of CD3
downmodulation across the functional subsets, we standardized
CD3 downmodulation across all subsets to the degree of CD3
downmodulation found in Sub5, which was the most
downmodulated subset (i.e., the level of CD3 downmodulation
of each subset was divided by that of Sub5) (Figures 3 and S6).
Relative CD3 downmodulation for each subset was hence
between 0 and 1 with a very small number of exceptions in
individuals where a subset other than Sub5 showed the strongest
CD3 downmodulation (Figures 3 and S6).

With respect to CD4 T-cells (Figure 3), Subl showed a degree
of CD3 downmodulation similar to Sub5 (values close to 1, in
general). In regards to the most immunodominant proteins,
UL55, UL83 and UL86 (Figure 2), CD3 downmodulation was
high in virtually all functional CD4 subsets in both men and
women (Figure 3 and S$6). In CD8 T-cells, interestingly, CD3
downregulation across the functional subsets was less consistent
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FIGURE 3 | CD3 downregulation takes place to different degrees in different functional CD4 T-cell subsets and reveals sex differences in regards to select proteins.
PBMCs from men (n=47) and females (n=47) were stimulated with specific CMV-protein peptide mixes and processed for intracellular cytokine staining, excluding
responses below the 1/10,000 threshold. Levels of CD3 downregulation in functional subsets (Sub1 through Sub7) were standardized relative to the downregulation
in Sub5. Heatmaps show CD3 downmodulation in males (M) compared with females (F). Darker shades of red represent low and darker shades of green high CD3
downmodulation. Scatter plots show CD3 downregulation in males (blue triangles) and females (orange circles). Error bars show median and interquartile range.
Statistically significant differences (i) between sexes are indicated by black lines and (i) within sexes between proteins by blue and orange lines for men and women,
respectively. Statistical significance was determined by 2-way ANOVA followed by multiple end-point correction. Significance levels are *P < 0.05; **P < 0.005; ***P <
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and showed more heterogeneity across different target proteins
(Figures S5 and S6). Table S4 shows p-values for differences in
CD3 downmodulation between the functional subsets as well as
between the sexes. These results agree with the sex differences
reported in the previous sections. Generally, sex differences were
more visible in CD4 than in CD8 T-cells. In men the CMV-
specific immune response appeared more polarized towards
dominant targets than in women.

Men Accumulate More CMV-Specific CD4
and CD8 Memory T-Cells Than Women

We wondered whether the biological sex differences detected above in
cytokine responses were mirrored in the distribution of canonical
peripheral blood T-cell subsets. The surface markers C-C chemokine
receptor 7 (CCR7) and CD45RA were used to identify canonical T-
cell ‘memory subsets’ including naive/naive-like T-cells (CCR7+
CD45RA+, Na), central memory (CCR7+CD45RA-, CM), effector
memory (CCR7-CD45RA-, EM), and revertant memory T-cell
subsets (CCR7-CD45RA+, Rv) (Figure S1) (15). Of note, the
‘naive’ phenotype will include a variable and generally small

number of T-cells that are antigen experienced, but exhibit a
phenotype similar to that of naive cells, referred to as naive-like
cells (Na). The distribution of these four subsets among CMV-
reactive T-cells was analyzed in women and men with respect to
each protein/protein-combination pair (Figure §7) and the overall
distribution (Figure 4).

We initially examined differences in the proportions of all
memory subsets among CMV-specific T-cells, which may identify
changes in response composition between the sexes (Figure 4A).

Importantly, to generate these diagrams, the percentages of each
respective subset in each individual were first added up across all
CMV proteins (top), immediate-early/early proteins (IE/E,
middle), and early-late/late proteins (E-L/L, bottom) and then the
sums were normalized to 100% for representation in the pie charts.
Larger responses to some proteins, therefore, have a stronger effect
on these pie charts than smaller responses and hence have more
weight; we refer to these charts as ‘weighted” (averaging the
proportions across the different proteins in the first step, by
contrast, would give each protein the same weight). Regarding all
CMV-proteins together, the memory subset composition of CD4
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FIGURE 4 | Distribution of protein-specific T-cells across canonical blood T-cell subsets by protein kinetic class. CMV-specific T-cells (any activation marker) were
analyzed in regards to memory subset composition including naive-like/stem-cell memory (Na, CCR7+CD45RA+, green), central memory, (CM, CCR7+CD45RA-,
yellow), effector memory (EM, CCR7-CD45RA-, orange) and revertant memory (Rv, CCR7-CD45RA+, red). (A) Pie charts show weighted average percentages of
memory T-cell subsets (composition). Top, middle, and bottom panels show all CMV-protein reactive T-cells, IE/E-protein-and E-L/L-protein-specific T-cells,
respectively. Weighted percentages were obtained by adding up responder frequency for all selected proteins, and then the sums for each subset were normalized
to 100%. (B) Stacked bar charts show non-normalized CD4 or CD8 T-cell subset percentages added up across all CMV proteins, |E/E and E-L/L proteins,
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T-cell responses did not significantly differ between women and
men. With respect to CD8 T-cells, however, the Na and CM
compartments were significantly larger in women than in men
(Figure 4A, top). Significant sex differences were also found in
regards to IE/E-specific CM CD4 T-cells, Na and CM CD8 T-cells,
and E-L/L-specific Na CD8 T-cells (Figure 4A, middle and
bottom). These results suggest that the proportions of the Na
and/or CM CD8 T-cell (less differentiated) compartments in men
were generally smaller. Figure 4B shows memory subset
frequencies (summed percentages) in terms of CD4 and CD8 T-
cells rather than response composition. With respect to the overall
frequencies of CMV-specific peripheral T-cells (top), EM CD4 T-
cells (p=0.045) as well as EM (p=0.014) and Rv (p=0.011) CD8 T-
cells were significantly larger in men than women. In regards to IE/E
protein-specific T-cells (middle), men showed significantly more
EM (p=0.005) and Rv (p=0.001) CD4 T-cells and, in addition, Rv
(p=0.028) CD8 T-cells. Regarding E-L/L proteins (bottom), men
had higher EM (p=0.016) and Rv (p=0.037) CD8 T-cells. Figure 4C
confirms the identified sex differences showing, however, median
counts per volume of blood (cells/nL), instead of percentages. The
Rv CD8 T-cell subset in particular was clearly bigger in men than in
women, for example, with respect to E-L/L proteins it was 3.7 times

bigger in men (Table 3). On the whole, when considering response
size both in terms of percentages and counts per volume of blood,
significant sex differences became apparent, particularly regarding
the sizes of the EM and/or Rv compartments among CD4 and CD8
T-cells. EM and Rv CD4 T-cell responses to IE/E as well as EM and
Rv CD8 T-cell responses to E-L/L proteins were between two- and
threefold higher in men than in women (Table 3).

The Amount of Cytokine Produced by
CMV-Specific T-Cells Is Higher in Men
Than in Women

In addition to response size, we also examined the overall IL-2, TNF,
IFN-v secretion ‘potential’ of CMV-specific CD4 and CD8 T-cells.
This was done in order to explore if certain proteins had more
intrinsic inflammatory potential than others and to elicit additional
potential differences between men and women. Note that, at the
single cell level, the mean fluorescence intensity (MFI) of the
cytokine detection antibody directly correlates with the amount of
intracellular cytokine. However, at the population level, the average
MFI of CMV protein-specific responses does not provide a good
measure of cytokine production unless the number of cells
producing the cytokine is taken into account. By multiplying the

TABLE 3 | Biological sex differences in memory subset size and distribution.

Women Men Women/Men

Median (IQR) Median (IQR) Ratio P
Na CD4 IE/E (%) 0.08 (0.06) 0.06 (0.09) 0.57 n.s.
CM CD4 IE/E (%) 0.03 (0.05) 0.03 (0.04) 0.92 n.s.
EM CD4 IE/E (%) 0.18 (0.28) 0.37 (1.16) 0.49 0.005
Rv CD4 IE/E (%) 0.01 (0.03) 0.05 (0.15) 0.32 0.001
Na CD8 IE/E (%) 0.08 (0.07) 0.08 (0.05) 0.90 n.s.
CM CD8 IE/E (%) 0.01 (0.04) 0.01 (0.03) 0.99 n.s.
EM CD8 IE/E (%) 0.32 (0.62) 0.37 (0.9) 0.88 n.s.
Rv CD8 IE/E (%) 0.68 (1.09) 1.24 (2.48) 0.54 0.028
Na CD4 E-L/L (%) 0.19 (0.35) 0.28 (0.61) 0.70 n.s.
CM CD4 E-L/L (%) 0.14 (0.16) 0.11 (0.22) 1.19 n.s.
EM CD4 E-L/L (%) 0.85 (1.73) 1.34 (2.67) 0.64 n.s.
Rv CD4 E-L/L (%) 0.17 (0.34) 0.14 (0.65) 1.25 n.s.
Na CD8 E-L/L (%) 0.13 (0.39) 0.13 (0.3 1.01 n.s.
CM CD8 E-L/L (%) 0.02 (0.03) 0.03 (0.04) 0.75 n.s.
EM CD8 E-L/L (%) 0.34 (1.01) 0.89 (1.42) 0.39 0.016
Rv CD8 E-L/L (%) 0.79 (3.85) 1.88 (4.15) 0.42 0.037
Na CD4 IE/E (cells/nL) 0.02 (0.04) 0.04 (0.06) 0.61 n.s.
CM CD4 IE/E (cells/nL) 0.02 (0.04) 0.02 (0.03) 1.18 n.s.
EM CD4 IE/E (cells/nL) 0.13 (0.19) 0.25 (0.56) 0.50 0.038
Rv CD4 IE/E (cells/nL) 0.01 (0.02) 0.04 (0.08) 0.36 0.010
Na CD8 IE/E (cells/nL) 0.02 (0.02) 0.01 (0.03) 1.62 n.s.
CM CD8 IE/E (cells/nL) 0(0.02) 0.01 (0.01) 0.82 n.s.
EM CD8 IE/E (cells/nL) 0.13 (0.25) 0.15 (0.44) 0.87 n.s.
Rv CD8 IE/E (cells/nL) 0.21 (0.69) 0.4 (1.14) 0.52 0.029
Na CD4 E-L/L (cells/nL) 0.16 (0.26) 0.19 (0.28) 0.86 n.s.
CM CD4 E-L/L (cells/nL) 0.11 (0.14) 0.09 (0.13) 1.26 n.s.
EM CD4 E-L/L (cells/nL) 0.65 (1.32) 0.82 (1.97) 0.80 n.s.
Na CD4 E-L/L (cells/nL) 0.12 (0.28) 0.08 (0.26) 1.50 n.s.
Rv CD8 E-L/L (cells/nL) 0.06 (0.1) 0.07 (0.13) 0.88 n.s.
CM CD8 E-L/L (cells/nL) 0.01 (0.01) 0.01 (0.02) 0.75 n.s.
EM CD8 E-L/L (cells/nL) 0.14 (0.25) 0.45 (0.69) 0.31 0.010
Rv CD8 E-L/L (cells/nL) 0.28 (1.62) 1.02 (2.06) 0.27 0.032

Statistical significances (p < 0.05) are shown in bold.
n.s., non-significant.
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cell number (percentage of reference population) and MFI, a
surrogate for the amount of produced cytokine can be calculated
that is sometimes referred to as ‘integrated MFI' (iMFI) (29).
We, therefore, used the iMFI to compare responses between
women and men in addition to response size alone. Also note that
with respect to cytokine production, the MFI of different protein-
specific responses cannot reasonably be added up in order to
summarize the amount of cytokine produced overall. Because the
iMFI is a surrogate for cytokine amount, however, it is permissible
(and makes sense, mathematically) to add iMFIs across responses.
This allows for the computation of cytokine production in response
to several proteins. Table 4 shows that, with respect to CD4 and
CD8 T-cells and responses to all CMV proteins, the iMFI for TNF
and IFN-y tends to be higher in men than in women. These
differences were statistically significant for CD8 T-cells only.

CMV Reactivation Responses Are Bigger
in Men and Associate With Bigger E-L/L
Responses, But Not Vice Versa

CMYV reactivation is a frequent event in CMV-infected people
and thought to be probably the main driver of CMV-specific T-
cell expansions (30). As a result, CMV reactivation is also likely
to drive differences in CMV-specific T-cell responses between
women and men. Accordingly, we examined differences between
men and women regarding proteins whose expression is related
to different times after activation. We hypothesized that proteins
produced at immediate early and early times may have a bigger
impact of shaping T-cell immunity than those produced later
and that they may have different impact in women and men. We,
therefore, calculated the median response iMFI (IL-2, TNF and
IEN-y) for all pools containing IE/E proteins (UL122, UL123,
US3, US24&UL36) as well as E-L/L proteins (UL55, UL83, UL32,
UL28, UL48, UL151&UL83, UL94&US29) and compared these
between men and women (Figure 5A). Additionally, summated
response sizes with respect to the same proteins (median) were
compared between men and women (Figure 5B). The lower
panel of Figure 5B shows counts per volume of blood, essentially
confirming the results obtained with percentages. With respect to
CD4 T-cells (Figure 5A, left), the median iMFI of the IL-2, TNF,
and IFN-y responses to IE/E proteins (top) was significantly
higher in men than in women, as well as the iMFI of the E-L/L
protein-specific IL-2 response (bottom). Regarding CD8 T-cells
(Figure 5A, right), the median iMFI of the TNF response to IE/E
proteins (top) as well as the median iMFI of IL-2, TNF, and
IFN-v responses to E-L/L proteins (bottom) were all significantly
higher in men than in women. At the level of response sizes, CD4

T-cells response to IE/E and E-L/L proteins and CD8 T-cells
response to E-L/L proteins were higher in men compared with
women (Figure 5B). Interestingly, there was a moderate association
between the size of the CD4 T-cell response to IE/E proteins and
that to E-L/L proteins (any cytokine, R=0.325, p=0.003).

We also investigated if there was an effect of the frequently
reactivated responses to IE/E proteins on the response to any
other proteins, potentially indicating that even incomplete
reactivation would push all CMV-specific responses to a more
differentiated phenotype. We, therefore, examined if the cytokine
iMFIs of responses to IE/E (compared with E-L/L) proteins were
associated with IE/E and E-L/L overall response sizes. For CD4
and CD8 T-cells we ran bivariate correlations between iMFI of
IL-2, TNF, and IFN-7y responses to any CMV protein (14 pools)
and the size of the responses directed against IE/E and E-L/L
antigens (Figure 6). Note that correlations between the iMFI of
IE/E protein-specific response with the overall size of the
response to IE/E proteins would be expected as the iMFI as
such incorporates the size of the response. However, a
correlation of the iMFI of IE/E protein-specific responses and
the size or iMFI of E-L/L protein specific responses would not be
expected, unless reactivation (mostly marked by responses to IE/
E protein-antigens) were to somehow enhance E-L/L-driven
responses. Weak-to-moderate, yet significant, positive
associations between the iMFIs (IL2, TNF and IFEN-y) of IE/E
protein-specific CD4 T-cell responses and the size of the E-L/L
protein specific CD4 T-cell response were found (Figure 6; see
inset tables). This effect was not identified in CD8 T-cells,
indicating that reactivation might have a stronger overall effect
on the size of the CD4 T-cell response.

Associations of Polyfunctionality With
T-Cell Differentiation Do Not Differ
Between Women and Men

In order to analyze associations of T-cell differentiation and
polyfunctionality, we used the previously described
polyfunctionality index (PI) (22), which allows one to summarize
the composition of each T-cell response in terms of non-overlapping,
functional Boolean subsets as a single number. The advantage of using
this index is that polyfunctionality becomes a continuous variable that
can be correlated with other parameters, for example, response size.
We previously reported that, contrary to common belief,
polyfunctionality is increased in large CMV-specific responses (26,
31). Here we sought to confirm this relationship and, in addition,
explore differences between men and women in regard to protein-
specific polyfunctionality, MFI/iMFI, memory differentiation and

TABLE 4 | iMFI for TNF and IFN-y between biological sex groups.

Parameter Women Men p
Median (IQR) Median (IQR)

CD4 TNF 468.37 (715.33) 644.04 (1941.48) 0.228
CD4 IFN-y 70.42 (64.24) 86.26 (166.47) 0.189
CD8 TNF 546.55 (1055.63) 1299.14 (1405.64) 0.006
CD8 IFN-y 171.42 (382.69) 364.62 (414.93) 0.004
Statistical significances (p < 0.05) are shown in bold
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specific T-cells in men and women the percentage (in terms of CD4 or CD8 T-cells) of each cytokine response was multiplied by the MFI to generate the ‘integrated
MFI" (iIMFI), for CD4 and CD8 T-cells. Responses were grouped by adding up the iIMFI of responses to IE/E proteins (UL122, UL123, US3, US24&UL36), more likely
to reflect CMV reactivation, and those to E-L/L proteins (UL55, UL83, UL32, UL28, UL48, UL151&8UL83, UL94&US29). (A) Box plots show the median iMFls for
each cytokine response to IE/E (top) or E-L/L proteins (bottom) by CD4 (left) and CD8 (right) T-cells. (B) Box plots show the median of the summed frequencies or
counts (cells/nL) of CD4 (left) and CD8 (right) T-cells responding to IE/E and E-L/L proteins. Box plots show median and interquartile range, outlier limits (whiskers,
LQ-1.5%IQR, UQ+1.5*1QR), outliers (0). Within each graph, left and right boxes show responses in females and males, respectively.

UL151 & IL82) than others, in both CD4 and CD8 T-cells (Figure 7).
Compared with CD4 T-cells, fewer CD8 T-cells produce IL-2,
resulting in lower PI values for CD8 (compare Figures 7A, B). Also,
the DSc is higher in CD8 than CD4 T-cells (with a DSc hardly

response size. For the purpose of representing memory differentiation
in correlations, we generated a differentiation score (DSc). This score
captures the percentages of CD4 and CD8 T-cells in each of the non-
naive compartments and assigns progressive weight to each

compartment (see Polyfunctionality Index and Differentiation Score
for a formal definition). The polyfunctionality of responses to CMV is
more homogeneous (showing a tighter cluster of pies) for some CMV
proteins (US3 and the four late proteins: UL28, UL48A, ULA48B,

exceeding 0.67) because CD4 T-cells rarely reacquire CD45RA
expression (revertant cells) (Figure 4). Nevertheless, the correlation
between polyfunctionality and differentiation score is less evident in
CD8 than in CD4 T-cells, where there is a clear increase of
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FIGURE 6 | IE/E and E-L/L CD4 and CD8 T-cell response correlation. PBMCs from males (n=47) and females (n=47) were stimulated and processed for intracellular
cytokine staining. Thereafter, the iIMFI for each cytokine was calculated. Scatter plots show the association of IE/E protein specific with E-L/L protein-specific CD4
and CD8 T-cell responses. The inset tables show the Pearson R correlation coefficient for each association comparison with the level of significance. *p < 0.05;
**p < 0.005.

polyfunctionality with higher differentiation (Figure 7A). Of note,
the PI tends to rise along with the DSc until a certain point, after which
it decreases, as most responses predominantly originate from
revertant cells (Rv, red) (e.g., UL86, UL24&UL36, UL153 and
UL48A/B in CD4 T-cells and UL55, UL28 and UL48A in CD8 T-
cells, Figure 7). This agrees with our own previously published data
comparing MFIs in different memory T-cell compartments
(previously defined by CD27 and CD45RA) (26). While no
significant sex differences were observed for CD4 and CD8 T-cell
polyfunctionality to CMV, some non-significant trends towards lower
polyfunctionality were apparent from UL153 in women (Figure S8).

A Population View of CMV-Target
Protein-Specific T-Cell Responses

Reveals TNF-Dominated CD4 T-Cell
Responses in Men That Are Absent

in Women

In order to visualize T-cell responses as a whole in the entire
participant population, we plotted donor (x-axis) against protein
pool (y-axis), response sizes in percentages of CD4 or CD8 T-
cells (z-axis) as well as the MFI for TNF or IFN-y (color gradient
of the columns). This four-dimensional view shows a stark
difference between women and men in regards to CD4 T-cells,
in particular those producing TNF (Figures 8, 9). It illustrates an
excess of T-cell reactivity in terms of the measured cytokines in
men and in particular the presence of response outliers. Sex
differences in regards to IFN-y producing CD4 T-cells were

observed only in terms of response size. In CD8 T-cells sex
differences were not nearly as obvious as in CD4 T-cells
(Figure 9). The same analysis was performed using cells
counts (cell/nL) obtaining similar results (Figures S9, S10).

In CD4 T-cells, response size measured in percentage (and
cell counts) of TNF-producing cells was hence positively
correlated with the MFI of TNF (i.e., the bigger response, the
higher the MFI of TNF). However, response size measured in
percentage (and cell counts) of IFN-y-producing T-cells was
negatively associated with the MFI of IFN-y (the larger the
response, the lower the MFI of IFN-y). Table 5 shows that in
CD4 T-cells these positive and negative associations between
response size and cytokine MFI were statistically significant for
all dominant target proteins. Among CD8 T-cells the pattern was
less clear overall, although clearly the MFIs of TNF and IFN-y
were significantly positively correlated with the respective
response size in regards to several dominant responses but not
the (most dominant) response to UL83. The pattern appeared
less clear than in CD4 T-cells.

DISCUSSION

Previous studies exploring the effect of biological sex on CMV-
specific immunity had shown that CMV infection affects T-cell
differentiation differently in women and men (3, 15). However,
these studies did not explore the actual CMV-specific T-cell
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response in much detail, let alone the response to individual
CMYV proteins representing different phases of reactivation. The
present study is the first to provide a detailed analysis of sex
differences in the T-cell response to a range of dominant CMV T-
cell target proteins.

Based on a selection of CMV proteins known to represent
frequent and dominant T-cell response targets (19), we initially
explored protein recognition (i.e., presence or absence of a
response in regards to each protein in each individual) in a
recently recruited cohort of 94 CMV-seropositive individuals. As
expected, hierarchies in terms of protein recognition frequency
differed between CD4 and CD8 T-cells. However, our results
confirmed the previously identified hierarchy in an equally
White British cohort with respect to the most dominant target
proteins (26, 28). Minor differences detected in target protein
response hierarchy between the historic cohort (19) and the
present one may be related to differences in HLA-allele
frequencies, since the historic cohort was ethnically
more diverse.

Interestingly, the numbers of protein targets recognized by
CD4 T-cells and CD8 T-cells in each individual were
significantly correlated, despite the fact that CD4 and CD8 T-
cells recognize peptides in the context of class-II and class-I
MHC, respectively. This might be explained by an
accumulation of HLA-alleles favoring CMV-peptide
recognition during evolution. The distribution of T-cell
responses in terms of recognized target proteins was very
similar in women and men.

In agreement with the literature and our own previous reports
(19, 20, 26, 28, 31), both the CD4 and CD8 T-cell compartments
make a significant contribution to the CMV-specific T-cell
response. CD4 T-cells may respond to antigens presented in
the context of class-II MHC on APCs, but also endothelial cells.
In addition, infected endothelial cells (and possibly other tissues)
produce non-infectious exosomes containing CMV proteins.
These are taken up by APCs and presented to CD4 T-cells
(32). CD8 T-cells however seem to be mainly primed by cross
presentation as CMV induces downmodulation of MHC-I
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FIGURE 8 | Large CD4 T-cell responses producing high levels of TNF are found preferentially in men. 3D bar charts show all individual CD4 T-cell responses to
each CMV peptide pool in the entire population (left), men alone (middle) and women alone (right). Participants are ordered by increasing median T-cell response size
from left to right with respect to the entire population. Peptide pools are ordered by increasing median response size induced from front to back, also with respect to
the entire population. Bar height corresponds to the percentage of cytokine producing CD4 T-cells, i.e., response size. Bar color corresponds to the MFI of the
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molecules in infected cells (33). It was previously reported that
immunogenic ORFs were represented across all kinetic classes of
HCMYV proteins, and it was also shown that the frequency of
T-cells specific to a given protein was proportional to the
representation of the corresponding ORF in the entire CMV
proteome (19).

In this study, T-cell activation was identified by intracellular
IL-2, TNF, and IFN-y. This may be a limited panel, but these
cytokines are critical for T-cell proliferation and effector function.
TNF was the cytokine most frequently produced by activated CD4
T-cells, whereas among CD8 T-cells TNF and IFN-y were equally
dominant. We previously reported that the largest age-associated
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FIGURE 9 | Patterns of TNF and IFN-y producing CD8 T-cells appear similar in terms of size and distribution among men and women. 3D bar charts show all
individual CD8 T-cell responses to each CMV peptide pool in the entire population (left), men alone (middle) and women alone (right). Participants are ordered by
increasing median T-cell response size from left to right with respect to the entire population. Peptide pools are ordered by increasing median response size induced
from front to back, also with respect to the entire population. Bar height corresponds to the percentage of cytokine producing CD8 T-cells, i.e., response size. Bar
color corresponds to the MFI of the measured cytokine according to the displayed scale.

increase in CMV-specific T-cell responses occurred in regards to The combination of the three cytokines further allowed the
TNF-producing CD4 T-cells (28), which is of interest in this  division of activated T-cells into seven non-overlapping
context, since the participants of this study were 60 years old or ~ (Boolean) functional subsets. The relative contribution of these

older. Our previous study, however, did not explore sex differences, ~ subsets to the overall response, as expected, differed a lot between
but our current work clearly shows that men have overall larger T- ~ CD4 and CD8 T-cells, and this was clearly the effect of CD8 T-
cell responses to CMV proteins than women with a more pro-  cells not producing as much IL-2 as CD4 T-cells. The most
inflammatory CD4 T-cell component. ‘polyfunctional’ subset simultaneously producing IL-2, TNF, and
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TABLE 5 | Association of T-cell response size with cytokine MFI.

Response size in % of

CD4 T-cells % IL-2 CD4 T-cells % TNF CD4 T-cells % IFN-y CD8 T-cells % IL-2 CD8 T-cells % TNF CD8 T-cells % IFN-y

reference T-cell population with MFI IL-2 with MFI TNF with MFI IFN-y with MFI IL-2 with MFI TNF with MFI IFN-y
uLss° 0.028 0.358"* -0.310* 0.834* -0.007 -0.220
UL83 (‘pp65’) 0.085 0.483*** -0.285** -0.168 0.111 0.161
uL86 0.006 0.577+* -0.335** 0.350 -0.035 0.283
uL122 0.029 0.763"** -0.297* -0.089 0.572* 0.409*
UL123 (‘IE-17) -0.096 0.366™* -0.168 0.009 0.353** 0.250*
UL153 -0.273 0.393 -0.269 -0.059 0.363 0.218
uL32 -0.076 0.194 -0.152 0.59*2 0.227 0.278
uL28 0.307 -0.218 -0.320 0.137 0.374* 0.360*
UL48A* 0.242 0.183 0.014 0.062 0.520* 0.977**
uL48B® 0.424* 0.007 -0.228 0.846™ 0.432 0.253
Uss3 -0.153 0.533"** -0.357* -0.311 0.036 -0.268
UL151& UL82 -0.049 -0.072 -0.199 0.456* 0.516™* 0.061
UL94 & US29 -0.131 0.075 0.172 -0.151 -0.025 0.159
US24 & UL36 0.006 0.482*** -0.227 -0.068 0.519* 0.075
Response size in cells/nL  CD4 T-cells cells/ CD4 T-cells cells/ CD4 T-cells cells/ CD8 T-cells cells/ CD8 T-cells cells/ CD8 T-cells cells/nL
of reference T-cell nL IL-2 with MFI nL TNF with MFI nL IFN-y with MFI nL IL-2 with MFI nL TNF with MFI IFN- v with MFI
population IL-2 TNF IFN- vy IL-2 TNF IFN- vy
uL55° 0.048 0.264* -0.337** 0.912* 0.007 -0.214
UL83 (‘pp65’) 0.175 0.501*** -0.245* -0.100 0.213 0.190
uL86 0.055 0.592*** -0.331* 0.346 0.029 0.029
uL122 0.101 0.714* -0.249 -0.173 0.635"* 0.443*
UL1283 (IE-1)) -0.045 0.298* -0.145 0.037 0.266 0.114
UL153 -0.316 0.394 -0.271 -0.167 0.287 0.187
uL32 -0.074 0.113 -0.102 0.038 0.284 0.211
uL28 0.447 -0.128 -0.258 0.098 0.303* 0.261
UL48A* 0.052 0.214 0.037 0.099 0.248 0.841*
uL48B? 0.312 0.010 -0.089 0.918 0.560 0.351
Uss3 -0.106 0.636™** -0.362 -0.288 0.069 -0.216
UL151& UL82 0.037 0.060 -0.042 0.024 0.600*** 0.034
UL94 & US29 -0.115 0.004 0.452* -0.244 -0.086 0.121
US24 & UL36 0.024 0.387* -0.197 -0.022 0.568** 0.059

@A panel of 19 CMV protein-spanning peptide pools was previously shown to correlate highly with the CD4 and CD8 T-cell response against 203 tested CMV proteins (19). The original
panel contained UL99, UL108, and US32 in addition, but were left out here since responses were absent in >100 White British people. UL48 was divided into two pools (UL48A and
UL48B), however, results were combined with respect to determining T-cell reactivity. *p < 0.05, **p < 0.01, **p < 0.001.

Statistical significances (p-values <0.05) are shown in bold.

IFN-y was, therefore, much smaller in the CD8 T-cell
compartment. In both T-cell compartments, however, the
largest subset was generally subset 5 producing TNF and
IEN-y, but not IL-2. We found no sex difference in regards to
the distribution of these subsets.

Another way of subdividing activated T-cell subsets is by their
expression of markers defining ‘canonical’ memory T-cell subsets (i.e.,
naive/naive-like stem cell memory, central memory, effector memory
and revertant). This allows some conclusions as to the role that each
protein plays in terms of driving T-cell memory. We analyzed the
distribution of these subsets in regards to CD4 and CD8 responses to
every single protein and also in terms of kinetic classes. The division of
proteins by their assigned kinetic classes accounts for the fact that
different CMV proteins may have more or less influence on T-cell
responsiveness, depending on their presence or absence during the
(frequent) reactivation of latent CMV infection (21, 27). IE protein
expression will dominate immediately after reactivation and, in
particular, if reactivation is abrogated and remains incomplete. The
major immediate early promoter (MIEP) regulates IE protein
expression and appears to be regulated itself by cellular chromatin
activity, an increase of which is the common endpoint of a host of
signaling pathways, particularly in inflammation (34). Memory subset

composition was hence analyzed across all CMV proteins but also
grouped by kinetic class, combining IE and E protein-specific
responses in one group and E-L/L protein specific responses in the
other. Responses to individual proteins varied significantly in terms of
memory subset distribution both among CD4 and CD8 T-cells.
Whereas the (normalized) composition of responses in terms of
memory subset contribution indicated that there were smaller naive
and/or CM contributions to the CD4 and CD8 T-cell response in men,
comparing the summed responses to these subsets showed that, not
only the entire response (all memory subsets together) was bigger in
men, but that in particular the EM and/or revertant subset
contributions to responses against all CMV proteins and IE/E
proteins were significantly bigger in men than in women. So, not
only did men have bigger responses than women, but also the EM and
Rv component of these responses appeared to contribute most to
that difference.

It is a limitation of our work that viral load was not
determined in our cohort. Previous work has shown that in
otherwise healthy older people viral load is generally negative,
however, digital droplet PCR may detect viral load in healthy
older people over 70 years of age (35). We are unable to link T-
cell responsiveness to viral loads since performing this very costly
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assay in all participants was outside the scope of our work.
However, it is a possibility that a higher frequency of (potentially
incomplete) CMV reactivation in men might contribute to a
dominance of T-cell responsiveness to IE/E proteins. This would
need to be addressed in future studies. The possible role of
latency-associated proteins was not explored. Responses to these
proteins appear to have very different functional characteristics
than responses to lytic phase proteins (36), interestingly,
however, changes to chromatin structure induced by histone
deacetylases (HDACs) may lead to the transient expression of IE
proteins without leading to full viral reactivation. This can be
induced pharmacologically (37), but may also occur as a result of
chromatin activity during cellular activation (34). It might be
speculated that such an effect is more prominent in men.

Recent work suggests that persistent stimulation of CMV-
specific T-cells may additionally result from a continuous low-
level gene expression during latency with increasing evidence
coming from both human and mouse models (38-40). This low-
level gene expression may be involved in regulating the switch
between latency and reactivation, and in the murine infection
model appears to have random (stochastic) characteristics with a
skewing to IE transcripts at about 8 months after latent infection of
lungs (40). We speculate that increased proinflammatory cytokine
secretion in response to immune stimulation in men (41) may
increase low-level latent CMV gene expression and so contribute to
the gender difference we have observed in the present study.

T-cell polyfunctionality is thought to be related to T-cell
response efficacy after vaccination (42, 43). We used the
polyfunctionality index (22) to gauge T-cell polyfunctionality as a
compound measure allowing us to correlate it to other variables.
Our data confirms that the most differentiated subsets (Rv) have
reduced polyfunctionality, but the bulk of expanded and highly
differentiated (EM and Rv) CD4 T-cells appears to retain two or
more functions. This is particularly visible in the diagrams showing
the differentiation score versus the polyfunctionality index. It is also
in agreement with our previous report that expanded T-cells in
older ages retain polyfunctionality (26).

The combination of polyfunctionality index and differentiation
score observed in T-cells responding to different CMV proteins might
reflect the role of these proteins in driving T-cell responsiveness.
Responses to some proteins showed a wider spread along the axes
than others. CD4 and CD8 T-cells responding to the UL123 protein,
for example, generally had a high differentiation score and appeared
more homogeneous in that sense than the response to US3, which
included many cells at an early stage of memory differentiation. The
T-cell response to UL83, one of the most dominant T-cell target
proteins for both CD4 and CD8 T-cells, also included predominantly
cells in an EM/Rv differentiation stage.

More inflammation, therefore, means more CMV reactivation.
US3 is an IE protein and appears to be the earliest protein expressed
that contributes to immune evasion. It does so by reducing the
number of mature MHC complexes in the surface of infected cells
(44, 45). Strong T-cell immunity against US3 might curtail this
mechanism of immune evasion. US3 was recognized in about 50%
of individuals with respect to CD4 T-cells (23 women and 22 men)
and in about 40% with respect to CD8 T-cells (21 men and 15
women). The response to US3 was four to five times bigger in men

than in women, but this difference reached statistical significance
only in regards to IL-2+ CD4 T-cells. Differences with respect to the
UL122 (IE-2) and UL123 (IE-1), two other dominant IE proteins,
were not statistically significant, however there was a trend to larger
TNF and IFN-y UL123-specific CD8 T-cell responses in males.
Overall, men appeared to have bigger responses to IE and E proteins
than women. Responses to these immediate-early/early gene
products may be of particular importance in driving the size of
the T-cell immune response to CMV (44).

We also analyzed sex differences regarding the pro-
inflammatory cytokine content of CMV-specific T-cell responses.
Since we had not directly measured cytokine production in the
supernatant of stimulated cells, we used the integrated MFI (iMFI)
as a surrogate marker for the amount of cytokine produced (29, 46).
With respect to CD4 and CD8 T-cells and all CMV proteins, the
summated iMFI for TNF and IFN-y was found higher in men than
in women. The biggest sex differences in the CD4 T-cell
compartment were related to IE/E proteins and in the CD8
compartment to E-L/L proteins. A limitation of these results
might be that IE proteins are clearly overrepresented in our
selection. This selection, however, was not random, but based on
an analysis of overall protein immunodominance (19).

CD3/TCR downregulation occurs following T-cell recognition
of MHC-peptide complexes (47) and, generally, correlates with T-
cell activation and, more specifically, the strength of the initial
activation (48, 49). The extent of CD3 downmodulation varied
across the functional subsets defined by the presence or absence of
IL-2, TNF, and IFN-y. Subl (IL-2+/TNF+/IFN-y+) and Sub5 (IL-
2-/TNF+/IFN-y+) showed the highest relative CD3
downregulation in CD4 T cells and Sub5 in CD8 T-cells. One
benefit of CD3 downmodulation might be that, as a result of
stronger downmodulation, high avidity, highly pro-inflammatory
T-cell clones may compete less with lower avidity clones and so
avoid excessive inflammatory responses (50). This would fit, for
example, with the lesser CD3 downmodulation in men in regards
to CD4 T-cell responses to a portion of the very abundant late
protein UL48 (UL48A peptide pool) and would be commensurate
with the equally observed trend to higher TNF-production by CD4
T-cells in response to the same peptide pool in men. However, our
understanding of the biological significance of CD4 and CD8 T-cell
responses to individual CMV proteins remains limited and we are
unable to explain the majority of patterns of cytokine production
versus CD3 downmodulation that we have observed. One might
also speculate that effector T-cells that readily downregulate CD3/
TCR may not progress towards terminal differentiation. This
would favor the retention of IL-2 and TNF production, possibly
alongside IFN-y, and promote the emergence of long-lived
polyfunctional T-cells with high avidity. The exact mechanisms
of CD3/TCR downmodulation are still being debated. Beyond the
TCR signal, they are involved in costimulation/immunoregulatory
pathways [e.g., PD-1:PDL-1 (51)].

CONCLUSIONS

Our work shows a number of statistically significant sex differences
with respect to CMV-specific T-cell immunity (besides a number of
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statistically not significant, yet obvious trends). While CMV infection
has been reported to cause broad changes to the peripheral blood B-
and T-cell compartments with significant differences between
women and men, sex differences regarding CMV protein-specific
T-cells have not been widely discussed. The trends we observed all
point in the same direction, suggesting that older men have a
stronger and more inflammatory response to CMV than older
women. This may be driven by more frequent CMV reactivation
(or partial CMV reactivation) throughout life, which is suggested by
higher T-cell responses to IE/E proteins in men. These findings are
particularly relevant as CMV infection has been increasingly
associated with CVD, which also has a higher incidence in men.
Many of the differences we observed as trends would have reached
statistical significance, had we not applied stringent multiple end-
point corrections. While these remain a useful statistical safeguard
against falling for random observations, future studies are warranted
revisiting these observations. We are hoping that our work described
here will have a seminal effect and make others examine gender
differences in the adaptive immune system as we move towards a
more personalized and stratified medicine.
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and Niels A. W. Lemmermann”*

Institute for Virology and Research Center for Immunotherapy (FZI) at the University Medical Center of the Johannes
Gutenberg-University of Mainz, Mainz, Germany

Reactivation of latent cytomegalovirus (CMV) endangers the therapeutic success of
hematopoietic cell transplantation (HCT) in tumor patients due to cytopathogenic virus
spread that leads to organ manifestations of CMV disease, to interstitial pneumonia in
particular. In cases of virus variants that are refractory to standard antiviral
pharmacotherapy, immunotherapy by adoptive cell transfer (ACT) of virus-specific CD8*
T cells is the last resort to bridge the “protection gap” between hematoablative
conditioning for HCT and endogenous reconstitution of antiviral immunity. We have
used the well-established mouse model of CD8" T-cell immunotherapy by ACT in a
setting of experimental HCT and murine CMV (mMCMYV) infection to pursue the concept of
improving the efficacy of ACT by therapeutic vaccination (TherVac) post-HCT. TherVac
aims at restimulation and expansion of limited numbers of transferred antiviral CD8" T cells
within the recipient. Syngeneic HCT was performed with C57BL/6 mice as donors and
recipients. Recipients were infected with recombinant mCMV (mCMV-SIINFEKL) that
expresses antigenic peptide SIINFEKL presented to CD8" T cells by the MHC class-|
molecule KP. ACT was performed with transgenic OT-l CD8" T cells expressing a T-cell
receptor specific for SIINFEKL-KP. Recombinant human CMV dense bodies (DB-
SIINFEKL), engineered to contain SIINFEKL within tegument protein pUL83/pp65,
served for vaccination. DBs were chosen as they represent non-infectious, enveloped,
and thus fusion-competent subviral particles capable of activating dendritic cells and
delivering antigens directly into the cytosol for processing and presentation in the MHC
class-I pathway. One set of our experiments documents the power of vaccination with
DBs in protecting the immunocompetent host against a challenge infection. A further set
of experiments revealed a significant improvement of antiviral control in HCT recipients by
combining ACT with TherVac. In both settings, the benefit from vaccination with DBs
proved to be strictly epitope-specific. The capacity to protect was lost when DBs included
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the peptide sequence SIINFEKA lacking immunogenicity and antigenicity due to C-
terminal residue point mutation L8A, which prevents efficient proteasomal peptide
processing and binding to K°. Our preclinical research data thus provide an argument
for using pre-emptive TherVac to enhance antiviral protection by ACT in HCT recipients
with diagnosed CMV reactivation.

Keywords: adoptive cell transfer, antiviral protection, HCMV dense bodies, subviral particles, T cell receptor
transgenic cells, T cell priming, CD8* T cells, vaccine

INTRODUCTION

Human cytomegalovirus (hCMV) is the prototype member of
the beta-subfamily of herpesviruses (1). Primary infection is
rarely diagnosed, because it passes without overt symptoms of
disease in the immunologically mature, immunocompetent host.
Resolution of acute, productive infection results in maintenance
of the viral genome in a non-replicative state, referred to as latent
infection or, briefly, “latency”. Latency is defined by the presence
of reactivation-competent viral genomes in certain cell types [for
an overview, see (2)] in absence of infectious virus (3). The
medical relevance of hCMV infection is based on birth defects
caused by congenital infection of fetuses through diaplacental
virus transmission, as well as on multiple organ disease in
immunocompromised patients. Major groups at risk of lethal
disease from primary infection or productive reactivation from latency
are recipients of solid organ transplantation (SOT) and hematopoietic
cell transplantation (HCT) [for clinical reviews, see (4-6)]. This
report focuses on the further advancement of an established mouse
model of experimental HCT and murine cytomegalovirus (mCMV)
infection [for reviews on the model, see (7-9)] aiming at a
preclinical proof-of-concept evaluation of therapeutic vaccination
(TherVac) as a new option to improve immunotherapy by adoptive
cell transfer (ACT) of virus-specific CD8" T cells.

HCT is the therapy of choice for aggressive forms of
hematopoietic malignancies that resist standard chemotherapy.
Tumor cells become wiped out by hematoablative treatment that,
unavoidably, co-depletes bone marrow and the immune system.
Transplanted hematopoietic (stem) cells (HC) repopulate the
bone marrow stroma and differentiate into all hematopoietic cell
lineages, eventually reconstituting a functional immune system.
Transient immunodeficiency in the period between HCT and
completed reconstitution poses a “window of risk” during which
latent hCMV present in transplanted donor cells or in tissues of
the recipient can reactivate to productive infection that causes
histopathology resulting in organ failure. Interstitial pneumonia
represents the most critical organ manifestation of reactivated
infection, specifically in the context of HCT. The risk of progression
to CMV disease in a latently infected recipient is primarily
associated with latent viral genome load in the recipient’s tissues,
so that it cannot be avoided by selection of an hCMV-negative HC
donor (2, 10). Close follow-up monitoring of HCT recipients for
viral DNA in the blood by quantitative PCR has become clinical
routine to initiate treatment with antiviral drugs upon earliest
evidence of hCMV reactivation. This strategy, which is known as
“pre-emptive antiviral therapy”, aims at preventing ongoing virus

replication, inter- and intra-tissue spread, and organ manifestations
(6, 11, 12). Although pre-emptive antiviral therapy has significantly
reduced the incidence of post-HCT CMV disease, adverse side
effects of antivirals (13) and drug-refractory virus variants (14-17)
have made it necessary to develop the alternative strategy of
immunotherapy by ACT of virus-specific CD8" T cells as the last
therapeutic option. ACT aims at bridging the “protection gap”
between hematoablative conditioning for HCT and the completion
of endogenous reconstitution of antiviral immunity (18-21).

ACT has been the validity check for the predictive value of the
mouse model of CMV infection, disease, and CD8" T-cell
immunotherapy in the immunocompromised host, specifically also
in HCT recipients under conditions of transient immunodeficiency
during ongoing hematopoietic reconstitution [reviewed in (7-9)].
Prevention of a lethal CMV organ infection by ACT of virus-specific
CD8" T cells was originally demonstrated in the preclinical model of
mice infected with mCMYV after sublethal y-irradiation (22-24),
years before ACT with cell culture-propagated CD8" cytolytic T-cell
lines (CTLL) specific for the hCMV tegument protein pUL83/pp65
was shown to control human infection (18, 19). The combination of
experimental HCT and ACT (HCT-ACT) in the mouse model
revealed that ACT not only prevents lethal organ infection and
histopathology but also reduces the latent viral genome load in
organs and the incidence of recurrent CMV infection (25). Showing
this was possible by an experimental induction of virus reactivation,
an approach that can be taken only in animal models. Addressing
this question by clinical investigation would require viral genome
load determinations in biopsies from HCT patients who recovered
from CMYV reactivation, and waiting for an unpredictable, incidental
secondary immunosuppression.

More recently, ACT in the mouse model of experimental
HCT and CMV infection has shown that antiviral CD8" T cells not
only prevent viral histopathology in organs but also preclude graft
failure (26) from CMV-associated inhibition of the hematopoietic
repopulation of bone marrow stroma (27-29). Another valuable
insight originally contributed by the mouse model is the loss of per-
cell functional activity in CTLL compared to ex vivo isolated and
directly transferred donor CD8" central memory T cells (TCM)
specific for the same viral epitope, the IE1 peptide YPHFMPTNL in
the specific example (30, 31). Subsequent to this, high protective
antiviral activity in low-dose ACT was also reported for ex vivo
sorted hCMV epitope-specific human TCM with stemness (32-
36). Yet, a direct comparison of cohorts of ACT recipients receiving
CTLL or TCM of identical epitope-specificity was, of course, not
feasible in a controlled clinical trial. So, again, it was up to the
mouse model to have provided proof-of-concept.
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The source of virus-specific CD8" T cells used in clinical ACT
is usually a CMV-experienced, latently infected donor, ideally,
the HCT donor who is matched to the HCT recipient for avoiding
a graft-versus-host (GvH) response against MHC (in humans,
HLA) antigens. Thus, HCT-ACT donor and recipient usually
share antigen-presenting MHC class-I molecules. Preferably,
however, the HCT donor should be CMV-negative to avoid a
contribution of transplanted latently infected hematopoietic cells
to the risk of reactivation. Besides this, in clinical practice,
optimized donor-recipient matching always has priority over
donor CMV-status. In cases of a CMV-naive HCT-ACT donor,
CD8" cells can be transduced with an engineered T-cell receptor
(TCR) specific for MHC class-I-presented antigenic viral peptide
to generate CMV-TCR transgenic cells for ATC (37, 38). Again,
the mouse model provided proof-of-concept by showing that ACT
of hCMV-TCR transgenic human CD8" T cells protects HLA-
transgenic mice infected with a recombinant mCMV engineered
to express an antigenic peptide of hCMV (39, 40).

Although Odendahl et al. (35) reported on a clinical-scale cell
isolation, the logistics for providing sufficient cell numbers, in
particular of CMV-TCR transgenic CD8" T cells generated from
CMV-negative donors, remains demanding, and has so far
precluded CMV-specific ACT from becoming clinical routine.
Here, we further developed the mouse model to pursue the
concept of improving the efficacy of low-dose ACT in CMV-
infected HCT recipients by further expanding limited numbers
of transferred donor CD8" T cells within the HCT recipient by
TherVac. We employed the highly versatile model of TCR-
transgenic OT-I CD8" T cells, which are specific for the
ovalbumin (OVA)-derived antigenic peptide SIINFEKL (41, 42),
for investigating the potential of TherVac to enhance the efficacy
of ACT. Specifically, recipients of HCT and OT-I ACT were
infected with a recombinant mCMV expressing SIINFEKL
(mCMV-SIINFEKL), and TherVac was performed with
recombinant hCMV dense bodies (DB-SIINFEKL) containing
SIINFEKL within tegument protein pUL83/pp65. DBs were
chosen for TherVac, because they represent non-infectious,
enveloped and thus fusion-competent subviral particles capable
of activating dendritic cells (DC) and delivering antigens into the
cytosol for processing and presentation in the MHC class-I
pathway (43-46). Our data show that TherVac by DB-
SIINFEKL drives the proliferation of transferred OT-I cells in
lymphoid tissues of ACT recipients and that equivalence in the
efficacy of antiviral control in HCT recipients is reached with a
significantly lower number of OT-I cells when ACT and TherVac
are combined.

MATERIALS AND METHODS

Cells and Mice

Murine embryonic fibroblasts (MEF) were prepared and
cultivated in minimal essential medium (MEM, Thermo Fisher
Scientific), supplemented with 10% fetal calf serum (FCS,
Thermo Fisher Scientific) and Penicillin/Streptomycin
(Thermo Fisher Scientific), by standard protocol (47). Primary

human foreskin fibroblasts (HFF) were grown in MEM
supplemented with 10% FCS, 2 mM L-glutamine, 50 ng
gentamicin ml~', and 0.5 ng basic fibroblast growth factor ml™
(bFGF, Thermo Fisher Scientific).

Female C57BL/6 (8-week-old) mice were purchased from
Harlan Laboratories and were housed under specified pathogen-
free (SPF) conditions in the Translational Animal Research Center
(TARC) of the University Medical Center of the Johannes
Gutenberg-University Mainz. TCR-transgenic OT-I mice (42)
were bred and housed in the TARC under SPF conditions.

Generation of Recombinant mCMVs
Recombinant viruses mCMV-SIINFEKL and mCMV-
SIINFEKA were generated by two-step replacement BAC
mutagenesis in the mCMV BAC plasmid pSM3frAm157luc
(48), replacing a sequence that codes for an endogenous D
presented antigenic peptide in the non-essential gene m164 with
sequences coding for peptides SIINFEKL or SIINFEKA (49, 50).
The recombinant mCMV's were reconstituted in MEF and were
propagated for removal of BAC sequences and for amplification
(51). Infectious virions were purified according to standard
procedures (47). Reconstituted and purified virus derived from
the parental BAC plasmid pSM3frAm157luc served as a control
virus, for the sake of brevity herein referred to as mCMYV, despite
features included for a multi-purpose usage not applying to
this report.

Generation of Recombinant hCMV Dense
Bodies (DBs)

Recombinant DBs HB5-pp65_SIINFEKL (briefly DB-SIINFEKL)
and HB5-pp65_SIINFEKA (briefly DB-SIINFEKA) were
generated by using the galK positive/negative selection
procedure as described (45). In essence, the DNA sequence
encoding peptides SIINFEKL or SIINFEKA was integrated into
the hCMV open reading frame UL83, which is contained within
BAC plasmid HB5 (52), to express fusion proteins in which
SIINFEKL or SIINFEKA are integrated at amino acid position
W175 of the tegument protein pUL83/pp65 (53). Unmodified
hCMV DB (DB-@) were also HB5-derived (46). Viruses were
reconstituted and stocks were prepared as described (54). DBs
were purified from late-stage infected HFF by glycerol-tartrate
gradient ultracentrifugation (43). In one experiment, purified
ovalbumin (OVA) was used (catalog number 9006-59-1; Sigma-
Aldrich Chemie, Steinheim, Germany). JPT Peptide Technologies
(Berlin, Germany) synthesized OVA peptide SIINFEKL.

Adoptive Cell Transfer (ACT)

CD8" T cells were isolated from spleens of 10- to 20-week-old OT-I
mice (42) by immune-magnetic cell sorting. This yields an almost
pure population of Va2VP5 TCR-transgenic OT-I cells specific for
the peptide-MHC class-I (pMHC-I) complex SIINFEKL-K. For
immunotherapy by ACT, these cells were infused intravenously
into total-body Yy-irradiated (7 Gy) C57BL/6 mice, followed by
intraplantar (left hind footpad) infection of the recipients with 10°
plaque-forming units (PFU) of recombinant mCMVs.

Frontiers in Immunology | www.frontiersin.org

132

August 2021 | Volume 12 | Article 694588


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

Gergely et al.

Powering CMV Immunotherapy by Vaccination

In Vivo Proliferation Assay

OT-I cells were fluorescence-labeled by incubation for 4 min at
37°C at a concentration of 1 x 107 cells/ml with 5 uM of 5(6)-
carboxyfluorescein diacetate (CFDA; Merck Darmstadt) in
phosphate-buffered saline (PBS). CFDA converts intracellularly
into the fluorescent dye carboxyfluorescein diacetate
succinimidyl ester (CFSE). The reaction was stopped with FCS,
and the cells were washed three times with PBS [(50) and
references therein]. CESE-labeled OT-I cells (107) were
administered intravenously into immunocompetent C57BL/6
mice. Intraplantar infection or application of DBs was performed
24 h later. At the indicated times, OT-I cells that have homed to the
spleen or the popliteal lymph node (PLN) were enriched by
positive immune-magnetic sorting of CD8" T cells. To assess
their proliferation, loss of CFSE fluorescence with every cell
division was determined by cytofluorometric analysis.

Experimental HCT

Syngeneic HCT with 9-week-old female C57BL/6 mice as bone
marrow cell (BMC) donors and recipients was performed as
described in greater detail previously (29, 47). In brief,
hematoablative conditioning was performed by sublethal total-
body y-irradiation with a single dose of 7 Gy. Femoral and tibial
donor BMC were depleted of CD8" and CD4" T cells, present
within bone marrow capillaries, by negative immune-magnetic
cell sorting. Donor hematopoietic cells (5 x 10%/mouse) were
infused into the tail vein of the recipients at 6 h after irradiation,
followed by intraplantar infection (see above).

T-Cell Depletion

In vivo depletion of CD8" T cells was performed by a single
intravenous injection of purified monoclonal antibody (clone:
YTS169.4; 1.3 mg/mouse) directed against the CD8 molecule.

Cytofluorometric Analyses

Single-cell suspensions were prepared from lymph nodes, spleen,
and lungs, as described (47, 55). Unspecific staining was blocked
with unconjugated anti-FcyRII/III antibody (anti-CD16/CD32,
clone 2.4G2; BD Biosciences). Cells were stained with the
following antibodies for multi-color cytofluorometric analyses:
ECD-conjugated anti-CD8o (clone 53-6.7, Beckman Coulter),
PE-conjugated anti-TCR VP5.1/5.2 (clone MR9-4, BD
Biosciences), and APC-conjugated anti-TCR Vo2 (clone B20.1,
BD Biosciences). Peptide/epitope-specific CD8" T cells were
identified with APC-conjugated MHC-I dextramer H-2Kb/
SIINFEKL (Immudex, Copenhagen, Denmark). For the analyses,
a “live gate” was routinely set on leukocytes in the forward scatter
(FSC) versus sideward scatter (SSC) plot. All cytofluorometric
analyses were performed with flow cytometer FC500 and CXP
analysis software (Beckman Coulter).

Quantitation of Tissue Infection and T-Cell
Infiltration

Infectious virus in spleen, lungs, liver, and salivary glands was
quantitated in the respective organ homogenates with high
sensitivity by virus plaque assay performed under conditions of
“centrifugal enhancement of infectivity” [(47, 56) and references

therein]. Infected cells and tissue infiltration by CD8" T cells,
which include OT-I cells, were detected and quantified in liver
tissue sections by two-color immunohistochemistry (2C-IHC)
specific for the intranuclear viral protein IE1 (red staining) and
the CD8 molecule (black staining), using monoclonal antibodies
CromalOl and anti-mouse CDS8 (clone 4SM15, eBioscience),
respectively (47, 51). The total numbers N of infected IE1" liver
cells (mostly hepatocytes) and of liver-infiltrating or liver-
localizing CD8" T cells were calculated according to the formula:

N=nxV/V"x d/(D+d)

n = number of stained cells counted in a 10-mm? tissue
section area (mean of five independent areas);

V = volume of a mouse liver embedded in paraffin (mean of
10 livers = 420 mm?);

V* = volume of the count disc = 10 mm? x d = 0.02 mm?;

d = thickness of the tissue section = 0.002 mm;

D = maximal diameter of the counted object;

D-CD8" T cell = 0.010 mm;

D-IE1" hepatocyte nucleus = 0.006 mm.

From this it follows that:

N — CD8%cells = n x 3,500

N - IE1"hepatocytes = n x 5,250.

The correction term d/(D+d) takes into account that an object
can be cut more than once by tissue sections if d < D.

Quantitation and Avidity Distributions of
Viral Epitope-Specific CD8" T Cells

An 18-h IFNy-based enzyme-linked immunospot (ELISpot) assay
was used to determine the frequency of epitope-specific CD8" T cells
[(30, 57) and references therein]. Briefly, graded numbers of
immune-magnetically purified CD8" T cells were sensitized in
triplicate assay cultures by EL-4 (H-2°) cells that were exogenously
loaded with epitope-representing synthetic peptides at the indicated
molar loading concentrations. Custom peptide synthesis with a
purity of >80% was performed by JPT Peptide Technologies
(Berlin, Germany). Spots, representing single cells stimulated to
secrete IFNYy, were counted automatically, based on standardized
criteria using ImmunoSpot S4 Pro Analyzer (Cellular Technology
Limited, Cleveland, OH, USA). Avidity distributions were derived by
calculation from frequencies of CD8" T cells responding to
stimulation by graded target cell loading concentrations of
synthetic peptides (cumulative avidity distribution), as explained in
greater detail previously (55, 58).

Determination of Viral Doubling Times

Virus growth is quantitated from log-linear regression lines
[logN(t) = at + logN(0)], where N(f) is an infection parameter
(ordinate), such as the number of PFU or of infected cells,
measured at time t (abscissa) after infection, a is the slope of
the regression line, and log N(0) is its ordinate intercept. Linear
regression was calculated with GraphPad Prism 6.07 (GraphPad
Software). The viral doubling time (vDT) is calculated according
to the formula: vDT = log2/a. The upper and lower 95%
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confidence limit values of slope a (determined from the ellipsoidal
parameter confidence region) define the 95% confidence intervals
of vDT (51).

Statistics

Frequencies (most probable numbers) of cells responding in the
ELISpot assay and the corresponding 95% confidence intervals
were calculated by intercept-free linear regression analysis from
the linear portions of regression lines, based on spot counts from
triplicate assay cultures for each of the graded cell numbers
seeded (30, 57). To evaluate statistical significance of differences
between two independent sets of log-transformed, log-normally
distributed data, the two-sided unpaired t-test with Welch’s
correction of unequal variances was used. In case of data sets
that include data below the detection limit of the assay, which
excludes log-transformation, the distribution-free Wilcoxon
Mann Whitney test was applied. Differences were considered
as statistically significant for P-values of <0.05 (*), <0.01 (**), and
<0.001 (***). Calculations were performed with GraphPad Prism
6.07 (GraphPad Software).

RESULTS

Recombinant mCMV Expressing Peptide
SIINFEKL Primes CD8" T Cells and Drives
the Proliferation of Transferred OT-I Cells
in an Epitope-Specific Manner

It was the aim of this study to develop an advanced preclinical
model for enhancing the efficacy of ACT as pre-emptive
immunotherapy of CMV infection in HCT patients by
TherVac. To build this model, its modular components were
first characterized and tested individually.

As module-1 of the mouse model, we generated recombinant
viruses mCMV-SIINFEKL and mCMV-SIINFEKA expressing
the antigenic model peptide SIINFEKL or its non-immunogenic
analog SIINFEKA, respectively. We have previously shown that
point mutation L8A of the C-terminal amino acid residue
destroys immunogenicity by reducing proteasomal cleavage as
well as binding to the presenting MHC class-I molecule K" (49).
With this strategy, one can generate an optimal control for
epitope-specificity, as all other infection parameters remain
conserved [for a review, see (59)]. To avoid interference with
viral replicative fitness, SIINFEKL/A peptide-coding sequences
replaced an endogenous antigenic sequence in a non-essential
viral gene. Despite this rationale of virus design, independently
generated recombinant viruses are never identical in terms of
replicative fitness and should be tested before use in experiments
for avoiding a misinterpretation of quantitative differences. To
focus on non-immunological parameters, replicative fitness for all
viruses is determined by growth kinetics and the associated viral
doubling time (vDT) in various organs of immunocompromised
mice (60-62). In the specific case here, vDT values differed between
different organs, as it was expected from previous experience, but,
within each organ, control virus mCMV as well as recombinant
viruses mCMV-SIINFEKL and mCMV-SIINFEKA replicated

almost equivalently, as indicated by overlapping 95% confidence
intervals for the vDT values (Supplementary Figure S1).

Based on this verified comparability in replicative fitness, we
primed immunocompetent C57BL/6 (haplotype H-2") mice by
local, intraplantar infection [(57), for a discussion of priming
route in vaccination, see (55)], and quantitated viral epitope-
specific and functional IFNYy-secreting CD8" T cells present in
the spleen (Figure 1A, protocol; Figure 1B, results). As one
could expect, all three viruses primed cells specific for a panel of
endogenous antiviral peptides of mCMV in the H-2" haplotype
(63), whereas only mCMV-SIINFEKL successfully primed
SIINFEKL-specific CD8" T cells, thereby verifying the prevention
of immunogenicity by point mutation L8A in mCMV-SIINFEKA.

As module-2 of the mouse model, we introduced TCR-
transgenic OT-I cells for performing ACT. OT-I cells express a
Vo2VB5 TCR specific for the pMHC-I complex SIINFEKL-K®
(41, 42). As revealed by cytofluorometric analysis, >90% of the
CD8" T cells isolated from spleens of OT-I mice expressed the
transgenic TCR (Supplementary Figure S2A).

Combining module-1 and module-2 first in immunocompetent
C57BL/6 mice, we addressed the question if an infection set on the
day after intravenous ACT and at a peripheral site, specifically the
mouse footpad, would drive the proliferation of CFSE fluorescence-
labeled OT-I cells in lymphoid tissues in an epitope-specific
manner. We have recently used this approach to document the
presentation of SIINFEKL in mice latently infected with mCMV-
SIINFEKL (50). In a pilot experiment, we first showed that
mCMV-SIINFEKL drives the proliferation of transferred OT-I
cells in the ipsilateral PLN, which is the draining regional lymph
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FIGURE 1 | Priming of viral epitope-specific CD8" T cells. (A) Experimental
protocol. On day 7 after intraplantar infection of immunocompetent C57BL/6
mice with 10° PFU of the viruses indicated, frequencies of functional, epitope-
specific CD8" T cells present in the spleen (from three mice pooled) were
determined by an IFNy-ELISpot assay. (B) Frequencies of primed cells specific
for the epitopes indicated. For stimulation in the assay, EL-4 cells were
exogenously loaded with the corresponding synthetic antigenic peptides at a
saturating concentration of 10”"M. (@), no peptide loaded. Bars represent
numbers of responding cells. Error bars indicate the 95% confidence intervals.
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node in the case of unilateral intraplantar infection, but not in the
corresponding contralateral PLN (Supplementary Figure §3). This
shows that intravenously administered OT-I cells home to PLN
and that local infection drives their proliferation. In a following
experiment, we studied OT-I proliferation in the spleen in the time
course and verified the epitope-specificity (for the protocol, see
Figure 2A). Whereas proliferation was absent in the basal control
group consisting of uninfected C57BL/6 mice, OT-I cells
underwent several cell divisions when the recipients were
infected with mCMV-SIINFEKL expressing the cognate antigenic
peptide. In contrast, only few cell divisions were observed after
infection with epitope mutant virus mCMV-SIINFEKA
(Figure 2B). These findings thus indicated some epitope-
independent, but infection-related proliferation of transferred
OT-I cells, most likely driven by virally induced cytokines, as well
as a much stronger component of an epitope-specific proliferation.

ACT With OT-I Cells Protects Against
Infection of Immunocompromised
Recipients in a Cell Dose-Dependent and
Epitope-Specific Manner

Continuing with combining module-1 and module-2, now in ACT
recipients immunocompromised by sublethal total-body 7-
irradiation, the antiviral potential of pre-emptive immunotherapy
by ACT with OT-I cells was tested by transferring graded numbers
of OT-I cells, followed by infection with mCMV-SIINFEKL or
mCMV-SIINFEKA (Figure 3A). Virus epitope-specific CD8"
T cells can only protect against infection when their functional
avidity is high enough to detect pMHC-I complexes presented at
the cell surface after endogenous antigen processing and
presentation. In CMV infections, the demand for high avidity is
tightened by the expression of immune evasion proteins that
interfere with cell surface trafficking of pMHC-I complexes [for
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FIGURE 2 | Lymphoid-tissue homing and epitope-specific proliferation of transferred OT-I cells. (A) Experimental protocol. CFSE fluorescence-labeled OT-I cells
were transferred intravenously into immunocompetent C57BL/6 mice. Proliferation of OT-I cells recovered from the spleen (from three mice pooled) was measured at
the indicated times after intraplantar infection with 10° PFU of viruses mCMV-SIINFEKL or mCMV-SIINFEKA. (B) Cytofluorometric measurement of the loss of the
fluorescence label due to the proliferation of OT-I cells over time. (Ordinate), fluorescence specific for the Va2 TCR chain expressed by OT-I cells. (Abscissa), CFSE
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mCMYV, see (49, 64, 65)]. As we have shown recently, recognition
of infected cells requires a functional avidity that corresponds to the
recognition of <10 M of exogenously loaded antigenic peptide
(55). We have therefore determined the avidity distribution for
OT-I cells and found that most functional cells in the OT-I
population have an avidity corresponding to 10'° M, and a
significant proportion even to 10" M (Supplementary Figure
S2B). Thus, OT-I cells fulfill a prerequisite for protecting against
mCMYV infection upon ACT despite the expression of viral
immune evasion proteins in infected tissue cells of the recipients.

This prediction came true in ACT, demonstrating a cell dose-
dependent protection against infection with mCMV-SIINFEKL
in spleen, lungs, and liver (Figure 3B). Notably, low-dose ACT
with just 100 OT-I cells significantly reduced the infection in all
three organs tested, which is in good agreement with clinical data
on low-dose ACT with streptamer-enriched hCMV-specific
CD8" T cells into HCT recipients, as reported by Stemberger
and colleagues (33). In contrast, as a specificity control that
cannot be accomplished in a clinical trial, even a 10,000-fold
higher number of transferred OT-I cells failed to reduce the
infection with mCMV-SIINFEKA, in which the cognate epitope
is selectively missing, while all other parameters associated with

infection are maintained. These include cytokine network
perturbation, innate immune responses, non-cognate antigen
presentation, and a general immune system remodeling.

After infection with mCMV-SIINFEKL, 2C-IHC images of
liver tissue sections (Figure 4A) show disseminated tissue
infection with extended plaque-forming clusters of infected
cells, mostly of hepatocytes (61, 66), when no OT-I cells were
transferred. In contrast, after transfer of as few as 100 OT-I cells,
liver tissue infection was largely controlled by tissue-infiltrating
OT-I cells that confine and eventually resolve the infection by
aggregating around few remaining infected cells, thereby forming
nodular inflammatory foci (NIF). These are micro-anatomical
structures that are indicative of epitope-specific protection (31,
39, 67, 68). In the absence of the epitope, that is, after infection
with mCMV-SIINFEKA, few OT-I cells are seen being randomly
distributed in highly infected liver tissue, failing to form NIF
(Supplementary Figure $4).

It appears to be obvious that protection against mCMV-
SIINFEKL in different organs cannot be exerted by the 100 OT-I
cells transferred, but depends on clonal expansion in the recipients
(33, 34). For a minimum estimate of OT-I cell divisions, we
determined the absolute numbers of OT-I cells present in the
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liver on day 10 after transfer of an initial number of 100 OT-I cells,
and paired these numbers with the absolute numbers of infected
liver cells in 5 mice analyzed by 2C-IHC individually (Figure 4B).
A control group not receiving OT-I cells served to quantitate
residual liver-resident CD8" T cells for subtraction. Control of
infection clearly correlated with tissue infiltration by OT-I cells.
The mean number of OT-I cells per liver was 1.445 x 10°, which

No transfer

o

= |

3]

T

(@)

o B

>

=

NI

s]

= [’

QD

17

c

o

=

B

.

ERCE

(=]

2

&

2

g 5

o

3

o

k)

2 4 .

[E1* CD8" 1" CD8'
1%} 102 OT-I

FIGURE 4 | Control of liver infection by tissue infiltrating OT-I cells. (A) 2C-
IHC images of liver tissue sections, corresponding to groups with no cell
transfer and with transfer of 100 OT-I cells in Figure 3. Liver cells, mostly
hepatocytes, infected with mCMV-SIINFEKL are identified by expression of
the intranuclear viral protein IE1 (red staining). Residual CD8" T cells and
infiltrating OT-I cells are visualized by black staining of the CD8 molecule. (Left
images), low-magnification overview. (Right images), resolution to greater
detail by higher magnification. Bar markers, 50 um. (NIF), nodular
inflammatory foci that represent microanatomical sites where protective OT-I
cells aggregate at infected liver cells to confine and resolve the infection.

(B) Absolute numbers of infected liver cells (red symbols) and of residual
CD8* T cells (@, no transfer control group) as well as tissue-infiltrating OT-I
cells (both with black symbols) were determined by quantitative 2C-IHC for
five mice individually. Paired data are connected by lines. (**) P < 0.001.

corresponds to 13-14 cell divisions. This has to be interpreted as a
minimum estimate, as OT-I cells infiltrate also other tissues.

Recombinant Dense Bodies (DBs) Prime
Epitope-Specific CD8™ T Cells

As module-3 of the mouse model, we introduced hCMV DBs for
future use in TherVac. Recombinant DBs were engineered to
contain peptides SIINFEKL or SIINFEKA integrated within the
protein pUL83/pp65, which is a tegument protein of hCMV
virions and the major component of DBs (69). The potential of
DB-SIINFEKL for priming of SIINFEKL-specific CD8" T cells in
immunocompetent C57BL/6 mice was tested by intraplantar
application of graded doses of purified DBs, and frequencies of
functional, IFNy-secreting CD8" T cells were determined on day
7 in the spleen (Figure 5A). The response increased steadily with
increasing doses of DBs and was strictly epitope-specific. Only
DB-SIINFEKL, but not DB-SIINFEKA, induced SIINFEKL-K"
specific CD8" T cells. An unrelated mCMV peptide, namely,
peptide m139 that is also presented by K® was not recognized
after application of either type of DB (Figure 5B).

Vaccination With Recombinant DBs
Protects Immunocompetent Mice Against
a High-Dose Challenge Infection

Combining module-1 and module-3, we tested the capacity of
DBs to serve as a prophylactic intraplantar vaccine for protection
against a subsequent high-dose intravenous challenge infection
of immunocompetent C57BL/6 mice (Figure 6A). Compared to
a control group with no vaccination, intraplantar priming (recall
Figure 5) with DB-SIINFEKL significantly reduced the
replication of challenge virus mCMV-SIINFEKL in all organs
tested, but not of challenge virus mCMV-SIINFEKA lacking the
cognate epitope. Accordingly, vaccination with the epitope-
deletion variant DB-SIINFEKA failed to protect against
challenge infection with either virus (Figure 6B).

To identify the protective cell type primed by DB-vaccination,
we depleted CD8" T cells 6 days after priming with DB-SIINFEKL
and one day before a high-dose intravenous challenge infection
with mCMV-SIINFEKL (Figure 7A). Again, confirming the
results of the experiment shown above (Figure 6), vaccination
with DB-SIINFEKL significantly reduced virus replication in all
organs tested when compared to the control group with no
vaccination. This protection was abolished by depletion of CD8"
T cells shortly before challenge infection (Figure 7B).

So far, SIINFEKL was included in the DBs as part of a fusion
protein with pUL83/pp65, from which it is released after DB
uptake through envelope-cell membrane fusion followed by
proteasomal processing. One important feature of DBs is their
capacity to stimulate maturation and activation of DCs (46), so
that they are source of antigen and adjuvant both in one. We
therefore wondered if these two roles can be separated. Indeed,
whereas purified ovalbumin (OVA) alone failed to prime
protective SIINFEKL-specific CD8" T cells, non-antigenic DB-@
(Figure 8A) as well as non-antigenic DB-SIINFEKA (Figure 8B)
mediated uptake and processing of OVA for priming a protective
SIINFEKL-specific response. Finally, non-antigenic DB-
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FIGURE 5 | Epitope-specific priming of CD8* T cells by recombinant dense
bodies (DBs). (A) Experimental protocol. On day 7 after intraplantar application
of graded ug-doses of DB-SIINFEKL or DB-SIINFEKA to immunocompetent
C57BL/6 mice, frequencies of functional, viral epitope-specific CD8" T cells
recovered from the spleen (from three mice pooled) were determined by an
IFNy-ELISpot assay. (B) Frequencies of primed cells specific for the viral
epitopes indicated. For stimulation in the assay, EL-4 cells were exogenously
loaded with the corresponding synthetic antigenic peptides at a saturating
concentration of 107" M. (@), no peptide loaded. Bars represent numbers of
responding cells. Error bars indicate the 95% confidence intervals.

SIINFEKA adjuvanted the priming by purified antigenic peptide
SIINFEKL (Figure 8C). While significance of protection after
priming with DB-SIINFEKL was always achieved and in both
spleen and liver, DB-adjuvanted priming with OVA protein or
SIINFEKL peptide was less efficient in the control of liver infection
and did not always reach statistical significance. Thus, providing
the antigen as fusion protein within DBs remains the strategy
of choice.

In conclusion, this set of experiments has verified efficient
priming of protective SIINFEKL-specific CD8" T cells by
vaccination with DB-SIINFEKL.

Vaccination With Recombinant DBs Drives
the Epitope-Specific Proliferation of
Adoptively Transferred TCR-Transgenic

T Cells in Immunocompetent ACT
Recipients

We then combined module-2 and module-3 for testing the capacity
of recombinant DBs to drive the proliferation of adoptively
transferred OT-I cells in immunocompetent ACT recipients. A
pilot experiment showed that sensitization by DB-SIINFEKL was as

efficient as infection with mCMV-SIINFEKL in driving the
proliferation of OT-I cells in the spleen (Supplementary Figure
S5). In the main experiment, we looked for the proliferation of
transferred CFSE-labeled OT-I cells in the PLN that drains the site
of DB vaccine application (Figure 9A). Epitope-specific
sensitization by DB-SIINFEKL induced more cell divisions and
faster than did an epitope-independent sensitization by DB-
SIINFEKA (Figure 9B). Some delayed activation of OT-I cells by
DB-SIINFEKA may result from cytokines expressed in response to
antigen-independent DC activation by DBs (43-46).

TherVac With Recombinant DBs Enhances
the Efficacy of Low-Dose Antiviral
Immunotherapy in Immunocompromised
ACT Recipients

The three modules were combined to test if TherVac can enhance
the antiviral efficacy of ACT in immunocompromised recipients.
TherVac by intraplantar application of DB-SIINFEKL was carried
out on the day after intravenous infusion of OT-I cells. A scenario
of early virus reactivation was modeled by infection with mCMV-
SIINFEKL at the site and time of TherVac (Figure 10A). The
decisive question was if antiviral T cells in the circulation would
migrate to a peripheral site of vaccine application and receive their
signals from local antigen presentation.

We expected to see an enhancement of protection by TherVac
especially under conditions when low-dose ACT alone is not
sufficient. It is our long experience in this model that infection is
generally more difficult to control in the lungs compared to
spleen and liver [(22) and many publications to follow], and
depends on mast cell-derived chemokine CCL5 for enhancing
tissue infiltration by protective pulmonary CD8" T cells (70). In
accordance with this, a benefit from TherVac after low-dose
ACT with just 100 OT-I cells was most significant in the lungs
(Figure 10B). This is of interest, because the lungs are the
clinically most relevant organ site of CMV disease, a fact that
reflects the inefficient immune control in the lungs. Thus,
enhancing the pulmonary immune response by TherVac may
be an option to, at least, reduce the severity of CMV-associated
interstitial pneumonia.

TherVac With Recombinant DBs Enhances
the Efficacy of Antiviral Imnmunotherapy by
ACT in HCT Recipients
ACT without HCT has no clinical correlate. The clinical demand
is to bridge the critical phase of transient immunodeficiency
between hematoablative treatment and endogenous hematopoietic
reconstitution by HCT in leukemia/lymphoma patients who are at
risk of CMV disease from hCMV reactivation. For studying this
situation, we added HCT as module-4 to our mouse model,
combining HCT with ACT by OT-I cells, TherVac by
recombinant DBs, and mCMYV infection. HCT and ACT were
performed combined by intravenous transfer of HC and OT-I cells
in a mixture. TherVac and infection followed the next day, both by
intraplantar application in a mixture (Figure 11A).

Endogenous reconstitution of antiviral CD8" T cells by
syngeneic HCT eventually led to clearance of productive
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FIGURE 6 | Protection against challenge infection by vaccination with recombinant DBs. (A) Sketch of the protocol and table of experimental groups A-F.
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intravenous challenge infections with mCMV-SIINFEKL or mCMV-SIINFEKA were performed on day 7 after priming (vaccination). Control of organ infection was
assessed on day 10. (B) Virus titers in spleen, lungs, and salivary glands, as well as numbers of infected IE1™ liver tissue cells in representative 10-mm? section
areas. Symbols (open circles: no vaccination; green closed circles: vaccination with DB-SIINFEKL,; red closed circles: vaccination with DB-SIINFEKA) represent data
from individually tested mice, with the median values marked. Significance levels (*) P < 0.05, (**) P < 0.001. (n.s.), not significant (P > 0.05). (Dotted lines), detection

infection by mCMV-SIINFEKL over time in all organs tested
(Figure 11B), which is in accordance with previous experience
[for reviews, see (7, 8)]. ACT by SIINFEKL-specific OT-I cells
reduced virus spread early on and accelerated clearance of
productive infection. Specifically, ACT by OT-I cells alone
terminated liver infection after HCT by day 14, so that TherVac
made no difference. In contrast, in all other organs, TherVac by
DB-SIINFEKL, but not by DB-SIINFEKA, further reduced viral
replication and accelerated the clearance of productive infection.

We finally performed ACT in HCT recipients with graded
numbers of OT-I cells to determine the benefit from TherVac by
DB-SIINFEKL in terms of ACT cell numbers required for
equivalent protection (Figure 12A). Control of mCMV-
SIINFEKL infection by 100 OT-I cells combined with TherVac
by DB-SIINFEKL, but not by DB-SIINFEKA, was equivalent in all
tested organs to infection control by 10,000 OT-I cells in absence
of TherVac (Figure 12B). Thus, in this experiment, TherVac gave
a 100-fold benefit in terms of ACT cell numbers saved.
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DISCUSSION

This study in the mouse model has provided proof-of-concept
for enhancing the efficacy of low-dose ACT against CMV disease
in an HCT setting by TherVac: no more, no less. This may
encourage clinical investigation and trials, just as the first
demonstration of CMV-specific ACT in the mouse model (22-
24) has intellectually paved the way to clinical ACT as an
immune-therapeutical approach to the prevention of disease
from hCMV reactivation in HCT patients [for a review on
medical translation of results from animal CMV models, see (9)].

In the weakness of any reductionistic approach in animal
models to never be able to reproduce the clinical reality in all its
complexity (71) lies also the strength of a less obstructed view on
fundamental principles. The outcome of CMV infection in HCT
patients is highly individual, as many variables, which are difficult to
control, determine the individual fate. To begin with, an
underestimated and sometimes ignored factor is a pre-existing
defect from the primary disease, that is, a hematopoietic
malignancy and associated chemotherapy. Leukemia relapse after
therapy by HCT is a major concern. Thus, in histocompatibility

antigen-mismatched “allogeneic” HCT, mature T cells are not
depleted from the transplant to maintain a graft-versus-leukemia
(GVL) response, taking the risk of a GVH response, which is associated
with a higher risk of CMV reactivation (72). In addition, the CMV
status of donor and recipient decides on whether virus reactivation
occurs within the transplanted HC or within the recipient’s own
tissues, or both [reviewed in (2)], and the individual’s genetic
constitution and infection history defines the latent CMV genome
load and incidence of reactivation [discussed in (73)]. The time of
virus reactivation in an individual HCT recipient is not predictable,
and viral loads after reactivation vary dramatically between
individuals (10). To conclude this certainly not comprehensive list
of variables, genetic and phenotypic differences between hCMV
strains/variants, which are rarely typed in HCT clinical routine, can
have a fundamental impact on cell-type tropism and thus on the
pathogenicity of the reactivating virus (74, 75). With all this in mind,
it becomes evident that no experimental animal model will ever
perfectly suit human CMV disease in any individual HCT recipient.

Pre-emptive immunotherapy of hCMV reactivation by ACT
with virus-specific CD8" T cells is an option to prevent CMV
organ disease in HCT recipients who are latently infected
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FIGURE 8 | Non-antigenic DBs facilitate priming of a protective response by OVA protein or SIINFEKL peptide. (A) Adjuvant role of unmodified DB (DB-Q) for
vaccination with OVA. (B) Adjuvant role of non-antigenic DB-SIINFEKA for vaccination with OVA. (C) Adjuvant role of non-antigenic DB-SIINFEKA for vaccination with
peptide SIINFEKL. Symbols represent data from individually tested mice, with the median values marked. (Open circles), no vaccination. (Green symbols), SIINFEKL-
specific priming accomplished. (Red symbols), no SIINFEKL-specific priming accomplished. Significance levels (*) P < 0.05, (**) P < 0.01, (**) P < 0.001, (n.s.), not

(constellation D'R'), who receive an HC transplant derived from
a latently infected donor (constellation D'R’), or who combine
both risk factors (constellation D*R"). In HCT, the risk of virus
reactivation is highest in D'R" patients who do not receive donor
immunity with the transplant, as well as in D'R" patients who
receive a T cell-depleted transplant for avoiding GvH disease [for
a review, see (2)]. ACT with purified virus-specific CD8" T-cell
preparations avoids GvH disease while selectively targeting
infected cells. It is a general alternative to pharmacotherapy
with antiviral drugs for avoiding myelosuppressive or nephrotoxic
side effects, and it is the last resort to fight infection by virus strains/
variants that are refractory to antiviral medication (15-17, 21) from
the outset or that develop resistance and become selected under
longer-term treatment (see also the Introduction).

In case of the HCT constellations with D" (see above), the
HCT donor is the first choice as a source of virus-specific CD8" T

cells for ACT. HLA/MHC class-I restriction of CD8" T-cell
function does here not seriously pose a limitation, because an
unrelated HCT donor and the recipient need to be HLA type-
matched to share HLA antigens as complete as possible for
avoiding GvH disease. An expanding list of viral peptides
identified to be presented by more common HLA class-I
molecules allows purification of viral epitope-specific donor
CD8" T cells for ACT by various cell sorting techniques [(32-
35), for reviews, see (76, 77)]. In case of HCT constellations with
an hCMV-negative donor (D7), CD8" T cells can be derived from
an unrelated, hCMV-experienced third-party donor sharing
HLA molecules with the HCT/ACT recipient (77). As a more
recent strategy of ACT, naive or memory CD8" T cells can be
equipped with an engineered, transgenic TCR specific for an
HLA class-I presented antigenic peptide, as studied in viral and
tumor models [(38-40), for reviews, see (78, 79)]. The first
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clinical approaches of ACT for preventing hCMV infection in
HCT recipients were performed with cell culture-propagated,
and thereby highly expanded, clonal CD8" CTLL (18, 19). By
directly comparing ACTs with CTLL and ex vivo isolated CD8"
T cells of the same specificity, studies in the mouse model
revealed that the benefit from expanding antiviral cells to high
cell numbers by recombinant IL2 is largely dashed by a loss of
per-cell antiviral activity (30, 31). More recent studies indicated
that autocrine IL2 induced by cultivation in the presence of IL7
and IL15, but also co-stimulatory signals, can improve persistence
and proliferation potential of cell culture-propagated CD8" T cells
upon ACT [(80), for a review, see (81)].

It is an underappreciated finding that combining protective
epitope specificities failed to improve the antiviral efficacy of
ACT (82). This can be explained by the fact that an infected cell
cannot “die two deaths”. This insight is of practical importance,
as sorting of CD8" T cells specific for a single type of antigenic
peptide presented in both the ACT donor and recipient, or a
single type of engineered viral epitope-specific TCR, should
suffice for the control of the infection upon ACT. It is also
worth to note that protective efficacy upon ACT is not linked to
the immunodominance of an antigenic peptide in the natural
immune response against the virus (58, 83). It rather depends on
the structural avidity of the TCR and the functional avidity with
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was measured at the indicated times after intraplantar priming (vaccination) with 20-ug doses of DB-SIINFEKL or DB-SIINFEKA. (B) Cytofluorometric measurement
of the loss of the fluorescence label due to the proliferation of OT-I cells over time. (Ordinate) fluorescence specific for the Vo2 TCR chain expressed by OT-I cells.
(Abscissa) CFSE fluorescence. For groups of most interest, arrowheads mark cell divisions.

which CD8" T cells interact with pMHC-I complexes on the
surface of infected cells (78, 84, 85). This parameter becomes most
important when viral immune evasion proteins limit antigen
presentation. Specifically, a functional avidity corresponding to
the recognition of target cells exogenously loaded with <10 M of
an antigenic peptide is required for the recognition of mCMV-
infected cells when immune evasion molecules are expressed (55).

A clinical application of ACT in HCT recipients diagnosed to
have latent hCMV reactivated has so far not become a routine
therapy, mainly because the logistics for providing sufficiently
high donor cell numbers is demanding. Already shortly after the
first experimental ACT with CD8" T cells in the mouse model of
CMV infection of the immunocompromised host (22), we
pursued the idea to expand low numbers of transferred cells
within the mCMV-infected recipients. Specifically, inspired by
earlier work on IL2-enhanced ACT for cancer therapy (86-88),
we showed that recombinant IL2 administered in 12-hour
intervals resulted in enhanced antiviral protection equivalent to
daily doublings of the effector cell population (23). However,
besides enormous costs for recombinant cytokines, meanwhile
including also IL7, -12, -15, and -21, adverse side effects by
unspecific activation need to be considered (81).

Here we have pursued the alternative strategy of expanding
adoptively transferred cells in CMV-infected, combined HCT
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and ACT recipients by TherVac, a concept discussed also for
tumor therapy [reviewed in (81)]. As a model for CD8" T cells
with transgenic TCR, modeling ACT with cells from CMV-
negative donors, we used OT-I cells specific for the pMHC-I
complex SIINFEKL-K®. Syngeneic HCT was performed with
C57BL/6 mice (H-2" haplotype) as donors and recipients in
order not to complicate the model by consequences of mismatch
in major or minor histocompatibility antigens. According to
most recent findings, such mismatches, rather than causing a
GvH reaction, inhibit the reconstitution of protective high-
avidity CD8" T cells by inducing non-cognate transplantation
tolerance (67, 68). Our data show an exquisite epitope-specific
function of OT-I cells. ACT controlled virus mCMV-SIINFEKL,
but not the epitope-loss mutant mCMV-SIINFEKA, in the
tissues of immunocompromised recipients.

For TherVac, we chose hCMV DBs, which represent non-
infectious, DNA-free subviral particles consisting of enveloped
viral tegument proteins (43, 69). DBs can be modified to package
recombinant tegument protein pp65/UL83 containing integrated
immunogenic peptides of interest (45). As an advantage of the DB
concept of vaccination, envelope glycoprotein complexes mediate
the fusion of DBs with the cell membrane of target cells and deliver
the tegument proteins directly into the cytosol for antigen
presentation in the MHC-I pathway (43-45). Thus, also cells of
non-hematopoietic cell lineages can present antigenic peptides to
already primed CD8" T cells used for ACT. In addition, the DB
entry process directly activates professional antigen-presenting cells

(profAPCs), such as DC (46) for the priming of naive CD8" T cells,
so that a DB-based vaccine does not require adjuvantation (53). For
use as a vaccine against hCMV, new generations of DBs (89, 90)
have the additional advantage of priming an antibody response
directed against the virion trimeric and pentameric entry complexes
in order to cover hCMV strains that differ in cell tropism. Our data
show an exquisite epitope-specific expansion of OT-I cells in that
they proliferated and exerted an enhanced antiviral protection only
after TherVac with DB-SIINFEKL but not with DB-SIINFEKA.
Although we have here chosen recombinant DBs for TherVac, it is
important to emphasize that the concept of TherVac is, of course,
not limited to the use of a DB-based vaccine, but is open for
alternative vaccination strategies.

A difference between vaccination of immunocompetent hosts
and TherVac in immunocompromised recipients of combined
HCT and ACT is the transient shortness of hematopoietic
lineage-derived profAPCs at early times after HCT. As we have
shown previously in a sex-chimeric mouse model of HCT with
male sry" donors and female sry” recipients, CD11c" DC are
preferentially lost in the recipients after hematoablative
treatment and replaced with donor-derived cells only with
delay (91, 92). So, immediate expansion of transferred antiviral
CD8" T cells depends on direct antigen expression by non-
hematopoietic cells targeted by the vaccine. It was therefore an
open question if limited numbers of transferred cells would at all
encounter host cells presenting the vaccine antigen for driving
clonal expansion. Our data show that TherVac amplifies the
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FIGURE 11 | Kinetics of epitope-specific enhancement of protection by combining ACT with DB-based TherVac in HCT recipients. (A) Sketch of the protocol and
table of experimental groups. Transiently immunocompromised C57BL/6 recipients of syngeneic HCT received ACT with 10% OT-l cells or were left with no ACT for
control. On the following day, intraplantar TherVac with 20 ug of DB-SIINFEKL or control TherVac with 20 ug DB-SIINFEKA was combined with infection by 10° PFU

detection limit of the assay (dotted line).

protective efficacy of limited numbers of OT-I cells even when
ACT is performed intravenously and TherVac locally into a
footpad. As we have discussed recently (55), intraplantar vaccine
application in the mouse is a good model for subcutaneous or
intramuscular vaccine application into the upper arm of

of MCMV-SIINFEKL. Control of organ infection was assessed at the indicated times after infection. (B) Virus titers in organs indicated. Symbols, color-coded as
defined in (A, table), represent data from individually tested mice, with the median values marked. Significance levels (**) P < 0.01, (**) P < 0.001. (n.s.), not
significant (P > 0.05). §, de facto significant difference, although calculation of P values is pointless when all data of one group in the comparison are below the

vaccinees, the favored site for routine vaccination of humans.
This finding increases the chances for a clinical translation to
TherVac in human recipients of HCT-ACT.

Let us speculate on a translation of our findings to a clinical
application. Clinical studies discussed already above (32-36)
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have shown that low-dose ACT works, in principle, with no need
for TherVac. This might be raised as an argument against
TherVac. However, a further enhancement by TherVac may be
beneficial to control infection also at “immune-privileged” sites
at which infection is more difficult to control. Notably, these
studies have also revealed that control of infection depends on
massive clonal expansion of the initially few cells transferred, and
this expansion depends on stimulation by cognate antigen. As we
have shown here, OT-I cells expand in the infected recipients
within 10 days from 100 cells to more than 10° cells (recall
Figure 4B) when driven by the cognate epitope SIINFEKL. The
dependence on antigen implies that the expansion, and thus the
efficacy of ACT, is low when antigen presentation is limited, for
instance, at a very early stage of virus reactivation, which is a
stochastic event occurring in only few cells (93, 94). Likewise, an
expansion will predictably be limited, when viral replication, and
hence antigen presentation, is inhibited by antiviral drugs, so that
combining antiviral pharmacotherapy with immunotherapy
by ACT makes little sense. In such scenarios, specifically in a
phase when antiviral medication is planned to taper off,
TherVac-enhanced ACT may be an option to prevent a relapse
of infection.

Altogether, the possibility to apply the vaccine locally and
without adjuvant, combined with strict epitope-specificity of the
enhancement of the protective effector function, makes TherVac
superior to cytokine cocktails for the post-ACT clonal expansion
of protective antiviral CD8" T cells and gives new options for the
prevention of CMV disease in HCT recipients.
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Human Cytomegalovirus (HCMV) is an immensely pervasive herpesvirus, persistently
infecting high percentages of the world population. Despite the apparent robust host
immune responses, HCMV is capable of replicating, evading host defenses, and
establishing latency throughout life by developing multiple immune-modulatory
strategies. HCMV has coexisted with humans mounting various mechanisms to evade
immune cells and effectively win the HCMV-immune system battle mainly through
maintaining its viral genome, impairing HLA Class | and Il molecule expression, evading
from natural killer (NK) cell-mediated cytotoxicity, interfering with cellular signaling,
inhibiting apoptosis, escaping complement attack, and stimulating immunosuppressive
cytokines (immune tolerance). HCMV expresses several gene products that modulate the
host immune response and promote modifications in non-coding RNA and regulatory
proteins. These changes are linked to several complications, such as immunosenescence
and malignant phenotypes leading to immunosuppressive tumor microenvironment (TME)
and oncomodulation. Hence, tumor survival is promoted by affecting cellular proliferation
and survival, invasion, immune evasion, immunosuppression, and giving rise to
angiogenic factors. Viewing HCMV-induced evasion mechanisms will play a principal
role in developing novel adapted therapeutic approaches against HCMV, especially since
immunotherapy has revolutionized cancer therapeutic strategies. Since tumors acquire
immune evasion strategies, anti-tumor immunity could be prominently triggered by
multimodal strategies to induce, on one side, immunogenic tumor apoptosis and to
actively oppose the immune suppressive microenvironment, on the other side.

Keywords: HCMV, immunosuppression, immune evasion, immunosenescense, TME, oncomodulation, therapeutic approaches

BACKGROUND

HCMV or human herpesvirus 5 (HHV-5) has co-evolved with mammalian hosts over millennia
infecting almost 83% of the world’s population, impending 100% in developing countries (1). After
initial infection, HCMV can establish lifelong persistence within its corresponding host as well as
possessing the reactivation potential; viral persistence depends on composite interactions among various
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viral and host determinants. Such interactions mostly generate an
equilibrium between the immunocompetent host and the virus
itself. In the host, HCMV infrequently causes symptoms unless this
balance is demolished by the minimized host immune proficiency
(atypical settings) leading to substantial pathology (1, 2). Upon
viewing several forms of viral-host interaction, the explicit HCMV
reactivation in immunosuppressed patients (organ transplant
recipients) and immunocompromised patients (septic patients,
elderly, HIV-infected patients, etc.) is considered a well
identifiable disease state (3, 4). Hence, in immunocompetent
patients, HCMV is considered a multifaceted beta herpesvirus
that is viewed as an asymptomatic and mildly pathogenic virus,
but may nevertheless cause chronic infections along with acute and
serious complications in immunocompromised individuals (5).
HCMV persistence can also have a key influence on the host,
even in healthy carriers, through the attenuation of innate and
adaptive immune responses since HCMV starts to counteract
several host immune response mechanisms required to control
the infection (1, 2). HCMV potentially triggers the host immune
responses starting by the mechanisms of innate immunity,
including inflammatory cytokines resulting from virus/cell
binding and NK cell induction which consequently drives
adaptive immune responses, involving production of antibodies
and the initiation of CD4" and CD8" T-cell responses. However,
HCMV encodes various immune evasion mechanisms; hence,
expressing several genes that influence both innate and adaptive
immunity (5, 6).

HCMYV, a leading viral cause of birth defects, has been linked
to several mortality and morbidity conditions (7). The stage of
HCMYV acquisition may affect the range of associated clinical
manifestations and the effectiveness of the immune responses
exerted against HCMV (7, 8). Regarding congenital CMV
infection, neurological defects might be experienced as mental
retardation, cerebral palsy, and hearing impairment; newborns
may experience either symptomatic or asymptomatic infections
(7, 9, 10). Symptomatic infections might cause petechiae, low
birth weight, jaundice, hepatosplenomegaly, seizures, and
microcephaly; they appear to be more common in newborns
infected during the first trimester of pregnancy (7). In case of
premature birth, sepsis and respiratory distress can develop (11).
Compared to adults, these observations indicate that controlling
CMYV replication is restricted during early stages of life and is
associated with delayed immune responses and increased risk of
symptomatic infection (7). Years later, persistent HCMV
infection might be considered a potential risk factor
exacerbating age-associated diseases and immunosenescence
which is defined as the age-associated deterioration in overall
immune condition (12-14) although some studies have indicated
that the link between HCMV and immune aging is obscure (3,
15). Further, various stimuli can induce HCMYV reactivation; it
might be triggered in SARS-CoV-2 infected patients (16, 17) thus
exacerbating the risk of coronavirus disease 2019 (COVID-19)
(18, 19). Even if this interaction is still elusive and additional
large scale studies are recommended (16), CMV testing and
treatment should be taken into consideration in such critical
conditions (18). CMV status must be taken into account for
several vaccine responses, especially cancer despite the use of

HCMYV-based therapeutic cancer vaccines (20), since it has been
suggested that with advanced age and due to CMV-associated
altered immunity in both healthy and immunocompromised
hosts, vaccine immunogenicity was modulated (21-23). Thus,
recent studies are concerned about targeting HCMV to decrease
the sensitivity to other infectious diseases and cancer, and to
prevent poor responses to vaccination (21, 22).

The contribution of HCMV infection in late inflammatory
complications highlights its potential association with chronic
diseases, such as atherosclerosis, chronic rejection following
solid-organ transplantation, and malignancies (24). Recent
investigations have reported the prevalence of HCMV infection
in tumoral tissues of malignancies such as malignant glioma,
breast and colon cancer, negative Hodgkin’s disease, Epstein-
Barr virus (EBV), liver cancer, cervical cancer, and prostatic
carcinoma (1, 25, 26). Despite the fact that HCMV is not yet
included in the oncogenic viruses list, its possible contribution in
carcinogenesis as initiator or promoter is significantly reported
suggesting that HCMV and tumors express a symbiotic
relationship (26-29). HCMV aids the tumor to escape immune
surveillance by encoding viral proteins and inducing various
cellular factors, in addition to the HCMV-induced immune
tolerance which favors tumor growth. In return, HCMV
harbors in the immunologically weak environment of the
cancerous cells (6). This review accentuates the considerable
influence of HCMV on the immune landscape and its
oncomodulatory signals that might contribute to oncogenesis.

HOST IMMUNE RESPONSES AGAINST
HCMV INFECTION

HCMYV, a double-stranded DNA (dsDNA) genome beta-
herpesvirus is considered the largest virus among the human
herpesviruses (30). Upon HCMYV infection and despite the
counteracting host response, this virus powerfully adapts to the
human immune system. HCMYV is certainly not eradicated from
the HCMV-positive immunocompetent patient, in whom the
virus establishes latency (31). Thus, the human immune system
is incompetent to clear the latent HCMV, however it mounts an
immune defense targeting multiple viral proteins (8). Due to the
existing coevolution between HCMV and the host immune
system for millions of years, it’s informative to study the
immune defense strategies and pathogen counterstrategies (12).
Innate immunity, in addition to adaptive humoral and cell-
mediated immune responses, are induced by HCMV infection;
such responses lead to the resolution of acute primary infection
(5). Such immune responses differ during distinct life stages;
throughout pregnancy, maternal anti-HCMV antibodies
participate in preventing congenital fetal CMV infection (32).
In addition, studies have shown that despite the detection of
primary humoral and cellular immune responses in neonates,
cell-mediated immune responses are delayed compared to adults
which justifies the reason behind uncontrolled viremia and
serious clinical harm in early life CMV infections (8, 32, 33).
CMV-specific CD8" T-cell responses in congenitally infected
newborns were characterized by lower IFN-y levels and elevated
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levels of IL-8 compared to adults (33). Finally, elderly people
have increased sensitivity and susceptibility to serious infections
and diseases most likely due to immunosenescence (14).

HCMV Entry

HCMYV exhibits a wide host cell range, possessing the ability to
infect several cell types for instance endothelial cells, epithelial
cells, fibroblasts, smooth muscle cells, leukocytes, and dendritic
cells (DCs) (8, 34). In healthy persons, HCMV initiates its
replication in the mucosal epithelium; thereafter, it disperses to
monocytes and CD34+ cells, where it institutes a latent infection.
Upon differentiation of HCMV-infected monocytes into
macrophages, a viral infection could be initiated (35). Infection
of both hematopoietic and endothelial cells systemically eases the
viral spread within the host (36), unlike prevalent cell types
infection including smooth muscle cells and fibroblasts which
enhances efficient proliferation of the virus (35).

Innate Immunity

As HCMV enters the cells, virions are firstly recognized by the
host thus activating multiple pathways and strategies of innate
immunity which is known as the primary host defense against
HCMV infection (8). These involve inflammatory cytokines, type
I interferon (IFN), and upregulation of CD80 and CD86 (37) that
are essential for limiting pathogen’s spread and thereafter priming
the adaptive immune response (5, 8). The stimulation of the NF-
kB pathway and predominant inflammatory cytokines
production for example interleukin-6 (IL-6) and tumor necrosis
factor-alpha (TNF-o) (38) result from the interaction of viral
envelope glycoproteins B (gB) and glycoprotein H (gH) with the
immune-sensor molecules namely, toll-like receptors 2 (TLR2) (5,
12, 39, 40). Such inflammatory cytokines are capable of inducing
and triggering phagocytic cells, such as dendritic cells, which have
the ability to clear HCMV-infected cells (5, 8, 38). In the initial
infection sites, NK cells are activated to eradicate HCMV-infected
cells by the liberation of cytotoxic proteins (38). Furthermore,
studies have shown NK cells’ role in inhibiting HCMV
transmission in fibroblasts, epithelial, and endothelial cells and
this through inducing IFN-B in target infected cells (41) and
secretion of IFN-y (42). NK cells, crucial guards of the immune
system, produce a cytokine environment that triggers the
consequential maturation of adaptive immune responses
particularly T-cells (5, 8, 43).

Adaptive Immunity

The adaptive immunity which contributes to the control of
HCMYV infection is among the strongest responses in which it
fully engages humoral and cellular immune responses. Adaptive
immunity is necessary to fundamentally manage HCMV
primary infection, afterwards HCMV will enter into a latent
state (44). The development of a sustained adaptive immune
response is essential to preserve HCMV latency, avert acute
viremia, and avert lytic infection which, in contrast, is
frequent in patients on immunosuppressive therapies and
immunocompromised individuals often leading to unrestricted
replication and clinically severe HCMV morbidity and
mortality (45).

Humoral Responses

Following a primary HCMYV infection, the initiation of a robust
immune response to control HCMV is essentially required.
Many evidences supported the role of humoral immunity in
limiting viral propagation and HCMYV severity through antibody
production targeting multiple CMV proteins, envelope
glycoproteins, and genes (8, 32). The key target for antibody
neutralization against HCMV is gB since it is related to cellular
adhesion and invasion; besides, gH is considered the secondary
target as it is involved in the fusion of the host cell membrane
with the viral envelope (37). Other targets include the structural
tegument proteins (pp65 and pp150) and non-structural proteins
(IE1) (8, 32). A study shows that pregnant women, primarily
infected with HCMV, having HCMV specific IgM antibodies and
missing neutralizing IgG antibodies are at greater risk of
transmitting HCMV to their fetus in contrast to seropositive
mothers experiencing a recurrent infection (45). Thus,
underlying the critical role of humoral immunity, especially
HCMV IgG, in controlling HCMV infection and spread.

T-Cell Mediated Immune Responses

Due to the fact that the immune response stimulated by primary
infection does not eliminate HCMV, HCMV -specific CD4" T-
cells, CD8" T-cells, and gamma delta (y5) T-cells have been
considered as critical players in restricting viral replication in
hosts acquiring persistent infections (38, 46, 47). With regard to
CD8" T-cells, the CD8" HCMV-specific T-cell response is
targeted toward HCMYV proteins which are being expressed at
different stages of viral replication (IE, early, early-late, and late)
in addition to other proteins possessing various functions
(capsid, tegument, glycoprotein, DNA-regulatory, and immune
escape) (37). It is worth noting that the most immunodominant
antigens to which HCMV-specific CD8" T-cells react are
addressed toward IE1 (UL123), IE2 (UL122), and pp65 (UL83)
(37, 48). Even though the major histocompatibility complex
(MHC) class I-restricted CD8" T-cell immune response role in
targeting HCMYV is evidently marked, there exists a significant
indication that CD4" T-cells are as well fundamental in
controlling HCMYV infections (37). Further studies reveal the
attainment of a cytolytic potential by pp65-specific CD4" T-cells
and gB-specific CD4" CTL in vivo where CD4" T-cells released
granzyme B in reaction to glia presenting endogenous gB (49).
The recruitment of HCMV-specific T-cells into the memory
compartment is stimulated by the relatively prolonged viral
replication of HCMV since T-cells are mandatory to limit
HCMV viral replication and impede certain diseases (50).
HCMV-specific T-cell responses inflate throughout life
leading to a significant fraction of memory T-cells in healthy
seropositive individuals (50-52). Hence, HCMV-seropositive
immunocompetent people maintain lifetime protection despite
the insufficient or minimal HCMV-specific T-cell responses.
Cellular responses from CD4" and CD8" T-cells vary among
individuals (50). HCMV-positive serostatus has been associated
with CD8" T-cell compartment expansion, reduced CD4:CD8 T-
cell ratio as well as alterations in the expression of CD8+ T-cell
senescence related markers (53, 54). These senescent cells are
characterized by a progressive loss of CD28 and CD27,
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upregulation of CD57 expression which is known as the classical
immune senescence marker, replicative senescence, and
shortened telomeres resulting in a limited cell proliferation
capacity and finally the inability to eliminate the HCMV
infection (14, 55). Other cellular responses include Yo T-cells
and NK cells. Although the previously mentioned cells are not
targeted specifically against HCMV, they can still successfully
lyse HCMV-infected endothelial cells and fibroblasts in
consequence of a cellular stress response that upregulates the
endothelial protein C receptor (EPCR) in addition to CD54
(Intercellular adhesion molecule-1, ICAM-1) (56). Yo T-cells
contribute to dual immune response, anti-infectious and
antitumor. Activated Y0 T-cells are essential immune effectors
against HCMV in which they stimulate IFN-y and TNF-o
production that may synergize to inhibit HCMV replication (38).

HCMV PERSISTENCE DESPITE
ANTIVIRAL IMMUNITY

In healthy individuals, the operative homeostatic equilibrium
established between HCMV and the host prevents serious HCMV
complications. Conversely, in an immunocompromised host, fetus,
and neonates, HCMV infection can cause multiple forms of clinical
harm (8). Disequilibrium in immunocompromised patients can
result in unhindered viral replication followed by the reactivation
of the latent virus, with subsequent morbidity and mortality (5).
Despite a powerful immunity involving both arms of the immune
system, HCMYV establishes latency. In that context, HCMV-encoded
determinants of tropism for endothelial cells, an imperative objective
of the infection, were considered. It was stated that in endothelial
cells the UL133-UL138 locus, encoded in the ULb’ region of the
HCMYV genome, is essential for the viral late-stage response (57). In
infected cells, this locus was mandatory for preserving membrane
organization and is required for the progeny viruses’ maturation.
However, it’s not necessary for early/late gene expression or viral
genome synthesis. Viruses missing the ULI133-UL138 region,
produce progeny viruses that are deprived of tegument and
envelopes, leading to deficient viral yields. UL135 and ULI136
genes, encoded in the UL133-UL138 region, promote viral
maturation. Additional recent data propose that this locus involves
the main molecular switch among latency and reactivation, including
the opposing roles of UL135 and UL138. Moreover, a study reported
that the outcome of antiviral immunity might be influenced by
numerous viral determinants, including HCMV strain, virulence,
MHC I downregulation, and other escape strategies elicited by
HCMV during the early virus-host interaction (3).

HCMV ESCAPE MACHINERIES AND
IMMUNOSUPPRESSION

HCMYV has evolved manifold immune evasion strategies that
modulate the host immune system and promotes more efficient
infection and dissemination within the host. A chief evasion
strategy depends on hindering the MHC class I-restricted

antigen presentation (58). Throughout the immediate early
HCMV infection phase, a cytotoxic T-lymphocyte (CTL)
response counteract antigenic peptides resulting from the IE1
transcription factor (59, 60). The matrix protein, pp65,
possessing a kinase activity, phosphorylates the IE1 protein
and specifically inhibit the presentation of IE-derived antigenic
peptides to escape immune recognition of the early produced
viral proteins (59). Knowing that pp65 is delivered directly into
the cells during the viral fusion phase, HCMV will instantly
escape from immunological surveillance, till further immune
evasion related proteins are secreted (61). HCMV-specific viral
proteins and genes that are associated with the host interferon
responses (pp65), inhibit NK cell detection or activation (37, 62),
and inhibit the recognition of CD4" and CD8" T-cell by
preventing MHC Class I and II antigen processing and
appearance (1, 37, 61). HCMV infected cells produce viral IL-
10 homolog which further suppresses CD4" and C8" T-cell
responses (1, 61). The previously mentioned evasion
mechanisms are summarized in Figure 1.

In the absence of MHC class expression, HCMV must be
susceptible to NK cell-mediated lysis; however, HCMV donates a
large proportion of its genome to down-regulate the NK cell
activity (63). Consequently, the surface expression of HLA-E and
HLA-G is stimulated by gpUL40 and CMV-ILI10 respectively
(64-66). In addition, the expression of UL16 supports HCMV to
block natural killer group 2D (NKG2D)-mediated NK-cell
activation and this is by adopting a blocking strategy that
hinders the binding of NKG2D to UL16 binding proteins
(ULBPs) namely, ULBP1 and ULBP2, and to the MHC class I
chain-related gene B (MICB gene) (37, 61). HCMV US18 and
US20 proteins stimulate the deterioration of a major stress
protein namely, MHC class I polypeptide-related sequence A
(MICA); hence, preventing the NK cell from recognizing infected
cells’ stress signals (67). Other machineries considered by
HCMV to escape NK cell lysis involve the inhibition of NK
cell-activating receptor (NKp30) by pp65 (37), UL122-encoded
microRNA that represses MICB gene expression (68), and
blocking of the expression of CD155 by HCMV-UL141 (37).

To counteract apoptosis and further evade the immune
system, HCMV overexpresses anti-apoptotic proteins and
inhibits pro-apoptotic molecules and death receptors. The
former is achieved by upregulating B-cell lymphoma 2 (Bcl-2)
in HCMV-infected cells (69) and expressing Fas-associated
death-domain-like IL-1B-converting enzyme-inhibitory
proteins (FLIP) by IE2 (70). On the other hand, pUL36
inhibits the induction of procaspase 8 to the death-inducing
signaling complex (DISC) and pUL37 inhibits pro-apoptotic Bcl-
2 members namely Bcl-2-associated X Protein (Bax) and Bcl-2
homologues antagonist/killer (Bak); thus, HCMV is hindering
apoptosis through two distinct mechanisms (6, 61).
Furthermore, HCMV has developed UL36 and UL37 proteins,
which enhance the survival of infected cells; thus, stimulating
viral dissemination within the host (37, 71). HCMV escapes
complement attack by upregulating the host-encoded
complement regulatory proteins (CRPs) (72) and by the ability
of HCMV to integrate host cell-derived CRPs, CD55 and CD59
in its virions (6).
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Lastly, HCMV produces the G-Protein-coupled receptors
(GCRs) homologs US27, US28, UL33, and UL78 that might act
as eliminators of chemotactic factors, thus hindering the
inflammatory cells’ accumulation at the viral infection site (61,
73). These viral approaches secure novel viral progeny production
and facilitate the spread to other hosts (61). US28 is usually
expressed in the early infection phase; it shows the highest
homogeneity to the CC chemokine receptor CCR1. It also binds
the CC chemokines RANTES, monocyte chemoattractant protein-
1 (MCP-1), monocyte chemotactic protein-3 (MCP3),
macrophage inflammatory protein-1 alpha (MIP-10), and
macrophage inflammatory protein-1 beta (MIP-1B), in addition
to the membrane-associated CX3C chemokine, fractalkine (37, 61,
74). US28 expression results in the stimulation of phospholipase C
and NF-kB signaling. The US28-fractalkine interaction has been
involved in cell targeting and viral dissemination (61). The
transcription of US28 takes place during productive and latent
HCMYV infection, which might justify the dissemination of latent
HCMV (75, 76). Moreover, HCMV encodes a homolog of the
immunosuppressive cytokine IL-10 (UL111a) (62, 71); it likewise
possesses potent immunosuppressive traits, including the
inhibition of mitogen-stimulated peripheral blood mononuclear
cells (PBMCs) proliferation in addition to the blockade of pro-
inflammatory cytokine synthesis in PBMCs and monocyte (37,

61). CMV IL-10 binds to the cellular human receptor of IL-10
despite its minimal homology to the endogenous cellular IL-10
(61). In addition, HCMV establishes immune tolerance by
inducing the transcription and release of TGF-3 which inhibits
anti-viral IFN-y and TNF-o cytokine production and cytotoxic
effector activities of HCMV specific Thl cells (77). Further
homologs encoded by HCMV are UL144 which is a viral TNF
receptor and an effective IL-8-like chemokine (viral CXC-1)
prompting the chemotaxis of peripheral blood neutrophils
(UL146) (37). Lastly, HCMV strategies that modify the cellular
infected environment to restrict immune identification are known
to be widely expressed during lytic infection; however, recent
evidence shows that viral genes™ activity in preventing immune
recognition is being remarkable even during latency phases (75).
Recent data shows that the majority of the HCMV-encoded
proteins and microRNAs (miRNAs) are expressed also during
latent stages (75, 76) (Table 1 and Figure 1).

HCMV COMPLICATIONS UNDER
IMMUNOSUPPRESSION

The suppressive effects exerted by HCMV on the host immune
system, HCMV persistence, dissemination, and reactivation result
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in dire consequences. The severe and mortal complications
resulting from HCMYV reactivation mainly occur in
immunosuppressed and seriously ill immunocompetent
individuals in whom the HCMYV infection is accompanied by
prolonged hospitalization and/or mortality. Furthermore, the
manipulation of the host immunity can result in superinfections
with other herpesviruses or bacteria, and exacerbate SARS-CoV-2
infections that are benefiting from the weakened immune system
(18, 19, 103, 104). Since HCMYV infection is known as a prevalent
congenital viral infection, it might generate viral hepatitis with
jaundice in addition to long-lasting disabilities, including hearing
and visual damage, neurological impairments, and mental
retardation (103). Additionally, studies show that HCMV has
been detected in tissue specimens from immunocompetent
individuals with inflammatory diseases, including atherosclerosis,
psoriasis (6, 105), rheumatoid arthritis (24), inflammatory bowel
disease (IBD) (105), and systemic lupus erythematosus (SLE); it has
been concerned in the development of these diseases (103). HCMV
leads to the development of restenosis after coronary angioplasty,
chronic rejection of organ transplantation, chronic graft-versus-
host disease in recipients of bone marrow transplants (24). Such
observations infer the presence of an association between HCMV
and autoimmune diseases. Knowing that the HCMV chemokine
receptor homolog, US28, is considered a major co-receptor for
several HIV strains, it provokes cell fusion with several forms of
viral envelope proteins in addition to stimulating HIV-1 entry into
HCMV- infected cells (106). Several epidemiologic studies
suggested that HCMV infection has been linked to an elevated
risk of cardiovascular death, one of which revealed that CMV
seropositivity has been significantly associated with cardiovascular
mortality (P-value=0.007) (107). This association was confirmed by
another study showing an “increased six-year cardiovascular
mortality” (P-value=0.021) (108). Further findings showed that
CMV seropositive elderly presented elevated cardiovascular
mortality compared to CMV-negative ones; the subhazard ratio
for cardiovascular mortality was 1.95 (95% CI: 1.29-2.96, P-
value=0.002) (109). The association between HCMV and
vascular diseases is verified by the transient presence of US28 in
smooth muscle cells which induces chemokinesis and chemotaxis
(61). Moreover, since HCMV infection has been involved in
producing modifications among the total T-cell population and
adversely affecting to the immune well-being of elderly, it
stimulates the occurrence of numerous age-related syndromes,
and decreases efficacy of vaccines (3, 12, 110). Additionally, in
elderly, HCMV could contribute to inflammation-mediated
vascular pathology which is evaluated by determining systemic
inflammation markers (C-reactive protein, IL-6, and TNF) and it
might also cause direct vascular damage (2).

HCMV ONCOMODULATION AND ITS
SIGNIFICANCE IN TUMOR
MICROENVIRONMENT

Alterations resulting from cancerous genetic and epigenetic
instability provide recognizable antigens that are distinguished

by the host immune system (111, 112). As cancer evolves, it can
resist immune clearance by prompting tolerance in the presence
of tumor-associated inflammatory cells (113). Consequently, a
tumor microenvironment is generated and controlled by tumor-
induced molecular and cellular interactions (114) in which
immune cells not only fail to exert anti-tumor effector
functions, but also promote tumor development (113). Since
CMV possesses different cellular signaling pathways, encodes
many genes that exhibit immunosuppressive effects, and may
empower cancer hallmarks, it thus plays an essential role in
generating cancerous cells and has a fundamental impact on the
tumor microenvironment (1, 29, 115).

Some studies put extra emphasis on the indirect role of CMV
in cancer (115, 116). For instance, Dey et al. suggested that the
association between glioma and CMV is an “observational
association” (117). However, the prevalence of HCMV is
remarkably high in several cancer forms (26, 118). Several
research groups showed that over 90% of breast, colon, and
prostate cancer, rhabdomyosarcoma, hepatocellular cancer,
salivary gland tumors, neuroblastoma and brain tumors were
positive for HCMV nucleic acids and/or proteins (26). HCMV
DNA was confirmed in 100% of breast cancer and 91% of
sentinel lymph nodes samples from the metastatic group (119).
Moreover, a study conducted by Taher et al., showed HCMV
detection in 98% of breast cancer derived metastatic brain
tumors, suggesting a potential link between HCMV and
metastatic cancer (120). HCMV was considered as a potential
therapeutic target in metastatic cancer due to the expression of
HCMV-IE protein in 53% of breast cancer samples which
therefore resulted in shorter overall survival, and the detection
of HCMV DNA and transcripts in 92% and 80% of the used
specimens respectively (120). Another study showed the
inversely proportional relation between HCMV-IE1 presence
and hormone receptor expression suggesting HCMV role in
hormone receptor-negative breast cancer tumors (121). HCMV
IE1 and pp65 were present in 82% and 78% of colorectal cancer
samples, and in 80% and 92% of adenocarcinomas, respectively.
In colon cancer cells, these HCMV-specific proteins contribute
to the induction of Bcl-2 and COX-2 proteins thus promoting
colon cancer progression (122). Cobbs et al. showed that
HCMV-IE1 was expressed in all studied glioma biopsy
specimens, in all grades (II-IV) (123). Over again, HCMV-IE
and late proteins were expressed in 100% and 92% of primary
neuroblastoma samples respectively; notably, HCMV proteins
were detected in CD133 and CD44-positive neuroblastoma cells
(118). HCMV DNA was detected in the peripheral blood of
GBM patients (80%), suggesting either HCMV reactivation or
viral DNA shedding from HCMV-tumor cells (124). In addition,
HCMV was detected in all evaluated preneoplastic and
neoplastic prostate lesions (125). In Hodgkin’s disease cases,
the HCMV infection frequency was 28.6% (126). Further,
expression of HCMV was marked in the neoplastic epithelium
of 97% of the carcinoma patients (127). 92% of the primary
medulloblastoma cases expressed HCMV-IE protein while 73%
expressed late viral proteins (128). Evident elevated survival rates
were observed among HCMYV positive glioblastoma patients who
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TABLE 1 | HCMV gene products involved in immunomodulation and their oncogenic characteristics.

HCMV Mechanism of Action Possible Oncogenic Characteristic
Gene
Products

US2, US3, >MHC class | expression impairment, reducing HCMV antigen presentation toward >Preventing CD8* mediated cytotoxic tumor killing (80)
US6, US11 CD8" cells and evasion of CD8* T-cell immune responses, superinfection (60, 78)
>US2 down regulates MHC class Il and reduces HCMV antigen presentation to

CD4* cells (79)
US18 and >Interfere with B7-H6 surface expression including endosomal degradation, evades ~ >HCMV-immune evasion might indirectly affect tumor
Us20 NK cells” immune detection (81) environment
USs28 (viral >Promotes chemotaxis (82, 83) >Cellular proliferation, tumor growth, enhanced angiogenesis and
GPCR) cell survival (84, 85)
UL16 >Regulation of NK cell ligand NKG2D and impairing NK cells function (79) >|mmune evasion, protects the cells from cytotoxic peptides-
mediated lysis, and protects cancer cells from both NK and T-
cells (80)
uL4o0 >NK cell evasion (62) >HLA-E Over expression (1)
>HLA-E over expression (62), enhancing its interaction with the inhibitory receptor
CD94/NKG2A (86)
UL83 >|E1 sequestration, repress proteasome processing, reduce NKp30 effect and delays >Genomic mutation, immune evasion (84)
(pp65) antiviral gene expression (87)
uL122 >Qverexpression of anti-apoptotic FLIP protein (60, 79) >Elevated immune suppression, cell proliferation, escaping
(IE2) growth suppressors and apoptosis (34)
UL123 >|nduction of TGF- (82) >Cellular proliferation, genome instability and mutation, escaping
(IE1) growth suppressors, and ameliorated cell survival (84)
uLs2 >|nhibits antiviral response by binding to interferon stimulator gene (87, 88) >Cellular proliferation, escaping growth suppressors, and
(pp71) genomic mutation (84)
UL111A >|nhibits MHC class Il expression and suppresses CD4* T-cell recognition (83, 89) >|mmunosuppression, cellular proliferation, stimulates migration
(cmviL-10) and metastasis, telomerase activation (84)
UL142 >Inhibiting MICA (79, 90) >HCMV-immune evasion might indirectly affect tumor
environment
UL36 >Complexing with pro-caspase-8 thus suppressing its proteolytic stimulation and >Enhanced cell survival
prompting its designation as viral inhibitor of caspase-8-induced apoptosis (VICA) (91,
92)
UL37 >Inhibition of Bak and Bax protein, thus inhibiting apoptosis (79) >Enhanced cell survival
UL76 >Activation of the DNA damage response thus inducing IL-8 expression (93) >Genome instability and mutation (84)
UL97 >Forms a complex with pp65 and mediates immune evasion (5, 94) >Escaping growth suppressors (84)
UL141- >Encodes for homolog of TNFR, hinders CD155 and CD112 expression (NK cell >HCMV-immune evasion might indirectly affect tumor
UL144 activating ligands) and the death receptor for the TNF family ligand TRAIL (5, 95) environment
UL145 >Depletion of helicase like transcription factor- (HLTF) through the recruitment of >|mpeding innate immunity might indirectly affect tumor
Cullin4/DDB ligase complex (96, 97) environment
UL146 >Promotes neutrophil chemotaxis, immune escape (5, 98) >HCMV-immune evasion might indirectly affect tumor
environment
UL148 >CD58 Suppression; effective modulator of CTL function, amplify degranulation in >HCMV-immune evasion might indirectly affect tumor
cytotoxic T lymphocytes and NK cells against HCMV-infected cells (85) environment
miR- >Down regulation of MICB thus escaping NK cells, and decreased T-cell recognition ~ >Exerts its oncogene function by directly targeting tumor
uL112 (99, 100) suppressor candidate 3 (TUSC3) in GBM (101)
LncRNA >Function in both innate and adaptive immunity including the development, >Cellular proliferation and transformation, facilitating signal
activation, and homeostasis of the immune system (102) transductions in cancer signaling pathways (84, 102), it’s also

involved in angiogenesis (85)

were on anti-viral therapy (valganciclovir) (120, 129). A 70% and (130, 131). Thus, stem cells serve as reservoirs for HCMV
90% survival rate was proved with 6-month and continuous  persistence and reactivation. The major stem cell regulator
valganciclovir treatment, respectively (120). Despite the existing ~ namely, Wnt tends to trigger HCMV transcriptional activation;
studies which describe the possible involvement of CMV in  hence, once HCMV disseminates to various body organs, viral
cancer, further large scale investigations are needed in addition  expression occurs during patients’ lifetime in stem cells (132). It
to the necessity of novel epidemiologic studies knowing that the ~ is worth noting that the latter increases the chance of
latter might be challenging to conduct especially among CMV-  accumulation of genetic mutations; thus, stem cells lose control
positive cancer patients. over their self-growth and renewal, act as a cancer source, and

HCMV infects multiple cell types including stem cells;  become susceptible to oncogenesis in the presence of
referring to the fact that Thy-1 and platelet-derived growth  inflammation and altered DNA repair pathways (133). In
factor receptor alpha (PDGFR) stem cell markers enhance  return, HCMV can support stem cells survival which would
HCMYV infection, stem cells are susceptible to HCMV infection = potentially elevate oncogenesis. Studies reveal the effect of
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HCMV-IE1 protein in promoting the preservation of
glioblastoma cancer stem cells through its induction of SRY-
Box Transcription Factor 2 (SOX2), Nanog, Nestin, and
octamer-binding transcription factor 4 (OCT3/4) where it’s
considered as a key regulator of glioblastoma stem-like
phenotype (134). In GBM cells, the induction of transcription
factors that are crucial for cancer stem cell persistence, cancer
growth, and signaling pathways associated with the epithelial to
mesenchymal (EMT) phenotype are stimulated by HCMV IE1
expression (134, 135). Many studies proved that cancer stem cells
infected with HCMYV possess a progression potential in contrast
to HCMV-negative cancer stem cells. Some HCMYV strains, for
instance HCMV-DB and HCMV-BL, are capable of
transforming human mammary epithelial cells and producing
a “transcriptional profile” associated with DNA hypomethylation
that resulted in enhanced proliferation, activation of cancer stem
cell, and EMT process (136, 137). Likewise, HCMV was proven
to induce an EMT phenotype in colorectal carcinoma cells
accompanied with amplified tumor proliferation and cancer
cell invasion (136). In addition, IE1 expression was detected in
CMV transformed HMECs (CTH) cells which as well express
embryonic stem cell markers (138). HCMV IE1 and IE2 gene
expression in addition to UL76 genes prompt DNA mutagenesis,
chromosome breakage, and genomic instability. Such expression
of HCMYV gene products could affect the pathways of p53 and Rb
tumor suppressors, and other pathways that are responsible for
DNA repair (27, 139, 140). Presuming the role of HCMV gene
products in causing DNA damage directly and indirectly, and
stimulating proliferation in stem cells, HCMV may have the
potential to initiate and promote tumor formation. The
oncomodulatory potential of HCMV catalyzes an oncogenic
process by producing viral proteins, helping tumor cells to
evade the immune system, and preventing and/or delaying cell
death. The lack of HCMYV specific cellular immune responses in
these immune-privileged tumor sites would definitely enhance
HCMYV replication. On the other hand, cancer cells on their own
can escape immune responses by diverse mechanisms. Thus, the
combination of intrinsic cellular with viral immune escape
machineries in cancer cells may offer an environment which
enhances HCMV replication and boost cancer cells to evade
from immune surveillance showing the bidirectional relationship
between tumor cells and HCMV (25, 141). It’s worth mentioning
that HCMV can activate many of the tumor pathways” hallmarks
including uncontrolled inflammation, myeloid cells’ infiltration,
immune modulation, angiogenesis, and metabolic
reprogramming. Production of inflammatory cytokines
including RANTES, MCP-1, MIP-1a, IFN-y, TNF- o, IL-4, IL-
18, and IL-8F is induced by HCMV (142, 143). The HCMV-
US28 chemokine receptor strongly promotes the expression of
the NF-kB, COX-2, IL-6, and p-STAT-3 which could initiate
oncogenic pathways (144, 145). Upon HCMYV infection of
human cancer stem cells and in the presence of cmvIL-10,
cancer stem cells can induce macrophage reprogramming “M2
phenotype” in the tumor microenvironment hence favoring the
appearance of tumor-associated macrophages (TAMs) and
enhancing other immunomodulatory, oncogenic, and

angiogenic cytokines’ expression such as STAT3 and vascular
endothelial growth factor (VEGF) (146-148). Similar to US28,
the cmvIL-10 chemokine which is known to be expressed in
latency phase and tumor cells can enhance cancer cell invasion
(149). In addition, HCMV can guarantee neutrophils and
mononuclear cells survival, which can support a quick
oncogenesis via the activation of an angiogenic switch (150,
151). Further, long non-coding RNAs (IncRNAs) were described
as efficient players not only in facilitating signal transductions in
tumor signaling pathways but also in promoting tumor evasion
from immunosurveillance. It has been also shown that immune
cells for instance, T-cells, B-cells, dendritic cells, macrophages,
and myeloid cells control tumor immune responses via IncRNAs
linked pathways (152, 153). In CTH cells, HCMV IncRNA4.9
was formerly detected in tumors isolated from xenograft NSG
mice injected with CTH cells, as well as in human breast cancer
biopsies (137). Moreover, several studies specified that
modifications in gut permeability and intestinal microbiota
translocation can stimulate chronic inflammation as well as
causing auto-immune and neoplastic diseases (154, 155).
Knowing that CMV presence was associated with upregulation
of various cytokines, elevated epithelial gut damage, microbial
translocation, and systemic inflammation (156, 157), it might
play a part in eliciting carcinogenesis. All in all, these studies
indicate that HCMV can be actively involved in enabling cancer
progression and this is through inducing certain pathways that
give rise to epigenetic modifications, and promoting the
activation of cancer stem cell, angiogenesis, invasion, and an
EMT phenotype (136, 158, 159). Certainly, one of the limitations
for assessing the effect of HCMV on immunity and cancer
progression is that the majority of the investigations were done
on the high risk CMV-positive subpopulation which might
involve diverse immunomodulation sociodemographic and
environmental co-factors other than HCMV status as well as
divergent lifestyles and medical history. Therefore, prospective
studies are highly required to rule out other immunomodulatory
factors and precisely evaluate the impact of CMV on
host immunity.

Nonetheless, it is noteworthy that the oncogenic potency of
HCMYV clinical strains varies between low and high-risk strains.
HCMV-DB and HCMV-BL have been classified as high-risk
strains in which they possessed their oncogenic potentials in
acutely infected human mammary epithelial cells (HMEC) in
vitro showing sustained transformation. These high-risk strains
were characterized by elevated Myc expression, PI3K/Akt
pathway activation, and p53 and Rb gene repression (138).
With regard to immune responses, Myc suppresses immune
surveillance by modulating the expression of the innate immune
regulator (CD47, also known as integrin-associated protein) and
the adaptive immune checkpoint namely, programmed death
ligand 1 (PD-L1, also known as CD274 and B7-H1) (160-164).
Further, Myc regulates thrombospondin-1 (161) and Type 1 IFN
(165, 166). Hence, Myc initiates and maintains tumorigenesis
through the modulation of immune regulatory molecules. PI3K/
Akt activation induced inflammation and immunosuppression
through nitric oxide synthase (NOS) overexpression; thus,
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resulting in tumor initiation via the activated Notch pathway
leading to tumor progression (167). On the other hand,
suppression or mutation of p53 has been shown to decrease
MHC-I presentation, increase STAT3 phosphorylation,
upregulate PD-L1 via microRNA (miR34), elevate pro-
inflammatory chemokine and cytokine production, and
indirectly upregulate the expression of chemokine receptors
(CXCR4 and CXCR5) (160, 168, 169). Loss of Rb leads to the
increase in CCL2 and IL6 secretion and this is because of the
elevated fatty acid oxidation (FAO) activity and enhanced
mitochondrial superoxide (MS) production (170). Indeed,
those molecular alterations have been linked to immune
suppression in the tumor microenvironment indicating that
only high-risk HCMV strains possessing oncomodulatory
properties are potentially involved in the oncogenesis process
as described previously (84, 138) (Figure 2). In line with the
previously presented epidemiological studies, and since HCMV
was confined within tumors correlating positively to poor
prognosis, as well as the potential of HCMV gene products in
regulating tumorigenic pathways and processes linked to cancer
hallmarks, and finally the HCMV broad tissue tropism, we infer
that HCMV possesses distinctive mechanisms in cancer
progression (26, 29, 171).

THERAPEUTIC APPROACHES IN
HIGH-RISK POPULATIONS

The fact that HCMV is highly prevalent in different cancer
forms, opens up the possibility to manage such cancers with
anti-HCMV medications. Currently, two major approaches are
being chased; the first emphases on antiviral therapy while the
other targets HCMV directed immunotherapy. The core
approach to antiviral therapy involves the use of valganciclovir.
The rationale behind using valganciclovir is suppressing HCMV
replication in HCMV-positive glioblastoma (GBM) cells leading
to the repression of virus-mediated tumor-promoting strategies.
Despite its viral replication suppression, valganciclovir doesn’t
eradicate the virus. Thus, short-term valganciclovir treatment
wouldn’t be ideal for treating glioma patients, necessitating
long-term treatment to maintain the tumor suppressive
properties (116). Interestingly, valganciclovir treatment
outcome was improved in combination with celecoxib (COX-2
specific inhibitor). Since glioblastoma, medulloblastoma, and
neuroblastoma tumors show high expression of
cyclooxygenase-2 (COX-2) and nonsteroidal anti-inflammatory
drugs (NSAIDs) levels, COX-2 and PGE2 inhibitors possess a
profound effect on tumor growth. The two inhibitors
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competently block HCMV replication and limiting the US28-
expressing tumor cell growth. Therefore, the significant effects
behind the use of aspirin and other NSAIDs in tumor prevention
investigations could be somewhat due to the suppression of
HCMYV replication in pre-malignant lesions (80). The existing
link between CMV and cancer creates a new avenue for
immunotherapeutic strategies that target CMV such as,
adoptive T-cell transfer and vaccine approaches (172). During
adoptive lymphocyte transfer (ALT), autologous T-cells are
expanded and activated ex vivo against the tumor. After that,
they are transferred into patients where lymphodepletion
stimulates a substantial proliferation of T-cells and intensifies
tumor-specific immunity (173, 174). There exist various ongoing
clinical studies assessing the effectiveness of adoptive T-cell
therapy using HCMV-specific T-cells, or DCs with CMV-pp65
RNA in order to vaccinate GBM patients. CMV-specific T-cells,
especially pp65-specific T-cells, favorably infiltrate glioblastoma
tumors and were able to stimulate glioblastoma cells’ killing
(173). The fact that a high percentage of GMB samples were
HCMV-positive has led to potential immunotherapy targets for
GBM treatment. HCMV-specific proteins (IE1, pp65, and gB)
are being investigated for the development of immunotherapy
targets (116, 174). Interestingly, a study showed that CMV-
stimulated NK cells and y3-T-cells might have antineoplastic
potential and CMV reactivation has been associated with
minimal risk for relapsed leukemia in hematopoietic stem-cell
transplantation (HSCT) patients (173). Since oncolytic
virotherapy has been recognized as a promising approach for
treating cancers in recent years, the use of “oncolytic CMV
therapy” in combination with anti-tumor medications, immune
checkpoint inhibitors (targeting CTLA4 and PD-L1), epigenetic
therapeutics, or as “HCMV/HSV-1 oncolytic virus” could be
regarded as one of the most intriguing antitumor
approaches (175).

Major approaches used to target Myc are mostly targeting
Mpyc gene transcription (JQl, AZD5153, GSK525762, dBETI,
THZ1, Roscovitine, Flavopiridol, QN-1, and APTO-253),
inhibiting Myc mRNA translation (MLNO0128, Silvestrol,
eFT226, BTYNB, Rapamycin, MK2206, BEZ235), targeting
Myc oncoprotein stability (Volasertib, TD19, P22077,
MLNS8237, BI 6727, and BI 2536), controlling Myc-Max
interactions (Omomyc and MYCMI-6), and blocking Myc’s
accessibility to other genomic targets (Sulfopin) (176-178).
Further, bromodomain and extraterminal protein (BET)
inhibitor, JQI, decreased expression of PD-L1 and CD47
resulting in the recruitment of T-cells. Hence, drugs targeting
Myc-associated pathways may be used to modify the expression
of immune checkpoints (179). Furthermore, the PI3K/AKT
pathway is activated in cancer; thus, identifying AKT inhibitors
that can block PI3K/AKT signaling could attenuate tumor
growth and recover immune responses. AKT inhibitors are
classified in Synthetic (MK-2206, AZD5363, GDC-0068,
Perifosine) and natural AKT inhibitors (Resveratrol or grape
powder, Ginger root extract, Sulforaphane) (180, 181). Few drugs
in clinical use or preclinical assessment have been verified to
directly or indirectly target PI3K signaling such as BEZ235,

Ly294002, Rapamycin, CCI779, PX-866, SF1124, PX316,
Miltefosine, and Perifosine (178, 181). Reactivating tumor
suppressors is a substantial pharmacological challenge;
restoring p-53 activity stimulated innate immunity particularly
DC activation, and it also promoted adaptive immunity. Nutlin-
3a, mouse double minute 2 homolog (MDM2) inhibitor, induces
local p53 activation in the TME resulting in MDM2-mediated
tumor cell apoptosis even in the presence of a sustained Notch
activity (168, 182, 183). Re-expression of p53 was stimulated by
Tamoxifen injections causing massive apoptosis (179). T-cell
responses were driven by using p53 vaccines (ALVAC-p53 and
MV Ap53) or synthetic long peptides of p53 (169). Moreover, the
highly selective cyclin-dependent kinases 4/6 (CDK4/6)
inhibitors (Palbociclib, Ribociclib, and Abemaciclib) were
proved to avert RB phosphorylation thus regulating MHC
presentation, IFN-y response, and IL-6 signaling (184-186).
Carlumab, a human IgGl monoclonal antibody, inhibited
CCL2 and it consequently showed promising effects in both
solid tumors and metastatic resistant prostate cancer. A distinct
approach to CCL2/CCR2 interference, was hindering CCR2
using MLN1202 in bone metastasis (187). It has been shown
that CCL2 knockout prompted marked suppression of TAMs-
associated inflammatory cytokines (188); in addition, CCL2-
CCR2 blockade exhibited tumor-suppressive function by
blocking inflammatory monocyte recruitment within the
tumor (170) (Figure 3).

Additionally, because of HCMV’s ability to establish latency
and reactivate, CMV vaccines are presently being developed for
clinical use. To prevent HCMV infection in tumor-independent
settings, the development of an effective HCMV vaccine has been
investigated despite being a struggle for a couple of years. Few have
already granted the approval to a phase III clinical trial thus
possessing promising outcomes (189). The investigated anti-
CMV vaccine types include the live-attenuated (phase 2),
recombinant subunit (phase 2), virus vectored phase (1, 2),
chimeric peptidic (phase 2), enveloped virus-like particles (phase
1), plasmid-based (phase 3), and mRNA (phase 2) vaccines (190).
mRNA-1647, a CMV vaccine covering six mRNAs that encodes
pentamer and gB protein, is designed for CMV prophylaxis; a
phase 3 study will be initiated to assess the prevention of primary
CMYV infection in women of childbearing age (ClinicalTrials.gov
Identifier: NCT04232280). Recent data showed that HCMV could
perhaps induce transformation by enhancing the expression of
viral genes (for example, UL69 gene). The presence of UL69 gene in
CTH cell cultures and UL69 DNA in the majority of breast cancer
biopsies indicates a potential significance of UL69 as a target in
developing HCMV-vaccine (191). The usage of HCMV vaccines
for the treatment of cancer patients generally and GBM patients in
specific might be of high therapeutic value especially that HCMV
has been shown to express oncomodulatory functions. Letermovir,
an FDA approved novel terminase inhibitor, is currently used for
CMV prophylaxis as it selectively compromises CMV replication.
It’s characterized by its high potency compared to ganciclovir and
limited toxicity profile (192). There exists an ongoing phase 2
clinical trial that aim to assess the anti-inflammatory potential of
letermovir in adults with HIV and asymptomatic CMV being on

Frontiers in Immunology | www.frontiersin.org

159

September 2021 | Volume 12 | Article 730765


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

El Baba and Herbein

HCMV Immune Landscape

=

BEZ235, Ly294002, ME“_"Z
Rapamycin, CCI779, PX- 1

866, SF1124, PX316, I
Miltefosine,Perifosine Nutlin-3a

1 Rb
e —
S laa
PI3K cvelinn . coxe/s | a®n ? roT Corlumab
MK-2206, AZD5363, l J— Rb
GDC-0068, .
perifosine, .. Palbociclib
Resveratrol, Ginger 1 AKT Ribociclib, KEY
root extract, / N\ Abemaciclib
Sulforaphane  Volasertib, TD19, P22077, MLN8237, SEHOSPHORVLATION
IKK-a/B/y mTOR ,/ BI 6727, and BI 2536 : INDUCES

\

Myc
(MRNA) roansiamion

4
LS

—iD|

@"\

\

bem

7’
’ : TRANSCRIPTION
{-- = Omomyc, MYCMI-6 : DRUG INHIBITION
ACTIVATION

()

: INHIBITION

il P

Ja1, AzD5153, MYC

dBET1, THZ1,
Flavopiridol, QN-1, APTO-253

GSK525762, .
ROSCOVItiNg, w we wad

™

(gene) E
1

5

MLN0128, Silvestrol, eFT226,
BTYNB, Rapamycin, MK2206,
BEZ235

FIGURE 3 | Potential therapeutic approaches reinstating tumor immunity. Certain therapeutic strategies are used to increase tumor suppressor proteins and reduce
oncoproteins’ expression with the aim of restoring the immune response against tumors.

antiretroviral therapy-mediated suppression (ClinicalTrials.gov,
Identifier: NCT04840199). Further investigations will be
a welcome addition to evaluate the use of letermovir in
averting CMV recurrence and treatment as well as to reverse
letermovir resistance.

CONCLUSION

Overall, HCMV-induced amplification of immune evasion
mechanisms mediates oncomodulation and enables tumors to
further escape immune surveillance and develop immune
tolerance favoring other malignant phenotypes. HCMYV,
infecting many cell types, induces a pro-inflammatory
environment and conquers specific immune responses
thus creating an immunosuppressive TME. Nevertheless,
getting to know viral immune evasion mechanisms will aid
in understanding aspects of cellular as well as immunological
function, and contribute to the enhancement of immunotherapies’
outcome and antiviral agents eliminating the virus from tumor
tissues which could improve patient’s immune responses and
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GLOSSARY

ALT
BAK
BAX
Bcl-2
BET
CDK
COVID-19
COX-2
CRPs
CTH
CTLs
DCs
DISC
dsDNA
EBV
EMT
EPCR
FAO
FLIP

gB
GBM
GCRs
gH
HCC
HCMV
HHV-5
HLTF
HMEC
HSCT
IBD
ICAM-1
IFNs

Adoptive lymphocyte transfer

Bcl-2 homologues antagonist/killer
BCL2-Associated X Protein

B-cell lymphoma 2

Bromodomain and extraterminal protein
Cyclin-dependent kinases
Coronavirus disease 2019
Cyclooxygenase-2

Complement regulatory proteins
CMV transformed HMECs
Cytotoxic T lymphocytes

Dendritic cells

Death-inducing signaling complex
Double-stranded DNA
Epstein-Barr virus

Epithelial to mesenchymal transition
Endothelial protein C receptor
Fatty acid oxidation

Fas-associated death-domain-like IL-1B-converting enzyme-
inhibitory proteins

Glycoproteins B

Glioblastoma

G-Protein-coupled receptors
Glycoprotein H

Hepatocellular carcinoma

Human Cytomegalovirus

Human herpesvirus 5

Helicase like transcription factor
Human mammary epithelial cells
Hematopoietic stem-cell transplantation
Inflammatory bowel disease
Intercellular adhesion molecule-1
Type | interferons

Interleukin

(Continued)

Continued

IL6R IL-6 receptor

JAK Janus kinase

INcRNAs Long non-coding RNAs

MCP-1 Monocyte chemoattractant protein-1

MCP3 Monocyte chemotactic protein-3

MDM2 Mouse double minute 2 homolog

MHC Major histocompatibility complex

MICA MHC Class | Polypeptide-Related Sequence A
MICB MHC class | chain-related gene B

MIP-1o. Macrophage inflammatory protein-1 alpha
MIP-18 Macrophage inflammatory protein-1 beta
miRNAs microRNAs

MS Mitochondrial superoxide

NK Natural killer

NKG2D Natural Killer Group 2D

NOS Nitric oxide synthase

NSAIDs Nonsteroidal anti-inflammatory drugs

Oct-4 Octamer-binding transcription factor 4
PBMCs Peripheral blood mononuclear cells

PDGFRo Platelet-derived growth factor receptor alpha
PD-L1 Programmed death-ligand 1

PIBK/AKT Phosphatidylinositol-3-kinase and protein kinase B
SLE Systemic lupus erythematosus

SOX2 SRY-Box Transcription Factor 2

STAT Signal transducer and activator of transcription
TAMS Tumor-associated macrophages

Th T-helper

TLR2 Toll-like receptors 2

TME Tumor microenvironment

TNFR Tumor necrosis factor receptor

TNF-o Tumor necrosis factor-alpha

TUSC3 Tumor suppressor candidate 3

uL Unique long

ULBPs UL16 binding proteins

us Unique short

VEGF Vascular endothelial growth factor

VICA Viral inhibitor of caspase-8-induced apoptosis
v0 T-cells Gamma-delta T-cells
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The exquisite coupling between herpesvirus and human beings is the result of millions of
years of relationship, coexistence, adaptation, and divergence. It is probably based on the
ability to generate a latency that keeps viral activity at a very low level, thereby apparently
minimising harm to its host. However, this evolutionary success disappears in
immunosuppressed patients, especially in haematological patients. The relevance of
infection and reactivation in haematological patients has been a matter of interest,
although one fundamentally focused on reactivation in the post-allogeneic stem cell
transplant (SCT) patient cohort. Newer transplant modalities have been progressively
introduced in clinical settings, with successively more drugs being used to manipulate
graft composition and functionality. In addition, new antiviral drugs are available to treat
CMV infection. We review the immunological architecture that is key to a favourable
outcome in this subset of patients. Less is known about the effects of herpesvirus in terms
of mortality or disease progression in patients with other malignant haematological
diseases who are treated with immuno-chemotherapy or new molecules, or in patients
who receive autologous SCT. The absence of serious consequences in these groups has
probably limited the motivation to deepen our knowledge of this aspect. However, the
introduction of new therapeutic agents for haematological malignancies has led to a better
understanding of how natural killer (NK) cells, CD4+ and CD8+ T lymphocytes, and B
lymphocytes interact, and of the role of CMV infection in the context of recently introduced
drugs such as Bruton tyrosine kinase (BTK) inhibitors, phosphoinosytol-3-kinase
inhibitors, anti-BCL2 drugs, and even CAR-T cells. We analyse the immunological basis
and recommendations regarding these scenarios.

Keywords: CMV, inflammation, lymphoma, transplantation, immunotherapy, CAR-T-cells

INTRODUCTION

Human cytomegalovirus (CMV) is a DNA virus belonging to the herpesvirus family. Its
transmission, through saliva, sexual contact, blood and breast milk, makes it highly prevalent,
and the seroprevalence increases with age (1). The various studies carried out so far estimate a
seroprevalence between 30% and more than 90%, depending on the population under study. This
variation may be largely ascribed to age and socio-economic characteristics.
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The implications of acute infection are of little relevance in
terms of severity of infection and complications, as described
below. However, the interest in healthy populations lies in its
chronification and latency, and thereby in the development of an
immune response that accompanies the host throughout its life,
modulating its immune system through mechanisms that are not
yet fully understood.

CMV infection plays a very important role in some
population groups, such as immunosuppressed patients, and
especially haematological patients, since acute infection causes
significant morbidity and mortality in such patients.

The objective is to review the knowledge of CMV infection,
and to understand its immunological effects in healthy
individuals, in general, and in haematological patients.

CMV INFECTION

Primoinfection and Latent Phase
The infection is usually asymptomatic in adults, although
sometimes it occurs in the setting of a mononucleosis-like
syndrome. CMV is able to induce a persistent infection
throughout the host lifetime. This is due to its ability to
remain latent in some cells. It appears that CD34+ cells and
CD14+ monocytes and macrophages as well as dendritic cells
may constitute the fundamental reservoir (2-4). However, viral
DNA has also been found in other cells of the immune system, as
well as in epithelial and endothelial cells (3, 5-7) as they get also
infected and which would also explain the mechanisms by which
it is transmitted (Figure 1).

In the infectious phase (and endogenous reactivation), the
initial participation of proteins encoded by immediate-early (IE)
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genes is key, since they strongly activate the expression of the
genes that consolidate the infectious stage (7, 8). These IE genes
are expressed in cells that allow it (permissive), which are,
apparently, differentiated cells (9). This expression is subject to
the activation of the major immediate-early promoter (MIEP)
protein. There are a variety of cellular factors that repress the
activity of the MIEP in non-permissive cells (2, 10, 11). The
terminal differentiation of these cells, which initially does not
allow the reactivation of CMV, could decrease the expression of
these factors, leaving the promoter complex active, thereby
permitting viral reactivation (12, 13).

CMYV infection induces specific IgA, IgG, and IgM
production. Neutralizing IgGs appear early after infection and
are permanently detectable thereafter. IgA can be detected for
several months and even years after primoinfection (14). Cellular
response is crucial in CMV infection control, CD4+ and CD8+ T
lymphocytes are directed to pp65 protein and IE1 protein. When
this control is well set, infection usually follows an indolent
course (15).

Chronic Infection and Possible

Oncogenic Role

Long-term effects on immune system have been described
despite the indolent course of CMV infection in the
immunocompetent population. CMV has an impact on the T
cell pool (and leaves a fingerprint) by large expansions of the
CMV-specific memory pool and expansion of terminally
differentiated T cells/effector T cells. This might impair the
immunological response to neoantigens as well as the number
of IL-2 and IL-4-producing CD8+ memory T lymphocytes in the
elderly. CMV-specific CD8+ T lymphocytes producing IFN-y,
might contribute to a proinflammatory status, but this is
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FIGURE 1 | Summary of the innate and adaptive immune response against CMV in immunocompetent individuals.
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probably less clear. Therefore, some aging-associated processes
might be accelerated due to latent CMV infection (15, 16).
However, the role of CMV on aging is, in any case, a current
matter of debate. And a recent extensive review of this matter by
Jackson et al. has revealed that, according to existing data, there
is only limited evidence supportive of the formation and
maintenance of a large population of CMV specific CD8+ T
cells, known as “memory inflation”, as a mechanism of
immunosenescence (17).

Potential oncogenicity has also been studied, yielding
controversial results in solid and haematological tumours. This
may be because the multiple causes, over and above many of the
fundamental processes responsible for the development of solid
and haematological tumours, make it difficult to assess the
specific value of the individual primary causes.

The oncogenic role of other viruses and pathogens (hepatitis
C and B, papilloma, and the bacterium Helicobacter pylori) is
better established in the context of some solid neoplasms, such as
the liver in the case of the first two, the cervix and larynx in the
second, and stomach cancer in the case of H. pylori.

The association between CMV infection and numerous solid
tumours in relation to its oncogenic and immunomodulatory roles
has also been sought and found. In the case of colon cancer, the
association between CMV and the development of cancer varies
from study to study (18-21), whereby some find an association but
others confirm the absence of one. A recent and very detailed review
of US28 potential roles in aherosclerotic disease and cancer
demonstrates the difficulty of attributing the causation of US28 in
carcinogenesis and its role in atherosclerotic disease (22). In this
field, the results of the investigations are now very numerous and
not always concordant, so they must be integrated in order to
establish consistent concepts regarding the functions of this protein.
This could later relate it to CMV infection, and this molecule might
then be used as a therapeutic target or disease marker and targeting
US28 might prevent CMV disease and could benefit
immunosuppressed individuals, including transplant patients (23).

CMYV is expressed in most human glioma samples (24).
However, correlation with peripheral blood CMV detection in
glioblastoma patients is variable (25). The low incidence of
glioblastoma cases compared with the high prevalence of CMV
infection makes it difficult to explain the initiating role of
CMV in the development of this neoplasm. In addition,
anti-CMV treatment with antiviral drugs such as foscarnet or
valganciclovir has not definitively been shown to improve
survival in patients with glioblastoma multiforme (26-28). The
efficacy of anti-CMV immunotherapy (29) may be due to
targeting of CMV-expressing cells that drive tumour growth,
activation of other immune cells that cause additional killing of
CMV-negative cells, or cross-priming after killing of CMV-
positive tumour cells. Therefore, a proposed role for CMV in
gliomagenesis is most likely to be associated with an as yet
undefined event (30), although it seems that it might be
supported by CMV’s oncoimmunomodulatory role.

Although CMV is the virus whose impact seems to be the
most significant with respect to T lymphocyte deregulation, it has
not been given so much importance from the haematological

point of view, and very little is known about its oncogenic role. In
fact, very few studies have analysed the influence of CMV on
haematological pathology. In contrast, the association of the
Epstein-Barr virus with the development of lymphomas is well
established (31-34). The fact that the EBV tropism occurs in the
B lymphocytes, where it remains latent (35-37), may make the
relationship much more direct for the etiological study. In
the case of CMV, no indirect association has been sought,
perhaps because, although not directly, the effect on, or
damage caused to the functionality of B lymphocytes and,
especially T lymphocytes, by chronic infection and successive
reactivations indirectly affects degree of predisposition
to lymphomagenesis.

Although no prospective studies have been carried out, at
least three retrospective studies have analysed the influence of
the virus in populations that develop lymphomas. Two of the
studies did not find a higher seroprevalence in patients with T
cell lymphomas compared to the age-controlled population (38,
39). However, another study (40) found a very high
seroprevalence in patients with mycosis fungoides and Sezary
syndrome (Table 1).

The expression of proteins and transcription factors of the
virus has also been observed in some series of patients.
Specifically, in a series of Iranian patients, the expression of
UL138 mRNAs (as latent infection markers) and IE1 proteins (as
reactivation markers) was studied by RT-PCR in patients with
Hodgkin and non-Hodgkin lymphomas. The expression of
UL138 mRNAs was found to be expressed in 20% of the T cell
lymphomas in the series (41). Of note, this observation remains
to be explained since T cells are not infected by CMV; casualty
seems to be difficult to demonstrate here due to a possible
indirect effect; indeed we are yet to know if a potential
immune dysregulation motivated by a chronic exposure to the
antigen might be responsible of this association.

CMV IN THE HAEMATOLOGICAL SETTING

CMV in Allogeneic Stem Cell
Transplantation

Definitions Regarding CMV Infection

Definitions of CMV infection and disease were initially
developed and published as part of the proceedings of the 4th
International CMV Conference in Paris in 1993 and have been
progressively updated, most recently in 2020 (42-45).

Infection involves the detection of CMV in biological
samples. When monitoring patients after transplant, it is
usually determined in blood. In these cases, it is worthwhile
differentiating whether the infection is detected by finding the
antigen (antigenemia), growth in cell culture (viremia), or
detecting DNA (DNAemia).

Primary infection takes place in seronegative patients, while
reactivation refers to virus detection in previously seropositive
patients. Recurrent infection refers to the detection of CMV in a
patient with evidence of infection, but when there has been a 4-
week infection-free gap between the two determinations.
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TABLE 1 | CMV role in lymphoma development.

Study Aim of study

Gupta et al. (38) Seroprevalence SS/MF
vs Non-SS/MF

Ballanger et al. (39) Seroprevalence SS, MF& control group

PCR in affected tissue

Herne et al. (40) Seroprevalence SS/MF vs bone marrow donors

Subanalysis with age-matched subgroups

Mehravaran et al. (41) PCR in affected tissue IE1 (active replication)
Nested-PCR in affected tissue UL138 (latency)

Hodgkin and No Hodgkin

Results

SS/MF 60.4 % (N=53)

Non-SS/MF 61.5% (N=26)

Control group 37% (N=124)

MF 66.67% (N=27)

SS 42.86% (N=21)

p=0.009

CMV was not detected in diagnostic biopsies. CMV was detected in two SS
skin biopsies realized at an advanced stage
Control group 57.3% (N=1322)

MF/SS 97.4% (N=116)

p<0.05

CTCL 93% (N=32)

Control group 53.6% (N=1103)

p<0.05

IE1 detected in 1/25 Non-HL

UL138 in 5/25 Non-HL and 1/25 HL

SS, Sézary Syndrome; MF, Mycosis Fungoides; CTCL, Cutaneous T-cell lymphoma; HL, Hodgkin lymphoma.

Reinfection refers to a new infection by a different viral strain,
while reactivation is established when the same viral strain, of
endogenous origin is involved.

CMV disease involves the conjunction of signs and/or
symptoms that indicate organ involvement (pulmonary,
gastrointestinal, hepatic, retinal, renal, myocardial, encephalic,
pancreatic, etc.) together with the detection of CMV (using one
or more of the validated techniques) in the affected organ
or tissue.

T Lymphocyte Reconstitution and CMV: Cause

and Consequence

T lymphocyte reconstitution has an initial thymus-independent
phase, during which we observe the antigen-driven expansion of
T lymphocytes infused with the graft (Figure 2). The second
phase is thymus-dependent. Naive T lymphocytes derived from
the donor with a diverse T lymphocyte receptor (TCR) repertoire
expand, although very slowly, so it takes years to complete the
reconstitutions of this subset (46). However, the process cannot
always be completed in this way because thymic function is
conditioned in many allogeneic SCT recipients, thymic involutes
in old patients and graft-versus-host disease (GVHD) damages
epithelial thymus cells (47). When this occurs, the thymic-
independent pathway rapidly generates CD8+T lymphocytes
(48), resulting in an inversion of the CD4:CD8 ratio that can
persist for years (49). It also leads to peripheral expansion of
memory T lymphocytes (CD45RO+CD27+/CD45RO+CD27-)
since generation of naive T lymphocytes (CD45RA+/CD28+)
from prethymic progenitors depends on a functional thymus
(50). The differences between precursor sources, conditioning
regimens and donor features are a consequence of the absolute
numbers of CD4+ and CD8+ T lymphocytes infused. In any case,
the absolute number of CD4+ T lymphocytes (i.e., regulatory T
lymphocytes (Tregs) and conventional CD4+ T lymphocytes),
remain at unrecovered levels up to 2 years after hematopoietic
stem-cell transplantation (HCT). CD8+ T lymphocytes can
recover faster, but also depend on the conditioning regimen

and immunosuppressors used. The TCR repertory is considered
to drive and be the result of disease control and GVHD activity.
With regard to disease control, a study including umbilical cord
blood donors (UCDs) and matched related or unrelated donors
using in vivo T cell depletion (TCD) showed that patients who
remained in remission had greater TCR diversity. A broader
TCR spectrum could have an antitumoral role. A narrower TCR
spectrum is in turn observed in those with GVHD, which would
presumably be related to preferential expansion of particular T
lymphocyte clones (51). In contrast, another study reported that
grade 2-3 acute GVHD is associated with greater TCR diversity
(52). These differences might be due to the high variability
among the conditioning regimens, immunosuppressive
therapy, and donor source (53).

Activity of T lymphocytes (CD4+ and CD8+) is essential for
the control of CMV infection (15, 53, 54). The correct
reconstitution of CD8+ and CD4+ T lymphocytes is associated
with the control of CMV infection (55). CMV-specific CD8+ T
lymphocyte reconstitution is usually delayed by around 3
months after transplantation. There have been reports of
prompt recovery, which is thought to be based on the
receptor’s ability to bring about T lymphocyte lymphopoiesis
(56). Knowing the HLA-typing of the donor, the source of the
graft and the type of conditioning are essential for this rapid
recovery and therefore the early control of the infection: HLA-
typing facilitates the reestablishment, which is faster in identical
donors without mismatch, but slower the more T depletion there
is. Receptor immunity also influences infection control until
immune reconstitution is established, especially in patients on
reduced intensity regimens (57).

The relation between T lymphocyte reconstitution and CMV
infection is bidirectional, and while delayed T lymphocyte
reestablishment compromises anti-CMV protection, prompt
reactivation of this virus conditions the characteristics of the
recovery (58). CMV expands effector memory T lymphocytes,
causing a linked contraction of all naive T lymphocytes,
including putative CD31+ thymic emigrants (59).
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FIGURE 2 | CMV infection/reactivation in the context of antitumoral drugs used in haematological patients. BCR, B cell receptor; BTK, Bruton tyrosine kinase; CAR-
T cells, chimeric antigen receptor T cell; CMV, cytomegalovirus; CTLA4, cytotoxic T-lymphocyte antigen 4; MHC, major histocompatibility complex; NK, natural killer;
PI3K, phosphatidyl inositol 3 kinase; PD, programmed death; PD-1L, programmed death-ligand 1; PTEN, phosphatase and tensin homologue; SCT, stem cell
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Donor Source Role
With respect to the source of the graft, patients who receive an
allogeneic umbilical cord blood (UCB) transplant are at the
highest risk of CMV infection because of the type of cells
present in UCB. In this type of transplant, T lymphocytes are
immature, which lower the risk of developing GVHD, but could
increase the risk of severe infections (60). UCB contains Tregs,
which are more potent suppressors than adult Treg (61). On the
other hand, this is consistent with the high dose of anti-
thymocyte globulin employed in the conditioning regimen,
which is needed to prevent mainly graft rejection but also the
effects of GVHD. In summary, T lymphocyte reconstitution is
delayed, and this is considered the main cause of the increased
risk of infection, particularly by CMV, in this cohort (62).

Patients who receive CD34+ (positively selected) allogeneic
SCT or T lymphocyte-depleted allogeneic progenitors belong to
the high-risk group for CMV infection because they lack the
mature and naive T lymphocytes that should make cellular
immunity reconstitution possible.

The faster engraftment of peripheral blood progenitors
compared with bone marrow and cord blood progenitors, and
the concordant faster immune reconstitution demonstrated

in vitro (63) and in vivo (64), lead us to expect that better
immune reconstitution against CMV would reduce the incidence
of CMV disease in this group. Several studies have compared the
sources and found mixed results for the risk of CMV reactivation
in peripheral blood and bone marrow. For example, a non-
randomized study of 158 patients showed that the incidence of
CMV reactivation (monitoring antigenemia) and CMV
interstitial pneumonia were lower in the peripheral blood than
in the bone marrow group (65). Another randomized study
(n = 172) showed the opposite relationship, with a higher
incidence of CMV infection in unmodified peripheral blood
SCT recipients (66). This latter theory of a higher risk of CMV
infection in peripheral blood than in UCB and bone marrow has
been described (63). However, another study found no such
differences (64).

This risk of CMV infection drops to an intermediate level as
time goes by, as long as anti-T drugs or high-dose steroids are
not added.

The influence of the HLA discrepancy between donor and
recipient is highly nuanced or dependent on the type of
conditioning and immunosuppressive treatment used since
these are adjusted based on these discrepancies. The greater
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the discrepancy, the greater the risk of viral reactivation, but as
explained above, this could be a response to the confluence of a
more powerful immunosuppressor therapy and the anti-T-
lymphocyte agents used.

Patients undergoing haploidentical allogeneic hematopoietic
SCT (Haplo-HSCT) have been considered to be at higher risk of
CMYV reactivation than those receiving HLA-matched allografts
due to impaired CMV-specific T lymphocyte reconstitution.
Analysis of this and monitoring the CMV DNA load in
parallel with CMV-specific IFN-y-producing CD8+ and CD4+
T lymphocytes revealed that CMV was reactivated approximately
as often in PTCy-haplo and HLA-matched recipients, and that
CMV-specific T lymphocyte counts were similar in the two
groups at most of the times examined. These findings suggest
that the two groups reconstitute CMV-specific T lymphocyte
immunity in a similar fashion (67).

Immunosuppressors and Anti-T
Lymphocyte Agents

Steroids and anti-T lymphocyte agents are the cornerstone of the
prevention and treatment of graft rejection and, fundamentally,
of the development of graft-versus-recipient disease, the
appearance of which considerably increases transplant-related
mortality (not associated with relapse) (TRM). These data are
well established, and by way of example, in one of the most
recent series of patients treated with novel immunosuppressive
treatment options, an increase in mortality of 5 to 16% has been
described in patients with or without GVHD (68).

Patients who receive an allogeneic transplant from any source
and who are treated with high-dose steroids or who receive anti-
T lymphocyte agents, such as the aforementioned anti-
thymocyte globulin, but also high doses of cyclophosphamide
are also at high risk. This drug is necessarily employed in
haploidentical transplant after progenitor infusion to avoid the
GVHD that would accompany a half-discrepant haplotype.
However, T lymphocyte in vivo depletion with cyclofosfamide
is being used increasingly often in patients at high risk of GVHD
when they undergo non-haploidentical transplants.

Cyclophosphamide

The effects of cyclophosphamide as a T lymphocyte depletion
regimen were first studied in the haploidentical transplant setting
(69). Its benefits were then extended to other mismatched, or
even matched, donors (70). Cyclophosphamide is used as an
agent that depletes donor T lymphocytes in vivo. For this
purpose, it is administered during the first days of infusing the
progenitor cells — the post-transplant-cyclophosphamide (PTCy)
strategy. The mechanism by which cyclophosphamide modifies
the T lymphocyte response and thereby reduces GVHD has been
studied and extrapolated based on murine models of skin graft
rejections. However, there has been some disagreement about
whether the mechanisms involved are similar.

Nunes et al. developed a murine major histocompatibility
complex (MHC)-haploidentical HCT model (B6C3F1 —
B6D2F1) that is equivalent to the clinical HCT setting. They
described how PTCy, a non-T lymphocyte-cycle-dependent

alkylator, affects both highly and lowly proliferative host-
alloreactive donor T lymphocytes. After infusion of
progenitors, host-alloreactive donor T lymphocytes become
activated, proliferative, and give rise to an inflammatory
environment. Between post-transplant days +3 and +7, there is
continued high-level proliferation of host-alloreactive donor
CD8+ effector T lymphocytes and reduced, but continued
proliferation of the surviving host-alloreactive donor CD4+ T
lymphocytes, both effector and Tregs (70). This time schedule
and pattern of proliferation is important for determining when
to apply PTCy, because the decrease in host-alloreactive donor
CD4+ effector T lymphocyte proliferation is needed to prevent
GVHD (71). Around day +5, the functionality of surviving host-
alloreactive donor effector T lymphocytes becomes impaired.
The severity of this increases over time, and the apparently rapid
effect of PTCy is enhanced by preferential reconstitution of
donor CD4+ Tregs between days +7 and +21, which
suppresses the host-alloreactive donor effector T lymphocytes.
Meanwhile, host-non-alloreactive donor T lymphocytes
maintain the slow proliferation, so the relative proportion of
alloreactive donor T lymphocytes ends up increasing. The
dynamics after these first stages might change over time and
due to antigenic stimulation.

It has been observed that the regulatory lymphocytes of
patients who receive PTCy recover quickly during the post-
transplant period; as little as 1 month after the transplant, they
are already at levels similar to the baseline of the donor, even
when the transplant patient still exhibits lymphopenia (72). In
patients receiving PTCy as the sole prophylaxis of GVHD in
identical transplants, it has been observed that recipients’ TCR
level after infusion of the progenitors is lower than that of the
donor in the first moments. However, beyond the first 3 months,
it begins to resemble the donor’s repertoire more closely, and in
CMV-positive cases, the number and repertoire increasingly
resemble those of the donor (73).

PTCy continues to prove to be one of the most beneficial
agents for the control of GVHD and even of relapse. In a
prospective multi-centre, randomized phase II clinical trial,
regimens of (i) tacrolimus, mycophenolate mofetil, and
cyclophosphamide, (ii) tacrolimus, methotrexate, and
bortezomib, and (iii) tacrolimus, methotrexate, and maraviroc
were compared against standard tacrolimus and methotrexate
(74). Only the PTCy-containing regimen resulted in superior
GVHD-free (severe acute and chronic), relapse-free survival.
However, this benefit might alter when CMV infection
appears. As previously stated, an increased CMV infection is
associated with Haplo-HSCT receiving PTCy (HaploCy).
However, the specific roles of the allograft source and the use
of PTCy in CMV infection and disease are unresolved. A recent
analysis of patients reported to the Center for International
Blood and Marrow Transplant Research (CIBMTR) has
addressed this aspect by comparing the cumulative incidence
of CMV infection at day 180 in three cohorts: one that had
received HaploCy (42%), a second group of sibling SCTs with
PTCy (37%) and a third cohort of sibling SCT's with calcineurin
inhibitor-based (23%) prophylaxis for AML/ALL/MDS. PTCy,
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regardless of donor, was associated with a higher incidence of
CMYV infection. The study also concluded that CMV infection
could negate the cGVHD protective benefit of PTCy (75).

Methotrexate

Methotrexate is an antitumor and immunosuppressive drug. It is
a structural analogue of folic acid; it blocks purine synthesis by
inhibiting numerous regulatory enzymes. It does not have
protumoral activity, unlike alkylating drugs, so it is of
particular interest in the context of patients undergoing
multiple therapies with potential induction of secondary
tumours. It targets the S phase of the cell cycle, which
determines that its action is largely confined to highly
proliferative cells. In the early post-transplant period, it
predominantly acts on highly proliferative alloreactive
lymphocytes. Its use in the context of marrow transplantation
dates back to 1970, when Donald Thomas described its role in
controlling GVHD in dogs (76). Since then, its use has been
maintained with dose modifications and optimizations in its
combinations. In combination with a calcineurin inhibitor, it has
been the standard of care for immunosuppression in
myeloablative matched hematopoietic cell transplants.

Calcineurin Inhibitors

Calcineurin inhibitors stop downstream signalling of the T cell
receptor (TCR) of naive and memory T lymphocytes. This makes
them highly effective at suppressing alloimmunity after SCT (77).
They have undesirable collateral effects on anti-infectious and
tumour-protective immunity, and reactivation of latent herpes
viruses including CMV is frequent (78).

Anti-Thymocyte Globulin (ATG)

Low-dose ATG in transplants from high-risk alternative donors
reduces GVHD and transplant-related death. All four
randomized ATG trials undertaken demonstrated protection
against GVHD, and three of them found no detrimental effect
on survival (79-81). Two ATG formulations, derived from horse
and rabbit, have different mechanisms of action, effects on Tregs,
and depths of induced lymphopenia.

A direct association has consistently been found in both
formulations between the use of ATG and the occurrence of
viral infections, particularly CMV. This association has recently
been validated (72).

Steroids

Patients being treated with high-dose steroids in the setting of
GVHD, had significantly fewer activated CMV-specific T
lymphocytes, both CD8+/IFN-y+ and CD4+/IFN-vy+ at all
developmental stages after allo-SCT. Reconstitution of CMV-
specific CD4+ and CD8+ activated lymphocytes was observed at
+180 days post-transplant, which was 80 days later than what
was observed in the non-steroid counterpart (83). This work
explains how and why steroid treatment increases the risk of
CMYV infection in patients who, because of their serological
status and graft source, would otherwise not be at high risk
of reactivation.

Some other groups have analysed how GVHD treatment
affects T lymphocyte functionality. Young patients with active
GVHD (based mainly on steroids) do not have adequate levels of
activated CMV-specific CD4+and CD8+T lymphocytes, and do
not produce IFN-y and IL-2 (51). The lack of control of CMV
reactivation after allogeneic SCT has been shown to respond to
an impaired function of antigen-specific CD8+ T lymphocytes,
whereas the amount of CMV-specific T lymphocytes does not
have such a marked impact (84).

Monitoring CMV Infection

Serological determination of CMV-specific antibodies is
important for determining a patient’s risk of CMV infection
after transplantation (85). However, it is worth noting that in
polytransfused patients (as exemplified by many haematological
patients awaiting an allogeneic transplant), the serological status
may be an artefact of a passive immunization mechanism.
Discrepancies in CMV have been observed in up to 29%-33%
of patients when this has been analysed (86, 87). Routinely
determined serostatus is still currently used as a criterion for
estimating CMV reactivation risk before transplant.

Without prophylaxis, the disease of 80% of patients who are
serologically positive for CMV would reactivate after allogeneic
transplantation. Strategies to prevent the development of CMV
disease have emerged in recent decades, based on antiviral
prophylaxis and CMV viremia monitoring (before developing
the disease), and treatment before the disease causes organ
damage (pre-emptive therapy). Serological status is not
appropriate for the purpose of detecting CMV infection. In
turn, detection of CMV in blood is the recommended strategy
for preventing CMV disease (88). It can be detected with pp65
antigen in leukocytes, or by the polymerase chain reaction (PCR)
technique, which is more sensitive (89) and therefore the most
frequently used. The presence of antigen in peripheral blood or
high loads of DNA are both predictive of CMV disease in these
patients (90, 91). Likewise, patients who are to receive SCT must
receive leukodepleted, filtered and irradiated products.

Treatment Options for CMV Infection:
Improving Anti-CMV Reconstitution

To decide the best therapy for each patient, we must consider
whether the patient has received antiviral prophylaxis, the risk
profile for CMV disease, T lymphocyte reconstitution (both
general and CMV-specific), viral load and potential drug
resistance (92).

Effective agents to control CMV infection have been notably
toxic. The three main drugs used in recent years are ganciclovir/
valganciclovir, foscarnet and cidofovir. Ganciclovir is an
analogue of nucleoside 2’-deoxyguanosine, which functions as
a competitive inhibitor with deoxyguanosine triphosphate
(dGTP) used by DNA polymerase of viruses for its replication.
Foscarnet reversibly blocks the pyrophosphate-binding site of
viral polymerase in a non-competitive manner and inhibits the
separation of pyrophosphate from deoxynucleotide
triphosphates, 100 times more strongly than its action against
cellular DNA polymerase o. Cidofovir, in its active form of
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cidofovir diphosphate, prevents viral replication by selectively
inhibiting viral DNA polymerases. It also inhibits human DNA
polymerases, but up to 600 times weaklier. Ganciclovir induces
haematological toxicity, in which neutropenia contributes to the
development of opportunistic bacterial and fungal infections (93,
94). Foscarnet and cidofovir cause kidney damage and require
strict analytical control that usually requires the patient’s
admission to hospital to receive the treatment (95, 96). They
are often used in the context of pre-emptive therapy, and, in fact,
when oral agents such as valganciclovir are used as primary
prophylaxis, there is no significant benefit (97). The strategy used
to date has therefore been pre-emptive therapy, except in
patients with a high risk of CMV disease, for whom alternative
strategies are warranted. This scenario might soon change with
the introduction of letermovir, which is known to reduce CMV
reactivation and decrease all-cause mortality, but without being
significantly toxic. In fact, it has performed similarly to the
placebo in the phase 3 trials (98).

Letermovir inhibits the CMV DNA terminase complex, which
is required for cleavage and encapsidation of the resulting viral
DNA, thereby interfering with virion formation and without
significant toxicities compared to placebo (98). This is
extremely important since both ganciclovir, cidofovir and
foscarnet have well known hematologic and renal toxicities that
frequently limitate their use. The rationale for its potential benefit
in comparison with other drugs is a different therapeutic target,
that could overcome the resistance observed in the clinic (92, 99).
There is an urgent need of drugs that effectively treat CMV
reactivation, both in patients who are refractory to ganciclovir
and in those who do not admit additional toxicities induced by
the antivirals used. For this reason its use has been approved by
some regulatory agencies and in the coming years we will verify
the real impact on the clinic of transplant patients, fundamentally.

To improve T lymphocyte recovery and CMV control,
strategies that aim to improve thymus function could be key.
These include protection of thymic epithelium, thymopoiesis
enhancement and increasing the number of T lymphoid
precursors (47). These in vivo strategies have been highly
diverse, including the use of specific lymphokines, growth
factors and hormones, among others. On the other hand,
cellular therapies have also been developed. Among these,
infusion of ex vivo-expanded virus-specific cytotoxic T
lymphocytes (CMV-VSTs) has been of particular note (100).
These specific cytotoxic lymphocytes have been used either with
the original donor source or with partially matched donors. In
general, this strategy has proved efficacious in post-transplant
CMV reactivation and disease (101, 102). There appear to be
correlations (based on retrospective studies) between the baseline
CD4+ level (the recipient’s previous immunity) and the rate and
duration of engraftment and treatment success, probably because
the CD4+ component is essential for mediating the engraftment
and activity of the effector cells (103).

Attempts have been made to vaccinate against CMV, the most
recent using techniques being based on DNA vaccines as well as
peptide-based CMV conjugated with TLR agonists (104). The
most advanced vaccines are those combined from CMV

glycoprotein B (gB) with the adjuvant MF59. Its use has been
tested in transplant patients to prevent post-transplant CMV
disease, and in seronegative pregnant women or adolescents. In
the first cohort (phase 2 study) of vaccinated vs placebo (105), a
decrease in viremia was demonstrated in vaccinated patients
proportional to the antibody load generated, although we know
that the humoral response constitutes only one line of defence
against the CMV, the results were not negligible, and
confirmation of efficacy is awaited in phase 3 studies. In the
cohort of young women, the vaccine was safe and immunogenic,
although with an efficacy of 45% after 2 doses, therefore which
was considered insufficient to continue the line of research (105).
It is highly likely that the advances in DNA and RNA vaccine
technology during 2020 and 2021 will change the spectrum of
vaccines, and that the landscape will change in the years to come.

CMV in Other Haematological Settings:
CMV Reactivation and Drugs in
Haematological Malignancies

CMV and Autologous Stem Cell Transplantation

The role of CMV reactivation or infection has been much less
extensively studied in patients receiving an autologous transplant
than in those receiving an allogeneic transplant. From the
perspective of the treatment of haematological disease, which
usually have high short-term mortality rates, CMV reactivations
have been studied to determine whether or not the disease will
develop. The implications of these reactivations for the immune
system in the medium and long term have been considered less
important. In fact, the available series confirm that reactivation is
a relatively frequent event in patients receiving autologous
parental transplants. CMV reactivates in up to 41% of patients
during the post-transplant period. Anyway, the rate of CMV
disease remains low (106). Those patients receiving high doses of
steroids, irradiation, purine analogues or alemtuzumab would
require more attention (107).

CMV and Lymphoproliferative Disorders

The immunosuppression observed in many haematological
tumours is conditioned by the underlying disease itself, but also
fundamentally by the type of treatment used. Lymphoid pathology
(acute and chronic) reveals a fundamental involvement of the B and
T lymphoid compartments. This creates a tendency to develop viral
and fungal infections, as well as infections borne by some
intracellular parasites, such as Pneumocystis jirovecii. The cellular
immunosuppression observed in this group of patients determines
many of the prophylaxis strategies, which are sometimes
conditioned to the treatment, but in others are more typical of the
immune defect that generates the disease.

Thus, trimethoprim/sulfamethoxazole prophylaxis and the
use of acyclovir in lymphoproliferative syndromes are
quite widespread.

Acute and chronic myeloid pathologies, such as acute
leukaemias or myelodysplastic syndromes, involve the myeloid
compartment. Neutropenia mainly conditions bacterial and
fungal infections. Their long evolution, the use of purine
analogues in treatment regimens, or the frequent consolidation
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with allogeneic transplantation in this group causes CMV
infection to be a concern in more advanced stages of the
disease. CMV serostatus and non-relapse mortality rate after
transplant are quite well established in acute myeloid leukaemias
(108). In turn, recent explorations of series featuring other
pathologies such as diffuse large B-cell lymphoma (DLBCL)
have not been able to demonstrate such an association (109).

B-cell chronic lymphocytic leukaemias (B-CLL) is the most
frequent chronic leukaemia in western countries. It has been
suggested that this disease features a CD8+ T lymphocyte
expansion that increases as the disease advances. Analysis of
specific immune responses with tetrameric CMV-peptide
complexes showed that patients exhibiting such an expansion,
actually have an increase of CMV-specific CD8+CD45RA
+CD27- T lymphocytes. This change is actually specific to
CMV-seropositive patients and might reflect the greater effort
required to control CMV reactivations (110). Similarly, another
analysis of CMV in CLL patients has revealed that the expanded
CMV-specific response observed in CLL patients apparently
arises with the onset of chemotherapy and stabilizes thereafter
(111). Some researchers have called attention to the possible
consequence of redirecting autologous CMV-specific cytotoxic T
lymphocytes (CTLs) towards B-CLL cells for cancer
immunotherapy (112). CMV infection in patients with CLL
usually occurs in the context of treatment with purine
inhibitors, alemtuzumab, or even alkylating agents such as
chlorambucil, and the disease itself. Of all the mechanisms
involved in CLL immunosuppression, which falls beyond the
scope of this review, hypogammaglobulinemia seems to be of
great importance. It has been thoroughly described in CLL and
has recently been associated with a shorter time until the next
treatment (113).

CMV and Purine Analogues

All purine analogues mimic metabolic purines. Of them,
fludarabine is the most extensively used in hematologic cancer.
Fludarabine inhibits multiple DNA polymerases, DNA primase,
and DNA ligase I, and is S phase-specific (since these enzymes
are highly active during DNA replication). Fludarabine acts
particularly on T cells, and is therefore very toxic to
this compartment.

Normal T lymphocyte function is essential to the control of
CMV reinfection. The use of agents such as purine analogues,
that have a very potent T lymphocyte suppressor profile while
being highly effective for treating chronic lymphoproliferative
disorders (114), are highly relevant to the development of
CMV reactivations.

Cases of CMV retinitis have been documented in patients
with low-grade lymphomas treated with rituximab, fludarabine
and steroids (115). Previous serological status was not available
for most patients, probably because there is not a specific
approach with CMV seropositivity outside transplant
scenarios. Despite being a very rare event even in the
seropositive population, the sequelae were adverse (blindness)
in 86% of patients. CMV monitoring, and clinical observation of
possible infection and reactivation, must be considered when
these regimens are used.

CMV and Alemtuzumab

Alemtuzumab is a monoclonal antibody which acts on the CD52
protein found on the surface of peripheral blood and lymph
node lymphocytes.

CMV reactivations in patients receiving alemtuzumab
treatment for CLL are common, with a rate of around 20% in
the phase II study with the drug that was evaluated in 78 patients
(116). However, viral load monitoring and pre-emptive
treatment manages to prevent the disease in most cases (117).

Some studies have even proposed the use of primary
prophylaxis with valganciclovir in patients receiving
alemtuzumab in whom the drug has a high efficacy (118).
However, the main concern with using prophylactic
valganciclovir is the additional myelosuppression beyond the
already significant amount produced by the alemtuzumab-based
regimens themselves. An attempt to reduce cost and toxicity by
using lower weekly doses (119) produced lower toxicity and
acceptable efficacy. However, due to the aforementioned
concerns, primary prophylaxis is not common practice in this
group of patients.

CMV and New Agents in the Treatment of
Lymphoproliferative Syndromes

Many drugs have been introduced into the therapeutic arsenal to
treat lymphoproliferative syndromes, in particular, CLL.
However, CMV seropositivity in the era of new therapies has
not led to reduced survival or relapse in CLL patients when
prospectively compared with seronegative patients (120).

Bruton Tyrosine Kinase Inhibitors

CMYV infection is not common in the case of a BTK inhibitor
such as ibrutinib, although some cases have been reported (121).
Although these are infrequent, we should always be aware of this
possibility among immunocompromised patients, particularly
those who have been treated with new agents, because this is a
curable condition and early therapy seems to be critical if a good
outcome is to be achieved.

PI3K Inhibitors

Recommendations for the management and prophylaxis of CMV
reactivation have been established in patients treated with
idelalisib. These patients can develop a serious infectious
disease, with a high risk of CMV reactivation and the
involvement of other opportunistic germs (122). It has been
shown how idelalisib impairs IFN-y production by activating T
lymphocytes in CLL-treated patients, highlighting the
importance of PI3Kd in this process. Idelalisib inhibits T
lymphocytes in relation to generic TCR stimulation and in
response to virus-specific stimulation. The CD4+ and CD8+ T
lymphocyte subsets both seem to be affected. This might explain
the higher rate of CMV reactivations in those CLL patients who
are treated with it. Finally, idelalisib has also been shown to alter
T lymphocyte migration in vitro (123).

The high risk of CMV reactivation in this therapy group has
meant that the guidelines have been adapted to those for the use
of alemtuzumab (124). CMV-seronegative patients should
receive CMV-negative or filtered blood products (this is blood,
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platelet, and plasma transfusions. Progenitor cell transplantation
products are not irradiated due to the need to maintain the
viability of the infused cells). Seropositive patients should be
periodically tested for CMV. Idelalisib should be discontinued
and ganciclovir or valganciclovir pre-emptively initiated in
patients with positive CMV PCR/antigen and symptoms
consistent with CMV infection, as well as in patients with fever
and no clear source, and for whom quantitative CMV testing is
unavailable, and in asymptomatic patients with a rising viral
load (125).

Proteasome Inhibitors

Bortezomib and the next-generation proteasome inhibitors have
been cornerstones of multiple myeloma (MM) treatment for
several years. Although sufficiently relevant to be considered one
of the causes of the increase in survival in this group of patients,
they have also entailed infectious risks that should be
highlighted. Bortezomib was reported to increase the risk of
varicella-zoster virus (VZV) reactivation by up to four times
(126), and a high incidence of CMV reactivation in fit patients
receiving autologous transplantation due MM after treatment
with bortezomib-based regimens was recently reported. Of 80
patients who underwent autologous SCT after bortezomib-based
therapies, seven (4.1%) received an antiviral treatment for a
symptomatic CMV reactivation and one died (127). Although no
specific cause has yet been determined, in vitro studies have
demonstrated that bortezomib can reduce proliferation, number,
and function of natural killer cells and CD8+/CD4+ T and alter
the cytokine profile, in particular decreasing Thl cytokine
secretion (128).

In the setting of allogeneic transplantation, bortezomib
induces preferential apoptosis among alloreactive T
lymphocytes (decreasing Thl response) by inhibiting nuclear
factor-kxB (NF-xB) activation, whilst unstimulated T
lymphocytes are barely affected. This might explain its
potential use as a drug for GVHD treatment.

All these mechanisms could help explain the increased
incidence of Herpesviridae family viruses (of which VZV is the
best known) in MM patients and might contribute to the
increased susceptibility to CMV reactivation in MM patients
treated with bortezomib-based regimens followed by
ASCT (129).

CMV and CAR-T-Cells

One of the most significant innovations in recent years has been
the treatment with the CD19-directed chimerical antigen
receptor T lymphocyte. Currently, data regarding the rate and
type of viral infections in patients receiving this treatment are
scarce. However, there are already some data on the incidence of
CMV infections and reactivation in real clinical practice. In a
retrospective series of 60 patients with aggressive lymphoma
treated with CAR-T, who received antiviral prophylaxis for
herpes simplex virus (HSV) according to the recommendations
of each hospital, 10 viral infections were documented in the first
30 days, of which two corresponded to CMV reactivations,
without organ affectation. During days 31-180, another
reactivation by CMV occurred, again without organ disease.

None of them, therefore, compromised the life of the
patient (130).

Considering now the patients with ALL, data were collected
from 83 patients up to 21 years of age who had received CAR-T
therapy for this reason (131). Sixteen of them developed viral
infections within the first 28 days; these were caused mainly by
respiratory viruses, without specifying infection by CMV in these
reported cases. Between days 29 and 90, seven patients got viral
infections, all of which were due to respiratory viruses.

There are documented cases of CMV reactivation in the first
month and during the first three months. Previous therapies,
disease stage and patient basal characteristics seem to be crucial.

Regarding prophylaxis against viral infections, there are no
unique international recommendations, and these
recommendations are heterogeneous (132). The European
recommendations are based on data from allogeneic transplant
recipients (133). In general, antiviral prophylaxis is established
with acyclovir or valacyclovir at least up to one year after CAR-T
infusion, or until a CD4+ T lymphocyte level greater than 0.2 x
10°/L is documented (134). In paediatrics, nonspecific
immunoglobulins are also frequently used to maintain total
IgG levels above 0.4 g/L (135). With respect to monitoring, the
EBMT guidelines recommend that PCR be performed when
clinically indicated (133).

CONCLUSIONS

The relationships between CMV infection and haematological
pathologies are well known. Fundamentally, as a result of the
important repercussions from the management of the infection
and reactivation of the virus in the post-allogeneic transplant.
However, there are many other situations that give rise to severe
immunosuppression, either due to the haematological pathology
itself or to the treatments used, which should increase vigilance
concerning the complications derived from infection by this
virus. Thus, it is necessary to study the effect of new drugs on the
immune system and so adapt CMV prophylaxis and infection
monitoring to different treatment schemes and situations, now
that new anti-CMV drugs with fewer secondary effects are
available for this purpose.

In contrast, knowledge about the role of this virus in the
development of haematological diseases, in other words, its
oncogenic or oncomodulatory potential, is much more limited.
The difficulty in finding it may be because CMV infection is
associated with age and the fact that its main effect is to bring
about the dysfunction of T lymphocytes. T cell lymphomas are
quite rare. The search for causality in the more commonly
occurring counterpart B-cell lymphomas involves looking for
indirect causes arising from the basic relationship between T and
B lymphocytes.

Living with this herpesvirus is a situation that has arisen from
years of evolution, which has apparently produced a balanced
and tolerable relationship. This would imply that its effect, does
not directly or indirectly limit survival or favour oncogenesis. In
the forthcoming era of medicine we are approaching, there will
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be infinite possibilities for producing antiviral agents with very
low toxicity and for immunizing against the most prevalent
microorganisms. These promising possibilities should inspire an
exhaustive study of the real effects of CMV and other
microorganisms on the oncogenesis and mortality of
individuals and populations. It seems clear that the ultimate
answer about the oncogenic role of the virus will come from a
prospective design approach that will allow us to determine
whether human beings who are not infected have a lower risk of
developing haematological neoplasms or other conditions than
those who are infected.
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Haploidentical stem cell transplantation (haploSCT) has advanced to a common procedure
for treating patients with hematological malignancies and immunodeficiency diseases.
However, cure is seriously hampered by cytomegalovirus (CMV) infections and delayed
immune reconstitution for the majority of haploidentical transplant recipients compared to
HLA-matched stem cell transplantation. Three major approaches, including in vivo T-cell
depletion (TCD) using antithymocyte globulin for haploSCT (in vivo TCD-haploSCT), ex vivo
TCD using CD34 + positive selection for haploSCT (ex vivo TCD-haploSCT), and T-cell
replete haploSCT using posttransplant cyclophosphamide (PTCy-haploSCT), are currently
used worldwide. We provide an update on CMV infection and CMV-specific immune
recovery in this fast-evolving field. The progress made in cellular immunotherapy of CMV
infection after haploSCT is also addressed. Groundwork has been prepared for the creation
of personalized avenues to enhance immune reconstitution and decrease the incidence of
CMV infection after haploSCT.

Keywords: cytomegalovirus, infection, immune reconstitution, haploidentical, stem cell transplantation

INTRODUCTION

HLA-haploidentical stem cell transplantation (haploSCT) has spread rapidly worldwide in recent
years. HLA-haploidentical donors sharing a single HLA haplotype with transplant recipients are
almost always available, so haploSCT can be performed for patients who are lacking HLA-matched
donors and/or are urgently needing transplantation. The major approaches for T-cell depletion are
in vivo T-cell depletion using antithymocyte globulin (ATG) (in vivo TCD-haploSCT), ex vivo T-cell
depletion (TCD) using CD34 + positive selection (ex vivo TCD-haploSCT), and T-cell replete
haploSCT using posttransplant cyclophosphamide (PTCy-haploSCT). Compared with HLA-
identical sibling transplantation, patients undergoing haploSCT usually receive more intensive
immunosuppressors to guarantee engraftment and later prevent graft-versus-host disease (GVHD).
Therefore, these patients always have impaired immune reconstitution after transplantation and
a high incidence of CMV infection and CMV disease (Figure 1). As the use of haploidentical
transplantation has increased substantially, we summarize current data on CMV infection and its
immune reconstitution after haploSCT during the last decade.
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FIGURE 1 | Overview of immune reconstitution to cytomegalovirus and cellular immunotherapy after three major approaches of haploidentical stem cell
transplantation (haploSCT). In vivo TCD-haploSCT, in vivo T-cell depletion (TCD) using antithymocyte globulin for haploSCT; Ex vivo TCD-haploSCT, ex vivo TCD
using CD34 + positive selection for haploSCT; PTCy-haploSCT, T-cell replete haploSCT using posttransplant cyclophosphamide. G-CSF, granulocyte-colony
stimulating factor; G-PBSC, G-CSF primed peripheral blood stem cells; G-BM, G-CSF primed bone marrow; HSC, hematopoietic stem cell; CMV, cytomegalovirus;
CNI, calcineurin inhibitors; MTX, methotrexate; MMF, mycophenolate mofetil; DLI, donor lymphocyte infusion; NK cell, natural killer cell; Treg, regulatory T cell; HSCT,
hematopoietic stem cell transplantation. Created with BioRender (https://biorender.comy).

INCIDENCE OF CYTOMEGALOVIRUS
INFECTION AFTER haploSCT

In Vivo TCD-haploSCT (Anti-Thymocytic
Globulin/ATG-Based)

Using the Beijing protocol at Peking University (1-7), there was
a high incidence of CMV reactivation early after haploSCT (59.5-
66%), whereas the rate of CMV disease was actually low (2.92-
17%). CMV DNAemia was initially detected after a median of 35
days with a mean duration of positivity of 15 days (5, 6). Most
(91.2%) cases of CMV gastroenteritis developed within 100 days,
whereas most (90.3%) cases of CMV retinitis were late onset with

the cumulative incidence of CMV retinitis at 2.3% one year
(a median onset of 167 days) after haploSCT (6, 7). Einat
Shmueli et al. from Israel designed a conditioning protocol for
haploSCT including fludarabine, thiotepa, anti-thymocytic
globulin, and total body irradiation (8). After receiving
preemptive therapy, the incidence of CMV infection was 66.7%
in haploSCT, and 11.6% of haploSCT transplant recipients with
CMYV reactivation developed CMV disease. Importantly, drug-
resistance mutations and clinically suspected resistance were
discovered only in haploSCT recipients (8), favoring
prophylactic over preemptive treatment in high-risk patients
and highlighting the need for better anti-CMV drugs.
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It remains unclear whether primary disease affects CMV
infection after haploSCT. Lan-Ping Xu et al. from Peking
University conducted studies to confirm the feasibility of
haploidentical transplantation in patients with severe aplastic
anemia (SAA) as salvage therapy (9-12). CMV viremia occurred
in 51.7~84.00% of SAA patients. However, no difference in the
rates of early CMV disease between haploidentical patients
and matched related patients was found (9, 10). Consistently,
several centers in China obtained similar results for SAA patients
(13-15). The haploSCT cohorts with AML, MDS, or Ph+ ALL,
including haplo-cord-HSCT, had higher CMV viremia than the
HLA-matched HSCT cohorts (16-19), but the incidence of CMV
disease was not significantly different between the two groups.
Even in pediatric patients with MDS or patients with relapsed/
refractory acute lymphoblastic leukemia after CAR-T therapy
who underwent haploSCT, the incidence of CMV reactivation/
infection was less than 60%, and very few patients developed
CMV disease (20, 21).

Using a similar protocol, several transplant centers have
reported promising results for unmanipulated haploidentical
peripheral blood stem cell transplantation (PBSCT) (22, 23) or
cotransplantation of unrelated cord blood (UCB) (24-26) or
mesenchymal stem cells (MSCs) (27, 28). The 1-year cumulative
incidence of CMV DNAemia in patients with hematologic
malignancies was 23.5-41.7% in the matched sibling donor
(MSD)-SCT group versus 62.1-81.0% in the haploSCT group
with peripheral blood stem cells (PBSCs) (29, 30). The median
time to the onset of CMV DNAemia in the haploSCT group was
33 days (range, 10-159 days) with the 1-year cumulative
incidence of CMV disease at 7.9% (95% CI, 3.6-14.3%) (29).
In addition, a total of 19.4%-92% of these patients experienced
CMV reactivation after combination of haploSCT with UCB or
MSCs (24-28). There was no statistical significance in the
incidence of CMV viremia in terms of haplo-cord SCT ws
HLA-matched donor SCT (MD-SCT) or haplo-cord SCT ws
haploSCT (24-26).

As the use of ATG as a regimen for in vivo TCD and
immunosuppressants is limited by impaired immune restoration
and a high risk of severe infections, researchers are working on
their impact after haploSCT. Peking University performed a study
comparing 6 mg/kg ATG versus 10 mg/kg ATG in patients who
underwent haploSCT (31). The 1-year cumulative incidence of
CMV reactivation was similar between the ATG-6 and ATG-10
groups[(75.0% (66.8-83.2%) vs 78.6% (75.2-82.0%)]. Another
multicenter study investigated the impact of 7.5 mg/kg and 10.0
mg/kg rabbit ATG on GVHD and virus reactivation after
haploSCT (32). The 1-year incidence of CMV DNAemia was
higher in the 10.0 mg/kg group [83.4% (77.5-87.9)] than in the 7.5
mg/kg group [73.4% (67.2-79.4)], whereas the 2-year incidence of
CMV-associated diseases was also higher in the 10.0 mg/kg group
[5.9% (3.2-9.7%)] than in the 7.5 mg/kg group [1.5% (0.4-4.0%)].
Yu Wang et al. recently extended follow-up from this original trial
(33). They found that patients undergoing haploSCT benefit from
7.5 mg/kg ATG compared to 10.0 mg/kg ATG based on a balance
between GVHD and infection control. The data supports ATG

(7.5 mg/kg) is potentially the standard regimen in this platform.
Researchers from Japan and the Republic of Korea later performed
haploSCT using low-dose thymoglobulin at 5 mg/kg (34, 35).
CMV reactivated in 41.67% and 72.7% of patients, but CMV
disease developed in 0 and 19.4% of patients, respectively. A recent
report from the Republic of Korea indicated that the cumulative
incidence of CMV DNAemia at 3 years was 45.7% (30.7-59.4) for
ATG (5-10 mg/kg)-based haploSCT (36). Moreover, a short-term
tacrolimus regimen for the prophylaxis of GVHD in haploSCT did
not increase the incidence of CMV infection compared with the
Cyclosporine A regimen (39.5% vs. 37.5%, p = 0.783) (37).

Ex Vivo TCD-haploSCT

CD34+ selection was initially used as a method for TCD, but it
resulted in delayed immune reconstitution and a high incidence
of opportunistic infections and nonrelapse mortality. The ex vivo
TCD techniques have developed from CD34+ selection, CD3+ cell
depletion, and off+/CD19+ cell depletion to recent CD45RA+
depletion. Compared with CD34+ cell selection, after CD3+
cell depletion, the graft has more natural killer (NK) cells,
monocytes, and other immunomodulating cells with better
outcomes. Sameh Gaballa et al. retrospectively compared data
on patients undergoing a two-step (a fixed T cell infusion
followed 2 days later by cyclophosphamide, and then a CD34-
selected stem cell product infused) haploidentical or matched
related PBSCT for high-risk hematological malignancies and
aplastic anemia (38). Compared with the matched related
PBSCT group (matched related, 19%), the 100-day cumulative
incidence of CMV viremia was higher in the haploidentical
group (haploidentical, 67%). The median time to develop
CMV reactivation was 26 days in the haploSCT group and 36
days in the matched related PBSCT group.

The cumulative incidence of CMV DNAemia in patients with
acute leukemia was 73.5-81% after ex vivo aff T cell-depleted
haploSCT (39, 40). No patient developed CMV disease or died
(39). A more recent study explored the role of interim-foscarnet
prophylaxis in preventing CMV infection after ex vivo oy T cell-
depleted haploSCT in children between May 2012 and May 2018
(41). Forty (50.8%) of 81 patients developed CMV reactivation
at a median of 41.3 days (range, 13-132) after haploSCT.
The median duration of CMV reactivation was 28.5 days
(range, 1-179), and the peak PCR level was 3.82 log copies/mL
(range, 2.85-6.03) (41). In nonmalignant disease, ganciclovir/
foscarnet significantly decreased CMV reactivation incidence
(43.7% vs. 78.3%), whereas the prophylaxis strategy had no
significant impact in patients with hematological malignancies.
No significant difference was found in the rate of CMV disease
according to prophylaxis method. It suggests that this intensified
antiviral strategy may be necessary for off T cell-depleted
haploSCT patients with nonmalignant disease who require
higher doses of ATG.

Through TCR 0+B+/CD19+ cell-depleted haploSCT, it is
feasible to transfer to the transplant recipient both donor
hematopoietic stem cells (HSCs) and hematopoietic
progenitors as well as NK and y8 T cells, which could protect
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against leukemia and life-threatening infections, including
posttransplant lymphoproliferative disease (PTLD). A total of
7.27-75% of patients undergoing TCR a+B+/CD19+ cell
depleted HSCT experienced CMV reactivation (42-46). Most
patients experienced CMV viremia during the first month after
haploSCT (days +1 to +24) (45). In a report including three
sickle cell disease and 11 thalassemia patients, Gaziev J et al.
stated that viral reactivation occurred in the vast majority of
patients after TCR 0+3+/CD19+ cell-depleted haploSCT, with
CMYV reactivation in 64%, although no cases of CMV were
noted (47).

After removal of potentially alloreactive CD45RA+ cell
depletion, memory T cells, including virus-specific T cells left
in grafts, could shorten viremia and reduce GVHD (48). B M
Triplett et al. reported data from 17 patients with poor-prognosis
hematologic malignancy who underwent haploSCT with
CD45RA-depleted grafts after a reduced intensity conditioning
regimen without TBI or serotherapy (49). Three patients of 17
received anti-CMV treatment after CMV reactivation. None of
the patients experienced CMV disease, and all of them cleared
CMYV viremia without donor lymphocyte infusion (DLI). Early
T-cell reconstitution was directly linked to the CD45RA-depleted
graft content. This group then compared 41 patients receiving
CD3-depleted (CD3dep recipients) grafts with 26 receiving
CD45RA-depleted grafts (CD45dep recipients) after haploSCT
(50). CD3dep recipients were more likely to develop CMV
reactivation—23 (56%) vs 5 (19%). All CD3dep recipients with
CMYV received treatment, and eight (36%) were also infused with
donor lymphocytes for CMV, whereas CMV treatment was
needed for only three of the five CD45RAdep recipients.
Although three CD3dep recipients died with active CMV
viremia, CMV was not detected in CD45RAdep recipients at
the time of death. It seems that CD45RA-depleted haploSCT
confers enhanced T-cell recovery and reduced infection without
increase in severe GVHD among these ex vivo TCD methods.

PTCy-haploSCT

PTCy is a method of in vivo T cell depletion that mainly acts on
alloreactive T cells after haploSCT. CMV reactivation was
noticed in 42%-69.2% of patients who underwent PTCy-
haploSCT (51-58). A total of 2.8%-4.5% of patients
experienced CMV-associated disease (51, 52). CMV
reactivation occurred at a median time of 35-39 days (51, 52,
57). The median time to first episode of CMV DNAemia was 33
days (range, —7 to 123 days) after haploSCT (58). Moreover, the
CMV DNA peak load was remarkably higher in haploSCT
recipients, but the mortality by days 180 and 365 did not differ
among comparison groups (55). Garcia-Cadenas Irene et al.
studied the impact of HLA donor matching on infection in
patients receiving PTCy-based alloSCT (59). They found that
haploSCT recipients had a higher incidence of CMV infection/
reactivation at 18 months than other transplant modalities [(61%
(95% CI: 41-74%) vs. 44% (95% CI: 31-54%)], whereas lethal
infections were uncommon across all these groups. In their
study, severe infections were common in transplant patients
using PTCy. A more recent CIBMTR analysis reported (51) that
PTCy increased the risk of CMV infection among CMV-

seropositive recipients in both haploSCT and matched sibling
donor HSCT compared with calcineurin inhibitor-based sibling
donor transplantation, suggesting intensive CMV prevention
strategies in all receiving PTCy. This is supported by the fact
that an intensified method to prevent CMV reactivation
correlated with a lower incidence of CMV reactivation (67%
intensified group versus 81% traditional group) and less CMV
disease (0% hybrid/intermediate dose versus 8% traditional dose)
without increased toxicity after PTCy-haploSCT compared with
a traditional antiviral prophylaxis regimen (60).

Primary disease and conditioning regimen could also impact
CMV infection after PTCy-haploSCT. CMV reactivation post
engraftment was noted in 43.7% and 62% of transplant recipients
with primary immune deficiency disorders (PIDs) (61) and
relapsed/refractory SAA (62) undergoing PTCy-haploSCT,
respectively. R V Raj et al. then investigated the effect of
conditioning intensity on the incidence of viral infection after
PTCy-haploSCT (63). Their study found that challenging viral
infections after haploSCT cause significant morbidity in this
patient population. It appears that the incidence of viral
complications is higher following myeloablative doses of
busulfan-containing conditioning regimens (63). Emmanuel
Katsanis et al. recently performed a single center phase I study
substituting day +4 PTCy with bendamustine (PT-BEN)
following myeloablative conditioning and T-cell replete
haploidentical bone marrow transplantation (64). CMV
reactivation was notably less common in trial patients receiving
PTCy/BEN, with one out of eight at-risk (seropositive recipient
and/or seropositive donor) of experiencing CMV reactivation,
whereas 71.4% of the at-risk PTCy patients reactivated CMV.

Compared with bone marrow (BM) as a graft source, PBSCs
could yield higher CD34+ cell counts but were possibly
accompanied by increased GVHD; however, no difference in
GVHD was observed in haploSCT (65). A total of 46-68% of
patients with PTCy-haploSCT and PBSC grafts had
posttransplant CMV viremia (65-69). The median time to
viremia was 24 days (range: 3-68). CMV disease occurred in
17-28.8% of patients with CMV viremia (65, 68). Sirolimus with
micophenolate mofetil (MMF) has recently been regarded as an
alternative to calcineurin inhibitor-containing approaches, as
this combination has a decreased risk of acute renal failure,
decreased incidence of CMV reactivation, and better regulatory
T cell reconstitution. Some groups have introduced PTCy plus
sirolimus and MMF (PT-CY-Sir-MMF) as GVHD prophylaxis in
allo-HSCT, regardless of donor type (70, 71). CMV DNAemia
occurred in 52-63% of patients after haploSCT. The cumulative
incidence of CMV DNAemia in patients who received pre-
emptive antiviral therapy at one year was 39% (95% CI, 31-
47%), and the 1-year cumulative incidence of CMV disease was
2.6% (95% CI, 0.09-5%) (70).

ATG+ PTCy-haploSCT

As ATG is usually used to reduce the risk of graft rejection and
GVHD, it is assumed that ATG combined with PTCy in T-cell
replete-haploSCT would minimize GVHD risk but not impact
engraftment and risk of relapse. Princes Margaret Cancer Centre
from Canada established unmanipulated haploidentical PBSC
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transplantation following RIC with ATG (total 4.5 mg/kg), PTCy
(cyclophosphamide 50 mg/kg/day i.v. on days +3 and +4), and
cyclosporine as a GVHD prevention strategy (72-74). CMV
reactivation occurred in 74% of cases with CMV disease in
11.5% of cases (72). Cheng-Hsien Lin et al. retrospectively
compared the cumulative incidence of CMV DNAemia, two-
year OS, and leukemia-free survival rates in acute leukemia
patients with MSD, matched unrelated donor (MUD), and
haploidentical donor allografts (ATG: 2 mgkg-1 day-1, from
day -3 to day -2; PTCy) (75). The cumulative incidences of CMV
DNAemia at day 180 in the haploidentical groups were 85.7%,
which were higher than those in the MSD and MUD allo-HSCT
groups. For the haploidentical groups, CMV DNAemia was
detected at a median time of 29 days.

Yu Wang et al. from Peking University initiated a prospective
study in patients with a standard-dose ATG/granulocyte colony-
stimulating factor (G-CSF)-based regimen (ATG-PTCy)
followed by low-dose PTCy (14.5 mg/kg on days 3 and 4) for
haploSCT (76, 77). The 100-day cumulative incidence of CMV
reactivation in the ATG-PTCy cohort was markedly higher than
that in the ATG cohort (74% vs 30%), with a comparable
incidence of CMV disease between the two cohorts (8% vs 8%)
(77), indicating that dual T cell depletion with PTCy and ATG
may bring about a higher incidence of CMV reactivation.

Comparison Among These Approaches
Published data have been inconsistent on the incidence of CMV
reactivation and CMV disease after haploSCT (Table 1). It
indicates that haploSCT carries a substantially higher risk for
CMV infection compared with HLA-matched related or
unrelated allo-HSCTs, but this seemed not to impact overall
and non-relapse mortality. Hence, some data suggest the use of
prophylactic anti-CMV antivirals when PTCy is used because a
higher incidence of CMV reactivation was associated with the
use of PTCy (51, 60). Surprisingly, a systematic review and meta-
analysis of studies on haploSCT in idiopathic AA suggested that
the addition of PTCy correlated with a lower risk of CMV
viremia (10.4%) to a larger extent than MTX-containing
(55.7%) and other (38.6%) regimens (79). The opposite results
can be partly explained by the absence of an approved threshold
of viral load to initiate anti-CMV treatment, considering the
different transplant centers. The heterogeneous CMV serological
status in the donor/recipient on account of geographical and
ethnological characteristics is another possible explanation
because the CMV seroprevalence is usually much higher
(>=90%) in adult populations of China than in Europe and the
USA (80-84). This issue could be better investigated in a future
clinical trial.

Johanna Tischer et al. retrospectively compared the incidence
of virus infections and outcome in two different haploSCT
settings (78). The first approach was the combination of T cell
repletion and T cell depletion (CD6 deletion) using ATG prior to
haploSCT (cTCR/TCD group). The second was T cell repletion
(TCR) using high-dose posttransplantation cyclophosphamide
(TCR/PTCy group). CMV reactivation occurred more frequently
in the cTCR/TCD group (57%) than in the TCR/PTCy group
(31%). Furthermore, pre-emptive treatment of CMV reactivation

was successful in the TCR/PTCy group, whereas CMV DNA
became undetectable in only 50% of the cTCR/TCD group.

CMV-SPECIFIC IMMUNE
RECONSTITUTION AND ITS
ASSOCIATION WITH CMV REACTIVATION
AFTER haploSCT

CMV-Specific T Cell (CTL)

We previously investigated CMV-specific T cell (CMV-CTL)
reconstitution post in vivo TCD-haploSCT (85-87). The CD8+ T
cell number in transplant recipients was comparable to that of
controls at day 60 after transplantation. The median number of
CMV-CTLs and their subsets was equal to those of the controls
from day 30 to day 360. In addition, haploSCT recipients had a
high frequency of CMV-CTLs with strong proliferation
capacities and interferon-y production at one year after
transplantation (86). CMV-specific T cells with the central
memory CD45RO+CD62L+ cell phenotype were significantly
expanded when CMV was reactivated early after transplantation
(87). Ruri Kato et al. demonstrated that there were considerably
lower maximum numbers of CMV-CTLs in the CMV
antigenemia resolved group than in the persistent group
(median, 22.15 vs. 50 cells/ul) (88). Nevertheless, CMV-CTLs
reached a peak more quickly in the resolved group than in the
persistent group (median, 21 vs. 78 days) (88).

M Noviello et al. retrospectively explored either CD34
selection or posttransplant sirolimus as GVHD prophylaxis for
haploSCT recipients (89). At 30 days, 21.7% of patients had
CMV-specific T cells higher than 1 sfc/puL measured by enzyme-
linked immunosorbent spot (ELISPOT), whereas CMV viremia
occurred in only one patient who received anti-CMV treatment.
At 90 days, 29.0% of patients reached this threshold, and no
patients experienced clinically relevant viremia. At 180 days,
52.9% of patients finally reached the threshold, and none of them
experienced CMV viremia. They found the protective value of 1
CMV sfc/uL against CMV reactivation posttransplant (89).

Dixie Huntley et al. performed a multicenter observational
study to monitor CMV-specific T cell kinetics in PTCy-
haploSCT patients and compared it with HLA-matched
transplantation (58). In their analysis, CMV DNAemia
developed at a similar frequency with equal numbers of CMV-
specific T-cell at most time points examined between PTCy-
haploSCT and MRD/MUD recipients. CMV DNAemia did not
affect CMV-specific CD8+ and CD4+ T-cell reconstitution by
the end of the follow-up period (day +180) in either allo-HSCT
modality. They claimed that PTCy-haploSCT recipients may
restore CMV-specific T-cell immunity to the same extent as
HLA-matched allo-HSCT patients (58). The same group also
reported that CMV infection was related to high levels of CD27
—-CD28- T cells, which behave like Tregs (90). They found a
suboptimal correlation between CMV-specific CD4+ or CD8+ T
cells and Tregs in peripheral blood (PB), which was weaker in
patients with CMV reactivation prior to immunological
monitoring. This suggests that recovery of PB Tregs and that
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TABLE 1 | Selected reports on CMV infection after haploidentical stem cell transplantation.

Group Year Country haploSCT Primary Disease (n) Stem cell Graft manipulation Dose of ATG Conditioning (n) GVHD prophylaxis Assays Cutoff values for cmv CcMV Clinical /C F
Sample source measuring CMV ivati ivati di
size (n) CcMmv or reactivation
DNAemia needing PET
Y Wang et al. 2013  China 756 AML (321); ALL BM in vivo TCD-haploSCT r-ATG 2.5 mg/ Modified BUCY CsA+MMF+short- Real-time NR 100-day 64% 4% 2-year relapse (18%); 3-year (4)
(299); CML (136) +PBSC kgxad term MTX PCR or with 0S (67%), LFS (63%), NRM
a CMV pp65 (18%). More CMV-seropositive
antigenemia patients became antigenemia-
test positive than CMV-seronegative
patients.
Y Chen et al. 2016  China 248 AL (201); CML (32); BM in vivo TCD-haploSCT r-ATG 2.5 or Modified BUCY CsA+MMF+short- Real-time A viral load of 59.50% 6.85% CMV DNAemia was found to be (5)
Others (15) +PBSC 1.5mg/kgx4d (241); TBI+CY term MTX PCR (RT- >500 copies/ml for a poor prognostic factor in
+Me-CCNU (7) PCR) two consecutive terms of NRM and OS. HBsAg
readings 5 days seropositivity was associated
apart with an increased risk of
cytomegalovirus DNAemia.
CH Yan et al. 2020 China 1466 AML (801); ALL BM in vivo TCD-haploSCT r-ATG 2.5 mg/ Modified BUCY CsA+MMF-+short- Automated, A detection 64.80% 1-year CMVR  CMVR was a rare complication (6)
(490); MDS (175) +PBSC kgx4d (1416); TBI+CY term MTX real-time, threshold of >1000 2.3% after haploidentical HSCT but
+Me-CCNU (50) quantitative copies/ml was that the risk was greater in
PCR assay defined as positive patients with multiple risk
factors.
XY Mengelal. 2020 China 3862 AML (36); ALL (51); BM in vivo TCD-haploSCT r-ATG 2.5 mg/ Modified BUCY CsA+MMF+short- Real-time A limit of detection ~ NR 2.92% 1 year NRM 34.9% in patients (7)
MDS (14); CML (4); +PBSC kgx4d or TBI+CY+Me- term MTX PCR of 509 1U/mL with CMV diseases
SAA (2); Others (6) CCNU
BUCY (SAA)
LP Xu et al. 2016  China 101 SAA BM in vivo TCD-haploSCT r-ATG 2.5 mg/ BUCY CsA+MMF+short- NR NR 68.30% 1% 3-year OS (89.0%); FFS ©)
+PBSC kgx4d term MTX (86.8%)
(100); BM
)
LP Xu et al. 2017 China 89 AA (69); VSAA (20) BM in vivo TCD-haploSCT r-ATG 2.5 mg/ BUCY CsA+MMF+short- NR NR 51.70% 1.12% 3-year OS (86.1 + 3.7%); FFS (10)
+PBSC kgxad term MTX (85.0 = 3.9%)
(78); BM
(9); PBSC
@
LP Xu et al. 2018 China 51 SAA BM in vivo TCD-haploSCT r-ATG 2.5 mg/ BUCY CsA+MMF-+short- NR NR 84.00 + 0.29% 1.96% 1- and 3-year OS 83.5 + 5.4% (11)
+PBSC kgx4d term MTX (the probabilities of FFS were
equal to the OS)
LP Xu et al. 2017 China 52 pediatric  SAA (32); VSAA (20)  BM in vivo TCD-haploSCT r-ATG 2.5 mg/ BUCY CsA+MMF+short- NR NR 69.20% NR 3-year OS (84.5 + 5.0%); FFS (12)
patients +PBSC kgx4d term MTX (82.7 + 5.2%)
Y Lu et al. 2018 China 4 SAA BM in vivo TCD-haploSCT r-ATG 7.5 mg/kg  BUCY Tacro+MMF+short- PCR Higher than 500 65.90% 4.88% 3-year OS (80.3 + 5.1%); FFS (13)
+PBSC (total dose) ATG- term MTX copies/mL (76.4 + 5.1%); GFFS (79.0 =
F 20mg/kg (total 8.6%)
dose)
L Liu et al. 2020 China 146 SAA (75); VSAA BM (15); in vivo TCD-haploSCT r-ATG 2.5 mg/ BUCY CsA+MMF+short- Real-time NR 42.47% 2.05% 4-year OS (81.4 + 3.3%); GFFS (24)
(71); SAA with PNH  PBSC (4); kgx4d term MTX PCR (69.2 + 3.9%)
clone (15) BM +
PBSC
(127)
Zliuetal 2017 China 44 SAA (31); VSAA (13)  BM in vivo TCD-haploSCT r-ATG 3.125 BUCY CsA+MMF+short- NR NR 65.90% 0 2-year OS 77.3% 27)
+PBSC mg/kgx4d term MTX
+MSCs
Z Wang et al. 2014 China 17 children  SAA (11); VSAA (5); BM in vivo TCD-haploSCT r-ATG 5mg/ Flu+BUCY CsA+MMF+short- Real-time NR 82.30% 0 1-year OS 71.60 + 17.00% (14)
and 2nd HSCT (1) +PBSC kgx4d (-4 to -1); term MTX PCR
adolescents +MSC ALG 20mg/kg/ +basiliximab
day d-4 to -1
L Gao et al. 2014 China 26 SAA (16); VSAA (100 BM in vivo TCD-haploSCT r-ATG 2.5 mg/ Flu+CY CsA+MMF-+short- PCR NR 23.08% 3.85% TRM 3.8% (100-day), 11.5% (15)
+PBSC kgx4d term MTX (1-year), 15.4% (2-year); OS
84.6% (follow-up of 1313.2
days)
Y Luetal 2021 China 377 AML BM in vivo TCD-haploSCT r-ATG 7.5- Modified BUCY, CsA+MMF+short- Real-time NR 67.4+51% 1.06% 3-year OS 74.9 + 2.4%; LFS (16)
+PBSC 10mg/kg; ATG-F  n=118; Intensified  term MTX quantitative 73.8 + 4.8%; relapse rates 14.3
20mg/kg BU-based MAC, PCR +4.0%; NRM 12.3 + 3.5%
n=259
Jiafu Huang 2020  China 75 patients  AML (60); MDS (15) BM in vivo TCD-haploSCT r-ATG 7.5- BUCY or BF or CsA+MMF+short- PCR NR 64.00% 4.00% 2-year relapse 27.0% + 5.6%; (17)
etal aged over +PBSC 10mg/kg TBI+CY term MTX PFS 59.3% + 5.8%; OS 63.0%
50 years + 5.8%; GRFS 42.6% + 5.9%
(Continued)
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TABLE 1 | Continued

Group Year Country haploSCT PrimaryDisease (n) Stem cell Graft manipulation Dose of ATG Conditioning (n) GVHD prophylaxis Assays Cutoff values for CcMV cMmv Clinical /Ci
Sample source measuring CMV ivati ivati di
size (n) cmv or reactivation
DNAemia needing PET
P Suo et al. 2020 China 27 MDS BM in vivo TCD-haploSCT r-ATG 2.5 mg/ Modified BUCY CsA+MMF+short- Quantitative ~ PET was given 59.30% 0 3-year DFS and 3-year OS (20)
+PBSC kgx4d term MTX PCR when a single 81.9%
CMV DNA > 1000
copies/mL or 600
copies/mL were
observed twice.
P Ke et al. 2018 China 48 MDS BM (9); in vivo TCD-haploSCT r-ATG 2.5 mg/ Modified BUCY CsA+MMF-+short- NR NR 42% 0 2-year OS 64%; RFS 56%; (19)
PBSC (1); kgx4d term MTX relapse 12%; NRM 33%
BM
+PBSC
(38);
coinfusion
of the
cord
blood
L Gao et al. 2015  China 47 Ph+ ALL BM in vivo TCD-haploSCT r-ATG 2.5 mg/ TBI+Ara-C+CY CsA+MMF+short- NR NR 38.30% 8.51% 2-year OS 63.8%; LFS 59.5% (18)
+PBSC kgx4d term MTX
H Zhao et al. 2020 China 55 ALL BM in vivo TCD-haploSCT NR BUCY+TBI or NR NR NR 56.10% NR 2-year LFS 65.6%; OS 77.0% 21)
+PBSC or nonmyeloablative
PBSC regimens
L Gao et al. 2017 China 174 AML (73); ALL (61); BM in vivo TCD-haploSCT ATG-F 5mg/ CCNU+BU+CY CsA/Tacro+MMF PCR NR 39.5% (Short- NR 2-year OS 59.3% (Short-term (37)
CML (22); MDS (18) +PBSC kgx4d +Ara-C (AML, +short-term MTX term Tacro); Tacro), 556.7% (CsA); 2-year
CML and MDS) 37.5% (CsA) DFS 65.1% (Short-term Tacro),
CY+TBI+Ara-C 61.4% (CsA)
(ALL)
YWangetal. 2014 China 224 AML (106); ALL BM in vivo TCD-haploSCT r-ATG 1.5 mg/ Modified BUCY, CsA+MMF+short- Real-time >600 copies/mL 1-year 75.0% 0.89% 1-year relapse 7.6% (ATG-6), (31)
(91); CML (14); MDS  +PBSC kgx4d, n=112; n=218; TBI term MTX Tagman (ATG-6) and (ATG-6)and  4.6% (ATG-10); NRM 8.1%
(13) -ATG 2.5 mg/  based regimen, CMV DNA 78.6% (ATG-10) 5.36% (ATG-6), 10.3% (ATG-10); OS
kgx4d, n=112 n=6 PCR (ATG-10) 88.4% (ATG-6), 87.0% (ATG-
10); DFS 84.3% (ATG-6);
86.0% (ATG-10)
S Kako et al. 2017  Japan 12 AML (5); ALL (1); PBSC in vivo TCD-haploSCT r-ATG 2.5 mg/ BU+Mel, n=2; CY  CsA+short-term MTX NR NR 41.67% 0 1-year OS 33.3%, PFS 24.3%, (34)
CMML (1); Ph+ ALL kgx2d (-4to -3)  +TBI, n=6; Flu RR 59.0%, and NRM 16.7%
(2); NHL (1); LCS (1); +Mel+TBI, n=3;
PMF (1) Flu+BU+TBI, n=1
GJ Min et al. 2020 Korea 186 AML BM or in vivo TCD-haploSCT r-ATG 1.26 mg/  Flu+BU+TBI CsA+short-term MTX  Real-time NR 72.70% 19.40% 08 52.3% (mismatched) and (35)
PBSC kgx4d quantitative- 55.3% (matched); GRFS
PCR 40.6% (mismatched) and
42.2% (matched); Relapse
22.5% (mismatched) and 8.6%
(matched); NRM 28.9%
(mismatched) and 27.1%
(matched)
L Zhu et al. 2015 China 25 AML (7); ALL (17); Bi-  BM in vivo TCD-haploSCT r-ATG 2.5 mg/ BU+Ara-C+CY CsA+MMF+short- NR NR 92% NR 14-month OS 53.28% (28)
lineage AL (1) +PBSC kgx4d (-4 to -1) term MTX
+MSC
(21) or BM
+MSC (4)
JXuetal 2020 China 72 T-ALL BM or in vivo TCD-haploSCT r-ATG 2.5 mg/ Modified BUCY CsA+MMF+short- PCR NR 19.40% NR 3-year OS (66.6 + 6.2)%; RFS (25)
PBSC or kgx4d (-4 to -1) term MTX (62.0 + 6.5)%; relapse (24.2 +
BM 6.4)%; NRM (16.9 = 5.1)%
+PBSC
combined
with CB
JWang et al. 2019  China 139 AML (100); ALL (39) BM in vivo TCD-haploSCT ATG-F 5 mg/ BUCY+Me- CsA+MMF+short- Real-time NR 100-day 59.8% 2.88% 2-year relapse 25.9% (Cord- (26)
+PBSC or kgx4d CCNU+FLAG/ term MTX PCR (Cord-HaploSCT) HaploSCT) and 53.2%
BM CLAG, n=96; TBI and 47.6% (HaploSCT); NRM 38.8%
+PBSC +CY+Me-CCNU (HaploSCT) (Cord-HaploSCT) and 24.6%
+UCB +FLAG/CLAG, (HaploSCT); 0S 35.5% (Cord-
n=43 HaploSCT) and 22.7%
(HaploSCT); PFS 85.5% (Cord-
HaploSCT) and 17.9%
(HaploSCT)
(Continued)
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TABLE 1 | Continued

Group Year Country haploSCT PrimaryDisease (n) Stem cell Graft manipulation Dose of ATG Conditioning (n) GVHD prophylaxis Assays Cutoff values for CcMV cMmv Clinical /Ci
Sample source measuring CMV ivati ivati di
size (n) cmv or reactivation
DNAemia needing PET
XN Gao et al. 2020 China 110 AML (58); MDS (6); PBSC in vivo TCD-haploSCT r-ATG 2.5 mg/ Modified BUCY, CsA+MMF+short- Real-time CMV DNA loads 1-year 55.0% 1-year 7.9% 3-year NRM 30.5% (CMV (29)
CML (4); MDS/MPN kgx4d n=95; TBI+CY, term MTX quantitative exceeded 1000 DNAemia+) and 13.7% (CMV
(1); ALL (38), NHL. n=3; Flu+BU, PCR copies/mL DNAemia-); 3-year OS 55.0%
(3), PCL (1) ; (CMV DNAemia+) and 60.4%
(CMV DNAemia-)
HH Liet al. 2017 China 94 AML (46); Therapy- PBSC in vivo TCD-haploSCT r-ATG 2.5 mg/ Modified BUCY, CsA+MMF+short- NR NR 1-year 62.1% 1-year 8.1% 3-year NRM 24.0% (HaploSCT) (30)
related AML (6); MDS kgx4d n=60; TBI+CY, term MTX and 10.2% (MSD); relapse
transformed AML (5); n=28; BF, n=6 39.0% (HaploSCT) and 22.6%
MDS-refractory (MSD); DFS 45.7% (HaploSCT)
anemia with excess and 78.9% (MSD)
blast (1); ALL (26);
CML (5); Lymphoma
(@]
E Shmueli 2014 lIsrael 102 Congenital disease; NR in vivo TCD-haploSCT ATG* Flu+TT+TBI NR Real-time Higher than 50 66.70% 11.6% The high rate of drug resistance (8)
etal SAA; hematological PCR copies/mL as interlinked with severe
malignancy; solid disease in haplo-HSCT
tumor recipients.
SS Park et al. 2021 Korea 46 SAA PBSC in vivo TCD-haploSCT r-ATG 5-10 mg/  TBI+Flu Tacro+short-term NR NR 45.70% NR 3-year OS 84.4%; 3-year TRM (36)
kg course MTX 11.2%
A Bertaina 2014 ltaly 23 SCID (8); SAA (4); FA  PBSC ex vivo TCD-haploSCT r-ATG 4 mg/ BU+TT+Flu, n=3;  No NR NR 38% (CMV and 4.35% The 2-year probability of both (42)
etal (4); IPEX (1); CAMT (of+ T and CD19+ B Kgx3d (-5to -3) Treo+TT+Flu, posttransplantation adenovirus) OS and DFS was 91.1%
(1); SDS (1); cells depletion) n=4; Treo+Flu, pharmacologic
UNC13D-mutated n=8; Flu+CY = GVHD prophylaxis
HLH (1); DOCK-8- TBI, n=8
mutated HIEs (1);
Osteopetrosis (1);
Thalassemia (1)
AE 2018 USA 86 Leukemia (75); BM (83); PTCy-haploSCT No Mel+TT+Flu MMF+Tacro pp65 CMV CMV antigenemia  Traditional 81%; 8% 100-day NRM O (Traditional), (60)
Hammerstrom Lymphoma (8); MM PBSC (3) antigenemia  with =1 cell/milion  Hybrid 53%; (Traditional), 13% (Hybrid), and 13%
etal (1); AA (2) assay or or detectable CMV  Intermediatedose 0% (Hybrid),  (Intermediate dose); 100-day
PCR. DNA 71% and 0% 0OS 100% (Traditional), 80%
(Intermediate  (Hybrid), and 87% (Intermediate
dose) dose)
R Mitchell 2019 Australia 19 Primary PBSC; ex vivo TCD-haploSCT ATG* Treo+Flu+TT; Bu  MMF (n=11)or CsA  CMV PCR NR 50.00% 5.26% 100-day TRM 0% and 1-year (43)
etal immunodeficiency BM (op+ T and CD19+ B +Flu+TT; Treo (=3) or combination screening TRM 15%; 5-years OS 80%
disease; HLH; FA; cells depletion) +Flu; Bu+CY+Flu;  CsA/MMF (n=5), or
AML; ALL Flu+CY; Flu+Mel  no prophylaxis (n=1)
+TT; TBI+Flu+Mel
+TT
SHKangeta. 2021 Korea 81 Malignant disease PBSC ex vivo TCD-haploSCT Malignant Flu+CY+TBI NR Quantitative ~ >2.49log copies/ 50.8% (GCV/ 15.4%; no Interim-FCV prophylaxis (41)
(45); Nonmalignant (of T lymphocyte disease r-ATG real-time mL FCV 44.4% vs significant effectively prevented CMV
disease (36) depletion) (2 mg/kg at -8d PCR GCV 62.6%) difference in reactivation in those undergoing
and 1 mg/kg at the incidence  of T cell-depleted haploSCT.
-7d); of CMV
Nonmalignant disease
disease r-ATG according to
(2.5 mg/kg/day, prophylaxis
-8d to -6d) method
| Airoldi et al. 2015 USA 27 ALL (9); AML (6); PBSC ex vivo TCD-haploSCT ~ No TBI+TT+Mel; TBI  No NR NR 55.50% NR 81.5% survived at last follow-up (44)
SCID (4); FA (3); (TCR-ap+/CD19+ +TT+CY; TBI+TT  posttransplantation
Hyper-IgE syndrome lymphocytes depletion) +Flu; Treo+TT pharmacologic
(1); Refractory +Mel; BU+TT GVHD prophylaxis
cytopenia of +Flu; BU+CY
childhood (2); +Mel; Treo+TT
Kostmann syndrome +Flu; Treo+Flu;
(1); Osteopetrosis TBI+CY+Flu; BU
(1); SDS (1) +Flu
L Kaynaretal. 2017 Turkey 34 AML (24); ALL (10) PBSC ex vivo TCD-haploSCT ATG-F 30 mg/kg  Flu+TT+Mel MMF PCR NR 73.5% (AML 0 1-year DFS 42%; OS 54% (39)
(TcRoB-depletion) (-12t0 -9) 66.7%; ALL
90.0%)
HF Naziretal. 2020 Oman 12 FHLH PBSC ex vivo TCD-haploSCT ATG-F 10 mg/kg  Treo+TT+Flu CsA or Tacro or No PCR CMV viral load 75.00% 16.67% 3-year DFS 58.3% (45)
(CD3/CD19 depletion) (-6 to -3) +Rituximab pharmcologic exceeded 500
prophylaxis copies/mL
(Continued)
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Group Year Country haploSCT PrimaryDisease (n) Stem cell Graft manipulation Dose of ATG Conditioning (n) GVHD prophylaxis Assays Cutoff values for CcMV cMmv Clinical /Ci
Sample source measuring CMV ivati ivati di
size (n) cmv or reactivation
DNAemia needing PET
F Erbey et al. 2018  Turkey 21 ALL (14); AML (7) PBSC ex vivo TCD-haploSCT r-ATG 20mg/kg Flu+TT+Mel MMF with or without ~ PCR NR 81.00% NR 5-year OS 71.1%; RFS 86.9%; (40)
(TcRoB-depletion) (-13t0 -9) CsA screening TRM 16.3%
S Gaballa 2016 USA 50 AML (27); MDS or DLI + PTCy-haploSCT No TBI (12 Gyover  Tacro+MMF PCR NR 100-day 67% 0 3-year OS 70%; PFS 68%; (38)
etal. MPD (3); ALL (14);  CD34- 4 day) NRM 10%
NHL (5); AA (1) selected
stem cell
R Crocchiolo 2015 lItaly 70 HL (35); NHL (20); BM (66); PTCy-haploSCT No NMA, n=48; RIC,  Tacro/CsA+MMF PCR Threshold of CMV  54.00% 4.29% 2-year OS 48%, TRM 26% (53)
etal MM (2); AL (11); CLL ~ PBSC (4) n=16; MAC, n=6 viremia for PET
(2) was 3300 copies/
mL
J Gazievetal. 2018 USA 54 Thalassemia (45); PBSC ex vivo TCD-haploSCT r-ATG 125 mg/  BUTT10CY200 CsA reverse- NR 64.00% 0 OS 78% (TCR group) and 84% 47)
Sickle cell anemia (7);  and/or BM  (CD34 selection of kg over 4 days, preceded by +methylprednisolone  transcription (CD34 group); DFS 69% (TCR
HbS-b thalassemia PBSCs and BM, n=32; n=6; ATG-F 50 HuAzFlu or or CsA+MMF PCR group) and 39% (CD34 group)
) CD34 selection of to 25 mg/kg BUTT10CY200
PBSCs and CD3/CD19  over 5 days, preceded by Flu
depletion of BM, n = 8; n=48 with/without
TCRop/CD19 depletion Rituximab
of PBSCs, n = 14) prophylaxis
L Prezioso 2019  ltaly 59 AML (32); ALL (6); PBSC ex vivo TCD-haploSCT r-ATG 1.5 mg/kg  Flu+TT No PCR NR 7.27% 1.69% 2-year OS 50.8% (46)
etal NHL (6); HL (8); MF (24); («BTCR/CD19+ x4d (-9 to -6) posttransplantation
(4); MDS (2); MM (1); CD34+ depletion or selection of pharmacologic
PCL (1) (35) the CD34+ cells) GVHD prophylaxis
D Huntley 2020 Spain 118 AL (43); CL (9); PBSC PTCy-haploSCT Only one patient ~ MAC,n=35; RIC,  CsA or Tacro RealTime 31 1U/mlor 137 63.90% 4.50% 1-year OS 70.3% (65)
etal Lymphoma (26) (110); BM received ATG n=83 CMV PCR 1U/ml at different
MDS/MM/ 8) centers
Myelofibrosis (25);
Other (15)
LJ Arcurietal. 2020 USA 87 SAA BM (81); PTCy-haploSCT 12 patients Flu+CY+TBI CsA+MMF or Tacro Positive NR 100-day 61%, 1- NR 2-year OS 79%; 2-year EFS (62)
PBSC (3); received r-ATG +MMF antigenemia year 62%, 2-year 70%
BM or PCR 62%
+PBSC (3)
M Slade etal. 2017 USA 104 AML (70); ALL (11); PBSC PTCy-haploSCT NR MAC, 3; CsA+MMF or Tacro PCR >40 000 IU/mL 55.00% 15% 51% survived at last follow-up (69)
MDS (11); Other (12) NMA, n=61 +MMF
E Katsanis 2020 USA 17 AL,CML, NHL BM PTCy/BEN-haploSCT No TBI+Flu or BU MMF+Tacro PCR NR 12.5% in PTCy- NR 2-year OS 83.3% in PTCy-BEN (64)
etal (9); PTCy-haploSCT (8) +Flu+Mel BEN with 71.4% with 568.3% in PTCy
in PTCy
GClreneetal. 2021 Spain 40 AL/MDS (28); MPN PBSC or PTCy-haploSCT No RIC,n=1;MAC, Tacro Quantitative PET: a level of 18-month 61% 2.50% 18-month OS 71.3%; PFS (59)
(1); Lymphoid BM n=39; PCR DNAemia of 67.4% with no differences by
malignancies (9); >1000 IU/ml in one donor type
Others (2) blood sample or
two consecutive
samples with a
level of >500 U/
mL
RV Raj et al. 2016 USA 43 AML/MDS (27); ALL ~ BM (22);  PTCy-haploSCT No Flu+CY+TBI, Tacro+MMF Quantitative ~ NR RIC with 40% in 0 (RIC)and ~ NR (63)
(5); Myeloma (4); PBSC (21) n=23; Flu+Bu nucleic acid MAC 7% (MAC)
NHL/HL (4); Others +CY, n=15; Flu amplified
@) +Mel+TBI, n=5 tests
(NAAT)
SR Goldsmith 2016 USA 138 AML (93); MDS (15); PBSC PTCy-haploSCT No MAC, n=58; RIC, Tacro+MMF or other ~ Real-time NR 58.00% 16.67% Post-transplant CMV viremia (65)
etal Other (30) n=80 qPCR was not associated with a
statistical difference in overall
survival
J Montoro 2020 Spain 42 AL (15); MM (5); BM (5); PTCy-haploSCT No TBF-MAC, n=9; MMF+Sirolimus Quantitative NR 52.00% 2.38% 1-year NRM 14%; EFS 75%,; (70)
etal Lymphoproliferative PBSC (37) TBF-RIC, n=2; real-time OS 82%; GRFS 47%. A higher
disorders (13); MDS BU+Flu+CY, PCR assays cumulative incidence of CMV
(5); MPD (4) n=11 DNAemia requiring pre-emptive
antiviral therapy in the
haploidentical cohort.
N Cieri et al. 2015  ltaly 40 AML (22); ALL (5); PBSC PTCy-haploSCT No Flu+Treo+Mel MMF+Sirolimus Quantitative ~ PET was started 63.00% 15% 1-year OS 56%; DFS 48% (71)
MDS (1); CML (1); HL PCR when CMV DNA
(6); NHL (5) copy number was
more than 1000
(Continued)
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Group Year Country haploSCT PrimaryDisease (n) Stem cell Graft manipulation Dose of ATG Conditioning (n) GVHD prophylaxis Assays Cutoff values for CcMV cMmv Clinical /Ci
Sample source measuring CMV ivati ivati di
size (n) cmv or reactivation
DNAemia needing PET
copies/mL or
increased more
than.5 log in
peripheral blood
plasma.
N Stocker 2020 France 19 AML (10); MPN (1); PBSC PTCy-haploSCT 2.5 mg/kg, n=3; RTC,n=13; TT CsA+MMF Quantitative ~ PET was initiated 46.00% NR 2-year Relapse 19% (Control 67)
etal MDS (1); ALL (4); 5 mg/kg, n=16 +etoposide+CY PCR when CMV was group) and 19% (PTCy group);
NHL (3) +RIC, n=6 above 1000 IU/mL PFS 73% (Control group) and
70% (PTCy group); OS 78%
(Control group) and 79% (PTCy
group)
Crocchiolo R 2016 ltalyand 207 AL (44); HL (54); NHL  PBSC PTCy-haploSCT NR NMA/RIC, NR NR NR 42.00% 1.45% Two-year OS 62% (Cohort 1); (56)
etal France (61); MM (13); MDS/  (111); BM n=181; MAC, 65% (Cohort 2); 50% (Cohort
MPS (25); (96) n=26 3); 42% (Cohort 4)
Drepanocytosis (1)
SR Goldsmith 2021  USA 757 AML/ALL/MDS BM or PTCy-haploSCT No MAC or RIC/ Tacro or CsA PCR NR 180-day 42% 100-day 2-year mortaligy 49.5% (61)
etal PBSC NMA 2.8%
Y Luetal. 2018 China 41 SAA (28)/VSAA (13) BM in vivo TCD-haploSCT ATG-r 7.5 mg/ BU+Flu+CY Tacro+MMF+short- PCR Higher than 500 65.90% 4.88% 3-year OS 80.3% + 5.1%; 3- (13)
+PBSC kg, n=42; ATG-F term MTX copies/mL in year FFS 76.4% + 5.1%
20 mg/kg, n=47 plasma
W-R Huang 2016  China 130 AML; ALL; CML; PBSC in vivo TCD-haploSCT r-ATG 2.5 mg/ Modified BUCY, CsA+MMF+short- PCR NR 1-year 61.0 + 1-year 8.0%  3-year OS 45.6% + 5.6%; LFS (23)
etal Lymphoma kg/day -56d to n=90; Modified term MTX 5.3% +2.9% 44.2% + 5.9%
-2d BF, n=32; TBI
+CY, n=8
BM Triplett 2015 USA 17 ALL (6); AML (9); PBSC ex vivo T-cell depletion No TU+Flu+CY+TT Sirolimus or MMF PCR NR 17.65% 0 76.5% survived at a median of (49)
etal MLL (1); MDS (1) (CD45RA-depletion) +Mel 223 days
BM Triplett 2018 USA 67 ALL (28); AML (22); PBSC ex vivo T-cell depletion No CD3-depleted: ashort (<60 days) Quantitative ~ NR CD3-depleted NR 180-day mortality CD3dep (50)
etal MLL (4); MDS (8); (CD3-depletion,n=41; Flu+TT+Mel course of MMF PCR 56%, CD45RA- recipients 22% vs CD45RAdep
Lymphoma (3); CML CD45RA-depletion, +OKT3 (n=21) depleted 19% recipients 15.4%
2) n=26) or alemtuzumab
(n=20)+Rituximab
CD45RA-
depleted: Flu+TT
+Mel+lymphoid
irradiation+CY
AFayardetal. 2019 France 381 AL/MDS (208); HL/ BM (103);  PTCy-haploSCT No RIC, n=307; an anticalcineurin Asingle NR 48.80% 4.50% Median of PFS 19.9 months; (52)
NHL (115); MPN (31); PBSC MAC, n=73 +MMF pp65 Median of OS 33.5 months
MM/solitary (278) antigen-
plasmacytoma (15); positive
chronic leukemia leukocyte or
(10); bone marrow a positive
failure syndrome (2) viremia in
peripheral
blood
A Esquirol 2021  Spain 236 AML (76); MDS (39); BM (45); PTCy-haploSCT NR Flu+BU; Flu+Bu CsA+MMF or Tacro PCR >1000 IU/mL 69.00% 2.12% 12-month OS 64%; 12-month (54)
etal ALL (22); NHL (39); PBSC +CY; TBF; Other  alone PFS 57%
HL (31); CLL (8); (191)
CML/MPN (12); MM
(5); biphenotypic
acute leukemia (2);
aplasia (1);
prolymphocytic
leukemia (1)
Monzr M. Al 2017  USA 119 Acute leukemia (80); PBSC PTCy-haploSCT NR MAC, n=46; RIC/  Tacro/MMF PCR NR 100-day 69.2% 0 CMV reactivation was not (57)
Malki et al. bone marrow failure (81); BM NMA, n=73 associated with OS, RFS,
(15); lymphoma (11);  (38) relapse incidence, or NRM.
chronic leukemia (6);
hemoglobinopathies
(5); MM (2)
D Huntley 2020 Spain 71 Acute leukemia (24); PBSC PTCy-haploSCT No MAC, n=17; RIC,  Tacro-based, n=41; Real-time Higher than 59.70% 4.23% PTCy-haploSCT recipients may (58)
etal Chronic leukemia (6);  (65); BM n=54 MMF-based, n=15 PCR 600 IU/ml or higher reconstitute CMV-specific T-cell
Lymphoma (15); 6) than 1U/ml at immunity to the same extent as
different centers
(Continued)
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Group Year Country haploSCT PrimaryDisease (n) Stem cell Graft manipulation Dose of ATG Conditioning (n) GVHD prophylaxis Assays Cutoff values for cmv [¢17\") Clinical /C
Sample source measuring CMV'r ivati ivati di
size (n) cmv or reactivation
DNAemia needing PET
Myelofibrosis/MDS patients undergoing HLA-
(18); Other (5) matched allo-HSCT
R Uppuluri 2019  India 16 Primary immune BM (6); PTCy-haploSCT NR Flu+Mel, n=5; Flu ~ NR NR NR 43.70% 6.25% Overall mortality 37.5%; OS 61)
etal deficiency disorder PBSC (10) +Treo, n=3; Treo 62.5%; Cytokine release
+Flu+TBI, n=3; syndrome (CRS) 75%
Treo+Flu, n=1;
Flu+Treo+TBl,
n=4
SR Solomon 2015 USA 30 AML (16); ALL (6); PBSC PTCy-haploSCT No Flu+TBI Tacro+MMF Quantitative ~ PET was initiated if  58.00% 0 2-year OS 78%; 2-year DFS (66)
etal CML (5); MDS (1); CMV PCR viral reactivation 73%
NHL (2) was detected
(higher than 400
copies/mL)
C Oltolinietal. 2020 Italy 145 Myeloid disorders PBSC PTCy-haploSCT No MAC, n=110; sirolimus+MMF, PCR PET was started 61% (68%, 13.79% Relapse 44% (68)
(106); Lymphoid RIC, n=35 n=141; CsA+MMF, when plasmatic haploSCT)
disorders (39) n=3 CMVDNA higher

than 1000 copies/
mL or increased

>0.5 log.
AD Law et al. 2018 Canada 50 AML (28); MDS (8); PBSC PTCy-haploSCT r-ATG 4.5 mg/kg  Flu+BU+TBI CsA NR NR 74% 8% 1-year OS 48.1%; NRM 38.2% (72)
MPN (6); ALL (2);
Lymphoma (5);
BPDCN (1)
MQ Salas 2020 Canada 52 AML (29); MDS (8); PBSC PTCy-haploSCT r-ATG 4.5 mg/kg ~ Flu+BU+TBI CsA Quantitative >200 copies/ml 58% 4% 1-year OS 58.8 (44-70.9)%; 1- (73)
etal MPN (5); ALL (3); PCR year RFS 53.3 (38.8-65.8)%
Lymphoproliferative
disease (6); BPDCN
)
JTischeretal. 2015 Germany 55 AML (33); CML (2); BM ex vivo T-cell depletion CTCR/TCD: r- RIC or MAC CsA+MTX or Tacro Quantitative ~ NR cTCR/TCD 714% CTCR/TCD: 1-year OS 39%, (78)
ALL (7); SAA (1); +PBSC (cTCR/TCD: CD6- ATG 20 mg/kg +MMF or MMF real-time 42.9%; TCR/ (cTCR/TCD) RFS 38%; TCR/PTCY: 1-year
NHL (14); CLL (2) depleted G-CSF- for & days; TCR/ PCR PTCy 14.8% and 0 (TCR/  OS 59%; RFS 55%
mobilized peripheral PTCY: No ATG PTCy)
blood stem cells); PTCy-
haploSCT

HaploSCT, haploidentical stem cell transplantation; AML, acute myeloid leukemia,; ALL, acute lymphoblastic leukemia; CML, chronic myeloid leukemia; AL, acute leukemia; MDS, myelodysplastic syndromes; AA, aplastic anemia; SAA, severe
aplastic anemia; VSAA, very severe aplastic anemia; Ph+, Philadelphia chromosome-positive; PNH, paroxysmal nocturnal hemoglobinuria;, CMML, chronic myelomonocytic leukemia; MM, multiple myeloma; NHL, non-Hodgkin lymphoma;
PCR, polymerase chain reaction; PET, preemptive therapy; LCS, Langerhans cell sarcoma; PMF, primary myelofibrosis; BPDCN, blastic plasmacytoid dendritic cell neoplasm; PCL, plasma cell leukemia; SCID, severe combined
immunodeficiency; FA, Fanconi anemia; IPEX, immunodeficiency with polyendocrinopathy and enteropathy X-linked; CAMT, congenital amegakaryocytic thrombocytopenia; SDS, Shwachmann-Diamond syndrome; HLH, hemophagocytic
lymphohistiocytosis; UNC13D-mutated HLH, UNC13D-mutated hemophagocytic lymphohistiocytosis; DOCK-8-mutated HIEs, DOCK-8-mutated hyper-IgE syndrome; FHLH, familial hemophagocytic lymphohistiocytosis;, MPD,
myeloproliferative disease; HL, Hodgkin lymphoma; CLL, chronic lymphocytic leukemia; CL, chronic leukemia; MPN, myeloproliferative neoplasm,; MPS, myeloproliferative syndrome; MLL, mixed lineage leukemia; BM, bone marrow;
PBSC, peripheral blood stem cells; HSCT, hematopoietic stem cell transplant; MSC, mesenchymal stem cell; CB, cord blood; UCB, umbilical cord blood; DLI, donor lymphocyte infusion; TCD, T-cell depletion; PTCy, posttransplant
cyclophosphamide; ATG, anti-thymocyte globulin; ATG-F, ATG-Fresenius; r-ATG, ATG-Genzyme; BU, busulfan; CY, cyclophosphamide; BUCY, busulfan cyclophosphamide regimen; CCNU, lomustine; Me-CCNU, simustine; Ara-c, cytosine
arabinoside; BF, busulfan fludarabine regimen; FLAG, fludarabine+ cytarabine + granulocyte colony-stimulating factor; CLAG, cladribine + cytarabine + granulocyte colony-stimulating factor; Flu, fludarabine; TT, thiotepa; Treo, treosulfan; Mel,
melphalan; Az, azathioprine; Hu, hydroxyurea; TBI, total body irradiation; TBF, thiotepa busulfan fludarabine; MAC, myeloablative conditioning, NMA, non-myeloablative; RIC, reduced-intensity conditioning; RTC, reduced toxicity conditioning;
TLI, total lymphoid irradiation; CMV, cytomegalovirus; CsA, cyclosporine A; Tacro, tacrolimus; MMF, mycophenolate mofetil; MTX, methotrexate; GCV, ganciclovir; FCV, foscarnet; TCR, T-cell-replete; HLA, human leukocyte antigen; CMVR,
cytomegalovirus retinitis; RRM, relapse-related mortality; OS, overall survival; LFS, leukemia-free survival; NRM, non-relapse mortality; TRM, transplant-related mortality; GVHD, graft-versus-host disease; aGVHD, acute graft-versus-host
disease; FFS, failure-free survival; GFFS, GVHD-free and relapse-free survival; GRFS, GVHD-free relapse-free survival; PFS, progression-free survival; EFS, event-free survival; DFS, disease-free survival; RFS, relapse-free survival; RR, relapse
rate; MSD, matched sibling donor; NR, not reported.

*The dose of ATG is not mentioned in the paper.
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CMV-Specific Immunity After haploSCT

of CMV-specific T-cell subsets show distinct kinetics,
particularly after CMV reactivation.

More recently, Jasper J. P. van Beek et al. conducted longitudinal
analysis of high-dimensional T-cell immunophenotypes in 21
recipients of PTCy-haploSCT (91). CMV-specific T-cells were
primed early after PTCy-haploSCT and initially showed a
proliferating/activated phenotype, that was quickly replaced by a
terminal effector phenotype, while uncontrolled viral replication
associated with lower abundance of distinct CMV-specific CD4+
T-cell immunophenotypes, hinting at a possible role of these cells
in CMV control. CMV-specific T-cell features were similar to those
of the CMV-seropositive donor one year posttransplantation,
implying reestablishment of physiological homeostasis.

NK

NK cells similarly play an essential role in defense against
infections and leukemia relapse after hapoSCT. Fengyan Jin
et al. explored NK cell dynamics in 29 patients after haploSCT
between August 2011 and November 2014 (92). IENy-producing
NK cells expanded in 19 patients after CMV reactivation, and the
percentages of IFNy-producing NK cells in these patients greatly
increased from day 60 to 180 after transplantation compared to
those of their donors. The percentage of KIR-expressing NK cells
and IFNYy-producing NKG2C+ NK cells was significantly higher
in haploSCT recipients with CMV reactivation than in those
without CMV reactivation. Moreover, CMV reactivation was
associated with expansion of the CD56"$"'CD16%™ " DNAM1*
NK cell subset between days 30 and 90 after haploSCT (93).
Patients with increased CD56""8"'CD16"™ DNAM1* NK cells
also had a remarkably higher CMV viral load (93).

Letizia Muccio et al. reported that CMV reactivation boosted the
arrival of mature NK cells in pediatric patients with hematological
malignancies receiving HLA-haploSCT after removal of both 03T
cells and CD19 B cells (94). A memory-like NK cell subset
expressing NKG2C and CD57 progressively expanded in most
children. NKG2C+CD57+ NK cells were detected by month 3 after
allo-SCT and expanded until at least month 12. These cells
characteristically expressed high levels of killer Ig-like receptors
(KIRs) and leukocyte inhibitory receptor 1 (LIR-1) and low levels of
Siglec-7, NKG2A and interleukin-18Ro.. Additionally, they poorly
secreted interferon-y in response to interleukin-12 and interleukin-
18. The compromised response to these cytokines as well as their
highly differentiated profile may reflect their skewing toward
immune control of human cytomegalovirus.

Xiang-Yu Zhao et al. from Peking University previously
found that donor-recipient KIR ligand matching decreased
CMV reactivation and refractory CMV infection by day 100
post-transplantation (95). This indicates that donor-recipient
KIR ligand matching might improve the NK cell licensing
process and promote NK cell-mediated control of CMV
reactivation. The same group then prospectively assessed NK
cell reconstitution in patients undergoing matched sibling
transplantation and haploSCT (96). CD107a was increasingly
expressed in NK cells after versus before CMV reactivation at
days 60, 100, and 180 after transplantation, but CMV
reactivation did not impact the maturation process of NK cells
after transplantation. In addition, KIR expression and NKp30

expression were lower on NK cells in patients with CMV
reactivation than in those without CMV reactivation at day 30.
The NK-to-T-cell (NK/T) ratio was persistently higher in
patients with CMV reactivation than in those without CMV
reactivation from 30 days to one year after haploSCT.

An emerging report from Elisa Zaghi et al. demonstrated
impaired adaptive NK cells expanded after CMV reactivation
in PTCy-haploSCT (97). By a longitudinal single-cell
computational profiling of multiparametric flow cytometry,
they found that CMV accelerates NK cell immune recovery
with the expansion of CD158b1b2jP*/NKG2A"*¢/NKG2CF*/
NKp30' NK cells. The number of this subset is associated
with CMV reactivation, further increases in recipients with
multiple viral reactivations and persists for months after the
infection. The transcriptional characteristics of FACS-sorted
CD158b1b2jP*® NK cells confirmed the capacity of CMV to
deregulate NKG2C, NKG2A, and NKp30 gene expression,
thus mediating the expansion of NK cells with adaptive traits.
These results imply that the dysfunction/exhaustion of
“adaptive” KIRP®®* NK cells in patients with CMV reactivated is
induced, at least partially, by the CMV-induced expression of
checkpoint inhibitors.

YT

Fifty pediatric patients undergoing oy T cell-depleted haploSCT
between August 2012 and December 2015 were analyzed (98).
CMYV reactivation developed in 19 transplantations at a median of
30 days (range, 13-318 days) after haploSCT. Higher Y0 T cells
were observed in patients without CMV reactivation than in
patients with CMV reactivation at day 30 (197.8 + 153.9 vs
53.9 + 58.7). There was a significantly higher incidence of CMV
reactivation in patients with a low percentage of Y0 T cells at day
30 than in patients with a high percentage of ¥ T cells (78.0 +
15.3% vs 22.2 + 13.9%). No difference in day 30 ¥d T cells was
found between patients with and without CMV disease.

Irma Airoldi et al. prospectively monitored the functional and
phenotypic characteristics of Y0 T cells up to 7 months after o3+
T cells and CD19+ B cells depleted haploSCT in 27 children (44).
They reported that Y3 T cells are the foremost T-cell population
in patients during the first weeks and are mainly derived from the
graft content and expanded in vivo after transplantation. Central
memory cells predominated very early after haploSCT for both
the V31 and the V32 subsets. V31 cells are specifically expanded
in patients with CMV reactivation and are more cytotoxic than
those of children without reactivation.

CMV-specific T-cell, NK cell, and yd T-cell are vital to
immune control of CMV infection post haploSCT, but it seems
that ¥8 T-cell is more likely responsible for viral reactivation in
the context of ex vivo TCD-haploSCT. Although NK cells and Yy
T cells are the first lymphocytes that recover after
transplantation, CMV-specific T cells are dominant in number
in case of viral infection. The majority of studies state that
impaired T-cell and NK-cell reconstitution and increased risk
of CMV infection after haploSCT, so seeking factors influencing
CMV-specific immune reconstitution and interventions to
improve immune reconstitution is urgent at the moment.
Although data from Dixie Huntley et al. supported similar
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incidence of CMV infection and restored CMV-specific T cells
after PTCy-haploSCT compared to MRD/MUD transplantation
(58), the scarce number of MUD and MRD recipients and more
sirolimus used in PTCy-haploSCT group preclude any definitive
conclusion and further studies are warranted to validate
their findings.

CELLULAR IMMUNOTHERAPY OF
CMV INFECTION

Delayed CMV-specific immune reconstitution has been
consistently associated with the development of CMV infection
and CMV disease after allo-SCT. Accordingly, adoptive transfer
of CMV-specific T cells has been employed to treat CMV
infection. Several clinical trials and case reports have
confirmed the safety and efficacy of this strategy for the
prophylaxis and treatment of CMV infection after haploSCT.
Table 2 lists cellular approaches currently in clinical trials and
serves as evidence that CMV-targeting immune-based
interventions could provide a safe, novel treatment option
while offering clinical benefit to CMV reactivated recipients
after haploSCT.

Therapeutical CMV-Specific

T-Cell Approaches

Feuchtinger T et al. treated 18 patients after allo-SCT from HLA-
mismatched/haploidentical or HLA-matched unrelated donors
with polyclonal CMV-specific T cells (99). These T cells were
generated by isolation of interferon-y-producing cells after
stimulation with pp65 antigen. Patients with refractory CMV
disease or viremia received a mean of 21 x 10°/kg pp65-specific T
cells. CMV infection was cleared, or viral burden was
significantly decreased in 83% of these patients, even in
patients with CMV encephalitis. Viral control was related to
improved antiviral T-cell reconstitution and in vivo expansion of
CMV-specific T cells in 12 of 16 evaluable cases without inducing
GVHD or acute side effects.

In another CMV infection refractory cohort (100), 27 of 32
treated patients after haploSCT cleared CMV within four weeks
after adoptive T-cell therapy without recurrence. After cellular
transfer, CMV-specific T cells expanded in vivo with improved
cytokine production and proliferation ability. In addition, the
expression of programmed death-1 (PD-1) on CMV-specific T
cells was reduced. In the early effective group, patients who
cleared viremia within four weeks after T-cell infusion, CMV-
specific CD8+ IFN-y+ and CD4+ IFEN-y+ T cells were rapidly and
massively expanded in vivo, whereas in the late effective group,
there was no significant expansion of CMV-specific T cells.
Xiang-Yu Zhao et al. further evaluated the safety and efficacy
of donor-derived CMV-specific cytotoxic T cells (CTLs) as a
first-line therapy for CMV infection after haploSCT (101). They
observed that first-line therapy with CTLs significantly reduced
the incidence of CMV infection with lower 1-year treatment-
related mortality and better 1-year overall survival. Moreover,

first-line therapy with CTLs promoted the recovery of CTLs in
patients, which correlated with CMV clearance.

A case report described two patients with drug-resistant CMV
encephalitis after haploSCT successfully received donor CMV-
specific CTLs (102). In the first case, a 27-year-old male
developed CMV encephalitis during ganciclovir maintenance
treatment after haploSCT. After administering foscarnet and
donor CMV-specific CTLs, CMV-DNA of his cerebrospinal
fluid (CSF) was negative by RT-PCR, and the lesions on brain
magnetic resonance imaging (MRI) were reduced. Another case,
a 57-year-old female, also experienced CMV encephalitis during
maintenance treatment with ganciclovir after haploSCT. After
intrathecal treatment with donor CMV-specific CTLs, the CMV
load of the CSF was reduced.

Prophylactic DLI

Prophylactic and therapeutic DLI are administered to improve
posttransplant immune restoration to reduce both infectious
complications and disease relapse. Michael Maschan et al.
investigated low-dose memory (CD45RA-depleted) donor
lymphocyte infusion (mDLI) after afy T-cell depleted HSCT
(103-105). The incidence of CMV reactivation was 45-50% in
the experimental mDLI arm and 54-55% in the control arm. The
median duration of CMV viremia was 3 weeks (range, 1-9) in the
prospective cohort and 4 weeks (range, 1-26) in the historical
cohort (105). Memory DLI was associated with improved CMV-
specific T-cell reconstitution in a subcohort of CMV IgG
seropositive recipients. Analysis of a subcohort of CMV
seropositive recipients indicated remarkably better CMV-
specific T-cell reconstitution on day 30 in the experimental
arm (104). Compared to that of the historical cohort,
restoration of CMV-specific immunity at day 30 was
significantly enhanced in the prospective cohort (40% versus
25%) (105). Luca Castagna et al. prospectively evaluated a
CD45RA+ depleted DLI in terms of reducing viral infection
early after PTCy-haploSCT (106). CMV reactivation occurred in
28% of patients. Although the majority of the patients received
the planned three infusions, only one patient developed grade 2
acute GVHD, and two patients had moderate chronic GVHD.

Therapeutic DLI

Park HJ et al. reported the successful treatment of refractory CMV
colitis after PTCy-haploSCT using CD45RA+ depleted DLI (107).
After failure of ganciclovir and foscarnet, granulocyte colony-
stimulating factor-primed, CD45RA+ depleted DLI was
administered to treat refractory CMV colitis. CMV pp65-specific
CTLs were found in recipients four weeks after DLI. Meanwhile,
diffuse wall thickening involving the entire colon was also
normalized in the abdominal CT scan.

As manipulated DLI approaches are still not widely used due
to high cost and intensive labor, unmanipulated donor
lymphocytes (U-DLIs), if feasible by harvesting CTLs directly
from the peripheral blood of seropositive donors, are used for
refractory or relapsed patients with CMV infection. Researchers
from Turkey enrolled five pediatric patients receiving U-DLI for
CMV infection after transplantation (108). Among them, three
patients underwent haploSCT. One patient who was
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TABLE 2 | Ongoing clinical trials using cytomegalovirus-specific cellular immunotherapy for allo-SCT patients including haploidentical SCT (accessed on 5 Oct 2021,

ClinicalTrials.gov).

Intervention Patients Enrollment Phase Duration NCT number Status
Donor-derived viral specific T-cells Stem cell transplant recipients who have evidence of viral 450 Phase 1/ 2014- NCT02048332 Recruiting
(VSTs) infection or reactivation Phase 2 2024
HLA-matched VSTs EBV, CMV, adenovirus, and BK infections post allogeneic SCT 47 Phase 1 2021- NCT04013802 Recruiting
2024
Multivirus (CMV, EBV, AdV)-specific ~ Chemo-refractory viral infections after allo-HSCT 149 Phase 3 2019- NCT04832607 Recruiting
T cells 2022
Third party donor derived CMVpp65  CMV Infection or persistent CMV viremia after allogeneic 41 Phase 2 2014- NCT02136797 Recruiting
specific T-cells hematopoietic stem cell transplantation 2022
Adaptive NK cells infusion post CMV infection in patients post haploidentical transplantation 30 Not 2020- NCT04320303 Recruiting
transplantation Applicable 2021
CMV-specific T cells Relapsing or therapy refractory CMV infection after allogeneic 20 Phase 2 2016- NCT03067155 Recruiting
stem cell transplantation 2022
CMV cytotoxic T cells (CTLs) Refractory cytomegalovirus (CMV) infection post allogeneic 20 Phase 2 ~ 2018- NCT03266640 Recruiting
manufactured with the Miltenyi hematopoietic stem cell transplantation (AlloHSCT), with 2023
ClinIMACS Prodigy Cytokine Capture  primary immunodeficiencies (PID) or post solid organ
System transplant
Direct infusions of donor-derived Recipients of hematopoietic stem cell transplantation with 12 Phase 2 2014- NCT02007356 Recruiting
virus-specific T-cells using the post-transplant viral infections 2022
Cytokine Capture System
Emergency access to CMV pp65/IE-  Recipients of allogeneic stem cell transplants with persistent or 20 Phase 1 2008- NCT00769613 Active,
1 specific cytotoxic T lymphocytes therapy refractory Infections 2014 not
recruiting
Viral specific T-Lymphocytes by Infection with adenovirus, cytomegalovirus or Epstein-Barr 25 Phase 1/ 2021- NCT04364178 Recruiting
Cytokine Capture System (CCS) Virus after hematopoietic cell transplantation or solid organ Phase 2 2028
transplantation and in patients with compromised immunity
CMV specific adoptive t-cells Opportunistic cytomegalovirus infection occurring after stem 20 Early 2016- NCT02982902 Recruiting
cell transplant Phase 1 2022
Virus specific T-cell (VST) infusion Enhancing T-cell reconstitution before or after hematopoietic 60 Phase 1/ 2018- NCT03475212 Active,
stem cell transplantation Phase 2 2023 not
recruiting
CMV-specific T-cells CMV in pediatric and adult immunocompromised patients or 20 Phase 1 2020- NCT03798301 Recruiting
recipients of allogeneic stem cell transplantation 2026
Allogeneic cytomegalovirus-specific  CMV reactivation or infection in participants who have 10 Early 2020- NCT03665675 Recruiting
cytotoxic T lymphocytes undergone stem cell transplant or solid organ transplant Phase 1 2021
Adoptive cell immunotherapy Prophylaxis of cytomegalovirus infection in haploidentical 15 Phase 2  2021- NCT04056533 Not yet
transplantation of hematopoietic progenitors 2022 recruiting
Adoptive transfer of selected Patients at risk of CMV Disease after allogeneic stem cell 78 Phase 2 2009- NCT00986557 Recruiting
cytomegalovirus-specific cytotoxic transplantation (SCT) 2013
T lymphocytes (CMV-CTL)
Donor derived cytomegalovirus Treatment of cytomegalovirus infection after allogeneic 30 Phase 4  2016- NCT03004261 Recruiting
specific T lymphocytes hematopoietic stem cell transplantation 2021

transplanted from an unrelated donor received U-DLI from his
haploidentical mother. CMV titers were dramatically reduced
after U-DLI in these patients.

SUMMARY AND OUTLOOK

Despite the use of prophylactic or preemptive treatments, CMV
infection remains an obstacle for successful haploSCT and the
improvement of immunologic reconstitution is the primary strategy
for infection prevention. A higher rate of CMV reactivation occurred
early after haploSCT compared to HLA-matched HSCT, but CMV
disease rates were low after haploSCT, particularly in in vivo TCD-
haploSCT and PTCy-haploSCT. It results from expansion of CMV-
specific central memory T-cells in the setting of CMV antigenemia or
acceptable CMV-specific T-cell reconstitution. Traditional ex vivo

TCD-haploSCT successfully prevents lethal GVHD without any
posttransplantation immunosuppression, but the small number of
T cells in the graft results in impaired immune recovery, which could
be overcome by novel ex vivo TCD-haploSCT and adoptive cellular
therapy. In vivo TCD-haploSCT and PTCy-haploSCT indicated low
treatment-related mortality (TRM) and an acceptable safety profile,
which appears to compare favorably with ex vivo TCD-haploSCT in
terms of infections. However, synergistic immunosuppression by
PTCy and ATG has led to a higher incidence of CMV infection.
We now have a better understanding of CMV reactivation and
immune reconstitution post haploSCT. Our data demonstrate that
novel ex vivo TCD techniques followed by prophylactic and
therapeutic DLI, a low dose of ATG, an intensified antiviral
prophylaxis regimen, sirolimus-containing immunosuppressors and
CMV-specific cellular immunotherapy can boost immune recovery
and decrease the incidence of CMV reactivation. Furthermore, the
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majority of patients receiving the RIC regimen might be less
susceptible to infections (63). In this context, it would be essential
to perform a prospective study comparing the risk of infectious
complications after in vivo TCD-haploSCT vs. ex vivo TCD-
haploSCT or PTCy-haploSCT in patients who received a similar
conditioning regimen.

CMV reactivation is associated with delayed immune
reconstitution, although this reactivation could also leave a
profound imprint on the recovering T cell compartment long-
term following allo-SCT (91, 109, 110). Several studies have
reported that CMV serostatus and CMV reactivation may be
more predictive of T-cell restoration after allo-SCT than GVHD,
highlighting the deep impact of this virus on reconstituting T-
cells, considering the high incidence of CMV reactivation after
haploSCT. More importantly, CMV infection is increasingly
recognized as an immunomodulator in cancer patients (111),
even in the context of allo-SCT, which is associated with a
decreased risk of leukemia relapse, although it is still
conflicting (112-115). There is evidence of a bidirectional
relationship between CMV reactivation and acute GVHD (116,
117). We should take these into account and balance the merit
and disadvantage of taking steps to enhance CMV-specific
immune reconstitution and decrease CMV infection.
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Dominant Antiviral CD8" T
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Prophylactic Antibody-Eliciting
Vaccines Against Cytomegalovirus
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Anke Redeker, Jeroen van Bergen?, Wanda Han?, Ferry Ossendorp’,
Gerben Zondag? and Ramon Arens™*

" Department of Immunology, Leiden University Medical Center, Leiden, Netherlands, 2 Immunetune BV, Leiden, Netherlands

Human cytomegalovirus (HCMV) is an ubiquitous herpesvirus that can cause serious
morbidity and mortality in immunocompromised or immune-immature individuals. A
vaccine that induces immunity to CMV in these target populations is therefore highly
needed. Previous attempts to generate efficacious CMV vaccines primarily focused on the
induction of humoral immunity by eliciting neutralizing antibodies. Current insights
encourage that a protective immune response to HCMV might benefit from the induction
of virus-specific T cells. Whether addition of antiviral T cell responses enhances the
protection by antibody-eliciting vaccines is however unclear. Here, we assessed this
query in mouse CMV (MCMV) infection models by developing synthetic vaccines with
humoral immunity potential, and deliberately adding antiviral CD8" T cells. To induce
antibodies against MCMV, we developed a DNA vaccine encoding either full-length,
membrane bound glycoprotein B (gB) or a secreted variant lacking the transmembrane
and intracellular domain (secreted (s)gB). Intradermal immunization with an increasing dose
schedule of sgB and booster immunization provided robust viral-specific IgG responses
and viral control. Combined vaccination of the sgB DNA vaccine with synthetic long
peptides (SLP)-vaccines encoding MHC class |-restricted CMV epitopes, which elicit
exclusively CD8* T cell responses, significantly enhanced antiviral immunity. Thus, the
combination of antibody and CD8* T cell-eliciting vaccines provides a collaborative
improvement of humoral and cellular immunity enabling enhanced protection against CMV.

Keywords: cytomegalovirus, prophylactic vaccination, DNA vaccination, antibody response, synthetic long
peptides, T cells

INTRODUCTION

Human cytomegalovirus (HCMV), a member of the -herpesvirus family, is estimated to infect 60-
80% of the world population. In healthy individuals, CMV establishes low-level viral persistence
with little or no clinical symptoms with the exception of sporadically causing a mononucleosis-like
illness (1). However, in immunocompromised individuals, including both solid organ and bone
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marrow-transplantation patients and HIV-infected persons,
HCMYV infection often causes serious complications. Moreover,
congenital HCMV infection in the immunological immature
unborn and newborn babies can cause severe morbidity,
lifelong invalidity and even mortality (2). Although treatment
options such as antiviral drugs and cellular therapy are available
against HCMV-associated disease, preventive strategies such as
vaccines are highly desired. Antiviral drugs require prolonged
treatment, are accompanied by significant toxicity, and viral
resistance to the drug is not uncommon (3). Despite ongoing
efforts, no licensed effective prophylactic or therapeutic HCMV
vaccines are available yet.

Infection with CMV results in activation of basically all arms
of the immune system. In-depth studies documented that innate,
humoral and cellular immune responses play important roles in
the control of CMV infection and disease (2, 4). The impact on
the immune system, however, is highly dependent on the
infectious dose (5-7). The contribution of antibodies for
protection against and control of CMV is mainly associated
with restricting viral dissemination, limiting recurrent infection
and the severity of the disease (8-10). Mothers that have HCMV
antibodies before conception, transmit infection to the fetus at a
lower frequency than women with primary infections (11), and
passive immunization with HCMV antibodies can protect
against congenital HCMV infection in newborns (12).
Moreover, if antibodies specific to HCMV upon primary
maternal infection are of low avidity and poor neutralizing
activity, a higher transmission of viral infection from mother
to fetus occurs (13). The administration of HCMV-specific
antibodies to transplant recipients also results in reduction of
HCMYV-associated disease (14). The majority of the antibodies
with virus-neutralizing capacity bind to the CMV glycoproteins,
used for host cell entry. Especially virus-neutralizing antibodies
against glycoprotein B (gB), a major envelope glycoprotein
involved in cell attachment and penetration, accounts for the
neutralizing antibody response to HCMV (15, 16). Moreover,
also non-neutralizing anti-gB antibodies have been shown to
exhibit protective capacity (17-19), which may be caused by
induction of antibody-dependent cellular cytotoxicity (ADCC),
antibody-dependent cellular phagocytosis (ADCP), and
complement-dependent cytotoxicity (CDC) (20).

In addition to the humoral response, the T cell-mediated
immune response is another major mechanism for controlling
and restricting CMV replication in hosts (21). Functional CMV-
specific CD8" and CD4" T cells are activated and expanded
during primary infection. The ensuing T cell response is
characterized by the maintenance of large oligoclonal T cell
populations that remain high or even increase over time (22, 23).
This phenomenon, named memory inflation (24), is not unique
to CMV infection, but this virus seems to be most effective in
triggering memory inflation (25). The CMV-specific memory
CD8" T cells have an advanced differentiated state and are able to
lyse virus-infected cells and suppress intracellular virus
replication by the secretion of IFN-y and TNF (26). CD4" T
cells also have direct effects on viral replication by secretion of
IFN-7, in addition to supporting antibody and memory CD8" T
cell responses (27). Clinical data from transplant patients and

HIV-infected individuals exposed a crucial role for CD8" and
CD4" T cells in the control of HCMV (28-32). Moreover, the
administration of CMV-specific CD8" T cells by adoptive
transfer limits CMV disease in experimental CMV settings and
in the clinic (33-36). Especially, the strong inflationary CD8" T
cell responses against the immunogenic pp65 and IE1 CMV
proteins are central in CMV control (37-39). In line with this,
also the inflationary CD8" T cells in murine models have strong
antiviral capacity (40, 41).

Based on the success of numerous prophylactic vaccines
designed to elicit antibodies, several vaccines aiming to induce
protective humoral responses against HCMV were developed
(42). The recombinant monomeric gB vaccine adjuvanted with
MF59 was clinically tested and demonstrated a 50% efficacy in
prevention of HCMV infection in CMV-seronegative women
(43, 44). Since the protective capacity of the gB vaccines is
considered to primarily depend on the induction of antibodies
(45), a possible cause for the lack of higher efficacy could be the
absence of strong CD8" T cell responses by this vaccine.
Accordingly, CMV vaccines were developed that induce both
antibody and CD8" T cell responses (reviewed in (42, 46)).
However, it remained unclear whether addition of CD8" T cell
responses could actually aid antibody-mediated protection.

Previously, our group developed a synthetic long peptide
(SLP) vaccine platform inducing robust and functional CMV-
specific CD8" T cell responses, resulting in reduced viral
replication upon challenge (40). These SLP vaccines did not
elicit MCMV-specific antibody or CD4" T cell responses,
indicating that vaccine-induced CD8" T cells can operate
solely to control viral infection. In this study, we aimed to
demonstrate whether these vaccine-induced CD8" T cell
responses have an added value to antibody-eliciting vaccines.
For this purpose, we developed DNA vaccines encoding gB, and
subsequently analyzed the potency of a combinatorial DNA and
SLP synthetic vaccine approach. We show that combined
administration of a DNA vaccine eliciting a humoral response
and an SLP vaccine eliciting antiviral CD8" T cell responses
results in more efficient control of lytic MCMV infection,
which unequivocally demonstrates the need for directing both
CMV-specific B and T cell immunity to combat CMV-
associated disease.

RESULTS

Booster Vaccination With DNA Vaccines
Encoding Soluble gB Elicits Robust IgG
Responses Against CMV

To develop effective vaccines eliciting antibody-based protection
against CMV, we constructed several DNA vaccines encoding
glycoprotein B (gB). This glycoprotein is expressed on the
surface of mouse and human CMV and is directly involved in
viral entry into host cells (47, 48). To compare antibody
responses against the full-length, membrane bound form of
gB and a soluble, secreted form of gB (sgB, lacking the
transmembrane and intracellular domain), two different DNA
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vaccines were tested (Figures 1A, B). The gB and sgB-encoding
DNA vaccines were compared following administration in
C57BL/6 mice via the intradermal (ID) and intramuscular
(IM) route in a booster regimen. DNA vaccines encoding sgB
administered either ID or IM resulted in an increase of the
MCMV -specific IgG response upon booster vaccination, whereas
the gB DNA vaccine elicited a lower IgG response that inferiorly
responded to booster vaccination (Figures 1C, D). Moreover,
vaccination via the ID route induced consistently a higher
MCMV-specific IgG antibody response compared to IM
vaccination, and this was observed after immunization with
both the secreted and membrane bound forms of gB
(Figures 1C, D). Evaluation of the IgG isotypes revealed that
the IgG1 response was overall subordinate in all vaccination
groups (Figure 1E), while IgG2b and most profoundly 1gG2c
(the C57BL/6 mice equivalent of IgG2a) levels where strongly
induced by the sgB DNA vaccine compared to the gB DNA
vaccine. Thus, booster vaccination via the ID route with sgB-
encoding DNA vaccines results in superior MCMV -specific IgG
antibody responses.

Dose-Escalating DNA-Based

Vaccination Improves Antibody

Responses and Viral Protection

Next, we determined whether the antibody-eliciting sgB DNA
vaccine could provide viral protection against MCMV challenge
in a dose-dependent manner. C57BL/6 mice were ID vaccinated
in a prime-boost-boost regimen with either 10 or 60 pg of the sgB

DNA vaccine to measure a low and high dose of the sgB DNA
vaccine (49), and 20 days after the last booster vaccination, mice
were infected with MCMV (Figure 2A). The high-dose sgB
vaccine induced a slightly higher MCMV-specific IgG response
(Figure 2B) and IgG end-point titer (Figure 2C). Consistently,
whereas the low-dose sgB DNA vaccine resulted in a 4-fold
reduction of the viral load in the liver, the high-dose sgB vaccine
lowered the viral load 12-fold compared to unvaccinated (naive)
mice (Figure 2D). These results show that low and especially
high dosages of the sgB vaccine induces antibody responses able
to provide protection against viral challenge.

Short-interval vaccination schedules with an increasing dose,
mimicking the increment of foreign antigens as occurs upon
natural infection, leads to improved vaccine-specific CD8" T cell
responses (50). To assess if such vaccine regimens could also
improve the IgG response and associated viral protection of the
sgB DNA vaccine, mice were immunized with increasing dosages
(10, 20, 30 ug) at day 0, 3 and 6, respectively, or received a single
dose vaccination. In both groups, the booster vaccines were
provided as a single dose (Figure 2E). Dose escalation during
prime did not significantly increase the MCMV-specific IgG
response (Figure 2F) and the IgG end-point titer (Figure 2G).
The increasing dosage priming effect nevertheless resulted in an
increased reduction in the viral load in the liver upon viral
challenge as compared to single dose priming (Figure 2H).
Overall, these results show that using an increasing dose
schedule with DNA vaccines during prime immunization
improves protection against viral challenge.
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FIGURE 1 | Booster vaccination with DNA vaccines encoding soluble gB elicits robust IgG responses against CMV. (A) Schematic representation of the DNA
vaccines encoding gB or a soluble version of gB (sgB). (B) Western blot showing expression of sgB and gB proteins following transfection of the DNA vaccines into
B16F10 cells. Negative control (NC) only received the transfection agents. (C) Kinetic analysis of the MCMV-specific IgG response in serum. Mice were vaccinated
intradermally (ID) or intramuscularly (IM) four times at a two-week interval with 10 pg of sgB or gB DNA vaccine. At different time points blood was taken and serum
was extracted to analyze the MCMV-specific IgG antibody response. Data shown are mean values + SEM (n=4 per group). Arrows indicate vaccine injection time-
points (day O, 14, 28, 42). (D) Presence of MCMV-specific IgG antibodies for the different vaccinations two weeks after the fourth vaccination. Experiments were
performed twice with similar outcome. (E) Presence of MCMV-specific IgG1, IgG2b and IgG2¢ subclasses for the different vaccinations two weeks after the fourth
vaccination. Experiments were performed twice with similar outcome. One-way ANOVA was used for statistical analysis. **P<0.01.
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FIGURE 2 | Dose-escalating DNA-based vaccination improves antibody responses and viral protection. (A) Vaccination schedule for mice were vaccinated
intradermally three times with different doses (10 ug and 60 ug) of the sgB DNA vaccine. Three weeks after the final vaccination, mice were challenged
intraperitoneally with 5 x 10% PFU salivary gland-derived MCMV-Smith. (B) Kinetic analysis of the MCMV-specific IgG response in serum. Data shown are mean
values + SEM (n=8) (C) MCMV-specific endpoint binding IgG titers after three vaccinations. Data shown are mean values + SEM (n=8). One-way ANOVA was used
for statistical analysis. (D) At day 4 post-infection, livers were isolated and the viral genome copies were determined by PCR. The viral load is depicted as mean
values + SEM (n=8). (E) Vaccination schedule for mice vaccinated intradermally with either an increasing dose prime schedule (10 pg on day 0, 20 ug on day 3 and
30 pg on day 6) or a single prime dose of 60 ug on day 0, followed by two booster immunizations with a high dose (60 pg) of the sgB DNA vaccine. Three weeks
after the final vaccination, mice were challenged intraperitoneally with 5 x 10* PFU salivary gland-derived MCMV-Smith. (F) Kinetic analysis of the MCMV-specific IgG
response in serum. Data shown are mean values + SEM (n=8) (G) MCMV-specific endpoint binding IgG titers after two booster vaccinations are shown and
represent mean values + SEM (n=8). One-way ANOVA was used for statistical analysis. (H) At day 4 post-infection, livers were isolated and the viral genome copies
were determined by PCR. The viral load is depicted as mean values + SEM (n=8). Experiments were performed twice with similar outcome. A Kruskal-Wallis test was
used for statistical analysis. *P<0.05, **P<0.01.

Cqmblnmg tl?e sgB DNA \_Iaccme both the DNA and SLP-based vaccines inducing the antibody
With Synthetic Long Peptide and CD8" T cell responses, respectively, showed a similar gB-
Vaccines Enhances M38-Specific specific and MCMV-specific IgG response compared to mice
CDS8* T Cell Responses that only received the DNA vaccine (Figures 3B, C). However,

Previously, we showed that synthetic long peptide (SLP) vaccines ~ after prime SLP vaccination and after the booster, the
eliciting exclusively MCMV-specific CD8" T cell responses  combinatorial DNA/SLP vaccine improved the M38-specific
without the induction of antiviral CD4" T cells or antibodies =~ CD8" T cell response compared to the SLP vaccine alone
enhanced protection against viral challenge (40). To determine  (Figure 3D), whereas the m139-specific CD8" T cell response
whether the induction of robust antiviral CD8" T cell responses ~ was not affected, (Figure 3F). The combinatorial DNA/SLP
can improve antibody-mediated immunity, the antibody-  vaccine induced a similar KLRG1"CD62L" M38- and m139-
eliciting sgB DNA vaccine was combined with the SLP vaccine  specific CD8" T cell population compared to the SLP vaccine
eliciting CD8" T cells against the MHC class I restricted epitopes  alone after boost vaccination (Figures 3E, G). M38-specific and
in M38 and m139. Mice were vaccinated in a prime-boost ~ m139-specific CD8" T cells induced upon either SLP or DNA/
regimen with either the sgB DNA vaccine, the SLP vaccine or ~ SLP vaccination did not upregulate the T cell exhaustion marker
the combination of both vaccines (Figure 3A). PD-1 (Figures 3E, G).

As expected, the SLP vaccine did not elicit MCMV-specific Next, we determined the role of CD4" T cells for the
antibodies but exclusively provoked CD8" T cell responses while ~ development of the vaccine-specific B and T cell responses.
CD8" T cell responses were not detected after sgB vaccination  First, we established whether the gB DNA and/or SLP vaccines
(Figures 3B-D, F). Moreover, antibodies against the SLPs were ~ vaccine elicited a CD4" T cell response. Following sgB DNA
also not induced (Supplementary Figure 1B). Mice that received  vaccination, IFN-y production of CD4" T cells was clearly detected
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FIGURE 3 | Combining the sgB DNA vaccine with synthetic long peptide vaccines enhances antibody and CD8* T cell responses. (A) Vaccination schedule for mice
vaccinated with the sgB DNA vaccine and/or the SLP vaccine. The sgB DNA vaccine was intradermally with an increasing dose prime schedule (10 pug on day O, 20 pg
on day 3 and 30 pg on day 6) followed by two booster immunizations with 60 pg. The SLP vaccine (synthetic long peptides containing the M38 and m139 class
| epitopes, adjuvanted with CpG) was provided subcutaneously on day 21 and day 35. (B) Glycoprotein B-specific IgG response on day 72 after vaccination in
blood. Data shown are mean values + SEM (n=8). One-way ANOVA was used for statistical analysis. (C) Kinetics of the MCMV-specific IgG response in serum
over time. Data shown are mean values + SEM (n=8). One-way ANOVA on day 48 was used for statistical analysis. (D, F) Kinetic analysis of the M38- (D) and m139-
specific (F) CD8* T cell response. Data shown are mean values + SEM (n=8). One-way ANOVA on day 48 was used for statistical analysis. (E, F) Representative flow
cytometry plots showing the KLRG1 vs CD62L or KLRG1 vs PD-1 cell-surface expression on the total CD8" T cells (gray) and M38- (E) and m139-specific (G) CD8*
T cells (red) in blood at day 7 post-boost vaccination. Indicated percentages are representative values for each group. Experiments were performed twice with similar
outcome. (H) Vaccination schedule for mice vaccinated with the sgB DNA vaccine and the SLP vaccine with and without CD4* T cell depletion during the vaccination
period. The vaccines were administered as described in (A). The CD4* T cell depleting antibody was administered s.c. every six days. Representative flow cytometry
plot showing confirmation of CD4* T cell depletion in blood. (1) Glycoprotein B-specific IgG response on day 72 after vaccination in blood. Data shown are mean
values + SEM (n=9). One-way ANOVA was used for statistical analysis. **P<0.01. (J) Kinetics of the MCMV-specific IgG response in serum over time. Data shown
are mean values = SEM (n=9). One-way ANOVA on day 55 was used for statistical analysis. (K) Kinetic analysis of the M38- and m139-specific CD8" T cell response.
Data shown are mean values + SEM (n=8). One-way ANOVA on day 42 was used for statistical analysis. **P<0.01, **P<0.001, ***P<0.0001.

after stimulation with peptides spanning the MCMYV gB protein,
whereas stimulation with the SLPs did not elicit reactivity
(Supplementary Figure 1C). Moreover, SLP vaccination did not
elicit IFN-y production by the CD4" T cells after stimulation with

gB protein or SLPs. To determine whether CD4" T cell help is
critical for the vaccine-specific B and T cell responses, we depleted
the CD4" T cells during the vaccination period (Figure 3H). CD4"
T cell depletion resulted in the absence of gB-specific and MCM V-
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specific IgG antibodies (Figures 31, J). Depletion of the CD4" T
cells did however not affect the height of the M38- and m139-
specific CD8" T cell response (Figure 3K). Together, these results
indicate that combining the sgB DNA vaccine with SLP vaccines
results in similar levels of vaccines-specific antibody levels in a
CD4" T cell dependent manner, and enhancement of the M38-
specific CD8" T cell response.

The Combination of sgB DNA
Vaccines With CD8"* T Cell-Eliciting
Synthetic Long Peptide Vaccines Is
Superior in Protection Against MCMV
To determine the protective capacity of the combinatorial DNA/
SLP vaccine, mice were challenged with MCMV via the
intraperitoneal route, to mimic systemic infection that can occur
upon organ transplantation of a CMV-positive donor into a
CMV-negative recipient, or via the intranasal route, representing
the natural route of CMV infection (51) (Figure 4A). The viral
load in the liver after intraperitoneal challenge was 5-fold lower in
the mice that received combinatorial vaccination as compared to
single SLP vaccination, and 16-fold lower compared to single
DNA vaccination (Figure 4B). Upon intranasal challenge, the
combinatorial vaccine reduced the viral load in the liver 8-fold
compared to SLP vaccination, and also 8-fold compared to DNA
vaccination (Figure 4C). The protective capacity of the
combinatorial SLP/DNA vaccine was also observed in the lungs
of intranasally challenged mice. Here, the viral load of the
combinatorial vaccine was 4 and 5-fold lower compared to
single SLP and single DNA vaccination, respectively (Figure 4C).
Taken together, we show that the combinatorial DNA/SLP
vaccine improves protection in different organs, compared to the
single-arm vaccination strategies, indicating a synergistic effect of
combining these vaccine platforms to enhance humoral as well as
cellular responses against CMV.

DISCUSSION

Here we show in experimental CMV models that the effectivity
of antibody-eliciting DNA vaccines against CMV infection via
the intranasal and intraperitoneal route can be improved by the
addition of CD8" T cell responses induced by SLP vaccines. This
experimental study allowed the direct comparison of vaccine
platforms inducing either a CMV-specific antibody or a CD8" T
cell response or the combination thereof, and emphasized the
importance of inducing both the humoral and cellular immune
response to counteract CMV-associated disease. In this respect,
vaccines such as V160, a conditionally replication-defective
vaccine derived from the AD169 strain, are of interest because
of the induction of both neutralizing antibody titers and cellular
responses (52, 53).

The sgB antibody-eliciting DNA vaccine outperformed the gB
DNA vaccine, which is in line with Lauterbach et al., who showed
>10 fold higher IgG titers after DNA vaccines encoding soluble
antigen compared to membrane bound antigen (54). This may be
explained by trapping of sgB by follicular dendritic cells and
subsequent presentation to B cells (55). Further optimization of
the sgB antibody-eliciting DNA vaccine and CD8" T cell-
eliciting SLP vaccine could be achieved by several possibilities.
First, although gB vaccines elicit CD4" T cell responses (56, 57)
(Supplementary Figure 1C) stronger induction of CMV-specific
CD4" T cell responses with SLP vaccines for example has direct
antiviral effects (58), and may facilitate both the CD8" T cell and
antibody response (59). With respect to the latter, the sgB
vaccine may already induce sufficient (selective) CD4" T cell
help to facilitate the IgG response. The CD4" T cell help
mediated by the gB vaccine is in our setting, however, not
instrumental in the increment of the M38-specific CD8" T cell
response after DNA/SLP booster vaccination. This elevation
may be caused by an adjuvant effect of the DNA vaccine,
which is coupled to immunostimulatory DNA sequences like
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FIGURE 4 | The combination of sgB DNA vaccines with the CD8" T cell eliciting synthetic long peptide vaccines is superior in protection against MCMV. (A)
Vaccination schedule for mice vaccinated with the sgB DNA vaccine and/or the SLP vaccine. The sgB DNA vaccine was intradermally with an increasing dose prime
schedule (10 pg on day 0, 20 pg on day 3 and 30 ug on day 6) followed by two booster immunizations with 60 pg. The SLP vaccine (synthetic long peptides
containing the M38 and m139 class | epitopes, adjuvanted with CpG) was provided subcutaneously on day 21 and day 35. Three weeks after the final vaccination,
mice were challenged either intraperitoneally or intranasally with 5 x 10* PFU salivary gland-derived MCMV-Smith. (B) At day 5 post intraperitoneal infection, livers
were isolated. The viral genome copies were determined by PCR. The viral load is depicted as mean values + SEM (n=8). (C) At day 5 post intranasal infection, livers
and lungs were isolated. The viral genome copies were determined by PCR. The viral load is depicted as mean values + SEM are shown (n=8). Experiments was
performed twice with similar outcome. A Kruskal-Wallis test was used for statistical analysis. *P<0.05.
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unmethylated CpG motifs and cytoplasmic DNA sensors in the
STING/IRF7 pathway (60, 61). In contrast to CD4" T cell
responses, CD8" T cell responses, are not elicited by gB
vaccines (57), which is in line with studies demonstrating the
absence of immunodominant class I-restricted epitopes in the gB
protein (62, 63). Moreover, the addition of an agonistic antibody
to OX40, a costimulatory receptor on activated T cells, could be
added to enhance CD4" and CD8" T cell-based protection (58).
Furthermore, vaccines using the trimeric form of gB as an
antigen instead of monomeric resulted in 50-fold times higher
neutralizing titers (64), and neutralizing antibodies against the
trimeric (gH/gL/gO) and pentameric complex (gH/gL/UL128/
UL130/UL131A) have shown neutralizing activity and
prevention of infection of epithelial, endothelial cells and
fibroblasts (65-68). Thus, further enhancing antibody-
mediated protection by optimizing gB-based vaccines and
adding other immunogenic proteins are both advisable.
Designing one vaccine platform inducing both strong antibody
and T cell responses against CMV may, however, be challenging
but combined formulations as used here may be an option for
further development of synthetic vaccines.

Taken together, the findings here establish that deliberate
induction of humoral and cellular immunity enables enhanced
protection against herpesvirus infection. Especially, antibody-
mediated protection can become more effective by addition of
strong vaccine-induced CD8" T cell responses, thereby
highlighting the importance of designing CMV vaccines that
elicit both strong T and B cell responses.

MATERIALS AND METHODS

Mice

C57BL/6 mice were purchased from Janvier (Le Genest-Saint-
Isle, France). Mice were maintained under specific-pathogen-free
conditions at the Central Animal Facility of Leiden University
Medical Center (LUMC). Mice were aged 8-10 weeks at the start
of each experiment. All animal experiments were approved by
the Animal Experiments Committee of the LUMC and
performed according to the Dutch Experiments on Animals
Act that serves as the implementation of the guidelines on the
protection of experimental animals by the Council of Europe.

DNA Construct, Peptides and Vaccination

Full-length glycoprotein B (gB, NCBI Gene symbol
MuHV1_gp059) was amplified by PCR from a BAC clone
containing the Murid betaherpesvirus 1 genome (MCMV
K181, pSM3fr-MCK-2fl). As forward primer, 5-CCAAGCT
GTCTAGAGCCGCCACC ATG GCA AGA AGA AAC GAA
AGA GGA TGT C-3’ containing a single Ser-to-Ala substitution
at position 2 was used to introduce a consensus Kozak sequence.
A reverse primer 5- GT TTA CTT CTC GAA CTG AGG GTG
AGA CCA AGC GCT GTA CTC GAA ATC GGA GTC CTC C-
3’ was used containing a Strep-tag (underlined, amino acid
sequence SA-WSHPQFEK) and stop codon. To amplify a gene
fragment encoding secreted glycoprotein (sgB), the same forward

primer was used in combination with the reverse primer 5’- GT
TTA CTT CTC GAA CTG AGG GTG AGA CCA AGC GCT
AAA CGG GTT CGT CAG GAA GC-3’ to generate a construct
replacing the transmembrane and cytoplasmic domains (aa 787
to 937) with a Strep-tag. Both PCR fragments were assembled
into a pVAX-based expression vector containing a HCMV IE1-
promoter, a rabbit beta-globin poly-A signal and kanamycin
resistance marker using the NEBuilder HiFi DNA Assembly kit
(New England Biolabs, Ipswich, MA, USA). Plasmids were
propagated in E. coli cultures and purified using Nucleobond
Xtra maxi EF columns (Macherey-Nagel) according to
manufacturer’s instructions. DNA constructs were verified by
double-stranded Sanger sequencing (Baseclear). For vaccination,
plasmids were column-purified twice, each time using a fresh
column, and dissolved at 3 mg/ml in Tris : EDTA buffer (1:0.1
mM). Mice were intradermally or intramuscularly vaccinated
with 30 pL DNA-lipid nanoparticles containing cationic lipid
SAINT-18 (provided by Synvolux Therapeutics) in a 1: 0.75 ratio
(ug DNA: nmole SAINT-18) in 0.9% NaCl at the tail base.

Synthetic long peptides (SLP) containing MHC class I-
restricted T cell epitopes from MCMYV proteins M38 and m139
(M38316.323 and m139419 426) (40) were synthesized at the
peptide facility of the LUMC. Mice were vaccinated
subcutaneously at the tail base with a mixture of 50 pg of each
SLP and 20 pg CpG (ODN 1826, Invivogen) in 50 uL PBS.

Western Blot Analysis

Expression of DNA vaccines was verified in vitro by transfection
and Western blotting using a gB-specific antibody. Briefly, mouse
B16F10 cells were seeded in a 6-wells plate and transfected the
next day with 1 ug DNA and Saint-DNA transfection reagent
(Synvolux Therapeutics) according to the manufacturer’s
instructions. After two days, cells were washed in PBS, and lysed
in Laemmli buffer containing beta-mercaptoethanol. Equal
amounts of total cell lysates were separated on a 10%
polyacrylamide gel and electrophoretically transferred to
nitrocellulose membranes (Amersham Protran). Membranes
where then incubated with a primary antibody specific for
MCMV glycoprotein B (cat. MCBG11, Alpha Diagnostic Intl.)
and HRP-conjugated swine anti-rabbit secondary antibody (Dako
Agilent). Antibody binding was visualized by chemiluminescence
using Clarity Western ECL substrate (Bio-Rad).

MCMV Preparation, Infection and
Determination of Viral Load

MCMYV-Smith was obtained from the American Type Culture
Collection (ATCC VR-194; Manassas, VA, USA) and virus
stocks were prepared from salivary glands of infected BALB/c
mice. The viral titers of the produced virus stocks were
determined by viral plaque assays with 3T3 mouse embryonic
fibroblasts (MEFs) (ATCC). Age- and sex-matched mice were
immunized intraperitoneally with 1 x 10* PFU MCMYV. 20 days
upon the last booster vaccination, mice were challenged with 5 x
10* PFU MCMV. At day 5 post MCMV challenge, viral loads in
liver and lungs were determined by real-time PCR as described
previously (5).
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Serum Antibody Detection by ELISA

Blood of mice was collected via the tail vein. Serum was collected
upon centrifugation and stored at -20°C until further use.
MCMV-specific IgG levels were measured by ELISA as
described before (5), and endpoint binding antibody titers were
determined by calculating the dilution at which the OD450 was
twice as high as the background of the assay. In brief, 96-well
plates (Nunc MaxiSorp) were coated overnight at 4°C with tissue
culture derived MCMV-Smiith in bicarbonate buffer (pH 9.6) and
washed with PBS. After blocking the plates for 1 h at 37°C with
blocking buffer (PBS/5% milk powder) and washing with PBS
containing 0.05% Tween, diluted sera (in PBS/1% milk powder)
were added and incubated for 1h at 37°C. For the gB-specific IgG
levels, 96-well plates (Nunc MaxiSorp) were coated overnight at
4°C with recombinant glycoprotein B (1 pg/mL, Alpha
Diagnostic International) in bicarbonate buffer (pH 9.6),
washed with PBS/0.05% Tween and blocked with PBS
containing 1% bovine serum albumin (BSA) and 0.05% Tween
(blocking buffer) for 1 h at room temperature. Plates were
washed with PBS/0.05% Tween and incubated with serial
dilutions of mouse sera in blocking buffer and incubated for 1
h at room temperature. The M38- and m139-specific IgG levels
were determined by coating streptavidin coated plates
(Kaivogen) with 5 ug/mL biotinylated M38 and m139 SLP in
bicarbonate buffer (pH 9.6) and washed with PBS/0.05% Tween
and blocked with PBS/5% milk powder for 1 h at room
temperature. Plates were washed with PBS/0.05% Tween and
incubated with serial dilutions of mouse sera in PBS/1%BSA and
incubated for 1 h at room temperature. For all ELISAs, plates
were then washed with PBS/0.05% Tween, after which
horseradish peroxidase (HRP)-conjugated IgG (diluted in PBS/
1% milk powder was added) was incubated for 1 h at 37°C. To
develop the plates, 50 uL of TMB 3,3=,5,5=tetramethylbenzidine)
(Sigma-Aldrich) was added to each well and incubated for 10
minutes at room temperature. Plates were measured with a
microplate reader (model 680; Bio-Rad) at 450 nm within 5
minutes after the reaction was stopped by the addition of 50 pL
1M H,SO,.

Flow Cytometry

Blood was collected via the tail vein and antigen-specific CD8" T
cell responses in blood were evaluated with cell surface staining,
performed as previously described (69). In brief, upon lysis of
erythrocytes single-cell suspensions were incubated with
fluorescently-labeled antibodies and MHC class I tetramers for
30 minutes at 4°C. MHC class I tetramers specific for M38316_323
and m139419_426 MCMV epitopes were used to stain M38-and
m139-specific CD8" T cells. Fluorochrome-conjugated
antibodies specific for mouse CD3, CD4, CD8, CD62L,
KLRG1, IFN-y, and PD-1 were purchased from Biolegend or
eBioscience. Dead cells were excluded with the use of 7-
aminoactinomycinD (7-AAD) (Invitrogen). For examination of
intracellular IFN-y production, white blood cells were stimulated
with long peptides for 8 h of which the last 6 h in presence of
brefeldin A (Golgiplug; BD Pharmingen). Flow cytometric
acquisition was performed on a BD Fortessa flow cytometer

(BD Biosciences) or Aurora Cytek spectral analyzer, and samples
were analyzed using FlowJo software (TreeStar).

Flow cytometric acquisition was performed on a LSR Fortessa
cytometer (BD Biosciences) and samples were analyzed using
Flow]Jo software (TreeStar).

CD4"* T Cell Depletion

CD4" T cell depleting monoclonal antibodies (clone GK1.5,
BioXcell) were administered intraperitoneally twice per week,
starting 4 days before vaccination. For the first injection, mice
received 150 pg per mouse, and CD4" T cell depletion was
maintained with 50 pg per mouse.

Statistical Analysis

Significance between groups was evaluated by performing an
unpaired Student’s T test or ANOVA. To evaluate statistical
significant difference of the viral load, a Kruskal-Wallis test was
used. All statistical analyses were performed in Prism (Graphpad
software). The level of statistical significance was set at P<0.05.
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