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Highlights
¢ Antibody response to COVID-19 vaccination is largely impaired during malignancy.

e Tumor-induced COVID-19 vaccine bluntness is associated with poor follicular helper
T cell and B cell responses.

e The tumor-suppressed COVID-19 vaccine effectiveness is restored by PD-1/PD-L1
blockade.

e PD-1/PD-L1 blockade preferentially preserves follicular helper T cell response during
malignancy.

e The PD-1/PD-L1 blockade-recovered COVID-19 vaccine effectiveness is independent
of anti-tumor therapeutic outcomes.



Abstract

The COVID-19 vaccinations are crucial in protecting against the global pandemic. However,
accumulating studies revealed the severely blunted COVID-19 vaccine effectiveness in
cancer patients. The PD-1/PD-L1 immune checkpoint blockade (ICB) therapy leads to
durable therapeutic responses in a subset of cancer patients and has been approved to
treat a wide spectrum of cancers in the clinic. In this regard, it is pivotal to explore the
potential impact of PD-1/PD-L1 ICB therapy on COVID-19 vaccine effectiveness during
ongoing malignancy. In this study, using preclinical models, we found that the tumor-
suppressed COVID-19 vaccine responses are largely reverted in the setting of PD-1/PD-
L1 ICB therapy. We also identified that the PD-1/PD-L1 blockade-directed restoration of
COVID-19 vaccine effectiveness is irrelevant to anti-tumor therapeutic outcomes.
Mechanistically, the restored COVID-19 vaccine effectiveness is entwined with the PD-
1/PD-L1 blockade-driven preponderance of follicular helper T cell and germinal center
responses during ongoing malignancy. Thus, our findings indicate that PD-1/PD-L1
blockade will greatly normalize the responses of cancer patients to COVID-19 vaccination,
while regardless of its anti-tumor efficacies on these patients.

Keywords

COVID-19 vaccine, SARS-CoV-2 RBD, Tgy cell, PD-1/PD-L1 blockade, Cancer
immunotherapy



1. Introduction

During the global pandemic of coronavirus disease 2019 (COVID-19), cancer patients are
reported to be at higher risk of being infected by SARS-CoV-2 and developing more severe
COVID-19 disease [1, 2], thus prioritizing cancer patients for COVID-19 vaccinations.
However, accumulating evidence indicated that patients of both solid and hematologic
malignancies poorly respond to currently used COVID-19 vaccines, including BNT162b2
MRNA vaccine, mRNA-1273 vaccine and ChAdOx1 nCoV-19 vaccine [3-7].

The compromised COVID-19 vaccine efficacies in cancer patients might be attributed
to multiple factors, including the underlying malignancy itself, cytotoxic chemotherapy-
associated bone marrow suppressive effects and, especially, the immunosuppressive
activities of cancer therapeutics [8]. Indeed, COVID-19 vaccine responses are severely
blunted in cancer patients receiving antibody therapies (e.g., anti-CD20 antibody, anti-
CD38 antibody) [3, 4, 8, 9], targeted therapies (e.g., Bruton tyrosine kinase inhibitors (BTKi),
B cell lymphoma 2 inhibitors (Bcl-2i), CDK4/6 inhibitors) [3, 8] and chimeric antigen
receptor (CAR)-T therapies [8]. Nevertheless, the impacts of immune checkpoint inhibitors,
as exemplified by PD-1/PD-L1 immune checkpoint blockade (ICB) therapy, on the COVID-
19 vaccine responses of cancer patients are less well understood.

PD-1/PD-L1 ICB therapy has elicited durable clinical responses in a certain fraction of
cancer patients and thus revolutionized the cancer treatment regimen [10]. One crucial
mechanism underlying PD-1/PD-L1 ICB therapy-directed tumor regression is the
reinvigoration of exhausted tumor antigen-specific CD8* T cells with abundant PD-1
expression [11, 12]. In addition to exhausted CD8* T cells, PD-1 is also highly expressed
by follicular helper T (Ten) cells that specifically promote B cell-mediated humoral
responses to infection and vaccination [13, 14]. In this regard, understanding COVID-19
vaccine response in the scenario of PD-1/PD-L1 ICB therapy will provide important insights
into the COVID-19 vaccine regimen of cancer patients. Herein, we explored the effects of
both effectual and failed PD-1/PD-L1 ICB therapy in motoring COVID-19 vaccine
effectiveness in mouse models. Furthermore, the underlying cellular mechanisms of
COVID-19 vaccine response to PD-1/PD-L1 ICB therapy were also investigated.

2. Materials and methods
2.1. Mice

C57BL/6 and CD45.1* congenic (strain B6.SJL-Ptprc® Pepc®/BoyJ) mice were purchased
from the Jackson Laboratories. Smarta transgenic (carrying a transgenic T cell antigen
receptor that recognizes I-AP GPgs.77 epitope) mice were gifts from Dr. Rafi Ahmed (Emory
University). All the mice used in the study were analyzed at 6-10 weeks of age, and both
genders were included without randomization or blinding. All mice used in the study were
carried out in accordance with procedures approved by the Institutional Animal Care and
Use Committees of Third Military Medical University.



2.2. Immunization schedule

For COVID-19 vaccination, C57BL/6 mice were immunized with 2 dosages of COVID-19
vaccines via intramuscular route into the anterolateral aspect of the right thigh in an interval
of 10 days. The priming COVID-19 vaccine contains 5 ug SARS-CoV-2 prototype RBD
proteins (Sino Biological, 40592-V08H) and 10 yg CpG ODN 1826 adjuvant (Invitrogen),
while the booster COVID-19 vaccine contains 5 ug SARS-CoV-2 Omicron (B.1.1.529) RBD
proteins (Sino Biological, 40592-VO8H122) and 10 pyg CpG ODN 1826 adjuvant
(Invitrogen). For LCMV GPsi1-s0 peptide vaccination, C57BL/6 mice were intramuscularly
injected with 2 dosages of 10 ug LCMV GPs1-s0 peptide and 10 ug CpG ODN 1826 adjuvant
(Invitrogen), spaced 10 days apart. At day 2-post the first LCMV GPei1s0 peptide
vaccination, a total of 2 x 10° SM cells were intravenously injected into immunized C57BL/6
mice.

2.3. Tumor models

MC38 cells and B16F10 cells were purchased from ATCC and cultured in complete DMEM-
10 medium (Gibco) supplied with 10% FBS (Gibco), 1% penicillin/streptomycin (Gibco),
and 1% L-glutamine (Gibco). C57BL/6 mice were subcutaneously implanted with 2 x 10°
MC38 cells or 2 x 10° B16F10 cells at the anterolateral aspect of the left thigh. Tumor
volumes were measured with a caliper and calculated according to the formula: ((length x
width?)/2). Tumor-engrafted mice were sacrificed at indicated timepoints on the premise of
the humane endpoints (tumor volume not exceeding 2,000 mm3). For anti-PD-L1 antibody
treatment experiments, mice were intraperitoneally injected with 200 pg anti-PD-L1
antibody (BioXcell, clone 10F.9G2) at indicated time points.

2.4. Enzyme-linked immunosorbent assay (ELISA)

The ELISA plates (Thermo Fisher, 446469) were coated with 50 ng SARS-CoV-2 prototype
RBD proteins (Sino Biological, 40592-V08H) or 50 ng SARS-CoV-2 Omicron (B.1.1.529)
RBD proteins (Sino Biological, 40592-V08H122) or 1 ug LCMV GPe1.g0 peptide in 100 pl
PBS per well overnight. On the next day, the ELISA plates were first performed with 1-hour
incubation of blocking buffer (5% FBS + 0.1% Tween 20 in PBS). Then, 10-fold serially
diluted mouse sera were added to each well and incubated for 1 hour. Next, the ELISA
plates were successively washed with PBST (PBS + 0.1% Tween 20), incubated with HRP-
conjugated goat anti-mouse 1gG antibody (Bioss Biotech), washed with PBST and added
with TMB (Beyotime). The ELISA plates were performed with ~5 min reaction with TMB
and stopped by 1 M H>SO4 stop buffer. The optical density (OD) value was determined at
450 nm.



2.5. SARS-CoV-2 pseudovirus neutralization assay

SARS-CoV-2 pseudovirus neutralization assays were performed as previously described
[15]. Briefly, SARS-CoV-2 pseudotyped particles were produced by co-transfecting 293T
cells with psPAX2, pLenti-luciferase, and plasmids encoding SARS-CoV-2 prototype spike
or SARS-CoV-2 Omicron spike at a ratio of 1:1:1. After 48 hours, the supernatants
containing SARS-CoV-2 pseudovirus were harvested. SARS-CoV-2 pseudotyped particles,
including prototype strain and the Omicron strain, were pre-incubated with 3-fold serially
diluted mouse sera for 1 hour at 37°C. Then, hACE2-expressing HEK-293T (hACE2/293T)
cells were incubated with the sera/pseudovirus mixtures overnight and then cultured with
fresh complete DMEM-10 medium. At 48 hours post incubation, the luciferase activities of
SARS-CoV-2 typed pseudovirus-infected hACE2/293T cell lysates were determined by a
luciferase reporter assay kit (Promega, E1910). NT50 was determined by using four-
parameter logistic regression.

2.6. Flow cytometry

Lymphocytes of the vaccine-dLNs and spleens were harvested by mashing the tissues
through cell strainer (BD Falcon). Antibodies for flow cytometry analysis in the study include
CD4 (Biolegend, clone RM4-5), CD45.1 (Biolegend, clone A20), PD-1 (Biolegend, clone
29F.1A12), CD44 (eBioscience, clone IM7), B220 (Biolegend, clone), CD19 (Biolegend,
clone 1D3/CD19), FAS (BD Biosciences, clone Jo2), PNA (Vector Labs, clone FL-1071),
Bcl-6 (BD Biosciences, clone K112-91) and FoxP3 (eBioscience, clone FIJK-16s). Stainings
of cell surface markers were performed in PBS containing 2% FBS. Staining for CXCR5
was described previously[16]. Briefly, cells were successively stained with purified anti-
CXCR5 (BD Biosciences) for 1 hour at 4°C, biotinylated anti-rat 1gG (Jackson
Immunoresearch) for 30 min on ice and fluorescent-dye conjugated streptavidin (Thermo
Fisher) for 30 min on ice. Stainings for FoxP3 and Bcl-6 were performed with the
Foxp3/Transcription Factor Staining Buffer Set (eBioscience, 00-5523). Dead cells were
stained using LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit (Life Technologies). Flow
cytometry data were acquired in a FACSCanto Il (BD Biosciences) or a FACSFortesa (BD
Biosciences) and analyzed using FlowJo.

2.7. Statistical analysis

Statistical analyses were performed with Prism 9.0 (GraphPad). One-way ANOVA with
Newman-Keul's test was used for comparisons. Graphs show individual samples and
center values indicate mean. P values less than 0.05 were defined as statistically
significant. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.



3. Results

3.1. Effective PD-1/PD-L1 ICB therapy restores tumor-induced blunted antibody responses
to COVID-19 vaccination

To ascertain the effects of PD-1/PD-L1 ICB therapy on antibody responses of specificity to
COVID-19 vaccination, naive C57BL/6 mice were subcutaneously engrafted with
syngeneic MC38 colon adenocarcinoma cells and then prime/boost immunized with 2
dosages of SARS-CoV-2 receptor binding domain (RBD) protein, a core part of COVID-19
vaccines [17, 18], based subunit vaccine with CpG as adjuvant. Specifically, mice were
immunized with SARS-CoV-2 prototype RBD protein and Omicron B.1.1.529 (hereinafter
referred to as Omicron) RBD protein at day 3- and day 13-post tumor engraftment,
respectively. During tumorigenesis, a total 6 injections of anti-PD-L1 antibodies were
administrated every 3 days from day 6 to day 21 (Fig. 1A). As expected, PD-L1 ICB-
directed remarkable tumor regression was observed in MC38 tumors with a trait of high
sensitivity to PD-1/PD-L1 blockade (Fig. 1B). As controls, naive C57BL/6 mice without
MC38 tumor engraftment were prime/boost immunized with SARS-CoV-2 RBD proteins in
the presence or absence of anti-PD-L1 antibody administrations (Fig. 1A).

On day 10 after priming immunization, sera were collected from mice of each group
and performed with enzyme-linked immunosorbent assay (ELISA) to examine 1gG
antibodies that specifically bind to SARS-CoV-2 prototype RBD. Consistent with published
studies in cancer patients [3-7], MC38 tumor burden severely impaired the titers of 1gG
antibodies specific to SARS-CoV-2 prototype RBD in mice (Fig. 1C and Fig. S1A). Notably,
tumor burden-mediated blunted SARS-CoV-2 RBD-specific IgG antibody titers were almost
completely rescued by PD-L1 blockade (Fig. 1C and Fig. S1A). Parallelly, we found no
reinforcements of SARS-CoV-2 RBD-specific IgG antibody titers in anti-PD-L1 antibody-
treated control mice without tumor engraftment (Fig. 1C and Fig. S1A). Therefore, PD-
1/PD-L1 ICB therapy unleashes tumor-suppressed antibody responses post-prime COVID-
19 vaccination.

Next, we harvested sera on day 10 after boosted COVID-19 vaccination and
determined SARS-CoV-2 RBD-specific 1gG antibodies by ELISA. Consistently, 1gG
antibody titers to both SARS-CoV-2 prototype and Omicron RBDs were blunted by tumor
burden. And such bluntness was reverted upon anti-PD-L1 antibody treatment (Fig. 1D, E
and Fig. S1B, C). Importantly, the total IgG antibody levels were comparable among all the
groups (Fig. S2A), indicating the specific suppression of tumor burden on vaccine-induced
antibody responses. To exclude the potential suboptimal vaccine efficacy of heterogenous
SARS-CoV-2 RBD immunization in generating prototype- or Omicron-specific antibody
responses, we measured the serum IgG antibodies specifically binding to prototype RBD
in MC38 tumor-engrafted mice receiving 2 dosages of prototype RBD immunization (Fig.
S3A, B). Likewise, MC38 tumor severely impaired the titers of IgG antibodies specific to
SARS-CoV-2 prototype RBD, while tumor-mediated blunted SARS-CoV-2 RBD-specific
IgG antibody titers were completely rescued by PD-L1 blockade in the scenario of
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prototype RBD prime-boost immunization (Fig. S3C).

To further determine the quantity of neutralizing antibodies generated in each condition,
we accessed the neutralizing activities of these collected sera by pseudovirus
neutralization assays as previously described [19-21]. In line with published studies [3, 5],
serum neutralizing capacity against SARS-CoV-2 prototype and Omicron variants was
compromised in the presence of tumor burden (Fig. 1F, G). Importantly, PD-L1 blockade
rectified serum neutralizing capacity against SARS-CoV-2 variants in tumor-engrafted mice
(Fig. 1F, G). Thus, these findings illuminate that PD-1/PD-L1 ICB therapy dramatically
restores the blunted antibody responses to COVID-19 vaccination in tumor-engrafted mice.

3.2. Tumor burden-impaired SARS-CoV-2 RBD-specific B cell responses are rebounded
upon PD-1/PD-L1 ICB therapy

Given that memory B cells instigate antigen-specific antibodies and predict anamnestic
responses after booster vaccination [22], we next examined B cell responses in the
vaccine-draining lymph nodes (dLNs) of mice in each condition on day 23 post-tumor
engraftment as described in Fig. 1A. First, we noted that both frequency and number of B
cells were restrained in tumor-engrafted mice relative to the control mice and such
restraints were counterbalanced by PD-L1 ICB therapy (Fig. 2A-C). Then, we investigated
antigen-specific B cells marked by avidin-tagged biotinylated SARS-CoV-2 RBD antigen
bait as previously described [23, 24]. Alarmingly, we found that frequencies and numbers
of B cells specific to both SARS-CoV-2 prototype and Omicron RBDs were largely
diminished in the presence of tumor burden (Fig. 2D-I), echoing the poor quality and
quantity of SARS-CoV-2 RBD-specific antibody in tumor-engrafted mice (Fig. 1). The
SARS-CoV-2 RBD-specific B cell responses were rebounded upon PD-L1 ICB therapy (Fig.
2D-I), which might reflect the cellular mechanisms underlying the recovered antibody
responses to SARS-CoV-2 RBD in tumor-engrafted mice treated with anti-PD-L1
antibodies.

Germinal center (GC) B cells are the important source of the highly neutralizing
antibodies for protective immunity [25]. We then analyzed the polyclonal GC B cells, as
indicated by co-expression of FAS and PNA, in the vaccine-dLNs of mice in each group.
Interestingly, we observed an increased frequency of GC B cells in tumor-engrafted group
as compared the other groups (Fig. 2J, K), which might be due to the survival bias of GC
B cell as reported in other study [26]. Nonetheless, the total number of GC B cells was
decreased in tumor-engrafted mice and rescued by PD-L1 antibody treatment (Fig. 2L).
Overall, these results depict the rebounded B cell responses to SARS-CoV-2 RBD
immunization that aligned with PD-1/PD-L1 ICB therapy in tumor-engrafted mice.

3.3. PD-1/PD-L1 ICB therapy promotes TrH cell responses to COVID-19 vaccination in the
context of tumor burden



Considering the specialized and critical role of Tey cells in promoting the class switching
and hypermutation of cognate B cells in GC [14], we next examined Tr4 cell responses in
vaccine-dLNs of aforementioned SARS-CoV-2 RBD-immunized mice in each condition.
Likewise, we found Ten cells in vaccine-dLNs were quantitatively constrained by tumor
burden (Fig. 3A-C). And such quantitative straits of Tey cells were also relieved in the
situation of PD-L1 ICB therapy (Fig. 3A-C), which rationalizes the unleashed B cell
responses in tumor-engrafted mice receiving anti-PD-L1 treatment.

PD-1 is highly expressed by GC Trn cells due to the long-term TCR signaling from
cognate B cells in GC [13]. We found that blocking PD-1/PD-L1 signaling amplifies GC Trn
cell differentiation, as exemplified by increased PD-1" Tgy cell frequency as well as
enhanced PD-1 protein expressions, in both control and tumor-engrafted mice receiving
anti-PD-L1 antibody treatment (Fig. 3D-F). Nevertheless, the total GC Try cell responses
were not reinforced in control group treated with anti-PD-L1 antibodies, but completely
rescued in tumor-engrafted group with PD-L1 ICB therapy (Fig. 3G), which highlights the
contribution of PD-1/PD-L1 ICB therapy in restoring GC Ten cell responses in the scenario
of tumor burden.

T follicular regulatory (Ter) cells are an effector subset of CD4*FoxP3* regulatory T
(Treg) cells that specifically controls GC responses by suppressing Tru-B cell interaction
[27]. Resembling Trn cells, we found that both Ty and Ter cells in vaccine-dLNs are
quantitatively compromised in tumor-engrafted group (Fig. 3H-J and Fig. S4). Reportedly,
Ter cells are characterized by the abundant PD-1 expression and show enhanced
suppressive function in the deficiency of PD-1/PD-L1 signaling [28]. Indeed, we found that
the compression of Ter cells in tumor-engrafted mice is rescued by PD-L1 ICB therapy (Fig.
3H-J). The PD-1 protein expressions in Ter cells were also increased in the presence of
PD-L1 ICB therapy, albeit with lower enhancement as compared to those observed in PD-
L1 antibody-treated Trn cells (Fig. 3K, L). Given that Ten cell to Ter cell ratio is a crucial
proxy to gauge the GC responses [27], we next determined this parameter in each group.
Importantly, we noticed the highest Trn cell to Ter cell ratio in tumor-engrafted group with
PD-L1 ICB therapy (Fig. 3M, N), indicating the preponderance of strengthened Try cell
response compared to Ter cell response upon PD-L1 ICB therapy in the presence of tumor
burden. Together, these findings support the notion that COVID-19 vaccine-induced Ten
cell responses are preserved by PD-L1 ICB therapy in the context of ongoing malignancy.

3.4. Viral antigen-specific GC Trn cell responses are restored by PD-1/PD-L1 ICB therapy
in tumor-engrafted mice

To more precisely track antigen-specific GC Ten cell responses in the situation of PD-1/PD-
L1 ICB therapy-directed tumor regression, naive C57BL/6 mice were firstly subcutaneously
engrafted with syngeneic MC38 colon adenocarcinoma cells and then received adoptive
transfer of CD45.1* congenic smarta (SM) CD4* T cells recognizing lymphocytic
choriomeningitis virus (LCMV) glycoprotein (GP) epitope I-APGPgs.77 at day 2 after tumor
engraftment. These recipients were next prime/boost immunized with LCMV GPe1-g0
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peptide in an interval of 10 days and administrated with 6 injections of anti-PD-L1 as
described (Fig. 4A). Parallelly, control groups without MC38 tumor engraftment were
administrated following the same procedure (Fig. 4A). Expectedly, anti-PD-L1 antibody
treatment effectively shrank the tumor burden (Fig. 4B) and refurbished tumor-suppressed
LCMV GPe1-g0-specific antibody responses (Fig. 4C) and B cell responses (Fig. S5).

We next investigated viral antigen-specific CD4* T cells by tracking transferred
CD45.1* SM cells in vaccine-dLNs and spleens. Analogously, SM cell responses in both
vaccine-dLNs and spleens were restricted by tumor burden and such restriction was
unleashed by PD-L1 ICB therapy (Fig. 4D, E and Fig. S6A, B). Furthermore, antigen-
specific GC Ten cell responses, as indicated by co-expression of CXCR5, PD-1 and Bcl-6
[13, 14], were poorly mounted during tumor progression (Fig. 4F-J and Fig. S6C-F). Of
particular importance was the reinvigoration of antigen-specific GC Trn cell responses in
tumor-engrafted mice receiving PD-L1 ICB therapy (Fig. 4F-J and Fig. S6E, F). Taken
together, these findings suggest that vaccine-induced antigen-specific GC Ten cell
responses are crashed by tumor burden and re-endowed with PD-L1 ICB therapy in tumor-
engrafted mice.

3.5. PD-1/PD-L1 blockade also reinvigorates tumor-blunted COVID-19 vaccine response
in ICB-resistant tumor-engrafted mice

Though PD-1/PD-L1 ICB therapy mediates durable remissions in a subset of cancer
patients [29, 30], its response rates remain modest in some cancer types [31] (e.g.,
melanoma and breast cancer) and even inert in cancer types such as glioblastoma [32].
We therefore specifically asked the COVID-19 vaccine response in the scenario of
ineffective or failed PD-1/PD-L1 ICB tumor immunotherapy. Towards this end, naive
C57BL/6 mice were subcutaneously engrafted with PD-L1/PD-1 ICB therapy-resistant
B16F10 melanoma cells and then prime/boost immunized with SARS-CoV-2 prototype and
Omicron RBDs at day 3 and day 13, respectively, after tumor engraftment (Fig. 5A). In
concert with published studies [33, 34], BL6F10 melanoma completely resisted PD-L1 ICB
therapy (Fig. 5B), albeit a total 6 injections of anti-PD-L1 antibodies were administrated as
described (Fig. 5A). Next, we set out to examine SARS-CoV-2 RBD-specific antibody
responses in the scenario of ineffectual PD-L1 ICB therapy. In line with aforementioned
data in MC38 tumor model, SARS-CoV-2 RBD-specific antibody titers were also restricted
by B16F10 tumor burden (Fig. 5C, D), with B cell and T cell responses concurrently being
suppressed (Fig. 5E-G). More notably, we found that B16F10 tumor-blunted antibody
responses to COVID-19 vaccine are averted by PD-L1 ICB therapy (Fig. 5C, D), in spite of
no tumor regression (Fig. 5B). Such restoration might be attributed to the preserved Tgn-B
cell responses upon anti-PD-L1 antibody treatment (Fig. 5E-G). Therefore, these
observations demonstrate that PD-1/PD-L1 ICB therapy is able to effectively rectify
vaccine-induced antibody responses in hosts with ICB-non-responsive tumor.
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4. Discussion

Accumulated studies reported the poor COVID-19 vaccine responses in cancer patients
[3-7]. Herein, in line with these studies, we also observed the blunted COVID-19 vaccine
effectiveness in both murine colon carcinoma and melanoma models. Importantly, we
found that PD-1/PD-L1 ICB therapy robustly restores the COVID-19 vaccine effectiveness,
irrespective of the tumor regression rate to PD-1/PD-L1 ICB therapy. Furthermore, we
unraveled evidence suggesting the restoration of COVID-19 vaccine response is mainly
tied to the Tru-B cell interaction preserved by PD-1/PD-L1 ICB therapy in tumor-engrafted
mice.

In response to vaccination, Tey cells are crucial in providing essential assistance to B
cells and thus promoting GC responses in B cell follicles within secondary lymphoid tissues.
The GC responses entails rapid production of high-affinity antibodies for immediate
protection and generation of memory B cells for long-term protection [13, 14]. One
important feature of Ten cells is heightened PD-1 protein that control Tey cell positioning
and function [35]. Reportedly, Trn cells deficient in PD-1 signaling show enhanced follicular
recruitment; however, the antibody affinity maturation is compromised in the absence of
PD-1 signaling due to decreased stringency of GC affinity selection [35]. Consistently,
another study observed that cancer patients receiving PD-1 ICB therapy have more robust
circulating Tru cells and resultant higher antibody titer to influenza vaccination than healthy
participants not receiving PD-1 ICB therapy; however, the affinity of influenza-specific
antibody is decreased in the setting of PD-1 ICB therapy [36]. In the study, we also noted
strengthened Tey cell responses and resultant enhanced antibody response to COVID-19
vaccination in tumor-engrafted mice receiving PD-L1 ICB therapy. Noticeably, the PD-L1
blockade-reinforced antibody response, in spite of potential low affinity, is recovered from
tumor-suppressive nadir level and shows comparable neutralizing capacity to that of
healthy controls. Therefore, the animal data here suggests that PD-L1 ICB therapy might
benefit COVID-19 vaccine response in the scenario of ongoing malignancy, which awaits
further clinical validations.

Another potential cellular mechanism contributing to the PD-1/PD-L1 ICB therapy-
directed reinvigoration of COVID-19 vaccine response during ongoing malignancy is the
proliferating preponderance of Trn cells relative to Trr cells. Though Ter cells were
reported to show proliferating burst and enhanced suppressive effects to GC responses in
the deficiency of PD-1 signaling [28], the Ter cell reactivity might be compensated by the
PD-1/PD-L1-directed bias for Trn cell response to COVID-19 vaccination during ongoing
malignancy. This notion is further supported by the observed Te cell expansion in cancer
patients post-PD-1/PD-L1 ICB therapy in other studies [36-38]. Moreover, decreased
circulating Trr cells were even found in cancer patients concurrently receiving influenza
vaccination and anti-PD-1 antibodies [36]. The potential reasons for the PD-1/PD-L1
blockade-mediated superior response of Try cells relative to Trr cells include 1) highly-
sensitivity of Try cells to PD-1/PD-L1 blockade in the setting of ongoing malignancy and 2)
less tumor-associated suppression to Tey cells. These hypotheses need to be further
investigated.
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Previous studies [39, 40], including our own [41], indicated that tumor-associated
suppressive effects on CD8* T cell responses against infections and vaccinations. Related
to this, we further identified evidence of tumor-associated suppression on GC responses,
as indicated by largely compromised Tey cell and B cell responses to COVID-19
vaccination in tumor-engrafted mice. This point is further evidenced by the partially
recovered COVID-19 vaccine effectiveness in cancer patients with surgery therapy [8]. The
potential mechanisms underlying tumor-associated suppressive effects on Trn cells and B
cells might be tumor burden-driven expansion of immunosuppressive immune cells,
including erythroid progenitor cells [41] and neutrophils [42], and tumor burden-induced
perturbations in dendritic cells [39]. Besides, tumor-derived exosomes might also be
involved in suppressing Trn cell and B cell responses to COVID-19 vaccination [43].
Nevertheless, given the restored COVID-19 vaccine effectiveness in both settings of
effectual and failed PD-L1 ICB therapy in tumor-engrafted mice, we concluded that the PD-
L1 ICB therapy-directed re-sharpness of COVID-19 vaccine responses in tumor-engrafted
mice might be mainly attributed to the GC responses strengthened by PD-1/PD-L1
signaling blockade per se rather than durable tumor regression driven by PD-L1 ICB
therapy. Therefore, it seems that PD-1/PD-L1 ICB therapy also benefits the COVID-19
vaccine effectiveness in cancer patients without durable clinical outcomes.

To date, the effects of PD-1/PD-L1 ICB therapy on COVID-19 vaccine response of
cancer patients have been reported in several clinical studies, albeit with debatable
conclusions. On the one hand, comparable antibody responses against COVID-19
vaccination were observed between cancer patients with PD-1/PD-L1 ICB therapy and
healthy participates [44, 45], which hints the restoration of tumor-blunted COVID-19
vaccine effectiveness in patients receiving PD-1/PD-L1 ICB therapy to that of healthy
participates. Indeed, cancer patients with PD-1/PD-L1 ICB therapy showed a trend towards
increased COVID-19 vaccine effectiveness as compared to that of cancer patients with no
therapies [5, 46]. Otherwise, several studies reported lower COVID-19 vaccine-induced
antibody responses in cancer patients receiving PD-1/PD-L1 ICB therapy relative to
healthy participants [47, 48]. And such discrepancy might be attributed to missed
experimental control of cancer patients without any therapies or different regimen of
COVID-19 vaccination and PD-1/PD-L1 ICB therapy. Here, we provided clear evidence of
reinforced COVID-19 vaccine effectiveness during ongoing malignancy with multiple
mouse models, which reconciles the discrepancies in aforementioned clinical studies and
provides guidance for related clinical investigations in the future.

This study has some limitations. First, more COVID-19 vaccine platforms (e.g., mMRNA
vaccines, viral vector-based vaccines) should be involved in the study. Second, the
molecular mechanisms underlying PD-L1 blockade-driven reinforcement of B cell and Trn
cell responses are unknown. These issues are worthy of further investigations.

5. Conclusions

In conclusion, we demonstrated that PD-1/PD-L1 ICB therapy reinvigorates COVID-19

12



vaccine effectiveness in mice with ongoing malignancy. And such reinvigoration is highly
associated with strengthened GC responses in the absence of PD-1-PD-L1 interaction.
Therefore, our findings unravel the COVID-19 vaccine response in the setting of PD-1/PD-
L1 ICB therapy and suggest that COVID-19 vaccines combined with PD-1/PD-L1 blockade
might be administrated to cancer patients to improve the protection from SARS-CoV-2
infection, even if PD-1/PD-L1 ICB therapy may fail to control the tumor progression.
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Figure legends

Fig. 1. Effective PD-1/PD-L1 ICB therapy restores tumor-induced blunted antibody
responses to COVID-19 vaccination. A. Schematic graph of the experiment design. B.
MC38 tumor growth curve of mice with or without anti-PD-L1 antibody treatment. C. ELISA
binding assay of sera collected from mice at 10 days-post prime vaccination to SARS-CoV-
2 prototype RBD. D, E. ELISA binding assays of sera collected from mice at 10 days-post
boost vaccination to SARS-CoV-2 prototype RBD (D) and Omicron RBD (E). F, G.
Neutralization of sera collected from mice at 10 days-post boost vaccination to SARS-CoV-
2 prototype (F) and Omicron (G) variants. AUC, area under curve. NT50, neutralizing titer
50. ns, not significant. *P < 0.05 and **P < 0.01. The data are representative of two
independent experiments with five to six mice per group. Error bars (B-G) indicate s.e.m..

Fig. 2. Tumor burden-impaired SARS-CoV-2 RBD-specific B cell responses are
rebounded upon PD-1/PD-L1 ICB therapy. A. Flow cytometry analysis of lymphocytes in
vaccine-dLNs. The numbers adjacent to the outlined areas indicate the percentages of
CD19*B220* B cells. B, C. Frequency (B) and number (C) of B cells in vaccine-dLNs. D.
Flow cytometry analysis of CD19*B220* B cells in vaccine-dLNs. The numbers adjacent to
the outlined areas indicate the percentages of SARS-CoV-2 prototype RBD-specific B cells.
E, F. Frequency (E) and number (F) of SARS-CoV-2 prototype RBD-specific B cells in
vaccine-dLNs. G. Flow cytometry analysis of CD19*B220* B cells in vaccine-dLNs. The
numbers adjacent to the outlined areas indicate the percentages of SARS-CoV-2 Omicron
RBD-specific B cells. H, I. Frequency (H) and number (l) of SARS-CoV-2 Omicron RBD-
specific B cells in vaccine-dLNs. J. Flow cytometry analysis of CD19*B220* B cells in
vaccine-dLNs. The numbers adjacent to the outlined areas indicate the percentages of
FAS*PNA* GC B cells. K, L. Frequency (K) and number (L) of FAS*PNA* GC B cells in
vaccine-dLNs. ns, not significant. *P < 0.05, **P < 0.01 and ***P < 0.001. The data are
representative of two independent experiments with five mice per group. Error bars (B, C,
E, F H, I, K, L) indicate s.e.m..

Fig. 3. PD-1/PD-L1 ICB therapy promotes Tr4 cell responses to COVID-19 vaccination
in the context of tumor burden. A. Flow cytometry analysis of CD4*FoxP3- T cells in
vaccine-dLNs. The numbers adjacent to the outlined areas indicate the percentages of
CXCR5*CD44" Tey cells. B, C. Frequency (B) and number (C) of Ten cells in vaccine-dLNs.
D. Flow cytometry analysis of CXCR5*CD44" Tgy cells in vaccine-dLNs. The numbers
adjacent to the outlined areas indicate the percentages of PD-1" Ty cells. E-G. Frequency
(E), PD-1 protein level (F) and number (G) of PD-1" Tey cells in vaccine-dLNs. H. Flow
cytometry analysis of CD4*FoxP3* T cells in vaccine-dLNs. The numbers adjacent to the
outlined areas indicate the percentages of CXCR5* Ter cells. I, J. Frequency (I) and
number (J) of Trr cells in vaccine-dLNs. K. Frequency of PD-1" Tgr cells. L. PD-1 protein
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level of PD-1" Ter cells. M. Ten cell to Ter cell ratio in vaccine-dLNs. N. PD-1" Tgy cell to
PD-1M Ter cell ratio in vaccine-dLNs. MFI, mean fluorescence intensity. ns, not significant.
*P < 0.05, *P < 0.01, ***P < 0.001 and ***P < 0.0001. The data are representative of two
independent experiments with five mice per group. Error bars (B, C, E-G, I-N) indicate
s.e.m..

Fig. 4. Viral antigen-specific GC Ty cell responses are restored by PD-1/PD-L1 ICB
therapy in tumor-engrafted mice. A. Schematic graph of the experiment design. B. MC38
tumor growth curve of mice with or without anti-PD-L1 antibody treatment. C. ELISA binding
assay of sera collected from mice at 10 days-post boost vaccination to LCMV GPs1-g0
peptide. D, E. Frequency (D) and number (E) of transferred CD45.1* SM cells in spleens.
F. Flow cytometry analysis of transferred CD45.1* SM cells in spleens. The numbers
adjacent to the outlined areas indicate the percentages of CXCR5*PD-1" GC Tgw cells. G,
H. Frequency (G) and number (H) of transferred PD-1" SM Tgy cells in spleens. |, J.
Frequency (I) and number (J) of transferred Bcl-6" SM Tey cells in spleens. ns, not
significant. *P < 0.05, **P < 0.01 and ***P < 0.001. The data are representative of two
independent experiments with six mice per group. Error bars (B-E, G-J) indicate s.e.m..

Fig. 5. PD-1/PD-L1 blockade also reinvigorates tumor-blunted COVID-19 vaccine
response in ICB-resistant tumor-engrafted mice. A. Schematic graph of the experiment
design. B. B16F10 tumor growth curve of mice with or without anti-PD-L1 antibody
treatment. C, D. ELISA binding assay of sera collected from mice at 10 days-post boost
vaccination to SARS-CoV-2 prototype RBD (C) and Omicron RBD (D). E-F. Numbers of B
cells (E), GC B cells (F) and Trn cells (G) in vaccine-dLNs. ns, not significant. *P < 0.05
and **P < 0.01. The data are representative of two independent experiments with six mice
per group. Error bars (B-G) indicate s.e.m..
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Figure 5
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