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The COVID-19 pandemic has spread worldwide, yet the role of antiviral T cell immunity during infection and the
contribution of immune checkpoints remain unclear. By prospectively following a cohort of 292 patients with
melanoma, half of which treated with immune checkpoint inhibitors (ICls), we identified 15 patients with acute or
convalescent COVID-19 and investigated their transcriptomic, proteomic, and cellular profiles. We found that ICI
treatment was not associated with severe COVID-19 and did not alter the induction of inflammatory and type |
interferon responses. In-depth phenotyping demonstrated expansion of CD8 effector memory T cells, enhanced
T cell activation, and impaired plasmablast induction in ICl-treated COVID-19 patients. The evaluation of specific
adaptive immunity in convalescent patients showed higher spike (S), nucleoprotein (N), and membrane (M) anti-
gen-specific T cell responses and similar induction of spike-specific antibody responses. Our findings provide ev-
idence that ICl during COVID-19 enhanced T cell immunity without exacerbating inflammation.

INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
emerged in December 2019 and has spread worldwide, causing the
coronavirus disease 2019 (COVID-19) pandemic with around 5%
of infected cases suffering severe disease and 1% lethality (I, 2). The
impact of COVID-19 in patients suffering from cancer and the con-
tribution of different classes of cancer treatment to COVID-19 se-
verity are still under investigation. Early studies demonstrated a higher
disease severity and fatality rate (reaching 28%), most probably due
to immunosuppression and increased comorbidities (3, 4); in con-
trast, later retrospective and prospective cohorts reported no increased
death rate (5-8). These discrepant findings may result from cohort
heterogeneity, especially in cancer types, stages, and treatments.
COVID-19 severity is driven by an excessive inflammatory re-
sponse to infection, resulting in lung tissue damage, acute respiratory
distress syndrome, and ultimately respiratory failure and death. Similarly
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to what has been described in septic shock (9), this hyperinflammation
may lead to a cellular immunity exhaustion state marked by the up-
regulation of immune checkpoints such as programmed cell death
protein 1 (PD-1) and T cell immunoglobulin and mucin domain-
containing protein 3 (TIM-3) on the surface of T cells and natural
killer cells (10, 11). Studies indicate that most patients with severe
COVID-19 display lymphopenia caused by excessive T cell apoptosis
and up-regulation of exhaustion markers (12). Moreover, longitu-
dinal studies demonstrated the appearance of SARS-CoV-2-reactive
CD38" HLA-DR* CD8" and CD4" T cells a few days before disease
recovery, which remained detectable during convalescence; a sig-
nificant proportion of these cells displayed up-regulated markers of
exhaustion (13-15). This has led to the proposal of at least three
ongoing clinical trials evaluating PD-1 inhibitors in the treatment
of COVID-19 (NCT04356508, NCT04333914, and NCT04268537).
However, recent analysis reported conflicting results concerning the
risk of severe COVID-19 in anti-PD-1-exposed patients with lung
cancer, which may be attributed to cofounding risk factors (16-18).
Hence, it remains an open question whether immune checkpoint
inhibitors (ICIs) play a beneficial role by stimulating a robust anti-
viral adaptive immune response, or whether they are detrimental,
by leading to an excessive inflammatory response resulting in organ
damage and failure (19).

In the following study, we prospectively characterized the clinical
expression of COVID-19 and monitored the development of anti-
SARS-CoV-2 antibodies in a cohort of stage III and IV melanoma
patients. ICI-treated melanoma patients with active disease or after
recovery (convalescent) were included for deep immune profiling that
comprised transcriptional, mass cytometry, and T cell restimulation
assays, providing a phenotypical and functional immune signature
of the PD-1/PDL-1 axis in COVID-19 pathogenesis (ICI cohort). We
found that ICI treatment was not associated with severe COVID-19
nor did it exacerbate inflammation and provide evidence that it in-
creases specific anti-SARS-CoV-2 T cell immunity.
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RESULTS
Epidemiological and clinical characterization of a melanoma
cohort during COVID-19 epidemic
From 2 March to 30 June 2020, among 292 patients with stage III or
IV melanoma, 15 SARS-CoV-2 infections were identified [by RT-PCR
(reverse transcription polymerase chain reaction) and/or serology].
Age was similar between the whole patient cohort [median, 61 years;
interquartile range (IQR), 50 to 72] and the COVID-19 subgroup
(median, 58 years; IQR, 53 to 64). Males represented 56.9% of the
whole cohort but 80% of infected patients. Prognostic factors reported
in COVID-19—such as body mass index > 30 (20% versus 13.7%),
diabetes (26.7% versus 10.6%), and hypertension (53.3% versus 29.1%)—
were in higher proportions in patients with COVID-19, albeit with
no statistically significant difference. Active smoking history was more
frequent in the whole population (17.8% versus 6.7%), while con-
gestive heart failure, chronic obstructive pulmonary disease, and
chronic kidney disease were infrequent in both groups (Table 1).
The most common presenting symptom that led to PCR testing was
cough (15.1%) followed by shortness of breath (11.3%), myalgia
(11.6%), diarrhea (11.0%), and fever (9.9%) (Table 1).
SARS-CoV-2 PCR was performed in 93 melanoma symptomatic
patients (31.7%) and was positive in 6 patients (2%). Serological
testing of SARS-CoV-2-specific antibodies upon each patient visit
to our center and regardless of the presence of symptoms was per-
formed in 151 patients (51%). It was positive in 13 patients, allow-
ing the estimation of 8.6% COVID-19 seroprevalence in our cohort.
Among the 13 patients with SARS-CoV-2-positive serology, 6 did
not present COVID-19 symptoms. Four of 15 COVID-19 patients
(26.7%) required standard hospitalization, and 1 patient with asso-
ciated chronic lymphoid leukemia presented a severe form defined
by oxygen requirement of >3 liters/min and died of respiratory dis-
tress syndrome related to the infection. Across the whole cohort, most
(50.3%) patients had ongoing immunotherapy consisting of anti-
PD-1 alone (38.7%) or the combination of anti-PD-1 and anti-CTLA4
(11.6%). A total of 20.5% of patients had ongoing targeted therapy,
and only 9.9% had no active treatment for at least 6 months. We
noted a trend for a lower frequency of SARS-CoV-2 infection among
stage III patients undergoing adjuvant therapy (1.2%) in compari-
son to the frequency of SARS-CoV-2 infection in advanced melano-
ma (6.8%; P = 0.06). A total of 73% of stage III patients (adjuvant
setting) were treated with ICI in contrast to 42% of patients with
advanced melanoma.

Clinical and biological characteristics of the

study population

We next examined the impact of ICI on the immune response during
SARS-CoV-2 infection in patients with melanoma. Five COVID-19
ICI-treated patients and 14 ICI-treated noninfected patients were
analyzed. The demographic and clinical characteristics of the pa-
tients are shown in table S1. Three patients were sampled twice
during the active stage and the convalescent stage, one patient was
sampled once during the active infection stage, and another patient
was sampled once during the convalescent disease stage. COVID-19
patients’ samples were thus divided into two groups, active infec-
tion (n = 4) and convalescent disease (n = 4).

Patients with active infection were analyzed after a median dura-
tion of 7 days (IQR, 3 to 17) after disease onset, and the median in-
terval from the last dose of immunotherapy to COVID-19 diagnosis
was 33 days (IQR, 11 to 39). All patients had at least one controlled
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coexisting illness, mainly hypertension and type 2 diabetes, and had
mild-to-moderate disease, with oxygen requirement of <3 liters/min
in two patients. No patient later required admission to an intensive
care unit nor the use of mechanical ventilation.

Nonmelanoma healthy donors and patients with mild-to-moderate
disease from our previous study (13) were also analyzed as a control
cohort for ICI treatment. Their clinical and demographic character-
istics are shown in table S1 (control cohort).

Laboratory findings included elevated C-reactive protein (CRP)
(median, 12.8 mg/liter; IQR, 4.6 to 17.3), lactate dehydrogenase (LDH)
(median, 507 IU/liter; IQR, 419 to 810), and marked lymphopenia
(fig. S1), as previously described in other cohorts (14). In compari-
son to the control cohort, ICI-treated patients had impaired lym-
phocyte counts at baseline and upon infection (fig. S1), in contrast
to monocytes that were higher at both baseline and upon infection
(fig. S1). Proportions of monocyte subgroups (classical, transition-
al, and nonclassical) were similar (fig. S2). Neutrophil and platelet
counts were not affected by infection or treatment status (fig. S1).

Immunological signature in the blood of ICI-treated patients
with COVID-19

COVID-19 was reported to induce an excessive inflammatory response,
with inflammation-related genes being increasingly expressed with
disease severity. To assess the immunological transcriptional signa-
ture of active SARS-CoV-2 infection in ICI-treated patients, we an-
alyzed the expression of 574 immune-related genes in whole blood
from active COVID-19 patients compared to uninfected patients
(Fig. 1A). Gene set enrichment analysis (GSEA; see Materials and
Methods) revealed an up-regulation of genes belonging to innate
immune and type I interferon (IFN) pathways (Fig. 1B) during
active infection. ICI-treated patients displayed a similar signature in
patients with mild and moderate COVID-19 compared to the con-
trol cohort [fig. S3 and (20)].

To further investigate potential differences in the COVID-19 gene
signature between ICI-treated patients and the control cohort, we
compared fold changes between infected and uninfected patients
in each cohort and found a strong in-between-cohort correlation
(Spearman’s r = 0.8, P < 0.0001; Fig. 1C). As an alternative strategy,
we used the interaction term of a two-way analysis of variance
(ANOVA) to unravel potential differences in COVID-19 gene sig-
natures between control and ICI patients. We identified IRF4 and
TNFRSF17 (Fig. 1D) as the sole two genes with a significant interac-
tion after correction for multiple testing. There was no evidence for
differential response in any other genes (all false discovery rates
were >0.38). IRF4 is a key transcriptional factor essential for both
the initial differentiation and the subsequent survival of plasmablasts
(21), and TNFRSF17 [also named B cell maturation antigen (BCMA)]
is a canonical plasmablast marker (22). Together, these results sug-
gest that active SARS-CoV-2 infection in ICI-treated patients with
melanoma triggers an inflammatory response that is similar to that
of nonmelanoma patients.

We next measured protein plasma levels of key inflammatory
cytokines. Interleukin-6 (IL-6) and tumor necrosis factor-o (TNF-a)
were similarly induced during active infection, regardless of ICI treat-
ment (Fig. 1E). Anti-inflammatory cytokines IL-1 receptor antagonist
and IL-10 were both weakly induced in ICI-treated patients with
COVID-19, in contrast to control COVID-19 (Fig. 1E). Comparing
healthy donors to ICI-treated uninfected patients revealed higher
baseline levels of IL-10 in ICI-treated patients with melanoma
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Table 1. Baseline and COVID-19-related characteristics of a stage Ill and IV melanoma patient cohort. N, number of patients; %, percentage of patients;
ECOG, Eastern Cooperative Oncology Group; BMI, body mass index; COPD, chronic obstructive pulmonary disease; ICU, intensive care unit.

All patients (n=292) Patients with COVID-19 (n=15)

Patient characteristics

Median age (range) 61 years (50-72) 58 years (53 64)
Male, n (%) 166 (56.9%) ( 0%)
207 (70 9%)
Unknown 23( 9%)

Comorbldltles n(%)

BMI > 30 40 (13.7%) 3 (20.0%)
52

Actlve smoker 17.8%) 1 (6.7%)

(

(

e 27

. 31 (10.6%)

@291% L=
(

(

(

(

Hypertenswn 8

3.1%) 0 (0%)

Congestlve heart fallure

11.6%) 3 (20 O%)

Immunosuppresswe agents 1.7%) 0 (0%)

5
9
Cortlcoster0|ds 34
8

Chronlc kldney dlsease 2.7%) 0 (0%)

COVID 19 related symptoms n(%)
Asthenla 66 (22.6%) 4 (26.7%)

Chllls 12 (4.1%) (6 7%)

Fever 29 (9.9%) 5 (33 3%)

“ Conjunctlval congestlon N 12 (4.1%) 0(0%)
(13 3%) Y
( )
( )

Nasal congestlon 44 (15.1%)

Headache 44 (15.1%)

3
2
Anosmla 17 (5.8%) 4
5

26 7%

Cough 44 (15.1%) 33 3%
Sore throat 13 (4.5%) 0 (0%)

Sputum productlon 15 (5.1%) 1 (6.7%)

33(11.3%)
19(6.5%)
s S
o I8 e

Myalgla 34(11.6%) 5 (33.3%)

.‘,‘Any ofthé ;)'/‘r‘r;étoms above e 1o s e .‘,‘9 (50,0%) S

cov|D 19 re|ate.;| exp|orat.ons n(%) OO ool ovs ST e e e
Lung CT scan performed D 39(133%)

(26 7%) Y
Lung CT scan suggestlve ofCOVID 19 6 (2.0%) (20 O%)
WSARS—COV—Z RT—PCR performed S 93G17% (40 0%)
..‘,‘SARS COV 2 posmve RT PCR U coom e (40 0%) Y
WHSARS COVZSerology performed D 151(51%) 14(93 3%)

SARS CoV 2 posmve serology 13 (4.4%) 13/14 (92 8%)
COVID 19—related outcomes n(%)
Hospltallzat|on 4 (1.4%) 4 (26.7%)

ICU 0 (0%) 0 (0%)

Death 1 (0.3%) 1(6.7%)

continued on next, page
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All patients (n=292)

Patients with COVID-19 (n=15)

Melanoma characteristics n(%)

S s il e L
 StageHimelanoma 2007% oW

60(205%)
mmunotherapy 147 (503%)
e e Rl
© Anti-PD-1+ant-CTLAG M(16%)
e it
T ——— b o
Localtreatment or no systemic treatment 2010% 2033

*Ongoing other treatments included chemotherapy (dacarbazine or temozolomide) and patients included in interventional clinical trials.

have received a systemic treatment more than 6 months before study inclusion.

(fig. S4), suggesting a systemic anti-inflammatory state in ICI-treated
patients, even in the absence of active infection.

Accumulating evidence points to a key role of type I IFN defi-
ciency in the severity of COVID-19 (20, 23, 24). Plasma levels of
IEN-02 protein measured by Simoa digital enzyme-linked immu-
nosorbent assay (ELISA) were higher in infected patients, regard-
less of ICI treatment (Fig. 1E). Consistent with protein levels, the
IEN-stimulated gene (ISG) score, a validated score based on the
mean expression of six ISGs defining a type I IFN signature (20),
was also elevated in patients with COVID-19 (fig. S5). Nevertheless,
we detected higher levels of basal ISG expression in ICI-treated pa-
tients (fig. S5), suggesting an active type I IFN signaling in these
patients, in the absence of active infection. Overall, these data sug-
gest that SARS-CoV-2 infection triggers a similar type I IFN re-
sponse in ICI-treated and control patients.

COVID-19 has been associated with an influx of immune cells—
including monocytes, neutrophils, and lymphocytes—to the infect-
ed lungs (25). We therefore quantified circulating chemokines
involved in the trafficking of immune cells into inflammatory sites.
We found no increase in CXCL2 and CCL2 (CC chemokine ligand 2)
and CCL5 chemokines (fig. $6), in line with published reports at this
disease stage (mild to moderate) (14, 20) and supporting the results
that ICI treatment did not exacerbate inflammatory responses. Un-
expectedly, we found a significant increase in CCL19 plasma levels
during infection that was absent in ICI-treated patients (Fig. 1E).

Together, these data indicate that SARS-CoV-2 infection induces
typical transcriptional and proteomic signatures in ICI-treated pa-
tients, similar to what has been previously described in COVID-19
patients with mild-to-moderate disease. Differences have neverthe-
less been noted, such as increased basal IFN and a dampened induction
of anti-inflammatory cytokines upon infection, which will require
additional investigation.

Immunophenotyping of COVID-19 ICl-treated patients

with melanoma

To further characterize lymphocytopenia in ICI-treated patients with
melanoma, blood was simultaneously collected for immune profiling.

Yatim et al., Sci. Adv. 2021; 7 : eabg4081 18 August 2021

tPatients that

We used mass cytometry and performed visualization of -distributed sto-
chastic neighbor embedding (viSNE) to compare cell population
densities according to melanoma and treatment (Fig. 2A and table
S2). viSNE representation (Fig. 2A) and differentiated cell counts
(fig. S7) showed a decrease in CD19" B cells and CD3" T cells, in-
cluding all T cell subsets, which was more pronounced in ICI-treated
patients, and with no major imbalance in the CD4" and CD8" T cell
ratio (Fig. 2, B to D).

In comparison to control COVID-19 patients, we observed a sig-
nificant decrease in the proportion of naive CD8" T cells in patients
with COVID-19 that were treated with ICI, associated with a specific
increase in the proportion of effector memory (EM) CD8" T cells
and resulting in a pronounced inversion of the naive-to-EM cell
ratio (Fig. 2D and fig. S7C). This expansion of the EM subset was
less pronounced in CD4" T cells (Fig. 2C and fig. S7B). Moreover,
proportions of different T helper subsets (Ty1, T2, Tyl7, and reg-
ulatory T cells) remained unchanged (fig. S8).

We next assessed the functional status of T cells using markers of
activation (CD38 and HLA-DR) and exhaustion (PD-1) (Fig. 2E).
Both the CD4" and CD8" T cell populations were characterized by
an increase in CD38" HLA-DR" activated T cells in all infected pa-
tients, with a more important increase in CD8" T cells from patients
treated with ICI (Fig. 2E). Notably, PD-1 detection was markedly
diminished by ICI treatment, indicating lasting active checkpoint
inhibition.

We next assessed the dynamics of different B cell subsets. Pro-
portions of naive and memory B cells were decreased in control
infected patients, counterbalanced by an increase in plasmablasts
(Fig. 2F). Unexpectedly, plasmablasts only modestly increased in
the blood of ICI-treated patients (Fig. 2F), and this had no impact
on anti-spike protein immunoglobulin G (IgG) antibody amounts
(Fig. 2G). These results are consistent with the finding that
ICI-treated patients had decreased expression of IRF4 and
TNFRSF17 genes (Fig. 1D), both implicated in plasmablast differ-
entiation and survival. Overall, these data suggested that ICI-treated
patients exhibited features of increased T cell activation during
SARS-CoV-2 infection.
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Fig. 1. Patients treated with checkpoint inhibitors display typical transcriptomic and proteomic inflammatory response during active COVID-19. (A to C) Whole-
blood transcriptomic profile of active COVID-19 patients and healthy controls from a cohort of nonmelanoma patients and a cohort of anti-PD-1-treated patients. (A)
Heatmap representation of the 100 most differentially expressed genes between COVID-19-infected and uninfected patients of the anti-PD-1-treated cohort. (B) GSEA
of pathways enriched during active COVID-19in the PD-1-treated cohort. (C) RNA expression fold change between COVID-19 and uninfected patients in each cohort.
Each point represents one gene. (D) RNA expression data from patients from both cohorts, normalized in each cohort to the mean of the uninfected group. (E) Proteomic
data from patients from both cohorts, normalized as in (D). Each point corresponds to one patient, and bars represent mean value. Significance was determined using
unpaired t tests. *P < 0.05 and **P < 0.01. MHC, major histocompatibility complex; TLR, Toll-like receptor; NLR, NOD-like receptor.
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Fig. 2. ICI-treated patients display an increased T cell activation profile. (A) vViSNE map of blood leukocytes after exclusion of granulocytes, stained with 30 markers
and measured with mass cytometry. Cells are automatically separated into spatially distinct subsets according to the combination of markers that they express (left). LTy8,
v8 T lymphocytes; MAIT, mucosal-associated invariant T cells; LB, B lymphocytes; NK, natural killer cells. viSNE map was then colored according to cell density in infected
and uninfected patients in both cohorts. Red indicates the highest density of cells, and blue indicates the lowest. (B) Proportion of CD3* T cells, CD19" B cells, CD3"CD56"
NK cells, and MAIT cells among lymphocytes in peripheral blood. (C and D) Proportions of T cell subsets. (E) Analysis of the functional status of specific T cell subsets based
on the expression of activation (CD38 and HLA-DR), exhaustion (PD-1), and Tfh markers (CXCR5"PD-17). (F) Proportions of B cell subsets. (G) Quantification of SARS-CoV-2
spike (S)-specific IgG antibodies using the S-Flow assay. Left: Percentage of cells expressing S protein. Right: Normalized mean fluorescence intensity (MFI). Each point
corresponds to one patient, and bars represent mean value. Significance was determined using unpaired t tests followed by Holm-Sidak correction for multiple testing.
*P <0.05, **P <0.01, and ***P < 0.001.
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T cell-specific responses in ICl-treated patients

with melanoma

Antigen-specific T cell responses and the production of neutralizing
antibodies determine disease trajectory outcome during late-stage
SARS-CoV-2 infection (13, 25, 26). We evaluated specific adaptive
immune responses in ICI-treated convalescent patients in compar-
ison to nonmelanoma convalescent patients (table S1). Patients were
analyzed after a median duration of 42 days (IQR, 32 to 52) after
disease onset, and median interval from the last dose of immuno-
therapy to COVID-19 diagnosis was 58 days (IQR, 28 to 73). All
had displayed mild-to-moderate COVID-19 disease.

Whole blood was collected and stimulated with spike protein (S),
nucleoprotein (NP), or membrane protein (M) peptide pools for
48 hours, and supernatants were collected for IFN-y measurement
by digital ELISA. In line with our finding that ICI-treated patients
had increased T cell activation during infection, ICI-treated conva-
lescent patients demonstrated increased antigen-specific T response
in comparison to nonmelanoma convalescent patients (Fig. 3A and
fig. S9); this response was mainly driven by S and NP peptides. T cell
phenotyping using mass cytometry and Fit-SNE analysis showed an
altered density profile in both CD4" and CD8" T cell populations in
ICI-treated convalescent patient in comparison to control convales-
cent patients (Fig. 3B and fig. S10). ICI-treated convalescent pa-
tients were characterized by a persistent decrease in the proportion
of naive CD4" and CD8" T cells (Fig. 3C), associated with an in-
crease of both EM and TEMRA T cell subsets, whereas the central
memory (CM) T cell subset remained stable (in comparison to the
active infection phase). In contrast, proportions of CD38" HLA-
DR T cells returned to baseline levels (Fig. 3C). Analysis of two
COVID-19 melanoma patients treated with targeted therapy (BRAF
and MEK inhibitors) in convalescent stage demonstrated a pheno-
typic profile that was similar to nonmelanoma COVID-19 patients
(fig. S11). In addition, ICI did not alter antibody levels nor their
neutralizing activity (Fig. 3D and fig. S12A), and the longevity of
anti-spike IgG and IgA antibodies was comparable in ICI-treated
patients and nonmelanoma patients (Fig. 3E and fig. S12B) (27-29).
Transcriptional analysis on whole blood collected from convales-
cent patients confirmed a persistent activated immunological state
in comparison to control convalescent patients (fig. S13, A and B).
Together, these data provide evidence that ICIs had a profound and
prolonged impact on SARS-CoV-2 antiviral cellular immunity.

DISCUSSION
The COVID-19 pandemic raised difficult challenges regarding the
management of patients with cancer, the latter being considered as
a high-risk population. However, it is not clear how treatment with
ICI modulated SARS-CoV-2 infection susceptibility and disease
outcome. By prospectively following a monocentric cohort of pa-
tients with melanoma, we identified 15 patients with COVID-19
that determined a 5% SARS-CoV-2 infection rate, with a quarter of
the patients requiring hospitalization. These findings suggested that
melanoma and ICI-treated patients were not a particularly vulnera-
ble population—apart from coexisting susceptibilities such as age
and other comorbidities. These preliminary results are in line with
others (17, 30) and support the safety of continued use of PD-1-blocking
agents during the COVID-19 pandemic.

The impact of ICI on viral infections has been widely investigated
in the context of chronic infections (31-34), yet how anti-PD-1 blockade
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affects cellular immunity during acute viral infection has been only
sparsely studied (35). We found no major difference in cytokine and
chemokine expression induced by ICI treatment, particularly in
TNF-o and IL-6, which were previously shown to drive critical dis-
ease. We also found similar induction of IFN-a in both cohorts, a
key cytokine that determines disease outcomes (20). Furthermore,
we describe enhanced antigen-specific T cell responses in ICI-treated
patients and increased expansion of EM CD8" T cells during acute
and convalescent phases.

Emerging evidence is challenging the concept of a hyperinflammatory
state as being a driver of critical COVID-19, with recent reports
demonstrating that hypercytokinemia is less marked in COVID-19
than in other critical conditions (36-38). These findings support al-
ternative mechanisms of COVID-19-mediated critical disease, in-
cluding the possibility that profound immunosuppression, through
sustained quantitative and qualitative loss of CD4* and CD8" T cells,
could be a key contributor of disease. It was shown that acute SARS-
CoV-2 infection leads to rapid deficiency in T cell functionality and
that specific CD8" T cells are essential for viral control and better
outcomes in mild infections (26, 39). Here, we found that during
active SARS-CoV-2 infection, patients undergoing treatment with
ICI induced higher proportions of EM CD8" T cells, a difference
that persisted in convalescent patients with the additional expan-
sion of TEMRA CD8" T cells. While we were not able to evaluate
the specificity of these T cell populations, we found that ICI-treated
patients had an enhanced response to SARS-CoV-2 peptides, sup-
porting the hypothesis that checkpoint inhibition enhanced CD8*
T cell immunity to SARS-CoV-2.

Intriguingly, recent findings reported that, although detectable
and sustained, memory CD8" T cells specific to SARS-CoV-2 were
found at frequencies that were 10-fold lower than upon influenza A
virus or Epstein-Barr virus infection (40). The authors suggested
that SARS-CoV-2 infection limits both clonal expansion and differ-
entiation of EM and CM subsets, with implications on clinical severity
and vulnerability for future reinfection. Our data provide experi-
mental evidence that treatment with anti-PD-1 agents may restore
this defect and suggest that SARS-CoV-2 infection limits T cell ex-
pansion and differentiation in part via the up-regulation of exhaus-
tion markers.

In contrast to the induction of effector T cells during infection,
we found that ICI-treated patients did not increase the proportion
of plasmablasts, the B cell “effectors.” Plasmablasts are rapidly in-
duced upon viral infection, including SARS-CoV-2 infection (25),
and are responsible for the production of the first antibody wave
during acute infection. The mechanism by which PD-1 blocking
agents inhibit the expansion of plasmablasts is unknown; it is possi-
ble that PD-1 blockade elicits the differentiation of plasma cells.
PD-1 is highly expressed on T follicular helper (Tth) cells, and the
PDL1-PD-1 interaction is known to block the migration of Tth into
lymphoid follicles (41). Alleviating this blockade gives germinal
center B cells a competitive advantage (41). Intriguingly, recent ev-
idence supports a crucial role of Tth during SARS-CoV-2 infection
and suggests a pathogenic role for extrafollicular B cell responses
(42). Despite this defect in plasmablasts, we found similar induction
of SARS-CoV-2-specific antibodies during the active phase, which
persisted in the convalescent phase. A longitudinal follow-up of anti-
body response for up to 1 year confirmed similar antibody longevity
(Fig. 3E and fig. S12B). This observation warrants further evaluation and
may provide important insights into the mechanisms underlying
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Fig. 3. ICl treatment has a lasting impact on SARS-CoV-2 antiviral cellular immunity. (A) Whole blood was collected from COVID-19 convalescent patients and was
stimulated with spike protein (S), nucleoprotein (NP), or membrane protein (M) peptide pools for 48 hours, and then supernatants were collected for IFN-y measurement
by digital ELISA. Stimulation index consists of IFN-y concentrations normalized by the uninfected group of each cohort. (B) Fit-SNE map of lymphocytes from convalescent
patients, measured with mass cytometry, map colored according to cell density. Red indicates the highest density of cells, and blue indicates the lowest. (C) Proportions
of T cell subsets in convalescent patients of both cohorts. (D) Frequency of SARS-CoV-2 S-specific IgG*, IgA™, or IgM* cells for each Ig subtype. (E) Longevity of SARS-CoV-2
S-specific IgG* in ICl-treated patients, shown as percentage or MFI. Each point corresponds to one sample (n = 33), and bars represent mean value. Nonparametric regres-
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***P < 0.001. ICs0, median inhibitory concentration.
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induction of antibodies during infection and their regulation by the
PD-1 axis.

Our study has limitations. First, it is a monocentric, cross-sectional
study built from a prospectively followed melanoma cohort, with a
limited number of infected patients, particularly in the ICI-treated
cohort. Conclusions regarding some of the immunological and the
clinical impact of anti-PD-1 treatment on COVID-19 are to be taken
with caution and require further validation with larger cohorts. Sec-
ond, our control cohort (nonmelanoma non-ICI treatment) was ex-
tracted from an independent study performed simultaneously and
using the same technological pipeline in another center. A cohort of
untreated stage III or IV melanoma patients would have been an
ideal, but challenging to form, control group. Third, the study was
not designed as a longitudinal study, so few sequential measure-
ments were available.

In summary, our data, in line with others (17, 30), support the
claim that treatment with anti-PD-1 agents does not pose a supple-
mentary risk for patients with melanoma cancer during the COVID-19
pandemic. Careful evaluation of the benefits and risks balance, in-
cluding individual risk factors, should be performed before each visit,
and subsequent treatment choice should be performed. Moreover,
immunological analysis suggests that ICIs do not exacerbate inflam-
mation and may be beneficial in accelerating and amplifying antiviral
T cell immunity in the context of acute infection, as well as estab-
lishing long-term immunity. This hypothesis warrants further evaluation
and, if validated, may have important implication in strategies aim-
ing to treat viral infection or to improve vaccination efficacy (43, 44).

MATERIALS AND METHODS

Study design and patient population

Patients included in this study were identified via MelBase, a French
clinical database with a biobank dedicated to the prospective follow-
up of adult patients with melanoma. MelBase protocol was approved
by the French ethics committee (CPP Ile-de-france XI, n°12027, 2012)
and registered in the National Institutes of Health clinical trials da-
tabase (NCT02828202). Written informed consent was obtained
from all patients.

We prospectively collected clinical data based on a standardized
clinical questionnaire designed to screen for possible symptoms
suggestive of COVID-19, done routinely in all patients with mela-
noma (n = 292) treated by ICI or targeted therapy, in the adjuvant or
metastatic settings, during the first French lockdown (17 March 2020),
in Saint-Louis Hospital, onco-dermatology unit. All patients were
contacted before their theoretical venue or during a teleconsultation
with a standardized questionnaire screening for possible symptoms
suggestive of COVID-19.

Patients presenting symptoms suggestive of SARS-CoV-2 infection
identified via the survey were clinically evaluated for severity criteria,
and nasal swabs for PCR testing were performed. Thoracic comput-
erized tomography (CT) scan was performed at the physician’s dis-
cretion. Serum for measurement of SARS-CoV-2-specific antibody
response was also collected from all patients during the epidemic
period until 30 June 2020 and systematically upon each patient visit
to our center, regardless of the presence of symptoms.

To understand the contribution of ICIs to the immune response
to SARS-CoV-2 infection, blood from confirmed cases was collected
for routine blood analysis and extensive immune profiling. Inclu-
sion criteria for this subgroup of COVID-19-infected patients were
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as follows: age between 18 and 80 years old, infusion of PD-1 block-
ade antibody within the last 6 weeks before inclusion, diagnosis of
COVID-19 according to the World Health Organization (WHO)
interim guidance, and positive SARS-CoV-2 RT-PCR testing on na-
sopharyngeal swab. Patients with an additional malignant disease
(including hematological and solid cancer) or with bacterial co-
infection were excluded. Patients with a documented SARS-CoV-2
infection at more than 21 days from symptoms onset and with a
negative SARS-CoV-2 RT-PCR test result were included as conva-
lescent patients. Uninfected controls matched for age, sex, and treat-
ment were also recruited among the melanoma cohort. Groups were
therefore defined as melanoma controls (ICI-No COVID: uninfected
ICI-treated patients with melanoma), melanoma with active COVID-19
(ICI-Active infection: ICI-treated melanoma patients with active
disease), and melanoma convalescent patients (ICI-Conv: ICI-treated
patients with melanoma during the convalescent phase after a proven
mild-to-moderate disease). In addition, nonmelanoma patients were
included as control samples and defined as controls (Ctrl-No COVID:
uninfected healthy participants), active COVID-19 (Ctrl-Active in-
fection: nonmelanoma patients with active disease), and convalescent
patient (Ctrl-Conv: nonmelanoma patients during the convales-
cent phase after a proven mild disease). Data for nonmelanoma pa-
tients (uninfected and active infection) were collected from our
previous study performed at Cochin Hospital (Paris, France).

Epidemiological, demographic, clinical, laboratory, treatment, and
outcome data were extracted from electronic medical records using
a standardized data collection form. Routine blood examinations were
complete blood count, plasmatic biochemical tests (including renal and
liver function, LDH, and electrolytes), CRP, and ferritin. Chest radio-
graphs or CT scans were also performed at the physician’s discretion.

Laboratory confirmation of SARS-CoV-2 was performed at Saint-
Louis Hospital, Virology Department, Paris, France. RT-PCR assays
were performed in accordance with the protocol established by the
WHO, Coronavirus disease (COVID-19) technical guidance: labo-
ratory testing for 2019 nCoV in humans. The severity of COVID-19
was classified on the basis of the adaptation of the Sixth Revised Trial
Version of the Novel Coronavirus Pneumonia Diagnosis and Treat-
ment Guidance.

Multiparameter phenotyping of peripheral blood leukocytes
using mass cytometry

The Maxpar Direct Inmune Profiling System (Fluidigm Inc., Canada)
was used for high-dimensional immune profiling of whole blood,
using a 30-marker antibody panel with the addition of two markers:
anti-PD-1 conjugated to 175Lu (1 pg/ul concentration) and anti-Tim3
conjugated to 165Ho (1 pug/ul concentration). The list of antibodies
and definition of cellular subsets used and staining protocols are
summarized in (20) and table S2.

Cell events were acquired on the Helios mass cytometer and CyTOF
software version 6.7.1014 (Fluidigm Inc., Canada) at the “Plateforme
de Cytométrie de la Pitié-Salpetriere (CyPS).” An average of 400,000
events were acquired per sample. Mass cytometry standard files pro-
duced by the HELIOS were normalized using the CyTOF software
v.6.7.1014. This method normalizes the data to a global standard
determined for each log of EQ beads.

FCS3.0 files generated by the Helios were analyzed using GemStone
software (Verity Software House, Topsham, ME), an automated
analysis system. This system is integrated with dimensionality re-
duction mapping known as Cauchy enhanced nearest-neighbor
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stochastic embedding (Cen-se), which generates a visual display of
high-dimensional data labeled with the major cell populations.

The multiparametric analysis of activation and immune check-
point markers was performed on Flow]Jo, and the data generated were
then analyzed using Tableau Desktop. For whole blood cell analysis,
a viSNE analysis was performed (Cytobank Inc., Mountain View,
CA, USA), mapping and integrating a total of 50,000 peripheral
blood mononuclear cell samples analyzed for each group FCS file.
Parameter viSNE maps were created with all markers. The settings
used for the viSNE run were as follows: iterations (3000), perplexity
(70), and theta (0.5). viSNE maps are presented as means of all sam-
ples in each category. For T cell analysis, a Fit-SNE analysis was
performed (OMIQ, Santa Cruz, CA, USA), mapping and integrat-
ing a total of 60,000 T cell samples analyzed for each group FCS file.
Parameter Fit-SNE maps were created with CD4, CD8, CCR7,
CD45RA, CD45R0, CD28, CD38, HLA-DR, and CD27. The settings
used for the Fit-SNE run were as follows: iterations (2000), perplex-
ity (50), and theta (0.2). Fit-SNE maps are presented as means of all
samples in each category.

Gene expression analysis

As previously described (20, 45), total mRNA was diluted with
ribonuclease-free water at 20 ng/pl in 12 strips. We analyzed 100 ng (5 ul)
of total RNA from each sample using the NanoString human immuno-
logy kit v2 according to the manufacturer’s instructions. Each sample
was analyzed in a separate multiplexed reaction including in each
eight negative probes and six serial concentrations of positive con-
trol probes. Data were imported into nSolver analysis software (ver-
sion 4.0, NanoString) for quality checking and then exported as a
table, and all subsequent analyses were performed using R (version
3.4.3 CRAN), using ggplot2 for plots. Background level was computed
as mean + 2 SD of the negative control probes, for all samples.
The housekeeping genes were selected from the 15 candidate con-
trol genes provided by NanoString, following the geNorm method
(46). Briefly, after selection of genes with all values above the back-
ground level, for each two genes j # k, pairwise variation coefficient

Vik is defined as
ajj
by =2

where a;; is the number of counts for the gene j in the sample i. The
gene stability measure M; for control gene j is the arithmetic mean
of all pairwise variations Vi for k # j. M; evaluates the degree of
correlation of gene j to other control genes (the smaller M; is, the
more correlated gene j is to other control genes). Genes were ranked
by increasing M, and to determine a threshold, the normalization
factors NF, were computed for all n (defined as the geometric mean
of the housekeeping gene counts) of each sample when considering
the n genes with the lowest M as a housekeeping gene set. Correla-
tions between consecutive normalization factors increased then de-
creased when adding the sixth gene with lowest M. This threshold
was confirmed by studying the pairwise variation between consecu-
tive NF,s. The final housekeeping gene set consisted of the follow-
ing six genes: TBP, TUBB, GUSB, POLR1B, SDHA, and ABCF1I.
Normalization was performed as follows: The scaling factor for a
sample was defined as the ratio of the average across all geometric
means and the geometric mean of the sample. For each sample, all
gene counts were multiplied by the corresponding scaling factor. After
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normalization, background level was recomputed as 54 normalized
counts. Genes with no values above background levels as well as pos-
itive and negative control and housekeeping genes were removed from
subsequent analyses. Normalized counts were log;o-transformed for
all subsequent analyses. Data from both cohorts were normalized
using these housekeeping genes. As samples from the two cohorts
were processed in separate batches, data from each cohort were
normalized by the mean of the non-COVID-19 patients for cohort
comparisons.

Group comparisons, heatmaps, and GSEA

For each group comparison, genes with at least one value above
background levels in one of the groups were tested. ¢ tests, which are
shown to be robust against non-normality, were performed to com-
pare groups for each gene. GSEA plots were obtained by feeding the
list of genes ordered by their ¢ statistics to the GSEA algorithm (ver-
sion 4.0.3, Broad Institute), along with a pathway dataset built from
the NanoString Immunology panel version 2 annotation file. Pa-
rameters were set as follows: method, preranked gene list; number
of permutations, 10,000; enrichment statistic, classic; minimum set
size, 5; maximum set size, 500; and all other parameters as default.
Heatmaps were generated with the 100 genes with the smallest P values,
using pheatmap (package pheatmap), with data centered to 0 and
scaled to unit variance for each gene.

To assess differential gene signatures upon SARS-CoV-2 infection
in control versus ICI-treated patients and because RNA data did not
clearly violate the homoscedasticity assumption, we performed, for
each gene, a two-way ANOVA and reported the P value for the in-
teraction term, followed by false discovery rate computation.

Cytokine assays

Before protein analysis, plasma samples were treated in a P3 labora-
tory for viral decontamination using a protocol previously described
for SARS-CoV, which we validated for SARS-CoV-2. Briefly, sam-
ples were treated with Triton X-100 (TX100) 1% (v/v) for 2 hours at
room temperature (RT). IFN-a2, IFN-B, and IL-17A protein plas-
ma concentrations were quantified by a Simoa triplex assay devel-
oped with Quanterix Homebrew kits as previously described (13).
IL-6, TNF-a, and IL-10 were measured with a commercial triplex
assay (Quanterix). The limits of detection of these assays were 2 fg/
ml for IFN-a and 7 fg/ml for IFN-B. Additional plasma cytokines
and chemokines were measured with a commercial Luminex multi-
analyte assay (Biotechne, R&D Systems).

SARS-CoV-2-specific T cell restimulation assay

One hundred microliters of whole blood was incubated with 200 pl
of TruCulture media (Myriad RBM) with overlapping peptides from
SARS-CoV-2 proteins M, N, and § either individually or pooled
(M + N + S) (Miltenyi Biotec) (2 ug/ml), with or without anti-CD28
(2 pg/ml) costimulation, for 48 hours at 37°C. After incubation, su-
pernatants were collected and frozen at —80°C before IFN-y quanti-
fication with Simoa ELISA.

Assessment of IFN-stimulated gene expression

inwhole blood

Total RNA was extracted using the Paxgene blood RNA extraction
(Quiagen), according to the manufacturer’s instructions. RNA
concentration was assessed using a spectrophotometer (NanoDrop
UV visible spectrophotometer, Thermo Fisher Scientific). Quantitative

100f 13

T20Z ‘€0 Jequie1des Lo Ineised 1n11su | 1e B10°8ous 105" MMM//SANY WO.J Papeo luMod



SCIENCE ADVANCES | RESEARCH ARTICLE

RT-PCR (qPCR) analysis was performed using the TagMan Universal
PCR Master Mix (Applied Biosystems) and complementary DNA
derived from 40 ng of total RNA. Using TagMan probes for IFI27
(Hs01086370_m1), IFI44L (Hs00199115_m1), IFITI (Hs00356631
gl), ISG15 (Hs00192713_m1), RSAD2 (Hs01057264_m1), and
SIGLECI (Hs00988063_m1), the relative abundance of each tar-
get transcript was normalized to the expression level of SDHA
(Hs00188166_m1). Real-time qPCR was performed in duplicate using
the LightCycler VIIA7 System (Roche). The RQ value was equal to
284 where AAct is calculated by (CT target — CT SDHA) test sample —
(CT target — CT SDHA) calibrator sample. ISG score was consid-
ered as the mean of the genes used to assess type I IFN.

SARS-CoV-2 serological assay

Screening for SARS-CoV-2-specific antibodies was performed us-
ing either the SARS-CoV-2 IgG Architect (Abbott, Sligo, Ireland)
following the manufacturer’s instruction or the S-Flow assay de-
scribed in (27, 29). Briefly, 293T-S cells stably expressing the SARS-
CoV-2 Spike protein (GenBank: QHD43416.1) were generated by
lentiviral transduction and selection with puromycin (1 pug/ml).
Control and 293T-S cells were incubated at 4°C for 30 min with sera
(1:300 dilution) in phosphate-buffered saline (PBS) containing 0.5%
bovine serum albumin and 2 mM EDTA, washed with PBS, and
stained using either anti-IgG Alexa Fluor 647 (dilution 1:600; Thermo
Fisher Scientific), anti-IgM Alexa Fluor 488 (dilution 1:600; Thermo
Fisher Scientific), or anti-IgA Alexa Fluor 647 (dilution 1:800; Jackson
ImmunoResearch). Cells were washed with PBS and fixed for 10 min
using 4% paraformaldehyde. Data were acquired on an Attune NxT
instrument (Life Technologies) and analyzed with FlowJo 10 (BD
Biosciences). Specific binding was calculated with the following for-
mula: 100 x (% binding on 293T-Spike — % binding on control cells)/
(100 — % binding on control cells).

The capacity of sera to neutralize SARS-CoV-2 was measured
using lentiviral Spike pseudotypes as previously described (27, 29).
Briefly, 2 x 10* 293T-ACE2 cells were plated in 96-well plates. Sin-
gle-cycle lentiviral Spike pseudotypes encoding for a luciferase re-
porter gene were preincubated 30 min at RT with the serum to be
tested at the indicated dilution and added to the cells. The luciferase
signal was measured after 48 hours. The percentage of neutralization
was calculated with the following formula, setting the “no-serum”
condition at 0% and the “no-pseudotype” condition at 100%: 100 x
(1 — (value with serum — value with no pseudotype)/(value with no
serum — value with no pseudotype)).

Statistical analysis

Prism (GraphPad) version 8.4.0 and R (CRAN) version 3.4.3 were
used for statistical analysis. Comparisons of groups were performed
using ¢ tests, which are known to be robust with respect to depar-
tures from normality (47). Unpaired t test without correction was
performed when no evidence for heteroscedasticity was found
(F test of equality of variance P > 0.2), while correction for variance
inequality was performed using Welsh’s correction when F test P <
0.2. Holm-Sidak method was used to correct for multiple testing.
When homoscedasticity was not clearly violated, two-way ANOVAs
followed by post hoc Sidak’s procedure were also performed and
yielded the same statistically significant findings. Correlations be-
tween quantitative variables were assessed using Spearman’s correla-
tion coefficient and the associated P value. P < 0.05 was considered
statistically significant.
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