ONCOIMMUNOLOGY
2022, VOL. 11, NO. 1, €2012961 (11 pages)
https://doi.org/10.1080/2162402X.2021.2012961

Taylor & Francis
Taylor &Francis Group

ORIGINAL RESEARCH

8 OPEN ACCESS ’ W) Check for updates

Bystander CD4™ T cells infiltrate human tumors and are phenotypically distinct
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ABSTRACT

Tumor-specific T cells likely underpin effective immune checkpoint-blockade therapies. Yet, most studies
focus on Treg cells and CD8" tumor-infiltrating lymphocytes (TILs). Here, we study CD4* TILs in human
lung and colorectal cancers and observe that non-Treg CD4* TILs average more than 70% of total CD4*
TILs in both cancer types. Leveraging high dimensional analyses including mass cytometry, we reveal that
CD4* TILs are phenotypically heterogeneous, within each tumor and across patients. Consistently, we find
different subsets of CD4" TILs showing characteristics of effectors, tissue resident memory (Trm) or
exhausted cells (expressing PD-1, CTLA-4 and CD39). In both cancer types, the frequencies of CD39™ non-
Treg CD4" TILs strongly correlate with frequencies of CD39~ CD8" TILs, which we and others have
previously shown to be enriched for cells specific for cancer-unrelated antigens (bystanders). Ex-vivo,
we demonstrate that CD39~ CD4* TILs can be specific for cancer-unrelated antigens, such as HCMV
epitopes. Overall, our findings highlight that CD4" TILs can also recognize cancer-unrelated antigens
and suggest measuring CD39 expression as a straightforward way to quantify or isolate bystander CD4*
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Introduction

Numerous studies have established the importance of T cells in
controlling cancer." Nonetheless, tumors can escape this
immune surveillance by diverse mechanisms.” As various
forms of cancer therapy stand, immunotherapy is rapidly evol-
ving and has proved to effectively restore T cell-mediated
immune responses. Strategies include immune checkpoint
blocking receptors (i.e. anti-CTLA-4 or anti-PD1), autologous
T cell transfer,” as well as therapeutic cancer vaccines.” However,
the efficacy of these therapies is unpredictable and only some
patients successfully respond.®” Therefore, a better understand-
ing of T cell biology — CD8 and CD4 - in the tumor microenvir-
onment is crucial to improve cancer therapies. Recently, we
showed in the context of human colorectal and lung cancers
that CD8" tumor-infiltrating lymphocytes (TILs) are not only
specific for tumor antigens but can also recognize a wide range of
cancer-unrelated epitopes (called bystander CD8" TILs).* We
suggested measuring CD39 expression as a straightforward way
to quantify or isolate bystander CD8" T cells as well as being
a potential biomarker for immunotherapy.®'® These observa-
tions are now confirmed in different cancer types.''**
Although CD4" TILs are also involved in tumor
responses,'” many studies focused on the role of FoxP3-
expressing regulatory T (Treg) cells in cancer.'®™'® Treg

cells suppress tumor immunity by various mechanisms
including: 1) Disruption of the metabolic pathway (i.e.
CD39 expression), 2) Modulation of dendritic cells func-
tion (i.e. CTLA-4 expression), 3) Production of anti-
inflammatory molecules (i.e. IL-10, TGEP), 4) Induction
of apoptosis.'” Abundant Treg infiltration into tumors is
strongly associated with poor prognosis in multiple cancer
types.'”*° Because of their deleterious role, several mole-
cules have been developed to specifically target these cells
in human cancers (e.g. anti-CTLA-4, anti-CD25).217%°
Importantly, a large proportion of CD4" TILs consist of
non-Treg cells. Studies in mice have shown that these cells
play a key role in anti-tumor responses.'>*® By producing
IENYy, they induce an up-regulation of MHC class I and II
expression by tumor cells and dendritic cells (DC).*’
Production of IFNy by CD4" TILs also induce expression
of chemokines supporting homing of CD8" T cells to the
tumor site (e.g. CXCL10).?” Activated CD4" T cells
express CD40L by which they can activate DC, and sup-
port CD8" T cells priming and memory formation.?’
Furthermore, they can have a cytotoxic function and
directly kill tumor cells as well.*® In humans, a number
of case reports identified tumor-specific CD4" T cells
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targeting neoantigens in various cancer types.”” ' Based
on these observations, developing CD4-based therapeutic
vaccination and/or adoptive cell therapies by targeting
tumor-specific CD4* T cells seems essential.>**>">> The
limited number of tools that allow studying CD4" TILs
(i.e. MHC class II tetramers, in-vitro assays) had so far
made this population poorly characterized as compared to
CD8" TILs and Treg cells. Uncovering the role of these
cells in the tumor microenvironment would thus help
design new strategies to manipulate them and improve
immunotherapy efficiency. A recent work studied antigen-
specific CD4" T cells in human papillomavirus (HPV)-
induced cancers. These cancers express the tumor-
specific proteins E6 and E7 from HPV, allowing identifi-
cation of tumor-specific CD4" T cells in a large cohort of
patients. The authors showed that CD39" CD4" TILs are
almost exclusively composed of tumor-specific T cells in
these cancers.’® In our study, we comprehensively profiled
CD4" TILs in human colorectal and lung cancers using
mass-cytometry and in-vitro antigens stimulation assay.
Our findings highlight that non-Treg CD4" TILs can be
divided into two distinct populations. The first one
expressing CD39 is exhausted and shows hallmarks of
tumor-specific cells. The second one lacking CD39 expres-
sion is functional and can recognize cancer-unrelated anti-
gens, just as observed for CD39~ CD8" TILs.® Taken
together, we hypothesize that measuring CD39 expression
is a straightforward way to quantify or isolate bystander
CD4" TILs.

Results

Tumor infiltrating CD4" T cells are composed of a majority
of non-Treg cells

To study CD4" T cells, we developed a mass cytometry panel
consisting of 38 heavy metal-labeled antibodies that include
markers of tissue residency, stimulatory and inhibitory recep-
tors (Figure la and Table S1). We profiled two cohorts of
patients, one with lung cancer and another with colorectal
cancer. The composition of CD4" T cells was assessed using
a Uniform Manifold Approximation and Projection (UMAP)
based on protein expression. UMAP is a dimension reduction
algorithm that performs a pair-wise comparison of the cellular
phenotypes to optimally plot similar cells close to each other.””
For our analysis, surface proteins, or dimensions, were reduced
into two dimensions (UMAP1 and UMAP2). We first com-
pared CD4™ T cells isolated from the PBMC and tumor of the
same patient, which allowed for an accurate comparison
between the two tissues. We observed that CD4" T cells derived
from blood and tumor were localized in different areas of the
two-dimensional UMAP plot, indicating distinct phenotypes
of CD4™ T cells between blood and tumor (Figure 1b and 1c).
This difference was mainly driven by expression of tissues-
resident markers (CD103, CD69)**** and inhibitory/exhaus-
tion receptors (PD-1, CD39) in the tumor tissue (Figure 1b, 1c
and 1d). Next, we focused our analysis on the tumor tissue. We
observed that the majority of CD3" TILs were composed of
CD4" TILs (Figure le), with only 35% and 24% of CD8" TILs

in lung cancer (n = 28) and colorectal cancer (n = 50), respec-
tively. Of note, we also observed the presence of double nega-
tive (i.e. CD4 ~ CD8") T cells infiltrating tumor tissue in both
cohorts (Supplementary Figure la). Within CD4" TILs, we
distinguished Treg and non-Treg cells based on the expression
of FoxP3 (figure 1f). Non-Treg CD4" TILs accounted for
a higher proportion of CD4" TILs as compared to Treg cells,
with a mean frequency of 78.8% vs. 19% in lung cancer and
66% vs. 35% in colorectal cancer (Figure 1g). In both cohorts,
we did not observe any correlation between the frequencies of
Treg or Non-Treg populations among CD4" TILs with clinical
parameters, such as overall survival, histological grade, patho-
logical group, gender, smoking status or EGFR mutation status
(Supplementary Figure 2).

These results highlight that the CD4" T cells infiltrating
tumor tissue are phenotypically different from the CD4"
T cells in the blood. Furthermore, the majority of CD4"
T cells in tumor tissue are composed of non-Treg cells, sup-
porting the importance of studying this population in tumor
immune response.

Tumor infiltrating CD4" T cells are heterogeneous with
a contrasted phenotypic profile

We first performed an UMAP analysis to explore the hetero-
geneity of CD4" TILs at the individual level. We distinguished
several cell clusters, illustrating a broad phenotypic heteroge-
neity (Figure 2a). We first identified a cell population with Treg
cells features (FoxP3*, CD25%, ICOS*, CD127 , CTLA-4")
(Figure 2a). Among the non-Treg CD4" TILs, we observed
presence of multiple cell clusters expressing co-stimulatory
and co-inhibitory markers at variable intensities. For instance,
these cells expressed CD69, excluding a blood contamination,
but only a small fraction expressed the tissue resident memory
(Trm) marker CD103. CD127 (IL-7R), which promotes survi-
val of effector cells, is only found in some of the clusters.
Within the cell clusters negative for CD127, we detected cells
harboring hallmarks of exhaustion (called Exhausted-like)
(Figure 2a). These cell clusters expressed differential levels of
co-inhibitory receptors such as PD-1, CTLA-4 and CD39,
suggesting an ongoing antigen exposure at the tumor site
(Figure 2a and Supplementary Figure 1b). We next performed
the UMARP analysis on two sets of data acquired in parallel to
measure the heterogeneity between patients (one set of five
lung tumors and another set of five colorectal tumors)
(Figure 2b). We identified two main cell populations with or
without Treg cell features (Figure 2b). Again, we observed
several clusters of cells for each patient sample, corroborating
the CD4" TIL heterogeneity within individual tumor.
Moreover, for both non-Treg and Treg CD4" TILs, we noted
that cluster positions differed for each patient, indicating a high
degree of heterogeneity across patients as well. We then mea-
sured expressions of Trm markers, co-stimulatory and inhibi-
tory receptors on Treg and Non-Treg cells in both cohorts. As
extensively described in the literature, Treg cells expressed
hallmarks of activated/exhausted cells in both cohorts with
high expression levels of CD39, CTLA-4, ICOS, TIGIT, PD-1,
CD25.* All non-Treg CD4" TILs expressed the memory mar-
ker CD45RO (>95% in both cohorts) and many of them
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Figure 1. CD4* TILs are composed of a majority of non-Treg cells. (a) Identification of CD4" T cells by mass-cytometry (Live CD45"CD3*CD4™). Representative dot plot
from one colorectal tumor sample. (b) UMAP plot on CD4* T cells from paired blood and tumor samples of a lung cancer patient (left panel). Normalized expression
intensities of CD69, CD103, PD-1, and CD39 were calculated and overlaid on the UMAP plot (right panel). (c) UMAP plot on CD4* T cells from paired blood and tumor
samples of a colorectal cancer patient (left panel). Normalized expression intensities of CD69, CD103, PD-1, and CD39 were calculated and overlaid on the UMAP plot
(right panel). (d) Expression of CD69, CD103, PD-1, and CD39 by CD4* T cells in PBMC (white) and tumor (orange). Data are from paired samples of n = 10 (lung cancer)
and n = 12 (colorectal cancer) biologically independent individuals. Means + SD, Paired t test — two-tailed. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (e)
Frequency of CD4" and CD8* TILs among total CD3* TILs in lung tumors (left) and colorectal tumors (right). Data are from tumor samples of n = 28 (lung tumors) and
n = 51 (colorectal tumors) biologically independent individuals. Means + SD. (f) Gating strategy to distinguish between Treg (Live CD45*CD3*"CD4*Foxp3*) and Non-
Treg CD4* TILs (Live CD45"CD3*CD4*FoxP3"). Representative dot plot from one colorectal tumor sample. (g) Frequency of Non-Treg and Treg CD4" TlLs in lung tumors
(left) and colorectal tumors (right). Data are from tumor samples of n = 28 (lung tumors) and n = 51 (colorectal tumors) biologically independent individuals. Means +
SD, Paired t test — two-tailed. ****p < 0.0001

expressed the activation/tissue residency marker CD69 (>75%  found on a small fraction of CD4" TILs (<23% in both cohorts)
in both cohorts). Interestingly, the other residency marker (Figure 2c). Expression of stimulatory markers and inhibitory
CD103, which is highly expressed by CD8" TILs,**' was only  receptors varied greatly between patients of the same cohort,
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which explain the important phenotypic diversity observed for
CD4" TILs between patients (Figure 2b). Non-Treg CD4" TILs
expressed co-stimulatory receptors, such as CD28, CD38,
ICOS but only a small fraction expressed CD127 (21% in
lung and 17.1% in colorectal cancer). Interestingly, some non-
Treg CD4" TILs expressed CD25 (11.1% in lung and 26.7% in
colorectal cancer), suggesting that the use of CD25 and CD127
alone to identify Treg cells in the context of tumor infiltrates
could lead to a contamination by non-Treg CD4" TILs (i.e.
Foxp3”). More interestingly, non-Treg CD4" TILs also
expressed hallmarks of exhausted cells at different levels across
patients. Expression of inhibitory receptors associated with
chronic antigen stimulation such as TIGIT (22.5% and
56.9%), PD-1 (58.5% and 71.6%) and CTLA-4 (30.7% and
29.6%) in both lung and colorectal cancers suggested a role
for these cells in tumor immunity. Of note, frequencies of
CD39" non-Treg CD4" TILs (38.2% and 20.2% for lung and
colorectal cancer, respectively) were very heterogeneous, ran-
ging from 4.6% to 70% across patients.

Overall, these data showed a high degree of phenotypic
diversity among non-Treg CD4" TILs within individual
tumors and across patients. Phenotypic analysis showed that
both effectors and exhausted cells were found in the same
tumor.

CD39 expression defines two populations of non-Treg
CD4" TiLs

As we and others have shown that cancer-unrelated bystan-
der CD8" TILs are abundant in cancer and phenotypically
distinct (i.e. lack of CD39 expression),>'"'* we explored
whether this could be echoed on non-Treg CD4" TILs. We
first measured the expression of CD39 by non-Treg CD4"
TILs. Strikingly, we observed an important heterogeneity for
CD39 expression across both cohorts, with patients showing
up to 95% of CD39™ non-Treg CD4" TILs and others show-
ing less than 10% (Figure 3a, 3b). We hypothesized that if
CD39" non-Treg CD4" TILs were bystander cells, they
should express a different phenotypic and functional profile.
By assessing inhibitory receptors associated with chronic
antigen stimulation, we observed a significantly lower
expression of TIGIT, Tim3, CTLA-4, and PD-1 on CD39~
non-Treg CD4" TILs as compared to theCD39" counterparts
(Figure 3c, 3d). These differences were also observed in
markers intensity expression, with a significantly increased
intensity of CTLA-4 and PD-1 by CD39" non-Treg CD4"
TILs (Figure 3e). Furthermore, frequency of proliferating
cells (i.e. Ki67") was higher on CD39" non-Treg CD4"
TILs, indicating a local T cell activation (Supplementary
Figure 4a and 4b). To confirm these observations, we
assessed functional properties of both populations. After in-
vitro stimulation using PMA/Ionomycin, we measured pro-
duction of IFNy, IL-2 and TNFa. CD39™ non-Treg CD4"
TILs produced more TNFa compared to their CD39" coun-
terparts, suggesting that these cells are more functional and
less exhausted (Figure 3c and 3f and Supplementary
Figure 4c). Finally, we performed a correlation analysis
comparing frequencies of CD39™ non-Treg CD4" TILs with
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CD39™ CD8" TILs of the same patient (Figure 3g). In both
tumor types, frequencies of bystander CD8" TILs strongly
correlate with frequencies of CD39™ non-Treg CD4" TILs.

These data highlight that two distinct populations of non-
Treg CD4" T cells infiltrate tumors. The first one expressing
CD39 is exhausted and shows hallmarks of tumor-specific cells
(see discussion). The second one lacking CD39 expression is
functional, and their infiltration to the tumor site correlates
with the presence of CD39™ CD8" TILs.

Cancer-unrelated non-Treg CD4" TiLs lack CD39
expression

To confirm our hypothesis that bystander CD4" TILs are
present at the tumor site, we studied the antigen specificity
of these cells. We optimized an activation-induced marker
(AIM) assay to assess activation of CD4" TILs stimulated
with cancer-unrelated epitopes. From our previous observa-
tions showing the presence of HCMV-specific CD8" TILs,®
we decided to use an HCMV pp65 peptide pool in our
experiments (Figure 4a). By measuring the up-regulation of
both CD40L and CD69 after peptide pool stimulation, we
would be able to identify antigen-specific cells.*” As
expected, we detected presence of HCMV-specific CD4"
T cells in PBMC (Figure 4b). Interestingly, we also detected
presence of HCMV-specific CD4" T cells in tumor tissues
(Figure 4b). When compared with the negative control
(PBMC incubated with DMSO), we observed a significant
higher frequency and fold change of HCMV-specific cells in
CD4" TILs, confirming that similarly to CD8" TILs, cancer-
unrelated CD4" T cells infiltrate tumor tissues (Figure 4c
and d). Next, we measured the expression of CD39 on these
bystander CD4" TILs and found none (Figure 4e). Of note,
the cells were stimulated during 18 hours and CD39 is
considered as a late activation marker only up-regulated
by CD4" T cells after 48 h stimulation.*’ In order to
exclude any expression of CD39 by CD4" T cells induced
upon stimulation, cells were stained with CD39 prior to
peptides stimulation (See Methods). As an internal control
of this experiment, we observed CD39 expression for others
populations of CD4" TILs, confirming the validity of our
assay (Figure 4e).

These observations demonstrate that cancer-unrelated
CD4" T cells infiltrate tumor tissues, and measuring CD39
expression could be a straightforward way to identify this
population in tumor tissue (Supplementary Figure 5).

Discussion

Since the late 1990s, cancer research has highlighted the central
role of T cells in antitumor immunity.** Notably, because of
their ability to directly kill tumor cells and our better under-
standing of MHC class I tumor antigens, the role of CD8"
T cells has come under scrutiny.*”*” In the meantime, many
studies have also elucidated the detrimental role of CD4" Treg
cells in antitumor immunity and brought these cells at the
center stage as immunotherapy targets.* Our work brings to
light that consistently, a major fraction of the T cells infiltrating
the tumor are composed of non-Treg CD4™ T cells in both
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Fold change of HCMV (pp65)-specificCD4™ T cells frequency in PBMC and tumor compared to unstimulated controls. Data are from n = 6 biologically independent
individuals. Means + SD, Wilcoxon signed-rank test. *p < 0.05. (e) Dot plots showing expression of CD39 by HCMV-specificCD4* (orange) vs. total CD4* (gray) TlLs in lung

cancer patients. Data are from n = 3 biologically independent individuals.

colorectal and lung cancers. Similar observation has been pre-
viously made in breast cancer.'® In lymph nodes, non-Treg
CD4" T cells support the priming of tumor-specific CD8"
T cells.*” These cells enhance the activity of CD8* TILs by
producing cytokines (i.e. TNFa, IFNy) but can also act as
effectors by eliminating tumor cells in a direct or indirect
way.'>*® Contrary to the MHC class I molecule that is
expressed by tumor cells and presents tumor antigens to
CD8" TILs, MHC class II is usually not expressed (or at low
levels) by human tumor cells.”’ However, we clearly observe an
up-regulation of markers associated with chronic antigen
exposure in non-Treg CD4" TILs, such as PD-1 and CTLA-4,
indicating that these cells can be activated at the tumor site as
well.” Of note, inhibitory receptors can be transiently expressed
on functional T cells during activation (e.g. PD-1, TIGIT).>?
However, in the context of cancer, accumulation of inhibitory
receptors is associated with exhaustion of T cells due to chronic
antigenic stimulation.”>>> We hypothesize that this activation

could be mediated by antigen-presenting cells, such as macro-
phages and dendritic cells. The distinct phenotype of non-Treg
CD4" TILs observed across patients, especially regarding
expression of inhibitory receptors, could be explained by
tumor-intrinsic factors shaping the individual tumor immune
microenvironment.>* Furthermore, we also observe heteroge-
neity of non-Treg CD4" TILs within the same tumor, with cells
showing an effector phenotype and others expressing hall-
marks of chronic antigen stimulation, notably CD39.

CD39 is an enzyme that converts the extracellular ATP
to AMP. In turn, CD73 converts AMP into adenosine,
which is showed to possess immunosuppressive activity.’
Thus, conversion of extracellular ATP into adenosine by
CD39 leads to inhibition of CD4, CD8, NK cell function,
decreased phagocytosis and antigen presentation activities
by macrophages and dendritic cells.”*"*® Although we used
in our study CD39 to stratify CD4" TILs, it would be
interesting to measure and study the role of CD73 on
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CD4" TILs, as reported previously between effector CD73"
CD4" T cells and CD39" Treg in breast cancer.”® Widely
reported in Treg-related literature, CD39 has also been
described on HIV-, HBV- and tumor-specific CD8"
T cells as a marker expressed during chronic antigen
stimulation.®**"®' However, only a few groups have char-
acterized this marker on non-Treg CD4" TILs. In-vitro,
CD39 is expressed on non-Treg CD4" TILs after activation
and on Listeria-specific CD4" T cells after infection.*’
Interestingly, a pioneer study reported an increased fre-
quency of pathogenic CD39" non-Treg CD4" T cells in the
peripheral blood of patients with renal allograft
rejection.®® As previously observed for CD8" TILs, CD39
could be a useful marker to identify tumor-specific CD4"
T cells within the tumor microenvironment as well.
Similarly, although we did not identify any correlation
between clinical features and frequencies of CD4" TILs
subsets (Supplementary Figures 2 and 3), it would be
interesting to assess the presence of CD39™ and CD39"
CD4" TILs by immunohistochemistry on responder vs.
non-responder patients treated with immunotherapy, as
performed previously for CD39" CD8* TILs.” Further
studies will be needed to confirm this hypothesis and to
better understand the regulation of CD39 on non-Treg
CD4" TILs.

By investigating the antigen specificity of CD4" TILs, we
detected cancer-unrelated bystander CD4" TILs. These
HCMV-specific cells lack CD39 expression, which mirrors
our previous observations with CD39~ CD8" TILs specific
for cancer-unrelated antigens (HCMV, EBV, and Flu).®
Future studies will be needed to confirm the reactivity of
CD4" TILs to EBV or Flu viruses. The observation of
a possible correlated CD4 and CD8 T cell response in the
tumors would be consistent with the notion that tumor-
specific CD4 responses are also required for the induction
of tumor-specific CD8 response as recently illustrated in
mice.”® Of note, in some patients, up to 95% of non-Treg
CD4" TILs lack CD39 expression. Taken together, this
observation could suggest that an important fraction of
CD4" (and CD8") TILs is not tumor-specific in some
patients. This hypothesis could explain, along with other
factors, the absence of response in many patients treated
with immunotherapy.®®

In this study, we have been unable to assess the presence
of tumor-specific CD4" T cells. Although possible, studying
tumor-specific CD4" T cells remains technically challenging
due to the difficulty to identify tumor epitopes for CD4"
T cells (i.e. neoantigens).”* Nevertheless, bystander CD4"
(and CD8") TILs should not be considered as passive cells
in the tumor microenvironment. Several reports have high-
lighted their role in modulating disease severity upon TCR-
independent activation.®>®® Because of their TCR specificity
for known viral epitopes, virus-specific bystander TILs
could also be specifically targeted by therapeutic approaches
to produce cytokines and enhance anti-tumor response.'*

Overall, our findings highlight that non-Treg CD4" TILs
cells represent one of the main lymphocytes recruited at the
tumor site as well as a potential target of interest for
immunotherapy.

Methods
Human samples

PBMC and tumor samples were obtained from patients
with colorectal cancer or lung cancer. The use of human
tissues was approved by the appropriate institutional
research boards, A*STAR and the Singapore Immunology
Network, Singapore.

Cell isolation

Samples were prepared as previously described.®” In brief,
tissues were mechanically dissociated into small pieces and
incubated at 37°C for 15-40 min in DMEM + collagenase
IV (1 mg/ml) + DNAse (15 ug/ml). Digestion was stopped
by addition of RPMI containing 5% FBS. Dissociated tissues
were filtered and washed in RPMI + 5% FBS + DNAse
(15 ug/ml). All samples were cryopreserved in 90% FBS +
10% DMSO and stored in liquid nitrogen.

Mass-cytometry staining

Samples were stained as previously described.®”®® In brief,
antibody conjugation was performed according to the pro-
tocol provided by Fluidigm (see Table S1 for clone list and
metals). Prior to surface staining, cells were stained with
Cisplatin (viability marker) at 5 pM in PBS for 5 min. Cells
were then stained in PBS + 0.5% BSA buffer with surface
antibodies at 4°C for 15 min. After two washing steps, cells
were fixed in FoxP3 fixation buffer (eBioscience - 00-5521-
00) for 30 min at 4°C. After washing in permeabilization
buffer, cells were stained with biotinylated FoxP3 during
30 min at 4°C in permeabilization buffer. Cells were washed
and stained with a heavy metal-labeled streptavidin for
30 min at 4°C in permeabilization buffer. After two wash-
ing steps, cells were fixed in 2% PFA overnight. Prior to
CyTOF acquisition, cells were stained for DNA (Cell-ID
intercalator-Ir, Fluidigm) for 10 min at room temperature
and washed three times with dH20. For evaluation of cyto-
kines production, samples were stimulated before staining
with PMA at 50 ng/mL and Ionomycin at 1 pg/mL (Sigma)
along with Brefeldin A for 4 h at 37°C.

Data analysis and UMAP

After mass cytometry (CyTOF) acquisition, any zero values
were randomized using a uniform distribution of values
between 0 and —1 using R. The signal of each parameter
was normalized based on EQ beads (Fluidigm) as described
previously.”” Samples were then used for UMAP analysis
similar to that previously described using customized
R scripts based on the ‘flowCore’ and ‘uwot’ R packages.’”
In R, all data were transformed using the logicleTransform
function (flowCore package) using parameters: w = 0.25,
t = 16409, m = 4.5, a = 0 to roughly match scaling
historically used in FlowJo. For heatmaps, median intensity
corresponds to a logical data scale using formula previously
described.”® The colors in the heat map represent the mea-
sured means intensity value of a given marker in a given



sample. A seven-color scale is used with black-blue indicat-
ing low expression values, green-yellow indicating interme-
diately expressed markers, and orange-red representing
highly expressed markers.

AIM (Activation-Induced Marker) assay

AIM assay was performed as described previously.* Briefly,
on day 1, frozen paired blood and tumor samples were thawed
and prepared as stated above. CD4" T cells (7AAD™ CD45"
CD3" CD4") were sorted from blood or the tumors. Antigen
presenting cells (APC - 7AAD™ CD45" CD3~ CD567) were
sorted from paired PBMC using BD FACSAria II. Importantly,
CD39 staining was performed with other surface antibodies
before cell sorting. After cell sorting, cells were rested for 3 h at
37°C, incubated with a CD40 blocking antibody for 15 min and
put in co-culture at a ratio CD4:APC of 1:5. CD40 blocking
antibody prevents internalization and degradation of the
CDA40L receptor on CD4 T cells during peptide stimulation.**
Cells were then stimulated with either HCMV pp65 peptides
pool (JPT PM-PP65-1, 86.25 pg/ml) or DMSO (negative con-
trol) for 18 h. On day 2, cells were washed, stained with surface
antibodies (Table S2) and acquired on BD FACSCelesta.
Activation was measured with CD69 and CD40L expression
on total CD4" T cells and bystander CD4" T cells were ana-
lyzed for CD39 expression.
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