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Summary

Immune checkpoint therapy to reverse natural killer (NK) and T cell ex-
haustion has emerged as a promising treatment in various cancers. While
anti-programmed cell death 1 (PD-1) pembrolizumab has recently gained
Food and Drug Administration (FDA) approval for use in recurrent or
metastatic cervical cancer, other checkpoint molecules, such as T cell im-
munoreceptor with immunoglobulin (Ig) and immunoreceptor tyrosine-
based inhibition motif (ITIM) domains (TIGIT) and T cell immunoglobulin
and mucin-domain containing-3 (Tim-3), have yet to be fully explored in
this disease. We report expression of TIGIT, Tim-3 and PD-1 on subsets
of peripheral blood NK (CD56%m/nesCD1gbright/dim/neg and CD56i8MCD-
1694m/meg) and T cells. The percentages of these cells were increased in
women with cervical cancer and pre-malignant lesions. PD-1* NK and T
cells were likely to co-express TIGIT and/or Tim-3. These cells, with an
apparently ‘exhausted’ phenotype, were augmented in patients. A subset of
cells were also natural killer group 2 member D (NKG2D)- and DNAX
accessory molecule 1 (DNAM-1)-positive. PD-1"t and PD-1"i" T cells were
notably increased in cervical cancer. Soluble programmed cell death ligand
1 (PD-L1) was higher in cancer patient blood versus healthy donors and
we observed a positive correlation between sPD-L1 and PD-1* T cells in
women with low-grade lesions. Within the cancer group, there were no
significant correlations between sPD-L1 levels and cervical cancer stage.
However, when comparing cancer versus healthy donors, we observed an
inverse association between sPD-L1 and total T cells and a correlation
between sPD-L1 and CD56%™ NK cells. Our results may show an overview
of the immune response towards pre-cancerous lesions and cervical cancer,
perhaps giving an early clue as to whom to administer blocking therapies.
The increase of multiple checkpoint markers may aid in identifying patients
uniquely responsive to combined antibody therapies.

Keywords: cervical carcinoma, checkpoint, CIN, DNAM, immune evasion,
NKG2D, PBMC, PD1, soluble ligands, TIGIT, TIM3
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Introduction

In recent years the role of immune checkpoint molecules
has emerged as one of the most promising avenues of bio-
molecular and clinical discovery [1]. The ability to regulate
these molecular regulators represents a new paradigm in
directed treatment. Fundamental to these advances are the
ideas of exhausted effector cells; that is, putatively cytotoxic
cells that, for one reason or another, have lost their capacity
to effectively participate in anti-tumor responses [2]. Increases
in regulatory T cells, chronic inflammation and myeloid
and other lineage suppressor cells have all been implicated
in the suppression of immune response and evasion of
tumor cells [3]. More recently, the so-called checkpoint
molecules have risen to the fore. These include stimulatory
molecules (not the subject of this paper) and inhibitory
molecules such as cytotoxic T lymphocyte antigen (CTLA)-4,
programmed cell death 1 (PD-1), T cell immunoreceptor
with immunoglobulin (Ig) and immunoreceptor tyrosine-
based inhibition motif (ITIM) domains (TIGIT), lymphocyte-
activation gene 3 (LAG3), T cell Ig and mucin-domain
containing-3 (Tim-3), V domain-containing immunoglobulin
suppressor of T cell activation (VISTA), Siglec-7, human
endogenous retrovirus-H long terminal repeat-associating
protein 2 (HHLA2), B and T lymphocyte attenuator (BTLA)
and adenosine A2aR [4,5]. Together, or in various combina-
tions, these molecules have been postulated to form patterns
that describe dysfunctional or exhausted T and NK cells
[6,7]. Additionally, the anti-tumor activity of these immune
cells that express different inhibitory receptors is also regu-
lated by the expression of their cognate ligands in antigen-
presenting cells [CD80/86, PD-L2, programmed cell death
ligand 1 (PD-L1] or in the tumor (PD-L1, CD112, CD155,
galectin 9) [8]. For this reason, some protocols for cancer
treatment with immune checkpoint inhibitors include mono-
clonal antibodies that target both the receptor and its ligand;
for example, blocking the PD-1/PD-L1 inhibitory pathway.
Despite the success of anti-PD-1/PD-L1 therapies, the exist-
ence of immune-related adverse events must be considered,
together with the fact that only a fraction of patients benefit
from this treatment [9]. Therefore, the use of predictive
biomarkers may help to select the patients who are the
most promising candidates for this therapy and to predict
clinical outcomes [10]. The over-expression of PD-L1 in
tumor tissues has been considered as a predictive biomarker;
however, some authors have concluded that this molecule
may not be a robust indicator of treatment response due
to the fact that PD-Ll-negative tumors can also respond
to PD-1/PD-L1 targeting [11,12]. The soluble form of PD-L1
(sPD-L1) has been reported to be an improved predictor
of metastasis versus membrane-bound PD-L1 and a prog-
nostic factor for the survival of first-line chemotherapy, and
may also mediate resistance to PD-L1 blockade [13-16].

Immune checkpoints in cervical cancer

The analysis of checkpoint molecules on peripheral blood
lymphocytes may also be used as a non-invasive method
to predict treatment outcomes [10]. Additionally, the expres-
sion of immune checkpoint receptors on cytotoxic lym-
phocytes from the blood of cancer patients may indicate,
or hint at, the profile of these cells in the tumor [17].
The roles and distributions of immune checkpoints may
vary between diseases and disease models, and previous
studies in one disease may not be applicable to other,
similar diseases; for this reason, investigation on these
molecules continues even when utility and clinical efficacy
have already been proven for these molecules as thera-
peutic targets in some diseases.

The primary targets for many immune checkpoint
therapy studies have been T cells; however, not all patients
respond to treatment. There are multiple reasons for this
non-responsiveness, and one possibility is that in certain
tumors natural killer (NK) cells, rather than cytotoxic
clonally specific T cells, may play a more important role.
In some tumors the transformed cells develop the ability
to down-regulate major histocompatibility complex
(MHC)-I, and thus escape T cell-mediated immunity. The
absence of MHC-I molecules then, in turn, makes these
tumor cells ideal targets for NK cells. Furthermore, some
checkpoint molecules that are well characterized in T cells,
such as PD-1, LAG-3, TIGIT and Tim-3, are also present
in NK cells, and their blockade has been shown to restore
NK cytotoxicity; thus it is possible that anti-checkpoint
therapies targeting NK cells may be a promising strategy
to improve clinical outcomes in patients who do not
respond to T cell-based immunotherapy, or to augment
the reversal of exhausted T cells with the revival of
exhausted NK cells as well [18].

In cervical cancer, different immune cells work together
to avoid tumor growth. Both NK cells and T cells play
an important role in the destruction of human papillo-
mavirus (HPV)-infected cells and tumor cells [19]. NK
cells are one of the first lines of defense against HPV
infection; they are present at early stages of the infection
and can respond against HPV-induced lesions [20].
However, similar to other cancers, cervical tumors and
advanced dysplasias have also been characterized by vari-
ous ‘dysfunctions’ of the immune system; that is, failure
of immunosurveillance [21]. Interestingly, while down-
regulated MHC-I has been found in cervical cancer and
increased NK cell percentages have been found in patient
blood, this increase was not reflected in the tumor, sug-
gesting that this inefficient migration may be due to inhi-
bition of the NK cells [22]. NK cell activity in the
HPV-infected cervix and cervical cancer may be affected
in different ways [23,24]. For example, HPV16 E6 and
E7 oncoproteins inhibit NK cell interleukin (IL)-18-induced
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interferon (IFN)-y production [25]. Reduced cytotoxic
activity of NK cells has also been observed in cervical
cancer and precursor lesions, together with a reduction
in the expression of important activating receptors [e.g.
natural killer group 2 member D (NKG2D), NKp30, NKp46]
[26].

NK cells can be subdivided into various subsets based
on the relative expression of CD16 and CD56. The two
classical NK cell subsets in peripheral blood are
CD564mCD16bright and CD56PrigMCD167/d4m NK cells [27].
Traditionally, the first population is predominant in periph-
eral blood and is considered to be the most cytotoxic
subset, whereas the second are cytokine producers, and
are primarily found in secondary lymphoid tissue and
other tissues [28]. CD56™¢"CD16~ NK cells are the pre-
cursors of CD56M8MCD164™ (or CD16%) NK cells. The
CD56M8MCD16* subset has an intermediate profile between
CD56"CD16~ and CD56%™CD16* NK cells. From a
functional viewpoint, compared with CD56*#"CD167,
CD564™CD16* NK cells can more effectively kill target
cells by antibody-dependent cell cytotoxicity and direct
lysis [29].

In peripheral blood it is possible to subdivide NK cells
further and define other cell subsets. CD564™CD16%™ NK
cells may represent an intermediate stage between
CD56%mCD16™8" and CD56%™CD16~ NK cell subsets.
CD564mCD16%™ NK cells have a more immature pheno-
type than CD564™CD16>8"  NK cells. However,
CD564mCD164™ cells degranulate in the presence of K562
target cells to a higher level than CD564mCD168" cells,
but much less than CD564mCDI16~ cells [30].
CD569™CD16~ NK cells are more cytotoxic cells that may
be previously CD564™CD168 cells that lost the expres-
sion of CD16 through metalloprotease-mediated shedding
[30-32]. CD56"¢CD16"r8" NK cells are considered an NK
cell subset with a phenotype functionally impaired with
respect to cytokine production and cytolytic function. These
cells are reported to be expanded in patients with chronic
hepatitis C virus infection and HIV-1 infection [33-35].

Perhaps some of the most promising checkpoint mark-
ers of immune system dysfunction are PD-1, TIGIT and
Tim-3. While these markers have been established on T
cells, their role in NK cell activity is less well known. To
date, PD-1 and Tim-3 have been found in cervical cancer
tissues [36-38]. TIGIT has yet to be described in NK
cells in cervical cancer or precursor lesions. The role of
these three markers together on the same cells, or on
different cell populations, has only begun to be described
in certain models [39-42]. Recent works have begun to
explore the role of different subpopulations within effector
cells; that is, populations that express sharply higher levels
of PD-1 as a way of distinguishing the expected presence
of ‘normal checkpoint molecules (which may be physiologi-
cally expected in healthy populations) and pathogenic

levels that may be encountered in select patients [43].
The accurate distinction between these two groups may
define the difference between tumors responsive to, or
refractory to, current and future immunotherapy checkpoint
blockades.

The goal of this current paper is to identify different
NK and T cell populations with respect to checkpoint
molecules in cervical cancer patients and to correlate these
populations with levels of sPD-L1 in patient serum.

Material and methods

Patients and samples

We collected blood samples from 78 women: patients with
cervical carcinoma (n = 21; median age = 44, age range =
472 + 115 years), high-grade lesions (n = 9; median
age =37, age range = 429 + 166 years), low-grade lesions
(n = 24; median age = 30, age range = 30-2 * 9-6 years)
and healthy donors (n = 24; median age = 385, age
range = 39-25 + 7.2 years). The women with pre-malignant
lesions and cancer had their diagnosis confirmed with
colposcopy and histopathological analysis. The cancer group
included cervical adenocarcinoma and squamous cell car-
cinoma in situ (stage 0) and FIGO stages I, II, III and
IV. These patients were treated at the Instituto Jalisciense
de Cancerologia and the Hospital Civil Nuevo, Guadalajara,
Jalisco, México. Not all samples from all participants were
used in every experiment in the study. For this reason,
sample numbers change slightly between cytometry and
enzyme-linked immunosorbent assay (ELISA) experiments.
All study participants gave their written informed consent.
This study was performed according to the guidelines of
the local institutional ethics committees and in accordance
with the 2013 Declaration of Helsinki.

Venous blood was collected from each donor in silicone-
coated BD (Becton Dickinson, Franklin Lakes, NJ, USA)
Vacutainer’ tubes (5 ml) for the isolation of the serum
and in spray-coated K,ethylenediamine tetraacetic acid
(EDTA) BD Vacutainer’ tubes (10 ml) for the separation
of peripheral blood mononuclear cells (PBMCs).

PBMCs were separated from the blood samples using
Lymphoprep™ (Stemcell Technologies, Vancouver, Canada)
density gradient centrifugation. The PBMCs were stored
frozen in liquid nitrogen at a temperature below —130°C
until the cytometry analysis. The viability of the thawed
cells was determined with trypan blue and cells were used
when viability was greater than or equal to 90%. Serum
from the blood of the same women was isolated and
stored at —80°C.

Flow cytometry

A multi-color flow cytometry protocol was used to ana-
lyze the expression of immune checkpoint molecules
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(PD-1, TIGIT and Tim-3) and activating receptors
(DNAM-1, NKG2D, CD16) on study group PBMCs
separated into the following populations: CD3-CD56%™,
CD3-CD56" " NK and CD56 CD3* T cells. We used
the following antibodies to stain 5 x 10° PBMCs: anti-
CD3-¢ [fluorescein isothiocyanate (FITC), clone UCHT1,
anti-CD56 [phycoerythrin cyanin 7 (PE-Cy7), clone 5.1
H11], anti-CD16 [peridinin chlorophyll cyanin 5.5
(PerCP-Cy5-5), clone 3G8], anti-TIGIT [allophycocyanin
(APC), clone A15153G], anti-Tim-3 (BV510, clone
F38-2E2) and anti-PD-1 (BV421, clone EH12.2H7) (all
antibodies purchased from BioLegend, San Diego, CA,
USA). Data acquisition was performed using the BD
FACSCanto II flow cytometer (Becton Dickinson). First,
for acquisition of each sample we derived an initial
dot-plot (FSC-A versus FSC-H) for singlets. This selec-
tion generated a dot-plot with the combination of FSC-A
versus SSC-A, after which we acquired 250 000 events
from the lymphocyte gate.

For the t-distributed stochastic neighbor-embedding
analysis (t-SNE), individual donor fcs files containing
measured intensities for each marker at single-cell level
were imported into FCS Express 7 Plus (De Novo Software,
Glendale, CA, USA). A data merge was conducted to
visualize the general expression of the receptors in all
the samples from each group. Prior to starting the
dimensional analysis, singlets and subpopulation gating
were performed manually. NK cell subsets were defined
based on CD56 and CDI16 expression, while T cells
were defined as CD56™¢CD3* cells. A total of 50 000
cells were randomly sampled per donor to create a final
file containing 500 000 cells. t-SNE density plots of the
peripheral NK cell subpopulations and T cells were
generated. Normalized protein expression levels for CD3,
CD56, CD16, PD-1, TIGIT, Tim-3, DNAM-1 and NKG2D
in t-SNE fields were represented in red for high expres-
sion and in blue for low expression (hot-to-cold heat
map).

Conventional gating of the different populations was
performed in Kaluza software version 2.1 (Beckman Coulter,
Brea, CA, USA) to analyze the single expression or co-
expression of the different receptors. Isotype controls were
used to adjust background fluorescence. To establish the
parameters for gating we employed fluorescence minus
one (FMO) staining controls.

ELISA

Soluble PD-L1 concentrations in the serum samples (female
patient and healthy donor serum) were measured by an
ELISA kit (ThermoFisher, Waltham, MA, USA), according
to the manufacturer’s protocol. Briefly, 50 ul of sample in
duplicate was added to the sample wells. Wells were then
incubated with the biotin-conjugated antibody for 2 h at
room temperature. Streptavidin-horseradish peroxidase

Immune checkpoints in cervical cancer

(HRP) was next added to all the samples and incubated
1 h at room temperature. 3,3',5,5'-Tetramethylbenzidine
(TMB) substrate solution was added and the wells were
incubated for approximately 30 min at room temperature.
Finally, the reaction was stopped with stop solution and
the color intensity was measured at 450 nm.

Statistical analysis

Data were assessed for normality using the D’Agostino-
Pearson normality test and comparison between the groups
were performed using analysis of variance (aNova) with
Dunnett’s multiple comparisons test. Pearson’s correlation
analysis was performed to verify the linear associations
between the groups. P-values < 0-05 were considered sta-
tistically significant. A convergence table (Fishers exact
test) was prepared to analyze increased sPD-L1 with respect
to variables identified using a linear regression analysis.
For this analysis, the sPD-L1 levels were divided based
on the median of the healthy donor samples (to avoid
undue influence of out-of-range donor samples); other
variables were defined based on the mean of the healthy
donor population or when the cancer samples were out
of that range, the mean * 1 standard deviation of the
healthy population. Prism version 7, GraphPad software,
was used for this analysis. Only significant P-values are

displayed.

Results

Percentages of different NK cell subpopulations and T
cells in healthy donors, patients with pre-malignant
lesions and cervical cancer patients

We first analyzed the percentages of T cells and different
NK cell subpopulations in healthy donors (HD group),
low-grade lesions (LG group), high-grade lesions (HG
group) and cervical cancer patients (CC group) (Fig. 1).
To this end, we gated on CD56 CD3" cells to select the
region of the T cells (Fig. 1a). In the case of the NK
cells, we subdivided the two classical NK cell subpopula-
tions, CD56%™ and CD56¢" NK cells into six different
subsets based on the expression of CD56 and CDI6.

We found that the percentages of CD3*T cells were
significantly decreased (P < 0-05) in the three patient groups
when compared to HD (Fig. 1b). A decrease in the per-
centages of CD568MCD16"% NK cells was also seen, but
only in the CC group in comparison with HD (Fig. 1c).
No significant changes were found when we analyzed the
percentages of CD56"#CD164™ or CD564™CD16"8 NK
cells in the different groups (Fig. 1d,e).

In contrast, the percentages of CD569™mCD164™ and
CD56%MmCD168 NK cells were increased in the CC group
in comparison with HD and pre-malignant lesions (Fig. 1f,g).
Regarding the CD56"6CD16"8ht NK cell subpopulation, we
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Fig. 1. Percentages of peripheral blood natural killer (NK) and T cells in healthy donors (HD) group, low-grade lesions (LG) group, high-grade lesions

(HG) group and cervical cancer patients (CC) group. (a) Gating strategy for the flow cytometric analysis of NK and T cells in peripheral blood
mononuclear cells (PBMCs) from HD (n = 17), LG (n = 19), HG (n = 8) and CC (n = 19) groups. CD56-CD3* cells were gated to select the region of
the T cells. NK cells were subdivided into six different subsets based on the expression of CD56 and CD16. Frequency of (b) T cells, (c)
CD56"8MCD16"8 NK cells, (d) CD56™8MCD169™ NK cells, () CD564™CD16"¢8 NK cells, (f) CD564™mCD164™ NK cells, (g) CD564™CD16"right NK
cells and (h) CD56"8CD16""8h NK cells. (i) Correlation analysis to compare the percentage of CD564™CD168h NK cells veraus CD3 T cells in CC
patients. Frequency data are shown as individual percentages of expression (taken from the lymphocyte gate) and their mean. Inset example of the six

different groups shows percentages based on the total NK cell region. Comparisons between the groups were performed using analysis of variance

(anova) with Dunnett’s multiple comparisons test. Pearson’s correlation analysis was performed to verify the linear associations between
CD564mCD16""1¢" NK cells and the rest of the NK cell subpopulations or CD3* T cells and the NK subpopulations. The correlation coefficient, r and

P-values are shown in the figures. *P < 0-05, **P < 0-01, ***P < 0-001.

did not observe any change in the percentages of these
cells in the different groups (Fig. 1h).

A correlation analysis was performed between different
cell populations. The CD564™CD16b"i8h NK cells (the most
abundant NK population) were found to be significantly
negatively correlated with CD3 cells in CC (Fig. 1i). The
correlation analysis was continued to compare the per-
centage of CD564mCD16" 8" NK cells with the rest of
the NK cell subpopulations in each patient group (LG,
HG, CC). No significant results were found. We found
non-significant positive correlations between
CD56%mCD16"%¢" NK cells and CD56%™CD16%™ NK cells
in LG and CC groups and CD56%™CD16>8" NK cells
and CD564™CD16"¢ NK cells in LG; there was also a
weak, but non-significant positive correlation between
CD56™8MCD16%™ and CD3 cell percentages in CC
(Supporting information, Fig. SI).

82

In summary, we observed that there is a significant
decrease in the percentages of T cells and CD56Prisht
CD16™¢ NK cells in cervical cancer patients and an
increase in the percentages of CD564™CD164™ and
CD569™CD16"8" NK cells. Given this observation, we
decided to focus our subsequent checkpoint analysis on
both NK and T cells, with the idea that some patients
might be polarized towards either the NK or T cell
responses.

Immune checkpoint profiling of CD56"i¢h and
CD56%™ NK cell subpopulations

We then aimed to evaluate the expression of inhibitory
(PD-1, TIGIT, Tim-3) and activating (NKG2D, DNAM-1)
immune checkpoint receptors on the two classical NK cells
subsets, CD56%™ NK cells and a CD56"8" NK cells. We
show the most significant of these data in Figs 2 and 3.
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We utilized t-SNE analysis to assess the general expres-
sion patterns in a merged analysis of all the samples from
each group (Figs 2a, 3a). t-SNE analysis helped us to
visualize the general expression of the receptors and to
define the manual gating strategy to identify populations
defined by patterns of multiple receptor expression that
might be of potential interest. Starting with PD-1 expres-
sion, we used the t-SNE blots to suggest the receptor
patterns that might overlap with PD-1 expression or might
be over-expressed in the cancer group. We then evaluated
the single and co-expression using traditional histograms
and dot-plots (Figs 2b,c, 3b,c).

Regarding the classical cytotoxic NK cell subset (CD564™,
the vast majority of which are CDI16™8", Fig. 2), we
observed a significant increase of PD-1*CD569™ NK cells
in cervical cancer and precursor lesions compared to HD
(Fig. 2d). While TIGIT and Tim-3 alone were not sig-
nificantly changed between cancer patients and controls,
we found that the patient PD-1* NK cells were more
likely to also co-express TIGIT or/and Tim-3, and these
double checkpoint-positive NK cells were significantly
increased in CC and precursor lesions. The percentages
of NKG2D*PD-1*, and NKG2D*DNAM-I*TIGIT*PD-
1*Tim-3* CD569™ NK cells were also significantly increased
compared to HD. There was also a significant increase
of Tim-3 in only LG, but not HG or CC, versus HD
controls. We did not find significant differences between
HD and patient populations for other receptor combina-
tions, and for this reason other results are not shown
here.

We next analyzed the CD56>¢" NK cell subset (Fig. 3),
and we observed a significant increase of PD-1* CD56"ight
NK cells in cervical cancer and precursor lesions compared
to HD. We also observed a significant increase in TIGIT,
PD-1*Tim3*, PD-1*TIGIT* and PD-1*TIGIT*Tim-3* cells
in CC versus HD samples.

Finally, we continued our checkpoint analysis on the
six NK cell subpopulations subdivided based on the expres-
sion of CD56 and CDI6: CD568hCDI16™,
CD56™¢MCD16%™,  CD56%™CD16™%, CD56%mCD16%™,
CD56%mCD16 M and CD56"¢CD16" 8" NK cells. We
observed very similar expression trends in all the NK
subsets, with significantly increased percentages of PD-1
positive cells found in LG, HG and CC in each subpopu-
lation. These results are shown in Supporting information,
Figs S2-S7, as these results are very similar to the results
shown for the CD56%™ and CD56#" subsets above.

Although we did not find significant changes in the
percentage of NK cell subpopulations that expressed TIGIT
or Tim-3 alone we observed that some NK cell subsets
may co-express the three immune checkpoint receptors,
and that cells double- and triple-positive for some of these
receptors were significantly increased in the patient groups

Immune checkpoints in cervical cancer

(Supporting information, Figs S2-S7). These cells may also
co-express DNAM-1 and/or NKG2D and were also
increased in the patients. We did not find significant
changes in the density of the receptors (MFI) in any of
the NK cell subpopulations.

Immune checkpoint profiling of CD56"CD3* T cells

In order to visualize the expression patterns of PD-1,
TIGIT, Tim-3, NKG2D and DNAM-1 in T cells at the
single-cell level within the CD56"CD3* T cells of the
study groups, a high-dimensional t-SNE analysis was per-
formed. Our results showed a different pattern of immune
checkpoint expression between CC, HG, LG and HD groups
(Fig. 4a).

Next, we evaluated single expression and co-expression
of the receptors using traditional histograms and dot plots
(Fig. 4b,c). When we analyzed PD-1 expression in these
cells, we observed that PD-1* T cells were increased in
all the groups compared to HD. The percentages of TIGIT*
T cells were also increased in the CC group. Tim-3* T
cells were not significantly different between the groups;
however, PD-1*TIGIT*Tim-3* T cells were found to be
significantly increased in patient groups. This may reflect
that PD-1* T cells significantly increased in the group of
patients can also co-express TIGIT and/or Tim-3.

Focusing on the activating receptors NKG2D and
DNAM-1, we found that the percentages of NKG2D* T
cells were very significantly increased in the LG (P <
0-01) and HG and CC (P < 0-001) groups. Similar to
what was observed with the NK cells, DNAM-1 was found
to be expressed in approximately 95% of the T cells, thus
expression of DNAM-1 showed no significant change
between HD and HG or CC; there was a small but sig-
nificant decrease in LG patients. However, we found a
significant increase of cells that were positive for both
DNAM-1 and TIGIT markers in CC.

These results indicated that, in cervical cancer patients
and pre-malignant lesions, PD-1* T cells were significantly
increased. The percentages of PD-1*TIGIT* and PD-1*
TIGIT*Tim-3* T cells were also higher in the groups of
patients when compared to HD. These inhibitory receptors
were often accompanied by the co-expression of activating
receptors; NKG2D*PD-1" and DNAM-1*TIGIT* T cells
were also significantly increased in the CC patients.

Differing PD-1 expression on T cells

Additionally, we assessed whether PD-1-positive T cells
expressed PD-1 at different levels according to the PD-1
MFI (Fig. 5a). To this end, we subdivided the region posi-
tive for PD-1 into three subregions labeled as low (PD-11°V),
intermediate (PD-1") or high (PD-1M"). We found that
the percentages of PD-1" T cells were not significantly
increased between controls and patients (data not shown),
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Fig. 5. Programmed cell death 1 (PD-1) intermediate (PD-1i") and PD-1 high (PD-1") expression on peripheral blood T cells from healthy donors
(HD) group, low-grade lesions (LG) group, high-grade lesions (HG) group and cervical cancer patients (CC) group. PD-1 expression was measured by

flow cytometry and staining was characterized as high or intermediate depending on mean fluorescence intensity (MFI) expression. (a) Examples of

high and intermediate PD-1 expression in HD and CGC; the first plot in each row shows PD-1 divisions and the subsequent plots show T cell

immunoreceptor with immunoglobulin (Ig) and immunoreceptor tyrosine-based inhibition motif (ITIM) domains (TIGIT) and T cell

immunoglobulin and mucin-domain containing-3 (Tim-3) staining in PD-1'°, PD-1"" and PD-1"8" subpopulations. Data are shown as individual
percentages of total T cells. (b—e) In PD-1" and (f-i) PD-1"8" CD3* T cells, the expression of TIGIT and/or Tim-3 was evaluated for HD (n = 13), LG
(n=19),HG (n = 8) and CC (n = 19) groups. Frequency data are shown as individual percentages of expression and their mean. Comparisons

between the groups were performed using analysis of variance (ANova) with Dunnett’s multiple comparisons test. *P < 0-05, **P < 0-01, ***P < 0-001.

while PD-1" and PD-1Mgh T cells significantly increased
in patients with cancer and precursor lesions (Fig. 5b,c).

We also investigated whether PD-1" and PD-1Msh T
cells co-expressed TIGIT and Tim-3. We saw a significant
increase in the percentages of the PD-1M™TIGIT* and
PD-1M8TIGIT* T cells in the CC group in comparison
with the HD group. Interestingly, we also found a sig-
nificantly higher percentage of PD-1" and PD-1hsh CD3*

© 2021 British Society for Immunology, Clinical and Experimental Inmunology, 204: 78-95

cells co-expressing Tim-3, which was not seen when
evaluating total PD-1 expression (Fig. 4). The percentages
of triple-positive (PD-1-TIGIT-Tim-3) PD-1i" and PD-1hish
CD3* cells were also increased in cancer patients, which
suggest an exhausted T cell phenotype. PD-1M" TIGIT*
percentages were increased in LG and CC and
PD-1"M8TIGIT*Tim-3* cell populations were also signifi-
cantly increased in both HG and CC.
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Fig. 6. Checkpoint expression in CD4 and CD8 T cells. (a) Programmed cell death 1 (PD-1) expression in CD4* T cells and (b) in CD8" T cells in
healthy donors (HD) (n = 3), low-grade (LG, n = 17), high-grade (HG, n = 4) and cervical cancer (CC, n = 4) patients. (c) Mean fluorescence intensity
(MFI) for PD-1 expression in CD4* T cells. (d) MFI for PD-1 expression in CD8* T cells. (e) Percentages of CD4 and CD8 T cells positive for PD-1, T
cell immunoreceptor with immunoglobulin (Ig) and immunoreceptor tyrosine-based inhibition motif (ITIM) domains (TIGIT) and T cell
immunoglobulin and mucin-domain containing-3 (Tim-3). (f) Percentages of CD4 and CD8 T cells positive for PD-1*TIGIT*, PD-1"Tim3* and

PD-1*TIGIT*Tim3*. P < 0-05, **P < 0-01, ***P < 0-001.

Checkpoint expression in CD4 and CD8 T cells

We further subdivided the T cells into CD4 and CD8
positive populations and examined PD-1 expression. We
found that CD4*PD-1* and CD8'PDI1* cell percentages
were significantly increased (up to x2) in HG and CC
with respect to HD (Fig. 6a,b). This increase in patients
versus healthy donors was similar in both CD4 and CD8
T cells. The mean fluorescence intensities of the PD-1
signals in CD4 and CD8 cells were similar (Fig. 6c,d).
No significant differences were found in PD-1 expression
between CD4 and CD8 cells; in contrast TIGIT, and to
a lesser extent Tim3, and PDI*TIGIT*Tim3 expression
were found at significantly higher percentages in CD8
cells (Fig. 6e,f).

Soluble PD-L1 is increased in cervical cancer

We performed an ELISA on serum samples from CC
(n =21), HG (n = 9), LG (n = 24) and HD (n = 24)
donors (Fig. 7) to evaluate the soluble levels of PD-L1
(sPD-L1). We observed a significant increase between HD
and CC and CC and LG in the concentration of sPD-L1
(Fig. 7a). Of note was that the majority (19 of 21) of
the cervical cancer patients had higher sPD-L1 levels than
the mean HD levels (1102 pg/ml). We then wanted to
determine whether sPD-L1 levels were different between
cervical cancer stages; however. we did not find significant
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changes in the levels of this molecule when we compared
stages I-IB versus stages II-III (Fig. 7b). We next per-
formed a correlation test to assess different associations
between sPD-L1 and the percentages of different cell
populations. A table of the correlations between sPD-L1
and all the different cell and patient populations analyzed
is shown in Supporting information, Table S1. When we
correlated sPD-L1 with cell populations in different disease
stages we observed a significant positive correlation between
sPD-L1 levels and PD-1* T cells in LG (Fig. 7c). A sig-
nificant negative correlation was observed between sPD-L1
in CC stage IB and the percentage of CD56"8CD16Prigh
NK cells (Fig. 7d).

A convergence table analyzing sPD-L1 levels above or
below the median of the HD group and select variables
is shown in Table 1. In this table we observed an inverse
association between high sPD-L1 and total T cell percent-
ages, and an association between high sPD-L1 and presence
of CC. Additionally, an association between increased
CD56%™ NK cells and increased sPD-L1 was also observed;
a notable, but not significant (P = 0-064) association
between increased PD1*TIGIT* T cells and increased sPD-
L1 was similarly observed.

Furthermore, we performed a linear regression analysis to
define which other variables (in addition to sPD-L1) would
best predict the difference between cancer and HD. Using
the strongest two variables, we performed a logistic
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Fig. 7. Soluble programmed cell death ligand 1 (sPD-L1) in serum from healthy donors (HD) group, low-grade lesions (LG) group, high-grade lesions
(HG) group and cervical cancer patients (CC) group. (a) The concentration of soluble PD-L1 in the serum of HD (n = 24), LG (n =24),HG (n=9)
and CC (n = 21) was measured by enzyme-linked immunosorbent assay (ELISA). Data are shown as pg/ml of sPD-L1 and their mean. (b) sPD-L1 in

the serum of cervical cancer patients classified according to clinical stage. (c) A correlation analysis was performed between sPD-L1 and the
percentages of PD-1*CD3*T cells in the LG group. (d) A correlation analysis was performed between sPD-L1 in cervical cancer patients stage IB and
their respective percentages of PD-1*CD56"8CD16"i8h NK cells. Comparison between the groups were performed using analysis of variance

(aNova) with Dunnett’s multiple comparisons test. Pearson’s correlation analysis was performed to verify the linear associations between sPD-L1 and
the percentages of PD-1*"NK cells and PD-1"CD3* T cells. The correlation coefficient, r and P-values are shown in the figures. *P < 0-05, **P < 0-01,

P <0-001.

regression test and found that in our model sPD-L1 levels
had an odds ratio of 3-09 (P = 0-015) and PD-1* TIGIT*
T cell percentages had an odds ratio of 1-29 (P = 0-049) to
together predict cancer versus healthy donor assignments.

Discussion

Immunological checkpoint-based anti-tumor therapy has
attracted extensive attention. Reversing exhaustion by block-
ing PD-1 is a promising target for cervical cancer treat-
ment. Although the blockade of PD-1 and its ligand may
be of use in the treatment of cervical cancer there also
exist other checkpoint molecules, such as TIGIT and Tim-
3, that play an important role in T and NK cell exhaustion
[44,45]. However, only a few studies have explored the
expression of these immune checkpoints on T cells from
cervical cancer patients [37,38], and the expression of
these three receptors on different NK cell subpopulations
from cancer patients is still unknown.

The majority of the published studies evaluated the
expression of immune checkpoints in the classical cytotoxic
CD56%™ NK cell population. In our study, we found that
PD-1 was expressed on both CD56%™ and CD56bi" NK
cells. The expression of peripheral blood PD-1* NK cells
has already been reported in healthy donors and patients
with ovarian carcinoma [46]. In that study, PD-1 expres-
sion was found to be restricted to the mature NK cell
population (NKG2AMSKIR*CD57+CD56%m  NK  cells),
which is characterized by high CD16, perforin and gran-
zyme expression [47]. However, and similar to our results,
in a more recent study, Liu et al. observed PD-1 to be
expressed in both CD564™ and CD56" NK cells from
the blood or tumor infiltrates in patients with digestive
cancers, including esophageal, liver, colorectal, gastric and
biliary cancer [48].

The role of the expression of different immune check-
point molecules on the same NK cell is still not well
understood, and the majority of the studies evaluate the
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Table 1. Patient variables stratified according to the sPD-L1 level

sPD- sPD-
L1<11-8 L1>118
Variable pg/ml pg/ml P-value
Disease extent HD 9 8 0-0049
CcC 2 19
% T cells <648 1 12 0-0238
>64-8 10 11
% Total CD569™ NK cells <155 9 10 0-0045
>155 2 23
% Total CD56™8" NK cells <0-77 6 17 0-4344
>077 5 6
% PD-1*CD3* T cells <63 9 13 0-2525
> 63 2 10
% PD-1*TIGIT*CD3*T <219 9 10 0-064
cells >21-9 2 13
% PD-1"*CD3* T cells <203 4 7 > 0-9999
>203 7 16
9% Total PD-1* CD564im <134 7 10 0-4646
CD16>¢" NK cells >134 4 13
9% Total PD-1*CD56"¢ <16 7 9 0-2743
CD16>¢" NK cells > 16 4 14

TIGIT =T cell immunoreceptor with immunoglobulin (Ig) and immu-
noreceptor tyrosine-based inhibition motif (ITIM) domains; Tim3 = T
cell immunoglobulin and mucin-domain containing-3; PD-1 = pro-
grammed cell death 1; sPL-L1 = soluble programmed cell death ligand 1;
NK = natural killer; HD = healthy donor; CC = cervical cancer.

Bold indicates significant resluts with P < 0-05.

expression of PD-1, TIGIT or Tim-3, but not all together.
We found triple-positive CD564™ NK cells to be signifi-
cantly increased in cervical cancer patients.

In the case of TIGIT, this receptor is constitutively
expressed by NK cells and is up-regulated in tumor-
infiltrated NK cells [45]. We found significant differences
between HD cells and percentages of TIGIT* cells in the
NK CD568ht CC group and NK CD56%™ LG group. In
experiments performed by Zhang et al. on NK and T
cells from tumor-bearing mice and patients with colon
cancer [45], TIGIT expression was observed to be higher
on NK cells and was associated with NK cell exhaustion.
In line with that report, we found that TIGIT was found
in a higher percentage of NK CD564™ cells versus T cells
and NK CD56ght cells. In the CC group, an average of
81% of the NK4™ cells were positive for TIGIT versus
54% of T cells and 43% of NK CD56>1eht cells.

Tim-3 is another immune checkpoint constitutively
expressed by NK cells. It is also up-regulated on these
cells in cancer and chronic infections [39,49,50]. Here,
we did not find changes in the expression of Tim-3 on
peripheral blood NK cells in patients with cancer
(although it was increased in both CD56%™ and CD56"rght
NK cells in the group with low-grade pre-malignant
lesions). The co-expression of Tim-3 and TIGIT is also

reported and is associated with NK cell dysfunction.
Exhausted NK cells from patients with bladder cancer
showed up-regulation of Tim-3 and TIGIT in both the
periphery and tumor [51]. In our work, we did not
observe differences between controls and patients in the
percentages of peripheral Tim-3*TIGIT* NK cells; how-
ever, we observed that some PD-1*TIGIT*Tim-3* NK
cell subsets were increased in pre-malignant lesions and
cancer.

Regarding the functional activity of the NK cells, the
role of PD-1 expression on cytotoxicity and IFN-y pro-
duction has been investigated in peripheral blood
PD1*CD56"%" NK cells and PD1*CD56%™ NK cells from
asymptomatic pediatric thoracic transplant patients with
lymphoproliferative disorders [52]. These PD-1* cells
showed an impaired functionality. This group also observed
that those cells down-modulate the activating receptors
NKp46 and NKG2D while up-regulating PD-1. In our
work, we did not find significant changes on the expres-
sion of activating receptors (NKG2D or DNAM-1) in NK
cells. We only saw higher percentages of PD-1"NKG2D*
CD56™8MCD169™/7¢¢ in pre-malignant lesions.

It is also important to note that great variety was
observed in the HD controls regarding the PD-1 popula-
tion in NK cells; controls recovering from transient viral
infections may explain this variation. Indeed, it has been
noted that chronic asymptomatic HCMV infections may
be associated with persistently high PD-1 levels in normal
controls [46].

T cells are the principal target of immunotherapy. Here
we found that in pre-malignant lesions and cervical cancer
patients the percentages of CD3* T cells were decreased.
T cell percentages in individual cervical cancer patients
were negatively correlated with CD564™CD161ight NK cells
in the same sample.

When comparing the percentage of immune checkpoints
on T cells from cervical cancer patients and healthy donors,
we found a significant increase in the percentage of PD-1*
and TIGIT* T cells in the cancer group. We also observed
a greater proportion of T cells in cervical cancer patients
with a double (PD-1*TIGIT* and PD-1*Tim-3*) or triple-
positive (PD-1*TIGIT*Tim-3") co-expression of immune
checkpoint molecules. It must be noted that analysis of
these cells in the tumor environment, not only in periph-
eral blood, is absolutely essential. A recent study on multiple
checkpoint molecules in T cells from blood and tumors
from different samples found PD-1, TIGIT and Tim-3,
among other receptors, to be markedly increased in tumor-
infiltrating cells compared to peripheral blood [11]. This
may explain why in peripheral blood T cells from cervical
cancer patients we did not see changes in Tim-3* T cells.

In our T cell samples, we observed a wide range of
PD-1 expression levels on individual cells. Other groups
have also noted the difference between low or basal PD-1

90 © 2021 British Society for Immunology, Clinical and Experimental Immunology, 204: 78-95



expression and higher levels, indicating more complete
exhaustion [43,53,54]. Based on those works, we began
by subdividing our PD-1-positive T cells into six different
groups, which we eventually condensed into three broad
gates: PD-1°%, PD-1i and PD-1"¢" Our results show
that the difference between patients and controls is most
clear when comparing PD-1 intermediate or PD-1 high-
expressing cells. No significant changes were observed on
the expression of PD-1' cells when we compared between
the groups.

Our data demonstrate, for the first time to the best
of our knowledge, that in cervical cancer patients the
percentage of PD-1" and PD-1"8" CD3* cells is sig-
nificantly higher in patients compared with healthy
donors. Interestingly, we also saw a greater percentage
of CD3" cells with intermediate and high expression of
PD-1 co-expressing TIGIT and Tim-3. Together, these
results suggest that in peripheral blood from cervical
cancer patients it is possible to find T cell populations
expressing PD-1 at different levels and co-expressing
other immune checkpoint molecules (TIGIT and Tim-3).
These types of cells show a pattern of immune check-
point receptor expression previously observed in tumor-
infiltrating CD8 T cells from patients with non-small-cell
lung cancer, where distinct expression levels of PD-1
show a different spectrum of exhaustion [43]. Here it
is important to note that when we gated on PD-1* cells,
then analyzed TIGIT versus Tim-3 expression, the
PD-1hig" cells were much more likely to be also positive
for TIGIT or Tim-3 and much less likely to have cells
in the double-negative quadrant (PD-1 cells that were
negative for both TIGIT and Tim-3).

This type of co-expression has been reported in other
models. For example, different levels of PD-1* have been
reported on CD8 T cell subsets expressing LAG-3 and
PD-1 after chronic stimulation within tolerizing environ-
ments [55]. In that work, the authors found that CD8 T
cells could differentiate into either LAG-3*PD-1, LAG-
31¢8PD-1i or PD-1high, These subsets were found to show
distinct phenotypes and functional properties as well; CD8
T cells expressing the highest levels of PD-1 (PD-1Msh)
were not capable of producing IFN-y while, in contrast,
cells expressing an intermediate level of PD-1 could pro-
duce IFN-y.

It is important to note that the DNAM-1 receptor
plays a role in T cell and NK cell-mediated cytotoxicity
against tumors via its interaction with CD155 and CD112
[56]. For CD8 T cells, the TIGIT/DNAM-1 axis has
emerged as an inhibitory/stimulatory receptor pair of
importance for CD8 T cell function, similar to CTLA-4
and CD28 [57]. When comparing healthy donors and
cervical cancer patients, we did not see significant changes
in the expression of DNAM-1 on NK cells and T cells
(DNAM-1 expression was uniformly high, with a mean

Immune checkpoints in cervical cancer

above 95% of T cells and 98% of NK cells); however,
a decreased percentage (down to a mean of 88%) of T
cells expressing this receptor was observed in the LG
group. It has been reported that the expression of
DNAM-1 is down-regulated during chronic HIV infec-
tion [58]. Minnie et al. found a notable increase in
DNAM-1-negative CD8" T cells that were also PD-1-
and TIGIT-positive in mice with relapsed myeloma [59].
However, we did not observe significant quantities of
DNAM-1-negative T cells in our different groups. Thus,
we conclude that in PBMCs from cervical cancer and
precursor lesions cells with checkpoint markers cannot
be readily defined by the lack of DNAM-1 expression.
In contrast, we found a significant increase in the per-
centage of DNAM-1*TIGIT*CD3* cells (and a decrease
in the DNAM-1*TIGIT*8CD3" population, data not
shown) in our cervical cancer group. This may indicate
that emerging TIGIT is playing a dominant role in some
of these DNAM-1* T cells. Perhaps in the tumor envi-
ronment DNAM-1 loss will be more marked.

The increase in soluble PD-L1 in cervical cancer was
notable. Our data showed that 19 of 21 cervical cancer
patients had sPD-L1 levels above the mean of the controls.
sPD-L1 levels have been increased in different types of
cancer and are associated with disease severity and prog-
nosis [13,60,61]. It is also possible that the presence of
sPD-L1 may indicate patients who would not respond
well to some forms of PD-L1 blockade antibody therapy,
as it has been reported that secreted PD-L1 variants can
mediate resistance to PD-L1 blockade by acting as a decoy
[10]. Continuing with the idea that sPD-L1 may serve as
a marker for advancement of the tumor development, we
classified our samples with respect to tumor subtype and
grade. We observed that the frequency of PD-1*CD56"¢
CD16"8" NK cells was negatively correlated with sPD-L1
levels in cervical cancer stage IB. The PD1* T cell per-
centage was positively correlated with sPD-L1 only in LG
samples. As this result was not observed in HD, this may
indicate the beginning of a perturbed immune response
in patients with low-grade infections. It is possible that,
with advancing disease growth, PD-1-positive T cells
become less common in the blood. Indeed, lower T cell
percentages overall were observed in the blood of CC
patients, and a negative correlation was also observed
between the total soluble PD-L1 levels and the frequency
of T cells in cervical cancer. We speculate that T cells
may be trafficking to the tumor in these cases.

In conclusion, this work showed a pattern of expres-
sion of important immune checkpoints on different NK
cell subpopulations and T cells. In general, our data
suggest that the pattern of immune checkpoint expres-
sion was very similar between NK cell subsets. The
frequencies of PD-1* NK cells (different subsets) and
PD-1* T cells were increased in pre-malignant lesions
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and cervical cancer. These PD-1* cells often co-express
TIGIT and/or Tim-3. Soluble PD-L1 levels were also
increased in cervical cancer patients and were not cor-
related with cervical cancer stage.

We propose as a model that cytotoxic cells, either CD8
T cells, CD56%™ NK cells or CD56M&" NK cells, begin
to express different checkpoint molecules during the
response to persistent HPV infection and cervical cancer.
In the course of the progression of the disease, the expres-
sion of these molecules will accumulate and identify the
most afflicted or exhausted cells. Additionally, soluble PD-L1,
which was strongly increased in a subset of cervical cancer
patients and correlated with NK and T cell populations,
may also identify patients with tumors producing check-
point ligands. Therefore, identification of the patients with
such characteristics may highlight those uniquely able to
respond to combined antibody therapies.
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Additional supporting information may be found in the on-
line version of this article at the publisher’s web site:

Fig. S1. Gating strategy for the flow cytometric analysis of
NK cells in PBMCs from patients and controls. (a) repre-
sentative workflow showing identification of NK subpopula-
tions and representative analysis for six NK subpopulations
in HD, LG, HG and CC samples. Inset examples of the six
different subpopulations in different groups shows per-
centages based on the Total NK Cells region shown on the
plot. (b-g) Correlation analysis between the percentages of
CD569™ NK cell and other NK cell subpopulations or NK
cell subpopulations and T cells.

Fig. S2. Expression and co-expression of PD-1, TIGIT,
Tim-3, NKG2D and DNAM-1 on peripheral blood
CD56Mi8CD16"8 NK cells from healthy donors (HD
group), low grade lesions (LG group), high grade le-
sions (HG group) and cervical cancer patients (CC
group). (a) Gating strategy for the t-SNE analysis within
CD56"8MCD16"¢ cells. t-SNE analysis was used to visu-
alize expression distribution of DNAM-1, NKG2D, TIGIT,
PD-1 and Tim-3 in HD (n =13), LG (n = 19), HG (n = 8)
and CC (n = 19) groups. (b) t-SNE density plots show-
ing expression distribution of DNAM-1, NKG2D, TIGIT,
PD-1 and Tim-3. Flow cytometry gating of the data was
performed to analyze the single expression of the immune
checkpoints: (¢) PD-1. Co-expression of (d) PD-1"Tim-3,
(e) NKG2D*PD-1, (f) DNAM-1*TIGIT*PD-1%, (g) PD-
I*TIGIT*Tim-3 and (h) DNAM-1*TIGIT*PD-1"Tim-3
are shown. (i) Heat map of single receptor expression and
(j) Heat map of the co-expression of the receptors are
show for all groups. Data are shown as individual percent-
ages of expression and their mean. Comparisons between
the groups were performed using ANOVA with Dunnett’s
multiple comparisons test. *p < 0.05, **p < 0.01, ***p <
0.001.

Fig. $3. Expression and co-expression of PD-1, TIGIT,
Tim-3, NKG2D and DNAM-1 on peripheral blood
CD56"8CD169™ NK cells from healthy donors (HD
group), low grade lesions (LG group), high grade le-
sions (HG group) and cervical cancer patients (CC
group). (a) Gating strategy for the t-SNE analysis within
CD56"18hCD 164 cells. t-SNE analysis was used to visu-
alize expression distribution of DNAM-1, NKG2D, TIGIT,
PD-1 and Tim-3 in HD (n = 13), LG (n = 19), HG (n = 8)
and CC (n = 19) groups. (b) t-SNE density plots show-
ing expression distribution of DNAM-1, NKG2D, TIGIT,
PD-1 and Tim-3. Flow cytometry gating of the data was
performed to analyze the single expression of the im-
mune checkpoints: (c) PD-1. Co-expression of (d) PD-
1*TIGIT, () PD-1*Tim-3, (f) NKG2D*PD-1, (g) DNAM-
1*TIGIT*PD-1%, and (h) PD-1*TIGIT*Tim-3 are shown.
(i) Heat map of single receptor expression and (j) Heat
map of the co-expression of the receptors are show for all
groups. Data are shown as individual percentages of ex-
pression and their mean. Comparisons between the groups
were performed using ANOVA with Dunnett’s multiple
comparisons test. *P < 0.05,**P < 0.01, ***P < 0.001.

Fig. S4. Expression and co-expression of PD-1, TIGIT,
Tim-3, NKG2D and DNAM-1 on peripheral blood
CD564mCD16™¢ NK cells from healthy donors (HD
group), low grade lesions (LG group), high grade le-
sions (HG group) and cervical cancer patients (CC
group). (a) Gating strategy for the t-SNE analysis within
CD569™CD16°8 cells. t-SNE analysis was used to
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visualize expression distribution of DNAM-1, NKG2D,
TIGIT, PD-1 and Tim-3 in HD (n = 13), LG (n = 19), HG
(n = 8) and CC (n = 19) groups. (b) t-SNE density plots
showing expression distribution of DNAM-1, NKG2D,
TIGIT, PD-1 and Tim-3. Flow cytometry gating of the
data was performed to analyze the single expression of the
immune checkpoints: (¢) PD-1. Co-expression of (d) PD-
1*TIGIT, () PD-1*Tim-3, (f) NKG2D*PD-1, (g) DNAM-
1*TIGIT*PD-1*, (h) PD-1*TIGIT*Tim-3, and (i) DNAM-
I*TIGIT*PD-1*Tim-3* are shown. (j) Heat map of single
receptor expression and (k) Heat map of the co-expression
of the receptors are show for all groups. Data are shown
as individual percentages of expression and their mean.
Comparisons between the groups were performed using
ANOVA with Dunnett’s multiple comparisons test. *P <
0.05,**P < 0.01, ***P < 0.001.

Fig. S5. Expression and co-expression of PD-1, TIGIT,
Tim-3, NKG2D and DNAM-1 on peripheral blood
CD564MCD16%™ NK cells from healthy donors (HD group),
low grade lesions (LG group), high grade lesions (HG group)
and cervical cancer patients (CC group). (a) Gating strategy
for the t-SNE analysis within CD564™CD169™ cells. t-SNE
analysis was used to visualize expression distribution of
DNAM-1, NKG2D, TIGIT, PD-1 and Tim-3 in HD (n = 13),
LG (n=19),HG (n = 8) and CC (n = 19) groups. (b) t-SNE
density plots showing expression distribution of DNAM-1,
NKG2D, TIGIT, PD-1 and Tim-3. Flow cytometry gating
of the data was performed to analyze the single expression
of the immune checkpoints: (c) PD-1. Co-expression of
(d) PD-1*TIGIT, (¢) PD-1*Tim-3, (f) NKG2D*PD-1, (g)
DNAM-1*TIGIT*PD-1%, and (h) PD-1*TIGIT*Tim-3, are
shown. (i) Heat map of single receptor expression and (j)
Heat map of the co-expression of the receptors are show for
all groups. Data are shown as individual percentages of ex-
pression and their mean. Comparisons between the groups
were performed using ANOVA with Dunnett’s multiple
comparisons test. *P < 0.05, **P < 0.01, **P < 0.001.

Fig. S6. Expression and co-expression of PD-1, TIGIT,
Tim-3, NKG2D and DNAM-1 on peripheral blood
CD564MCD16"8" NK cells from healthy donors (HD
group),low grade lesions (LG group), high grade lesions (HG

Immune checkpoints in cervical cancer

group) and cervical cancer patients (CC group). (a) Gating
strategy for the t-SNE analysis within CD564™CD16Pright
cells. t-SNE analysis was used to visualize expression distri-
bution of DNAM-1,NKG2D, TIGIT, PD-1 and Tim-3 in HD
(n=13),LG (n =19), HG (n = 8) and CC (n = 19) groups.
(b) t-SNE density plots showing expression distribution of
DNAM-1,NKG2D, TIGIT, PD-1 and Tim-3. Flow cytometry
gating of the data was performed to analyze the single expres-
sion of the immune checkpoints: (c) PD-1. Co-expression of
(d) PD-1*TIGIT, (¢) PD-1*Tim-3, (f) PD-1*TIGIT*Tim-3,
(g9 NKG2D*PD-1, (h) DNAM-I*TIGIT*PD-1%, (i)
DNAM-1"NKG2D*TIGIT*PD-1*Tim-3*, and (j) DNAM-
I*TIGIT*PD-1"Tim-3" are shown. (k) Heat map of single
receptor expression and (l)Heat map of the co-expression
of the receptors are show for all groups. Data are shown
as individual percentages of expression and their mean.
Comparisons between the groups were performed using
ANOVA with Dunnett’s multiple comparisons test. *P <
0.05,**P < 0.01,**P < 0.001.

Fig. S7. Expression and co-expression of PD-1, TIGIT,
Tim-3, NKG2D and DNAM-1 on peripheral blood
CD56"8CD16"8" NK cells from healthy donors (HD group),
low grade lesions (LG group), high grade lesions (HG group)
and cervical cancer patients (CC group). (a) Gating strategy
for the t-SNE analysis within CD56"¢CD161i8ht cells. t-SNE
analysis was used to visualize expression distribution of
DNAM-1,NKG2D, TIGIT, PD-1 and Tim-3 in HD (n = 13),
LG (n=19),HG (n = 8) and CC (n = 19) groups. (b) t-SNE
density plots showing expression distribution of DNAM-1,
NKG2D, TIGIT, PD-1 and Tim-3. Flow cytometry gating of
the data was performed to analyze the single expression of
the immune checkpoints: (c) PD-1. Co-expression of (d) PD-
1*TIGIT, (e) PD-1*Tim-3, (f) NKG2D*PD-1, (g) DNAM-
I*TIGIT*PD-1%, and (h) DNAM-1*TIGIT*PD-1*Tim-3*
are shown. (i) Heat map of single receptor expression and (j)
Heat map of the co-expression of the receptors are show for
all groups. Data are shown as individual percentages of ex-
pression and their mean. Comparisons between the groups
were performed using ANOVA with Dunnett’s multiple
comparisons test. *P < 0.05,**P < 0.01,***P < 0.001.

Table S1. Correlations Between sPD-L1 and Cell Populations.
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