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Principal component analysis of early immune
cell dynamics during pembrolizumab treatment
of advanced urothelial carcinoma
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Abstract. Immune checkpoint inhibitors have been approved
as second-line therapy for patients with advanced urothelial
carcinoma (UC). However, which patients will obtain clinical
benefit remains to be determined. To identify predictive
biomarkers for the pembrolizumab (PEM) response early
during treatment, the present study investigated 31 patients
with chemotherapy-resistant recurrent or metastatic UC who
received 200 mg PEM intravenously every 3 weeks. Blood was
taken just before the first dose and again before the second
dose, and the peripheral blood mononuclear cells of all 31 pairs
of blood samples were immune phenotyped by flow cytometry.
Data were assessed by principal component analysis (PCA),
correlation analysis and Cox proportional hazards modeling
in order to comprehensively determine the effects of PEM
on peripheral mononuclear immune cells. Absolute counts of
CD45RA*CD27 CCRT7 terminally differentiated CD8* T cells
and KLRGI*CD57* senescent CD8* T cells were significantly
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increased after PEM administration (P=0.042 and P=0.043,
respectively). Senescent and exhausted CD4* and CD8* T
cell dynamics were strongly associated with each other. By
contrast, counts of monocytic myeloid-derived suppressor
cells (mMDSCs) were not associated with other immune cell
phenotypes. The results of PCA and non-hierarchical clus-
tering of patients suggested that excessive T cell senescence
and differentiation early during treatment were not neces-
sarily associated with a survival benefit. However, decreased
mMDSC counts after PEM were associated with improved
overall survival. In conclusion, early on-treatment peripheral
T cell status was associated with response to PEM; however, it
was not associated with clinical benefit. By contrast, decreased
peripheral mMDSC counts did predict improved overall
survival.

Introduction

The anti-PD-1 antibody pembrolizumab (PEM) is currently
approved as second line therapy for cisplatin-resistant urothe-
lial carcinoma (UC), but the objective response rate was only
21.1% (95% CI, 16.4 to 26.5) in the KEYNOTE-045 clinical
trial (1). Therefore, it is important to find biomarkers to predict
which patients will benefit from this drug and to identify
factors that reflect its lack of therapeutic effect in UC patients.
To this end, we investigated whether immune profiling could
yield biomarkers for the early prediction of therapeutic effects
in individual patients.

A commonly-used predictive biomarker of checkpoint
inhibitor efficacy is the tumor mutational burden (TMB), an
indirect indicator of tumor antigenicity resulting from muta-
tions in the cancer cells. A positive correlation between log
(TMB) and the mean response rate has been reported in a
meta-analysis of 27 different cancers (2). Significant correla-
tions between high TMB and response to the anti-PD-L1
antibody atezolizumab have been reported in patients with
locally-advanced and metastatic UC after treatment with
platinum-based chemotherapy (3). It has also been reported
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that a high neutrophil-to-lymphocyte ratio in peripheral
blood (PB) is associated with poorer responses to anti-PD-1
antibodies in patients with non-small cell lung cancer and
melanoma (4). Other potential predictive biomarkers for
the efficacy of immune checkpoint inhibitors (ICIs) include
C-reactive protein (CRP) and Lactate Dehydrogenase (LDH).
In a retrospective study, baseline elevated CRP was an inde-
pendent predictor of worse progression-free survival (PFS),
worse overall survival (OS) and a lower overall response rate
(ORR) in patients treated with PD-1/PD-L1 ICIs (5). Baseline
low serum LDH, high eosinophil counts and high lymphocyte
counts were independent prognostic factors for PD-1 benefit
in patients with advanced melanoma (6). In addition, it has
been reported that phenotypes of inflammatory cells in PB
influence PD-1 ICI prognosis in non-small cell lung cancer;
these included higher baseline CD62L¥CD4* T cells and
lower CD25*FOXP3*CD4* T cells (7) and higher PD-1*CD8*
T cells and NK cells (8). Notably, levels of myeloid-derived
suppressor cells (MDSC) in PB and tissues have been reported
as poor prognostic factors in UC (9). However, the dynamics
of individual immune cells and their phenotypes after PEM
treatment and associations with response or resistance to PEM
have not yet been explored.

In order to understand the dynamics of immune cells and
their phenotypes in early on-treatment samples, we evaluated
PB mononuclear cells (PBMCs) before and after the first
administration of PEM. We applied principal component
analysis (PCA) on immune profile data for different immune
cells in order to evaluate the immunological changes resulting
from PEM administration. Finally, we investigated whether
immune profiling could provide biomarkers for the early
prediction of individual therapeutic effects.

Materials and methods

Patients. This clinical study analyzed the immunological impact
of the anti-PD-1 antibody PEM on chemotherapy-resistant
recurrent and metastatic UC patients at the University of Tokyo
Hospital. The research protocol was approved by the Ethical
Committee of The University of Tokyo [approval no. 3652-(6)]
and written informed consent was obtained from each patient
before they entered the study. All procedures in the present
study were performed according to the ethical standards of
the institution and were in conformity with the 1964 Helsinki
Declaration and its later amendments, or comparable ethical
standards. Thirty-one chemotherapy-resistant advanced UC
patients were recruited from May 2018 to May 2020 (Table I).

Treatment. Patients received 200 mg of PEM intravenously
every 3 weeks. Blood was collected just before the first and
again just before the second administration of PEM. The
first dose was given in the hospital, and the second dose
was administered in the outpatient chemotherapy room. The
schedule of the second dose and the timing of blood sampling
were delayed in some patients, resulting in the interval
between the first and second dose ranging from 17 to 29 days
(Fig. S1). However, these differences in the timing of dosing
did not affect the immunological parameters used in this study
(Table SI). Therefore, all 31 patients' data were accepted for
the analysis.

PBMC isolation and flow cytometry. PBMCs were isolated
from peripheral venous blood by density gradient centrifu-
gation at 1,100 x g for 20 min at room temperature using
Lymphoprep™ (cat. no. 1114547; Alere Technologies AS)
and were then cryopreserved in Bambanker™ freezing
medium (cat. no. CS-02-001; 01; Nippon Genetics Co., Ltd.).
Cryopreserved PBMCs were thawed in RPMI-1640 (cat.
no. 189-02025; Wako Pure Chemical Industries, Ltd.) supple-
mented with 50 IU/ml Benzonase® Nuclease (cat. no. E1014;
Sigma-Aldrich; Merck KGaA). Cells (1x10°) were stained in
100 ul phosphate-buffered saline containing 1% FBS (cat.
no. 17012; Sigma-Aldrich; Merck KGaA) and 0.1% sodium
azide (cat. no. 195-11092; Wako Pure Chemical Industries,
Ltd.) using a 1:100 dilution of the antibodies (Abs) listed
in Table SII. Dead cells were excluded by staining using
Zombie Yellow™ Fixable Viability kits (cat. no. 423104;
BioLegend, Inc.). For surface staining, cells were incubated
with the Abs at 4°C in the dark for 30 min. Cells were fixed
in 0.5% paraformaldehyde for nuclear staining before data
acquisition and incubated with mAbs at room temperature
in the dark for 45 min. Flow cytometry was performed on a
CytoFLEXS (Beckman Coulter, Inc.) and data were analyzed
by FlowJo™ v10 software (TreeStar) (Fig. S2). The gating
strategies for CD4* and CD8* T cells were based on their
expression of CD45RA, CD27 and CCR?7, as reported by
Jones et al (10). Monocytic myeloid-derived suppressor cells
(mMDSCs) were defined as CD11b*CDI14*HLA DR/°**CD15"
CD33", based on the strategy of Bronte et al (11). The gating
for regulatory T cells (Treg) was set based on the analysis
reported by Miyara et al (12), i.e., FOXP3-high cells based
on FOXP3*Ki67*CD45R A 'CD4* staining were considered
effector Treg (€Treg).

Absolute counts of immune cells. Absolute counts of each
immune cell fraction were calculated by multiplying the
percentage of each in PBMC and the sum of lymphocyte and
monocyte counts in whole blood. The degree of change was
calculated by subtracting the absolute counts before PEM
administration from those after PEM administration.

Transcriptome analysis. To analyze IMvigor210
(NCTO02108652) data, the expression data and clinical
data were obtained from IMvigor 210 Core Biologies
(http://research-pub.gene.com/IMvigor210CoreBiologies). We
then ran ssGSEA (13), using gene-sets for MDSC (14) and
tumor-associated macrophages (TAM) (15).

Statistical analysis. All statistical analyses were performed
using R Statistical Software (version 4.1.0; R Foundation
for Statistical Computing, Vienna, Austria) and installed
R packages. Data were analyzed using the Wilcoxon
signed-rank test when comparing two groups between each
set of matched pairs with the R software package ‘exac-
tRankTests’ (version 0.8-34). Data were analyzed using the
Mann-Whitney test when comparing two independent groups
with the R default installed package. The Kruskal-Wallis
test was used to compare three or more independent groups
for non-parametric data with the R default package. For
post-hoc analysis, Steel-Dwass test was performed with
the R software package ‘NSM3’ (version 1.16). Spearman's
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Table I. Characteristics of patients with UC treated with
pembrolizumab.

Characteristics Value (n=31)

Patient age, years

Median 70
Range 26-80
Male, n (%) 23(74.2)

Ex-smoker, n (%) 19 (61.3)
Number of previous
chemotherapy cycles

Median 3

Range (1stQ, 3rdQ) 1-21 (3,5)
Primary tumor, n (%)
BC 10 (32.3)
Upper UC 16 (51.6)
BC and upper UC 5(16.1)
TNM staging, n (%)
0 1(3.2)
I 5(16.1)
II 1(3.2)
I 20 (64.5)
v 4(12.9)
Numbers of visceral metastases
before pembrolizumab, n (%)
1 17 (54.8)
2 11 (35.5)
3 309.7)
Chemotherapy regimen before
pembrolizumab, n (%)
DDMVAC 5(16.1)
GC 11 (35.5)
GCa 13 (41.9)
Others 2(6.5)

IstQ, first quartile; 3rdQ, third quartile; UC, urothelial carcinoma;
BC, bladder cancer; DDMVAC, dose-dense MVAC, methotrexate,
vinblastine, adriamycin, and cisplatin; GC, gemcitabine and cisplatin;
GCa, gemcitabine and carboplatin.

rank correlation coefficient analysis was used to analyze
the correlation with the R default installed package. A Cox
proportional hazards model was used in the univariate
analyses of overall survival with the R software package
‘survival’ (version 3.2-13). Kaplan-Meier estimation of
survival of patients with high or low mMDSC levels by
log-rank testing used the R software package ‘survival’
(version 3.2-13). The degree of change of each immune cell
subset after PEM was analyzed using a multivariate PCA
with the R software package ‘factoextra’ (version 1.0.7).
Data were visualized with the R software package ‘ggplot2’
(version 3.3.5), ‘survminer’ (version 0.4.9), and ‘corrplot’
(version 0.92). P<0.05 was considered to indicate a statisti-
cally significant difference.
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Results

Changes in complete blood count (CBC) and immune
cells associated with PEM treatment. To identify predic-
tive biomarkers for the outcome of PEM treatment of UC,
we focused on pre-treatment and early on-treatment blood
samples. First, to determine which parameters in CBC were
significantly changed after the initial dose of PEM, each item
of laboratory data was compared before and after its adminis-
tration. We found that hemoglobin was significantly increased
3 weeks after starting PEM (P<0.001; Fig. 1, Table SIII). It
is likely that hemoglobin values improved with the recovery
of hematopoietic capacity because of the cessation of chemo-
therapy. Increases and decreases in white blood cells, platelets,
neutrophils, lymphocytes and monocytes varied from patient
to patient with no overall recognizable pattern.

Next, PBMCs were phenotyped by flow cytometry (Figs. S2
and 2). Three weeks after the initial dose of PEM, the absolute
numbers of PD-1"CD57 CD4* T cells and PD-1*CD57 CD8* T
cells were significantly decreased (P<0.001, P=0.002, respec-
tively; Fig. 2, Table SIV). On the other hand, PD-1"CD57+*CD4*
T cell and PD-1"CD57*CD8* T cell numbers were significantly
increased (P<0.001, P=0.008, respectively). The decrease of
PD-1* cells and increased PD-1" cells were artifacts caused
by the competition of binding to PD-1 between PEM and the
detection antibody, clone EH12.2H7 (16). Therefore, except for
pre-treatment samples, we removed the data containing PD-1
staining from further analyses. CD45RA*CD27 CCR7 termi-
nally differentiated (TD) CD8* T cells and KLRGI1*CD57*
senescent CD8* T cells were significantly increased (P=0.042
and P=0.043, respectively). Thus, the profile of CD8* T cells in
PB shifted towards a more differentiated and senescent signa-
ture after PEM. In addition, €Tregs significantly decreased
(P=0.015; Fig. 2 and Table SIV).

Next, we investigated whether these changes induced by
PEM affected the prognosis of UC patients. Univariate analysis
with Cox regression did not show any significant prognostic
relevance of the changes in CBC and different immune cell
counts before and after PEM treatment (Tables SV and SVI).

Integrated analysis of immunophenotypic changes in PBMC.
To integrate these changes in immune cells following PEM
treatment into a representation of the dynamics of the immune
system, changes in the different immune cell subsets were
comprehensively analyzed by PCA (Fig. 3 and Table SVII).
First, changes in cell counts for each immune cell phenotype
before and after PEM were calculated and entered into the
PCA. Next, the changes were plotted in the first two principal
component spaces (Fig. 3A). This showed that CD4* and
CDS8*T cells with effector memory (EM), TD, and senescent
phenotypes clustered closely around the first principal compo-
nent (PC1). Similarly, CD4* and CD8* T cells with naive and
central memory (CM) phenotypes clustered more around PC2.
On the other hand, the contribution of e€Tregs and mMDSCs
was limited (Table SVII).

Individual patient data were plotted based on the variable
correlations of changes in immune cell fractions after PEM
(Fig. 3B). The patients were divided non-hierarchically into
three groups by k-means clustering, i.e., cluster 1 (PC1 side),
cluster 2 (PC2 side), and cluster 3 (the opposite side of PC1 and
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Figure 1. Hematological changes after PEM administration, comparing complete blood count just before PEM administration and 3 weeks thereafter using
the Wilcoxon signed-rank test. Only the hemoglobin concentration was significantly elevated after PEM administration. NLR, neutrophil-to-lymphocyte ratio;
PEM, pembrolizumab; WBC, white blood cell.
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Figure 2. Changes in immune cells after PEM treatment. To investigate the changes in immune cells following PEM administration, a comparison was made
between the absolute counts in each immune cell fraction of PBMCs just before PEM administration and 3 weeks thereafter using the Wilcoxon signed-rank
test. Absolute cell counts were calculated by multiplying the percentages of each immune cell fraction and the PBMC counts; PBMC counts were calculated by
the sum of lymphocyte counts and the monocyte counts in whole blood cells. Naive, CD45RA*CD27*CCR7*; CM, central memory (CD45RACD27*CCR7");
EM, effector memory (CD45RA CD27 CCRT7); TD, terminally differentiated (CD45RA*CD27- CCR7); €Treg, effector regulatory T cell (FOXP3"s"CD45R A
CD4* T cell); mMDSC, monocytic myeloid-derived suppressor cell (CD11b*CD14*CD15"HLA-DR CD33*); PBMC, peripheral blood mononuclear cell;
PD-1, programmed cell death protein 1; PEM, pembrolizumab.
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Figure 3. PCA of changes in immune cells after PEM treatment. (A) Correlation plots in PCA were constructed to examine the changes of each immune
cell phenotype in PBMCs. The absolute counts of each immune cell fraction were calculated by multiplying the percentages of each fraction and the PBMC
counts; PBMC counts were determined by the sum of lymphocyte counts and the monocyte counts from the routine clinical laboratory data. The changes were
calculated by subtracting the values before PEM administration from those after PEM administration. Vectors indicate the increase of the respective changes
in immune cells. The color is defined by the contribution of variables for the first two principal components. (B) Plots for individual patients were loaded on
the respective principal components. The patients were divided into three groups by the k-means method using the first and second principal components.
(C) Changes in TD CD8* T cells and naive CD4* T cells were compared in these three clusters. Kruskal-Wallis test was performed and the P-value was indicated
on the top of the panel. For post-hoc analysis, Steel-Dwass test was performed: "P<0.05, “P<0.01. (D) Kaplan-Meier estimates of progression-free survival and
overall survival according to three clusters based on the results of PCA. A log-rank test was performed. naive, CD45RA*CD27*CCR7*"; CM, central memory
(CD45RA CD27*CCR7"); EM, effector memory (CD45RA"CD27 CCR7); TD, terminally differentiated (CD45RA*CD27 CCR7); €Treg, effector regulatory
T cell (FOXP3"e"CD45RA CD4* T cell); mMDSC, monocytic myeloid-derived suppressor cell (CD11b*CD14*CD15"-HLA-DR CD33*); PBMC, peripheral
blood mononuclear cell; PCI, the first principal component; PC2, the second principal component; PCA, principal component analysis; PEM, pembrolizumab.

PC2). The number of clusters 3 in k-means was determined  patient survival. Thus, inhibition of senescence and excessive
using the R package ‘NbClust’ (version 3.0). This approach  differentiation of effector cells during PEM treatment might
revealed that changes of TD CD8* T cells were significantly  help sustain the effect of immunotherapy over an extended
greater in cluster 1 (P<0.001) and changes of naive CD4*  period, leading to a better prognosis.

T cells tended to be greater in cluster 2 (P=0.079) (Fig. 3C).

Next, we compared PFS and OS from the initiation of PEM  Relationships between immune cell phenotypes. To investi-
administration in these three clusters to determine whether  gate the relationships between immune cells from different
these commonly recognized changes in PB immune cells were ~ PCA directions, correlation coefficients were calculated and
associated with prognosis (Fig. 3D). This approach showed that  verified together with the results of PCA. As shown in Fig. 4,
patients in cluster 1 had a relatively poor prognosis, whereas  components in the same axial direction with a strong contribu-
those in cluster 3 tended to have a better prognosis, but these  tion in Fig. 3 and Table SVII also correlate closely with each
differences did not reach statistical significance in terms of OS  other. For example, TD CD8* T cells were well correlated
and PFS (P=0.14, P=0.78, respectively). These results suggest ~with EM CD4* T cells (r=0.69), TD CD4* T cells (r=0.62)
that T cell activation is needed for a response, but excessive  and senescent CD4* T cells (r=0.43). Senescent CD8" T cells
activation and differentiation of T cells might not increase = were well correlated with EM CD4* T cells (r=0.69), TD CD4*
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Figure 4. Correlation coefficient analysis of immune phenotypes. Correlations between immune cell phenotypes in PBMCs were analyzed according to their
changes in absolute cell counts before and after PEM administration. The absolute counts of each immune cell fraction were calculated by multiplying the
percentages of each fraction and the PBMC counts; PBMC counts were determined by the sum of lymphocyte counts and the monocyte counts in the laboratory
data. Changes were calculated by subtracting the values before PEM administration from those after PEM administration. naive, CD45RA*CD27*CCR7;
CM, central memory (CD45RA CD27*CCR7*); EM, effector memory (CD45RA CD27 CCR7); TD, terminally differentiated (CD45RA*CD27 CCR7); €Treg,
effector regulatory T cell (FOXP3"¢"CD45RACD4* T cell); mMDSC, monocytic myeloid-derived suppressor cell (CD11b*CD14*CD15"HLA-DR CD33%);

PBMC, peripheral blood mononuclear cell; PEM, pembrolizumab.

T cells (r=0.58), senescent CD4* T ells (r=0.65), EM CD8&*
T cells (r=0.64) and TD CD8* T cells (r=0.80). Conversely,
eTregs and mMDSCs had notably lower coordinates and
contributions to PC1 and PC2 (Table SVII). The absolute
values of the correlation coefficients of mMDSCs with other
immune cell fractions were all <0.3 except for €Tregs with
which mMDSCs had a weak correlation with a correlation
coefficient of only 0.4 (Fig. 4). Therefore, we considered that
eTregs and mMDSCs were not affected by PEM treatment and
behave relatively independently from other immune cells on
PEM treatment.

Impact of mMDSCs and eTregs on prognosis. The T cell
compartment moved in the direction of differentiation and
senescence even after only a single dose of PEM. These results
are consistent with the expected mode of action of PEM.
Therefore, to investigate whether the changes of mMDSCs,
that were not associated with T cell changes, determined the
clinical outcomes of UC patients receiving PEM, survival
analysis was performed for patients with increased or
decreased mMDSCs on treatment. This revealed that patients
with decreased mMDSCs after PEM had significantly longer
OS (P=0.049, Fig. 5A). In addition, the association between
Treg dynamics following PEM treatment and patient survival
was examined (Fig. 5D-F). Patients with increased €Tregs also
tended to enjoy better OS than those with decreased €Tregs,
although this was also not statistically significant (P=0.12,
Fig. 5D). These changes in mMDSCs and eTregs were not
associated with PFS or response to PEM (Fig. 5B, C, E and F).

Because the changes in mMDSC count were associated
with OS after PEM, we compared clinical and laboratory data
between patients with increased vs. decreased mMDSCs after
PEM. Those patients with increased mMDSCs had received

more cycles of chemotherapy before PEM treatment than
patients with decreased mMDSCs (Table SVIII). However,
there were no statistically significant differences in the changes
of immune cells, especially T cells, before and after PEM
between patients who received >6 courses of chemotherapy vs.
those who received <6 courses (Table SIX). Although patients
who received fewer chemotherapy courses did not neces-
sarily exhibit decreased mMDSC counts after PEM, patients
who did have decreased mMDSC had all received fewer
courses (Fig. S3). Thus, taken together, these data suggest
that pre-treatment chemotherapy influenced mMDSC but not
T cell dynamics on PEM treatment.

Peripheral blood might not represent the tumor micro-
environment in the advanced tumor. To compensate for this
limitation, we re-analyzed the RNA-Seq data of pre-treatment
tumor samples from a large phase 2 trial (IMvigor210) (17).
sSGSEA using gene-sets for MDSC (14) and TAM (15) was
performed in the IMvigor210 cohort. Patients were divided
into two groups, High and Low, according to the median
sSGSEA score of each gene set. None of them had a statisti-
cally significant influence on OS (Fig. S4). The immunological
status might be different between PB and the tumor.

Discussion

In the present study, we performed immune profiling just before
and 3 weeks after administration of PEM using PBMCs from
31 advanced UC patients refractory to chemotherapy. PEM
promoted the accumulation of senescent and late-differenti-
ated CD8'T cells and reduced €Treg cell numbers in peripheral
blood. PCA and correlation coefficient analysis demonstrated
that the dynamics of senescent and late-differentiated CD4*
and CDS8* T cells were strongly associated with each other.
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Figure 5. Overall survival, progression-free survival and responses to PEM according to the changes in mMDSCs and eTregs after PEM. Kaplan-Meier
estimates of (A) overall survival and (B) progression-free survival according to the changes in mMDSCs. Increase, group with increased mMDSCs after
PEM administration; decrease, group with decreased mMDSCs after PEM administration. (C) Changes in mMDSC counts were compared according to
response to PEM. Kaplan-Meier estimates of (D) overall survival and (E) progression-free survival according to the changes in eTregs. Increase, group with
increased €Treg after PEM administration; decrease, group with decreased €Treg after PEM administration; (F) Changes in eTreg counts were compared
according to response to PEM. A log-rank test was performed in (A, B, D and E). Kruskal-Wallis test was performed in (C and F). €Treg, effector regulatory
T cell (FOXP3"¢"CD45RA CD4* T cell); mMDSC, monocytic myeloid-derived suppressor cell (CD11b*CD14*CD15"HLA-DR CD33*); PEM, pembrolizumab;

PR, partial response; SD, stable disease; PD, progressive disease.

Although mMDSCs did not show a unified tendency in
patients and exhibited little correlation with other immune
cell phenotypes, decreased mMDSC counts after PEM were
associated with better overall survival.

This study demonstrated that PEM treatment was asso-
ciated with increased numbers of CD8* T cells carrying
senescence and terminal differentiation markers in most
patients' peripheral blood (Fig. 2). Consistent with this, the
contributions of both senescent and TD CD8* T cells to the
first principal component in PCA were high (senescent CD8*
T cells, PC1=0.86, TD CD8* T cells, contribution=0.86,
Fig. 3A and Table SVII). Tumor-specific CD8" T cells may
become dysfunctional, senescent, or terminally differenti-
ated due to repeated antigen stimulation (18-20), and these
cells have low proliferation capacity. Therefore, these
dysfunctional cells may not exert a sufficient antitumor
effect by themselves in vivo (21). These data may explain
why patients in cluster 1 had shorter OS than patients in
clusters 2 and 3 (Fig. 3D).

Peripheral €Treg counts were significantly decreased by
PEM (Fig. 2). e€Tregs had a weak negative correlation with
naive CD4* T cells (Fig. 4). A previous study had reported that
PD-L1 played an important role in differentiating naive T cells
into Tregs in experiments using PD-L1 knockout mice (22).
PEM might inhibit €Treg differentiation, thereby increasing
naive CD4* T cells and decreasing €Treg after PEM. In addi-
tion, €Tregs positively correlated with CM and senescent CD8*
T cells (r=0.40 and 0.41, respectively, Fig. 4). Although not
statistically significant, patients with increased €Treg displayed
better OS (Fig. 5D). The presence of €Tregs might limit the
excessive differentiation of T cells induced by PEM. In contrast,
there was no clear tendency regarding mMDSC changes before
and after PEM when examining the whole patient cohort,
and mMDSC after PEM behaved independently of other
immune cells (Figs. 3 and 4). However, increased mMDSCs
were associated with shorter OS (Fig. 5). This is consistent
with a previous report that increased peripheral MDSCs were
associated with unfavorable prognostic changes (23). As one
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of the mechanisms of resistance to nivolumab, a previous
study reported that mMDSCs expressing galectin-9 reduced
the ability of TIM-3*CD8* T cells in PBMCs of NSCLC
patients to secrete IFNy (24). mMDSC might have affected
the CD8'T cells described in the present study through this
mechanism. However, we did not confirm the expression of
either TIM3 or galectin-9 in our study.

Human MDSCs are commonly defined by the myeloid
markers CD14*, CD11b*, and CD33*, low HLA-DR and nega-
tivity for lineage markers (CD3, CD19 and CD56). These
markers define three subsets of human MDSC, namely,
monocytic MDSC (LinHLA-DR""/*CD11b*CD33*CD14"),
granulocytic or polymorphonuclear MDSC
(CD11b*CD14°CD15* or CD11b*CD14°CD66b*), and
early-stage MDSC (HLA-DR'CD33*) (25). MDSCs are
thought to represent an adverse prognostic factor in immu-
notherapy because they act suppressively in the immune
microenvironment through direct cell-cell contact or indi-
rect effects via remodeling the microenvironment. However,
which subtypes of MDSCs are most prognostic is still contro-
versial and may differ depending on the type of cancer (26).
Unfortunately, density gradient purification of PBMCs from
whole blood results in the loss of granulocytes. Therefore,
our study could not examine granulocytic MDSCs. However,
mMDSCs did clearly impact the prognosis of patients treated
with PEM in our study (Fig. 5).

Chemotherapy before immunotherapy is a factor that can
affect MDSCs. For example, gemcitabine and 5-FU selectively
induce apoptotic cell death of MDSCs and increase IFN-y
production by tumor-infiltrating tumor-specific CD8*T cells
in in vitro and in vivo experiments in mice (27). However,
even if the same chemotherapeutic agents are used, the effects
on MDSCs may differ according to the dose or number of
doses of chemotherapy (28). The duration, dose, and type of
chemotherapy before immunotherapy were not standardized
in the present study. However, granulocyte colony-stimulating
factor (G-CSF) that affects MDSCs always followed chemo-
therapy in these patients. G-CSF promotes the survival of
granulocytes, the proliferation and migration of neutrophils
and, in addition, MDSCs (29). Therefore, the use of G-CSF
for neutropenia, which occurs as an adverse event of chemo-
therapy, may contribute to the maintenance of MDSCs in the
tumor microenvironment and diminish the effectiveness of
subsequent immunotherapy.

Several molecules can be targeted to improve immune
checkpoint inhibition by regulating MDSCs. A previous study
with murine rhabdomyosarcoma showed that CXCR2-positive
MDSC:s inhibited the antitumor effect of anti-PD-1 antibody
treatment and that anti-CXCR2 monoclonal antibody therapy
enhanced it (30,31). It has been reported that Sema4D induced
MDSC in the tumor microenvironment (32) and that head
and neck squamous cell carcinoma patients with high plasma
Sema4D levels had less infiltration of immune cells into the
tumor microenvironment (33). Experiments with murine
oral cancer-1 showed that Sema4D Ab combined with either
CTLA-4 or PD-1 blockade enhanced tumor rejection or
delayed tumor growth (34). Such combination therapy that
inhibits MDSCs may be effective for urothelial cancer.

The PCA algorithm can compress a dataset onto a
lower-dimensional feature subspace to maintain the most

relevant information. Therefore, PCA analysis was performed
to characterize the immunological changes in various immune
phenotypes caused by PEM. In fact, the results of Fig. 2
were summarized in Fig. 3. Irrespective of the pre-treatment
chemotherapy, PCA demonstrated the T cells changes in PC1
and PC2. In addition, there were no statistically significant
differences in the changes of immune cells, especially T cells,
before and after PEM between patients who received >6
courses of chemotherapy vs. those who received <6 courses
(Table SIX). Therefore, taken together, we considered PEM
caused these T cell changes. In contrast, changes in mMDSC
were affected by pre-treatment chemotherapy (Fig. S3).

There are several limitations to this study. First, the difficul-
ties in accurately detecting all PD-1 receptors on T cells from
patients treated with anti-PD-1 antibodies create a potential
confounder because detecting antibodies compete for their
binding to PD-1 with therapeutic antibodies (16). There are two
major anti-PD-1 monoclonal antibodies, EH12.2H7 and MIH4.
The former is more sensitive than the latter in the absence of
PEM; however, EH12.2H7 competes for PD-1 binding with
PEM and cannot detect PD-1 expression in the presence of
PEM. On the other hand, MIH4 can bind to PD-1 in the pres-
ence of PEM; however, it only detects a part of PD-1 expression.
We chose clone EH12.2H7; therefore, only the data before
PEM administration can be evaluated. A similar problem
might be observed in the previous report by Tzeng, reporting
that anti-PD-L1 treatment correlated with decreased PD-LI1*
mMDSC, while doses of anti-PD-1 correlated with decreased
PD-1* mMDSCs (35). A reliable method for quantifying PD-1
expression on immune cells from treated patients is warranted.
Second, we only analyzed the immune cell changes before and
after the first dose to identify predictive biomarkers for PEM
response early during treatment. Therefore, data were difficult
to represent the long-term changes in immune cells after PEM.
The examination of the long-term changes of immune cells after
PEM is required in future studies. Third, the type, timing, and
dose of chemotherapy before administration of PEM was not
unified in the present study. However, the changes in immune
cell count between pre- and on-treatment samples were not
affected by the number of chemotherapy courses (Table SIX).
Finally, only patients whose peripheral blood could be collected
twice, before and 3 weeks after starting PEM administration,
were surveyed, which may have biased selection.

In conclusion, PEM treatment promoted the accumulation
of CD4* and CD8* T cells with a senescent or late-differenti-
ated phenotype and reduced the number of €Treg cells in the
PB of UC patients. T cell activation is necessary for effective
therapy, but excessive differentiation of T cells may be harmful
for long-term survival. Changes in mMDSCs after PEM were
different from those of other immune cells and their decrease in
individual patients was associated with better overall survival.
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