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ABSTRACT
◥

Purpose: Although local tissue-based immune responses are
critical for elucidating direct tumor–immune cell interactions,
peripheral immune responses are increasingly recognized as
occupying an important role in anticancer immunity. We
evaluated serial blood samples from patients with advanced
epithelial ovarian cancer (EOC) undergoing standard-of-care
neoadjuvant carboplatin and paclitaxel chemotherapy (includ-
ing dexamethasone for prophylaxis of paclitaxel-associated
hypersensitivity reactions) to characterize the evolution of the
peripheral immune cell function and composition across the
course of therapy.

Experimental Design: Serial blood samples from 10 patients
with advanced high-grade serous ovarian cancer treated with
neoadjuvant chemotherapy (NACT) were collected before the
initiation of chemotherapy, after the third and sixth cycles, and
approximately 2 months after completion of chemotherapy. T-cell
function was evaluated using ex vivo IFNg ELISpot assays, and the

dynamics of T-cell repertoire and immune cell composition were
assessed using bulk and single-cell RNA sequencing (RNAseq).

Results: T cells exhibited an improved response to viral antigens
after NACT, which paralleled the decrease in CA125 levels. Single-
cell analysis revealed increased numbers of memory T-cell receptor
(TCR) clonotypes and increased central memory CD8þ and reg-
ulatory T cells throughout chemotherapy. Finally, administration of
NACT was associated with increased monocyte frequency and
expression of HLA class II and antigen presentation genes; sin-
gle-cell RNAseq analyses showed that although driven largely by
classical monocytes, increased class II gene expression was a feature
observed across monocyte subpopulations after chemotherapy.

Conclusions: NACT may alleviate tumor-associated immuno-
suppression by reducing tumor burden and may enhance antigen
processing and presentation. These findings have implications for
the successful combinatorial applications of immune checkpoint
blockade and therapeutic vaccine approaches in EOC.

Introduction
Surgical cytoreduction and adjuvant or neoadjuvant chemotherapy

(NACT) has long been the mainstay of frontline treatment for
approximately 75% of patients with epithelial ovarian cancer (EOC).
Chemotherapy for advanced EOC typically consists of carboplatin and
paclitaxel administered intravenously every 3 weeks for a minimum of
6 cycles (1). EOC is, at least initially, a very chemosensitive disease with
approximately 70% of patients achieving a complete clinical response
after first-line chemotherapy (1, 2). This striking chemosensitivity is
partly related to underlying deficiencies in homologous recombination
DNA repair, which are prevalent especially among tumors of high-
grade serous histology (�75%of all EOCs), rendering them susceptible
to platinum-based chemotherapy (3, 4). However, besides their direct
cytotoxic effects, chemotherapy agents such as carboplatin and pac-
litaxel may also exhibit immune effects, which, depending on the
context, may enhance or impede their overall treatment effect.
Similarly, steroids and growth factors administered together with
chemotherapy as prophylaxis of paclitaxel-associated hypersensitivity
reactions and treatment of carboplatin-associated nausea (2) may also
affect the immune system and thus impact the overall efficacy of
antitumor therapy.

A limited number of previous studies have evaluated the immune
effects of chemotherapy in EOC, but they have focused almost
exclusively on local immune responses within the ovarian tumor
microenvironment (5–9). On the other hand, the systemic immune
landscape is increasingly recognized as occupying a critical role in
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effective natural and therapeutically induced anticancer immune
responses, and intact peripheral immunity is required for immuno-
therapeutic efficacy (10–12). Therefore, an evaluation of the peripheral
immune system across all immune cell lineages can provide a more
complete understanding of the effects of conventional chemotherapy
on the immune response against ovarian tumors.

To this end, we selected the setting ofNACT for EOC to evaluate the
effects of chemotherapy on the peripheral immune system, whereby
patients receive 3 cycles of carboplatin/paclitaxel chemotherapy fol-
lowed by interval cytoreductive/debulking surgery and 3more cycles of
chemotherapy. This provides a unique opportunity to dissect the
relative impact of chemotherapy alone (after the first 3 cycles of
NACT), as well as after the combination of surgery and adjuvant
chemotherapy. Accordingly, we evaluated serial blood samples from
10 patients with advanced EOC undergoing NACT and used immu-
nogenomic approaches to characterize the evolution of peripheral
immune cell function and composition across the course of therapy.
To validate these results, we subsequently evaluated an independent
confirmatory cohort of 5 patients with advancedEOCbefore treatment
and after NACT and interval surgery.

Materials and Methods
Patient peripheral blood mononuclear cell samples

Heparinized blood samples were obtained from 10 patients under-
going NACT at Dana-Farber Cancer Institute and stored in vapor-
phase liquid nitrogen until the time of analysis. For validation, we
obtained blood samples at Dana-Farber Cancer Institute from an
additional cohort of 5 patients undergoing NACT, as well as from
12 healthy adult volunteers. Written informed consent was obtained
from patients or guardians before enrollment in the study, and all
procedures involving human participants were carried out in accor-
dance with the Declaration of Helsinki. Human investigations were
performed after approval by the Dana-Farber Cancer Institute
institutional review board (IRB-approved protocol 02–051) and in
accordance with an assurance filed with and approved by the U.S.
Department of Health and Human Services. Serum CA125 concen-

trations and complete peripheral blood counts were determined
as per standard clinical care. Ficoll density gradient centrifugation
(GE Healthcare) was performed to isolate patient peripheral blood
mononuclear cells (PBMC). Isolated PBMC samples were cryo-
preserved with 10% DMSO in FBS (Sigma-Aldrich) until the time
of analysis.

IFNg ELISpot assay
The ELISpot assay was performed as detailed previously (13, 14). In

brief, cryopreserved PBMCs were thawed in complete DMEM media
supplemented with 10% human serum and rested overnight. Ex vivo
IFNg ELISpot assayswere performed by stimulating PBMCswith FluA
viral lysate (Zeptometrix; ref. 15) or CEF (Mabtech) for 18 hours at
37�C inDMEMcompletemedia supplemented with 10%FBS, HEPES,
5% penicillin–streptomycin, b-mercaptoethanol (Gibco), sodium
pyruvate, and nonessential amino acids (Corning). Stimulation with
OVA peptide provided a negative control, whereas stimulation with
anti-CD3 OKT (BioLegend) served as a positive control. Responses
were scored as positive if they were quantified as at least 3-fold over the
average of the control (OVA for the patients and no peptide for the
healthy donors) for each time point before normalization. Data for
each antigen peptide (FluA or CEF) were normalized by subtracting
the average of the negative control from each of the 3 replicate pool
measurements at the corresponding time. Values were set to zero if the
normalized value would be smaller than zero, which applied to 22% of
the values. P values were calculated using the repeated-measures
mixed-effect model. Fold changes were calculated at each time point
relative to baseline. Values were set to 3x the control (OVA) if the
average of 3 replicates was smaller than this limit before normalization.

RNA extraction
After thawing cryopreserved patient PBMCs, total RNA was iso-

lated from 5 � 106 PBMCs following the manufacturer’s recommen-
dations (RNeasy Mini Kit, Qiagen). Eluates were evaluated for quality
and concentration (Nanodrop 2000, Thermo Fisher Scientific).

Bulk TCR sequencing and analysis of bulk and single-cell TCR
data

We adapted RNase H-dependent T-cell receptor (TCR) sequenc-
ing to perform a and b TCR repertoire analysis on bulk RNA
specimens (16, 17). Twenty-ng bulk RNA was used in each reverse
transcriptase reaction, and 4 replicates were done for each sample.
Exonuclease digestion was performed to eliminate excess reverse
transcriptase primers before running RNase H-dependent PCR.
Sequencing libraries were sequenced using the MiSeq 300 cycle
reagent kit v.2 according to the manufacturer’s protocol (Illumina).
The sequencing data analysis was performed using R. Fisher’s exact
tests with correction for multiple hypothesis testing (Benjamini–
Hochberg FDR procedure) were performed to detect T-cell clono-
types with statistically significant changes in frequency. T-cell
diversity was calculated using a Shannon Index (18). To reduce the
variation caused by sequencing depth, we normalized the Shannon
index through division by the natural log of the total number of
unique molecular identifiers (UMI) in each sample. Changes in TCR
clonotype frequency were considered significant if P values (Fisher’s
exact test, FDR corrected) were <10–4 and relative change was >10%.
Novel and disappeared clonotypes were defined as those that were
no longer detectable at baseline or the follow-up timepoint, respec-
tively. For single-cell analyses, T-cell clonotypes were annotated by
matching individual T-cell CDR3 amino acid sequences for the
T-cell a and b chains of each patient, to CDR3 amino acid sequences

Translational Relevance

Epithelial ovarian cancer (EOC) remains one of the few malig-
nancies where immune checkpoint inhibitors exhibit only modest
activity as monotherapy and currently have no FDA-approved
indication. We evaluated the effects of standard carboplatin and
paclitaxel chemotherapy (including prophylactic dexamethasone)
on the peripheral immune system of patients with EOC undergo-
ing neoadjuvant chemotherapy (NACT). Our observations of
increased T-cell responses to viral antigens and of increased
monocytes with concomitant elevation of HLA class II expression
and antigen presentation suggest that NACT may be a promising
platform for building combinatorial immunotherapy strategies in
EOC. Furthermore, our finding of restored T-cell responses in all
patients 2 months after completing chemotherapy supports the
application of therapeutic vaccine approaches in ovarian cancer
and provides guidance on the optimal timing of vaccine admin-
istration. Finally, our study highlights that monitoring peripheral
immune cell responses may provide unique insights into the
immune effects of systemic therapy as well as mirror its antitumor
efficacy.
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for annotated paired T-cell a and b chains in the VDJdb (19) and
MCPAS-TCR (20) databases.

Single-cell RNA-sequencing analysis
The samples processed for single-cell RNA sequencing (RNAseq)

were obtained from the PBMC samples isolated after Ficoll density
gradient centrifugation. The viable cells were washed and resuspended
in PBS with 0.04% BSA at a cell concentration of 1,000 cells/mL.
Seventeen thousand viable cells were loaded onto a 10x Genomics
Chromium instrument (10x Genomics) according to the manufac-
turer’s recommendations. Single-cell RNAseq libraries were generated
either using the Chromium Next Single-Cell 5’ Kit v2 (10x Genomics;
Pts. 3, 6, and 7) or the Chromium Single-Cell 5’ Library and Gel Bead
Kit (10x Genomics; Pts. 1 and 2). Matched single-cell TCR libraries
were prepared using the Chromium Single-Cell Human TCR Ampli-
fication Kit (10x Genomics). Quality controls (QC) for amplified
cDNA libraries, TCR-sequencing libraries, and final RNAseq libraries
were performed using the Bioanalyzer High-Sensitivity DNA Kit
(Agilent). The sequencing libraries for single-cell RNAseq and sin-
gle-cell TCR sequencing were diluted to 4 nmol/L and pooled using a
volume ratio of 4:1. The pooled libraries of patients 3, 6, and 7 were
sequenced on the Illumina NovaSeq S4 platform (sequencing para-
meters: Read 1 of 28 bp, Read 2 of 90 bp, Index 1 of 10 bp, and Index 2 of
10 bp), and for patients 1 and 2, on the NovaSeq SP platform
(sequencing parameters: Read 1: 26 bp, Read 2: 91 bp, Index 1: 8 bp).
Sequencing data were demultiplexed and aligned to GRCh38 using the
cell ranger version 5.0.0 pipeline (10x Genomics). Single-cell analysis
methods were described in detail previously (21). In brief, QC was
performed to exclude cells with (i) fewer than 500 or more than 15,000
UMIs, (ii) fewer than 300 genes, (iii) fewer than 0.8UMIs per gene, and
(iv) mitochondrial ratio <0.2 (number of UMIs assigned to mitochon-
drial genes over total number of UMIs per cell). All cells passing QC
were integrated and clustered using Seurat v3 (22). Before downstream
analysis, two clusters of potential doublets were removed on the basis
of cell marker expression. Differential expression (DE) analysis was
performed between time points (pre-chemotherapy and the third cycle
of chemotherapy) and clusters using the default Wilcoxon rank-sum
test implementation in Seurat. DE analysis was performed on the
combined patient dataset as well as on a per-patient basis, to avoid bias
in DE calling. T-cell states were predicted using Seurat reference
datasets that applied unsupervised weighted-nearest neighbor analysis
and incorporate RNA sequencing and CITE sequencing of 211,000
human PBMCs, with large cell-surface protein marker panels (23).
PBMCs of the above Seurat reference datasets were also used as one of
the healthy donor controls. In addition, we downloaded pre-processed
single-cell RNAseq data (count matrix) from 10x Genomics of PBMCs
from a healthy donor (5k_pbmc_v3; libraries were generated with
Chromium Single-Cell 3’ Reagent Kits v3.1; single-cell dataset was
processed by Cell Ranger 3.0.2), and a 25-year-old healthy female
donor (Parent_NGSC3_DI_PBMC; libraries were generated with
Chromium Single Cell 3’ Reagent Kits v3.1; single-cell dataset was
processed by Cell Ranger 4.0.0) as healthy donor controls. Dendritic
cells (DC) and monocytes were subclustered and subpopulations were
identified on the basis of marker genes identified by Villani and
colleagues (24). Briefly, subclusters were defined by signature genes:
CD14þþCD16– classical monocytes (e.g., CD14, CSF3R, FCN1, LYZ,
and STAB1), cytotoxic monocytes (e.g., IFITM1, IL32, PRF1, GNLY,
and CTSW), CLEC9A DCs (e.g., BATF3 and CLEC9A), pDCs (e.g.,
GZMB and SERPINF1), inflammatory CD1C DCs (e.g., GZMB, SER-
PINF1, S100A8, and CD14), and non-inflammatory CD1C DCs (e.g.,
CD1C, CLEC10A).

Flow cytometry
Live lymphocytes and monocytes were gated by forward and side

scatter. T cells were identified by anti–CD3-FITC (Biolegend HIT3a,
all patients), CD8-APC (BD RPA-T8; Pts 1 and 2), and CD4-BV650
(BD L200; Pts 1 and 2). Monocytes were identified by anti–CD14-
APC/Cy7 (BioLegend M5E2; pts 1 and 2) or CD14-APC (BD M5E2;
Pts 3, 6 and 7). A healthy PBMC donor was used as control for all flow
cytometry experiments.

Data availability
The single cell RNAseq and TCRseq data generated in this study are

publicly available in the database ofGenotypes and Phenotypes (dbGaP)
at phs002862.v1.p1.

The bulk TCR sequencing data generated in this study are publicly
available in theGene ExpressionOmnibus (GEO) at GSE206339 (hyper-
link: https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE206339).

Other data analyzed in this studywere obtained fromGeneExpression
Omnibus (GEO) at GSE164378 (hyperlink: https://www.ncbi.nlm.nih.
gov/geo/query/acc.cgi?acc=GSE164378) and from 10x Genomics
for samples 5k_pbmc_v3 (hyperlink: https://www.10xgenomics.
com/resources/datasets/5-k-peripheral-blood-mononuclear-cells-pbm-
cs-from-a-healthy-donor-v-3-chemistry-3-1-standard-3-0-2) and Par-
ent_NGSC3_DI_PBMC (hyperlink: https://www.10xgenomics.com/
resources/datasets/pbm-cs-from-a-healthy-donor-whole-transcriptome-
analysis-3-1-standard-4-0-0).

Results
Patient characteristics and response to therapy

Ten patients with stage IIIC (n¼ 9) or IV (n¼ 1) high-grade serous
ovarian cancer treated with NACT were included in this study
(Table 1). Serial blood samples were collected at 4 time points: before
initiation of chemotherapy (baseline sample), after the third cycle
(C3 sample), after the sixth cycle (C6 sample), and approximately
2 months after completion of chemotherapy (post-treatment sample).
All patients received standard-of-care carboplatin and paclitaxel che-
motherapy IV every 3 weeks (Supplementary Fig. S1); dexamethasone
premedication was administered to all patients with each chemother-
apy cycle. Eight of 10 patients received 6 cycles of chemotherapy,
whereas one subject (Pt. 2) received 5 cycles of chemotherapy and
another (Pt. 8) received 7 cycles of chemotherapy. Treatment with
recombinant G-CSF (either filgrastim or pegfilgrastim), was admin-
istered in 8 patients (all patients except Pts. 3 and 5) to prevent
chemotherapy-induced neutropenia (Supplementary Fig. S1). Nine
patients (all except Pt. 8) underwent interval surgery; in all 9, an
optimal cytoreductive effect was achieved, defined as no residual
tumor implant greater than 1 cm in size (25). In 2 patients (Pts. 1
and 7), cytoreduction to no gross residual disease was achieved.

All 10 patients had an elevated baseline CA125, and all had a
decrease in their CA125 by at least 50% after 3 cycles of chemotherapy.
However, 6 patients had complete normalization of their CA125 levels
after 3 cycles of chemotherapy, and these levels remained normal
following interval surgery and completion of 6 cycles of chemotherapy;
these patients were defined as CA125 complete responders per the
Gynecologic Cancer InterGroup (GCIG) criteria, reflective of excellent
response to chemotherapy (Fig. 1). The remaining 4 patients (Pts. 7, 8,
9, and 10) did not achieve normalization of their CA125 levels after 3
cycles of chemotherapy and were thereafter referred to as CA125
incomplete responders. Of note, for patients 7, 8, and 10, CA125 levels
remained elevated even after completion of 6 cycles of chemotherapy,
reflecting an insufficient response to chemotherapy (Fig. 1). For
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patient 9, CA125 levels decreased after the third cycle of chemotherapy
but normalized at the 6th cycle of chemotherapy, suggesting a ben-
eficial effect of the combination of tumor debulking surgery and
adjuvant therapy (Fig. 1 and Table. 1).

Improved peripheral T-cell function following chemotherapy
To test whether chemotherapy exposure affected T-cell function, we

performed IFNg ELISpot assays across serial timepoints to evaluate T-
cell responses against common viral antigens. As FluA and CEF are
common viral antigens, we chose them as representative antigens to
test T-cell functions through the course of NACT treatment. Samples
were available for 7 of 10 patients (Pts. 1, 2, 4, 6, 7, 8, and 10). CA125
complete responders (Pts. 1, 2, 4, and 6) exhibited increases in T-cell
responses to either FluA peptide or the CEF peptide pool at C3
compared with baseline [median increase by 1.6-fold (range, 0.2–
3.2) from C3 relative to baseline; Fig. 2A and B; Supplementary
Fig. S2A and S3). CA125 incomplete responders (Pts. 7, 8, and 10)
also exhibited increases in T-cell response to FluA or CEF during
chemotherapy treatment, but these were delayed and were observed
only after the C3 sample compared with responding patients (Fig. 2C;
Supplementary Fig. S2B and S3), likely reflecting the contribution of
surgery in these patients.We also compared the ELISpot response with

viral antigens between these 7 patients and 10 healthy adult volunteers.
We observed that the percentage of positive ELISpot response to CEF
increased after chemotherapy and surgery in patients with ovarian
cancer, achieving a level similar to that of the healthy donors, which
supported our previous finding that, after chemotherapy and surgery,
T-cell function recovered in response to viral antigens (Supplementary
Fig. S4). Overall, these data suggested that T-cell function recovered in
response to viral antigens after chemotherapy in CA125 complete
responders, and also improved after chemotherapy and debulking
surgery in CA125 incomplete responders.

Evaluation of T-cell dynamics following chemotherapy
To gain insight into the mechanisms underlying increased T-cell

responses following chemotherapy, we examined longitudinal changes
in the T-cell repertoire over four collected time points spanning the
course of chemotherapy through bulk TCR-sequencing analysis. Eight
(Pts. 1, 2, 4, 5, 6, 7, 8, and 10) of 10 patients had available samples for
evaluation. The numbers of UMIs per sample undergoing bulk TCR
sequencing were heterogenous (median 55,170 UMIs, range 3,680–
147,180 UMIs; Supplementary Fig. S5A). The diversity of T-cell
repertoires throughout chemotherapy treatment was calculated using
the Normalized Shannon Index, which takes into account the richness

Table 1. Baseline clinical and pathologic characteristics for 10 subjects with EOC.

Patient ID Age (y) Stage Histology Grade Interval surgical effect
CA125 response per GCIG
criteria after 3 cycles

CA125 response per GCIG
criteria after 6 cycles

Pt. 1 56 IIIC Serous High Optimal Complete Complete
Pt. 2 85 IIIC Serous High No gross residual disease Complete Complete
Pt. 3 55 IV Serous High Optimal Complete Complete
Pt. 4 59 IIIC Serous High Optimal Complete Complete
Pt. 5 68 IIIC Serous High Optimal Complete Complete
Pt. 6 52 IIIC Serous High Optimal Complete Complete
Pt. 7 69 IIIC Serous High No gross residual disease Incomplete Incomplete
Pt. 8 89 IIIC Serous High No surgery Incomplete Incomplete
Pt. 9 62 IIIC Serous High Optimal Incomplete Complete
Pt.10 75 IIIC Serous High Optimal Incomplete Incomplete

Figure 1.

Time course of CA125 levels for the patient cohort
(n ¼ 10). Filled dots represent CA125 levels for each
individual patient at the indicated sample collections.
Inset, 10 patients after C3 are indicated. Black lines,
CA125 complete responders; red lines, CA125 incom-
plete responders.
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and evenness of T-cell clones while correcting for the number of
observations per sample (in Materials and Methods). These calcula-
tions revealed that the overall T-cell repertoire diversity remained
stable after chemotherapy and there were no obvious differences in the
overall peripheral blood T-cell repertoire between healthy donors and
patients with ovarian cancer, albeit increased diversity of T-cell
repertoire was observed over the course of chemotherapy in 3 patients
(Pts. 1, 2, and 4; Supplementary Fig. S5B). Even at the level of
individual circulating T-cell clonotypes over time, only a small per-
centage of T-cell clonotypes (median 0.029%, range, 0.007%–0.35%)
changed after chemotherapy (Fig. 3A–C). We further validated this
observation with samples from 5 additional patients (Pt. A to Pt. E;
Supplementary Table S1) that also demonstrated overall TCR reper-
toire stability following surgery and chemotherapy (Supplementary
Fig. S5C). The minimal longitudinal changes we observed in these
patients were in range with natural variability of serial TCR sampling
from healthy donors (Supplementary Fig. S5B). Notably, however,
these dynamic clonotypesweremore frequent amongCA125 complete
responders, where we observed more TCR clonotypes that expanded
from baseline to C3 (Fig. 3D and E;Table 2). That said, when focusing
on the dynamics of the most expanded clonotypes (n ¼ 100) per
patient, which we assumed would be enriched for antigen-experienced
T-cell clones (Supplementary Fig. S5D), no clear patterns of change
were detected. Altogether, the results of bulk TCR sequencing dem-
onstrated that the T-cell repertoires were overall stable following
chemotherapy.

Chemotherapy leads to increased HLA class II expression on
monocytes

To further characterize the impact of platinum-based chemother-
apy on peripheral immune cell composition, we performed single-cell
RNA sequencing and paired single-cell TCR sequencing on PBMC
samples of 4 CA125 complete responders (Pts. 1, 2, 3, and 6) and 1
CA125 incomplete responder (Pt. 7) collected at baseline and C3
(Fig. 4A); unfortunately, there was not adequate sample to perform
these analyses on the other patients from our cohort. Immune cell
populations were identified by marker gene expression (Supplemen-
tary Fig. S6) and were composed of B cells, monocytes, DCs, CD4þ

T cells, CD8þ T cells, and natural killer (NK) cells (Fig. 4B). To
normalize the variations in the cell counts between patient samples and
quantify the phenotypic changes of immune cells after chemotherapy,
the relative percentage of cells of each immune cell population was
calculated (Fig. 4C). All 5 patients demonstrated a decline in B-cell
numbers (P ¼ 0.068; Fig. 4C; Supplementary Fig. S7) whereas no
alternations were observed in NK and DC populations (Fig. 4C;
Supplementary Fig. S7). Consistent with the TCR bulk–sequencing
studies, the frequency of T cells remained stable in 3 of 5 patients
(Fig. 4C; Supplementary Fig. S7). Stability in T-cell frequency after
chemotherapy was also observed by flow cytometry (Supplementary
Fig. S8B). We next turned to our single-cell TCR-sequencing data. We
couldmatch only four clonotypes to annotated TCRs (refs. 19, 20; data
not shown), precluding meaningful analysis of antigen specificity.
Similar to bulk analyses, we found that overall repertoire diversity

Figure 2.

Standard-of-care first-line platinum-based chemotherapy increases T-cell responses to viral antigens following chemotherapy. A, IFNg ELISpot responses to
influenza (FluA) and CEF peptide pools over the course of chemotherapy in patient 6 (CA125 complete responder). OKT CD3 (anti-CD3e antibody) served as a
positive control.B andC, IFNg ELISpot responses to FluA andCEF peptide pools over the course of chemotherapy in CA125 complete responders (Pts. 1, 2, 4, and 6;B)
and CA125 incomplete responders (Pts. 7, 8, and 10; C). Spot-forming cell (SFC) per 106 PBMCs were background (OVA)-subtracted with n ¼ 3 biologically
independent samples. All data points representmean� standard error of themean (s.e.m.). A repeated-measures regressionmodelwas used for generatingP values;
� , P ≤ 0.05.
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remained stable after chemotherapy in our single-cell analysis (data
not shown). To link the TCR clonotypes with their corresponding
phenotypes for each individual T-cell, we identified T-cell subclusters
and mapped TCR clonotypes of patients 1, 2, 3, 6, and 7 to each of the
CD8þ and CD4þ T-cell states at the single-cell level (Supplementary
Fig. S9; Supplementary Fig. S10A and S10E). The evaluation of
clonotype dynamics by patient and by T-cell subcluster indicated
subset stability in CD8þ and CD4þ T-cell subpopulations after
chemotherapy except for a trend toward increasing representation of
central memory CD8þ (P¼ 0.077) and regulatory CD4þ T clonotypes
(P ¼ 0.053) among total clonotypes after C3 (Supplementary Fig. S10
and S11).

Wenext turned our attention to themonocyte population andnoted
that 4 of 5 patients exhibited a trend toward a higher monocyte
frequency after chemotherapy (P ¼ 0.061; Fig. 5A), which was

consistent with increases in absolute monocytes in complete
blood count measurements in our initial patient cohort [baseline
(median ¼ 0.08 K/mL), C3 (median ¼ 0.16 K/mL, P ¼ 0.48), C6
(median ¼ 0.46 K/mL, P ¼ 0.004); Supplementary Fig. S12], as well as
an independent cohort of 27 patients [baseline (median ¼ 0.26 K/mL)
vs. C3 (median ¼ 0.55 K/mL), P ¼ 0.01; Supplementary Fig. S13].
Importantly, increased monocyte frequencies after the third cycle of
chemotherapy were also seen by flow cytometric analysis of CD14þ

cells in matched PBMC samples from the same 5 patients analyzed
by RNAseq (Pts. 1, 2, 3, 6, and 7; Supplementary Fig. S8A). This
increased frequency of monocytes was independent of (peg)filgrastim
administration as only patient 3 (of the 5 patients studied), had
Neupogen administration before C3 (Supplementary Fig. S1). To
confirm whether chemotherapy impacted the size of the monocyte
population, we also evaluated the composition of immune cells in 3

Figure 3.

TCR clonotype dynamics over the course of chemotherapy and interval surgery (n ¼ 8). A and B, Scatter plots of individual clonotype dynamics between pre-
chemotherapy (baseline) and the third cycle of chemotherapy (C3). T-cell clonotypeswere defined on the basis of CDR3 amino acid sequences from the TCR b chain.
Clonotypes of the five CA125 complete responders (A) and three CA125 incomplete responders (B) were combined, respectively. C–E, The percentage of the overall
changed clonotypes (C), and the subsets of novel and expanded (D), and disappeared and contracted (E) clonotypes between each of two consecutive timepoints
during treatment in CA125 complete responders (n ¼ 5) and CA125 incomplete responders (n ¼ 3). Statistical analyses between patient groups and between
treatment time points were performed using two-sided Wilcoxon rank-sum tests without adjustment for multiple comparisons.
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healthy donors from reference datasets (ref. 23; in Materials and
Methods). The percentage of circulating monocytes in healthy
donors was more comparable with patient values at C3 than at
baseline, at least for 4 of 5 patients with EOC (Pts. 1, 2, 3, and 7),
supporting the notion of monocyte number recovery following
chemotherapy (Fig. 4C). We next asked whether increased mono-
cyte frequency was driven by specific monocyte subpopulations.
Subclustering of monocytes revealed two populations, which cor-
responded to CD14þþCD16– classical and cytotoxic monocytes
based on prior characterization of PBMCs by Villani and collea-
gues (ref. 24; Supplementary Fig. S14A and S14B). However, it did
not appear that either monocyte population was specifically
increased after chemotherapy (Supplementary Fig. S14C and
S14D). We also subclustered DCs, identifying four subpopulations
(CLEC9A DCs, pDCs, non-inflammatory and inflammatory
DCs; ref. 24); however, we observed no clear patterns in DC

subpopulation representation before or after chemotherapy,
though the limited sample size and our inability to perform
orthogonal analyses of DCs across multiple datasets preclude
definitive conclusions regarding DCs (Supplementary Fig. S16).
Overall, these analyses suggest that monocyte frequency increases
after neoadjuvant chemotherapy, and that this increase is not driven by
a specific monocyte subpopulation.

Differential gene expression analysis of combined monocyte cells
revealed upregulation of transcription factors such as JUN and LYZ as
well as HLA class II genes after chemotherapy (Fig. 5B and C). We
asked whether the upregulation of HLA class II genes was driven by a
particular monocyte subset. We observed higher average HLA class II
gene expression in the CD14þþCD16– classical monocyte population
compared with the cytotoxic monocyte population (Supplementary
Fig. S15A), but both populations exhibited increased HLA class II
expression at C3 compared with baseline (Supplementary Fig. S15B).

Table 2. Summary statistics of the changed clonotypes throughout chemotherapy.

Changed clonotypes
Treatment
timeline CA125 response Median

90% Median confidence
interval

Novel and expanded clonotypes Baseline to C3 CA125 complete responders 0.026% 0.012%–0.16%
CA125 incomplete responders 0.0025% 0%–0.011%

Disappeared and contracted clonotypes C3 to C6 CA125 complete responders 0.058% 0.0088%–0.099%
CA125 incomplete responders 0.0063% 0.0034%–0.0082%

C6 to Post CA125 complete responders 0.014% 0.0049%–0.022%
CA125 incomplete responders 0.0016% 0%–0.0044%

Figure 4.

Dynamics of peripheral blood immune cell populations following chemotherapy. A, A summary of sample collection and single-cell analysis. B and C, UMAP (B) and
the relative percentage (C) of immune cell populations in the integratedPBMCsamples frompatients 1, 2, 3, 6, and 7. No statistically significant changesweredetected
between pre-chemotherapy (Base) and the third cycle of chemotherapy (C3) in each immune cell population using a two-sided one-sample t test.
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Thus, the CD14þþCD16– classical monocyte population is likely the
major source of upregulated HLA class II within the monocyte cluster,
but all monocytes appear to increase HLA class II expression after
chemotherapy. Interestingly, gene set enrichment analysis of upregu-
lated genes in the overall monocyte population at C3 showed a
signature of increased antigen processing and presentation after
chemotherapy (Fig. 5D; Supplementary Fig. S17); this signature was
also significantly increased in both classical (P ¼ 1.25 � 10–5) and
cytotoxic (P¼ 0.00045)monocyte subsets. No transition fromM1-like
toM2-like signatures was observed in the peripheral monocytes in our
patient cohort. Taken together, chemotherapy appears to increase
antigen-processing and presentation programs in monocytes but did
not alter the composition of circulating T cells.

Discussion
Previous studies of the immune effects of carboplatin and paclitaxel

chemotherapy in EOC have demonstrated that these agents induce

amore immune-inflamed phenotype within the ovarian tumormicro-
environment with increased CD8þ and CD4þ tumor-infiltrating
lymphocytes (TIL), induction of an IFNg signature, increased mature
DCs, and increased expression of PD-L1 in tumor and immune
cells (5–9). No effect of chemotherapy on NK cells has been
observed (26). Regarding immunosuppressive cells, a decreased num-
ber of CD4þCD25þFOXP3þ regulatory T cells has been reported after
carboplatin/paclitaxel chemotherapy. In contrast, the number of
tumor-associated macrophages (the most abundant infiltrating
immune cells in the ovarian tumor microenvironment) and the ratio
of their immunosuppressive M2 versus the antitumor/cytotoxic M1
phenotype does not appear to be affected by chemotherapy (9, 26).
However, although understanding local tissue-based immune
responses is critical for elucidating direct tumor–immune cell inter-
actions, peripheral immune responses are increasingly recognized as
occupying an important role in anticancer immunity. Furthermore,
ovarian cancer exhibits a high degree of heterogeneity in its local
immune microenvironments, whereby distinct tumor lesions within

Figure 5.

Differential gene expression analysis inmonocytes after chemotherapy.A,Quantification of the percentageofmonocytes pre-chemotherapy (baseline) and after the
third cycle of chemotherapy (C3). A P value was calculated using a two-sided one-sample t test. Black lines represent CA125 complete responders and the red line
represents theCA125 incomplete responder.B,Differentially expressedgenes in 5patients (Pts. 1, 2, 3, 6, and 7) in the combineddataset betweenbaseline andC3. Red
dots represent geneswith statistically significant change in gene expression (FDR-correctedP<0.01 and log2 fold change>0.5). Positive values indicate upregulated
genes after C3. C, Heatmap of the average expression of the 8 HLA genes labeled in B at baseline and C3. Patients labeled in black were CA125 complete responders
and the patient labeled in red was a CA125 incomplete responder. D, Enrichment score of the identified upregulated genes at C3 overlapped with the Gene Ontology
Biological Process (GOBP) antigen processing and presentation pathway gene set.
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the same patient may exhibit dramatically different immune pheno-
types ranging from the one extreme of immune activation to the other
extreme of complete immune exclusion (27). Therefore, focusing on a
specific immunemicroenvironment of an isolated tumor lesion cannot
adequately capture the global immunological consequences of sys-
temic chemotherapy.

To address these issues, we evaluated the peripheral immune effects
of chemotherapy in EOC by interrogating serial blood samples from
patients with advanced disease treated with NACT. We systematically
characterized the evolution of peripheral immune cell function and
composition across the course of EOC therapy.We report that, despite
using potent cytotoxic agents such as carboplatin and paclitaxel, and
despite the use of dexamethasone with every chemotherapy cycle
(refs. 21, 28, 29; as per standard-of-care), we observed increased T-cell
responses against viral antigens after administration of chemotherapy.
Notably, the increase in T-cell responses paralleled the decrease in
CA125 levels suggesting that reductions in tumor volumemay alleviate
tumor-associated immunosuppression leading to less inhibition of
immune responses. In this regard, in CA125 complete responders,
T-cell responses increased promptly, after only 3 cycles of chemo-
therapy, consistent with their excellent response to chemotherapy.
Conversely, in CA125 incomplete responders, increased T-cell
responses against viral antigens occurred later (i.e., after interval
surgery and additional chemotherapy cycles), suggesting that further
reduction in tumor volume was necessary to restore T-cell respon-
siveness in these patients. Taken together, our results support the
notion that reduction in tumor volume either via chemotherapy alone
(in CA125 complete responders) or via a combination of surgery and
chemotherapy (in CA125 incomplete responders) correlates with the
restoration of T-cell responsiveness. Similar observations of restored
T-cell responsiveness after cytotoxic chemotherapy have been
reported in alternative tumor settings such as breast cancer (30).
However, we acknowledge that although ELISpot responses to com-
mon viral antigens support the notion that reductions in tumor volume
via surgery and chemotherapy restores T-cell responsiveness, the same
mechanism may not apply to exhausted tumor antigen-specific T cells
in ovarian cancer.

Consistent with the increase in T-cell responses, single-cell analysis
revealed an increased number of CD8þ memory TCR clonotypes,
again potentially reflecting the reinvigoration of suppressed effector
and memory T-cell populations due to reduced tumor burden after
chemotherapy. Previous studies have shown that cross-reactivity to
similar epitopes derived from other microbial genomes may elicit
effector and memory T-cell populations against viral antigens that
individuals may not have previously encountered (31). Thus, the result
of increased T-cell responses to influenza and CEF peptide pools may
not be solely due to viral infections but may also reflect cross-reactivity
with epitopes from other microbes, thereby explaining the upward
trend inmemory T-cell populations in the single-cell RNAseq analysis.
Alternatively, this may reflect increased homeostatic proliferation of
memory T cells with respect to other T-cell populations, after cytotoxic
chemotherapy. Consistent with our finding of increased memory
T cells, and especially central memory CD8þ T-cell clonotypes, after
the third cycle of chemotherapy, others have also described faster
recovery of CD8þT cells comparedwithCD4þ and B-cell populations,
and an increased memory component in repopulating cells after
chemotherapy (32, 33).

Another important finding of our studywas the increased frequency
of monocytes with concomitant elevation of HLA class II expression
and the potential for enhanced antigen presentation, after chemo-
therapy. Previous studies have demonstrated that chemotherapy-

induced immunogenic cell death (ICD) and release of tumor-
associated antigens may promote phagocytic uptake of cancer cells,
increase antigen cross-presentation and facilitate infiltration of acti-
vated cytotoxic T cells in the tumor microenvironment (34). In this
regard, several studies have demonstrated that platinum analogs and
anti-tubulin agents can induce ICD, independently of their cytotoxic
effects (35, 36). Of note, carboplatin also induces DNA double-strand
breaks (DSB) that, especially in the setting of the homologous recom-
bination DNA repair deficiencies that are prevalent in high-grade
serous ovarian cancer, may activate the innate immune system via
the STING pathway, leading to a type I interferon response and
robust immunostimulatory effects on antigen-presenting and effector
cells (37, 38).

Single-cell sequencing technologies have been successfully appli-
ed in various malignancies to address questions related to tumor
subtypes, evolution, and response to systemic therapy (21, 28, 39, 40).
A single-cell landscape of patients with ovarian cancer, previously
reported by Izar and colleagues (40), demonstrated intra- and
interpatient variations of tumor and immune cells in the ascites
ecosystem. The same investigators also showed that despite intra-
patient heterogeneity, the expression of HLA class II in subsets of
malignant cells were consistent across multiple patients and were
associated with increased TILs, improved prognosis, and treatment
response (40). We similarly observed heterogeneous patterns of
circulating immune cells, again with an upward trend in HLA class
II and antigen presentation gene expression in circulatingmonocytes
after chemotherapy. Thus, interconnections between malignant and
non-malignant compartments, as well as circulating immune cells,
may occur during tumor–host co-evolution and administration of
systemic therapy. Nonetheless, it is important to underscore that
variations between TILs and circulating immune cells may also exist.
For example, unlike previous studies of the immune effects of
carboplatin/paclitaxel chemotherapy discussed above, we observed
neither an increase in CD8þ T cells nor an increase in PD-L1/PD-1
expression in circulating T cells. These observations highlight dif-
ferences between immune cells residing in the tumor microenviron-
ment versus the systemic circulation.

We acknowledge certain limitations of this study. The number of
patients was small, as this study was hypothesis generating, focused
on a comprehensive evaluation of peripheral immune responses
across four different time points during the course of therapy.
Samples were collected over a period of more than 6 months for
each patient and, despite our best efforts, missing or insufficient
samples did not permit completion of all planned analyses at all-time
points for all patients. These limitations notwithstanding, our results
provide clinically meaningful insights that may be relevant for
immunotherapy in this disease. Specifically, ovarian cancer remains
one of the few malignancies where immune checkpoint inhibitors
(ICI) exhibit only modest activity as monotherapy and currently have
no FDA-approved indication (41). Our results suggest that use of
cytotoxic chemotherapy is unlikely to be the cause of the modest
response of ovarian cancer to ICIs; on the contrary, the immune
effects of carboplatin/paclitaxel chemotherapy observed in our study
(increased T-cell responses to viral antigens, increased monocytes
with concomitant elevation of HLA class II expression and antigen
presentation genes) suggest that chemotherapy may actually prime
ovarian tumors to respond to immunotherapy. Thus, although ICI
monotherapy has not been shown to be widely effective in ovarian
cancer (because other mechanisms of immunosuppression may play
a role in ovarian cancer), our data suggest rather that novel com-
binatorial strategies involving ICIs may be more effective. Another
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implication of our findings is that use of cytotoxic chemotherapy,
including use of steroids as premedication, should not preclude
application of therapeutic vaccine approaches in this setting. On
the basis of our findings, T-cell responses improve after adminis-
tration of chemotherapy as tumor burden decreases, with the res-
toration of T-cell responses in all patients 2 months after completion
of chemotherapy thereby providing guidance on the optimal timing
of vaccine administration. Finally, our study highlights that moni-
toring of peripheral immune cell responses is feasible and may
correlate with the efficacy of antitumor therapy.
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