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ABSTRACT
◥

Purpose: FOLFIRINOX has demonstrated promising results for
patients with pancreatic ductal adenocarcinoma (PDAC). Chemo-
therapy-induced immunogenic cell death can prime antitumor
immune responses. We therefore performed high-dimensional
profiling of immune cell subsets in peripheral blood to evaluate
the impact of FOLFIRINOX on the immune system.

Experimental Design: Peripheral blood mononuclear cells
(PBMC) were obtained from treatment-naïve (n¼ 20) and FOLFIR-
INOX-treated patients (n ¼ 19) with primary PDAC tumors at the
time of resection. PBMCs were characterized by 36 markers using
mass cytometry by time of flight (CyTOF).

Results: Compared with treatment-naïve patients, FOLFIRI-
NOX-treated patients showed distinct immune profiles, including
significantly decreased inflammatory monocytes and regulatory

T cells (Treg), increased Th1 cells, and decreased Th2 cells. Notably,
both monocytes and Treg expressed high levels of immune sup-
pression-associated CD39, and the total CD39þ cell population was
significantly lower in FOLFIRINOX-treated patients compared with
untreated patients. Cellular alterations observed in responders to
FOLFIRINOX included a significantly decreased frequency of Treg,
an increased frequency of total CD8 T cells, and an increased
frequency of CD27�Tbetþ effector/effector memory subsets of CD4
and CD8 T cells.

Conclusions:Our study reveals that neoadjuvant chemotherapy
with FOLFIRINOX enhances effector T cells and downregulates
suppressor cells. These data indicate that FOLFIRINOX neoadju-
vant therapymay improve immune therapy and clinical outcome in
patients with PDAC.

Introduction
Pancreatic cancer is one of the deadliest cancers and is expected to

become the second-leading cause of cancer-related death by
2030 (1–3). Currently, the 5-year survival rate for all stages of
pancreatic cancer is approximately 9% (4). Systemic adjuvant therapy
with FOLFIRINOX, comprised of 5-fluorouracil, leucovorin, irinote-
can, and oxaliplatin, demonstrates themost promising results (2, 4–6).
However, as evidenced by the poor overall survival rate, there is an
acute need to improve therapies for pancreatic ductal adenocarcinoma
(PDAC). Increasing evidence suggests that neoadjuvant chemother-
apy has a beneficial effect on overall survival in resectable PDAC in
comparison with upfront resection (2, 7). Unfortunately, not all
patients respond to neoadjuvant FOLFIRINOX chemotherapy, indi-
cating the existence of patient or tumor factors which must be further
explored to improve this therapeutic strategy.

Conventional chemotherapy can not only induce cancer cell death
by cytostatic and direct cytotoxic effects, but can also exert immuno-
modulatory effects (8). Some chemotherapeutic agents have the
capacity to trigger immunogenic cell death (8, 9). Immunogenic cell
death is associated with a particular type of apoptosis in which dying
and dead cells act as antigens that induce immune responses.
Oxaliplatin, a known immunogenic cell death inducer, has been
found to release ATP from tumor cells, boosting their immunoge-
nicity (10, 11). On the basis of these findings, we hypothesized that
FOLFIRINOX impacts immune cell composition and activity in
patients with PDAC and the status of a patient’s immune system
may determine therapeutic efficacy.

Prior studies of immune checkpoint monotherapy have failed to
demonstratemeaningful clinical responses inpatientswithPDAC(12).
In PDAC, the low proportion of tumor-infiltrating lymphocytes has
been associated with both low mutational burden and frequency of
neoantigens (13, 14). In addition, PDAC is characterized by a highly
immunosuppressive tumor microenvironment that can impede both
the activation and effector function of tumor reactive CTLs (14) by
diminished antigen presentation through dendritic cells (15, 16), the
presence of protumor T-cell subsets (Treg and Th2 cells; refs. 17, 18),
and immunosuppressive cytokines (19, 20). This immunosuppressive
microenvironment may explain why immune checkpoint blockade
monotherapy has no clinical efficacy in PDAC, despite its effectiveness
in various other cancer types (21).

The success of chemotherapy is often impacted by immune cell
subsets in the tumor microenvironment (9, 22), highlighting the
potential of combining neoadjuvant chemotherapy and immunother-
apy. However, little is known about the impact of neoadjuvant
FOLFIRINOX on the immune system in patients with PDAC. A
comprehensive study using IHC and immunofluorescence in PDAC
tissues identified a shift toward antitumor immunity after neoadjuvant
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chemotherapy (22). As induction of systemic immunity is likely
required for long-term protection post-surgery, we studied here the
immunologic impact of neoadjuvant FOLFIRINOX through anal-
ysis of peripheral blood samples using mass cytometry by time of
flight (CyTOF). We prioritized identification of immune subsets, as
well as markers of activation and cytotoxicity. Our study identified
substantial differences in peripheral blood mononuclear cells
(PBMC) from FOLFIRINOX-treated and untreated patients. Fur-
thermore, we characterized specific immune profiles present in
responders and nonresponders to FOLFIRINOX neoadjuvant ther-
apy. These studies indicate that FOLFIRINOX neoadjuvant ther-
apy may improve immune therapy and clinical outcome in patients
with PDAC.

Materials and Methods
Patient samples

We identified two groups of patients with pancreatic cancer samples
collected fromMay 2014 to May 2019 using the tissue bank funded by
theWashington University SPORE in Pancreas Cancer in the Depart-
ment of Surgery. Patient characteristics are summarized in Supple-
mentary Table S1. These groups include patients who had upfront
surgical resection without neoadjuvant chemotherapy (n ¼ 20) and
patients who had surgical resection after neoadjuvant chemotherapy
with FOLFIRINOX (n¼ 19). The FOLFIRINOX regimen consisted of
oxaliplatin, leucovorin, irinotecan, and fluorouracil. Patients treated
with at least three cycles of FOLFIRINOX were included in this
analysis (Supplementary Table S2). Clinical responses to FOLFIRI-
NOX treatment such as complete response, partial response, stable
disease, and progressive disease were determined on the basis of
RECIST 1.1 (23). Tumor size was defined as the maximal diameter
of the lesion as reported on cross-sectional imaging. In these studies,
we defined response to FOLFIRINOX as a reduction in tumor size by
more than 30%. All responses were determined by a radiologist.
Nine of the 19 patients treated with FOLFIRINOX were considered
responders with a reduction in tumor volume ranging from 32% to
65%. Ten of the 19 patients were considered nonresponders with less
than 30% reduction in tumor volume. PBMC were obtained from

untreated and FOLFIRINOX-treated patients with primary PDAC
tumors at the time of resection. The study was conducted in accor-
dance with U.S. Common Rule and was approved by the Institutional
Review Board atWashingtonUniversity School ofMedicine (St. Louis,
MO). All patients provided written informed consent for study
participation and the use of biomaterial for translational research.
All blood samples were collected pre-operation. PBMC were isolated
from freshly drawn heparin anticoagulated blood by density gradient
separation with Ficoll-Paque PLUS (GE Healthcare Bio-Sciences),
then cryopreserved in FBS containing 10% DMSO (Sigma-Aldrich)
and stored in liquid nitrogen.

Intracellular cytokine analysis and flow cytometry
Cryopreserved PBMC were thawed in a 37�C water bath and

washed in prewarmed cell culture medium (RPMI1640, 10% FCS,
1� L-glutamine, and 1�penicillin/streptomycin supplemented with
1:10,000 benzonase (Sigma-Aldrich). Cells were then rested in com-
plete medium (RPMI1640, 1� L-glutamine, and 1�penicillin/strep-
tomycin supplemented with 10% FBS) for 1 hour at 37�C before
stimulation. Cells were stimulated for 4 hours with 50 ng/mL phorbol-
12-myristate-13-acetate (PMA; Sigma) and 500 ng/mL ionomycin
(Sigma) in the presence of Golgiplug (BD). Cells were then washed
with PBS and live/dead stained with V450 (Invitrogen) for 15 minutes
at room temperature. Cells were incubated with anti-CD4 (RRID:
AB_2616809) and anti-CD8 (RRID: AB_2044009) antibodies for 30
minutes at 4�C in the dark. After washing with FACS buffer, samples
were then fixed and permeabilized to perform intracellular staining.
Cells were incubatedwith an intracellular antibody cocktail [anti-IFNg
(RRID: AB_961351) and anti-TNFa (RRID: AB_315261)] for 45
minutes at 4�C in the dark. Cells were acquired by flow cytometry
(BD FACScan) and data were analyzed with Flowjo software (RRID:
SCR_008520).

Mass cytometry
Monoclonal anti–human antibodies (Supplementary Table S3)

were purchased from Fluidigm. Antibodies for RORgt (RRID:
AB_2561797), GITR(RRID:AB_314885), and CTLA-4 (RRID:
AB_2566610) were purchased from BioLegend and conjugated
in-house to heavy-metal isotopes from commercial suppliers using
the Maxpar X8 chelating polymer kit (Fluidigm) according to the
manufacturer’s instructions.

Cryopreserved PBMC were thawed in a 37�C water bath and
washed in 9 mL of prewarmed cell culture medium. Cells were then
rested in complete medium for 1 hour at 37�C before staining.
PBMC (3 � 106) were first stained with 5 mmol/L cisplatin (Sigma)
for 3 minutes on ice. After blocking with 50 mg/mL of human IgG
(BD Biosciences) for 5 minutes, cells were stained with a master mix
of titrated amounts of metal-labeled antibodies (Supplementary
Table S3) at 4�C for 45 minutes. Surface-stained cells were per-
meabilized and fixed using FOXP3/Transcription Factor Staining
Buffer (Thermo Fisher Scientific) for 45 minutes on ice. After
washing in permeabilization buffer (Thermo Fisher Scientific), cells
were then incubated for intracellular staining with a titrated panel
of antibodies in permeabilization buffer for 45 minutes on ice. After
washing in CytoPBS, cells were stained with 62.5 nmol/L Iridium
nucleic acid intercalator (Fluidigm) diluted in 2% paraformalde-
hyde (Electron Microscopy Sciences) in PBS overnight at 4�C.
Finally, the cells were washed once with PBS, once with MilliQ
water, and then diluted in water containing 10% EQ Calibration
Beads (Fluidigm) before acquisition on a CyTOF2 mass cytometer
(Fluidigm).

Translational Relevance

FOLFIRINOX has demonstrated promising clinical results for
patients with pancreatic ductal adenocarcinoma (PDAC). While
the immunogenicity of certain chemotherapeutics has been
demonstrated, little is known about the impact of neoadjuvant
FOLFIRINOX chemotherapy on the immune system in patients
with PDAC. Here we performed immune phenotype analysis by
CyTOF in peripheral blood of untreated patients and FOLFIR-
INOX-treated patients in the neoadjuvant setting. Distinct
immune profiles were observed in FOLFIRINOX-treated patients,
including increased Th1 cells and decreased classical monocytes,
Th2 cells, and suppressor subsets. Cellular alterations observed
in clinical responders to FOLFIRINOX included an increased CD8
T-cell frequency and increased CD27�Tbetþ phenotypic fractions
in CD4 and CD8 T cells. Our study suggests that neoadjuvant
chemotherapy with FOLFIRINOX may enhance functional T cells
and downregulate suppressor cells. Taken together, these findings
indicate that neoadjuvant FOLFIRINOX may improve immune
therapy and clinical outcome in patients with PDAC.
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Data acquisition on CyTOF2 mass cytometer and data
preprocessing

Samples were acquired on a CyTOF2 mass cytometer (DVS
Sciences/Fluidigm). FCS files were normalized by adding five-
element beads (Fluidigm) to the sample immediately before acquisi-
tion and using the Matlab-based normalization software as described
previously (24). Next, individual samples were manually gated using
Cytobank (RRID: SCR_014043) to exclude normalization beads, cell
debris, and dead cells for the identification of CD45þCisplatin� events,
which were exported as new FCS files (Supplementary Fig. S1). The
newly created FCS files were then batch normalized by the date of
acquisition using the R Cydar package Normalize Batch function
(mode ¼ “range”) to compute a quantile function from the pooled
distribution of the input expression data (25). In brief, batch expres-
sion was scaled between the upper and lower bounds of the pooled
reference distribution, with zero values fixed at zero. Normalized files
were then uploaded into Cytobank and we then removed doublets by
removing CD3/CD19 and CD3/CD14 double positive cells. Immune
profiles were analyzed through the Cytobank cloud-based platform for
two-dimensional (2D) visualization using viSNE and identification of
immune cell subsets was performed using hierarchical clustering
approaches in FlowSOM. To assess the reproducibility of the CyTOF
analysis, we performed staining and analysis on PBMC from the same
patients in three independent experiments. Data analysis showed that
the average % coefficient of variation for the cell populations was less
than 10% (Supplementary Fig. S2).

Automated population identification in high-dimensional data
analysis

viSNE is an automated dimensionality reduction algorithm which
allows one to map high-dimensional cytometry data onto two dimen-
sions and conserve the high-dimensional structure of the data. To run
viSNE in CytoBank, we uploaded the normalized FCS files of all
patients to CytoBank. Subsequent analyses were performed on live
CD45þ cells. 28 markers: CD11b, CD3, CD4, CD8, CD19, CD56,
CD14, CD16, CD39, CD45RA, CCR7, CD27, CD39, TIGIT, PD1,
CD25, CD38, CXCR3,CCR6,CCR4,GATA3, Tbet, FOXP3, Ki67, IgD,
BTLA, CXCR4, and Granzyme B (GzmB), were used to build the map.
Markers with low expression were excluded as they would not
contribute to the structure of the map. Equal sampling of 12,000 cells
per file was performed. Oncemapswere generated, the expression level
and distribution of each marker of interest was visualized by color.

To better dissect T-cell heterogeneity, separate viSNE plots were
generated for all samples on the followingmanually gated populations:
(i) CD45þCD3þCD56�CD8þ and (ii) CD45þCD3þCD56�CD4þ. For
visualization with viSNE, 5,333 cells/sample and 1,870 cells/sample
were used for CD4þ and CD8þ T cells, respectively. Sixteen markers:
CD45RA, CCR7, CD27, CD39, TIGIT, PD1, CD25, CXCR3, CCR4,
GATA3, Tbet, FOXP3, Ki67, GzmB, CCR6, and Perforin were used to
build the map for CD4þ T cells. Fifteen markers: CD45RA, CCR7,
CD27, CD39, TIGIT, PD1, CD25, CXCR3, CCR4, GATA3, Tbet, Ki67,
GzmB, CXCR4, and Perforin were used to build the map for CD8þ

T cells.
For CD39þ cells, we manually gated on CD39þCD45þ cells and

then viSNE was performed on the expression of 20 markers: CD11b,
CD14, CD16, CD19, CCR6, CD3, CD4, CD8, CD56, CD27, TIGIT,
CD45RA, CCR4, CCR7, FOXP3, PD1, PDL1, ICOS, CD25, and CD24.

FlowSOM
FlowSOM is an algorithm that speeds time to analysis and quality of

clustering with self-organizing maps (SOM) that can reveal how all

markers are behaving on all cells (26). Unsupervised clustering was
performed on the expression values of lineage markers using the
FlowSOM algorithm in Cytobank. For all analyses, we selected equal
cell numbers for each sample. Channel (marker) selection was variable
depending on cell populations to be clustered.

For CD45þ cells, we included all samples (12,000 cells/sample) and
the following markers were used for clustering: CCR4, CCR7, CD14,
CD16, CD19, CD27, CD3, CD39, TIGIT, CD4, CD45RA, CD8,
CXCR3, FOXP3, GATA3, ICOS, CD25, and CD56. Clusters with
<0.6% of the analyzed cells were excluded. Heatmaps were used to
display median expression.

For CD4þT cells, 5,333 cells/sample were clustered and 16
markers: CD45RA, CCR7, CD27, CD39, TIGIT, PD1, CD25,
CXCR3, CCR4, GATA3, Tbet, FOXP3, Ki67, GzmB, CCR6, and
Perforin were used to build the viSNE map for CD4 T cells. After
viSNE plots were generated, we defined Treg and non-Treg subsets
based on expression of CD25 and FOXP3. We then performed
FlowSOM for non-Treg subsets to segregate cell populations based
on expression of CD45RA, CXCR3, CCR4, and CCR6. From this,
we defined Th1 (CXCR3þCCR6�), Th17 (CXCR3�CCR6þ), Th17.1
(CXCR3þCCR6þ), and Th2 (CXCR3�CCR6�CCR4þ) populations.

Statistical analysis
GraphPad Prism7 (RRID: SCR_002798) was used for all statistical

analyses. Differences between groups or experimental conditions were
determined using a two-tailed Mann–Whitney Wilcoxon test. Corre-
lations were analyzed using Pearson correlation. Survival probabilities
were estimated using the Kaplan–Meier method and survival differ-
ences were compared using the log-rank test. Two-sided P values <0.05
were considered as statistically significant for all the analysis.

Results
Neoadjuvant chemotherapy with FOLFIRINOX was not
associated with improved survival from the time of resection

Chemotherapy with FOLFIRINOX has shown clinical benefit to
patients treated in the adjuvant setting (5) or for patients with
metastatic disease (27). However, treatment in the neoadjuvant
setting has shown mixed responses (28–30). To assess the clinical
relevance of neoadjuvant FOLFIRINOX in our cohort of patients
with patients with PDAC, we analyzed Kaplan–Meier survival
curves in FOLFIRINOX-treated (FFX, n ¼ 19) versus treatment-
naïve patients (NT, n ¼ 20). FOLFIRINOX treatment was not
associated with improved survival from the time of resection. Not
surprisingly, patients who clinically responded to FOLFIRINOX
treatment (FFX-R, n ¼ 9) exhibited improved disease-free survival
as well as overall survival when compared with nonresponders
(FFX-NR, n ¼ 10; Fig. 1A and B).

FOLFIRINOX enhances T cell–mediated cytokine production
Chemotherapy using 5-fluorouracil and oxaliplatin has been

demonstrated to improve antitumor T-cell functions (9). We
therefore investigated whether neoadjuvant chemotherapy with
FOLFIRINOX affects the immune phenotype in patients with
PDAC. We first assessed cytokine production in treatment-naïve
(NT, n ¼ 6) and FOLFIRINOX-treated patients (FFX, n ¼ 10)
following PMA/ionomycin stimulation of PBMC by multicolor
flow cytometry. The results show that treated patients have more
IFNgþTNFaþCD8þT cells than untreated patients (Fig. 2; Sup-
plementary Fig. S3), suggesting FOLFIRINOX treatment enhances
activation of CD8 T cells.

Immune Profiling in PDAC with Neoadjuvant Chemotherapy
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Unsupervised analysis reveals distinct immune cell subsets in
PBMC from patients with PDAC

To further investigate the immune alterations caused by
FOLFIRINOX, we performed high-dimensional analysis on PBMC
samples obtained immediately prior to surgery isolated from
patients with resectable PDAC that underwent upfront resection
from both treatment-naïve and FOLFIRINOX-treated patients. We
employed a staining panel containing 36 leukocyte markers to
identify all major immune cell populations and cover all stages of
T-cell differentiation and activation markers (Supplementary
Table S3).

To perform a qualitative analysis of the PBMC immunopheno-
typing data, we first applied viSNE dimensional reduction on the
immune cell abundance profiles from all patients with PDAC. This
analysis demonstrated the heterogeneity of major immune cell

lineages across immune profiles, which can be further defined using
t-SNE maps colored by marker intensities (Fig. 3; Supplementary
Fig. S4). Next, we sought to identify which cell population best
described the differences between treatment-naïve (NT, n¼ 20) and
FOLFIRINOX-treated (FFX, n ¼ 19) patients. Unsupervised cluster
analysis revealed 15 populations, which were identified through the
median expression of lineage markers as shown in Fig. 3B and C;
Supplementary Table S4. The frequency of each of the clusters
varied by patient (Fig. 3D).

Immune profiles differ between treatment-naïve and
FOLFIRINOX-treated PDAC patients

We subsequently examined differences in frequencies of the iden-
tified clusters between the FOLFIRINOX and treatment-naïve groups.
In the FOLFIRINOX treatment group, the frequencies of both
CD14þCD16� classical monocytes and CD4þ Treg as a percentage
of all leukocytes were significantly lower than in the untreated group
(Fig. 4A). The frequencies of CD4þCD8þdouble positive T cells
(DPT) were significantly higher in FOLFIRINOX treatment than in
the untreated patients. All other subsets were not significantly different
in these two groups (Fig. 4A).

To better characterize the phenotype of CD4þ T cells, we gated on
CD3þCD4þCD56� cells and performed a viSNE analysis. Treg sub-
populations were clustered and identified by high expression of CD25
and FOXP3 (Fig. 4B). CD25þFOXP3þ Treg also express CD39
(Fig. 4B). CD39 can be expressed on the surface of cancer cells and
regulatory immune cells. CD39 is an ectonucleotidase which can
convert ATP into adenosine (31) suppressing T-cell function (32).
We found that the patients treated with FOLFIRINOX showed a
significantly lower frequency of Treg compared with treatment-naïve
patients (Fig. 4C).

The expression of chemokine receptor CCR4, CXCR3, and
CCR6 can be used for identification of Th2 (CCR4þCXCR3�CCR6�),
Th1 (CXCR3þCCR6�), Th17 (CXCR3�CCR6þ), and Th17.1
(CXCR3þCCR6þ) CD4 T-cell subsets (33–35). To determine whether
there were differences in CD4 T-cell subsets between patient groups, we

Figure 1.

Response to FOLFIRINOX neoadjuvant therapy cor-
relates with better outcome in pancreatic cancer.
A, Disease-free survival and overall survival for
treatment-naïve patients (NT, n ¼ 20) and patients
treatedwith FOLFIRINOXneoadjuvant therapy (FFX,
n ¼ 19). B, Disease-free survival and overall survival
for responders (FFX-R, n ¼ 9) and nonresponders
(FFX-NR, n ¼ 10) to FOLFIRINOX neoadjuvant
therapy.

Figure 2.

FOLFIRINOX neoadjuvant therapy is associated with CD8 T-cell activation.
A, In vitro analysis of IFNg- and TNFa-producing CD8þ T cells following
PMA/ionomycin stimulation in PBMC from treatment-naïve patients with PDAC
(NT, n ¼ 6) and patients treated with FOLFIRINOX (FFX, n ¼ 10). B, The
percentage of cytokine producing cells is shown. Graphical data represent the
mean � SEM and were analyzed by Mann–Whitney Wilcoxon test. � , P < 0.05.
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ran FlowSOM analysis on non-Treg CD4þ T cells based on CD45RA,
CXCR3, CCR6, and CCR4. Cells were subdivided into eight subsets,
including: CXCR3þCCR4� (CCR4� Th1), CXCR3þCCR4low (CCR4low

Th1), CXCR3þCCR4þ, CCR4þCCR6�CXCR3� (Th2), CCR4þCCR6þ

(CCR4þ Th17), CXCR3þCCR6þ (Th17.1), CCR4�CCR6þ (CCR4�

Th17) and CD45RAþ cells (Fig. 4D and E; Supplementary Fig. S5). We
found that all of the Th1, Th2, Th17, and Th17.1 cells were CD45RA�

cells. Then we compared the frequencies of resultant T-cell subclusters of
CD45RA�CD4þ T cells between treatment and nontreatment groups.
Patients treated with FOLFIRINOX showed a significantly higher fre-
quency of Th1,CCR4�Th17, andTh17.1 cells comparedwith treatment-
naïve patients (Fig. 4F). The FOLFIRINOX-treated patients showed
significantly lower Th2 proportions compared with treatment-naïve
patients (Fig. 4F).

FOLFIRINOX patients have fewer CD39-expressing cells in the
periphery than treatment-naïve patients

As shown in Fig. 4A, a significantly higher frequency of
CD14þCD16� monocytes was observed in treatment-naïve patients
compared with the FOLFIRINOX group. Interestingly, we found
monocytes expressed high levels of CD39 (Fig. 5A and B). CD39

was recently reported to be a new immune checkpoint target for
cancer immunotherapy (36). To analyze CD39-expressing PBMC,
we performed gating on total CD39þCD45þ cells in each patient
group (Fig. 5A) and observed that the proportion of CD39þCD45þ

cells was significantly lower in the FOLFIRINOX-treated patients
compared with untreated patients but was similar between respon-
ders and nonresponders to FOLFIRINOX (Fig. 5C; Supplementary
Fig. S6A). In treatment-naïve patients, the frequency of CD39þCD45þ

cells negatively correlated with CD8 T cells (Fig. 5D), suggesting
CD39þCD45þ cellsmight suppress CD8T cells. In fact, in vitro studies
confirmed CD39-mediated inhibition of T-cell proliferation (Supple-
mentary Fig. S6B–S6D). No correlation was observed between the
CD39 percentage and CD8 T cells in patients treated with FOLFIR-
INOX (Fig. 5D).

To further define which leukocyte subsets expressed CD39, lineage
markers were used and showedCD39þCD45þ cells included primarily
CD14þCD16� classical monocytes (63.4%), CD16þCD14� nonclas-
sicalmonocytes (10.6%), CD19þB cells (10.2%), CD4þ (7.6%), CD16�

NK (3.4%) with CD16þ NK, CD8þ T cells, and NKT cells each less
than 2% (Fig. 5E and F). These results show that while CD39þ cells are
heterogeneous, the majority of CD39-expressing cells are monocytes,

Figure 3.

Unsupervised analysis of CyTOF data reveals distinct immune cell clusters in PBMC from FOLFIRINOX-treated patients with PDAC. A, Two-dimensional cellular
illustration of CD3, CD4, CD8, CD14, CD16, CD11b, CD56, and CD19 in PBMC by viSNEmaps. B,Unsupervised clustering analysis with FlowSOM revealed 15 distinct cell
clusters. A heatmap summary of the expression values of 18 lineagemarkerswas used to distinguish cell subsets.C, The t-SNE algorithmwas used to depict themajor
immune populations in PBMC. D, Stacked bar graph representing all cell clusters identified in each patient, including treatment-naïve patients (NT, n ¼ 20) and
FOLFIRINOX-treated patients (FFX, n ¼ 19). Clusters comprising <0.6% of the analyzed cells were excluded from all other analyses and are represented here as
“below cluster size cutoff.”

Immune Profiling in PDAC with Neoadjuvant Chemotherapy
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which could suppress T-cell function in the presence of ATP (37). This
is further demonstrated by the lower levels of CD8þ T cells found in
patients with high CD39 levels.

Clinical responders to FOLFIRINOX are characterized by higher
levels of effector T cells than nonresponders

Although FOLFIRINOX treatment decreased the proportion
of suppressor cells, not all patients showed a clinical response to

FOLFIRINOX, defined as greater than 30% tumor reduction.
We subsequently examined differences in frequencies of the
identified CD45þ leukocyte clusters between clinical responders to
FOLFIRINOX (FFX-R) and nonresponders (FFX-NR). The fre-
quencies of CD8 T cells and TbetþCD8þ T cells were significantly
higher in responders than in nonresponders (Fig. 6A). Conversely,
the frequency of CD4þ Treg was significantly lower in FOLFIR-
INOX responders than in the nonresponder groups (Fig. 6A).

Figure 4.

FOLFIRINOX treatment is associatedwith decreased proportions of immune suppressor cells and increased proportions of effector cells.A,Percentage of total CD4þ

T cells (CD4þCD8�CD3þCD56�), total CD8þ T cells (CD4�CD8þCD3þCD56�), NK cells (CD56þCD3�), NKT (CD56þCD3þ), classical monocytes (CD14þCD16�),
nonclassicalmonocytes (CD14�CD16þ), DPT (CD4þCD8þCD3þCD56�), DNT (CD4�CD8�CD3þCD56�), B cells (CD19þCD3�), TbetþCD4þ T cells, TbetþCD8þ T cells,
naïve CD4þ T cells (CD4þCD45RAþCCR7þ), naïve CD8þ T cells (CD8þCD45RAþCCR7þ), EM CD4þT cells (CD4þCD45RA�CCR7�), EM CD8þ T cells
(CD8þCD45RA�CCR7�), CCR4þCD8þ T cells (CCR4þCD4�CD8þCD3þCD56�), and Treg (CD25þFOXP3þCD4þCD3þ) from treatment-naïve (NT, n ¼ 20) and
FOLFIRINOX-treated patients (FFX,n¼ 19). Graphical data represent themean�SEMandwere analyzedbyMann–WhitneyWilcoxon test. � ,P<0.05 and ��,P<0.01.
B,CD4þTreg (CD39þCD25hiFOXP3þ) and non-Treg subsetswere identifiedby viSNEmap after gating onCD4þCD3þCD56� cells.C,Percentage of CD4þTregwithin
total CD4þ T cells in patients with PDAC. D, FlowSOM was used to generate the indicated CD4þ T-cell subpopulations, and a heatmap summary of the expression
values of lineage markers was used to distinguish cell subsets. E, The t-SNE algorithm was used to depict the immune populations in non-Treg CD4 T cells. F, The
resulting cluster frequencies within CD4þCD45RA�T cells are shown in FOLFIRINOX-treated (FFX, n¼ 19) and treatment-naïve patients (NT, n¼ 20). Graphical data
represent the mean � SEM and were analyzed by Mann–Whitney Wilcoxon test. � , P < 0.05; �� , P < 0.01; and ��� , P < 0.001.
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To better characterize the phenotype of CD8 T cells, we gated on
CD3þCD8þCD56� cells and performed a viSNE dimensional reduc-
tion (Fig. 6B). We found that TbetþCD8þ T cells were divided into
three distinct clusters: CD27�Tbetþ, CD27þTbetþ, and Ki67þTbetþ

cells. Ki67 expression in CD8 T cells was reported previously as a
marker of cellular proliferation and T-cell reinvigoration after check-
point blockade therapy (38, 39). Ki67þTbetþCD8þT cells also express
high levels of the cyclic ADP ribose hydrolase, CD38, which can
increase cell proliferation (40). In our studies, the percentage of
Ki67þTbetþCD8þ T cells trended higher in the responder group as
compared with the nonresponder group; this difference was not
statistically significant (Fig. 6B). We found the frequency of
CD27�TbetþCD8þ T cells was significantly higher in responders

compared with nonresponders (Fig. 6B). We further analyzed PD1
and GzmB expression in CD27�Tbetþ and CD27þTbetþ subclusters
and found that CD27�Tbetþ cells showed higher GzmB and lower
PD1 than CD27þTbetþ CD8þ T cells (Supplementary Fig. S7), indi-
cating CD27�TbetþCD8þ T cells might have higher effector function
than CD27þTbetþ CD8þ T cells.

We also analyzed the expression of inhibitor receptors in CD8 T
cells, including PD1, T-cell immunoreceptor with Ig and ITIM
domains (TIGIT), T-cell immunoglobulin domain and mucin
domain-3 (TIM-3), CTL antigen-4 (CTLA-4), and glucocorti-
coid-induced TNF family receptor (GITR). We observed that while
some CD8 T cells expressed TIGIT and PD1, the proportions of
TIGITþCD8þT cells and PD-1þCD8þ T cells did not differ

Figure 5.

CD39-expressing cells are reduced in FOLFIRINOX-treated patients compared with naïve treated patients. A, CD39 expression on CD14þ cells. B, Two-dimensional
cellular illustration of CD39 expression in PBMC by viSNE map (M¼monocytes, B¼ B cells). C, Percentage of CD39þ cells within total CD45þ cells in FOLFIRINOX-
treated patients (FFX, n¼ 19) and treatment-naïve patients (NT, n¼ 20). Graphical data represent the mean� SEM and were analyzed by Mann–WhitneyWilcoxon
test. �� ,P<0.01.D,Correlation plotswithin a fitted linear regression line between frequency of CD8þ T cells and the frequency of total CD39þCD45þ cells in untreated
(NT,N¼ 20) and FOLFIRINOX-treated patients (FFX, n¼ 19). TheP valuewas calculated using byPearson correlation. E,Unsupervised clustering analysiswith viSNE
showing 2D cellular illustrations of CD3, CD4, CD8, CD14, CD16, CD11b, CD56, CD19, CD25, and FOXP3 within all CD39þ cells. F, Distribution of cell subsets within
CD39þCD45þ cells in individual patients.
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Figure 6.

Responders to FOLFIRINOX treatment are characterized
by higher levels of effector T cells than non-responders.
A, Percentage of total CD4þ T cells, total CD8þ T cells, NK
cells, NKT, classical monocytes, nonclassical monocytes,
DPT, DNT, B cells,TbetþCD4þT, TbetþCD8þ T, naïve CD4 T
cells, naïve CD8 T cells, EM CD4, EM CD8, CCR4þCD8, and
Treg in nonresponders to FOLFIRINOX (FFX-NR, n ¼ 10)
and responders to FOLFIRINOX (FFX-R, n ¼ 9). Graphical
data represent the mean � SEM and were analyzed by
Mann–WhitneyWilcoxon test. �, P < 0.05. B, CD27�Tbetþ,
CD27þTbetþ, and Ki67þTbetþ subsets were identified
with viSNE maps (top), and their prevalence is expressed
as a percentage of total CD8 T cells in treatment-naïve (NT,
n ¼ 20), FFX-R (n ¼ 9), and FFX-NR (n ¼ 10) patients
with PDAC (bottom). Graphical data represent themean�
SEM and were analyzed by Mann–Whitney Wilcoxon test.
� , P < 0.05. C, Heatmap of normalized median expression
for markers expressed in CD8 T cells in treatment-naïve,
FFX-NR, and FFX-R patients. Summary of normalized
median expression for selected markers (CCR4, GATA3,
ICOS, and CD27) in treatment-naïve (NT, n ¼ 20), non-
responders (n ¼ 10), and responders to FOLFIRINOX
treatment (n ¼ 9). Graphical data represent the mean �
SEM and were analyzed by Mann–Whitney Wilcoxon test.
� , P < 0.05 and ��, P < 0.01. D, Left, CD27�Tbetþ subsets
were identified within the CD4 T viSNE map. Right,
Percentage of CD27�Tbetþ cells within total CD4 T cells
in patients with PDAC with treatment-naïve (NT, n ¼ 20),
FFX-R (n ¼ 9), and FFX-NR (n ¼ 10). Graphical data
represent the mean � SEM, and data were analyzed by
Mann–Whitney Wilcoxon test. � , P < 0.05.
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between responders and nonresponders (Fig. 6B and C; Supple-
mentary Fig. S8). On the other hand, GITR, CTLA4, and TIM3
were expressed in very few CD8 T cells in all groups (Fig. 6C;
Supplementary Fig. S8). In addition, the median expression of
GATA3, CCR4, and ICOS in total CD8 T cells was significantly
higher in the nonresponder group than in the responder group
(Fig. 6C). Because GATA3 has been demonstrated to drive the
dysfunctional state in CD8 T cells (41), these results suggest
increased presence of dysfunctional CD8 T cells in nonresponders
compared with responders.

To better characterize the phenotype of CD4 T cells, we gated on
CD3þCD4þCD56� cells and performed a viSNE analysis (Fig. 6D).
The most notable, and significant difference between responders
and nonresponders was observed in the TbethiCD4þ T cells that
were confined to two individual cell clusters, and co-expressed high
levels of GzmB but lacked CD27, CCR4, and CCR7, suggestive of
effector/effector memory cells (Fig. 6D; Supplementary Fig. S9).
Throughout Fig. 6, treatment-naïve patients are included for com-
parison with data that fall in between the responders and non-
responders to FOLFIRINOX.

Discussion
In this study, we analyzed the peripheral blood of patients with

PDAC by CyTOF to characterize the immune cell signatures associ-
ated with FOLFIRINOX neoadjuvant therapy. After unsupervised
clustering analysis of cell frequencies, we identified changes in CD4
T and monocytes in FOLFIRINOX-treated patients. Specifically, we
observed reduced frequencies of suppressor cells, including classical
monocytes and Treg in FOLFIRINOX-treated patients compared with
treatment-naïve patients. Increased Th1 and decreased Th2 cell popu-
lations were also found in treated patients. Moreover, response to
FOLFIRINOX was associated with an increased frequency of CD8 T
cells, in particular CD27�Tbetþ effector/effector memory subsets.
Overall, these data suggest that neoadjuvant chemotherapy with
FOLFIRINOX may enhance effector T cells and downregulate sup-
pressor cells, and CD8 T cells may play an important role in the
response to FOLFIRINOX.

Our results are in line with other studies showing that some
chemotherapeutics positively impact the immune system (9, 42). For
example, treatment with oxaliplatin-cyclophosphamide controlled
lung adenocarcinoma tumor progression in wild-type mice, but not
in mice lacking CD8 T cells, suggesting the chemotherapy-induced
antitumor response depends on host CD8 T cells (42). Here, we
found that circulating CD8 T cells were significantly increased in
FOLFIRINOX responders compared with nonresponders.

CD27�TbetþCD8þ T cells were upregulated in FOLFIRINOX
responders compared with nonresponders and the median expression
of GATA3, CCR4, and ICOS in CD8 T cells was significantly higher in
FOLFIRINOX nonresponders than FOLFIRINOX responders.
GATA3 has been reported as a regulator of CD8 T-cell dysfunction
in melanoma (41) and T-bet is required for T-cell effector function
during immunotherapy (43). Berrien-Elliott reported that dysfunc-
tional T cells, characterized by low expression of T-bet and Eomes,
have been rendered tolerant in vivo after encountering tumor anti-
gens (43). Our results suggest the need for T-bet–expressing-CD8
effector T cells for the control of pancreatic cancer. Other than CD8 T
cells, T-bet expression was observed in a variety of other immune
subsets, including CD4 T cells and NKT cells, which could contribute
to antitumor immunity. Consistent with this, we found a higher
percentage of CD27�TbetþCD4þ T cells in responders compared

with nonresponders. On the basis of CXCR3 and CCR6 expression,
larger proportions of Th1 and Th17.1 cells were identified in PBMC
from FOLFIRINOX-treated patients compared with treatment-naïve
patients, suggesting FOLFIRINOXmay also promote T-bet expression
in CD4 T cells.

In a previous report, decreased levels of monocytes in the
peripheral blood were associated with better survival in patients
with pancreatic cancer (44). A follow-up study showed that block-
ade of tumor-induced recruitment of monocytes and granulocytes
through small inhibitor molecules to CCR2 and CXCR2, respec-
tively, augmented antitumor immunity and improved the response
to FOLFIRINOX chemotherapy in murine pancreatic cancer mod-
els (45). Improved antitumor efficacy was dependent on CD8 T
cells, as proven by loss of myeloid cell blockade efficacy in the
absence of CD8 T cells (45). Here, we found CD14þCD16� myeloid
cells decreased in FOLFIRINOX-treated patients compared with
treatment-naïve patients. Interestingly, the majority of the mono-
cytes expressed CD39. CD39 is a surface-expressed immunomod-
ulatory ecto-50-nucleotidase that hydrolyzes extracellular ATP (36).
ATP is a proinflammatory metabolite found in tumor interstitial
fluid after chemotherapy-induced tumor cell death (31, 46). Thus,
ATP may boost FOLFIRINOX-induced antitumor responses. In
contrast, CD39þ cells can suppress the functional activation of APC
and T-cell responses (36). Our data are consistent with this notion,
as CD8 T cells were negatively associated with CD39þ cells in
treatment-naïve patients with PDAC, and anti-CD39 mAb partially
restored T-cell proliferation. The majority of CD39þ cells in PBMC
were CD14þ cells, although B cells and CD4þ Treg also expressed
high levels of CD39. Thus, we speculate that in our earlier study (45),
enhanced FOLFIRINOX chemotherapy-induced CD8 T-cell
responses after blockade of myeloid cells might result from reduced
numbers of CD39þ cells. Of note, clinical targeting of the adenosine
pathway, which involves CD39-mediated breakdown of ATP into
AMP, is ongoing in patients with cancer (47).

A recent report showed that systemic immunity is essential for
effective antitumor immune responses (46). Our results suggest that
a response to FOLFIRINOX is associated with alterations in cir-
culating immune subsets in patients with pancreatic cancer. As is
well known, immunotherapy continues to emerge as an alternative
treatment approach in patients with cancer. Unfortunately, immu-
notherapeutic approaches targeting T-cell immune checkpoints
have not translated into clinical efficacy against PDAC due in part
to a lack of activated T cells (21). Our study shows an increase in
activated T cells in the blood of responders to FOLFIRINOX. This
augmentation of T-cell responses after FOLFIRINOX neoadjuvant
therapy provides the rationale for combinatory neoadjuvant ther-
apy with FOLFIRINOX and blockade of the adenosine pathway
(anti-CD39/anti-CD73/adenosine receptor blockade) or other
forms of immunotherapy for patients with PDAC.

Several limitations of this study are noteworthy. First, the num-
ber of samples used in this study is limited and sampling of
peripheral blood was performed at only one timepoint. It should
be noted, however, that longitudinal sampling for analysis of
immune status appears to reflect the impact of the tumor and/or
treatment, and reportedly has predictive value (48, 49), suggesting
that single timepoints are informative. Second, we note that the
patients that underwent neoadjuvant therapy with FOLFIRINOX
had more advanced disease at the time of diagnosis. However, not
unexpectedly, the final pathologic stage was slightly lower in the
neoadjuvant FOLFIRINOX group compared with the treatment-
naïve group and is consistent with downstaging. The decision to do
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chemotherapy first may be influenced by tumor location and factors
like vascular abutment but drivers of cancer prognosis like size,
nodal status, and distant spread are expected to be fairly homoge-
neous and almost certainly comparable from an immunologic
perspective. Finally, we do not include immune profiling of PDAC
tissue in this study. Mota Reyes and colleagues (22) concluded that
neoadjuvant therapy depletes protumorigenic immune cells in
PDAC tissue, as assessed through a combination of quantitative
IHC and immune fluorescence. These findings in the tumor match
our observations in peripheral blood. High-dimensional profiling of
distinct areas within PDAC tumors by bulk proteogenomics, single-
cell sequencing, and cellular imaging was recently performed at our
institution (50), and we plan to use that data for a matched blood/
PDAC tissue analysis.

In conclusion, chemotherapy that positively impacts an immune
response may sensitize tumors to immune therapy and improve
clinical outcomes in patients with PDAC.
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