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ABSTRACT
Patients with pancreatic ductal adenocarcinoma (PDAC) have a grim prognosis despite complete surgical 
resection and intense systemic therapies. While immunotherapies have been beneficial with many 
different types of solid tumors, they have almost uniformly failed in the treatment of PDAC. 
Understanding how therapies affect the tumor immune microenvironment (TIME) can provide insights 
for the development of strategies to treat PDAC. We used quantitative multiplexed immunofluorescence 
(qmIF) quantitative spatial analysis (qSA), and immunogenomic (IG) analysis to analyze formalin-fixed 
paraffin embedded (FFPE) primary tumor specimens from 44 patients with PDAC including 18 treated with 
neoadjuvant chemoradiation (CRT) and 26 patients receiving no treatment (NT) and compared them with 
tissues from 40 treatment-naïve melanoma patients. We find that relative to NT tumors, CD3+ T cell 
infiltration was increased in CRT treated tumors (p = .0006), including increases in CD3+CD8+ cytotoxic 
T cells (CTLs, p = .0079), CD3+CD4+FOXP3− T helper cells (Th, p = .0010), and CD3+CD4+FOXP3+ regulatory 
T cells (Tregs, p = .0089) with no difference in CD68+ macrophages. IG analysis from micro-dissected 
tissues indicated overexpression of genes involved in antigen presentation, T cell activation, and inflam-
mation in CRT treated tumors. Among treated patients, a higher ratio of Tregs to total T cells was 
associated with shorter survival time (p = .0121). Despite comparable levels of infiltrating T cells in CRT 
PDACs to melanoma, PDACs displayed distinct spatial profiles with less T cell clustering as defined by 
nearest neighbor analysis (p < .001). These findings demonstrate that, while CRT can achieve high T cell 
densities in PDAC compared to melanoma, phenotype and spatial organization of T cells may limit benefit 
of T cell infiltration in this immunotherapy-resistant tumor.
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Introduction
Pancreatic ductal adenocarcinoma (PDAC) is a devastating 
disease with a 5-year survival of only 10.8%.1 With esti-
mated 48,220 people dying from PDAC in the U.S. in 2021 
it is currently the third most common cause of cancer- 
related death.1 PDAC is predicted to become the second 
leading cause of cancer-related death, surpassing colorectal 
cancer by 2030.2 Only 20% of patients with PDAC have 
disease that can be surgically resected at diagnosis, with 
surgical feasibility generally defined based on the extent of 
tumor contact with key vascular structures and the absence 
of distant metastasis.3 Unfortunately, even if complete 
resection is successfully achieved and maximum adjuvant 

chemotherapy treatment is subsequently given, the majority 
of patients will ultimately relapse and die.4,5 Of numerous 
available systemic therapies, only FOLFIRINOX [fluorour-
acil, leucovorin, irinotecan, oxaliplatin] and gemcitabine 
with capecitabine have demonstrated a significant improve-
ment in overall survival (OS) in the adjuvant setting.5,6 

More recently, preoperative delivery of therapy in PDAC 
has gained momentum because borderline resectable and/or 
even locally advanced tumors can eventually be down- 
staged into resectable tumors.3,7,8 Preoperative treatment 
also significantly decreases the likelihood of having micro-
scopic or macroscopic residual tumors after resection, and 
it may help to eradicate systemic occult disease.
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PDAC is highly aggressive and therefore intensive systemic 
cytotoxic therapies, radiation, and/or chemoradiation therapies 
are routinely given to virtually all patients receiving neoadjuvant 
treatment. Reliance on conventional therapies exists because 
options such as immunotherapy have been largely 
unsuccessful.9,10 By contrast, other tumors such as melanoma 
exhibit beneficial and often durable responses to immunother-
apy in the adjuvant and metastatic settings.11–14 In contrast to 
melanoma, PDACs have the ability to generate and maintain 
a particularly immunosuppressive tumor immune microenvir-
onment (TIME), which may explain the lack of efficacy of 
immunotherapies.9,15 Structurally, the TIME of PDAC is char-
acterized by a unique and very dense fibrotic desmoplastic 
stromal reaction generated by activated fibroblasts and 
myofibroblasts.16 This dense stroma forms a mechanical barrier 
that may limit the penetration of drugs and effector immune 
cells to the tumor site.17 By contrast, tumor-associated macro-
phages (TAMs) and myeloid-derived suppressor cells (MDSCs) 
in PDAC have been shown to better penetrate the tissue and 
directly promote tumor growth by contributing to an immuno-
suppressive microenvironment. These cell populations establish 
this environment by secreting amino acid-degrading enzymes, 
which result in anergy of cytotoxic T cells (CTLs) and T helper 
cells (Th) and the accumulation of T regulatory cells (Tregs).18–23 

Interestingly, there is evidence to suggest that certain immune 
characteristics of PDAC correlate with survival leading one to 
speculate whether immunomodulation of the TIME has a role.24 

In this regard, phenotypes of PDAC have correlated with prog-
nosis, including an “immune escape” type, defined by high 
infiltration of FOXP3+ Tregs and decreased numbers of other 
lymphocyte subsets.25 This is consistent with other reports 
showing that Treg infiltration in the TIME of PDAC patients is 
associated with poor prognosis.26–29

Understanding the effect of immunosuppression in PDAC 
and how it is altered by current therapies is critical design 
efficient combination therapeutic approaches to improve 
survival.30 While studies in mouse models have demonstrated 
a favorable impact of radiation on the TIME in PDAC, the 
impact of neoadjuvant CRT on human PDAC and on the 
associated TIME is not well established.31 In our study, we 
evaluate the impact of neoadjuvant CRT on the TIME in 
PDAC by quantitative multiplex immunofluorescence (qmIF) 
with quantitative spatial analysis (qSA) and immunogenomic 
(IG) analysis and compared to non-treat (NT) cases. We 
demonstrate that CRT leads to an influx of T cells, specifically 
CTLs, Th cells and Tregs, into the TIME. Moreover, we show 
that CRT is associated with an upregulation of genes involved 
in inflammatory processes and antigen-presentation. 
Predominance of Tregs in CRT treated tumors correlates 
with poor outcome. Further, we find that the influx of 
CD3 + T cells and CD3+ CD8+ cytotoxic T cells into the 
TIME of CRT PDAC is not significantly different from infiltra-
tion levels found in treatment-naive melanoma, but, in con-
trast with melanoma, neither CD3+ nor CD3+ CD8+ cells 
correlate with a favorable prognosis in CRT PDAC. Spatial 
organization of the T cells is different between PDAC and 
melanoma with T cells in melanoma forming large clusters in 
tumor associated stroma whereas T cells in PDAC are dis-
persed diffusely within the tumor and peri-tumoral stroma.

Materials and methods

Patients and samples

The study was approved by Columbia University Irving 
Medical Center’s (CUIMC) Institutional Review Board 
(IRB). We created a retrospective database of PDAC patients 
treated at CUIMC by searching surgical pathology records 
from 2011 to 2018 and screening for available tissues. Only 
patients with available baseline, treatment, and post- 
treatment clinical data were included. Patients were excluded 
for incomplete documentation, histology not consistent with 
PDAC, second primary, recurrent cancer, palliative intent, 
and treatment at outside hospital. One patient was excluded 
because resection occurred 11 months following CRT whereas 
all of the other patients received resection between 1 and 
3 months following CRT. Neoadjuvant radiotherapy was 
delivered via either intensity-modulated radiotherapy 
(IMRT), with patients receiving 50.4 Gy in 28 fractions of 
1.8 Gy/fraction with concurrent capecitabine, or stereotactic 
body radiotherapy (SBRT), with patients receiving 33 Gy in 5 
fractions of 6.6 Gy/fraction (Supplemental Figure S1). We 
also compare specimens from PDAC to melanoma. Clinical 
data on these primary melanoma patients is included in the 
supplement (Supplemental Table 6).

For included patients, hematoxylin and eosin (H&E) slides 
were reviewed by board-certified gastrointestinal (GI) pathol-
ogists (LF and HR). Clinical criteria were met in 53 patients 
with 44 patients having confirmed tumors by H&E, excluding 9 
patients with no tumor in the specimen. During the qmIF 
staining process, 13 were lost due to tissue destruction or 
staining artifact and were unable to be analyzed using the 
image analysis software, leaving a total of 31 analyzable sam-
ples for qmIF. Ten patients had enough specimen for qmIF but 
not enough specimen for RNA extraction. Of the 13 cases that 
could not be analyzed using qmIF, all could be RNA extracted 
leaving a total of 34 patients analyzed by IG, including 21 
patients analyzed using both qmIF and IG. Normal pancreas 
tissue samples for control were collected from deceased organ 
donors as part of organ acquisition for clinical transplantation 
through an approved protocol and material transfer agreement 
with LiveOnNY, as described previously.32,33 Samples from 
donors were free of cancer, chronic diseases, seronegative for 
hepatitis B, C, and HIV and were age and sex matched to 
tumor cases. Use of organ donor tissues are not classified as 
“human subjects” by CUIMC IRB as these samples were taken 
from brain-dead (deceased) individuals.

Quantitative multiplex immunofluorescence (qmIF)

Full-section 5-um slides of formalin-fixed paraffin embedded 
(FFPE) tissue specimens were stained using Opal™ multiplex 
6-plex kits, according to the manufacturer’s protocol 
(PerkinElmer/Akoya), for DAPI, CD3 (clone LN10; Leica; 
1:150 dilution), CD4 (clone 4SM95; 1:1000) CD8 (clone 
4B11; Leica; 1:2RTU), FOXP3 (clone 236A/E7; abcam; 1:300), 
CD68 (clone KP1; Biogenex, ready to use); Ki67 (clone MIB1; 
Dako; ready to use). Single stain controls and an unstained 
slide were also included to create a multispectral library as 
previously described.34
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H&E slides were viewed by a GI pathologist to determine 
representative areas for multispectral images captured with 
20X objective using Vectra (PerkinElmer/Akoya). Regions of 
interest (ROI) were approximately 700 × 520 um. Images 
were analyzed using inForm software version 2.4.1 
(PerkinElmer/Akoya), as per protocol previously defined, by 
investigators blinded to treatment status.34 Briefly, five repre-
sentative areas for each slide were randomly selected in the 
tumor area as determined by a GI pathologist, and each image 
was factored equally into the analysis for each patient. Tissue 
segmentation was performed by highlighting examples of 
tumor and stroma based on morphology and Ki-67 expres-
sion under supervision of a board-certified GI pathologist 
(LF) to evaluate the composition of the tissue in terms of 
tumor and stromal components. Images were then processed 
for cell segmentation using the nuclear marker, DAPI, then 
phenotyped for tumor, CD3, CD68, and other, and then 
scored using a threshold for positivity for CD4, FOXP3, 
CD8, Ki67 as previously described.34 Data exported from 
inForm (Akoya) then concatenated and analyzed using the 
phenoptr package (Akoya) in R (v 4.0.2).

RNA extraction and processing

FFPE blocks were obtained for 34 PDAC patients and 12 normal 
pancreas controls. For each patient, tissue was evaluated and 
micro-dissected by gastrointestinal pathologists (HR and LF), 
and RNA extraction was performed with miRNeasy FFPE kit 
(Qiagen) following kit protocol and quantitated by Agilent 
Bioanalyzer with RNA Nano chip assay in the CUIMC 
Histopathology Core. Bioanalyzer and nanodrop calculations 
were performed to determine the quality and quantity of RNA 
(ng), respectively. RNA was processed using a nanoString assay of 
778 genes consisting of the nanoString PanCancer Immune 
Profiling Panel (730 target genes plus 40 housekeeping genes) 
and 18 additional genes (Supplemental Table S1). Following 
hybridization and purification of target-probe complexes, digital 
counts for each gene-specific target RNA were acquired and 
normalized to housekeeping genes using nSolver software 
(nanoString). RNA data were then analyzed using nSolver 
Advanced Analysis software (nanoString) and R (v 3.3.2).

Spatial analysis

Nearest neighbor and cell counts within radius r were gener-
ated by processing inForm (v 2.4.1) output in Python 3.7. Every 
cell-to-cell Euclidean distance was calculated and stored in 
a matrix, and phenotypes of interest were selected, resulting 
in a distance matrix from one cell phenotype population to 
another. From this matrix, both k nearest neighbor distance 
and cell counts in a radius of 20 microns were calculated.

For k nearest neighbor distance, the mean of the k lowest 
distances from a cell of phenotype A to every other cell of 
phenotype B was taken. This was repeated for every cell of 
phenotype A, and the means were averaged, resulting in the 
mean distance of the k nearest neighbors from phenotype A to 
phenotype B. To calculate cell counts in radius, the same 
distance matrix was used. For a cell of phenotype A, the 
number of cells of phenotype B which were within a radius of 

20 microns was counted, and the frequency of each count (the 
number of times n cells of phenotype B were observed within 
20 microns of phenotype A) was recorded.

Statistical analysis

Patient characteristics were summarized using descriptive sta-
tistics: median (range) for continuous variables and frequency 
(%) for categorical variables. Comparisons between the NT and 
CRT groups with respect to demographics, clinical character-
istics and densities of TILs in tumor, stroma and total image 
were assessed using chi-squared/Fisher Exact tests and Mann 
Whitney U tests. Survival comparisons between groups were 
assessed using Kaplan–Meier curves and Mantel-Cox (Log- 
rank) tests based on the median for each variable.

Analysis was completed with R (v4.0.2) and GraphPad 
Prism Version 8.4.0 (GraphPad Software), and statistical sig-
nificance was defined as p ≤ 0.05. The RNA was analyzed using 
differential expression in nSolver advanced analysis software 
and R (v3.3.2).

Results

Patient characteristics

Patients were selected based on availability of tissue and clin-
ical follow-up. Demographics for both the NT and CRT 
patients are shown in Table 1. There was a total of 44 resection 
specimens, including tumors from 26 NT patients and 18 
patients treated with CRT prior to surgery. Men and women 
were distributed similarly between the two groups and median 

Table 1. Pancreatic Ductal Adenocarcinoma (PDAC) Patient Characteristics com-
paring treatment groups. Statistical comparison made using Chi-square/Fisher 
exact test or t-test analysis (p-values significant at ≤0.05).

Demographics

Clinical Characteristics
Non-treated 

(NT)
Neoadjuvant 

Chemoradiation (CRT) p-value

Gender n = 26 n = 18 0.802
Male, no. (%) 14 (53.8) 9 (50.0)
Female, no. (%) 12 (46.2) 9 (50.0)

Resectable Diagnosis
Yes, no. (%) 26 (100) 0 (0)
No, no. (%) 0 (0) 18 (100)

Age 0.578
Median, no. (range) 68.5 (51–95) 68 (52–82)

Pathological Stage* 0.005
IA, no. (%) 0 (0) 2 (11.1)
IB, no. (%) 1 (3.8) 0 (0)
IIA, no. (%) 6 (23.1) 12 (66.7)
IIB, no. (%) 10 (38.5) 3 (16.7)
III, no. (%) 9 (34.6) 1 (5.5)

Outcome 
Characteristics

Patient Follow-Up 
(months)

0.428

Median, no. (range) 27 (1–73) 28.5 (8–96)
OS

Median Survival 
(months)

28 (24–49) 37 (17-NA)

Alive (>2 years), no. 
(%)

15 (57.7) 10 (55.6)

*Stages IA and IB were excluded from statistical analysis due to insufficient 
sample size
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ages between groups were comparable (68.5 and 68, respec-
tively), as shown. Patients were diagnosed with PDAC between 
2011 and 2016 and feasibility of resection was determined by 
a multi-disciplinary tumor board. Patients who were deemed 
resectable had surgery upfront while those initially deemed 
borderline resectable or locally advanced and were taken to 
surgery if they had a favorable response to neoadjuvant treat-
ment. Pathologic prognostic stages as per the American Joint 
Committee on Cancer (AJCC) are shown in Table 1. 
Pathological stage as per the American Joint Committee on 
Cancer (AJCC) guidelines was significantly lower in the CRT 
group at the time of surgery (p = .005), consistent with the fact 
that these patients successfully responded to neoadjuvant treat-
ment. Median follow-up for the NT group was 27 months 
(range 1–73 months) with 15 patients alive for longer than 
24 months. Median follow-up for the CRT group was 
28.5 months (range 8–96 months) with 10 patients alive longer 
than 24 months. Due to the fact that qmIF, IG (or both) were 
performed depending on tissue quality and availability, patient 
demographics separated by analysis cohort (qmIF and IG) are 
included in Supplemental Table S2. Details regarding che-
motherapies received in the CRT patient group are found in 
Supplemental Table S3.

CRT causes alterations in tumor architecture and increases 
T cell infiltration

We find that tumors treated with CRT qualitatively have 
a more dispersed appearance of tumor segments compared to 
NT patients who have more distinct tumor areas (Figure 1 
(a-d)). We evaluated the ratio of total cells in the tumor to 
total cells in the overall tissue comparing CRT to NT finding 
less total cells in the tumor areas in specimens from patients 
treated with CRT (<0.0001; Figure 1(e)). There was a lower 
total number of dividing cells as assessed by Ki67 positivity in 
the CRT tumors compared to NT (p = .0067; Figure 1(f)).

We quantified the impact of CRT by comparing immune 
cell infiltration in the TIME of treated PDACs to NT using 
qmIF. To quantify T cell infiltration, numbers of cells expres-
sing CD3, a pan T cell marker, were evaluated as a percentage 
of total nucleated cells across all fields. CD3+ T cells were much 
more commonly found in both the tumor (p = .0006) and 
stroma (p = .0078) compartments of CRT treated specimens 
compared to NT patients (Figure 2(a-b)). The density of CD3+ 

cells in the total image was also significantly higher (p = .0013) 
(Figure 2(c)). We further characterized the T cells by analyzing 
their subgroups, namely cytotoxic T cells (CTLs; CD3+CD8+), 
Th cells (CD3+CD4+FOXP3−), and Tregs (CD3+CD4+FOXP3+) 
(Figure 2(d-l)). In the tumor compartment of CRT patients 
(Figure 2(a-j)), significantly elevated densities of CD3+ T cells 
(p = .0006) (Figure 2(a)), CTLs (p = .0079) (Figure 2(d)), Th 
cells (p = .0010) (Figure 2(g)), and Tregs (p = .0089), (Figure 2 
(j)) were observed. Although the stromal compartments 
showed an increase in CD3+ T cells (p = .0078) (Figure 2(b)), 
Th cells constituted the only subset that reach statistical sig-
nificance (p = .022, Figure 2(h)). Surprisingly, density of 
CD68+ macrophages did not vary with treatment group in 
either the tumor or stromal compartment (p = .1252 and 
0.6171, respectively; Supplemental Figure S2). Median values 

for each density analysis are summarized in Supplemental 
Table S4. Our results demonstrate that CRT resulted in sig-
nificantly higher densities of infiltrating T cells as compared to 
NT tumors.

As the tumor compartment was most different comparing 
CRT and NT tumors, we next focused on the ratio of CD3+ 

T cells to other cell phenotypes, including macrophages and 
dividing cells, which were predominately tumor cells based on 
their location and on their morphology. The ratio of CD3+ 

T cells/CD68+ cells and the ratio of CD3+ T cells/Ki67+ cells 
were higher in the tumor compartments of tumors receiving 
CRT compared to NT tumors (p < .0001, for each ratio; 
Supplemental Figure S3a-b). We then analyzed the ratio of Th 
cells to Tregs, which was also significantly increased in the 
tumor compartments of CRT tumors relative to NT tumors 
(p = .026; Supplemental Figure S3c). Comparisons of these 
ratios in the stromal compartment and total image samples 
are shown in Supplemental Figure S4.

Increased immune gene expression in tumors treated with 
CRT compared to NT tumors and normal pancreatic tissue

Next, expression of immunologically relevant genes in PDACs 
treated with CRT was evaluated in comparison to NT tumors. 
In a direct comparison of normalized gene expression between 
treatment groups, 43 of 788 genes examined demonstrate sig-
nificantly different levels of expression (p < .05, student’s 
T test) (Figure 3(a)). Among these genes, 41 show higher 
median levels of expression in the CRT group, a result signifi-
cantly different than is expected from random chance 
(p < .0001, Fisher's exact test). A heat map with relative levels 
of expression of these genes is shown (Figure 3(a)).

To further evaluate differential expression between treat-
ment groups, the gene expressions of CRT and NT tumors 
were compared with that of normal pancreas tissues. Volcano 
plots demonstrate that there are several genes in the PanCancer 
Immune Profiling panel that have increased differential expres-
sion in cancer specimens regardless of treatment 
(Supplemental Figure S5). To control for cancer, all duplicated 
genes that were significantly differentially expressed in both 
PDAC groups, CRT and NT, when compared to normal 
(Benjamini Hochberg (BH) 0.05 and log2 fold change (FC) 
0.8 or −0.8) were removed, revealing 49 genes significantly 
differentially expressed – 19 in NT tumors and 30 in CRT 
(Figure 3(b-c)). Of the genes with increased expression in 
CRT treated tumors, all of them were related to either antigen 
presentation, maturation, migration or modulation of T cells, 
or induction of inflammatory processes.35,36 The highest of 
these were HLA-DQA1 (FC = 6.6) and HLA-DQB1 
(FC = 5.71). Others include but are not limited to CCR4, 
GZMM, CD1A, PRF1, IL2RA, CXCL1, GZMK, IL1R2, and 
CD3D (Figure 3(b-c)) and Supplemental Table S5).

Impact of Treg cells on survival of CRT patients

We next sought to determine whether the composition of the 
TIME had an impact on survival. First, no significant difference 
was found in overall survival between patients receiving NT 
and CRT (Supplemental Figure S6). In a next step, we closer 
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investigated the cohort receiving CRT (n = 14), with eight 
patients who lived longer than two years and six patients who 
died within two years. We found that overall T cell densities 
did not correlate with patient survival (Supplemental Figure 
S7a). However, patients who died within two years had 
a significantly higher ratio of Tregs per total T cells within the 
tumor compartment (Figure 4(a)) (p=.0007). CRT treated 

patients who had a Treg/CD3 ratio above the median had 
significantly shorter overall survival (p = .0121; Figure 4(b)). 
Treg/CD3 ratio was not found to correlate with survival in NT 
patients (p = .0706; Supplemental Figure 8). Further, survival 
of CRT treated patients based on median CTL to total T cell 
ratio was analyzed. We found no significant difference in 
survival between patients above and below the median CTL 

Figure 1. Representative tissue segmentation and multiplex immunofluorescence (mIF) image of a non-treated (NT) patient and a patient who received neoadjuvant 
chemoradiation (CRT) and analysis of total tumor density. Tissue segmentation images for A) NT and B) CRT. Blue cells are DAPI (nuclei) positive. Red areas represent 
tumor tissue, blue areas represent stromal tissue. Multiplex view of the same C) NT and D) CRT images stained using mIF for DAPI (nuclei, blue), Ki67 (tumor, proliferative 
cells, red), CD3 (T cells, cyan), CD4 (T helper cells, (Th), Orange), CD8 (cytotoxic T cells (CTLs), magenta), FOXP3 (T regulatory cells (Tregs), yellow), CD68 (macrophages, 
green). White bars represent 100 μm. E) Comparison of the ratio of total cells in the tumor compartment to total cells in the overall tissue sample between treatment 
groups (p < .0001). F) Comparison of the densities of Ki67+ cells in the total tissue samples between treatment groups (p = .0067). (*≤0.05, **≤0.01, ***≤0.001, 
****≤0.0001).
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to total T cell ratio (Supplemental Figure 7B). Figure 4(c-d) 
shows representative images exhibiting the difference in the 
proportion of infiltrating Treg cells to total T cells between 
a patient who lived >2 years (Figure 4(c)) and a patient who 
lived <2 years (Figure 4(d)). Our data show that a higher ratio 
of Tregs to CD3 + T cells in the tumor compartment of CRT 
treated tumors correlate with poor prognosis.

Density and spatial distribution of CD8 + T cells in CRT 
PDAC compared with treatment naive melanoma

The increase in infiltration by CD8 + T cells induced by CRT 
was highly significant, and one key question is whether PDAC 
might hereby be converted into an immunotherapy-responsive 
“hot tumor.”37 Melanoma is a classic example of a hot tumor, 
and therefore we sought to investigate how this level of infil-
tration into irradiated primary PDACs compare with 

treatment naive primary melanoma. Clinical data on primary 
melanoma patients is included in the supplement 
(Supplemental Table S6). Interestingly, as shown in Figure 5 
(a), we find that overall density of CD8 + T cells is similar in 
melanoma and PDAC, this density only predicts improved 
prognosis in melanoma and not in PDAC (Supplemental 
Figure S9). However, the distribution of these cells differs 
significantly, with CRT PDAC, CD8 + T cells are distributed 
evenly between tumor and stromal compartments (Figure 5 
(b)). Furthermore, the distance between each CD8 + T cell and 
neighboring CD8 + T cells were significantly closer in mela-
noma when 1, 5, and 20 nearest neighbors were analyzed 
(Figure 5(c)) and this difference was significant in the stroma 
but not in the tumor (Figure 5(d)). In PDAC specimens post 
CRT, CD8 + T cells are distributed predominantly as single 
cells throughout tumor and stroma (Figure 5(e)). In contrast to 
PDAC, melanoma CD8 + T cells are primarily located in the 

Figure 2. Density of immune cells in tumor, stroma, and total tissue comparing NT to CRT cases. A) CD3+ T cells in tumor (p = .0006), B) CD3+ T cells in stroma (p = .0078), 
and C) CD3+ T cells in total (p = .0013). D) CD3+CD8+ cytotoxic T cells (CTLs) in tumor (p = .0079), E) CD3+CD8+ CTLs in stroma (p = .0758), and F) CD3+CD8+ CTLs in total 
(p = .0076). G) CD3+CD4+FOXP3− T helper (Th) cells in tumor (p = .0010), H) CD3+CD4+FOXP3− Th cells in stroma (p = .0216), and I) CD3+CD4+FOXP3− Th cells in total 
(p = .0078). J) CD3+ CD4+ FOXP3 + T regulatory (Treg) cells in tumor (p = .0089), K) CD3+CD4+FOXP3+ Treg cells in stroma (p = .4211), and L) CD3+CD4+FOXP3+ Treg 
cells in total (p = .1464). Lines represent median values. (*≤0.05, **≤0.01, ***≤0.001, ****≤0.0001).
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stroma, and are clustered together (Figure 5(f)). Further, 
a higher frequency of CD8 + T cells in CRT PDAC had 0 or 
only 1 neighboring T cell within 20 microns (Figure 5(g)). 
These data show that, while overall densities of CD8 + T cells 
are similar in CRT PDAC compared to primary melanoma, 
spatial localization of these cells is distinct.

Discussion

Neoadjuvant treatment may increase resectability of PDAC. 
Beyond that, neoadjuvant treatment may help to control local 
tumor spread and micrometastasis.38 Patients with PDAC 
receiving neoadjuvant treatment have a longer disease-free sur-
vival and it was demonstrated that neoadjuvant CRT can prevent 
local recurrent disease after complete resection.8,39–42 

Immunomodulatory effects of radiation therapy have been 
postulated in many tumor types. In these tumors, radiation 
has been shown to cause immunogenic cell death and release 
of tumor antigens, potentially enhancing anti-tumor 
immunity.43–45 In rare cases, when radiation is given to 
a primary tumor site, distant metastases outside the radiation 
field also respond to treatment, which is called an abscopal 
effect and ultimate proof of concept of the induction of anti- 
tumor immune response by radiation therapy.46 In a similar 
fashion, cytotoxic chemotherapies may also increase antigeni-
city, and, very recently, combining such therapies with immu-
notherapies have been shown to improve overall survival and 
progression-free survival in certain cancers – this combinator-
ial approach was recently FDA approved for this reason.47–49 

PDAC, in contrast, is a uniquely treatment-resistant tumor 
with only anecdotal evidence of successful generation of anti- 
tumor immune responses. There is almost no effect of treat-
ment with checkpoint inhibitors such as anti-PD-1/PD-L1 and 
anti-CTLA-4, either alone or combined in up-front treatment, 
or together with RT or chemotherapy.10,50–52

In our study, tissue samples from patients with borderline 
resectable or initially locally advanced PDACs, who received 
CRT followed by surgery were compared with tissue samples 
from patients with resectable disease who did not receive 
neoadjuvant treatment. The purpose was to define the impact 
of CRT on the TIME of PDAC with the use of computational 
qmIF, qSA, and IG analysis. Our work demonstrates that CRT 
alters the structure of the TIME, as it induces a substantial 
influx of T cells, with median T cell count at close to 10% of 
total cells as compared to approximately 2% total cells in NT 
patients. There were increases in densities of overall T cells as 
well as substantial infiltration of CD4+ cells, both Th and Treg 
cells, and CD8+ CTLs in the TIME. While this suggests that 
recruitment of T cells is not exclusive to any specific T cell 
phenotype, this infiltration is primarily concentrated in the 
tumor compartment. Further, this indicates that CRT increases 
the potential for direct interaction between tumor cells and 
T cells, facilitated by the observed alteration to the tumor 
cellular architecture. Interestingly, no differences in densities 
of macrophages based on treatment status were observed, 
suggesting that the high levels of T cells were not reflective of 
a broader infiltration of myeloid-derived cells. Focusing on the 
tumor compartment, we evaluated ratios of T cells to other cell 
phenotypes, including macrophages and dividing cells, as these 
ratios have been proposed as biomarkers predictive of outcome 
in other tumor types.34,53–55 We observed that the overall ratio 
of T cells to macrophages and dividing cells were significantly 
increased in the tumor compartments of patients receiving 
CRT compared to those of NT patients, but we found no 
evidence that these increased ratios were prognostically signif-
icant. While increases in all subsets of T cells were observed, Th 
cell to Treg ratio was higher in the tumor compartment of 
patients receiving CRT. These findings demonstrate alteration 
in the TIME, which may have relevance for the development of 
immunotherapeutically active agents.

Figure 3. Comparing ratios of T cell subsets within the tumor compartment between NT and CRT. A) CD3+ T cell to CD68+ macrophage ratio (p < .0001). B) CD3+ T cell to 
Ki67+ cell ratio (p < .0001). C) CD3+CD4+FOXP3− Th cell to CD3+CD4+FOXP3+ Treg cell ratio (0.0260). Lines represent median values. (*≤0.05, **≤0.01, ***≤0.001, 
****≤0.0001).
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To evaluate RNA expression of immunologically relevant 
genes using nanoString in micro-dissected tissues from PDAC 
patient samples, comparison was done between CRT, NT 
tumors, and normal pancreatic tissue. T cell genes known to 
be involved in lymphocyte differentiation, migration, activa-
tion, as well as antigen presentation, were found to be over-
expressed in the cohort receiving CRT. The genes with the 
highest relative expression in the CRT group were HLA- 
DQA1 (FC = 6.6) and HLA-DQB1 (FC = 5.7). These genes 
are part of the Major Histocompatibility Complex II (MHC II) 
and play a key role in antigen presentation.36 Other genes 
found to be strongly induced were CCR4, GZMM, CD1A, 
PRF1, IL2RA, CXCL1, GZMK, IL1R2, and CD3D, all of which 
are associated with T cell trafficking and function. GZMM and 
PRF1 are known to be expressed by activated CTLs, both of 
which are directly involved in the destruction of cancer cells.35 

This heightened antigen presentation may correlate with T cell 
infiltration due to activation of T cells and their proliferation 
within the TIME.

Despite higher densities of T cell infiltration in the TIME of 
CRT-treated tumors, patients in the CRT cohort did not live 
longer than NT patients. As the patient in the CRT cohort were 
borderline resectable or locally advanced at diagnosis, they 
were in a higher risk category compared to NT patients. 
Importantly, only CRT patients who could receive resection 
were included in this study as tissue was required for analysis. 
This may suggest a more favorable biology in our CRT cohort 
compared to borderline resectable cases where resection is not 
possible post treatment. Our findings are consistent with prior 
reports of PDAC patients treated with anti-tumor vaccines, in 
which T cells were coaxed into entering the TIME. The grade of 
T cell infiltration did not necessarily correlate with prolonged 
survival in these studies.56 Similarly, data from this study did 
not show that T cell infiltration was predictive of survival. 
Interestingly, however, within the CRT group, patients who 
had a higher percentage of infiltrating Tregs in the tumor 
compartment had significantly shorter survival relative to 
patients with T cell infiltrates richer in other T cell subtypes. 

Figure 4. Comparison of overall survival (OS) of CRT treated patients using CD3+CD4+FOXP3+ (Treg cell) to CD3+ (T cell) ratio. A) Comparison of the ratios of 
CD3+CD4+FOXP3+ Treg cells to total CD3+ T cells within the tumor compartment between CRT patients who lived <2 years (Short Term Survivor, n = 6) and >2 years 
(Long Term Survivor, n = 8) after diagnosis (p = .0007). B) Kaplan Meier curve demonstrating the difference in survival between patients with lower (Low Treg/CD3, 
n = 7) and higher (High Treg/CD3, n = 7) than median CD3+CD4+FOXP3+ cell to CD3+ cell ratios (p = .0121 by Mantel-Cox). Representative quantitative mIF images of C) 
a CRT patient surviving >2 years and D) a CRT patient surviving <2 years stained for DAPI (blue), CD3 (yellow), CD4 (magenta) and FOXP3 (green). White bars represent 
100 μm. (*≤0.05, **≤0.01, ***≤0.001, ****≤0.0001).
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Tregs are known to infiltrate pancreatic malignancies very early 
in oncogenesis and play a key role in establishing an immuno-
suppressed TIME.57,58 Treg accumulation also correlates with 
shortened survival in several PDAC studies, both in tissue26–29 

and in blood.59–61 Thus, the accumulation of Tregs during CRT 
may be indicative of a more aggressive cancer. Understanding 
the factors that generate recruitment of Tregs versus the recruit-
ment of other T cell subtypes in the TIME of PDAC could 
markedly improve our ability to develop immunotherapies and 
combination strategies for this disease.

Given that the objective of many proposed therapies in 
PDAC is to transform an immunologically “cold” TIME into 
a “hot” TIME, we compared CRT PDAC to the classic “hot” 
tumor, melanoma. Melanoma is a highly lethal and aggressive 
malignancy, but it is highly responsive to immunotherapy. As 
shown by others, we found that CD8 + T cells in melanoma 
were primarily located in the tumor stroma,34 consistent with 
the hypothesis that, in these progressive tumors requiring 
surgical resection, CD8 + T cells could not penetrate in high 
numbers into the tumor tissue itself. Higher numbers of lym-
phocytes surrounding and penetrating melanomas have been 
shown to correlate with absence of relapse.62 In contrast, in 
PDAC, vaccines are known to increase T cell infiltration but 
these vaccines do not necessarily prolong survival.63 Based on 
our data, the same may be true for CRT. Thus, interestingly, 
while CRT disrupts tumor architecture and enhances penetra-
tion of T cells into the tumor, our data show that these T cells 
are disparate and do not aggregate with one another, strongly 

suggesting that additional parameters beyond up-regulation of 
inflammatory genes and increasing densities of CD8 + T cells 
characterize a favorable and long-lasting anti-tumor immune 
response. This is in line with recent data showing that intratu-
moral lymphoid aggregates correlate with survival in vacci-
nated patients and further suggests that limited infiltration of 
T cells into PDAC is only one of multiple barriers to successful 
anti-tumor immunity.64 These results should be viewed in the 
context of the larger literature evaluating the impact of radia-
tion therapy on the TIME, in more immune sensitive tumors 
such as head and neck cancer where the density of CD8 + T 
cells was found to correlate with pathologic complete 
response,65 in contrast to our data with PDAC. This indicates 
that treatment impact on the composition of the TIME, as well 
as TIME-specific predictive immune biomarkers, depend on 
specific cancer type. Further, reports that radiation increases 
T cell infiltration and that this infiltration correlates with 
response to therapy and survival suggest that CD8 + T cell 
density alone may be a favorable indicator of immune response 
in more immune sensitive tumors such as melanoma and 
subsets of breast cancer.66

Our work demonstrates that CRT profoundly alters the 
TIME of PDAC and confirms prior data suggesting that 
T cell infiltration may not be sufficient to induce anti-tumor 
immune response in PDACs,56,67–69 while also suggesting that 
accumulation of Tregs may limit benefit of immune-stimulatory 
therapies. Limitations of the study include the small sample 
size and the fact that functional assays could not be performed 

Figure 5. Density, survival, and spatial proximity analysis of CD3+CD8+ cells in CRT PDAC and melanoma. Comparison of CD3+CD8+ cell densities between A) the total 
tissue compartments of CRT PDAC and melanoma (p = .5267), and B) the tumor and stroma compartments of CRT PDAC (p = .3761) and melanoma (p < .0001), 
respectively. Lines represent median values. Representative CD8 IHC views of C) CRT PDAC and D) melanoma illustrate the differences in density and spatial profiles of 
CD8+ cells between the two neoplasms. Black bars represent 100 μm. E) K-nearest neighbor distance analysis was performed for k = 1, k = 5, and k = 20 nearest 
CD3+CD8+ cells to another CD3+CD8+ cell. The nearest neighbor distances among each neoplasm type were compared for each k using Kruskal-Wallis tests (k = 1, 
p < .0001; k = 5, p < .0001; k = 20, p < .0001), and the following pairwise distance comparisons were made using Dunn’s multiple comparisons test: NT PDAC 
v. melanoma (k = 1, p < .0001; k = 5, p < .0001; k = 20, p < .0001), NT PDAC v. CRT PDAC (k = 1, p = .0226; k = 5, p = .1593; k = 20, p = .5595), and CRT PDAC v. melanoma 
(k = 1, p = .0165; k = 5, p = .0011; k = 20, p < .0001). F) Comparison of the average nearest neighbor distances for k = 20 between CD3+CD8+ cells in the stroma and 
tumor compartments of CRT PDAC (p = .3060) and melanoma (p < .0001), respectively. Data points represent median values, with brackets representing 95% confidence 
intervals. G) Analysis of the frequency with which a specified number (n) of CD3+CD8+ cells fell within a 20 micron radius of another CD3+CD8+ cell between CRT PDAC 
and melanoma demonstrated differences for n = 0 (p = .0007) and n = 1 (p = .049). (*≤0.05, **≤0.01, ***≤0.001, ****≤0.0001).
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on the FFPE samples used. In addition, as this was 
a retrospective analysis, we were unable to look for systemic 
immune alterations. Further studies with fresh tissue from 
surgical resections and patient blood would be useful to char-
acterize the functional status of infiltrating T cell subsets and to 
isolate and characterize potential anti-tumor antigens. It is well 
known that heavily mutated and thus immunogenic tumors 
such as melanoma, non-small cell lung cancers, head and neck 
cancers, urothelial and bladder cancers respond well to immu-
notherapies and, even at advanced stages, these therapies can 
significantly prolong survival.70–72 Understanding the cellular 
and molecular mechanisms limiting survival in PDAC patients 
treated with surgery and maximized perioperative chemother-
apy, RT, or CRT will lead to more treatment strategies.
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