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Aplatform trial of neoadjuvant and adjuvant
antitumor vaccination alone or in
combinationwith PD-1 antagonist andCD137
agonist antibodies in patients with
resectable pancreatic adenocarcinoma

A list of authors and their affiliations appears at the end of the paper

A neoadjuvant immunotherapy platform clinical trial allows for rapid evalua-
tion of treatment-related changes in tumors and identifying targets to opti-
mize treatment responses. We enrolled patients with resectable pancreatic
adenocarcinoma into such a platform trial (NCT02451982) to receive pan-
creatic cancer GVAX vaccine with low-dose cyclophosphamide alone (Arm A;
n = 16), with anti-PD-1 antibody nivolumab (Arm B; n = 14), and with both
nivolumab and anti-CD137 agonist antibody urelumab (Arm C; n = 10),
respectively. The primary endpoint for Arms A/B - treatment-related change in
IL17A expression in vaccine-induced lymphoid aggregates - was previously
published. Here, we report the primary endpoint for Arms B/C: treatment-
related change in intratumoral CD8+ CD137+ cells and the secondary out-
comes including safety, disease-free and overall survivals for all Arms. Treat-
ment with GVAX+nivolumab+urelumab meets the primary endpoint by
significantly increasing intratumoral CD8+ CD137+ cells (p = 0.003) compared
to GVAX+Nivolumab. All treatments are well-tolerated. Median disease-free
and overall survivals, respectively, are 13.90/14.98/33.51 and 23.59/27.01/35.55
months for Arms A/B/C. GVAX+nivolumab+urelumab demonstrates
numerically-improved disease-free survival (HR =0.55, p =0.242; HR =0.51,
p = 0.173) and overall survival (HR =0.59, p =0.377; HR =0.53, p = 0.279)
compared to GVAX and GVAX+nivolumab, respectively, although not statis-
tically significant due to small sample size. Therefore, neoadjuvant and adju-
vant GVAX with PD-1 blockade and CD137 agonist antibody therapy is safe,
increases intratumoral activated, cytotoxic T cells, and demonstrates a
potentially promising efficacy signal in resectable pancreatic adenocarcinoma
that warrants further study.
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Pancreatic ductal adenocarcinoma (PDA) has the highest case-fatality
rate of any solid tumor. Even for the 15–20%ofpatientswhoare eligible
for curative resection at diagnosis, 5-yr overall survival (OS) remains
discouraging low at 20%with >80% of cases recurring within two years
of definitive surgery1. While immune checkpoint inhibitors (ICIs) have
dramatically changed frontline therapy and survival outcomes in a
number of solid tumors, it has proven largely ineffective in patients
with PDA2,3. A combination of low tumor mutation burden, deficient T
cell activation, and an exclusive/suppressive tumormicroenvironment
(TME) act as barriers to antitumor immune responses against PDA.
Utilizing a vaccine that induces and activates host effector T cells and
co-administering it with immune-modulating agents that enhance
antitumor T cell activity is a potential strategy for overcoming PDA
resistance to ICIs.

Our group previously developed an allogenic, human granulocyte
macrophage-colony stimulating factor (GM-CSF)-secreting whole-cell
pancreatic cancer vaccine (GVAX) to promote T-cell responses against
a range of tumor-associated antigens4–7. Alongwith this innovation, we
constructed a perioperative resectable PDA clinical trial schema to
evaluate early biologic responses to experimental therapies by testing
one cycle of the experimental therapy 2 weeks prior to a planned
surgical resection. This provided the opportunity to obtain a larger
tumor specimen for a more comprehensive immune analysis of
treatment-related changes in the heterogeneous TME7. In our initial
studies, we reported that neoadjuvant treatment with GVAX alone was
safe, feasible, and did not adversely affect surgical complication rates
or survival in resected PDA patients5,8. We also reported that a single
treatment of GVAX can induce the formation of tertiary lymphoid
aggregates (TLAs) within the TME that function as local sites of T cell
priming against PDA antigens. A higher density of TLAs was associated
with longer OS7–9. Furthermore, PD-L1 expressionwas induced on both
tumor epithelial cells and myeloid cells within the treated tumor TME,
suggesting that vaccine therapy may prime PDA to respond to ICIs7,10.

In order to rapidly identify the most critical T cell and immune
microenvironment signals that require modulation, we conducted a
platform neoadjuvant study (NCT02451982) that enrolls small num-
bers of patients into sequential treatment arms, each arm building on
what is learned about the TME from prior treatment arms. We initially
randomized the enrolled patients to either GVAX with low-dose
cyclophosphamide (Cy-GVAX) (Arm A) or Cy-GVAX in combination
with nivolumab, ananti-PD-1 antagonistmAb (ArmB)basedonourfirst
neoadjuvant GVAX clinical trial, as described above7. Prospectively
banked paired baseline and on-treatment tumor biospecimens col-
lected from the patients in these two arms (Cy-GVAX±Nivolumab)
demonstrated that an increase in the CD137+ activated T-cell subset in
TLAs correlated with cytotoxic effector T cell signatures and was
associated with improved 2-yr OS9. Notably, we observed that the
CD137+ activated T cell subset within the TLA was low density and did
not appear to infiltrate into the vicinity of neoplastic cells. This
observation lead to our hypothesis that this effector T cell subtype
may be expanded and mobilized by the use of a CD137 agonist treat-
ment to generate a stronger antitumor response11. This hypothesis was
further validated preclinically when an anti-CD137 agonist mAb com-
bined with GVAX and an anti-PD-1 mAb significantly enhanced survival
and correlated with increased intratumoral effector memory and
cytotoxic T cells in amousemodel of PDA12. Taken together, CD137was
identified as a potential target for PDA immunotherapy (IO). Thus, we
constructed and added a third treatment arm to our perioperative
platform clinical treatment (Arm C) which combined urelumab, an
anti-CD137 agonist mAb with Cy-GVAX and nivolumab.

CD137 (4-1BB; TNFSR9) is a T cell co-stimulatory receptor that
mediates the activation of antigen-primed T cells with augmented
survival, proliferation, and effector functions13–15. Mouse models had
shown that agonist antibodies directed at CD137 led to complete
rejections of transplanted tumors16. Urelumab (BMS-663513) is among

the first few T-cell agonists that have been developed for therapeutic
purposes17. A previous integrated evaluation of the safety data of
urelumab showed significant transaminitis associated with doses of
≥1mg/kg, but demonstrated to be safe with 0.1mg/kg every 3 weeks as
monotherapy and in combinationwith other IOagents18. Therefore, we
chose to use a flat pharmacodynamically active dose of 8mg in
this study.

Here, we report the outcomes of the initial three treatments arms
(Arms A, B, and C) of this study for patients with resectable PDA. These
results demonstrate the safety of treating neoadjuvant and adjuvant
Cy-GVAX with or without nivolumab and urelumab and the efficacy of
treating with GVAX in combination with nivolumab and urelumab in
significantly increasing tumor-infiltrating activated effector T cells and
in improving disease-free survival compared to GVAX±Nivolumab.

Results
Patient enrollment
From3March 2016 to 14 January 2019, 39 patientswere randomized to
Arms A and B (Figs. 1 and 2, Fig Supplementary Figure 1). From 15
February 2019 to 9 September 2020, Arm C enrolled 12 patients con-
secutively (Figs. 1 and 2, Supplementary Figure 1). During this time,
randomizationwas held to ensure that ArmCmet its accrual goal while
urelumab was still available prior to its discontinuation by BMS (Sup-
plementary Figure 1). In October 2020 the remaining supply of ure-
lumab expired, and any Arm C patients who remained on study were
transitioned to Cy-GVAX and nivolumab (Arm B regimen) with the
same schedule and dosing (without urelumab). This impacted the
treatment of three ArmCpatients: the 1st received urelumabwith their
initial four study therapy cycles, the 2nd with their initial 2 cycles, and
the 3rdwith only their 1st (neoadjuvant) cycle. Once enrollment in Arm
C was complete, randomized enrollment to Arms A and B restarted
with an additional three patients enrolled, between 25 February 2021
and 10 September 2021, before the decision to close these respective
Armsdue to the plans to add new treatment Arms to the platform trial.
The date of data cutoff for the final analysis for ArmsA, B, and Cwas 25
May 2022.

Uponfinal analysis, 46 participants (n = 17 [A], n = 18 [B], n = 11 [C])
were enrolled and received the first dose of study treatment and were
thus included in the safety cohort (Fig. 2). Forty (n = 16 [Arm A], n = 14
[Arm B], n = 10 [Arm C]) underwent subsequent, definitive (R0/R1)
resection with surgical pathology confirming PDA and were thus eva-
luable for efficacy endpoints based on our pre-specified criteria (Fig. 2,
Supplementary Note). Though the target number of evaluable patients
in Arm A and B was not met, this did not inflate the type I error of the
comparisons. Of the 40 evaluable patients, 37 went on to receive their
2nd treatment dose at the postoperative timepoint and standard of
care (SOC) adjuvant therapy (patient patients were removed from trial
for prolonged surgical recovery [>10 weeks] due to complications not
related to the study drugs and another patient was removed due to
metastatic progression found during recovery from surgery) (Fig. 2).
During SOC adjuvant phase, one patient withdrew from treatment due
to moving out of state, nine patients developed progressive disease, 1
patient died fromanunknown cause, and 1 patient cameoff for grade 3
colitis. Twenty-five patients (n = 9 [ArmA], n = 9 [ArmB], n = 7 [ArmC])
received study treatments following the completion of SOC adjuvant
therapy (Fig. 2). At the time of data cutoff, 23 patients (n = 7 [A], n = 9
[B], n = 7 [C]) completed all six priming treatments, and 9 (n = 2 [A]
n = 2 [B] n = 5 [C]) entered and completed the extended-treatment
phase (Fig. 2).

Demographics and clinicopathologic characteristics
Demographics and tumor characteristics were similarly balanced
across Arms A, B, and C (Table 1). Study participants evaluable for
efficacy endpoints had a median age of 68 years old, with a majority
having R0 resections (92.5%), pT-stage 2 disease (70%), moderate
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(65%) or high (30%) tumor grade, and regional nodal involvement
(70%) (Table 1). All patients enrolled had low tumor mutation burdens
(median 0.94 mut/Mb [range 0–3.97]). While all arms had similar
median adjuvant SOC therapy durations, patients in Arms A and B

more often received gemcitabine (Gem) + capecitabine (Cap) as
adjuvant chemotherapy (62.5% and 64.3%, respectively) while most of
ArmCpatients received adjuvant (m)FOLFIRINOX (70%) (Table 1). One
patient in Arm A (6.3%) and 4 patients in Arm B received (28.6%)

Study Cohort 
Consented (N=55)

Arm A received 1st (pre-op) Tx
(n=17) 

Arm A Post-Op Eligible
(n=16)

Arm A received 2nd (post-op) Tx 
(n=13)

Arm A received 3rd (post-SOC 
adjuvant) Tx 

(n=9)

Arm A completed all 
Priming Tx

(n=7)

Arm A completed  
Extended Phase Tx

(n=2)

Arm B received 1st (pre-op) Tx
(n=18)

Arm B Post-Op Eligible
(n=14)

Arm B received 2nd (post-op) Tx 
(n=14)

Arm B received 3rd (post-SOC 
adjuvant) Tx 

(n=9)

Arm B completed all 
Priming Tx

(n=9)

Arm B completed  
Extended Phase Tx

(n=2)

Arm C received 1st (pre-op) Tx
(n=11)

Arm C Post-Op Eligible
(n=10)

Arm C received 2nd (post-op) Tx 
(n=10)

Arm C received 3rd (post-SOC 
adjuvant) Tx 

(n=7)

Arm C completed all 
Priming Tx

(n=7)

Arm C completed  
Extended Phase Tx

(n=5)

9 pts excluded
- 3 did not have PDAC
- 1 had out range LFTs
- 2 had liver mets on pre-
trial baseline imagining
- 1 underwent surgical 
resec�on prior to 
neoadjuvant study 
treatment
- 1  deferred trial

6 pts excluded
- 1 did not have PDAC on 
path
- 1 elected not to proceed 
with surgery
- 4 were found with stage 
IV disease intraopera�vely

3 pts removed from trial 
- 2 with prolonged post-
op complica�ons 
(unrelated to study 
medica�ons) 
- 1 found with metasta�c 
disease on imaging prior 
to post-op study therapy

12 pts come off trial 
- 1 withdrew (unable to 
travel to appts)
- 1 dieda

- 1 taken off for toxicityb

- 9 cancer recurred

2 pts come off trial 
Both recurred

14 pts do not go onto and/or 
complete extended treatment

- 11 completed priming 
prior to extended tx phase 
being added as a protocol 
amendmentc

- 1 recurred at the end of 
priming phase
- 2 undergoing extended 
treatment phase at date 
cut off

Fig. 2 | CONSORT diagram of patient enrollment and on-study participation.
aCause of death was unknown, occurred during standard of care adjuvant course,

and was outside time range of reporting SAE; bGrade 3 immune-colitis; cprotocol
amendment with extended-treatment phase approved in October 2018.

Priming Tx #1 
(neoadjuvant) Priming Tx #2

Priming Tx #3 - #6 
(q 4wks) 

Screening 
(Prior to 
Enrollment)

Reevalua�on
(Prior to Priming 
Tx #2 & SOC 
Adjuvant Chemo)

Reevalua�on
(Prior to Tx #3)

SOC Adjuvant Therapy

Tissue 
(baseline)

Tissue
(S/p Priming 
Tx #1) 

Surgery 

(-2)  (0)     2   10 36   52 76 

Follow Up or Extended Treatment Phase

Reevalua�on
(Prior to Follow 
up/Extended 
Treatment Phase)

Priming Tx:
Arm A: Cy-GVAX
Arm B: Cy-GVAX + PD-1
Arm C: Cy-GVAX + PD-1 + CD137

Extended Tx (Op�onal):
Arm A: Cy-GVAX (q 12 wks) 
Arm B: PD-1 (q 4 wks), Cy-GVAX (q 12 wks)
Arm C: PD-1 (q 4 wks), Cy-GVAX (q 12 wks)

Week

Fig. 1 | J1568 study treatment schema. Eligible patients with clinically resectable
PDA received the first priming study treatment Cy-GVAX-based therapy (alone
[Arm A], + PD-1 [Arm B], + PD-1 and CD137 [Arm C]) 2 weeks before the surgical
resection, and the 2nd priming treatment 6–10 weeks following definitive surgical
resection. Patients began SOC adjuvant therapy ~4 weeks following the 2nd study
treatment. SOC adjuvant chemotherapy was administered as per the standard of
care at the time at the discretion of the primary treatment oncologist. The 3rd (and
up to 6th) priming study treatment was administered every 28 days beginning four
weeks after the completion of SOC adjuvant therapy. Study treatment was given as
follows: Day 1–Cyclophosphamide (Cy) 200mg/m2 IV (Arms A, B, C), nivolumab
(PD-1) initially, 3mg/kg, and later 480mg IV following approval of every 4 week flat

dose (Arms B,C), urelumab (CD137) 8mg IV (ArmCOnly);Day 2–GVAX intradermal
(Arms A, B, C) was injected equally into six intradermal areas in both lower limbs
and the non-dominant upper limb. This study began randomized enrollment to
Arms A and B in March 2016. In October 2018, the study protocol was amended to
add Arm C (due to limited supply of urelumab, Arm C had to enroll consecutively)
as well as an optional “extended-treatment” phase. In this “extended-treatment”
phase, all patients with no evidence of recurrence following the initial six priming
doses of study treatment were given the option to receive additional Cy-GVAX
every 12 weeks (up to 2 additional treatments), and, for Arm B and Arm C partici-
pants only, nivolumab (without ureulmab) every 4 weeks (up to six additional
treatments).
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received additional adjuvant chemoradiation (cRT), compared to 0
patients in Arm C (Table 1).

Primary immunologic endpoints
The primary endpoint for Arms A and B were met by demonstrating
tumor specimens from resected PDA patients treated with nivolumab
and Cy-GVAX had significantly increased IL17A expression/TH17 infil-
tration in TLAs compared to tumor specimens from PDA patients
treated with Cy-GVAX alone and was reported as part of correlative
studieswith ArmsA andB, previously (19). For the biologic endpoint of
CD8+ CD137+ tumor-infiltrating T cells, multiplex immunohis-
tochemistry (mIHC) was performed on surgical specimens from 8
patients in Arm C. Tumors without an identifiable regions of interest
(ROI) that contained epithelial neoplastic cells in the vicinity of TLAs
were excluded from the analysis following the same standard estab-
lished previously9. The results were analyzed and comparedwith those
previously obtained from Arms A and B (n = 7 [A], n = 8 [B], n = 8 [C]).

As CD8+ CD137+ T cells were very rare on pre-treatment biopsy
specimens9, reporting the fold change between pre-treatment base-
lines and post-neoadjuvant immunotherapy samples would not be
meaningful; therefore, this study only reported the density of CD8+
CD137+ T cells in the post-neoadjuvant immunotherapy PDA resected
tumors.

Surgically resected tumor specimens from Arm C showed a sig-
nificantly increased density of CD8+ CD137+ T cells within TLAs com-
pared to those from Arm A (p =0.007) and Arm B (p = 0.003),
respectively (Fig. 3). Mean density of CD8+ CD137+ T cells within TLAs
for Arms A, B, and C was 3.72%, 0.183%, and 27.9%, respectively. With a
152.5-fold difference in mean density of CD8+ CD137+ T cells within
TLAs between Arms C and B, the primary endpoint wasmet. Using the
overall median value (0.41% across arms) to stratify patients, >0.41% of
CD8+ CD137+ T-cell density within TLAs correlated with improved
disease-free survival (DFS) (HR 0.30, 95% confidence interval [CI]
0.11,0.86, p =0.026) (Supplementary Table 1, Supplementary Figure 2)
but did not reach statistical significance with OS (HR 0.61 [95% CI
0.22,1.70], p =0.349) (Supplementary Table 1, Supplementary
Figure 2).

A Spearman correlation coefficient of 0.54 (Supplementary
Figure 3) suggested a high correlation between CD8+ CD137+ T cells
and CD8+Granzyme B (GZMB)+ T cells, a cytotoxic effector T cell
subtype (p = 0.008). While CD8+ GZMB+ T cell density did not differ
significantly across treatment arms (Fig. 3, Supplementary Table 1,
Supplementary Figure 4) and did not correlate with survival (Sup-
plementary Figure 4), we observed significantly increased CD8+
CD137+ GZMB+ T-cell density in TLAs in Arm C samples compared to
specimens obtained from Arm A (p = 0.004) and B patients
(p = 0.002) (Fig. 3). Using the overall median value (0.1% across arms)
to stratify patients, >0.1% of CD8+ CD137+ GZMB+ T-cell density
within TLAs, while not reaching statistical significance due to small
sample size, was associated with a favorable HR for both DFS and OS
compared to tumors with a CD8+ CD137+ GZMB+ T-cell density of
0.1% or less (DFS HR = 0.41[95% CI 0.14,1.17], p = 0.095; OS HR = 0.41
[95% CI 0.13,1.29], p = 0.127) (Supplementary Table 1, Supplementary
Figure 5).

Efficacy
At median follow-up times of 23.1 [Arm A], 26.1 [Arm B], and 31.6 [Arm
C] months (mo), median DFS (95% CI) was 13.90 mo (5.59, NR), 14.98
mo (7.95, 44.09) and 33.51mo (16.76, NR) for Arms A, B, C, respectively
(Table 2, Fig. 4). Detecting true statistical significance was limited due
to the small number of patients within each treatment arm. In context
of this, compared to Cy-GVAX alone (ArmA), adding nivolumab to Cy-
GVAX (Arm B) did not improve DFS (HR 1.09 [95% CI 0.50, 2.40],
p =0.829) (Table 2, Fig. 4). Patients treated with the combination of
urelumab, nivolumab, and Cy-GVAX (Arm C) demonstrated
numerically-improved DFS when compared against those treated with
Cy-GVAX alone (HR 0.55 [95%CI 0.21,1.49], p = 0.242) or Cy-GVAXwith
nivolumab (HR 0.51 [95% CI 0.19,1.35], p = 0.173) (Table 2, Fig. 4), but
did not reach statistically significance. This favorableHR trend, though
again not statistically significant, persisted after controlling for age,
nodal spread, and adjuvant chemo regimen (HR =0.64 [95% CI
0.19–2.19], p =0.478 compared with Arm A; HR =0.48 [95% CI
0.15–1.60], p =0.232 compared with Arm B) (Supplementary Table 2).

Median OS (95% CI) was 23.59 mo (13.27, NR), 27.01 mo (20.76,
NR), and 35.55 mo (17.74, NR) for Arms A, B, C, respectively (Table 2,
Fig. 4). Compared to Cy-GVAX alone, adding PD-1 to Cy-GVAX did not
improve OS (HR = 1.11 [95% CI 0.47, 2.63], p =0.813) (Table 2, Fig. 4).
Patients treated with the combination of CD137+ PD-1 + Cy-GVAX
showed a numerically-improved OS when compared against those
treated with Cy-GVAX alone (HR 0.59 [95% CI 0.18, 1.91], p =0.377) and
in combination with PD-1 (HR =0.53 [95% CI 0.17, 1.67], p = 0.279)
(Table 2, Fig. 4), but did not reach statistical significance. Similar to

Table 1 | Baseline demographic and clinicopathologic disease
characteristics (efficacy cohort [N = 40])

Patient/disease
characteristic

Arm A Cy-
GVAX n = 16

Arm B Cy-
GVAX PD-
1 n = 14

Arm C Cy-GVAX
PD-1
CD137 n = 10

Age (yr) at surgery
median (min, max)

68.0
(47.0, 85.0)

67.5
(53.0, 76.0)

70.0 (46.0, 83.0)

Sex: female 7 (43.8%) 6 (42.9%) 7 (70%)

Race

white 14 (87.5%) 14 (100%) 7 (70%)

Asian 2 (12.5%) 0 2 (20%)

Black 0 0 1 (10%)

pT-Stage (AJCC 8th)

1 3 (18.8%) 2 (14.3%) 3 (30.0%)

2 10 (62.5%) 12 (85.7%) 6 (60.0%)

3 2 (12.5%) 0 (0%) 1 (10.0%)

4 1 (6.3%) 0 (0%) 0 (0%)

pN-Stage (AJCC 8th)

0 5 (31.3%) 4 (28.6%) 3 (30.0%)

1 2 (12.5%) 5 (35.7%) 4 (40.0%)

2 9 (56.3%) 5 (35.7%) 3 (30.0%)

Tumor grade

Well (1) 1 (6.3%) 1 (7.1%) 0 (0%)

Moderate (2) 9 (56.3%) 10 (71.4%) 7 (70.0%)

Poor (3) 6 (37.5%) 3 (21.4%) 3 (30.0%)

Resection status: R0 16 (100%) 12 (85.7%) 9 (90.0%)

LVI: present 11 (68.8%) 8 (57.1%) 6 (60.0%)

PNS: present 14 (87.5%) 13 (92.9%) 9 (90.0%)

Adjuvant SOC chemo

(m)FOLFIRINOX 3 (18.8%) 3 (21.4%) 7 (70%)

Gem + Cap 10 (62.5%) 9 (64.3%) 2 (20.0%)

Gem+ Nab-paclitaxel 1 (6.3%) 1 (7.1%) 1 (10.0%)

Gem monotherapy 1 (6.3%) 2 (14.3%) 1 (10.0%)

None 3 (18.8%) 0 (0%) 0 (0%)

Time (days) from neoadjuvant study treatment to surgery

Median (Q1, Q3) 12.5 (11, 15) 14 (12.3, 15) 14 (11, 15.8)

Mo. of SOC Chemo
median (Q1, Q3)

5.26
(3.98, 6.34)

5.29
(1.92, 5.86)

5.34 (4.59, 5.74)

Adjuvant radiation 1 (6.3%) 4 (28.6%) 0 (0%)

AJCCAmerican Joint Committee on Cancer, LVI lymphovascular invasion, PNSperineural
spread, SOC standard of care, (m)FOLFIRINOX (modified) FOLFIRINOX (oxaliplatin + irinotecan +
leucovorin, 400mg/m2 + infusional fluorouracil), Gemgemcitabine, Cap capecitabine.
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DFS, this favorableHRpersisted after controlling for age, nodal spread,
and adjuvant chemo regimen (HR=0.75 [95% CI 0.18, 3.10], p =0.692
compared to ArmA; HR =0.41 (95% CI 0.10, 1.62), p =0.202 compared
to Arm B) (Supplementary Table 3), but did not reach statistical
significance.

On multivariate analysis (MVA), presence of nodal spread at time
of surgery correlated with worse OS (HR = 2.92 [95% CI 1.02, 8.32],
p =0.045) and trended towards worse DFS (HR = 2.21 [95% CI 0.88,
5.53], p =0.091) (Supplementary Table 2, Supplementary Table 3).
Type of SOC adjuvant chemo regimen was not significantly correlated
with DFS or OS in our study sample nor was tumor-stage (Supple-
mentary Table 2, Supplementary Table 3, Supplementary Table 2,
Supplementary Figure 6). Following one neoadjuvant dose of Cy-
GVAX-based study therapy, 3 patients in Arm A (18.8%), 1 in Arm B
(7.1%), 3 in Arm C (30%) displayed moderate pathologic responses
(CAP grade 2)19 upon surgical resection (Supplementary Figure 7). Due
to confounding factors affecting a significant number of thesepatients
including incomplete SOC adjuvant treatment courses, stage pT4
disease, and limited follow-up time, a correlation between pathologic
response and survival could not be meaningfully assessed (Supple-
mentary Figure 7).

To further address the potential confounder of SOC adjuvant
chemo selection, Arm C patients were also compared to a matched-
historical control cohort of resected PDA patients from the Johns
Hopkins Pancreatic Cancer Registry during the time when Arm C was

enrolling. When matched 3:1 on adjuvant chemo regimen, age, and
nodal disease status with propensity score matching (Supplementary
Table 4, Supplementary Figure 8), Arm C patients reproduced a
numerically favorable, although not statistically significant, HR for DFS
compared to matched-historical controls: Arm C mDFS = 33.02 mo;
Historical Control mDFS = 20.83 mo; stratified HR 0.72 [95% CI 0.29,
1.80], p =0.480 (*DFS was measured starting the day of surgery for
both groups, analysis stratified by adjuvant chemo type [FOLFIRINOX
vs non-FOLFIRINOX]) (Supplementary Table 5, Supplementary Fig-
ure 8).We did not anticipate that this HR of DFSwould reach statistical
significance due to the small sample size in Arm C. Additionally, the
DFS HR may have been underestimated due to the follow-up/surveil-
lance imaging schedule being more stringent for patients on the trial
compared to SOC DFS assessment in the historical cohort which car-
ries a potential lead-time bias.

Safety
All patients had mild (grade 1–2) vaccine injection site reactions such
as local soreness, induration, erythema, and/or pruritus.One patient in
Arm B had their treatment complicated by grade 3 immune-related
diarrhea and colitis occurring while on treatment with SOC adjuvant
FOLFIRINOX (Table 3). There were no other serious adverse events
related to the study regimens (Table 3). In ArmC, 1 patient had a grade
3 rash that resulted in a one-time treatment delay and there was 1
instance of a grade 2 AST/ALT elevation that resolved without

Fig. 3 | Combination GVAX, Nivolumab, and Urelumab increase infiltrating
CD3+ CD8+ CD137+ and CD3+ CD8+ CD137+ GZMB+ T Cells. a Shown was one
representative ROI that contains TLA and epithelial neoplastic cells in the vicinity;
quantification was done within TLA and the tumor vicinity area outside TLA,
respectively; mIHCmarker pseudocolors: green =CD137, yellow =CD8, pink = CD3,
blue = nuclei; b Comparison of the density of CD3+ CD8+ CD137+ T cells within the
TLA among treatment arms as indicated. GVAX (ArmA) vs GVAX+PD-1+CD137 (Arm
C): p =0.007; GVAX+PD-1 (ArmB) vs GVAX+PD-1+CD137 (ArmC): p =0.003. Arm A:
n = 7; ArmB: n = 8; ArmC: n = 8. cComparison of the density of CD3+CD8+GZMB+
T cells within TLA among treatment arms as indicated. Arm A: n = 10; Arm B: n = 10;
Arm C: n = 8. d Comparison of the density of CD3+ CD8+ CD137+ GZMB+ T cells
within TLA among treatment arms as indicated, GVAX (Arm A) vs GVAX+PD-

1+CD137 (Arm C): p =0.004, GVAX+PD-1 (Arm B) vs GVAX+PD-1+CD137 (Arm C):
p =0.002. Arm A: n = 7; Arm B: n = 8; Arm C: n = 8. e Representative co-registered
images of multiplex IHC showing CD3+ CD8+ CD137+ T cells within a tumor ROI;
mIHC marker pseudocolors: green =CD137, pink = CD3, red =CD45, yellow =CD8,
blue = nuclei. fRepresentative co-registered imagesofmultiplex IHCshowingCD3+
CD8+ GZMB+ T cells within a tumor ROI; mIHC marker pseudocolors: green =
Granzyme B, pink = CD3, red =CD45, yellow=CD8, blue = nuclei. Two-sided
Mann–Whitney were performed. Significance codes are displayed as follows:
*<0.05; **<0.01; ***<0.001, ns = non-significance. All data shown as the mean± SEM
(standard error of the mean). Multiplex IHC analysis was repeated twice with
consistent results.
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intervention (Table 3). There were no unusual patterns of post-
operative complications, and there were no delays in surgery due to
study regimen-related adverse events.

Explorative immune analysis
Additional immune cell subtypes within TLAs following neoadjuvant
immunotherapy in ArmCwere analyzed (Supplementary Figure 9) and
compared with previously reported results from Arms A and B9. The
general CD8+ T cells increased inArmB, but did not further increase in
Arm C. Although PD-1+CD8+ T cells decreased in Arm B compared to
Arm A as previously reported9, PD-1+CD8+ T cells modestly increased
in Arm C compared to Arm B likely as a result of T cell activation by
CD137 agonist. Interestingly, Foxp3+CD4+T regulatory cells (Tregs)
were significantly increased in Arm C compared to Arms A and B,
consistent with the role of CD137 in Tregs as previously suggested9.
Whether this induction of Tregs would suppress antitumor immune
response remains to be investigated. Analysis of myeloid cell subtypes
showed that the CD137 agonist decreased bothM1 andM2-like tumor-
associated macrophages, but did not change tumor-associated neu-
trophils significantly.

We also examined TIGIT+CD8+ T cells in TLAs in post-
neoadjuvant immunotherapy tumors in Arm C (Fig. 5a) and found
that higher density of CD137+ T cells in TLAs is associated in a trend
with lower density of TIGIT +CD8+ T cells, supporting our previously
developed hypothesis that CD137 agonist treatment may overcome
T cell exhaustion9. Although the general CD8+ T cells in the TLAs did
not increase in Arm C compared to Arm B, the percentage of CD137+
CD8+ T cells, but not GZMB+ CD8+ T cells, among CD8+ T cells sig-
nificantly increased in Arm C. This seems to suggest that a subset of
CD8+ T cells, likely a subset of GZMB+ cytotoxic T cells (considering
their strong correlation with CD137+ CD8+ T cells [Supplementary
Figure 3]) are converted to activated effector T cells following CD137
agonist treatment (Fig. 5b, c). As previously reported9, CD8+ CD137+
T cells were essentially restricted in TLAs with minimal-to-no CD8+
CD137+ T cells seen in the vicinity outside the TLAs in Arms A and B. In
contrast, this activated T-cell subtype made up 2–4% of cells in the
tumor vicinity outside the TLAs within the same ROIs in PDAs from
Arm C (Figs. 3e, 5d), suggesting that activated T cells may have
migrated from TLAs to the vicinity of neoplastic cells.

Discussion
This study demonstrates the feasibility of testing novel immunother-
apy combinations in patients with resectable PDA using a platform
clinical trial approach. In addition, this study design allowed for our
team to uncover additional T-cell regulatory pathways activated in
PDA through real-time correlative analysis of the first two experi-
mental arms (Cy-GVAX±nivolumab). Hypothesis-generating results
raised by the correlative studies from the first two study arms subse-
quently informed the design of a third experimental arm (Arm C)
where the CD137 agonist mAb, urelumab was added to Cy-GVAX+
nivolumab. The triplet combination met its primary endpoint:
demonstrating promising tumor microenvironment changes by sig-
nificantly increasing the percentages of tumor-infiltrating activated
T cells (CD3+ CD8+ CD137+ T cells) and activated, cytotoxic effector
T cells (CD3+ CD8+ GZMB+ CD137+ T cells). The observed treatment-
related changes suggest that increasing the number of infiltrating
effector T cells by itself may not be sufficient and that further opti-
mization of effector T cell quality and activation, such as with an
immune agonist mAb, may help enhance antitumor immune response
to immunotherapy in PDA. Acknowledging that secondary clinical
outcomeswere limited by small sample size and imbalance in standard
adjuvant chemotherapy regimens, the triplet regimen did demon-
strate numerically-improved DFS in resected PDA patients. While this
did not reach statistical significance, it merits further exploration for
use in perioperative and post-adjuvant settings. These results supportTa
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the utility of our pilot trial with its platform design in which real-time
correlative analysis in earlier study Arms can generate hypotheses that
can then inform the rational selection of novel immunotherapies and
therapeutic combinations to be tested in later Arms.

Patients randomized to Cy-GVAX alone or in combination with
nivolumab, experienced mDFS and mOS intervals similar to those
results established in phase III trials of their respective SOC adjuvant
chemotherapy regimen (21–23) and were consistent with our pre-
vious trials of Cy-GVAX in the resectable PDA patient population (8,
24) (Supplementary Table 6). In the context of small sample size and
imbalance in standard adjuvant therapy, we did observe a numeri-
cally, but non-statically significant, improvement in DFS for patients
treated with the triple combination of Cy-GVAX, nivolumab, and
urelumab. This, combined with the associated treatment-related
increases of tumor-infiltrating activated effector T cells, may be a
potential efficacy signal for this IO combination that should merit
further study; particularly when placed in the context of DFS out-
comes in previous adjuvant IO5,7,20,21 and landmark phase III che-
motherapy trials22–24 in resectable PDA patients (Supplementary
Table 6), While the mOS comparisons to these same were less
favorable (e.g., PRODIGE mOS 54.4 mo)22, it should be noted that
conclusions about mOS may be of limited value given the small
patient numbers, need for further follow up time to allow OS
outcomes to mature, and, most significantly, influence of salvage
therapy/subsequent lines of treatment rather than the study inter-
vention. Because of this, DFS was favored as the more appropriate
endpoint to evaluate the impact of the study intervention in this
treatment setting.

While the observed immunologic and clinic outcomes are
encouraging, specifically among the cohort that received the combi-
nation of Cy-GVAX, nivolumab, and urelumab, there are notable lim-
itations to address and discuss. First, this trial was powered for a
biologic endpoint rather than for clinical outcomes. Next, extrinsic
factors required us to modify our intended study design. While we
originally planned to expand treatment group randomization to 1:1:1
when Arm C was added 3 years into the trial, the finite supply of ure-
lumab necessitated a pivot to enrolling Arm C patients consecutively
to ensure accrual. As a result of this drug availability issue and a shifting
paradigm of standard adjuvant treatment, patients in Arms A and B
largely enrolled in 2016–2018 were more likely to have received
adjuvant Gem-Cap, while Arms C patients enrolled during a period
when (m)FOLFIRINOX was the preferred standard treatment. Addi-
tionally, standard nivolumab dosing changed while the trial was
ongoing resulting in the majority Arm B patients receiving 3mg/kg
dosing rather than the 480mg flat dose. Finally, this trial did not

Fig. 4 | Disease-free (DFS) and overall survival (OS) by treatment arm. a DFS
Kaplan–Meier curve stratified by treatment arm (efficacy cohort [n = 40]); b OS
Kaplan–Meier curve stratified by Treatment Arm (Efficacy Cohort [n = 40]). Both
DFS and OS were measured starting at time of first study therapy treatment. For

DFS, individuals were censored at the date of last restaging scan with documented
disease status if they had no evidence of disease. For patients who died within 3
months of the last scan showing no recurrence, death was counted as an event.
Otherwise, patients were censored at the time of last scan showing no recurrence.

Table3 | Summaryof study treatment-relatedadverse eventsa

(safety cohort [N = 46])

Treatment-related
adverse events (TRAE)

Arm A Cy-
GVAX n = 17

Arm B Cy-
GVAX PD-
1 n = 18

Arm C Cy-GVAX
PD-1 CD137 n = 11

TRAE, #pts (any grade)

Abdominal pain 0 (0%) 0 (0%) 3 (27.3%)

AST/ALT elevation 0 (0%) 0 (0%) 1 (9.1%)

Chills/sweats 4 (23.5%) 2 (11.1%) 2 (18.2%)

Dermatitisb 3 (17.6%) 3 (16.7%) 6 (54.5%)

Diarrhea 0 (0%) 1 (5.6%) 1 (9.1%)

Colitis 0 (0%) 1 (5.6%) 0 (0%)

Dizziness/presyncope 1 (5.9%) 1 (5.6%) 0 (0%)

Fatigue 5 (29.4%) 8 (44.4%) 6 (54.5%)

Fever 3 (17.6%) 4 (22.2%) 2 (18.2%)

Headache 2 (11.8%) 2 (11.1%) 0 (0%)

Malaise 1 (5.9%) 5 (27.8%) 1 (9.1%)

Myalgia/arthralgia 1 (5.9%) 6 (33.3%) 2 (18.2%)

Nausea 2 (11.8%) 3 (16.7%) 8 (72.7%)

Other 0 (0%) 0 (0%) 2 (18.2%)

Swelling 0 (0%) 1 (5.6%) 1 (9.1%)

Thyroid disorder 0 (0%) 0 (0%) 4 (36.4%)

Vomiting 2 (11.8%) 2 (11.1%) 2 (18.2%)

Grade ≥3 TRAEc 0 (0%) 1 (5.6%) 1 (9.1%)

Serious TRAE (SAE)d 0 (0%) 1 (5.6%) 0 (0%)

Trial therapy dose delay
due to TRAE

0 (0%) 0 (0%) 1 (9.1%)

Off trial due to TRAE 0 (0%) 0 (0%) 0 (0%)
aDoes not include vaccine site reactions (VSR). Common VSRs included erythema, swelling,
tenderness, and itching at vaccine sites.
bIncludes hives, pruritus, rash.
cGrade 3+ TRAEs included grade 3 colitis (Arm B) and grade 3 rash (Arm C).
dSAE (treatment-related) was grade 3 colitis.
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include patients who only received Cy-GVAX+ urelumab (without
nivolumab) orArms that received nivolumab and/or urelumabwithout
Cy-GVAX. The justification for this was based on our group’s in vivo
work showing that the triplet combo of GVAX+PD-
1+CD137 significantly improved survival compared to doublets of
GVAX+CD137 and CD137+ PD-112. While our group hypothesizes that
combinationGVAX, urelumab, andnivolumab together leads to robust
and sustained antitumor immune responses via synergistic and/or
complimentary mechanisms, future studies would benefit from a
design that evaluates the contributive effects of GVAX (or an alter-
native antitumor vaccine platform) and ICI on immune agonist
therapy.

It is important to acknowledge the higher percentage of Arm C
patients receiving adjuvant (m)FOLFIRINOX compared to patients in

Arms A and B. To address this potential confounder, multiple strate-
gies were employed to evaluate the additive contribution of IO triplet
combination to the observed DFS trends. The multivariable survival
analysis attempted to control for chemo regimen. Additionally, across
all treatment arms, patients who received adjuvant (m)FOLFIRINOX
appeared to have similar DFS when compared to the collective study
participants who were treated with gemcitabine-based regimens.
Finally, Arm C patients were also compared against a matched-
historical control cohort. There are clear limitations of this study and
the above analyses driven largely by the sample size. However, the
early clinical and immune response signals observed in this small
cohort support a follow-up, randomized, phase 2 study designed and
powered to assess the clinical efficacy of the triple IO combination
used in Arm C.

Fig. 5 | Potential effects of CD137 agonist treatment on t cell exhaustion,
activation, and trafficking. a Samples in Arm C were subgrouped, according to
the density of CD137+ CD8+ T cells in TLAs by using the mean of the density as
cutoff, into two cohorts: low (n = 4) vs. high (n = 4) CD137+ T cells. The density of
CD45+ CD3+ CD8+ TIGIT+ T cells was compared between the two cohorts. b The
percentage of CD45+ CD3+ CD8+ CD137+ T cells among CD45+ CD3+ CD8+ T cells
was compared between treatment arms. GVAX (ArmA) vs GVAX+PD-1+CD137 (Arm
C):p =0.0012,GVAX+PD-1 (ArmB) vs. GVAX+PD-1+CD137 (ArmC): p =0.0002. Arm
A: n = 7; Arm B: n = 8; Arm C: n = 8. c The percentage of CD45+ CD3+ CD8+ GZMB+

T cells among CD45+ CD3+ CD8+ T cells was compared between treatment arms.
Arm A: n = 10; Arm B: n = 10; Arm C: n = 8. d The density of CD45+ CD3+ CD8+
CD137+ T cells in the tumor vicinity area outside TLAs, calculated as the percentage
among all cells, was compared between treatment arms, GVAX (Arm A) vs GVAX
+PD-1+CD137 (ArmC): p =0.0003, GVAX+PD-1 (ArmB) vs. GVAX+PD-1+CD137 (Arm
C): p =0.0002. Arm A: n = 7; Arm B: n = 8; Arm C: n = 8. All data shown as the
mean ± SD. Treatment arms as indicated. Two-sided Mann–Whitney tests were
performed; p values were shown: *<0.05; **<0.01; ***<0.001; if not shown, non-
significance. Multiplex IHC analysis was repeated twice with consistent results.
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In summary, treatment with GVAX (with low-dose Cy) alone or in
combination with PD-1 blockade and CD137 agonist mAb was feasible
and safe in patientswith resectablePDA treated in theneoadjuvant and
adjuvant settings. The combined regimen of Cy-GVAX, Nivolumab, and
Urelumab was well-tolerated, increased TME immunologic responses,
and demonstrated a potentially promising efficacy signal meriting
further validation in a larger, randomized clinical trial. Additional
biomarker studies are warranted, particularly on the immunosup-
pressive TME and T cell exhaustion pathways, to inform new Arm
design for our platform trial.

Methods
Ethics and compliance
The study was approved by the Johns Hopkins Institutional Review
Board (IRB) and Institutional Biosafety Committee (IBC), as well as the
FDA Center for Biologics Evaluation and Research and the National
Institutes of Health Recombinant DNA Advisory Committee (J1568,
NCT02451982). The trial was conducted according to the Declaration
of Helsinki and the Good Clinical Practice guidelines of the Interna-
tional Conference on Harmonization. Informed, written consent was
obtained from all patients.

Study design
This is a multi-arm, open-label, pilot platform study of patients with
PDA who were scheduled to undergo pancreaticoduodenectomy
at the Johns Hopkins Hospital (Baltimore, Maryland, USA). Eligible
patients with resectable PDA received GVAX administered intrader-
mally in combination with immunomodulatory doses of cyclopho-
sphamide (Cy), with or without PD-1 inhibitor mAb (nivolumab,
BMS-936558) and CD137 agonist mAb (urelumab, BMS-663513) for
neoadjuvant and adjuvant treatment in addition to standard (SOC)
adjuvant chemotherapy (chemo) and/or chemoradiation (cRT) ther-
apy at specified intervals. Further information regarding the platform
trial (or trial design) can be found at clinicaltrials.gov.

Study population and evaluable patients
The target population for this study was patients with resectable PDA.
Key eligibility requirements at time of enrollment included the fol-
lowing: suspected or confirmed diagnosis of pancreatic ductal ade-
nocarcinoma; deemed to be surgically resectable by multidisciplinary
tumor board review; no known second malignancies within five years
of diagnosis of pancreatic cancer; Eastern Cooperative Oncology
Group (ECOG) performance status ≤1; no radiographic evidence of
metastases; no serious autoimmune disease requiring treatment with
systemic corticosteroids; adequate organ function. All patients who
met trial criteria were offered the trial without any anticipated bias.
Additional eligibility requirements for trial continuation following
surgery included: confirmed histologic diagnosis of pancreatic ductal
adenocarcinoma, R0 or R1 resection, surgical recovery by post-op
week 10, and no evidence of distant metastases. As pre-planned in the
clinical protocol, patients evaluable for efficacy endpoints were those
who received at least onedose of the studydrug, followedbydefinitive
surgery with a pathological diagnosis of pancreatic ductal adeno-
carcinoma (or histologic subtype). Patients with R2 resections or with
distant metastases were excluded. All subjects who received the first
dose of study therapy were evaluable for safety endpoints.

Outcomes/endpoints
The primary endpoint for all the arms was biological/immunologic
endpoints. This platform trial initially has two arms, A and B. The
primary endpoint for Arms A and B was IL17A expression in vaccine-
induced lymphoid aggregates in resected PDAs frompatients treated
with the combination of Cy-GVAX with or without nivolumab9. The
primary endpoint for Arms A and Bwas previously analyzed; andArm

Cwas subsequently added as a result of additional correlative studies
with Arms A and B9. Such correlative studies also determined the
primary biologic endpoint for Arm C as the CD8+ CD137+ T-cell
density within tumor regions of interest (containing at least one TLA)
in surgically resected specimens following neoadjuvant
immunotherapy.

This study was powered for the above primary biologic end-
points. The sample size of evaluable subjects for the respective
treatment groups (n = 17 [Arm A], n = 17 [Arm B], n = 10 [Arm C])
provided an 82% power (based on two-sample t test on log-
transformed values) to detect a 2.2-fold difference in IL17A
expression levels in TLA between resected tumor specimens from
Arms A and B after neoadjuvant immunotherapy and an 89% power
to detect threefold difference in intratumoral CD8+ CD137+ cells in
Arm C resected PDAs compared to Arm B following neoadjuvant
study treatment, with two-sided type I error of 0.05 (Supplementary
Note). The effect size was projected based on correlative studies
with Arm A and B9. Since both primary comparisons−1) comparing
IL17A expression between Arms A and B, and 2) comparing CD137+
T-cell density between Arm C and B—were each of respective
interest, they were not subjected to the multiple comparison
adjustment. Secondary outcomes included the clinical endpoints of
DFS and OS. Additional exploratory correlative studies were also
conducted.

Enrollment
From 3 March 2016 to 14 January 2019, eligible patients were enrolled
and randomized 1:1 into the initial two treatment arms, Cy-GVAX (Arm
A) or Cy-GVAX plus nivolumab (Arm B) (Supplementary Figure 1).
Randomization was stratified by age of enrollment (≤65 and >65 years
old). In October 2018, a 3rd treatment arm (Arm C) was added for
patients to receive Cy-GVAX plus nivolumab and urelumab (Supple-
mentary Figure 1). Discontinuation of urelumab production necessi-
tated enrolling ArmC patients consecutively in order to meet the Arm
C accrual goal (15 February 2019—9 September 2020). Following the
completion of ArmCaccrual, enrollment to ArmsA and B resumed in a
randomized fashion (25 February 2021—10 September 2021). Due to
plans to add new treatment Arms for this patient population, Arms A
and B were then closed (4 November 2021) and a final analysis was
conducted. The data reported herein reflect follow-up through 25
May 2022.

Treatment schema and assessments
Study treatment was given as follows: Day 1–Cyclophosphamide (Cy)
200mg/m2 IV (Arms A, B, C), nivolumab (PD-1) initially, 3mg/kg, and
later 480mg IV following approval of every 4 week flat dose (Arms B,
C), urelumab (CD137) 8mg IV (Arm C Only); Day 2–GVAX intradermal
(Arms A, B, C) was injected equally into six intradermal areas in both
lower limbs and the non-dominant upper limb, as described
previously20.

After determination of clinical resectability (based on collective
multidisciplinary expert opinion) and obtaining consent, patients
received the first priming treatment Cy-GVAX-based therapy (alone
[Arm A], + PD-1[Arm B], + PD-1 and CD137[Arm C]) 2 weeks before the
surgical resection, and the 2nd priming treatment 6–10 weeks fol-
lowing definitive surgical resection. Patients began adjuvant che-
motherapy ~4 weeks following the 2nd study treatment (Fig. 1). SOC
adjuvant chemowas administered asper standard of care butmodified
as needed at the discretion of their primary oncologists. Treatment
with SOCcRTwasdeterminedby eachprimary oncology team.The 3rd
(and up to 6th) priming study treatment was administered every
28 days beginning 4 weeks after the completion of SOC adjuvant
chemotherapy and/or radiation (Fig. 1). Beginning in August 2018, the
study protocol was amended to include an “extended-treatment”
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phase: following the initial 6 priming doses of study treatment, all
patients with no evidence of recurrence were given the option to
receive additional Cy-GVAX every 12 weeks (up to 2 additional treat-
ments). During the “extended-treatment phase,” Arm B and Arm C
participants also received nivolumab (without ureulmab) every
4 weeks for up to 6 additional treatments if response/tolerance per-
sisted (Fig. 1).

Patients were assessed for local or distant disease recurrence by
CT scan prior to enrollment, following recovery from definitive sur-
gery, and then every 2 months while on-study treatment. All CT scans
were read by Johns Hopkins Radiology attendings and discussed fur-
ther at our institutional multidisciplinary tumor board if further diag-
nostic clarification was needed. Toxicities were graded using CTCAE
v.5. Postoperative complications within 30 days of surgery were gra-
ded by the Clavien Dindo Criteria25.

Multiplex Immunohistochemistry (mIHC)
Primary PDA tumor samples were obtained from endoscopic
ultrasound-guided fine needle core biopsies (EUS-FNB) or surgically
resected tumors. Both fresh tissue and formalin-fixed paraffin-
embedded (FFPE) tissue blocks were obtained. Sequential staining-
striping mIHC protocol was used10. 5-μm thick FFPE tissue sections
slides were stained by hematoxylin and scanned using NanoZoomer
(Hamamatsu). Following antigen retrieval by microwave treatment
with the Antigen Retrieval Citra, sequential multiple iterative IHC
cycles involving staining, scanning, and antibody/chromogen strip-
ping, was performed10. Detailing of the primary antibodies, incuba-
tion times, horseradish peroxidase (HRP)-conjugated polymer,
aminoethylcarbazole reaction time for chromogenic detection was
described in Supplementary Table 710. Negative control images were
obtained after the last antibody and chromogen stripping. The first
staining panel, whichwas designed for CD8+T-cellmarkers, included
CD45, CD3, CD8, PD-1, CD137, and GZMB. The second staining panel,
which was designed for myeloid cell markers and Treg markers,
included CD45, CD3, CD8, CD4, CSF-1R, CD68, CD163, CD66b, Foxp3,
and TIGIT. Digitized images obtained with NanoZoomer were co-
registered via the specific CellProfiler (version 2.1.1) pipeline10. With
the assistance of pathologist (E.T.), tumor areas were identified on
the H&E slides. Three rectangle ROIs of ~3000 × 3000 pixels each
containing one TLA and epithelial neoplastic cells in the vicinity,
known to be representative of the larger whole tumor based on prior
study10, were chosen for analysis. Immune cell subtypes were defined
by multiple immune cell markers in consistency with prior studies9.
Immune cell density was defined as the percentage of the specific
immune cell subtype among all cells within TLAs in consistency with
prior studies9. Multiplex IHC analysis was repeated twice with con-
sistent results.

Statistical considerations
Descriptive statistics were used to describe the study population and
adverse events.

DFS was defined as time from the start of study treatment until
radiographic recurrent disease and/or death. Individuals were
censored with respect to DFS at the date of last restaging scan if
they had no evidence of disease. For patients who died within
3 months of the last scan showing no recurrence, date of death
would be counted as an event date of DFS. Otherwise, they would be
censored at the time of last scan showing no recurrence. OS was
defined as the time from study treatment start until death, regard-
less of cause. Comparisons of the OS and DFS between the treat-
ment arms were made using Kaplan–Meier curves and log-rank
tests. The Coxmodel was used to estimate hazard ratio. Multivariate
Cox regression was implemented to compare study treatment arms
adjusting for age at surgery, nodal disease status, and adjuvant SOC
chemotherapy ([m]FOLFIRINOX vs. other). In addition to cross-

treatment arm comparison, nearest neighbor propensity score
matching, in combination with exact matching, were used to ana-
lyze study treatment efficacy between Arm C patients and an insti-
tutional historical cohort. Mann–Whitney tests were used for
comparison of immunologic endpoints between treatment groups.
The association between immunologic endpoints was quantified
using the Spearman correlation coefficient. Tests were two-sided
and p values <0.05 were considered to indicate statistical sig-
nificance. Study data were recorded using Microsoft Excel (2016)
andMicrosoft Access (2016) and stored on a HIPAA complaint drive.
Statistical analyses were performed using R (version 4.2.1) and
Prism (version 9.3.1). Figures were composed using R, Microsoft
Powerpoint (2016), and Prism.

Historical control cohort generation and analysis
The historical cohort consists of 48 patients who received definitive
pancreatectomy surgery from Jan 2018 onwards at Johns Hopkins
Hospital/Sidney Kimmel Cancer Center. The data cutoff used for the
historical cohort analysis is 5/25/22. Eligibility criteria for the historical
cohort were patients who underwent upfront definitive (R0/R1) pan-
creatoduodenectomy and excluded patients who had received
neoadjuvant therapy, had T4 and/or M1 disease, and those who had
undergone distal pancreatectomy. These historical cohort patients
werematchedwith ArmCpatients based upon age, nodal involvement
at time of surgery, and adjuvant chemotherapy regimen (either [m]
FOLFIRINOX or non-[m]FOLFIRINOX). Matching was done without
replacement (controls are only allowed to be used as a match once).
We implemented nearest neighbor propensity score matching with a
matching ratio 3:1 (control to treated). The grouping variable is control
(historical cohort) vs treated (Arm C) and the variables beingmatched
on are age, nodal disease status, and adjuvant chemotherapy, where
exact matching was specified for adjuvant chemotherapy. The result-
ing groups were well balanced with an absolute standardized mean
difference below 0.2. Cox regression (measured from date of surgery
for both historical control cohort and Arm C) was performed for DFS
to compare Arm C vs. matched-historical, stratified by adjuvant
chemotherapy.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Disaggregated data at the individual patient level (Supplementary
Data 1) and source data for Figures and Tables (Source Data file) are
provided. The study protocol is available as SupplementaryNote in the
Supplementary Information file. All data except the original multiplex
IHC staining images are available within the Article, Supplementary
Information, or Source Data file. The original multiplex IHC staining
images are available from the corresponding author upon request.
Additional individual de-identified participant data could be shared
upon request from the corresponding author. Additional details of the
trial, data, contact information, proposal forms, and review and
approval process are available at the following website: https://
clinicaltrials.gov/ct2/show/NCT02451982. Source data are provided
with this paper.
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