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Abstract
This study aimed to enhance anti-tumor immune responses to pancreatic cancer via antibody-based
blockade of interleukin-6 (IL-6) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4). Mice bearing
subcutaneous MT5 or orthotopic KPC-luc pancreatic tumors were treated with antibodies to IL-6, CTLA-4,
or the combination. This combination signi�cantly inhibited tumor growth, accompanied by
overwhelming T-cell in�ltration. Tcell depletion studies unveiled a unique dependence on CD4+ T-cells for
anti-tumor activity of this combination therapy. In vivo blockade of CXCR3 prevented orthotopic tumor
regression in the presence of the combination treatment, demonstrating an integral role for the CXCR3
axis in mediating e�cacy. Increased expression of CXCR3 on tumor in�ltrating cells was observed by IHC
and by PCR. These data represent the �rst report of IL-6 and CTLA-4 blockade as a means to regress
pancreatic tumors with de�ned operative mechanisms of e�cacy. Given these results, this therapeutic
combination has potential for immediate clinical translation.

Introduction
Antibodies targeting immune checkpoint receptors and their ligands have gained regulatory approval and
demonstrated e�cacy in patients. The most notable examples include blockade of cytotoxic T-
lymphocyte protein-4 (CTLA-4) and programmed cell death protein 1 (PD-1). Despite encouraging data in
patients with various malignancies, there remain a number of key challenges with this approach 1. Many
patients still do not bene�t from immune checkpoint inhibition (ICI), while resistance is common in those
who do initially respond to therapy 1. Most pancreatic tumors are also inherently resistant to ICI 2.
Overcoming these limitations is a priority and could advance outcomes across multiple tumor types.

The desmoplastic stroma unique to PDAC is a dynamic, immune suppressive component contributing to
the limited impact of immune therapy in this malignancy. Our laboratory and others have demonstrated
that PDAC stroma and stromal-derived cytokines and chemokines restrain host immunity 3–7. Although
dysregulated cytokines represent rational targets, there are limited data to prioritize them in patients. In a
cohort of seventy-two treatment naïve patients with metastatic PDAC, interleukin-6 (IL-6) correlated with
reduced overall survival 8. These data were intriguing, as IL-6 can regulates phenotypic and functional
properties of various lymphocyte and myeloid cell populations 9 10. Detailed immune phenotyping of
peripheral blood cells from the same patient cohort revealed a similar relationship between reduced
overall survival and elevated circulating T-cells expressing CTLA-48.

These data encourage strategic combination therapies incorporating CTLA-4-targeted antibodies in
PDAC. Based on these data, we hypothesized that IL-6 blockade would enhance e�cacy of anti-CTLA-4
therapy. Herein, we report that combined blockade of IL-6 and CTLA-4 inhibits PDAC growth by
potentiating in�ltration of T-cells into tumors. Notably, this therapy relies on CD4+ T-cells for its e�cacy,
while in vitro it promotes IFN-γ production by activated antigen-speci�c CD4+ T-cells. Aligned with these
observations, we demonstrate PDAC cells produce lymphocyte-attracting CXCR3-associated chemokines
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in response to IFN-γ stimulation, including high levels of the CXCR3-associated chemokine CXCL10. In
vivo studies further indicate systemic and intratumoral increases in CXCR3-expressing CD4+ T cells after
dual IL-6/CTLA-4 blockade and antitumor e�cacy that is dependent upon CXCR3. Finally, this treatment
induced systemic increases in CD4+ T-helper subsets expressing TBET and GATA3. Together our �ndings
suggest combined blockade of IL-6 and CTLA-4 can regress pancreatic tumors via a unique mechanism
by imparting CD4+ T-cell-mediated anti-tumor immunity.

Results
Combined blockade of IL-6 and CTLA-4 augments antitumor e�cacy in murine PDAC models.

We �rst determined e�cacy of dual IL-6 and CTLA-4 blockade in mice bearing subcutaneous MT5
tumors. The MT5 cell line originated from a KPC tumor, harboring G12D mutated Kras and R172H
mutated Trp53 11. Tumor growth was signi�cantly reduced in mice treated with combined IL-6 and CTLA4
blocking antibodies compared to mice treated with isotype control antibodies (p = 0.0001), single agent
CTLA-4 blockade (p = .0207), or IL-6 blockade (p = .0002) (Fig. 1A). Although anti-CTLA-4 alone inhibited
tumor growth to a greater extent than mice treated with an isotype control (p = 0.0004), blockade of IL-6
alone did not delay tumor growth. This impact of dual IL-6 and CTLA-4 blockade on tumor growth was
encouraging, however the mechanism required further investigation.

Combined IL-6 and CTLA-4 blockade increases T-cells in pancreatic tumors.

In light of previous research investigating the in�uence of IL-612 and CTLA-412–14 on T-cells, we
hypothesized combined blockade would increase T-cell in�ltration into pancreatic tumors.
Immunohistochemical staining of tumors from mice treated with this therapy indicated increased T-cells
within the tumor compared to mice receiving isotype control or single agent therapies (Fig. 1B-C). Image
quanti�cation revealed both single agent blockade of IL-6 (p = 0.0038) or CTLA-4 (p = 0.0035) increased
CD3+ T-cell in�ltration versus isotype control-treated mice (Fig. 1B). Mice given combined therapy had
more T-cells in�ltrating tumors compared to mice treated with either single agent blockade of IL-6 (p = 
0.035), CTLA-4 (p = 0.038) or isotype controls (p = 0.0001) indicating a superior effect of IL-6 and CTLA-4
blockade on T-cell in�ltration in this tumor model (Fig. 1B).

Systemic changes in Th1 immunity occur following IL-6 and CTLA-4 blockade.

The role of IL-6 in regulating differentiation of T-cell subsets has been documented15–17, while evidence
suggests CTLA-4 blockade promotes differentiation of Th2 and T follicular (Tfh) subsets12 18 19.
Therefore, we evaluated the impact of this combination treatment on splenic T-cells as a surrogate of
systemic changes. Anti-CTLA-4 alone or in combination with IL-6 blockade increased circulating cells with
a Th1 phenotype (CD4+CCR6−CXCR3+CCR4−) as compared to mice treated with isotype control (p < 
0.0001 and p = 0.0004, respectively) or anti-IL-6 alone (p = 0.0026 and p = 0.0268, respectively) (Fig. 1DE).
No change in cells with Th2 (CD4+CCR6−CXCR3−CCR4+) or Th17 (CD4+RORγt+) phenotypes were evident
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(Fig. 1D-E and Supplementary Fig. 1A-B, respectively). Unexpectedly, the proportion of splenocytes
expressing T-regulatory cell (Treg) markers (CD4+CD25+FoxP3+) was higher in the combination group
versus both isotype control (p = 0.0027) and anti-IL-6 (p = 0.0007) (Supplemental Fig. 1C-D). Because IL6
also regulates expansion of myeloid-derived suppressor cells in PDAC 20, phenotypic properties of these
cells were assessed. No signi�cant change in frequency of either monocytic (CD11b+Ly6G−Ly6C+) or
granulocytic (CD11b+Ly6G+Ly6Clow) populations were observed in splenocytes across groups
(Supplemental Fig. 1E-F). These data indicate a dual role for combined IL6 and CTLA-4 blockade in
driving tumoral T-cell in�ltration and systemically shifting T-helper phenotypes.

Combined IL-6 and CTLA-4 blockade is dependent upon CD4  +  T cells.

Given the increased in�ltration of CD3+ T-cells into subcutaneous tumors and systemic alteration of CD4+

T-cells, we questioned whether e�cacy might be dependent upon CD4+ or CD8+ T-cells. For these studies,
we used a more physiologically-relevant model in which luciferase-expressing KPC-luc cancer cells were
orthotopically implanted into the pancreas of immune-competent mice. These cells express enhanced
�re�y luciferase that allows longitudinal bioluminescent imaging (BLI) of tumors. CD4+ or CD8+ Tcells
were depleted in mice bearing orthotopic KPC-luc tumors prior to treatment with isotype control
antibodies, or combined IL-6 and CTLA-4 blockade (Fig. 2A). We con�rmed CD4 or CD8 depletion by �ow
cytometric analysis of cells from the spleens at endpoint (Fig. 2B). Longitudinal BLI data indicated CD4+

T-cell-dependent e�cacy of combined IL-6 and CTLA-4 blockade, as CD4+ T cell depleted mice receiving
therapeutic antibodies had accelerated progression compared to mice receiving only combination therapy
(Fig. 2C-D). Tumor progression in some animals was striking, and faster than in mice receiving isotype
control antibodies. CD8+ T-cell depletion also impacted tumor growth, albeit not to the magnitude of CD4+

T-cell depletion, nor to a signi�cant degree compared to combination treated mice (Fig. 2C-D). To
complement trends from BLI data, total pancreas and tumor weight was measured post-mortem (Fig. 2E).
All mice had primary tumors localized to the pancreas tail, while mice with advanced disease had tumor
extensions into the peritoneum. One mouse receiving dual IL-6/CTLA-4 had no evidence of tumor, but
pancreas weight was recorded. These data con�rmed e�cacy in multiple murine PDAC models and
highlighted a unique requirement for CD4+ T-cells.

Combined IL-6 and CTLA-4 blockade supports Th1 cytokines that cross-talk to facilitate chemokine
production from tumor cells.

Our observations of greater systemic Th1 cells following combined blockade of IL-6 and CTLA-4 (Fig. 1E)
prompted us to consider direct effects of therapy on cytokine pro�les in T cells. To address this, we used
an antigen-speci�c system with transgenic TRP-1 CD4+ T-cells. These cells bear TCR recognizing
tyrosinase-related protein (TRP-1) to model recognition of endogenous tumor antigen. Consistent with
�ndings in the MT5 model, expanding TRP-1 CD4+ T-cells with IL-6 and CTLA-4 blocking antibodies
fostered their capacity to secrete IFNγ when re-stimulated with cognate antigen (Fig. 3A-B). This work
suggests dual blockade imparts direct effects on CD4+ T-cells, resulting in Th1-associated cytokines.
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Previous research also suggests IL-6 alters classical IFNγ response genes, including chemokines for T
cell tra�cking21. To de�ne how IL-6 and IFNγ-induce chemokines by PDAC cells, we surveyed chemokine
production from murine MT5 or KPC-Luc tumor cells following in vitro stimulation with IFNγ, IL-6 or both.
Supernatants were analyzed by chemokine array and results con�rmed by ELISA (Fig. 3C-G and
Supplemental Fig. 2A-E). IFNγ induced upregulation of canonical chemokines including CXCL10 and
CXCL9, which ligate CXCR3 receptor 22−25. CCL5 was also upregulated by IFN-γ (Fig. 3C-G). ELISA data,
revealed no change in chemokines after treatment of MT5 or KPC-luc cells with IL-6 alone, nor did
combined stimulation with IL-6 and IFN-γ differ signi�cantly from IFN-γ alone as quanti�ed by ELISA (Fig.
3E-G).

We hypothesized Th1 cell tra�cking into tumors via CXCR3 is a key mechanism contributing to e�cacy
of this therapy. To examine this, we stained tumors for DAPI and CXCR3 and analyzed them by IHC (Fig.
4A). Tumors from mice receiving combined IL-6 and CTLA-4 blockade, had increased CXCR3+ T cells as a
percentage of total cells, compared to mice receiving isotype control antibodies (Fig. 4B). A subsequent
study was conducted to validate whether tumor in�ltrating lymphocytes (TIL) from mice expressed
elevated CXCR3 in response to dual IL-6/CTLA-4 blockade. Here, CD3+ TIL were enriched by bead-based
negative selection for CD3+ cells, followed by CD45+ selection to enrich CD3+CD45+ cells from
established orthotopic tumors after 14 days of treatment with the combination or isotype control
antibodies. Endpoint tumor weight and changes in BLI are in Supplemental Fig. 3A-B. Since enzymatic
digestion cleaves surface CXCR3, we evaluated RNA transcripts from TIL by PCR. These data revealed
signi�cantly greater CXCR3 in CD3+ TIL from mice treated with the combination (Fig. 4C). No signi�cant
difference in IFN-γ transcripts were observed in these TIL (Fig. 4D). Analysis of splenocytes from these
same animals showed a greater percentage of circulating CD3+CD4+CXCR3+ cells, and a greater MFI for
CXCR3 on CD45+CD3+CD4+ cells (Fig. 4F-G). In contrast, no signi�cant difference in CXCR3 was observed
on CD8+ splenocytes from each treatment group (Fig. 4H-J).

CXCR3 dependent e�cacy of combined IL-6 and CTLA-4 blockade. To determine if CXCR3 receptor
interactions were essential for the T-cell response, we employed CXCR3 blocking antibodies in mice
receiving combination therapy. All mice receiving combined IL-6 and CTLA-4 blockade experienced tumor
regression by BLI (Fig. 4K and Supplemental Fig. 3C). Mice receiving combination therapy demonstrated
signi�cant decreases in BLI signal compared to mice receiving isotype control antibodies, or blockade of
IL6 or CTLA-4 alone. Concurrent CXCR3 blockade signi�cantly inhibited e�cacy of combination therapy,
leading to results similar to treatment with isotype controls (Fig. 4K-L). No signi�cant change in tumor
growth by BLI was evident between mice treated with isotype controls or single agent therapy. Post-
mortem pancreas/tumor weight at study endpoint con�rmed growth inhibitory effects of the combination
were signi�cant, as compared to treatment with anti-CTLA-4 or isotype controls (p = 0.0778 and p = 
0.0005, respectively; Fig. 4L). Similar to prior studies (Fig. 2C-E), primary tumor localized to the pancreas
tail was con�rmed post-mortem, and mice with advanced disease had small peritoneal extensions. In this
study, 4 mice in the combination therapy group had no tumors, but pancreatic weight was recorded.
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Notably, this CXCR3-dependent mechanism of concurrent IL-6 and CTLA-4 blockade was con�rmed in
mice bearing subcutaneous MT-5 tumors (Supplemental Fig. 3D).

Dual blockade therapy promotes CD4  +  T-cell in�ltration of tumors in an orthotopic PDAC model.

Changes in the tumor microenvironment that may explain e�cacy of this combination were surveyed by
IHC. Although prior observations show IL-6 is derived from �broblasts in PDAC20 26, alpha smooth muscle
actin (α-SMA) staining was not signi�cantly different between groups (Supplemental Fig. 4A-B). A trend
toward increased CD8+ T-cells in tumors from mice receiving dual blockade was seen, but not signi�cant
(Fig. 5A-B). Although no differences in CD4+FoxP3+ T-cells emerged (Supplemental Fig. 4C), a consistent
increase in CD4+ T-cells lacking FOXP3 expression was present in tumors from mice receiving combined
IL-6 and CTLA-4 blockade compared to controls (p = 0.0297) or to mice receiving anti-IL-6 alone (p = 
0.0439) (Fig. 5C-D).

Dual blockade therapy expands systemic TBET  +  and GATA3+CD4+ T-cells in an orthotopic PDAC model.

We next investigated effects of treatment on systemic T-cell phenotypes in the orthotopic model. Flow
cytometry (Fig. 6A) recapitulated observations of Th1 immunity, consistent with splenocyte data in the
subcutaneous model (Fig. 1D-E). Robust expansion of CD3+CD4+TBET+ (Th1) T-cells was observed in
splenocytes from mice receiving combined IL-6 and CTLA-4 blockade (p = 0.0015) or anti-IL-6 alone (p = 
0.0041) versus isotype-treated mice (Fig. 6A). We also observed a signi�cantly higher splenic
CD3+CD4+GATA3+ (Th2) T-cells in mice treated with the combination compared to isotype controls (p = 
0.0003; Fig. 6B). Of note, CD3+CD4+GATA3+ T-cells were more abundant in mice receiving combination
blockade, versus those treated with anti-CTLA-4 alone (p = .0012; Fig. 6B). Thus, a unique increase in both
TBET+ and GATA3+ CD4+ T cells was observed in mice treated with combined IL-6 and CTLA-4 blockade.
We also observed no difference in frequency of T-regulatory cells, de�ned phenotypically as
CD3+CD4+CD25hiFOXP3+, or in CD3+CD4+RORγt+ cells from mice receiving combined IL-6 and CTLA-4
blockade as compared to isotype control-treated mice (Fig. 6C-D). There were no differences in these
systemic biomarkers between mice receiving only the combination or the combination together with
CXCR3-targeted antibodies (Fig. 6A-D).

We observed a higher percentage of CD4+ T-cells positive for PD-1 in splenocytes from mice treated with
anti-IL-6 alone or combined with CTLA-4 blockade compared to isotype control or single agent anti-CTLA-
4 (Supplemental Fig. 5A). Contrasting data for CD4+ T-cell subsets, few changes were observed in
composition of splenic CD8+ T-cells of mice treated with single agent or combination therapy. However,
mice receiving combined IL-6 and CTLA-4 blockade demonstrated signi�cantly more CD8+PD-1+ T-cells
than mice receiving isotype control or anti-IL-6 antibodies (Supplemental Fig. 5B). Immunologically, this
strategy impacted CD4+ T-cells, driving increases in both Th1 and Th2 immunity, with more limited
systemic changes in CD8+ T-cells.
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Discussion
Antibodies that neutralize IL-6 have not been effective as single agents in PDAC patients 27. Moreover,
blockade of CTLA-4 has limited e�cacy as a single agent drug in this aggressive disease 28 29. Here, we
demonstrate that combined blockade of these targets elicits potent anti-tumor activity in three different
pancreatic tumor models: subcutaneous MT5, orthotopic KPC-luc and orthotopic Panc02 pancreatic
tumors (Fig. 1A, 2D-E, 4K-L, and Supplemental Fig. 6A). The e�cacy of concurrently targeting IL-6 and
immune checkpoints was �rst established by our group26. In these studies, blockade of IL-6 and PD-L1 in
MT5 and Panc02 murine PDAC models signi�cantly inhibited tumor growth, while promoting effector
CD8+ T cell in�ltration of tumors26. This effect has been reproduced in murine models including
glioblastoma, colorectal cancer and melanoma 30–32. The data from this report are important in lending
�exibility to clinical translation, whereby multiple immune checkpoint antibodies may have e�cacy via
non-overlapping mechanisms. This study highlights novel immunomodulatory mechanisms observed
upon neutralizing IL-6 alongside CTLA-4 blockade, that are distinct from PD-1/PD-L1 blockade.

Results from this study indicate a unique mechanism of action when compared to combined IL-6 and PD-
1/PD-L1 blockade. Previously, e�cacy of dual IL-6 and PD-1/PD-L1 blockade was dependent on CD8+ but
not CD4+ T cells. While CD8+ T cell depletion signi�cantly restored tumor growth in mice receiving dual IL-
6/CTLA-4 blockade, CD4+ depletion resulted in more pronounced tumor growth. Furthermore, in vivo
CXCR3 blockade revealed anti-IL-6/CTLA-4 combination therapy was reliant on this chemokine-receptor
interaction. Additionally, combined IL-6 and PD-1/PD-L1 blockade reduced αSMA+ stromal content, while
these changes were not observed following CTLA-4 and IL-6 blockade26. This discrepancy may be due to
differential effects on IL-6 producing �broblast subsets from therapy33 34.

Previous studies investigating T-cell responses to PDAC propose differing results with respect to the
effect of CTLA-4 on CD4+ or CD8+ T-cells 14 35. Here we observed a dependence on CD4+ T-cells to
mediate the anti-tumor effects of combined IL-6 and CTLA-4 blockade. CD4+ T-helper support of CD8 cells
may provide heterogeneous T-cell responses that mediate PDAC regression. Recent evidence describes
the need for CD4+ and CD8+ T-cell activation in anti-tumor responses 36. This study reinforces the
importance of CD4+ T-cells in optimal e�cacy of immunotherapy.

We hypothesized e�cacy of IL-6 and CTLA-4 blockade may be mediated in part by tumor-derived
chemokines that enhance lymphocyte tra�cking into tumors. Studies of anti-CTLA-4 alone in murine
PDAC models report presence of tumoral CD4+ T-cell in�ltration from lymph nodes 14. Our in vitro studies
demonstrate combined IL-6 and CTLA-4 blockade elicits increases in IFNγ producing CD4+ T-cells in the
context of antigen speci�c activation12 13. While we observed this effect may be driven by blockade of IL-
6, previous studies in prostate cancer observed elevated numbers of IFNγ producing CD4+ T cells upon
administration of CTLA-4 blocking antibodies. IFNγ is appreciated as a multifaceted soluble factor
capable of directly inhibiting tumor cell growth, driving immune activation, and stimulating production of
interferon response genes by tumor cells37–40. One group has demonstrated the activation of interferon
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response genes in cancer cells occurs, suggesting this may contribute to e�cacy of CTLA-4 blockade,
such that CTLA-4 blockade fails in patients with defects in these genes41. While MT5 and KPC-luc lines
used in this study secrete CXCR3 ligands CXCL10 and MIG, it is uncertain if patients with defects in these
pathways would bene�t from dual blockade of IL-6 and CTLA-4. Indeed, recent reports support
importance of the CXCR3 chemokine axis for mediating responses to ICI 42, supporting our observations
here. Our in vivo studies depleting CD4+ T-cells and employing CXCR3 blocking antibody highlight
in�ltration of CXCR3 expressing T-cells as a likely mechanism mediating tumor regression in the context
of this combination therapy.

While this therapy elicits anti-tumor activity, ICI has potential for toxicity in patients. Attempts to
ameliorate the autoimmune toxicities of ICI including anti-CTLA-4 and anti-PD-1/PD-L1-targeted
antibodies revealed the IL-6R blocking antibody tocilizumab is effective in patients refractory to steroids
43 44. A recent report demonstrated tocilizumab alongside pembrolizumab in melanoma prevented
exacerbation of Crohn’s disease, and allowed durable anti-tumor immune responses 43. Similarly, a case
report showed tocilizumab in a patient with pulmonary adenocarcinoma completely resolved immune-
related toxicities to nivolumab including oropharyngeal mucositis and esophagitis45. Finally, use of IL6R-
blocking antibodies with chimeric antigen receptor T-cells (CART) produced encouraging results while
enhancing patient safety 44. This emerging use of IL-6/IL-6R blockade to limit ICI-associated toxicities
has led to clinical trials exploring use of IL-6 blockade for improved safety of these therapies
(NCT03601611).

Despite these encouraging results, efforts to apply IL-6 or IL-6R blockade prospectively with therapeutic
intent in clinical trials have lagged behind pre-clinical data, possibly due to resistance to repurpose these
drugs from autoimmunity into the oncology setting. To date, only a limited number of clinical trials
(NCT04191421, NCT04258150) are combining IL-6 blockade therapy with ICI in PDAC. Continued
experience with IL-6 and ICI combinations across solid tumors will inform the �eld regarding e�cacy and
ability to limit autoimmune sequelae.

Materials And Methods
Cell lines and antibodies

Murine MT5 (KrasLSL−G12D, Trp53LSL − R270H, Pdx1-cre) pancreatic cells were from David Tuveson (Cold
Spring Harbor Laboratory, Cold Spring Harbor, NY) and were cultured in RPMI with 10% FBS and
Antibiotic:Antimycotic Solution (GeminiBio). Murine KPC-luc (KrasLSL−R270H, p53−/−, Pdx1-cre) cells were
from Dr. Craig Logsdon (MD Anderson). Panc02 was provided by Dr. Shari Pilon-Thomas (H. Lee Mo�tt
Cancer Center, Tampa, FL). KPC-luc and Panc02 cells were cultured in DMEM with 10% FBS and
Antibiotic:Antimycotic Solution. All cell lines were con�rmed to be mycoplasma free by both internal and
external mycoplasma testing. Murine antibodies to IL-6 (Clone MP5-20F3), CTLA-4 (Clone 9D9), CXCR3
(Clone CXCR3-173) or isotype controls (Clones LTF-2 for subcutaneous or HRPN for orthotopic studies,



Page 10/25

MCP-11 and polyclonal Armenian hamster IgG, respectively) were from BioXcell (West Lebanon, NH).
Anti-mouse CD8a (Clone 2.43) and anti-mouse CD4 (Clone GK1.5) depleting antibodies were from
BioXcell.

In vivo e�cacy studies
Animal studies were conducted under institutional animal care and use committee (IACUC) approval at
The Ohio State University or Emory University. 1x106 MT5 tumor cells were injected subcutaneously in the
�ank of female C57BL/6 mice. Once tumors reached 50–100 mm3 (typically 7–10 days), antibody
treatment was initiated. Subcutaneous studies ended once tumors reached volumes meeting IACUC-
mandated early removal. For orthotopic studies, 6–8 week old female C57BL/6 mice underwent
inhalation anesthesia with iso�ourane. The abdomen was prepared, draped and a midline laparotomy
was made in the upper abdomen. Fascia was incised and spleen mobilized from the left upper quadrant
and elevated to identify the pancreas tail. A 27 ½ gauge needle was used to inject 2x105 KPC-luc cells
into the anterior medial body of the pancreas. Hemostasis was ensured, the spleen was returned to
normal anatomic location and fascia closed with running absorbable suture. Mice were awakened and
monitored for one hour. Tumors grew for 7 days prior to randomization and con�rmed by bioluminescent
imaging (BLI) using the IVIS Spectrum In Vivo Imaging system and luciferase. Mice were then
randomized to treatment groups based on BLI. For all studies, antibodies to IL-6, CTLA-4 or CXCR3 were
delivered by intraperitoneal injection thrice weekly every 2–3 days with a maximum number of 6 doses
per mouse delivered throughout the course of treatment. For depletion studies, CD4 or CD8 depleting
antibodies were delivered at day − 3, -1, + 1, +3 and + 7 relative to tumor implantation. Following
con�rmation of tumor establishment by BLI, depleting antibodies were delivered twice weekly every 3–4
days until study endpoint.
Antibodies for �ow cytometry and immunohistochemical staining

Antibodies, with clone names, used for �ow cytometry and immunohistochemistry are in Supplementary
Table 1.

Flow cytometry
At completion of subcutaneous e�cacy studies, tissues were harvested for immunophenotypic analyses
of splenocytes and single cell suspensions from tumors were assessed by �ow cytometry as described26.
Analysis was performed on a LSRII �ow cytometer (BD Biosciences) or a Cytek Aurora (Cytek).
Splenocytes from mice bearing orthotopic tumors were stained with Ghost 780 dye to detect live cells and
antibodies for CD4 and CD8 T-cell phenotypes. Intracellular staining was performed using the eBioscience
Foxp3/Transcription Factor Staining Buffer Set per manufacturer’s protocol.

Immunohistochemical analysis
Formalin �xed para�n-embedded (FFPE) tumors from subcutaneous experiments underwent IHC
analysis following staining with Ab against CD3 (Catalog A0452; Dako). 40x magni�cation images of
tumors (10 images/tumor) were captured using PerkinElmer’s Vectra multispectral slide analysis system.
inForm software quanti�ed CD3-positive cells (Fast Red chromogen) within each image. Additional slices
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were stained for CD8, and αSMA and scanned with an Olympus Nanozoomer whole slide scanner and
analyzed using Qupath (CD8) or FIJI (NIH) for αSMA. Orthotopic tumors were also FFPE. Dual stains for
DAPI (Perkin Elmer) with CD4 and FOXP3 were performed using a Roche autostainer and detected with
Opal 520 and Opal 630-conjugated secondary (Perkin Elmer), respectively. Slides were imaged using the
Vectra Multispectral Imaging System version 2 (Perkin Elmer). Filter cubes for imaging were DAPI (440–
680 nm), FITC (520 nm-680 nm), Cy3 (570–690 nm), Texas Red (580–700 nm) and Cy5 (670–720 nm).
Multispectral images were analyzed with Qupath 46.

TRP-1 transgenic CD4+ T-cell activation
CD4+ TRP-1 transgenic T-cells 47 were activated with TRP-1106-130 peptide
(SGHNCGTCRPGWRGAACNQKILTVR) loaded at 1µM concentration onto irradiated B6 splenocytes (10Gy)
at a 2:1 TRP-1:feeder cell ratio. TRP-1 cells were cultured with monoclonal antibodies targeting CTLA-4
(10µg/mL, clone 9D9), IL-6 (10µg/mL, clone MP5-20F3) or isotype controls (10µg/mL, IgG2b or HRPN)
with IL-2 (100IU/mL). Cells were assessed three days after activation for cytokine production post
PMA/Ionomycin stimulation. Brie�y, cells were activated in PMA (30nM) and Ionomycin (20nM) (Sigma)
with Monensin (2µM) and Brefeldin A (5µg/mL) (Biolegend) for 4 hours, followed by �xation and
permeabilization for cytokine staining per protocol (BioLegend).

In vitro evaluation of chemokine production
KPC-luc or MT5 cells were plated at 2x105 cells per well in 6 well plates. Media was supplemented with
10ng/ml IL-6 (PeproTech), 1µg/ml IFNγ (PeproTech), both cytokines combined, or vehicle for 24 hours.
Supernatant was collected and spun at 1000 x g then transferred to new tubes to limit cellular
contamination. Supernatants were analyzed using Proteome Pro�ler Mouse Chemokine Array Kits
(ARY020, R&D Systems). Results were con�rmed using DuoSet ELISA kits (R&D Systems) for CXCL10,
CXCL9, and CCL5.

Statistical Analysis
Data from subcutaneous studies obtained by �ow cytometry, IHC and tumor volumes were log-
transformed prior to analysis to meet model assumptions of normality and homoscedasticity. Tumor
volume was modeled over time using mixed-effects regression with �xed effects for group, time and
interaction of the two. Random intercepts and slopes by mouse were included with an unstructured
covariance matrix for random effects. Other outcomes were compared using ANOVA. P-values < 0.05 were
signi�cant.

For numeric covariates, mean and standard deviation were calculated and presented. One-way ANOVA
was performed for IHC and splenocyte data with univariate analysis. Least signi�cant difference method
(LSD) was used for pairwise multiple comparisons. Natural log transformation of bioluminescent
imaging data was performed to achieve approximately normal distribution of data. For log transformed
data, linear mixed models tested for signi�cant change over time of each outcome and to detect
signi�cant difference of each outcome among treatments. Signi�cance was set at 0.05. For in vitro data,
natural log transformation was performed to normally distribute data. We then performed one-way
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ANOVA and LSD to detect whether means signi�cantly differed among treatment groups. All analyses
were conducted in SAS v9.4 (SAS Institute, Cary, NC). For experiments where statistical signi�cance was
detected, two-tailed t-tests were then utilized to determine pairwise signi�cance
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Figure 1

Combined blockade of IL-6 and CTLA-4 signi�cantly inhibits tumor growth and promotes CD8 T cell
in�ltration of tumors in a subcutaneous murine model of pancreatic cancer. MT5 murine pancreatic
tumor cells were subcutaneously injected into C57BL/6 mice with treatment beginning when tumors
reached 50-100mm3. Mice were treated with 200mg (intraperitoneal injection 3 times/week) of isotype
control, cytokine blockade (anti-IL-6) and/or anti-CTLA-4 antibodies (n=5 mice/group) until mice met pre-
speci�ed IACUC-approved early removal criteria. (A) Changes in tumor volume as determined by caliper
measurement throughout the course of antibody treatment. Mean ± SD; * P<0.05 vs. Isotype Control, ‡
P<0.05 vs. Anti-IL-6, † P<0.05 vs. Anti-CTLA-4. (B) Mean ± SD for percent of cells expressing CD3+ in
subcutaneous tumors per high-powered �eld. Symbols represent individual mice; * indicates signi�cance
compared to isotype control treated mice. P-values for signi�cant comparisons are as follows: Isotype vs
αIL-6 (0.0013), Isotype vs αCTLA-4 (0.0058) and Isotype vs αIL-6+αCTLA-4 (0.0058) (C) Representative
20x images of IHC staining for CD3 in FFPE tumor tissue slices from mice in the different treatment
groups. (D) Splenocytes were isolated from the mice receiving treatment as stated in �gure 1A. Flow
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cytometry was performed with antibodies against CD4, CCR6, CXCR3, CCR4, and RORγt. CD4+CCR6-
CXCR3+CCR4- were identi�ed as suggestive of a Th1 phenotype and CD4+CCR6- CXCR3-CCR4+ as a Th2
phenotype. (E) Graph of mean percentages of CD4+ T cells that have a Th1 or Th2 phenotype. Data
shown as Mean ± SD; * indicates signi�cance compared to isotype control treated mice. P-values for
signi�cant comparisons are as follows: Isotype vs αCTLA-4 (<0.0001), Isotype vs αIL-6+αCTLA-4
(0.0004), αIL-6 vs αCTLA-4 (0.0026), αIL-6 vs αIL-6+αCTLA-4 (0.0278).

Figure 2
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Both CD4+ and CD8+ T cells are required for anti-tumor responses to orthotopic pancreatic tumors in
mice treated with combined IL-6 and CTLA-4 blockade. Female C57BL/6 mice, 6-8 weeks of age were
orthotopically injected with 2×105 KPC-luc cancer cells and imaged 1 week later by bioluminescent
imaging (BLI) to con�rm tumor establishment. (A) Timeline for the administration of CD4 or CD8
depleting antibodies relative to orthotopic injection and subsequent administration of IL-6 and CTLA-4
blocking antibodies or isotype control antibodies. (B) At the study endpoint, mice were euthanized and
spleens were collected and processed for isolation of splenocytes. Splenocytes were then stained for
CD3, CD4 and CD8 markers. The graph demonstrates the percentage of CD3+ cells in splenocytes from
each group that expressed the markers CD4 (blue) or CD8 (orange). (C) End of treatment bioluminescent
images for each mouse in the study outlined in Figure 2A are displayed. (D) Tumor growth for each
mouse from the study outline in Figure 2A was measured over time by BLI and the fold change in Log2 of
total �ux for each mouse was graphed as a bar. P-values for signi�cant comparisons are as follows:
Isotype vs αIL-6+αCTLA-4 (0.0166) and αIL-6+αCTLA-4 vs αIL-6+αCTLA-4+αCD4 (0.0020) (E) At the study
endpoint (see outline in Figure 2A), mice were euthanized and the weight of each tumor was measured
and graphed with symbols representing individual mice and mean displayed for each treatment group. P-
values for signi�cant comparisons are as follows: Isotype vs αIL-6+αCTLA-4 (0.0397) and αIL-6+αCTLA-4
vs αIL-6+αCTLA-4+αCD4 (0.0144).
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Figure 3

Combined blockade of IL-6 and CTLA-4 promotes IFN-γ production by antigen-activated CD4 T cells,
which can elicit changes in chemokine production by pancreatic tumor cells. (A) Trp-1 speci�c CD4+ T
cells were stimulated in the presence of antibodies to IL-6, CTLA-4, the combination of both or isotype
control antibodies. The percentage of cells expressing Vβ14 and IFN-γ were quanti�ed by �ow cytometry.
(B) Graph shows percentages of CD4+ T cells expressing IFN-γ for each mouse with mean ±SD. CD4+ T
cells expressed more IFN-γ in the presence of dual CTLA-4 and IL-6 blockade compared to isotype control
antibodies (p=0.0217) (C) KPC-luc cells were plated at 2×105 cells per well in 6 well plates and then
stimulated with 1µg/ml IFNy, 10ng/ml IL-6, both or vehicle control for 24 hrs. Resulting supernatants were
collected and analyzed using the Proteome Pro�ler Mouse Chemokine Array Kit. Shown are resulting
images of a chemokine membrane exposed to supernatants of KPC-luc cells from each treatment
condition. (D) The relative densitometry to loading controls for CXCL10, CCL2, CXCL9, CCL5 as detected
by the chemokine array are graphed for each treatment condition. Repetitions of the experiment described
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in Figure 3C were quanti�ed by ELISA and the resulting concentrations were graphed for (E) CXCL10 (F)
CXCL9 and (G) CCL5. Data are shown with symbols marking individual experiments and mean ± SD for
each group. * indicates signi�cance to unstimulated controls.  indicates signi�cance to cells stimulated
only with IL-6. P-values for signi�cant comparisons are listed in supplementary table 2.

Figure 4

Treatment of murine orthotopic pancreatic tumors with antibodies to IL-6 and CTLA-4 results in
signi�cant tumor regression and increased intra-tumoral CD4+ and CD8+ T cells in a CXCR3 dependent
manner. C57BL/6 mice were orthotopically injected with 2×105 KPC-luc cancer cells and treated 3 times a
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week for 2 weeks with antibodies to IL-6 and CTLA-4 or isotype control antibodies. (A) FFPE tumors were
stained for DAPI (blue) and CXCR3 (green) by IHC and imaged using a Vectra Polaris immuno�uorescent
slide scanner (B) Whole slide scans were analyzed using Qupath and the percentage of all cells positive
for CXCR3 is graphed. Each symbol represents a unique mouse. * indicates signi�cance (p=0.0371). (C)
CD3+CD45+ TIL were enriched from tumors of mice treated with antibodies to IL-6 and CTLA-4 or isotype
control antibodies. RNA was isolated and analyzed by PCR for the expression of Cxcr3 or (D) Ifng.
Median Ct values were normalized to housekeeping genes and plotted as indicated. * indicates
signi�cance (p=0.0223). (E) Splenocytes from these mice were stained for CD3, CD4, CD8 and CXCR3.
The percentage of CD4+ T cells expressing CXCR3 and (F) the MFI of CXCR3 on CD4+ T cells is graphed
with (G) representative �ow plots of CXCR3 staining shown. (H) The percentage of CD8+ T cells
expressing CXCR3 and (I) the MFI of CXCR3 on CD8+ T cells is graphed with (J) representative �ow plots
of CXCR3 staining shown. * indicates signi�cance. CXCR3+ % of CD4 (p=0.0132). CXCR3 MFI on CD4+ T
cells (p=0.0430). (K) Mice bearing orthotopic KPC-luc tumors were treated with antibodies to IL-6, CTLA-4,
the combiantion, the combination and antibodies to CXCR3, or isotype controls. Tumor growth was
tracked by BLI and the Log2 fold change in total �ux for each mouse was graphed as a bar. * indicates
signi�cance (p<0.05) to mice receiving dual blockade of IL-6 and CTLA-4. P-values for signi�cant
comparisons are as follows: Isotype vs αIL-6+αCTLA-4 (0.0003), αIL-6 vs αIL-6+αCTLA-4 (0.0104), αCTLA-
4 vs αIL-6+αCTLA-4 (0.0039) and αIL-6+αCTLA-4 vs αIL-6+αCTLA-4+αCXCR3 (0.0029). (L) The total
weight of each tumor was collected and graphed as mean for each treatment group. Symbols represent
individual mice. * indicates signi�cance (p<0.05). P-values for signi�cant comparisons are as follows:
Isotype vs αIL-6+αCTLA-4 (0.0005), αIL-6 vs αIL-6+αCTLA-4 (0.0224), Isotype vs IL-6+αCTLA-4+αCXCR3
(0.0247) and αIL-6+αCTLA-4 vs αIL-6+αCTLA-4+αCXCR3 (0.0405).
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Figure 5

T cell in�ltration of pancreatic tumors in altered in the presence of combined IL-6 and CTLA-4 blockade.
FFPE tissue slices of tumors from mice described in Figure 4 were stained for CD8 by IHC. (A)
Representative images of IHC staining for CD8 in tumors from mice. (B) In�ltrating CD8 T cells were
quanti�ed using Qupath and graphed as the percentage of cells expressing CD8. Results are displayed as
mean for each treatment group. Symbols represent individual mice. (C) FFPE Tissue slices from these
tumors were also stained for CD4 and FOXP3 with DAPI counterstain followed by primary antibody-
detection with Opal-conjugated antibodies. Representative images are displayed with CD4 staining in
green, FOXP3 staining in red and DAPI staining in blue. Scale bars are 100µm. (D) After scanning slides
using a Perkin Elmer Vectra Polaris �uorescent slide scanner, the percentage of cells positive for CD4 but
negative for FOXP3 were quanti�ed with Qupath and graphed as mean for each treatment group. *
indicates signi�cant difference between isotype treated mice and mice receiving dual IL-6 and CTLA-4
blockade (p=0.0297).
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Figure 6

Combined blockade of IL-6 and CTLA-4 in mice bearing orthotopic pancreatic tumors results in systemic
changes in CD4-helper T cells. Splenocytes were isolated from the mice receiving treatment as stated in
Figure 4. Cells were stained for CD3, CD4, and CD8 surface markers with Ghost 780 viability stain to mark
dead cells. After �xation and permeabilization, cells were stained for the transcription factors TBET,
GATA3, RORyt and FOXP3. The percentage of CD4+ T cells that were (A) TBET+ (B) GATA3+ (C) RORγt+
or (D) CD25hiFOXP3+ were graphed as mean ± SD with symbols indicating signi�cance (p<0.05)
compared to * isotype control mice,  αCTLA-4 treated mice, or  αIL-6 treated mice. P-values for
signi�cant comparisons are listed in supplementary table 2.
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