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Abstract

Purpose: Patients with pancreatic ductal adenocarcinoma (PDAC) who undergo surgical
resection and adjuvant chemotherapy have an expected survival of only two years due to disease
recurrence, frequently in the liver. We investigated the role of liver macrophages in progression of
PDAC micrometastases to identify adjuvant treatment strategies that could prolong survival.

Experimental Design: A murine splenic injection model of hepatic micrometastatic PDAC was
used with five patient-derived PDAC tumors. The impact of liver macrophages on tumor growth
was assessed by 1) depleting mouse macrophages in nude mice with liposomal clodronate
injection, and 2) injecting tumor cells into nude vs. NOD-scig-gamma mice.

Immunohistochemistry and flow cytometry were used to measure CD47 (“don’t eat me signal’™)
expression on tumor cells and characterize macrophages in the tumor microenvironment. /n vitro
engulfment assays and mouse experiments were performed with CD47-blocking antibodies to
assess macrophage engulfment of tumor cells, progression of micrometastases in the liver and
mouse survival.

Results: /n vivo clodronate depletion experiments and NOD-sc/id-gamma mouse experiments
demonstrated that liver macrophages suppress the progression of PDAC micrometastases. Five
patient-derived PDAC cell lines expressed variable levels of CD47. In in vitro engulfment assays,
CDA47-blocking antibodies increased the efficiency of PDAC cell clearance by macrophages in a
manner which correlated with CD47 receptor surface density. Treatment of mice with CD47-
blocking antibodies resulted in increased time-to-progression of metastatic tumors and prolonged
survival.
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Conclusions: These findings suggest that following surgical resection of PDAC, adjuvant
immunotherapy with anti-CD47 antibody could lead to substantially improved outcomes for
patients.
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Introduction

Pancreatic cancer is the third leading cause of cancer death in the United States and is
projected to be the second by 2020 (1, 2). Surgical resection is the only potentially curative
treatment option for pancreatic ductal adenocarcinoma (PDAC); however, even patients who
undergo surgery followed by adjuvant chemotherapy have a median survival of only two
years due to disease recurrence (3). As most of these recurrences are in the liver, patients
likely harbor occult hepatic micrometastases at the time of surgery (4-7). The survival,
growth, and eventual progression of these micrometastases are heavily influenced by the
interactions between the cancer cells and the immune system (6, 8). As part of the
reticuloendothelial system, the liver has large populations of both resident liver macrophages
(RLMs) and infiltrating macrophages (9, 10). Given the propensity of PDAC to metastasize
to the liver via the hepatic portal system, we sought to investigate the role of macrophages in
the progression of PDAC micrometastases in order to identify adjuvant treatment strategies
that could increase the chances of cure.

Macrophages associated with primary tumors have been shown to have predominantly pro-
tumor and immunosuppressive effects in many cancer types and are known to be associated
with a worse prognosis in PDAC (11, 12). However, in metastatic disease, there is less of a
consensus about the role of metastasis-associated macrophages (MAMs), with studies
demonstrating both pro-tumor and anti-tumor activity in various cancers (13-18). Though
macrophages can mediate their anti-tumor activity through a variety of mechanisms, Gul et
al. showed that phagocytosis is the major way that liver macrophages clear tumor cells (18).
In order to evade phagocytosis by macrophages, many cancers including PDAC express high
levels of CD47, a transmembrane protein that acts as an anti-phagocytic “don’t eat me”
signal (19-23). We hypothesized that CD47 expression may allow PDAC micrometastases to
escape elimination by the innate immune system, and therefore might be a good target for
adjuvant pancreatic cancer therapy.

In this work, we used a validated model of hepatic micrometastatic PDAC to characterize the
interactions between the innate immune system and PDAC micrometastases. This model
focuses on previously established portal-vein derived micrometastases, recapitulating the
clinical post-resection state in patients with occult hepatic micrometastases without a
primary tumor present. We first demonstrated that liver macrophages suppress the
progression of PDAC micrometastases. We observed that the surface receptor density of
CDA47 varies widely among patient-derived PDAC cell lines, that /n vitro CD47 blockade can
enhance the ability of macrophages to engulf tumor cells, and that the magnitude of this
effect could be predicted by CD47 receptor density levels. Finally, we found that treatment
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with an anti-CD47 antibody can protect against PDAC micrometastases with decreased

hepatic tumor burden, increased time-to-progression, and prolonged survival in an in vivo
model.

Materials and Methods

Derivation of Patient-Derived Cell Lines and Lentiviral Transduction

PDAC tumor samples MAD 09-366, 12-395, 14-449, 08-608, 08-738 (T366, T395, T449,
T608, and T738, respectively) were generated from remnant human tumor surgical
pathology specimens collected in collaboration with the University of Virginia Biorepository
and Tissue Research Facility and with the approval of the University of Virginia Institutional
Review Board for Health Sciences Research following written informed consent from each
patient. Tumors were propagated orthotopically on the pancreata of immunocompromised
mice and cell lines were established, as previously described (24, 25). Cells were transduced
with firefly luciferase lentivirus (KeraFAST, Boston, MA) and maintained as previously
described (26). Fresh cell aliquots were thawed, propagated, and used for experiments every
four months.

Adjuvant Murine Model of Hepatic Micrometastatic PDAC with In Vivo Bioluminescence

Imaging

Six- to eight-week old male athymic nude (Foxn1") mice (Envigo, Indianapolis, IN) or
NOD scid gamma (NOD. Cg-Prkdcsc@ 1/2rg"™IWjljSzJ) mice (The Jackson Laboratory, Bar
Harbor, ME) were used for all /7 vivo experiments. As previously described, one million
luciferase-expressing, patient-derived PDAC cells were injected into the spleen, the cells
were allowed to circulate for ten minutes, then a splenectomy was performed, and the
abdomen was closed (26). Following splenic injection of PDAC cells, hepatic tumor burden
was followed by serial in vivo bioluminescence imaging. Figure 1A shows a schematic of
PDAC cell line establishment and this /n vivo model. Luminescence was captured with an
IVIS Spectrum in vivo imaging system (PerkinElmer, Waltham, MA) and quantified as
surface radiance (photons/sec/cm?/steradian) using Living Image software, version 2.50
(Caliper Life Sciences, Hopkinton, MA), as previously described (26). Data are expressed as
hepatic tumor burden relative to 48 hours post-injection for all /n vivo experiments, except
the delayed-treatment experiment in which case tumor burden at 15 days post-injection was
used as the baseline. Time-to-progression (TTP) is defined as the number of days post-
injection until relative hepatic tumor burden reaches 2.0. Overall survival (OS) is defined as
the number of days post-injection until predefined endpoints requiring euthanasia have been
met such as >20% weight loss, extreme lethargy, decreased mobility, tumor size >2 c¢cm, or
moribund status. This research was conducted with the approval of the University of Virginia
Animal Care and Use Committee.

Histologic Evaluations

Sections of murine livers following splenic injection of PDAC cells were collected at
necropsy then paraffin-embedded and stained with hematoxylin and eosin (H&E) by the
University of Virginia Research Histology Core using standard methods. IHC staining was
performed by the Biorepository and Tissue Research Facility with an anti-F4/80 antibody
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(Bio-Rad Laboratories, Hercules, CA). Images were obtained using an Aperio ScanScope
slide scanner or a Leica DMRBE microscope, Leica DFC420 camera, and Leica FireCam
software, version 3.1 (Leica Microsystems, Wetzlar, Germany).

Hepatic Macrophage Depletion

Mice were treated with anionic clodronate liposomes (56 mg/kg intraperitoneal [i.p.])
(FormuMax, Palo Alto, CA) 48 hours prior to splenic injection of PDAC cells then on post-
splenic injection days 3, 8, 12, and 19 to selectively deplete liver macrophages (27).

Flow Cytometry

Antibodies

Following /n vivo macrophage depletion experiments, murine livers were minced and
digested using 150 units/ml of collagenase type | (Worthington Biochemical, Lakewood, NJ)
in Iscove’s Modified Dulbecco’s Medium (Life Technologies, Grand Island, NY) for three
hours, rotating at 37°C. Dissociated cells were then passed over a 70 um filter and treated
with red blood cell lysis buffer (Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were
then stained with LIVE/DEAD fixable yellow stain (Thermo Fisher Scientific, Waltham,
MA\) and fixed with 2% paraformaldehyde. Cells were stained with antibodies against F4/80
(Bio-Rad Laboratories, Hercules, CA) and CD11b (BioLegend, San Diego, CA). After
exclusion of dead cells, resident liver macrophages were defined as F4/80M3hCD11b!oW cells
and circulating monocytes were defined as F4/80!°%CD11b"dh cells.

For flow cytometry performed on cultured PDAC cell lines, cells were harvested and passed
over a 70 um filter. Fc receptor blocking reagent (Miltenyi Biotec, Bergisch Gladbach,
Germany) was used per the manufacturer’s instructions. Cells were then stained with
antibodies against epithelial cell adhesion molecule (EpCAM) and CD47 (Miltenyi Biotec,
Bergisch Gladbach, Germany) followed by 4°,6-diamidino-2-phenylindole (DAPI) viability
dye (Roche Diagnostics, Indianapolis, IN). After exclusion of dead cells, PDAC cells were
identified as EpCAM®*. PDAC cell lines were then characterized by CD47 median
fluorescence intensity (MFI) and median forward scatter height (FSC), which is proportional
to cell diameter. CD47 receptor density index (RDI), or the relative number of CD47
molecules per unit membrane area, is defined as MFI/FSC2 x108 and is expressed in
arbitrary units.

The above experiments were all performed in the University of Virginia Flow Cytometry
Core Facility using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA) and
analyzed using FlowJo software, version 9.8.2 (FlowJo, Ashland, OR).

The B6H12.2 mouse anti-human CD47 hybridoma was obtained from ATCC (Manassas,
VA). The cells were cultured and the antibody (aCD47) was purified by the University of
Virginia Antibody Engineering and Technology Core. Purified 1gG from mouse serum
(mouse 1gG) was obtained from Protein Mods (Madison, WI).
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Macrophage Isolation and In Vitro Engulfment Assay

Peritoneal macrophages were obtained as previously described (28). In brief, the peritoneal
cavity of a C57BL/6 mouse was flushed with phosphate-buffered saline (PBS) containing
10% fetal bovine serum. Collected cells were then spun down and resuspended in X-VIVO
10 serum-free hematopoietic cell medium (Lonza Group, Basel, Switzerland). Macrophages
were plated in a 24-well plate (10° cells/well) for use two days later.

Macrophages were stained with carboxyfluorescein succinimidyl ester (CFSE) (Tonbo
Biosciences, San Diego, CA). PDAC cells were harvested and stained with CypHer5E (GE
Healthcare, Chicago, Illinois), a pH-sensitive dye which fluoresces red in acidic conditions
such as a lysosome, and then treated with either mouse 1gG or aCD47 (50 ug/ml) at 4°C for
30 minutes. PDAC cells were then added to the macrophages at a ratio of 5:1 and incubated
together at 37°C for four hours. Non-engulfed PDAC cells were then washed off three times
with PBS, macrophages were dissociated from the plate with trypsin, and engulfment was
assessed by flow cytometry. Cells were analyzed with a FACSCanto | flow cytometer (BD
Biosciences, San Jose, CA) FlowJo software, version 9.8.2 (FlowJo, Ashland, OR). Non-
phagocytic macrophages were identified as being CFSE* only, whereas phagocytic
macrophages were identified as being both CFSE* and CypHer5EN9". Figure 3A shows a

schematic of the engulfment assay protocol. Percent Engulfment was defined as:

# Phagocytic Macrophages
# Phagocytic Macrophages + # Non — Phagocytic Macrophages

Percent Engulfment, opy4g _ Treared
Percent EngulfmentM ouse [gG—Treated

x 100. A Engulfment was defined as:

In Vivo Antibody Treatment

Forty-eight hours after splenic injection of PDAC cells, baseline hepatic tumor burden was
assessed with bioluminescence imaging. Mice were then treated with either aCD47 (200
pg/day i.p.), mouse 1gG (200 pg/day i.p.), or no therapy. Hepatic tumor burden was assessed
at regular intervals and TTP and OS were determined, as above.

Statistical Analysis

Either Mann-Whitney test or Kruskal-Wallis test with Dunn’s test for multiple comparisons
were used to compare tumor burdens. Two-way ANOVA with repeated measures was used
to compare growth curves under different treatments. Paired t-test was used to compare
engulfment percentages under different treatments. The correlation between CD47 RDI and
A Engulfment was analyzed using Pearson’s correlation. TTP and OS among treatment
groups were compared using log-rank test. All tests were two-sided with a threshold p value
for significance of 0.05. Prism software, version 7.00 (GraphPad Software, La Jolla, CA)
was used for all statistical analyses.

Sample sizes were based on our experiences with the murine splenic injection model of
adjuvant micrometastatic PDAC that six biologic replicates are sufficient to identify
statistically significant differences in tumor burden and survival among treatment groups.
Biologic replicates were excluded if the mouse died as a result of the initial surgery (within
one week postoperatively) or if the mouse had no clearance of tumor burden as this very rare
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finding (three mice total in these studies) is often associated with surgery-related morbidity.
As the surgical procedure takes about 30 minutes per cage of four mice, cages were not
randomized to treatment groups; instead, an equal number of cages from early, middle, and
late surgical times during the operative day were allocated to each treatment group to
minimize the effects of surgical timing. Blinding was not performed as some experiments
compared visibly different strains of mice and others involved treatment and measurement
performed simultaneously. All endpoints were prospectively selected.

Hepatic Healing and Tumor Clearance Occur Early Following Splenic Injection of PDAC

Cells

Twenty-four hours after the splenic injection of T608 PDAC cells (Figure 1A), cancer cells
were observed within and surrounding hepatic portal veins with corresponding areas of
regional hepatic ischemic injury and decreased cellularity (Figure 1B). There was rapid
remodeling of hepatic parenchyma with a decrease in hepatic injury from 11.9% of tissue
area at 24 hours to 7.6% at 48 hours. By 22 days, there were small foci of metastases in the
liver, with progressive liver replacement over time. Serial /n7 vivo bioluminescence imaging
reveals a phase of early tumor clearance, followed by a variable dormancy period (marked
by no net increase in tumor cells), and eventually proliferative outgrowth (Figure 1C). Each
PDAC cell line demonstrated unique, reproducible growth kinetics (Figure 1D).

Liver Macrophages Suppress the Progression of PDAC Micrometastases

The prior splenic injections were performed in athymic nude mice, which lack a functional
cell-mediated immunity but have a functional innate immunity, enabling a specific
assessment of the role of the innate immune system. As we observed concomitant healing of
tissue injury and clearance of tumor cells in an immunologic organ, we hypothesized a role
of the innate immune system in these processes. To test whether innate immune effectors
may contribute to transient tumor dormancy, two PDAC cell lines were injected in matched
cohorts of both nude mice and NOD scid gamma (NSG) mice (which lack cell-mediated
immunity as well as functional macrophages, dendritic cells, natural killer (NK) cells, and
cytokine signaling). NSG mice had significantly less tumor clearance by seven days than
nude mice for both T608 (55% vs 88%, p=0.003) and T366 (48% vs 81%, p=0.02), as
shown in Figure 2A and 2B. Additionally, NSG mice had significantly reduced time-to-
progression (TTP) of tumors compared with nude mice for both T608 (median 21 d vs 35 d,
p<0.001) and T366 (median 28 d vs NR, p<0.001), as shown in Figure 2C and 2D.

Given the large population of macrophages in the liver and the emerging literature about the
role of MAMs in metastatic progression, we hypothesized that macrophages have a role in
the clearance PDAC cells. To assess this, tumor burden of T608 was compared in nude mice
treated with clodronate to deplete RLMs vs. control-treated mice. Macrophage-depleted
mice had significantly increased hepatic tumor burden through twenty-six days (p<0.001)
(Figure 2E). Immunohistochemistry (IHC) for F4/80 demonstrated an abundance of hepatic
macrophages surrounding PDAC cells in the untreated mice (Figure 2F, top) while this
response was absent in clodronate-treated mice (Figure 2F, bottom). Flow cytometric
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analysis of liver digests demonstrated that administration of liposomal clodronate selectively
depleted RLMs (Figure 2G and Supplementary Figure S1).

CDA47 Receptor Density Varies Among Patient-Derived PDAC Cell Lines

We hypothesized that the ability of macrophages to control PDAC micrometastases may be
enhanced by blocking CD47. Previous studies have shown that upon binding of CD47
expressed on a target cell (cancer cell) to signal-regulatory protein alpha (SIRPa) on a
macrophage, a dephosphorylation cascade is initiated which results in the inhibition of
myosin accumulation at the macrophage surface, thereby blocking phagocytosis (29). The
CDA47 surface expression of five patient-derived PDAC cell lines was characterized using
flow cytometry (Table 1). The anti-phagocytic effects of CD47 are mediated locally at the
phagocytic synapse and are dependent on CD47 expression at the site of macrophage
binding (29). We therefore also calculated the CD47 receptor density index (RDI), or the
relative number of CD47 molecules per unit membrane area, for each cell line. CD47 RDI
ranged from 3.5 to 12.9 arbitrary units (AU) which allowed for the examination of the
efficacy of CD47 blockade as a function of CD47 RDI.

CD47 Blockade Enhances the Engulfment of Patient-Derived PDAC Cells

Given that macrophages play an important role in clearing metastatic PDAC (Figure 2) and
that we detected CD47 expression in primary PDAC cells (Table 1), we hypothesized that
macrophages can engulf PDAC cells, and that blocking CD47 on PDAC cells could increase
the efficiency of tumor cell clearance by macrophages. To test these hypotheses, we
performed an in vitro engulfment assay (Figure 3A). First, we found that macrophages are
able to engulf primary PDAC cells. Treatment with an anti-CD47 blocking antibody
(a.CD47) had negligible effects on the engulfment of the two PDAC cell lines with the
lowest levels of CD47 RDI, but did significantly increase engulfment of the three cell lines
with the highest CD47 RDI (Figure 3B). Importantly, there was a strong positive correlation
(R2=0.94) between CD47 RDI and the /n vitro efficacy of aCD47 to enhance engulfment
(Figure 3C). This suggests that blocking CDA47 facilitates the removal of PDAC cells via
macrophage-dependent phagocytosis, and that PDAC cells with high levels of CD47 are
especially susceptible to treatment.

CD47 Blockade Decreases Metastatic PDAC Tumor Burden and Improves Outcomes

We investigated whether the above-described /n vitro results would translate /7 vivo using an
adjuvant model of hepatic micrometastatic PDAC. Splenic injections of the patient-derived
PDAC cell lines with the highest, median, and lowest levels of CD47 RDI were performed.
Mice were treated with daily aCD47, mouse IgG, or no treatment. Within two days of
initiating therapy, tumor burden was decreased in mice bearing T608 (the PDAC cell line
with the highest CD47 RDI) treated with aCD47 compared to mice receiving mouse 1gG or
no therapy (0.19 vs 0.44 vs 0.69, p=0.005 for aCD47 vs mouse 1gG and a.CD47 vs no
treatment). By three weeks, there was continued efficacy of aCDA47 in mice bearing T608
(Figure 4A), whereas there were no differences in tumor burden seen in mice bearing T366
which has the lowest CD47 RDI (Figure 4C). aCDA47 had intermediate efficacy in mice
bearing T395 which has the median CD47 RDI (Figure 4B). Given the lack of effect of
aCDA47 in T366, we stopped treating mice bearing T366 after three weeks of treatment and
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continued treating mice bearing T608 and T395 for seven weeks total. Ten weeks post-
splenic injection of PDAC cells, T608 mice treated with aCD47 exhibited significantly less
tumor burden than either of the control treatment groups (Figure 4D). aCD47 also showed
an effect in T395 mice (Figure 4E), whereas no differences were seen in T366 mice (Figure
4F). Follow-up T608 splenic injection experiments showed a similar efficacy of a three-
week aCDA47 treatment course compared to the seven-week course (Figure 5A) and that
there is inhibition of tumor growth even if the onset of aCDA47 treatment is delayed to post-
injection day 15 (Figure 5B).

These results translated into significantly prolonged TTP for T608 aCD47-treated mice
compared to those mice that received mouse 1gG or no therapy (no treatment vs 1gG:
p=0.12, no treatment vs aCD47: p<0.0001, 1gG vs a.CD47: p=0.002) (Figure 4G). aCD47
again showed intermediate efficacy in mice bearing T395 (no treatment vs IgG: p=0.008, no
treatment vs aCD47: p=0.002, 1gG vs aCD47: p=0.83) (Figure 4H) and no efficacy in T366
(Figure 41). Similar trends held for overall survival with aCD47 treatment showing the
greatest effect in T608 mice (no treatment vs 1gG: p=0.04, no treatment vs aCD47: p=0.002,
1gG vs aCD47: p=0.26) (Figure 4J), a modest effect in T395 mice (no treatment vs 1gG:
p=0.006, no treatment vs aCD47: p=0.002, 1gG vs aCDA47: p=0.86) (Figure 4K), and no
effect in T366 mice (Figure 4L).

Discussion

The goal of adjuvant therapy is to target any residual cancer cells to prevent the eventual
development of overt metastases and, thus, improve survival (30). Despite successful
surgical resection and current standard-of-care adjuvant chemotherapy, patients with
localized pancreatic cancer have an expected survival of only two years, often due to the
progression of micrometastatic disease in the liver. We therefore conducted preclinical in
vitro and in vivo experiments investigating the interactions between PDAC and the innate
immune system in the micrometastatic niche of the liver. Using a murine model of hepatic
micrometastatic PDAC with patient-derived cell lines, we identified a tumor-suppressing
role for liver macrophages. We demonstrated that /7 vitro CD47 blockade can increase the
engulfment of PDAC cells by macrophages, and that /n7 vivo treatment with an anti-CD47
antibody can enhance the natural ability of liver macrophages to protect against PDAC
micrometastases.

In these experiments, we found that RLMSs suppress the progression of PDAC
micrometastases in the liver. Griesmann et a/. found that depletion of RLMs in the KPC
(KrasC12D, Trp537172H -paix|-Cre mice) genetically engineered mouse model of PDAC led to
a reduction in the number of metastases (31). Similarly, it has been shown that cytokines
released from RLMs enhance the binding of colon cancer cells to the endothelium, a critical
step in metastasis (14). Though both of these studies suggest a pro-tumor role for
macrophages, they were investigating the formation of metastases through the processes of
cancer cell extravasation and liver seeding. In contrast, our splenic injection model of PDAC
specifically evaluates the progression from established micrometastases to clinically
detectable recurrences. Studies in similar models of colon cancer and melanoma portal vein-
derived metastasis to the liver have shown that RLMs phagocytose tumor cells and that their
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ablation leads to the progression of metastases (13, 15, 18). Nielsen et a/. showed that the
population of pro-tumoral MAMSs comprises infiltrating macrophages, not RLMs (16). By
treating with liposomal clodronate, we ablated RLMs while preserving infiltrating
macrophages and accordingly observed accelerated tumor progression.

The observed suppressive role of RLMs on PDAC micrometastases in the liver prompted an
investigation into the effects of anti-CD47 therapy on disease progression. We confirmed the
findings of prior studies that CD47 expression is elevated on multiple cancers, including
PDAC, and that CD47 blockade leads to increased engulfment of cancer cells by
macrophages /n vitro (19, 22, 32). Though there are additional “eat me” and “don’t eat me”
signals that together determine baseline levels of cancer cell engulfment, we identified CD47
RDI as a strong predictor of the magnitude of increased /n vitro engulfment with anti-CD47
treatment (33)0. Importantly, we observed a similar correlation between CD47 RDI and the
in vivo efficacy of aCD47 antibody to decrease metastatic tumor burden, increase TTP, and
prolong survival in our model. This could allow for the development of CD47 RDI as a
clinical biomarker for identifying patients most likely to benefit from aCDA47 therapy. This
could have immediate applicability in the ongoing clinical trials (clinicaltrials.gov) of anti-
CD47 therapy for patients with hematologic malignancies or advanced solid tumors.

The current understanding of the role of CD47 in the progression of pancreatic malignancies
is limited to events and interactions occurring at the primary tumor site. Krampitz et al.
showed that anti-CD47 therapy inhibits tumor growth and prevents metastasis in an
orthotopic model of pancreatic neuroendocrine tumors (34). Cioffi ef al. reported significant
slowing of subcutaneous PDAC xenografts with a combination of chemotherapy plus
aCDA47 but no growth inhibition with either chemotherapy alone or aCD47 alone (19).
Consistent with the parallel progression model, metastasis is an early event in the natural
history of pancreatic cancer and metastatic tumors are biologically different from their
primary progenitor tumors (35-39). As such, we aimed to describe the effects of CD47
blockade specifically in the micrometastatic environment. Despite administering only 40%
of the daily dose of aCDA47 that Cioffi et al. described, we observed in vivo efficacy of
aCD47 monotherapy in our adjuvant model. These findings can be explained by the unique
features of the hepatic micrometastatic niche. The liver harbors the majority of the body’s
macrophages, and unlike the subcutaneous tissues which have relatively low levels of blood
flow, the liver receives 25% of cardiac output while accounting for only 2.5% of body
weight, which allows for efficient delivery of drug to the tumor (10, 40). Further, there are
far fewer tumor cells in micrometastases than in a bulky primary tumor. Together this leads
to a drug-rich environment with a high ratio of effector cells to target cells. As Cioffi et al.
showed additive effects of aCD47 therapy and chemotherapy, we would anticipate similar
synergy in the micrometastatic setting leading to substantial improvements in clinical
outcomes. At the time of surgical resection, micrometastatic tumor burden in patients with
PDAC has been present for an indeterminate amount of time. As aCD47 therapy was
effective both soon after PDAC cell introduction to the liver and as a delayed treatment, our
findings suggest a wide window of therapeutic opportunity.

Because we used patient-derived cancer cells in the present studies, all /77 vivo experiments
were performed with immunocompromised mice. Though athymic nude mice are ideal for
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investigating the interactions between the innate immune system and human cancer cells, we
are unable to assess effects of the acquired immune system in our model (41). The priming
of an anti-tumor T-cell response following CD47-mediated engulfment of cancer cells has
been described, which could contribute to improved long-term latency (23). Therefore, our
model potentially underestimates the overall efficacy of aCD47. Similarly, athymic nude
mice lack a functional cell-mediated immunity resulting in decreased opsonization. While
CD47 is considered a “don’t eat me” signal, opsonization by 1gG is an “eat me” signal (42).
To account for this effect, we chose to use both purified 1gG from mouse serum and no
treatment instead of an isotype control in our experiments. This can account for the
decreased tumor burden and prolonged TTP for mice bearing T608 and T395 which received
mouse IgG treatment compared to mice who received no treatment. This fact also makes the
differences in aCD47- vs mouse 1gG-treated mice even more meaningful. Therefore, we
posit that anti-CD47 therapy will be more effective in immunocompetent individuals. Our
group developed a syngeneic splenic injection model of hepatic micrometastatic PDAC
using KPC-derived tumors in order to investigate the interplay between the innate and
acquired immune systems in fully immunocompetent mice. Unfortunately, these KPC cell
lines have proven to be too aggressive to allow for the reliable detection of changes in
metastatic growth kinetics and progression under different experimental conditions. To
overcome this obstacle, we are pursuing using our patient-derived cell lines in a humanized
mouse model which should most accurately recapitulate disease progression in our patient
population.

Current adjuvant treatment following surgical resection of PDAC is suboptimal. Collectively,
our findings suggest that post-resection CD47 blockade could lead to substantial
improvements in patient outcomes. Therefore, these data support a clinical trial of CD47
blockade as an adjuvant immunotherapy for pancreatic cancer.
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Translational Relevance:

Patients with early-stage pancreatic cancer who undergo surgical resection and receive
adjuvant chemotherapy have a median survival of two years, mostly due to the presence
and eventual progression of undetectable micrometastatic disease in the liver. In a
preclinical murine model, we show that liver macrophages significantly slow the
progression of pancreatic cancer micrometastases. The suppressive effect of macrophages
was enhanced by blocking CD47 on pancreatic cancer cells, leading to decreased
metastatic burden and prolonged survival. This work supports a clinical trial of CD47
blockade as an adjuvant immunotherapy for pancreatic cancer.
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Fig 1. In vivo model of hepatic micrometastatic pancreatic ductal adenocarcinoma (PDAC).
A) Schematic of PDAC cell line establishment and the 777 vivo model. B) Gross necropsy

specimens and H&E staining of livers harvested from mice at 1 day, 22 days, and 45 days
after splenic injection of patient-derived PDAC (T608) cells. C) Hepatic tumor burden is
tracked with serial /n vivo bioluminescence imagining. A representative mouse at different
time points following splenic injection of PDAC (T608) cells (top) and a growth curve of
hepatic tumor burden relative to 48 hours post-splenic injection (n = 11). Data are expressed
as median % interquartile range. The dotted line represents a relative hepatic tumor burden of
2.0, defined as disease progression. D) Kaplan-Meier curves of time-to-progression for five
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patient-derived PDAC cell lines (T366: n = 38, T395: n =21, T449: n =14, T608: n = 101,
T738: n=15).
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Fig 2. Therole of the macrophagesin suppressing the progression of pancreatic ductal
adenocar cinoma (PDAC) micrometastases.

Growth curves of hepatic tumor burden in athymic nude mice (Nude, black) vs NOD scid
gamma (NSG, blue) following splenic injection of A) T608 (n = 5-7 per group) and B) T366
(n = 5-6 per group) patient-derived PDAC cells. Data are expressed as median * interquartile
range. Mann-Whitney test was used to compare tumor burdens. Kaplan-Meier curves
showing that time-to-progression (TTP) was significantly accelerated in NSG mice (blue) vs
nude mice (black) in both C) T608 and D) T366. Log-rank test was used to compare TTP
between groups. E) Growth curves of hepatic tumor burden in nude mice which underwent
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ablation of resident liver macrophages with intraperitoneal clodronate (blue, n = 5) vs
untreated nude mice (black, n = 10) following splenic injection of T608 patient-derived
PDAC cells. Two-way ANOVA with repeated measures was used to compare the two
groups. F) Representative anti-F4/80 IHC (200x magnification) three days after splenic
injection of T608 patient-derived PDAC cells reveals an abundance of macrophages (brown)
in the livers of untreated nude mice (top) and no macrophages in the livers of nude mice
treated with clodronate (bottom). Areas containing dense collections of PDAC cells are
outlined. G) Flow cytometric analysis of liver digests two to three days after splenic
injection of T608 patient-derived PDAC cells demonstrating the selective ablation of
resident liver macrophages (F4/80MINCD11b1%W, closed circles) and preserved infiltration of
circulating monocytes (F4/801°YCD11bM3h open circles) in untreated (n = 6) and
clodronate-treated (n = 5) nude mice. Data are expressed as median + interquartile range.
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Fig 3. Enhancement of in vitro engulfment of patient-derived pancreatic ductal adenocar cinoma
(PDAC) cellswith CD47 blockade.

A) Schematic of the /n vitro engulfment assay protocol. B) Percent engulfment of five
patient-derived PDAC cell lines in the presence of purified 1gG from mouse serum (IgG) or
a blocking anti-CD47 antibody (aCD47). Bars represent mean percent engulfment under
each condition, closed circles represent individual experiments, and the dashed lines connect
data within an individual experiment. Experiments were performed twice, each with three
technical replicates. Paired t-test was used to compare engulfment percentages under
different treatments. Significance is denoted as * p<0.05 and ** p<0.01. C) Pearson’s
correlation between CD47 receptor density index (RDI) and A Engulfment (Percent
Engulfment,cpa7-Treated/Percent Engulfmentyouse 19G-Treated)-
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Fig 4. Effect of CD47 blockade on micrometastatic pancreatic ductal adenocarcinoma (PDAC)
tumor burden, time-to-progression, and survival.

The effects on tumor burden of daily therapy with a blocking anti-CD47 antibody (aCD47,
blue), purified 1gG from mouse serum (Mouse IgG, red), or no treatment (black) in A) T608
at 24 days post-splenic injection (n = 11-13 per group), B) T395 at 22 days post splenic
injection (n = 11-12 per group), and C) T366 at 24 days post splenic injection (n = 6-9 per
group). Dot plots of tumor burden in the three treatment groups 3-7 weeks after the cessation
of therapy in D) T608 at 69 days, E) T395 and 68 days, and F) 69 days. The dotted line
represents a relative hepatic tumor burden of 2.0, defined as disease progression. Data are
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expressed as median * interquartile range. Kruskal-Wallis test with Dunn’s test for multiple
comparisons was used to compare tumor burdens. Significance is denoted as * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001. G-1) Kaplan-Meier curves of time-to-progression
(TTP) for mice bearing the indicated tumors under the three treatment conditions. J-L)
Kaplan-Meier curves of overall survival (OS) for mice bearing the indicated tumors under
the three treatment conditions. TTP and OS among treatment groups were compared using
log-rank test.
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Fig 5. Effect of short-course or delayed-course CD47 blockade on micrometastatic pancreatic
ductal adenocarcinoma (PDAC) tumor burden.

A) Evaluation of short-course aCD47 antibody treatment. Dot plots of tumor burden at 58
days post-splenic injection following daily therapy from days 2-22 with a blocking anti-
CDA47 antibody (aCD47, blue), purified 1gG from mouse serum (Mouse IgG, red), or no
treatment (black) in mice bearing T608 (n = 11-12 per group). The dotted line represents a
relative hepatic tumor burden of 2.0, defined as disease progression. Data are expressed as
median % interquartile range. Kruskal-Wallis test with Dunn’s test for multiple comparisons
was used to compare tumor burdens. Significance is denoted as * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001. B) Effect of delayed-course aCDA47 antibody treatment. Growth
curves of hepatic tumor burden relative to 15 days post-splenic injection in mice bearing
T608 which received daily therapy with a blocking anti-CD47 antibody (aCD47, blue),
purified IgG from mouse serum (Mouse IgG, red), or no treatment (black) from days 15-35
(n = 11-12 per group). Tumor burden at 78 days was significantly lower in mice treated with
aCDA47 (no treatment vs Mouse 1gG: p=0.99, no treatment vs aCD47: p=0.004, Mouse 1gG
vs aCDA47: p=0.006). Data are expressed as median + interquartile range. The dotted line
represents a relative hepatic tumor burden of 1.0. Kruskal-Wallis test with Dunn’s test for
multiple comparisons was used to compare tumor burdens.
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Table 1.
CD47 surface expression of patient-derived pancreatic ductal adenocarcinoma (PDAC)
cell lines.

Flow cytometric analysis of CD47 expression of five PDAC cell lines. These data represent three independent
experiments and are expressed as mean + standard error. MFI, median fluorescence intensity; FSC, forward
scatter.

T366 T449 T395 T738 T608

CD47 MFI (Arbitrary Units) 182+35 28564 | 319+168 | 31527 | 547+118

FSC (x108 Arbitrary Units) 71747 | 71.845.4 | 64.0£3.4 | 60.5+3.3 | 66.3+2.1

CDA47 Surface Receptor Density Index (Arbitrary Units) | 3.5+0.6 5.8+1.7 8.0+2.1 9.0+1.9 | 12.9+3.6
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