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A hallmark of pancreatic tumors is their highly desmoplastic stroma composed of fibro-
blasts, immune cells, and a dense network of collagen fibers. Tumor-associated macro-
phages are one of the most abundant immune cell populations in the pancreatic tumor
stroma. Their protumorigenic function has been attributed predominantly to their
capacity to promote immune evasion and metastasis. Tumor-associated macrophages
are also well known for their role in the remodeling of the stroma via collagen produc-
tion and degradation, with the latter being mediated by mannose receptor (MRCI)-
dependent endocytosis of collagen. Here we show that MRC1-mediated collagen
internalization and subsequent lysosomal degradation by macrophages harboring a
tumor-associated phenotype are accompanied by the accumulation of collagen-derived
intracellular free amino acids and increased arginine biosynthesis. The resulting increase
in intracellular arginine levels leads to the up-regulation of inducible nitric oxide syn-
thase and the production of reactive nitrogen species. Furthermore, reactive nitrogen
species derived from internalized and degraded collagen promotes a profibrotic pheno-
type in pancreatic stellate cells resulting in enhanced intratumoral collagen deposition.
Opverall, our findings identify a role for extracellular matrix remodeling in the functional
modulation of tumor-associated macrophages via metabolic rewiring.

macrophage | collagen | fibrosis | stellate cell | pancreatic cancer

Pancreatic cancer is the third leading cause of cancer-related deaths in the United States
and has a 5-y survival rate of 10% (1). Despite ongoing efforts to address these stagger-
ing statistics, pancreatic cancer remains a notoriously difficult disease to treat, likely
due to late stage of diagnosis and resistance to both targeted and conventional thera-
peutics. A defining histopathological feature of pancreatic cancer is pronounced desmo-
plastic reaction characterized by the pervasive growth around the tumor of fibrotic
tissue—comprised of fibroblasts, immune cells, and endothelial cells—embedded
within dense extracellular matrix (ECM). The unique microenvironment generated by
this robust fibroinflammatory response has been shown to significantly contribute to
the clinical and biological aggressiveness of the disease by promoting tumor growth,
metastasis, and therapeutic resistance (2-9).

The fibrous ECM of pancreatic tumors is principally produced by pancreatic stellate
cells (PSCs). In a normal pancreas, stellate cells are quiescent and display a fat-storing
phenotype. In a tumor-bearing pancreas, PSCs transform into an active myofibroblast-
like phenotype (activated PSCs) in response to exposure to cytokines and growth fac-
tors secreted by cancer and immune cells in the tumor microenvironment (10-12). A
hallmark of activated fibroblasts is their capacity to secrete elevated levels of ECM pro-
teins, in particular collagens I and III, fibronectin, and laminin, the deposition of
which leads to a pronounced interstitial fibrosis (13-15).

Tumoral fibrogenesis is a dynamic process by which the ECM is continuously
remodeled through matrix synthesis, secretion, and degradation. Several protumori-
genic effects have been attributed to ECM degradation (16, 17). These include the
release of ECM-bound growth factors, which increases their bioavailability, the facilita-
tion of cell migration and invasion, and the potentiation of leukocyte infiltration (16,
17). A key step in ECM remodeling is the degradation of collagens, which is mediated
by two distinct catabolic pathways: 1) an extracellular pathway involving the cleavage
of collagens by soluble and membrane-bound proteases produced by stromal and
tumor cells, and 2) an endocytic pathway in which proteolytic fragments of collagens
are internalized by mannose receptor (MRCI1) in macrophages, and ENDO180 in
fibroblasts, and subsequently degraded by lysosomal proteases (18, 19).

In the present study we report that MRC1-dependent collagen uptake and degradation
by tumor-associated macrophages is accompanied by an increase in intracellular arginine
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levels, which in turn results in the up-regulation of inducible nitric
oxide synthase (INOS) and the production of reactive nitrogen
species (RNS). The macrophage-derived RNS promote, via a
paracrine mechanism, the synthesis and extracellular deposition of
collagens by PSCs leading to a pronounced increase in tumor
fibrosis. These findings uncover a feedforward feedback mecha-
nism that couples collagen synthesis and degradation, thereby con-
tributing to ECM remodeling in pancreatic tumors.

Results

Macrophages Internalize Collagen via MRC1-Mediated Endo-
cytosis. Macrophages are important mediators of the innate
immune response, and depending on the cytokines and growth
factors present in the local microenvironment, can adopt either
pro- or anti-inflammatory phenotypes. Although it is now well
appreciated that these phenotypic changes occur on a contin-
uum, they can be broadly classified into two major states: an
M1 classically activated state that is proinflammatory and an
M2 alternatively activated state that is immunosuppressive. M1
macrophages are activated by immune-stimulating factors,
including interferon-y (IFN-y), lipopolysaccharide (LPS), and
granulocyte macrophage colony stimulating factor. They are
characterized by the production of high levels of proinflamma-
tory cytokines, reactive nitrogen and oxygen intermediates, and
promotion of type 1 helper T cell (Th1) responses. Conversely,
M2 macrophages are activated by factors that dampen activated
immune responses and promote wound healing, including
interleukin (IL)-4, IL-10, and IL-13 and transforming growth
factor-f (TGF-P). They typically display immune-suppressive
capabilities and are considered to be tumor promoting (20-22).
To investigate the relative roles of M1 and M2 macrophages
in ECM remodeling via collagen degradation, we first sought
to compare their collagen uptake capacities. To this end, bone
marrow-derived macrophages (BMDMs) were polarized to an
M1-like state (hereafter, referred to as M1) using LPS, or to an
M2-like state (hereafter, referred to as M2) using 1L-4, and
incubated with Oregon Green (OG)-conjugated gelatin (par-
tially degraded collagen). Gelatin uptake was quantified by mea-
suring the fluorescence intensity of OG-labeled intracellular
punctae. M2 macrophages displayed a higher level of gelatin
internalization relative to either MO (unstimulated) or M1 (LPS-
polarized) macrophages (Fig. 14). The preferential uptake of gel-
atin by M2 macrophages was correlated with a higher expression
of Mrcl (Fig. 14) independent of gelatin addition (S7 Appendix,
Fig. S14), suggesting that the major route of collagen uptake in
M2 macrophages is via MRCl-mediated internalization. This
postulate was validated by demonstrating that gelatin uptake was
significantly reduced by small-interfering RNA (siRNA)-medi-
ated knockdown of Mrcl in M2 macrophages (Fig. 1B and S/
Appendix, Fig. S1 A-C) and could not be detected in M2 macro-
phages derived from Mrel knockout mice (Fig. 1C and S/
Appendix, Fig. S1D). In addition, the increase in collagen uptake
was preferentially observed under polarization conditions that
induce the up-regulation of Mrcl (SI Appendix, Fig. S1E).
To further assess collagen uptake mechanisms by macrophages in
the settin etting of pancreatic tumors, pancreatic cancer cells derived from
2D 53” LRIZ2HE: Dixe- 1-Cre mice (KPC) were implanted
subcutaneously into wild-type or Mrcl knockout mice. Following
intratumoral injection of OG-gelatin, tumors were harvested and
processed for fluorescence microscopy. Tumor-associated macro-
phages from Mrcl knockout mice were found to be defective in
gelatin uptake (Fig. 1D), affirming the essentiality of this receptor
for macrophage-mediated remodeling of tumor-associated ECM.
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MRC1-Dependent Collagen Internalization Up-Regulates iNOS
Expression in M2 ARG1* Macrophages. Given the predomi-
nance of M2 macrophages in the tumor microenvironment
(20-22), we next sought to investigate the effects of MRCI1-
dependent gelatin uptake on the inflammatory phenotype of
M2-polarized macrophages by assessing the expression levels of
iNOS and arginase 1 (ARG1), well-established markers of pro-
and anti-inflammatory macrophages, respectively (23, 24). The
addition of gelatin was sufficient to induce a marked up-
regulation of 7/Nos transcripts and protein, as well as an increase
in Argl transcription (Fig. 2 A and B). Moreover, flow cytome-
try analysis revealed a pronounced gelatin-dependent increase
in the fractions of M2-polarized macrophages that display the
simultaneous expression of ARGI and iNOS (Fig. 2C and S/
Appendix, Fig. S2A). These observations suggest that the expo-
sure of M2 macrophages to gelatin can lead to the acquisition
of a macrophage phenotype that harbors both M1 and M2
markers, hereafter referred to as ARG1TiNOS™ phenotype.
Significantly, the presence of this ARG1TiNOS* macrophage
population was detected in vivo both in murine models of pan-
creatic cancer and in human pancreatic ductal adenocarcinoma
(PDA). Specifically, in an autochthonous model of PDA
(Kras™S- G 2Dr 53LSL RIZZHI 5 48-Cré®* genetically  engineered
mouse model, hereafter KPC GEMM) ~3% of macrophages
(CD45%F4/80"Ly6C™) were double-positive for ARG1 and
iNOS (Fig. 2D). In addition, in orthotopic pancreatic tumors
generated by the implantation of KPC pancreatic cancer cells
into the pancreata of wild-type syngeneic mice, ~4.5% of
CD45"F4/80"Ly6C" cells exhibited this ARG1TiINOS™ pheno-
type (Fig. 2D and 87 Appendix, Fig. S2B). Finally, multiplex
immunohistochemical analysis of human PDA sections demon-
strated that ~1.5% of CDG68TCK19~ cells exhibit an
ARG1iNOS* phenotype (Fig. 2E). Together, these results vali-
date the existence of ARG1 iNOS™ macrophages in the pancre-
atic tumor microenvironment.

We next asked whether the gelatin-induced ARG1TiINOS*
phenotype in vivo is MRC1-dependent. siRNA-mediated knock-
down of Mrcl in M2-polarized macrophages led to a significant
reduction in the capacity of gelatin to induce the up-regulation
of iNOS in vitro (Fig. 2 A and B). Likewise, gelatin-mediated
increase in Argl expression was lessened by Mrcl knockdown
in vitro (Fig. 24). Thus, we concluded that MRC1 is required
for the acquisition of ARG1*iINOS™ phenotype upon exposure
to gelatin. Consistent with this interpretation, in orthotopic
tumors thrs phenotype was more prevalent in macrophages that
are MRC1"8", a5 determined by CD206 expression, in compari-
son to macrophages that are MRC1" (Fig. 2F and SI Appendix,
Fig. S2C).

Arginine Metabolism Links MRC1-Dependent Collagen Inter-
nalization and Degradation to Macrophage Phenotype
Reprogramming. In addition to their roles in dictating the
polarization state of macrophages (23, 24), iNOS and ARG1
are also the primary arginine metabolism enzymes in these cells.
ARGTI hydrolyzes arginine to ornithine and urea where iNOS
converts arginine to nitric oxide (NO) and citrulline (25, 26).
Furthermore, it has been shown that arginine availability regu-
lates iNOS and ARG1 expression, and that the arginase path-
way limits arginine availability for NO synthesis (24, 27). As
the interaction of gelatin with MRC1 is followed by its inter-
nalization and lysosomal degradation, we reasoned that the gen-
eration of free arginine through this degradation process could
serve as the mechanism by which gelatin up-regulates the
expression of Argl and iNos in M2-polarized macrophages. To
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Macrophages internalize and degrade collagen via Mrc1-mediated endocytosis. (A) Representative fluorescence microscopy images (Left) and quanti-

fication (Center) of BMDMs from C57BL/6 mice either unstimulated (MO) or treated with LPS (M1) or IL-4 (M2) fed OG-gelatin. (Right) Analysis of mRNA
expression by quantitative PCR of Mrc7 normalized to a GAPDH housekeeping gene and presented relative to MO. (B) Representative fluorescence micros-
copy images (Left) and quantification (Right) showing IL-4-treated BMDMs (M2) transfected with siRNA targeting Mrc1 or control siRNA and fed OG-gelatin.
(C) Representative fluorescence microscopy images (Left) and quantification (Right) of IL-4-treated BMDMs (M2) from mannose receptor (Mrc7) knockout
mice or wild-type littermate controls fed OG gelatin. Data represents average uptake index within BMDMs from two mice sampled, with at least n = 3
technical replicates per mouse. (D) KPC pancreatic cells were injected subcutaneously into flanks of Mrc7 knockout mice or wild-type littermate controls. At
~300 mm?>, tumors were injected with OG gelatin (green) and uptake by F4/80* cells (red) was analyzed by indirect immunofluorescence of tumor cryosec-
tions. Nuclei are labeled with DAPI (blue). Graph (Right) represents the average number of OG gelatin puncta observed in randomly selected F4/80* cells per
tumor sampled (50 macrophages per tumor). Quantification of all fluorescent images are presented in arbitrary units and relative to values obtained for
control conditions (untreated, DMSO, or wild-type). For all graphs, values are mean =+ SE for at least n = 3 independent experiments, unless otherwise noted.

Statistical significance was determined using a Student's t test. *P < 0.05; ***P < 0.0001; ns, not significant.

test this idea, we first investigated the dependence of the
observed ARG1*iNOS™ phenotype on lysosomal degradation
of gelatin using Bafilomycin-A (Baf-A), an inhibitor of lysoso-
mal acidification that is required for the degradation of macro-
molecules. The gelatin-induced increase in Arg/ and iNos
expression was significantly attenuated when M2-polarized
macrophages were treated with Baf-A (Fig. 2G). Moreover,
metabolomics analysis demonstrated that exposure of M2-
polarized macrophages to gelatin was accompanied by an
increase in intracellular arginine pool size, which was signifi-
cantly reduced by Mrcl knockdown (Fig. 2H).

Together, these results indicate that MRC1-mediated uptake
and degradation of gelatin could lead to the accumulation of
intracellular free arginine. In principle, this might occur through
the generation of arginine itself as a degradation product of gelatin
or through the generation of other amino acids (e.g., proline and
glutamine) that can be subsequently metabolized to arginine (Fig.
2]). To distinguish between these possibilities, we used a-methyl-
DL-aspartic acid (MDLA), an inhibitor of the key regulatory

enzyme of arginine biosynthesis, argininosuccinate synthase 1

PNAS 2022 Vol.119 No.16 2119168119

(ASS1) (Fig. 21). MDLA treatment of M2-polarized macrophages
resulted in the reduction of gelatin-induced expression of 7Nos,
indicating that intracellular arginine biosynthesis pathways drive
in part the ARGITiINOS" macrophage phenotype (Fig. 2.
Among these, the pathway involving the conversion of proline to
ornithine might be of particular relevance because of the uniquely
high content of proline in gelatin. Of note, the utilization of intra-
cellular proteolytic processing of collagen as a source for arginine
could be of particular relevance, given recent evidence that argi-
nine is the most depleted amino acid in the tumor interstitial fluid
of PDA tumors (28).

Collagen-Internalizing Macrophages Produce RNS That
Promote a Profibrotic Phenotype in Pancreatic Stellate Cells
In Vitro. RNS are a large, diverse group of signaling molecules
generated by the interaction of NO with other reactive species
in the environment. RNS production has been linked to altera-
tions in signal transduction pathways through a spectrum of
posttranslational modifications that these species can engender
(29, 30). Since NO is a product of iNOS and the latter is
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Fig. 2. Collagen uptake and degradation augments intracellular arginine bioavailability and enhances expression of arginine metabolism enzymes in mac-
rophages. (A) Analysis of mRNA expression by quantitative PCR of iNos (Left) or Arg1 (Right) in IL-4-treated BMDMs transfected with siRNA targeting control
(siCtl) or Mrc1 (siMrc1) fed 1% gelatin. (B) Representative Western blot (Left) and quantification (Right) of iINOS protein expression in IL-4-treated BMDMs
transfected with siRNA targeting Mrc1 (siMrc1), or control (siCtl), and fed 1% gelatin (n = 3). Tubulin serves as loading control. Data were normalized to siCtl
+ gelatin condition. (C and D) Flow cytometry analysis showing percent CD45%F4/80*Ly6C iNOS*ARG1™ cells from (C) IL-4-treated BMDMs without (control)
or with 1% gelatin or (D) 2-wk-implanted KPC orthotopic pancreatic tumors and 3-mo-old KPC GEMM mouse pancreata. Representative flow cytometry plots
(Left) and quantification (Right, n = 3) are shown. (£) CD68*INOSTARG1* macrophages in human PDAs by OPAL high-throughput multicolor IHC analysis. 20x
magnification (Right). Indicated box (Left) is enlarged. Arrows identify several clusters of CD68"INOS*ARG1" macrophages. Image is 1 representative of ~180
from three tumors analyzed. (F) Flow cytometry analysis showing percent CD45*F4/80*Ly6C iNOS*ARG1* cells in MRC1"&" versus MRC1'°" macrophage
populations in 2-wk-implanted KPC orthotopic pancreatic tumors. (G) Analysis of mRNA expression of iNos (Left) and Arg1 (Right) by quantitative PCR in
IL-4-treated BMDM s treated as shown and normalized to DMSO control. (H) GC-MS metabolomics analysis showing intracellular arginine levels (fmol per 1 x
10° cells) in IL-4-treated BMDM s transfected with siMrc1 or siCtl and treated with 1% dialyzed gelatin or PBS (control). Absolute values of arginine are shown
due to interexperimental variability in baseline intracellular levels of arginine observed in M2 macrophages. (/, Left) Diagram of intracellular arginine biosyn-
thesis and target of MDLA inhibition. (Right) Analysis of mMRNA expression of iNos by quantitative PCR in IL-4-treated BMDMs treated as shown and normal-
ized to control. For all graphs, values are mean + SE for at least n = 3 independent experiments. Al MRNA data were normalized to GAPDH housekeeping
gene during analysis. Statistical significance was determined using a Student’s t test or one-way ANOVA test. Adjusted P values for two group comparisons
are plotted. *P < 0.05; **P < 0.001; ***P < 0.0001; ns, not significant.
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highly up-regulated by gelatin internalization and degradation
(Fig. 2 A, B, and G), we postulated that gelatin scavenging by
macrophages could lead to the production of RNS. To test this
postulate, conditioned medium from M2 polarized macro-
phages exposed to gelatin was collected and the levels of the
NO metabolites nitrate, nitrite, and peroxynitrite were mea-
sured. Confirming our prediction, gelatin uptake led to a pro-
nounced increase in the production of RNS (Fig. 3 4 and B).
The levels of RNS produced were generally similar to those
produced by treating M2-polarized macrophages with LPS, a
known stimulator of NO production through Toll-like recep-
tor-mediated increase in iINOS expression. Furthermore, the
gelatin-induced increase in RNS production was ablated by
treatment with the iNOS inhibitor 1400W, implicating iNOS
as an essential mediator of this response (Fig. 3 A and B).

The reaction of RNS with biomolecules has been shown to
be involved in the regulation of diverse physiological and path-
ophysiological processes. Since excessive deposition of ECM is
a cardinal feature of pancreatic tumors, the reported role of
RNS in promoting hepatic fibrogenesis through the activation
of hepatic stellate cells was of particular interest (31). We there-
fore asked whether RNS derived from ARG1*iINOS™ macro-
phages could induce an ECM-producing phenotype in the
pancreas. To this end, immortalized PSCs were cultured in
conditioned medium from macrophages that were incubated
with gelatin in the presence or absence of the iNOS inhibitor
1400W. In response to RNS-containing conditioned medium
from gelatin-fed macrophages, PSCs acquired a profibrotic
phenotype as measured by the enhanced transcription of ECM-
remodeling genes (aSma, Cigf, and Cdh10) and collagen syn-
thesis genes (Hsp47, Collal, Col2al, Col3al, and Col4al) (Fig.
3(0). The observed transcriptional effects were retained when
heat-denatured conditioned medium was used (SI Appendix,
Fig. S3A4), ruling out the potential role of macrophage-derived
signaling proteins, and could be replicated by treating PSCs
with DPTA-NONOate, an NO donor, indicating a direct role
for NO generation in conferring the observed phenotype (Fig.
30). Of note, similar transcriptional responses were observed in
an experiment using primary PSCs isolated from healthy pan-
creata of wild-type mice (S Appendix, Fig. S3B), excluding
potential confounding effects of PSC immortalization. Impor-
tantly, the RNS-mediated transcriptional reprogramming of
PSCs is accompanied by increases in the levels of intracellular
(Fig. 3D) and extracellular (Fig. 3F) collagen type 1 (COL1ALl),
the primary fibrillar collagen subtype in the pancreatc tumor
microenvironment. Together, these observations indicate that col-
lagen uptake by macrophages and the resulting production of
RNS could promote the accumulation of activated ECM-
producing PSCs.

PSCs Exposed to RNS Enhance Pancreatic Intratumoral
Fibrosis In Vivo. Enhanced intratumoral fibrosis has been
shown to promote tumor growth in several ways, including
augmenting metastasis and invasion capabilities of cancer cells,
and acting as a physical barrier to infiltrating tumor cell cyto-
toxic immune cells and chemotherapeutics (32). Therefore, we
sought to determine whether the RNS-mediated activation of
PSCs could enhance intratumoral fibrosis in vivo. To this end,
PSCs treated with conditioned medium from gelatin-
reprogrammed ARG1*iINOS" macrophages were coimplanted
subcutaneously with KPC pancreatic cancer cells into the rear
flanks of NCr nude mice. After 2 wk, tumors were harvested
and collagen deposition was assessed by Trichrome and Picro-
sirius red staining. A substantial increase in the density of
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intratumoral collagen fibers was observed selectively in tumors
derived from KPC cells coimplanted with conditioned
medium-treated PSCs (Fig. 4 A and B). This increase was
reversed when the coimplanted PSCs were treated with condi-
tioned medium from macrophages treated with 1400W, which
inhibits RNS production by macrophages and induction of
PSC profibrotic phenotype (Fig. 4 A and B). No significant dif-
ferences between the number of mesenchymal stromal cells was
observed across the different coimplantation conditions, ruling
out the possibility that the observed increase in fibrosis is due
to expansion of collagen-producing cells (Fig. 4C). Collectively,
these data demonstrate that RNS-mediated cross talk between
ARG1iNOS™ macrophages and PSC can contribute to the
desmoplastic reaction in pancreatic tumors. The potential rele-
vance of this cross-talk to tumor growth is suggested by the
observation that the tumor-promoting effect of cotransplanted
PSCs that were treated with conditioned medium was reduced
when the cotransplanted PSCs were derived from conditioned

medium that included 1400W (87 Appendix, Fig. S4).

Discussion

It is now widely recognized that tumor-associated ECM plays a
fundamental role in dictating the phenotypes and functions of
both tumor and stromal cells (33). Therefore, an understanding
of the molecular mechanisms underlying the communication
between the ECM and tumor resident cells is critical for over-
coming ECM-mediated therapeutic barriers. In this study, we
identify a role for collagen, the major constituent of tumor
ECM, in the regulation of macrophage phenotype via meta-
bolic reprogramming. This cross-talk could contribute to specific
pathologies associated with pancreatic cancer as well as other
tumor types that harbor collagen-rich tumor microenvironment.

The existence of pathways for collagen uptake and intracellu-
lar degradation are not unique to macrophages. Pancreatic
tumor cells have been shown to possess the capacity to internal-
ize collagen via macropinocytosis and an additional uptake
mechanism likely mediated by the uPAR-associated protein/
ENDO180 (34). ENDO180-mediated uptake of collagen has
been also documented in pancreatic cancer-associated fibro-
blasts (CAFs) (35). Despite sharing a common route of collagen
entry, these three cell types display differential metabolic effects
resulting from collagen catabolism. Whereas in macrophages, as
shown in this study, the products of collagen degradation
up-regulate arginine biosynthesis, in tumor cells collagen-
derived proline fuels TCA cycle metabolism (34), and in CAFs,
collagen degradation supplies amino acid precursors for
branched-chain amino acid metabolism (35). These differences
highlight the broad and versatile role of collagen scavenging in
regulating tumor metabolic flexibility.

A salient feature of the collagen scavenging-dependent meta-
bolic reprogramming of macrophages described in this study is
the up-regulation of iINOS and the resulting production of
RNS. Our findings that this facet of the metabolic reprogram-
ming promotes a profibrinogenic PSC phenotype are in agree-
ment with earlier studies demonstrating a role for RNS in tissue
repair processes associated with fibrosis (31, 36, 37). Further-
more, pharmacological or genetic NOS inhibition has been
shown to decrease collagen deposition in tissues (38, 39).
The precise mechanisms by which macrophage-derived RNS
stimulate a fibrogenic response in PSCs remains to be deter-
mined. However, the observation that this response encom-
passes the transcriptional up-regulation of multiple genes that
contribute to collagen biosynthesis and deposition is consistent
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Fig. 3. Macrophages produce reactive nitrogen species during collagen uptake and degradation that promote a profibrotic phenotype in pancreatic stellate
cells. (A) Total nitrite (umol/L), endogenous nitrite (umol/L), and nitrate (umol/L) measured using a colorimetric NO Detection Kit in cell culture supernatent
collected from untreated (Control CM), gelatin-fed (Gelatin CM), 1400W-treated and gelatin-fed (1400W Gelatin CM), or LPS-treated (LPS CM) macrophages.
(B) Peroxynitrite production by macrophages determined by quantifying the 574 nm/476 nm fluorescence intensity ratio of a peroxynitrite-specific ratiomet-
ric probe, normalized to control. Ten randomly selected cells were analyzed per frame. Each frame was averaged per condition and normalized to control.
(C) Relative mRNA expression of Hsp47, aSma, Ctgf, Cdh10, Col1a1, Col2al, Col3al, and Col4al in murine PSCs measured by gPCR analysis and normalized to
control. All mMRNA data were normalized to a housekeeping gene, GAPDH, during analysis. (D) Intracellular and (E) extracellular immunofluorescence staining
of COL1A1 (orange) and nuclei (blue) in conditioned medium from IL-4-treated BMDMs fed with PBS (Control CM), 1% gelatin (Gelatin CM), or 1400W + 1%
gelatin (1400W Gelatin CM). All fluorescent images quantified in arbitrary units and presented relative to values obtained for control. For qPCR graphs,
values are mean + SE for at least n = 3 independent experiments. For immunofluoresence analysis, each dot represents quantification in one field of view,
n = 2 independent experiments. Statistical significance was determined using a one-way ANOVA test. Adjusted P values for two group comparisons are plot-
ted. *P < 0.05; **P < 0.001; ***P < 0.0001; ns, not significant.

with the engagement of a regulatory circuit that controls colla-  engender alterations of cellular processes that are more stable
gen production. Indeed, RNS have been shown to augment the ~ than most other redox signals. The protracted time frame of
TGE-p signaling pathway (40, 41), a core pathway that orches-  our in vivo cotransplantation experiments indicate that PSCs
trates matrix synthesis in fibroblasts including PSCs (42, 43).  subjected to macrophage-derived RNS, including peroxynitrite,
Of note, the RNS peroxynitrite has been implicated in TGF- might undergo a durable reprogramming. Given the increasing

p-mediated differentiation of fibroblasts to matrix-producing  appreciation of the importance of unique PSC subsets in the
myofibroblasts (44). Peroxynitrite is the product of the reaction pathogenesis of pancreatic cancer (46, 47), this RNS-mediated
of NO with superoxide radical (45). Unique among other  cross-talk mechanism could have a significant impact on disease

RNS, peroxynitrite mediates the posttranslational modification development and progression.

of proteins via nitration with tyrosine residues being the major Increased deposition of fibrillar collagen is a defining pathol-
target of this modification (45). Under some conditions, pro-  ogy of pancreatic tumors. A number of tumor-promoting pro-
tein nitration has been shown to be not readily reversible, indi-  cesses have been directly linked to collagen fibril density (48).
cating the potential for this posttranslational modification to  Of particular relevance are recent findings indicating that the
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Fig. 4. PSCs exposed to macrophage-derived reactive nitrogen species enhance fibrosis and pancreatic tumor growth in vivo. (A) Masson'’s trichrome stain,
(B) Picrosirius red stain, and (C) Vimentin immunofluorescence (orange) and nuclei (blue) in sections from tumors implanted with KPC pancreatic cancer cells
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ously into the rear flanks of nude mice. For all graphs, values are mean + SE n = 8 mice. All fluorescent images quantified in arbitrary units and presented
relative to values obtained for control. Statistical significance was determined using a one-way ANOVA test. Adjusted P values for two group comparisons

are plotted. *P < 0.05; **P < 0.001; ***P < 0.0001; ns, not significant.

cellular phenotypes and molecular functions of immune cells
within the tumor microenvironment can be profoundly influ-
enced by collagen content and architecture. For example, high
collagen density has been shown to promote the acquisition of an
immunosuppressive phenotype by macrophages (49). High-
density collagen matrix has been also shown to reduce T cell pro-
liferation and down-regulate T cell cytotoxic activity (50). Thus,
the profibrinogenic circuit described in this study could directly
contribute to the immune evasive properties of pancreatic cancer
and may inform future immune intervention strategies.

Materials and Methods

Cell Lines, Primary Cells, and Cell Culture Treatments. All cells were
maintained under 5% CO, at 37°C and cultured in DMEM (Gibco) supple-
mented with 10% FBS (Gibco), penicillin and streptomycin (Gibco) (complete
media). BMDMs were isolated from wild-type C57BL/6 mice (Charles River Labo-
ratories) or MrcT-null mice (B6.129P2-MrcTtm1Mnz/J, Jackson Labratories), and
differentiated with 10 ng/mL recombinant murine M-CSF (Peprotech 315-02) for
407 d. For M1 polarization, differentiated BMDMs were treated with 20 ng/mL
LPS (Sigma, L2630) for 24 h. For all other experiments, differentiated BMDMs
were treated with 20 ng/mL recombinant mouse IL-4 (R&D Systems, 404-ML-
010) for 24 h. Where indicated, differentiated BMDMs were treated with 10 ng/mL
recombinant murine IL-13 (Peprotech 210-13) or 10 ng/mL recombinant murine
IL-10 (Peprotech 210-10). Mouse KPC (4662) pancreatic cancer cells (51) and
murine PSCs (mPSC) (52) were derived as previously described. Primary PSCs were
harvested from the pancreata of wild-type C57BL/6J mice.

PNAS 2022 Vol.119 No.16 2119168119

Gelatin (Bio-Rad 170-6537) treatments were diluted 1% in complete DMEM,
as described above, for 24 h. The following sources and concentrations were
used for chemicals: 50 nM BafA (Cayman Chemical, 88899-55-2), 5 mM MDLA
(Sigma, M6001), 100 pM 1400W (Santa Cruz, sc3564), and 0.4 mM DPTA NON-
Oate (Santa Cruz, sc202144). Oregon Green 488 conjugate-labeled gelatin (0G
gelatin) was purchased from Invitrogen (G13186). DQ collagen was purchased
from Molecular Probes (D1260). Soluble nitrite and total nitrate were quantified
in conditioned medium samples using a Total Nitric Oxide and Nitrate/Nitrite kit
(R&D Systems KGE0O1), according to the manufacturer's protocol.

Control (Dharmacon siGENOME Non-Targeting siRNA Pool #2 D-001206-14-
20) or MrcT (Dharmacon SMARTpool:siGENOME Mrc1 siRNA M-047522-00-
0005) siRNA was transfected into cells using Lipofectamine RNAIMAX Transfection
Reagent (Thermo Fisher Scientific 13778100) according to the manufacturer's
protocol. BMDMs were plated in a 12-well plate and transfected with 100 nM
siRNA twice over 7 d before experimentation.

Antibodies. Antibodies used for Western blotting are as follow: mouse anti-o-
tubulin (Sigma T5168), rabbit anti-Mannose receptor (Abcam ab64693), rabbit
anti-Arginase 1 (Cell Signaling 9819S), mouse anti-iNOS (Mouse Specific; Cell
Signaling 2982). Monoclonal antibodies used for flow cytometry were all pur-
chased from Biolegend unless indicated: anti-CD45 (FITC-anti-mouse-CD45,
clone 30-F11), anti-F480 (PE/Cy7-anti-mouse F4/80, clone BM8), anti-Ly4C (Bril-
liant violet 421-anti-mouse Ly-6C, clone HK1.4), anti-CD206/MRC1 (FITC-anti-
mouse-CD206, clone C068C2), anti-iNOS (APC-anti-mouse-NOS2, clone CXNFT),
and anti-ARG1 (PE-anti-h/mArginase 1, clone 658922, R&D Systems). COLTA1
antibody used for in vitro indirect immunofluorescence staining (Abcam, rabbit
anti-collagen 1, amino acids 1 to 1464, ab34710) was used at a concentration of
2 ng/mL Intracellular COL1AT was detected with methanol fixation and permea-
bilization. Extracellular COL1AT was detected with paraformaldehyde fixation
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and no permeabilization. For in vivo staining, F4/80 antibody (rat anti-F4/80,
Abcam, clone A3-1, ab6640) was used at a concentration of 1:150, Vimentin
antibody (goat anti-rabbit, Cell Signaling, 57415) was used at a concentration of
1:100, CDé8 antibody (DAKO, KP1) was used at a concentration of 1:75, CK19
antibody (Biocare, Ks19.1) was used at 1:100, iNOS antibody (Novus, nb300-
605) was used at 1:400, and ARGT antibody was used at 1:500. Murine tissue
staining was done by standard immunofluorescence staining. Human tissue
staining was done using Vectra 3 OPAL multiplex high-throughput immunohis-
tochemistry at the New York University School of Medicine Histopathology
Core Facility.

Collagen Uptake and Degradation Assays. For in vitro assays, cells were
seeded on glass coverslips 24 to 48 h before the assay. Coverslips were then
removed and placed cell-side down onto a drop solution of 0.1 mg/mL OG gela-
tin or DQ collagen in serum-free medium. After a 30-min incubation under stan-
dard culture conditions, cells were rinsed three times with ice-cold PBS and fixed
with 3.7% formaldehyde solution in PBS (Gibco). Coverslips were counterstained
with DAPI (Sigma) and mounted on glass slides using DAKO mounting medium
(DAKO). For drug treatment, cells were preincubated with BafA at the dosage
noted above for 3 h prior to the start of the assay. Images were obtained using
Axiovert 200 inverted fluorescent microscope (Zeiss) or TiE2 Eclipse inverted
microscope (Nikon) and quantified, as previously described (53).

Gene Expression Analysis. For gPCR analysis, total RNA was harvested using
the Qiagen RNA extraction Kit (Qiagen). Purified RNA (1 pg) was reverse-
transcribed using the QuantiTect Reverse Transcription kit (Qiagen). Specific
transcripts were amplified by Power SYBR Green PCR Master Mix (Applied
Biosystems) using a Stratagene Mx 3005P thermocycler and analyzed using
ACT method to quantify gene expression. Primers were obtained from Inte-
grated DNA Technologies (IDT) with the following sequences (5'-3'): Gapdh (for-
ward) CACGGCAAATTCAACGGCACAGTG, (reverse) ACCCGTTTGGCTCCACCCTTCA;
iNos (forward) GTTCTCAGCCCAACAATACAAGA, (reverse) GTGGACGGGTCGATGTCA;
Arg1 (forward) GTGAAGAACCCACGGTCTGT, (reverse) GCACCACACTGACTCTTCCA;
MrcT (forward) GGGCAGTCACCATATTTTATTGGC, (reverse) GCAAAGTTGGGITCTCCTG-
TAGCC; Rps29 (forward) GTCTGATCCGCAAATACGGG, (reverse) AGCCTATGTCCTTC
GCGTACT; Hsp47 (forward) AAGATGCAGAAGAAGGCTGIC, (reverse) CTGTGACAC
CCCTGAATTTGGT; aeSma (forward) ATAACCCTTCAGCGTTCAGC, (reverse) CACGATG-
GATGGGAAAACAG; (Ctgf (forward) AGTGTGCACTGCCAAAGATG, (reverse) CCAGG-
CAAGTGCATTGGTAT; Cdh10 (forward) AGTAGTCCTCTITGCAGCCC, (reverse) GCG
TAGGTAGCCAGTGAGTC; Col7a7 (forward) AGACATCCCACCAATCACCTG, (reverse)
GGCAGTTCTTGGTCTCGTCAC; Col2aT (forward) ATGAGGGAGCGGTAGAGACC, (reverse)
GCCCTAATTTTCGGGCATCC; Col3al (forward) GCCCACAGCCTTCTACAC, (reverse)
CCAGGGTCACCATTTCTC; Col4aT (forward) TATCTCTGGGGACAACATCCG, (reverse)
CATCTCGCTTCTCTCTATGGT.

Western Blot Analysis. Total cell lysates were harvested in sample buffer
(40 mmol/L Tris, pH 6.8, 1% SDS, 5% B-mercaptoethanol, 7.5% glycerol, and
0.01% bromophenol blue) and incubated at 95 °C for 5 min. Cell lysates were
loaded onto 10% SDS/PAGE and transferred onto nitrocellulose membranes for
1 hat 100V at4°C. Membranes were blocked for 1 h at room temperature in
3% BSA (Sigma Aldrich) diluted in PBS containing 0.1% Tween-20 prior to
immunodetection.

Flow Cytometry Analysis. Staining for flow cytometry analysis was performed
by incubating single-cell suspensions with primary fluorochrome-labeled anti-
bodies on ice for 30 min. Zombie Yellow Fixable Viability Kit (Biolegend
423103) was used to assess live/dead populations. Cells were fixed in 3.7%
formaldehyde diluted in FACs buffer (PBS + 5% FBS) for 30 min at room tem-
perature prior to analysis. For iNOS and ARG1 staining, cells were permeabilized
and fixed with FoxP3/Transcription Factor Staining Buffer Set (eBioscience
CN00-5523) for 30 min at room temperature and stained overnight at 4 °C. All
samples were washed once with FACs buffer prior to analysis on an LSRIl HTS
flow cytometer (BD Biosciences). Collected data were analyzed using FlowJo data
analysis software (v10).

Polar Metabolite Extraction and GC-MS Analysis of Arginine. |L-4-treated
BMDMs were treated with 1% dialyzed gelatin for 24 h in amino acid free
DMEM (US Biological Life Sciences) supplemented with *C-labeled t-arginine
and all other unlabeled amino acids at the concentrations normally found in
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regular DMEM (Gibco), 10% dialyzed FBS (Gibco), and 1% penicillin and strepto-
mycin (Gibco). Polar metabolites from BMDM cell pellets were extracted by add-
ing 500 plL HPLC-grade methanol (—20°C) and 200 plL HPLC-grade water
(4°C) containing 1 nmol of ">C,"*N4-labeled arginine (Cambridge Isotope Labo-
ratories) to each sample. Samples were vigorously vortexed at 4 °C for ~10 to 15
min until cell pellet was dissociated. Next, 500 plL HPLC-grade chloroform
(—20°C) was then added to each sample followed by vortexing for 10 to 15 min
and cold centrifugation; 400 pL of superatant containing polar metabolites was
transferred to new tubes and immediately dried by using a SpeedVac (Savant
Thermo SPD111V) for downstream derivatization and gas chromatography-mass
spectrometry (GC-MS) analysis.

Arginine spontaneously transforms into omithine using standard methoxime
tert-butyldimethylsilyl (tBDMS) derivatization (54) preventing accurate quantifica-
tion. To prepare samples for GC-MS analysis, we derivatized arginine to its
trifluoroacetyl derivative. Briefly, 40 pL of N-methyl-bis(trifluoroacetamide)
(N-MBTFA, Sigma) was added to each dried sample and incubated at 70 °C with
for 60 to 90 min with vortexing every 5 to 10 min. Samples were briefly centri-
fuged to remove insoluble material, and 30 pL of clarified sample was trans-
ferred to sample vials for GC-MS analysis.

Trifluoroacetylated arginine derivatives were analyzed by GC-MS using a
DB-35MS column (30 m x 0.25 mm i.d. x 0.25 pm) installed in an Agilent
5977B gas chromatograph interfaced with an Agilent 5977B mass spectrometer.
The GC temperature was held at 75°C after injection for 3 min, ramped to
225°C at 10 °C/min, held at 225 °C for 5 min, and postrun held at 320 °C for
2 min. The MS detector was operated in selected ion monitoring mode over a
range of 375 to 388 m/z. Under these conditions, 2,3,4,5-tetrakis(trifluoroacety-
larginine eluted at ~14 to 16 min with a main fragment ion of 375 m/z
representing [M-183; -CF3 -C2F30 -OH] with a formula of Cy7HoN4O4F. lon
abundances for M+0 (375 m/z) representing unlabeled arginine present in
BMDM samples and M+10 (385 m/z) representing the internal isotopically
labeled standard (1 nmol) were quantified using in-house algorithms custom-
ized to incorporate fluorinated analytes. As an exteral control, 5 plL of DMEM
(Gibco) containing 0.4 mM arginine was extracted alongside each batch of inde-
pendently collected samples and quantified as a quality control. The absolute
abundance of arginine in BMDMs was quantified, as previously described (55).

Peroxynitrite Detection. Peroxynitrite production by gelatin-fed macrophages
was evaluated using a two-photon, ratiometric fluorescent probe (56). Macro-
phages were treated with iNOS inhibitor 1400W at the dosage indicated above
for 3 h in complete DMEM. Thereafter, 1% gelatin was added directly to the
media for 24 h. Cells were then incubated with 10 uM probe for 1 h in imaging
medium (Fluorobrite DMEM, Thermofisher A1896701), and then imaged live at
37°C using a Zeiss LSM 880 laser scanning confocal microscope with a 63x
N.A. 1.4 lens. Peroxynitrite oxidizes the recognition part of an energy acceptor
on the probe, triggering a shift of fluorescence from 476 nm to 574 nm when
excited at 405 nm. Peroxynitrite generated was determined by quantifying the
fluorescence intensity shift from 476 to 574 nm.

OPAL IHC Analysis. Semiautomated image acquisition was performed on Vec-
tra3 multispectral imaging (MSI) system. After whole-slide scanning at 20x, the
tissue was manually outlined to select fields for spectral unmixing. InForm
v2.4.10 software from Akoya Biosciences was used for spectral unmixing and
image analysis.

The following MSI analysis fields were used for analysis (Table 1): Cells were
segmented based on nuclear signal (DAPI). Cells were phenotyped after seg-
mentation using inForm’s trainable algorithm based on glmnet package in R.
Four algorithms were created to classify cell as CD68* or "other,” CK19* or
“other,” Arg1™* or “other,” and iNos™ or “other." Phenotypes were reviewed for
different samples during training iterations. Data were exported as text contain-
ing sample names, field of acquisition coordinates, individual cell information
including coordinates, and identified phenotype. Each image was analyzed with
all four algorithms so that every cell was classified four times. Concatenation of
all phenotyping information was performed in using the Phenoptr Reports pack-
age (57) in RStudio software (58).

Conditioned Medium Experiments. |L-4-treated BMDMs derived and treated
with 1% gelatin = 1400W, as described above, were placed in fresh gelatin-free
DMEM (Gibco) + 10% FBS for 3 h. Conditioned medium was harvested, filtered
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Table 1. Multispectral imaging fields used for analysis

Slide ID No. fields Total cells Scanned on
111119-1654-all 25 46,235 Vectra 3
111119-379-all 89 145,653 Vectra 3
111119-753-all 84 114,959 Vectra 3

(0.2 pm), and placed on mPSCs for 24 h at 37 °C prior to harvesting for func-
tional analyses.

Animal Studies. For macrophage profiling experiments, the entire pancreas
from 3-mo-old male and female KPC GEMM mice was collected. For orthotopic
implantations, 1 x 10> KPC cells were resuspended in 20 pl cold PBS and
mixed with 20 pL Matrigel (Corning 354234) prior to injection into the pancreas
of wild-type 8-wk-old female C57BL/6 mice (CRL). Tumors from orthotopically
implanted mice were harvested after 2 wk. Tissue from both KPC GEMM mice
and KPC orthotopics were digested with 1.25 mg/mL collagenase type IV (Wor-
thington 1S004188)/0.1% soy bean trypsin inhibitor (Sigma-Aldrich 16522) for
flow cytometry analysis.

For graft assays, 8- to 10-wk-old female wild-type or MrcT null mice
(B6.129P2-Mrc1"™ ™2/, Jackson Laboratories) were injected subcutaneously
into the flanks with 250,000 KPC pancreatic cancer cells in 100 pL of a 1:1 PBS/
Matrigel solution. Once tumors reached ~300 mm®, they were injected with
0G-gelatin solution (1 mg/mL). Four hours after injection, tumors were har-
vested, embedded, and frozen in OCT compound (Tissue-Tek). Following cryosec-
tioning, slides were stained with DAPI and imaged using an Axiovert 200
inverted fluorescent microscope. F4/80 staining was used to mark macrophages;
green puncta were counted within F4/80% cells using Image..

For tumor coimplantations, 2.5 x 10° KPC cells + conditioned medium-
treated 1.25 x 10® mPSCs were resuspended in 40 pl cold PBS and mixed with
40 pL Matrigel (Corning 354234) prior to subcutaneous injection into the rear
flanks of wild-type 6- to 8-wk-old female NCr nude mice (Taconic NCR/NU). One
tumor was implanted per flank. Tumors were harvested after 2 wk and measured
using a standard caliper (Fisher Scientific) over the 2-wk period. Tumors were
fixed overnight in 10% formalin (Fisher) and processed for paraffin-embedding.
Sirius red staining was performed using a Picrosirius Red Stain Kit (Polysciences
24901), and Masson's trichrome staining was performed at the New York Univer-
sity School of Medicine Histopathology Core Facility. Histology images were
quantified using ImageJ. For Picrosirius red stain quantification, a minimal
intensity threshold was used to eliminate background and then fiber density
was measured as image percent area coverage. Five images per tumor stained
were acquired. For Masson'’s trichrome stain quantification, RGB images were
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deconvolved and the minimal intensity threshold was used to eliminate back-
ground in the blue channel. Fiber density was measured as image percent area
coverage. Ten images per tumor type stained were acquired. Images used in
quantification were all of similar composition percent tissue area per frame. All
mice were euthanized using CO, and subsequent cervical dislocation at the time
of harvesting tissue for analysis (59). Al animal care and procedures were
approved by the Institutional Animal Care and Use Committee at the New York
University School of Medicine.

Statistical Analyses. Statistical comparisons were evaluated by either Stu-
dent's t test or one-way ANOVA using Prism (GraphPad) unless noted otherwise.

Data Availability. All unique reagents generated in this study are available
from the corresponding author with a completed Materials Transfer Agreement.
All study data are included in the main text and S/ Appendix.
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