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Abstract

Increased remodeling of the extracellular matrix in malignant tumors has been shown to correlate with
tumor aggressiveness and a poor prognosis. This remodeling involves degradation of the original extra-
cellular matrix (ECM) and deposition of a new tumor-supporting ECM. The main constituent of the ECM is
collagen and collagen turnover mainly occurs in a sequential manner, where initial proteolytic cleavage of
the insoluble fibers is followed by cellular internalization of large well-defined collagen fragments for lyso-
somal degradation. However, despite extensive research in the field, a lack of consensus on which cell
types within the tumor microenvironment express the involved proteases still exists. Furthermore, the rel-
ative contribution of different cell types to collagen internalization is not well-established. Here, we devel-
oped quantitative ex vivo collagen degradation assays and show that the proteases responsible for the
initial collagen cleavage in two murine syngeneic tumor models are matrix metalloproteinases produced
by cancer-associated fibroblasts and that collagen degradation fragments are endocytosed primarily by
tumor-associated macrophages and cancer-associated fibroblasts from the tumor stroma. Using tumors
from mannose receptor-deficient mice, we show that this receptor is essential for collagen-internalization
by tumor-associated macrophages. Together, these findings identify the cell types responsible for the
entire collagen degradation pathway, from initial cleavage to endocytosis of fragments for intracellular
degradation.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://crea-
tivecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Increased turnover of interstitial collagen is a key
characteristic of invasive tumor growth and leads to
fibrosis and the destruction of the healthy tissue
[1-3]. This process includes degradation of the orig-
inal extracellular matrix (ECM), generating space

for the expanding tumor, as well as causing a
release of matrix-embedded growth factors and
bioactive fragments, further potentiating growth
[4,5]. This ECM degradation is accompanied by
the deposition of a tumor-specific ECM with altered
composition and increased stiffness, creating a
tumor-supportive environment [6—11]. Many colla-
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gens, including the most abundant of them, colla-
gen type |, form large insoluble fibers. These are
resistant to degradation by most proteases, except
a few which mainly belong to the matrix metallopro-
teinase (MMP) family. However, other proteases
including serine proteases (e.qg. fibroblast activation
protein (FAP)) and cysteine proteases (e.g. cathep-
sin B) have also been shown to possess some col-
lagenolytic activity [12—17]. Most MMPs are
produced as inactive zymogens, which require acti-
vation by proteolytic removal of their prodomain, a
process undertaken by other MMPs or serine pro-
teases [18,19]. The degradation of collagen is initi-
ated by proteolytic cleavage generating large well-
defined fragments [20]. These fragments can be
further degraded by gelatinases in the extracellular
space [21] or in a process involving intracellular
degradation [22]. In this latter degradation pathway,
the precleaved collagen fragments are internalized
by receptor-mediated endocytosis and directed to
the lysosomes for degradation. The internalization
can be mediated by two receptors of the mannose
receptor family; the mannose receptor (MR, also
known as CD206) governing internalization by
macrophages, and the urokinase plasminogen acti-
vator receptor-associated protein (UPARAP, also
known as Endo180, CD280) mainly governing inter-
nalization by fibroblasts [23—25]. Both MR and
uPARAP have been shown to be important in fibro-
sis during tumor growth, as their depletion leads to
increased accumulation of collagen in Lewis lung
carcinomas and PymT-induced ductal mammary
adenocarcinomas, respectively [26,27]. In addition,
loss of uPARAP resulted in reduced tumor burden,
exemplifying the importance of collagen turnover in
tumor progression.

The tumor microenvironment (TME) consists of
not only cancer cells but also of a wide variety of
non-malignant cells. These include endothelial
cells, cancer-associated fibroblasts (CAFs) and
immune cells such as T cells, tumor-associated
macrophages (TAMs), and dendritic cells. The
most abundant non-malignant cell types of the
TME are usually CAFs and TAMs [28—30]. Macro-
phages have traditionally been classified as either
M1-like or M2-like. M1-like macrophages are pro-
inflammatory and are involved in killing of patho-
gens and in host anti-tumor response. M2-like
macrophages are anti-inflammatory cells involved
in immune regulation and wound healing and are
known to promote tumor growth.

Despite the fact that collagen degradation in
tumors for decades has been known to be initiated
by a proteolytic cleavage, the cellular sources of
the involved proteases remain unclear [17,31,32].
Recently, intravital microscopy was used to show
that the subsequent step of collagen degradation,
i.e. internalization of collagen fragments, is primarily
mediated by M2-like macrophages in an MR-
dependent manner [26,33]. Furthermore, MR-
dependent collagen uptake by macrophage subsets

in the dermis has been demonstrated using flow
cytometry analysis [34]. However, these studies
did not identify the cells responsible for the initial
cleavage. Here, we used an ex vivo, quantitative
collagen degradation assay combined with tumor
single-cell suspensions to demonstrate that a
native-like collagen matrix is cleaved primarily by
MMPs originating from CAFs. In addition, using a
variation of the assay, we were able to quantify
the relative importance of two known collagen-
internalizing cells, CAFs and TAMSs, for the subse-
quent degradation of collagen fragments.

Results

Collagen cleavage by tumors is mediated by
FAP* CAFs in an MMP-dependent manner

The TME consists of many different cell types that
are likely to not tolerate ex vivo culturing equally
well. To investigate if all cell types originally
present in the tumors were still present after
several days of ex vivo culture, single-cell
suspensions of murine subcutaneous Lewis lung
tumors (LL/2) and orthotopic mammary EO771.
LMB tumors were seeded in tissue-culture plates.
The cellular composition of the tumors was
determined using flow cytometry analyses
(Fig. S1, gating strategies in Fig. S2A). The LL/2
and EO771.LMB cells were transduced to express
GFP. In both models, the percentage of
leukocytes present in the single-cell suspensions
decreased with time, leading to an increase in the
ratio of cancer cells to non-cancer cells after
several days of culture (Fig. S1). In the EO771.
LMB model, but not LL/2, CAFs also appeared to
be negatively affected by ex vivo culture. These
data suggest that for the purposes of this study,
culture time should be kept at a minimum not
exceeding two days.

To determine the importance of different
proteases in the initial cleavage of insoluble
collagen fibers, a quantitative collagen degradation
assay was used [35]. In this assay, a single-cell sus-
pension of LL/2 tumors was cultured for two days on
a reconstituted collagen type | matrix in which radio-
labeled collagen was incorporated. Collagen frag-
ments released from the matrix following
proteolytic cleavage could then be measured as
radioactivity in the culture supernatant. The addition
of protease inhibitors targeting MMPs (GM6001),
serine proteases (aprotinin), cysteine proteases
(E-64d) or both serine- and cysteine proteases (leu-
peptin) showed a clear dependence on MMPs for
collagen cleavage with no involvement of other pro-
tease families (Fig. 1A). The TME is known to consti-
tute a highly inflammatory setting [36]. Therefore, to
mimic such a condition, collagen degradation was
also assessed in the presence of the pro-
inflammatory cytokines TNF-o and IL-1B. These
cytokines are widely used for stimulation of col-
lagenolytic activity in similar assay systems
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[23,35,37,38]. Indeed, the addition of TNF-o. and IL-
1B led to increased collagen degradation and an
MMP-dependent degradation was again observed
as evidenced by the GM6001-mediated reduction
in radioactivity release (Fig. 1B). Interestingly, under
these conditions aprotinin led to a small but signifi-
cant reduction in collagen degradation showing that
serine proteases also contribute to this process.
Although this could reflect a direct collagen degrada-
tion by serine proteases, itis also possible that apro-
tinin inhibits the activation of other collagen
degrading proteases. Indeed, serine proteases
have been suggested to be involved in activation of
several MMPs [39].

The dependence on MMPs for collagen
degradation prompted us to use an innovative and
highly sensitive enzyme-linked immunosorbent
assay (ELISA) developed to detect a neo-epitope,
C1M, generated by a site-specific cleavage of
collagen type | by members of the MMP-family
[40]. For this assay, single-cell suspensions of
enzymatically digested whole tumors or cell sus-
pensions enriched for leukocytes (CD45*) or non-
leukocytes (CD457) were seeded on reconstituted
collagen type | matrices. After two days of culture,
supernatants were collected and analyzed using
the ELISA. Importantly, the addition of GM6001 to
the culture medium also in this setup resulted in a
significant reduction in collagen type | fragments
released by the whole tumor digest (Fig. 1C). Fur-
thermore, the CD45™ cells degraded significantly
more collagen type | than the CD45" cells, and this
degradation was also inhibited by GM6001
(Fig. 1C). Addition of cytokines to mimic the
inflamed TME again showed an MMP-dependent
collagen degradation by the whole tumor digest
and the CD45™ fraction (Fig. 1D). In both settings,
the small collagenolytic activity of CD45* cells also
seemed to be inhibited by GM6001 although this
reduction was not statistically significant (Fig. 1C
and D). This might be due to the very low degrada-
tion ability of the leukocytes making it difficult to
detect any effects of GM6001. We also studied
the impact of aprotinin on the generation of the
neo-epitope but did not observe a significant effect
although a trend towards reduced collagen degra-
dation by the whole tumor digest was observed
(Fig. 1D). To determine which CD45™ cells were
responsible for the collagen cleavage, we per-
formed a separate experiment using LL/2 cells
transduced with GFP to generate tumors, allowing
us to distinguish cancer cells from non-leukocytic
stromal cells. GFP* cancer cells and FAP™ CAFs
were isolated by fluorescence-activated cell sorting
(FACS) and their ability to cleave collagen was
measured. Due to low abundance of the FAP*
CAFs we were only able to isolate enough of these
cells for two replicates. However, it was clear that
the CAFs were capable of cleaving collagen while
this was not the case for the cancer cells (Fig. 1E).

To investigate if these observations were specific
for LL/2 tumors, we performed a similar experiment
using orthotopic EO771.LMB breast tumors
generated with GFP-transduced EO771.LMB cells.
As was the case for LL/2, the tumor digest cleaved
collagen in an MMP-dependent manner, as seen
by the complete inhibition of cleavage by addition
of GM6001 (Fig. 1F). Aprotinin did not affect the
cleavage of collagen in this setup. The level of
cleavage by the leukocytes was much smaller than
for the complete tumor digest and this was not
significantly affected by the addition of any of the
two protease inhibitors although a trend of reduced
collagen degradation was observed. As for LL/2,
the cancer cells did not partake in collagen
cleavage at all, while the CAFs cleaved collagen to
a similar extent as the tumor digest, suggesting
that they are the cells responsible for the collagen
cleavage observed for the complete tumor digest.

Next, we used publicly available single-cell (sc)
RNAseq data sets to investigate the cellular
expression pattern of the collagenolytic MMPs
(MMP-1, MMP-8, MMP-13, and MMP-14) in
human cancers [41]. When looking into the expres-
sion of MMP14 in cancer cells, CAFs, and myeloid
cells in human colorectal cancer (CRC), it was clear
that CAFs were the main source of this protease
(Fig. 1G). CAFs were also the main source of
MMP1, MMPS8, and MMP13 although with varying
contributions from cancer cells and myeloid cells
(Fig. S3A-C). It should also be noted that these
three MMPs were expressed at much lower levels
with transcripts only detected in a small fraction of
analyzed cells. CAFs were also the main source
of MMP14 in two other cancer types, i.e. lung can-
cer (LC) and ovarian cancer (OvC) (Fig. S3D-E).

We used FAP as a fibroblast marker and even
though it is not a pan-fibroblast marker, we
showed that FAP* CAFs are the main source of
collagenolytic MMPs. To investigate if FAP* CAFs
compared to FAP~ CAFs express higher levels of
collagenolytic MMPs in vivo, we used another
publicly available scRNAseq data set of CAFs
from murine mammary tumors [42]. By dividing
CAFs into those expressing FAP and those not
expressing FAP, we could compare the expression
of MMPs in these subsets (Fig. 1H). Mmp14 was
significantly higher expressed in FAP* CAFs, sug-
gesting that FAP* CAFs are the dominant cells of
the TME expressing this collagenolytic MMP.
Mmp1 and Mmp8 were not expressed in this data
set and MMP13 were expressed at equal levels in
the FAP* and FAP~ CAFs (Fig. S3F).

Taken together, these findings show that collagen
cleavage is mediated by MMPs produced by the
FAP* CAFs in the TME, with no involvement of
the cancer cells. Transcriptomic analyses indicate
that MMP-14 could be centrally engaged in CAF-
mediated collagen degradation. Interestingly, in an
inflammation-like situation, serine proteases seem
to influence collagen degradation as well.



Marie-Louise Thorseth, M. Carretta, C. Jensen, et al.

Materials Biology 13 (2022) 100101

A Without cytokines B With cytokines
*
* kK
3000+ * 50001
— : 1 s
. e T 4000 = —+
.
Released 2000 =k - — L 3000 * o
1125 jabeled O x * - |z <=
collagen type | © 3 © 2000 o
gen typ 1000+ 1 T
e 1000+ b
O T T T T T G T T T T T
o N & & o N & > N
< & Q’QQ oA\\Q\ (//,bb‘ & S < Q,QQ & Q;bb‘ &
& & ¢ N & ¢ R
& ¥ N2 & ¥ N
N A\
C Without cytokines D With cytokines
* Xk
*KK P 1
T
401 % 307
— | L]
Released .
301 e
cim T . _, 201 o .
£ o K €
== No inhibitor| S 201 I: - = 3 |m o ! ns
= GM6001 |© . — < 104 . —
= Aprotinin 104 |-$-| N . |%|. .
L
0 [ d. ] . I'i;_l oy 0 == ’ v =e
Tumor CD45” co4s” Tumor CD45 cD45™
digest digest
With cytokines With cytokines
E F * %k
5-
4-.
——
Released £ 37
C1M 2,
1—
0 T & T by
FAP™  GFP Tumor FAP"  GFP cD4s"
digest CD45
G CRC H
0.6+ e CAFs
<+ o Hkk ok 15 r
as 5 —
= 2=
ss 2210
Expression E % g&/
Analyses E o TS5
ES Q O
(SIN) g
z S
U +
FAP" FAP

CAFs and M2-like TAMs are the main collagen-
internalizing cells of the tumor
microenvironment

Internalization of the proteolytically cleaved
collagen fragments for complete intracellular
degradation has been suggested to be mediated

by MR expressed by macrophages and uPARAP
expressed by fibroblasts [23-25]. However, the rel-
ative importance of the two cell types for this pro-
cess has not yet been quantitatively determined.
To compare the contribution of different cell types
of the TME in collagen internalization, single-cell
suspensions of LL/2 tumors were incubated over-



Marie-Louise Thorseth, M. Carretta, C. Jensen, et al.

Materials Biology 13 (2022) 100101

night with fluorescently labeled soluble collagen
type | mimicking large proteolytically released colla-
gen fragments and analyzed by flow cytometry. For
gating strategies, see supplementary Fig. S2. Con-
sistent with previous studies, we saw that both
TAMs and CAFs efficiently internalized soluble col-
lagen (Fig. 2A, Fig. S4A) [24,26,43,44].

The CD45 CD31 " FAP~ cells, of which the
majority is expected to be cancer cells,
internalized only small amounts of collagen, while
dendritic cells, granulocytes and monocytes did
not contribute to collagen internalization (Fig. 2A,
Fig. S4A). Since the CD45 CD31 FAP™
population most likely also contains FAP~ CAFs,
we again employed GFP-expressing LL/2 cells for
tumor generation to distinguish cancer cells from
non-leukocytic stromal cells. Single-cell
suspensions of the tumors were prepared and the
collagen internalization experiment was repeated.
This clearly showed that FAP* CAFs are the main
collagen internalizing non-leukocytic stromal cell
type (Fig. 2B). Surprisingly, the GFP* cancer cells
internalized more collagen than the remaining
CD45 CD31 GFP FAP~ fraction comprising a
population most likely consisting of FAP~
fibroblasts and non-cancerous epithelial cells.

To determine if these observations also applied to
other models than the LL/2, we again used the
EO771.LMB model. Specifically, GFP-transduced
EO771.LMB cells were injected orthotopically and
the resulting tumors were dissociated into single-
cell suspensions used for assessing cell type-
specific collagen internalization. Consistent with
the LL/2 model, CAFs were the main collagen
internalizing cells, followed by TAMs (Fig. 2C,
Fig. S4B). We did observe that the involvement of
cancer cells was smaller than the FAP~ CAF
population in this model.

We next divided the TAMs in two subpopulations,
those expressing the M2-macrophage marker MR
and those that do not (Fig. 2D). This analysis

showed that the MR* M2-like TAMs internalize the
most collagen, while the MR~ M1-like TAMs
internalize significantly less collagen than both the
MR* TAMs and the CAFs (Fig. 2E and F),
supporting previous findings [26,43]. In the
EO771.LMB model, the M2-like TAMs internalize
collagen to the same extent as the CAFs and signif-
icantly more than the MR™ TAMs (Fig. 2G).

When looking into the possible dependence on
MR for collagen internalization by TAMs, we found
a clear positive correlation between the
expression of MR on TAMs and the level of
internalized collagen (Fig. 3A). A direct role of MR
in collagen internalization by TAMs was therefore
investigated using MR-deficient mice and wildtype
littermates engrafted with LL/2 cells (Fig. 3B).
Again, single-cell suspensions of the tumors were
incubated overnight with fluorescently labeled
soluble collagen type | before flow cytometry
analysis. Loss of MR significantly diminished
collagen internalization by TAMs (Fig. 3C and D).
Overall, this establishes M2-like TAMs and CAFs
as the main collagen-internalizing cells in the TME.

Discussion

Degradation of collagen, the most abundant
protein of the ECM, has been extensively studied,
but consensus about the mediators involved in
this process has not yet been reached [32]. In this
study, we used quantitative ex vivo collagen cleav-
age assays to investigate the initial proteolytic
cleavage of collagen fibers and a flow cytometry-
based internalization assay to determine the rela-
tive importance of different cell types for endocyto-
sis of the released collagen fragments.

By using five broad-spectrum protease inhibitors
to target different protease families we could show
that the proteases responsible for the initial
cleavage belong to the MMP family. Interestingly,
in the setup with addition of pro-inflammatory

<

Fig. 1. Collagen degradation by tumors is MMP-dependent and primarily mediated by FAP* CAFs. (A-B)
Degradation of collagen matrices and release of incorporated radiolabeled collagen by single-cell suspensions of LL/2
cultured for two days without (A) or with (B) the addition of 10 nM TNF-o and 1 nM IL-1p to the culture medium.
GM6001 (20 uM), aprotinin (10 uM), E-64d (20 uM) or leupeptin (10 uM) was added to the culture medium where
indicated. CPM = counts per minute. n = 3. Error bars = SEM. *p < 0.05, ***p < 0.001; one-way ANOVA with post hoc
Fisher's LSD test. (C-F) Degradation of collagen matrices and release of MMP-specific collagen type | fragments
containing the neo-epitope C1M by single-cell suspensions of whole tumors (tumor digest) or sorted CD45~, CD45",
FAP* or GFP* cells of LL/2 (C-D), LL/2-GFP (E) or EO771.LMB-GFP (F) cultured for two days without (C) or with (D-
F) the addition of 10 nM TNF-o and 1 nM IL-1p to the culture medium. GM6001 (20 uM) or aprotinin (10 uM) were
added to the culture medium where indicated. C1M levels were determined using ELISA. n =4, except for GFP* in 1F
(n=3) and FAP* (n=2). Error bars = SEM. *p < 0.05, ***p < 0.001; one-way ANOVA with post hoc Fisher's LSD test.
(G) Expression of MMP14 in cancer cells, CAFs, and myeloid cells from colorectal cancer (CRC) from a publicly
available scRNAseq data set. Error bars = SEM. *p < 0.05, ***p < 0.001; one-way ANOVA with post hoc Tukey’s
multiple comparisons test. Percentages of analyzed cells where the transcript was detected are depicted for each cell
population. (H) Violin plot showing Mmp14 expression in FAP-negative (FAP~) and FAP-positive (FAP*) CAFs from a
publicly available scRNAsq data set. ***p < 0.001; two-tailed Student’s f-test.
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Fig. 2. CAFs and MR* TAMs are the main cell types in collagen internalization. (A-C) Quantification of collagen
internalization by cell types of the tumor microenvironment: Single-cell suspensions of LL/2 tumors (A), LL/2-GFP
tumors (B) or EO771.LMB-GFP tumors (C) were cultured overnight with soluble 10 pg/mL A647-labeled collagen type
I. Flow cytometry analysis was then performed to determine the internalized fluorescence in CAFs, TAMs, dendritic
cells, granulocytes, monocytes, cancer cells, CD45 CD31 FAP™ cells and CD45 CD31 FAP GFP™ cells. n = 2-6.
Error bars = SEM. (D) Representative density plots from flow cytometry analysis of LL/2 tumor showing how TAMs
were divided into subpopulations negative and positive for MR. Gates were based on isotype control. (E)
Representative overlay of histograms from flowcytometry analysis of LL/2 tumors showing the level of internalized
collagen in TAMs negative and positive for MR. (F-G) Quantification of collagen internalization by MR* macrophages,
MR~ macrophages and FAP™ fibroblasts from LL/2 (F) and EO771.LMB tumors (G). n = 3-5, except CAFs in 3F
(n = 2). Error bars = SEM. *p < 0.05, **p < 0.01, ***p < 0.001; one-way ANOVA with post hoc Tukey’s multiple
comparisons test.

cytokines we observed an effect of aprotinin, an indirect effect since serine proteases are
suggesting a minor contribution of serine known to be able to activate latent MMPs
proteases to the collagen cleavage. This could be [19,39,45]. In the ELISA-based cleavage assay,
the result of a direct cleavage of collagen fibers or  we only saw a weak tendency of an effect of apro-
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cytometry analyses of LL/2 tumor single-cell suspensions showing a correlation between MR expression and collagen
internalization by TAMs. See Fig. S2 for details on gating. (B and C) Flow cytometry analysis of the expression of MR

(B) or internalization of collagen (C) by TAMs in LL/2 tumor single-cell suspensions acquired from MR
wildtype littermates (MR**). (D) Quantification of internalized collagen by TAMs from tumors from MR

/=
/=

mice or from
mice or from

wildtype littermates. n = 5-6 Error bars = SEM. *p < 0.05; Mann-Whitney test.

tinin on collagen cleavage. Since this assay is
based on detection of a neo-epitope created by
specific MMP-mediated cleavage of collagen, any
direct cleavage by serine proteases would not be
detected.

It would be of great interest to investigate exactly
which MMPs and serine proteases are responsible
for the cleavage we see. However, both the MMP-
and serine protease family have many members
and finding potent and specific inhibitors for all will
not be an easy task. Future studies dedicated to
address this are needed.

Regarding the cellular source of the collagen-
cleaving proteases, we saw that the CD45-
negative cells, in particular FAP™ CAFs, released
significantly more collagen degradation fragments
compared to the leukocytes. We also showed that
the cancer cells did not contribute to the cleavage
at all. This was the case in both tumor models
employed. However, the amount of released
collagen fragments by the isolated CD45-negative
cells in the LL/2 model was substantially lower
than the amount released by the whole tumor
digest, comprising both CD45-negative cells and
leukocytes. This probably reflects the complex
interactions between different cell types. Although

leukocytes may not contribute directly to collagen
cleavage, they may do so indirectly by production
of reactive oxygen species or inflammatory
cytokines, such as IL-1B and TNF-o, inducing
expression of MMPs by CAFs [1,36,46]. In this
study we observed an increase in collagen cleav-
age (Fig. 1A compared with 1B) in the presence of
these cytokines. However, this effect was not seen
in the ELISA detecting the collagen type | neo-
epitope C1M (Fig. 1C compared with 1D). Since
C1M is generated by a site-specific cleavage by
members of the MMP-family, it is possible that the
cytokines cause an increased expression of other
proteases, which could lead to degradation and
destruction of C1M and therefore an underesti-
mated level of collagen type | cleavage [40].
Regarding the source of the MMPs responsible
for the initial proteolytic cleavage of collagen,
conflicting reports exist [18,32]. In our previous
study, CAFs and TAMs were shown to be sources
of MMPs while tumor cells showed very low or no
expression of these proteases [26]. The latter is in
accordance with the results of this study, as we
see no collagen cleavage at all by cancer cells.
We also see very little collagen cleavage by the
leukocytes although we previously showed expres-
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sion of MMPs by TAMs. However, CAFs and TAMs
had very different expression patterns of MMPs and
it is possible that the MMPs expressed by TAMs are
less important for collagen cleavage than the MMPs
expressed by CAFs.

CAFs are a highly heterogeneous group of cells
and no single marker can reliably be used to
detect all subtypes. Markers commonly used to
detect CAFs include a-smooth muscle actin (a-
SMA), fibroblast-specific protein 1 (FSP-1),
platelet-derived growth factor receptor (PDGFR)—a
and -B and FAP [47,48]. Different subtypes of CAFs
display varying levels of activity as well as distinct
properties [48]. It is therefore likely that some sub-
types express higher levels of MMPs than others
and, therefore, will be more important for collagen
cleavage. In this study, FAP was used as a marker
for CAFs as it has been shown to be expressed by
activated CAFs in the majority of human epithelial
cancers [49,50]. In addition to being a marker for
activated CAFs, FAP is itself a membrane-bound
serine protease with some collagenolytic activity
[12,49]. Due to this heterogeneity of CAFs, using
FAP as our CAF marker will not captivate the full
picture of CAF functions. However, for both cleav-
age and internalization of collagen we see that the
FAP* CAFs are the main non-leukocytic stromal
cells. It should also be noted that FAP has been
shown to also be expressed by a few other cell
types other than CAFs, although CAFs are the pre-
dominant FAP-expressing cells [51].

Our initial investigations of the impact of ex vivo
culturing on different cell types show that CAFs
and especially leukocytes are negatively affected
by the cell culture conditions, or they simply
become overgrown by the cancer cells. In either
case, this could potentially cause an
underestimation of the importance of mainly
leukocytes, but also CAFs, for internalization of
collagen. Although their abundance diminished,
the use of a live/dead marker in the initial gating
ensures that the cells identified are viable. Still,
the large differences in abundance between the
different populations could affect the interpretation
of their importance. To account for this, collagen
internalization was depicted as MFI to reflect the
average uptake per individual cell.

Using intravital microscopy it was previously
shown that collagen in skin and in tumors is
mainly internalized by M2-like macrophages with
little contribution from fibroblasts [26,43]. This
method was also used to determine that TAMs
are the main tumor-associated collagen-
internalizing cell type when this process is modeled
in vivo [26]. However, the visualization of collagen
internalization in situ does not permit accurate
quantification of collagen internalization nor does it
allow for determination of the relative contribution
of the involved cell types. In this study, using a flow
cytometry-based internalization assay, we were
able to compare the contribution of TAMs and CAFs

to the total process of collagen internalization. The
findings of this study show a more prominent role
of CAFs in collagen internalization when compared
with all TAMs (Fig. 2A and C). However, it cannot be
excluded that the relatively large contribution from
fibroblasts observed in our study was due to an
increased activation caused by the ex vivo culture,
since high levels of collagen internalization by
fibroblasts have been shown before in in vitro stud-
ies [23,24,44]. When comparing collagen internal-
ization by CAFs with TAMs divided into MR* and
MR~ subpopulations, it was evident that the MR*
TAMs were the most efficient collagen-
internalizing cell type (Fig. 2F and G). This supports
the previous notion that MR* M2-like macrophages
are the predominant collagen-internalizing cell type,
with a minor contribution from MR~ M1-like macro-
phages [26]. Although MR* macrophages internal-
ized collagen more efficiently than MR~
macrophages in our study, the internalization by
the MR-deficient macrophages was not completely
ablated, pointing towards the existence of an alter-
native internalization route. This could potentially
involve uPARAP as it has been shown to be
expressed on macrophages and to mediate colla-
gen internalization by macrophages in vivo,
although to a lesser extent than MR [43,52,53]. Fur-
thermore, macropinocytosis has been suggested to
constitute an additional pathway of collagen inter-
nalization in macrophages [54,55].

Altogether, these findings provide insights into the
complete collagen degradation pathway active in
tumors. Our study establishes CAFs, as the
central cell type responsible for the initial cleavage
of collagen, and CAFs and M2-like TAMs as the
predominant cells engaged in the internalization of
the released collagen fragments for complete
intracellular degradation.

Experimental procedures

Animal experiments

Animal experiments were performed in
accordance with institutional guidelines and
approved by the animal experiments inspectorate
in Denmark. Mrc1*~ mice in a C57BL/6
background were interbred to generate Mrc1~/~
mice and littermate Mrc1** control mice.
Genotyping was performed as previously
described [43].

Tumor models

Lewis lung carcinoma (LL/2) cells (American
Type Culture Collection (ATCC)) were cultured in
DMEM (Thermo Scientific) with 10% fetal bovine
serum (FBS) and 1% Penicillin-Streptomycin (P/S)
(Gibco by Life Technologies). The EO771.LMB
cell line was kindly gifted from Prof. Robin L.
Anderson (Olivia Newton-John Cancer Research
Institute, Heidelberg, Australia) and cultured in
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DMEM with 20% FBS, 1% P/S and 20 mM HEPES
(Gibco). For some experiments, the cell lines were
transduced to stably express GFP by lentiviral
transduction.

Female C57BL/6 mice or mixed-sex Mrc1
mice and littermate Mrc1** control mice were
injected subcutaneously with 500,000 LL/2 cells in
100 uL DMEM on each flank. After 10—-14 days,
the mice were sacrificed, and the tumors were
excised. For orthotopic injections with EO771.
LMB, mice were anaesthetized using isoflurane
and 500,000 cells in 50 uL PBS were injected in
the mammary fat pad around the 4th nipple.

/-

Multicolor flow cytometry

After excision, tumors were finely diced and
incubated in digestion buffer (2.1 mg/mL bacterial
collagenase type | (Corning) and 75 ng/mL DNase
I (Worthington) in RPMI (Gibco by Life
Technologies) supplemented with 1% Penicillin-
Streptomycin) with rotation overnight at 4 °C for
single cell isolation. The following day, the tumors
were incubated at 37 °C with gentle shaking for
15 min before the suspension was pipetted up and
down to mechanically dissolve any remaining
clumps. The suspension was filtered twice through
70 pm cell strainers (Corning), centrifuged at
300xg for 5 min, and the supernatant was
discarded. Red blood cells were lysed by
resuspending the cells in 2 mL RBC lysis buffer
(Sigma-Aldrich), pipetting gently up and down for
30 s and leaving it still for 2 min before diluting the
RBC lysis buffer with RPMI with 10% FBS and 1%
P/S. The cells were centrifuged at 300xg and
resuspended in staining buffer (5 mM EDTA, 0.5%
bovine serum albumin in PBS (Lonza)) before
staining. Antibody panels are listed in table S1.
When using non-GFP-expressing tumors,
ZombieAqua was used for dead cell exclusion.
When using GFP expressing tumors, the
Invitrogen™ LIVE/DEAD™ Fixable Near-IR Dead
Cell Stain was used for dead cell exclusion.
Fluorescence minus one (FMO) controls or
isotype controls were included. Stained cells were
washed in staining buffer and analyzed using a
FACSCanto Il (BD Biosciences). Data was
analyzed using FlowJo software.

CD45 enrichment

Cells were blocked for 10 min at 4 °C with murine
FcR-blocking reagent (Miltenyi Biotec) before the
CD45* and CD45™ fractions of tumor suspensions
were isolated with anti-CD45 MicroBeads (Miltenyi
Biotec) according to the manufacturers
instructions.

Fluorescence-activated cell sorting (FACS)

After CD45 enrichment, the CDA45-negative
fraction was used to sort FAP* CAFs and GFP™*

cancer cells. The cell suspensions were stained
with Invitrogen™ LIVE/DEAD™ Fixable Near-IR
Dead Cell Stain (Fisher Scientific) and biotinylated
anti-FAP/Streptavidin-BV421. After staining, the
cells were resuspended in staining buffer at 10’
cells/mL and sorted using a FACSMelody (BD
Biosciences).

Radioidodination

Labeling of collagen with I'®® was performed by a
modification of a procedure previously described
[56]. Briefly, 3 mg of lodogen was dissolved in
25 mL chloroform. 100 L was added to a glass tube
and left overnight on an agitation table in a fume
hood to let the solution evaporate. 20 pg of rat tail
tendon collagen type | (Corning) was dissolved in
0.1 M Tris-HCI, pH 7.6. 1 mCi of 12 (Perkin Elmer)
was added to the tube to a total volume of 100 pL
and the labeling proceeded at room temperature
with agitation for 10 min. The reaction was then
stopped by addition of 900 uL 0.1 M Tris-HCI, pH
8.1, 0.01% Tween 80. Finally, the solution was
desalted by gel filtration.

Fluorescence-labeling of collagen

For the internalization assay, collagen was
labeled by a modification of a procedure
previously described [57]. Briefly, rat tail tendon col-
lagen type | (Corning) (1 mg/mL final concentration)
was polymerized by gently mixing with 13 mM HCI
before addition of a neutralizing buffer to reach a
final pH of 7.4. The mix was incubated at 37 °C
for 112-2 h, washed once with sterile PBS before
addition of PBS to a total volume of 6 mL and then
0.8 mL 1 M sodium bicarbonate. A vial of Alexa
Fluor 647 (A647) fluorescent dye (Life Technolo-
gies) dissolved in 0.5 mL PBS was immediately
added and incubated with gentle shaking for two
hours at room temperature. Unbound dye was
removed by regular washing with PBS for 2—-3 days.
The labeled collagen was washed once with water
to remove PBS and then washed very briefly in
13 mM HCI. The collagen was left overnight stirring
at 4 °C in 13 mM HCI. The following day any small
leftover fibrils were removed by centrifugation at
20000xg for 60 min at 4 °C.

Collagen degradation assays

For some degradation assays, '*°l-labeled
collagen was incorporated into trypsin-resistant
collagen matrices [23,35]. Briefly, rat tail tendon col-
lagen type | (500 ug/mL final concentration) was
acidified and then brought to neutral pH by addition
of appropriate volumes of 13 mM HCI followed by a
neutralizing buffer. A trace amount of 2°|-labeled
collagen was immediately added to obtain a final
radioactivity of 500,000 CPM/mL before each well
of a 24-well tissue culture plate was coated with
350 pL of this solution. The collagen was incubated
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for2—4 h at 37 °C to allow the collagen to polymerize
before being left to dry in a flow hood for two days.
Before use, the collagen matrices were washed
three times in sterile water and left 24 h at room
temperature in PBS. Tumor single-cell suspensions
were added, using 0.5 x 10° cells/well in 500 pL
RPMI with 10% FBS and 1% P/S in 24-well plates.
Where indicated, 10 nM TNF-o (PeproTech), 1 nM
IL-1B (PeproTech), 20 uM GM6001 (Calbiochem),
10 uM aprotinin (Sigma-Aldrich), 20 pM E-64d
(Sigma-Aldrich) or 10 pM leupeptin (Sigma-
Aldrich) were added to the culture medium. After
two days of culture, collagen degradation was mea-
sured as the release of radioactivity into the super-
natant using a Wizard® gamma counter (Perkin
Elmer).

Alternatively, collagen matrices were prepared as
described above, without incorporation of '2°I-
labeled collagen and without 24 h of incubation
with PBS [37,38]. Complete tumor single-cell sus-
pensions, the CD45" fraction, CD45~ fractions,
sorted FAP™ CAFs or GFP* cancer cells were
added, using 500,000 cells/well in 350 pL RPMI with
10% FBS and 1% P/S in 24-well plates. Due to the
larger size of these cells, 300,000 cells/well of
sorted CAFs and cancer cells were used. Where
indicated, 10 nM TNF-o, 1 nM IL-13, 20 uM
GM®6001 or 10 uM aprotinin were added to the cul-
ture medium. After two days of culture, the culture
supernatants were collected and an MMP-
generated collagen type | degradation product
(C1M) released to the culture medium was mea-
sured using a competitive ELISA developed by Nor-
dic Bioscience [40,58]. Briefly, 96-well pre-coated
streptavidin plates were coated with biotinylated
peptides specific for the C1M peptide and incubated
for 30 min at 20 °C. Standard peptide or super-
natant were added followed by addition of
peroxidase-conjugated monoclonal antibodies and
incubated for 20 h at 4 °C. Next, tetramethylbenzini-
dine (Kem-En-Tec Diagnostics, Denmark) was
added and incubated for 15 min at 20 °C followed
by adding 1% sulfuric acid to stop the reaction.
The absorbance was measured at 450 nm with
650 nm as reference and analyzed using the Soft-
max Pro v. 6.3 software.

Ex vivo collagen internalization assay

For quantification of ex vivo collagen
internalization by cells of the TME, LL/2 or EO771.
LMB tumors were dissociated to single-cell
suspensions and directly cultured overnight with
A647-labeled soluble collagen and analyzed by
flow cytometry, as described above.

Statistical analyses

All statistical tests were performed using
GraphPad Prism 8. Unpaired two-tailed Student’s
t-test or Mann-Whitney test were used where
appropriate for comparison of two groups. One-

10

way ANOVA was used for comparison of three
groups or more with post hoc Fisher's LSD test or
Tukey’s multiple comparisons test.
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