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SUMMARY

Although cancer cachexia is classically characterized as a systemic inflammatory disorder,
emerging evidence indicates that weight loss also associates with local tissue inflammation. We
queried the regulation of this inflammation and its causality to cachexia by exploring skeletal
muscle, whose atrophy strongly associates with poor outcomes. Using multiple mouse models
and patient samples, we show that cachectic muscle is marked by enhanced innate immunity.
Nuclear factor B (NF-xB) activity in multiple cells, including satellite cells, myofibers, and
fibro-adipogenic progenitors, promotes macrophage expansion equally derived from infiltrating
monocytes and resident cells. Moreover, NF-xB-activated cells and macrophages undergo
crosstalk; NF-xB* cells recruit macrophages to inhibit regeneration and promote atrophy but,
interestingly, also protect myofibers, while macrophages stimulate NF-xB* cells to sustain an
inflammatory feedforward loop. Together, we propose that NF-xB functions in multiple cells in
the muscle microenvironment to stimulate macrophages that both promote and protect against
muscle wasting in cancer.

In brief

We demonstrate that NF-xB functions in multiple cells in skeletal muscle to expand macrophages
during cancer cachexia, deriving from infiltrating monocytes and resident cells. Macrophages
contribute to muscle wasting and preservation of myofibers. They also crosstalk with muscle stem
cells, myofibers, and fibro-adipogenic progenitors to sustain NF-xB activity and inflammation.

Graphical abstract
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INTRODUCTION

Cancer cachexia is a debilitating syndrome characterized by unintentional weight loss due
to the depletion of adipose and skeletal muscle mass.! Cachexia occurs in at least half of all
patients with cancer and is estimated to account for greater than 20% of all cancer deaths.?
In pancreatic ductal adenocarcinoma (PDAC), which has a 5-year survival rate of 13%,3
the cachexia burden can be as high as 80%, associating with poor outcomes.*> Mitigating
cachexia has the potential to increase survival and the quality of life of patients with cancer.
However, other than one approved product in Japan,® no effective treatment for cachexia

currently exists, underscoring the need to increase our understanding of this disease.

Although cachexia affects multiple organs, it is the wasting of muscle that contributes
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most to the loss of body weight and underlying weakness, fatigue, and frailty. Significant
advances have been made in comprehending the mechanisms of muscle wasting. Tumor and
host factors signal to muscle myofibers to activate the ATP-dependent ubiquitin proteasome
and lysosomal autophagy systems,’ which in turn mediate muscle protein breakdown and
reduced muscle mass.8 Furthermore, tumor-associated reductions in insulin growth factor
signaling in myofibers lowers Akt/mTOR activity and inhibits protein synthesis, leading to

exacerbated muscle loss.®

Aside from these signaling cues that act intrinsic to the muscle fiber, tumor factors also
regulate muscle wasting by signaling outside the myofiber, specifically on muscle stem

Cell Rep. Author manuscript; available in PMC 2025 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pryce et al.

RESULTS

Page 4

cells (MuSCs), to impair their differentiation in response to tumor-induced injury.19 This
exacerbates muscle atrophy due to the proteolytic pathways acting within the myofiber.10
Such events predict that muscle atrophy in cancer occurs by a combination of protein
breakdown, inhibition of protein synthesis, and impairment of muscle regeneration.1°

While the precise tumor-associated factors that regulate myofiber atrophy and impair muscle
regeneration remain to be fully identified, it has been assumed that such factors associate
with systemic inflammation, characteristic of cancer cachexia.? In animal studies, circulating
levels of cytokines tumor necrosis factor (TNF), interleukin (IL)-6, IL-1B, and interferon
(IFN)-vy are elevated in cachexia and contribute to muscle catabolism and impaired muscle
regeneration /n vitroand in vivo.Xl However, whether similar levels of cytokines associate
with cachectic patients with cancer is not as clear.12-15 Aside from their systemic effects,
we considered the possibility that inflammatory factors also promote muscle wasting by
functioning at a more local level, within the tissue microenvironment. This notion is
consistent with past findings in the Walker 256 model of cancer cachexia, where adipose
loss associated with infiltrating macrophages,6 or in a transplant model of PDAC where
weight loss resulted from increases in neutrophils in the hippocampus.1’ A separate study
with autopsy muscles from patients with PDAC showed elevated macrophages.18 Such
evidence supports that cancer cachexia associates with local tissue inflammation. However,
what underlying mechanisms regulate muscle inflammation in cancer, and what its causality
is to cachexia, remain largely unknown.

In this study, we find that muscle inflammation indeed associates with tumor-induced
cachexia and reveal that local expression of inflammatory factors and recruitment of immune
cells are largely under the control of nuclear factor xB (NF-xB). We further show that
NF-xB orchestrates this local inflammatory environment by functioning in multiple cellular
compartments and by participating in a signaling crosstalk with macrophages to regulate
various activities relevant to muscle loss in cancer.

Muscle wasting in cancer cachexia associates with the accumulation of innate immune

cells

Since muscle regeneration in acute and chronic injury is dependent on an immune
response,19 and muscle injury has been described in cancer cachexia, 1920 we speculated that
local inflammation existed in cachectic muscle. Thus, inflammatory cytokines TNF, IL-1p,
and IL-6 were analyzed in hindlimb muscles from three mouse models of cancer cachexia,
Colon-26 (C-26), Lewis lung carcinoma (LLC), and a more recently described genetic
model of PDAC (KPP).21 A general elevation of these cytokines was observed (Figure
S1A). When this analysis was expanded using a panel of inflammatory genes, muscles

from C-26, LLC, and to a lesser degree KPP displayed clusters of elevated expression

of inflammatory genes compared to control (Figure 1A). These findings demonstrate that
muscle inflammation associates with cancer cachexia.

Since cytokines regulate accumulation of immune cells during muscle injury,1® flow
cytometry was used to determine the immune cell composition of cachectic muscle (Figure
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S1B and gating strategy in Figure S1C). Increases in the total number of CD45* cells

were observed in the C26 and LLC models (Figure S2A). Myeloid cells, as a percentage

of CD45™ cells, were elevated in cachectic muscle from LLC and KPP models, reflecting
increases in macrophages, neutrophils, and to a lesser degree eosinophils (Figure 1B). A
similar trend occurred with total macrophages, neutrophils, and eosinophils in C-26, LLC,
and KPP mice (Figure S2A). In contrast, lymphoid cells were elevated in muscles from C-26
tumor mice but reduced in LLC and KPP mice (Figure 1C). This regulation was reflected in
CD4* T cells and T regulatory cells (Tregs). Similar trends occurred in CD4*, CD8*, Tregs,
and natural killer (NK) cells (Figure S2A). Immunohistochemical staining with CD11b
confirmed the increase in myeloid cells in C-26, LLC, and KPP muscles (Figures S2B

and S2C). Although CD11b is also expressed in lymphoid cells,?? little was detected on
CD4" or CD8* T cells in muscle, and <2% was expressed on NK cells (Figure S1B and
S1C; denoted by CD161*, CD11b* staining), suggesting that, in skeletal muscle, CD11b is
preferentially expressed in myeloid cells. F4/80 staining confirmed that increases in myeloid
cells in cachectic muscles were representative of macrophages (Figure S2D).

To examine the relationship to patients, muscle biopsies from patients with PDAC with or
without cachexia were examined. Results showed that IL-1p and IL-6 were significantly
increased in muscles from patients with cachexia (Figure S2E). Muscle sections also
exhibited a significant increase in myeloid cells in muscles from patients with cachexia
compared to patients that were weight stable and controls (Figures 1D, 1E, and S2F).
Cumulatively, these results show that cancer cachexia associates with local muscle
inflammation, predominantly associating with innate immune cells.

Muscle inflammation in cancer cachexia is regulated by NF-xB from multiple cell types

Previously, we found that MuSCs were activated in cachectic muscle but were unable to
complete differentiation due to a persistent NF-xB signal.10 As NF-xB also stimulates the
expression of inflammatory genes in MuSCs23 and blocks their differentiation to contribute
to muscle atrophy,10 we postulated that NF-xB functions in these MuSCs during cachexia
to regulate local muscle inflammation. To test this, we deleted NF-xB by conditionally
ablating IKK kinase, which controls NF-xB activity, using Pax7-Cret”; IKKB ™ mice.10
Although total hindlimb muscle failed to detect differences in expression of 7NF, /L-1p,
and /L-6 cytokines between LLC tumor-bearing Pax7-CrefR; IKKB " mice and control
(Figure 2A), a striking reduction in cytokines was seen when this analysis was repeated
with mononuclear cells enriched for MuSCs (Figure 2B). This supported the conclusion
that NF-xB regulates inflammation from MuSCs in cachectic muscle. To determine the
extent of this regulation, we performed RNA sequencing (RNA-seq) from the same
population of mononuclear cells described above from Pax7-CreR; IKKB 7 muscles.

In differentially expressed genes with a fold change greater than 2 (0 < 0.05), 223 genes
were downregulated, and 56 genes were upregulated in the absence of NF-xB (Figure 2C),
revealing that NF-xB acts primarily as a transcriptional activator in the setting of cachexia.
Additionally, gene ontology showed that the top classes of genes regulated by NF-xB from
MuSCs associated with immune responses (Figure 2D). These included chemokines (C-C
motif) ligand 2 (CCL2), also referred to as monocyte chemoattractant protein 1 (MCP-1);
(C-X-C motif) ligand 1 (CXCL1I), and (C-X-C motif) ligand 2 (CXCLZ2). We confirmed
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that these chemokines were generally elevated in hindlimb muscles from C-26, LLC, and
KPP mice (Figure S3A). Similar to inflammatory cytokines, CCL2, CXCL1, and CXCL2
expression levels did not change between total Pax7-CrefR; IKKB " and IKKpB "M
muscles (Figure S3B), whereas chemokines were strongly repressed when analyzed from
mononuclear populations (Figure 2E). In addition, staining with CD11b and flow cytometry
using F4/80 showed that macrophages were significantly reduced in Pax7-CrefR; IKKB

U/l muscles from LLC-bearing mice compared to control (Figures 2F and 2G, and S3C).
These results suggest that NF-xB functions in MuSCs as a regulator of muscle inflammation
during cancer cachexia.

Given that NF-xB regulates inflammatory signals from myofibers in a mouse model

of muscular dystrophy,24 we asked whether myofibers are also involved in regulating
muscle inflammation in cachexia. Examination of inflammatory genes showed significant
reductions in /L-1p, IL-6, and CCL2in HSA-CretR, IKKB ™ compared to /KK "1
myofibers (Figure 2H), which corresponded to a similar reduction in macrophages (Figures
21, 2J, and S3D). Taken together, our data suggest that macrophage accumulation in
cachectic muscle is NF-xB dependent, and this dependency derives from a signaling activity
localized to both MuSCs and myofibers.

Recent scRNA-seq results recognize fibro-adipogenic progenitors (FAPs) as one of the
predominant mononuclear cell populations in resting skeletal muscle, and, during muscle
injury, FAPs expand and transition to an activated phase, characterized by the expression

of inflammatory genes.2> We asked whether a similar phase of activation occurs in FAPs

in cachectic muscle. Thus, we performed scRNA-seq on CD45~ cell fractions collected
from muscles of C-26, KPP, and patients. We utilized uniform manifold approximation

and projection (UMAP) to visualize individual transcriptomes of all CD45~ cells in the
unified dataset, and unsupervised shared nearest-neighbor clustering separated cells into
expected cellular subtypes in C-26 muscle samples. In C-26 muscles, segregation of
populations compared to control revealed striking differences among FAPs (Figure S3E).
Furthermore, graph-based clustering of FAPs revealed 10 distinct subpopulations, with
some being exclusively restricted to either control or C-26 muscles (Figures 3A and 3B).
CCL2 CCL7, and CXCL1 were enriched in clusters 0 and 1 in cachectic muscle (Figure
3C), similar to their elevation in FAPs residing in injured muscle.25 A parallel analysis
performed in KPP mice showed an analogous number of cell clusters and proportions,
comparable to C-26 muscles (Figure S3F). The subcluster of FAPs revealed 13 distinct
populations between KPP and control muscles (Figures 3D and 3E), and similar increases
in inflammatory genes from FAPs in KPP muscles associated with selected clusters (Figure
3F). To assess the significance of our findings, we performed scRNA-seq on CD45™ cells
isolated from muscles of a control, wild-type (WT) stable, and cachectic patients with
PDAC; the latter two were collapsed into one sample due to low cell recovery. Segregation
of populations compared to a control patient showed fewer differences among FAPs as seen
with the C-26 and KPP models (Figure S3G). However, clustering of FAPs identified eight
distinct populations that segregated between patients and revealed subpopulations that were
unique to control and patients with PDAC (Figures 3G and 3H). Although PDAC patients
with cachexia exhibit even less inflammation compared to mouse models,3 activated FAP

Cell Rep. Author manuscript; available in PMC 2025 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pryce et al.

Page 7

populations in muscles from patients with PDAC remained apparent, as shown by expression
of the inflammatory chemokine CXCL 14, enriched in clusters 0, 4, and 6 (Figure 3I).

From these results, we speculated that FAPs contributed to an inflammatory environment in
cancer cachexia and, further, that NF-xB was involved in regulating this activity. Staining
with the activated form of the p65 subunit showed that NF-xB co-localized to platelet-
derived growth factor receptor-alpha-positive (PDGFRa*) FAPs, and this signal increased
in C-26 muscles, as well as in patients with PDAC and cachexia (Figures 3J and 3K).

We next examined whether this NF-xB activity contributed to inflammation in cachectic
muscle. Deletion of IKK from FAPs using PDGFRa-CrefR; IKKB " mice caused a
reduction of macrophages in LLC tumor-bearing mice compared to control, which correlated
with significant decreases in whole-muscle expression of cytokines and chemokine genes
(Figures 3L and 3M and S3H). Although we had previously shown that deletion of IKK
from MuSCs in LLC tumor-bearing mice rescued cachexia, 10 interestingly, here ablation
of IKKp from FAPs proved unsuccessful in achieving a similar rescue, as determined

by outcome measures on body weight and muscle mass from two fast-type hindlimb
muscles (Figures S3I and S3J). There was also no difference in tumor mass (Figure S3K).
Nevertheless, when taken together, our data suggest that macrophage-mediated muscle
inflammation in cancer cachexia is regulated by NF-xB signaling derived from multiple
cell types in the muscle microenvironment.

Macrophages accumulate in cachectic muscle from circulating monocytes and expanding
resident cells

Since recruitment of circulating monocytes into skeletal muscle is regulated by
chemokines,19 we next asked whether macrophage accumulation in cachectic muscle results
from chemokines derived from different cellular compartments active in NF-xB. To test
this, we first utilized CRISPR-Cas9 to knock down CCLZ2, CXCL1, and CXCLZ2from
C2C12 myoblasts, which effectively reduced chemokine levels in conditioned media by
45%, 65%, and 63%, respectively (Figure 4A). Media from these myoblasts significantly
reduced macrophage migration compared to control (p< 0.05 ; Figures S4A and 4B).

This suggests that myoblasts secrete chemokines, likely under the control of NF-xB, to
regulate recruitment of immune cells into muscle. We tested this /7 vivo by comparing
both LLC Pax7-CrefR, CCL2" and HSA-CrefR; cCL2" mice to controls. In both lines,
there was a significant reduction of macrophages in cachectic muscle (Figures 4C and

4D), suggesting that NF-xB acts in MuSCs and myofibers to secrete CCL2 and regulate
macrophage accumulation.

To determine the origin of these macrophages, bone marrow cells from either CD45.2

or CD45.1 mice were transplanted into CD45.2 recipient C57BL/6 mice. After recovery,
mice were injected with tumor cells and mononuclear cells were subsequently recovered
from skeletal muscle following the development of cachexia. CD45.1* cells increased
(Figure S4B), suggesting that a significant portion of immune cells in cachectic muscle
derives from an infiltrating population. To verify our findings, bone marrow from CCRZ™/
~ mice, which lack the receptor required for CCL2 signaling, were transplanted into
C57BL/6 recipient mice, and LLC cells were subsequently injected. Muscles from CCR2™"
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transplants contained a significant reduction of macrophages compared to WT transplants
(Figure 4E). This confirmed that circulating monocytes contribute to muscle inflammation in
cancer in response to an NF-xB-mediated CCL2/CCR2 signal. However, using a separately
designed antibody panel to detect tissue-resident macrophages (Figure S4C and gating
strategy in Figure 4F), we estimated that, of the macrophages that accumulated in cachectic
muscles from C-26, LLC, and KPP models, 56%, 69%, and 40% of these cells, respectively,
originated from a tissue-resident pool (Figure 4G). Thus, both infiltrating and resident
macrophages contribute nearly equally to total macrophages that accumulate in cachectic
muscle. Significantly, deletion of NF-xB from MuSCs, myofibers, or FAPs, resulted in the
reduced expansion of both infiltrating and resident macrophages (Figure 4H), suggesting
that the total accumulation of macrophages in cachectic muscle is NF-xB dependent.

Macrophages both promote and protect against muscle wasting in cancer cachexia

Next, we addressed the causality of macrophage accumulation in cachectic muscle. To make
this determination, macrophages were depleted from muscles of C-26 tumor mice with

a liposome-encapsulated clodronate suspension (Figure 5A). Macrophage depletion was
confirmed at endpoint by flow cytometry (Figure 5B). Although not significant, clodronate
reduced tumor weight by approximately 20%, while body weight was unaffected (Figure
5B). Conversely, mass of the tibialis anterior (TA) and quadricep (QUAD) muscles were
significantly increased by 30% and 33%, respectively (p < 0.05), while the gastrocnemius
(GAST) muscle was modestly increased by 16% (Figure 5C). Concordantly, muscle cross-
sectional area of the TA was increased (Figures 5D and 5E), which coincided with a
decrease in expression of the E3 ubiquitin ligase atrophy markers, MuRF1 (7Trimé63) and
Atrogin-1 (MAFbx/Fbxo32) (Figure 5F).8 Such results imply that macrophages contribute to
muscle wasting in cancer cachexia.

Since NF-xB promotes muscle wasting by blocking MuSC regeneration, 9 and since

our current data indicate that NF-xB is required for macrophage accumulation in
cachectic muscle (Figure 2), we asked whether macrophages promote muscle wasting

by inhibiting MuSC regeneration. To this end, proliferating myoblasts were tracked with
bromodeoxyuridine (BrdU) (Figure 5A). Results showed an appreciably higher number of
sublaminar BrdU* myonuclei from clodronate compared to vehicle-treated tumor-bearing
mice (2.7-fold; p < 0.01; Figures 5G and 5H). This shows that depleting macrophages
increases the fusion of BrdU* myoblasts from the muscle interstitium into myofibers,
resulting in a rescued regenerative program.

While these data support that macrophages promote muscle wasting in cachexia, several
caveats were noted. First, since macrophages are required for tumor progression,28 and
their numbers are decreased in tumors from clodronate-treated mice (Figure S5A), we
speculated that clodronate might indirectly affect tumor growth and thus alter cachexia.?’
Second, because clodronate suspensions are not absorbed in skeletal muscle, depletion is
limited to macrophages derived from the circulation while the resident pool is spared. Our
findings showed that resident cells modestly declined, likely resulting from an indirect
effect (Figure S5B). Based on these caveats, we performed an additional experiment using
CD11b-dipththeria toxin receptor (DTR) mice and administered diphtheria toxin (DTA)
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intramuscularly, which should deplete both infiltrating and resident macrophages while
having minimal impact on the tumor. Since DTR mice are in a C57BL/6 background, we
utilized LLC tumor cells. DTA was subsequently injected into the TA (Figure 51). Findings
showed that DTA administration minimally impinged on tumor-associated macrophages
while depleting both muscle-associated infiltrating and resident macrophages (Figures 5J,
S5C, and S5D). In addition, DTA had no effect on tumor weight or body weight (Figure

5J) and, following BrdU injections, increased sublaminar BrdU* nuclei compared to control
(1.46-fold; p < 0.05; Figures 5K and 5L), suggestive of enhanced regeneration. Interestingly,
although no change in muscle mass was observed (Figure 5M), DTA treatment surprisingly
reduced TA type I1A and I1B/X fiber sizes by 30% and 20%, respectively, while also
increasing expression of MuRFI1 and Atrogin-1 (Figures 5N-5P). Such findings suggested
that, while the removal of macrophages rescued regeneration, their loss also promoted
myofiber atrophy.

To verify our results, we repeated DTA experiments by backcrossing CD11b-DTR mice
into a CD2F1 background and administered C-26 tumor cells (Figure S5E). Results

were consistent with LLC mice, in that tumor weight and body mass were unchanged,
regeneration was again significantly increased (2.1-fold, p < 0.05), but TA mass was
decreased (33%, p < 0.05), along with reductions in fiber types IlA and 11B/X (35% and
23%, respectively; p < 0.05) (Figures S5F-S5K; p < 0.05). Taken together, these findings
suggest that macrophages in cachectic muscle exhibit both pro- and anti-atrophy activities.

From the results above, we speculated that these distinct functions of macrophages in
cachectic muscle are mediated through distinct cellular subtypes. Using flow cytometry

to characterize macrophages accumulating in C-26 and KPP muscles (Figures S5L and
gating strategy in Figure S5M), we observed that their increase almost entirely consisted of
unpolarized and anti-inflammatory populations (Figures 6A and 6B). Smaller populations
that remained represented pro-inflammatory and a mixture of macrophage subtypes. In KPP
muscles, we further observed that anti-inflammatory macrophages accumulated early, by day
75 dpi (Figure 6B), a time when PDAC, but not muscle atrophy, has initiated.2! Interestingly,
this inflammation subsided over time, coinciding with muscle loss (Figure 6B).21

To test if pro-inflammatory or anti-inflammatory subtypes of macrophages have distinct
functions in cachectic muscle, co-cultures with C2C12 myoblasts and bone marrow-
derived macrophages were prepared. Under differentiation conditions, pro-inflammatory
macrophages potently inhibited myoblast differentiation into myotubes, consistent with
other reports (Figure 6C and 6D).28 However, contrary to these same reports, we observed
that anti-inflammatory macrophages also possessed myogenic inhibitory activity. When
co-cultures were repeated with pre-differentiated myotubes, pro-inflammatory macrophages
induced atrophy, decreasing myotube diameter by 42% (p < 0.01) (Figures 6E and 6F). In
comparison, anti-inflammatory macrophages did not affect myotube diameter, suggesting
that these cells possess a maintenance function. To test this, co-cultures were repeated with
pre-differentiated myotubes. The addition of pro-inflammatory macrophages once again
induced atrophy. However, further addition of anti-inflammatory macrophages at increasing
concentrations that approached physiological ratios (Figure 6B; KPP, day 75) rescued
myotube atrophy (Figure 6G). These findings suggest that distinct subtypes of macrophages

Cell Rep. Author manuscript; available in PMC 2025 January 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pryce et al. Page 10

accumulate in cachectic muscle with distinct functions. Although pro-inflammatory and, to
some degree, anti-inflammatory macrophages promote atrophy by inhibiting regeneration,
anti-inflammatory macrophages function in maintaining myofiber size.

Phenotyping macrophages in cachectic muscle

We extended the characterization of macrophage subtypes in cancer cachexia by isolating
mononuclear cells from C-26 and KPP muscles, enriched for CD45* fractions, and
sequencing at the single-cell level. UMAPs visualized individual transcriptomes of all
CD45* cells in the unified dataset. Unsupervised shared nearest-neighbor clustering
separated cells into neutrophils, macrophages, T and B cells, NK cells, and dendritic cells, as
well as some endothelial and stromal cells, which represented contaminating populations
(Figures 7A and S6A). We then reclustered macrophages and identified a total of 12

distinct populations in C-26 muscles and 10 populations in KPP muscles that segregated
between control and cachectic muscles (Figures 7B and S6B). In each dataset, macrophage
subclusters were named based on genes with enriched expression in their respective clusters.
For the C-26 dataset, the S100a9and Lyvel subclusters made up the largest percentages

of macrophages (Figures S6B and S6C). In contrast, KPP muscle was enriched in a Ccr2
subcluster as well as a unique Lyvel population (Figures 7B and 7C). Gene Ontology
pathways revealed that both Cer2and S100a9 subclusters from KPP and C-26 models,
respectively, were associated with ontologies related to bacterial infection and inflammation,
suggesting that these populations are likely more pro-inflammatory in nature (Figures 7D
and S6D). S100A9 acts as an endogenous ligand for pro-inflammatory receptors, Toll-like
receptor 4 (TLR4), and receptor for advanced glycosylation end products (RAGE), and its
elevated levels associate with inflammatory disease.29-30 Conversely, Lyve1 clusters were
distinguished by genes associated with endocytosis (Figures 7E and S6E). Lyvel clusters
from C-26 and KPP muscles expressed several established tissue-resident macrophage
markers, Mef2c and Tcf4,3! suggesting that these cells are resident in origin (Figures 7F
and S6F). This population also expressed CD206, an anti-inflammatory marker used to also
identify resident cells.3!

To assess whether these macrophage phenotypes are recapitulated in human cachectic
muscle, we performed similar sScRNA-seq on patient samples. Unsupervised shared nearest-
neighbor clustering between control and patients with PDAC separated cells into myeloid
and lymphoid populations similar to those identified in C-26 and KPP muscles (Figure
7G). Re-clustering macrophages revealed similar distinct populations enriched in patients
with PDAC compared to those identified in cachectic muscles from mouse models (Figures
7H and 71). Patients with PDAC were also proportionally enriched in SZ00A9and LYVEI-
expressing subclusters compared to the control patient (Figures 7H and 71). Similar to

C-26 and KPP muscles, the SI00A9 subcluster was linked with response to bacterial
infection. The LYVEZ subcluster exhibited gene ontologies associated with endocytosis
(Figures 7J and 7K) and was enriched in the resident macrophage markers Mef2c and Tcf4
as well as CD206 (Figure 7L). Conversely, the SI00A9 cluster expressed pro-inflammatory
genes, devoid of resident markers (Figure 7L). Taken together, these analyses indicate

that S100A9-expressing populations are pro-inflammatory macrophages and originate from
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infiltrating monocytes and LY'VEI subclusters represent resident macrophages with potential
anti-inflammatory properties.

Macrophages crosstalk with multiple cell types via NF-xB to regulate cachexia

Since we showed that NF-xB functioned in different cell types to recruit macrophages
(Figures 2 and 3), we asked whether macrophages themselves were involved in crosstalk
with these cells. We utilized similar co-cultures to those described above, with the

exception that target cells contained an NF-xB luciferase reporter. With myoblasts,

results showed that pro-inflammatory macrophages activated NF-xB, impressively, even
when macrophages were seeded at a 1:50 macrophage-to-myaoblast ratio (Figure S7A).
Anti-inflammatory macrophages also activated NF-xB, albeit to lower levels. However,
NF-xB was not activated when myoblasts were co-cultured with mouse embryonic
fibroblasts (Figure S7B), suggesting a selective signaling interplay between myoblasts

and macrophages. Further, results showed that pro-inflammatory and, to a lesser degree,
anti-inflammatory macrophages were capable of stimulating myoblasts to express NF-xB-
regulated chemokines CCL2, CXCL1, and CXCL2 (Figure S7C). To inquire if soluble
factors mediated this crosstalk, we investigated TNF and IL-1p, since both cytokines
potently activate NF-xB. In co-culture assays, 7AVF /= but not /L-187"~ pro-inflammatory
macrophages reduced NF-xB activity (Figure S7D and S7E). A similar reduction was not
seen with TAVF~ or /L -1/~ anti-inflammatory macrophages (Figure S7F and S7G). These
results imply that pro-inflammatory and anti-inflammatory macrophages crosstalk with
MuSCs in cachectic muscle, through NF-xB, via variable secreted factors. Using similar
co-culture assays, we explored whether macrophages crosstalk with myotubes and FAPs.
Results showed that both pro-inflammatory and anti-inflammatory macrophages activated
NF-xB (Figures S7H and S7J) and chemokine expression in both cell types (Figures S71 and
S7K). Such findings imply that activation of NF-xB in multiple cells in cachectic muscle
participate in crosstalk with macrophages, likely leading to a feed-forward loop to sustain an
inflammatory muscle environment.

DISCUSSION

This study was undertaken to gain insight on the underlying mechanisms of muscle
wasting in cancer cachexia, specifically in relation to inflammation. Our results showed
that cachectic muscle, similar to other findings in adipose, muscle, brain, and liver,16:17.32~
34 js associated with local inflammation. We investigated this inflammatory environment
using multiple models of cancer cachexia and showed that this condition associates with
elevated levels of cytokines and chemokines along with increases in innate immune cells,
specifically macrophages. In contrast, cachectic muscles from LLC and KPP mice exhibited
a reduction in lymphoid cells, which is consistent with what was reported in brain from

a KPC transplant model of cachexia.l” However, in C-26 mice, opposite results were
observed, where cachectic muscle was instead associated with increases in lymphoid cells.
These differences between models cannot yet be accounted for, but one possibility is the
relation to strain, as LLC, KPP, and KPC models are in a C56BL/6 background, while

the C-26 model is syngeneic to BALB/c mice. Further studies utilizing additional cachexia
models and patient samples will be needed to better assess the regulation of lymphoid
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cells in cachectic muscle in cancer. However, what seems clear is that peripheral tissue
inflammation in cancer cachexia is marked by an increase in innate immunity, and, further,
when referencing systemic inflammation as a hallmark feature of cancer cachexia, closer
consideration should be given to how local tissue inflammation contributes to this systemic
condition.

The triggers of tissue inflammation in cancer have not been well described. Previous studies
have shown that activation of NF-xB in MuSCs and myofibers leads to muscle atrophy

in various cachexia conditions19:35:36 and our current results reveal that, in tumor mice,
NF-xB functions in cachectic muscle as a major regulator of local inflammation through
macrophage accumulation. We found that NF-xB directs this regulation from multiple cell
types, including, but likely not limited to, MuSCs, myofibers, and FAPs. Furthermore,
NF-xB-mediated accumulation of macrophages was regulated by CCL2. /n7 vitro results
showed that deletion of CCL2 from myoblasts reduced but did not completely eliminate
macrophage migration, a finding that was mimicked by similar deletion of CXCL1 and
CXCL2. Itis likely that these chemokines, and others such as CCL7, contribute additively to
the recruitment of macrophages in cachectic muscle.

Results from our study also provided detailed characteristics of macrophages. In KPP
muscle, we appreciated that macrophages accumulate prior to atrophy, and this accumulation
subsides during the active phase of muscle atrophy. We also found that expansion of

these cells represents an almost equal contribution from circulating monocytes and tissue-
resident cells. In addition, our single-cell data suggest that these cells polarize to an anti-
inflammatory state. Eosinophils that accumulate in cachectic muscle might contribute to
this regulation, as these cells secrete Th2-type cytokines IL-4 and 1L-13, which function in
macrophage polarization.3” Consistent with previous reports in acute and chronic skeletal
muscle injury models, our data reveal that macrophages are heterogeneous in cachectic
muscle, consisting of multiple populations and exhibiting pro- and anti-inflammatory
profiles.25:38.39

Functionally, we discovered that these macrophages likely act in diverse ways in cachexia.
Removal of macrophages from LLC and C-26 muscles increased myoblast fusion,
suggesting that these cells function in cachexia by inhibiting muscle regeneration to
promote atrophy. Based on our current and published findings1940 we envision that

this occurs through the activation of NF-xB in myoblasts to inhibit myogenesis. For pro-
inflammatory macrophages, activation of NF-xB might be regulated through secretion of
TNF, whereas, for anti-inflammatory macrophages, NF-xB activation and the block on
myogenesis are mediated through other factors (Figure S7). Likewise, macrophages might
inhibit muscle regeneration and promote atrophy through NF-xB crosstalk in myoblasts
to maintain Pax7 expression and block differentiation, as previously described.1? Thus,
NF-xB secretes CCL2 to recruit macrophages, leading to further NF-xB activity to

inhibit regeneration and promote atrophy. However, we also observed that depletion of
macrophages reduced myofiber size, suggesting that macrophages in cachexia have an
added role in maintaining muscle mass. We speculate that anti-inflammatory macrophages
function to protect myofibers in a cachectic setting. This notion is consistent with KPP
data (Figure 6), which showed that maximal muscle atrophy coincided with a reduction
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from peak levels of muscle anti-inflammatory macrophages and also consistent with co-
culture studies, where increasing numbers of anti-inflammatory macrophages protected
myofibers from the pro-atrophy activity of pro-inflammatory macrophages (Figure 6). It

is also in line with findings in a hepatocellular carcinoma model of cachexia, where
macrophages were found to preserve adipose mass.#! How anti-inflammatory macrophages
protect myofibers in cachexia is not known. These macrophages might secrete factors to
protect myofibers by inhibiting the production of E3 ubiquitin ligases or other drivers of
catabolism. Alternatively, anti-inflammatory macrophages might act on other cell types
within the muscle microenvironment to inhibit their ability to promote cachexia. For
example, macrophages are able to signal to FAPs to ensure their depletion during the latter
phases of muscle regeneration? and FAPs secrete IL-6 to promote muscle atrophy in a
denervation model of muscle wasting.*3 Therefore, it is possible that, in cancer cachexia,
anti-inflammatory macrophages inhibit procachectic activity of FAPs by limiting IL-6
production. Importantly, while we showed that macrophages exert both pro- and anti-atrophy
effects in the cachectic muscle microenvironment, these signals may be independent of
other signaling pathways that promote protein catabolism. Consistent with previous findings,
Pax7 deletion in MuSCs was sufficient to preserve some muscle mass, but not the loss of
mass derived from proteolytic pathways within myofibers.10 We suspect a similar regulation
might be at play with regards to the anti-atrophy effects of macrophages whose activities are
overshadowed by pro-atrophy signals emanating from myofibers. This notion is consistent
with transplantation experiments performed with CCRZ™'~ bone marrow cells in cachectic
mice (Figure 4), where TA muscle mass was unchanged from WT animals with cachexia
(data not shown).

Our results also pointed to the accumulation of resident macrophages in cachectic muscle.
Little information exists on whether these cells polarize or how they contribute to muscle
repair,** but future studies will need to address their functional roles in regulating the
distinct states of muscle wasting during cachexia.*® Likewise, our data and others have
observed the accumulation of eosinophils and neutrophils in cachectic muscles.16:17:32.33
Since these cells also express CD11b and were likely eliminated in our DTA experiment
(Figure 5), their roles in regulating muscle atrophy and preserving myofibers in cancer will
need to be accounted for.

Although this current study reiterates our earlier findings that muscle wasting in cancer
associates with skeletal muscle damage,1920 admittedly the accumulation of macrophages
in cachectic muscle does not compare to that of acute muscle injury.1® However, co-culture
studies revealed that relatively few macrophage are needed to activate NF-xB in myoblasts.
This underscores the potency of macrophages and their effectiveness to regulate muscle
wasting, suggesting that even a minor pool of infiltrating monocytes or expanding resident
cells can have a significant impact on the muscle microenvironment in cancer.

Limitation of the study

Although we determined that accumulating macrophage populations in cachectic muscle
consist of both resident and infiltrating cells, we are unable at this point to define how
resident macrophages specifically mediate the different states of muscle wasting or how
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they contribute to maintaining NF-xB activity in the muscle microenvironment. In addition,
although we show considerable similarities between mouse and human single-cell data,

we recognize that patients are inherently more heterogeneous, and thus larger cohorts

in a separate transcriptomic study will need to be analyzed. Furthermore, while /in vitro
assays were informative, we recognize their shortcoming in not accurately reflecting the
heterogeneity of macrophages /n vivo. Moreover, this study was unable to identify the
upstream activators of NF-xB in cachectic muscle. Finally, our study was designed to
specially assess males in both animal models and patients but, given the growing acceptance
of sexual dimorphism in cancer cachexia,*8 a follow-up study will need to be conducted to
determine whether our findings are applicable in females.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and request for resources and reagents should be
directed to the lead contact, Dr. Denis Guttridge (guttridg@musc.edu).

Materials availability—Unique reagents generated in this study can be made available
upon request to the lead contact after a Materials Transfer Agreement has been completed.

Data and code availability—All raw sequencing data have been deposited on the Gene
Expression Omnibus (GEO) database and are publicly available (list in key resources
table). Original code has also been described and is available on GitHub. Any additional
information required to reanalyze data can be provided by the lead contact on request.

EXPERIMENTAL MODELS AND STUDY PARTICIPANT DETAILS

Mice—All mouse experiments were approved the Medical University of South Carolina
Institutional Animal Care and Use Committee under protocol IACUC-2021-01223. Animals
were housed with littermates, up to 5 total mice/cage and given ad /ibitum access to a
standard show diet and water. Due to sexual dimorphisms in cancer cachexia, only male
mice were used in this study.

For the colon-26 (C-26) cancer model, male CD2F1 mice from Charles River
(RRID:IMSR_CRL:033) were injected subcutaneously in the right flank with 1x108

cells in a volume of 100pL PBS. For the Lewis Lung Carcinoma (LLC) model, male
C57BL/6J from Charles River (RRID:IMSR_CRL:027) were injected intramuscularly with
5x10° cells in a volume of 100uL PBS in the right gluteus muscle under anesthesia.

In both models, control mice were similarly injected with identical volumes of PBS.

Mice were euthanized by CO, asphyxiation at approximately 21 days post injection when
cachexia was evident. For experiments using Pax7-Cret” (RRID:MGI:4436914),4" HSA-
CreFR RRID:IMSR_JAX:025750)*8 or PDGFRa-CrefR (RRID:IMSR_JAX:032770)49
animal models crossed with the /KK 7 (RRID:MG1:2445462)%0 and CCL2 7f
(RRID:IMSR_JAX:016849),°1 LLC tumors were allowed to develop for 10 days, at
which time tamoxifen was administered for 5 consecutive days at a concentration of
1mg/10g of body weight to activate Cre recombinase. The KPP model was generated
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as previously described.?! Briefly, male KrastSL-G12D/* pren’f mice were bred to

female Ptf1aER-Ce/* | pren”  mice (RRID:IMSR_JAX:008179, RRID:IMSR_JAX:019378
and RRID:IMSR_JAX:006440).52-54 KPP mice (Kras-SL-G12D/*, pf1aER-Crel+ | prep/h
were injected with tamoxifen (Sigma) at 24-28 days of age at a dose of 1mg/10g of

body weight. Male littermates were utilized as controls and received tamoxifen at the same
dosage. Mice were euthanized by CO, asphyxiation at endpoints according to IACUC
endpoint criteria, including ascites, weight loss, lethargy, or a body score of <1.5, or at
specific timepoints.

Cell culture—Cells were cultured at 37°C and 5% CO2 in 10% DMEM (Corning)

for C2C12, and RPMI (Corning) for C-26 and LLC cells supplemented with 10% fetal
bovine serum (FBS) and 1% of streptomycin/penicillin (Invitrogen). C2C12 myoblasts were
differentiated by switching to cell cultures to DMEM supplemented with 2% horse serum
for 96h. For the isolation of fibro-adipogenic progenitors, we used protocols described

by others.5>56 Briefly, mononuclear cells were isolated from skeletal muscle using the
Miltenyi Skeletal Muscle Dissociation Kit on the gentleMACs Dissociator. Digestion was
inactivated with 10% horse serum in DMEM and filtered through 100 um and 40 pm cell
strainers. Cells were then incubated with Dead Cell Removal Beads (Miltenyi) followed by
magnetic separation on LS columns (Miltenyi). Cells were incubated with biotin labeled
CD45 (Biolegend), Biotin labeled CD31 (Biolegend), biotin labelled a7 integrin (Miltenyi)
antibodies, followed by incubation with anti-biotin labelled beads (Miltenyi). Cells were
loaded onto LD columns and the effluent fractions were collected and incubated with
PE-Ly6A/E antibody, followed by incubated with anti-PE labelled beads. Samples were run
through LS Columns and the labelled cells were collected. For culture, FAPs were grown in
DMEM containing 20% FBS, 1% pencillin-streptomycin and 2.5 ng/mL bFGF (Invitrogen).

For migration assays, 5x10% RAW 264.7 cells were seeded in the top chamber of an

8 um porous chemotaxis chamber (Corning-Costar, USA), with conditioned media from
C2C12s plate in the bottom chamber. Cells were allowed to migrate for 6 h, at which time
membranes were fixed in 4% paraformaldehyde and stained with crystal violet. A total of 3
images from each membrane were used to quantitate migration from 3 biological replicates
per condition.

Human subjects—Informed consent was obtained from patients with pancreatic cancer
undergoing tumor resection surgery or patients that were cancer-free undergoing routine
abdominal surgery (ex. Gastric pacemaker, hernia repair). During surgery, muscle tissue was
extracted from the abdominal muscle (1.0cm3). Patient samples used for histology were
from The Ohio State University (IRB 2010C0051), with patient characteristics summarized
in Table S1. Samples for single cell RNA sequencing were collected from Protocol
Pro00093400 (MUSC), with patient characteristic summarized in Table S2. Samples for
ELISA were collected from both The Ohio State University (IRB 2010C0051) The Ohio
State University (IRB 2010C0051), with patient characteristics located in Table S3. Self-
reported weight loss as well weight recorded in existing medical records were used to
determine cachexia status. Patients with pancreatic cancer with <5% weight loss were
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classified as weight stable, whereas a cutoff of >10% weight loss was used to classify
patients as cachectic.

METHOD DETAILS

Animal procedures

For muscle specific macrophage ablation, CD116-DTR mice (RRID:IMSR_JAX:006000)°’
were maintained on a C57BL/6 background for LLC cell injection or backcrossed to

CD2F1 mice for at least 7 generations for C-26 tumor cell injection. Bromodeoxyuridine/
5-bromo-2’-deoxyuridine (BrdU, Sigma) was injected at 8- and 12-day post cell injection to
label proliferating cells. Diphtheria toxin (Millipore) was injection intramuscularly in the TA
muscle at a dose of 25 ng/g of body weight at 15- and 19-day post tumor cell injection. For
systemic macrophage ablation, 100 pL of clodronate or PBS encapsulated liposomes were
injected via two intravenous injections on day 15 and 20 post injection tumor cell injection,
as well as one intraperitoneal injection on day 18.

Bone marrow transplantation experiments were performed as previously described. Briefly,
recipient mice were injected via with busulfan intraperitoneal injection at a concentration of
20 mg/kg for 4 consecutive days. The next day following the last injection, syngeneic donor
mice (RRID:IMSR JAX:027619, RRID:IMSR JAX:002014, RRID:IMSR_CRL:027) were
euthanized by CO, asphyxiation and bone marrow was collected under sterile conditions.
Marrow was collected, and cells were filtered through a 40 um filter and treat with Red

Cell Lysis Buffer for 10 min (Sigma). Cells were washed and resuspended concentration of
8x106 cells/mL in sterile PBS. Recipient mice then received 300 uL of cellular suspensions
via tail vein injections. Mice were allowed to recover for 21 days prior to LLC tumor cell
injection.

Real-time RT-PCR and Nanostring nCounter analysis

Hindlimb muscle from cachectic and control mice were snap frozen in liquid nitrogen

and homogenized in Trizol reagent (Life Technologies), and mRNA was extracted as

per manufacturers protocol. M-MLV Reverse Transcriptase was used for cDNA synthesis
(Life Technologies). Real-time PCR was performed on Applied system QuantStudio3 using
SYBR Green reagent (Roche). Mouse B-actin was used as a housekeeping gene reference
sample. RT-PCR primer sets appear in Table S3. The nCounter Mouse Inflammation V2
Panel Gene List (Nanostring Technologies, XT-CSO-MIN2-12) was used to profile the
expression of 254 genes (248 inflammatory genes, 6 housekeeping). A total of 100 ng

was used for each sample. Analysis was conducted at the MUSC Hollings Cancer Center
Translational Science Lab, and RNA was quantified by nCounter Digital Analyzer.

Immunofluorescence

Muscles were frozen in an isopentane bath cooled in liquid nitrogen and subsequently
sectioned on a cryostat at a thickness of 10um (Leica). Slides were stored at —80°C until
use, at which time they were dried at room temperature, fixed in 4% paraformaldehyde, and
blocked with 10% donkey serum diluted in PBS. Primary antibody staining was performed
overnight at 4°C at antibody specific dilutions, and species-specific Alexa-Fluor secondary
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antibodies (Invitrogen) were diluted to 1:500 and incubated for 1 h at room temperature.
Images were captured on a Zeiss Axio Imager A2 microscope. For quantification, at least
five images from three separate muscle sections, for fifteen images total, were used to assess
fiber size, BrdU, and CD11b™* cells. Counts were made in ImageJ.

For ELISA on cell culture supernatants, equal number of cells from each C2C12 cell line
analyzed were seeded in 3mL of DMEM in biological triplicate. ELISAs for Ccl2, Cxcl1
and Cxcl2 (R&D) was performed on supernatant collected after 24 h as per manufacturers’
protocols. For ELISA on tissue, muscles were homogenized in RIPA buffer containing
protease and phosphatase inhibitors. Protein concentration was measured by BCA assay and
equivalent concentrations (1 mg/mL) of each sample were used for ELISA of TNF, IL-1p
and IL-6 as per manufacturer’s protocol.

Single cell RNA sequencing

To isolate mononuclear cells for single cell sequencing, we digested 0.5-1 g of hindlimb
muscle from 2 cachectic and 2 control mice using the Miltenyi Skeletal Muscle Dissociation
Kit on the gentleMACs Dissociator. Digestion was inactivated with 10% horse serum in
DMEM and filtered through 100 um and 40 pm cell strainers. Cachectic and control

mice were pooled and cells were incubated with Dead Cell Removal Beads (Miltenyi)
followed by magnetic separation on LS columns. The effluent fraction, constituting the

live cell fraction, was incubated with CD45 microbeads (Miltenyi). Both the unlabeled
(effluent) fraction and the labelled fractions, constituting CD45 negative and positive cell
populations respectively, were sent for single cell sequencing. Human muscle biopsies were
similarly processed using collagenase/dispase for digestion. For patient samples, 1 control,
2 weight stable PDAC, and 1 cachectic PDAC sample were processed for single cell RNA
sequencing (Table S2). For the second weight stable PDAC patient, the number of extracted
mononuclear cells was low following isolation, and a considerably low number of cells
passed quality control. Thus, this sample was not used for analysis. For the remaining
CD45~ samples, cells were used for sequencing in the Control, the first weight stable PDAC
patient, and the cachectic PDAC patient. After sequencing, we collapsed the patients with
PDAC into one sample due to low reads obtained in the cachectic sample.

Raw sequencing data were processed with CellRanger pipeline (v7.0.0).%8 Cellranger
““mkfastq’” command was used to demultiplex the different samples and Cellranger
““‘count’” command was used to generate gene — cell expression matrices. Ambient

RNA contamination was inferred and removed using CellBender (v0.2.0) with standard
parameters. Human Genome hg38 or Mouse Genome mmZ10 was used for the alignment
and gencode.v42 was used for gene annotation and coordinates.>® Downstream analysis
was performed in R with Seurat (v4.3.0)%0 and customized R scripts. CD45 positive and
CD45 negative samples from each experiment were merged into separate unique single cell
objects. Macrophage and FAPs from positive samples were subset and re-clustered using
SCTransform workflow using 30 principal components and resolution of 0.4 for Louvain
clustering and UMAP. For C-26 analysis, the single cell RNA sequencing experiment was
performed in duplicate, samples were concatenated and results were combined, with the
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exception of the control CD45™ samples, which did not pass quality control. Cell annotation
was performed using gene markers by manually curation.

Flow cytometry

Mononuclear cells were isolated from hindlimb muscles as described for single cell RNA
sequencing. Following Dead Cell Removal, isolated cells were washed in FACs buffer

and fixed in FACS buffer containing 3.7% formaldehyde for 30 min on ice. Mouse

spleens were crushed with an end of 3mL syringe in 5mL PBS and then passed through

40 uM cell strainer. Cells were centrifuged to remove supernatant and resuspended in

10 mL ice-cold RBC lysis buffer (Sigma) for 10 min at room temperature. After RBC

lysis, 30 mL of PBS was added into the RBC lysis buffer and cells were centrifuged to
remove supernatant (RBC lysis buffer). After PBS wash for another time, isolated spleen
cells were fixed in FACS buffer contain 3.7% formaldehyde for 30 min on ice. Fixed
muscle mononuclear cells and spleen cells were centrifuged to remove formaldehyde and
subsequently washed with PBS for once and stored in PBS at 4°C before use. Before
staining for flow cytometer analysis, mononuclear cells and 1 million cells per tube of
spleen cells were centrifuged in a microcentrifuge tube and resuspended in 100 pL blocking
solution (10% Rat serum (Millipore)/FACS buffer containing 0.5 pug anti-mouse CD16/CD32
(biolegend) and incubated for 30 min on ice. After blocking, an antibody cocktails (Figures
S1B, S4C, and S5L) were added into muscle mononuclear cells and single antibodies

were added into each tube of spleen cells according to the manufacturer, or in the case of
skeletal muscle resident macrophages, from cited reports.2544.61 After overnight incubations
on ice, stained cells were washed in PBS twice and resuspended in 0.8-1.0 mL FACS
buffer and analyzed by Fortessa X-20 flow cytometry with single antibody-stained spleen
cells as color compensation control. All muscle nuclear samples were run through flow
cytometer analysis. If a sample reach stopping threshold too early without using up all
sample solutions, total cell number will be adjusted as total cell # = (acquired cell #/volume
analyzed).

Crispr/Cas9 gene editing

For knockout of specific chemokines, we used CHOPCHOP to design guide RNAs for
Ccl2, Cxclland Cxcl2 (Table S4), which were then cloned into the lentiCRISPRv2

vector (Addgene #104990). Lentivirus was produced in 293Ts by co-transfecting Lenticas9
(Addgene, #52962) with either sgRNAs or scramble lentiCRISPRv2. C2C12s were infected
with lentivirus and maintained under selection until experiments were performed.

Bone marrow derived macrophage isolation

For bone marrow derived macrophages, 4-8-week-old mice from B6, TAVF/~ and /L-1587/

~ mice (RRID:IMSR_CRL:027, RRID:IMSR_JAX:034447, RRID:IMSR_JAX:003008)62:63
were euthanized and hindlimb bones were extracted under sterile conditions and placed in
10% FBS media. In the tissue culture hood, marrow was extracted by flushing the bone with
10 mL of media through and 27-gauge needle. Cells were collected and run through and
18-gauge needle to break apart aggregates, incubated with RBC lysis buffer, and cultured

in 10% HyClone FBS supplemented with M-CSF-1 (25 ng/mL). After five days, LPS and
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IFNy were added to induce M1 polarization. The following day, IL-4 and I1L-13 were added
for an additional 24 h to induce M2-like polarization.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as mean with all individual datapoints shown, with standard error of

the mean represented. Statistical analyses were initially analyzed with GraphPad Prism.
Comparisons between two groups were carried out using Student’s t-test or Welch’s t test.
Multiple group comparisons were carried out using one-way ANOVA with Dunnett’s test or
Welch’s ANOVA and has been indicated in figure legends. Number of samples used, and
significance is recorded in figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Cancer cachexia exhibits muscle inflammation, regulated by NF-xB from
multiple cell types

Muscle inflammation in cancer cachexia is mediated by myeloid cells, mostly
macrophages

Macrophages in cachectic muscle derive from infiltrating monocytes and
resident cells

Heterogeneous populations of macrophages exhibit both pro- and anti-atrophy
activities
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Figure 1. Muscle inflammation in cancer cachexia associates with macrophage accumulation
(A) Heatmaps of significant altered inflammatory genes (o < 0.05) probed from TA from

cachexia mouse models (n7 = 3).

(B) Flow cytometry analysis of the percentage of myeloid cells as a proportion of CD45*
cells in cachexia models (7= 3-5).

(C) Flow cytometry analysis on lymphoid cells in cachexia models (/7= 3-5).
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(D) CD11b (arrowheads) and dystrophin staining from non-cancer control patients, patients
with PDAC that were weight stable, and patients with PDAC that were cachectic. Scale bars,
50 pm.

(E) Total number of CD11b* cells/field for control patients (7= 6), WT (n=7), and
cachectic (/7= 8) patients; *p < 0.05, **p < 0.01. Comparisons to control groups were
carried out using Student’s t test or Welch’s t test. Multiple group comparisons were carried
out using one-way ANOVA with Dunnett’s test. Bars are + SEM.
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Figure 2. NF-xB functions in MuSCs and myofibers to regulate macrophage accumulation in
cancer cachexia

(A) Expression of cytokines from LLC /KK " or Pax7-CrefR IKKB " mice in TA
muscle (7= 4/genotype).

(B) Similar to (A) with the exception that gene expression was performed from mononuclear
cells from hindlimb muscles (7 = 3/genotype).

(C) Volcano plot from RNA-seq analysis on mononuclear cells from LLC /KKB 7/ or
Pax7-CrefR; IKKB ™ (n = 3/genotype) mice.
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(D) Gene Ontology analysis from RNA-seq analysis of similar samples to (B) (7= 3/
genotype).

(E) Chemokine expression in mononuclear cells from hindlimb muscles of LLC tumor-
bearing /KKB ™ or Pax7-CreR; IKKB " mice (n= 3/genotype).

(F) Immunofluorescence for CD11b and dystrophin on GAST from LLC /KKg 7 or
Pax7-CrefR; IKKB ™ mice, with respective fold changes shown for CD11b* cells/field (7=
3/genotype). Scale bar, 50 pum.

(G) Flow cytometry analysis of CD45* and F4/80* mononuclear cells from hindlimb
muscles of LLC Pax7-CrefR; IKKB ™ mice (n= 3/genotype).

(H) Cytokines and chemokine expression from TA of LLC /KK " or HSA-CrefR: IKKpB
W/ mice (n= 3/genotype).

(1) Immunofluorescence for CD11b and dystrophin on GAST from LLC /KKp 7/ or
HSA-CrefR; IKKpB ™ mice, with respective fold changes shown in CD11b™* cells/field (7=
3/genotype).

(J) Flow cytometry analysis of CD45" and F4/80* mononuclear cells, from hindlimb
muscles of LLC HSA-CrefR; IKKpB " mice (n = 3/genotype). Scale bar, 50 pm;*p <

0.05, **p< 0.01, and ***p < 0.001. Comparisons to /KKB™" groups were carried out using
Student’s t test. Bars are + SEM.
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Figure 3. Activated FAPs in cachectic muscle contain NF-xB that regulates macrophage
accumulation

(A) UMAP of re-clustered FAPs generated from CD45™ cell populations from control and
C-26 muscles.
(B) Proportion of FAP populations in (A) from control and C-26 muscles.
(C) Violin plots of inflammatory genes in FAP populations.

(D) UMAP of re-clustered FAPs generated from control and KPP muscles.

(E) Proportion of FAP populations in (D) from control and KPP muscles.
(F) Violin plots of inflammatory genes in FAP populations.
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(G) UMAP of re-clustered FAPs generated from CD45™ cells in muscle from control and
PDAC patient muscle.

(H) Proportion of FAP populations in (G) from control and patients with PDAC.

(1) Violin plots of inflammatory genes in FAP populations from patient samples.

(J) Immunofluorescence staining of phosphorylated-(p) p65, PDGFRa, and dystrophin on
TA from control and C-26 muscles. Scale bar, 10 pm.

(K) Representative immunofluorescence staining of pp65, PDGFRa, and dystrophin on
biopsy muscle samples from control, patients that were WT stable, and patients that were
cachectic. Scale bar, 10 pm.

(L) Immunostaining for CD11b (arrowheads) and dystrophin on TA samples from LLC
IKKB " or PDGFRa-CrefR; IKKB " mice, with respective fold changes shown for
CD11b™ cells/field (/7= 3/genotype). Scale bar, 50 pm.

(M) TNF, IL-1B, IL-6, CCL2, CCL7, CXCL1, and CXCL2 expression was determined from
TA in LLC /IKKB " or PDGFRa-CreFR; IKKB ™ mice (n= 3/genotype); *p < 0.05.
Comparisons between two groups were carried out using Student’s t test or Welch’s t test.
Bars are + SEM.
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Figure 4. Macrophage accumulation in cachectic muscle derives from both circulating monocytes
and resident cells
(A) CCL2, CXCL1, and CXCL2 ELISAs from C2C12 myablasts containing individual

knockdown of CCL2, CXCL1, and CXCL2 chemokines.

(B) Relative migration of RAW264.7 macrophages exposed to conditioned media

from C2C12 control (scramble) myoblasts or myoblasts with individual knockdown of
chemokines from (A).

(C) Flow cytometry for macrophages in hindlimb muscles of LLC Pax7-CrefR; ccL2 7.
(D and E) (D) HSA-CrefR: ccL2 ™ and (E) CCRZ™"~ bone marrow-transplanted mice,
compared to respective WT controls (CCL2 ™ or CCR2*/* bone marrow transplants) (7=
3/genotype).

(F) Flow cytometry plots of resident macrophages from mononuclear cells of C-26 cachectic
skeletal muscle.

(G) Representative graphic from flow cytometry of infiltrating (Ly6C") and resident
(Ly6C'°) macrophages in skeletal muscle from C-26, LLC, and KPP models, compared

to control (= 3/group).

(H) Graphic from flow cytometry of infiltrating (Ly6C") and resident (Ly6C'®) macrophages
in skeletal muscle from LLC tumor-bearing mice from Pax7-CrefR; IKKB "l HSA-CrefR;
IKKB ™l and PDGFRa-CrefR, IKKpB ™ mice, compared to littermate control muscles (7=
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3/group); *p < 0.05, **p< 0.01, and ***p < 0.001. Comparisons between two groups were
carried out using Student’s t test. Bars are £ SEM.
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Figure 5. Macrophages exhibit distinct functions in skeletal muscle during cancer cachexia

(A) Design of clodronate treatment of C-26 mice.

(B) Relative number of macrophages quantified by flow cytometry from muscle (7=
3/group), relative tumor mass (/7= 5/group), and body mass (n7= 5/group) of PBS- or

clodronate-treated mice.

(C) Hindlimb muscle mass following administration of PBS or clodronate (/7= 5/group) in

C-26 tumor-bearing mice.
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(D) Immunofluorescence staining with laminin (green) and major histocompatibility
complex (MHC) I1A (red) of TA sections from C-26 mice injected with PBS or clodronate.
Unstained fibers represent type 11B/X. Scale bar, 50 pm.

(E) Measurements of type I1A and 11B/X fibers obtained from (D) (n7= 4/group).

(F) Expression of MuRFI and Atrogin-1 from PBS and clodronate injected mice (7=
3/group).

(G) Immunofluorescence staining of BrdU with laminin in C-26 mice injected with either
PBS or clodronate (arrowheads indicate fused sublaminar BrdU™" nuclei). Scale bar, 10 pm.
(H) Measurements of fused BrdU* nuclei in myofibers obtained from (G) (n7 = 5/group).
(1) Design for DTA treatment of LLC mice.

(J) Macrophages quantified by flow cytometry from muscle (7= 3/group). Measurements
of relative tumor (7 = 4/group) and body mass (/7= 4/group) in LLC mice following
administration of DTA.

(K) Immunofluorescence staining for BrdU with laminin in LLC mice injected with DTA.
Scale bar, 10 pm.

(L) Measurements of fused, sublaminar, BrdU* nuclei in myofibers obtained from (K) (n=
4/group).

(M) Measurements of relative TA muscle mass following DTA treatment in LLC tumor-
bearing mice (7= 5/group).

(N) Immunofluorescence staining with laminin (green) and MHC 1A (red) of TA from LLC
mice injected with DTA. Unstained fibers represent type 11B/X. Scale bar, 50 pm

(O) Quantitative measurements of type I1A and 11B/X fibers obtained from (N) (n= 4/
group).

(P) MuRF1 and Atrogin-1 expression in muscles from control or DTA-injected mice (n=
3/group); *p < 0.05 and **p < 0.01. Comparisons between two groups were carried out
using Student’s t test. Bars are = SEM.
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Figure 6. Macrophages polarize to an anti-inflammatory state in cachectic muscle to maintain
muscle size while inflammatory macrophages induce muscle atrophy

(A) Flow cytometry of unpolarized (CD86~/CD2067), pro-inflammatory (CD86™), anti-
inflammatory (CD206"), and mixed (CD86*/CD206%) macrophages in skeletal muscle from
control and C-26 mice at endpoint.

(B) Flow cytometry analysis of macrophages, as shown in (A), from KPP muscles at
indicated time points.

(C) Phase contrast and immunofluorescence staining for MHC in C2C12 differentiating
myoblasts co-cultured with pro-inflammatory or anti-inflammatory macrophages (Mac).
Scale bars (upper panel), 100 pm; (lower panel), 30 um.

(D) Quantification of fused nuclei from (C).

(E) Phase contrast images from C2C12 myotubes co-cultured with pro-inflammatory or
anti-inflammatory macrophages (Mac). Scale bar, 100 pm.

(F) Myotube diameter measurements from (E).
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(G) Myotube diameter following co-culturing with increasing ratio of anti-to pro-
inflammatory macrophages; **p < 0.01 and ***p < 0.001. Multiple group comparisons were
carried out using one-way ANOVA followed by Dunnett’s or Tukey’s multiple comparison
test. Bars are = SEM.
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Figure 7. Macrophage subclusters enriched in KPP and cachectic patient muscles

(A) UMAP of CD45* cells isolated from control and KPP muscles.

(B) UMAP of re-clustered macrophage populations from (A) from control and KPP muscles.
(C) Proportion of macrophage subclusters in (B) in control and KPP muscles.

(D and E) GO Biological Processes analysis on Ccr2 (D) and Lyvel (E) macrophage
subclusters from KPP muscles; arrowheads indicate common ontologies.

(F) Violin plots to discriminate between resident, infiltrating, and anti-inflammatory
macrophages identified in (B).
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(G) UMAP of CD45* cells isolated from control and PDAC patient muscle.

(H) UMAP of macrophage subclusters from each patient sample in (G).

(I) Proportion of macrophage subclusters in (H) from control and PDAC patient samples.

(J and K) GO Biological Processes analysis on S100A9 (J) and LYVEL (K) subclusters from
control and patients with PDAC; arrowheads indicate common ontologies.

(L) Violin plots for resident macrophage markers in subclusters identified in (H).
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD11b Bio X Cell Cat# BE00O7; RRID:AB_1107582
Dystrophin Santa Cruz Cat# sc-73592; RRID:AB_1122390
Laminin abcam Cat# ab11575; RRID:AB_298179
Pdgfra (mouse) R&D Cat# AF1062; RRID:AB_2236897
Pdgfra (human) R&D Cat# AF-307-NA; RRID:AB_354459
p-p65 Cell Signaling Cat# 3033; RRID:AB_331284
MYH4 Santa Cruz Cat# sc-71632; RRID:AB_1126466
BrduU Abcam Cat# ab6326; RRID:AB_305426
MF20 DSHB Cat# MF 20, RRID:AB_2147781
F4/80 Abcam Cat# ab204266; RRID:AB_2943479)
CD45 Biolegend Cat# 103138; RRID:AB_2563061
CD206 Biolegend Cat# 141727; RRID:AB_2565822
CD86 Biolegend Cat# 105043; RRID:AB_2566722
CD163 Biolegend Cat# 155305; RRID:AB_2814059
1A/IE Biolegend Cat# 107651; RRID:AB_2616728
Siglec F Thermo Fisher Cat# 367-1702-80; RRID:AB_2895998
Ly-6C Biolegend Cat# 100543; RRID:AB_10898318
CD8a Biolegend Cat# 100741; RRID:AB_11124344
CD11b BD Bioscience Cat# 564454; RRID:AB_2665392
CD161 Biolegend Cat# 108745; RRID:AB_2563286
F4/80 Biolegend Cat# 157303; RRID:AB_2832546
CD3 Biolegend Cat# 100218; RRID:AB_1595492
CD19 Biolegend Cat# 115519; RRID:AB_313654
CD25 BD Bioscience Cat# 561048;RRID:AB_10562035
CD86 Biolegend Cat# 105045; RRID:AB_2629769
Ly6G BD Bioscience Cat# 563978; RRID:AB_2716852
CD45 BD Bioscience Cat# 740371; RRID:AB_2740103

Donkey anti mouse
Donkey anti rat
Donkey anti rabbit
Donkey anti goat
Donkey anti rabbit
Goat anti mouse
Goat anti rat
Biotin CD45
Biotin CD31
Biotin Integrin a7
PE Ly6A/E
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Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
Molecular Probes
Thermo Fisher
Biolegend
Biolegend
Miltenyi
Miltenyi

Cat# A-31571; RRID:AB_162542
Cat# A-21208; RRID:AB_2535794
Cat# A-21206; RRID:AB_2535792
Cat# A-11057; RRID:AB_2534104
Cat# A10042; RRID:AB_2534017
Cat# A-11031; RRID:AB_144696
Cat# A-11077; RRID:AB_2534121
Cat# 103103, RRID:AB_312968
Cat# 102404, RRID:AB_312899
Cat# 130-128-938; RRID:AB_2905296
Cat# 160905; RRID:AB_2910334
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REAGENT or RESOURCE
F480
Desmin

CD68

SOURCE
abcam
abcam

Santa Cruz

IDENTIFIER

Cat# ab204266; RRID:AB_2943479
Cat# ab203419; RRID:AB_2943480
Cat# sc-20060; RRID:AB_627158

Biological samples

rectus abdominal muscle biopsies for single cell sequencing Medical University of South N/A

Carolina
rectus abdominal muscle biopsies for histology OsuU N/A
Chemicals, peptides, and recombinant proteins
tamoxifen Sigma T5648-5g
PBS/Clodronate Liposomes Liposoma CP-005-005
Diphtheria toxin Millipore 322326
M-CSF R&D 416-ML-050/CF
IFNy R&D 485-M1-100/CF
IL-4 R&D 404-ML-050/CF
I1L-13 R&D 413-ML-050/CF
bFGF R&D 3139-FB-025/CF
Prolong Gold Antifade DAPI Invitrogen P36931
Critical commercial assays
Mouse CCL2/JE/MCP-1 DuoSet ELISA R&D MJEO0B
Mouse CXCL1/KC DuoSet ELISA R&D DY453
Mouse CXCL2/MIP-2 DuoSet ELISA R&D DY452
Human IL-1 beta/IL-1F2 QuicKit ELISA R&D QK201
Human IL-6 ELISA Kit - Quantikine R&D D6050B
Human TNF-alpha Quantikine QuicKit ELISA R&D QK210
Deposited data
Single Cell data This paper GEO: GSE248800
nCounter Inflammation V2 Analysis on Cachectic Mouse This paper GEO: GSE245208
Musce
RNAseq in Pax7 Cre ErT/IKK Mice This paper GEO: GSE245314

Experimental models: Cell lines

Colon-26 (C-26)

Lewis Lung Carcinoma (LLC)
C2C12

FAPs

293T

National Cancer Institute
National Cancer Institute
ATCC

This paper

ATCC

N/A
N/A
CRL-1772
N/A
CRL-3216

Experimental models: Organisms/strains
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REAGENT or RESOURCE
Kras LSL-G12D
Pren
Pif1a CreER
CD11bP™R
CCR27-
ccLzm
IKKB™!
Pax7 CreER
HSA CreER
Pdgfra CeER
Tnf~-
g~

B6

CD2F1
CD45.1

SOURCE

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
Charles River

Charles River

Jackson Lab

IDENTIFIER
RRID:IMSR_JAX:008179
RRID:IMSR_JAX:006440
RRID:IMSR_JAX:019378
RRID:IMSR_JAX:006000
RRID:IMSR_JAX:027619
RRID:IMSR_JAX:016849
RRID:MGI:2445462
RRID:MGI:4436914
RRID:IMSR_JAX:025750
RRID:IMSR_JAX:032770
RRID:IMSR_JAX:003008
RRID:IMSR_JAX:034447
RRID:IMSR_CRL.:027
RRID:IMSR_CRL:033
RRID:IMSR JAX:002014

Oligonucleotides

Primers for RT-PCR, see Table S4 This Paper N/A

Guide RNA sequences, see Table S5 This Paper N/A

Recombinant DNA

Lenti sgRNA puro Addgene RRID:Addgene_104990
LentiCas9 blast Addgene RRID:Addgene_52962

Other

Single Cell RNA Sequencing Code This Paper GitHub - BioinformaticsMUSC/

PryceEtAl_Cachexia: sSCRNAseq Data

Analysis Code
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