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SUMMARY
With limited treatment options, cachexia remains a major challenge for patients with cancer. Characterizing
the interplay between tumor cells and the immune microenvironment may help identify potential therapeutic
targets for cancer cachexia. Herein, we investigate the critical role of macrophages in potentiating pancreatic
cancer induced muscle wasting via promoting TWEAK (TNF-like weak inducer of apoptosis) secretion from
the tumor. Specifically, depletion ofmacrophages reversesmuscle degradation induced by tumor cells.Mac-
rophages induce non-autonomous secretion of TWEAK through CCL5/TRAF6/NF-kB pathway. TWEAK pro-
motes muscle atrophy by activating MuRF1 initiated muscle remodeling. Notably, tumor cells recruit and
reprogram macrophages via the CCL2/CCR2 axis and disrupting the interplay between macrophages and
tumor cells attenuatesmuscle wasting. Collectively, this study identifies a feedforward loop between pancre-
atic cancer cells and macrophages, underlying the non-autonomous activation of TWEAK secretion from
tumor cells thereby providing promising therapeutic targets for pancreatic cancer cachexia.
INTRODUCTION

Pancreatic cancer currently represents the third leading cause of

cancer-associated death in the United States, with projections

suggesting this malignancy may become the second leading

cause of cancer death within this decade.1,2 Over 80% of pa-

tients with pancreatic cancer present with advanced-stage tu-

mors at diagnosis, when curative treatment options are limited.3

Most of these patients develop cancer cachexia, a debilitating

syndrome characterized by uncontrollable body weight loss,

lack of appetite, and muscle wasting.4–6 Unfortunately, no

approved therapies for cancer cachexia exist in the United

States.7 Therefore, there is a pressing need to identify potential

therapeutic targets and develop effective treatment options for

cancer cachexia.

Tumor immune microenvironment plays an important role in

cancer progression and cachexia.8–10 Macrophages represent

one of the most abundant immune cell types in pancreatic can-
Cancer Cell 42, 885–903,
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cer immune microenvironment and are associated with cancer

progression and metastasis.11,12 Emerging evidence suggests

that macrophages play key roles in both muscle wasting and

muscle regeneration,13 and CCL2/MCP1 is a central cytokine

in regulating the infiltration and polarization of monocytes/mac-

rophages.14,15 In patients with pancreatic cancer experiencing

cachexia, research has demonstrated increased levels of

CCL2 in serum.16 However, the function and underlying mecha-

nism of the crosstalk between cancer cells and macrophages in

cancer cachexia remains undefined.

Inflammation represents one of the key hallmarks of cancer

cachexia.17 Cancer cells induce systemic inflammation by

secreting soluble factors (i.e., cytokines, chemokines, and hor-

mones) as well as extracellular vesicles and particles (EVPs).18

Studies have identified several inflammatory cytokines as regu-

lators for muscle wasting in pancreatic cancer, such as IL-1,

IL-6, IL-8, and TNF-a.19–21 In prior work, we found that pancre-

atic cancer promotes muscle wasting through the secretion of
May 13, 2024 ª 2024 The Authors. Published by Elsevier Inc. 885
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Figure 1. Tumor-associated macrophages promote muscle wasting and cancer cachexia

(A–F) Analysis of the correlation between cancer cachexia prevalence, body weight loss with the percentage of immune cells (macrophages, neutrophils, and

CD8+ T cells) in tumor tissue of several cancer types (n = 6) in TCGA database. Statistical analysis by Pearson’s correlation test.

(legend continued on next page)
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TGF-b, TNFSF10, and extracellular vesicles containing Hsp70/

90.22�24 Additionally, inflammatory cytokines secreted from the

tumor microenvironment also facilitate cancer cachexia and

cancer progression.25,26 Despite extensive work correlating in-

flammatory cytokines with cancer cachexia, the mechanism of

tumor microenvironment regulation of tumor derived muscle

wasting factors remains elusive.

In the current study, we sought to identify associations among

the infiltration of macrophages with cachexia in pancreatic can-

cer. Specifically, we aimed to characterize macrophage recruit-

ment by tumor cells via CCL2/CCR2 axis, which promotes mus-

cle wasting in pancreatic cancer. In addition, we further explored

the role of macrophages in facilitating cancer cell-derived

TWEAK (TNF-like weak inducer of apoptosis) secretion, which

may contribute to CCL2-driven muscle wasting. By identifying

a potential mechanism of crosstalk between pancreatic cancer

cells and macrophages, this work could aid in shaping future

therapeutic development targeting muscle wasting in pancreatic

cancer patients suffering from cachexia.

RESULTS

Macrophages promote muscle wasting and cancer
cachexia
In order to investigate the crosstalk between immune cells and

cancer cachexia, we analyzed the correlation between different

types of immune cells and cancer cachexia in several cancer

types.4,27 Since there are very limited datasets that provide the

information of both cachexia and immune cells in tumor tissues,

we analyzed multiple datasets, aiming to elucidate the potential

link between immune cells and cancer cachexia. We found that

macrophages are the most abundant immune cells and posi-

tively associated with cancer cachexia prevalence and body

weight loss (Figures 1A–1F and S1A). Single-cell sequencing

analysis of the GSE154778 dataset showed that late-stage

pancreatic cancer tissue had higher macrophage infiltration

compared to that in early stage tumors (Figure S1B). Macro-

phage infiltration was associated with worse overall survival in

pancreatic cancer (Figure 1G). We further analyzed the correla-

tion between macrophage infiltration and different molecular

subtypes of pancreatic cancer and demonstrated the highest

macrophage infiltration rate in squamous subtype, which is

associated with the worst prognosis among all subtypes (Fig-

ure 1H). The signature for tumor-associated macrophages

(TAMs) was enriched in progressive cancers and associated

with poor prognosis.28 We then validated these findings in an in-

dependent cohort by analyzing the expression of signature

genes of TAMs, T cells, and neutrophils and found that cachectic

cancer types (pancreatic cancer, esophagus cancer, head and

neck cancer, and lung cancer) displayed enrichment of the
(G) Survival analysis of pancreatic cancer patients with macrophage-low or macro

51, 99/group.

(H) Analysis of the correlation between molecular subtypes of pancreatic cance

value. n = 38, 53, 28, 31/group. **, p < 0.01; ***, p < 0.001; ****, p < 0.0001 by t t

(I) The levels of immune-cell associated signature genes in the tumor tissue of

dataset.

(J) Representative images of H&E staining and IHC staining of CD68 in pancreat

(K) Statistical analysis of experiments in (J). n = 55/group; mean ± SD. *, p < 0.0
TAM signature genes compared to that in less-cachectic cancer

types (prostate cancer) (Figure S1C). We further examined the

enrichment of immune signature genes in a cancer cachexia da-

taset.29 We found that the TAM signature was enriched in tumor

tissue of cachectic mice compared to non-cachectic mice (Fig-

ure 1I). We further validated these findings in a cohort of pancre-

atic cancer patients and found that the percentage of CD68

(macrophage marker) positive cells in human pancreatic cancer

tissues was higher in individuals with cachexia compared to

those without cachexia (Figures 1J and 1K). Macrophage per-

centage in tumor tissue is also positively correlated with body

weight loss percentage in patients with pancreatic cancer (Fig-

ure S1D). Collectively, these data indicated that macrophages

may play a pivotal role in pancreatic cancer cachexia.

Depletion ofmacrophages attenuatesmuscle atrophy in
pancreatic cancer mouse models
To further determine the role of macrophages in pancreatic can-

cer cachexia, we established the macrophage-depleted mouse

models, including the Ccr2�/� mouse model and clodronate

treatment model.30,31 We established the KPC orthotopic allo-

graft mouse model in C57BL/6 WT and Ccr2�/� mice. Tumor

growth between WT and Ccr2�/� mice bearing the KPC tumors

are comparable (Figures 2A and S2A).Ccr2�/�mice showed sig-

nificant reduction of CCR2+ macrophages in the tumor and

spleen tissues compared to that in the WT mice (Figures 2B,

2C, and S2B). There was no significant difference of basal mus-

cle status between C57BL/6 WT and Ccr2�/� mice without tu-

mor engraftment (Figures S2C–S2G). Intriguingly, we found

increased grip strength in Ccr2�/� mice compared to WT mice

with orthotopic allograft of KPC tumors (Figure 2D). Moreover,

Ccr2�/� mice showed attenuated body weight loss compared

to WT mice (Figure S2H). We further evaluated tibialis anterior

(TA) and gastrocnemius (GAS) muscle weight in mice bearing tu-

mors. Ccr2�/� mice had higher TA muscle and GAS muscle

weight compared to WT mice (Figures 2E, S2I, and S2J). Anal-

ysis of cross-sectional areas of muscle fiber also indicated that

Ccr2�/� mice attenuated tumor-induced muscle wasting (Fig-

ure 2F). Furthermore, we examined the expression of muscle

wasting markers MuRF1 and Atrogin-1 in TA muscle tissues of

WT or Ccr2�/� mice. We found that Ccr2�/� mice had lower

expression of muscle wasting markers in TA muscle (Figure 2G).

These findings demonstrated that depletion of macrophages by

Ccr2 knockout attenuated tumor-induced muscle wasting. To

further validate these findings, we established another macro-

phage-depleted mouse model via clodronate treatment, which

pharmacologically depleted macrophages (Figures 2H, 2I, and

S2K). The basal muscle levels were comparable between PBS

or clodronate treatment groups without tumor engraftment

(Figures S2L–S2P), while clodronate treatment increased the
phage-high tumors in TCGA database. Statistical analysis by Log rank test. n =

r and macrophage percentage in tumor tissue. Horizon line indicates median

est.

non-cachexia and lung cancer cachexia mouse model using the GSE165856

ic cancer patients with/without cachexia. The scale bars represent 250 mm.

5 by Mann-Whitney test. See also Figure S1.

Cancer Cell 42, 885–903, May 13, 2024 887
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Figure 2. Depletion of macrophages attenuates muscle atrophy in pancreatic cancer mouse models

(A) Representative tumor tissue and tumor weight ofWT andCcr2�/�mice bearing allograft tumor fromKPC cells. n = 6, 7/group; mean ± SD; ns, not significant by

t test.

(B and C) The levels of CCR2+ macrophages in the spleen and tumor tissue of WT and Ccr2�/� mice. n = 3/group; mean ± SD; *, p < 0.05; **, p < 0.01 by t test.

(legend continued on next page)
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grip strength of mice with tumors (Figure 2J). Clodronate treat-

ment also suppressed muscle atrophy and tumor growth

compared to mice receiving PBS-liposome treatment

(Figures 2K, 2L, S2Q, and S2R). The expression of muscle

wasting markers decreased in clodronate treatment group (Fig-

ure 2M). These results indicated that macrophages promote tu-

mor-induced muscle atrophy in mouse models.

Macrophages promote muscle wasting by upregulating
TWEAK in pancreatic cancer
TWEAK, also known as TNFSF12, is a member of the TNF super-

family.32 Our previous studies indicated that TRAIL (TNF-related

apoptosis-inducing ligand) (TNFSF10) promotes muscle wasting

in pancreatic cancer.24 However, the role of TWEAK in pancre-

atic cancer muscle wasting remains elusive. We found that

TWEAK expression was positively associated with M2 but not

M0 or M1 macrophages infiltration in human pancreatic cancer

tissues in the TCGA dataset (Figures 3A, S3A and S3B). The

mRNA levels of Il10, Tgfb1, and Arg1 were significantly

increased in macrophages when co-cultured with pancreatic

cancer cells (Figures S3C–S3F). TWEAK recombinant protein

increased the expression of muscle wasting markers Atrogin-1

and MuRF1 as well as RELB signaling pathway in C2C12 differ-

entiated myotubes (Figures 3B and S3G). We noticed that

TWEAK expression in orthotopic KPC tumor tissues was higher

than that in normal pancreas from the sham group (Figure 3C). In

spontaneous pancreatic cancer models (LSL-KrasG12D/+; LSL-

Trp53R172H/+; Pdx1-Cre), the expression of TWEAK increased

as tumor progressed (Figures 3D and S3H). Indeed, the endog-

enous level of TWEAK was extremely low in pancreatic cancer

cell lines (Figure 3E). However, when co-cultured with macro-

phages, the secretion level of mTWEAK was significantly

increased in pancreatic cancer cells, indicating that TWEAK

may be upregulated in a non-autonomous manner (Figure 3E).

Consistently, the conditioned medium from macrophages

treated with IL-4 and IL-10 increased the secretion of TWEAK

in KPC and AsPC-1 cells (Figures S3I and S3J). Immunofluores-

cence staining of TWEAK, CD68, and pan-CK in the tumor tissue

of mice bearing CAC tumors showed the co-localization signal

between TWEAK and pan-CK, but not with CD68, indicating

that TWEAK is mainly from tumor cells (Figure 3F). We further

examined TWEAK expression in pancreatic cancer cells and

found consistent results to that of ELISA (Figures 3G and S3K).
(D) Relative grip strength of mice from experiment shown in (A). n = 6, 7/group; m

(E) Representative images of TA muscle frommice shown in (A). Right, relative mu

t test.

(F) Representative images of H&E staining of TAmuscle sections ofWT andCcr2�

50 mm. Right, quantitative analysis of cross-sectional areas of muscle fibers. Me

(G) Expression levels of muscle wasting protein MuRF1 and Atrogin-1 were detec

tumor from KPC cells.

(H and I) The levels of F4/80+ macrophages in the spleen and tumor tissue of mi

n = 3/group; mean ± SD; ***, p < 0.001 by t test.

(J) Relative grip strength of WT mice bearing tumors from KPC cells and treated

(K) Representative images of TA muscle from WT mice bearing tumors from KPC

n = 10, 12/group; mean ± SD; ***, p < 0.001 by t test.

(L) Representative images of H&E staining of TAmuscle sections ofWTmice beari

represents 50 mm.

(M) Expression levels ofmuscle wasting proteinMuRF1 and Atrogin-1were detect

treated with PBS or clodronate. See also Figure S2.
Patient-derived primary human pancreatic cancer cells (PDX46

and PDX87) were utilized to validate the role of macrophages

in promoting muscle wasting.33 The expression of TWEAK in

PDX46 and PDX87 cells was increased when these cells were

co-cultured with macrophages (Figures 3H and S3L). TWEAK

expression was increased in KPC andAsPC-1 cells when treated

with the conditionedmedium derived fromCCL2-activatedmac-

rophages (Figure 3I). CCL2 itself did not affect TWEAK expres-

sion in either KPC or AsPC-1 cells (Figure S3M). Knockdown of

TWEAK in tumor cells reversed the pro-cachexia effects induced

by macrophages (Figures 3J, S3N, and S3O). The expression of

muscle wasting markers in C2C12-derived myotubes increased

when the myotubes were treated with conditioned medium from

PDX46 and PDX87 cells co-cultured with macrophages, indi-

cating that macrophages increase the pro-cachexia potential

of these patient-derived primary pancreatic cancer cells (Fig-

ure 3K). TWEAK expression decreased in the tumor tissue of

Ccr2�/� transgenic mice bearing KPC tumors, compared to

that of C57BL/6 WT mice (Figure 3L). These findings indicated

that macrophages facilitated tumor-derived TWEAK secretion

to upregulate the expression of muscle atrophy markers.

Macrophage-derived CCL5 upregulates TWEAK via p65
signaling to promote pancreatic cancer cachexia
Chemokines are key mediators of cancer progression and can-

cer cachexia.16,25,32 To uncover themechanism ofmacrophages

promoting tumor-derived TWEAK, we examined the mRNA

levels of several cytokines in macrophages through non-con-

tacted co-culture with pancreatic cancer cells. C-C motif che-

mokine ligand 5 (CCL5) was significantly upregulated in macro-

phages when co-cultured with KPC and AsPC-1 cells

(Figures 4A and S4A). Similar results were found inmacrophages

directly cultured with pancreatic cancer cells (Figures S4B and

S4C). The conditionedmedium fromAsPC-1 cells also increased

mRNA levels of Ccl5 in macrophages (Figure S4D). Meanwhile,

macrophages co-cultured with pancreatic cancer cells showed

increased CCL5 secretion (Figures 4B and 4C). Treatment with

recombinant protein CCL5 increased mRNA, protein, as well

as secretion of TWEAK in both KPC and AsPC-1 cells

(Figures 4D, 4E, S4E, and S4F). CCL5 alone did not induce mus-

cle wasting of C2C12 myotubes. However, the conditioned me-

dium from cancer cells treated with CCL5 induced MuRF1 and

Atrogin-1 expression in C2C12 myotubes (Figures 4F and 4G).
ean ± SD; ***, p < 0.001 by t test.

scle weight to body weight (BW). n = 12, 14/group; mean ± SD; ***, p < 0.001 by

/� transgenic mice bearing allograft tumor from KPC cells. Scale bar represents

an ± SD.

ted in TA muscle tissue from WT or Ccr2�/� transgenic mice bearing allograft

ce treated with PBS or clodronate.

with PBS or clodronate. n = 5, 6/group; mean ± SD; ***, p < 0.001 by t test.

cells and treated with PBS or clodronate. Right, relative muscle weight to BW.

ng allograft tumor fromKPC cells and treated with PBS or clodronate. Scale bar

ed in TAmuscle tissue fromWTmice bearing allograft tumor fromKPC cells and

Cancer Cell 42, 885–903, May 13, 2024 889
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Figure 3. Macrophages promote muscle wasting by upregulating TWEAK in pancreatic cancer

(A) The correlation of M2 macrophages infiltration and TWEAK expression in pancreatic cancer tissue in TCGA database (n = 150). Statistical analysis by

Pearson’s correlation test.

(legend continued on next page)
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We further examined whether CCL5 regulates TWEAK expres-

sion in pancreatic cancer cells. To demonstrate that macro-

phage-induced TWEAK expression in pancreatic cancer cells

is dependent on CCL5/CCR5 signaling axis, we knocked down

CCR5 in tumor cells and found that inhibition of CCL5/CCR5

pathway would reverse macrophage-induced TWEAK upregula-

tion (Figures 4H and 4I). Furthermore, inhibition of CCL5/CCR5

pathway results in the decrease of muscle wasting markers

induced by tumor and macrophages crosstalk (Figures 4J and

4K). To investigate the mechanism through which CCL5 upregu-

lates TWEAK expression, we examined the potential signaling

pathways. NF-kB pathway (p65) was reported to be the down-

stream target of CCL5, which also plays critical roles in cancer

cachexia.34,35 The results of chromatin immunoprecipitation

(ChIP) assay and luciferase assay confirmed that p65 transcrip-

tionally activates TWEAK (Figures 4L and 4M). In addition, p65

(also known as RELA) is associated with TWEAK expression in

human pancreatic cancer tissues in TCGA database (Fig-

ure S4G). Moreover, inhibition of p65 pathway by small molecule

inhibitor QNZ (EVP4593) blocked macrophage-induced TWEAK

expression in AsPC-1 cells, indicating that NF-kB signaling is

required for macrophage-promoted cancer-derived TWEAK

expression (Figures 4N and S4H–S4K). High level of CCL5 in

pancreatic cancer tissue was associated with worse prognosis

(Figure S4L). Thus, these results suggested that CCL5 facilitates

cancer cell-derived TWEAK secretion by activating the NF-kB

axis (p65).

Pancreatic cancer cells recruit macrophages, which
induce non-autonomous activation of TWEAK via
TRAF6/p65 pathway
To further explore the underlying mechanism of CCL5-induced

TWEAK expression, we established two variants of KPC and

AsPC-1 cell lines with different cachectic potential: one with

high cachectic potential (named ‘‘CAC’’) and the other one with

relatively low cachectic potential (named ‘‘non-CAC’’) based

on the expression of muscle wasting biomarkers, such as

Atrogin-1 and MuRF1 in muscle tissue. KPC-CAC tumors

induced more severe muscle wasting compared to non-CAC tu-

mors (Figures S5A and S5B). KPC-CAC tumor tissue showed

increased infiltration of macrophages compared to that in

KPC-non-CAC tumors (Figures 5A and S5C). Meanwhile, the
(B) MuRF1, Atrogin-1, and RELB expression levels were investigated in C2C12 d

(C) TWEAK expression in normal pancreas from the Sham group compared with t

p < 0.01 by t test.

(D) Representative images of IHC staining of mTWEAK in pancreatic cancer tiss

(E) Secretion of TWEAK was determined using ELISA assay with medium from K

detectable. n = 2; mean ± SD; ***, p < 0.001 by t test.

(F) Representative images of immunofluorescence staining of TWEAK and the bio

mice bearing allograft tumor from KPC cells. Scale bar represents 10 mm.

(G) Protein expression levels of TWEAK were detected in KPC and AsPC-1 cells

(H) The expression of TWEAK in PDX46 and PDX87 primary pancreatic cancer c

(I) Protein expression levels of TWEAK in KPC and AsPC-1 cells treated with the

(J) MuRF1 and Atrogin-1 expression levels were investigated in C2C12 differentia

without co-cultured with macrophages. siTW indicates siTWEAK.

(K) The expression of muscle wasting markers in C2C12 differentiated myotubes t

macrophages.

(L) TWEAK protein levels in the tumor tissue of WT and Ccr2�/� transgenic mice

mean ± SD; **, p < 0.01 by t test. See also Figure S3.
KPC-CAC tumors had higher mRNA levels of Ccl5 (Figure 5B).

Consistently, we found higher expression of CCL5 in CAC tu-

mors compared to non-CAC tumors in WT mice. When the tu-

mors were allografted on Ccr2�/� transgenic mice, CCL5 levels

in CAC tumors and non-CAC tumors were comparable (Fig-

ure 5C). Non-CAC tumors showed lower mRNA levels of Tnfsf12

which encodes TWEAK (Figure 5D). We also evaluated TWEAK

levels in mouse serum by ELISA and found that mice allografted

with CAC tumors had higher levels of TWEAK compared to that

with non-CAC tumors (Figure 5E). CCL5 induced TWEAK

expression in CAC cell lines but not in non-CAC cell lines

(Figures 5F and 5G). These findings suggest that CAC tumor fa-

cilitates the recruitment of macrophages. Reciprocally, CCL5

secretion from macrophages promotes the secretion of

TWEAK from cancer cells, forming a feedforward loop.

Next, we explored the underlying mechanism of CCL5-

induced activation of NF-kB signaling in cancer cells. Emerging

evidence indicated that TRAF6 plays an essential role in skeletal

muscle mass regulation and serves as a pivotal regulator of ca-

nonical NF-kB.36 We found that protein levels of TRAF6 in

pancreatic cancer cells increased when co-cultured with macro-

phages (Figures 5H and 5I). Tumor tissue of mice bearing allo-

graft from CAC cells showed higher TRAF6 and nuclear p65

expression compared to that of non-CAC cells (Figure S5D).

Consistently, conditioned medium from M2 macrophages acti-

vated TRAF6/NF-kB signaling in CAC-but not in non-CAC

(Figures 5J and S5E). Then, we used recombinant protein

CCL5 to treat KPC and AsPC-1 cells and found that TRAF6

was upregulated in CAC but not in non-CAC (Figures 5K and

5L). Meanwhile, the conditioned medium from KPC cells treated

with CCL5 upregulated MuRF1 and Atrogin-1 in C2C12 differen-

tiated myotubes (Figure S5F). To examine whether TRAF6 is

involved in macrophage-induced TWEAK expression, we over-

expressed TRAF6 in both CAC and non-CAC cells and found

that there was no significant difference of TWEAK expression

when co-cultured with macrophages, indicating TRAF6 is on

the upstream of TWEAK (Figure S5G). TRAF6 acts as an E3 ubiq-

uitin ligase to form K63-type polyubiquitin chains (K63-Ub

chains) and subsequently triggers NF-kB signaling activation.36

E2 ubiquitin-conjugating (UBC) enzyme, UBE2O, inhibits

TRAF6 polyubiquitination and the downstream components of

NF-kB signaling.37 We demonstrated that CCL5 promoted
ifferentiated myotubes treated with recombinant TWEAK protein for 8 h.

hat in tumor tissue from orthotopic KPC tumors. n = 2, 6/group; mean ± SD; **,

ue of KPC GEMM mice. Scale bar represents 50 mm.

PC cells with or without co-culture with macrophages. ‘‘N.D.’’ indicates non-

marker of macrophage (CD68) and cancer cells (pan-CK) in the tumor tissue of

with or without co-cultured with macrophages. M4 represents macrophages.

ells with or without co-culture with macrophages.

conditioned medium from macrophages or CCL2-treated macrophages.

ted myotubes treated with conditioned medium of KPC-siNC/siTWEAK with or

reated with conditioned medium from PDX46 and PDX87 cells co-cultured with

bearing allograft tumors from KPC cells was evaluated by WB. n = 5/group;
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Figure 4. Macrophages derived CCL5 upregulates TWEAK via p65 signaling in pancreatic cancer

(A) ThemRNA levels of cytokines in macrophages alone or co-cultured with KPC cells. n = 3/group; mean ± SD; **, p < 0.01, ***, p < 0.001; ****, p < 0.0001; ns, not

significant by t test.

(legend continued on next page)
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K63-linked ubiquitination of TRAF6 by inhibiting the interaction

between TRAF6 and UBE2O, leading to TRAF6 poly-

ubiquitination andNF-kBactivation (Figure 5M). Therefore, these

results indicated that macrophages facilitate cancer cachexia

through activating TRAF6 K63-linked ubiquitination, resulting in

the activation of NF-kB-TWEAK signaling pathway.

CCL2-activated macrophages induce muscle wasting in
pancreatic cancer
We performed flow cytometry and found that the percentage of

TAMs (M2) significantly decreased in the tumor tissue of non-

CAC group compared to the CAC group (Figures 6A and S6A–

S6C). Notably, we found no significant difference for T cell infil-

tration (Figure S6D). The percentage of CD206 positive cells

was significantly increased in macrophages treated with the

conditionedmedium derived fromKPC-CAC cells, whereasmin-

imal effect was found in the non-CAC group. Similar results were

obtained from AsPC-1 cells (Figure 6B). The conditioned me-

dium from CAC cells that were co-cultured with macrophages

increased muscle wasting biomarkers MuRF1 and Atrogin-1

expression in C2C12 differentiated myotubes, whereas minimal

effect was found in non-CAC cells (Figure 6C). To determine key

cytokines that contribute to cancer-induced macrophage

recruitment and polarization, we evaluated the mRNA levels of

several cytokines associated with macrophage recruitment in

CAC and non-CAC cells. We found that CCL2 was the most

significantly decreased cytokine in non-CAC cells compared to

CAC cells (Figures 6D–6F and S6E). To further examine whether

CCL2 is a major regulator of cancer-mediated macrophage

recruitment and polarization, we used recombinant protein

CCL2 to treat non-CAC cells and found that CCL2 restored the

chemotactic migration ability of macrophages (Figure 6G). Addi-

tionally, treatment with CCL2 recombinant protein significantly

restored the levels of CD206 and increased Mrc1 and Ccl5

expression in macrophages (Figure 6H, S6F–S6H). The expres-

sion of TWEAK was upregulated in pancreatic cancer cells

when treated with conditioned medium derived from CCL2-acti-

vated macrophages (Figure 6I). Furthermore, MuRF1 and

Atrogin-1 were upregulated in C2C12 differentiated myotubes

treated with conditioned medium from cancer cells that were

preconditioned by CCL2-activated macrophages (Figure 6J).

CCL2-activated macrophages also promoted p65 activation in

pancreatic cancer cells (Figure S6I). CCL2 alone did not increase

the expression of muscle wasting markers MuRF1 and Atrogin-1

(Figure S6J). Taken together, these findings demonstrated that
(B and C) CCL5 secretion levels were measured in macrophages, KPC and AsP

detectable. n = 2/group; mean ± SD; *, p < 0.05, **, p < 0.01 by t test.

(D) Protein levels of TWEAK in KPC and AsPC-1 cells treated with recombinant p

(E) TWEAK secretion levels in KPC and AsPC-1 cells treated with recombinant pro

by t test.

(F and G) The expression levels of muscle atrophy markers MuRF1 and Atrogin-1

conditioned medium of KPC or AsPC-1 cells treated with CCL5.

(H and I) Knockdown of CCR5 by siRNAs in pancreatic cancer cells and evaluat

(J and K) Knockdown of CCR5 by siRNAs in pancreatic cancer cells and the co

expression of muscle wasting markers in C2C12 differentiated myotubes.

(L) ChIP binding assay with anti-p65 to examine the binding of p65 to TWEAK pr

(M) Luciferase reporter assay to examine whether p65 transcriptionally activates

(N) TWEAK protein levels in AsPC-1 cells with or without the co-culture with macr

48 h. See also Figure S4.
CCL2 activated macrophages induced muscle wasting in

pancreatic cancer.

We then sought to examine the underlying mechanism of how

pancreatic cancer upregulates CCL2. Previous studies suggest

that several transcription factors including c-JUN, EGR1,

ZXDC, and STAT3 activate CCL2.38–41 To determine the putative

transcription factors that mediate CCL2 expression in pancreatic

cancer, we analyzed the mRNA levels of these genes in CAC and

non-CAC cells (Figure S6K) and then focused on ZXDC, a zinc-

dependent transcription factor. We found that ZXDC was signif-

icantly downregulated both at the mRNA and protein level in

non-CAC cells compared to CAC cells. (Figure S6L). Knockdown

of ZXDC reduced the CCL2 expression and secretion in KPC

cells (Figures S6M–S6O). ChIP assay demonstrated that ZXDC

binds to the promoter region of CCL2 and the binding was

reduced in non-CAC cells (Figure S6P). These findings indicated

that pancreatic cancer promoted macrophage recruitment and

polarization through CCL2 which might be transcriptionally acti-

vated by ZXDC.

Cancer induced muscle wasting is partially dependent
on the non-autonomous activation of TWEAK
To validate the critical role of non-autonomous activation of

TWEAK in promoting cancer cachexia, we analyzed the secre-

tion levels of multiple cytokines that are associated with cancer

cachexia in the tumor tissue of KPC-CAC/non-CAC group using

the cytokine antibody array. Several cytokines were downregu-

lated in non-CAC group. Among these candidates, TWEAK

was one of the top downregulated cytokines in non-CAC group

compared to that in CAC group (Figures 7A and S7A). We further

validated that protein level of TWEAK was higher in CAC group

compared to that in the non-CAC group (Figures 7B, 7C and

S7B). Macrophages co-culture further increased the level of

TWEAK in tumor cells (Figures S7C–S7E). To further determine

the role of TWEAK in cancer-induced muscle wasting, we estab-

lished CAC-V, non-CAC-V, and non-CAC-TWEAK stable cell

lines in both KPC and AsPC-1 cells (Figures S7F and S7G).

TWEAK overexpression in both KPC and AsPC-1 non-CAC cells

increased levels of muscle wasting markers Atrogin-1 and

MuRF1 (Figures 7D and 7E). Besides the 2D pancreatic cancer

cell culture model, we also established the 3D cancer spheroid

model and validated that TWEAK increased the expression of

MuRF1 in C2C12 differentiated myotubes (Figure S7H). Next,

we evaluated the role of TWEAK in tumor growth and muscle at-

rophy in vivo. Overexpression of TWEAK did not affect tumor
C-1 cells with or without co-culture with macrophages. ‘‘N.D.’’ indicates non-

rotein CCL5 at 10 ng/mL for 72 h.

tein CCL5 at 10 ng/mL for 72 h. n = 2/group; mean ± SD; *, p < 0.05, **, p < 0.01

were examined in C2C12 myotubes treated with recombinant protein CCL5 or

e the expression of TWEAK.

ndition medium was collected from the above cells to treat and evaluate the

omoter region in KPC cells.

TWEAK. n = 9/group; mean ± SD; ****, p < 0.0001; ns, not significant by t test.

ophages and treatment with small molecule inhibitor of NF-kB (QNZ, 10 mM) for
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Figure 5. The non-autonomous activation of TWEAK is regulated via TRAF6/p65 pathway

(A) Representative images of IHC staining of F4/80 in orthotopic pancreatic cancer mouse model implanted with KPC-CAC and KPC-non-CAC cells. The scale

bar is 50 mm.

(legend continued on next page)
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growth (Figure S7I). Ccr2 knockout in mice resulted in the atten-

uation of muscle wasting induced by CAC cells. Overexpression

of TWEAK in non-CAC cells restored the muscle wasting pheno-

type in WT and Ccr2�/� mice (Figures 7F–7H). In addition, we

found that TWEAK overexpression increased the expression of

muscle wasting-associated markers, Atrogin-1 and MuRF1 in

the TA muscle tissue from both C57BL/6 WT and Ccr2�/� mice

(Figure 7I). Collectively, both in vitro and in vivo data suggest

that non-autonomous activation of TWEAK is required for can-

cer-induced muscle wasting in pancreatic cancer.

TWEAK expression is associated with cancer cachexia
in patients with pancreatic cancer
To validate the clinical significance of the macrophage-activated

TWEAK signaling pathway in pancreatic cancer, we performed

IHC staining and analyzed the expression of TWEAK, CD68 in

human pancreatic tumor tissue, andMuRF1 in the paired muscle

tissues. Patients with severe cachexia (defined as body weight

loss greater than 10%) showed higher expression of TWEAK

and CD68 in tumor tissue and higher expression of MuRF1 in

muscle tissue compared to that in patients with less severe

cachexia (Figures 8A and S8A). These findings indicated that

the combination of TWEAK expression and macrophages infil-

tration could identify patients with increased risk of developing

muscle wasting in pancreatic cancer. In summary, this study

identified an essential role of macrophages in promoting cancer

cachexia. Specifically, the non-autonomous activation of

TWEAK induced by the crosstalk between tumor cells and mac-

rophages drives pancreatic cancer cachexia through MuRF1-

mediated muscle remodeling (Figure 8B).

DISCUSSION

Pancreatic cancer represents a poor-prognosis malignancy,

with the highest prevalence of cancer cachexia.4,42 Cachexia in-

fluences quality of life and overall survival among individuals with

pancreatic cancer.43 Unfortunately, treatment options are

limited for the management of cancer cachexia.7 Therefore,

identifying potential therapeutic targets remains a challenge to

effectively address cancer cachexia. In prior work, we identified

that the dysregulation of the zinc signaling axis represents a crit-

ical regulator for tumor growth, metastasis, and chemoresist-

ance in pancreatic cancer.44,45 Further, we have found that a

zinc-dependent transcription factor (i.e., CREB) promotes mus-

cle wasting and cancer cachexia via TGF-b and TNF path-

ways.22,24 However, the role of tumor microenvironment in pro-

moting cancer cachexia remains poorly understood. In this

study, we bridge this gap by identifying the crosstalk between tu-
(B) Ccl5 mRNA levels in the tumor tissue of KPC-CAC and KPC-non-CAC group

(C) CCL5 protein levels in the tumor tissue of WT and Ccr2�/� transgenic mice b

(D) mRNA levels of cancer cachexia associated genes were detected in the tum

(E) The levels of TWEAK in mice serum were detected by ELISA. n = 3, 6, 4/grou

(F and G) TWEAK protein levels in CAC and non-CAC cells treated with recombi

(H and I) The expression of TWEAK and TRAF6 in CAC and non-CAC cells with o

(J) Expression of p-p65, total p65 and TRAF6 in CAC and non-CAC cells treated

(K and L) Protein levels of p-p65, total p65, and TRAF6 in CAC and non-CAC ce

(M) TRAF6 K63-ubiquitination and the association of TRAF6 and UBE2O were m

with recombinant mouse protein CCL5. See also Figure S5.
mor cells and macrophages that drives muscle wasting in

pancreatic cancer.

Macrophages are among the most abundant cell types in the

stroma of pancreatic cancer tissue, playing a critical role in

driving pancreatic cancer progression.46,47 However, the under-

lying mechanism of cancer-mediated cachexia involving the

crosstalk between cancer cells and macrophages was underex-

plored. Previous studies involving muscle biopsy samples from

patients with pancreatic cancer showed an inverse correlation

between the density of macrophages in muscle tissue and the

size of muscle fiber.48 Increased infiltration of macrophages

has been shown to be prevalent in adipose tissue of hepatocel-

lular carcinoma, pancreatic cancer, and lung cancer mouse

models, leading to adipose loss and cancer cachexia.49,50 In

our current study, we found substantial increase inmacrophages

in pancreatic tumor tissue, which correlated with muscle

wasting. Conditioned medium from pancreatic cancer cells co-

cultured with macrophages significantly upregulated MuRF1

and Atrogin-1 expression in C2C12 differentiated myotubes.

Mechanism study demonstrated that pancreatic cancer cells

promote cancer cachexia by inducing macrophages infiltration

through ZXDC/CCL2 pathway. Interestingly, Kupffer cells, mac-

rophages that are localized in the liver, play critical roles in can-

cer progression.51 Kupffer cells promote pancreatic cancer pro-

gression by secreting TGF-b.52 Our recent study showed that

TGF-b promotes pancreatic cancer cachexia,22 suggesting a

potential interaction between liver and muscle via TGF-b

pathway. Recently, a study showed that tumor EVPs educated

Kupffer cells to increase the secretion of TNF.53 Our current

study revealed an important role of TWEAK (TNFSF12), a mem-

ber of TNF family in cachexia. This study indicated that TWEAK

mediates the pro-cachexia effect of macrophages and sug-

gested potential crosstalk between Kupffer cells and muscle

cells. Taken together, these findings demonstrate that Kupffer

cells may play a role in cancer cachexia-associated muscle

wasting by secreting TNF and TGF-b.

CCL5, also known as RANTES (regulated on activation, normal

T cell expressed and secreted), has been shown to contribute to

tumor growth, metastasis, and the formation of an immunosup-

pressive microenvironment.54–56 Emerging evidence suggests

that tumor-associated macrophages are a major source of

CCL5, which establishes a potent paracrine regulatory circuit

for tumor progression.57,58 CCL5 from macrophages promotes

tumor progression via CC receptor 5 (CCR5) in gastric cancer

and glioma.59,60 However, the role of CCL5 in pancreatic cancer

cachexia has remained poorly defined. In this study, we found

that pancreatic cancer cells upregulated CCL5 expression in

macrophages. Macrophage-derived CCL5 promoted pancreatic
. n = 3/group; mean ± SD; ***, p < 0.001 by t test.

earing allograft tumors from KPC-CAC and KPC-non-CAC cells.

or tissue of KPC-CAC and KPC-non-CAC group.

p; mean ± SD; *, p < 0.05 by t test.

nant CCL5 at 10 ng/mL for 72 h.

r without co-cultured with macrophage.

with conditioned medium from M2 macrophages.

lls treated with recombinant mouse protein CCL5 at 10 ng/mL for 72 h.

easured in TRAF6 overexpressing KPC-CAC and KPC-non-CAC cells treated
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Figure 6. Pancreatic cancer activates macrophages induced muscle wasting through CCL2

(A) The percentage of M2 macrophages infiltration in the tumor tissue of CAC (n = 3) and non-CAC (n = 3) group was detected by flow cytometry analysis. n =

3/group; mean ± SD; **, p < 0.01 by t test.

(legend continued on next page)
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cancer progression by activating TRAF6 and phosphorylating

NF-kB subunit p65. Taken together, our findings support that

pancreatic cancer cells activate tumor-associated macrophages

via CCL2 and macrophages promote cancer progression

via CCL5.

TWEAK is a pro-inflammation cytokine of the TNF family,

which has been identified as a key regulator for muscle atro-

phy.61,62 TWEAK promotes denervation-induced muscle atro-

phy in several neuromuscular disorders.63–65 Dogra et al.

elucidated that muscle specific TWEAK knocked-in mice ex-

hibited severe loss of muscle mass at the neonatal stage.66

Knockout of TWEAK inhibited muscle wasting induced by

denervation.66 TWEAK binds to its receptor fibroblast growth

factor inducible 14 (Fn14) to activate non-canonical NF-kB

pathway and induces muscle atrophy.61,67 TWEAK/Fn14 axis

is also essential for muscle regeneration. However, the mech-

anism of TWEAK upregulation in pancreatic cancer had previ-

ously remained unknown. Here, we found that pancreatic can-

cer upregulated TWEAK through the activation of NF-kB

signaling pathway. We further characterized the role of macro-

phages in mediating pancreatic cancer cell-induced muscle

wasting through TWEAK. Specifically, the crosstalk between

tumor cells and macrophages increased the secretion of

TWEAK, the latter of which induced muscle wasting. This

was evident by the increase of muscle atrophy-associated

markers Atrogin-1 and MuRF1 in C2C12 differentiated myo-

tubes treated with recombinant TWEAK protein or conditioned

medium from TWEAK-overexpressing pancreatic cancer cells.

Our findings demonstrate that the crosstalk between tumor

cells and macrophages results in the upregulation of TWEAK

from tumor cells, leading to muscle wasting and cancer

cachexia in pancreatic cancer. Antibody-drug conjugate tar-

geting TWEAK signaling axis showed promising results in

the preclinical settings of lung cancer.68 Several monoclonal

antibodies and small molecule antagonists that block

TWEAK and CCL2 signaling axis have been developed for

the treatment of pancreatic cancer and other cancers in the

clinical settings.69,70 These studies echo the translational po-

tential of targeting CCL2-TWEAK signaling axis for the treat-

ment of pancreatic cancer cachexia.

This study also has several limitations. The correlation be-

tween cachexia and immune cells in tumor tissue was initially

analyzed using different datasets andwas then validated in an in-

dependent cohort of pancreatic cancer patients. Future study is

warranted to validate this finding in a larger cohort. Previous

studies showed that Ccr2�/� mice had significantly lower levels

of macrophages in the lung and liver tissue, while the level of
(B) The percentage of CD206 positive cells in macrophages treated with the con

(C) Expression of muscle wasting protein MuRF1 and Atrogin-1 were detected in C

and non-CAC cells with or without co-culture with macrophages.

(D) The mRNA levels of genes associated with macrophages recruitment were d

p < 0.01; ***; p < 0.001; ****; p < 0.0001 by t test.

(E and F) Secretion of CCL2wasmeasured using ELISA assay with supernatant of

(G) Chemotactic migration assays of macrophages using the supernatant of CA

mean ± SD; ***, p < 0.001; ****, p < 0.0001 by t test.

(H) The percentage of CD206 positive cells in macrophages treated with the CC

(I and J) CAC/non-CAC cells were treated with the conditionedmedium fromM0 o

expression of TWEAK. The medium was collected and treated C2C12 differentiat

also Figure S6.
neutrophils increased.71–78 More studies are needed to examine

how the balance of different immune cells will regulate cancer

cachexia. Besides, the mechanism of CCL2 upregulation in tu-

mor cells warrants further study.

In summary, this study identified a previously uncharacterized

mechanism of pancreatic cancer cell-mediated muscle wasting

through reprogramming of tumor-associated macrophages.

Specifically, macrophages promoted non-autonomous activa-

tion of TWEAK from tumor cells via the CCL5/TRAF6/NF-kB

signaling axis. Meanwhile, tumor cells recruited and activated

macrophages via CCL2, establishing a positive crosstalk be-

tween pancreatic cancer cells and macrophages. The upregu-

lated TWEAK promoted muscle wasting through the MuRF1

signaling pathway. Ultimately, these findings provide promising

therapeutic targets to inform futurework seeking to address can-

cer cachexia in pancreatic cancer.
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Figure 7. Cancer induced muscle wasting is partially dependent on the non-autonomous activation of TWEAK

(A) Protein levels of cancer cachexia associated genes were detected in the tumor tissue from KPC-CAC/non-CAC groups using cytokine antibody array.

(B) Secretion level of TWEAK in the tumor tissue of KPC-CAC/non-CAC groups. n = 5, 4/group; mean ± SD; *, p < 0.05 by t test.

(legend continued on next page)
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(A) Representative IHC staining of CD68 and TWEAK in tumor tissues (scale bar represents 100 mm) andMuRF1 in muscle tissues (scale bar represents 50 mm) of

patients with pancreatic cancer.

(B) Schematic diagram. Pancreatic cancer cells recruit macrophages through CCL2 signaling axis. Activatedmacrophages facilitate the secretion of TWEAK from

tumor cells in a CCL5-TRAF6-p65 dependent manner. TWEAK activates RELB-MuRF1 signaling pathway in muscle myotubes, leading to cancer cachexia. See

also Figure S8.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

mTWEAK R&D systems AF1237; RRID: AB_2206219

TWEAK Abcam Ab37170; RRID: AB_778691

Atrogin-1 ECM Biosciences AP2041; RRID: AB_2246979

MuRF1 R&D systems AF5366; RRID: AB_2208833

ZXDC Proteintech 20530-1-AP; RRID: AB_10694823

TRAF6 Abcam Ab40675; RRID: AB_778573

Phospho- NF-kB p65 Cell Signaling Technology 3033; RRID: AB_331284

NF-kB p65 Cell Signaling Technology 8242; RRID: AB_10859369

RELB Cell Signaling Technology 10544; RRID: AB_2797727

Pan-CK Cell Signaling Technology 4545; RRID: AB_490860

mCD68 Abcam Ab53444; RRID: AB_869007

CD68 Invitrogen 14-0688-82; RRID: AB_11151139

FITC-Anti-CD45 Biolegend 157607; RRID: AB_2832554

PerCP Cy5.5 Anti-Ly-6G Biolegend 127647; RRID: AB_2566318

APC-Cy7-Anti-F4/80 Biolegend 157315; RRID: AB_2894638

APC-Anti-CD86 Biolegend 105011; RRID: AB_493343

Brilliant-Anti-CD4 Biolegend 100559; RRID: AB_2562608

PE-Cy7-Anti-CD3 Biolegend 100219; RRID: AB_1732068

PE-anti-CD206 (MMR) Biolegend 141705; RRID: AB_10896421

PE-Anti-CD8a Bio-Rad MCA609P647; RRID: AB_566916

PerCP-Anti-CD11b Thermo Fisher 46-0112-80; RRID: AB_2866429

PE-Anti-CD192 (CCR2) Biolegend 150609; RRID: AB_2616981

K63-Ub Cell Signaling Technology 5621; RRID: AB_10827985

FLAG MBL M185-3L; RRID: AB_11123930

UBE2O Cell Signaling Technology 83393; RRID: AB_2800015

mCCR5 R&D systems MAB6138; RRID: AB_10717978

CCR5 R&D systems MAB1802; RRID: AB_357919

CCL5 Cell Signaling Technology 36467

VCL Proteintech 66305-1-Ig; RRID: AB_2810300

ACTB Proteintech 66009-1-Ig; RRID: AB_2687938

GAPDH Proteintech 60004-1-Ig; RRID: AB_2107436

Biological samples

Primary tumor specimens and muscle samples Johns Hopkins University N/A

Chemicals, peptide, and recombinant proteins

Recombinant mouse CCL2 protein R&D systems 479-JE

Recombinant human CCL2/MCP1 protein R&D systems 279-MC

Recombinant mouse CCL5/RANTES protein R&D systems 478-MR

Recombinant human CCL5/RANTES protein R&D systems 278-RN

Recombinant mouse TWEAK/TNFSF12 protein R&D systems 1237-TW

Recombinant human TWEAK/TNFSF12 protein R&D systems 1090-TW

Hygromycin B Enzo Life Sciences 31282-04-9

Puromycin Dihydrochloride Thermo Fisher Scientific A1113803

ROCHE CompleteTM Lysis-M Millipore Sigma 04719956001
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Roche Protease inhibitors cOmplete�,

Mini Protease Inhibitor Cocktail

Millipore Sigma 04693124001

Roche PhosSTOPTM Millipore Sigma 4906837001

Critical commercial assays

Cytokine antibody array Abcam Ab193660

Pierce� Magnetic ChIP Kit Thermo Fisher Scientific 26157

BCA Protein Assay Kit Thermo Fisher Scientific 23225

PureLinkTM RNA Mini Kit Thermo Fisher Scientific 12183018A

PureLinkTM Quick Gel Extraction &

PCR Purification Combo Kit

Thermo Fisher Scientific K220001

Human TWEAK ELISA Kit Thermo Fisher Scientific EHTNFSF12

Mouse TWEAK ELISA Kit Thermo Fisher Scientific EMTNFSF12

Mouse RANTES ELISA Kit Raybiotech ELM-RANTES-1

Human CCL2/MCP1 ELISA Kit Raybiotech ELH-MCP1-1

Mouse CCL2/MCP1 ELISA kit Raybiotech ELM-MCP1-1

RANTES Mouse Instant ELISATM Kit Thermo Fisher Scientific BMS6009INST

Experimental models: Cell lines

KPC Johns Hopkins University N/A

AsPC-1 ATCC CRL-1682

C2C12 ATCC CRL-1772

THP-1 ATCC TIB-202

RAW264.7 ATCC TIB-71

PDX46 UTHealth N/A

PDX87 UTHealth N/A

Deposited data

RNA-seq data from TCGA database The Cancer Genome Atlas

Program (TCGA)

https://portal.gdc.cancer.gov/

Single-cell transcriptomics analysis of

pancreatic primary tumor and

metastatic biopsy tissues

https://doi.org/10.1186/

s13073-020-00776-9

GEO: GSE154778

Bulk RNA-seq data https://doi.org/10.1038/

s41467-022-32135-0

GEO: GSE165856

Software and algorithms

FlowJo TreeStar https://www.flowjo.com/solutions/flowjo

IBM SPSS Statistics 20 IBM https://www.ibm.com/products/spss-statistics

R v4.2.3 N/A https://www.r-project.org/

ImageJ NIH https://imagej.nih.gov/ij/

Prism 10 GraphPad https://www.graphpad.com
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead contact, Min Li

(Min-Li@ouhsc.edu).

Materials availability
This study did not generate new unique reagents. Plasmids generated in this study are available from the lead contact with a

completed Materials Transfer Agreement.
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Data and code availability
Bulk RNA sequencing data are acquired from public databases. Accession links are available in the STAR methods. This study did

not generate new unique codes. All codes are publicly available. Accession links are available in the key resources table. Any addi-

tional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines
AsPC-1 cells, RAW 264.7 cells, THP-1 and C2C12 myoblasts were purchased from American Type Culture Collection (ATCC, Rock-

ville, MD). PDX46 and PDX87 cells are patient-derived primary human pancreatic cancer cells, which were established by Dr. Jose

Trevino (Virginia Commonwealth University).79 KPC cell line was kindly provided by Dr. Elizabeth Jaffee. The KPC cells were devel-

oped from KRASG12D TP53R172H PDX-1-CRE+/+ (KPC) mice which were backcrossed onto a C57BL/6 background for nine genera-

tions.80 AsPC-1 cells were cultured in RPMI 1640medium supplemented with 10% fetal bovine serum (FBS). KPC cells were cultured

in RPMI 1640 medium with 10% FBS and 1% non-essential amino acids. THP-1 cells were cultured in RPMI 1640 medium with 10%

FBS and 2-mercaptoethanol to a final concentration of 0.05 mM. PDX46 and PDX87 cells were culture in Dulbecco’s Modified Eagle

Medium F12 (DMEM-F12) with 10%FBS and 20 ng/mL EGF. C2C12myoblasts and RAW264.7 cells were cultured in DMEMmedium

with 10% FBS. Differentiation of C2C12 myoblasts was induced by 3% horse serum for 5 days to form myotubes. Conditioned me-

dium collected from pancreatic cancer cells was then added to C2C12 myotubes to induce muscle atrophy.

Transgenic mouse models
C57BL/6 WT and Ccr2�/� mice (B6.129S4-Ccr2tm1Ifc/J. Strain #:004999) were obtained from The Jackson Laboratory. All mice

were housed at the animal facility at University of OklahomaHealth Sciences Center (OUHSC). All animal experiments were approved

by the Institutional Animal Care and Use Committee (IACUC) at OUHSC and were conducted in compliance with the National Insti-

tutes of Health (NIH) Guide for the animal studies. All mice were maintained under specific pathogen-free conditions in the animal

facility.

Clinical samples
Human pancreatic cancer tissue andmuscle tissue samples were obtained from Johns Hopkins University. This study was approved

by the Institutional Review Board (IRB) at OUHSC. Banked de-identified tissues were used. Written consent from all subjects was

obtained. Individuals with over 5% of body weight loss in the past 6 months were defined as having cachexia.4 In this study, we

defined ‘‘less cachexia’’ as those with less than 10% of body weight loss in the past 6 months. Those with more than 10% body

weight loss in the past 6 months are considered as ‘‘severe cachexia’’. The prevalence of cancer cachexia and percentage of

body weight loss were obtained from previous studies.4

METHOD DETAILS

Stable cell line construction
TWEAK overexpression stable cell lines were developed using the lentivirus vector from Genecopoeia following the manufacturer’s

instructions. The stable cell lines were selected by adding hygromycin (400 mg/mL) or puromycin (1.5 mg/mL) into the culturemedium.

Three individual lines were selected for each stable cell.

Chromatin immunoprecipitation assay
The chromatin immunoprecipitation (ChIP) assay was performed in KPC cells by using the anti-NF-kB p65 antibody with the Mag-

netic Chromatin Immunoprecipitation System (Life Technologies) following the manufacturer’s protocol. After the antibody was

pulled down, the target DNA fragment was amplified and determined by PCR. The sequences for mTWEAKChIP assay are: Forward:

50 CCTATGCTGGGAAGGAGGTAAT 3’; Reverse: 50 CCTGGCCCCAGGAACTCA 3’.

Dual luciferase assay for promoter activity
The dual luciferase reporter plasmid containing the wild type promoter region of mouse TWEAK gene (NM_011614) was purchased

from Genecopoeia (Cat# MPRM52541-PL01). The p65 potential binding sites were predicted using the JASPAR and PROMO tools.

The three most potential binding sites for p65 were mutated using the QuikChange lightning multi-site-directed mutagenesis kit (Agi-

lent Tech. Cat# 210515). The wild type or mutant promoter plasmids were co-transfected with sh-p65 plasmid into KPC cells using

lipofectamine 3000 (ThermoFisher, L3000075) with the standard protocol. The mTWEAK promoter activities were acquired by the

measuring the ratio of luminescence strength of firefly luciferase reporter with the renilla luciferase tracking gene, using the Dual-

Luciferase Reporter Assay System (Promega, Cat# E1960) on Synergy H1 light Luminescence reader (BioTek Inc.).
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The sequences of the potential binding site of p65 on the promoter region of mTWEAK are:

Site-1: GGGGAATTCT (�131 � �140 bp); Site-2: TGCTTTCCCA (�1209–1211 bp); Site-3: TCTTTTCCCC (�1334 � �1343 bp)

The sequences of mutagenesis primers for mTWEAK promoter are:

Site-1 mut primer: 50 GCAGACTTGAAACAAGTTGGGGCCAAAACTGGAAGAGGGAA TCTCAACTC 3’; Site-2 mut primer: 5’ TGCC

TCTGTTTCCCAAGTGCTAAGGCACCTT TTATTACCCCACACC 3’; Site-3 mut primer: 5’ CTGCTTGTAGTTGGTCTTTGCTGCT TTA

TAGGTTCTAATGGCC ACTTTTATTTTTTCTTCTTC 3’

Western blot analysis
Cell lysate protein was isolated and loaded on SDS polyacrylamide gels as previously described.4 Membranes were incubated with

appropriate primary antibodies at 4�C overnight. After washing with 0.1% Tween 20-TBS, the membranes were incubated with an

HRP secondary antibody for 2 h at room temperature. Immunoreactive bands were detected using an enhanced chemiluminescent

(ECL) plus reagent kit.

Immunohistochemical staining
Human pancreatic cancer tumor tissue and muscle tissue, KPC GEMM tumor tissue, KPC orthotopic allograft tumor and muscle tis-

sue were collected and fixed with formalin and embedded with paraffin and were sectioned into 4 mm slides. Slides were deparaffi-

nized and incubated with 3% hydrogen peroxide solution to quench endogenous peroxidase activity for 15min and then steamed for

15 min for the antigen retrieval and incubated in blocking buffer for 30 min at room temperature and incubated with antibody against

TWEAK (Abcam, 1:100), CD68 (1:200) andwere incubated overnight at 4�C. After washing with TBS, slides were incubated with poly-

mer secondary antibody for 30 min (Vector Laboratories). Immune complexes were detected with diaminobenzidine (DAB) under a

phase-contrast microscope. The sections were then dehydrated, mounted and observed under the microscope. Cross-sectional

areas of muscle tissue (H&E staining) were quantified by ImageJ software.

ELISA assay
A total of 100 mL cell culturemedium or serum as loaded onto the 96well plate at 4�Covernight or 2.5 h at room temperature. Incubate

with biotinylated antibody for 1 h and then washed 4 times with Wash Buffer. Incubate with Streptavidin-HRP solution for 45 min and

then then washed 4 times with Wash Buffer. Add TMB One-Step Substrate Reagent on each well for 30 min and then add Stop so-

lution. The absorbance was read at 450 nm and normalized at 620 nm.

In silico analysis
The Cancer Genome Atlas (TCGA) datasets were obtained from GDC data portal (https://portal.gdc.cancer.gov/). GEO datasets

(GSE154778 and GSE165856) were obtained from Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/). Percentages

of immune cells were examined via CIBERSORTx platform (https://cibersortx.stanford.edu/). The analysis of TCGA data, GEO

data and immune infiltration was performed as previously described.81 Cancer cachexia prevalence and body weight loss of each

cancer type were obtained from the literature.4

Pancreatic cancer allograft mouse models
Mousemodels were constructed as previously described.24,82 Briefly, KPC cell lines were harvested and resuspended in RPMI-1640

medium. A total of 33105 KPC cells in 50 mL culture medium were injected into the pancreas of 6–7 weeks-old C57BL/6 WT or

Ccr2�/� mice. The peritoneum and skin were closed with 4.0 surgical sutures. All mice were cared for in accordance with the Office

for Protection fromResearch Risks (OPRR) and AnimalWelfare Act Guidelines under an animal protocol approved by the AnimalWel-

fare Committee at OUHSC. We sacrificed all the mice on the same day when the tumors of some mice were too large or some mice

reached moribund. Tumor and muscle tissues were collected for further study.

QUANTIFICATION AND STATISTICAL ANALYSIS

All Statistical analyses were performed in Prism 10, IBM SPSS Statistics 20 and R (R version 4.2.3). Quantitative results are shown as

mean ± SD. Overall difference among groups were assessed by ANOVA and post-hoc Dunnett’s multiple comparison tests were

used to compare data from control and each treated group. Two-group comparisons were analyzed by Student’s t-tests. Mann-

Whitney test was applied for the analysis of IHC staining of CD68 in clinical samples because the samples are unpaired and the

data is not normally distributed. All tests were two-sided. Survival analysis was performed using Log rank test and the cut-off value

was manually defined. p value < 0.05 was considered statistically significant.
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