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ABSTRACT

Hypothalamic inflammation often coincides with cancer and cachexia-anorexia. Prior work established the significance of tumor-derived inflammatory factors in
triggering hypothalamic inflammation, yet the precise mechanisms remained elusive. Here, we demonstrate that prostaglandin E2 (PGE2), produced in the tumor via
cyclooxygenase-2 (COX-2), plays a pivotal role in this context. PGE2 itself directly exerts pro-inflammatory effects on the hypothalamus through the EP4 receptor,
while also augmenting hypothalamic inflammation via NF-kB pathways in the presence of host gut-derived pathogen-associated molecular patterns (PAMPs). In
tumor-bearing mice, we confirm this synergistic interaction between tumor-derived COX-2/PGE2 and host-derived lipopolysaccharide (LPS) in amplifying hypo-
thalamic inflammation. Supporting this mechanism we find that the tumor-specific knockout of COX-2 attenuates hypothalamic inflammation and improves survival
in mice. Together, these findings highlight the mechanisms of tumor-associated COX-2 in fuelling hypothalamic inflammation. They also emphasize the potential of
tumor-specific COX-2 inhibition and targeting gut permeability as a novel therapeutic strategy for improving clinical outcomes in cancer patients.

1. Introduction enhances the production of glucocorticoids, which contribute to muscle

breakdown through the activation of glucocorticoid receptors (Braun

The hypothalamus serves as a master regulator of the body’s sys-
temic homeostasis. It plays a pivotal role in regulating the autonomic
nervous system and is crucial in the manifestation of sickness behavior.
In cancer patients, functional alterations in brain areas that control
energy homeostasis contribute to the onset of anorexia, reduced food
intake, and increased catabolism in muscle tissue. As a response to
cancer-induced systemic inflammation, the hypothalamus initiates the
synthesis of pro-inflammatory cytokines. These mediators are known to
influence the activity of neuroendocrine circuits (Burfeind et al., 2016a).
Previous studies indicate that hypothalamic inflammation plays a key
role in initiating and exacerbating cancer-associated muscle loss (Braun
et al, 2011). Hypothalamic inflammation activates the hypothal-
amic—pituitary—adrenal (HPA) axis (Van Norren et al., 2017) by stimu-
lating the release of adrenocorticotropic hormone. This, in turn,

et al., 2014). Additionally, inflammation inhibits hypothalamic seroto-
nin production, which, by suppressing excitatory neurons, contributes to
fatigue and decreased appetite (Ryan et al., 2007).

Multiple lines of research, including those from our labs, increasingly
suggest that the enzyme Cyclooxygenase (COX)-2 plays a crucial role at
various stages of cancer (Bell and Zelenay, 2022; Davis et al., 2004; Li
et al., 2022). The COX-2 catalyzes the conversion of poly-unsaturated
fatty acids, including arachidonic acid, into oxygenated metabolites
like prostaglandins and thromboxanes. Among the multiple COX-2-
derived prostaglandins, prostaglandin E2 (PGE2) is a prominent pro-
inflammatory mediator (Wang and Dubois, 2006) acting through spe-
cific G-protein coupled receptors, including EP1, EP2, EP3, and EP4
(Markovic et al., 2017). Elevated COX-2 expression and increased PGE2
production are commonly observed in colon, breast, and pancreatic
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tumors (Wang and Dubois, 2006). Another significant finding is the
impaired gut barrier function during cancer, which leads to increased
intestinal permeability to macromolecules (Bindels et al., 2018; Li et al.,
2022) and bacterial translocation (Klein et al., 2013). This includes the
entry of endotoxins such as lipopolysaccharide (LPS) into the blood-
stream, which can be sensed by the hypothalamus and induce hypo-
thalamic inflammation (Witkamp and van Norren, 2018). This
inflammatory process can be exacerbated by interventions like chemo-
therapy and radiotherapy (Haroun et al., 2023; Munford, 2016; Roy and
Trinchieri, 2017), as well as certain nonsteroidal anti-inflammatory
drugs (NSAIDs), which negatively impact intestinal barrier function.
We previously demonstrated (Li et al., 2022) that inflammatory
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factors originating from the tumor play a critical role in mediating hy-
pothalamic inflammation. Our in vitro evidence suggested that tumor-
associated COX-2 and PGE2, in conjunction with pathogen-associated
molecular patterns (PAMPs), can lead to amplified hypothalamic neu-
roinflammation. However, the underlying mechanisms remained
unclear.

Here, we delve deeper into the metabolic pathways underlying the
interplay between tumor-derived COX-2 and hypothalamic inflamma-
tion. With in vitro studies, we first investigated the PGE2 receptors
involved using relevant agonists and antagonists. Looking for the
optimal in vivo model to study the amplification of hypothalamic
inflammation, we selected the orthotopic, syngeneic 4662 mouse model
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Fig. 1. Tumor-secreted PGE2 enhances hypothalamic inflammation via EP4 receptor. a Prostaglandin levels in the cachexia-inducing tumor cell secretomes (4662,
KPC, LLC and C26), measured by UPLC-MS/MS. b IL-6 secretion of HypoE-N46 cells upon exposure to different prostaglandins at a dose of 6500 pg/mL, combined
with or without LPS at a dose of 31.6 ng/mL. ¢ Gene expression of PGE2 receptors EP1 (Ptgerl), EP2 (Ptger2), EP3 (Ptger3), and EP4 (Ptger4) in HypoE-n46 cells,
measured by microarray (Dwarkasing et al., 2016). IL-6 release of HypoE-N46 cells upon exposure to different concentrations of the selective EP antagonists and
agonists: d EP1 antagonist SC-51089 (10, 20, 30, 40, 50, 60, 70, 80 uM), e EP4 antagonist L-161982 (0.001, 0.01, 0.1, 1, 3, 5, 7, 10 uM), f EP4 agonist TCS 2510 (0.01,
0.1, 1, 10, 20 pM). HypoE-n46 cells were cultured in fresh DMEM medium for 24 h and then treated with the indicated conditions for 24 h. The media were collected
for analysis. Data in a was expressed of N = 1. Data in b, d-f were expressed as mean + SEM of N = 3 independent experiments with triplicate wells. Data represented
in b, d-f were analyzed by one-way ANOVA with Bonferroni‘s post hoc test, compared to PGE2 + LPS group. Partial significance is labeled to emphasize the
highlighted comparisons. *p < 0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001.
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of pancreatic ductal adenocarcinoma (PDAC). This model represents a
relatively less aggressive cancer phenotype compared to other mouse
models of PDAC (Olson et al., 2021). Notably, the 4662 cell line and
corresponding mouse model exhibits lower plasma PGE2 levels and
smaller changes in intestinal permeability (Li et al., 2022), compared to
the KPC tumor cell line and mouse model from which it originates.
Therefore the 4662 mouse model provides a conducive environment for
the LPS administration to simulate increased intestinal permeability as
present in the KPC model (Li et al., 2022). In light of our previous
findings regarding the anti-inflammatory effect of the COX-2 inhibitor
celecoxib (Li et al., 2022), we generated CRISPR/Cas9-mediated Ptgs2
gene knockout in the KPC tumor cells, leveraging the pronounced
cachexia syndrome manifested in the KPC mouse model for a compre-
hensive assessment of the knockout benefits. This multifaceted approach
allowed us to explore the cross-talk between the hypothalamus, the
tumor, and the intestine in various aspects of cancer, and uncover the
role of tumor-specific COX-2 in underlying mechanisms.

2. Results

1. Tumor-secreted PGE2 enhances hypothalamic inflammation via
EP4 receptor.

Tumor-secreted PGE2 may play a role in amplifying the influence of
gut bacteria-derived LPS on the inflammatory response in the hypo-
thalamus (Li et al., 2022). To explore the mechanism underlying the
interactions between PGE2 and LPS at the level of the hypothalamus, we
utilized a hypothalamic neuronal cell line (mHypoE-N46/Clul38),
originally derived from a male mouse. The cells were exposed to LPS and
various prostaglandins. We employed a range of antagonists and ago-
nists to investigate the involvement of various receptors and pathways.
Inflammation was assessed by measuring the IL-6 levels in the culture
medium secreted by HypoE-N46 cells.

To compare the prostaglandin profile of pancreatic cancer cell line
4662 in the secretome with that of other murine tumor cell lines known
to induce cachexia, we conducted an analysis of the media from four
different cell lines and observed that each of these cell lines secreted a
high amount of PGE2 (Fig. 1a). Of note was that the other pancreatic
cancer cell line, KPC, apparently produced more PGE2 than the 4662 cell
line (medium concentrations 3.915 ng/mL vs 1.358 ng/mL). This is
consistent with our earlier observations that KPC tumor-bearing mice
presented a more aggressive cancer phenotype than 4662 tumor-bearing
mice. In addition, a higher concentration of PGF2a was also observed in
these two secretomes. Subsequently, we incubated HypoE-N46 cells
with both LPS and various prostaglandins to investigate their combined
effects. In line with our previous studies (Li et al., 2022), PGE2 enhanced
the secretion of LPS-induced IL-6 in the HypoE-N46 cells. By contrast,
the addition of PGF2a did not increase IL-6 secretion (Fig. 1b).

Four membrane receptor subtypes that can bind to PGE2 are
distinguished based on their genomic and pharmacological character-
istics. Their relative affinity for PGE2 is EP3 > EP4 > EP2 > EP1
(Karpisheh et al., 2020). To identify the most relevant EP in this context
and its associated signal transduction pathways, we first explored the
gene expression of PGE2 receptors in HypoE-N46 cells. Genes coding for
EP1 (Ptgerl) and EP4 (Ptger4) were expressed at relatively high levels
compared to those for EP2 (Ptger2) and EP3 (Ptger3) (Fig. 1c).

Next to that, we incubated HypoE-N46 cells with known antagonists
of the four receptors and measured their effects on IL-6 release. Co-
incubation with EP1 antagonist (SC-51089) at concentrations up to
80 uM did not diminish the effects of PGE2 (Fig. 1d). By contrast, the EP4
antagonist (L-161982) blocked the effects of PGE2 at a low concentra-
tion (0.1 uM; P < 0.0001) (Fig. 1e). These suggest that the EP4 receptor
is likely involved in the stimulation of the LPS-induced IL-6 secretion via
PGE2. To gain more certainty regarding the potential involvement of the
EP4 receptor, we conducted additional experiments using a specific EP4
agonist (TCS2510) in combination with LPS stimulation. The EP4
agonist, at a concentration of 1 pM, increased LPS-induced IL-6 release
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to a level equivalent to that of PGE2 (Fig. 1f), which further indicates a
significant role of the EP4 receptor in mediating LPS-induced hypotha-
lamic IL-6 release through PGE2. Additionally, co-incubation with EP2
antagonist PF-04418948 at concentrations up to 80 uM did not signifi-
cantly reduce the effects of PGE2 (Supplementary Fig. 2a). When the
EP3 antagonist L-798106 was added at a concentration of 40 uM, PGE2
was no longer able to significantly increase LPS-induced IL6 release
(Supplementary Fig. 2b). Given that this concentration of L-798106 is
much higher than its Ki value for the EP3 receptor (0.3 nM, compared to
916, >5000, and > 5000 nM for EP4, EP1, and EP2, respectively), it is
likely that loss of selectivity may be a factor. The EP3 agonist sulpro-
stone at concentrations up to 20 uM did not enhance an LPS-induced
inflammatory response to the extent as PGE2 (Supplementary Fig. 2c).
These findings suggest that EP2 and EP3 are not directly involved in
amplifying the inflammatory response.

Given that the HypoE-N46 cell line employed in this study is of
neuronal origin, we aimed to investigate the extent to which PGE2 re-
ceptors were present in different cell types of the hypothalamus. To
achieve this, we re-analyzed single-cell RNA sequencing data from the
arcuate nucleus of the hypothalamus including 20,921 publicly avail-
able single-cell transcriptomes (Campbell et al., 2017). We found that
EP4 (Ptger4) mRNA was expressed centrally in neuronsl
(Supplementary Fig. 1), consistent with the results obtained with
HypoE-N46 cells, confirming that EP4 was predominantly expressed in
HypoE-N46 cells.

2. Interactions of PGE2/EP4 with PAMPs/TLR activate inflammatory
signaling via NF-kB.

Given that excessive inflammation in cancer arises from both the
tumor and the host, once we validated the receptor EP4 in the hypo-
thalamus activated by tumor-derived PGE2, we delved into exploring
the TLR pathway activated by host intestine-derived PAMPs. This aimed
to elucidate the potential mechanisms involved in the crosstalk between
the tumor, gut, and hypothalamic neuro-inflammation.

The LPS is a ligand for Toll-like receptor 4 (TLR4). Stimulation of
TLR4 initiates a bifurcated pathway: 1) the MyD88-dependent pathway
that mediates proinflammatory cytokine activation, and 2) the MyD88-
independent pathway that promotes Type I interferon genes (Lu et al.,
2008). Downstream signaling through the MyD88-dependent pathway
involves molecules like NF-kB and CREB, ultimately resulting in the
production of proinflammatory cytokines including IL-6 (Swanson et al.,
2020).

Various inhibitors were used to corroborate the involvement of the
TLR4 pathway in HypoE-N46 cells. The IL-6 release was inhibited by the
TLR4 inhibitor (TAK-242) at concentrations from 20 to 100 ng/mL
(Fig. 2a) and decreased by the NF-kB inhibitor (BMS-345541, 7 uM)
(Fig. 2b). However, inhibiting CREB did not yield a decrease in IL-6
release and co-inhibition of CREB and NF-kB did not show additional
effects. This data suggests that NF-xkB is pivotal in mediating PGE2-
induced hypothalamic inflammation.

Toll-like receptor 2/1 (TLR2/1) signaling is another MyD88-
dependent response that stimulates the kinase activity of the IRAK
complex (Caplan and Maguire-Zeiss, 2018). To further substantiate the
involvement of NF-xB from different TLR signaling pathways, we used
Pam3Cys-SKKKK (Pam) to activate TLR2/1 (Supplementary Fig. 2d).
Similar to LPS, Pam supported PGE2-induced hypothalamic IL-6 release
(Supplementary Fig. 2e). The IL-6 release was reduced by 50 % with the
TLR2/1 inhibitor (MMG-11) at 10 pM, and also decreased by the NF-xB
inhibitor (Supplementary Fig. 2f,g), underscoring the critical roles of
TLR2/1 and NF-kB in amplifying hypothalamic IL-6 secretion.

In line with the prevailing notion of multi-therapeutic approaches,
we evaluated a combination of targeting both tumor-derived PGE2 and
host gut-derived PAMPs pathways to minimize hypothalamic inflam-
mation in cancer.

When LPS and PGE2 were added together, the IL-6 concentration
increased up to 304 % compared with LPS alone (P < 0.0001) (Fig. 2d).
This rise was suppressed by an EP4 antagonist or an NF-kB inhibitor.
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Fig. 2. Interactions of PGE2/EP4 with PAMPs/TLR activate inflammatory signaling via NF-kB. IL-6 release of HypoE-N46 cells upon exposure to: a concentration
range of TLR4 inhibitor TAK-242 (1 ng/mL to 50 ng/mL) combined with LPS (31.6 ng/mL), b concentration range of NF-kB (IxB kinase) inhibitor BMS-345541 (0.2 to
10 pM) combined with LPS (31.6 ng/mL). IL-6 release of HypoE-N46 cells upon exposure to EP4 antagonist L-161,982 (1 uM) and ¢ TLR4 inhibitor TAK-242 (20 ng/
mL), d NF-xB (IxB kinase) inhibitor BMS-345541 (7 uM), combined with PGE2 (6500 pg/mL) and LPS (31.6 ng/mL). IL-6 release of HypoE-N46 cells upon exposure
to EP4 antagonist L-161,982 (1 uM) and e TLR2 inhibitor MMG-11 (10 uM), f NF-xB (IxB kinase) inhibitor BMS-345541 (7 uM), combined with PGE2 (6500 pg/mL)
and Pam3CSK4 (TLR2/TLR1 ligand) (10 ng/mL). HypoE-n46 cells were cultured in fresh DMEM medium for 24 h and then treated with the indicated conditions for
24 h. The media were collected for analysis. All data were expressed as mean + SEM of N = 3 independent experiments with triplicate wells. Data represented in a
and b were analyzed by one-way ANOVA with Bonferroni‘s post hoc test, compared to LPS group. Data represented in c-f were analyzed by one-way ANOVA with
Bonferroni‘s post hoc test. Partial significance is labeled to emphasize the highlighted comparisons. *p < 0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001.

When EP4 antagonist and NF-xB inhibitor were administered in com-
bination, IL-6 secretion decreased to 9 % compared with LPS alone (P <
0.0001) (Fig. 2d). While the NF-xB inhibitor reduced LPS-induced IL-6
by 14 %, the addition of PGE2 reinstated the inflammatory signal to 76
% (LPS + BMS vs PGE2 + LPS + BMS, P < 0.01) (Fig. 2d). Similar to LPS,
Pam-induced IL-6 production was decreased to 77 % with the NF-kB
inhibitor, but it was reinstated by PGE2 up to 286 % (Pam + BMS vs
PGE2 + Pam + BMS, P < 0.05) (Fig. 2f), underscoring potent amplifying
effects of PGE2. Notably, PGE2 was unable to increase BMS-inhibited IL-
6 production when combined with the EP4 inhibitor, highlighting the
relevance of co-suppressing both EP4- and NF-xB- mediated signaling.
Furthermore, pre-incubation with the EP4 antagonist had even more
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pronounced anti-inflammatory effects. The IL-6 release was significantly
decreased to a similar level as the negative control by TLR4 inhibitor
(Fig. 2¢) and TLR2/1 inhibitor (Fig. 2e) when combined with EP4
antagonist, suggesting that targeting both the EP4 receptor and TLR/NF-
kB might offer a promising anti-inflammatory approach in the context of
cancer.

3. Hypothalamic inflammation is amplified in tumor-bearing mice in
response to LPS.

Consistent with prior research, male and female mice bearing
pancreatic 4662 tumors showed a reduction in food consumption
compared to the sham control mice (Fig. 3a, Supplementary Fig. 3a).
The terminal tumor mass was identical between the male and female
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tumor mice (Fig. 3b). Both groups showed an increase in body weight
while maintaining consistent food orts compared to sham controls
(Supplementary Fig. 3b,c).

The expression of skeletal muscle catabolic genes, Mafbx, Murfl, and
Foxol, was significantly elevated in the female tumor mice, suggesting
cancer-related muscle wasting (Fig. 3c). Moreover, blood neutrophils
were significantly higher in both male and female tumor mice,
compared to the sham mice, indicating the increased systemic inflam-
mation (Fig. 3d, Supplementary Fig. 3d,e).

At day 15 after tumor implantation, the mice received an intraperi-
toneal injection of either LPS or saline, and the hypothalami were
collected 4 h later. In both sexes of mice, while there was no change in
hypothalamic inflammatory gene expression between sham and tumor
mice, LPS exposure significantly increased the expression of the most of
hypothalamic genes in tumor mice compared to LPS-treated sham mice
(Fig. 3e). Particularly, in male tumor mice receiving LPS, the hypotha-
lamic Cxcl2 expression was seven-fold higher compared to male sham
mice receiving LPS (P < 0.0001). This high amplification of gene
expression was also observed in Ccl2 (2.6-fold), I11b (10-fold), II6 (3.7-
fold), and Lif (2.5-fold). However, the apparent increase of Selp and Nos2
expression was not significant (Fig. 3e). In female tumor mice receiving
LPS, the hypothalamic Cxcl2 expression was 3.2-fold higher compared to
female sham mice receiving LPS (P < 0.0001). The expression of other
inflammatory genes in female tumor mice receiving LPS appeared
slightly increased compared to female sham mice receiving LPS, but this
was not significant except for Nos2 (P < 0.005). Additionally, the Cxcl2
expression levels in female sham mice receiving LPS were half those of
male sham mice receiving LPS mice (Fig. 3e). In conclusion, there was
marked sensitization in hypothalamic inflammation in tumor-bearing
mice upon LPS exposure. Furthermore, LPS exposure elicited a lower
response in hypothalamic inflammatory gene expression in female
tumor mice compared to male tumor mice, indicating sexual dimor-
phism that male mice are more adversely affected by this condition.
Consistent with the observations, the effects of LPS on muscle catabo-
lism were also less pronounced in the female tumor mice compared to
the male tumor mice.

4. Tumor-derived COX-2/PGE2 and host gut-originated LPS syner-
gistically amplify hypothalamic inflammation

Our in vitro studies showed that tumor-derived COX-2/PGE2 played a
key role in amplifying hypothalamic inflammation. In this animal study,
we conducted a series of analyses to further explore the relationship
among COX-2 enzyme expression in tumor tissue, plasma PGE2 levels,
hypothalamic inflammation, and cancer-related behaviors such as food
intake and skeletal muscle mass. The expression of COX-2 enzyme in
tumor tissue was confirmed by immunofluorescence staining (Fig. 4k-0).
As indicated by various cell type markers, we found that COX-2 (shown
in red) was predominantly expressed in tumor cells (marker PanCK
shown in white) instead of in immune cells (marker CD45 shown in
yellow). Plasma PGE2 concentrations were significantly higher in the
tumor-bearing mice compared to the sham mice, and LPS exposure did
not affect plasma PGE2 levels (Fig. 4a,d). Furthermore, plasma PGE2
concentrations were higher in the female tumor mice compared to the
male tumor mice. Correlation analysis revealed a significant negative
correlation between plasma PGE2 concentrations and both food intake
(Fig. 4h) and gastrocnemius mass (Fig. 4i) across all tumor mice. This
indicates that higher plasma PGE2 levels are associated with cancer
progression and perhaps cachexia development, possessing prognostic
value for cancer.

To investigate the influence of the tumor on the host intestine, we
examined intestinal permeability and LPS translocation. To this end, we
measured, in female mice only, the uptake of 4000-Da FITC-Dextran in
all mouse blood 4 h after gastric gavage. Plasma FITC levels showed no
differences between the tumor mice receiving saline injection, the sham
mice receiving LPS injection, and the sham mice receiving saline in-
jection (Fig. 4g). In contrast, LPS exposure increased plasma FITC levels
up to several-fold in tumor mice (8377 ng/mL vs 1310 ng/mL, P <
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0.0001 in the sham + LPS group, and 1620 ng/mL, P < 0.0001 in the
tumor + saline group). Next, plasma LPS concentrations were measured
to determine the contribution of its translocation resulted from impaired
GI barrier function. Plasma LPS concentrations were higher in the tumor
mice receiving LPS, compared to the tumor mice receiving saline (P <
0.0001) or the sham mice receiving LPS (P < 0.0001) in both sexes
(Fig. 4b,e). In both sexes, plasma LPS levels in the tumor mice receiving
saline were slightly higher compared to the sham mice receiving LPS,
but this change was not significant. In line with the effects on plasma LPS
levels, a prominent rise in plasma IL-6 levels was observed in the tumor
mice receiving LPS (P < 0.0001) (Fig. 4c,f). Additionally, with LPS
treatment, both tumor mice and sham mice exhibited altered expression
of intestinal integrity/permeability marker genes in colon tissue
(Supplementary Fig. 4a). Compared to sham mice, tumor mice displayed
an decreased cecum mass, with corresponding histological changes
observed in the colon and cecum tissues, indicating compromised in-
testinal integrity (Supplementary Fig. 4b,c,d).

Contour plots were produced to visualize the combined influence of
PGE2 and LPS on markers of hypothalamic inflammation (Fig. 4j). In
male mice, hypothalamic Cxcl2 and Ccl2 expression plotted against
plasma PGE2 and LPS showed patterns consistent with hypothalamic
inflammation increasing at higher levels of both tumor-derived PGE2
and gut-originated LPS. In female mice, hypothalamic Cxcl2 and Ccl2
expression plots showed a pattern that was relatively more determined
by plasma levels of LPS than of PGE2.

5. Validation of tumor-specific COX-2 knockout.

To explore the role of COX-2 in pancreatic cancer, we proceeded with
CRISPR/Cas9-mediated knockout (KO) of Ptgs2 (coding gene for COX-2)
in the mouse pancreatic cancer KPC cell line (Fig. 5a). This cell line is
derived from the same parental line as 4662 but induces a more
aggressive cancer phenotype when implanted orthotopically into mice
(Olson et al., 2021). The Ptgs2-KO resulted in a notable reduction in
COX-2 protein expression (Fig. 5b) and a significantly reduced Ptgs2
gene expression (Fig. 5¢) within cells, as well as a corresponding
reduction of PGE2 in the medium (Fig. 5d).

It is of relevance to note that COX-2 knockout in tumors has been
reported to suppress tumor growth in mice (Markosyan et al., 2019). To
assess tumor growth, we monitored tumor volume in mice via ultra-
sound scan after tumor implantation (Supplementary Fig. 5f), and also
observed daily for their sickness behavior (Fig. 5a). We subsequently
confirmed a marked reduction in Ptgs2 gene expression within tumor
tissues (P < 0.001) (Fig. 5f). The plasma PGE2 level was significantly
lower than that of the Ptgs2-WT group (P < 0.001) (Fig. 5g). These an-
alyses indicate a significant reduction in COX-2 expression in mice
bearing Ptgs2-KO tumors.

6. Tumor-specific COX-2 knockout attenuates hypothalamic inflam-
mation and improves survival.

Due to the slower growth features of Ptgs2-KO tumors, mice bearing
Ptgs2-KO tumors showed no difference in behaviors compared to the
sham mice within a short observation period. At the same time, both
Ptgs2-KO tumor mice and Ptgs2-WT tumor mice developed tumors
(Fig. 5e). Furthermore, Ptgs2-WT tumor mice developed apparent fea-
tures of cachexia, including significantly lower daily food intake
(Fig. 6a) and cumulative food consumption (Supplementary Fig. 5a),
increased daily food orts (Supplementary Fig. 5¢), as well as decreased
skeletal muscle mass and cecum mass compared to the sham mice
(Fig. 6b, Supplementary Fig. 5e). Two Ptgs2-WT tumor mice developed
severe hemorrhagic ascites. However, these cachectic phenotypes were
not observed in Ptgs2-KO tumor mice (Fig. 6a,b; Supplementary Fig. 5a-
e).

We demonstrated that LPS could increase hypothalamic inflamma-
tion and intestinal permeability (Fig. 3, Fig. 4). To facilitate a more
explicit comparison between Ptgs2-KO tumor mice and Ptgs2-WT tumor
mice, we administered LPS to both groups to enlarge the signaling
distinction and to better observe signaling events during an inflamma-
tory challenge.
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Fig. 4. Tumor-derived COX-2/PGE2 and host gut-originated LPS synergistically amplify hypothalamic inflammation. Plasma PGE2 concentration in a male and
d female cohorts. Plasma LPS concentration in b male and e female cohorts 4 h after LPS IP injection at a dose of 1.5 ug/g body weight, plasma IL-6 concentration in ¢
male and f female cohorts, and g plasma fluorescein isothiocyanate (FITC-)Dextran concentration (a marker for intestinal permeability) in female cohorts. Plasma
FITC dextran concentrations (Aex = 485; Aem = 535 nm) were measured 4 h after FITC dextran gavage at a dose of 0.6 mg/g body weight. Linear regression analysis
between plasma PGE2 concentration and h total food intake or i gastrocnemius mass. j Contour plots of hypothalamic Cxcl2 and Ccl2 expression (Relative Quantity)
plotted against plasma PGE2 (ng/mL) and LPS (ng/mL) concentrations in male and female cohorts, X variable = plasma LPS (ng/mL); Y variable = plasma PGE2 (ng/
mL); Z variable = hypothalamic Cxcl2/ Ccl2 expression (Relative Quantity from low to high shown as blue to red). Representative images of COX-2 immunofluo-
rescence staining in the tumor tissue: k The expression of COX-2 enzyme (shown in red), tumor cell marker Pancytokeratin (PanCK, shown in white), immune cell
marker CD45 (shown in yellow), and nuclear counterstain DAPI (shown in blue); 1 The expression of COX-2 enzyme (shown in red) and nuclear counterstain DAPI
(shown in blue); m The expression of COX-2 enzyme (shown in red), tumor cell marker Pancytokeratin (PanCK, shown in white), and nuclear counterstain DAPI
(shown in blue); n, o Representative images at cellular level of the location of COX-2 enzyme expression. Magnifications, x10 (scale bar = 50 pm). N = 6 per group
except for male 4662 + LPS (N = 5). All data were expressed as mean + SEM. Data represented in a-g were analyzed by one-way ANOVA with Bonferroni‘s post hoc
test. Data represented in h, i were analyzed by simple linear regression and two-tailed correlation analyses. *p < 0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001.
(AFor interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Validation of tumor-specific COX-2 knockout. a Experimental design. The left panel: CRISPR/Cas9-mediated Ptgs2 knockout (Ptgs2-KO) and Ptgs2 wild type
(Ptgs2-WT) in KPC pancreatic tumor cells. The right panel: in vivo tumor study with the two types of KPC tumor cells (Ptgs2-KO vs Ptgs2-WT). b COX-2 protein
expression, c relative Ptgs2 gene expression, and d PGE2 levels in both Ptgs2-KO and Ptgs2-WT KPC tumor cells. e Terminal tumor mass, f relative Ptgs2 gene
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893



X. Lietal Brain Behavior and Immunity 123 (2025) 886-902

a Daily food intake b Gastrocnemius mass
4.59 ® Sham g 0.70-
404 = Pigs2-KO o
2 | & Pigs2-WT E 0.654
2 8
g s
£ °
3 & 0.601
2 g
= 2
= £
8 2 0551 .
o L]
® .
st & 0.50- .
12 3 4 5 6 7 8 9 10 1112 13 14 15 16 17 18 19 20 21 22 23 24 25 Q [e) é\
) . & X 3
Days after implantation ) ¥ ¥
Q\Q Q\Q
C Plasma FITC-dextran d Plasma LPS e Plasma IL-6
% - . I
— 201 ’ - | 400+ ..
3 — MR s
5 5 ; — - *
£ E 151 | . E 300
§ g o* L] g‘ 4
= £ =
3 & 10- . ° o 2001
(&) . ©
|: g L] E
w H ® @
o S 5 N P & 1004
£ a [ o
w
Kl
o
0- T T T 0-
9‘(‘0& ‘L‘O §<\ x\g“o x\?“o x\g"o %‘{b& m:l_o qfé x\g"o x\g% x\g%
§ & £ & & ¢ & & O
S b g T g g
Q¥ Q\Qg ¢® &
f Hypothalamic inflammatory gene expression
ok ok ook ok ok
| 1
500' * *EE *
L/ Ll
.
400+
£ 3004 y
] Ce
3
O Ll
2 200] : .
S
& - " . H ¢ Sham
4 5 b * Ptgs2-KO
1004 h o * Ptgs2-WT
‘L C * Sham+LPS
o® * Ptgs2-KO+LPS
0 Py - o sagniBl  © Plgs2-WT+LPS
Cxcl2 Ccel2 b 16 Lif Selp Nos2
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Plasma FITC levels were not different between Ptgs2-KO tumor mice
and sham mice after LPS challenge. In contrast, plasma FITC levels
showed a significant increase in Ptgs2-WT tumor mice after LPS chal-
lenge (Fig. 6¢). This coincided with an increase in plasma LPS concen-
trations in Ptgs2-WT tumor mice with or without LPS challenge (Fig. 6d),
in line with increased intestinal permeability. Interestingly, Ptgs2-KO
tumor mice with or without LPS challenge exhibited slightly higher
plasma LPS levels compared to the sham mice, and the changes were not
significant (Fig. 6d). Subsequently, plasma IL-6 levels increased in Ptgs2-
WT tumor mice after LPS challenge (Fig. 6€). These results indicate that
exogenous LPS challenge induced a more pronounced overall inflam-
matory response in Ptgs2-WT tumor mice compared to Ptgs2-KO tumor
mice, and that Ptgs2-WT tumor mice displayed a higher susceptibility to
endotoxin and a greater variation in intestinal permeability than Ptgs2-
KO tumor mice.

As anticipated, LPS induced a lower degree of hypothalamic
inflammation in Ptgs2-KO tumor mice compared to Ptgs2-WT tumor
mice (Fig. 6f). The Ptgs2-KO tumor mice showed a mild, albeit statisti-
cally insignificant increase in the expression of most inflammatory
genes, with the exception of Cxcl2 expression (P < 0.05), compared to
the sham mice. In contrast, the Ptgs2-WT tumor mice displayed a
considerable elevation in hypothalamic inflammation upon LPS chal-
lenge. Specifically, the Ptgs2-WT tumor mice with LPS challenge
exhibited significant increases in the expression of Cxcl2 (P < 0.0001),
Ccl2 (P < 0.001), and Il1b (P < 0.0001) when compared to the sham
mice with LPS challenge. Notably, the expression of Il1b in Ptgs2-WT
tumor mice with LPS challenge was significantly higher than that of
Ptgs2-KO tumor mice with LPS challenge (P < 0.05). This indicates that
tumor-specific COX-2 knockout effectively attenuates LPS-induced hy-
pothalamic inflammation.

It is noteworthy that two sham mice and one Ptgs2-KO mouse did not
exhibit a response to the LPS stimulation (Fig. 6e,f). Such variations in
responsiveness are not uncommon and are likely linked to differences in
immune system reactivity. The literature (Cook et al., 2013; Peppler
et al,, 2016) suggests that this phenomenon may be attributed to
voluntary wheel-running training, which was indeed provided to the
mice in our studies for a duration of 21 days preceding the orthotopic
tumor implantation.

To assess the impact of tumor-specific COX-2 knockout on tumor
growth and tumor-related mortality, we conducted survival experi-
ments. The survival time of Ptgs2-KO tumor mice was significantly
longer compared to Ptgs2-WT tumor mice, with a median survival time
of 45.5 vs 28 days (Ptgs2-KO vs Ptgs2-WT, P < 0.0001) (Fig. 7a),
although initial body weights and terminal tumor mass were no differ-
ence between two groups (Fig. 7b,c). Collectively, these findings suggest
that the specific knockout of COX-2 within the tumor cells slowed tumor
growth, mitigated LPS-induced hypothalamic inflammation, and atten-
uated cachexia, ultimately leading to markedly improved survival
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outcomes.
3. Discussion

Our findings offer novel insights into the intricate interplay between
the hypothalamus, tumors, and the intestine, particularly regarding in-
testinal barrier function, adding to our understanding of cancer, and
cancer-associated anorexia-cachexia. Our most remarkable discovery
herein pertains to the key role of tumor-associated COX-2 in fuelling
hypothalamic inflammation. Our study sheds light on the intricate in-
teractions involving PGE2, a major product of COX-2 in tumors, which
directly provokes hypothalamic inflammation through the EP4 receptor,
and indirectly amplifies hypothalamic inflammation via NF-kB path-
ways in the presence of host gut-derived PAMPs. Furthermore, the
knockout of COX-2 within the tumor result in decreased hypothalamic
inflammation, retarded tumor growth, and improved survival.

Underlying mechanisms behind hypothalamic inflammation were
explored with a mouse hypothalamic neuronal cell line model (Li et al.,
2022). This cell line is originally derived from a male mouse which
might be of relevance considering the sex differences found in the pre-
sent study. We demonstrate that PGE2 is abundantly present in tumor
secretomes and able to amplify LPS-induced hypothalamic inflamma-
tion. Results from our current research, in conjunction with previous
studies (Li et al., 2022), suggest that the effects of tumor-derived PGE2
on the hypothalamus likely arise from both direct and indirect mecha-
nisms. While the direct effects of PGE2 are mediated by EP receptors,
PGE2 also appears to contribute to an increased influx of PAMPs from
the intestine, which in turn further contributes to hypothalamic
inflammation.

Using a series of antagonists and agonists for the EP receptors we
collect evidence that the EP4 receptor plays a major role in the direct
effects of PGE2 on LPS-induced hypothalamic inflammation. The
involvement of EP receptors in hypothalamic neurons is a novel dis-
covery. Previous studies on EP receptors primarily focused on tumori-
genesis. Specifically, EP2 null mice showed reduced tumor multiplicity
and lung tumor burden (Keith et al., 2006). Mice homozygously defi-
cient in EP1 and EP4 receptors were partially resistant to colon cancer
(Hawecroft et al., 2006; Kawamori et al., 2005). At the same time, acti-
vation of the EP3 receptor has been linked to angiogenesis and tumor
growth in lung cancer (Amano et al., 2003). We also find that the
expression of EP1 and EP4 receptors is much higher than that of EP2 and
EP3 receptors in the hypothalamic neuronal cells, further underlining
the relevance of the EP4 receptor in hypothalamic neuronal inflamma-
tion. To our knowledge, this study provides the first evidence that
tumor-derived PGE2 binds to EP4 receptors in hypothalamic neuronal
cells, thereby amplifying LPS-induced hypothalamic inflammation. The
precise locations of the PGE2 receptors mediating the CNS response to
PGE2 remain unknown. By re-analyzing single-cell RNA sequencing data
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Fig. 7. Tumor-specific COX-2 knockout improves survival. a Survival rate, b initial body weight pre-tumor implantation, and ¢ terminal tumor weight in both Ptgs2-
KO and Ptgs2-WT KPC pancreatic tumor mice. Ptgs2-KO: N = 10, Ptgs2-WT: N = 9. All data were expressed as mean + SEM. Data represented in a were analyzed by
Log-rank (Mantel-Cox) test. b, ¢ were analyzed by two-tailed Student's t test. *p < 0.05, **p < 0.01, and ***p < 0.001, ****p < 0.0001.
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(Campbell et al., 2017), we find that PGE2 receptors, especially the EP4
receptors are mainly expressed in hypothalamic neurons of the arcuate
nucleus of adult mice. Of relevance is that neurons are among the first
cell populations in the hypothalamus that encounter stimuli from the
blood (Campbell et al., 2017). Based on these collective findings, we
hypothesize that in the hypothalamus, EP4 receptors present in neurons
are the first to sense PGE2 secreted by tumor cells.

Both LPS and Pam are PAMPs that can bind to TLR4 and TLR1/2 on
hypothalamic cells. This process induces the expression of proin-
flammatory molecules, inducing inflammation and eventually neuronal
death in the hypothalamic arcuate nucleus, a center of feeding regula-
tion (Shabab et al., 2017). Downstream signaling of TLRs involves NF-xB
and CREB (Swanson et al., 2020). In the present study, the inhibition of
NF-kB reduced inflammation significantly. We hypothesize that NF-xB is
likely to be the main regulatory target of PGE2 in amplifying hypotha-
lamic IL-6 secretion. Simultaneous inhibition of both EP4 and TLR/NF-
kB eliminated IL-6 secretion. Other studies demonstrated that inhibiting
hypothalamic IKKB/NF-kB could restore energy imbalance in obesity
(Zhang et al., 2008). Furthermore, prevention of the activation of hy-
pothalamic or cerebral IKK-$ and NF-kB resulted in aging retardation
and lifespan extension in mice (Zhang et al., 2013). Evidence for the role
of EP4 acting as a functional receptor for PGE2 in controlling systemic
inflammation through the activation of neuronal circuits involved in the
glucocorticoid axis is further supported by another study (Zhang and
Rivest, 2000). While targeted inhibition of hypothalamic inflammation,
for instance, through the co-suppression of PGE2 receptors and the TLR
signaling pathway, is receiving scientific interest, there are to our
knowledge no clinical developments.

It is well-known from previous studies, including those in patients,
that COX-2 expression is often elevated in tumors. This enhanced COX-2
expression leads to an increased release of prostaglandins and contrib-
utes to the elevated inflammatory state that is frequently associated with
cancer (Bell and Zelenay, 2022; Wang and Dubois, 2006). Among the
prostaglandins, PGE2 is predominantly produced in many human solid
tumors, including colon (Karpisheh et al., 2019; Rigas et al., 1993), lung
(“PGE2 Produced by Lung Cancer Suppresses Immune Function Through
T-regulatory Cells and can be Blocked by the COX2 Inhibitor Celebrex,”
2005), and pancreatic (Charo et al., 2013; Hasan et al., 2008) cancers.
While clinical evidence directly linking COX-2 expression in tumors in
patients with cancer-cachexia is not yet available, our results align with
observations indicating that COX inhibition through NSAIDs can
improve survival outcomes in cachectic cancer patients. COX-2 is known
to be predominantly present in immune cells such as macrophages (van
Dierendonck et al., 2022). However, here we demonstrate that COX-2 is
concentrated in cancer cells more than immune cells. Similar results
were reported by other studies, demonstrating that COX-2 was present
in large amounts in tumor cells (Bell et al., 2022; Bell and Zelenay, 2022;
Zheng et al., 2019).

Systemic inflammation is a hallmark of cancer in patients (Argilés
et al., 2019). As shown in several studies, including those conducted by
our group, systemic inflammation can trigger an elevated inflammatory
response within various tissues, including the gastrointestinal tract,
leading to functional changes. In our study, it is evident that there are
significant impairments in intestinal barrier function in tumor-bearing
mice; however, it is primarily the combination of a tumor and LPS
that has the most adverse effects on intestinal barrier function. Other
studies demonstrated that PGE2 could impair colonic epithelial barrier
integrity (Lejeune et al., 2010; Zhou et al., 2020). Our findings further
underline previous reports that an impaired intestinal barrier function
can exacerbate the inflammatory process by increasing the uptake of LPS
and other PAMPs. Such an elevation of plasma LPS levels has also been
reported in patients with colorectal cancer and colonic hyper-
permeability (de Waal et al., 2020).

Hypothalamic inflammation has a key contribution to cancer pro-
gression and cachexia development as the hypothalamus regulates en-
ergy metabolism, appetite, and fatigue (Dwarkasing et al., 2016b; Van
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Norren et al., 2017), thus significantly impacting mortality (Burfeind
et al., 2016b). Hypothalamic inflammation and increased intestinal
permeability can be also induced by chemotherapy and radiation.
Clinical cases of PICC (Peripherally inserted central catheter) line use in
chemotherapy frequently coincided with increased blood LPS levels
(Valdés-Ferrada et al., 2020). Our data consistently show elevated hy-
pothalamic inflammation by LPS in the mouse model of pancreatic
cancer. Similar observations were made in a rat mammary carcinoma
model, where tumors exacerbated pro-inflammatory gene expression in
the central nervous system in response to LPS and the induction of
neuroinflammatory pathways (Pyter et al., 2014). Previous in vitro
studies also showed that various tumor secretomes, including those from
colon, lung, and pancreatic cancer, could enhance LPS-induced hypo-
thalamic inflammation (Li et al., 2022). Remarkably, our study reveals
sexual dimorphism in LPS-induced hypothalamic inflammation associ-
ated with cancer. Female mice displayed an apparently higher tolerance
to LPS stimulation, as evidenced by a lower degree of hypothalamic
inflammation and less muscle loss compared to male mice. This con-
trasts with reports of higher peripheral and central inflammation in fe-
males compared to males following LPS stimulation (Dockman et al.,
2022) but aligns with findings from mouse depression models (Millett
et al,, 2019). Our data consistently demonstrate higher plasma LPS
levels in males compared to females.

A potentially imminent therapeutic strategy, based on the current
results combined with previous findings, could be the targeted modu-
lation of COX-2 activity. Our previous in vitro study demonstrated that
the COX-2 inhibitor celecoxib reduced PGE2 formation in tumor cells (Li
et al., 2022). Here we show that a tumor-specific Ptgs2 gene knockout
model attenuates hypothalamic inflammation during pancreatic cancer,
with a slower tumor growth rate and more prolonged survival. A recent
study corroborated the assertion that PDAC-derived PGE2 facilitated
tumor proliferation. The results of that study indicate that targeting
tumor-derived COX-2 induces reprogramming of the tumor microenvi-
ronment and effectively regulates the disease state (Caronni et al.,
2023). Other studies have suggested that micro RNAs (miRs) directly
modulating Ptgs2 expression are of potential interest in different cancers
(Ercolano et al., 2019). Furthermore, Ptgs2 knockout inhibited mela-
noma (Ercolano et al., 2019) and pancreatic cancer tumorigenesis
(Markosyan et al., 2019).

The aforementioned findings raise the question: Is COX-2 inhibition
with COX-2 inhibitors already on the market clinically the way to go in
cancer research? Essential factors to be considered in this regard
include: 1) Currently used COX-2 inhibitors and traditional NSAIDs are
associated with adverse cardiovascular side effects (Schjerning et al.,
2020) and reported to increase intestinal permeability (Burian and
Geisslinger, 2003). This represents a significant concern, particularly in
light of the role of intestinal permeability described in this paper. 2)
Non-targeted COX inhibition subsequently reduces multi-metabolites of
arachidonic acid. The enzyme COX-2 generates diverse metabolites in
addition to PGE2. These include prostaglandins like PGE3, PGI2, PGD2,
and PGF2aq, but also, for example, thromboxanes (Wang and Dubois,
2006). Additionally, the enzyme COX-1 generates PGE1 among other
substances, which is partially inhibited by common COX-2 inhibitors, as
overly specific inhibition of COX-2 can cause serious cardiovascular side
effects (Schjerning et al., 2020). Inhibition of COX will thus lead to
reduced PGE2 and many other COX metabolite production. Prosta-
glandin 12, among the metabolites, shows a protective effect against
injury, cell adhesion, and vessel contraction, and inhibits intestinal
epithelial permeability and apoptosis (Pochard et al., 2021). The func-
tions of PGE2 are a double-edged sword. It is reported to increase tu-
moral progression in the microenvironment and regulate tumor immune
evasion (Finetti et al., 2020). However, PGE2 improves myogenic dif-
ferentiation in primary myoblasts (Mo et al., 2015; Shimonty et al.,
2023), and regulates the proliferation of endothelial cells in the
gastrointestinal tract, mediating normal platelet function and renal
blood flow (De et al., 2021). Considering these factors, therapeutic
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inhibition of COX-2 will require a tumor-specific rather than a systemic
approach. A search in the Google Patents database (“Google Patents,” n.
d.) revealed that such an approach is indeed receiving considerable
attention.

Taken together, elevated hypothalamic inflammation is shown to be
associated with tumor-derived COX-2 during cancer, as well as increased
intestinal permeability. We hypothesize that gut-originated PAMPs
reach the hypothalamus and activate the TLR/MyD88/NF-kB pathway.
At the same time, tumor-derived COX-2 accelerates the secretion of
PGE2, thereby activating the EP4 receptor and its downstream pathway
in the hypothalamus, synergistically activating the NF-xB pathway, and
amplifying hypothalamic inflammation. Our findings can be summa-
rized and explained by the model as proposed in Fig. 8.

A limitation is the absence of labeling for the exogenous LPS used in
this study, as tumor-bearing mice exhibit more resistance to endogenous
LPS than exogenous LPS. Future investigations could monitor the origins
of LPS and compare the different responses of hosts to exogenous LPS
triggered by chemotherapy, etc., with those to endogenous LPS present
in the persistent tumor environment.

Based on the data presented here, we propose COX-2 and EP4 as
potential therapeutic targets for attenuating hypothalamic inflamma-
tion in cancer. Future studies could be initiated to develop
hypothalamus-specific EP4 knockout strategies, given the current chal-
lenges in guaranteeing the viability of in vivo EP4 knockout mice.
Furthermore, the modulation of COX-2 expression within the tumor or
genetic engineering of EP4 in the hypothalamus necessitates effective
delivery systems for targeted transport, such as nanocarriers (Zhao et al.,
2020). The discovery of efficient inhibitors and delivery systems holds
transformative potential in enhancing the success rates of selective drug
development for the treatment of cancer.

4. Materials and methods
4.1. In vitro studies

Reagents
REAGENT

SOURCE
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(continued)
REAGENT SOURCE
HiPerSolv CHROMANORM® (>99.9 %) VWR Chemicals
BMS-345541 Sigma-Aldrich
Butylated hydroxytoluene Sigma-Aldrich

Ethanol

Formic acid (99 %)

GW9662

KG-501 (Naphthol AS-E phosphate)
L-161982 (EP4 antagonist)
L-798,106 (EP3 antagonist)
Lipopolysaccharide (0111:B4; LPS)
Methanol

MMG 11 (TLR2 antagonist)
Pam3CysSerLys4 (Pam3Cys-SKKKK)
PF-04418948 (EP2 antagonist)
Prostaglandin D2

Prostaglandin E1

Prostaglandin E2

Prostaglandin E3

Prostaglandin F2a

Rosiglitazone

SC-51089 (EP1 antagonist)

ST 2825 (MyD88 inhibitor)
Sulprostone (EP1/ EP3 agonist)
TAK 242 (TLR4 inhibitor)

TCS 2510 (EP4 agonist)

Cox-2 CRISPR/Cas9 KO Plasmid (m)
Control CRISPR/Cas9 Plasmid
Cox-2 HDR Plasmid (m)
UltraCruz® Transfection Reagent
Puromycin dihydrochloride, 25 mg
COX-2 (D5H5) XP® Rabbit mAb #12282
Trizol

BCA protein assay kit

Sigma-Aldrich
Biosolve Chemicals
R&D systems
MedChemExpress
Tocris

Tocris
Sigma-Aldrich
VWR Chemicals
Tocris

EMC Microcollections
Tocris

R&D systems
Cayman Chemicals
R&D systems

R&D systems
Sanbio B.V.

Tocris

Tocris
MedChemExpress
Abcam

Tocris

Tocris

Santa Cruz

Santa Cruz

Santa Cruz

Santa Cruz

Santa Cruz

Cell Signaling
Fisher Scientific
Thermo Scientific Pierce Products

4.2. Cell culture

The male mouse hypothalamic neuronal cell line (mHypoE-N46,

male) was purchased from CELLutions Biosystems (Burlington, Ontario,
Canada). The mouse colon carcinoma (C26) cell line and Lewis lung
carcinoma (LLC) cell line were purchased from ATCC (Teddington, UK).

Pro-inflammatory

NF-kB cytokines

BMS-345541 | —

MAPKs
p38/ERK

Fig. 8. Hypothetical signaling map of TLRs and PGE2 receptors in amplifying hypothalamic inflammation during cancer. Gut-originated PAMPs reach the hypo-
thalamus and activate the TLR/MyD88/NF-kB pathway. At the same time, tumor-derived COX-2 accelerates the secretion of PGE2, thereby activating the EP4 re-
ceptor and its downstream pathway in the hypothalamus, synergistically activating the NF-xB pathway, and amplifying hypothalamic inflammation.
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The mHypoE-N46, C26, and LLC cells were grown in Dulbecco’s Modi-
fied Eagle Medium (DMEM, Corning, USA). All media were supple-
mented with 10 % fetal calf serum (FCS, Biowest, USA) and 1 %
penicillin—streptomycin (Corning, USA), and all cell lines were incu-
bated at 37 °C in a humidified atmosphere with 5 % CO,.

4.3. CRISPR/Cas9-mediated knockout of Ptgs2 in KPC cell line

Mouse Ptgs2 CRISPR/Cas9 knockout plasmid (sc-422489), Ptgs2 HDR
plasmid (sc-422489-HDR), Control CRISPR/Cas9 Plasmid (sc-418922),
and transfection reagent (sc-395739) were purchased from Santa Cruz
Biotechnology (CA, Heidelberg, Germany). 7 x 10* KPC cells were
seeded in 3 mL of antibiotic-free standard growth medium per well into
a six-well plate 24h prior to transfection. Transfection Reagent was used
at a final concentration of 5 % together with a total of 4 pg plasmid (2 ug
Ptgs2 CRISPR/Cas9 KO plasmid with 2 pg Ptgs2 HDR plasmid) per well.
Cells were maintained for 48 h before returning to the growth medium
and puromycin selection (20 pg/mL) (sc-108071). The Ptgs2 HDR
plasmid is designed for the repair of the site-specific Cas9-induced DNA
cleavage within the Ptgs2 gene, and contains a puromycin resistance
gene to enable selection of stable knockout cells and an RFP gene to
visually confirm transfection.

4.4. Western blot

Proteins from cells were lysed in RIPA lysis buffer (89900; Thermo
Fisher Scientific) supplemented with phosphatase and protease in-
hibitors and quantified by BCA Protein Assay kit (Thermo Fisher Sci-
entific). Precast 4 to 15 % polyacrylamide gels were used to separate
protein lysates, and proteins were transferred onto nitrocellulose
membranes using a Trans-Blot Turbo Semi-Dry Transfer Cell with Trans-
Blot Turbo PVDF Transfer Packs (Bio-Rad Laboratories). After blocking
with 5 % skim milk, membranes were incubated overnight at 4 °C with
primary antibodies against COX-2 (D5HS5, 1:1000, #12282, Cell
Signaling Technology) and f-Actin (D6A8, 1:4000, #8457, Cell
Signaling Technology). Membranes were subsequently incubated with a
secondary antibody (Anti-rabbit IgG, HRP-linked Antibody, #7074, Cell
Signaling Technology) for 1 h at room temperature. Membranes were
developed using Clarity ECL substrate (Bio-Rad Laboratories) and im-
ages were acquired with the ChemiDoc MP System (Bio-Rad
Laboratories).

4.5. Quantitative RT-PCR

Total RNA was isolated using TRizol Reagent (Thermo Fisher Sci-
entific, 15596018). Complementary DNA (cDNA) was synthesized using
the iScript cDNA Synthesis Kit (Bio-Rad Laboratories, Inc., 1708890)
following the manufacturer’s instructions. Real-Time polymerase chain
reaction (RT-PCR) was performed on the CFX 384 Touch Real-Time
detection system (Bio-Rad Laboratories, Inc., California, United
States), using the SensiMix (BioLine, BIO-83005) protocol for SYBR
green reactions. Amplification of Ptgs2 (forward primer 5-TGAG-
CAACTATTCCAAACCAGC-3; reverse primer 5-GCACGTAGTCTTC-
GATCACTATC-3") was normalized with mouse 36B4 expression
(forward primer 5-ATGGGTACAAGCGCGTCCTG-3; reverse primer 5-
GCCTTGACCTTTTCAGTAAG-3").

4.6. UPLC-MS/MS analysis of prostaglandins

Concentrations of different prostaglandins in cultured supernatants
from tumor cells were determined using a previously published ultra-
performance liquid chromatography-tandem mass spectrometry (UPLC-
MS/MS) with small adaptations (Balvers et al., 2012).

Standards included Prostaglandin (PG)Dy (>98 % purity), PGE;
(>98 % purity), PGE; (>98 % purity), PGE3 (>98 % purity), 11p-PGFax
(>98 % purity), PGFaa (>98 % purity), 15-deoxy-A12,14-PGJy (>95 %
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purity) and were purchased from Cayman Chemicals, supplied by San-
bio (Uden, The Netherlands). In short, prostaglandins were extracted
from 200 ul supernatant with 1 mL methanol (MeOH) (>99.9 %,
HiPerSolv CHROMANORM®, ULTRA for LC-MS) containing 1000 pg/
mL of PGE-d4 [>99 % purity deuterated forms (d;-d4)]. Samples were
shortly vortexed, placed on ice for 30 min and then centrifuged for 5 min
at 3000xg and 4 °C. Supernatants were combined with 4.8 mL ultrapure
water containing 0.125 % formic acid (FA) (99 %, UPLC/MS-CC/SFC)
and extracted over HLB solid phase extraction columns (Oasis; 60 mg,
3 cc; Waters Chromatography B.V., Etten-Leur, The Netherlands). The
columns were activated by two-times 1 mL MeOH, equilibrated by two-
times 1 mL ultrapure water containing 0.1 % FA, loaded with the sam-
ples, washed with 2 mL 20 % MeOH in ultrapure water containing 0.1 %
FA, and then allowed to dry for 15 min. Compounds were eluted from
the column by 2 mL MeOH and collected in borosilicate glass tubes
containing 20 pL of 10 % glycerol and 500 pM butylated hydroxytoluene
(99 %) in ethanol (EtOH; absolute for analysis). Samples were dried in a
TurboVap® evaporator (Biotage, Uppsala, Sweden) at 35 °C under a
gentle stream of nitrogen (2.7 L/min). Hereafter, the extracts were
reconstituted in 50 pL EtOH. Samples were stored at —80 °C until further
analysis. The UPLC-MS/MS system consisted of an Waters I-class fixed-
loop UPLC coupled to a Xevo TQ-s triple-quadrupole mass spectrometer.
For each run, 10 pL of sample was injected into an Acquity C18 BEH
UPLC column (2.1 x 100 mm, 1.7 pm) from Waters Chromatography B.
V. (Etten-Leur, The Netherlands). The injected sample was separated on
the column using gradient elution with a stable flow of 0.600 mL/min.
The gradient started with 95 % A (ultrapure water with 0.1 % FA) and 5
% B (Acetonitrile (ACN; >99.9 % purity) with 0.1 % FA). After 0.35 min,
the gradient was linearly increased to 70 % A and 30 % B which was
achieved at 5.00 min. This was followed by a linear increase to 50 % B,
which was achieved at 11.25 min and maintained until 13.25 min.
Subsequently, the system was switched to 100 % B, which was achieved
at 15.75 min and maintained until 16.75. Hereafter, the column was left
to equilibrate at 5 % B for 3.00 min, making a total run time of 19.75
min. During analysis, the column was maintained at 50 °C and the
autosampler was cooled to 10 °C. Electrospray ionization in negative
mode (ESI-neg) was performed for all analytes. The MS parameters, such
as capillary voltage and collision-induced dissociation settings (CID),
were tuned by individually infusing all analytes to optimize product ion
signal intensity in selective reaction mode (SRM). MS settings were as
follows:capillary voltage of 2.7 kV, cone voltage of 30 V, source offset of
30V, and desolvation temperature of 500 °C. A detailed overview of the
applied MS settings is given in Supplementary Table 3. SRM transitions
and collision energies (CE) are presented in Supplementary Table 4.
Data acquisition and processing was performed using MassLynx version
4.1 (Waters). The limit of detection (LOD) was defined as the concen-
tration corresponding to the smallest integrated peak area included in
the calibration curve. Quantification was performed against calibration
curve using 1/X"2 weighing QC samples were used to monitor perfor-
mance of the method.

4.7. Enzyme-linked immunosorbent assays

Levels of IL-6 (R&D Systems, Minneapolis, MN, USA) and PGE2
(Cayman Chemical, Ann Arbor, MI, USA) in cell culture media were
detected using mouse ELISA kits according to the manufacturer’s in-
structions. All presented ELISA data were within the range of the
respective standard curves. The samples were diluted to fall within the
standard curve range when necessary.

4.8. Cell proliferation and toxicity

Effects of different antagonists and agonists on cell proliferation and
cytotoxicity were measured using a WST-1 assay kit (Sigma Aldrich,
Scheldorf, Germany) and a Lactate Dehydrogenase (LDH) assay kit
(Sigma Aldrich, Scheldorf, Germany) according to the manufacturer’s



X. Lietal

instruction.
5. Experimental animals and design
5.1. Mice

Male and female C57BL/6J WT (JAX catalog number 000664) were
purchased from The Jackson Laboratory (Bar Harbor, ME) and main-
tained in our animal facility. All mice were housed and bred in a dedi-
cated mouse room with a temperature of 26 °C with a 12-h light/dark
cycle and 40 % humidity. Animals were provided ad libitum access to
food and water (Purina rodent diet 5001; Purina Mills, St. Louis, MO,
USA). Animals were aged between 9 and 15 weeks at the time of the
study. In behavioral studies, animals were individually housed for
acclimation at least 7 days prior to procedures. Except in survival
studies, tumor-bearing animals were euthanized according to the end-
points of the tumor study policy. Mouse studies were conducted in
accordance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals, and approved by the Institutional Animal
Care and Use Committee of Oregon Health & Science University.

5.2. Pancreatic ductal adenocarcinoma cachexia models

Two distinct pancreatic ductal adenocarcinoma (PDAC) cachexia
models (4662 and KPC) were used in this study. Both 4662 and KPC are
clonogenic cell lines derived from C57BL/6J mice with pancreatic-
specific conditional alleles KRASG12D and TP53R172H expression
driven by the PDX-1-Cre promoter. The 4662 cell line was generously
provided by Robert Vonderheide (4662) (Twyman-Saint Victor et al.,
2015), and the KPC cell line was generously provided by Dr. Elizabeth
Jaffee (Keenan et al., 2014; Michaelis et al., 2017). Both cell lines were
maintained in low glucose Dulbecco’s Modified Eagle Medium (Gibco,
Thermofisher, Waltham, MA), supplemented with 10 % fetal calf serum
(FCS, Biowest, Ann Arbor, MI, USA) and 1 % penicillin-streptomycin
(Corning, USA), and maintained at 37 °C in a humidified atmosphere
with 5 % COs. Under isoflurane anesthesia, a small surgical incision was
made in the upper-left quadrant of the abdomen, reflecting the skin
layers, fascia, and muscle wall to expose the pancreas. The tail of the
pancreas was injected with either 3 million tumor cells suspended in 40
pL of PBS or an equal volume of cell-free PBS. After tumor implantation,
the abdominal wall and fascia layers were sutured, followed by two
surgical skin clips to close the incision site.

5.3. Ultrasound measurements

Ultrasound scans were performed using a Vevo 2100 system with an
MS400 transducer (FUJIFILM Visual Sonics, Toronto, ON, Canada) ac-
cording to Ito et al (Ito et al., 2021). During ultrasound imaging, mice
were anesthetized with 1.5 % isoflurane (EX3 Vaporizer, Patterson
Veterinary) and placed dorsally on a warmed scanning platform. Phys-
iological parameters, including cardiac and respiratory cycles, were
monitored. Hair was removed with depilatory cream (Nair, Church &
Dwight), and warmed ultrasound gel was applied to the ventral chest.

5.4. Analysis of cancer cachexia

Food intake, body mass, and post-procedure health status were
monitored daily, and bedding was sifted to collect spilled food (food
orts). Mice mortality was observed daily, and the tumor was confirmed
by necropsy. When the tumor-bearing mice reached predesignated time
points or predetermined criteria for euthanasia, they were given a
gavage of 80 mg/mL 4000-Da fluorescein isothiocyanate (FITC-)Dextran
(Sigma-Aldrich, St. Louis, MO). The dosage of FITC Dextran for each
mouse was calculated by 0.6 mg/g body weight. After 4 h of fasting,
mice were injected intraperitoneally with 150 ug/mL LPS (delivered
with 0.5 % BSA in saline as a vehicle) or vehicle immediately after
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receiving the gavage to induce acute inflammation. The dosage of LPS
for each mouse was calculated by 1.5 ug/g body weight. After 4 h of food
and water restriction, the mice got a dose of a ketamine-xylazine-
acepromazine cocktail to induce deep anesthesia. Necropsy tissue
analysis included tumor, gastrocnemius, and cecum mass by observers
blinded to treatment groups. In addition, the hypothalamus, gastroc-
nemius, colon, and tumor tissues were immediately flash-frozen for gene
expression analysis.

5.5. Intestinal permeability

Intestinal permeability was assessed by determining the trans-
mucosal transport of 4000-Da fluorescein isothiocyanate (FITC-)Dextran
(Sigma-Aldrich, St. Louis, MO), according to Johnson et al (Johnson
et al., 2015).

5.6. Histology and immunofluorescent staining

At the end of the study, tissues were post-fixed in 4 % PFA overnight
at 4 °C and transferred to 70 % ethanol prior to sectioning protocols.
After post-fixation, paraffin-embedded histological sections of tumor
and colon tissue samples were stained for hematoxylin and eosin (H&E),
followed by 10-uM cryostat sectioning.

Free-floating sections were incubated in blocking solution (5 %
normal donkey serum in 0.01 M PBS and 0.2 % Triton X-100) for 30 min
at room temperature, followed by primary antibody incubation (listed
below) overnight at 4 °C. Sections were thoroughly washed with PBS
between steps. Sections were mounted on gelatine-coated slides and
coverslipped with Prolong Gold anti-fade media with DAPI
(Thermofisher).

Fluorescent-based images of tumor tissues were acquired on an
ApoTome-Zeiss Microscope. Primary antibodies utilized above are listed
respectively: COX-2 (Rabbit, cell signaling, 12282S, 1:500), Pan-CK
(Mouse, Invitrogen, MA5-13156, 1:200), and CD45 (Rat, BD Pharm-
ings, 550539, 1:500). The following secondary antibodies were used, all
derived from donkey: anti-rabbit A555 (Invitrogen, A31572, 1:400),
anti-mouse A647 (Invitrogen, A32787, 1:400), and anti-rat A488
(Invitrogen, A21208, 1:400).

5.7. Enzyme-linked immunosorbent assays

Whole blood was obtained from mice by cardiopuncture, and plasma
was isolated using K2EDTA tubes (BD 365974). Mouse plasma was
assayed by LPS ELISA (MyBioSource, San Diego, CA), IL-6 ELISA (R&D
Systems, Minneapolis, MN, USA), and PGE2 ELISA (Cayman Chemical,
Ann Arbor, MI, USA) kits according to manufacturer’s instructions.

5.8. Quantitative real-time PCR

Snap-frozen tissues were rapidly homogenized, and RNA was puri-
fied with the RNeasy Mini Kit (Qiagen). Samples were then reverse
transcribed with the High Capacity cDNA Reverse Transcription Kit (Life
Technologies). qRT-PCR was performed using reagents, and TaqgMan
primer probes listed in Supplementary Table 2. Tissues were normalized
to 18S or p-Actin using the AACt method.

The relative expression was calculated with the AACt method and
normalized to the sham control. Normally distributed ACt values were
used for the statistical analysis.

5.9. Survival study

Sex, age, and body weight-matched WT mice were implanted with
either Ptgs2-KO or Ptgs2-KO control (Ptgs2-WT) tumor cells. All animals
were individually housed after implantation and observed daily until
death. Tumor appearance was confirmed in all animals, and tumors
were dissected and weighed by necropsy.



X. Lietal

5.10. Statistics

All statistical analyses were performed in GraphPad Prism 9.5.1
software and Origin 9.0 software. Quantitative data are reported as
mean + standard error. Two-tailed Students t tests were performed
when comparing two groups. When comparing more than two groups of
a single genotype, One-way ANOVA was utilized. Correlation analyses
were performed after assessment of normality using Shapiro-Wilk tests,
demonstrating that all data analyzed followed a Gaussian distribution
(Pearson correlation, parametric data). Two-way ANOVA with Bonfer-
roni multiple comparisons test was utilized when comparing multiple
genotypes and treatment groups (sham and tumor). For all analyses, a P-
value of <0.05 was considered to be statistically significant. For histo-
chemistry analyses, images were representative of at least three separate
stainings. Western blot images are representative of at least two separate
experiments. All measurements were from distinct samples and not
taken from the same sample more than once. When applicable, all sta-
tistical tests were performed as two-tailed analyses.
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