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Abstract

Tumor growth is associated with metabolic reprogramming of various organs including the
liver. This metabolic reprogramming is responsible for the development of behavioral fatigue
represented by decreased voluntary wheel running in a murine model of lung cancer.

To determine whether interleukin (IL-)6 induced by the tumor is responsible for the metabolic
reprogramming, mice injected with Lewis lung carcinoma cells in the flank were treated with

an anti-mouse 1L-6 monoclonal neutralizing antibody using a 2 x 2 factorial design (+/- tumor
and +/- anti-1L-6 antibody). Endpoints were represented by behavioral, metabolic and immune
phenotypes. Despite its ability to abrogate the increase in plasma levels of IL-6 that was apparent
in tumor-bearing mice and decrease inflammatory signaling in the liver, immunoneutralization of
IL-6 had no effect on voluntary wheel running and did not modify the tumor-induced alterations

in hepatic gene expression of inflammatory cytokines and metabolic factors. These negative results
indicate that IL-6 does not mediate the communication between tumor and host in mice implanted
with Lewis lung carcinoma
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Fatigue is the most common non-specific symptom presented by cancer patients (Berger

et al. 2015; Mortimer et al. 2010). While it is often present at the time of diagnosis.

Its prevalence and intensity increase dramatically during cancer therapy. Fatigue does not
always wane off at the completion of treatment and persists in about 30 percent of patients.
The negative impact of fatigue on personal and professional quality of life and functionality
is considerable. Despite this, there is no FDA-approved preventive or curative treatment. As
a palliative measure, patients are counseled to spare their energy, exercise when possible,
and administer the psychostimulant methylphenidate in very severe cases.

Among the several putative mechanisms that have been proposed to account for the
development of fatigue, inflammation is certainly the one that has received the most
attention (Bower 2014; Saligan et al. 2015). Inflammation is associated with the
development, progression and dissemination of the tumor and it becomes more severe in
response to treatment-induced cellular damage. It would induce fatigue by propagating
throughout the body and recruiting signaling pathways in the central nervous system.
Interleukin-6 (IL-6) is one of the candidate inflammatory cytokines for the communication
between the tumor and the rest of the body. This cytokine has the ability to act at distance
when released in the general circulation, in contrast to other cytokines that act in a paracrine
or autocrine manner (Kishimoto 2005). Cancer is often associated with increased circulating
levels of IL-6. In addition, certain modalities of cancer treatment also increase circulating
levels of IL-6 at the same time that they increase fatigue. This is the case for androgen
deprivation therapy in prostate cancer patients (Hoogland et al. 2020). Increased IL-6 is
associated with fatigue in breast cancer patients (Cohen et al. 2020; Saligan and Kim 2012;
Zick et al. 2014), head and neck cancer patients (Xiao et al. 2020) and patients with acute
myeloid leukemia (Khosravi et al. 2018), ovarian cancer (Schrepf et al. 2013) or colorectal
cancer (Himbert et al. 2019). However, increased I1L-6 is not a constant in cancer. Several
studies report no differences in circulating IL-6 levels between cancer patients and controls
(Cameron et al. 2012; Dirksen et al. 2014; Kim et al. 2020; Pertl et al. 2013). For this
reason, the association between IL-6 levels and fatigue is not sufficient to infer causality as
IL-6 can vary independently of fatigue. Additionally, the psychological stress experienced
by fatigued cancer patients can itself increase IL-6 levels (Rohleder et al. 2012).

Experimental studies in animal models of cancer provide a way to test causality as they
allow monitoring and manipulation of 1L-6 production during tumor growth. There is plenty
of evidence in favor of a key role for tumor-secreted IL-6 and STAT3 signaling in the
metabolic changes that develop during cancer (Mauer et al. 2015). In particular, tumor-
induced IL-6 reprograms host metabolism in murine models of colon cancer and pancreatic
ductal adenocarcinoma (Flint et al. 2016). In the same manner, inflammatory STAT3
signaling that is activated downstream of IL-6 alters hepatic insulin signaling and lipid
metabolism and glucose tolerance in a genetic murine model of lung adenocarcinoma (Masri
et al. 2016). Based on these findings, a few recent studies have examined whether IL-6
mediates the relationship between tumor-associated metabolic changes and cancer-related
symptoms. However, the results have been essentially negative as immunoneutralization of
IL-6 had no effect on both the metabolic phenotype and the behavioral alterations associated
with tumor growth in a murine model of breast cancer and a murine model of human
papilloma virus-related head and neck cancer (Borniger et al. 2018; Grossberg et al. 2020).
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Whether these negative results generalize to inflammatory tumors, in which IL-6 plays a

role in the progression and dissemination of the tumor, is not known. We undertook the
present study to determine whether immunoneutralization of IL-6 has any effect on the
relationship between metabolic reprogramming and tumor-induced fatigue in a tumor model
characterized by higher dependence on IL-6 than breast cancer or HPV-related head and
neck cancer. We selected Lewis lung carcinoma cells for this purpose as they produce and
release IL-6 at the same time they potently induce the expression of IL-6 in the host (Demers
et al. 2018; Graves et al. 2006; Hu et al. 2019; Hung et al. 2020; Kim et al. 2009; Zhang et
al. 2017).

Animals and methods

Animals

The experiments were conducted on male C57BL/6J mice purchased from Jackson
Laboratories and housed in a standard laboratory environment in a 12 h dark/light cycle
with lights off from 7:00 PM to 7:00 AM on the next day. Mice were 10-week old at the
beginning of the experiments and were individually housed with ad /ibitum access to food
and water.

Tumor model

The tumor model was based on heterotopic implantation of a cell line established from the
lung of a C57BL mouse bearing a tumor resulting from an implantation of primary Lewis
lung carcinoma (CRL-1642, ATCC, Manassas, VA). This cell line is highly tumorigenic and
weakly metastatic. The tumor cells were injected subcutaneously into the right flank at a
concentration of 5 x 10° cells in 50 ul. Tumors were dissected at the end of the experiment
and weighed.

IL-6 neutralizing antibody treatment

Mice were randomly allocated to 4 treatment groups (n=6 mice/group) counterbalanced

by baseline wheel running using a 2 x 2 factorial design (+/- LLC versus +/- IL-6na).
Starting 15 days after injection of tumor cells, mice received daily intraperitoneal injections
of IL-6na (200 pg in 100 ul PBS, BioXcell, BE0046) or placebo (100 pl PBS) for 7 days.
One mouse assigned to the LLC-IL-6na experimental group died before initiation of IL-6na
injection. One mouse assigned to the LLC-placebo group died on day 17 after initiation of
the placebo. The data from these two mice were not included in the statistical analysis. Four
mice assigned to the LLC-1L-6na group had to be euthanized on day 22 because of the size
and ulceration of their tumors. Tissues and plasma from these 4 mice were collected for
biochemistry analyses. Data from these 4 mice were included in the statistical analysis.

Measurement of behavioral fatigue

Mice were individually housed with in-cage low-profile running wheels, wirelessly
connected to an activity counter (Wheel Manager, Med Associates, Inc, Fairfax, VT). The
experiment started after stabilization of wheel running which required 14 days. As wheel
running activity occurs mostly during the night portion of the cycle, wheel running activity
was measured by the total number of counts during the 12-hour nights.
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Tissue collection

At the end of the experiment mice were anesthetized by CO, inhalation. Blood was collected
in EDTA coated tubes by cardiac puncture and plasma was separated by centrifugation
before being stored at —80°C until analysis. Mice were perfused intracardially with
phosphate buffered saline. Liver was collected, snap frozen in liquid nitrogen and kept at
—80°C until analysis.

Quantitative real time polymerase chain reaction and ELISA

RNA was extracted from the liver using the Trizol (Invitrogen, Carlsbad, CA) chloroform
method. cDNA was generated using a high capacity cDNA reverse transcription kit (Applied
Biosystems). PCR reactions were run on a CFX384 (Biorad) using SYBR Green Mastermix
(Biorad) with the gene expression assays from Integrated DNA Technologies (IDT) except
for Pkm1 and PkmZ for which the SYBR green primer-based assays and SYBR Green
Master Mix were used. £/F3and RPS3were used as housekeeping genes after checking
their lack of variation between the experimental conditions under test. Function of the target
genes is presented in supplementary material. Primers sequences are listed in Supplementary
Table I. Relative expression to the control mice without any tumor and injected with the
placebo was calculated using the AAC; method.

Plasma concentrations of I1L-6 were measured by ELISA (BioLegend) following
manufacturer’s instructions. Concentrations of IL-6 lower than the smaller standard value
(4.68 pg/ml) were replaced by this value.

Statistical analysis

Results

All data are presented as mean+/- standard error of the mean and analyzed using SPSS
(version 10, Chicago, IL). Two-way analyses of variance (control vs. tumor, placebo vs.
IL-6na) with time as a repeated factor were performed to analyze nightly counts of wheel
running before and during IL-6na treatment in the two experiments. Two-way analyses
of variance (control vs. tumor, placebo vs. IL-6na) were used to analyze gene expression
in liver and plasma levels of IL-6. Post hoc comparisons were adjusted for multiple
comparisons using Bonferroni correction. Statistical significance was set at p<=0.05.

In the present experiment, IL-6na was injected daily for 7 days starting 15 days after
injection of LLC cells, when nightly wheel running had decreased by about 50% in
tumor-bearing mice. During the first 15 days after injection of tumor cells, wheel running
activity decreased in tumor bearing mice but not in control mice (tumor x day interaction:
F(14,252)=2.24, p<0.01) with this decrease being significant on Days 13, 14 and 15
(p<0.05) (Fig. 1A). Administration of IL-6na and the control injection resulted in a decrease
in wheel running activity independently of the treatment (day 15 to day 16: F(1,19)=30.6,
p<0.001) and this decrease persisted in all groups during the 7 days of IL-6na treatment.
However, tumor-bearing mice were still less active than control mice (F(1,14)=4.76, p<0.05)
and this difference was not modified by IL-6na treatment.
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Measurement of 1L-6 levels in the plasma confirmed that IL-6na fully blocked circulating 6
in tumor bearing mice as it was no longer detectable in LLC tumor bearing mice treated with
IL-6na (LLC x IL-6na interaction, F(1,18)=5.17, p<0.05) (Fig. 1B). The inhibitory effect

of IL-6na on IL-6 signaling was confirmed by a significant decrease in the expression of
genes associated with IL-6 signaling (Socs3, Stat3, p<0.001) in the liver of IL-6na-treated
mice (Fig. 2). IL-6na treatment had no effect on body weight expressed as percent of

body weight before injection of LLC cells and tumor-bearing mice did not differ in their
body weight from control mice (Fig. 1C). IL-6na treatment had no effect on tumor weight
measured at the end of the experiment (Fig. 1D). Analysis of gene expression in the liver by
gRT-PCR confirmed that tumor growth was associated with significantly higher expression
of metabolic genes (Hk1, HkZ2, Ldha, Mct4, Ucp2), inflammatory genes (Rela, //1, Tnf,
Nirp3) and genes associated with I1L-6 signaling (Socs3, Stat3) (Fig. 1E). Tumor growth
was also associated with decreased Pkm1/ PkmZ2ratios (p<0.05) (Fig. 1E). In terms of
inflammation, administration of IL-6na abrogated LLC-induced increase in //Z (p<0.05).
IL-6na also decreased the expression of Nfkb1and Relain the liver but had no effect on
other inflammatory genes and on metabolic genes.

Discussion

The results of the present experiment show that despite an increase in circulating levels

of IL-6 in tumor bearing mice, immunoneutralization of IL-6 does not treat tumor-induced
fatigue as measured by wheel running. In addition, this treatment has no effect on tumor-
induced alterations in hepatic expression of inflammatory and metabolic genes.

Most authors consider voluntary wheel running activity in mice as equivalent to voluntary
exercise in humans and home cage activity as equivalent to spontaneous physical activity
(Kostrzewa and Kas 2014). However, this view is somewhat simplistic as the intense running
wheel activity that is deployed by mice when they are provided with a wheel in their

home cage is out of proportion with any form of physical exercise in humans. Based on

its excessive nature, other authors view wheel running activity as a form of abnormal
stereotypic behavior that is triggered by the impoverished environment provided by cage
housing. Contrasting with this view is the observation that wheel running activity also occurs
in wild mice, with bouts lengths of running matching those for captive mice (Meijer and
Robbers 2014). It is more appropriate to view wheel running as a remnant of foraging
activity to obtain food. This view is consistent with the observation that voluntary running
mice increase their food intake by increasing their meal size and that mice increase their
already high levels of activity when running is required to access food (Atalayer and
Rowland 2011). In addition, food-restricted mice run more than ad libitum fed mice, which
is compatible with the foraging interpretation of this behavior (Vaanholt et al. 2007). We
have already reported that voluntary wheel running activity is much more sensitive to tumor
growth than spontaneous physical activity (Grossberg et al. 2018). This can be explained

by the competition between the tumor and skeletal muscles for the hepatic Cori cycle that
normally recycles lactate from exercising muscles into glucose (Grossberg et al. 2020).

The observation that LLC increases circulating levels of IL-6 agrees with the results of
a number of studies in tumor bearing mice as mentioned in the introduction section. As
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strenuous physical exercise increases the production of 1L-6 by skeletal muscles (Pedersen
and Febbraio 2012), it could be argued that at least part of the increased plasma levels of
IL-6 observed in LLC tumor bearing mice was due to wheel running. However, this cannot
explain the large increase seen in LLC tumor bearing mice as these mice were running

less than control mice without a tumor. In addition, the increase in plasma levels of IL-6

in response to voluntary wheel running reported in studies on this myokine in B16 tumor
bearing mice (from 4.3 to 29.3 pg/ml in the study by (Pedersen et al. 2016)) is much smaller
than the one observed in the present study (from 10 to 210 pg/ml on average, Fig. 1D).

A number of data support a role for IL-6 in the local environment in which it is produced
and at distance. At the local level, production of IL-6 by LLC tumor cells promotes

cancer proliferation and dissemination (Mauer et al. 2015). At distance, tumor-induced

IL-6 mediates also the metabolic reprogramming of the liver in tumor-bearing mice and

the glucocorticoid-dependent immune suppression within the tumor microenvironment (Flint
et al. 2016). Immunoneutralization of 1L-6 abrogated these effects in pre-cachectic mice
implanted with colon cancer cells or with pancreatic cancer cells (Flint et al. 2016).
However, these findings cannot be generalized to other conditions. Immunoneutralization of
IL-6 did not block tumor-induced metabolic reprogramming of the liver in two other murine
models that do not induce cachexia, a model of human papilloma virus (HPV)-positive

head and neck cancer (Grossberg et al. 2020) and a model of non-metastatic breast cancer
(Borniger et al. 2018). The present findings obtained in an inflammatory murine model

of cancer agree with the results reported in these two last studies and confirm that IL-6

does not mediate the inflammatory and metabolic phenotypes that develop in the livers

of tumor-bearing mice. Furthermore, IL-6 plays no role in the behavioral alterations that
develop in LLC tumor-bearing mice; this finding supports the negative results reported in
mice with HPV-related head and neck cancer and in mice with breast cancer (Borniger et

al. 2018; Grossberg et al. 2020). However, it must be noted that 1L-6 produced by voluntary
wheel running impede tumor growth by contributing to mobilization and redistribution of
natural killer cells (Pedersen et al. 2016). This antagonistic effect of IL-6 on tumor growth
could explain why in the present study the mortality due to the tumor was higher in LLC
tumor bearing mice treated with IL-6na.

The present experiment has a number of limitations. We inferred metabolism from gene
expression data in the liver but did not measure plasma and tissue levels of metabolites.
However, our metabolic gene expression data agrees with metabolite data in similar
paradigms which utilize IL-6 immunoneutralization in tumor bearing mice (Borniger et

al. 2018; Grossberg et al. 2020). The observation that tumor weights were not modified

by IL-6na treatment could be due to the fact that IL-6na did not modify IL-6 signaling

in the tumor, which was not assessed. Because all mice had access to running wheels, we
cannot speculate on the possible role of IL-6 as a myokine (Pedersen et al. 2016). Despite
these limitations, we can still safely conclude that IL-6 does not contribute to LLC-induced
decrements in voluntary wheel running.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1-.

LLC-induced fatigue, inflammation and metabolic reprogramming are independent of 1L-6
signaling. (A) Time course of nightly wheel running counts for each experimental group
(mean +/- SEM). For the tumor bearing mice, the symbol change to a triangle means the
data that are represented correspond to the survivors (days 18 to 22 for Tumor x Vehicle
and day 22 for Tumor x IL-6na). (B) Time course of body weights (grams) of mice over the
duration of the experiment (mean +/— SEM). (C) Tumor weight (grams) measured at the end
of the experiment (mean +/— SEM); points represent individual data. (D) Plasma IL-6 levels
(pg/ml) measured at the end of the experiment (mean +/— SEM); points represent individual

Behav Brain Res. Author manuscript; available in PMC 2023 January 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Scott et al.

Page 11

data. (F) Liver Pkm1/PkmZ2ratio (mean +/— SEM); points represent individual data. N=6 per
group for Control x Vehicle and Control x IL-6na groups; N=5 per group for LLC x \ehicle
and LLC x IL-6na groups
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Fig. 2 -

Heat map of liver gene expression for metabolic genes (HkZ1, Hk2, Ldha, Mct4, Ucp?2,

Hifla), inflammatory genes (Nfkbl, Rela, //1, Tnf, Nirp3) and IL-6 signaling (116, Socs3,
stat3). Values represent averages of individual log2 transform of relative expression. N=6
per group for Control x Vehicle and Control x IL-6na groups; N=5 per group for LLC x

Vehicle and LLC x IL-6na groups. Significance levels for the effects of main factors and
their interaction are presented in the figure (+ p,0.10, * p<0.05, ** p<0.01, *** p<0.001).
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