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Abstract

Sickness responses to lipopolysaccharide (LPS) were examined in mice with deletion of the
interleukin (IL)-1 type 1 receptor (IL-1R1). IL-1R1 knockout (KO) mice displayed intact anorexia
and HPA-axis activation to intraperitoneally injected LPS (anorexia: 10 or 120 pg/kg; HPA-axis:
120 pg/kg), but showed attenuated but not extinguished fever (120 pg/kg). Brain PGE, synthesis
was attenuated, but Cox-2 induction remained intact. Neither the tumor necrosis factor-a (TNFa)
inhibitor etanercept nor the IL-6 receptor antibody tocilizumab abolished the LPS induced fever in
IL-1R1 KO mice. Deletion of IL-1R1 specifically in brain endothelial cells attenuated the LPS
induced fever, but only during the late, 3 phase of fever, whereas deletion of IL-1R1 on neural
cells or on peripheral nerves had little or no effect on the febrile response. We conclude that while
IL-1 signaling is not critical for LPS induced anorexia or stress hormone release, IL-1R1, expressed
on brain endothelial cells, contributes to the febrile response to LPS. However, also in the absence
of IL-1R1, LPS evokes a febrile response, although this is attenuated. This remaining fever seems

not to be mediated by IL-6 receptors or TNFa, but by some yet unidentified pyrogenic factor.

Key words: Interleukin-1 type 1 receptor, lipopolysaccharide, fever, anorexia, ACTH,

corticosterone, endothelial cells, TNFa, interleukin-6, PGE,

Highlights
e IL-1R1 deletion reduces LPS-induced fever but not anorexia or HPA-axis activation
e IL-1R1s on brain endothelial cells are involved in the febrile response to LPS

e [L-1RI1s on neural cells or peripheral nerves are not critical for LPS induced fever
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1. Introduction

Interleukin (IL)-1p is a potent inducer of sickness symptoms. When administered to animals it
gives rise to fever, anorexia and stress hormone release (Berkenbosch et al., 1987; Dinarello et al.,
1988; Hellerstein et al., 1989). It has also been shown to be critically involved in several human
monogenic autoinflammatory syndromes that present systemic inflammatory symptoms such as
fever (Jesus and Goldbach-Mansky, 2014).

The transducing receptor for IL-1p, the IL-1 type 1 receptor (IL-1R1), is densely expressed
on brain endothelial cells (Konsman et al., 2004; Liu et al., 2015; Matsuwaki et al., 2014), and
systemic administration of IL-1f results in endothelial prostaglandin (PG) E, synthesis (Ek et al.,
2001), a mechanism that is likely to account for the febrile response to IL-1p, since knock-down of
the IL-1R1 as well as deletion of PGE; synthesizing enzymes in brain endothelial cells attenuate IL-
1B induced fever (Ching et al., 2007; Wilhelms et al., 2014). However, IL-1R1 is also expressed on
peripheral nerves, such as the vagus nerve (Ek et al., 1998), and a role for the vagus nerve in IL-1f3
induced fever has been reported (Gaykema et al., 2000; Turek et al., 2005; Watkins et al., 1995),
therefore suggesting that IL-13 may induce central sickness symptoms both through a humoral and
a neural pathway (Quan, 2014).

In light of the above data, it is surprising that genetic deletion of IL-1p or its transducing
receptor has been reported to affect little if at all the sickness symptoms that are elicited by
lipopolysaccharide (LPS), an immune stimulus that results in endogenous release of pro-
inflammatory cytokines, including IL-1. Thus, mice with deletion of IL-1B not only show intact
acute phase responses (Fantuzzi and Dinarello, 1996), but even display exaggerated fever and
corticosterone release (Alheim et al., 1997). Furthermore, IL-1R1 knock-out (KO) mice have been
reported to be fully responsive to the sickness inducing effects, including fever and anorexia, of
systemically administered LPS (Bluthé¢ et al., 2000; Leon et al., 1996), and no effect on the LPS

induced stress hormone release was found in mice treated with an IL-1 receptor antagonist (Dunn,



Matsuwaki et al., p. 4

1992, 2000). However, conflicting data exist. Thus, treatment with an IL-1 receptor antagonist was
reported to suppress LPS induced fever (Luheshi et al., 1996; Smith and Kluger, 1992) and mice
with IL-1R1 deletion were reported to display attenuated fever to LPS (Labow et al., 1997).
Moreover, animals deficient for IL-1RI have been shown to be completely resistant to LPS-induced
mortality, suggesting an important role of this receptor in endotoxic shock (Aiura et al., 1991;
Joosten et al., 2010; Ohlsson et al., 1990). Notably also, IL-1 is critical for the sickness responses
to localized peripheral inflammation (Horai et al., 1998).

Considering the partly conflicting data on the effect of inhibition/deletion of the IL-1R1 for
the LPS induced sickness response, and the fact that nothing is known about which IL-1R1
expressing cell type that may be involved, we re-examined this issue. We studied the effect of
global gene deletion of IL-1R1 for LPS induced anorexia, stress hormone release and fever. While
confirming that mice with deletion of IL-1R1 show intact anorexia and stress hormone release in
response to immune challenge with LPS, we report that such mice display an attenuated febrile
response, associated with attenuated central PGE, levels. Because the febrile response was not
completely abolished in the IL-1R1 KO mice, we examined the contribution of tumor necrosis
factor-a (TNFa) and IL-6 receptor signaling to the temperature response. Furthermore, by using
animals with cell/tissue specific deletion of IL-1R1, we examined the role of IL-1R1s in brain

endothelial cells, neural cells or peripheral nerves related to IL-1R1 dependent fever.

2. Materials and Methods

2.1. Animals

Animals of both sexes, in approximately the same proportion, were used, and groups were balanced
with respect to sex and age. IL-1R1 KO mice [B6.129S7-1/1r1"""/J; RRID:MGI:4939274;
(Glaccum et al., 1997)] were obtained from the Jackson Laboratory (Bar Harbor, Maine) or
provided by Dr. Yoichiro Iwakura, Tokyo University of Science. They were crossed once with wild-

type C57BL/6 mice to generate heterozygotes. The heterozygous mice were then crossed with each



Matsuwaki et al., p. 5

other to generate of IL-1R1 KO mice and wild-type (WT) littermates, to be used for experiments.
Mice with tissue-specific deletions of IL-1R1 were created by crossing mice possessing loxP sites
flanking exon 5 of the ///r] gene (Abdulaal et al., 2016) with mice expressing Cre recombinase
under the Nestin promoter (expressed in the central and peripheral nervous system; B6.Cg-Tg(Nes-
cre)1KlIn/J; RRID:IMSR _JAX:003771), the endogenous 7rpvI locus [expressed by nociceptors in
primary sensory ganglia, as well as by some cell groups in the hypothalamus (Cavanaugh et al.,
2011); B6.129-Trpy 1™ 9Bm 1. RRID:IMSR_JAX:017769; both obtained from The Jackson
Laboratory], the human tissue plasminogen activator [HtPa; expressed by neural crest derivates
(Pietri et al., 2003)], or a tamoxifen-inducible CreER"* under the Slcolc! promoter [expressed in
the cerebrovascular endothelium (Ridder et al., 2011)]. Gene deletion in mice with the Slcolcl
CreER™ construct was induced by intraperitoneal injection of tamoxifen (1 mg tamoxifen diluted in
a mixture of 10 % ethanol and 90 % sunflower seed oil twice a day for 5 d) at least 5 weeks before
further experiments, as described previously (Eskilsson et al., 2014; Ridder et al., 2011). Control
animals (WT) were for each experiments littermates obtained from the same breeding as that
generating mice with the tissue specific deletion, i.e. they were offspring that had not inherited the
gene encoding Cre recombinase and hence displaying intact //r/ gene flanked by loxP sites. In the
experiments generating mice with endothelial cells specific deletion, all animals, including the WT
controls, were treated with tamoxifen. The animals were housed at one to four mice per cage on a
12-h light/dark cycle (lights on at 08.00 h) with water and food available ad libitum, and at an
ambient temperature of 22 + 1°C, if not otherwise stated, with humidity between 30 % and 40 %.
All experimental procedures were approved by the Animal Care and Use Committee at Linkdping
University, being in accordance with the EU Directive 2010/63/EU for animal experiments, and
followed the Guidelines for the Care and Use of Laboratory Animals, Graduate School of

Agriculture and Life Sciences, the University of Tokyo, respectively.
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2.2. Injection of LPS or saline and measurement of food intake

Experiments were performed on global IL-1R1 KO mice and WT littermates of both sexes. One
day before the immune challenge, the animals were housed at one mouse per cage. Food and water
were removed 4 h before injection to increase feeding drive. LPS from Escherichia coli [Sigma-
Aldrich, Saint Louis, MO; O111:B4; 10 or 120 pg/kg body weight; doses based on findings in
previous studies (Elander et al., 2007; Nilsson et al., 2017)] diluted in 0.1 ml saline, or saline only,
was injected intraperitoneally (ip) 1 h before light-off. Food and water were returned to the cage 1 h
after injection. Food intake was thereafter measured every 3 h during 24 h, i.e. starting during the
dark phase, when most food is consumed (Elander et al., 2007). Measurements were done manually
by weighing the remaining food in the food tray. Visible food spillage in the cage was weighed and

accounted for.

2.3. Injection of LPS or saline and collection of brain and blood

Experiments were performed on global IL-1R1 KO mice and WT littermates of both sexes.
Following ip injection of LPS (120 pg/kg, in 0.1 ml saline ) or saline, at around 08.00 h, mice were
killed after 1, 3 or 6 h by asphyxiation with CO, and decapitated. The trunk blood was collected
into heparinized tubes. After centrifuging, plasma was withdrawn and stored at -20°C until further
use. Immediately after blood collection, the brain was dissected out, fixed in 4 % paraformaldehyde
in phosphate-buffered saline (PBS) for 48 h, soaked in a solution of 30 % sucrose in PBS, and then

processed for c-Fos or Cox-2 immunohistochemistry as described below.

2.4. Hormone and cytokine assays

Plasma corticosterone and IL-1f levels were determined by enzyme immunoassay. For
corticosterone, a COTEIA corticosterone kit (Immunodiagnostic systems, Boldon, UK) with a
minimum detection concentration of 0.55 ng/ml was used. For IL-1f, a mouse IL-1beta /IL-1F2

Quantikine ELISA Kit (R & D systems, Minneapolis, MN) with a minimum detection
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concentration of 12.5 pg/ml was used. The latter assay shows no cross-reactivity with IL-1f of
other species or with other cytokines according to the manufacturer. For both assays, Four
Parameter Logistic (4PL) curves were used and standard curves with an 7 value of 1.00 were
obtained. The plasma concentrations of adrenocorticotropic hormone (ACTH), TNFa and IL-6
were determined with a bead-based analysis kit (MBN1A-41K; Millipore, Billerica, MA), using the
Luminex-100 system, as described in detail previously (Ruud and Blomqvist, 2007). The minimum

detectable concentrations were 1.8, 1.0, and 0.6 pg/ml for ACTH, TNFa and IL-6, respectively.

2.5. Immunohistochemistry

Brain sections were cut in the frontal plane at 30 um on a freezing microtome, collected in cold
cryoprotectant solution (0.1 M phosphate buffer, 30 % ethylene glycol, 20 % glycerol), and stored
at -20°C until further use. Immunohistochemical staining was performed according to protocols
described in detail previously (Engstrom et al., 2012). In short, for the staining for c-Fos or Cox-2,
free-floating sections were pretreated with 0.3 % H»O; in PBS for 30 min, followed by 1 % BSA in
PBS for 2 h, and then incubated in rabbit anti-c-Fos antibody (Ab-2; 1:5000; Millipore, Billerica,
MA) in 0.3 % Triton X-100 in PBS (PBST) at 4°C for 60 h or in rabbit anti-Cox-2 antibody (sc-
1747-R; 1:1000; Santa Cruz Biotechnology, Santa Cruz, CA) in PBST at room temperature
overnight, and processed using a Vectastain ABC kit (Vector Labs, Burlingame, CA). Peroxidase
activity was detected by incubation for 1-3 min in 0.5 mg/ml of 3, 3’-diaminobenzidine
tetrahydrochloride (Sigma-Aldrich) dissolved in 0.1 M Tris-HCI, containing 0.01 % hydrogen

peroxide and 0.25 % nickel ammonium sulfate.

2.6. Injection of LPS and telemetric recordings of body temperature
A transmitter (E-Mitter; Mini Mitter, Bend, OR) was implanted under isoflurane anesthesia into the
peritoneal cavity 1 week before the immune challenge. Buprenorphine (Temgesic; 100 pg/kg, in

about 0.1 ml saline subcutaneously; RB Pharmaceuticals, Sough, Berkshire, UK) was given for
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postoperative analgesia. Immediately after surgery, the mice were transferred to a room in which
the ambient temperature was set at 29-30°C, and housed at one mouse per cage. Body temperature
was recorded every minute, starting 72 h prior to LPS injection. LPS (120 pg/kg in 0.1 ml saline) or
saline only was injected ip at around 08.00 h, and temperature responses hence recorded during the
light phase to minimize activity related changes in body temperature. The dose of LPS was chosen
on the basis of observations obtained in previous studies, showing that it results in robust fever (e.g.
(Engstrom et al., 2012), without jeopardizing blood-brain barrier integrity (Banks et al., 2015).
Inhibitors of cytokine signaling were administered as follows: etanercept (Enbrel; Amgen, Breda,
Holland), a TNFa inhibitor, was given at a concentration of 10 mg/kg ip (in about 0.1 ml saline) at
the same time as the LPS injection; anakinra (Kineret; Wyeth, Dallas, TX), an IL-1 receptor
antagonist, was given at concentration of 10 mg/kg ip (in about 0.1 ml saline), 24 h before LPS
injection; and tocilizumab (RoActemra; Roche, Mannheim, Germany), an IL-6 receptor antibody,
was given at a concentration of 20 mg/kg subcutaneously (in about 0.05 ml sesame oil), first 4 days
before LPS injection and then at the same time as the LPS injection. Control animals were given
saline or sesame oil only. All three drugs have been demonstrated to be effective in various
experimental paradigms at similar doses (Aiura et al., 1993; Nilsberth et al., 2009; Ueda et al.,

2013; Wakabayashi et al., 1991).

2.7. qPCR

The expression levels of Cox-1, Cox-2, mPGES-1, IL-1R1 and IL-6Ra were determined in global
IL-1R1 KO mice and their WT littermates by real-time PCR. The mice were decapitated 3 h or 6 h
after injection of LPS or saline, and the hypothalamus was cut out. Total RNA was isolated by
using TRIzol reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions, and
2 pg from each sample was reverse-transcribed using oligo (dT),¢ primers (Perkin-Elmer, Boston,

MA) and Superscript II (Invitrogen). Real-time PCRs were performed with Thunderbird SYBR

qPCR MIX (TOYOBO, Osaka, Japan), a LightCycler (Roche, Mannheim, Germany), and the
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following primer pairs: 5'-CCTCTTTCCAGGAGCTCACA-3" (Cox-1 forward), 5'-
TCGATGTCACCGTACAGCTC-3' (Cox-1 reverse), 5'-GGGAGTCTGGAACATTGTGAA-3’
(Cox-2 forward), 5'-GTGCACATTGTAAGTAGGTGGACT-3' (Cox-2 reverse), 5'-
GCACACTGCTGGTCATCAAG-3' (mPGES-1 forward), 5'-ACGTTTCAGCGCATCCTC-3'
(mPGES-1 reverse), 5'-GTGCTACTGGGGCTCATTTGT-3" (IL-1R1 forward), 5'-
GGAGTAAGAGGACACTTGCGAAT-3' (IL-1R1 reverse), 5'-
ACAGAAGCAACGAGTGTCCTC-3' (IL-6R forward) and 5'-CAGAGAAGCAACCCAAACG-3’
(IL-6R reverse). For normalization, the housekeeping gene hypoxanthine phosphoribosyltransferase
(HPRT) was used as an internal control, using the following primer set: 5'-
GACCGGTTCTGTCATGTCG-3' (forward) and 5'-ACCTGGTTCATCATCACTAATCAC-3’
(reverse). HPRT was selected as it is one of the most commonly used housekeeping genes, and its
mRNA occurs in concentrations reasonably comparable to the mRNA of several of the target genes.
It has successfully been used for examining LPS-induced gene expression in several tissues
(MacParland et al., 2016; Medvedev et al., 2000). The Ct values were determined using the 274"

method.

2.8. Assay for PGE, concentration in the cerebrospinal fluid

Experiments were performed on global IL-1R1 KO mice and WT littermates of both sexes. Three
and 6 hours, respectively, after injection of LPS or saline, the mouse was fixed in a stereotactic
device under anesthesia with isoflurane. Neck muscles were divided in the midline to expose the
atlanto-occipital membrane. Cerebrospinal fluid (CSF; 1-3 pl) was collected from the cisterna
magna by capillary effect using a glass pipette, and immediately frozen on dry ice. Samples that
were contaminated with blood were discarded. The concentration of PGE; in CSF was determined
with a high sensitivity PGE; enzyme immunoassay kit (Arbor Assays, Ann Arbor, MI), following

the manufacturer’s instructions. The assay range was 0.195-50 ng/ml.
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2.9. Statistical analyses

Data were analyzed for differences between genotypes or treatments using a 2-way ANOVA (with
genotype and treatment as main factors), or, for temperature data, a 2-way repeated measures
ANOVA (with group and time as main factors), followed by Sidak’s or Tukey’s multiple
comparisons tests, respectively (GraphPad Prism 6; GraphPad Software, San Diego, CA). P <0.05
was consider statistically significant. For tissue-specific KO mice, comparisons were made with

WT littermates only, and never across different KO groups.

3. Results

3.1. Normal inflammatory cytokine profile in IL-1R1 KO mice

We first examined the plasma levels and the immune-induced release of the pro-inflammatory
cytokines IL-1p, IL-6, and TNFa in IL-1R1 KO mice. There were no significant differences
between the KO mice and their WT littermates with respect to plasma levels of these cytokines
neither following LPS injection nor saline injection (Figure 1). The immune induced cytokine
release followed the time course reported previously: A rapid increase in TNFa, an intermediate IL-
6 response, and a slower IL-1f response (Elander et al., 2009). Hence, global deletion of IL-1R1
did not seem to affect neither the plasma levels of LPS induced pro-inflammatory cytokines, nor

the time course of their release into the circulation.

3.2. LPS induced anorexia and stress hormone release are unaffected in IL-1R1 KO mice

We next examined to what extent the major sickness symptoms anorexia, stress hormone release
and fever that are elicited by LPS were affected by IL-1R1 deletion. To study anorexia, mice were
injected ip with either a low (10 ng/kg) or a moderate (120 pg/kg) dose of LPS, and food intake
was monitored during the following 24 h. Both doses of LPS resulted in anorexia (Figure 2),
although the anorexia was more pronounced after the higher dose. There was no difference in the

anorexic response between IL-1R1 KO mice and their WT littermates. For the study of stress
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hormone release, animals were injected ip with LPS (120 pg/kg) and killed after 1 h, 3 h, or 6 h.
There were no differences between genotypes with respect to neither ACTH nor corticosterone
levels, both being strongly elevated by LPS (Figure 3A, B). Similarly, both WT and IL-1R1 KO
mice showed prominent LPS induced expression of the activity marker c-Fos in the paraventricular

hypothalamic nucleus (Figure 3C).

3.3 IL-1R1 deletion/inhibition attenuates the febrile response to LPS

Thus, whereas anorexia and stress hormone release in response to LPS were unaffected by deletion
of the IL-1R1, a clear difference was seen in the febrile response between groups (F»21 = 17.56; P
< 0.001, for the period of 180-480 min). In WT mice, intraperitoneal injection of LPS (120 ng/kg)
resulted in a febrile response that peaked at about 5 h post injection (Figure 4A). In contrast, in IL-
IR1 KO mice the response to LPS was strongly attenuated (P < 0.05-0.001 for 241-368 min post
LPS injection; Figure 4A). Nevertheless, from about 5 h post injection, the body temperature of
LPS treated IL-1R1 KO mice was higher than that displayed by saline injected mice of the same
phenotype (P < 0.05-0.001 for 343-480 min; Figure 4A), implying that IL-1R1 deletion did not
completely abolish the febrile response to LPS. Since this lingering response conceivably could be
due to some compensatory mechanism in the gene deleted mice, we also examined the febrile
response in WT mice treated with the IL-1 receptor antagonist anakinra (10 mg/kg) given ip 24 h
before the LPS injection (Figure 4B). However, similar to the IL-1R1 gene deletion,
pharmacological inhibition of IL-1R1 with anakinra attenuated the febrile response, but did not
abolish it [Group factor: F» 13 = 11.64; P =0.006; for the period of 180-420 min. P < 0.05-0.01 for
anakinra + LPS vs. vehicle + LPS, and P < 0.05-0.001 for anakinra + LPS vs. anakinra + saline, at

various time points (see Figure 4B)].
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3.4. Neither TNFa inhibition nor IL-6 receptor blockade abolish the LPS induced febrile response
in IL-1R1 KO mice

We next examined the contribution of TNFa and IL-6 respectively to the febrile response in IL-1R1
KO mice. After treatment with the TNFa inhibitor etanercept, LPS evoked an augmented febrile
response, which was statistically significant for IL-1R1 KO mice [2-way ANOVA; group factor:
F334=7.084; P =0.0008, for the period of 180-480 min post LPS injection; etanercept treated vs.
saline treated IL-1R1 KO mice injected with saline: P < 0.05 — 0.01 for various time points (see
Figure 5A)], but a similar tendency was seen in WT mice (Figure 5A). Administration of the IL-6
receptor antibody tocilizumab resulted in a tendency to attenuated fever in WT mice (Figure 5B),
and although this response was not statistically significant, it is well in line with the pyrogenic role
of IL-6 receptor signaling (Eskilsson et al., 2014), and with the absence of fever after genetic or
pharmacologic inhibition of IL-6 (Cartmell et al., 2000; Chai et al., 1996; Kozak et al., 1998;
Nilsberth et al., 2009). In contrast, no such tendency was seen in IL-1R1 KO mice, which is
consistent with a previous demonstration that the pyrogenic action of IL-6 is dependent on the
presence of IL-1p signaling (Cartmell et al., 2000). Neither etanercept nor tocilizumab had any
effect on the body temperature in WT or IL-1R1 KO mice that were injected with saline (data not
shown). Taken together, these data suggest that neither TNFa nor IL-6, at least as present in plasma,

contribute to the febrile response in IL-1R1 KO mice.

3.5. Endothelial cell deletion of IL-1R1 attenuates LPS induced fever

Because PGE, synthesis in endothelial cells is critical for LPS induced fever (Engstrom et al.,
2012; Wilhelms et al., 2014), and because IL-1R1s are heavily expressed by endothelial cells
(Konsman et al., 2004; Liu et al., 2015; Matsuwaki et al., 2014; Vasilache et al., 2015), we
examined the role of brain endothelial cell IL-1R1 for LPS induced fever. To this end, we used
mice with inducible deletion of IL-1R1 on endothelial cells (IL-1R125°'¢") "generated by crossing

mice with a tamoxifen-inducible CreER"? under the SlcolcI promoter [expressed in the
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cerebrovascular endothelium (Ridder et al., 2011)] with mice with conditional deletion of IL-1R1
(Abdulaal et al., 2016). Like mice with global deletion of IL-1R1, IL-1R1%5°'! mice showed
attenuated febrile response to ip injection of LPS, but only during the late, 3™ phase, of fever
(starting at 240 min post LPS injection) (2-way ANOVA; group factor: F>s¢ = 52.77; P < 0.0001,
for the period of 240-480 min; P < 0.05 for WT LPS vs. KO LPS for various time points, see
Figure 6A), whereas in the global IL-1R1 KO mice a tendency towards attenuated fever was seen

also at earlier time points (Figure 4A).

3.6. IL-1R1s on neural cells or peripheral nerves plays little if any role for LPS induced fever

In addition to endothelial cells, IL-1R1s are expressed by sensory nerves, which have been shown
to respond to IL-1p both in vivo and in vitro (Binshtok et al., 2008; Ek et al., 1998). We examined
the role of IL-1R1s on neural structures for the LPS induced febrile response using mouse lines
expressing Cre recombinase under the Nestin promoter (expressed both in the central and
peripheral nervous system) (Figure 6B), the human tissue plasminogen activator [HtPa, expressed
by neural crest derivates (Pietri et al., 2003)] (Figure 6C), or the endogenous Trpv/ locus
[expressed by nociceptive primary afferent nerves (Cavanaugh et al., 2011)] (Figure 6D). However,
these cell/tissue specific deletions of IL-1R1 had little if any effect on the temperature response to
LPS, with the possible exception of the gene deletion in the IL-1R1*N*" mice, which displayed a
somewhat attenuated response during the second phase of fever (120-240 min post LPS injection)
(2-way ANOVA; F> 49 = 10.09; P = 0.0002, for group effects for the period of 120-240 min; LPS
treated WT mice vs. LPS treated IL-1R1*N*" mice: P < 0.05 for various time points, see Figure

6B).

3.7. Deletion of IL-1R1 attenuates LPS induced PGE, release into the cerebrospinal fluid but not
Cox-2 expression in the hypothalamus

Examination of the PGE, concentration in the cerebrospinal fluid after immune challenge with LPS
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showed that PGE, levels increased in both WT and IL-1R1 KO mice treated with LPS, with lower
PGE; levels in IL-1R1 KO mice than WT mice (Figure 7A). While LPS-induced induction of PGE;
levels was most pronounced at 6 h post injection, the difference between genotypes was statistically
significant at 3 h post injection (group x treatment F; 2, = 6.291; P =0.02. WT vs. KO: P =
0.0032). Surprisingly, however, Cox-2 (Ptgs2) mRNA expression (as examined in the
hypothalamus) was induced to similar levels in both genotypes (Figure 7B), and both genotypes
also displayed abundant expression Cox-2 protein in the cerebral vessels (Figure 7C). In the dataset
shown in figure 7B, Cox-2 mRNA expression was in fact higher in IL-1R1KO mice than in WT
mice at 3 h post LPS injection (group x treatment: F; 5 = 10.95; P =0.0032. WT vs KO: P =
0.004), contrary to what was hypothesized. However, when the analysis was repeated in an
independent experiment no difference between the genotypes was found (data not shown). There
was no difference in the expression of Cox-1 (Ptgs/; Figure 7D) or mPGES-1 (Ptges; Figure 7E) in
the hypothalamus between genotypes (with mPGES-1 but not Cox-1 being regulated by LPS;
Figure 7E). The IL-6 receptor alpha was induced by LPS and to the same extent in WT and IL-1R1
KO mice (Figure 7F). Also, IL-1R1 expression was induced by LPS (in WT mice; to about the

twice the basal level), as shown previously (Matsuwaki et al., 2014).

4. Discussion

The results of present study show that IL-1 receptors are involved in the febrile response, but not in
the anorexia and stress hormone release, evoked by peripheral immune challenge with LPS. The
temperature response to LPS was monitored during the light phase to minimize activity related
changes in body temperature, and so was also HPA-axis activation (Fos expression in the PVH, and
ACTH and corticosterone release), whereas food intake was measured after LPS had been injected
immediately prior to the dark phase during which mice consume most of the food (Elander et al.,
2007). While this strategy is well-established for studies of fever and anorexia, it implies that the

endpoints were evaluated at different time points during the light cycle, and the data should hence



Matsuwaki et al., p. 15

be interpreted with the qualification that the duration and magnitude of the sickness responses do
not differ between WT and IL-1R1 KO mice as a function of the time of the day (cf. Morrow and
Opp, 2005). It should also be noted that whereas food intake data were analyzed both after a low
(10 pg/kg) and a moderate dose (120 pg/kg) of LPS, the fever and HPA-axis responses were
recorded after the moderate dose of LPS only. Because different doses of LPS may engage distinct
immune-to-brain signaling routs differently (Quan, 2014), the present results may be dependent on
the LPS-dose chosen.

The attenuation of fever in IL-1R1 KO mice was particularly prominent between 4-6 h after
LPS injection. This observation fits with the time course for the release into plasma of IL-10, which
displayed elevated levels at 3 h and 6 h post injection, but not at 1 h, as also shown previously,
using a similar experimental paradigm (Elander et al., 2009). It is hence consistent with the idea
that fever occurs as a consequence of humoral signaling to brain endothelial cells, which display
cytokine receptors and possess the machinery for the synthesis of pyrogenic PGE, upon peripheral
immune challenge (Ek et al., 2001; Yamagata et al., 2001), a concept that was recently verified in
functional studies (Eskilsson et al., 2014a; Wilhelms et al., 2014). Furthermore, we here show that
IL-1R1s expressed by brain endothelial cells are involved in the LPS induced fever, whereas IL-
1R1s on neural cells or peripheral nerves plays little if any role. Notably, after deletion of IL-1R1s
specifically in brain endothelial cells, which are exposed to circulating IL-1p levels, attenuation of
fever was seen only during the late phase of the response (> 4 h post injection), again being in line
with the release kinetics of IL-1.

The presence of a residual temperature elevation in the IL-1R1 KO mice after LPS challenge
suggests that other factors than IL-1f contribute to the febrile response. Here we examined the
contribution of TNFa and IL-6 by using neutralizing or receptor blocking antibodies, respectively.
In agreement with what has been reported previously (Kozak et al., 1995; Leon et al., 1998; Long

et al., 1990a; Long et al., 1990b; Tollner et al., 2000), we found that endogenous TNFa is
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cryogenic, since its inhibition with etanercept increased LPS induced fever. This effect of
etanercept was statistically significant in IL-1KO mice, implying that the cryogenic effect of TNFa
is independent of IL-1f signaling. IL-6 receptor blockade with tocilizumab showed a tendency to
attenuate LPS induced fever, but did so only in WT mice and not in IL-1R1 KO mice. The latter
observation is in line with the finding that IL-6 is not or only weakly pyrogenic per se (Nilsberth et
al., 2009; Rummel et al., 2006), but requires concomitant IL-1f signaling to elicit a febrile
response. Thus, it was shown that IL-6 elicited fever only when co-injected with a non-pyrogenic
dose (when given alone) of IL-1p, and exacerbated the fever to a pyrogenic dose of IL-1f (Cartmell
et al., 2000; see also Harden et al., 2008). The absence of a temperature lowering effect of IL-6
receptor inhibition in IL-1R1 KO mice imply that the residual temperature elevation seen after LPS
in these mice was not IL-6 mediated.

In a study using endothelial specific knock-down of IL-1R1 it was found that while this
procedure abolished the febrile response to iv injected IL-1p, it only attenuated and delayed the
response when IL-1 was injected ip (Ching et al., 2007), an observation similar to that seen in the
present study following ip injection of LPS in IL-1R1 KO mice. The authors suggested that their
finding be explained by IL-1f activation of the central nervous system via a pathway independent
of IL-1R1 on endothelial cells, such as IL-1R1 on peripheral nerves. However, if the mechanism is
similar to that by which ip injected LPS induces fever in IL-1R1 KO mice, it may involve the
induced release of other cytokines/chemokines that act on the brain independently of IL-1R1. The
long delay before fever appeared favors such an interpretation. Along this line, some of the
remaining responses to immune challenge in IL-1R1 KO mice might be ascribed to a truncated IL-
IR1 variant, named IL-1R3, that is present in neural tissues and found in the IL-1R1 KO strain
used in the present study (Qian et al., 2012). However, while this receptor has been shown to
mediate electrophysiological responses to IL-1f in transfected cells (Qian et al., 2012), its role for

behavioral responses to immune stimuli needs to be demonstrated.
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In agreement with the attenuation of LPS induced fever in IL-1R1 KO mice, these mice also
showed attenuated PGE, levels in the cerebrospinal fluid. Surprisingly, there was no difference
between WT mice and IL-1R1 KO mice with respect to Cox-2 mRNA levels in the hypothalamus,
and both genotypes showed abundant Cox-2 expression in brain vascular cells. While these data
suggest the presence of some post-translational regulation of Cox-2 (Mbonye and Song, 2009), it is
also important to consider that PGE, levels in the cerebrospinal fluid do not necessarily reflect the
prostaglandin synthesizing capacity in the hypothalamus, as we recently demonstrated (Eskilsson et
al., 2017). Furthermore, the present observations imply that LPS induced cerebral Cox-2 induction
is not dependent on IL-1R1, but is elicited by some other factor. However, in the present
experimental paradigm it is probably not IL-6. Although IL-6 receptor signaling has been shown to
be critical for Cox-2 expression in the brain endothelium upon peripheral immune challenge with
LPS (Eskilsson et al., 2014), IL-6 per se, without concomitant IL-1 signaling, is unable to elicit
Cox-2, or to increase brain PGE; levels, consistent with its inability to elicit fever (Nilsberth et al.,
2009a). Exogenously administered TNFa evokes Cox-2 in the brain vasculature (Cao et al., 1998),
and is accordingly a possible candidate for the Cox-2 expression seen in LPS challenged IL-1R1
KO mice. However, exogenous TNFa evokes fever (Cao et al., 1998) in contrast to endogenous
TNFa, which is cryogenic, and it is hence not clear if TNFa, when released endogenously, will
elicit Cox-2 expression in brain vascular cells. Still another possibility would be that LPS by itself,
through binding to TLR4 on brain vascular cells (Chakravarty and Herkenham, 2005), may evoke
Cox-2 expression, and also account for the residual temperature elevation seen in LPS challenged
IL-1R1 KO mice (Dinarello, 2004). However, TLR4 expression, while abundant in perivascular
cells of the brain blood vessels, is sparse in the brain endothelial cells (Vasilache et al., 2015), the
Cox-2 expression of which is critical for fever (Engstrom et al., 2012; Wilhelms et al., 2014).

IL-1P is known as a potent anorexigen (Hellerstein et al., 1989) and activator of the HPA-axis

(Berkenbosch et al., 1986; Besedovsky et al., 1986). Yet, pharmacological blockage or genetic
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deletion of IL-1R1 failed to reduce the anorexia and stress hormone release elicited by LPS (Bluthé
et al., 2000; Dunn, 1992, 2000; Leon et al., 1996), as also demonstrated in the present study. These
observations imply that while exogenously administered IL-1f is sufficient to elicit anorexia and
HPA-axis activation, endogenously produced IL-1f is either only a redundant component behind
these responses to peripheral immune challenge, or not involved at all. Notably, however, the stress
hormone release to psychological stress is attenuated in IL-1R1 KO mice (Goshen et al., 2003),
which is in line with the finding that immune stress and psychological stress, respectively, elicit
dissimilar transcriptional profiles in the paraventricular nucleus of the hypothalamus (Reyes et al.,
2003), suggesting that they are mediated by distinct signaling pathways.

IL-1R1 on peripheral nerves, such as the vagus nerve, has long been implicated in the febrile
response. It has been reported that subdiaphragmatic vagotomy attenuates IL-1 induced fever
(Gaykema et al., 2000; Turek et al., 2005; Watkins et al., 1995; but cf. Konsman et al., 2000;
Luheshi et al., 2000), and it has also been reported that the vagus nerve may be involved in LPS
induced fever (Romanovsky, 2000). However, in the present study there was no effect on the
temperature response to LPS in mice with deletion of IL-1R1 specifically on TRPV1 expressing
structures, such a thin afferent nerve fibers (Cavanaugh et al., 2011), or on tissue derived from the
neural crest, suggesting that binding of endogenously produced IL-1p to IL-1R1 on peripheral
nerves is not critical for LPS induced fever. However, it should be noted that some previous studies
have suggested that a neuronal route of immune-to-brain communication might play a role only
when robust amounts of circulating cytokines are absent (Quan, 2014; Ross et al.; Rummel et al.,
2005). Because considerable amounts of cytokines are released into the circulation in the present
experimental model (Fig. 1), it is conceivable that a contribution of sensory nerves could have
escaped detection.

In the brain, IL-1R1 is demonstrated by immunohistochemistry to be present exclusively on

endothelial cells (Konsman et al., 2004; Liu et al., 2015; Matsuwaki et al., 2014), and accordingly,
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the present data demonstrate a critical role of IL-1R1 on these cells for LPS induced fever.
However, it cannot be excluded that IL-1R1s are expressed by other cell types in the brain as well,
but that levels are too low to allow immunohistochemical detection (Liu et al., 2015; Vasilache et
al., 2015). It is therefore possible that IL-1 could act also on other cells than brain endothelial cells
to evoke physiological responses. The IL-1p that is seen in the brain, and that is strongly induced
by peripheral immune challenge (e.g., Nilsberth et al., 2009b), is produced by brain cells, because
only little circulating IL-1f can pass the blood-brain barrier (Banks et al., 1995). Here we examined
the role of IL-1R1 on neurally derived cells, using IL-1R1 deletion with Cre recombinase under the
Nestin promoter and enhancer that is expressed in almost all neural precursor cells (Zimmerman et
al., 1994). There was little effect by the Nestin-Cre induced IL-1R1 deletion on the febrile response
to LPS, with the possible exception for a statistically significant but small attenuation during the
second phase of fever. It should be noted that a similar difference during the second phase of fever,
although not statistically significant, was seen between LPS treated WT mice and mice with global
deletion of IL-1R1, but that no such difference was seen at that time period between WT mice and
mice with selective deletion of IL-1R1 in brain endothelial cells. It is hence possible that neural IL-
1R 1s contribute to the febrile response to LPS during the second phase of fever, and could either be
due to a role for peripheral nerves that was not detected after IL-1R1 deletion with the TRPV1 or
HTPA promotors, or exerted by IL-1R1 signaling by neural elements in the brain parenchyma.

However, in any case, their contribution, if present, is small.

S. Conclusion

Although IL-1p is a potent inducer of sickness symptoms, deletion of its transducing receptor, IL-
1R1 has no effect on LPS induced anorexia or stress hormone release, and attenuates, but does not
abolish, LPS induced fever. The latter effect involves IL-1R1s expressed by brain endothelial cells,
whereas IL-1R1s on neural cells or peripheral nerves play little, if any role. The remaining LPS

induced fever in IL-1R1 deficient mice is not explained by the action of IL-6 or TNFa, and
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involves maintained Cox-2 mRNA and protein expression in the brain.
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Legends to figures
Figure 1. Levels (means = SEM) of the pro-inflammatory cytokines TNFa (A), IL-6 (B) and IL-1
(C) in plasma of wild type (WT) and IL-1R1 knockout (KO) mice at 1, 3 and 6 h after

intraperitoneal injection of LPS. n = 5-6.

Figure 2. Food intake (means = SEM) during 24 h in wild type (WT) and IL-1R1 knockout (KO)

mice injected intraperitoneally with a low (A) and a moderate dose (B) of LPS or saline. n = 7-10.

Figure 3. HPA-axis response to intraperitoneally injected LPS in wild type (WT) and IL-1R1
knockout (KO) mice 1, 3 and 6 h after injection of LPS or saline. A, B: ACTH (A) and
corticosterone (B) in plasma (means + SEM). C: Expression of Fos protein in the paraventricular
nucleus of the hypothalamus. Scale bar = 100 pm. In (A) and (B), n = 5-6 in the saline treated

groups, and n = 7-9 in the LPS treated groups.

Figure 4. Effect of IL-1R1 deletion/inhibition on the febrile response to LPS. Solid lines represent
mean, and dotted lines SEM. A: Wild type (WT) and IL-1R1 knockout (KO) mice injected
intraperitoneally with LPS or saline. *, **, and *** indicate P < 0.05, 0.01, and 0.001 between WT
mice and IL-1R1 KO mice treated with LPS, and #, ##, and ### indicate P < 0.05, 0.01, and 0.001
between KO mice treated with LPS and saline, respectively. n = 7-9. B: Wild type mice treated with
the IL-1R1 inhibitor anakinra or vehicle, and injected intraperitoneally with LPS or saline. *
indicates P < 0.05 between anakinra treated and vehicle treated mice injected with LPS, and #, and
## indicate P < 0.05, and 0.01 between anakinra treated mice injected with LPS and saline,

respectively. n = 8, except for the vehicle + saline group in which n =5).

Figure 5. Effects of the TNFa antibody etanercept (A) and the IL-6 receptor antibody tocilizumab
(B) on the febrile response to LPS. Solid lines represent mean, and dotted lines SEM. In (A), #, and
## indicate P < 0.05, and 0.01, between LPS injected IL-1R1 KO mice treated with etanercept and

saline, respectively. n = 8-12 in (A), and 6-8 in (B).
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Figure 6. Febrile response to LPS in mice with IL-1R1 deletion selectively in (A) brain endothelial
cells, (B) neural cells, (C) neural crest derivates, and (D) TRPV1 expressing cells, including
nociceptive C-fibers. Solid lines represent mean, and dotted lines SEM. WT mice are IL-1R1""

littermates. * indicates P < 0.05 between WT mice and IL-1R1 KO mice. A: n = 16 for LPS treated
WT and IL-1R1 KO mice, and n = 30 for saline treated mice. B: n = 14 and 12 for LPS treated WT
and IL-1R1 KO mice, and n = 26 for saline treated mice. C: n =7 and 8 for LPS treated WT and

IL-1R1 KO mice, and n = 15 for saline treated mice. D: n = 14 for LPS treated WT and IL-1R1 KO

mice, and n = 30 for saline treated mice.

Figure 7: PGE; levels in cerebrospinal fluid (CSF) (A) and induced expression in the hypothalamus
of PG synthesizing enzymes (B-E) and of the IL-6 receptor alpha (F) in WT and IL-1R1 KO mice
(mean = SEM). * in (A) indicates P < 0.05. Micrographs in (C) show immunohistochemical
staining for Cox-2. Scale bar = 50 um. Data in (F) are from 3 h post LPS injection. A: n = 8-12 for
LPS treated mice, and n =4 or 5 for saline treated mice. B, D, E, and F: n = 6-7 for all treatment

groups.
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