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Abstract
Interleukin-6 (IL-6) is critical for the lipopolysaccharide (LPS)-induced febrile response.
However, the exact source(s) of IL-6 involved in regulating the LPS-elicited fever is still to be
identified. One known source of IL-6 is hematopoietic cells, such as monocytes. To clarify the
contribution of hematopoietically derived IL-6 to fever, we created chimeric mice expressing
IL-6 selectively either in cells of hematopoietic or, conversely, in cells of non-hematopoietic
origin. This was performed by extinguishing hematopoietic cells in wild-type (WT) or IL-6
knockout (IL-6 KO) mice by whole-body irradiation and transplanting them with new stem
cells. Mice on a WT background but lacking IL-6 in hematopoietic cells displayed normal
fever to LPS and were found to have similar levels of IL-6 protein in the cerebrospinal fluid
(CSF) and in plasma and of IL-6 mRNA in the brain as WT mice. In contrast, mice on an IL-6
KO background, but with intact IL-6 production in cells of hematopoietic origin, only showed
a minor elevation of the body temperature after peripheral LPS injection. While they
displayed significantly elevated levels of IL-6 both in plasma and CSF compared with control
mice, the increase was modest compared with that seen in LPS injected mice on a WT
background, the latter being approximately 20 times larger in magnitude. These results
suggest that IL-6 of non-hematopoietic origin is the main source of IL-6 in LPS-induced
fever, and that IL-6 produced by hematopoietic cells only plays a minor role.
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1.

Introduction
Fever is an adaptive defense that is necessary for the protection and survival of the host

in the presence of pathogenic agents (Kluger et al., 1975). The signaling pathways regulating
fever are complex and still remain unclear. It is however generally accepted that prostaglandin
E2 (PGE2), acting on prostaglandin E receptor type 3 (EP3) expressing neurons in the preoptic
area of the hypothalamus, is the principal mediator of fever (Engblom et al., 2003; Lazarus et
al., 2007). In experimental animals, lipopolysaccharide (LPS), a component of the cell wall
envelope of Gram-negative bacteria, is commonly used to provoke a febrile response (Oka et
al., 2003; Romanovsky et al., 1998; Rudaya et al., 2005). A large part of the LPS-elicited
production of PGE2 and concomitant fever response is thought to involve cytokines, such as
interleukin-6 (IL-6) and interleukin-1β (IL-1β) (Conti et al., 2004; Nadjar et al., 2005;
Rummel et al., 2011).
IL-6 is a critical proinflammatory cytokine for the febrile response, because neither IL-6
knock-out (IL-6 KO) mice, nor animals treated with IL-6 antiserum develop fever upon
peripheral immune stimulation (Cartmell et al., 2000; Chai et al., 1996; Kozak et al., 1998).
However, depending on species, IL-6 per se has been reported to induce no or only weak to
moderate fever (Blatteis, 1990; Cartmell et al., 2000; Dinarello et al., 1991; Harre et al., 2002;
Nilsberth et al., 2009a; Rummel et al., 2006; Sakata et al., 1991; Wang et al., 1997). Several
explanations for these contradictory observations have been proposed. For example, it has
been suggested that IL-6 needs to reach a threshold level to activate the transcription factor
STAT3 and initiate fever (Rummel et al., 2004). Another hypothesis is that IL-6 and IL-1 act
in a synergistic way, based on the finding that IL-6 induces fever if administered together
with a subfebrile dose of IL-1 (Cartmell et al., 2000; Harden et al., 2008). Thus, although the
presence of IL-6 has been shown to be necessary for fever, its role in the regulation of the
febrile response is not clear.
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IL-6 is a pleiotropic cytokine with widespread expression. IL-6 is synthesized and
secreted by monocytes/macrophages (Bauer et al., 1988; Callery et al., 1992; May et al.,
1988; Northoff et al., 1987), fibroblasts (Helfgott et al., 1987; May et al., 1988), brain
endothelial cells (Kakumu et al., 1992; Reyes et al., 1999; Verma et al., 2006), muscle cells
(Andreasen et al., 2011), and hepatocytes (Panesar et al., 1999; Saad et al., 1995) following
challenge with bacterial endotoxin. IL-6 has also been shown to be produced by astrocytes
(Benveniste et al., 1990; Beurel and Jope, 2009), microglial cells (Sawada et al., 1992;
Woodroofe et al., 1991), adipocytes (Flower et al., 2003), and neurons (Ringheim et al., 1995;
Vallieres and Rivest, 1997) following different stimuli. IL-6 is thus synthesized by several
different cells, however it has been difficult to determine the contribution of a specific cell
type in vivo. For instance, the role of IL-6 produced by hematopoietic cells versus that
produced by cells of non-hematopoietic lineage in LPS-induced fever remains to be clarified.
Here we examined the role of IL-6 derived from hematopoietic and non-hematopoeitic
cells, respectively, in LPS-induced fever in mice chimeric for IL-6, meaning that they
expressed IL-6 selectively either in cells of hematopoietic or non-hematopoietic origin.
Chimeric mice were produced by exposing IL-6 KO and wild-type mice (WT) to whole body
irradiation followed by transplantation with bone marrow cells from the opposite genotype.
Thus, two chimeras were generated: WT mice with KO bone marrow (expressing IL-6
derived from non-hematopoietic cells) and KO mice with WT bone marrow (expressing IL-6
from cells of hematopoietic origin). This experimental set-up made it possible to distinguish
between the febrile response mediated by IL-6 produced by non-hematopoietic cells and IL-6
produced by hematopoietically derived cells. The results show that IL-6 produced by cells of
non-hematopoietic origin primarily is responsible for eliciting the febrile response following
peripheral challenge with LPS, whereas IL-6 from hematopoietically derived cells only plays
a minor but significant and time dependent role in the LPS-induced fever.
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2.

Materials and Methods

2.1. Animals
C57 BL/6 mice deficient in IL-6 (IL-6 KO) and their WT littermates were used (Jackson
Laboratory, Bar Harbor, ME). For transplantation experiments (donor bone marrow), the IL-6
KO mice were crossed with a C57BL/6 strain expressing green fluorescent protein (GFP)
[C57BL/6-Tg(CAG-EGFP)C14-Y01-FM131Osb; kindly provided by Dr. Masaru Okabe,
Osaka University, Japan (Okabe et al., 1997)] and the resulting IL-6 heterozygous mice were
then crossed to generate GFP+ IL-6 KO and GFP+ WT mice, used as bone marrow donors. All
mice were housed one to three per cage in a pathogen-free facility at an ambient temperature
of 20-21°C and with humidity between 30-50%, with food and water available ad libitum on a
12:12-h light-dark cycle (lights on at 07.00 h). The donor mice were 8-10 weeks old at the
time of experiment. The mice receiving bone marrow transplantation were 2-5 months old at
the time of irradiation and transplantation and 7-10 months old when sacrificed for
experiments. Body weight (± SD) at the time of the experiment was for WT→WT: 32.4 g ±
5.1; for WT→KO: 30.6 g ± 3.8; for KO→WT: 31.3 g ± 5.9; and for KO→KO: 32.4 g ± 5.9
[there were no significant differences between the groups, as analyzed by a one-way ANOVA
(P = 0.46)]. All experimental procedures were approved by the Animal Care and Use
Committee at the Linköping University.

2.2. Irradiation and bone marrow transplantation
WT and IL-6 KO littermates of mixed gender were used. Groups were balanced to
contain about equal proportions of male and female mice. They were irradiated in a cage with
two opposed fields, using a linear accelerator (Varian Clinac 600C) with a 6 MV photon
spectra to a total absorbed dose in water of 9 Gy, single fraction. The irradiation procedure
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followed the same experimental set-up as described earlier (Eliasson et al., 2010). Mice were
injected intravenously within 6-18 hours post-irradiation with 2 x 106 freshly prepared
GFP+CD45+ bone marrow cells from either IL-6 KO or WT mice, in a total volume of 0.2 ml.
Cells to be transplanted were collected from femurs and tibias after crushing the bones in icecold Dulbecco`s phosphate buffered saline (PBS) (PAA Laboratories, Pasching, Austria)
supplemented with 5 % fetal calf serum (FCS) using a mortar and pestle. The bone marrow
mixture was repeatedly passed through a 14 gauge needle and the resulting cell suspension,
also containing small bone fragments, was transferred to a Falcon tube in which the bone
fragments were allowed to sediment. The medium was carefully decanted and centrifuged.
The obtained pellet was dissolved in ice-cold Dulbecco´s PBS supplemented with 5 % FCS
and subsequently filtered through a 70 µm nylon mesh (BD Biosciences). Cells were then
transferred to ice-cold Dulbecco´s PBS supplemented with 5 % FCS containing anti-mouse
CD45 magnetic microbeads (1:10; Miltenyi Biotec, Bergisch Gladbach, Germany) and
incubated for 20 min at 4°C.
CD45+ cells were enriched according to the manufacturer’s instructions using the
quadroMACS separation system with LS columns (Miltenyi Biotec). After an additional
filtration, the cells were counted in a Bürker chamber and diluted to a final concentration of
107 cells/ml in Dulbecco’s PBS. Aliquots of 0.2 ml of the final cell solution, one for each
recipient mouse, were kept on ice until the moment of injection. After the injection, mice
were immediately transferred to an isolated room with autoclaved cages (1-3 mice per cage)
and received sterilized food and autoclaved water. During the first 3 weeks post
transplantation, the water was supplemented with an antibiotic (Ciprofloxacin, 0.1 mg/ml;
BMM Pharma, Stockholm, Sweden).
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2.3. Flow Cytometry
Peripheral blood was collected by lateral tail vein bleeding into heparin treated tubes
(5000 IE/ml; Leo Pharma, Malmö, Sweden) 5 months post transplantation. Equal volumes of
PBS supplemented with 1 % FCS and 2 % Dextran (Sigma, St. Louis, MO) were added to
each sample followed by incubation at 37°C for 20 min. The upper phase was transferred to a
new tube and centrifuged at 3,000 rpm for 4 min. The supernatant was carefully decanted, and
the pellet dissolved with 0.2 ml ammonium chloride (StemCell Technologies, Grenoble,
France) and incubated for 2 min to lyse residual erythrocytes. The cells were resuspended in
PBS supplemented with 1 % FCS and analyzed for GFP expression by flow cytometry on a
FACSCanto device (BD Biosciences, Franklin Lakes, NJ) using FACSDiva software (BD
Biosciences). Non-transplanted WT C57BL/6 mice and GFP+ mice were used as controls.

2.4. Immunohistochemistry
Mice were asphyxiated with CO2 and perfused with 0.9 % saline, followed by 4 % icecold paraformaldehyde in phosphate buffer (0.1 M, pH 7.4). The brains were dissected and
post-fixed for 3 h in the same fixative at 4°C and subsequently transferred to ice-cold PBS
containing 30 % sucrose overnight. Sections were cut transversely at 30 µm on a freezing
microtome, collected in sterile bins containing cold cryoprotectant (0.05 M sodium phosphate
buffer, 30 % ethylene glycol, 20 % glycerol), and stored at -20°C until use. For antibody
detection under bright field illumination, the brain sections were stained for GFP
immunoreactivity using a chicken anti-GFP antibody (1:1000; Abcam, Cambridge, UK)
overnight at room temperature, and, following rinses with PBS, incubated with biotinylated
goat anti-chicken antibody (1:1000; Vector Laboratories, Peterborough, UK) and avidinbiotin complex (1:1000; Vector) for 2 h each at room temperature. Color was developed using
3,3´-diaminobenzidine tetrahydrochloride (Sigma) containing 0.01 % H2O2 and 2.25 % nickel
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ammonium sulfate in 0.1 M sodium-acetate buffer (pH 6.0) for 3 min. For dual staining, the
brain sections were incubated at room temperature overnight in a mixture of chicken anti-GFP
antibody (1:10 000; Abcam) and either rat anti-mouse CD206 antibody (1.500; Serotec,
Raleigh, North Carolina), a marker for perivascular macrophages (Galea et al., 2005), or
sheep anti-von Willebrand factor (vWF) antibody (1:1000; Abcam), used here as marker for
endothelial cells (Jaffe et al., 1974) (Sporn et al., 1986). Secondary antibodies were DyLight
Fluor 488 donkey anti-chicken IgG (1:500; Invitrogen, Carlsbad, CA), and either Alexa Fluor
568 donkey anti-sheep IgG (1:500; Invitrogen) or Alexa Fluor 568 goat anti-rat IgG (1:500;
Invitrogen). Dual-labeled brain sections were analyzed on a Zeiss Axio Observer Z1
fluorescence microscope connected to a Zeiss LSM 700 confocal unit with 405,488, 555 and
639 nm diode lasers.

2.5. Plasma and cerebrospinal fluid
The mice were injected i.p. either with LPS or saline and sacrificed 3 h later using
asphyxiation with CO2. Blood was drawn from the right atrium using a 1 ml syringe and a 23
gauge needle, transferred to EDTA-coated tubes (Sarstedt, Landskrona, Sweden) and
centrifuged at 7,000 g for 7 min at 4°C. The plasma was frozen immediately on dry ice and
kept at -70°C, until used. Samples with hemolysis were discarded. After the withdrawal of
blood from the heart, the mouse was fixed in a stereotactic device with the head flexed
anteriorly. Neck muscles were divided in the midline to expose the atlanto-occipital
membrane. Cerebrospinal fluid (CSF; 1-3 l) was collected from the cisterna magna using a
Hamilton syringe, and immediately frozen on dry ice. Samples that were contaminated with
blood were discarded. The entire procedure after the mice had been asphyxiated took less than
10 min. The concentration of IL-6 in CSF and plasma was determined using a Bio-Plex ProTM
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Mouse Cytokine Assay Kit according to the manufacturer’s instructions (Bio-Rad, Hercules,
CA).

2.6. Real Time RT-PCR
The mice were asphyxiated with CO2 3 h after i.p. injection of LPS and perfused
transcardially with an ice-cold 0.9 % saline solution. The brains were dissected and
immediately frozen on dry ice and kept at -20°C, until processed. Total RNA from the
cerebral cortex was extracted using RNeasy Lipid Tissue Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions, including deoxyribonuclease treatment with
ribonuclease-free deoxyribonuclease set (Qiagen). The concentrations and purity of extracted
RNA were measured using the NanoDrop ND-1000 Spectrophotometer, demonstrating RNA
with high purity with the 260/280 absorbance ratio between 2.1 to 2.2 and concentrations
between 73 – 773 ng/l (NanoDrop, Wilmington, DE).
A total of 500 ng of RNA was reversely transcribed to cDNA by random hexamer
priming using PrimeScript first-strand cDNA synthesis kit (TaKaRa Bio, Shiga, Japan). Real
time RT-PCR was performed on an Applied Biosystems 7900 Fast Real-Time PCR System
using Fast SYBR® Green Master Mix, according to the manufacturer’s instructions. A total
of 10 ng template was used. Primers for IL-6 (Cybergene, Stockholm, Sweden) and
hydroxymethylbilane synthase (HMBS) (Sigma), used as a housekeeping gene for sample
normalization, were applied to a final concentration of 10 µM. The oligonucleotide sequences
for primer pairs used were: 5´-TTC CAT CCA GTT GCC TTC TTG G-3` (IL-6 forward), 5´TTC TCA TTT CCA CGA TTT CCC AG-3` (IL-6 reverse) (protocol obtained from The
Jackson Laboratory designed for the Il6tm1Kopf/J mouse,
http://jaxmice.jax.org/strain/007078.html), 5`-CGC ATC TGG AGT TCA GGA GTA-3`
(HMBS forward), and 5`-CCA GGA TGA TGG CAC TGA-3` (HMBS reverse). The Ct
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values were analyzed using the 2-∆∆Ct method. Obtained values for KO→KO and WT→KO
mice irrespective of treatment as well as for non-template controls were around 31 cycles.
Analysis of melting curves suggested the presence of primer dimerization resulting in
unspecific signal. Therefore a cut-off was set to 31 cycles. Three different TaqMan probes
were tested targeting different regions of the IL-6 gene but resulting in a similar phenomenon
[Mm00446190_m1, (Herrero et al., 2010); Mm01210733_m1, (Semple et al., 2010);
Mm00446191_m1, (Roedder et al., 2013)].

2.7. Telemetric recordings and injections
A transmitter (model TA10TA-F10; Data Science International, St. Paul, MN) that records
core temperature was inserted into the mouse peritoneal cavity under brief anesthesia with 1
% isoflurane (Abbot Scandinavia, Solna, Sweden). Before suturing, Temgesic (RB
Pharmaceuticals, Slough, Berkshire, UK; 100 g/kg) was added into the wound as analgesic
treatment. Immediately after surgery, the mice were transferred to a room in which the
ambient temperature was set to 29-30°C. The mice were allowed to recover for at least one
week before any further procedures were performed. The body temperature was monitored in
each mouse during 10 sec every 2 min beginning at least 1 day before injection, to assure that
they displayed normal body temperature with normal circadian temperature variation. The
mice were immune challenged with a single i.p. injection of LPS from Escherichia coli
(Sigma; 0111:B4) at a dose of 120 µg/kg body weight. LPS was diluted in 100 µl saline and
injected i.p. at around 09.00 h. Control animals were injected i.p. with the vehicle only.

2.8. Statistics
Temperature data were analyzed with two-way ANOVA and data on IL-6 in plasma,
CSF and cerebral cortex were analyzed with one-way ANOVA, both followed by Bonferroni
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post hoc test with correction for multiple comparisons. P < 0.05 was considered statistically
significant. Data are expressed as mean ± SEM. In some sets of data analysis (the expression
of IL-6 mRNA in the cerebral cortex, and the concentration of IL-6 in the CSF), the chimeric
mice injected with saline were pooled into one group.

3.

Results

3.1. Irradiation and bone marrow transplantation resulted in extensive
replacement of hematopoietic cells in both blood and brain
Mice chimeric for IL-6 were created by exposing IL-6 KO mice and their WT
littermates to whole body γ-irradiation (9 Gy), a treatment that ablates the bone marrow stem
cells. The mice were thereafter transplanted with CD45+ enriched GFP+ bone marrow donor
cells from the opposing genotype (WT or KO, respectively). Hence, after the bone marrows of
recipients were repopulated two different chimeras were obtained: IL-6 KO mice with WT
hematopoietic cells (WT→KO) and WT mice with IL-6 KO hematopoietic cells (KO→WT).
WT mice transplanted with WT bone marrow (WT→WT) and KO mice transplanted with KO
bone marrow (KO→KO) were also generated and served as controls. The chimeric mice were
allowed to recover during five months after transplantation in order to obtain as effective
reconstitution as possible of the hematopoietic cells, but at the same time avoiding that the
mice became senescent. The level of reconstitution was examined both in peripheral blood
and in the brain. Samples of peripheral blood were collected 7-10 days before immune
challenge with LPS. The proportion of GFP+ cells among the white blood cells in the
peripheral blood, determined by flow cytometry, revealed that approximately 87 % ± 7 % of
blood leukocytes were derived from the transplanted bone marrow cells (Fig. 1). Accordingly,
the irradiation and transplantation procedure generated highly selective and extensive
replacement of native hematopoietic cells with transplanted cells.
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Fig. 1. GFP+ cell reconstitution in peripheral blood following irradiation and bone marrow transplantation
Mice with deletion of IL-6 (IL-6 KO) and their wild-type (WT) counterparts were exposed to whole body irradiation destroying the bone marrow stem cells and
subsequently repopulated with CD45 enriched bone marrow cells (2x106 in a volume of 200 µL per mouse) from donor mice (either GFP+WT or GFP+KO mice)
via an intravenous tail injection. The reconstitution of GFP+ cells in peripheral blood of recipient mice was analyzed by flow cytometry five months after
transplantation. Percentages of GFP labeled white blood cells in recipient mice are shown. WT→WT: WT mice transplanted with WT bone marrow; KO→WT:
WT mice transplanted with KO bone marrow; WT→KO: KO mice transplanted with WT bone marrow; KO→KO: KO mice transplanted with KO bone marrow.

Immunohistochemical examination of tissue sections through the brain revealed that
GFP+ cells (originating from the transplanted bone marrow cells) were associated with the
brain blood vessels (Fig. 2, A1-A2). GFP+ cells were also observed in brain parenchyma.
These had a different morphology than those seen in blood vessels, and strongly reminded of
microglial cells. Several clusters with variable number of microglia-like cells were observed,
being predominantly localized to various limbic regions, including the hypothalamus (Fig. 2,
A3, Supplementary Fig. 1). In each brain their distribution was quite symmetric, and the
patterns across brains were often consistent. To further characterize the blood-brain barrier
cells that were immune-positive for GFP, brain sections were stained for vWF and the
mannose receptor CD206, identifying macrophages. Dual labeling of GFP and CD206,
identified GFP+ cells associated with the walls of blood vessels as perivascular macrophages
(Fig. 2B) whereas dual labeling of GFP and vWF showed that the two markers labeled
distinct cell populations thus confirming that GFP was not present in endothelial cells (Fig.
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2C). Brain sections from four mice, one from each group of hybrid mice that had been treated
with saline, were stained for both GFP and CD206 for quantitative analysis. Examination of
10 randomly selected fields from each of the four mice showed that 81.6 % (SEM 4.5) of the
CD206 positive cells also expressed GFP and that 86.7 % (SEM 2.8) of the GFP positive cells
also expressed CD206. Accordingly, the irradiation and transplantation procedure generated
highly selective and extensive replacement of native hematopoietic cells with transplanted
cells both in blood and brain.

Fig. 2. Reconstitution of hematopoietically derived cells in mouse brain following whole body irradiation and repopulation of the bone marrow by
transplantation with CD45 enriched GFP positive cells
Representative illustration from cerebral cortex of a KO→KO mouse. (A) Light micrographs of GFP positive cells in the brain. A1 and A2 show labeled cells
(arrows) associated with blood vessels and A3 a cluster of labeled microglial like cells in the brain parenchyma. (B-C) Confocal images of GFP-positive cells
(green) along the brain blood vessels, together with (B) CD206 (red), a marker for perivascular macrophages, and (C) the von Willebrand factor (vWF; red), an
endothelial cell marker. Arrowheads in B point at cells that express both GFP and CD206, and arrows denote single-labeled cell that only express CD206 or
GFP. There was no co-localization between GFP and vWF expressing cells (C). Scale bar = 50 µm in [A], and 25 µm in [B and C].

3.2. LPS induces a febrile response in mice with an intact IL-6 synthesis in cells
of non-hematopoietic origin
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Five months after irradiation and transplantation, the temperature response of the
chimeric mice to i.p. injected LPS (120 µg/kg b.w) was examined (Fig. 3). In the WT→WT
group intraperitoneal injection of LPS resulted in a typical triphasic fever with the first phase
being obscured by the hyperthermia induced by the handling stress associated with the
injection, similar to what has previously been reported in WT mice (Nilsberth et al., 2009a;
Nilsberth et al., 2009b; Rudaya et al., 2005). KO→KO mice displayed no fever, similar to
what is seen in mice with global deletion of the IL-6 gene (Chai et al., 1996). KO→WT mice
(having intact synthesis of IL-6 only in cells of non-hematopoietic origin), displayed a normal
febrile response, similar to that observed in the WT→WT group. In contrast, WT→KO mice
(lacking the expression of IL-6 in all cells but those of hematopoietic lineage), showed a
statistically significant elevation of the body temperature only in the time period of 2 - 3 ½ h
after the LPS injection (Fig. 3). This elevation of body temperature coincided with the second
phase of fever but was of much lower magnitude than the corresponding elevation of body
temperature observed in WT→WT mice. Apart from this elevation the temperature response
was similar to that of the KO→KO group. These data hence indicate that IL-6 expressed by
non-hematopoietic cells is critical for the febrile response whereas IL-6 expressed by
hematopoietic cells only has minor influence on this response.
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Fig. 3. IL-6 produced by non-hematopoietic cells is critical for the fever response
Chimeric mice were injected intraperitoneally with LPS (120 µg/kg b.w) at time 0 h and the body temperature was recorded at thermoneutral conditions (2930°C). Mice that were injected with saline did not differ in body temperature between the different chimeras, and their average temperature response is therefore
given. In the LPS groups, n = 13 for WT→WT mice, n = 15 for WT→KO mice, n = 12 for KO→WT mice, and n = 8 for KO→KO mice. n = 34 in the pooled
saline group (n = 8 for WT→WT mice, n = 10 for WT→KO mice, n = 9 for KO→WT mice, and n = 7 for KO→KO mice). Significance symbols indicates P <
0.05 between treatments in WT→WT mice (*), KO→WT mice (#), and WT→KO mice (•), respectively. No significant differences were found between
treatment for KO→KO mice. Error bars indicate SEM.

3.3. IL-6 mRNA induction in cerebral cortex follows the recipient’s genotype
The expression of IL-6 mRNA in the cerebral cortex, determined by real time RT-PCR,
was examined in the different chimeras in order to determine whether the observed difference
in the febrile response correlated with the expression of IL-6. Control mice were injected with
saline only. The analysis, performed 3 h after LPS injection, revealed that IL-6 mRNA was
strongly induced in KO→WT and WT→WT mice resulting in similar expression levels in
these genotypes (approximately 6 times higher than in saline-injected mice; P < 0.001) (Fig.
4), whereas there was no induction of IL-6 mRNA in WT→KO mice and KO→KO mice,
which displayed similar expression levels as saline treated mice (Fig. 4).
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Fig. 4. IL-6 mRNA expression in cerebral cortex
Expression of IL-6 in the cerebral cortex of chimeric mice injected intraperitoneally with LPS (120 µg/kg b.w) or saline, as determined by qPCR. In the LPS
treated groups, n = 8 for WT→WT mice, n = 9 for KO→WT mice, n = 12 for WT→KO mice, and n = 7 for KO→KO mice. n = 10 in the pooled saline group (n
= 2 for WT→WT mice, n = 3 for KO→WT mice, n = 2 for WT→KO mice, and n = 3 for KO→KO; see also illustration of the separate saline groups in
Supplementary Fig. 3). Fold changes are relative to values obtained from the WT→WT mice treated with saline. *** indicates P < 0.001.

3.4. IL-6 in plasma and cerebrospinal fluid is strongly induced in mice on WT
background, and only marginally elevated in KO mice transplanted with WT
bone marrow
The data presented above suggests that IL-6 mRNA in the brain was produced by nonhematopoietic cells. In order to further characterize the role of IL-6 during fever, the levels of
IL-6 in plasma and CSF were quantified. We found that IL-6 was strongly induced in both
plasma and CSF of KO→WT mice 3 h after peripheral injection of LPS, similar to what was
seen in WT→WT mice (Fig. 5A and 5B). While IL-6 was significantly elevated in plasma
and CSF also in LPS-treated WT→KO mice, this elevation was however much smaller than
that seen in the mice on a WT background. IL-6 levels in plasma and CSF in the LPS-treated
KO→KO mice as well as in the saline-treated mice were below detection limit.
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Fig. 5. IL-6 concentration in plasma and cerebrospinal fluid of chimeric mice 3 hours following intraperitoneal injection with LPS (120 µg/kg b.w)
(A) IL-6 in plasma. Note that the values are illustrated using a logarithmic scale as they were not normally distributed. IL-6 was also measured in plasma of LPStreated non-transplanted WT and IL-6 KO mice, used here as assay controls. n = 5 for WT→WT mice, n = 7 for KO→WT mice, n = 6 for WT→KO mice, n = 6
for KO→KO mice, and n = 7 for WT mice and KO mice. **P < 0.01, ***P < 0.001 as compared to the KO→KO group, and ## P < 0.01, ### P < 0.001 as
compared to the WT→KO group. (B) IL-6 in cerebrospinal fluid. The values are illustrated using a logarithmic scale. n = 5 for WT→WT mice, n = 4 for
KO→WT, n = 6 for WT→KO mice, and n = 5 for KO→KO mice given LPS. n = 12 in the saline group (pooled from different chimeras: n = 2 for WT→WT
mice, n = 3 for KO→WT, n = 2 for WT→KO mice, and n = 5 for KO→KO mice) ***P < 0.001 as compared to saline control. ### P < 0.001 as compared to
WT→KO mice.

4.

Discussion
A large amount of evidence identifies IL-6 as a necessary factor for the fever response

even though IL-6 by itself is not or only weakly or moderately pyrogenic (Cao et al., 2001;
Cartmell et al., 2000; Chai et al., 1996; Harden et al., 2008; Kozak et al., 1998; LeMay et al.,
1990; Lenczowski et al., 1999; Nilsberth et al., 2009a; Rummel et al., 2006). However, the
origin of IL-6 in immune-induced fever has not been fully identified, although there are
reports showing that IL-6 can be produced by a variety of cells in response to different
pathological stimuli. The present paper aimed to clarify the contribution of hematopoietically
and non-hematopoietically derived IL-6 in enabling the febrile response upon peripheral
immune challenge with LPS, using chimeric mice that expressed IL-6 either in the cells of
hematopoietic or non-hematopoietic origin.
Our results demonstrate that IL-6 synthesized by hematopoietic cells only has minor
influence on the febrile response to LPS and that IL-6 derived from cells of non-
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hematopoietic origin is critical for this response. This fits well with the results from a clinical
study where bone-marrow transplanted children with peripheral leucopenia following ablation
of hematopoeisis developed fever associated with increased levels of circulating IL-6
(Pechumer et al., 1995).
Although the irradiation and transplantation procedure provides the possibility to
examine the importance of a particular gene in the hematopoietic system, it has been reported
to compromise the immune response in the brain of the recipients and lead to a substantial
infiltration of bone-marrow derived microglia (Simard et al., 2006). Moreover, some of the
observed effects of microglia entering the brain were suggested to be directly related to the
irradiation effects on the blood-brain barrier (Ajami et al., 2007; Lucin and Wyss-Coray,
2009). However, this issue was systematically studied by Turrin et al. (2007) who compared
the brain expression of innate immune markers in normal, GFP-expressing, and chimeric
mice, respectively, upon LPS administration. They found similar expression of these markers
in all three groups of mice and concluded that the innate immune response of chimeric mice is
similar to that of WT mice (Turrin et al., 2007). Furthermore, in a previous study (Engstrom
et al., 2012) we demonstrated that although the irradiation and transplantation, similar to what
was seen in the present study, resulted in a major replacement of brain perivascular cells the
fever response of WT→WT and KO→KO mice was similar to that of non-irradiated WT and
KO mice, respectively, suggesting that the irradiation procedure per se did not affect the fever
response. The same observation was obtained in the present study, and while it does not
exclude that the irradiation procedure could have influenced peripheral and central IL-6 levels
in the chimeric mice, it seems unlikely that any such changes would have significantly
influenced the febrile responses in these mice.
In evaluating the present findings it is also important to consider the neuroendocrineactivated environment in which the hematopoietic cells were immune challenged and to what
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extent this may differ between genotypes. We reported previously that IL-6 KO mice show
intact IL-1β and TNFα expression upon LPS stimulation (Nilsberth et al., 2009b). However,
the release of stress hormones may differ. Thus, plasma corticosterone levels in mice devoid
of IL-6 have been reported to be significantly lower than in wild-type mice (Bethin et al.,
2000; van Enckevort et al., 2001), although conflicting data exist (Fattori et al., 1994; Kozak
et al., 1998). Hence, it cannot be excluded that a different neuroendocrine environment in the
mice on a KO background could have influenced the response of hematopoietic cells and their
IL-6 release.
The present results show that mice on a WT background displayed a WT phenotype
irrespective of the genotype of the transplanted hematopoietic cells. Thus, WT mice
transplanted with IL-6 KO bone marrow displayed an almost indistinguishable fever response
compared to that displayed by WT mice transplanted with WT bone marrow. Both groups
responded to LPS with a typical triphasic fever with the second and third temperature peak
seen at approximately 120 and 300 min after injection (the first phase being obscured by the
stress response associated with the handling during the injection (Rudaya et al., 2005)).
KO mice transplanted with WT bone marrow displayed a modest LPS-induced
induction of IL-6 protein in plasma and CSF, but there was no increased mRNA expression in
brain tissue, and they also display a small, but statistically significant elevation of the body
temperature at 2 - 3 ½ h after LPS injection. These findings suggest that hematopoietically
derived IL-6 of peripheral origin may play a role in generating the second phase of LPS
induced fever. Previous work has suggested that the LPS recognition molecule Toll like
receptor 4 (TLR4) on immune cells plays a critical role at the onset of the initial phase of
fever, and that the later phases of fever are dependent in a redundant way on TLR4 on both
hematopoietic and non-hematopoietic cells (Steiner et al., 2006). While those finding seem to
indicate that signaling molecules, such as cytokines, released from immune cells initiates
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fever, they are in disagreement with the finding that the initiation of the febrile response
elicited by intravenously administrated LPS precedes the appearance of IL-6 and other
cytokines in the blood stream (Cartmell et al., 2000; Givalois et al., 1994; Roth et al., 1993).
However, it is possible that hematopoietically derived mediators that are not cytokines may be
involved. The present data imply that peripheral IL-6 derived from the hematopoietic cells is
involved in the second phase of LPS-induced fever, thus being partly in line with the results
from a previous study, in which the peripheral production of pyrogenic cytokines by the
hematopoietic cells was suggested to correlate with later febrile phases (Chakravarty and
Herkenham, 2005).
Although the present study is the first to identify the non-hematopoietic cells as the
major contributor of IL-6 in the LPS-induced fever response, the phenotype of these cells
remain to be clarified, and may involve a variety of cell types. Examples of peripheral sources
are hepatocytes (Panesar et al., 1999; Saad et al., 1995), skin fibroblasts (Helfgott et al., 1987;
May et al., 1988) and mesangial cells of the kidney (Rugo et al., 1992). Cells within or
associated to the brain that have been shown to produce IL-6 are brain endothelial cells
(Reyes et al., 1999; Verma et al., 2006), astrocytes, microglia, and neurons (Benveniste et al.,
1990; Beurel and Jope, 2009; Ringheim et al., 1995; Sawada et al., 1992; Vallieres and
Rivest, 1997).
Whether the increased levels of IL-6 in CSF in mice with an intact synthesis of IL-6 in
non-hematopoietic cells, which also responded with fever, was derived from the periphery or
the brain thus remains to be clarified, as the levels of IL-6 were highly elevated both in
plasma and brain in the chimeric mice. It has previously been reported that blood-borne IL-6
was able to alter the brain function by crossing the blood-brain barrier (Banks et al., 1994),
which supports the idea that IL-6 in CSF, at least to some portion, may be derived from the
periphery. Furthermore, it was suggested that circulating IL-6 was able to increase the
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vascular permeability of blood vessels in the blood-brain barrier (Paul et al., 2003) and to
activate signal transducers and activators of transcription (STAT) 1 and 3 (Rummel et al.,
2006), which have been described to be implicated in the damage of blood-brain barrier
(Chaudhuri et al., 2008). However, with the current experimental approach we were not able
to distinguish centrally produced IL-6 from IL-6 in the periphery, an issue that requires
further examination. Recent work from this laboratory has suggested that hematopoietic cells
and plasma PGE2 are not contributing to the fever signaling. Instead, the endothelial cells in
the brain were identified as the main source of PGE2 important for the fever generation
(Engstrom et al., 2012). While IL-6 by itself does not elicit PGE2 synthesis, it is possible that
the febrile response never-the-less could be dependent on IL-6 signaling via brain endothelial
cells, through a yet unidentified mechanism (Nilsberth et al., 2009a). IL-6 acts by binding to
either a soluble form of its receptor (sIL-6R) (Novick et al., 1989) or to a membrane bound
form (IL-6R) (Yamasaki et al., 1988). In addition, a third component, gp130, is needed for the
signal transduction (Hibi et al., 1990; Taga et al., 1989). Binding of IL-6 to its receptors
initiates cellular events including activation of Janus Kinase (JAK) and STAT3.
Phosphorylation of STAT3 induces a dimer formation that translocates into the nucleus to
activate transcription of genes containing STAT3 response elements. Indeed, both memIL-6R
and gp130 have been localized to brain blood vessel cells (Vallieres and Rivest, 1997), and it
has been shown that i.p. administration of recombinant IL-6 activates STAT3 in blood vessels
of the rat brain (Rummel et al., 2005). Experiment with endothelial cell specific deletion of
IL-6 could help clarifying the role of these signaling pathways for the febrile response.
In summary, we have shown that IL-6 produced by non-hematopoietic cells is the major
source of IL-6 elicited by peripherally administered LPS, and a critical component for LPSinduced fever. IL-6 produced by hematopoietic cells plays a minor role in the systemic IL-6
production, and contributes to the second phase of fever.
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Figure Legends

Fig. 1. GFP+ cell reconstitution in peripheral blood following irradiation and bone
marrow transplantation
Mice with deletion of IL-6 (IL-6 KO) and their wild-type (WT) counterparts were exposed to
whole body irradiation destroying the bone marrow stem cells and subsequently repopulated
with CD45 enriched bone marrow cells (2x106 in a volume of 200 µL per mouse) from donor
mice (either GFP+WT or GFP+KO mice) via an intravenous tail injection. The reconstitution
of GFP+ cells in peripheral blood of recipient mice was analyzed by flow cytometry five
months after transplantation. Percentages of GFP labeled white blood cells in recipient mice
are shown. WT→WT: WT mice transplanted with WT bone marrow; KO→WT: WT mice
transplanted with KO bone marrow; WT→KO: KO mice transplanted with WT bone marrow;
KO→KO: KO mice transplanted with KO bone marrow.

Fig. 2. Reconstitution of hematopoietically derived cells in mouse brain following whole
body irradiation and repopulation of the bone marrow by transplantation with CD45
enriched GFP positive cells
Representative illustration from cerebral cortex of a KO→KO mouse. (A) Light micrographs
of GFP positive cells in the brain. A1 and A2 show labeled cells (arrows) associated with
blood vessels and A3 a cluster of labeled microglial like cells in the brain parenchyma. (B-C)
Confocal images of GFP-positive cells (green) along the brain blood vessels, together with
(B) CD206 (red), a marker for perivascular macrophages, and (C) the von Willebrand factor
(vWF; red), an endothelial cell marker. Arrowheads in B point at cells that express both GFP
and CD206, and arrows denote single-labeled cell that only express CD206 or GFP. There
was no co-localization between GFP and vWF expressing cells (C). Scale bar = 50 µm in [A],
and 25 µm in [B and C].
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Fig. 3. IL-6 produced by non-hematopoietic cells is critical for the fever response
Chimeric mice were injected intraperitoneally with LPS (120 µg/kg b.w) at time 0 h and the
body temperature was recorded at thermoneutral conditions (29-30°C). Mice that were
injected with saline did not differ in body temperature between the different chimeras, and
their average temperature response is therefore given. In the LPS groups, n = 13 for
WT→WT mice, n = 15 for WT→KO mice, n = 12 for KO→WT mice, and n = 8 for
KO→KO mice. n = 34 in the pooled saline group (n = 8 for WT→WT mice, n = 10 for
WT→KO mice, n = 9 for KO→WT mice, and n = 7 for KO→KO mice). Significance
symbols indicates P < 0.05 between treatments in WT→WT mice (*), KO→WT mice (#),
and WT→KO mice (•), respectively. No significant differences were found between
treatment for KO→KO mice. Error bars indicate SEM.

Fig. 4. IL-6 mRNA expression in cerebral cortex
Expression of IL-6 in the cerebral cortex of chimeric mice injected intraperitoneally with LPS
(120 µg/kg b.w) or saline, as determined by qPCR. In the LPS treated groups, n = 8 for
WT→WT mice, n = 9 for KO→WT mice, n = 12 for WT→KO mice, and n = 7 for KO→KO
mice. n = 10 in the pooled saline group (n = 2 for WT→WT mice, n = 3 for KO→WT mice, n
= 2 for WT→KO mice, and n = 3 for KO→KO; see also illustration of the separate saline
groups in Supplementary Fig. 3). Fold changes are relative to values obtained from the
WT→WT mice treated with saline. *** indicates P < 0.001.
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Fig. 5. IL-6 concentration in plasma and cerebrospinal fluid of chimeric mice 3 hours
following intraperitoneal injection with LPS (120 µg/kg b.w)
(A) IL-6 in plasma. Note that the values are illustrated using a logarithmic scale as they were
not normally distributed. IL-6 was also measured in plasma of LPS-treated non-transplanted
WT and IL-6 KO mice, used here as assay controls. n = 5 for WT→WT mice, n = 7 for
KO→WT mice, n = 6 for WT→KO mice, n = 6 for KO→KO mice, and n = 7 for WT mice
and KO mice. **P < 0.01, ***P < 0.001 as compared to the KO→KO group, and ## P < 0.01,
### P < 0.001 as compared to the WT→KO group. (B) IL-6 in cerebrospinal fluid. The
values are illustrated using a logarithmic scale. n = 5 for WT→WT mice, n = 4 for KO→WT,
n = 6 for WT→KO mice, and n = 5 for KO→KO mice given LPS. n = 12 in the saline group
(pooled from different chimeras: n = 2 for WT→WT mice, n = 3 for KO→WT, n = 2 for
WT→KO mice, and n = 5 for KO→KO mice) ***P < 0.001 as compared to saline control.
### P < 0.001 as compared to WT→KO mice.

