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Abstract 33 
Macrophages are highly plastic in their pro-inflammatory/anti-inflammatory roles. Type 34 
I and II interferons (IFNs) are known to modulate macrophage activation. Tyrosine 35 
kinase 2 (Tyk2) has an intimate relationship with type I and II IFN signaling. Animal 36 
studies have shown that Tyk2 knock-out (KO) in mice is associated with reduced 37 
inflammatory responses in various mouse models of diseases. To investigate the role of 38 
Tyk2 in inflammation in more detail, we intraperitoneally injected heat-killed 39 
Propionibacterium acnes (P. acnes) to Tyk2 KO mice. P. acnes–induced acute 40 
peritoneal inflammation, assessed by neutrophil infiltration, was reduced in Tyk2 KO 41 
mice. The reduction was accompanied with diminished productions of inflammatory 42 
cytokines and an enhanced production of anti-inflammatory IL-10. Unexpectedly, 43 
pre-treatment of wild-type mice with the neutralizing antibodies for IFNs did not affect 44 
P. acnes-induced neutrophil infiltration. A neutralizing antibody for the IL-10 receptor 45 
in Tyk2 KO mice restored P. acnes-induced peritoneal inflammation. Enhanced 46 
production of IL-10 from Tyk2 KO peritoneal cells was suppressed by either the 47 
cyclooxygenase inhibitor diclofenac or protein kinase A inhibitor H-89. The level of 48 
prostaglandin E2 (PGE2) in the steady-state peritoneal cavity in Tyk2 KO mice was 49 
higher than that in wild-type mice. Tyk2 KO macrophages showed an enhanced CREB 50 
phosphorylation induced by P. acnes plus PGE2. Taken together, these results showed 51 
that Tyk2 deficiency potentiates the PGE2-protein kinase A-IL-10 pathway in 52 
macrophages, and thereby contributes to potentiation of the immunosuppressive 53 
phenotype. 54 
 55 
Keywords: Tyk2; macrophage plasticity; inflammation; interferon; IL-10 56 
 57 
Highlights 58 
 Heat-killed P. acnes-induced peritonitis was reduced in Tyk2 KO mice 59 

independently of IFNs. 60 
 Tyk2 KO macrophages produced a greater amount of IL-10 than WT macrophages. 61 
 The enhanced IL-10 production was correlated to an enhanced activation of 62 

PGE2-PKA signaling. 63 
 These data provide an additional explanation for the immunosuppression seen in 64 

Tyk2 KO mice.  65 
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1. Introduction 66 
Inflammation is part of a defense mechanism that protects higher organisms from 67 

harmful stimuli such as infection and injury. In the process, the immune system plays 68 
key roles in various steps to recognize and remove harmful stimuli. Macrophages are an 69 
immune cell population that plays fundamental roles in the regulation of inflammation, 70 
and are highly plastic in their pro-inflammatory/anti-inflammatory roles [1-3]. During 71 
the course of inflammation, the microenvironment surrounding macrophages varies 72 
over time, affects the balance of the pro-/anti-inflammatory roles of macrophages, and 73 
tunes macrophages to exert appropriate functioning [1-3]. 74 

The type II interferon (IFN), IFN-γ, is a well-known, potent macrophage-activating 75 
factor that promotes antigen presentation, microbial killing, and cytokine production [4]. 76 
The type I IFNs (e.g., IFN-α and IFN-β) are constitutively produced by various kinds of 77 
cells, including macrophages. The constitutively produced type I IFNs, although 78 
produced only in very small amounts, regulate the cell function in an 79 
autocrine/paracrine manner [5,6]. The genetic deletion of the type I IFN receptor 80 
subunit (Ifnar1) gene has been reported to cut off the constitutive type I IFN signal and 81 
attenuate the pro-inflammatory function of macrophages by downregulating the 82 
expression of IFN-inducible inflammatory genes such as Cxcl10 [7]. This spontaneous 83 
autocrine type I IFN signaling is crucial not only for driving its own pathway but also 84 
for enhancing IFN-γ responsiveness [5,6]. Thus, both type I and II IFNs have 85 
pro-inflammatory roles. 86 

Autocrine type I IFN signaling in macrophages has been suggested to play not only a 87 
pro-inflammatory role, but paradoxically, an anti-inflammatory role as well. The notion 88 
that such signaling plays an alternative role is supported by the previous observation 89 
that the expression of IL-10, which is a strong anti-inflammatory cytokine that plays a 90 
role in limiting tissue injury during inflammation by regulating the duration and 91 
intensity of immune and inflammatory reactions [8,9], is upregulated by autocrine type I 92 
IFN signaling [7,10], but not by IFN-γ signaling [11]. Collectively, these facts indicate 93 
that the autocrine type I IFN signaling can be considered to potentiate both pro- and 94 
anti-inflammatory responses, while IFN-γ signaling exclusively stimulates the 95 
pro-inflammatory function of macrophages. 96 

Tyk2 is a member of the JAK family of tyrosine kinases that has an intimate 97 
relationship with type I and II IFNs. Tyk2 associates with cytokine receptors and is 98 
activated in response to various cytokines such as type I IFNs, interleukin (IL)-12, and 99 
IL-23 [12-15]. Meta-analysis of genetic associations in the TYK2 region across human 100 
autoimmune diseases has revealed that a genetic variant in the TYK2 gene (rs34536443) 101 
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has a protective effect against 10 different autoimmune conditions, indicating that the 102 
modulation of Tyk2 function could be a strategy for the treatment of certain common 103 
autoimmune disorders [16]. We and others have reported that Tyk2 knock-out (KO) in 104 
mice is associated with reduced inflammatory responses in various mouse models of 105 
human diseases [17-24]. 106 

One important role for Tyk2-mediated signaling is the production of IFN-γ, which 107 
induces activation of macrophages. In T and natural killer cells, Tyk2 appears to be 108 
central for the appropriate functioning of the IL-12/IFN-γ axis and T and NK 109 
cell-mediated host defense against viral and/or mycobacterial infections in humans and 110 
mice [12,13,25-27]. In addition to the role of Tyk2 in IFN-γ production, Tyk2 has been 111 
demonstrated to control the production of type I IFNs in macrophages, and the innate 112 
immune response against bacterial components. In Tyk2 KO macrophages, basal and 113 
lipopolysaccharide (LPS)-induced expressions of type I IFNs were impaired [22]. Tyk2 114 
KO mice as well as Ifnb (encoding IFN-β) KO mice were resistant to the lethal septic 115 
shock induced by high doses of LPS [21,22], indicating that Tyk2-mediated type I IFN 116 
production/signaling is an essential effector module in LPS-induced vigorous 117 
inflammation and lethal shock. In addition, in a microarray analysis comparing global 118 
gene expression changes between wild-type peritoneal macrophages and Tyk2 KO 119 
peritoneal macrophages under steady-state and LPS-stimulated conditions, the 120 
expression of type I IFN-stimulated genes, particularly under the steady-state condition, 121 
was decreased in Tyk2 KO macrophages [28]. These observations indicate that Tyk2 in 122 
innate immune cells plays a fundamental role in the inflammatory responses through the 123 
production of IFNs.  124 

Based on these previous findings, it seemed reasonable to speculate that Tyk2 has 125 
some influence on macrophage activation through its contribution to autocrine type I 126 
IFN production and/or exogenous IFN-γ production from other neighboring immune 127 
cells such as T and NK cells. In the present study, we sought to confirm this point and 128 
further delineate the role of Tyk2 in inflammatory responses in vivo. In the process, we 129 
unexpectedly found that Tyk2 KO macrophages produced a greater amount of IL-10 130 
than WT macrophages. The mechanism underlying the augmented IL-10 production 131 
was clearly related to the enhancement of anti-inflammatory protein kinase A (PKA) 132 
signaling in Tyk2 KO macrophages, but seemed not to be linked directly with a change 133 
in IFN signaling by Tyk2 deficiency. Therefore, this mechanism could represent an 134 
extended Tyk2 function in macrophages that works independently and simultaneously 135 
with IFN-mediated effects and could provide an additional explanation for the Tyk2 136 
deficiency-induced anti-inflammatory and immunosuppressive phenotypes.  137 

138 
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2. Materials and Methods 139 
2.1 Mice 140 

Gene-targeted Tyk2 KO mice were back-crossed for at least eight generations onto 141 
BALB/c mice [12]. The mice were kept under specific pathogen-free conditions and 142 
provided with food and water ad libitum. All experiments were performed according to 143 
the guidelines of the Institutional Animal Care and Use Committee of Hokkaido 144 
University. 145 
 146 
2.2 In vivo challenge with heat-killed P. acnes 147 

Heat-killed Propionibacterium acnes (P. acnes) [29] were kindly provided by Dr. 148 

Hiroko Tsutsui (Department of Microbiology, Hyogo College of Medicine). Mice were 149 

injected intraperitoneally with heat-killed P. acnes (500 µg per mouse) or 150 

phosphate-buffered saline (PBS). At 12 h post-injection, the peritoneal lavages were 151 

collected, and the numbers of neutrophils and levels of inflammatory cytokines 152 

(TNF-α and IL-6) were determined. The IL-6 and TNF-α protein contents in the 153 

peritoneal lavage were measured by enzyme-linked immunosorbent assay (ELISA) kits 154 

(Life Technologies, Carlsbad, CA) according to the manufacturer’s instructions. The 155 

level of IL-10 in the peritoneal lavages at 6 h after heat-killed P. acnes injection was 156 

measured using a mouse IL-10 ELISA Ready-SET-Go kit (eBioscience, San Diego, 157 

CA) according to the manufacturer’s instructions. To analyze the production of IFN-γ, 158 

mice were stimulated intraperitoneally with heat-killed P. acnes for 0, 1, 3, 5 and 7 days, 159 

and the amounts of IFN-γ in serum were determined by a BD CBA Mouse 160 

Th1/Th2/Th17 Cytokine Kit (BD Biosciences, San Jose, CA). Alternatively, total RNA 161 

was extracted from the livers of heat-killed P. acnes-injected mice and subjected to 162 

real-time reverse transcription–PCR (RT-PCR) analysis for the expression of the genes 163 

encoding IFN-γ and Cxcl10. 164 

Neutralizing monoclonal antibodies (mAbs)—i.e., anti-IFNAR1 (clone MAR1-5A3; 165 

200 µg per mouse), anti-IFN-γ (clone R4-6A2; 200 µg per mouse) and anti-IL-10R 166 

(clone 1B1.3A; 300 µg per mouse) mAbs—were intraperitoneally injected 3 h before 167 

heat-killed P. acnes injection. These mAbs were purchased from Bio X Cell (West 168 

Lebanon, NH). Control mice received the same doses of mouse IgG1 or rat IgG1, 169 

respectively. On day 7 after heat-killed P. acnes injection, the spleens were removed 170 

and weighed. The livers were also removed, and fixed in 4% buffered formaldehyde. 171 
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Organ slices were prepared and stained using hematoxylin and eosin. Microscopic 172 

images were taken using a BZ-8000 microscope (Keyence, Osaka, Japan). The levels of 173 

prostaglandin E2 in the peritoneal lavages of mice were determined using a 174 

prostaglandin E2 ELISA kit (Cayman Chemical, Ann Arbor, MI). 175 

 176 

2.3 Flow cytometry 177 
Peritoneal exudate cells (PECs) were resuspended in PBS containing 2% fetal 178 

bovine serum (FBS). Prior to staining, samples were Fc-blocked with anti-CD16/CD32 179 
(clone 2.4G2; BD Pharmingen) for 20 min on ice. Cells were washed with PBS plus 2% 180 
FBS and incubated with 0.5 μg/mL of the following fluorochrome-tagged primary 181 
antibodies for 30 min on ice: anti-CD11b (clone M1/70; Biolegend, San Diego, CA), 182 
anti-F4/80 (clone BM8; Biolegend), anti-Gr-1 (clone RB6-8C5; BD Biosciences), and 183 
anti-B220 (clone RA3-6B2; Miltenyi Biotec, Berhischh Gladbach, Germany). Cells 184 
were washed with PBS plus 2% FBS, resuspended in PBS, and kept on ice until they 185 
were analyzed by flow cytometry (FACSCalibur; Becton Dickinson, Franklin Lakes, 186 
NJ). Data were analyzed using Cell Quest software (Becton Dickinson). 187 

For intracellular IL-10 staining, brefeldin A (100 µg per mouse) was injected 188 
intraperitoneally 2 h after injection of heat-killed P. acnes. PECs were collected 5 h 189 
after P. acnes injection. Cells were stained with surface markers as described above. 190 
They were then washed, treated with BD Cytofix/Cytoperm solution (BD Biosciences), 191 
and kept on ice for 30 min. Finally, the cells were washed with PBS plus 0.04% saponin 192 
and incubated with PE-conjugated anti-mouse IL-10 mAb (clone JES5-16E3; 193 
Biolegend) overnight at 4°C.  194 
 195 
2.4 Cell culture, preparation of macrophages, and IL-10 detection in the culture 196 
supernatant 197 

To prepare bone marrow-derived macrophages (BMDMs), bone marrow cells from 198 
WT and Tyk2 KO mice were cultured in RPMI supplemented with 10% FBS and 199 
recombinant murine macrophage colony stimulating factor (100 ng/ml; PeproTech, 200 
Rocky Hill, NJ) for 6 days. BMDMs and peritoneal resident cells collected from the 201 
peritoneal lavage were plated in RPMI-1640 medium supplemented with 10% FBS, 100 202 
U/ml penicillin and 0.1 mg/ml streptomycin. IL-10 levels in the culture supernatants of 203 
BMDMs or peritoneal resident cells were determined using an IL-10 ELISA kit 204 
(eBioscience). The following agents were tested for their effects on IL-10 production: 205 
diclofenac sodium (10 µM; Wako Pure Chemical Industries, Osaka, Japan), and H-89 206 
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(10 µM; Cell Signaling Technologies, Beverly, MA). 207 
 208 
2.5 Real-time reverse transcription–polymerase chain reaction analysis 209 

Total RNA was prepared with a GenElute Mammalian Total RNA Miniprep Kit 210 
(Sigma, St. Louis, MO), and complementary DNA (cDNA) was generated with 211 
ReverTra Ace reverse transcriptase (Toyobo, Osaka, Japan). Quantitative real-time PCR 212 
analyses of the respective gene transcripts were performed using KAPA SYBR FAST 213 
qPCR master mix (KAPA Biosystems, Woburn, MA) and an Mx3005P real-time PCR 214 
system (Stratagene, Santa Clara, CA). The following primer pairs were used: for Actb, 215 
5 ′ - TGTTACCAACTGGGACGACA (sense) and 5 ′ - 216 
GGGGTGTTGAAGGTCTCAAA (antisense); for Cxcl10, 5 ′ - 217 
GTGAGAATGAGGGCCATAGG (sense) and 5′- TTTTGGCTAAACGCTTTCATT 218 
(antisense); for Ifng, 5 ′ - ACTGGCAAAAGGATGGTGAC (sense) and 5 ′ - 219 
TGAGCTCATTGAATGCTTGG (antisense); for Irf7, 5 ′ - 220 
CCAGTTGATCCGCATAAGGT (sense) and 5′- GAGCCCAGCATTTTCTCTTG 221 
(antisense); for Gbp2b, 5′- GGAAAAGCAGATTGAAATGGAACG (sense) and 5′- 222 
TCTGGAATCCTTGCTTGAGAAGT (antisense). Data were normalized to the amount 223 
of beta-actin (Actb) mRNA.  224 
 225 
2.6 Cytokine detection by antibody array 226 

Cytokine expression profiling of peritoneal lavages from P. acnes-injected WT and 227 
Tyk2 KO mice was performed by membrane-based antibody array kit (Proteome 228 
Profiler Mouse XL Cytokine Array, ARY028, R&D Systems, Minneapolis, MN) 229 
according to manufacturer’s instructions.  230 
 231 
2.7 Western blotting 232 

BMDMs were pretreated without or with H-89 (10 µM; Cell Signaling Technologies) 233 
for 1 h and stimulated with either P. acnes (20 µg/mL) or prostaglandin E2 (PGE2) (10 234 
µM; AdipoGen, Switzerland) alone, or the combination of P. acnes and PGE2 for 0.5 h. 235 
Total cell lysate samples were prepared as previously described [30]. The samples were 236 
resolved by SDS-PAGE and transferred to PVDF membranes (PerkinElmer, Boston, 237 
MA). The membranes were then incubated with primary antibodies. Horseradish 238 
peroxidase-conjugated anti-mouse IgG and anti-rabbit IgG secondary antibodies were 239 
purchased from GE Healthcare (Little Chalfont, UK) and used as received. 240 
Immunoreactive proteins were visualized using an enhanced chemiluminescence 241 
detection system (Millipore; Bedford, MA) and an ImageQuant LAS 4000 imaging 242 
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system (GE Healthcare Japan, Tokyo). The primary antibodies used were 243 
anti-phospho-CREB (clone 87G3) and anti-CREB (clone 86B10) antibodies (both from 244 
Cell Signaling Technologies) and anti-actin (clone AC15) mAb (Sigma-Aldrich, St. 245 
Louis, MO). 246 
 247 
2.8 Statistical evaluation 248 

Data are expressed as means ± standard errors of the means (SEMs). Student’s 249 
two-tailed t-tests were performed for statistical analyses of the data. A value of p < 0.05 250 
was used as an indication of statistical significance. 251 

252 
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3. Results 253 
3.1 Involvement of Tyk2 in heat-killed P. acnes-induced inflammatory response. 254 

Intraperitoneal injection of heat-killed P. acnes into mice has been shown to induce 255 
intrahepatic granuloma and splenomegaly via a mechanism involving robust IL-12 and 256 
IFN-γ production [31-33]. Tyk2 mediates IL-12 signaling that is required for IFN-γ 257 
production [12,13,25]. These facts led us to believe that Tyk2-mediated IFN-γ 258 
production is required for P. acnes-induced inflammation.  259 

To investigate this hypothesis and obtain clues to the specific ways in which Tyk2 260 
participates in the modulation of P. acnes-induced inflammation, we injected heat-killed 261 
P. acnes into WT or Tyk2 KO mice to induce inflammatory responses in vivo. We then 262 
assessed the leukocyte infiltrate as an indicator of the early phase of inflammation. The 263 
intraperitoneal injection of heat-killed P. acnes increased the number of total peritoneal 264 
cells and of CD11b+ Gr-1+ cells (neutrophils) at 12 h post-injection (Fig. 1A). This 265 
neutrophil infiltration was significantly suppressed in Tyk2 KO mice compared with 266 
that in WT mice (Figure 1A).  267 

At a later phase of P. acnes-induced inflammation, i.e., day 7 after injection of 268 
heat-killed P. acnes, we observed massive splenomegaly (Fig. 1B) and liver granuloma 269 
formation (Fig. 1C) of WT mice. By contrast, both the splenomegaly and the number of 270 
granulomas were significantly reduced in Tyk2 KO mice. In the livers of P. 271 
acnes-injected WT mice, the mRNA expressions of Ifng (encoding IFN-γ) and an 272 
IFN-inducible gene Cxcl10 increased over time (Fig. 1D). These responses were 273 
repressed in Tyk2 KO mice (Fig. 1D). In addition, the levels of serum IFN-γ after P. 274 
acnes injection were lower in Tyk2 KO mice compared to WT mice (Fig. 1E). These 275 
results suggested that Tyk2 has a role in mediating P. acnes-induced IFN-γ production 276 
and immune responses as predicted. 277 

 278 
3.2 Neutrophil infiltration into the peritoneal cavity induced by heat-killed P. acnes 279 
injection was not suppressed by IFN neutralization. 280 

Given the known contribution of Tyk2 to type I and II IFN productions, we reasoned 281 
that the impairment of P. acnes-induced responses in Tyk2 KO mice might have been 282 
attributable to the poor signaling of type I and II IFNs in Tyk2 KO mice. The formation 283 
of hepatic granulomas by P. acnes injection has been demonstrated to be impaired in 284 
IFN-γ KO mice [34], and such impairment of granuloma formation was recapitulated 285 
with anti-IFN-γ monoclonal antibody (mAb) treatment (supplementary Fig. S1), 286 
suggesting that P. acnes-induced formation of hepatic granulomas is more or less 287 
IFN-γ-dependent. Meanwhile, it is unclear whether IFNs are responsible for the early 288 
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phase response to P. acnes. To evaluate the role of IFN-mediated signaling in P. 289 
acnes-induced responses, we intraperitoneally injected the neutralizing antibodies for 290 
IFNs or control Ig into WT mice before heat-killed P. acnes injections. Pre-treatment of 291 
mice with either anti-IFNAR1 or anti-IFN-γ mAb did not suppress the P. acnes-induced 292 
neutrophil infiltration into the peritoneal cavity (Fig. 2A and B), even though each mAb 293 
effectively reduced the expression of type I IFN-inducible Irf7 and IFN-γ-inducible 294 
Gbp2, respectively, in the spleen of P. acnes-injected WT mice (Fig. 2C). Also, 295 
pre-treatment of mice with the combination of anti-IFNAR1 and anti-IFN-γ mAbs did 296 
not affect P. acnes-induced neutrophil infiltration (Fig. 2D), indicating that this 297 
early-phase response to P. acnes is not significantly mediated by IFNs. These results 298 
suggested that P. acnes-induced immune responses are mediated not only by IFNs but 299 
also by other mechanism(s) in which IFNs play a smaller role, and that Tyk2 might 300 
contribute to both types of mediation.  301 

 302 
3.3 Increased IL-10 is responsible for the inflammation-suppressive phenotype in 303 
heat-killed P. acnes-treated Tyk2 KO mice.  304 

To delineate the character of the attenuated inflammation caused by Tyk2-deficiency, 305 
the production of pro- and anti-inflammatory cytokines induced by heat-killed P. acnes 306 
injection was investigated. The P. acnes-induced productions of IL-6 and TNF-α were 307 
significantly lower in Tyk2 KO mice than in WT mice (Fig. 3A), whereas the 308 
production of anti-inflammatory cytokine IL-10 in peritoneal lavage was enhanced in P. 309 
acnes-injected Tyk2 KO mice compared to WT mice (Fig. 3B). On the other hand, 310 
pre-treatment of WT mice with either anti-IFNAR1 or anti-IFN-γ mAb did not 311 
potentiate P. acnes-induced IL-10 production (Fig. 3B). These results suggested that P. 312 
acnes-induced IL-10 production is negatively regulated by Tyk2 but not by IFNs.  313 

In our attempt to obtain information about the difference(s) in P. acnes-induced 314 
responses between WT and Tyk2 KO mice, we conducted an antibody array experiment 315 
to evaluate the levels of 111 soluble factors/cytokines simultaneously. Intraperitoneal 316 
injection of heat-killed P. acnes into WT mice increased the amounts of more than forty 317 
soluble factors (Supplementary Figure S2A, B). The amounts of several of these 318 
factors—namely, neutrophil function-related factors such as myeloperoxidase, CXCL1 319 
and matrix metalloproteinase 9—were partly decreased in the peritoneal lavage of Tyk2 320 
KO mice compared to that of WT mice (Supplementary Figure S2). These findings were 321 
in accordance with the aforementioned attenuated neutrophil infiltration in Tyk2 KO 322 
mice. Tyk2 KO mice showed a higher expression of Serpin F1 (also known as pigment 323 
epithelium-derived factor: PEDF) and a lower expression of FGF-acidic compared to 324 
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WT mice, both in the presence and absence of P. acnes-stimulation (Supplementary 325 
Figure S2C). As for cytokines, although the spot intensities of almost all interleukin 326 
cytokines were faint or undetectable, a slight increase of IL-10 and a decrease of 327 
CXCL10, which is an IFN-inducible protein, were detected in Tyk2 KO compared to 328 
WT mice (Fig. 3C and Supplementary Figure S2B, D). These results support the notion 329 
that P. acnes-induced IL-10 production in the peritoneal cavity was enhanced more in 330 
Tyk2 KO mice than WT mice.  331 

The increased level of peritoneal IL-10 in Tyk2 KO mice compared with that in WT 332 
mice might account for the reduction in the early-phase response to P. acnes seen in 333 
Tyk2 KO mice. To directly test this, we injected anti-IL-10 receptor neutralizing 334 
antibody into Tyk2 KO mice and monitored its effect on P. acnes-induced neutrophil 335 
infiltration. The treatment of Tyk2 KO mice with anti-IL-10R antibody significantly 336 
restored the neutrophil infiltration to a level comparable to that in WT mice in the 337 
peritoneal cavity of Tyk2 KO mice (Fig. 3D). These results suggested that the increased 338 
IL-10 in heat-killed P. acnes-treated Tyk2 KO mice may be responsible for the 339 
inflammation-suppressive phenotype of Tyk2 KO mice.  340 

An intracellular IL-10 staining analysis of the peritoneal cells collected from P. 341 
acnes-treated Tyk2 KO mice was performed to identify specific cell populations 342 
showing differential IL-10 production between WT and Tyk2 KO cells (Fig. 3E). The 343 
percentage and absolute number of IL-10-positive cells among the peritoneal 344 
F4/80-positive cell population was significantly increased in Tyk2 KO compared with 345 
WT mice. IL-10-positive cells among the F4/80-negative population or B220-positive 346 
population were not significantly increased in the Tyk2 KO peritoneum. These results 347 
suggested that at least macrophages were a cell population exhibiting enhanced IL-10 348 
production in Tyk2 KO mice. 349 

 350 
3.4 Enhanced IL-10 production in Tyk2 KO peritoneal resident cells was 351 
significantly suppressed by cyclooxygenase inhibition or PKA inhibition.  352 

An ELISA experiment of in vitro P. acnes stimulation of resident peritoneal cells 353 
showed an enhanced IL-10 production in Tyk2 KO compared to WT peritoneal cells 354 
(Fig. 4A). IL-10 production by macrophages has been reported to be enhanced by 355 
prostaglandin E2 (PGE2) signaling through protein kinase A (PKA) activity [35]. In 356 
agreement with this previous report, we found that the IL-10 productions in both WT 357 
and Tyk2 KO peritoneal cells were significantly suppressed by the addition of 358 
diclofenac, an inhibitor of cyclooxygenases, which are required for prostaglandin 359 
production. In addition, H-89, a specific PKA inhibitor [36], abrogated P. acnes-induced 360 
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IL-10 production in both WT and Tyk2 KO peritoneal cells. These results suggested that 361 
PGE2/PKA signaling is the endogenous key mediator of P. acnes-induced IL-10 362 
production in both WT and Tyk2 KO peritoneal cells and that Tyk2 KO cells might 363 
utilize an enhanced PKA activity to potentiate IL-10 secretion. 364 

PGE2 is an endogenous immunosuppressant that reprograms macrophages to 365 
increase their IL-10 production [37]. Interestingly, we observed that the peritoneal 366 
lavage from steady state Tyk2 KO mice contained an approximately four-fold greater 367 
amount of PGE2 compared to that in WT mice (Fig. 4B), although peritoneal PGE2 368 
levels in both WT and Tyk2 KO mice were elevated after heat-killed P. acnes injection 369 
and became indistinguishable (Fig. 4B). These results suggested that the enhanced 370 
IL-10 production seen in Tyk2 KO mice might have been attributable to the 371 
immunosuppressive microenvironment created by the spontaneously high level of PGE2 372 
production in the peritoneal cavity of Tyk2 KO mice. This seemed to be in accordance 373 
with a previous report showing that the anti-inflammatory effect of PGE2 on 374 
mononuclear phagocytes was mediated by an autocrine feedback mechanism involving 375 
IL-10 [38]. 376 

 377 
3.5 Tyk2 KO macrophages exhibited enhanced PKA activation in response to 378 
combined stimulation with P. acnes and PGE2.  379 

We further investigated how Tyk2 deficiency affects P. acnes-induced cellular 380 
responses using bone marrow-derived macrophages (BMDMs). We observed that 381 
CREB phosphorylation, which is a hallmark of PKA activation, was induced by P. acnes 382 
alone and further enhanced in the presence of exogenously added PGE2 in WT BMDMs 383 
(Fig. 4C). Treatment with the PKA inhibitor H-89 abrogated the CREB phosphorylation 384 
induced by P. acnes plus PGE2, confirming that this CREB phosphorylation is mediated 385 
by PKA. Interestingly, Tyk2 KO BMDMs showed an enhancement of CREB 386 
phosphorylation in response to P. acnes alone, PGE2 alone, or combined stimulation 387 
with P. acnes plus PGE2 (Fig. 4C). These results suggested that PKA activity is more 388 
greatly enhanced in Tyk2 KO BMDMs than in WT.   389 

390 
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4. Discussion 391 
The observation that Tyk2 KO mice exhibited reduced inflammatory responses 392 

against intraperitoneally injected heat-killed P. acnes compared with WT mice indicates 393 
that Tyk2 has a role in acute inflammation. This phenomenon might be attributed to the 394 
enhanced production of IL-10 in the peritoneal cells of Tyk2 KO mice. We found that 395 
enhancements of PGE2-signaling and PKA activity might be important for IL-10 396 
enhancement in Tyk2 KO macrophages.  397 

In the heat-killed P. acnes challenges, while the impairment of IFN signaling by Tyk2 398 
deficiency (Fig. 1) was observed as expected, the enhanced IL-10 production in the 399 
peritoneal cavity of Tyk2 KO mice (Fig. 3B) was unexpected, since IL-10 production 400 
from macrophages has been reported to require autocrine type I IFN signaling [7], and 401 
such autocrine IFN signaling is known to be attenuated in Tyk2-deficient macrophages 402 
[28]. Also, we showed that combined pre-treatment of anti-IFNAR1 and anti-IFN-γ 403 
neutralizing antibodies did not attenuate neutrophil infiltration in the peritoneal cavity 404 
of heat-killed P. acnes-injected WT mice (Fig. 2D), suggesting that the initial phase of P. 405 
acnes-induced inflammation is not essentially mediated by type I and II IFNs. 406 
Collectively, these results implied that, although it would be true that Tyk2 plays roles 407 
in IFN production and signaling, Tyk2 may also have a role for IL-10 regulation through 408 
an IFN-independent mechanism. Thus Tyk2 might not function merely as an IFN 409 
signaling mediator. 410 

We demonstrated that the peritoneal lavage from steady-state Tyk2 KO mice 411 
contained an increased amount of PGE2 compared to that of WT mice (Fig. 4B). In 412 
addition, compared with WT BMDMs, Tyk2 KO BMDMs showed an enhanced CREB 413 
phosphorylation, which was mediated by PKA activity, in the cells stimulated with the 414 
combination of P. acnes and PGE2 (Fig. 4C). The P. acnes-induced IL-10 production in 415 
both WT and Tyk2 KO cells was significantly inhibited by either a cyclooxygenase 416 
inhibitor or a PKA inhibitor (Fig. 4A). These results indicated that Tyk2 deficiency may 417 
potentiate PGE2-induced PKA activation in macrophages, and thereby enhance IL-10 418 
production (Fig. 4D).  419 

Tyk2 KO mice are known to be resistant to LPS-induced septic shock [21,22]. This 420 
resistance was thought to be principally mediated by a suppression of IFN-β-dependent 421 
pathway [22]. However, we conducted only a neutralizing antibody experiment to 422 
evaluate the impact of IFNs on acute inflammation by P. acnes in the present study. In 423 
addition, previous studies have reported that Tyk2 is involved in the production of IL-1β 424 
and IL-27 during Listeria monocytogenes infection and LPS-induced experimental 425 
sepsis, respectively [39,40], suggesting that these cytokines might also play a role in P. 426 
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acnes-induced acute peritonitis. In our cytokine detection by a proteome profiler 427 
antibody array (supplementary Fig. S2), we observed neither clear inductions of IL-1β 428 
and IL-27 p40 proteins upon heat-killed P. acnes injection nor differences between WT 429 
and Tyk2 KO mice. Nevertheless, for a more reliable evaluation of the roles of IL-1β, 430 
IL-27, and IFNs in P. acnes-induced acute peritonitis, future studies using 431 
gene-disrupted mice for these cytokines would be useful. 432 

Based on the results of the present study, we propose an aspect of the Tyk2-mediated 433 
regulation of inflammation that is centered on IL-10 production. Our model has 434 
similarities and consistencies with the previous studies showing that a mouse model of 435 
septic shock was negatively regulated by PGE2 [37] and IL-10 [41]. Although the 436 
present study did not sufficiently elucidate the molecular mechanism linking 437 
Tyk2-deficiency with the potentiation of IL-10 production, it can be speculated that 438 
some of the soluble factors that are differentially expressed between WT and Tyk2 KO 439 
mice might play a role in the enhanced IL-10 production in Tyk2 KO mice. For example, 440 
Serpin F1 (also known as PEDF), which was increased in the Tyk2 KO peritoneal cavity 441 
(Supplementary Figure S2C), has been reported to promote IL-10 production from 442 
macrophages [42,43]. Therefore, the information obtained from the antibody array in 443 
the present study might contribute to a more detailed elucidation of the mechanism 444 
underlying the relationship between Tyk2-deficiency and immunosuppression in future 445 
studies. 446 
 447 
5. Conclusions 448 

The present study demonstrated that Tyk2-deficiency skewed macrophage potential 449 
towards an anti-inflammatory state, resulting in the potentiation of IL-10 production. 450 
Thus, Tyk2 inactivation might be regarded as an effective new approach, which has a 451 
dual immunosuppressive mechanism of suppressing the IFN pathway and enhancing 452 
IL-10, for treating a broad spectrum of inflammatory diseases. 453 
  454 
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Figure Legends 640 
Fig. 1. Inflammatory cell infiltration, splenomegaly and hepatic granuloma formation in 641 
heat-killed P. acnes-injected mice. (A) Peritoneal lavages were collected from WT and 642 
Tyk2 KO mice at 12 h after intraperitoneal injection with 500 µg of heat-killed P. acnes 643 
or PBS, and peritoneal cells were collected and counted by flow cytometry. The results 644 
for total peritoneal cells and neutrophils (CD11b+ Gr-1+) are shown (mean ± SEM, n = 9, 645 
pooled from four independent experiments). *p < 0.05.  (B) Spleens of WT and Tyk2 646 
KO mice were removed 7 days after intraperitoneal injection with 500 µg of heat-killed 647 
P. acnes or PBS. Spleen weights were measured. Data were pooled from three 648 
independent experiments and are shown as the mean values ± SEM (n = 5). **p < 0.01. 649 
(C) Representative hematoxylin and eosin-stained liver sections on day 7 after 650 
intraperitoneal injection of heat-killed P. acnes (500 µg). Arrowheads indicate 651 
granuloma formation. 200 × magnifications. Scale bars, 100 μm. Data are representative 652 
of three independent experiments. (D) Real-time RT-PCR analysis of the abundances of 653 
mRNAs of Ifng (IFN-γ) and Cxcl10 in the livers of mice that were treated with 654 
heat-killed P. acnes (500 µg) for the indicated periods. Shown are the mean values ± 655 
SEM (n = 3, pooled from two independent experiments). **p < 0.01. (E) Analysis of 656 
IFN-γ levels in the serum of mice that were treated with heat-killed P. acnes (500 µg) 657 
for the indicated periods. Shown are the mean values ± SEM (n = 3-4, pooled from two 658 
independent experiments). *p < 0.05. ND: not detected. 659 
 660 
Fig. 2.  Neutralization of type I and II IFNs did not suppress P. acnes-induced acute 661 
neutrophil infiltration in WT mice. (A and B) WT mice were intraperitoneally injected 662 
with either 200 µg of anti–IFNAR1 mAb (clone MAR1-5A3), 200 µg of anti–IFN-γ 663 
mAb (clone R4-6A2), or the respective control IgG1. Three hours later, the mice were 664 
intraperitoneally injected with 500 µg of heat-killed P. acnes. Twelve hours after the 665 
injection, peritoneal exudate cells were collected. The numbers of total peritoneal cells 666 
(A) and neutrophils (B) were counted by flow cytometry. Shown are the mean values ± 667 
SEM (n = 3, pooled from three independent experiments). NS: not significant. (C) 668 
Real-time RT-PCR analysis for the assessment of neutralizing capacity of anti-IFN 669 
mAbs treatment. The mRNA levels of a type I IFN-induced gene (Irf7) and 670 
IFN-γ-induced gene (Gbp2b) were suppressed by treatment with anti-IFNAR1 and 671 
anti-IFN-γ mAb in the spleen of WT mice that were injected with heat-killed P. acnes 672 
(500 µg) for 12 h. Data were pooled from two independent experiments and are shown 673 
as the mean values ± SEM (n = 3). **p < 0.01. (D) WT mice were intraperitoneally 674 
injected with the combination of 200 µg of anti–IFNAR1 mAb and 200 µg of 675 
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anti–IFN-γ mAb, or control IgG1. Three hours later, the mice were intraperitoneally 676 
injected with 500 µg of heat-killed P. acnes. Twelve hours after the injection, peritoneal 677 
exudate cells were collected and the numbers of neutrophils were counted by flow 678 
cytometry. Shown are the mean values ± SEM (n = 3, pooled from two independent 679 
experiments). NS: not significant.  680 
 681 
Fig. 3. Tyk2-deficiency caused an enhanced IL-10 production in peritoneal cavity. (A) 682 
ELISA analysis of IL-6 and TNF-α production in the peritoneal lavages of mice that 683 
were treated with PBS or heat-killed P. acnes (500 µg) for 12 h. Shown are the mean 684 
values ± SEM (n = 4-11). Data were pooled from four independent experiments. ***p < 685 
0.001. ND: not detected. (B) ELISA analysis of IL-10 production in the peritoneal 686 
lavages of mice that were treated with PBS or heat-killed P. acnes (500 µg) for 6 h. 687 
Anti–IFNAR1 mAb, anti–IFN-γ mAb or the respective control IgG1 was administered 3 688 
h before injection of heat-killed P. acnes. Shown are the mean values ± SEM (n = 4-7). 689 
Data were pooled from three independent experiments. NS: not significant. (C) A 690 
mouse cytokine array panel showing differences in the level of IL-10 and CXCL10 in 691 
the peritoneal lavage of WT and Tyk2 KO mice 12 h after heat-killed P. acnes injection, 692 
as determined by a Proteome profiler antibody array. Peritoneal lavage samples were 693 
collected from three mice in each group and pooled for the assay. (D) The effect of 694 
anti-IL-10R antibody on neutrophil number in P. acnes-treated Tyk2 KO mice. Tyk2 695 
KO mice were intraperitoneally injected with 300 µg of anti–IL-10R mAb (clone 696 
1B1.3A) or control IgG1. Three hours later, the mice were intraperitoneally injected 697 
with heat-killed P. acnes (500 µg). Twelve hours after the injection, peritoneal cells 698 
were collected and the numbers of neutrophils were counted by flow cytometry. As a 699 
control, the cell numbers in peritoneal lavage of WT mice given the heat-killed P. acnes 700 
injection for 12 h are shown. Shown are the mean values ± SEM (n = 3-4). Data were 701 
pooled from two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. (E) 702 
WT or Tyk2 KO mice were intraperitoneally injected with 500 µg of heat-killed P. 703 
acnes for 5 h. For fluorescence staining of intracellular IL-10 protein, 100 µg of 704 
brefeldin A was injected into the peritoneal cavity of each mouse 3 h before euthanasia. 705 
The percentages and absolute numbers of the IL-10-producing population among 706 
peritoneal F4/80+ cells, F4/80- cells and B220+ cells were determined by flow cytometry. 707 
Data were pooled from three independent experiments and are shown as the mean 708 
values ± SEM (n = 3). *p < 0.05. NS: not significant. 709 
 710 
Fig. 4.  Enhanced IL-10 production in Tyk2 KO peritoneal resident cells was 711 
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suppressed by PKA- and cyclooxygenase-inhibitors. (A) ELISA analysis of IL-10 712 
production in the culture supernatant of in vitro cultured peritoneal resident cells (3.0 × 713 
105 cells) from WT or Tyk2 KO mice that were not treated or treated with heat-killed P. 714 
acnes (20 µg/mL) for 6 h. The treatments with diclofenac (DF; 10 µM) or H-89 (10 715 
µM) were applied 1 h before the addition of heat-killed P. acnes into the culture. Data 716 
were pooled from three independent experiments and are shown as the mean values ± 717 
SEM (n = 3-6). *p < 0.05. ND: not detected. (B) ELISA analysis of the PGE2 level in 718 
steady-state and in P. acnes-stimulated peritoneal lavages from WT and Tyk2 KO mice. 719 
Data were pooled from two independent experiments and are shown as the mean values 720 
± SEM (n = 3). *** p < 0.001. (C) Western blot detection of phosphorylated and total 721 
CREB protein amounts in WT and Tyk2 KO BMDMs pretreated without or with H-89 722 
(10 µM) for 1 h and stimulated with either P. acnes (20 µg/mL) or PGE2 (10 µM) alone, 723 
or the combination of P. acnes and PGE2 for 0.5 h. Relative intensity values were 724 
calculated from densitometry values of phosphorylated CREB and total CREB. Data are 725 
representative of three independent experiments. (D) Schematic mechanism of the 726 
involvement of Tyk2 in IL-10 regulation in macrophages. The Tyk2 KO peritoneal 727 
cavity exhibited a spontaneously high level of PGE2, resulting in an immunosuppressive 728 
microenvironment. PGE2-induced activation of the PKA pathway in macrophages was 729 
also enhanced by Tyk2 deficiency. 730 
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Figure S1 

P. acnes PBS P. acnes + mouse IgG1 P. acnes + anti-IFNAR1 

P. acnes + rat IgG1 P. acnes + anti-IFN-γ P. acnes + mouse/rat IgG1 P. acnes + anti-IFNAR1/anti-IFN-γ 

Figure S1: The effect of anti-IFNAR1 or anti-IFN-γ mAb on P. acnes-induced 
formation of hepatic granulomas. Representative hematoxylin and eosin-
stained liver sections on day 7 after intraperitoneal injection of heat-killed P. 
acnes (500 μg) are shown. Arrowheads indicate granuloma formation. Scale 
bars, 100 μm. 
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Figure S2: Mouse cytokine array panel showing differences in the level of 
soluble factors in peritoneal lavage of WT and Tyk2 KO mice 12 h after heat-
killed P. acnes injection, determined by Proteome profiler antibody array. 
Peritoneal lavage sample of each group was collected from three mice and 
pooled for the assay. (A) The uncropped blot image for whole membranes. (B) 
P. acnes-induced soluble proteins. (C) Constitutively expressed proteins that 
were not upregulated by P. acnes injection. (D) Major Cytokines.  
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