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17 Abstract

18 Infection at peripheral sites, such as the skin, activates local innate immune defenses 

19 tasked with limiting spread of the pathogen while preserving tissue integrity. T cells bearing  T 

20 Cell Receptors (TCR), which comprise multiple phenotypically distinct subtypes of cells, reside in 

21 normal skin, where they shape immunity to cutaneous infection, prior to onset of an adaptive 

22 immune response by conventional β CD4+ (TCD4+) and CD8+ (TCD8+) T cells. The mechanisms 

23 used by  T cells to control virus replication and tissue pathology following cutaneous infection 

24 are unknown, so we examined the role of  T cells in the response to cutaneous infection with 

25 vaccinia virus (VACV). Resident  T cells in the skin expanded and combined with recruited  T 

26 cells to control the pathology observed after cutaneous VACV infection. However, we observed 

27 no defect in control of local virus replication or increased systemic spread in mice lacking  T 

28 cells, despite induction of a cytolytic response in a specialized subset of resident  T cells. While 

29 examining  T cell-mediated control of tissue pathology following cutaneous VACV infection, we 

30 identified a unique wound healing signature associated with cutaneous virus infection that has 

31 features that are common to, but also features that antagonize, the sterile cutaneous wound 

32 healing response. Typically, tissue repair is thought to occur only after clearance of a pathogen, 

33 but the viral wound healing signature was evident prior to the peak of virus replication in the skin. 

34 Resident and recruited  T cells contributed to this wound healing signature through induction of 

35 multiple cytokines and growth factors required for efficient wound closure. Therefore,  T cells 

36 are early mediators of the wound healing response following cutaneous virus infection and are 

37 likely important in maintenance of skin barrier function and prevention of secondary bacterial 

38 infection.

39
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40 Author Summary

41  T cells resident in the skin are among the first immune cell types positioned to be able 

42 to respond to a virus infection of the skin.  Therefore, it was assumed that these cells in the skin 

43 play a role similar to their role after widespread infection throughout the body, namely to kill virus 

44 infected cells and slow virus replication and spread. However, we found no role for  T cells in 

45 control of virus replication after infection of the skin.  Rather, the  T cells functioned as a critical 

46 component of a previously unrecognized wound healing response that is started early after virus 

47 infection of the skin, and occurs at the same time as the immune response that aims to clear the 

48 virus. This study is the first to describe both the early wound healing response after virus infection, 

49 and the role of  T cells in that response, and this information could allow manipulation of this 

50 response to decrease secondary bacterial infection and change scarring after virus skin 

51 infections.
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52 Introduction

53 Skin resident  T cells are among the first dedicated effector immune cells to encounter 

54 a cutaneous virus infection, and have the potential to alter the course of the infection prior to the 

55 expansion and infiltration of conventional αβ T cells (both TCD4+ and TCD8+). Therefore, we sought 

56 to establish the role of skin resident and skin recruited  T cells upon control of a local cutaneous 

57 virus infection, along with their impact on systemic spread of the virus and the local pathology 

58 caused by the infection. Vaccinia virus (VACV) is an orthopoxvirus that was the most successful 

59 vaccine ever used (protecting against smallpox caused by variola virus) and now forms the basis 

60 for numerous clinical vaccine vectors. The efficacy of vaccination with VACV depends on 

61 cutaneous infection and damage [1]. There are numerous experimental and clinical indications 

62 that a cutaneous infection is the natural route of infection with VACV [2-4]. VACV is also related 

63 to both the skin-tropic orf virus, a prominent poxviral veterinary pathogen, and molluscum 

64 contagiosum, a poxvirus which infects tens of millions around the world and which can cause 

65 severe infections in immunocompromised patients [5, 6]. Thus, understanding the mechanisms 

66 and interactions between VACV and the host will provide insights about similar interactions 

67 between human and veterinary pathogens, and may identify therapeutic targets that allow 

68 manipulation of the host response, or which ameliorate pathology following infection. After 

69 systemic infection,  T cells exhibit cytolytic control over the replication and spread of VACV 

70 infection [7-10], but our previous work has identified key differences in how the immune system 

71 responds to control viruses after systemic infection versus the more relevant peripheral cutaneous 

72 infection. In particular, we have identified both cellular and molecular mechanisms that are 

73 induced following cutaneous VACV infection which act to control the extent of local pathology 

74 measured by lesion size and tissue loss, but which do not have large effects upon local VACV 

75 replication [11-13]. Therefore, we sought to examine the role of skin resident and skin recruited 

76  T cells after cutaneous VACV infection.
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77 Adult murine skin contains  T cell subsets that reside in both the epidermis and dermis 

78 and are distinguished by the V TCR chain expression. Dendritic epidermal T cells (DETC) 

79 express the V3 TCR chain (Garman and Raulet nomenclature [14]), whereas dermal  T cells 

80 express either V2 or V4 [15, 16]. Tissue resident cells in the skin reside among epithelial cells 

81 and are distinguished by expression of the epithelial cell adhesion molecule (Ep-CAM, CD326). 

82 In various skin pathologies  T cell subsets each have distinct functions, including production of 

83 IFN- [17-21] or IL-17A [22-25], recruitment of myeloid cells [26, 27], lysis of virus infected cells 

84 [18, 28, 29] and pro-wound healing functions [26, 30-44]. Therefore, it is likely that each resident 

85  T cell type, along with recruited  T cells, has a differential ability to be activated, and 

86 correspondingly, a different function, following cutaneous VACV infection. In addition,  T cell 

87 phenotype and function are also influenced by the local microbiome [45], adding an additional 

88 wrinkle to any phenotype or function observed in uninfected or virus-infected skin.

89 In this study, we found that neither resident nor recruited  T cells are involved in the local 

90 control of VACV replication, or in the control of spread of VACV systemically, despite V3 DETC 

91 displaying a cytolytic phenotype in response to cutaneous VACV infection. However, in the 

92 absence of  T cells, VACV infection induced a marked increase in tissue pathology over that 

93 observed in a WT situation. Neither tissue resident nor recruited  T cells appear to modulate 

94 any of the tissue protective functions (e.g., recruitment of myeloid cell populations, production of 

95 reactive oxygen species or Type I interferon) we have previously described as important during 

96 cutaneous VACV infection [11-13]. However, while investigating the mechanisms by which  T 

97 cells impact local tissue pathology we discovered induction of a unique wound healing signature 

98 induced early after VACV infection. This signature bears hallmarks of the classical wound healing 

99 response described after sterile wounding, but the viral wound healing response also displays 

100 some marked differences from the sterile response. Notably, this wound healing signature is 

101 induced early after virus infection, prior to the peak of virus replication in the skin, in contrast to 
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102 the accepted paradigm, in which wound healing begins only after virus clearance [46, 47]. Our 

103 data indicate that  T cells mediate a requisite component of this local viral wound healing 

104 response by producing, or inducing the production of, IL-17A, IL-22, IL-10, keratinocyte growth 

105 factor (KGF) and fibroblast growth factor 9 (FGF9). Therefore, the actions of  T cells are likely 

106 crucial in the closure of wounded skin following cutaneous virus infection, the prevention of 

107 secondary bacterial infections within the virus induced lesions, and the maintenance of the crucial 

108 barrier function of the skin.

109

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 1, 2020. ; https://doi.org/10.1101/2020.09.01.277392doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.01.277392
http://creativecommons.org/licenses/by/4.0/


7

110 Results
111

112 Infected and uninfected  T cells in the skin are present in the foci of VACV infection and 

113 expand early after infection.

114 VACV is a widely-used vaccine vector, and dermal administration of the vaccine most 

115 effectively induces a protective adaptive immune response [1]. However, the major complications 

116 of immunization with VACV arise either from uncontrolled virus replication, or from uncontrolled 

117 inflammation at the site of infection. The immune cells that are present in the skin at the site of 

118 infection likely play a vital role in local control of virus replication or inflammation, or both, prior to 

119 the recruitment of innate and adaptive effector cells.  T cells reside in the dermis and epidermis 

120 of the skin [48], and mice lacking  T cells are deficient in control of systemic VACV infection [7-

121 10] and other poxviruses [49-53]. To visualize the interaction of  T cells and VACV within the 

122 skin, we inoculated WT mice with VACV-GFP using a bifurcated needle, a method that both 

123 generates easily identifiable foci of infection, and mimics the route of human immunization with 

124 VACV. We harvested ear tissue 4d after infection and stained tissue sections for the presence of 

125 TCR using antibodies. By immunofluorescence microscopy, we observed significant numbers of 

126 TCR+  T cells that display typical dendritic morphology within the GFP+ VACV lesion, as well 

127 as some cells localized along the boundaries of the lesions (Fig. 1A). No staining for TCR was 

128 seen in control TCR-/- mice (Fig. 1B). Thus,  T cells are in a position to sense VACV infection, 

129 potentially lyse VACV-infected cells, and orchestrate the subsequent innate and adaptive immune 

130 response. VACV appeared to infect some  T cells within the infected foci. To confirm that VACV 

131 did infect  T cells in the skin, we infected mice intradermally with VACV, harvested ears on d4 

132 post-infection and analyzed  T cells by flow cytometry. This route of infection results in a 

133 localized infection in immunocompetent mice [3, 4]. We observed that a proportion (~11-15%) of 
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134  T cells in the ear expressed GFP after infection with VACV-GFP, indicating that these cells 

135 become infected with VACV (Fig. 1C).

136 To dissect  T cell responses in the skin following VACV infection, we stained single cell 

137 suspensions harvested from infected ears with antibodies to TCR, as well as with antibodies to 

138 conventional  T cells, and performed flow cytometry analysis using the gating strategy outlined 

139 in Figure 1D. As observed in a previous study [54], the numbers of  T cells increased early 

140 following infection (> 2-fold) and peaked at d2 post-infection (p.i.) (Fig. 1E). The expansion in 

141 number of  T cells appeared to represent an expansion or recruitment of all of the subsets of 

142 these cells. Notably,  T cells were the major lymphoid population in the VACV-infected ear until 

143 d4-5 p.i. (Fig. 1E), as NK cells are not recruited to the site of infection [11]. In addition, 

144 conventional TCD4+ and TCD8+ were recruited to the ear from the naïve precursor pool but did not 

145 surpass numbers of  T cells until at least d5 post-infection (Fig. 1E). Indeed, although numerous 

146 studies have examined the TCD8+ response to VACV following infection of the skin [55, 56], these 

147 cells were in the minority compared to TCD4+ cells, which accumulate with similar kinetics and 

148 persist for much longer following infection (Fig. 1E).

149 To further define the  T cell populations in infected and uninfected skin, we quantified  

150 the numbers of V3+ DETCs [14] and V2+ dermal  T cells [15, 16] or V3-V2-  T cells. After 

151 VACV infection, staining with antibodies to V3 and V2 TCR chains revealed that DETC, which 

152 were consistently more abundant than other  T cell subsets, nearly doubled in number by d2 

153 p.i., and then underwent a drastic contraction before recovering following resolution of infection 

154 (Fig. 1F). In contrast, V2+ dermal  T cell numbers peaked somewhat later around d4 p.i., but 

155 underwent a slow, gradual contraction (Fig. 1F). On the other hand, the more abundant V2-V3- 

156 dermal  T cell population, which likely expresses the V4 chain [16], displayed similar patterns 

157 of expansion, contraction, and recovery as DETCs (Fig. 1F). The distinct expansion and 
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158 recruitment kinetics of  T cell populations suggests that each population may have a distinct 

159 function and role that contributes to the overall successful host response to viral infection.

160

161 A distinct  T cell subset displays cytolytic function after VACV infection, but does not 

162 control local virus replication or systemic spread.

163  T cells exhibit a variety of functions depending on the subtype, the stage of life at which 

164 they develop, and sub-anatomical location [57]. As  T cells have previously been proposed to 

165 mediate antiviral immunity via cytolytic activity [18, 28, 29], we initially examined the ability of  

166 T cell subsets (V3+ DETC, V2+ dermal  T cells or V3-V2-  T cells), conventional TCD8+ or 

167 TCD4+ to degranulate in response to a broad activation signal, PMA/ionomycin treatment (Fig. 2A). 

168 Degranulation, measured via cell-surface expression of the endosomal marker CD107a in 

169 response to PMA/ionomycin, was measured on d4 and d8 post-infection, except in TCD8+, which 

170 were only present in the VACV-infected ear at d8 post-infection. We found minor cell surface 

171 staining with an anti-CD107a antibody after PMA/ionomycin treatment in TCD4+ and V3+ DETC 

172 on d8 post-infection, but a marked activation-induced degranulation by the majority of V3+ DETC 

173 4 days after VACV infection (Fig. 2A). We saw only background levels of CD107a staining in the 

174 other cell types examined, either with or without of PMA/ionomycin activation. Effective cytolysis 

175 of virus-infected cells often requires the secretion of serine proteases, such as granzyme B (GzB), 

176 during degranulation [58]. Therefore, we also examined intracellular expression of GzB by V3+ 

177 DETC, V2+ dermal  T cells or V3-V2-  T cells, as well as by conventional TCD8+ or TCD4+, as 

178 above (Fig. 2B). On d8 post-infection, approximately one-third of V3+ DETC, about one-half of 

179 TCD4+ and almost all of the TCD8+ expressed GzB, indicating they likely display cytolytic activity 

180 against VACV-infected cells (Fig. 2B). Earlier after infection, at d4, a similar proportion of about 

181 one-third of V3+ DETC expressed GzB, and a small number of TCD4+ also had cytolytic capability 

182 (Fig. 2B). However, the majority of  T cells did not express GzB (Fig. 2B). Taken together, 
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183 these data indicate that, of the  T cells present, only V3+ DETC likely have the capability to 

184 directly kill VACV-infected cells in the ear. 

185 The observation that DETC possess cytolytic activity after VACV infection drove us to 

186 examine whether  T cells play a direct antiviral role following cutaneous infection, as proposed 

187 previously following systemic infection [7-10]. We examined VACV titers in the ear of WT and 

188 TCR-/- mice, which lack  T cells, at d5 post-infection (Fig. 2C), a time point corresponding to 

189 the peak of virus replication [11] and at d8 post-infection (Fig. 2D), a time point before tissue loss 

190 occurs. VACV titers in the ear in TCR-/- versus WT mice displayed only small (~1.5 fold) 

191 differences (Fig. 2C, D), indicating that  T cells do not directly or indirectly contribute significantly 

192 to the control of local cutaneous VACV replication.

193 A major function of the initial immune response to a peripheral virus infection is to contain 

194 the infection at the initial site, prior to recruitment of innate and adaptive effector cells which then 

195 mediate clearance of the infection. Dermal VACV infection remains primarily localized to the ear 

196 following infection [3], but removal of various immune components can allow systemic spread to 

197 the primary site of VACV replication, the ovaries [12].  However, we found no significant spread 

198 of VACV to the ovaries of TCR-/- mice, indicating that  T cells are not likely to play a critical role 

199 in restricting systemic spread of VACV (Fig. 2C, D). Therefore,  T cells are not required to 

200 control local VACV replication, or systemic spread of VACV.

201 Mice infected in the ears with VACV develop visible lesions that undergo necrosis and the 

202 necrotic tissue is then lost [3, 4]. We have previously described a role for two recruited populations 

203 of monocytes, production of reactive oxygen species and local Type I IFN production in control of 

204 the severity of pathology observed following dermal VACV infection [11-13]. However, none of 

205 the factors mentioned above are involved in control of local VACV replication or spread from the 

206 original site of infection. Therefore, we sought to examine whether  T cells in the skin may play 

207 a similar role in controlling the severity of pathology following VACV infection, without displaying 
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208 a role in control over local VACV replication. By measuring tissue swelling, the dimensions of the 

209 lesions and ensuing tissue loss in WT and TCR-/- mice, we assessed the extent of tissue damage 

210 following VACV infection. TCR-/- mice exhibited no change in swelling of VACV-infected ear 

211 tissue in the 6 days following the initial infection when compared to that observed in WT mice 

212 (Fig. 2E). However, TCR-/- mice subsequently displayed visibly larger skin lesions than their 

213 VACV-infected WT counterparts on d8 post-infection (Fig. 2 F, G) and this was quantified to 

214 indicate a statistically significant change in lesion size from d6-14 post-infection (Fig. 2H).  

215 Correspondingly, there was also a visible and quantifiable acceleration and increase in severity 

216 of tissue loss in TCR-/- mice compared to their WT counterparts (Fig. 2 I-K).  Taken together, 

217 these data indicate that  T cells control the severity and progression of tissue pathology at the 

218 cutaneous site of VACV infection without playing a role in the control of local VACV replication.

219

220  T cell responses to VACV do not influence the local or systemic TCD8+ response to VACV.

221 The observation that  T cells do not control VACV replication or spread, but do 

222 ameliorate exacerbated tissue loss following VACV infection, suggested that an overly zealous 

223 local immune host response in the absence of  T cells could cause an increase in local necrosis 

224 in the absence of an increase in VACV replication. Such an observation would indicate an 

225 immunoregulatory or immunosupressive role for  T cells. To test this we examined the effect of 

226  T cells upon multiple components of the cutaneous immune response following VACV infection. 

227 TCD8+ are a vital component of antiviral immunity that are recruited to the VACV-infected ear (Fig. 

228 1E) and localize around the periphery of the VACV lesion, thus preventing spread of the virus 4d 

229 after infection [12, 55, 59]. Therefore, we sought to examine a potential role for  T cells in the 

230 priming, recruitment, localization or subsequent function of TCD8+ in the anti-VACV response. We 

231 found no differences in the numbers of TCD8+ recruited to the ear either 5d (Fig. 3A) or 8d (Fig. 

232 3B) after cutaneous VACV infection of WT or TCR-/- mice. We then examined the localization of 
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233 TCD8+ relative to VACV-infected cells after VACV-GFP infection of WT or TCR-/- mice (Fig. 3C, 

234 D). In both sets of mice we observed TCD8+ around the periphery of the VACV lesion (Fig. 3C, D), 

235 indicating that there was no defect in TCD8+ localization in the absence of  T cells. Next, we 

236 examined the production of IFN- and TNF by TCD8+ in the VACV-infected ears of both mouse 

237 strains on d5 (Fig. 3E) or d8 (Fig. 3F) post-infection. We found, on both d5 and d8 post-infection, 

238 that cytokine production by TCD8+ directly ex vivo was indistinguishable in WT vs. TCR-/- mice 

239 (Fig. 3E, F). These data suggest there is no overarching defect in the function of TCD8+ in the 

240 absence of  T cells.

241 To this point we have examined the recruitment, localization and function of bulk TCD8+. It 

242 was possible that the study of bulk TCD8+ of many specificities obscured subtle changes in some 

243 antigen-specific TCD8+ populations. However, it was not possible to examine the function of 

244 antigen-specific TCD8+ at the site of infection, as many cells had already been activated in the 

245 presence of VACV-infected cells (Fig.3E, F). Therefore, we examined the antigen-specific 

246 systemic TCD8+ response in the spleen 8d after dermal VACV infection of WT or TCR-/- mice by 

247 incubating splenocytes in the presence of 9 individual MHC Class I-binding peptides derived from 

248 VACV. We measured production of IFN- and TNF, each of which can exert antiviral effects and  

249 which, when both produced by the same cells, indicate polyfunctionality that correlates with 

250 protective capacity against virus infection [60]. The proportion of TCD8+ producing IFN- in 

251 response to each epitope was greater than the proportion producing TNF, but, across three 

252 replicate experiments, there were no statistically significant differences in the responses observed 

253 in WT and TCR-/- mice. Taken together, these results indicate that  T cells are unlikely to play 

254 a significant role in the priming, recruitment, localization or subsequent function of TCD8+ in the 

255 anti-VACV response. Therefore, TCD8+-mediated immunopathology is unlikely to contribute to the 

256 increased pathology we observe in VACV-infected TCR-/- mice.

257
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258  T cells do not influence the local monocyte response to VACV.

259 It is possible that, rather than controlling immunopathology,  T cells coordinate the 

260 changes in the immune response that lead to resolution of inflammation and subsequent reduction 

261 of local tissue pathology. We have previously described a role for two recruited populations of 

262 monocytes in control of the severity of pathology observed following dermal VACV infection but 

263 these populations of monocytes do not have a large effect upon local VACV replication [11-13]. 

264 Both classical CD11b+Ly6C+Ly6G- monocytes and a population of CD11b+Ly6C+Ly6G+ myeloid 

265 cells are recruited to the VACV lesion following i.d. infection [11, 12, 61]. The CD11b+Ly6C+Ly6G+ 

266 myeloid cells are monocytic in nature and limit local tissue damage via production of reactive 

267 oxygen species [11]. In contrast, the classical CD11b+Ly6C+Ly6G- monocytes are attracted to the 

268 site of infection by Type I IFN-stimulated production of CCL4, and also moderate tissue damage, 

269 possibly by becoming infected and soaking up excess virions [13]. Since  T cells are found in 

270 the VACV lesion (Fig. 1), and are known to regulate myeloid cell activity after some insults [26, 

271 27], we examined whether sensing of VACV by  T cells is required to moderate recruitment of 

272 either monocyte population. We harvested ears from infected WT or TCR-/- mice, and carefully 

273 gated monocyte populations to exclude innate lymphoid cells (ILCs), lymphocytes or resident or 

274 recruited dendritic cells (DC) (Fig. 4A). Five days after infection, a time point at which both virus 

275 replication and CD11b+Ly6C+Ly6G- classical monocyte infiltration peak, there was no difference 

276 in recruitment of either classical monocytes (Fig. 4B, C) or CD11b+Ly6C+Ly6G+ myeloid cells 

277 (Fig. 4B, E) in VACV-infected WT compared to infected TCR-/- mice. Eight days after infection, 

278 when numbers of CD11b+Ly6C+Ly6G+ myeloid cells peak, we also observed no difference in 

279 recruitment of either classical monocytes (Fig. 4D) or CD11b+Ly6C+Ly6G+ myeloid cells (Fig. 4F) 

280 in VACV-infected WT compared to infected TCR-/- mice. In contrast to TCD8+, both 

281 CD11b+Ly6C+Ly6G- monocytes and CD11b+Ly6C+Ly6G+ myeloid cells enter the VACV lesion, 

282 where the CD11b+Ly6C+Ly6G- monocytes become infected, and CD11b+Ly6C+Ly6G+ myeloid 
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283 cells produce ROS to moderate tissue damage [11, 59]. To examine whether  T cells control 

284 the localization of each myeloid cell population, we infected WT or TCR-/- mice with VACV-GFP 

285 and harvested on d7 post-infection, and then stained for either Ly6C or Ly6G. We observed similar 

286 staining with Ly6C and Ly6G, both inside and outside of the GFP+ VACV lesion, in both WT or 

287 TCR-/- mice. Therefore, our data indicate that  T cells do not play a requisite role in recruitment 

288 or localization of three crucial components of local cellular antiviral immunity. 

289

290 IFN- mediates pathology in VACV-infected skin

291 Interferons are potent antiviral cytokines that are widely produced upon virus infection, but 

292 which are also strongly linked to the pathology of many skin conditions, including psoriasis [62] 

293 and alopecia areata [63]. We have demonstrated above that IFN- is produced by TCD8+ in 

294 response to cutaneous VACV infection, but that this process is not affected by the absence of  

295 T cells (Fig. 3 A-H).  However, direct production of IFN- by  T cells plays a role in control of 

296 multiple viral infections [17-21], including poxviruses following systemic infection [8, 50, 51, 64]. 

297 Therefore, we examined the level of mRNA encoding IFN- in the VACV-infected ear at various 

298 times after infection. We found a robust (~40-fold) and reproducible induction of ifng transcript by 

299 3 days post-infection (Fig. 5A), a time point at which we have previously described there was little 

300 to no immune cell infiltrate present [11]. The induction of ifng transcript continued to rise to ~1-

301 2000 fold within 7 days of infection, likely as a result of infiltration of activated TCD8+ and TCD4+ 

302 (Fig. 5A).

303 To examine the functional consequence of  production of IFN- following cutaneous VACV 

304 infection, we measured the swelling of the VACV infected ear at early time points in WT vs. IFN-

305 R-/- mice. We found that, as early as d3 post-infection, VACV-infected IFN-R-/- mice displayed 

306 increased swelling compared to WT mice (Fig. 5B). This correlated with development of a VACV 

307 lesion 1d earlier in VACV-infected IFN-R-/- vs. WT mice (Fig. 5C-E) and enhanced tissue loss at 
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308 later time points (Fig. 5F-H). IFN- is a potent antiviral cytokine that drives production of many 

309 interferon stimulated genes that act to control virus replication using a large variety of 

310 mechanisms. However, the increased local tissue pathology we observed was not a result of 

311 enhanced VACV replication in the absence of the antiviral action of IFN-, as WT and IFN-R-/- 

312 mice displayed similar levels of replicating VACV in the ear at d5 post-infection (Fig. 5I). In 

313 addition, the absence of IFN- signaling did not alter spread of VACV from the ear, with similar 

314 low levels disseminating to spleen and ovaries by d5 post-infection (Fig. 5 J,K). Therefore, the 

315 phenotype we observe following VACV infection of IFN-R-/- mice, namely a marked increase in 

316 tissue pathology compared to VACV-infected WT mice, without a corresponding increase in 

317 VACV replication of spread, closely mimics the phenotype we observed following VACV infection 

318 of TCR-/- mice.

319 To tease out the role of  T cell-mediated production of IFN- we examined the production 

320 of IFN- on d4 post-infection by staining for the intracellular cytokine, with or without activation of 

321 ex vivo isolated  T cell subsets by PMA/ionomycin. Somewhat surprisingly, ex vivo isolated  

322 T cells of all kinds examined failed to stain for IFN-, even when activated with PMA-ionomycin 

323 for a number of hours before staining (Fig. 5L). As a control for our activation and staining, we 

324 examined IFN- production by TCD4+ and TCD8+ harvested from the lymph node of VACV infected 

325 mice on d4 post-infection, a time point prior to infiltration of these cell types to the site of infection 

326 (Fig. 5M).  Although neither TCD4+ nor TCD8+ detectably produced IFN- in the absence of external 

327 stimuli, there was substantial and reproducible upregulation upon PMA/ionomycin stimulation 

328 (Fig. 5M), indicating that our assay was working.

329 Our observation that we could detect both ifng transcript (Fig. 5A) and an increase in 

330 swelling in IFN-R-/- mice (Fig. 5B), but no detectable production of IFN- protein by cutaneous  

331 T cells (Fig. 5J) at similar time points could potentially be explained by the relative insensitivity of 

332 the flow cytometry staining for IFN- protein. Therefore, we examined the levels of ifng transcript 
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333 in the ears of WT vs. TCR-/- mice on d4 post-infection, the day on which we had previously 

334 conducted the flow cytometry analysis. As above, we found a marked induction of ifng transcript 

335 upon VACV infection of WT mice and this was enhanced slightly (~2-fold) in the absence of  T 

336 cells (Fig. 5N). Therefore,  T cells do not contribute to IFN- production upon cutaneous VACV 

337 infection, a marked departure from their role following systemic infection [8, 50, 51, 64].

338 Because  T cells are not required for IFN- production, and leukocytes are not recruited 

339 to the infected ear until after we began to observe induction of ifng transcript, we sought to identify 

340 the cell type producing IFN- early after dermal VACV infection. We infected mice, harvested cells 

341 from the ear on d4 post-infection and incubated them in the presence of Brefeldin A for 6h to 

342 prevent protein secretion, stained cells with cell-surface markers to identify cell types, and then 

343 intracellularly for IFN-. We divided cells in the ear into EpCAM- CD45+ infiltrating immune cells, 

344 EpCAM+ CD45+ resident immune cell populations (which include resident  T cells) and EpCAM+ 

345 CD45- keratinocytes (KC). As in all of our flow cytometry experiments, we used fluorescence 

346 minus one (FMO) controls, in which cells were stained with all antibodies except to IFN-, in order 

347 to distinguish our IFN- signal. We found that neither EpCAM- CD45+ nor EpCAM+ CD45+ 

348 (including resident  T) cells stained for the presence of IFN- on d4 post-infection (Fig. 5O, P). 

349 However, somewhat surprisingly, a small proportion of EpCAM+ CD45- KC, which comprise the 

350 majority of cells in the ear, did produce IFN- (Fig. 5O, P). Although the proportion of KC producing 

351 IFN- only increased from <0.1% of cells to ~0.54+/- 0.07 of cells, KC outnumber all resident and 

352 recruited cells in the skin >100:1, so this increase in the number of cells is very biologically 

353 significant.

354

355  T cell subsets are responsible for IL-17 production in VACV-infected skin

356 After we had shown that  T cells did not produce IFN- after cutaneous VACV infection 

357 our attention turned to examine the production of other cytokines that have been implicated in 
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358 skin pathology.  In particular, our attention turned to the  T cell-mediated production of IL-17A 

359 for a number of reasons.  First, there is a strict division between the production of IL-17A and 

360 IFN- by  T cells [65], that may be controlled by the initiation of innate vs. adaptive signaling 

361 within these cells [21]. Second,  T cells are the primary producers of IL-17 outside of gut tissue 

362 [22, 23], including in cutaneous infection models. V2+ dermal  T cells are strong producers of 

363 IL-17A following BCG infection [66] and V3+ DETCs produced IL-17A after cutaneous S. aureus 

364 infection, [24, 25]. Third,  T cell-mediated production of IL-17A can also play a role in cutaneous 

365 pathology, driving tissue damage in psoriasis [16, 67, 68] and dermatitis [69]. Fourth,  T cell-

366 mediated production of IL-17A can also play an important role in cutaneous wound healing [24]. 

367 Therefore, as  T cell-derived IL-17A clearly plays important roles in context-dependent anti-

368 pathogen, as well as tissue damaging and tissue protective responses, we examined the levels 

369 of il17a mRNA transcript upon cutaneous VACV infection. There was a marked (~10-15-fold) 

370 increase in il17a transcript in WT mice upon VACV infection (Fig. 6A). When we examined levels 

371 of IL-17A protein produced in  TCR+ or  TCR- cell populations by flow cytometry, using 

372 approaches similar to those outlined above, we found that >80% of the cells producing IL-17A 

373 were  T cells (Fig. 6B) early after infection. We further examined the ability of  T cell subsets 

374 (V3+ DETC, V2+ dermal  T cells or V3-V2-  T cells), to produce IL-17A directly ex vivo, or 

375 whether they possessed the ability to produce IL-17A following activation with  PMA/ionomycin. 

376 A small proportion of both the V2+ dermal  T cells and V3-V2-  T cells produced low 

377 quantities of IL-17A directly ex vivo (Fig. 6C, D), and this production was enhanced by activation 

378 with PMA-ionomycin (Fig. 6C).  However, the V3+ DETC, which were the cells responding to 

379 VACV infection by upregulating cytolytic activity, did not produce IL-17A (Fig. 6C, D), further 

380 indicating functional specialization of  T cell subsets upon dermal VACV infection. To assess 

381 the contribution of V2+ and V3-V2-  T cells to the production of IL-17A following VACV 

382 infection, we measured transcript levels of il17a mRNA in uninfected or infected WT or TCR-/- 
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383 mice, 5 days after infection. The increase in il17a transcript in WT mice infected by VACV was 

384 almost completely ablated in VACV-infected TCR-/- mice (Fig. 6E), indicating that  T cells, 

385 directly or indirectly, are responsible for almost all IL-17A production upon virus infection.

386

387 Dermal VACV infection induces a response characteristic of wound healing

388 Our data to this point indicated that both  T cells and IFN- can have a profound impact 

389 upon local tissue pathology following VACV infection, without a large effect upon local VACV 

390 replication or systemic spread of the virus. This phenotype is reminiscent of those we have 

391 observed in mice depleted of either of two different monocyte populations [11, 61], which lack 

392 myeloid cell production of reactive oxygen species [11], or mice lacking Type I IFN signaling [13]. 

393 Therefore, we took a step back to examine the processes induced at the site of dermal infection 

394 with VACV. We assessed the expression of various cytokines, chemokines, interferons, interferon 

395 receptors and their signaling pathways in the skin of uninfected WT mice compared to VACV-

396 infected WT mice on d5 post-infection, a time point immediately prior to the development of 

397 lesions and subsequent tissue loss. This analysis did not directly address the role of  T cells, 

398 as we only examined modulation of gene expression by VACV infection in WT mice, but it did 

399 provide us with significant information with which to interrogate the role of  T cells (see below). 

400 In total, our gene profiling examined the expression of 160 unique transcripts 72 of which (45%) 

401 were statistically changed more than 2-fold (50 upregulated, 22 downregulated) upon VACV 

402 infection (Fig. 7A) Our focused approach allowed us to identify that ~76-77% of the 50 

403 upregulated and 22 downregulated transcripts had a defined role in the process of cutaneous 

404 wound healing (upregulated wound healing genes in red and downregulated wound healing genes 

405 in blue in Fig. 7A) [70-72], producing a putative gene signature for a virus induced-wound healing 

406 response in skin, shortly after infection.
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407 Of the transcripts that were modulated by VACV infection, and have a role in cutaneous 

408 wound healing, were CC chemokines (Fig. 7B) and CXC chemokines (not shown), which function 

409 to recruit innate and adaptive immune effector cells, and all of which were upregulated. There 

410 were also marked upregulations of IL-10 superfamily members, including il10, il22 and il24 (which 

411 was upregulated ~400-fold), and downregulation of the antagonist of the IL-10 superfamily 

412 member IL-20, il20ra (Fig. 7C). Transcripts for other cytokines with a positive role in wound 

413 healing, such as il1b, il6 and il9, were upregulated, while cytokines that have an inhibitory role in 

414 wound healing, such as il16 and il4ra, were downregulated upon VACV infection (Fig. 7D).

415 Growth factors such as vascular endothelial growth factor (vegf), Leukemia inhibitory 

416 factor (lif), and osteopontin (spp1) were also upregulated by VACV infection (Fig. 7E). Somewhat 

417 surprisingly, transcripts of receptors for a number of growth factors involved in wound healing, 

418 including the growth hormone (ghr), leptin (lepr) and erythropoeitin (epor) receptors, were 

419 downregulated in response to VACV infection, along with the hormones thrombopoietin (thpo) 

420 and adiponectin (adipoq) (Fig. 7A). This indicates that the presence of VACV infection in the skin 

421 may modulate the classical wound healing response, creating a unique poxvirus/wound healing 

422 signature. In addition, members of the Transforming Growth Factor-β superfamily (tgfb2, bmp2, 

423 bmp4 and bmp6) that play a role in fibrosis and scar formation in the classical wound healing 

424 response [73, 74], were also downregulated upon VACV infection (Fig. 7F), further indicating a 

425 departure from the classical response.

426

427  T cells modulate expression of genes involved in wound healing after VACV infection.

428 We expanded on our findings to examine the impact of a constitutive deficiency in  T 

429 cells upon the expression of cytokines and chemokines identified above as being involved in the 

430 wound healing process initiated by dermal VACV infection. As above, we utilized qPCR arrays to 

431 profile gene expression of day 5 post-infection. Importantly, in order to rule out any contribution 
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432 of constitutive changes in gene expression in TCR-/- mice, we initially analyzed gene expression 

433 in these mice compared to WT mice, in the absence of infection. We found that a number of 

434 transcripts were upregulated in uninfected mice in the absence of  T cells, including cxcl13, 

435 il23a and il12b (Fig. 8A). We also found that adipoq and il16, which are genes involved in wound 

436 healing that we have previously shown to be modulated during VACV infection, were constitutively 

437 downregulated in the skin of TCR-/- mice, implying that a constitutive alteration in wound healing 

438 may exist in these mice (Fig. 8A). However, as we observed a change in adipoq and il16 in the 

439 absence of infection in TCR-/- mice, we could not draw any conclusions about the role of these 

440 genes in the response after VACV infection. We next examined changes in gene expression in 

441 uninfected vs. infected TCR-/- mice to reveal VACV-induced changes in gene expression in these 

442 mice. We found a similar pattern of gene expression changes to that shown in Fig. 7A, with both 

443 upregulation and downregulation of numerous cytokines and chemokines, some of which are 

444 involved in wound healing (upregulated wound healing genes in red and downregulated wound 

445 healing genes in blue in Fig. 8B). Therefore, to examine the contribution of  T cells to gene 

446 expression exclusively after VACV infection, we compared gene expression in WT vs TCR-/- 

447 mice 5 days after dermal VACV infection, a time point at which there is no significant difference 

448 in titers of VACV within the infected ear (Fig. 2D). We found that a number of transcripts are 

449 induced to higher levels in TCR-/- mice than WT mice, including a number of interferon-

450 responsive chemokines such as cxcl9, cxcl13 and ccl5 (Fig. 8C). This correlates with enhanced 

451 expression of ifna2 observed in VACV-infected TCR-/- mice (Fig. 8B). However, we also 

452 observed that two IL-10 superfamily members, il10 and il22, which were upregulated upon dermal 

453 VACV infection (Fig. 7A), were not upregulated in VACV-infected TCR-/- mice (Fig. 8B), and 

454 were markedly (8-15 fold) and significantly downregulated in VACV-infected TCR-/- mice vs. 

455 VACV-infected WT mice (Fig. 8C). Notably, expression of neither il10 nor il22 was modulated in 
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456 uninfected TCR-/- mice (Fig. 8A), indicating that the deficiency in il10 and il22 expression was 

457 both  T cell- and VACV-dependent.

458 To examine whether  T cells express IL-22 directly, or cause it’s production indirectly, 

459 we utilized Catch22 mice, in which the IL-22 promoter drives expression of the fluorescent 

460 reporter molecule, tdTomato [75]. We infected those mice i.d. with VACV expressing GFP, 

461 harvested cells on d5 post-infection and assessed tdTomato fluorescence in GFP+ and GFP- cell 

462 populations liberated from the ear. As expected, and as previously published [59] we found that 

463 a large number (~7%) of EpCAM+CD45- KCs were VACV-infected, but we found no tdTomato 

464 fluorescence in either infected or uninfected KC populations (Fig. 8D). We next separated 

465 immune cell populations present at the site of VACV infection into resident (EpCAM+CD45+, Fig. 

466 8E) or recruited (EpCAM-CD45+, Fig. 8G) populations. Both resident and recruited populations 

467 displayed significant levels of infection (GFP fluorescence, Fig. 8E, G), but the resident population 

468 displayed a much higher proportion of cells displaying IL-22 production than the much more 

469 numerous recruited population (tdTomato fluorescence, Fig. 8E, G). Within the resident immune 

470 cells, there were distinct populations of cells that were infected (GFP+), infected and producing 

471 IL-22 (GFP+ tdTomato+), and uninfected but also producing IL-22 (GFP- tdTomato+) (Fig. 8E). To 

472 ascertain the contribution of resident  T cells to IL-22 production, we also stained cells with an 

473 anti- TCR antibody. We were able to observe VACV infection of resident EpCAM+  T cells 

474 (Fig. 8F), as previously (Fig. 1C), and a large population of IL-22-producing resident  T cells 

475 (Fig. 8F), but production of IL-22 by VACV-infected  T cells was minimal (Fig. 8F). Therefore, 

476 it is likely that other resident CD45+ cells that are VACV-infected also contribute to production of 

477 IL-22. Within the recruited (EpCAM-) immune cell populations, IL-22 production has often been 

478 attributed to a population of TCD4+, so we examined VACV infection and IL-22 production in  

479 TCR- lymphocyte populations (Fig. 8H) and compared this to infection of, and IL-22 production 

480 by, recruited  T cells (Fig. 8I). We found that infection of both populations of recruited 
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481 lymphocytes was minimal (Fig. 8H, I), but that recruited  T cells, and not other lymphocytes, 

482 also produced IL-22. Finally, we examined the contribution of  T cells to il22 mRNA levels on 

483 d5 post-VACV infection of the ear, and found that, although there was a slight increase in il22 

484 transcript levels in VACV-infected TCR-/- mice compared to uninfected TCR-/- mice, this 

485 induction was markedly and statistically significantly lower than the induction we observed in 

486 VACV-infected WT mice (Fig. 8J). Taken together, the data from Figure 8 D-J indicate that both 

487 resident and recruited  T cells are major producers of IL-22 during dermal VACV infection.

488 To examine whether  T cells express IL-10, the other molecule we identified as 

489 modulated in the VACV-infected ear, we utilized mice in which an internal ribosome entry site 

490 (IRES)-enhanced green fluorescent protein (eGFP) fusion protein was placed downstream of 

491 exon 5 of the interleukin 10 (Il10) gene (Vert-X mice) [76]. We were able to detect a small but 

492 distinct and reproducible population of cells liberated from the VACV-infected ear that were GFP+ 

493 5d after infection of the IL-10-GFP reporter mice (Fig. 8L), but not of WT mice (Fig. 8K). CD45-

494 EpCAM+ KCs did not contribute to the IL-10-GFP signal observed (not shown), and the d5 time 

495 point examined is prior to accumulation of antigen-specific TCD8+ [11, 61] that have been shown 

496 to produce IL-10 [77], so we examined IL-10 production by resident (EpCAM+) or recruited 

497 (EpCAM-)  T cells or myeloid cells, as previously identified in Figure 4. In contrast to the  T 

498 cell production of IL-22 observed above (Fig. 8F, I), we did not find IL-10 production by either 

499 resident or recruited  T cell populations (Fig. 8M, O). In contrast, we did find production of IL-

500 10/GFP by resident, but not recruited, myeloid cells populations (Fig. 8N, P). Therefore,  T cells 

501 do not appear to express IL-10 directly upon VACV infection, but may modulate it’s expression in 

502 other ways.

503 Our identification of  T cell-modulated genes above is a minimalistic one, so we sought 

504 to examine a number of other genes that have been linked to both  T cells and wound healing. 

505 Two of these genes, Fibroblast growth factor 9 (fgf9, Fig. 8Q [39]) and Keratinocyte Growth Factor 
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506 (fgf7, Fig. 8R [41]) were upregulated in the ear >40-fold at d5 post-VACV infection in WT mice, 

507 but fgf9 was not upregulated above the levels observed in uninfected mice in VACV-infected 

508 TCR-/- mice (Fig. 8Q), and the upregulation of fgf7 was markedly reduced (Fig. 8R). Therefore, 

509  T cells directly or indirectly modulate the expression of multiple genes involved in the wound 

510 healing program initiated by cutaneous VACV infection.
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512 Discussion

513 It is generally accepted that the local innate immune response to a peripheral virus 

514 infection is designed to slow virus replication and spread until an adaptive response can be 

515 initiated that will eliminate the virus and prevent re-infection. However, a key factor governing the 

516 extent of both the innate and adaptive immune response is that neither response should 

517 deleteriously affect the host, making it more susceptible to secondary infections, particularly via 

518 loss of barrier functions in the periphery (skin, airways etc.). Typically, this is represented in 

519 textbooks as a temporally regulated process, with the immune system gaining control over the 

520 virus, followed by a subsequent switch to reparative mechanisms that ameliorate tissue damage 

521 inflicted by both the virus and the ensuing host response. However, in this report we have 

522 described the initiation of a wound healing program in the skin concurrent with the deployment of 

523 innate antiviral strategies. The action of this wound healing program can alter tissue pathology 

524 following virus infection, independent of the control of virus replication and spread. The presence 

525 of two ongoing responses at the same time, and in very close physical proximity to each other, 

526 raises the possibility that the antiviral and wound healing responses could act synergistically to 

527 enhance each other by increasing the efficiency of monocyte recruitment, or interferon production 

528 (see below). However, it is also possible that components of one response will act to decrease 

529 the efficiency of the other. In either case, it is clear that wound healing after a cutaneous virus 

530 infection differs mechanistically from sterile wound healing, creating novel points of therapeutic 

531 intervention that could enhance wound healing and successful closure of the barrier surface to 

532 prevent secondary bacterial infection.

533 In a number of previous manuscripts we and others have described a role for various 

534 aspects of the local innate immune response, including two distinct monocyte populations [11, 

535 59], reactive oxygen species [11] and Type I IFN [13], in amelioration of tissue damage following 

536 peripheral VACV infection. However, in each of these publications we found little or no effect of 

537 these components of the innate immune response upon local virus replication, despite often 
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538 profound effects upon local tissue pathology [11, 13, 59]. Having outlined a wound healing 

539 program initiated upon cutaneous virus infection here, we can now retrospectively place each of 

540 these innate immune responses into that program. Recruitment of monocytes to a wound is 

541 required for effective wound healing to occur [78, 79], as is the Type I IFN receptor [80, 81]. 

542 Similarly, Ly6G+ cells are recruited to a wound [82]) and produce nitric oxide to facilitate 

543 accelerated wound healing [83]. Following VACV infection Ly6G+ cells produce ROS, which can 

544 also act to increase wound healing [84], and ablation of ROS production following VACV infection 

545 causes a large increase in pathology [11]. Therefore, all of our previous observations in which 

546 depletion or ablation of various components of the immune system has minor changes upon local 

547 virus replication, but substantial changes upon local tissue pathology, can be attributed to 

548 alterations in an early wound healing response.

549 Here, we initially investigated the role of  T cells in control of replication and spread of 

550 VACV following cutaneous infection.  T cells have been implicated in the host response to VACV 

551 [7-10] and other poxviruses [49-53] after systemic infection. This protective effect has been 

552 attributed to cytolytic activity against VACV-infected cells [7, 10], or to  T cell-mediated 

553 production of IFN- [8, 50]. Here, following cutaneous infection with VACV, we show that 

554 epidermal V3+ DETC, which are a major population in mice but not in humans [85], acquire a 

555 GzB+ CD107a+ cytolytic phenotype. Neither the resident nor recruited dermal  T cell populations 

556 acquire this cytolytic phenotype. However, we and others [86] have found no difference in VACV 

557 replication in the skin of mice lacking  T cells, so any cytolytic contribution of these cells may 

558 be compensated for by infiltrating  T cells. None of the resident or recruited cutaneous  T cell 

559 populations appeared to be primed to make IFN- after VACV infection, even after in vitro 

560 restimulation, and there was a small increase in IFN- production in the skin of VACV-infected 

561 TCR-/- mice compared to WT mice. However, KCs did make IFN- protein shortly after VACV 

562 infection, and this contributed to control of pathology, but not to control of VACV replication. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 1, 2020. ; https://doi.org/10.1101/2020.09.01.277392doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.01.277392
http://creativecommons.org/licenses/by/4.0/


26

563 Therefore, the functions previously attributed to  T cells in control of virus replication and virus-

564 induced pathology do not play a role in the pathology observed after cutaneous infection of TCR-/- 

565 mice with VACV.

566 A sizeable portion of dermal  T cells produced IL-17A after cutaneous VACV infection, 

567 a cytokine that is required for efficient wound healing [24, 87]. IL-17A mRNA was reduced to 

568 almost background levels in VACV-infected TCR-/- mice 5 days after infection, a time point that 

569 precedes the later infiltration of TCD4+ that may produce IL-17A. Indeed, 8 days after infection, it 

570 was primarily TCD8+, not TCD4+, that produced IL-17A upon the restimulation of  T cells from 

571 infected skin. However, at early time points after infection, dermal  T cells likely moderate wound 

572 healing, at least partially, via production of IL-17A in response to cutaneous VACV infection.  T 

573 cells have long been known to play a role in cutaneous wound healing after activation by KCs 

574 [30-33], where they migrate to a site of injury [26, 34, 35] and produce of a number of cytokines 

575 that promote the wound healing response [36-44]. We did find a marked increase in VACV-

576 induced pathology in the absence of  T cells, consistent with a role for these cells in 

577 establishment of the wound healing response following VACV infection.

578  Our data clearly demonstrate that  T cells are modulating VACV-induced skin 

579 pathology. The enhanced wound that results from VACV infection in the absence of  T cells 

580 prompted us to examine the range of wound healing-associated molecules induced by VACV 

581 infection that is discussed above.  When we examined changes in the wound healing signature 

582 induced by cutaneous VACV infection in TCR-/- mice we originally anticipated that  T cells may 

583 alter the profile of chemokines that are induced. This is because  T cells have previously been 

584 reported to change recruitment of monocytes and neutrophils [26, 27], including after VACV 

585 infection [86]. In addition, IL-17A is reported to modulate neutrophil recruitment via an effect on 

586 expression of CXC chemokines [88], so in the absence of  T cell-produced IL-17A a defect in 

587 neutrophil recruitment would be anticipated. However, we found no discernable role for  T cells 
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588 in modulation of chemokine or chemokine receptor expression after VACV infection, and 

589 observed equivalent recruitment of myeloid cell populations in VACV-infected WT and TCR-/- 

590 mice. The differences we observed from a previously published report, in which VACV-infected 

591 TCR-/- mice exhibited less pathology than infected WT mice, likely because of alterations in 

592 neutrophil recruitment [86], may be attributable to the cutaneous microbiome in animal facilities. 

593 We have anecdotally observed a marked difference in both the magnitude and mechanisms 

594 involved in VACV-induced pathology in mice in the presence or absence of pathogenic bacteria, 

595 so strive to ensure that mice are kept as pathogen-free as possible without rederivation into a 

596 germ-free facility. The composition of the skin microbiome has a profound effect upon wound 

597 healing [89], and future studies in germ-free animals reconstituted with different skin-resident 

598 bacteria will likely reveal roles for specific bacterial/host interactions after both “sterile” and virus-

599 infected wounding.

600  When we examined the difference between the constitutive expression of wound healing-

601 associated cytokines in WT vs TCR-/- mice we found two genes that were downregulated in 

602 TCR-/- mice, in the absence of virus infection. Expression of these two genes that encode IL-16 

603 and adiponectin was also reduced in infected TCR-/- mice vs. infected WT mice. IL-16 typically 

604 increases inflammation in the skin and inhibits the wound healing response [90], but adiponectin 

605 promotes wound healing by increasing KC proliferation and migration [91]. Therefore, deficits in 

606  T cells may partially account for the previously described defect in sterile wound healing [32, 

607 44] via reduced expression of adiponectin.

608 Upon VACV infection of TCR-/- mice, we found a similar response to that observed in WT 

609 mice, with upregulation of many of the mediators of wound healing that we had observed in WT 

610 mice, and downregulation of a similar pattern of cytokines as well. However, there were two 

611 marked changes between VACV-infected TCR-/- and WT mice, namely a failure to upregulate 

612 expression of the IL-10 family members, il22 and il10, in TCR-/- mice in response to VACV 
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613 infection. IL-10 is produced after VACV infection by TCD8+, but is also induced prior to the infiltration 

614 of large numbers of these cells, indicating a role for  T cell-mediated production. However, 

615 although  T cells from the liver can produce IL-10 following bacterial infection [92], we found 

616 that  T cells do not produce IL-10 themselves, but induce production from other cells, likely skin-

617 resident myeloid cells such as Langerhans cells and dermal DC (Fig. 8 M, N, O). IL-10 production 

618 drives skin regeneration, likely by altering the phenotype of macrophages, as the IL-10R is not 

619 expressed by KCs [93]. Therefore, a reduction in IL-10 expression may drive part of the increase 

620 in pathology we observe following VACV infection of TCR-/- mice. Such an increase in pathology 

621 may actually be detrimental to the virus, as some skin-tropic poxviruses encode an IL-10 homolog 

622 that enhances wound healing [94-97], indicating that IL-10 expression may be evolutionarily 

623 beneficial for the virus during natural skin infection, perhaps by inhibiting the chances of a 

624 competing local secondary bacterial infection.

625 Expression of IL-22 is often associated with inflammatory skin conditions, such as 

626 psoriasis [98], where it is often co-expressed with IL-17A [99]. Expression of both IL-22 and IL-

627 17A are most often associated with Th17 TCD4+ cells, but both cytokines are produced in large 

628 quantities in cutaneous tissue by  T cells [100]. Although technical issues prevented us from 

629 establishing that the same populations of  T cells produce both IL-17A and IL-22 following 

630 cutaneous VACV infection, it is clear that the majority of these cytokines produced at d5 post-

631 VACV infection come from  T cells, and these cytokines likely drive important components of 

632 the early wound healing response. IL-22 acts on dermal fibroblasts to drive expression of 

633 extracellular matrix proteins [101], and on KCs to increase proliferation [98, 102, 103] via miR-

634 197-driven mechanisms [104], as observed after bacterial skin infection [105]. In addition to the 

635 IL-10 family members, we also found that expression of both fgf7 (encoding KC Growth factor) 

636 and fgf9 were markedly reduced in VACV-infected TCR-/- mice, consistent with reports of their 
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637 production by  T cells and roles in cutaneous wound healing [39, 44]. Therefore,  T cells 

638 contribute in multiple ways to the cutaneous wound healing response following VACV infection.

639 In summary, we find here that neither resident nor recruited  T cells, nor cytokines 

640 produced by these cells, are involved in control of virus replication or spread following cutaneous 

641 infection. Rather, we describe here a uniquely configured wound healing response initiated in the 

642 skin of virus-infected mice prior to the peak of virus replication and before adaptive immune 

643 mechanisms have been deployed successfully to clear the infection. We find that both resident 

644 and recruited  T cells are part of this induced wound healing response via production of IL-17A, 

645 IL-22 and induction of IL-10 in other cells, and that a deficit in  T cells causes a profound 

646 increase in tissue pathology following infection. These findings are important in understanding 

647 how wound healing is mediated following a cutaneous virus infection in comparison to the 

648 paradigm of sterile wound healing. A prompt and appropriately controlled wound healing response 

649 is crucial to prevent secondary bacterial infections that could be deleterious for the virus-infected 

650 host, but also potentially for the virus itself.
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651 Materials and Methods

652 Mice

653 C57BL/6 (wild-type, WT) mice were purchased from Charles River Laboratories or 

654 Jackson Laboratories. Breeding pairs of B6.129P2-Tcrdtm1Mom/J (TCR-/-) [106], IL-10/GFP (Vert-

655 X) reporter mice [76], and IL-22/tdTomato (Catch22) reporter mice [75] were purchased from 

656 Jackson Laboratories. These mice were on a WT background after a minimum of 12 backcrosses 

657 to C57BL/6 and bred in the specific-pathogen-free animal facility at the Penn State Hershey 

658 College of Medicine. All animals were housed and cared for according to guidelines from the 

659 National Institutes of Health and American Association of Laboratory Animal Care (AALAC). The 

660 Penn State Hershey College of Medicine Institutional Animal Care and Use Committee (IACUC) 

661 approved all animal experiments and procedures.

662

663 Viruses and infections

664 Stocks of VACV strain WR were produced in 143B TK- cells and purified from cell lysate 

665 following ultracentrifugation through a cushion of 45% sucrose. VACV-GFP was previously 

666 described [107]. For intradermal (i.d.) infections, mice aged 7-10 weeks were anesthetized with 

667 ketamine/xylazine and injected with 104 PFU of VACV in <10 μL in each ear pinna.

668 To monitor pathogenesis in the ears, ear thickness was measured using a 0.0001 in. 

669 micrometer (Mitutoyo, Aurora, IL). Lesion progression and subsequent tissue loss were 

670 subsequently measured daily. To measure titers of virus in vivo, ears and ovaries (the target organ 

671 of VACV systemic spread [12]) were freeze-thawed three times, homogenized, and sonicated, 

672 then titers in cell lysates were assayed by plaque assay on 143B TK- cells as previously described 

673 [61]. Plaques were counted two days later.

674

675 Cell isolation and flow cytometry
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676 Pairs of ears from each mouse were split into dorsal and ventral halves, minced, and 

677 digested in a solution of 1 mg/mL collagenase type XI (Sigma-Aldrich, St. Louis, MO) in media 

678 supplemented with 2% FBS and 5 mM CaCl2 for 1 hour at 37C, 5% CO2. Collagenase was 

679 quenched with media containing 5% FBS and 5 mM EDTA. Digested tissue was passed through 

680 40 μm nylon cell strainers to create a single cell suspension. For intracellular cytokine staining 

681 and CD107a degranulation assays, cells from 3 pairs of ears were pooled and 106 of those cells 

682 stimulated prior to staining for flow cytometry (see below).

683 Blockade of FcR-mediated binding of mAbs and subsequent staining of cells was 

684 performed in supernatant from flasks of 2.4G2 hybridoma cells supplemented with 10% normal 

685 mouse serum. All mAbs used were purchased from BD Pharmingen: CD45 (30-F11), CD3ε (145-

686 2C11), TCR (GL3), CD4 (RM4-5), NK1.1 (PK136), CD19 (1D3), CD90.2 (53-2.1), CD11b 

687 (M1/70), Ly6C (AL-21), Ly6G (1A8), CD107a (1D4B), Granzyme B (GB11), IL-17A (TC11-

688 18H10), TNF (MP6-XT22) and IFN-  (XMG1.2). We also utilized the following from Biolegend: 

689 V2 TCR (UC3-10A6), V3 TCR (536) and CD64 (X54-5/7.1). CD8 (53-6.7) and CD11c (N418) 

690 were obtained from eBioscience. In addition, PE-Cy7 conjugated streptavidin (eBioscience) was 

691 used to label biotin-conjugated antibodies. To stain for granzyme B, cells were stained for surface 

692 markers, fixed in 2% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA), then 

693 permeabilized and stained intracellularly for granzyme B in 2.4G2 supernatant containing 10% 

694 normal mouse serum and 0.5% saponin (Sigma). Sample data was acquired on either an LSR II 

695 or LSR Fortessa flow cytometer (both from BD Biosciences, San Jose, CA) and analyzed using 

696 FlowJo software (Tree Star, Ashland OR).

697

698 Intracellular cytokine staining assay

699 Single cell suspensions of ears were stimulated for 5 hours at 37C, 5% CO2 with 50 ng/mL 

700 phorbol myristate acetate (PMA; Sigma) and 1 μg/mL ionomycin (Sigma) or unstimulated in the 
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701 presence of 10 μg/mL brefeldin A (BFA; Sigma). For T cell stimulations, lymphocytes were 

702 isolated by centrifugation over Lymphocyte Separation Medium (Cambrex) and then stimulated 

703 for 4 h with 1 M VACV peptide prior to the addition of BFA. VACV-derived peptides B8R, A8R, 

704 A3L, A23R, K3L, A47L, A42R, A19L, 10G2 have been previously described [108]. Following 

705 PMA/ionomycin or peptide stimulation, cells were blocked in 2.4G2 supernatant containing 10% 

706 mouse normal mouse serum and then stained for CD45, CD3ε, TCR , V2 TCR, V3 TCR, and 

707 CD4. Cells were fixed in 2% paraformaldehyde then permeabilized and stained for intracellular 

708 IL-17A and IFN- in 2.4G2 supernatant supplemented with 10% normal mouse serum and 0.5% 

709 saponin. Net frequencies and numbers of cytokine-positive TCD8+ were calculated by subtracting 

710 the unstimulated background response.

711

712 CD107a degranulation assay

713 Cells from ears were stimulated for 5 hours at 37C, 5% CO2 with 50 ng/mL PMA and 1 

714 μg/mL ionomycin or unstimulated in the presence of 1.5 μg/mL monensin (Sigma) and PE-

715 conjugated rat anti-mouse CD107a. Following stimulation, cells were blocked in 2.4G2 

716 supernatant containing 10% normal mouse serum and then stained for CD45, CD3ε, TCR , V2 

717 TCR, V3 TCR, and CD8.

718

719 Immunofluorescence Microscopy

720 Ears were harvested and embedded in Tissue-Tek OCT (Sakura Finetek), then rapidly 

721 frozen by immersion in liquid nitrogen-cooled 2-methyl butane, and kept at -80 °C overnight. 

722 Cryostat sections (10-12 μm) were cut at -20°C, mounted on glass slides, air-dried for 2-3 hours, 

723 fixed for 10-15 minutes in 1% paraformaldehyde (pH 7.4), air-dried again for 30 minutes, and 

724 stained with antibodies to TCR , Ly6C, Ly6G or CD8 (clones as above). Positive signal was 

725 revealed by subsequent staining with fluorescently-labeled secondary antibodies. Staining was 
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726 visualized using an Olympus 1X81 deconvolution microscope and Slidebook 5.0 digital 

727 microscope.

728

729 Quantitative PCR

730 Tissues were harvested, digested as above, and total RNAs were extracted using RNeasy 

731 Plus Mini Kit (Qiagen) with DNase treatment according to the manufacturer’s protocol. For qPCR 

732 using Taqman Gene Expression Assays (Applied Biosystems) or Universal Probe Library 

733 (Roche), cDNA was prepared using the Hi-Capacity cDNA Synthesis Kit (Applied Biosystems). 

734 For qPCR using RT2 PCR Profiler Arrays (Qiagen), cDNA was prepared using RT2 First Strand 

735 Kit (Qiagen). qPCR was carried out on a StepOnePlus (Applied Biosystems) with either FastStart 

736 Universal Probe Master Mix (Roche) or RT2 SYBR Green qPCR Master Mix (Qiagen). For 

737 Taqman and FastStart Universal Probe assays, changes in gene expression are expressed as 

738 fold change using the Ct calculation method against naïve mice of the same genotype with 

739 gapdh as the housekeeping gene. For RT2 PCR Profiler Array data, changes in gene expression 

740 are displayed as mean fold change between groups of mice relative to a panel of “housekeeping” 

741 genes. SYBR Green primers were as follows: fgf7 forward 5′-ATAGAAACAGGTCGTGACAAGG-

742 3′ reverse 5′-CAGACAGCAGACACGGAAC-3′

743 fgf9 forward 5′-GTAGAGTCCACTGTCCACAC-3′ reverse 5 ′-CAACGGTACTATCCAGGGAAC-

744 3′. Taqman primer/probe sets (Thermo Fisher) were as follows: il17a (Mm00439618_m1), il22 

745 (Mm00444241_m1), gapdh (Mm99999915_gl) and ifng (Mm01168134_m1).

746

747

748

749

750
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761 Figure Legends

762 Figure 1. Infected and uninfected  T cells localize within VACV-infected foci in the skin.  

763 WT (A) and TCR-/- (B) mice were infected with 104 PFU of VACV-GFP using a bifurcated needle. 

764 At d4 p.i., ears were harvested, frozen and sections stained with antibody to TCR (red). Infected 

765 GFP+ cells are visualized in green. (C) To confirm that VACV infected  T cells, we infected mice 

766 i.d. with 104 PFU of VACV, or VACV-GFP, then harvested and digested ears for flow cytometric 

767 analysis on d4 p.i.. A proportion of  T cells, identified as CD45+, CD3+,  TCR+ showed clear 

768 GFP fluorescence. (D) For all subsequent analyses, debris and dead cells were first excluded by 

769 a “live” cell gate. Singlets were identified by side scatter area (SSC-A) vs forward scatter width 

770 (FSC-W), and then lymphocytes gated according to light scatter area. Within CD45+ cells, CD3ε+ 

771 T cells were subdivided into  T cells (TCR+) and  T cells (TCR -), which include TCD4+ and 

772 TCD8+.  T cell subsets in the skin were identified as follows: V3+ dendritic epidermal T cells 

773 (DETC) and V2+ or V2-V3- dermal  T cells. Data depicts T cells in ears of WT mice at d4 p.i. 

774 with VACV and is representative. (E, F) WT mice were infected i.d. with 104 pfu VACV. Cells were 

775 harvested from whole ears of mice at d0 (uninfected), 2, 4, 8, 10, 15, and 25 p.i. and T cell 

776 responses monitored by flow cytometry. (E) Numbers of total  T cells (CD3ε+TCR+, black 

777 circles), TCD4+ (CD3ε+TCR-CD4+, gray squares), and TCD8+ (CD3ε+TCR-CD8+, triangles) cells 

778 per pair of uninfected and infected ears. (F) Numbers of epidermal-resident V3+ DETC (gray 

779 circles) compared to V2+ or V2-V3- dermal  T cells (black squares and diamonds, 

780 respectively) in ears after i.d. VACV infection. Values at each time point represent the mean  

781 SEM in 6-10 pairs of ears from 3 independent experiments.

782

783 Figure 2.   Infected TCR-/- mice display enhanced tissue pathology, but no difference in 

784 local VACV replication or systemic virus spread. WT (A-F, E, I, H, K) or TCR-/- (C-E, G, H, 

785 J, K) mice were infected i.d. in the ear pinnae with 104 pfu of VACV and ears harvested and 
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786 dissociated for analysis on d4 (A, B) or d8 (as shown, A, B) post-infection.  Gating strategies are 

787 as shown in Figure 1. Potential cytolytic function, was measured by cell surface expression of 

788 CD107a (LAMP1) in response to activation with PMA-ionomycin (A), or intracellular expression 

789 of granzyme B (B) by V3+ DETC, V2+ or V2-V3- dermal  T cells, TCD4+ or TCD8+ on d4 or d8 

790 post-infection. TCD8+ were undetectable at the site of infection at d4 post-infection, so are only 

791 shown at d8 post-infection. (C-E, H, K) WT (circles) or TCR -/- (squares)  mice were infected i.d. 

792 in the ear pinnae with 104 PFU of VACV. On d5 (C) and d12 (D) p.i., pairs of ears and ovaries 

793 were harvested from infected WT and TCR-/-  mice to measure titers of VACV by plaque assay. 

794 Data is representative of 7 pairs of ovaries and ears per group from 2 independent experiments. 

795 Tissue swelling (E) was assessed through 6 days after infection. The appearance of lesions in 

796 WT (F) or TCR-/- (G)  mice was visualized 8 days after infection, and lesion size quantified (H) 

797 through 21 days post infection. The ensuing tissue loss in WT (I) or TCR-/- (J) mice was visualized 

798 14 days after infection and quantified (K) through 21 days post infection. Data in (E, H  and K) 

799 depict the mean  SEM of 30 ears per group from 3 independent experiments. *p<0.05, **p<0.005, 

800 ***p<0.0001 by Student’s t-test.       

801

802 Figure 3. TCD8+ recruitment, localization and function are not affected in the absence of  

803 T cells.  WT or TCR-/- mice were infected i.d. with 104 PFU VACV per ear and cells harvested to 

804 analyze the recruitment, localization and function of TCD8+. Ears were harvested on d5 (A) or d8 

805 post infection (B-H) and numbers of TCD8+ (A, B), localization of TCD8+ (in red) relative to VACV 

806 infected cells (in green) (C, D), numbers of TCD8+ in the VACV infected ear producing IFN- (E) or 

807 TNF (F) directly ex vivo or proportion of splenic TCD8+ producing IFN- (G) or TNF (H) in 

808 response to stimulation with VACV-derived MHC Class I binding epitopes.

809
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810 Figure 4. Monocyte recruitment and localization is normal in mice lacking  T cells. WT 

811 and TCR-/- mice were infected i.d. in each ear pinnae with VACV. Gating strategy is shown in A. 

812 As in Figure 1, we first excluded debris and dead cells by scatter area and then gated on singlets 

813 by scatter area vs width. B cells, T cells, non-NK innate lymphoid cells (ILCs), and NK cells were 

814 “dumped” from CD45+ cells by excluding CD19+, CD90.2+ and NK1.1+ cells. CD45+CD19-CD90.2-

815 NK1.1-CD11c-CD11b+ monocyte/macrophages were subdivided into Ly6C+Ly6G- classical 

816 inflammatory monocytes and Ly6CIntLy6G+regulatory myeloid cells. Representative data from a 

817 WT mouse on d5 p.i. is shown in B.  (C-F) Cells were harvested from VACV-infected WT or 

818 TCR-/- mice to analyze the recruitment of Ly6C+Ly6G- and Ly6C+Ly6G+ monocyte populations.  

819 (C, D) Quantification of Ly6C+Ly6G- inflammatory monocytes on d5 (C) and d8 (D) post-infection 

820 in WT vs TCR-/- mice. (E, F) Quantification of Ly6C+Ly6G+ monocytes on d5 (E) and d8 (F) post-

821 infection in WT vs TCR-/- mice. All values depict the number of cells per pair of ears. Data in 

822 (B-F) are representative of 6 pairs of ears per group from 3 independent experiments.  (G-J) WT 

823 (G, I) or TCR-/- (H, J) mice were infected i.d. with 104 PFU VACV-GFP per ear, ears harvested 

824 and frozen on d8 post-infection. Tissue sections were cut, stained with antibodies to GFP (in 

825 green) and either Ly6C (G,H) or Ly6G (I, J) (in blue) and visualized by deconvolution microscopy. 

826 Each image is representative of 4 ears per group from 2 experiments.

827

828 Figure 5. IFN- produced early after VACV infection, independent of  T cells, is required 

829 to control local tissue pathology but not local VACV replication or systemic virus spread. 

830 WT (A, B, C, E, F, H-P), TCR-/- (N) or IFN-R-/- (B, D, E, G, H-K) mice were infected i.d. in the 

831 ear pinnae with 104 pfu of VACV and ears harvested and dissociated for analysis. (A) Time course 

832 of IFN- mRNA expression, measured by qPCR, in the ear after VACV infection. Data are 

833 representative of 3 independent experiments, showing the mean  SEM of 3 or 4 biological 

834 replicates in each. Tissue swelling (B) was assessed through 6 days post infection. The 
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835 appearance of lesions in WT (C) or IFN-R-/- (D) mice was visualized 8 days after infection, and 

836 lesion size quantified (E) through 21 days post infection. The ensuing tissue loss in WT (F) or 

837 IFN-R-/- (G) mice was visualized 14 days after infection and quantified (H) through 21 days post 

838 infection. Data in (B, E and H) depict the mean  SEM of 30 ears per group from 3 independent 

839 experiments. On d5 (I-K) post-infection, pairs of ears (I), spleen (J) and ovaries (K) were 

840 harvested from infected WT and IFN-R-/- mice to measure titers of VACV by plaque assay. Data 

841 is representative of 7 pairs of ovaries and ears, and 7 spleens, per group from 3 independent 

842 experiments. (L) Production of IFN- by V3+ DETC, V2+ or V2-V3- dermal  T cells from ear 

843 (gated as in Fig. 1) or by lymph node TCD4+ or TCD8+ (M) on d4 post-VACV infection in the presence 

844 of absence of PMA-ionomycin activation. Data in L and M are representative of 12 separate 

845 biological replicates from 3 independent experiments. (N) The relative IFN- mRNA expression in 

846 the ear of WT or TCR-/- mice 4d after i.d. VACV infection. Data show the  mean  SEM of data 

847 from 3 independent experiments with 3 biological replicates in each. Representative data (O) and 

848 compiled and quantified total data from 3 independent experiments with 3 biological replicates in 

849 each (P) of intracellular cytokine staining of IFN- within EpCAM+CD45- KC, EpCAM+CD45+ 

850 resident immune cells and EpCAM-CD45+  recruited immune populations. *p<0.05, **p<0.005, 

851 ***p<0.0001 by Student’s t-test

852

853 Figure 6.  Specific subsets of  T cells produce IL-17A upon cutaneous VACV infection. 

854 WT (A-E) or TCR-/- (E) mice were infected i.d. in the ear pinnae with 104 pfu of VACV. (A) 

855 Expression of il17a mRNA in the ear of VACV-infected or uninfected WT mice. (B-D) Gating 

856 strategies are as shown in Figure 1. Production of IL-17A by  T cells (B), or by V3+ DETC, V2+ 

857 or V2-V3- dermal  T cells (C) on d4 post-VACV infection in the presence of absence of PMA-

858 ionomycin activation. (D) Quantitation of the numbers of cells displaying intracellular cytokine 

859 staining of IL-17A within V3+ DETC, V2+ or V2-V3- dermal  T cells populations on d4 post-
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860 infection. (E) Expression of il17a mRNA in the ear of VACV-infected or uninfected WT or TCR-/- 

861 mice, as shown, on d5 post-infection. Data are representative of 12 separate biological replicates 

862 from 3 independent experiments (A-E).

863

864 Figure 7. There is a wound healing signature induced in the ear of VACV infected mice.

865 WT  mice were infected i.d. in the ear pinnae with 104 pfu of VACV, ears harvested on d5 post-

866 infection and mRNA levels of target molecules measured using Qiagen qPCR array plates as 

867 described in the methods sections. (A) Expression of cytokines and chemokines, and interferons 

868 and receptors, displayed using volcano plots, which  demonstrate statistically significant points if 

869 above the p=0.05 line. Gene expression changes in WT mice in response to VACV, with genes 

870 that are upregulated >2-fold by VACV infection in the upper right hand quadrant and genes that 

871 are downregulated > 2-fold by VACV infection in the upper left hand quadrant. Genes that are 

872 significantly (> 2-fold, p<0.05) upregulated and have a defined role in wound healing are shown 

873 in red, and those that are significantly (> 2-fold, p<0.05) downregulated and have a defined role 

874 in wound healing are shown in blue.  (B-F) Representative plots from the data displayed in (A), 

875 showing changes in mRNA levels on d5 post VACV-infection in genes associated with  wound 

876 healing, including CC chemokines (B), IL-10 superfamily members (C), other cytokines and 

877 cytokine receptor antagonists (D), growth factors, hormones and their receptors (E) and TGF-β 

878 superfamily members (F). n=28 naïve, 29 VACV-infected mice per group.

879

880 Figure 8 Expression of wound healing molecules is altered in the absence of  T cells.

881 WT or TCR-/- (A-C, J, P, R), IL-22-TdTomato reporter (D-I)  or IL-10GFP reporter (K-P) mice 

882 were infected i.d. in the ear pinnae with 104 pfu of VACV, ears harvested on d5 post-infection and 

883 (A-C) mRNA levels of target molecules, production of IL-22 (D-I) or IL-10 (K-P) by resident or 

884 recruited cell populations from the ear, or bulk mRNA expression levels of il22 (J), fgf9 (Q) or fgf7 
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885 (KGF, R) measured.  (A-C) Expression of cytokines and chemokines, displayed using volcano 

886 plots, which  demonstrate statistically significant points if above the p=0.05 line. (A) Cytokines 

887 and chemokines that are regulated in uninfected TCR-/- mice relative to WT mice, showing genes 

888 that are upregulated >2-fold in uninfected TCR-/- mice in the upper right hand quadrant and genes 

889 that are downregulated > 2-fold in uninfected TCR-/- mice in the upper left hand quadrant. (B) 

890 Gene expression changes in VACV-infected TCR-/- mice relative to uninfected TCR-/- mice, with 

891 genes that are upregulated >2-fold by VACV infection of TCR-/- mice in the upper right hand 

892 quadrant and genes that are downregulated > 2-fold by VACV infection of TCR-/- mice in the 

893 upper left hand quadrant. (C) Gene expression changes in VACV-infected TCR-/- mice relative 

894 to VACV infected WT, with genes that are upregulated >2-fold in TCR-/- mice in the upper right 

895 hand quadrant and genes that are downregulated > 2-fold in TCR-/- mice in the upper left hand 

896 quadrant. (A-C) Genes that are downregulated in VACV-infected TCR-/- mice relative to VACV-

897 infected WT mice (il10 and il22) are displayed in green to facilitate ease of recognition in each 

898 plot. (D-I) Ears of IL-22-TdTomato reporter infected with VACV-GFP were harvested on d5 post-

899 infection and dissociated to yield single cell suspensions, then stained to identify resident or 

900 recruited cell populations. Density plots show infection (marked by VACV-GFP) vs. IL-22 

901 production (marked by TdTomato expression) within EpCAM+CD45- KC (D), resident immune 

902 cells (EpCAM+CD45+, E) and resident  T cells (EpCAM+CD45+TCR+, F), recruited immune 

903 cell populations (EpCAM-CD45+, G), recruited lymphocytes (EpCAM-CD45+CD11b- TCR-, H) 

904 and recruited  T cells (EpCAM-CD45+TCR+, I). (J) Expression of il22 in ear tissue of uninfected 

905 or VACV-infected WT or TCR-/- mice 5 dpi measured by RT-qPCR. (K-P) Ears of WT (K) or  IL-

906 10-GFP reporter (L-P) mice infected with VACV were harvested on d5 post-infection and 

907 dissociated to yield single cell suspensions, then stained to identify resident or recruited cell 

908 populations. Dot plots show IL-10 expression, (marked by GFP) in CD45+ from WT (K) or IL-10-

909 GFP reporter mice (L). Density plots show CD45 vs. IL-10 production (marked by GFP) within 
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910 resident (EpCAM+CD45+, M, N) or recruited (EpCAM-CD45+, O, P) immune populations, 

911 separated into  T cells (TCR+, M, O) and myeloid cell populations (CD11b, TCR-, N, P). (Q, 

912 R) Expression of fgf9 (Q) or fgf7(R) (which encodes KGF) in ear tissue of uninfected or VACV-

913 infected WT or TCR-/- mice 5 dpi measured by RT-qPCR.
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