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43 Abstract: CD4+ T cell activation and differentiation are important events that set the stage for 

44 proper immune responses. Many factors are involved in the activation and differentiation of T 

45 cells, and these events are tightly controlled to prevent unwanted and/or exacerbated immune 

46 responses that may harm the host. It has been well documented that granzyme B, a potent serine 

47 protease involved in cell-mediated cytotoxicity, is readily expressed by certain CD4+ T cells, such 

48 as regulatory T cells and CD4+CD8+ intestinal intraepithelial lymphocytes, both of which 

49 display cytotoxicity associated with granzyme B. However, because not all CD4+ T cells 

50 expressing granzyme B are cytotoxic, additional roles for this protease in CD4+ T cell biology 

51 remain unknown. Here, using a combination of in vivo and in vitro approaches, we report that 

52 granzyme B-deficient CD4+ T cells display increased IL-17 production. In the adoptive transfer 

53 model of intestinal inflammation, granzyme B-deficient CD4+ T cells triggered a more rapid 

54 disease onset than their WT counterparts, and presented a differential transcription profile. Similar 

55 results were also observed in granzyme B-deficient mice infected with Citrobacter rodentium. Our 

56 results suggest that granzyme B modulates CD4+ T cell differentiation, providing a new 

57 perspective into the biology of this enzyme. 

58
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66 Introduction

67 Granzymes are a family of serine proteases expressed by many immune cell populations. 

68 There are five different granzymes in humans (A, B, H, K and M) and 11 in mice (A, B, C, D, E, 

69 F, G, K, L, M and N), which differ in function and substrate specificity.1 Most research has focused 

70 on granzymes A and B due to their hallmark role in CD8+ T and NK cell-mediated cytotoxicity 

71 against tumor cells or virus-infected cells.2 However, mounting evidence indicates that granzymes 

72 are also involved in other processes, including inflammatory responses,3-5 remodeling of the 

73 extracellular matrix,6 and cardiovascular disorders.7 

74 Activated CD4+ T cells express granzyme B, and some of these cells exhibit lytic activity 

75 similar to CD8+ T cells.8, 9 Antigen-specific CD4+ T cell lytic activity mediated by granzyme B 

76 can be triggered by viral and bacterial infections.10-12 Similarly, some tumor-infiltrating CD4+ T 

77 cells also present anti-tumor cytotoxicity mediated by granzyme B.13 In addition, one of the 

78 mechanisms by which regulatory CD4+ T cells in humans and mice control immune responses is 

79 through granzyme B-mediated cell death.14-18 

80 After activation, CD4+ T cells can differentiate into a diverse set of T helper (Th) cells 

81 depending on environmental cues and transcription factors, which ultimately leads Th cells to 

82 produce a specific cytokine profile.19 In certain populations of differentiated CD4+ T cells, 

83 granzyme B controls CD4+ T cell immune responses by initiating activation-induced cell death.20 

84 Downregulation of granzyme B, for example when Th2 cells are cultured in the presence of 

85 vasoactive intestinal peptide, reduces Th2 cell death.20 Moreover, granzyme B expression in Th2 

86 cells is enhanced by IL-10R signaling, which results in cell death.21 These studies clearly indicate 

87 that granzyme B is involved in controlling some immune CD4+ T cell responses. However, it is 

88 unclear whether this enzyme is actively involved during the process of Th differentiation. 
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89 In this report, we present data indicating that granzyme B is expressed during CD4+ T cell 

90 differentiation. Cells lacking granzyme B show a different cytokine profile than granzyme B-

91 competent cells, primarily presenting increased IL-17 production. Moreover, using the adoptive 

92 transfer model of intestinal inflammation, we show that granzyme B-deficient CD4+ T cells 

93 activated in vivo have a different gene expression profile and display increased pathogenicity 

94 relative to WT cells. Similarly, we present evidence indicating that granzyme B deficiency 

95 predisposes mice to higher susceptibility to Citrobacter rodentium infection. These results indicate 

96 that granzyme B is required for proper CD4+ T cell differentiation, and in its absence, CD4+ T cells 

97 may acquire an aberrant phenotype characterized by increased IL-17 production and pathogenicity.

98

99 Results

100 Th0 and Th1, but not Th17 CD4+ T cells express granzyme B during differentiation

101 To determine the role of granzyme B in T cell activation and differentiation, we cultured 

102 naïve CD4+ T cells in Th0, Th1 and Th17 differentiation conditions. One and three days after 

103 culture, RNA was extracted to determine granzyme B expression relative to naïve CD4+ T cells. 

104 Under Th0 conditions, expression of granzyme B at day 1 displayed a slight increase above the 

105 levels observed for naïve CD4+ T cells (Figure 1a, top), but presented an almost three-fold increase 

106 at day 3 (Figure 1a, bottom). Th1 cells expressed a 3-fold increase in granzyme B mRNA over 

107 naïve T cells at day 1, which was maintained until day 3. On the other hand, CD4+ T cells under 

108 Th17 differentiation conditions did not induce granzyme B mRNA expression at either time point 

109 (Figure 1a). 

110 Around 13% of Th0 and Th1 cells expressed granzyme B intracellularly at day 5 (Figure 

111 1b; see Supplemental Figure 1a for gating strategy), whereas this enzyme was not detected in Th17 
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112 cells, confirming the results for granzyme B mRNA expression. Although granzyme B mRNA was 

113 detected at day 1 in Th1 cells, granzyme B protein was not, but the protein was conspicuously 

114 expressed at day 3 and day 5 (Figure 1c). These results suggest a lag between granzyme B mRNA 

115 transcription and translation. A similar granzyme B protein expression profile was detected for 

116 Th0 cells (Figure 1c). On the other hand, Th17 cells did not express granzyme B at any of the time 

117 points analyzed (Figure 1c). Similarly, Th2 cells did not express granzyme B (Supplemental Figure 

118 2b). 

119 Because Th1 and Th17 cultures contain different cytokine/antibody cocktails, and 

120 granzyme B is expressed in the former, but not in the latter, we investigated what factors present 

121 in these culture conditions induce or repress granzyme B expression. For this purpose, we activated 

122 CD4+ T cells under Th0 conditions (anti-CD3/CD28, IL-2, and irradiated spleen cells), in the 

123 presence of individual factors included in Th1 and Th17 differentiation cocktails (Figure 1d). IL-

124 2 alone induced ~7.5% of CD4+ T cells to express granzyme B, which was not significantly 

125 different from cells activated without IL-2 (background levels), or in the presence of IL-12, IL-1, 

126 and IL-23, the last two of which are involved in Th17 differentiation. However, the Th17-inducing 

127 cytokines IL-6 and TGF as well as the blocking anti-IFN antibody, significantly ablated 

128 granzyme B expression. These results indicate that CD4+ T cell activation induces granzyme B 

129 activation, whereas some cytokines and anti-IFN inhibit its expression.   

130 Because most of our differentiation cultures included spleen cells as a source of APC, we 

131 determined whether these cells influence granzyme B expression during CD4+ T cell activation. 

132 As shown in Figure 1e, CD4+ T cell activation in the absence of APC (but including IL-2), resulted 

133 in less than 2% of CD4+ T cells expressing granzyme B, whereas irradiated spleen APC 

134 significantly increased granzyme B expression. 
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135 Overall, these results indicate that granzyme B is expressed during Th0 and Th1 

136 differentiation, with irradiated APC being an important expression-enhancing factor. On the other 

137 hand, Th17 and Th2 differentiation conditions ablate granzyme B expression. This effect can be 

138 attributed to IL-6, TGF, and anti-IFN.

139 As shown in Figure 1b, during Th0 and Th1 differentiation, two populations of CD4+ T 

140 cells can be distinguished: WT-gzmBpos and WT-gzmBneg. To determine whether these 

141 populations present different cytokine profiles, we determined the frequencies of IFN- and IL-

142 17-producing cells in each of these subpopulations. Around half of Th0 WT-gzmBpos expressed 

143 IFN, whereas only around 5% of the WT-gzmBneg CD4+ T cells were positive for IFN (Figure 

144 1f). Th0 cells derived from granzyme B-deficient (Gzmb-/-) mice presented decreased levels of 

145 IFN-producing cells in comparison to WT-gzmBpos cells, but significantly more IFN+ cells than 

146 WT-gzmBneg cells (Figure 1f). On the other hand, IL-17 production was not significantly different 

147 among Th0 cells from any of the CD4+ T cell populations. 

148 Th1 differentiation induced high levels of IFN+ cells in all CD4+ T cell populations 

149 analyzed; however, WT-gzmBpos cells presented the highest levels of IFN+ cells in comparison 

150 to WT-gzmBneg or cells derived from Gzmb-/- mice (Figure 1g). Interestingly, under Th1 

151 conditions, cells from Gzmb-/- mice presented significantly greater levels of IL-17+ cells when 

152 compared to WT-gzmBpos and WT-gzmBneg cells (Figure 1g). These results suggest that granzyme 

153 B may be involved in preventing IL-17 production when CD4+ T cells are cultured under Th1 

154 conditions. 

155 CD4+ T cells cultured in Th2 differentiation conditions, which contains anti-IFN, lack 

156 granzyme B expression (Supplemental Figure 1b); therefore, as expected, promiscuous cytokine 
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157 expression in granzyme B-deficient CD4+ T cells was not observed in Th2 differentiation 

158 conditions (Supplemental Figure 1c).

159

160 In vivo activation of granzyme B-deficient CD4+ T cells results in increased pathogenicity

161 To further understand the role of granzyme B in CD4+ T cell differentiation, we adoptively 

162 transferred naïve CD4+CD45RBhi T cells from WT or Gzmb-/- mice into Rag2-/- recipient mice. 

163 Because it is well-established that transfer of naïve CD4+ T cells into immunocompromised 

164 recipients results in chronic intestinal inflammation, 22, 23 this set up allows us to: 1) determine 

165 whether granzyme B-deficiency alters CD4+ T cell pathogenicity, and 2) whether absence of 

166 granzyme B influences the cytokine profile of CD4+ T cells activated in vivo (discussed in the next 

167 section). 

168 In our animal colony, transfer of naïve CD4+ T cells from WT mice typically results in 

169 disease symptoms by 6 weeks after transfer. However, when naïve CD4+ T cells from Gzmb-/- mice 

170 were transferred into Rag2-/- mice, weight loss was evident starting at 14 days after transfer, and 

171 by day 21 these mice had lost around 20% of their original weight (Figure 2a). At this point, the 

172 experiments were terminated to comply with our institution’s animal welfare regulations. In 

173 contrast, at day 21, Rag2-/- mice that received WT cells were either gaining or maintaining their 

174 weight (Figure 2a). Weight loss was accompanied by increased disease severity characterized by 

175 diarrhea, pilo-erection, and hunching (Figure 2b); increased intestinal pathology based on immune 

176 cell infiltration, loss of goblet cells, epithelial damage and hyperplasia (Figure 2c); and donor-

177 derived CD4+ T cell reconstitution (Figure 2d). To confirm that the pathogenicity observed in 

178 granzyme B-deficient CD4+ T cells is an intrinsic effect, we adoptively transferred naïve CD4+ T 

179 cells from littermate Gzmb+/- and Gzmb-/- mice into Rag2-/- recipient mice. Although disease 
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180 development was delayed for almost a week, Gzmb-/- mice displayed earlier disease onset and 

181 increased colon pathology compared to Gzmb+/- littermate controls (Supplemental Figure 2a), 

182 indicating that the pathogenicity observed is intrinsic to CD4+ T cells. 

183 To investigate whether the recipient mice’s granzyme B status is important for disease 

184 development, we adoptively transferred naïve CD4+ T cells from WT or Gzmb-/- donor mice into 

185 Rag2-/- Gzmb-/- recipient mice. Donor CD4+ T cells from WT mice did not cause early weight 

186 loss in the double knock-out recipient mice, while CD4+ T cells deficient in granzyme B caused 

187 similar weight loss as in Rag2-/- recipient mice (Supplemental Figure 2b and Figure 2a). Weight 

188 loss in mice receiving granzyme B-deficient CD4+ T cells was accompanied by increased disease 

189 severity (Supplemental Figure 2c), colon pathology (Supplemental Figure 3d), and donor-derived 

190 CD4+ T cell reconstitution (Supplemental Figure 3e). Therefore, the granzyme B status in the 

191 recipient mice is irrelevant for the intrinsic pathogenicity of granzyme B-deficient CD4+ T cells. 

192 In summary, our data indicate that absence of granzyme B in CD4+ T cells activated in vivo 

193 results in accelerated pathogenicity and increased cell reconstitution.

194

195 Granzyme B-deficient CD4+ T cells present increased IL-17 production in vivo. 

196 To determine whether granzyme B deficiency results in differential CD4+ T cell cytokine 

197 profiles in vivo, we adoptively transferred naïve CD4+CD45RBhi T cells from WT or Gzmb-/- mice 

198 into Rag2-/- recipient mice. Three weeks after transfer, donor-derived cells were recovered from 

199 the MLN and lamina propria and analyzed for IFN and IL-17 expression. As shown in Figure 3, 

200 IFN was the predominant cytokine produced by donor CD4+ T cells derived from WT and Gzmb-/- 

201 mice, with similar levels between WT and Gzmb-/- CD4+ T cells (Figure 3a and 3b). However, 

202 CD4+ T cells from Gzmb-/- donor mice presented significantly increased IL-17 production in 
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203 comparison to WT CD4+ T cells (Figure 3a and 3b). It has been reported that pathogenesis in colitis 

204 requires the development of Th17 cells expressing IFN.24 As shown in Figure 3a and 3b, the 

205 frequency of IL-17+IFN+ donor-derived CD4+ T cells was similar among both groups in the MLN 

206 and lamina propria, suggesting that these cells may not be responsible for the accelerated colitis 

207 development observed. Albeit less pronounced, cytokine profiles were also similar when littermate 

208 Gzmb+/- and Gzmb-/- donor mice were used (Supplemental Figure 3). 

209 In summary, in vivo activated CD4+ T cells deficient in granzyme B presented increased 

210 IL-17 production. These results suggest that absence of granzyme B results in skewed in vivo 

211 differentiation.  

212

213 Granzyme B deficient CD4+ T cells present a distinct gene expression profile

214 Because granzyme B-deficient CD4+ T cells had increased IL-17 production when 

215 activated in vivo, we investigated whether these cells presented a distinct gene expression profile 

216 in comparison to in vivo activated CD4+ T cells from WT mice. For this purpose, CD4+CD45RBhi 

217 T cells from WT and Gzmb-/- donor mice were adoptively transferred into Rag2-/- mice. Three 

218 weeks after transfer, CD4+ T cells were recovered from the MLN, their RNA extracted and gene 

219 expression profile determined by RNAseq. As shown in Figure 4a, WT and granzyme B-deficient 

220 CD4+ T cells presented significantly different gene expression profiles. Examples of genes 

221 encoding transcription factors or molecules associated with gene expression upregulated in CD4+ 

222 T cells derived from Gzmb-/- mice include Special AT-rich Binding protein (Satb1), a chromatin 

223 remodeling protein involved in T cell development and implicated in Th2 and regulatory T cell 

224 responses;25 Krüppel-like transcription factor 13 (Klf13), which has been implicated in T cell 

225 survival; 26 nuclear receptor subfamily 1, group D, member 1 (Nr1d1), which in human T cells is 
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226 important for circadian cycles;27 and the Th17 master transcription factor Rorc. We also performed 

227 gene set enrichment analysis to determine whether WT and granzyme B-deficient CD4+ T cells 

228 recovered from recipient mice segregated in specific groups. As indicated in Figure 4b, GSEA 

229 indicated that these two CD4+ T cell populations presented distinct differential gene expression 

230 within several GSEA groups (Figure 4b). These results indicate that granzyme B-deficient CD4+ 

231 T cells, in the adoptive transfer system, follow a distinct differentiation pathway compared to WT 

232 CD4+ T cells. 

233 We validated the results generated from the RNAseq analysis by comparing the expression 

234 of selected genes in naïve CD4+ T cells (Figure 4c, top), and donor-derived cells recovered 21d 

235 post-adoptive transfer (Figure 4c, bottom).  Hallmark genes involved in Th17 responses, such as 

236 Rorc and Il17a, were similarly expressed in naïve CD4+ T cells, regardless of the granzyme B 

237 status, but their expression was significantly increased in recovered granzyme B-deficient CD4+ T 

238 cells. Ddit4, a gene important for optimal T cell proliferation,28 is highly expressed in T cells from 

239 multiple sclerosis patients, and is important in Th17 differentiation.29 Ddit4 expression was 3-fold 

240 higher in activated CD4+ T cells derived from Gzmb-/- mice in comparison to WT CD4+ T cells 

241 (Figure 4c). Granzyme B-deficient CD4+ T cells presented a 2-fold increase in Il7r expression 

242 (Figure 4c), which mediates IL-7 signaling, a well-known lymphopoietic cytokine also expressed 

243 in T cells undergoing homeostatic expansion.30 Plexin D1, encoded by the Plxnd1 gene, binds 

244 semaphorins31 and is critical for directing thymocyte migration.32 Although the role of Plxnd1 is 

245 not well known in mature T cell biology, granzyme B-deficient CD4+ T cells presented 

246 approximately a 4-fold increase in expression. Interestingly, donor CD4+ T cells derived from 

247 Gzmb-/- mice presented decreased Il10ra expression in comparison to WT counterparts (Figure 

248 4c).
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249 In terms of IFN expression, the total count read average from the RNAseq analysis for 

250 this gene were 2940.7±1332 and 2609.3±1348.9 (P=0.66) for cells derived from WT and Gzmb-/- 

251 CD4+ T cells, respectively, indicating that IFN expression is similar among the two groups. These 

252 results confirm what we observed with intracellular staining for this cytokine (Figure 3).

253 Overall, these results show that in the adoptive transfer model of CD4+ T cell activation, 

254 granzyme B deficiency results in a distinct gene expression profile, which is characterized by genes 

255 relevant to Th17 differentiation and T cell proliferation. 

256

257  Granzyme B-deficient CD4+ T cells possess better reconstitution capability

258 As indicated in Figure 2d, granzyme B-deficient CD4+ T cells showed greater 

259 reconstitution in the colon than WT CD4+ T cells when transferred into Rag-2-/- recipient mice. 

260 However, this observation could be due to inflammation-driven proliferation, which was more 

261 prevalent in Rag2-/- mice receiving CD4+ T cells from Gzmb-/- mice. To further determine the 

262 reconstitution potential of CD4+ T cells derived from WT and Gzmb-/- mice, we performed 

263 competitive adoptive T cell transfer experiments. For this purpose, naïve CD4+ T cells from WT 

264 CD45.1 and Gzmb-/- CD45.2 mice (1x105 each) were adoptively co-transferred into the same Rag2-

265 /- recipient mice. Of the total donor-derived cells obtained from the MLN, granzyme B-deficient 

266 CD4+ T cells presented ~60% reconstitution, whereas WT-derived cells showed ~40% 

267 reconstitution (Figure 5a). To determine whether increased cell reconstitution by granzyme B-

268 deficient CD4+ T cells correlated with increased cell division, we stained the cells for Ki67 as a 

269 surrogate marker for cell division. As shown in Figure 5b, there was higher percentage of Ki67+ 

270 cells in granzyme-B deficient donor-derived cells. To further confirm these results, we cultured 

271 donor-derived cells without any stimulation, and measured their division potential by CFSE 
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272 dilution after 3 days. CD4+ T cells from Gzmb-/- mice showed a slight increase in cell division 

273 compared to cells derived from WT mice (Figure 5c). 

274 We also analyzed the cytokine profile of the cells derived from the competitive adoptive 

275 CD4+ T cell approach. Although the IFN profile of co-transferred cells was similar to cells 

276 transferred alone, co-transferred WT cells presented increased IL-17 production in comparison to 

277 WT CD4+ T cells transferred alone (Figure 5d, left and middle graphs). These results raise the 

278 possibility that granzyme B-deficient CD4+ T cells influenced the behavior of granzyme B-

279 competent CD4+ T cells. Interestingly, co-transferred granzyme B-deficient CD4+ T cells 

280 displayed a higher percentage of IFN+IL-17+ cells in comparison to WT cells (Figure 5d, right 

281 graph).  Rag2-/- mice co-transferred with WT and GzB-/- CD4+ T cells displayed similar weight 

282 loss (Figure 5e) and colon pathology (Figure 5f) to mice transferred only with CD4+ T cells from 

283 Gzmb -/- mice, suggesting that the increased pathogenicity of the latter cells was maintained even 

284 in the presence of granzyme-competent CD4+ T cells. 

285

286 Granzyme B-deficient mice present normal cellularity and IFN /IL-17 production

287 Since in vivo activated granzyme B-deficient CD4+ T cells possess differential gene 

288 expression and cytokine profiles, it is possible that these differences are also observed in naïve 

289 cells. To investigate this possibility, we enumerated the CD4+ T cell cellularity of spleen, MLN, 

290 and IEL compartments from WT and Gzmb-/- mice. As indicated in Supplemental Figure 4a, 

291 frequencies and numbers of TCR+CD4+ T cells were similar among the two groups of mice. Ex 

292 vivo IFN and IL-17 production by non-stimulated (ns) or stimulated (s) naïve CD4+ T cells derived 

293 from the MLN and IEL showed no distinguishable difference between cells from WT and Gzmb-/- 

294 mice (Supplemental Figure 4b).  
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295 In summary, naïve WT and Gzmb-/- animals appear to have similar CD4+ T cell cellularity 

296 and basal IFN and IL-17 production in peripheral lymphoid organs and the intestines. 

297

298 Granzyme B deficiency results in increased disease severity during Citrobacter rodentium 

299 infection

300 As demonstrated in the previous section, naïve Gzmb-/- mice have a normal CD4+ T cell 

301 compartment compared to WT mice. However, because we observed that activated T cells from 

302 Gzmb-/- mice became more pathogenic and had a distinct gene expression profile in the adoptive 

303 transfer model of colitis, we investigated whether Gzmb-/- mice respond properly to antigenic 

304 stimulus. For this purpose, we infected WT and Gzmb -/- mice with the extracellular bacterium 

305 Citrobacter rodentium, which preferentially colonizes the colon of mice and induces an IL-17/IL-

306 22-based immune response. After infection, WT mice maintained similar weight throughout the 

307 course of the experiment; however, starting at 9 days post-infection, Gzmb-/- mice lost weight, 

308 reaching approximately ~20% loss of the starting weight by day 12 (Figure 6a). Gzmb-/- mice also 

309 presented other signs of disease, such as diarrhea, hunched posture, and pilo-erection, which were 

310 mostly absent in WT mice (Figure 6b). Despite similar colonic bacterial burden (Figure 6c), Gzmb-

311 /- mice developed greater pathology characterized by increased infiltration and epithelial injury 

312 than WT mice (Figure 6d). Analysis of cytokine production showed that in the spleen and LP of 

313 infected Gzmb-/- mice, there was a significant increase in CD4+ T cells expressing IL-17, while 

314 IFN production was only increased in the MLN (Figure 6e). 

315 Because innate immune cells are important for the response against C. rodentium, we 

316 investigated whether the absence of granzyme B in innate immune cells was responsible for the 

317 observed increased pathology in infected Gzmb-/- mice. For this purpose, Rag-2-/- and Rag-2-/-
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318 Gzmb-/- mice were infected with C. rodentium and monitored for 14 days. Both groups of mice 

319 maintained similar weights throughout the course of the experiment (Supplemental Figure 5a), 

320 indicating that the effect caused by granzyme B-deficiency is most likely associated with adaptive 

321 immune cells. To further confirm these results, we treated Rag-2-/- and Rag-2-/-Gzmb-/- mice with 

322 anti-CD40 antibodies, which induce acute intestinal inflammation in the absence of T or B cells.33 

323 As shown in Supplemental Figure 5b, Rag-2-/- and Rag-2-/-Gzmb-/- mice presented similar weight 

324 loss throughout the course of the experiment.

325 Interestingly, when Gzmb+/- and Gzmb-/- littermate mice were infected with C. rodentium, 

326 both groups displayed similar weight curves and colon colonization (Supplemental Figure 5c and 

327 5d). However, there was a slight trend for increased IFN+IL-17+ CD4+ T cells in the spleen of 

328 Gzmb-/- mice (Supplemental Figure 5e). 

329  

330 Discussion

331 Granzyme B expression in CD4+ T cells is well-documented, and has been primarily 

332 studied in the context of granzyme B/perforin-dependent regulatory T cell suppressor activity.34 

333 However, as our data indicate, granzyme B expression appears to be a common feature among a 

334 significant fraction of activated CD4+ T cells. Interestingly, not all differentiation conditions 

335 induced granzyme B expression. For example, Th0 and Th1 cells rapidly express granzyme B 

336 starting at 1-day post activation, whereas Th17 cells do not express this enzyme at any time after 

337 activation. In the former conditions, expression of granzyme B is primarily driven by the presence 

338 of irradiated splenocytes, indicating the possibility that cell-to-cell contact is important for 

339 granzyme B expression. 
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340 Although none of the cytokines involved in Th1 differentiation induced granzyme B 

341 expression above the levels observed with the addition of irradiated splenocytes, anti-IFN and 

342 some cytokines present in the Th17 cocktail, such as IL-6 and TGF prevented the expression of 

343 this enzyme, which suggests that restriction of granzyme B expression is necessary for Th17 

344 polarization. Studies in cytotoxic CD8+ T cells have shown that activation of these cells with anti-

345 CD3 in the presence of IL-6, but not in the presence of TGF, induces granzyme B expression35 

346 Here we show that in CD4+ T cell differentiation, IL-6 does not enhance the expression of 

347 granzyme B, indicating that CD8+ and CD4+ T cells possess different mechanisms for modulating 

348 granzyme B production.

349 Granzyme B expression may not only be limited during the initial CD4+ T cell priming and 

350 differentiation. For example, TGF is known for its role in regulatory T cell differentiation, and 

351 some of these cells require granzyme B for their suppressor functions. However, as our results 

352 indicate, TGF ablates expression of this enzyme, suggesting that regulatory T cells must acquire 

353 granzyme B expression during post-priming events. Similarly, a fraction of effector CD4+ T cells 

354 that migrate into the intestinal intraepithelial lymphocyte compartment acquire granzyme B 

355 expression after transcriptional reprogramming.36 

356  One of the most intriguing questions is: Why do CD4+ T cells express granzyme B during 

357 Th0/Th1 activation and differentiation? During in vitro Th0/Th1 differentiation, WT-gzmBpos and 

358 WT-gzmBneg cells have distinct IFN profiles, suggesting that these cells may represent different 

359 lineages and that the activity of granzyme B influences their outcome. This is better exemplified 

360 when analyzing granzyme B-deficient CD4+ T cells, where in vivo and in vitro activation skew the 

361 cells towards an IL-17-producing phenotype, with a distinct gene expression signature. We 

362 postulate that granzyme B-deficient IL-17+ cells represent a lineage of cells that underwent 
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363 aberrant differentiation. Therefore, expression of granzyme B during Th0/Th1 activation serves as 

364 a checkpoint for proper CD4+ T cell differentiation, preventing IL-17 production and increased 

365 pathology. These observations have important significance because it has been reported that allelic 

366 variants of granzyme B correlate with autoimmune disorders,37-39 raising the possibility that in 

367 certain CD4+ T cell-mediated disorders, lack of proper granzyme B function increases the 

368 probability of improper differentiation and increased pathogenesis potential. If this idea is correct, 

369 then WT-gzmBpos CD4+ T cells may represent cells in which the differentiation signals have the 

370 potential to skew cells into an unwanted phenotype, and granzyme B expression in these cells 

371 ensures the correct differentiation process.

372 We have shown that adoptive transfer of CD4+ T cells derived from non-littermate (Figure 

373 2) and littermate (Supplemental Figure 2a) mice resulted in increased pathogenicity and IL-17 

374 production, which argues that granzyme B deficiency has an intrinsic effect in CD4+ T cells. 

375 However, the host’s environment also influences the pathogenicity and IL-17 production of 

376 granzyme B-deficient CD4+ T cells. For example, infection of Gzmb-/- mice with C. rodentium 

377 resulted in more severe disease with increased IL-17 production relative to WT mice (Figure 6); 

378 however, this effect was not observed in infected Gzmb+/- and Gzmb-/- littermate mice 

379 (Supplemental Figure 5c-5e). This observation suggests that granzyme B deficiency in CD4+ T 

380 cells is necessary but not sufficient for their associated increased IL-17 production and 

381 pathogenicity. One potential factor that may be responsible for controlling the pathogenicity of 

382 granzyme B-deficient CD4+ T cells may be the microbiota present in granzyme B-competent mice. 

383 We are currently investigating this interesting hypothesis. 

384 Granzyme B activity in lymphocyte development and/or differentiation has been 

385 previously reported.40 These authors showed that granzyme A and B are important for the 
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386 development of a subset of TCRneg intestinal intraepithelial lymphocytes known for the expression 

387 of intracellular CD3. Development of these cells requires granzyme B to cleave and inactivate 

388 the intracellular domain of Notch1. This raises the interesting possibility that during CD4+ T cell 

389 differentiation, granzyme B prevents unwanted phenotypes by disrupting signals coming from the 

390 environment, such those provided by Notch and its ligands, which are known to influence CD4+ T 

391 cell differentiation.41 Our observation that granzyme B expression was increased in the presence 

392 of irradiated splenocytes supports this hypothesis. We are currently investigating what signals 

393 derived from APC enhance granzyme B expression. 

394 It has been reported that granzyme B-deficient CD4+CD25- T cells used in murine models 

395 of graft versus host disease (GVHD) induced faster disease onset with increased lethality in 

396 comparison to their WT counterparts.42 Although this group did not provide a mechanistic 

397 explanation for the increased pathogenicity observed, they suggested that increased proliferation 

398 and decreased cell death may be involved. According to our data, we believe that in the GVHD 

399 model, differential proliferation and survival of granzyme B-deficient CD4+ T cells are the result 

400 of aberrant CD4+ T cell differentiation, which allows escape of highly pathogenic clones. Further 

401 investigations in the GVHD model are needed to test this hypothesis.

402 In summary, granzyme B has been known for its role in cell mediated-cytotoxicity, and 

403 while many groups have reported potential extracellular roles for this enzyme,43 here we present 

404 in vitro and in vivo evidence supporting a novel intrinsic function for granzyme B during CD4+ T 

405 cell differentiation. Although many questions remain to be answered regarding how granzyme B 

406 is involved in this process, our results provide a strong foundation for a better understanding of 

407 the function of this enzyme in CD4+ T cell biology.

408
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409 Methods

410 Mice. C57BL/6J and C57BL/6J.CD45.1 mice were originally purchased from The Jackson 

411 Laboratory (000664, and 002014 respectively) and have been maintained and acclimated in our 

412 colony for several years. Granzyme B (Gzmb)-/- mice were kindly provided by Dr. Xuefang Cao. 

413 Littermate mice were generated by crossing Gzmb-/- with WT mice; F1 males (Gzmb+/-) were 

414 subsequently crossed to Gzmb-/- female mice to obtain Gzmb+/- and Gzmb-/- mice. CD57BL/6J 

415 Rag2-/- mice were kindly provided by Dr. Luc Van Kaer. Rag2-/-Gzmb-/- were generated in our 

416 colony. All mice were between 6 to 10 weeks of age at the time of experimentation. Male and 

417 female mice were used for all experiments. Mice were maintained in accordance with the 

418 Institutional Animal Care and Use Committee at Vanderbilt University. 

419

420 Reagents and flow cytometry. Fluorochrome-coupled anti-mouse CD4 (GK1.5), CD8 (53-6.7), 

421 CD45RB (C363.16A), granzyme B (NGZB), IFN (XMG1.2), IL-17a (TC11-18H10), Ki67 

422 (solA15), TCR (H57-597) and ghost viability dyes were purchased from ThermoFisher, BD 

423 Bioscences or Tonbo. Biotinylated anti-CD8 (53-1.7) and CD19 (1D3) antibodies were 

424 purchased from Tonbo. The Invitrogen Vybrant CFDA SE cell tracer kit was purchased from 

425 ThermoFisher Scientific.  Anti-CD40 antibody was purchased from BioXcell. Surface cell staining 

426 was performed following conventional techniques. For intracellular cytokine staining, cells were 

427 stimulated with PMA and ionomycin in the presence of Golgi Stop (BD Biosciences) for 4hr prior 

428 to staining. Extracellular markers were stained, cells were fixed briefly with 2% paraformaldehyde, 

429 followed by permeabilization and intracellular staining. For intracellular cytokine and granzyme 

430 B staining, the BD Cytofix/Cytoperm kit was used according to the manufacturer’s instructions. 

431 For intracellular Ki67 staining, the eBioscience transcription factor staining buffer set was used 
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432 according to the manufacturer’s instructions. All stained samples were acquired using BD FACS 

433 Canto II, 3- or 4-Laser Fortessa, or 5-Laser LSR II flow cytometers (BD Bioscences). Data were 

434 analyzed using FlowJo software (Tree Star). 

435

436 Lymphocyte isolation. Spleen and MLN lymphocytes were isolated by conventional means. IEL 

437 and LP cells were isolated by mechanical disruption as previously reported.44 Briefly, after 

438 flushing the intestinal contents with cold HBSS and removing excess mucus, the intestines were 

439 cut into small pieces (~1 cm long) and shaken for 45 minutes at 37°C in HBSS supplemented with 

440 5% fetal bovine serum and 2 mM EDTA. Supernatants were recovered and cells isolated using a 

441 discontinuous 40/70% Percoll (General Electric) gradient. To obtain lamina propria lymphocytes, 

442 intestinal tissue was recovered and digested with collagenase (187.5 U/ml, Sigma) and DNase I 

443 (0.6 U /ml, Sigma). Cells were isolated using a discontinuous 40/70% Percoll gradient.

444

445 In vitro CD4 T cell activation/differentiation. Naïve CD4 T cells were isolated from the spleens of 

446 the indicated mice by magnetic sorting using the Miltenyi or StemCell Technologies naïve CD4+ 

447 T cell isolation kits according to the manufacturer’s instructions. Splenocytes or MLN cells used 

448 as APC were incubated for 1hr at 37°C, non-adherent cells were removed, adherent cells were 

449 washed and resuspended in complete RPMI, and irradiated with 7 Gy (700 rads). 5x105 CD4+ T 

450 cells with or without 5x105 irradiated APC were incubated in the presence of plate bound anti-

451 CD3 (5g/ml) and soluble anti-CD28 (2.5g/ml), for the indicated times, under the following 

452 conditions: Th0 (10ng/mL IL-2), Th1 (10ng/mL IL-2, 20ng/mL IL-12, and 10g/mL anti-IL-4) , 

453 Th17 (5ng/mL TGF, 20ng/mL IL-6, 10ng/mL IL-1, 10ng/mL IL-23, 10g/mL anti-IL-4, and 

454 10g/mL anti-IFN), and Th2 (10ng/mL IL-4, 2g/mL anti-IFN, and 2g/mL anti IL-12).
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455

456 Adoptive transfer of naïve CD4 T cells. Splenocytes from WT or Gzmb-/- mice were depleted of 

457 CD19+ and CD8+ cells using magnetic bead sorting (Miltenyi). Enriched cells were stained with 

458 antibodies directed against TCR, CD4 and CD45RB, and naïve CD4+ T cells were sorted as 

459 CD4+CD45RBhi using a FACSAria III at the Flow Cytometry Shared Resource at VUMC. 1x105 

460 cells were adoptively transferred into the indicated recipient mice. Starting weight was determined 

461 prior to injection. Mice were monitored and weighed weekly. At the end time point, mice were 

462 sacrificed and donor-derived cells were isolated from the indicated organs or tissues. Colon 

463 histopathology was performed in a blind fashion by a GI pathologist (MBP), following established 

464 parameters.45 For competitive transfer experiments, 1x105 CD4+CD45RBhi cells from both WT-

465 CD45.1 and Gzmb-/- CD45.2 mice were adoptively co-transferred into Rag2-/- mice and analyzed 

466 as indicated above.

467

468 Transcription profile analysis. For gene expression analysis, TCR+CD4+ T cells were purified by 

469 flow cytometry from a pool of MLN cells comprised of 1 male and 1 female animal with similar 

470 disease progression 21 days after adoptive transfer. RNA was isolated using the RNeasy micro kit 

471 (Qiagen). cDNA library preparation and RNAseq was performed by the VANTAGE Core at 

472 VUMC on an Illumina NovaSeq 6000 (2 x 150 base pair, paired-end reads). The tool Salmon46 

473 was used for quantifying the expression of RNA transcripts. The R project software along with the 

474 edgeR method47 was used for differential expression analysis. For gene set enrichment analysis 

475 (GSEA), RNAseq data was ranked according to the t-test statistic. The gene sets curated (C2), GO 

476 (C5), immunological signature collection (C7) and hallmarks of cancer (H) of the Molecular 
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477 Signatures Database (MSigDB) were used for enrichment analysis. GSEA enrichment plots were 

478 generated using the GSEA software48 from the Broad Institute with 1000 permutations. 

479

480 Real time PCR. For in vitro analysis, RNA was extracted from MACS-enriched, differentiated 

481 CD4+ T cells at day 1 and 3 of culture. For in vivo analysis, RNA was isolated from flow cytometry 

482 purified donor-derived TCR+CD4+ T cells as described above. cDNA was synthesized using the 

483 RT2 First Strand kit (Qiagen). Real time PCR was performed using RT2 SYBR Green Mastermix 

484 (Qiagen) on an Applied BioSystems Proflex PCR cycler. All primers were purchased from Qiagen.  

485

486 Citrobacter rodentium infection. Seven-week old female WT and Gzmb-/- or Gzmb+/- and Gzmb-/- 

487 littermate animals were infected with C. rodentium as previously described49. Briefly, mice were 

488 infected with 5x108 CFU exponentially grown bacteria by oral gavage. Starting weight was 

489 determined prior to gavage. Mice were monitored and weighed daily for 14d. At the end time 

490 point, cells were isolated from the indicated organs or tissues. Cellularity was determined, 

491 intracellular cytokine staining was performed, and colon histopathology was performed in a blind 

492 fashion by a GI pathologist (MBP) as previously described.50 

493

494 Anti-CD40 disease induction. Rag-2-/- and Rag-2-/-Gzmb-/- mice were injected i.p. with 

495 150g/mouse of anti-CD40 (BioXcell). Mice were monitored and weighed for daily for 7 days.

496
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688 Figure legends

689

690 Figure 1. Granzyme B expression during T cell differentiation. (a) Naïve CD4+ T cells from WT 

691 mice were cultured in the presence of plate-bound anti-CD3 and soluble anti-CD28 under the 

692 indicated differentiation conditions, and in the absence of irradiated splenocytes. At day 1 (top) 

693 and 3 (bottom), cells were recovered, RNA extracted and granzyme B mRNA expression 

694 determined. Naïve CD4+ T cells without stimulation were used as reference. (b) Intracellular 

695 granzyme B in cells cultured as in (a), but in the presence of irradiated splenocytes. Left, 

696 representative dot plot (see Supplemental Figure 1a for gating strategy). Right, data summary. (c) 

697 Granzyme B expression in cells cultured in Th0, Th1 and Th17 conditions in the presence of 

698 irradiated splenocytes at different time points. (d) Cells cultured in Th0 conditions in the 

699 presence of irradiated splenocytes and the indicated individual cytokines, harvested 5 days after 

700 culture. (e) Cells cultured with IL-2, with or without irradiated splenocytes (APC). (f) and (g), 

701 intracellular IFN and IL-17 staining of WT and Gzmb-/- CD4+ T cells cultured in Th0 or Th1 

702 conditions, respectively, in the presence of irradiated splenocytes. Top, intracellular IFN and 

703 IL-17 staining of representative concatenated plots; bottom, data summary. Each dot represents 

704 an individual sample. Data are representative of at least 3 independent experiments, performed in 

705 triplicate. n=6. For (d), (f) and (g), *P<0.05; **P<0.01; ***P<0.001; ****P<0.001, One-way 

706 ANOVA; For (e), ***P<0.001, Student’s t test.

707

708 Figure 2. In vivo activated granzyme B-deficient CD4+ T cells display increased pathogenicity. 

709 1x105 CD4+CD45RBhi T cells from WT or Gzmb-/- donor mice were adoptively transferred into 

710 Rag2-/- recipient mice. (a) Mice were weighed weekly, and (b) monitored for signs of disease. 

711 Twenty-one days after transfer, (c) colon pathology was scored (left, representative micrographs; 

712 right, data summary), and (d) donor-cell reconstitution of the IEL compartment in the colon was 

713 determined. For (a), dotted lines represent untreated Rag2-/- mice. Each dot represents an 

714 individual mouse. Data are representative of at least 3 independent experiments. n=8-10. 

715 **P<0.01; ***P<0.001; ****P<0.0001; Student’s t-test. 

716

717 Figure 3. Granzyme B-deficient CD4+ T cells display skewed IL-17 differentiation in vivo. 

718 1x105 CD4+CD45RBhi T cells from WT or Gzmb-/- donor mice were adoptively transferred into 
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719 Rag2-/- recipient mice. Three weeks after transfer, donor-derived cells were recovered from (a) 

720 MLN, and (b) lamina propria, and their IFN/IL-17 profile was determined by intracellular 

721 staining. Dot plots indicate a representative sample. Live, TCR+CD4+ cells are displayed. 

722 Graphs represent the summary. Each dot indicates an individual mouse. For MLN, n=11-13; for 

723 lamina propria, n=7-11. Data are representative of at least 3 independent experiments. **P<0.01; 

724 ****P<0.001. Student’s t-Test.

725

726 Figure 4. Granzyme B-deficient CD4+ T cells activated in vivo display a distinct gene expression 

727 profile. 1x105 CD4+CD45RBhi T cells from WT or Gzmb-/- donor mice were adoptively 

728 transferred into Rag2-/- recipient mice. Three weeks after transfer, donor-derived cells were 

729 recovered from the MLN, sorted for live TCR+CD4+, their RNA isolated and sequenced. (a) 

730 Representative heat map. (b) Representative gene set enrichment analysis. The green line on the 

731 plots indicate the enrichment score; the black lines show where the genes related to the pathway 

732 are located in the ranking; the legend at the bottom indicates whether the expression of the genes 

733 correlate more with CD4+ T cells derived from WT or Gzmb-/- mice. (c) Real-time PCR 

734 validation of selected genes. For day 0, n=2; for day 21, n=3-6. *P<0.05; **P<0.01. Student’s t-

735 Test.

736

737 Figure 5. Granzyme B-deficient CD4+ T cells present greater in vivo reconstitution.

738 1x105 CD4+CD45RBhi T cells from WT (CD45.1) and Gzmb-/- (CD45.2) donor mice were co-

739 transferred into the same Rag2-/- recipient mice. As controls, cells from the same donors were 

740 independently transferred into Rag2-/- recipient mice. Three weeks after transfer, (a) MLN 

741 reconstitution (right, representative dot plot displaying live, TCR+CD4+ cells; left, summary), 

742 and (b) Ki67 staining were determined. (c) In vitro proliferation potential measured by CFSE 

743 dilution. Histograms indicate representative samples. Gray, WT; Red, Gzmb-/-. The gates indicate 

744 CFSE-negative cells; graph represents summary. (d) IFN/IL-17 production was determined 

745 from cells as in (a); graphs represent single IFN+ or IL-17+ (left and middle, respectively), and 

746 IFN+IL-17+ cells (right). (e) Rag2-/- mice that received CD4+ T cells from both WT/Gzmb-/- or 

747 only Gzmb-/- mice were weighed weekly. (f) Colon pathology was determined 3 weeks post 

748 transfer. For (a) n=11; (b) n=9; (c) n=5; (d) n=4-9; (e), n=5-9. Each dot represents an individual 
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749 mouse. Data are representative of at least 2 independent experiments. *P<0.05; **P<0.01; 

750 ***P<0.001; ****P<0.0001. For (a) and (b) Student’s t-Test; for (d) One-Way ANOVA.

751

752 Figure 6. Granzyme B-deficient mice present severe disease after C. rodentium infection. 

753 Indicated mice were orogastrically infected with C. rodentium (5x108 CFU/mouse) and 

754 monitored for (a) weight change, and (b) signs of disease. At 14 days post infection, colons were 

755 dissected, (c) colonization/g of colon was determined, and (d) pathology scored as indicated in 

756 the Methods section; left, representative micrographs (200X magnification); right, data 

757 summary. (e) CD4+ T cell IFN and IL-17 expression in the indicated organs was determined. 

758 Cells were non-stimulated (ns) or stimulated (s) for 4 h with PMA/ionomycin. Each dot 

759 represents an individual mouse. For (a-d), n=7-9; for (e), 3-5. Data are representative of at least 3 

760 independent experiments. For (a): **P<0.01; ***P<0.01; ****P<0.001; Student’s t-Test. For (b): 

761 ****P<0.001; Student’s t-Test. For (d) and (e): *P<0.05; **P<0.01; One-way ANOVA.
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Supplemental Figure 1. (a) Gating strategy for Figure 1. Plots are from representative WT 

CD4+ T cells cultured in Th0 conditions. Cells from Gzmb-/- mice presented similar gating 

profiles (not shown). (b) Granzyme B expression in differentiated Th1 and Th2 cells from the 

indicated mice; left, representative dot plots; right, summary. n=3. (c) IL-17 and IL-4 expression 

in Th2 differentiated cells from the indicated mice; left, representative dot plots; right, summary. 

n=3. 

Page 38 of 46
.CC-BY-NC-ND 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 June 17, 2021. ; https://doi.org/10.1101/2020.12.04.412056doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.04.412056
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplemental

Figure 2

C
ha

ng
e 

fro
m

 in
iti

al
 w

ei
gh

t (
%

)

Days after transfer

WT > Rag2-/-Gzmb-/-

Gzmb-/- > Rag2-/-Gzmb-/-

*** ****

0 7 14 21
60

80

100

120

D
is

ea
se

 s
ev

er
ity

 (m
ax

 1
2)

Days after transfer
0 7 14 21

0

2

4

6

8

10

***

****

a

b

WT > Rag2-/-Gzmb-/- Gzmb-/- > Rag2-/-Gzmb-/-

c

WT > Rag2-/-Gzmb-/-

Gzmb-/- > Rag2-/-Gzmb-/-

P
at

ho
lo

gy

**

0

2

4

6

8

10

0.0

0.2

0.4

0.6

D
on

or
 c

el
ls

 (1
x1

06 )

WT > Rag2-/-Gzmb-/-

Gzmb-/- > Rag2-/-Gzmb-/-

***

d

C
ha

ng
e 

fro
m

 in
iti

al
 w

ei
gh

t (
%

)

Days after transfer
0 7 14 21 28

80

90

100

110

*

LM Gzmb+/- > Rag2-/-

LM Gzmb-/- > Rag2-/-

e

0

5

10

15

P
at

ho
lo

gy

LM Gzmb+/- > Rag2-/-

LM Gzmb-/- > Rag2-/-

*

200μm 200μm

WT > Rag2-/-Gzmb-/-

Gzmb-/- > Rag2-/-Gzmb-/-

Page 39 of 46
.CC-BY-NC-ND 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 June 17, 2021. ; https://doi.org/10.1101/2020.12.04.412056doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.04.412056
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplemental Figure 2. In vivo activated granzyme B-deficient CD4+ T cells display increased 

pathogenicity. (a) 1x105 CD4+CD45RBhi T cells from Gzmb+/- or Gzmb-/- littermate donor mice 

were transferred into Rag2-/- recipient mice and their weights monitored weekly (left), and colon 

pathology scored (right). (b-e) 1x105 CD4+CD45RBhi T cells from WT or Gzmb-/- donor mice 

were adoptively transferred into Rag2-/-Gzmb-/- recipient mice; (b) mice were weighed weekly, 

and (c) monitored for signs of disease. Twenty-one days after transfer, (d) colon pathology was 

scored (left, representative micrographs; right, data summary), and (e) donor-cell reconstitution 

of the IEL compartment in the colon was determined. For (a), dotted lines represent untreated 

Rag2-/-Gzmb-/- mice. Each dot represents an individual mouse. Data are representative of at least 

3 independent experiments. n=8-9. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001; Student’s t-

test. 
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Supplemental Figure 3. Granzyme B-deficient CD4+ T cells present skewed IL-17 

differentiation in vivo. 1x105 CD4+CD45RBhi T cells from littermate Gzmb+/- or Gzmb-/- donor 

mice were adoptively transferred into Rag2-/- recipient mice. Three weeks after transfer, donor-

derived cells were recovered from MLN and their IFNg/IL-17 profile was determined by 

intracellular staining. Dot plots indicate a representative sample. Live, TCRb+CD4+ cells are 

displayed. Graphs represent the summary. n=3. Each dot indicates an individual mouse. 

Student’s t-Test. 
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Supplemental Figure 4
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Supplemental Figure 4. Naïve granzyme B-deficient mice display a normal CD4+ T cell 

compartment. (a) CD4+ T cell frequencies and cellularity from spleen, MLN, and IEL 

compartment were determined by flow cytometry. (b) Ex vivo single cytokine positive CD4+ T 

cells derived from naïve WT and Gzmb-/- mice. Cells were non-stimulated (ns) or stimulated (s) 

for 4 h with PMA/ionomycin. Each dot represents an individual mouse. For (a), spleen and 

MLN, n=6-10; for IEL, n=12-13. For (b), n=6. 
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Supplemental Figure 5. (a) Absence of adaptive immune cells rescues granzyme B-deficient 

mice from severe disease. The indicated mice were orogastrically infected with C. rodentium 

(5x108 CFU/mouse) and monitored for weight change for 14 days. Data are representative of at 

least 2 independent experiments. n=3-4 for sham groups. n=5-7 for infected mice. (b) Granzyme 

B deficiency does not alter disease progression in the anti-CD40 model of colitis. The indicated 

mice were treated i.p. with 150 µg/mouse and weighed daily. Data are representative of at least 3 

independent experiments. n=2 for sham groups. n=14 for treated group. (c-e) Littermate Gzmb+/- 

and Gzmb-/- mice were infected with C. rodentium (5x108 CF/mouse). (c) Animals were 

monitored daily for weight change. At 14 days post infection, (d) colon colonization and (e) 

IFNg and IL-17 production were determined in the indicated organs. For (c and d), n=11-12; for 

(e), n=3-5. Student’s t-Test. *P<0.05. 

Page 46 of 46
.CC-BY-NC-ND 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 June 17, 2021. ; https://doi.org/10.1101/2020.12.04.412056doi: bioRxiv preprint 

https://doi.org/10.1101/2020.12.04.412056
http://creativecommons.org/licenses/by-nc-nd/4.0/

