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19 Abstract:

20 A therapeutic vaccine that induces lasting control of HIV infection has the potential to 

21 eliminate the need for lifelong adherence to antiretroviral therapy (ART).  This study investigated 

22 the efficacy of a therapeutic DNA vaccine delivered with a novel combination of adjuvants and 

23 immunomodulators to augment T cell immunity in the blood and gut-associated lymphoid tissue. 

24 In SIV-infected rhesus macaques, a DNA vaccine delivered by intradermal electroporation and 

25 expressing SIV Env, Gag, and Pol, and a combination of adjuvant plasmids expressing the catalytic 

26 A1 subunit of E. coli heat labile enterotoxin (LTA1), IL-12, IL-33, retinaldehyde dehydrogenase 

27 2 and the immunomodulators soluble PD-1 and soluble CD80, significantly enhanced the breadth 

28 and magnitude of Gag-specific IFN-𝛾 T cell responses when compared to controls that were mock 

29 vaccinated or received the same DNA vaccine delivered by Gene Gun with a single adjuvant, the 

30 E. coli heat labile enterotoxin, LT. Notably, the DNA vaccine and adjuvant combination protected 

31 3/5 animals from viral rebound, compared to only 1/4 mock vaccinated animals and 1/5 animals 

32 that received the DNA vaccine and LT. The lower viral burden among controllers during analytical 

33 treatment interruption significantly correlated with higher polyfunctional CD8+ T-cells (CD8+ T 

34 cells expressing 3 or more effector functions) in both mesenteric lymph nodes and blood measured 

35 during ART and analytical treatment interruption. Interestingly, controllers also had lower viral 

36 loads during acute infection and ART suggesting that inherent host-viral interactions induced prior 

37 to ART initiation likely influenced the response to therapeutic vaccination. These data indicate 

38 that gut mucosal immune responses combined with effective ART may play a key role in 

39 containing residual virus post-ART and highlight the need for therapeutic vaccines and adjuvants 

40 that can restore functional quality of peripheral and mucosal T cell responses before and during 

41 ART. 
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42 Author Summary:

43 HIV has caused significant human disease and mortality since its emergence in the 1980s. 

44 Furthermore, although antiretroviral therapy (ART) effectively reduces viral replication, stopping 

45 ART leads to increased viral loads and disease progression in most HIV-infected people. A 

46 therapeutic vaccine could enable HIV-infected people to control their infection without ART, but 

47 none of the vaccines that were tested in clinical trials so far have induced long-lasting control of 

48 virus replication. Here, we used the SIV rhesus macaque model to test a therapeutic vaccine 

49 consisting of DNA expressing SIV proteins and a novel combination of adjuvants to boost virus-

50 specific immune responses. We found that our vaccine strategy significantly enhanced SIV-

51 specific T cell responses when compared to controls and protected 3/5 animals from viral rebound. 

52 We determined that lower levels of virus replication post-ART were associated with enhanced T 

53 cell immunity in the gut-draining lymph nodes and blood. Our study highlights the critical role of 

54 T cell immunity for control of SIV and HIV replication and demonstrates that a successful 

55 therapeutic vaccine for HIV will need to elicit potent T cell responses in both the blood and gut-

56 associated tissues. 

57
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58 Introduction:

59 ART greatly reduces HIV replication and restores CD4+ T cell counts, thus preventing 

60 progression to AIDS and prolonging the lifespan of HIV-infected people [1]. However, ART alone 

61 is unable to eliminate the latent viral reservoir, which necessitates strict lifelong adherence to a 

62 daily ART regimen [2]. For most individuals, ART interruption will lead to a resurgence in viral 

63 replication within weeks [3].  However, continuous usage of ART can be prohibitively expensive 

64 and may result in side effects that discourage compliance [4, 5]. Furthermore, ART cannot fully 

65 reverse the immune dysfunction induced by HIV, particularly in the gut mucosa, that drives 

66 chronic immune activation and disease pathogenesis [6, 7]. These drawbacks are why a vaccine or 

67 cure are still urgently needed to bring an end to the HIV pandemic.

68 To this end, many different cure strategies are in development, including therapeutic HIV 

69 vaccines designed to enhance virus-specific T cellular and humoral immune responses to achieve 

70 control of virus replication without ART.  Numerous therapeutic HIV vaccines have been tested, 

71 both in the SIV/SHIV nonhuman primate (NHP) model and in human clinical trials, including 

72 protein subunit [8, 9], live-attenuated [10], dendritic cell [11], viral vectored [12, 13], and DNA 

73 vaccines [14-16]. Unfortunately, none of these approaches have resulted in durable control of 

74 viremia in human clinical trials [17]. 

75 While there are many barriers to an effective HIV therapeutic vaccine, we contend that the 

76 lack of success thus far may be partially attributed to insufficient vaccine immunogenicity in the 

77 gut and gut-associated lymphoid tissues (GALT). The gut is a major site of HIV and SIV 

78 replication [18-20], resulting in depletion and functional alteration of gut mucosal CD4+ T cells, 

79 and loss of antigen-presenting cells and innate lymphocytes [21]. These events contribute to 

80 structural damage of the gastrointestinal (GI) tract and systemic translocation of GI microbial 
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81 products that drive chronic immune activation and disease pathogenesis [22, 23]. Here, we 

82 investigated a strategy to enhance mucosal-associated immunity by incorporating adjuvants and 

83 immunomodulators specifically designed to potently boost HIV-specific immunity in both the 

84 periphery and the gut mucosa, with the goal of eliciting robust control of viremia following ART 

85 cessation.

86 We previously showed in the SIV rhesus macaque model that epidermal co-delivery of 

87 plasmids encoding an SIV whole antigen DNA vaccine and the mucosal adjuvant, heat-labile E. 

88 coli enterotoxin (LT), induced durable protection from viral rebound and disease progression for 

89 10 months after ART withdrawal in 5/7 animals, in comparison to 1/7 animals in the mock 

90 vaccinated control group [15].  This outcome was associated with significant increases in SIV-

91 specific CD8+ T cells expressing dual effector functions in the blood, and IFN-𝛾 T cell responses 

92 in both the blood and gut [15]. Notably, mucosal T cell responses in vaccinated animals 

93 significantly correlated with reduced virus production in both mucosal tissues and in plasma [15], 

94 indicating that SIV-specific responses in the gut may be important for controlling viral rebound. 

95 These results demonstrate that inducing vigorous immune responses in the mucosa may be critical 

96 for control of viremia and the importance of using potent adjuvants to maximize vaccine efficacy. 

97 These findings prompted us to explore methods to further enhance the breadth, function 

98 and magnitude of mucosal T cell responses.  Using the SIV rhesus macaque model, we tested the 

99 therapeutic efficacy of a novel combination of adjuvants and a multiantigen SIV DNA vaccine 

100 (MAG) delivered by intradermal electroporation.  Our adjuvant combination (AC) consisted of co-

101 delivered plasmids encoding the catalytic subunit of LT (LTA1), the cytokines IL-12 and IL-33, 

102 the enzyme retinaldehyde dehydrogenase 2 (RALDH2), soluble PD-1 (sPD-1), and soluble CD80 

103 (sCD80).  LTA1 is a potent adjuvant that performs similarly to LT, through the recruitment and 
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104 activation of dendritic cells [24, 25].  The IL-12 adjuvant has been widely used in both NHP and 

105 human clinical trials [26, 27] and promotes differentiation of naïve CD4+ and CD8+ T cells to Th1 

106 and cytotoxic T lymphocytes (CTLs), respectively.  IL-33 has also been shown to augment 

107 vaccine-induced immunity in mice [28, 29], and works by directly promoting the activity of Th1 

108 cells and CTLs [30, 31].  RALDH2 was included to enhance vaccine immunogenicity in the 

109 mucosa through the conversion of retinaldehyde to retinoic acid, the molecule responsible for 

110 inducing the expression of the mucosal homing factors CCR9 and 𝛼4𝛽7 on activated lymphocytes 

111 [32, 33].  Finally, since previous studies showed that blocking the PD-1 and CTLA-4 pathways 

112 can enhance antigen-specific immunity, reduce immune activation, and restore immune exhaustion 

113 [34, 35], we co-delivered plasmids expressing rhesus-specific sPD-1 and sCD80 to block the 

114 interaction of CD8+ T cells expressing PD-1 and CTLA-4 with antigen presenting cells (APCs) 

115 expressing PDL-1 and CD80. 

116 The results shown here demonstrate that vaccination of SIV-infected, ART-treated rhesus 

117 macaques with the MAG DNA vaccine and the adjuvant combination (MAG + AC) increased the 

118 magnitude, breadth, and durability of IFN-𝛾 T cell responses when compared to the mock 

119 vaccinated controls or animals vaccinated with the MAG DNA adjuvanted with only LT (MAG + 

120 LT), with the majority of the response targeting Gag sequences.  Following analytic treatment 

121 interruption (ATI, discontinuation of ART), three out of five animals (60%) in the MAG + AC 

122 group were protected from viral rebound compared to only 20% in the MAG + LT group and 25% 

123 in the mock vaccinated group. A comparison of immune responses in animals that controlled viral 

124 rebound (controllers) to those that exhibited immediate viral rebound during ATI (noncontrollers), 

125 regardless of vaccine group, showed that controllers had higher polyfunctional SIV-specific CD8+ 

126 T cells in the mesenteric lymph nodes (MLN) and blood. Additional comparisons of controllers 
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127 and noncontrollers showed the relative response to ART also correlated with viral control during 

128 ATI. Together, these findings highlight an important role for effective ART and mucosal and 

129 systemic CD8+ T cell responses in controlling viral rebound during ATI. These studies also suggest 

130 that inherent host responses to the virus that occur at the earliest stages of infection may determine 

131 the ability of an individual to respond to antiretroviral drug therapy and therapeutic vaccination.

132 Results:

133 NHP Study Design:

134 We previously showed that an SIV therapeutic DNA vaccine adjuvanted with LT induced 

135 protection from viral rebound in >70% of SIV-infected macaques and was associated with higher 

136 peripheral polyfunctional SIV-specific CD8+ T cells and broader specificity in the mucosal T cell 

137 response [15]. Here, we sought to bolster SIV-specific CD8+ T cell immunity in the gut-associated 

138 lymphoid tissues (GALT) through adjuvants demonstrated to enhance T cell immunity and 

139 mucosal homing [26, 29, 33] , to further test the hypothesis that increasing mucosal immunity will 

140 improve efficacy of therapeutic vaccination. 

141 Rhesus macaques were intravenously infected with the highly pathogenic, primary isolate 

142 SIVΔB670 [36]. At six weeks post-infection (wpi), animals began ART, consisting of 

143 emtricitabine (FTC), tenofovir (PMPA), and Raltegravir, administered daily, and starting at 32 

144 wpi, macaques received a series of 5 DNA immunizations, spaced 4 weeks apart (Fig 1). Prior to 

145 initiating therapeutic immunizations, we stratified the animals so that each group had comparable 

146 levels of plasma viremia and blood CD4+ T cell counts (S1 Fig) during acute infection and ART 

147 to balance the effects of pre-existing virological and host factors among all groups. 

148 The control group (N = 4) received mock DNA immunizations via particle-mediated 

149 epidermal delivery (PMED) consisting of the vaccine plasmid backbone, without SIV antigens or 
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150 adjuvants.  The MAG + LT group (N = 5) received the MAG vaccine, a plasmid that encodes Gag-

151 Pol-Env and expresses virus-like particles as described previously [37] co-delivered with plasmids 

152 encoding p57 Gag and the LT adjuvant that we previously showed induces mucosal T cell 

153 responses [15, 25], also via PMED. The MAG + AC group (N = 5) received DNA immunizations 

154 via intradermal injection followed by electroporation. For the first vaccination, animals received 

155 the MAG DNA vaccine co-formulated with plasmids expressing the adjuvants LTA1, IL-12, IL-

156 33, RALDH2. For the subsequent four vaccinations, each macaque in this group also received a 

157 plasmid co-expressing sPD-1 and sCD80 in addition to the plasmids encoding the adjuvant 

158 combination.

159 ART reduces viremia and restores CD4 T cells in the periphery:

160 We and others have shown that therapeutic vaccines are not effective in animals that 

161 respond poorly to ART [15, 38]. In addition, our lab and others have shown that, even when HIV 

162 or SIV is effectively controlled by ART, increased immune dysfunction, regulatory responses and 

163 T cell exhaustion occur that can suppress virus-specific immune responses [39, 40]. To provide 

164 potent suppresion of viral replication during ART, we employed a combination of three 

165 antiretrovirals: the integrase inhibitor, Raltegravir, and the non-nucleoside reverse transcriptase 

166 inhibitors FTC and PMPA that were previously shown to effectively suppress SIV infection in 

167 rhesus macaques [41]. However, impaired kidney function due to prolonged treatment with PMPA 

168 necessitated a swich over to tenofovir dispoproxil fumarate (TDF) in four animals: A16144 and 

169 A16145 in the MAG + LT group, A16149 in the mock vaccine group, and A16237 in the MAG + 

170 AC group.  

171 Prior to starting the immunizations at week 32, 12/14 animals responded well to ART, 

172 reaching viral loads ≤ 103 viral copies per mL of plasma and resulting in a significant reduction 
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173 in viral replication (P < 0.0001, S1 Fig). The ART regimen was also effective at restoring blood 

174 CD4+ T cell counts. During acute infection, animals experienced a rapid CD4+ T cell decline that 

175 was significantly restored after initiation of ART (P = 0.040, S1 Fig). Overall, there was no 

176 significant differences between groups in viral load or peripheral CD4+ T cell counts during acute 

177 infection and after ART initiation. Two animals exhibited a more modest response to ART, but 

178 still showed a 104 decrease in their plasma viremia (S1 Fig) and maintained good health and did 

179 not experience disease progression prior to ATI.

180 Therapeutic vaccination with MAG + AC increases SIV-specific humoral and cellular 

181 responses:

182 To assess the impact of therapeutic vaccination on antibody responses, levels of SIV 

183 gp130-specific IgG were measured by ELISA.  Peak antibody titers developed after the first 

184 vaccine dose (34 wpi) in the MAG + LT animals and after the second dose (38 wpi) in the MAG 

185 + AC group, but antibody responses declined by 50 wpi despite the administration of additonal 

186 vaccine doses (Fig 2A). Peak antibody responses were significantly higher in the MAG + LT group 

187 (P = 0.027, Fig 2B) and trended higher in the MAG + AC group (P = 0.085, Fig 2B)  when 

188 compared to the mock-vaccinated group, although there was no difference in peak antibody titer 

189 between the MAG + LT and MAG + AC vaccinated groups (Fig 2B). Studies in HIV+ people 

190 showed strong correlations between HIV-specific antibody-dependent cell-mediated cytotoxicity 

191 (ADCC) with protection from, or delayed progression of, HIV infection [42, 43]. To determine if 

192 our adjuvanted MAG DNA vaccine elicited antibodies that could mediate ADCC, we analyzed 

193 SIV gp130-specific, FcγRIIIA binding antibodies as a marker for antibody dependent cellular 

194 cytoxicity (ADCC) [44] by ELISA after the final DNA vaccine dose (50 wpi). The results in Figure 
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195 2C showed no significant differences in FcγRIIIA-binding antibody between any of the groups, 

196 indicating that in this setting, the therapeutic vaccines likely had no impact on ADCC activity. 

197 To determine the impact of the therapeutic vaccines on T cell responses, SIV-specific T 

198 cells producing IFN-γ in response to stimulation with peptide pools spanning p57Gag (Gag) and 

199 gp130 (Env) were measured by ELISpot. The median SIV-specific T cell responses in the MAG 

200 + LT group peaked after the first vaccine dose but steadily declined despite additional vaccine 

201 doses (Fig 3A). In contrast, the median T cell responses in the MAG + AC animals increased with 

202 each dose up to the third dose (Fig 3A), resulting in significantly higher responses compared to 

203 the MAG + LT group at 50 wpi, a timepoint that corresponds to two weeks after the final (5th) 

204 DNA vaccine dose (P = 0.022, Fig 3B).

205 Both vaccines broadened the SIV-specific IFN-γ response after the first dose (34 wpi) when 

206 compared to responses measured prior to vaccination or to the control group (Fig 3C). However, 

207 likely due to the small group sizes, the increases at this timepoint fell short of statistical 

208 significance. Following the final vaccine dose (50 wpi), the breadth of the T cell response had 

209 declined in both groups (Fig 3C), although the MAG + AC vaccine group sustained greater breadth 

210 than both the MAG + LT group (P = 0.020, Fig 3D) and the mock-vaccinated group (P = 0.012, 

211 Fig 3D). Interestingly, the peak IFN- T cell response post-vaccination was predominantly directed 

212 towards Gag in both vaccine groups, with up to 100% of the IFN- response targeting Gag 

213 sequences in both the MAG + LT and MAG + AC groups, compared to a maximum of 53% in a 

214 single mock-vaccinated animal (Fig 3E). 

215 Env- and Gag-specific CD4+ and CD8+ T cell responses were further characterized in the 

216 PBMC and MLN for effector functions, including secretion of IFN-γ, TNF-α, and IL-2, and co-
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217 expression of CD107a/GranzymeB as markers of cytolytic function by intracellular cytokine 

218 staining (ICS) and flow cytometry (Fig 4A-B).  

219 Notably, SIV Gag-specific IFN-+ and TNF-α+ CD8+ T cell responses transiently increased 

220 after the final vaccination (50 wpi) in only the MAG + AC group, as compared to pre-vaccination 

221 baseline levels (32 wpi) (P = 0.063, Fig 4A), although this trend was not sustained during ATI (P 

222 > 0.99). Throughout the study, there were no significant differences in Gag-specific CD4+ (S2 Fig) 

223 or CD8+ T cell responses in the MLN between any of the groups (Fig 4B). In addition, frequencies 

224 of SIV Env-specific CD8+ and CD4+ T cell responses in both PBMC (S3 Fig) and MLN (S4 Fig) 

225 were similar throughout the study in all three groups.

226 Impact of therapeutic vaccination on protection from viral rebound during analytical 

227 treatment interruption (ATI):

228 To determine if therapeutic vaccination improved viral control, ATI was initiated three 

229 weeks after the final vaccine dose (55 wpi), and viral loads were monitored for 6 months. 

230 Containment of median viral loads at or below 1000 copies/mL of plasma during ATI was chosen 

231 as the primary criterion for therapeutic efficacy. This threshold is based on previous studies 

232 showing that rhesus macaques infected with SIV∆B670 that maintained viral loads below this level 

233 consistently exhibit long term (>1 year) protection from progression to AIDS [37]. Prior to 

234 stopping ART, all but one animal in the MAG + AC group (A16239) had viral loads of <1000 

235 RNA copies/mL of plasma (Fig 5A-C). During ATI, 60% (3/5) of animals in the MAG + AC group 

236 maintained viremia below 103 RNA copies/mL of plasma for 6 months and sustained CD4 counts 

237 above 50% of pre-infection levels, whereas only one animal in the MAG + LT group (1/5, 20%) 

238 and one in the control group (1/4, 25%) exhibited similar viral control and protection from disease 

239 progression  (Fig 5A-C). However, due to the low numbers of animals in each group, these 
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240 differences were not statistically significant. Vaccinated and control animals that exhibited 

241 immediate viral rebound during ATI also showed significant CD4+ T cell decline during ATI (S5 

242 Fig). Overall, there was no significant difference in protection from viral rebound or mean viral 

243 loads during ATI between the three groups (Fig 5D). 

244 Viral control during ATI is associated with increased Gag-specific CD4 and CD8 T cells in 

245 MLN and PBMC:

246 The variability in viral rebound and viremia during ATI among all animals in this study 

247 enabled further study of immune correlates of viral control. Altogether, within all groups there 

248 were 5 viral controllers and 9 noncontrollers, defined as animals that maintained median viremia 

249 at or below 1000 copies/mL of plasma or greather than 1000 copies/mL of plasma, respectively, 

250 for 5 months after stopping ART (Fig 6A).  Viral burden during ATI was significantly different 

251 between controllers and noncontrollers (P = 0.0010, Fig 6B). 

252 To determine immune correlates of viral control, we compared frequencies of Gag-specific 

253 CD4+ and CD8+ T cell responses expressing IFN-γ, TNFα, IL-2, and/or co-expressing the cytolytic 

254 markers CD107a/GranzymeB as detected by flow cytometry in the controllers and noncontrollers. 

255 Immune responses were compared at key timepoints: After the final vaccination and prior to ATI 

256 (50 wpi for both PBMC and MLN) and after viral setpoint was established (62 wpi for PBMC and 

257 66 wpi for MLN). In PBMC, controllers demonstrated a trend towards higher frequencies of 

258 TNFα+ CD8+ T cells prior to ATI (50 wpi) (Fig 7A, P = 0.056). Controllers also exhibited 

259 significantly increased frequencies of Gag-specific IFN-γ+ CD8+ T cells in PBMC during ATI (62 

260 wpi) (Fig 7B, P = 0.0080). However, we did not observe any differences between controllers and 

261 noncontrollers in frequencies of Gag-specific IL-2+ CD8+ or CD107a+/GzB+ CD8+ T cells in 

262 PBMC either prior to or during ATI (S5 Fig, S6 Fig). In MLN, controllers showed significantly 
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263 increased frequencies of Gag-specific IL-2+ CD8+ T cells when compared to noncontrollers (Fig 

264 7C, P = 0.037), although these differences were not sustained during ATI (66 wpi). Additionally, 

265 there were no differences between controllers and noncontrollers in Gag-specific CD8+ T cells in 

266 MLN expressing IFN-γ, TNFα, or co-expressing CD107a+/GzB+ (S5 Fig, S6 Fig). 

267 Importantly, higher frequencies of Gag-specific IFN-γ+ and TNFα+ CD8+ T cell responses 

268 in PBMC and Gag-specific IL-2+ CD8+ T cell responses in the MLN significantly correlated with 

269 lower viral burden during ATI (Fig 7D-F), suggesting that SIV Gag-specific T cell responses in 

270 both the periphery and GALT may contribute to the improved control of virus replication in 

271 controllers. 

272 In contrast, we observed no correlations between Gag-specific CD4+ T cell responses in 

273 PBMC or MLN and viral control (S7 Fig). We also observed that noncontrollers exhibited a 

274 consistent trend towards higher titers of Env-specific IgG both during ART treatment and during 

275 ATI (S8 Fig), implying that these antibody responses were likely driven by virus replication and 

276 that viral control during ATI was primarily mediated by CD8+ T cell responses.

277 Viral control during ATI is associated with increased polyfunctionality in MLN and PBMC:

278 To further elucidate the role of  SIV-specific CD8+ T cell responses in viral control, we 

279 next compared the magnitude of the polyfunctional CD8+ T cell response, as defined by the 

280 frequency of SIV-specific cells specific for either Gag or Env and expressing any three or more of 

281 the cytokines IFN-γ, TNFα, IL-2, and/or co-expression of the cytolytic markers 

282 CD107a/GranzymeB. Post-vaccination (50 wpi), controllers demonstrated a trend towards higher 

283 frequencies of polyfunctional CD8+ T cells expressing three effector functions in the PBMC (P = 

284 0.13, Fig 8A) and MLN (P = 0.18, Fig 8B) compared to noncontrollers. During ATI (62 wpi in 

285 PBMC and 66 wpi in MLN), controllers exhibited significantly increased frequencies of 
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286 polyfunctional CD8+ T cells in PBMC (P = 0.036, Fig 8A) and a continued trend towards increased 

287 frequencies of polyfunctional CD8+ T cells in MLN (P = 0.084, Fig 8B) when compared to 

288 noncontrollers. Furthermore, higher frequencies of polyfunctional CD8+ T cell responses in both 

289 the PBMC and MLN correlated with lower viral burden during ATI (Fig 8C-F).  These results 

290 indicate that polyfunctional CD8+ T cell responses localized in both the periphery and gut likely 

291 played an integral role in controlling viral recrudescence and protection from disease progression 

292 during ATI.

293 We previously showed that viral control following therapeutic vaccination occurred only 

294 in animals that developed very low to undetectable viremia during ART treatment [15, 38]. To 

295 determine if acute viral replication or the response to ART influenced viral control during ATI, we 

296 compared viral loads measured during acute infection (0-6 wpi) or during ART (6-55 wpi) in 

297 controllers and noncontrollers. Controllers demonstrated a trend toward lower viral burden during 

298 acute infection (P = 0.11, Fig 9A) and had significantly lower viral burden while on ART (P = 

299 0.014, Fig 9A) when compared to noncontrollers.  Furthermore, the level of viral control during 

300 ATI significantly correlated with viral burden during acute infection (P = 0.0078, Fig 9B) and 

301 during ART treatment (P = 0.00040, Fig 9C). Together, these data suggested that baseline factors 

302 influence viral replication during acute infection, that in turn determines an SIV-infected animal’s 

303 ability to respond to ART. ART responsiveness then potentially affects the ability of the SIV-

304 infected animals to develop polyfunctional CD8+ T cell responses and control viral replication 

305 during ATI. 

306 To investigate this theory, we assessed a number of baseline immune factors, including 

307 CD4+ T cells, T helper 17 (Th17) and T regulatory (Treg) cells in the colon, that we hypothesized 

308 could influence the extent of acute viral replication. In particular, preferential depletion of Th17 
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309 cells in the gut during acute infection corresponds to a loss of gut integrity, leading to microbial 

310 translocation, immune activation, and disease progression [45, 46]. In contrast, the role of Treg 

311 cells in HIV pathogenesis is not well characterized, but they may contribute to viral replication by 

312 suppressing HIV-specific CD8+ T cell activity [47]. Alternatively, Tregs may decrease chronic 

313 immune activation, thus slowing disease progession [48]. Ultimately, their role in HIV disease 

314 progression may depend on the stage of infection and the relative proportion of other T cell subsets. 

315 In the colon, we observed a correlation between greater CD4+ T cell frequencies (P = 0.017) or 

316 lower Th17/Treg ratios (P = 0.0020) with lower viral burden during ATI (Fig 9D-E). Upon further 

317 examination, neither the baseline frequencies of Th17 (P = 0.22) nor Treg (P = 0.16) cells alone 

318 correlated with viral burden during ATI (S9 Fig). Collectively, this data suggests that during the 

319 early stages of infection mucosal T cells are necessary to maintain gut homeostasis and prevent 

320 immune dysfunction. 

321 Discussion:

322 The primary goal of this study was to determine if a multi-antigen DNA vaccine (MAG) 

323 that we previously showed imparted viral control when tested as a prophylactic DNA vaccine 

324 against SIV infection [37] could be employed as a therapeutic vaccine, and if a novel genetic 

325 adjuvant combination (AC) could improve immunogencity and therapeutic efficacy of this 

326 vaccine. In support of this, animals that received the multi-antigen vaccine and adjuvant 

327 combination (MAG + AC) exhibited significant increases in the magnitude and breadth of IFN- 

328 T cell responses as measured by ELISpot when compared to a vaccine group that received MAG 

329 with only a single adjuvant (LT). Additionally, the MAG + AC group exhibited a trend towards 

330 elevated Gag-specific TNFα and IFN-γ CD8+ T cell responses in the blood post-vaccination, an 

331 outcome that is consistent with our prophylactic vaccine study employing the same vaccine [37] 
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332 and other vaccine trials in NHP and mice using the IL-12 and IL-33 adjuvants [26, 29, 49]. 

333 However, the addition of the RALDH2 adjuvant to the combination did not increase SIV-specific 

334 T cell responses in the GALT, as it did in mice [33], possibly due to SIV infection causing 

335 significant mucosal immune dysfunction that may have interfered with the effects of this adjuvant. 

336 Three out of five MAG + AC animals were protected from viral rebound (60%), although due to 

337 the small group sizes, this outcome was not statistically different from the controls. Furthermore, 

338 since we were unable to include a control group receiving the full adjuvant combination in the 

339 absence of a vaccine, we cannot rule out the possibility that the combined effects of the adjuvant 

340 combination may have stimulated nonspecific immune responses that contributed to improved 

341 viral control during ATI in these three animals, similar to what was observed by Sui et al. in 2010 

342 [50]. We additionally were unable to include a control group to account for the potential 

343 differences in MAG immunogenicity resulting from vaccine administration using Gene Gun versus 

344 intradermal electroporation. Both vaccine modalities have been shown to enhance DNA vaccine 

345 immunogenicity [51, 52], but we cannot rule out that the differences between the methods of 

346 vaccine administration may have influenced immunogenicity between the MAG + LT group and 

347 the MAG + AC group.

348 Overall, five animals from all groups controlled viral rebound and were protected from 

349 progression to AIDS, in contrast to nine animals that exhibited immediate viral rebound during 

350 ATI.  This variability in viral control during ATI enabled analysis of immune correlates of 

351 protection from viral rebound.  We found that polyfunctional, SIV-specific CD8+ T cells in the 

352 MLN measured prior to stopping ART inversely correlated with viral loads during ATI, a finding 

353 that supports our previous study where we found that broadly specific IFN- T cell responses 

354 localized in the gut, but not the blood, significantly correlated with protection from viral rebound 
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355 [15].  Notably, although we and other groups in addition to ours have demonstrated that robust, 

356 virus-specific CD8+ T cell responses in the blood are associated with control of viral replication 

357 during ATI, and it is well known that polyfunctional, virus-specific CD8 T cells in the blood are 

358 associated with elite control of HIV and SIV, this study is the first to show an association between 

359 polyfunctional CD8 T cells in the gut-associated lymphoid tissue (GALT) and control of viral 

360 replication during ATI. Together, these studies provide strong evidence that an effective 

361 therapeutic vaccine may need to induce not only broadly specific but also polyfunctional mucosal 

362 CD8+ T cells to effectively control reactivating virus during ATI in this viral reservoir. These data 

363 also further corroborate our previous study, where we showed that SIV-specific TNFα+ CD107a+ 

364 CD8+ T cells in the blood were associated with protection from viral rebound [15].  

365 While our data clearly show an impact of the vaccines on immune responses and a 

366 protective role for mucosal and systemic polyfunctional CD8+ T cell responses, the precise 

367 mechanisms underlying viral control during ATI in the controllers in this study and the factors that 

368 influenced failure to control virus during ATI in the noncontrollers are not clear. An important 

369 variable in this study is the relative response to the antiretroviral drug therapy. We previously 

370 showed that animals that respond poorly to ART also responded poorly to therapeutic vaccination 

371 [15, 38], and our results here showing that the controllers had lower viral loads than the 

372 noncontrollers during ART are consistent with these findings. It is notable that the controllers also 

373 exhibited a trend toward lower acute viral loads when compared to the noncontrollers, although 

374 this was not statistically significant. This suggests that virus-host interactions that occurred prior 

375 to ART initiation may have impacted ART efficiency which, in turn, altered the efficacy of 

376 therapeutic vaccination. Indeed, what occurs during acute infection, particularly in the mucosa, 

377 may determine how well an animal’s viral loads are controlled by ART, thereby influencing the 
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378 response to therapeutic vaccination and its ability to enhance immune control of viremia during 

379 ATI. In support of this, we showed that lower frequencies of colonic CD4+ T cells and higher ratios 

380 of Th17 to Treg cells pre-infection correlated with higher viral burden during ATI. This could 

381 indicate that although Th17 cells are important for maintenance of gut barrier function, they could 

382 act as early viral targets of infection. Additionally and alternatively, lower proportions of 

383 immunosuppressive Treg cells in the gut mucosa may allow for greater T-cell proliferation and 

384 promote early viral replication in the GALT. Meanwhile, having an larger overall population of 

385 mucosal CD4+ T cells at baseline could indicate that an animal is better able to cope with CD4+ T 

386 cell depletion and may experience less immune dysfunction as a result of viral replication. We also 

387 previously showed that SIV-infected rhesus macaques that were unable to maintain their mucosal 

388 Th17/Treg ratios during acute infection and prior to ART initiation, exhibited a significantly lower 

389 response to ART [38]. This suggests that disruption of mucosal Th17 and Treg homeostasis during 

390 acute infection could also impede an animal’s ability to respond to subsequent therapeutic 

391 interventions. 

392 In summary, the significant correlation between higher polyfunctional CD8+ T cells in the 

393 MLN and lower viral burden during ATI shown here provides new insight into a role for potent, 

394 polyfunctional CD8+ T cell responses in the GALT in controlling viral rebound, and provides 

395 further evidence supporting development of therapeutic HIV vaccines that can induce mucosal 

396 immunity. Although we did not observe a significant impact of the MAG + AC vaccine on mucosal 

397 immunity, the vaccine effectively increased the magnitude and breadth of the IFN- T cell response 

398 in the blood, suggesting that the adjuvant combination could be a useful adjuvant for other T cell-

399 based vaccines where peripheral T cell responses are sufficient for protection. Studies are 

400 underway to further refine this adjuvant combination to increase its ability to induce mucosal 
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401 immune responses for future therapeutic vaccine studies. Toward the goal of developing an 

402 effective therapeutic vaccine for HIV, further studies are needed to define additional host factors 

403 and immune mechanisms induced during acute infection that influence the relative response to 

404 ART and the immunogenicity and efficacy of therapeutic vaccines.
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405 Methods:

406 Ethics Statement:

407 Male, adult rhesus macaques (Macaca mulatta) of Indian origin were used for this study.  

408 These animals were housed at the Washington National Primate Research Center (WaNPRC), 

409 which is accredited by the American Association for the Accreditation of Laboratory Animal Care 

410 International (AAALAC).  At the WaNPRC, animals received the highest standard of care from a 

411 team of highly trained, experienced animal technicians, veterinarians, and animal behavior 

412 specialists, who provided daily environmental enrichment and monitored for any signs of distress 

413 or abnormal behavior.  All biopsies, surgeries, and blood draws were performed under ketamine 

414 anesthesia and any continuous discomfort or pain was alleviated at the discretion of the veterinary 

415 staff.  Following SIV infection, animals were monitored for signs of disease progression, including 

416 CD4+ T cell count, weight, anemia, and opportunistic infections, at least monthly.  The University 

417 of Washington’s Institutional Animal Care and Use Committee (IACUC) approved all experiments 

418 in these macaques.

419 MHC-I and TRIM5 typing: 

420 All macaques were major histocompatibility class I (MHC-1) typed for 32 alleles, 

421 including A*01, A*02, B*08, B*17.  DNA was extracted using the Roche© MagnaPure™ system 

422 and analyzed via PCR by Dr. David Watkins and the MHC Genotyping Service at the University 

423 of Miami, as previously described [53, 54].  All animals were also tested for TRIM5 haplotypes, 

424 including TFP, Q, and CypA, by PCR of genomic DNA by Dr. David O’Connor at the Wisconsin 

425 National Primate Research Center (WNPRC).  Animals with permissive TRIM5 genotypes were 

426 excluded from the study, as were animals possessing restrictive TRIM5 genotypes and MHC 

427 haplotypes associated with increased viral control.
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428 Viral Challenge and AIDS Monitoring:

429 Rhesus macaques were challenged intravenously with 100 TCID50 of cryopreserved 

430 SIVB670, diluted in 1 milliliter of RPMI. Simian AIDS was defined according to WaNPRC 

431 guidelines, namely: weight loss exceeding 15 percent, anemia, CD4+ T cell decline to less than 

432 200 cells per microliter, and presence of opportunistic infections. These criteria were evaluated at 

433 least monthly, but if two or more of the criteria were met, these measurements were evaluated 

434 more frequently.  If veterinary staff determined that an animal had reached AIDS-defining criteria, 

435 humane euthanasia was performed as an early endpoint. 

436 Quantification of Plasma Viral Load and Complete Blood Counts (CBCs) and Serum 

437 Chemistries:

438 The Virology Core at the WaNPRC, led by Dr. Shiu-Lok Hu and Dr. Patricia Firpo, 

439 quantified viral RNA in the plasma of SIVΔB670-infected animals using a real time quantitative 

440 PCR (RT-q-PCR) assay. The Virology Core also determined complete blood counts, using a 

441 Beckman Coulter® AC*TTM 5diff hematology analyzer as described previously [55].

442 Antiretroviral Therapy:

443 All SIV-infected animals were treated with a combination of 3 antiretroviral therapies:

444 9-(2-Phosphoryl-methoxypropyly) adenine (PMPA or tenofovir; Gilead Sciences, Foster City, 

445 CA) was resuspended in phosphate-buffered saline (PBS) at120 mg/mL. To completely dissolve 

446 the PMPA, 1 molar NaOH was added until the pH reached 7.4-7.8.  The solution was then filter 

447 purified, injected into sterile glass vials, and stored at -20C. PMPA was administered 

448 subcutaneously in a once-daily dose of 20 milligrams per kilogram (mg/kg) of animal weight. 

449 2’,3’-dideoxy-5-fluroro-3’-thiacytidine (FTC or emtricitabine, Gilead Sciences, Foster City, CA) 

450 was resuspended in PBS at 120 mg/mL. The mixture was heated at 37C with constant stirring 
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451 until completely dissolved, and stored at 4C. FTC was administered once per-day subcutaneously 

452 at 30 mg/kg during the first month of ART (weeks 6-10 post-infection) and at 20 mg/kg once per-

453 day for the remainder of ART. Raltegravir (Isentress, Merck & Co., Kenilworth, NJ) was given 

454 orally at 250 mg/animal twice daily for the first month of ART, and at 150 mg/animal twice daily 

455 for the remainder of ART. 

456 Trained animal technicians administered all ART drugs, and veterinary staff closely 

457 monitored animals for adverse side effects, which were treated immediately at their discretion. 

458 A few animals experienced elevated creatinine levels due to prolonged treatment with PMPA, so 

459 these animals were promptly switched to tenofovir disoproxil fumarate (TDF), a prodrug of 

460 tenofovir that is metabolized to PMPA. 

461 TDF was resuspended in a solution of 15% Kleptose in water, at a concentration of 10.2 

462 mg/mL, and pH adjusted to 4.1-4.3.  The solution was then filter purified and stored at 4C or 

463 frozen at -20C for long-term storage. TDF was administered once per-day subcutaneously at 5.2 

464 mg/kg for the duration of ART.

465 DNA Vaccinations:

466 I. Particle-Mediated Epidermal Delivery (PMED, or Gene Gun)

467 Vaccine and adjuvant plasmids were formulated onto gold particles as previously 

468 described, and administered using the PowderJect XR1 gene delivery device (PowderJect 

469 Vaccines, Inc., Middleton, WI) [15]. Fur was shaved off of vaccination sites, which were then 

470 swabbed with alcohol prior to vaccine administration. Macaques were vaccinated over 16 

471 epidermal sites along the lower abdomen and over the inguinal lymph nodes. Each animal received 

472 32 g of the MAG or Gag DNA vaccine co-formulated with 3.2 g of plasmid expressing the LT 

473 adjuvant (2 g MAG or Gag DNA + 0.2 g LT per site). 
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474 II. Intradermal Electroporation (ID EP)

475 MAG, Gag, and adjuvant plasmids (rhIL-12, LTA1, expressed on one plasmid each, and 

476 hRALDH2/rhIL-33 and rhPD-1/rhCD80 co-expressed on one plasmid each) were prepared in a 

477 citrate buffer and administered via intradermal injection into the dermis above the quadriceps 

478 muscle on each leg. For the first vaccination, each macaque received 900 g of the MAG or Gag 

479 DNA vaccine co-formulated with 900 g of DNA expressing hRALDH2/rhIL-33, 900 g of DNA 

480 expressing rhIL-12, and 162 g of DNA expressing LTA1, evenly distributed over 3 injection sites 

481 per leg (300 g MAG or Gag + 300 g hRALDH2/rhIL-33 + 300 g rhIL-12 + 54 g LTA1 per 

482 site).  For each subsequent vaccination, each macaque received 900 g of the MAG or Gag DNA 

483 vaccine co-formulated with 900 g of DNA expressing hRALDH2/rhIL-33, 900 g of DNA 

484 expressing rhIL-12, 975 g of DNA expressing rhPD-1/rhCD80 and 162 g of DNA expressing 

485 LTA1, evenly distributed over 4 injection sites per leg (225 g MAG or Gag + 225 g 

486 hRALDH2/rhIL-33 + 225 g rhIL-12 + 244 g rhPD-1/CD80 + 40.5 g LTA1 per site).  Prior to 

487 each vaccination, fur covering the vaccination site was shaved and the skin was swabbed with 

488 alcohol. Following injection of vaccine and adjuvant DNA, electrical pulses were delivered using 

489 the Agile Pulse device (BTX, Holliston, MA) according to the device manufacturer’s instructions. 

490 Luminex®:

491 To quantify the levels of 23 cytokines in the plasma of SIV-infected animals, the Milliplex® Map 

492 Non-Human Primate Cytokine Magnetic Bead Panel Kit (EMD Millipore Corporation, Billerica, 

493 MA) was used, according to the manufacturer’s instructions. 

494 Enzyme-Linked Immunospot Assay (ELISpot):

495 ELISpot was performed to quantify the frequency of SIV-specific IFN- spot-forming cells 

496 (SFC) in accordance with previously described methods.  In brief, PBMCs were isolated from 
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497 whole blood via density gradient separation and stimulated with pools of 15mer peptides 

498 overlapping by 11 amino acids and corresponding to the following SIV proteins: Gag, Env, Pol, 

499 Vif, Vpr, Rev, Nef, and Tat.  As a negative control, samples were stimulated with dimethyl 

500 sulfoxide (DMSO).  For a positive control, samples were stimulated with concanavalin A (Con A).  

501 Samples were considered positive if peptide-specific responses were at least twice that of the 

502 negative control plus at least 0.01% after background (DMSO) subtraction.

503 Enzyme-Linked Immunosorbent Assay (ELISA) for analysis of antibody responses and 

504 microbial translocation:

505 SIV Env-specific IgG binding antibody was measured by ELISA, as previously described.  

506 In brief, 1g/mL SIVmac239 gp130 (NIH AIDS Reagent Program) was used as the capture 

507 antigen, and a rabbit anti-IgG (heavy and light chains conjugated to horse radish peroxidase) was 

508 used to detect antibody bound to the capture antigen. 

509 IgG binding to FcR3a was measured using a modified ELISA protocol.  SIVmac239 

510 gp130 (NIH AIDS Reagent Program) was again used as the capture antigen, and serial dilutions 

511 of macaque plasma in Blotto buffer (20x TRIS-buffered saline and 2% Tween20 diluted to 1x with 

512 ddH2O and 5% non-fat milk) were plated in duplicate and incubated for one hour at room 

513 temperature.  While the experimental plate was incubating, 24L of 250g/mL biotinylated 

514 FcR3a was mixed with 5L of 0.5mg/mL of Streptavidin poly-HRP in 3.3mL Blotto buffer to 

515 bind the HRP probe to the recombinant FcR3a.  This mixture was used in place of a detection 

516 antibody to determine the concentration of Env-specific IgG that binds to FcR3a.  The FcR3a 

517 mixture was incubated for one hour at room temperature on a rotator, and then diluted 1:3 with 

518 Blotto buffer.  Once the FcR3a mixture was prepared and the experimental plate had finished its 

519 one hour incubation, the plate was washed three times with Blotto buffer, and 100L of the FcR3a 
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520 mixture was added.  The plate was then incubated once more for one hour, then washed three times 

521 with Blotto buffer, developed using the SureBlue™ TMB Microwell Peroxidase Substrate Kit 

522 (KPL Inc.) and neutralized after 10 minutes with 1N H2SO4.  The optical density of the samples 

523 was measured using an EMax® ELISA Microplate Reader with SoftMax® Pro software 

524 (Molecular Devices©, Sunnyvale, California). Samples were background subtracted from negative 

525 control wells to which no macaque plasma was added, and a positive response was defined as 

526 greater than two standard deviations above the mean OD of the negative control wells.

527 Intracellular Cytokine Staining (ICS) and immunophenotyping of T cell exhaustion:

528 Cryopreserved PBMCs and MLN lymphocytes were thawed and rested at 37C and 5% 

529 CO2 for 6 hours before stimulation with DMSO, PMA (Sigma-Aldrich®)/Ionomycin (Life 

530 Technologies®), or SIV Gag or Env peptides (1 g/mL) for 1 hour with CD107a PECy5 

531 (eBioH4A3, BioLegend) in R10 media before adding 1 mg/mL of Brefeldin A (Sigma-Aldrich®).  

532 Cells were stimulated overnight (approximately 14 hours) at 37C and 5% CO2.  After stimulation, 

533 cells were washed with PBS and stained using LIVE/DEAD® Aqua (ThermoFisher®) amine 

534 reactive dye to distinguish live cells, then surface stained with CD3 Brilliant Violet (BV) 711 

535 (Sp34-2, BD Biosciences), CD4 PerCPCy5.5 (L200, BD Biosciences), CD8 APC-Cy7 (RPA-T8, 

536 BD Biosciences), CD28 PE-CF594 (CD28.2, BD Biosciences), CD95 BV421 (Dx2, BD), PD-1 

537 BV605 (EHI12.2H7, BioLegend), and TIGIT PerCP-eFluor710 (MBSA43, ThermoFisher®), in 

538 Brilliant Stain buffer (BD Biosciences).  Cells were then permeabilized with Cytofix/Cytoperm 

539 (BD Biosciences) and stained for intracellular cytokines with an antibody cocktail of IFN FITC 

540 (B27, BD Biosciences), TNF PE-Cy8 (Mab11, BD Biosciences), IL-2 PE (MQ1-17H12, BD 

541 Biosciences), and GranzymeB APC (GB12, ThermoFisher®), in Perm/WashTM Buffer (BD 

542 Biosciences).  Finally, cells were washed with Perm/WashTM Buffer (BD Biosciences) and fixed 
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543 with 1% paraformaldehyde (Sigma).  Data was collected on an LSR II (BD Biosciences) and 

544 analyzed using FlowJo software (Version 9.7.6, Treestar Inc., Ashland, Oregon).

545 To evaluate T cell exhaustion, cryopreserved PBMCs and MLN lymphocytes were thawed 

546 and washed with R10, then stained with LIVE/DEAD® Aqua (ThermoFisher®).  Cells were 

547 subsequently surface stained with an antibody cocktail consisting of CD3 BV 650 (Sp34-2, BD 

548 Biosciences), CD4 BV605 (OKT4, BD Biosciences), CD25 APC-R700 (2A3, BD), CD8 BV710 

549 (RPA-T8, BD Biosciences), CD28 PE-CF594 (CD28.2, BD Biosciences), CD95 PerCP-eFluor710 

550 (Dx2, ThermoFisher®), PD-1 BV785 (EHI12.2H7, BioLegend), TIGIT FITC (MBSA43, 

551 ThermoFisher®), SLAM BV421 (A12, BD), CTLA-4 PECy5 (BNI3, BD), and LAG-3 PE 

552 (polyclonal, R&D) in Brilliant Stain buffer (BD Biosciences).  Fluorescence minus one (FMO) 

553 controls were included for each of the exhaustion markers, PD-1, TIGIT, SLAM, CTLA-4, and 

554 LAG-3, to more accurately determine their expression.  Cells were subsequently washed with 

555 Brilliant Stain buffer (BD Biosciences) and fixed with 1% paraformaldehyde (Sigma).  Finally, 

556 data was collected using an LSR II (BD Biosciences) and analyzed on FlowJo software (Version 

557 9.7.6, Treestar Inc., Ashland, Oregon).

558 Intracellular Cytokine Staining (ICS) of gut mucosa:

559 Intraepithelial and lamina propria lymphocytes were isolated from colon biopsies and 

560 stimulated in the presence of brefeldin A (Sigma) and CD107a antibody (eBioH4A3; eBioscience), 

561 as previously described [40]. Cell were assessed for viability (Life Technologies) and stained using 

562 surface and intracellular/intranuclear markers as previously described [40]. All samples were 

563 acquired on an LSRII (BD Biosciences) and analyzed using FlowJo software version 9.9.4 

564 (FlowJo; LLC). Gating schemes are described previously [40]. Briefly, CD4+ Tregs were 

565 designated by coexpression of CD25 and FoxP3 and Th17 cells were defiend by IL-17 production.
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566 Statistical Analyses:

567 Statistical differences between multiple groups were calculated using a Dunn’s multiple 

568 comparisons test, while statistical comparisons between two groups were determined using a two-

569 sided Mann-Whitney. Statistical differences in viral load, CD4+ T cell counts, or immune responses 

570 between timepoints was calculated using a Wilcoxon matched-pairs signed rank test.  Viral burden 

571 was determined by calculating the area under the curve of each animal’s viral load graph.  

572 Correlations between immune responses and viral burden were determined by a Spearman’s rank 

573 correlation test. When necessary, P values were adjusted for multiple comparisons using the 

574 Benjamini-Hochberg method. A P value of ≤ 0.05 was considered significant for each test. All 

575 calculations were performed using GraphPad Prism software (Version 7, GraphPad Software, San 

576 Diego, CA).

577
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820 Fig 1. Therapeutic Vaccine Study Design & Response to Antiretroviral Therapy. 

821 Indian origin rhesus macaques were infected with SIV∆B670 at week 0 (red arrow) and were 

822 treated with ART starting at 6 weeks post-infection (wpi). Purple arrows indicate a series of 5 

823 DNA immunizations spaced 1 month apart, occurring between 32 wpi and 48 wpi.  At week 55, 

824 ART was interrupted to assess the efficacy of the therapeutic vaccine on viral control. Animals 

825 were necropsied at 80 wpi or earlier in the presence of AIDS-defining conditions. Red triangles 

826 indicate blood draws for PBMC isolation and brown circles indicate MLN biopsies to measure 

827 systemic and gut-associated immune responses. Prior to administering therapeutic immunizations, 

828 macaques were stratified so that each group had comparable viral loads and CD4 counts prior to 

829 and during ART.

830 Fig 2. DNA vaccine and adjuvant combinations increase Env-specific antibody responses 

831 during ART. 

832 (A) The magnitude of the SIV Env-specific IgG response in the plasma was measured by ELISA, 

833 using SIV gp130 as the capture antigen. Shown are medians and interquartile ranges. (B) Peak SIV 

834 Env-specific antibody titers are shown for the MAG + LT group (34 wpi) and for the MAG + AC 

835 group (38 wpi). Shown are medians and interquartile ranges with individual responses layered over 

836 each bar. (C) SIV gp130-specific IgG that bind to Fc𝛾R3a, as a surrogate marker for ADCC, was 

837 measured using a modified ELISA that employed Fc𝛾R3a conjugated to Streptavidin poly-HRP 

838 for the detection antibody. Shown are medians and interquartile ranges with individual responses 

839 layered over each bar. (B, C) Statistics. A Dunn’s multiple comparisons test was used when 

840 making multiple comparisons between vaccine groups and the mock group. Results are considered 

841 significant if P ≤  0.05. 
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842 Fig 3. DNA vaccine and adjuvant combinations increase SIV-specific IFN-𝛾 T cell responses 

843 during ART. 

844 (A-B) PBMCs were stimulated with Gag, Env, Pol, Vif, Vpr, Rev, Nef, and Tat peptides to 

845 quantify the SIV-specific IFN- response. Samples were considered positive if peptide-specific 

846 responses were at least twice that of the negative control plus at least 0.01% after background 

847 (DMSO) subtraction. (A) Shown are medians and interquartile ranges of the cumulative (sum of 

848 response against all peptides) IFN- response. (B) The cumulative SIV-specific IFN- response is 

849 shown after 3 vaccinations (42 wpi) and post-vaccination (50 wpi). Shown are medians and 

850 interquartile ranges with individual responses layered over each bar. (C-D) The breadth of the 

851 SIV-specific IFN- response is the number of peptide pools with a positive IFN- response. (C) 

852 Shown are the medians and individual responses layered over each timepoint. (D) The cumulative 

853 breadth of the the SIV-specific IFN- response post-vaccination (50 wpi) is shown. Depicted are 

854 medians and interquartile ranges with individual responses layered over each bar. (E) The percent 

855 of the IFN- response specific for Gag, Env and accessory proteins was calculated from the 

856 cumulative IFN- response at peak breadth (34 wpi for MAG + LT, 42 wpi for MAG + AC and 

857 Mock.) (B, D) Statistics. A Dunn’s multiple comparisons test was used when making multiple 

858 comparisons between vaccine groups and the mock group. Results are considered significant if P 

859 ≤  0.05. 

860 Fig 4. The MAG + AC group shows a trend towards increased IFN- and TNF CD8+ T cell 

861 responses post-vaccination compared to pre-vaccination. 

862 (A) PBMCs were thawed and stimulated with Gag peptides, and expression of IL-2, IFN-, TNF 

863 and CD107a/GzB were quantified using intracellular cytokine staining. Shown are the medians 

864 and interquartile ranges of each group’s SIV-Gag specific T cell response.  (B) Lymphocytes 
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865 isolated from MLN were thawed and stimulated with Gag peptides, and expression of IL-2, IFN-

866 , TNF and CD107a/GzB were quantified using intracellular cytokine staining. Shown are the 

867 medians and interquartile ranges of each group’s SIV-Gag specific T cell response. (A, B) 

868 Statistics. Statistical comparisons between baseline and post-vaccination timepoints within a 

869 group were calculated using a Wilcoxon matched-pairs signed rank test. Results are considered 

870 significant if P ≤  0.05.

871 Fig 5. Three out of five animals in the MAG + AC group control virus replication during 

872 ATI. 

873 (A-C) Plasma viral RNA levels were quantified using RT-q-PCR, with a limit of detection of 30 

874 viral RNA copies per 1 mL of plasma, as indicated by the dashed line. (D) Shown are the median 

875 viral load and interquartile ranges for each treatment group. The dotted line indicates the threshold 

876 for control of virus replication, based on previous studies using SIVB670.  

877 Fig 6. Five controllers maintained significantly lower viral burden during ATI compared to 

878 nine noncontrollers.  

879 (A) Plasma viral RNA levels were quantified using RT-q-PCR, with a limit of detection of 30 viral 

880 RNA copies per 1 mL of plasma, as indicated by the dashed line.  The dotted line denotes the 

881 threshold for control of virus replication, based on previous studies using SIVB670.  Controllers 

882 were defined as animals that maintained a median viremia at or below 1000 viral RNA copies per 

883 1 mL of plasma for 5 months post-ART. Noncontrollers were defined as animals with a median 

884 viremia that exceeded 1000 viral RNA copies per 1mL of plasma for 5 months post-ART. (B) 

885 Viral burden during ATI was calculated as the area under the curve of each animal’s viral load 

886 from 55 wpi to 76 wpi, shown are the median viral burden and interquartile ranges. Statistics were 

887 calculated using a Mann-Whitney t test. Results are considered significant if P ≤  0.05.
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888 Fig 7. Controllers have higher SIV Gag-specific CD8+ T cell responses in PBMC and MLN 

889 post-vaccination and during ATI. 

890 (A-C) PBMCs and MLNs were thawed and stimulated with Gag peptides, and expression of 

891 cytokines was quantified using intracellular cytokine staining. Shown are the medians and 

892 interquartile ranges of the SIV Gag-specific CD8+ T cell responses of controllers  and 

893 noncontrollers, with individual responses layered over each bar at a post-vaccination timepoint (50 

894 wpi) and during ATI (62 wpi for PBMC and 66 wpi for MLN). Statistical differences between 

895 controllers and noncontrollers at each timepoint  were calculated using a Mann Whitney t test. 

896 Benjamini-Hochberg adjusted P values are shown, results are considered significant if P ≤  0.05. 

897 (D) The SIV Gag-specific TNF CD8+ T cell responses in PBMC at 50 wpi negatively correlated 

898 with the viral burden measured as area under the curve (AUC) during ATI. (E) The SIV Gag-

899 specific IFN- CD8+ T cell responses in PBMC at 50 wpi negatively correlated with the viral 

900 burden measured as area under the curve (AUC) during ATI. (F) The SIV Gag-specific IL-2 CD8+ 

901 T cell responses in MLN at 62 wpi negatively correlated with the viral burden measured as area 

902 under the curve (AUC) during ATI. The P and r values shown were calculated using a Spearman 

903 rank correlation test. Benjamini-Hochberg adjusted P values are shown, results are considered 

904 significant if P ≤  0.05. 

905 Fig 8. Controllers demonstrate increased frequencies of polyfunctional CD8+ T cells in MLN 

906 and PBMC. 

907 (A-B) For each animal, the frequencies of SIV-specific CD8+ T cells expressing any 3 

908 combinations of effector functions were summed up. Shown are the medians and interquartile 

909 ranges of polyfunctional SIV-specific CD8+ T cells, with individual values layered over each bar. 

910 Statistical differences between controllers and noncontrollers at each timepoint were determined 
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911 using a Mann Whitney t test. Benjamini-Hochberg adjusted P values are shown. Results are 

912 considered significant if P ≤  0.05. (C-D) The polyfunctional SIV-specific CD8+ T cell responses 

913 post-vaccination and during ATI negatively correlated with ATI  viral burden. The P and r values 

914 shown were calculated using a Spearman rank correlation test. Benjamini-Hochberg adjusted P 

915 values are shown, and results are considered significant if P ≤  0.05.

916 Fig 9. Lower viral replication during acute infection correlates with improved ART 

917 responsiveness that in turn predicts therapeutic outcome. 

918 (A-C) Viral loads were measured via RT-q-PCR and viral burden was calculated as the area under 

919 the curve of animals’ viral loads. (A) Statistics were calculated using a Mann-Whitney t test. 

920 Benjamini-Hochberg adjusted P values are shown. Results are considered significant if P ≤  0.05. 

921 (B-C) Acute log viral burden (0 – 6 wpi) correlated with log viral burden during ART treatment 

922 (6 – 55 wpi). ART log viral burden in turn correlated with log viral burden during ATI (55 wpi – 

923 76 wpi). (D) The frequency of CD4+ T cells in the colon at baseline (0 wpi) correlated with viral 

924 burden during ATI. (E) The ratio of Th17 and Treg cells at baseline correlated with viral burden 

925 during ATI. (B-E) A Spearman rank correlation test was used to determine P and r values. Shown 

926 are Benjamini-Hochberg adjusted P values, results are considered significant if P ≤  0.05. 

927 S1 Fig. Animals in each group demonstrate similar plasma viral loads, CD4 T cell counts, 

928 and ART responsiveness. 

929 (A) Plasma viral loads as determined by RT-q-PCR for the mock (black circles), MAG + LT (red 

930 squares) and MAG + AC (purple triangles) groups, shown are medians and interquartile ranges. 

931 The dashed line indicates the assay limit of detection (30 viral RNA copies/1mL of plasma) and 

932 the dotted line indicates the threshold for control of virus replication. (B) Percent of baseline CD4 

933 T cell counts were calculated for the mock, MAG + LT and MAG + AC groups over time by 
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934 dividing the absolute CD4 count at a timepoint by the absolute CD4 count at 0 wpi and multiplying 

935 by 100. Shown are medians and interquartile ranges. The dotted line indicates 50% of baseline 

936 CD4 T cells. CD4 T cell counts were obtained using a Beckman Coulter® AC*TTM 5diff 

937 hematology analyzer. (C) Shown is the decrease of each animals’ viral loads between pre-ART (6 

938 wpi) and pre-vaccination (32 wpi). Statistical analyses were performed using a Wilcoxon matched-

939 pairs signed rank test; results are considered significant if P ≤  0.05. (D) Shown is the restoration 

940 of each animals’ percent of baseline CD4 T cell counts between pre-ART (6 wpi) and pre-

941 vaccination (32 wpi). Statistical analyses were performed using a Wilcoxon matched-pairs signed 

942 rank test; results are considered significant if P ≤  0.05. 

943 S2 Fig. No differences were observed between groups in Gag-specific CD4+ T cell responses 

944 in PBMC and MLN.

945 (A) PBMCs were thawed and stimulated with Gag peptides, and expression of IL-2, IFN, TNF 

946 and CD107a/GzB were quantified using intracellular cytokine staining. Shown are the medians 

947 and interquartile ranges of each group’s SIV-Gag specific T cell response.  (B) Lymphocytes 

948 isolated from MLN were thawed and stimulated with Gag peptides, and expression of IL-2, IFN, 

949 TNF and CD107a/GzB were quantified using intracellular cytokine staining. Shown are the 

950 medians and interquartile ranges of each group’s SIV-Gag specific T cell response. (A, B) 

951 Statistics. Statistical comparisons between baseline and post-vaccination timepoints within a 

952 group were calculated using a Wilcoxon matched-pairs signed rank test. A Dunn’s multiple 

953 comparisons test was used when making multiple comparisons between vaccine groups and the 

954 mock group. Results are considered significant if P ≤  0.05.

955 S3 Fig. No differences were observed among groups in Env-specific CD8+ or CD4+ T cell 

956 responses in PBMC. 
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957 (A-B) PBMCs were thawed and stimulated with Env peptides, and expression of IL-2, IFN, TNF 

958 and CD107a/GzB were quantified using intracellular cytokine staining. Shown are the medians 

959 and interquartile ranges of each group’s SIV-Env specific T cell response. (A, B) Statistics. 

960 Statistical comparisons between baseline and post-vaccination timepoints within a group were 

961 calculated using a Wilcoxon matched-pairs signed rank test. A Dunn’s multiple comparisons test 

962 was used when making multiple comparisons between vaccine groups and the mock group. Results 

963 are considered significant if P ≤  0.05.

964 S4 Fig. No differences were observed among groups in Env-specific CD8+ or CD4+ T cell 

965 responses in MLN. 

966 (A-B) Lymphocytes isolated from MLNs were thawed and stimulated with Env peptides, and 

967 expression of IL-2, IFN, TNF and CD107a/GzB were quantified using intracellular cytokine 

968 staining. Shown are the medians and interquartile ranges of each group’s SIV-Env specific T cell 

969 response. (A, B) Statistics. Statistical comparisons between baseline and post-vaccination 

970 timepoints within a group were calculated using a Wilcoxon matched-pairs signed rank test. A 

971 Dunn’s multiple comparisons test was used when making multiple comparisons between vaccine 

972 groups and the mock group. Results are considered significant if P ≤  0.05.

973 S5 Fig. CD4+ T cell counts corresponded with virus burden in plasma. 

974 (A-C) Shown are the percent of baseline CD4+ T cell counts for each individual animal in the 

975 mock, MAG + LT and MAG + AC groups over time. Percent of baseline CD4+ T cell counts were 

976 calculated for the mock, MAG + LT and MAG + AC groups over time by dividing the absolute 

977 CD4+ count at a timepoint by the absolute CD4+ count at 0 wpi and multiplying by 100. The dotted 

978 line indicates 50% of baseline CD4+ T cells. CD4+ T cell counts were obtained using a Beckman 
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979 Coulter® AC*TTM 5diff hematology analyzer. (D) Graphed are the median and interquartile range 

980 of controllers’ and noncontrollers’ percent of baseline CD4+ counts.

981 S6 Fig. No difference between controllers/noncontrollers in Gag-specific IL-2+ and 

982 CD107a+GzB+ CD8+ T cells in PBMC or Gag-specific IFN+, TNF+, and CD107a+GzB+ 

983 CD8+ T cells in MLN. 

984 (A-E) PBMCs and MLNs were thawed and stimulated with Gag peptides, and expression of 

985 cytokines was quantified using intracellular cytokine staining. Shown are the medians and 

986 interquartile ranges of the SIV Gag-specific CD8+ T cell responses of controllers  and 

987 noncontrollers, with individual responses layered over each bar at a post-vaccination timepoint (50 

988 wpi) and during ATI (62 wpi for PBMC and 66 wpi for MLN). Statistical differences between 

989 controllers and noncontrollers at each timepoint  were assessed using a Mann Whitney t test and 

990 the Benjamini-Hochberg method was used to adjust P values. Results are considered significant if 

991 P ≤  0.05. 

992 S7 Fig. Controllers and noncontrollers demonstrate similar levels of SIV Gag-specific CD4+ 

993 T cell responses in the PBMC and MLN post-vaccination and during ATI. 

994 (A-B) PBMCs and MLNs were thawed and stimulated with Gag peptides, and expression of 

995 cytokines was quantified using intracellular cytokine staining. Shown are the medians and 

996 interquartile ranges of the SIV Gag-specific CD4+ T cell responses of controllers  and 

997 noncontrollers, with individual responses layered over each bar at a post-vaccination timepoint (50 

998 wpi) and during ATI (62 wpi for PBMC and 66 wpi for MLN). Statistical differences between 

999 controllers and noncontrollers at each timepoint  were assessed using a Mann Whitney t test and 

1000 the Benjamini-Hochberg method was used to adjust P values. Results are considered significant if 

1001 P ≤  0.05. 
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1002 S8 Fig. Noncontrollers exhibited a trend towards higher titers of Env-specific IgG compared 

1003 to controllers. 

1004 The magnitude of the SIV Env-specific IgG response in the plasma was measured by ELISA, using 

1005 SIV gp130 as the capture antigen. Shown are medians and interquartile ranges. 

1006 S9 Fig. Baseline frequencies of Th17 and Treg cells may play a role in determining 

1007 therapeutic outcome during ATI. 

1008 (A-B) Lymphocytes were isolated from colon biopsies and expression of Th17 and Treg markers 

1009 was quantified using intracellular cytokine staining on fresh cells. A Spearman rank correlation 

1010 test was used to determine P and r values. Shown are the Benjamini-Hochberg adjusted P values, 

1011 results are considered significant if P ≤  0.05. 

1012
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