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Abstract 31 

Pre-existing HIV infection increases tuberculosis (TB) risk in children. Antiretroviral 32 

therapy (ART) reduces, but does not abolish, this risk in children with HIV. The immunologic 33 

mechanisms involved in TB progression in both HIV-naïve and HIV-infected children have not 34 

been explored. Much of our current understanding is based on human studies in adults and adult 35 

animal models. In this study, we sought to model childhood HIV/Mycobacterium tuberculosis 36 

(Mtb) coinfection in the setting of ART and characterize T cells during TB progression. 37 

Macaques equivalent to 4-8 year-old children were intravenously infected with SIVmac239M, 38 

treated with ART three months later, and coinfected with Mtb three months after initiating ART. 39 

SIV-naïve macaques were similarly infected with Mtb alone. TB pathology and total Mtb burden 40 

did not differ between SIV-infected, ART-treated and SIV-naïve macaques, although lung Mtb 41 

burden was lower in SIV-infected, ART-treated macaques. No major differences in frequencies 42 

of CD4+ and CD8+ T cells and unconventional T cell subsets (V9+  T cells, MAIT cells, and 43 

NKT cells) in airways were observed between SIV-infected, ART-treated and SIV-naïve 44 

macaques over the course of Mtb infection, with the exception of CCR5+ CD4+ and CD8+ T 45 

cells which were slightly lower. CD4+ and CD8+ T cell frequencies did not differ in the lung 46 

granulomas obtained at necropsy, nor did they differ in the frequency of immune checkpoint and 47 

proliferative markers. Thus, ART treatment of juvenile macaques, three months after SIV 48 

infection, resulted in similar progression of Mtb and T cell responses compared to Mtb in SIV-49 

naïve macaques. 50 

 51 
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Introduction 54 

Pediatric tuberculosis (TB) caused by the bacterium, Mycobacterium tuberculosis (Mtb), 55 

is a major global health concern. In 2019, around 1.2 million children under the age of 15 fell ill 56 

with TB and over 200,000 children died of TB, including children with HIV-associated TB (1). 57 

HIV-infected children have higher rates of mortality due to TB than HIV-uninfected children (2). 58 

Children account for roughly 10% of HIV-associated TB deaths, which amounted to ~20,000 59 

lives in 2020 (1, 2). Antiretroviral therapy (ART) reduces TB risk and mortality by suppressing 60 

viral replication and restoring CD4+ T cell levels, but TB risk does not completely return to the 61 

level seen in HIV-naive children (3-7). Moreover, pediatric TB often manifests differently than 62 

adults and disease progression is influenced by age (8, 9). Miliary TB and TB meningitis is more 63 

common in infants and young children (< 2 years old), while pulmonary TB is more common in 64 

older children (9). HIV infection exacerbates TB disease in children and is associated with 65 

greater lung involvement and cavitation regardless of age (10, 11). Given the severity of TB in 66 

children, especially those with HIV, there is a clear need to elucidate immune mechanisms 67 

underlying TB progression in children as it may help inform diagnostic and treatment strategies. 68 

Much of what is known about pediatric TB is through the lens of human adult studies and 69 

adult animal models. However, this overlooks the dynamic nature of the developing, pediatric 70 

immune system (12). Throughout childhood, T cell composition is incredibly dynamic and does 71 

not stabilize until adulthood (13-16). Rapid accumulation of circulating memory CD4+ and 72 

CD8+ T cells occurs during the first few years of life in both children and young nonhuman 73 

primates (NHP) (13, 17, 18). Given that CD4+ and CD8+ T cells are critical for Mtb control (19, 74 

20) and the predominant immature nature of CD4+ and CD8+ T cells during the first few years 75 

of life, this may be a contributing factor to severe TB disease observed in young children. 76 
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However, the role of CD4+ and CD8+ T cells in TB pathogenesis in children is largely 77 

understudied. In addition, HIV infection is well-known to cause CD4+ and CD8+ T cell 78 

dysfunction through CD4+ T cell depletion and T cell exhaustion (21-24). ART has been shown 79 

to restore CD4+ T cell levels and improve CD8+ T cell function, but the immune restoration is 80 

incomplete (25-28). Similarly, unconventional T cells, such as  T cells, MR1-restricted 81 

mucosal-associated invariant T (MAIT) cells, and CD1d-restricted natural killer T (NKT) cells 82 

have received little attention in pediatric TB despite their ability to recognize non-peptide Mtb 83 

antigens, and may play a possible role in early Mtb control (29-33). V2+  T cells, a subset of 84 

 T cells which forms T cell receptor heterodimers with V9, and MAITs are virtually absent in 85 

early life in humans (16). Moreover, unconventional T cell subsets are depleted during HIV 86 

infection and only partially restored by ART (34-36). Whether their role in TB progression 87 

differs between HIV, ART-treated children and HIV-naïve children has yet to be thoroughly 88 

investigated. 89 

NHP are an excellent model to study TB as they closely recapitulate the immune 90 

responses and pathogenesis observed in humans (37, 38). NHP are also susceptible to SIV, a 91 

close relative of HIV, which results in HIV-like disease progression and AIDS development in 92 

some macaque species (39). Previously, in adult Mauritian cynomolgus macaques, we found that 93 

Mtb coinfection of ART-naïve, SIV-infected animals had worsened TB disease compared to 94 

SIV-naïve macaques (40), in alignment with studies in humans (41-43). In a separate study, we 95 

observed granulomas obtained from SIV/Mtb coinfected macaques early in the course of Mtb 96 

infection had immunologic differences compared to animals infected with Mtb alone, such as 97 

fewer CD4+ T cells, more CD8+ T cells, and elevated frequencies of PD-1+ and TIGIT+ T cells, 98 

indicative of chronic immune activation (44). Although these studies inform our understanding 99 
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of TB immunity in coinfected adults, very few NHP studies to date have modeled pediatric TB 100 

(45-47). 101 

This is the first study to characterize CD4+ and CD8+ T cell populations over the course 102 

of infection using an NHP model of pediatric TB and HIV/Mtb coinfection. Juvenile macaques, 103 

~1-2 years of age (equivalent to 4-8 years in humans), were either infected with Mtb alone or 104 

were infected with SIV, treated with ART, and then coinfected with Mtb. We found very few 105 

differences in TB disease progression and Mtb burden between SIV-infected, ART-treated and 106 

SIV-naïve macaques. While we did observe immunological changes following SIV infection, 107 

such as fewer CD4+ T cells and more CD8+ T cells in airways, these returned to pre-SIV levels 108 

following ART initiation. The frequencies of CD4+ and CD8+ T cells in airways remained 109 

similar between SIV-infected, ART-treated and SIV-naïve macaques 8 weeks after Mtb 110 

infection, although. Frequencies of unconventional T cell subsets (V9+  T cells, MAIT cells, 111 

and NKT cells) did not differ over the course of SIV nor between SIV-infected, ART-treated and 112 

SIV-naïve macaques following Mtb infection. Similarly, T cell composition of granulomas did 113 

not differ between the two groups. Thus, juvenile macaques treated with ART within 3 months 114 

of SIV infection appear to experience similar TB progression and mount similar T cell responses 115 

to Mtb coinfection as animals infected with Mtb alone. 116 

 117 

Results 118 

T cell subsets and phenotype of CD4+and CD8+ T cells in airways do not differ, except for 119 

CCR5, between SIV-infected, ART-treated and SIV-naïve juvenile macaques. 120 

Ten juvenile macaques were infected intravenously with SIVmac239M and, as expected, 121 

peak viremia was detected approximately 10 days post infection followed by viral load reduction 122 
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and establishment of set-point viremia, which varied widely among animals. Three months after 123 

infection, ART was initiated in all animals and reduced viremia to below the limit of detection 124 

(Figure 1). Plasma viral load remained undetectable in all animals after ART initiation, with the 125 

exceptions of 34519 and 34619 which had transient viremia that did not exceed 103 viral copies 126 

(Figure 1). All 10 SIV-infected, ART-treated animals, as well as 10 age-matched SIV-naïve 127 

animals, were then infected with approximately 5-11 colony forming units (CFU) of a barcoded 128 

Mtb (Table S1). ART continued to suppress viral replication after Mtb challenge in SIV-infected 129 

animals (Figure 1). 130 

Mtb is predominantly transmitted through inhaled droplets and first encounters host 131 

immune cells when deposited in the airways. Thus, we assessed T cell composition and 132 

characterized T cell phenotype in the airways of the animals during SIV infection and ART 133 

treatment by flow cytometric analysis of cells recovered by bronchoalveolar lavage (BAL). The 134 

composition of T cell subsets dramatically shifted following SIV infection, with a notable 135 

decrease in the CD4+ proportion (blue) and a corresponding increase in the CD8+ proportion 136 

(red) (top row, Figure 2A). The T cell composition shifted again following ART, returning to 137 

proportions similar to those observed prior to SIV infection (Figure 2A). T cell proportions were 138 

similar between SIV-infected, ART-treated macaques (top row) and macaques infected with Mtb 139 

alone (bottom row), both prior to and 8 weeks after Mtb infection (Figure 2A). These changes in 140 

T cell subsets also were noted when data are presented as frequencies of the total CD3+ 141 

population (Figure 2B-J). We observed a significant decline in CD4+ T cells with a concomitant 142 

rise in CD8+ T cell frequencies in the airways following SIV infection and a return to pre-SIV 143 

frequencies after initiating ART (Figure 2B, C). At the time of Mtb coinfection, CD4+ T cell 144 

frequencies in BAL were similar between SIV-infected, ART-treated animals and SIV-naïve 145 
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controls and did not change appreciably after Mtb infection (Figure 2B). CD8+ T cells exhibited 146 

a subtle, but significant, decline in both groups following Mtb coinfection (Figure 2C). 147 

CD4+CD8+ T cell frequencies increased following Mtb infection in both groups (Figure 2D), 148 

which has been reported previously (48). We did not observe significant differences in 149 

CD3+CD4-CD8- T cells or consistent changes in unconventional T cell subsets, including  T 150 

cells (V9+), NKT cells (CD1d tetramer+), MAIT cells (MR1 tetramer+ V7.2+), and MAIT-151 

like cells (MR1 tetramer+V7.2-) between the two groups following Mtb coinfection (Figure 152 

2E-I). 153 

We did observe some phenotypic changes in CD4+ and CD8+ T cells in airways over the 154 

course of the study. There was a transient spike in proliferation, as measured by ki-67, in CD4+ 155 

and CD8+ T cells at 4 weeks post-SIV infection which then subsided following ART to levels 156 

similar to those observed in uninfected macaques (Figure S1A, B). CD4+ and CD8+ T cell 157 

proliferation was previously shown to correspond to the rise in viral replication during acute SIV 158 

infection (49-51). Following Mtb infection, the frequency of PD-1+ CD4+ T cells, but not PD-1+ 159 

CD8+ T cells, declined significantly (Figure S1C, D). The frequency of TIGIT+ CD4+ and 160 

CD8+ T cells fluctuated, with notable increases in frequency of TIGIT+ CD4+ T cells 4 weeks 161 

post SIV infection and of TIGIT+ CD8+ T cells following Mtb infection (Figure S1E, F). A 162 

small, but significant, drop in the frequency of CXCR3+ CD8+ T cells, but not CD4+ T cells, 163 

was noted following Mtb coinfection (Figure S1G, H). CCR6-expressing CD4+ and CD8+ T 164 

cells significantly increased in frequency in both groups following Mtb coinfection (Figure S1I, 165 

J). As CCR6 mediates cell migration during inflammation and immune response (52), this 166 

increased frequency of CCR6+ CD4+ and CD8+ T cells most likely indicates enhanced 167 

trafficking to the airways in response to Mtb (53).  168 

.CC-BY-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 December 16, 2022. ; https://doi.org/10.1101/2022.12.14.520525doi: bioRxiv preprint 

https://doi.org/10.1101/2022.12.14.520525
http://creativecommons.org/licenses/by-nd/4.0/


The frequency of CCR5, on the other hand, significantly declined in CD8+ T cells, and to 169 

a lesser extent in CD4+ T cells (p = 0.0534), in SIV-infected, ART-treated macaques following 170 

Mtb coinfection (Figure 3A, B). CCR5 is a coreceptor utilized by HIV/SIV for infection of 171 

CD4+ T cells and is closely linked to T cell loss (54, 55). This decline was also reflected by a 172 

loss of absolute CCR5+ CD4+ and CD8+ T cell numbers in the airways (Figure 3C). SIV-173 

infected, ART-treated animals had significantly fewer CD4+ and CD8+ T cells in their airways 174 

(~0.39 and 0.40 log decrease, respectively) than compared SIV naïve animals (Figure 3C). Given 175 

the role of CD4+ and CD8+ T cells in Mtb control, we were interested in whether this subtle loss 176 

of conventional T cells in the airways impacted overall TB progression. 177 

 178 

No difference in lung inflammation or Mtb dissemination. 179 

 We previously reported a dramatic increase in lung inflammation and Mtb dissemination 180 

in SIV-infected, ART-naïve adult macaques between 4-8 weeks post Mtb compared to adult 181 

macaques infected with Mtb alone, indicating a loss of Mtb control in the SIV-infected group 182 

(40). Here, we used PET/CT to determine whether lung inflammation and Mtb dissemination 183 

differed over the course of Mtb infection in our juvenile SIV-infected, ART-treated macaques 184 

compared to juvenile macaques infected with Mtb alone. We measured FDG uptake, a surrogate 185 

for inflammation, to quantify lung inflammation and to enumerate granulomas over time as a 186 

measure of Mtb dissemination (Figure 4). SIV-infected, ART-treated macaques coinfected with 187 

Mtb did not differ from macaques infected with Mtb alone in terms of total lung FDG activity 188 

over the course of Mtb infection (Figure 4A). Similarly, both groups exhibited similar numbers 189 

of granulomas over the Mtb infection course (Figure 4B). One SIV-infected, ART-treated animal 190 

had rapidly progressive TB disease and reached humane endpoint just 6 weeks post-Mtb 191 
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coinfection and is represented as a single datapoint at 4 weeks. When measured at the final time 192 

point, there were no significant differences in lung inflammation (p = 0.2415) or the number of 193 

granulomas (p = 0.4601) between SIV-infected, ART-treated macaques coinfected with Mtb and 194 

macaques infected with Mtb alone (Figure 4C, D), indicating similar TB progression in the two 195 

groups. 196 

 197 

TB pathology, bacterial burden, and bacterial dissemination were similar in SIV-infected, ART-198 

treated and SIV-naïve juvenile macaques, except for lung CFU. 199 

Following Mtb infection, erythrocyte sedimentation rates were normal in both SIV-200 

infected, ART-treated macaques and SIV-naïve macaques while culturable bacilli were variably 201 

detected in BAL and gastric aspirates from both groups (Table S1). At necropsy, we used an 202 

established scoring system to assess total TB pathology across several tissue compartments: 203 

lungs, thoracic lymph nodes, and extrapulmonary sites (56). While the individual pathology 204 

scores varied widely, there were no significant differences in the group medians between SIV-205 

infected, ART-treated macaques coinfected with Mtb and macaques infected with Mtb alone 206 

(Figure 5A-D). 207 

We plated tissue samples for CFU to determine Mtb burden. Somewhat surprisingly, the 208 

median total thoracic burden of Mtb, comprised of CFU from both lung and thoracic lymph 209 

nodes, was slightly lower in SIV-infected, ART-treated macaques compared to macaques 210 

infected with Mtb alone although this difference did not reach statistical significance (p = 211 

0.0961; Figure 5E). Interesting, the bacterial load was significantly lower when only the lungs 212 

were considered (p = 0.0278; Figure 5F). In contrast, the median bacterial load in thoracic lymph 213 

nodes between the groups was similar (p = 0.2489; Figure 5G). Culture-negative lung 214 
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granulomas identified at necropsy were considered to have been sterilized by the host. Both 215 

groups had similar percentages of lung granulomas with culturable bacilli, indicating comparable 216 

capacity to eliminate viable Mtb in SIV-infected, ART-treated animals and those that were 217 

infected with Mtb alone (Figure 5H). 218 

To assess Mtb dissemination, Mtb DNA was isolated from CFU+ tissue samples and the 219 

number and distribution of uniquely tagged bacilli was quantified across individual animals and 220 

tissue types. We did not find differences in the median number of uniquely tagged bacilli per 221 

animal between cohorts (Figure S2A). The number of uniquely tagged bacilli identified in 222 

granulomas and thoracic lymph nodes did not differ between SIV-naïve and SIV-infected, ART-223 

treated, animals (Figure S2B). However, consistent with previous reports of lymph node seeding 224 

from multiple granulomas (57, 58), we observed a significantly higher number of uniquely 225 

tagged bacilli in thoracic lymph nodes when compared to granulomas. This was the case for both 226 

SIV-naïve (p = 0.0397) and SIV-infected, ART-treated animals (p = 0.0002) indicating similar 227 

dissemination between these groups.  228 

We also analyzed the bacterial load in individual granulomas from each animal. The 229 

number of culturable Mtb within individual granulomas varied widely both within individual 230 

animals as well as between animals from each group (Figure 6A). However, there was no 231 

significant difference in the median CFU of individual granulomas between those from SIV-232 

infected, ART-treated macaques coinfected with Mtb and those from macaques infected with 233 

Mtb alone (p = 0.2047; Figure 6B). Thus, both the severity of TB, Mtb bacterial load, and Mtb 234 

dissemination were similar in SIV-naïve and SIV-infected, ART-treated animals.  235 

 236 
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Cytokine responses to Mtb-specific antigens were similar in the lungs of SIV-infected, ART-237 

treated macaques coinfected with Mtb and macaques infected with Mtb alone. 238 

 Cell suspensions were prepared from lung tissue without apparent granulomas 239 

irrespective of whether the tissue would be determined to have culturable Mtb. The cells were 240 

stimulated with Mtb whole cell lysate to assess CD4+ and CD8+ T cell responses to Mtb-specific 241 

antigens in the lung (Figure 7). There were no differences in IFN or TNF production between 242 

SIV-infected, ART-treated macaques coinfected with Mtb and macaques infected with Mtb alone 243 

in either CD4+ and CD8+ T cells (Figure 7A-D), indicating similar Mtb-specific cytokine 244 

responses between the two groups. 245 

 246 

Granuloma composition and phenotype did not differ between Mtb-infected SIV-infected, ART-247 

treated and SIV-naïve macaques. 248 

 Granulomas are the hallmark of TB disease. While normal granuloma formation is 249 

known to be affected in HIV/Mtb coinfected adults (59, 60), very little is known about TB 250 

granuloma formation dynamics and composition in children coinfected with HIV, regardless of 251 

whether they are treated with ART or not. Histopathology of excised granulomas was assessed 252 

by an experienced veterinary pathologist and no generalizable histological differences could be 253 

determined in the granulomas from SIV-naïve and SIV-infected, ART-treated animals (data not 254 

shown).  255 

We used flow cytometry to compare the cellular composition of TB granulomas in lungs 256 

of SIV-infected, ART-treated macaques with those in SIV-naïve macaques. We did not observe 257 

any difference in overall T cell composition (Figure 8A) or in frequencies of T cell subsets 258 
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(Figure 8B-H), nor did T cell frequencies differ in other tissue compartments, including lymph 259 

nodes, spleen, and blood (Figure S3).   260 

Lastly, we investigated the frequency of CCR5 and several other phenotypic markers 261 

(PD-1, TIGIT, and ki-67) on CD4+ and CD8+ T cells isolated from lung granulomas (Figure 9 262 

and 10). Unlike the airways, CCR5+ CD4+ and CD8+ T cells did not significantly differ 263 

between SIV-infected, ART-treated macaques and macaques infected with Mtb alone (Figure 264 

9A, B). For the other phenotypic markers (Figure 10), there were no significant differences 265 

between the two groups apart from TIGIT+ CD4+ T cells (p = 0.0647; Figure 10B), which 266 

trended slightly higher in frequency in SIV/ART/Mtb macaques, and ki-67+ CD8+ T cells, 267 

which were significantly more frequent in granulomas from SIV-naïve animals (p = 0.0092; 268 

Figure 10F). However, the difference in the median frequency of ki-67+ cells between the two 269 

groups was incredibly low (< 0.12% of CD8+ T cells in both groups) and warrants caution about 270 

ascribing biological significance to this result. Together, these data demonstrate that CD4+ and 271 

CD8+ T cells in granulomas from SIV-infected, ART-treated macaques are quite similar to those 272 

from macaques infected with Mtb alone. 273 

 274 

 Our findings show that, while some differences were detected between SIV-infected, 275 

ART-treated juvenile macaques that are coinfected with Mtb, compared to macaques infected 276 

with just Mtb, the overall immune response and TB progression appear to be remarkably similar. 277 

 278 

Discussion 279 

TB progression in HIV+ and HIV-naïve children is not well understood due to challenges 280 

in diagnosis, monitoring, and limited epidemiological data (1, 61). Studies from the pre-281 
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antibiotic era have noted that infants and young children are at greater risk of developing 282 

pulmonary TB and more severe, disseminated forms of TB (e.g., miliary TB or TB meningitis) 283 

(9). This risk declines between the ages of 2 and 10 followed by an increased risk of pulmonary 284 

TB during puberty (9). HIV increases TB risk and results in more severe TB disease (2-4, 10, 285 

11). It has yet to be thoroughly investigated how TB, both on its own and with a concurrent HIV 286 

infection, manifests in the presence of a developing immune system. Conventional and 287 

unconventional T cell compartments are in constant flux throughout childhood (13-16), 288 

highlighting the need to elucidate immune mechanisms behind TB pathogenesis where adult 289 

models may fall short. Only a handful of studies have modeled TB progression using young 290 

animals (45-47) and there are no studies that have modeled the impact of HIV coinfection on TB 291 

progression in juvenile macaques. 292 

Here, we established a model of pediatric HIV/Mtb coinfection by infecting juvenile 293 

macaques with SIV, initiating ART 3 months later, and coinfecting with Mtb 3 months later. We 294 

compared TB progression in the SIV-infected, ART-treated juveniles with that in similarly aged 295 

animals infected with Mtb alone. We chose to implement ART in this study as ART coverage in 296 

children is improving worldwide (62) and is an increasingly likely real-world scenario. Prior to 297 

Mtb coinfection, the SIV-infected animals were aviremic, indicative of successful viral control 298 

by ART (Figure 1). Both groups exhibited similar progression of TB disease by PET/CT (Figure 299 

4), pathology scores, Mtb dissemination and Mtb burden, with the exception of lower lung CFU 300 

in SIV-infected, ART-treated animals (Figures 5, 6; Figure S2). These results are in stark 301 

contrast with our previous study of adult macaques coinfected with SIV/Mtb in which all 302 

coinfected animals developed rapid dissemination of TB within the first 8 weeks of Mtb 303 

coinfection and extensive TB pathology (40). This difference is most likely due to the ART that 304 
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was provided to the SIV-infected juveniles in the current study, consistent with the efficacy of 305 

ART reported in both adults (63, 64) and children (3-7, 65). We cannot rule out age as a potential 306 

contributor to the differences observed in TB progression in SIV-infected adult macaques (40) 307 

and the juveniles reported here since we did not coinfect SIV-infected, ART-naïve juveniles. 308 

However, clinical studies suggest that HIV-naïve children are slightly more susceptible, and not 309 

more resistant, to severe forms of TB than adults (8, 9). The striking degree to which TB disease 310 

in our SIV-infected juveniles paralleled that in SIV-naïve juveniles suggests strongly that ART 311 

may be responsible for constraining TB progression in SIV-infected juvenile macaques. 312 

In humans, ART only partially restores immune function and resistance to Mtb in HIV+ 313 

subjects (63, 64). Thus, we characterized the T cell responses to Mtb in the SIV-infected, ART-314 

treated animals relative to those in animals infected with Mtb alone. Since Mtb primarily 315 

establishes infection in the lung, we investigated T cell-mediated immunity in the airways 316 

throughout the study and in granulomas and lung tissue harvested 12 weeks after Mtb infection. 317 

We showed previously that SIV-related changes occur across T cell subsets in several lung 318 

compartments, including airways, granulomas, and lung tissue, in SIV-infected, ART-naïve adult 319 

macaques coinfected with Mtb (44). Adult macaques coinfected with SIV/Mtb exhibited fewer 320 

CD4+ T cells in blood and more CD8+ T cells in airways (44). Similarly, in the SIV-infected 321 

juvenile macaques here, we observed decreased CD4+ T cells and increased CD8+ T cells in the 322 

airways prior to ART initiation (Figure 2). However, following ART treatment, both T cell types 323 

returned to pre-SIV levels indicating a restoration of CD4+ and CD8+ T cell levels in the 324 

airways by ART. The unconventional T cell populations, V9+  T cells, MAIT and NKT cells, 325 

which are widely thought to play a role in early Mtb infection (29-33), varied in frequency 326 

between animals and there was no consistent change in these populations during SIV infection, 327 
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ART, or Mtb coinfection. Following Mtb infection, no striking differences were observed 328 

between the groups in either conventional T cell subsets or unconventional T cells in the airways 329 

(Figure 2), aside from the elevated CD4+CD8+ T cells that is likely due to Mtb-mediated 330 

immune activation (48).  331 

In addition to analyzing cells from the airway, we analyzed both lung tissue and 332 

individual granulomas. The latter is especially important since substantial heterogeneity can exist 333 

between granulomas, even from within the same animal (66). We did not observe differences in 334 

granuloma composition of T cell subsets, conventional or unconventional, nor were there any 335 

consistent differences in other tissues analyzed between SIV-naïve and SIV/ART-treated Mtb 336 

coinfected macaques (Figure 8 and Figure S3). IFN and TNF responses upon Mtb-specific 337 

stimulation of CD4+ and CD8+ T cells isolated from lungs were also similar between SIV-338 

infected, ART-treated macaques coinfected with Mtb and macaques infected with Mtb alone 339 

(Figure 7). Both cytokines are associated with Mtb control (67, 68). Notably, we previously 340 

identified a defect in TNF production in SIV/Mtb coinfected adult macaques which may, at least 341 

in part, be responsible for the loss of control over Mtb in SIV-infected animals (44). A similar 342 

TNF defect in lymphocytes from lung tissue was not observed in the SIV-infected juvenile 343 

macaques studied here and may be attributed to the ART regimen. Mtb-specific responses in 344 

CD4+ and CD8+ T cells in blood from HIV/Mtb coinfected individuals have been shown to 345 

increase following ART, indicative of restoration of immune responses (69, 70). Consistent with 346 

other studies in human and NHP (26, 71), our data suggests that these similarities in IFN and 347 

TNF may be attributed to immune restoration from the ART regimen. 348 

Chronic immune activation has been implicated in immune dysfunction associated with 349 

HIV/SIV infection (72, 73). PD-1 and TIGIT are inhibitory receptors that are critical in 350 
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modulating immune activation and play an important role in Mtb control (74-77). Importantly, 351 

PD-1 and TIGIT expression can be upregulated on both exhausted, as well as activated, T cells. 352 

Previously, we found that frequencies of PD-1+ and TIGIT+ T cells are notably higher in lung 353 

tissue and granulomas from SIV-infected, ART-naïve adult macaques and appear to be activated, 354 

regardless of whether they are coinfected with Mtb (44). This is consistent with the hypothesis 355 

that this immune activation phenotype is due to chronic SIV infection and is maintained 356 

throughout SIV/Mtb coinfection (44, 73). Interestingly, in this study, there was no difference 357 

between the two groups of juvenile macaques in PD-1 or TIGIT expression on CD4+ and CD8+ 358 

T cells from either airways (Figure S1) or granulomas (Figure 10), aside from the decline in PD-359 

1+ CD4+ T cells in airways following Mtb infection. Signaling pathways associated with 360 

inflammation and immune activation have been shown to decline during the first 6 months of 361 

ART in whole blood from HIV-1/Mtb coinfected individuals (78). Similarly, our data suggest 362 

that ART may have alleviated the chronic immune activation associated with uncontrolled viral 363 

replication.  364 

We did observe transient changes in proliferation and cell trafficking in airways over the 365 

course of the SIV and Mtb infections. Proliferation of both CD4+ and CD8+ T cells spiked 4 366 

weeks after SIV infection (Figure S1), which closely mirrored the spike in plasma viremia 367 

(Figure 1). Similar elevations in CD4+ and CD8+ T cell proliferation were previously observed 368 

in blood, lymph nodes, and gut shortly after SIV infection (49-51). This burst of T cell 369 

proliferation corresponds to elevations in T cell apoptosis (50) and likely indicates a 370 

compensatory response to restore CD4+ T cell levels depleted by rampant viral replication, while 371 

simultaneously boosting CD8+ T cells, well-known antiviral effectors cells. We observed an 372 

increase in the frequency of CCR6+CD4+ and CCR6+CD8+ T cells in both groups following 373 
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Mtb infection. CCR6 is a chemokine receptor expressed on both dendritic cells and T cells (52). 374 

CCR6 expression on T cells promotes migration of Th1 and Th17 responses to sites of 375 

inflammation and it is associated with Mtb control (53). In our study, ART-treated SIV infection 376 

did not appear to affect the expression of CCR6 on CD4+ and CD8+ T cells in the airways 377 

during Mtb coinfection compared to animals infected with Mtb alone. 378 

CCR5 is an important chemokine receptor for T cell migration during inflammation and 379 

is a co-receptor for HIV/SIV (22). Mtb-specific CD4 T cells upregulate CCR5 during latent TB 380 

infection and are preferentially depleted during HIV infection (79, 80). We observed a decline in 381 

the frequency of CCR5+ CD4+ T cells as well as a subtle, but significant, loss of absolute 382 

CCR5+ CD4+ T cells in the airways of SIV-infected, ART-treated macaques following Mtb 383 

coinfection (Figure 3). However, we did not observe a loss of CCR5+ CD4+ T cells in 384 

granulomas (Figure 9A). CCR5 is expressed at higher frequencies on T cells in airways 385 

compared to other compartments like blood (81). It is possible that the elevated expression of 386 

CCR5 on CD4 T cells in airways combined with Mtb coinfection created a target-rich 387 

environment for SIV, thereby resulting in their selective depletion (22). Interestingly, others have 388 

shown that CCR5+ CD4+ T cells are rapidly depleted in granulomas from untreated Mtb/SIV 389 

coinfected macaques (82). These data suggest that ART may have prevented depletion of CCR5+ 390 

CD4+ T cells in granulomas of our SIV-infected macaques. CCR5 is also be expressed on type 1 391 

CD8+ T cells, which largely secrete IFN (55). SIV infection has been reported to cause 392 

significant depletion of CCR5+ CD8+ T cells at mucosal sites, such as jejunum (55). Others have 393 

reported CCR5 expression decline on circulating CD8+ T cells from HIV-infected progressors 394 

(83). We observed a significant decline in the frequency of CCR5+ CD8+ T cells and total 395 

CCR5+ CD8+ T cells in the airways after Mtb coinfection in SIV-infected, ART-treated juvenile 396 
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macaques (Figure 3B, C). It is possible that CCR5 was downregulated on CD8+ T cells during 397 

Mtb coinfection, however, the decline of absolute CCR5+ CD8+ T cells suggests a loss of these 398 

cells. In granulomas, on the other hand, we did not observe a significant loss of CCR5+ CD8+ T 399 

cells (Figure 9B). Unlike CD4+ T cells, which have a clear mechanism of depletion via direct 400 

viral infection, the mechanism behind this tissue-dependent loss of CD8+ T cells during SIV 401 

infection is not well understood and warrants further investigation. Nevertheless, TB outcome 402 

did not differ between the two groups, indicating that the loss CCR5+ T cells in the airways did 403 

not exert a substantial effect on TB resistance.  404 

In summary, we found that SIV-infected, ART-treated juvenile macaques control TB 405 

similarly to juvenile macaques infected with Mtb alone. Further, immune responses to Mtb do 406 

not appear to be substantially impaired in SIV-infected juvenile macaques on ART. One 407 

limitation of our study was that we did not have an ART-naïve group of SIV-infected juveniles 408 

with which to directly compare the effect of ART on TB pathogenesis in SIV-infected juvenile 409 

macaques. There is ample evidence in humans (69, 70, 78) that supports our hypothesis that ART 410 

may have restored anti-Mtb immunity and control of TB in SIV-infected juvenile macaques. 411 

ART previously was shown to reduce the risk of SIV-induced reactivation of latent TB infection 412 

(LTBI) in adult macaques (71), and ART may be an important tool to reduce TB reactivation in 413 

HIV+ people with LTBI (84). Our study is the first to suggest that early implementation of ART 414 

can restore the rate of TB progression in macaques already infected with SIV to that of SIV-415 

naïve macaques, and the first time ART has been studied in a pediatric coinfection model. 416 

Whether later ART initiation would result in a similar host responses and rate of TB progression 417 

warrants further investigation. Although, early ART has been noted to have beneficial effects on 418 

CD8 T cells in HIV-infected children (85). Our data indicate that early ART initiation provides 419 
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not only viral control but may also reduce TB severity and mortality in children living with HIV. 420 

Indeed, ART is highly beneficial in reducing mortality in children infected with HIV (86). 421 

Unfortunately, ART coverage worldwide in children still lags behind adults (62) and this study 422 

further justifies increasing ART coverage in this vulnerable population.   423 

 424 

Materials and Methods 425 

Animal studies 426 

Juvenile (~1-2 years of age, equivalent to children 4-8 years-old) Mauritian cynomolgus 427 

macaques (Macaca fascicularis) were obtained from Bioculture US (Immokalee, FL) (Table S1). 428 

MHC haplotype was determined by MiSeq sequencing and animals with the presence of at least 429 

one copy of the M1 MHC haplotype were selected for this study (87). 430 

Animal protocols and procedures were approved by the University of Pittsburgh 431 

Institutional Animal Care and Use Committee (IACUC) which adheres to guidelines established 432 

in the Animal Welfare Act and the Guide for the Care and Use of Laboratory Animals, as well as 433 

the Weatherall Report (8th Edition). The University is fully accredited by AAALAC 434 

(accreditation number 000496), and its OLAW animal welfare assurance number is D16-00118. 435 

The IACUC reviewed and approved the study protocols 19014337 and 22010433, under 436 

Assurance Number A3187-01. 437 

Animal welfare was monitored as described previously (44). In brief, all animals were 438 

checked at least twice daily to assess appetite, attitude, activity level, hydration status, etc. 439 

Following Mtb infection, the animals were monitored closely for clinical signs of TB (e.g., 440 

weight loss, tachypnea, dyspnea, or coughing). Physical exams, including weights, were 441 

performed on a regular basis. Animals were sedated for all veterinary procedures (e.g., blood 442 
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draws) using ketamine or other approved drugs. Regular PET/CT imaging was conducted and 443 

has proven to be very useful for monitoring TB progression. Our veterinary technicians 444 

monitored animals especially closely for any signs of pain or distress. If any were noted, 445 

appropriate supportive care (e.g., dietary supplementation and rehydration) and treatments 446 

(analgesics) were given. Any animal considered to have advanced disease or intractable pain 447 

from any cause, was deemed to have reached the humane endpoint, sedated with ketamine and 448 

humanely euthanized using sodium pentobarbital. 449 

 450 

SIV and Mtb infections of macaques 451 

 One group of juvenile macaques was infected intravenously with SIVmac239M (10,000 452 

IU) (Figure S4). SIVmac239 is a molecularly barcoded virus stock generated from clonal 453 

SIVmac239 (88). A daily ART regimen of dolutegravir (DTG; 2.5 mg/mL, s.c.), tenofovir 454 

disoproxil fumarate (TDF; 5.1 mg/mL, s.c.), and emtricitabine (FTC; 40 mg/mL, s.c.) (89) was 455 

initiated three months after SIV infection and continued for the remainder of the study. DTG was 456 

kindly provided by ViiV Healthcare (Middlesex, UK) and TDF and FTC were kindly provided 457 

by Gilead (Foster City, CA). 458 

For Mtb infection, SIV-naïve (n = 10) and SIV-infected (n = 10) juvenile animals were 459 

infected with a low dose (5 - 11 CFU) of Mtb Erdman via bronchoscopic instillation, as 460 

described previously (56), and followed for 12 weeks post Mtb infection (Figure 9). 461 

 462 

Clinical and microbiological monitoring 463 

All animals were assessed twice daily for general health and monitored closely for 464 

clinical signs of TB (coughing, weight loss, tachypnea, dyspnea, etc.) following Mtb infection. 465 
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Monthly gastric aspirates (GA) and bronchoalveolar lavage (BAL) samples were tested for Mtb 466 

growth. GA and BAL samples with culturable Mtb (+) or that were sterile (-) are indicated in 467 

Table S1. Blood was drawn at regular intervals to measure erythrocyte sedimentation rate and to 468 

provide peripheral blood mononuclear cells (PBMC) and plasma. 469 

 470 

PET/CT imaging and analysis 471 

Radiolabeled 2-deoxy-2-(18F)fluoro-D-glucose (FDG) PET/CT was performed just prior 472 

to Mtb infection and then monthly after Mtb infection. Imaging was performed using a 473 

MultiScan LFER-150 PET/CT scanner (Mediso Medical Imaging Systems, Budapest, Hungary) 474 

housed within our BSL3 facility as previously described (90, 91). Co-registered PET/CT images 475 

were analyzed using OsiriX MD software (version 12.5.2, Pixmeo, Geneva, Switzerland) to 476 

enumerate granulomas and to calculate the total FDG avidity of the lungs, exclusive of lymph 477 

nodes, which is a quantitative measure of total inflammation in the lungs (90, 92). Thoracic 478 

lymphadenopathy and extrapulmonary dissemination of Mtb to the spleen and/or liver were also 479 

assessed qualitatively on these scans. 480 

 481 

Necropsy 482 

Necropsies were performed as previously described (40, 44) 12 weeks after Mtb 483 

infection. One SIV-infected, ART-treated animal (35319) met humane endpoint criteria and 484 

necropsied 6 weeks after Mtb coinfection (Table S1). A final FDG PET/CT scan was performed 485 

no more than three days prior to necropsy to document disease progression and to guide 486 

collection of individual granulomas (56). Animals were heavily sedated with ketamine, 487 

maximally bled, and humanely euthanized using sodium pentobarbital (Beuthanasia, Schering-488 
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Plough, Kenilworth, NJ). Granulomas matched to the final PET/CT images were harvested along 489 

with other TB pathologies (e.g., consolidations and pneumonia), thoracic and extrathoracic 490 

lymph nodes, lung tissue, as well as portions of liver and spleen. Quantitative gross pathology 491 

scores were calculated and reflect overall TB disease burden for each animal (56). Tissue 492 

samples were divided and a portion was fixed in 10% neutral buffered formalin (NBF) for 493 

histopathology; the remainder was homogenized to a single-cell suspension as described 494 

previously (56). Serial dilutions of these homogenates were plated onto 7H11 agar, incubated at 495 

37C, 5% CO2 for three weeks, and colonies were enumerated. Samples yielding colonies were 496 

considered CFU+. Bacterial load in lungs, thoracic lymph nodes, liver, and spleen, as well as 497 

total thoracic CFU, were calculated as described previously (48). NBF-fixed tissue was 498 

embedded in paraffin, sectioned, and stained with hematoxylin and eosin for histopathologic 499 

examination. 500 

 501 

Flow cytometry of BAL and tissue 502 

In general, cells collected from BAL and necropsy were stained following a similar 503 

protocol. Cells were counted and aliquoted at 1x106 cells/well in a 96-well plate and stained 504 

immediately to ensure proper assessment of conventional and unconventional T cell subsets. 505 

Cells from lung lobes, lymph nodes, and spleen were stimulated for 14 hours total with either 506 

Mtb H37Rv whole cell lysate (20 g/mL; BEI Resources) or M. smegmatis (MOI 5:1) at 37°C. 507 

In brief, stimulators were added and incubated for 2 hours, then brefeldin A (1 g/mL) was 508 

added for the remainder of the stimulation time. Cells were reconstituted in 500 nM dasatinib in 509 

ELISpot media (RPMI 1640 + 10% human albumin + 1% glycine + 1% HEPES buffer) to 510 

improve tetramer staining. MR1 (5-OPRU; PE) and CD1d (PBS-57; APC) tetramers were added 511 
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to wells and incubated for 30 minutes at room temperature (NIH Tetramer Core Facility, Atlanta, 512 

GA). Antibody for V7.2 (Table S2) was added, incubated for an additional 30 minutes at room 513 

temperature, and washed twice with PBS containing dasatinib. Cells were stained with a viability 514 

dye (Table S2) for 10 minutes at room temperature and washed with FACS containing dasatinib. 515 

Cells were stained with surface antibody cocktail (Table S2) for 20 minutes at 4°C, were fixed in 516 

1% PFA, and permeabilized with BD Cytofix/Cytoperm™ (BD; Cat No. 554714) for 10 minutes 517 

at room temperature. Cells were stained intracellularly for 20 minutes at room temperature, 518 

washed, and analyzed immediately. 519 

Flow cytometry of BAL and tissue samples was performed using a Cytek Aurora (BD). 520 

FCS files were analyzed using FlowJo software for Macintosh (version 10.1). Gating strategies 521 

for BAL and tissue data are shown in Figure S5 and S6, respectively. For most samples, we 522 

acquired 50,000 events in the lymphocyte gate. However, when this was not possible (i.e. for 523 

some small granulomas), we applied a cutoff threshold of CD3 events >100. Samples below that 524 

threshold were excluded from further analysis. Absolute CCR5+ CD4+ and CD8+ T cell counts 525 

were calculated by multiplying the frequency of CCR5+ or CCR5- CD4+ and CD8+ T cells from 526 

the live leukocyte gate with the hemocytometer count. 527 

 528 

Sequencing of barcode identifiers in Mtb 529 

Mtb genomic DNA was isolated as previously described (58) and Mtb barcodes were 530 

sequenced as previously described (93). Only CFU+ samples were included in Mtb barcode 531 

analyses. Briefly, genomic DNA was isolated and samples were quantified and diluted to 10 532 

ng/uL. Samples were then amplified twice using 2x Q5 Master Mix (New England BioLabs) and 533 

two unique primer sets, one to add a molecular counter to distinguish unique input templates, and 534 
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one to add the Illumina TruSeq adapter sequences, were used. Primer sequences can be found in 535 

Table S3. Samples were then sequenced using a 2x150 MiSeq cartridge with v2 chemistry at a 536 

concentration of 4 pM and a 20% PhiX spike. A computational pipeline courtesy of Dr. Michael 537 

Chase and the Fortune lab was used to determine the number and proportion of unique barcode 538 

sequences in each sample from FASTQ files (93). Only barcodes present at a frequency of 1% or 539 

greater were included. All figures were generated using Prism 9 and Adobe Illustrator 2019.    540 

 541 

Statistics 542 

For comparing longitudinal BAL data, linear mixed models with subject as a random 543 

variable were used to test treatment groups over time (Table S4). Fixed effect tests were used to 544 

assess whether there were differences among treatment groups or among time points. All time 545 

points were then compared with Tukey HSD (honestly significant difference) test using the 546 

Tukey-Kramer multiple comparison adjustment. Linear models were run in JMP® Pro 547 

(v.14.3.0). A two-way repeated measures ANOVA was used to test if there were differences in 548 

the number of barcodes between infection group (Mtb vs. SIV/ART/Mtb) and tissue type 549 

(granulomas vs. thoracic lymph nodes) and Bonferroni’s multiple comparison adjusted p-values 550 

were reported (Figure S2B). 551 

For all other data, the Shapiro-Wilk normality test was used to check for normal 552 

distribution of data. Unpaired normally distributed data were analyzed using t tests, while 553 

unpaired non-normally distributed data were analyzed with the Mann-Whitney U test. Statistical 554 

tests were performed in Prism (version 8.2.1; GraphPad). All tests were two-sided, and statistical 555 

significance was designated at a P value of < 0.05. P values between 0.05 and 0.10 were 556 

considered trending. 557 
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 558 

Sequence availability 559 

 All Mtb barcode sequences are available on the Sequence Read Archive (SRA) under 560 

accession number PRJNA900591.  561 
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Figure Legends 885 

Figure 1. Plasma viremia of SIV-infected, ART-treated macaques over the course of SIV 886 

and Mtb coinfection. Plasma viral copy equivalents were determined by qRT-PCR. Each point 887 

indicates an individual animal. Horizontal dashed line represents the limit of detection. 888 

 889 

Figure 2. Composition of T cell subsets in airways over time. BALs were collected over the 890 

course of SIV and Mtb infection. A) Proportions of T cell subsets by median event counts. B-J) 891 

Frequencies of T cell subsets over time relative to CD3+ gate. Individual animals indicated by 892 

symbols. SIV-infected, ART-treated Mtb coinfected macaques are indicated by orange lines and 893 

macaques infected with Mtb alone are indicated by teal lines. A mixed statistical model was 894 

performed to determine significance with fixed effects (time and group) and random effects 895 

(individual animals). Bars with asterisks indicate significance between time points; # 0.05 < p < 896 

0.1, * p < 0.05, and **** p < 0.0001. 897 

 898 

Figure 3. CCR5+ CD4+ and CD8+ T cells in airways at 8 weeks post Mtb infection. BAL 899 

cells were collected over the course of SIV and at 8 weeks post Mtb infection and stained for 900 

flow cytometry. A&B) Individual animals indicated by symbols. SIV-infected, ART-treated Mtb 901 

coinfected macaques are indicated by orange lines and macaques infected with Mtb alone are 902 

indicated by teal lines. A mixed statistical model was performed to determine significance with 903 

fixed effects (time and group) and random effects (individual animals). Bars with asterisks 904 

indicate significance between time points; # 0.05 < p < 0.1, * p < 0.05, and ** p < 0.01. A) 905 

Frequencies of CCR5+ CD4+ T cells over the course of the study. B) Frequencies of CCR5+ 906 

CD8+ T cells over the course of the study. C) Absolute CCR5+/- CD4+ and CD8+ T cells in 907 
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airways at 8 weeks post Mtb. Absolute cell counts were calculated from the hemacytometer cell 908 

count. Individual samples indicate individual animals and bars indicate group medians. Mann 909 

Whitney U tests was performed to determine significance between groups. P-values are shown. 910 

 911 

Figure 4. TB progression by PET/CT imaging. A) Lung FDG activity over time. SIV-infected, 912 

ART-treated Mtb coinfected macaques (orange lines) and macaques infected Mtb alone (teal 913 

lines). Individual animals are shown. B) The number of granulomas identified by PET-CT at 4, 914 

8, and 12 weeks (pre-necropsy). SIV-infected, ART-treated Mtb coinfected macaques (orange 915 

lines) and macaques infected Mtb alone (teal lines). Individual animals are shown. C) Total lung 916 

FDG activity at time of necropsy. Bars indicate medians of group. An unpaired t test of group 917 

medians was performed. P-value is shown. D) The number of granulomas identified at necropsy 918 

(12 wks p.i. Mtb). Bars indicate medians of group. A Mann Whitney U test of group medians 919 

was performed. P-value is shown. 920 

 921 

Figure 5. TB pathology and CFU at 12 weeks post Mtb infection. Bars indicate medians of 922 

group. Unpaired t tests of group medians were performed. P-values are shown. A) Total 923 

pathology score. B) Lung pathology score. C) Thoracic lymph node pathology score. D) 924 

Extrapulmonary pathology score. E) Total thoracic CFU (lung CFU + thoracic lymph nodes 925 

CFU). F) Lung CFU. G) Thoracic lymph nodes CFU. H) Percent CFU+ granulomas or clusters.   926 

 927 

Figure 6. Bacterial burden in individual granulomas. A) CFU per granuloma by animal. 928 

Symbols represent CFU from individual granulomas. Bars indicate median CFU per animal. Mtb 929 

only animals (left panel) and SIV/ART/Mtb animals (right panel). B) Combined CFU for Mtb 930 
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only and SIV/ART/Mtb groups. Outlined symbols indicate median per animal and non-outlined 931 

symbols indicate individual granulomas. Bars indicate median CFU per animal per group and an 932 

unpaired t test was performed to determine significance. The p-value is shown. 933 

 934 

Figure 7. Cytokine responses in lung tissue. Lung tissue was stimulated with H37Rv whole 935 

cell lysate for 14 hours. Cytokine production was corrected for against unstimulated controls. 936 

Bars indicate medians of pooled data. Mann Whitney U tests were performed to determine 937 

significance. P-values are shown. A) IFNγ production in CD4+ T cells. B) TNF production in 938 

CD4+ T cells. C) IFNγ production in CD8+ T cells. D) TNF production in CD8+ T cells. 939 

 940 

Figure 8. T cell subsets in granulomas. A) Proportion of T cell subsets in individual 941 

granulomas by median event counts. B-H) Frequencies of T cell subsets in granulomas relative 942 

to CD3+ gate. B) CD4+ T cells. C) CD8+ T cells. D) CD4+CD8+ T cells. E) CD4-CD8- T cells. 943 

F) V9+ T cells. G) CD1d tet+ T cells. H) MR1 tet+ T cells. Outlined symbols indicate median 944 

per animal and unlined symbols indicate individual samples. Bars indicate group medians. 945 

Wilcoxon tests of group medians were performed to determine significance. P-values are shown. 946 

 947 

Figure 9. CCR5 frequency of CD4+ and CD8+ T cells isolated from granulomas. 948 

Frequencies of CCR5+ CD4+ and CD8+ T cells in granulomas. Outlined symbols indicate 949 

median per animal and unlined symbols indicate individual samples. Bars indicate group 950 

medians. A) CCR5+ CD4+ T cells. An unpaired t test was performed of group medians to 951 

determine significance. B) CCR5+ CD8+ T cells. A Mann Whitney U test of group medians was 952 

performed to determine significance. P-values are shown. 953 
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 954 

Figure 10. PD-1, TIGIT, and ki-67 frequency of CD4+ and CD8+ T cells isolated from 955 

granulomas. Frequencies of phenotype markers in granulomas relative to CD4+ or CD8+ gate. 956 

Outlined symbols indicate median per animal and unlined symbols indicate individual samples. 957 

Bars indicate group medians. Mann Whitney U tests of group medians were performed to 958 

determine significance. P-values are shown. A) PD-1+ CD4+ T cells. B) TIGIT+ CD4+ T cells. 959 

C) ki-67+ CD4+ T cells. D) PD-1+ CD8+ T cells. E) TIGIT+ CD8+ T cells. F) ki-67+ CD8+ T 960 

cells.  961 

 962 

Supplementary Materials 963 

Table S1. Juvenile macaques Mtb outcome data 964 

 965 

Table S2. List of antibodies used for flow cytometry.  966 

 967 

Table S3. List of primers used for uniquely tagged Mtb.  968 

 969 

Table S4. Statistics of BAL T cell composition. A mixed statistical model was performed to 970 

determine significance with fixed effects (time and group) and random effects (individual 971 

animals). Tukey Pairwise comparisons were performed between time points. 972 

 973 

Figure S1. Phenotype of CD3+CD4+ and CD3+CD8+ T cells in airways over time. 974 

Proliferation (ki-67), activation/exhaustion (PD-1 & TIGIT), and chemokine receptors (CXCR3 975 

& CCR6) were measured on CD4+ and CD8+ T cells by flow cytometry. Individual animals 976 
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indicated by symbols. SIV-infected, ART-treated Mtb coinfected animals are indicated by 977 

orange lines and animals infected with Mtb alone are indicated by teal lines. A mixed statistical 978 

model was performed to determine significance with fixed effects (time and group) and random 979 

effects (individual animals). Bars with asterisks indicate significance between time points; # 0.05 980 

< p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. 981 

 982 

Figure S2. Bacterial dissemination in macaques infected with Mtb alone or SIV-infected, 983 

ART-treated Mtb coinfected macaques. A) Total number of uniquely tagged Mtb lineages 984 

found in each animal. Significance was determined using Mann Whitney U tests. Each dot 985 

indicates an individual animal. B) Number of barcodes identified within granulomas or thoracic 986 

lymph nodes. A two-way repeated measures ANOVA with Bonferroni’s multiple comparison 987 

was used to determine differences in the number of barcodes between infection group and tissue 988 

type. Each dot indicates an individual animal. 989 

 990 

Figure S3. T cell subsets in lung tissue, thoracic lymph nodes, extrathoracic lymph nodes, 991 

spleen, and PBMC. Frequencies of T cell subsets relative to CD3+ gate. Outlined symbols 992 

indicate median per animal and unlined symbols indicate individual samples. Bars indicate group 993 

medians. Mann Whitney U tests of group medians were performed to determine significance. P-994 

values are shown. A) CD4+ T cells. B) CD8+ T cells. C) CD4+CD8+ T cells. D) CD4-CD8- T 995 

cells. E) V9+  T cells. F) CD1d tet+ NKT cells. G) MR1 tet+ MAIT cells. 996 

 997 

Figure S4. Timeline of juvenile SIV-infected, ART-treated Mtb co-infection study. 998 

 999 
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Figure S5. Representative gating strategy of BAL. A) BAL cells were stained with antibodies 1000 

in Table S2 according to the methods. Shown is a representative gating schematic for 1001 

unconventional T cells (V9+  T cells, CD3+V9+; MAIT cells, CD3+ MR1 5-OP-RU 1002 

tetramer+; NKT cells, CD3+ CD1d PBS-57 tetramer+) and conventional T cells (CD3+CD8+ 1003 

and CD3+CD4+ cells after exclusion of markers from unconventional T cells). B) T cell subset 1004 

populations (if event count > 50-100) were gated for the following markers: ki-67, PD-1, TIGIT, 1005 

CCR5, CCR6, and CXCR3. 1006 

 1007 

Figure S6. Representative gating strategy of necropsy tissues (granulomas, lung, thoracic 1008 

and extrathoracic lymph nodes, spleen, and PBMC). A) Tissue samples collected at necropsy 1009 

were stained with antibodies in Table S2 according to the methods. Shown is a representative 1010 

gating schematic for unconventional T cells (NKT cells, CD3+ CD1d PBS-57 tetramer+; MAIT 1011 

cells, CD3+ MR1 5-OP-RU tetramer+; V9+  T cells, CD3+V9+) and conventional T cells 1012 

(CD3+CD8+ and CD3+CD4+ cells after exclusion of markers from unconventional T cells). B) 1013 

In instances where the parent population of cells was greater than 50-100 events, unconventional 1014 

and conventional T cells were then gated for expression of memory markers (CD28/CD95) as 1015 

well as CCR5, CCR7, PD-1, ki-67, TIGIT, Granzyme B, TNF, and IFN. 1016 
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Figure 1. Plasma viremia of SIV-infected, ART-treated macaques over the course of SIV and Mtb coinfection. Plasma viral copy equivalents 

were determined by qRT-PCR. Each point indicates an individual animal. Horizontal dashed line represents the limit of detection.
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Figure 2. Composition of T cell subsets in airways over time. BALs were collected over the course of SIV and Mtb infection. A) 

Proportions of T cell subsets by median event counts. B-J) Frequencies of T cell subsets over time relative to CD3+ gate. Individual animals 

indicated by symbols. SIV-infected, ART-treated Mtb coinfected macaques are indicated by orange lines and macaques infected with Mtb 

alone are indicated by teal lines. A mixed statistical model was performed to determine significance with fixed effects (time and group) and 

random effects (individual animals). Bars with asterisks indicate significance between time points; # 0.05 < p < 0.1, * p < 0.05, and **** p 

< 0.0001.
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Figure 3. CCR5+ CD4+ and CD8+ T cells in airways at 8 weeks post Mtb infection. BAL cells 

were collected over the course of SIV and at 8 weeks post Mtb infection and stained for flow 

cytometry. A&B) Individual animals indicated by symbols. SIV-infected, ART-treated Mtb 

coinfected macaques are indicated by orange lines and macaques infected with Mtb alone are 

indicated by teal lines. A mixed statistical model was performed to determine significance with fixed 

effects (time and group) and random effects (individual animals). Bars with asterisks indicate 

significance between time points; # 0.05 < p < 0.1, * p < 0.05, and ** p < 0.01. A) Frequencies of 

CCR5+ CD4+ T cells over the course of the study. B) Frequencies of CCR5+ CD8+ T cells over the 

course of the study. C) Absolute CCR5+/- CD4+ and CD8+ T cells in airways at 8 weeks post Mtb. 

Absolute cell counts were calculated from the hemacytometer cell count. Individual samples 

indicate individual animals and bars indicate group medians. Mann Whitney U tests was performed 

to determine significance between groups. P-values are shown.
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Figure 4. TB progression by PET/CT imaging. A) Lung FDG activity over time. SIV-infected, ART-treated Mtb coinfected 

macaques (orange lines) and macaques infected Mtb alone (teal lines). Individual animals are shown. B) The number of 

granulomas identified by PET-CT at 4, 8, and 12 weeks (pre-necropsy). SIV-infected, ART-treated Mtb coinfected macaques 

(orange lines) and macaques infected Mtb alone (teal lines). Individual animals are shown. C) Total lung FDG activity at time of 

necropsy. Bars indicate medians of group. An unpaired t test of group medians was performed. P-value is shown. D) The number 

of granulomas identified at necropsy (12 wks p.i. Mtb). Bars indicate medians of group. A Mann Whitney U test of group medians 

was performed. P-value is shown.
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Figure 5. TB pathology and CFU at 12 weeks post Mtb infection. Bars indicate medians of group. Unpaired t tests of group medians were performed. P-

values are shown. A) Total pathology score. B) Lung pathology score. C) Thoracic lymph node pathology score. D) Extrapulmonary pathology score. E) 

Total thoracic CFU (lung CFU + thoracic lymph nodes CFU). F) Lung CFU. G) Thoracic lymph nodes CFU. H) Percent CFU+ granulomas or clusters.  
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Figure 6. Bacterial burden in individual granulomas. A) CFU per granuloma by animal. 

Symbols represent CFU from individual granulomas. Bars indicate median CFU per animal. 

Mtb only animals (left panel) and SIV/ART/Mtb animals (right panel). B) Combined CFU 

for Mtb only and SIV/ART/Mtb groups. Outlined symbols indicate median per animal and 

non-outlined symbols indicate individual granulomas. Bars indicate median CFU per animal 

per group and an unpaired t test was performed to determine significance. The p-value is 

shown.
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Figure 7. Cytokine responses in lung tissue. Lung tissue was stimulated with H37Rv 

whole cell lysate for 14 hours. Cytokine production was corrected for against 

unstimulated controls. Bars indicate medians of pooled data. Mann Whitney U tests were 

performed to determine significance. P-values are shown. A) IFN³ production in CD4+ 

T cells. B) TNF production in CD4+ T cells. C) IFN³ production in CD8+ T cells. D) 

TNF production in CD8+ T cells.
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Figure 8. T cell subsets in granulomas. A) Proportion of T cell subsets in individual granulomas by 

median event counts. B-H) Frequencies of T cell subsets in granulomas relative to CD3+ gate. B) 

CD4+ T cells. C) CD8+ T cells. D) CD4+CD8+ T cells. E) CD4-CD8- T cells. F) V³9+ T cells. G) 

CD1d tet+ T cells. H) MR1 tet+ T cells. Outlined symbols indicate median per animal and unlined 

symbols indicate individual samples. Bars indicate group medians. Wilcoxon tests of group medians 

were performed to determine significance. P-values are shown.
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Figure 9. CCR5 frequency of CD4+ and CD8+ T cells isolated from granulomas. 

Frequencies of CCR5+ CD4+ and CD8+ T cells in granulomas. Outlined symbols indicate 

median per animal and unlined symbols indicate individual samples. Bars indicate group 

medians. A) CCR5+ CD4+ T cells. An unpaired t test was performed of group medians to 

determine significance. B) CCR5+ CD8+ T cells. A Mann Whitney U test of group medians 

was performed to determine significance. P-values are shown.
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Figure 10. PD-1, TIGIT, and ki-67 frequency of CD4+ and CD8+ T cells isolated from 

granulomas. Frequencies of phenotype markers in granulomas relative to CD4+ or CD8+ gate. 

Outlined symbols indicate median per animal and unlined symbols indicate individual samples. Bars 

indicate group medians. Mann Whitney U tests of group medians were performed to determine 

significance. P-values are shown. A) PD-1+ CD4+ T cells. B) TIGIT+ CD4+ T cells. C) ki-67+ 

CD4+ T cells. D) PD-1+ CD8+ T cells. E) TIGIT+ CD8+ T cells. F) ki-67+ CD8+ T cells. 
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