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Abstract: 31 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (Mtb), is one of the leading causes of death 32 

due to an infectious agent. Coinfection with HIV exacerbates Mtb infection outcomes in people living 33 

with HIV (PLWH). Bacillus Calmette-Guérin (BCG), the only approved TB vaccine, is effective in 34 

infants, but its efficacy in adolescents and adults is limited. Here, we investigated the immune responses 35 

elicited by BCG administered via intravenous (IV) or intradermal (ID) routes in Simian 36 

Immunodeficiency Virus (SIV)-infected Mauritian cynomolgus macaques (MCM) without the 37 

confounding effects of Mtb challenge. We assessed the impact of vaccination on T cell responses in the 38 

airway, blood, and tissues (lung, thoracic lymph nodes, and spleen), as well as the expression of 39 

cytokines, cytotoxic molecules, and key transcription factors. Our results showed that IV BCG induces a 40 

robust and sustained immune response, including tissue-resident memory T (TRM) cells in lungs, 41 

polyfunctional CD4+ and CD8ab+ T cells expressing multiple cytokines, and CD8ab+ T cells and NK 42 

cells expressing cytotoxic effectors in airways. We also detected higher levels of mycobacteria-specific 43 

IgG and IgM in the airways of IV BCG-vaccinated MCM. Although IV BCG vaccination resulted in an 44 

influx of TRM cells in lungs of MCM with controlled SIV replication, MCM with high plasma SIV RNA 45 

(>105 copies/mL) typically displayed reduced T cell responses, suggesting that uncontrolled SIV or HIV 46 

replication would have a detrimental effect on IV BCG-induced protection against Mtb. 47 

  48 
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Introduction: 49 

Tuberculosis (TB) remains a major infectious cause of mortality globally. Over one-fourth of the world’s 50 

population is estimated to be or have been infected with Mycobacterium tuberculosis (Mtb), the causative 51 

agent of TB, and over 10 million new cases of active TB are reported yearly. In 2022, TB resulted in the 52 

death of 1.6 million people (1). TB disease is exacerbated in people living with HIV (PLWH), with 53 

morbidity rates 15 – 21 times higher than HIV-naïve individuals (2). PLWH have a higher likelihood of 54 

progression from latent to active TB as well as higher mortality rates, contributing to one out of three 55 

deaths in PLWH (1, 3). This grave effect of TB in PLWH correlates with the extent to which HIV 56 

infection depletes CD4+ T cells, an important cell type in host immunity against Mtb. CD4+ T cells are 57 

considered important for TB protection as HIV-mediated depletion of these cells results in rapid TB 58 

progression in PLWH (4, 5). However, even in some PLWH with normal CD4+ T cell levels (500-1500 59 

cells/mm3), TB progression is more rapid than in HIV-naïve individuals (6). This may result from HIV-60 

related factors that affect immunity, including impairment of anti-mycobacterial innate immunity by type 61 

I interferon (7, 8), immune suppression due to Treg/Th17 imbalances (9), interference of B cell signaling 62 

and memory formation (10), and inhibition of TNF-mediated macrophage activation and death (11, 12). A 63 

safe and effective TB vaccine would greatly reduce the risk of TB and mortality in PLWH and would 64 

significantly improve global health. Yet, HIV impairment of vaccine-elicited responses is not completely 65 

understood.  66 

Bacillus Calmette-Guérin (BCG) is the only licensed vaccine for TB and was developed over a 67 

century ago. BCG is delivered intradermally (ID) to infants worldwide and is effective against severe TB 68 

in children, but its efficacy diminishes into adulthood (1). Many studies are focused on improving BCG 69 

efficacy. Clinical studies of BCG revaccination and protein subunit vaccines that examined sustained 70 

Quantiferon-TB conversion or prevention of latent TB progression to active TB demonstrated moderate 71 

vaccine efficacy of 30-50% in HIV-naïve subjects (13, 14). In nonhuman primates (NHP), BCG boosted 72 

with Mtb proteins improved T cell responses in the lungs but did not enhance protection from Mtb 73 

challenge (15). However, a study of BCG vaccination delivered by different routes in rhesus macaques 74 

revealed the intravenous (IV) route to be the most protective, conferring 90% protection from TB (16). 75 
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Despite these encouraging results, BCG, being a live attenuated vaccine, has the potential to cause disease 76 

in immunocompromised individuals. The risk of disseminated BCG in infants infected with HIV is 77 

significantly higher than in infants who are HIV-naïve (17), prompting safety concerns for BCG as a 78 

vaccine for immunocompromised persons (18). Nonetheless, we recently showed that IV BCG in 79 

macaques chronically infected with simian immunodeficiency virus (SIV), an NHP surrogate for HIV, 80 

was safe (at least with anti-BCG drug treatment post-vaccination), immunogenic, and protective (19). 81 

Understanding vaccine-elicited immune responses that correlate with TB protection is critical for 82 

rational vaccine development. Several features have been associated with TB protection in IV BCG-83 

vaccinated, SIV-naive macaques, including an influx of mycobacterial-specific T cells into the airways 84 

and expansion of TRM cells in lung tissue (16, 20), elevation of mycobacterial-specific antibodies in 85 

circulation and in airway (21), and distinct transcriptional profiles in circulating PBMC (22). In a 86 

correlates analysis across a dose range of IV BCG, CD4 T cells expressing different combinations of 87 

IFNγ, TNF and/or IL-17 as well as the number of NK cells in airways were correlates of protection 88 

independent of BCG dose (20). In our study of IV BCG in SIV-infected macaques (16), TB protection 89 

tended to occur in animals with lower plasma viremia and higher levels of CD4+ T cells in the airways 90 

before Mtb challenge. Although we were able to assess vaccine responses in blood and airway, all 91 

animals underwent Mtb challenge, thereby complicating assessment of immune responses within tissues. 92 

Here, we evaluated immune responses to BCG in macaques chronically infected with SIV following 93 

vaccination delivered either IV or the standard ID route, and BCG responses in tissues were analysed 94 

without subsequent Mtb challenge. We used our well-characterized Mauritian cynomolgus macaque 95 

(MCM) model of SIV/Mtb coinfection (23-28) and infected the animals with SIV for 16 weeks before IV 96 

or ID BCG vaccination. Blood and airway cells were serially sampled, and animals were necropsied 5 97 

months after vaccination to compare the immune response within various tissues between ID and IV BCG 98 

in SIV-infected MCM. We show that vaccination of SIV-infected macaques with IV BCG elicited an 99 

influx of CD4+, CD4+CD8a+, CD8aa+, CD8ab+, and Vg9+gd, Vg9-gd T cells, and cytokine-producing 100 

CD4+ and CD8ab+ T cells into the airways. Airway immune responses by IV BCG were mostly 101 

recapitulated in lung tissues with an expansion of CD8aa+, CD8ab+, and gd+ tissue-resident T cells. 102 
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 103 

Materials and Methods 104 

Animals: 105 

Eleven (11) male Mauritius cynomolgus macaques (MCM) (Macaca fascicularis, 4-10 years old) 106 

were procured from Bioculture US (Immokalee, FL). Major histocompatibility complex (MHC) 107 

haplotypes, which were determined by MiSeq sequencing of PBMC at the Genomic Servies Core of the 108 

Wisconsin National Primate Research Center, and 8 the 11 MCM shared at least one copy of the M1 109 

MHC haplotype. The MCM were screened for Mtb, as well as herpes B virus, SIV, SRV, and STLV, and 110 

housed at the University of Pittsburgh. All experimental procedures were conducted according to the 111 

ethical regulations of the University of Pittsburgh Institutional Animal Care and Use Committee 112 

(IACUC), and complied with the standards outlined in the Animal Welfare Act, the “Guide for the Care 113 

and Use of Laboratory Animals (8th Edition)”, and “The Weatherall Report”. The University is fully 114 

accredited by AAALAC (accreditation number 000496), and its OLAW animal welfare assurance number 115 

is D16-00118. The IACUC reviewed and approved the study protocols 21048970 and 24044961. All 116 

veterinary procedures were performed under ketamine sedation. The MCM were monitored twice daily 117 

for any health issues. 118 

 119 

SIV infection:  120 

All MCM were infected intravenously with a 3´103 tissue culture infectious dose (TCID50) of 121 

SIVmac239 which was grown in rhesus PBMC (Primate Assay Laboratory of the California National 122 

Primate Research Center, University of California, Davis CA). Plasma virus level was serially monitored 123 

by qPCR, as detailed below. 124 

 125 

BCG vaccination: 126 

Sixteen weeks after SIV infection, the MCM were randomly allocated into two vaccination groups: IV 127 

BCG (n=5), and ID BCG (n=6) (Figure 1a). Animals were vaccinated with BCG Danish Strain 1331, 128 

which was expanded at Colorado State University following the Aeras protocol (29). The BCG was 129 
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prepared for injection by suspending in phosphate-buffered saline (PBS) containing 0.05% Tween 80 130 

(Sigma-Aldrich) to prevent the inoculum from clumping. For ID inoculations, the upper arm was shaved 131 

and disinfected with chlorhexidine followed by isopropanol, and the standard human dose of 5´105 CFU 132 

was injected into the dermis in a volume of 1 mL. For IV inoculation, the saphenous vein was used to 133 

inject 5´107 CFU in 1 mL total volume, the dose we showed previously to confer high-order protection in 134 

SIV-infected MCM (17). To reduce the risk of BCG dissemination in these SIV-infected animals, the IV 135 

BCG-vaccinated MCM were treated with an anti-BCG drug regimen (isoniazid, 15mg/kg; rifampicin, 136 

20mg/kg; ethambutol, 55mg/kg (HRE)) given by mouth daily for 8 weeks starting 3 weeks after 137 

vaccination, as done previously (17). 138 

 139 

Sampling blood and airways: 140 

Whole blood was collected by venipuncture. PBMC were isolated using Ficoll-Paque PLUS 141 

gradient separation (GE Healthcare Biosciences) and cryopreserved in RPMI 1640/fetal bovine serum 142 

(FBS) containing 10% DMSO in liquid nitrogen. Bronchoalveolar lavage (BAL) was done by instilling 143 

and recovering warmed PBS (4 x 10 mL washes) under direct visualization using a pediatric 144 

bronchoscope. The recovered BAL fluid (BALF) was pelleted to collect the cells and a 15 mL aliquot of 145 

BALF was cryopreserved. The cells were resuspended into ELISpot media (RPMI 1640, 10% heat-146 

inactivated human albumin, 1% L-glutamine, and 1% HEPES), counted, and apportioned for flow 147 

cytometric staining. 148 

 149 

PET-CT: 150 

PET-CT imaging using radiolabeled 2-deoxy-2-18Fluoro-D-glucose (FDG) was conducted within 151 

3 days of necropsy. A MultiScan LFER-150 PET-CT scanner (Mediso Medical Imaging Systems, 152 

Budapest, Hungary) was used, as detailed previously (30, 31). Co-registered PET-CT images were 153 

analyzed using OsiriX MD software (v 12.5.2, Pixmeo, Geneva, Switzerland) to measure the total FDG 154 

avidity of the lungs, thoracic lymph nodes (32). Total FDG avidity correlates with overall inflammation. 155 

  156 
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IV CD45 staining for tissue-resident cells: 157 

To differentiate TRM cells from intravascular cells, IV anti-CD45 antibody staining was 158 

performed as previously described (16, 33, 34). Briefly, 5 minutes before euthanasia, animals were 159 

maximally bled and then slowly infused intravenously with 5 mL of purified Alexa Fluor 488-conjugated 160 

aCD45 antibody to achieve a dose of 100 µg/kg. For the ID BCG vaccination group, 5 of 6 macaques 161 

were injected IV with anti-CD45 antibodies. When harvested tissues were analyzed by flow cytometry, 162 

CD45 immune cells present in parenchyma were unstained, while those in the vascular were positively 163 

stained with anti-CD45 antibody. 164 

 165 

Necropsy and tissue processing: 166 

Five months after vaccination, animals were humanely euthanized and necropsied to collect lung 167 

tissue, thoracic and peripheral lymph nodes, liver, and spleen. Each tissue sample was divided and a 168 

portion was fixed in neutral-buffered formalin for histopathology, with the remainder homogenized to 169 

yield a single cell suspension, as previously described (24). To detect any viable BCG, serial dilutions of 170 

this homogenate were plated onto 7H11 agar and incubated at 37oC, 5% CO2 for three weeks. Single cell 171 

suspensions were portioned immediately for flow cytometric staining with the remainder cryopreserved in 172 

RPMI 1640/FBS containing 10% DMSO in liquid nitrogen. Formalin-fixed tissue was embedded in 173 

paraffin, sectioned, and stained with hematoxylin and eosin for microscopic examination. 174 

 175 

SIV plasma viremia:  176 

The number of SIV RNA copies per milliliter was measured using a two-step real-time qPCR 177 

assay. Viral RNA was extracted from 500 µL of plasma using an automated sample preparation platform 178 

QIAsymphony SP (Qiagen, Hilden, Germany), along with a Virus/Pathogen DSP midi kit and the 179 

cellfree500 protocol (Qiagen). The extracted RNA was annealed to a reverse primer specific to the gag 180 

gene of SIVmac239 (5'- CAC TAG GTG TCT CTG CAC TAT CTG TTT TG -3'), then reverse 181 

transcribed to obtain cDNA using SuperScript™ III Reverse Transcriptase (Thermo Fisher Scientific, 182 

Waltham, MA) along with RNAse Out. The resulting cDNA was treated with RNAse H and combined 183 
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 9 

with a custom 4x TaqMan™ Gene Expression Master Mix (Thermo Fisher Scientific) containing primers 184 

and a fluorescently labeled hydrolysis probe specific for the gag gene of SIVmac239 (forward primer 5’- 185 

GTC TGC GTC ATC TGG TGC ATT C -3’, reverse primer 5’- CAC TAG GTG TCT CTG CAC TAT 186 

CTG TTT TG -3’, probe 5’- /56-FAM/CTT CCT CAG TGT GTT TCA CTT TCT CTT CTG 187 

CG/3BHQ_1/ -3’). The qPCR was performed using a StepOnePlus™ or QuantStudio 3 Real-Time PCR 188 

System (Thermo Fisher Scientific). To determine the SIV gag RNA copies per reaction, quantification 189 

cycle data and a serial dilution of a well-characterized custom RNA transcript containing a 730 bp 190 

sequence of the SIV gag gene were used. The mean RNA copies per mL were calculated by adjusting for 191 

the dilution factor. The limit of quantification (LOQ) was determined based on the exact binomial 192 

confidence boundaries and the percent detection of the target RNA concentration, which is approximately 193 

62 copies per mL. 194 

 195 

Multiparameter flow cytometry: 196 

Cells from BAL, PBMC, and tissue collected at necropsy were stained for flow cytometric 197 

analysis. BAL and necropsy tissue were stained promptly upon collection, while cryopreserved PBMC 198 

were stained as a batch. Cells were seeded at 1 x 106 cells/well in a 96-well plate in ELISpot media, then 199 

stimulated with either Mtb H37Rv whole cell lysate (WCL, 20 µL/mL; BEI Resources) or PDBu and 200 

ionomycin (P&I) for 6 hours at 37°C. After 2 hours of incubation, Golgi Plug (BD Biosciences, Cat no. 201 

555029) was added at 8 µg/mL, incubated for an additional 4 hours, and washed twice with PBS. 202 

Live/Dead stain was added and incubated for 10 minutes at room temperature in the dark, then washed 203 

twice with PBS. A cocktail of the surface stain (Supplemental Table 1) supplemented with BD Horizon™ 204 

Brilliant Stain buffer (BD Biosciences, Cat no. 566349) was added to each well (50 µL/well). After 20 205 

minutes of incubation at 4°C, the cells were washed twice and permeabilized for intracellular staining 206 

(ICS) with BD Cytofix/Cytoperm™ (BD Biosciences, Cat no. 554722) for 10 minutes at room 207 

temperature. For intranuclear staining (INS) of transcription factors (necropsy samples only), 1x True-208 

Nuclear™ (BD Biosciences, Cat. No. 424401) was added and incubated for 45 minutes. The cells were 209 
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then washed twice with 1x perm wash for ICS or True-Nuclear™ 1x Fix Perm wash buffer for INS. 210 

Staining was done with 50 µL/well of the ICS and INS antibody cocktails (Supplemental Table 1) for 20 211 

and 30 minutes, respectively. This was followed by washing twice and resuspending the stained cells in 212 

150 µL of FACs buffer. Samples were run on a BD Cytek Aurora and analyzed using FlowJo Software 213 

for Mac OS (v10.8.1). Detailed gating strategies are shown in Supplemental Figure 3a-d. 214 

 215 

Plasma and BAL antibody ELISA: 216 

Plasma and 10-12 fold concentrated BALF were used to measure IgG and IgM titers to Mtb 217 

H37Rv WCL and lipoarabinomannan (LAM), as previously described (16). Briefly, 1 ug of WCL and 218 

LAM were coated onto 96-well CostarÒ Assay plate (Nunc). Coated plates were blocked with PBS/10% 219 

FBS for two hours at room temperature and washed with PBS/0.05% Tween 20. Concentrated BALF or 220 

plasma 1:5 serially diluted (8 dilutions/sample) were then incubated for two hours at 37 °C and washed. 221 

Then 100 uL/well of HRP-conjugated goat anti-monkey IgG h+l (50 ng/ml; Bethyl Laboratories, Inc.), or 222 

IgM chain (0.1 ug/ml; Rockland Immunochemicals Inc.) was added and the plates incubated for 2 hours 223 

at room temperature. Plates were developed with 100 uL/well Ultra TMBÒ substrate (Invitrogen) and 224 

fixed with 100 uL/well 2N sulfuric acid. Plates were read at 450 nm using a Spectramax190 microplate 225 

reader (Molecular Devices) and presented as endpoint titers for IgG or midpoint titers for IgM when 226 

samples did not titer to a cut-off. Endpoint titers are reported as the reciprocal of the last dilution with an 227 

optical density (OD) above the detection limit or twice the OD of an empty well. 228 

 229 

Statistical analysis: 230 

All the data were transformed as log10(x + 1). Longitudinal BAL, PBMC, and SIV viremia data 231 

were analyzed using a mixed model fit using the Restricted Maximum Likelihood (REML) with the 232 

Geisser-Greenhouse correction. Individual animals were considered a random variable. Fixed effect tests 233 

were used to evaluate the differences between different time points, vaccine route, or vaccine route versus 234 

time points. All results from pairwise comparisons of interest (comparisons among time points within 235 
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vaccine group and comparison between IV BCG vs ID BCG within time points) were reported as 236 

uncorrected Fisher’s Least Significant Difference (LSD) p-values.  Shapiro-Wilk test was used to test data 237 

for normality. Comparisons between IV BCG and ID BCG were made using the unpaired t-test for 238 

normally distributed data or the Mann-Whitney test for nonparametric data. Bivariate relationships were 239 

assessed using Pearson’s correlation coefficient (r).  All tests conducted in the study were two-sided, and 240 

statistical significance was determined at a significance level of P < 0.05. P-values ranging from 0.05 to 241 

0.10 were deemed indicative of a trend. GraphPad Prism 10 for MacOS (Version 10.0.2) was used for 242 

statistical analyses. 243 

 244 

Results 245 

IV BCG transiently increases plasma SIV viremia.  246 

The study was designed to compare immune responses to IV or ID BCG in SIV-infected MCM  247 

without the confounding variable of Mtb challenge. Animals were infected with 3,000 TCID50 248 

SIVmac239 for 16 weeks and then randomized into two groups to be vaccinated with BCG by either the 249 

IV route (n=5) or the ID (n=6) route (Figure 1a). Animals in the IV BCG group were treated for two 250 

months with HRE, an anti-BCG drug combination, starting 3 weeks after vaccination to reduce the risk of 251 

BCGosis in these immunocompromised animals (19). Plasma viremia peaked within 2 weeks of SIV 252 

infection, then spontaneously fell to the viral set-point unique to each animal (Figure 1b). Animals with 253 

plasma viremia set points above 105 copies/ml were considered to be “non-controllers”, indicating an 254 

inability to naturally control SIV replication (35-37). Two animals in each vaccination group were non-255 

controllers by 14 weeks post-SIV infection (pre-BCG) (Figure 1b, non-controllers marked with star 256 

symbols). The median viremia at 14 weeks (pre-vaccination) was higher in the IV BCG group (Figure 1b, 257 

bottom panel). ID BCG vaccination did not significantly affect plasma viremia (Figure 1b, top panel), 258 

although SIV replication transiently increased in one animal 3 weeks after ID BCG. In contrast, IV BCG 259 

elicited a significant increase in plasma viremia in all animals within 2 weeks, which spontaneously 260 

returned to the approximate pre-BCG setpoints in most animals over the next 10 weeks  (Figure 1b, 261 

bottom panel), as seen previously (19).262 
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IV BCG elicits more T cells in the airway. 263 

Immune responses in the airway are associated with IV BCG-elicited protection against Mtb 264 

infection (16, 34). Analysis of BAL samples taken 4 and 15 weeks after SIV infection (before 265 

vaccination) revealed no significant difference in total leukocyte and T cell counts from pre-SIV levels 266 

(Figure 2a, b). However, CD4+ T cells were significantly reduced and CD4+CD8a+ T cells were 267 

modestly reduced 4 weeks after SIV infection in both groups (Figure 2b). Both cell populations returned 268 

to pre-SIV levels prior to BCG vaccination, except in animals with high viremia (Figure 2b). B cells and 269 

CD11b-CD11c+ (likely dendritic cells) were also significantly depleted in the ID BCG groups following 270 

SIV infection (Supplemental Figure 1a). 271 

Following IV BCG vaccination, animals exhibited modest increases in leukocyte count and 272 

significant increases in T, B, and NK cells in the airways. These cell counts remained unchanged in the 273 

ID-vaccinated animals (Figure 2a, Supplemental Figure 1a). Notably, IV BCG, but not ID BCG, induced 274 

significant increases in CD8ab+, CD8aa+, Vg9+gd, and Vg9-gd T cells and modest increases in CD4+, 275 

and CD4+CD8a+ T cells 4 weeks after vaccination (Figure 2b, and Table 1). These cell types returned to 276 

pre-BCG levels by 18 weeks post-vaccination, except Vg9-gd T cells which remained elevated (Figure 2a, 277 

2b, and Table 1).  There was no correlation between airway CD4+ T cell levels with SIV viremia in either 278 

group (Data not shown). Thus, we show IV BCG but not ID BCG elicits an influx of T cells into the 279 

airway of SIV-infected MCM.  280 

   281 

IV BCG elicits more robust airway T cell responses than ID BCG. 282 

We evaluated the ability of CD4+ and CD8ab+ T cells in the airways to produce cytokines, 283 

focusing on those involved in T1 (IFNg, IL-2, TNF) and T17 (IFNg, IL-2, IL-17, TNF) responses due to 284 

their important roles in TB protection (20, 38, 39). Cytokine responses were assessed after ex vivo 285 

restimulation with Mtb WCL to measure mycobacterial-specific responses. The number of antigen-286 

specific CD4+ T cells in the airways producing T1- and T17-related cytokines significantly increased 4 287 

weeks after BCG, regardless of vaccine route (Figure 3a). T1 CD4+ T cell responses remained 288 
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significantly elevated up to 18 weeks in only the IV BCG group, while T17 responses remained elevated 289 

in both IV- and ID-vaccinated groups (Figure 3a). In contrast, only ID BCG elicited significant T1 and 290 

T17 responses in airway CD8ab+ T cells by 4 weeks post-vaccination. However, by 18 weeks after 291 

vaccination, T1 and T17 CD8ab+ T cells were significantly increased in IV-vaccinated animals, while 292 

those responses were waning in the ID-vaccinated animals (Figure 3b). In summary, BCG vaccination by 293 

both the ID and IV routes elicited cytokine responses in airway CD4+ T cells by 4 weeks, but CD8ab+ T 294 

cell responses were delayed following IV BCG.  IV BCG resulted in more sustained CD4+ and CD8ab+ 295 

T cell responses than ID BCG.  296 

 297 

Only IV BCG induces an influx of cytotoxic CD8ab+ and NK cells in airways. 298 

We next evaluated production of the cytotoxic effector granzyme B (GzmB) and granzyme K 299 

(GzmK) by CD8ab+ T cells and NK cells recovered from the airways. Cytotoxic effector may contribute 300 

to Mtb protection by lysing infected cells and/or intracellular killing of bacteria (40-42). SIV infection 301 

significantly increased both GzmB+ and GzmK+ CD8ab+ T cells in both groups (Figure 4a), but did not 302 

affect the number of NK cells producing granzymes (Figure 4b). Following vaccination, IV BCG, but not 303 

ID BCG, elicited an additional and significant boost in CD8ab+ T cells producing GzmB or GzmK, with 304 

GzmB+ cells remaining modestly elevated 18 weeks after vaccination. IV BCG also significantly 305 

increased the number of NK cells producing either GzmB or GzmK, but returned to pre-vaccination levels 306 

18 weeks after BCG (Figure 4b and Table 1). These data demonstrate that IV BCG induces an early 307 

influx of cytotoxic effectors from CD8ab+ T cells and NK in the airways. 308 

 309 

Transient changes in circulating immune populations following vaccination. 310 

PBMC were analyzed by flow cytometry to assess effects of BCG vaccination on circulating cell 311 

populations. Following SIV infection, the number of CD4+ and Vg9+gd T cells were significantly 312 

depleted in the IV BCG and ID BCG groups, respectively, prior to vaccination (Supplemental Figure 1c). 313 

Surprisingly, IV BCG vaccination induced a significant depletion in the number of NK, B cells, CD4+ 314 
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and CD4+CD8a+ T cells by 4 weeks post-vaccination, while Vg9+gd T cells were depleted 4 weeks after 315 

ID BCG-vaccination. These cell types returned to their pre-BCG levels by 18 weeks post-vaccination, 316 

although a significant decrease in NK cells remained at this late time point in ID-vaccinated animals 317 

(Supplemental Figure 1b, 1c). 318 

 319 

IV BCG induces mycobacterial-specific antibody response in plasma and airways. 320 

We used ELISAs to measure WCL- and LAM-specific antibodies in plasma and BALF after 321 

BCG vaccination. IgG and IgM levels were associated with Mtb protection in IV BCG-vaccinated 322 

macaques (16, 19, 21, 43). Here, we observed a significant increase in plasma IgG specific for WCL and 323 

LAM following both ID and IV BCG by 4 weeks (Figure 5a, top panels). However, LAM-specific IgG in 324 

plasma returned to pre-BCG levels in both IV and ID BCG macaques by 18 weeks post-vaccination, 325 

while WCL-specific IgG returned to pre-BCG levels only in the ID BCG group (Figure 5a). Both IV and 326 

ID BCG elicited significant WCL-specific IgM in plasma, but only IV BCG induced significant LAM-327 

specific IgM 4 weeks post-vaccination (Figure 5a, bottom panels). By 18 weeks after BCG, the IgM 328 

responses remained significant in the IV- compared to the ID-vaccinated group (Figure 5a, Table 2). 329 

In airways, IV BCG, but not ID BCG, elicited a significant increase in WCL-specific IgG and 330 

IgM while LAM-specific IgG and IgM responses were significant in both  IV and ID BCG 4 weeks after 331 

vaccination (Figure 5b). However, both WCL- and LAM-specific antibodies declined to pre-BCG levels 332 

by 18 weeks after vaccination. (Figure 5b). Comparing each time point between IV and ID BCG showed 333 

that IV BCG elicited higher levels of LAM- and WCL-specific IgG in the airways at 4 weeks post-BCG 334 

than ID BCG. However, by 18 weeks after BCG vaccination, only LAM-specific IgG and IgM were 335 

significant in the airway of IV BCG compared to ID BCG (Table 2).336 
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IV BCG induces robust immune responses in lung tissue. 337 

We interrogated immune responses across various tissues in BCG-vaccinated SIV+ MCM 338 

without the confounding variable of Mtb challenge, something that was not possible in our previous study 339 

in which all SIV+, BCG-vaccinated animals underwent Mtb challenge (19). Here, we compared T cell 340 

responses in lungs, thoracic lymph nodes, and spleen five months after vaccination. Since TRM cells were 341 

associated with IV BCG-elicited protection (16), we included anti-CD69 antibody, a canonical marker of 342 

TRM cells and activation  (33), in our flow panels (Supplemental Table 1). To differentiate TRM immune 343 

cells from those in circulation, fluorescently-labeled anti-CD45 antibody was administered just prior to 344 

euthanasia (16, 34). This analysis revealed significantly more TRM cells in lungs of animals that received 345 

IV BCG compared to ID BCG (Figure 6a). Of the other TRM cell subsets identified, there were 346 

significantly more CD8ab+, CD8aa+, and gd+ T cells in lung tissue of IV BCG-vaccinated animals 347 

(Figure 6b). CD4+ and CD4+CD8a+ T cell numbers did not differ significantly between the groups, most 348 

likely due to the low CD4+ T cell numbers in the MCM with higher SIV viral levels (Figure 6b). Indeed, 349 

CD4+ T cells in lung were modestly inversely correlated with SIV plasma viremia in both ID and IV 350 

BCG MCM (Data not shown). TRM cell subset numbers in thoracic lymph node were similar in animals 351 

vaccinated with either ID or IV BCG (Supplemental Figure 2a), and the number of CD4+ and 352 

CD8a+CD4+ T cells in thoracic lymph nodes appeared independent of SIV viremia level (Supplemental 353 

Figure 2a).   354 

 355 

IV BCG induces higher CD4+ T cell cytokines but not CD8ab+ T cells and NK cells cytotoxic 356 

effectors in lung tissue. 357 

We stimulated lung, thoracic lymph nodes, and spleen with WCL to assess production of 358 

cytokines associated with T1 (IFNg, IL-2, TNF) and T17 (IFNg, IL-2, IL-17, TNF) responses from CD4+ 359 

and  CD8ab+ T cells. The number of CD4+ T cells producing a combination of T1- and T17-associated 360 

cytokines in the lung were higher in animals vaccinated via IV BCG than ID BCG, but not in the thoracic 361 

lymph node (Figure 7a, 7b, and Supplemental Figure 2b, 2c). MCM with high SIV viremia had lower 362 
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numbers of responding CD4+ T cells. CD8ab+ T cells from all three sites produced some combination of 363 

T1 and T17 cytokines at similar levels in both IV- and ID-vaccinated animals (Figure 7a, 7b, and 364 

Supplemental Figure 2b, 2c). 365 

We measured the number of CD8ab+ T cells and NK cells producing granulysin, GzmB, GzmK, 366 

or perforin in lung, thoracic lymph nodes, and spleen. Our data revealed similar numbers of CD8ab+ T 367 

cells and NK cells producing these cytotoxic effectors in lung and thoracic lymph nodes regardless of 368 

vaccination group (Supplemental Figure 2d-g). In the spleen, there were significantly more CD8ab+ T 369 

cells producing GzmK and a trend towards more CD8ab+ T cells producing GzmB in IV- than ID-370 

vaccinated animals (Data not shown), but NK cells producing cytotoxic effector show no significant 371 

difference in number in all the tissues (Supplemental Figure 2d-g). 372 

There was no apparent effect of plasma SIV viremia on granulysin-, GzmB-, GzmK-, or perforin-373 

producing CD8ab+ T cells in the lung. However, spleens of IV BCG animals with higher plasma SIV 374 

viremia had the lowest GzmB-, GzmK-, or perforin-producing NK cells  (Data not shown). 375 

The transcription factors Foxp3, RORgT, and T-bet are associated with regulatory T cells, T17 376 

cells, and T1 cells, respectively (44, 45). The number of CD4+ and CD8ab+ T cells expressing Foxp3, 377 

RORgT, or T-bet did not differ in lung, thoracic lymph node, or spleen between animals vaccinated by the 378 

IV or ID route (Data not shown). 379 

In summary, our data show that IV BCG induces robust and sustained T helper and cytotoxic T 380 

cell response in the airways of SIV+ MCM. Notably, even 5 months after vaccination, IV BCG-381 

vaccinated animals had higher numbers of TRM cells in the lungs compared to ID BCG-vaccinated 382 

animals.  383 

 384 

Discussion: 385 

PLWH are at increased risk from Mtb and a safe, effective TB vaccine for this population would 386 

be enormously beneficial. In SIV-naïve rhesus macaques, IV BCG vaccination provided superior 387 

protection from TB compared to ID BCG and correlated with mycobacterial-specific T cells in the 388 
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airways and TRM cells in lung tissue, mycobacterial-specific antibodies, and distinct transcriptional 389 

signatures (16, 20, 21, 46). We recently showed that IV BCG was also highly protective in MCM with 390 

preexisting SIV infection (19). Fully characterizing the immune responses induced by IV BCG in SIV+ 391 

macaques is important to further develop or learn from this vaccine strategy. However, it is difficult to 392 

differentiate immune responses in tissues induced by BCG from those induced by Mtb after vaccinated 393 

macaques are challenged with Mtb. Here, we investigated cellular and humoral immune responses to IV 394 

BCG in SIV-infected MCM in the blood, airways, and tissues without the confounding factor of Mtb 395 

challenge. We compared those to the responses induced by ID BCG in SIV-infected MCM as this route is 396 

used currently to vaccinate against TB. Our data demonstrate that in many ways the two vaccination 397 

routes induce similar immune responses in SIV+ macaques, but several features were unique to IV BCG-398 

vaccinated animals, including some not investigated previously. 399 

In our previous work using SIV-naïve rhesus macaques, IV BCG induced a robust T cell influx 400 

into airways, especially CD4+, CD8ab+, and nonconventional (Vg9+ gd and MAIT) T cells (16). We also 401 

showed a significant influx of these T cell subsets in SIV+ MCM after IV BCG vaccination (19). Here, 402 

we directly compared IV and ID BCG in SIV+ MCM and observed more CD4+ and CD8ab+ T cells in 403 

airways following IV vaccination. We also detected an increased influx of Vg9+ and Vg9- gd T cells into 404 

the airway following IV but not ID BCG as seen previously in SIV-naïve rhesus macaques (16, 47). We 405 

noted that more B and NK cells accumulated in the airways of the IV BCG-vaccinated, SIV-infected 406 

MCM. This is consistent with our previous study in SIV+ MCM (19) as well as our study in SIV-naive 407 

rhesus macaques (16). The latter study is particularly notable as the number of NK cells in the airways 408 

correlated with IV BCG-induced protection from Mtb (20). Thus, a key feature that differentiates IV BCG 409 

from ID BCG is a significant influx into airways of diverse lymphocyte populations which have all been 410 

shown to be associated with controlling Mtb in humans (48).  411 

We also assessed the functionality of the cells that migrated to the airways in response to IV or ID 412 

vaccination. Both routes induced polyfunctional CD4+ T cells that produced T1- and T17-associated 413 

cytokines by 4 weeks. However, this response was more sustained in IV BCG-vaccinated animals, with 414 

significant elevation over 5 months. Polyfunctional T cells correlate with protection or improved outcome 415 
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from Mtb in both humans and NHP (16, 20, 49-51), and we previously reported their induction following 416 

IV BCG vaccination in SIV+ MCM (19). In particular, Th1 and Th17 responses have been associated 417 

with protection from Mtb elicited by BCG delivered IV (20, 52) or intrabronchially (38). We showed here 418 

that CD8ab+ T cell producing T1- and T17-related cytokines appeared in airways by 4 weeks after ID 419 

BCG but then waned over time. In contrast, T1- and T17- CD8ab+ T cells were initially low following 420 

IV BCG but increased significantly by 18 weeks post-vaccination. Further, only IV BCG boosted the 421 

number of NK and CD8ab+ T cells producing either GzmB or GzmK cytotoxic effector which had not 422 

been previously investigated. The protective efficacy of IV BCG may be related to the quality of the 423 

lymphocytes in the airways as well as the durability of those responses following vaccination. 424 

Previous studies have shown that Mtb-specific antibody is associated with BCG-induced 425 

protection against Mtb in both SIV+ and SIV-naïve macaque (16, 19, 20, 52). Here, we demonstrated that 426 

IV BCG induces higher levels of mycobacterial-specific IgG and IgM in both the airways and plasma of 427 

SIV+ MCM than ID BCG. These antibodies were higher 4 weeks after vaccination than 18 weeks after 428 

vaccination and followed the kinetics of the B cells recovered from BAL. We previously reported 429 

increased mycobacterial-specific antibodies in both BAL and plasma from SIV+ MCM 12 weeks after IV 430 

BCG but did not assess other post-vaccination time points (19). These current results suggest that IV 431 

BCG recruits B cells to the airways and induces a robust IgG and IgM response a few weeks after 432 

vaccination which then subside. Since IV BCG-elicited IgM is associated with protection in rhesus 433 

macaques (21), it is likely that this humoral response remains primed to react quickly to Mtb challenge. 434 

TRM cells in the lung have been associated with protection from TB in mice (53) as well as in IV 435 

BCG-vaccinated macaques (16). In our previous study of IV BCG in SIV+ MCM (19), all animals 436 

underwent Mtb challenge and so we could not characterize vaccine-associated immune responses within 437 

tissues. The design of the current study did not include Mtb challenge and made it possible to evaluate 438 

TRM cells within tissues in response to ID and IV BCG in SIV+ MCM. The use of intravascular anti-439 

CD45 antibody (34) ensured that we analyzed tissue-resident, rather than circulating, immune cells. Our 440 

data revealed that even at 5 months post-vaccination, there were significantly more TRM cells in lungs of 441 
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SIV+ IV BCG-vaccinated macaques, compared to those vaccinated ID. These TRM cells consisted of 442 

diverse T cell subsets, including CD4+, CD8ab+, CD8aa+, CD8a+CD4+, and gd+. In contrast, the 443 

number of TRM cells in thoracic lymph nodes and spleen were similar between ID- and IV-vaccinated 444 

MCM, suggesting that IV BCG selectively promotes the accumulation and retention of T cells in lung 445 

tissue. Interestingly, the production of T1 and T17 cytokines, cytotoxic molecules, and transcription 446 

factors by these lung T cells did not differ between MCM vaccinated with ID or IV BCG, although the 447 

numbers of cells producing these effectors was increased in IV vaccinated animals. These data suggest 448 

that IV BCG confers protection, at least in part, by increasing the number of mycobacteria-specific TRM 449 

cells in the lung rather than by inducing unique T cell responses. We previously showed a high numbers 450 

of polyfunctional CD4+ and CD8ab+ T cell in lungs of SIV-naïve macaques 4 weeks after IV BCG 451 

vaccination (16). It is notable that, here, we evaluated lung-resident T cells 5 months post-BCG and 452 

observed higher numbers in IV BCG-vaccinated SIV+ animals which suggests that the increase in lung 453 

TRM cells following IV BCG is quite durable. We speculate that IV BCG results in extensive T cell 454 

priming in lymph nodes and spleen and promotes their recruitment and retention in the lung, perhaps due 455 

to the persistence of BCG antigens following IV vaccination. This is supported by our previous finding in 456 

SIV-naïve macaques that viable BCG, albeit in low numbers, could be cultured from more organs 1 457 

month after vaccination by the IV route compared to the ID route (16).  458 

IV BCG induced a transient spike in SIV viremia following vaccination, as we reported 459 

previously (19). However, the current study was limited by a larger-than-expected number of animals 460 

with persistently high SIV viremia. Although the four non-controllers were distributed evenly between 461 

both experimental groups, it limited our ability to compare rigorously the immune responses in animals 462 

vaccinated by the IV and ID routes. These SIV non-controllers exhibited low numbers of CD4+ and 463 

CD4+CD8a+ T cells in blood and BAL as we seen previously (19, 25). These animals also had fewer 464 

CD4+ TRM cells in lung tissue. Other cell types and antibody responses appeared unaffected by SIV viral 465 

loads. MCM with higher SIV loads were not protected from Mtb challenge (19), suggesting a detrimental 466 

effect of high viremia on the protective efficacy of IV BCG. Consequently, only three of five IV-467 
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vaccinated animals exhibited SIV control in our current study and, based on previous data (19), would 468 

have been likely to prevent TB. 469 

In summary, the data presented here demonstrate clearly that BCG delivered to SIV+ macaques 470 

by the IV route leads to significantly higher numbers of lymphocyte populations in the airways, higher 471 

levels of mycobacterial-specific IgG and IgM, and more TRM cells in the lung compared to ID 472 

vaccination. These findings inform potential mechanisms underlying the protection conferred by IV BCG 473 

in SIV+ MCM and provide valuable insights into vaccine design for PLWH. 474 
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Figure 1: Study design and SIV plasma viremia. a) Study design indicating SIV infection, BCG 689 

vaccination, HRE treatment, serial BAL and blood collection, and PET-CT time points. b) Quantification 690 

of plasma viral copy equivalents over time in MCM vaccinated with ID BCG (top panel, purple; n=6) or 691 

IV BCG (bottom panel, green; n=5). The horizontal dashed line represents the LOQ of ~62 copies/mL. 692 

Plasma viral load of each group was assessed by comparing two weeks before BCG vaccination to two- 693 

or 12-weeks after BCG vaccination using mixed-effects model with uncorrected Fisher’s LSD p-values 694 

reported. Each symbol represents an individual animal. SIV controllers and non-controllers (baseline >105 695 

copies/mL) are indicated by circles and stars, respectively. 696 

 697 

Figure  2: Immune cell composition in airways during SIV infection and BCG vaccination. a) 698 

Numbers of total leukocytes and T cells in BAL. b) Numbers of T cell subsets in BAL. Each point 699 

represents an individual BAL with SIV non-controllers indicated by stars. Mixed-effects model with 700 

uncorrected Fisher’s LSD p-values (Table 1) are shown. 701 

 702 

Figure 3: T cell cytokines in airways following BCG vaccination. a) The number of CD4+ T cells 703 

making mycobacterial-specific T1 and T17 responses in airways. b) The number of CD8ab+ T cells 704 

making mycobacterial-specific T1 and T17 responses in airways. SIV non-controllers are indicated by 705 

stars. Mixed-effects model with uncorrected Fisher’s LSD p-values between groups are reported in Table 706 

1.  707 

 708 

Figure 4: CD8ab+ T cells and NK cells cytotoxic effector in airways. a) The number of CD8ab+ T 709 

cells producing GzmB or GzmK. b) The number of NK cells producing GzmB or GzmK. SIV non-710 

controllers are indicated by stars. Mixed-effects model with uncorrected Fisher’s LSD p-values between 711 

groups are shown Table 1. 712 

 713 
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Figure 5: Mycobacteria-specific antibodies in BAL and plasma following BCG vaccination. IgG and 714 

IgM that bind WCL or LAM in plasma (a) and BALF (b). SIV non-controllers are indicated by stars. 715 

Mixed-effects model with uncorrected Fisher’s LSD p-values in Table 2 represents group comparison. 716 

 717 

Figure 6: TRM cell responses in lungs 20 weeks after BCG vaccination. Tissue-resident T cells 718 

(ivCD45-) are delineated from vascular-resident cells (ivCD45+). a) The number of tissue-resident TRM 719 

cells in lung tissue harvested 20 weeks after IV or ID BCG vaccination. b) The number of TRM cell 720 

subsets in lung tissue. SIV non-controllers are depicted by stars. Each symbol represents the mean value 721 

from 3 lung lobes per animal. Mann-Whitney p-values are reported. 722 

 723 

Figure 7: Cytokines responses in lungs 20 weeks after BCG vaccination. The number of CD4+ and 724 

CD8ab+ T cells in the lung that make any a) Th1- and T1-(IFNg, IL-2, TNF), and, b) Th17- and T17- 725 

(IFNg, IL-2, IL-17, TNF) associated cytokines. SIV non-controllers are depicted by stars. Each symbol 726 

represents the mean value from 3 lung lobes per animal. Mann-Whitney p-values are reported. 727 
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Figure 2 755 
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Figure 5  762 
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Table 1: Mixed model analysis comparing cellular immune response elicited by ID BCG versus IV BCG 777 

vaccination routes at different time points. 778 

Cells BCG ID vs. BCG IV P-value Mean Difference: BCG ID - 

BCG IV (95% CI) 

T cells 

subsets 

CD4+ 

PreBCG 0.6362 ns   

4 week post BCG  0.9049 ns   

18 Weeks post BCG 0.5927 ns   

CD8ab+ 

PreBCG 0.2352 ns   

4 week post BCG  0.0623 # -0.6931 (-1.433 to 0.04675) 

18 Weeks post BCG 0.0147 * -0.694 (-1.180 to -0.2082) 

CD8aa+ 

PreBCG 0.4007 ns   

4 week post BCG  0.0113 * -0.8719 (-1.491 to -0.2524) 

18 Weeks post BCG 0.3385 ns   

CD8a+CD4+ 

PreBCG 0.1738 ns   

4 week post BCG  0.441 ns   

18 Weeks post BCG 0.2789 ns   

Vg9+gd 

PreBCG 0.5546 ns   

4 week post BCG  0.0053 ** -0.8599 (-1.374 to -0.3453) 

18 Weeks post BCG 0.4764 ns   

Vg9-gd 

PreBCG 0.8549 ns   

4 week post BCG  0.2264 ns   

18 Weeks post BCG 0.0359 * -0.7162 (-1.370 to -0.0629) 

Th1 

associated 

cytokines 

CD4+ 

PreBCG 0.2809 ns   

4 weeks post BCG  0.8427 ns   

18 weeks post BCG 0.0728 # -1.716 (-3.602 to 0.1708) 

PreBCG 0.5155 ns   
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CD8ab+ 
4 weeks post BCG  0.0737 # 1.478 (-0.1528 to 3.109) 

18 weeks post BCG 0.0006 *** -3.413 (-5.214 to -1.612) 

Th17 

associated 

cytokines  

CD4+ 

PreBCG 0.2779 ns   

4 weeks post BCG  0.8405 ns   

18 weeks post BCG 0.0962 # -1.543 (-3.381 to 0.2954) 

CD8ab+ 

PreBCG 0.5117 ns   

4 weeks post BCG  0.0799 # 1.433 (-0.1835 to 3.049) 

18 weeks post BCG 0.0006 *** -3.414 (-5.199 to -1.630) 

CD8ab+ T 

cells 

cytotoxic 

molecules  

GzmB 

PreBCG 0.8686 ns   

4 weeks post BCG  0.0074 ** -0.9387 (-1.612 to -0.2649) 

18 weeks post BCG 0.0279 * -0.8393 (-1.583 to -0.0958) 

GzmK 

PreBCG 0.3898 ns   

4 weeks post BCG  0.0109 * -0.804 (-1.413 to -0.1947) 

18 weeks post BCG 0.1463 ns   

NK cells 

cytotoxic 

molecules 

GzmB 

PreBCG 0.2412 ns   

4 weeks post BCG  0.1133 ns   

18 weeks post BCG 0.5675 ns   

GzmK 

PreBCG 0.7972 ns   

4 weeks post BCG  0.0173 * -0.9372 (-1.700 to -0.1746) 

18 weeks post BCG 0.3412 ns   

ID and IV BCG were compared at each time point for each cell type.  Fisher's LSD test p-values reported. 779 

For p-values < 0.10, the mean difference of ID BCG - IV BCG is shown with 95% confidence interval. 780 

The summary of p-value is presented; ns: not significant, #: 0.05 < p < 0.10, *: p < 0.05, **: p < 0.01 and 781 

***: p < 0.001. GzmB: Granzyme B and GzmK: Granzyme K 782 

 783 
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Table 2: Mixed model analysis comparing the humoral immune response elicited in the plasma and 784 

airways by ID BCG versus IV BCG at different time points. 785 

Niche Immunoglobulin BCG ID vs. BCG IV P-value Mean Difference: BCG ID - 

BCG IV (95% CI) 

Plasma  

IgG WCL 

PreBCG 0.3107 ns   

4 weeks post BCG  0.0421 * -1.095 (-2.140 to 0.04976) 

18 weeks post BCG 0.04 * -0.4427 (-0.8598 to -0.0255) 

IgM WCL 

PreBCG 0.432 ns   

4 weeks post BCG  0.3434 ns   

18 weeks post BCG 0.1954 ns   

IgG LAM 

PreBCG 0.5487 ns   

4 weeks post BCG  0.5161 ns   

18 weeks post BCG 0.8804 ns   

IgM LAM 

PreBCG 0.3632 ns   

4 weeks post BCG  0.0039 ** -0.8388 (-1.227 to -0.4506) 

18 weeks post BCG 0.432 ns   

 

BAL 

(airway) 

IgG WCL 

PreBCG 0.7060 ns   

4 weeks post BCG  0.0016 ** -1.305 (-2.141 to -0.4682) 

18 weeks post BCG 0.1002 ns   

IgM WCL 

PreBCG >0.9999 ns   

4 weeks post BCG  0.3160 ns   

18 weeks post BCG 0.4222 ns   

IgG LAM 

PreBCG 0.0878 # -1.180 (-2.466 to 0.1059) 

4 weeks post BCG  0.006 ** -1.841 (-3.099 to -0.5823) 

18 weeks post BCG 0.0222 * -1.752 (-3.229 to -0.2744) 

IgM LAM PreBCG  0.0727 #  -0.8621 (-1.810 to 0.08572) 
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4 weeks post BCG  0.0975 #  0.7920 (-1.7840 to 0.1558) 

18 weeks post BCG  0.0240 *  -1.300 (-2.413 to -0.1864) 

ID and IV BCG were compared at each time point for each cell type.  Fisher's LSD test p-values reported. 786 

For p-values < 0.10, the mean difference of ID BCG - IV BCG is shown with 95% confidence interval. 787 

The summary of p-value is presented; #: 0.05 < p < 0.10, *: p < 0.05, **: p < 0.01 and ***: p < 0.001. 788 

WCL: H37Rv whole cell lysate, LAM: Lipoarabinomannan. 789 

 790 
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