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ABSTRACT 28 

Mycobacterium bovis bacillus Calmette-Guérin (BCG) immunization still remains the best 29 

vaccination strategy available to control the development of active tuberculosis (TB). Protection 30 

afforded by BCG vaccination gradually wanes over time and while booster strategies have 31 

promise, they remain under development. An alternative approach is to improve BCG efficacy 32 

through host-directed therapy. Building upon prior knowledge that blockade of interleukin-10 33 

receptor 1 (IL-10R1) during early Mycobacterium tuberculosis (M.tb) infection improves and 34 

extends control of M.tb infection in mice, we employed a combined anti-IL-10R1/BCG vaccine 35 

strategy. A subcutaneous, single vaccination of BCG/IL10-R1 increased the numbers of CD4+ 36 

and CD8+ central memory T cells, and reduced TH1 and TH17 cytokine levels in the lung for up 37 

to 7 weeks post vaccination. Subsequent M.tb challenge in mice showed both an early (4 week) 38 

and sustained long-term (47 week) control of infection, which was associated with increased 39 

survival. In contrast, protection of BCG/saline vaccinated mice waned 8 weeks post M.tb infection. 40 

Our findings demonstrate that a single and simultaneous vaccination with BCG/IL10-R1 sustains 41 

long-term protection, identifying a promising approach to enhance and extend the current BCG 42 

mediated protection against TB.   43 
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INTRODUCTION 53 

Tuberculosis (TB), caused by Mycobacterium tuberculosis (M.tb) is considered a global public 54 

health emergency, as declared by the World Health Organization (WHO) in 1993. TB is a leading 55 

cause of mortality, associated with more than 10 million new cases and 1.2 million deaths each 56 

year (1). The ongoing TB pandemic is worsened by the emergence of multi-drug resistance 57 

strains, opportunistic co-infections, and limited advancements in chemotherapeutics.  58 

Vaccination is considered the most potent and cost-effective approach for improving public health 59 

in both the industrialized and developing world (2-4). Currently Mycobacterium bovis bacillus 60 

Calmette-Guérin (BCG) is the only available vaccine to provide immune protection against TB (5-61 

8). The BCG vaccine elicits a robust TH1 response, which is critical towards mitigating TB 62 

burden(9-12). Despite this, BCG has limited protection against pulmonary TB in adults in high TB-63 

endemic countries and is estimated to prevent only 5 to 15% of all potentially vaccine preventable 64 

deaths due to TB (1, 13, 14). Therefore, BCG-based vaccine strategies should aim at inducing 65 

long lasting T cell responses that would contribute to long-term protection.  66 

 67 

Interleukin 10 (IL-10) is a correlate of TB disease in mice and humans (15-18).  We and others 68 

have shown that IL-10 negatively regulates the immune response during M.tb infection in both 69 

M.tb-resistant C57BL/6 and M.tb-susceptible CBA/J mice (16, 19-21). We have also shown that 70 

M.tb infection of CBA/J mice leads to increased IL-10 in the lungs during the later phase of 71 

infection and that blockade of IL-10 receptor 1 (IL-10R1) at that time, promotes TH1 immunity and 72 

stabilizes the bacterial burden (21). Important to this study, IL-10R1 blockade during the first 21 73 

days of M.tb infection, when IL-10 levels in the lung are negligible, resulted in early recruitment of 74 

TH1 cells to the lung and improved long-term control of M.tb for at least 120 days post-infection. 75 

This protection was associated with the formation of mature fibrotic granulomas and extended 76 

host survival (22).  77 

.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 September 6, 2021. ; https://doi.org/10.1101/2021.09.05.458995doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.05.458995
http://creativecommons.org/licenses/by-nd/4.0/


While early IL-10R1 blockade can substantially improve long-term control of M.tb infection, 78 

changes in M.tb control were not evident until 60 days post-infection (22). We therefore 79 

hypothesize that IL-10 negatively influences the initial generation of adaptive immunity required 80 

for long lasting control of M.tb infection. This concept is supported by previous studies showing 81 

that IL-10 can directly or indirectly restrict memory CD4+ and CD8+ T cell differentiation (23-27). 82 

Studies have also shown that IL-10R1 blockade for 3-weeks following BCG vaccination could 83 

enhance antigen specific TH1 and TH17 immune responses in the lungs, that subsequently 84 

reduced the M.tb burden for up to 16 weeks post infection (28) showing proof of concept for our 85 

hypothesis. Here, we specifically asked whether a single dose of IL-10R1 antibody, delivered 86 

simultaneous with the BCG vaccine, was sufficient to enhance the long-term control of M.tb 87 

infection afforded by BCG. This strategy spatially separates the influence of IL-10 on the 88 

generation of protective immunity to BCG from the impact of IL-10 on control of M.tb infection.  89 

Our results reveal that a single dose of αIL-10R1 delivered simultaneous with BCG vaccination 90 

stimulated immunity that was capable of maintaining long-term control of M.tb infection. Long-91 

term protection was sustained for at least 47 weeks post M.tb infection, and was associated with 92 

extended survival relative to mice receiving BCG alone. Prior to M.tb challenge, a single αIL-93 

10R1/BCG vaccination resulted in the emergence of CD4+ and CD8+ central memory T cells, a 94 

reduced pro-inflammatory cytokine profile in the lungs, and increased M.tb antigen specific IFN- 95 

and IL-17 production. These findings identify IL-10 as an important immuno-modulator that 96 

impedes the development of long-term BCG specific memory immunity. Our studies also 97 

demonstrate that a single dose of αIL-10R1 delivered simultaneous with BCG vaccination is 98 

sufficient to reverse the known waning protective efficacy of BCG. Furthermore, our results 99 

identify a single-dose αIL-10R1 strategy that may be more amendable to implement in humans.  100 

 101 

 102 

 103 
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MATERIALS AND METHODS 104 

Mice  105 

Six to eight-week-old, specific pathogen free male or female wild type CBA/J strain mice (WT) 106 

were purchased from The Jackson laboratory (The Jackson Laboratory, Bar Harbor, ME). Mice 107 

were acclimatized for at least 1 week before any experimental manipulation.  IL-10-/- mice on the 108 

CBA/J strain background were developed and bred in house (stock now available at The Jackson 109 

Laboratories; strain 036145 CBA.129P2(B6)-Il10<tm1Cgn>/TrnrJ) and age and sex matched with 110 

WT mice. Mice were housed in ventilated micro isolator cages in ABSL-2 or ABSL-3 animal 111 

facilities and maintained with sterilized water and food ad libitum.  Mice were euthanized at 112 

predetermined time points by CO2 asphyxiation. The Ohio State University (2009A0226) or Texas 113 

Biomedical Research Institute (1617 MU) Institutional Laboratory Animal Care and Use 114 

Committees approved animal protocols.  115 

 116 

Immunization  117 

BCG Pasteur (ATCC 35734) and M.tb Erdman (ATCC 35801) were grown in supplemented 118 

Proskauer-Beck medium as previously described (29). Mice were immunized by the 119 

subcutaneous (s.c.) route with 1x105 colony forming units (CFU) of BCG prepared in normal saline 120 

(0.9% NaCl) or with normal saline alone (sham). To co-immunize mice, 1x105 BCG and 1.6 mg 121 

of αIL-10R1 antibody (BE0050, clone: 1B1.3A; BioXcell) or its isotype IgG1 control antibody 122 

(BE0088, clone: HRPN; BioXcell) were admixed prior to vaccination.  All vaccine and control 123 

formulations were given in a 200 l final volume. IL-10 knock-out (IL-10-/-) mice were immunized 124 

with 1x105 CFU of BCG in normal saline (0.9% NaCl) or normal saline alone (sham) by the s.c. 125 

route.  126 

 127 

M.tb infection and determination of bacterial load 128 
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Seven weeks post-BCG immunization, mice were infected with a low dose aerosol of M.tb Erdman 129 

using a Glass-Col inhalation exposure system (Terre Haute, IN) calibrated to deliver 50-100 CFU 130 

to each individual mouse (29).  Mice were euthanized at specific time points post-infection and 131 

lungs were aseptically harvested and homogenized. Lung homogenates were serially diluted and 132 

plated onto 7H11 agar plates enriched with OADC (oleic acid, albumin, dextrose, and catalase, 133 

Sigma-Aldrich, St. Louis, MO) and incubated at 37ºC for 3 weeks. CFU were counted to determine 134 

the burden in each organ (30). Mice allocated to survival studies were monitored over a period of 135 

50 weeks, and any surviving mice were euthanized at study endpoint. Mice were euthanized when 136 

they reached a body condition score of 2 or less (31). Scores were determined by weekly visual 137 

and hands-on examination of each animal. 138 

 139 

Lung mononuclear cell isolation 140 

Mice were euthanized at pre-determined time points post vaccination or M.tb challenge and lungs 141 

perfused with 10 ml PBS containing 50 U/ml heparin via the right ventricle of the heart. Lung lobes 142 

were extracted and placed in enriched complete Dulbecco’s modified Eagle’s medium [DMEM 143 

containing L-glutamine (Life Sciences, Tewksbury, MA, USA)], supplemented with sterile-filtered 144 

mixture of 5 ml HEPES buffer (1 M; Sigma), 10 ml MEM nonessential amino acid solution (100X; 145 

Sigma), 660 µl 2-mercaptoethanol (50 mM; Sigma), and 45 ml heat-inactivated FBS (Atlas 146 

Biologicals, Ft. Collins, CO, USA). Lungs were dissociated using a GentleMACS Dissociator, in 147 

the presence of collagenase A (type XI; 0.7 mg/ml obtained from Clostridium hystolyticum; Sigma) 148 

and type IV bovine pancreatic DNAse (30 g/ml; Sigma) and incubated for 30 min at 37ºC, 5% 149 

CO2. The enzymatic reaction was stopped by adding complete DMEM. Single cell suspensions 150 

were achieved by passing the digested lung tissue through 70-µm cell strainers. Cells were 151 

treated with Gey’s solution (8 mM NH4Cl, 5 mM KHCO3 in water) to lyse residual red blood cells 152 

and suspended in complete DMEM. Live cells were counted by using a Trypan blue live-dead 153 
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exclusion method or using a Cellometer K2 (Nexcelom Bioscience, Lawrence, MA) with acridine 154 

orange (AO)/propidium iodide (PI) stain (29). 155 

 156 

M.tb antigen specific cell culture 157 

Lung mononuclear cells were cultured with medium or 10 μg/ml of M.tb culture filtrate proteins 158 

(CFP) for 48 h at 37°C, 5% CO2 (29). Culture supernatants were collected and stored at -80°C.  159 

 160 

Enzyme linked immunosorbent assay (ELISA)  161 

Clarified lung homogenates and cell culture supernatants were thawed and analyzed for IFN-, 162 

IL-12p70, TNF-, IL-17 and IL-10 by ELISA following the manufacturer instructions (BD 163 

Biosciences, San Jose, CA). 164 

 165 

Flow cytometry 166 

Lung mononuclear cells were suspended in incomplete RPMI medium (Sigma-Aldrich) containing 167 

0.1% sodium azide. Surface marker staining was performed as described (22). Specific antibodies 168 

for surface marker staining were purchased from Biolegend [PerCP anti-CD4 (clone: GK1.5), 169 

APC/Cyanine7 anti-CD8 (clone: 53-6.7), PE/Cy7 anti-CD62L (clone: MEL-14), APC anti-CD44 170 

(clone: IM7), Brilliant Violet 421 anti-CD197 (CCR7; clone: 4B12)]. Briefly, cells were blocked with 171 

mouse Fc block (clone: 2.4G2; BD Biosciences) for 10 min followed by staining with fluorescent 172 

dye conjugated antibodies specific to surface markers for 20 min at 4°C in the dark. Cells were 173 

fixed and samples were acquired using a BD Canto or Beckman Coulter CyAn ADP flow 174 

cytometer and results analyzed using FlowJo software vr.  10.5 &10.6 (Tree Star, Ashland, OR). 175 

 176 

 177 

 178 
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Histology 179 

The right caudal lung lobe was isolated from individual mice, inflated with and stored in an excess 180 

of 10% neutral-buffered formalin as described (32). Lung tissue was processed, sectioned, and 181 

stained with hematoxylin and eosin (H&E) for light microscopy with lobe orientation designed to 182 

allow for maximum surface area of each lobe to be seen. Sections were examined in a blinded 183 

manner by a board-certified veterinary pathologist without prior knowledge of the experimental 184 

groups and evaluated according to the percent affected tissue area, granuloma distribution, 185 

granuloma character, granuloma border and cellular composition. Percent affected area was 186 

microscopically quantified by calculating the total area of the involved tissue over the total area of 187 

the lobe for each individual mouse and graded as 1, 2, 3, 4 and 5, corresponding to <10%, 10% 188 

to 25%, 25% to 50%, 50% to 75%, >75% affected tissue, respectively. 189 

 190 

Statistical analysis 191 

Statistics were performed using Prism vr. 7 Software (GraphPad Software, San Diego, CA). 192 

Unpaired, two-tailed Student’s t-test was used for two group comparisons. Log-rank test was used 193 

to determine statistical significance of survival experiments. Statistical significance was reported 194 

as *P<0.05, **P<0.01, ***P<0.005 or ****P<0.001.  195 

 196 

RESULTS 197 

BCG vaccination stimulates IL-10 production in the lung, which is blocked by αIL-10R1.  198 

WT mice were immunized with BCG (or saline control) by the s.c. route and IL-10 levels were 199 

measured in the lung at weeks 1, 2, 4, 5, and 7 post-immunization.  BCG immunization resulted 200 

in significantly higher IL-10 levels at each time point tested.  IL-10 could be detected in the lung 201 

as early as 1-week post BCG vaccination and remained high for up to 7 weeks post immunization 202 

compared to the saline vaccinated group (Fig. 1A). These data demonstrate that s.c. BCG 203 

vaccination can stimulate IL-10 production in the lung.  204 
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We determined the impact of simultaneous immunization of BCG with IL-10R1 on the production 205 

of IL-10 in the lung. Mice were immunized with a combined dose of BCG/IL-10R1 or BCG/IgG1 206 

control antibody via the s.c. route. BCG/-IL-10R1 significantly reduced IL-10 in the lung at week 207 

1 and week 7 post immunization (Fig. 1B). These results indicate that a transient blockade of IL-208 

10R1 delivered simultaneous with BCG vaccination has a long-term impact on local IL-10 209 

production in the lung. IL-10 has a known deleterious impact on the control of M.tb infection (15) 210 

and therefore the IL-10 inducing properties of BCG vaccination, or any other lung insult that drives 211 

IL-10 production, could inadvertently have a negative consequence on M.tb infection control.   212 

 213 

BCG/IL-10R1 vaccination generated a relatively low pro-inflammatory environment in the lung 214 

compared to BCG/IgG1 vaccination. This is contrary to expectations from prior studies with M.tb 215 

(16, 22, 28). Indeed, we detected a significant reduction in IFN-, TNF, IL-17 and IL-12p70 in 216 

the BCG/IL-10R1 group compared to BCG/IgG1 at both time points studied (Fig. 2A-D). 217 

Cytokine levels in mice receiving BCG/IL-10R1 were marginally elevated relative to mice 218 

receiving no BCG (data not shown).  219 

 220 

BCG vaccination delivered simultaneous with αIL-10R1 generates central memory T cells 221 

in the lung. 222 

IL-10 is known to interfere with the generation of memory T cells (23-26). We therefore determined 223 

whether BCG/IL-10R1 vaccination produced a phenotypically different memory T cell pool in the 224 

lung. The total number of CD4+ and CD8+ T cells were modestly increased 7 weeks post-225 

immunization in mice receiving BCG/IL-10R1 although this did not reach significance (Figs. 3A, 226 

E). BCG/IL10R1 vaccination led to a consistent increase in the total number of memory (CD44hi), 227 

central memory (CD4+CD44hiCD62L+CCR7+) and effector memory (CD4+CD44hiCD62L-CCR7-) 228 

cells in both CD4+ and CD8+ T cell subsets, but again this did not reach significance (Figs. 3B-D 229 
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& F-H). These results suggest that short-term IL-10R1 blockade during BCG vaccination results 230 

in a modest accumulation of central and effector memory cells at 7 weeks post vaccination in the 231 

lung. 232 

 233 

 BCG vaccination delivered simultaneous with αIL-10R1 increases antigen specific Th1 234 

and Th17 cytokine production by lung cells. 235 

IL-10 suppresses TH1 and TH17 immune responses necessary to control M.tb infection (28, 33-236 

37). Additionally, BCG/IL-10R1 vaccination reduced IL-10 levels (Fig. 1B) and stimulated a 237 

moderate accumulation of memory T cells in the lung (Fig. 3C, G). We therefore determined 238 

whether BCG/IL-10R1 vaccination could enhance antigen specific TH1 and TH17 cytokine 239 

production. Lung cells from WT mice receiving BCG/IL-10R1 secreted significantly more antigen 240 

specific IFN-, TNF-, and IL-17 (Fig. 4A-C) than those receiving BCG/IgG1. Therefore, IL-10 241 

receptor blockade at the time of BCG vaccination promoted the generation of functional TH1 and 242 

TH17 antigen specific T cells in the lungs.  243 

 244 

To further establish that the absence of IL-10 signaling during BCG vaccination increases antigen 245 

specific TH1 and TH17 cytokine secretion, we immunized IL-10-/- mice with BCG or saline (control) 246 

and assessed antigen specific cytokine responses by lung cells 7 weeks post vaccination. Similar 247 

to WT mice vaccinated with BCG/IL10R1, IL-10-/- mice vaccinated with BCG alone had 248 

significantly increased production of antigen specific IFN-, TNF, and IL-17 (Fig. 4D-F), 249 

compared to IL-10-/- mice immunized with saline. These results suggest that the absence of IL-250 

10, similar to our data blocking the action of IL-10R1, promotes a population of T cells capable of 251 

secreting TH1 and TH17 cytokines in the lungs.  252 

 253 
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BCG vaccination delivered simultaneous with αIL-10R1 provides long term protection 254 

against M.tb infection    255 

WT mice were vaccinated subcutaneously with BCG/IL-10R1, BCG/IgG1 or saline only. In 256 

parallel, IL-10-/- mice were vaccinated with BCG or saline. Seven weeks post-immunization, mice 257 

were challenged with a low dose aerosol M.tb infection. As previously reported, IL-10-/- mice were 258 

capable of reducing M.tb bacterial burden in the lung to a greater extent than WT mice (22) (Fig. 259 

5A saline vs. Fig. 5B saline). BCG vaccination further reduced the bacterial burden in IL-10-/- mice 260 

by 1-Log10 at 4 weeks post-infection, and importantly, this reduction was sustained for at least 52 261 

weeks post infection (Fig. 5A).  262 

 263 

 In WT mice, the BCGIL-10R1 and BCGIgG1 vaccinated groups both significantly reduced the 264 

M.tb bacterial burden by approximately 1-log10 at week 4 post M.tb infection compared to the 265 

unvaccinated (saline) group (Fig. 5B). As expected, WT mice that received BCG/IgG1 vaccination 266 

quickly lost protection afforded by BCG vaccination alone (37, 38), with lung bacterial burden 267 

resembling unvaccinated mice as early as 8-week and reaching almost 8 Log10 CFUs in the lung 268 

by 47-week post infection (Fig. 5B). In contrast, WT mice vaccinated with BCG/IL-10R1 further 269 

reduced the M.tb burden at week 8 post infection, which was sustained at a significantly lower 270 

CFU for up to 47 weeks post infection, albeit at slowing increasing levels (study end point, Fig. 271 

5B).     272 

 273 

An independent survival study was established for BCG or saline vaccinated IL-10-/- mice (Fig. 274 

5C) and for BCG/IL-10R1, BCG/IgG1 or saline vaccinated WT mice (Fig. 5D). BCG or saline 275 

vaccinated IL-10-/- mice (Fig. 5C) challenged with M.tb showed that the complete absence of IL-276 

10 resulted in 100% survival at least to 50 weeks in both BCG or saline vaccinated mice, 277 

demonstrating the detrimental impact of IL-10 throughout M.tb infection as we  described (16, 21). 278 
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While we observed no survival advantage for BCG vaccination in IL-10-/- mice, extrapolation of 279 

bacterial burden (Fig. 5A) and pathology scores (Fig. 6D) suggests that BCG vaccination would 280 

likely have extended survival further relative to   IL10-/- mice receiving saline. BCG/IgG1 in WT 281 

mice failed to extend survival, indicating that despite an early reduction in M.tb bacterial burden 282 

at week 4, BCG vaccination alone provided no survival advantage. In contrast, administration of 283 

BCG/IL-10R1 vaccination in WT mice significantly increased survival, with over 65% of mice 284 

surviving to the study end point of 50 weeks.  285 

 286 

 BCG vaccination delivered simultaneous with αIL-10R1 reduces immuno-pathology in 287 

lungs. 288 

we also evaluated the effect of vaccination on lung pathology by assessing the degree of tissue 289 

involvement through quantification of cellular aggregation relative to the total size of the lung.  290 

All WT mice, independent of experimental groups, had similar and minimal tissue involvement 291 

(>10%) in the lung at 4 weeks post infection (Fig. 6A) although some pro-inflammatory cytokines 292 

in homogenates were significantly reduced in the BCG/αIL-10R1 group compared to BCG/IgG1 293 

immunized mice at that time (Fig. 6B). These results indicate that even though there was no 294 

difference in M.tb burden or pathology, an early increased pro-inflammatory cytokine response in 295 

the BCG/IgG1 vaccinated group may augment lung pathology at later time points. This was 296 

confirmed at week 12 post infection where BCG/IgG1 vaccinated mice had abundant cellular 297 

infiltration and inflammation, with about 50% of the lung involved (Fig. 6A), although TH1 cytokine 298 

levels remained similar to the 4 weeks post infection time-point (Fig. 6C). Increased pathology 299 

scores were associated with high M.tb burden in the lungs of BCG/IgG1 treated mice at later time-300 

points (Fig. 5B). These findings contrast with BCG/αIL-10R1 vaccinated mice that maintained a 301 

reduced lung involvement (Fig. 6A), correlating with less M.tb burden (Fig. 5B), which was 302 

maintained even at later time points. BCG/αIL-10R1 vaccinated mice also had significantly 303 

reduced pro-inflammatory cytokines levels (TNF-α, IL-17), as well as immunomodulatory 304 
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cytokines (IL-10) in their lungs compared to the BCG/IgG1 vaccinated group at both 4- and 12-305 

weeks post infection (Fig. 6 B,C). BCG/αIL-10R1 vaccinated mice also had significantly less  306 

IFN-  in their lungs compared to the BCG/IgG1 vaccinated group at the 12-week post infection. 307 

(Fig. 6C). 308 

 309 

Similar to WT mice, both saline and BCG immunized IL-10-/- mice had minimal tissue involvement 310 

in the lungs at week 4 post-infection; however, BCG immunization showed reduced inflammation 311 

scores (<25%) at week 4 post-infection, which was sustained through weeks 47 post-infection 312 

(Fig. 6D), consistent with lower M.tb burden in the lung (Fig. 5A).  IL-10-/- mice receiving BCG 313 

showed a reduction in some TH1/pro-inflammatory cytokines in lung homogenates with a 314 

significant reduction in IFN- at week 4 and IL-17 at week 12 post infection as compared to saline 315 

group (Figure 6 E-F). 316 

 317 

Central memory subset of CD4+and CD8+T cells are associated with long term protection 318 

against M.tb challenge in mice vaccinated with BCG delivered simultaneous with αIL-10R1. 319 

Following vaccination with BCG/IL-10R1 and prior to M.tb challenge, we observed a modest 320 

increase in CD4+ and in CD8+ central and effector memory T cells in the lung (Fig. 3). We therefore 321 

evaluated the same T cell subsets in the lung at week 4 and 8 post M.tb infection (Fig. 7). Results 322 

showed modest differences in total CD4+ and CD8+ T cell subsets in the lung between BCG/IL-323 

10R1 and BCG/IgG1 vaccinated WT mice at week 4 post M.tb infection (Fig. 7A, E). At 4 weeks 324 

post-infection, we detected a significant increase in the total number of both CD4+ and in CD8+ 325 

central memory T cells in mice that received BCG/IL-10R1 vaccination (Fig. 7C, G), which was 326 

sustained through week 8 post-infection (Fig. 7K, O). These data suggest that a single and 327 

simultaneous vaccination with BCG/IL-10R1 pre-M.tb challenge can induce central memory 328 

cells that are associated with long-term protection against M.tb infection. CD4+ and CD8+ effector 329 
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memory T cells were detected at similar or modestly increased levels by both BCG/IL-10R1 and 330 

BCG/IgG1 vaccinated WT mice at 4 and 8 weeks (Fig. 7 D, H).  331 

 332 

IL-17 and IFN- are critical for mediating immunity against M.tb infection as well as vaccine 333 

induced protection against the development of TB (39, 40). Lung cells from vaccinated and M.tb 334 

challenged mice were cultured ex-vivo with CFP and IFN- and IL-17 production was measured. 335 

Relative to unstimulated cells, antigen specific IFN- and IL-17 secretion was increased for both 336 

BCG/αIL-10R1, BCG/IgG1 vaccinated groups at week 4 and 8 post M.tb infection (Fig. 8 A-D). 337 

There was no significant differences between the BCG/αIL-10R1, BCG/IgG1 groups (Fig. 8A-D), 338 

with the exception of IL-17 at week 4 (Fig. 8B) although significance was lost by week 8 post M.tb 339 

infection (Fig. 8D). IL-17 secretion in unstimulated cultures remained high, perhaps representing 340 

a non-T cell source of IL-17 (Fig. 8 B, D).    341 

   342 

Discussion  343 

In this study, we demonstrate that a single co-administration of IL-10R1/BCG substantially 344 

improved the long term protective efficacy of BCG against M.tb infection for up to 47 weeks in the 345 

CBA/J mouse model, a mouse strain that is defined as relatively susceptible to M.tb (41, 42). We 346 

therefore demonstrate that a single dose host-directed therapy combined with BCG can improve 347 

vaccine efficacy. We also identify the specific time of BCG vaccination for a single-dose IL-10 348 

blockade intervention to positively influence the development of long-term protective immunity 349 

against M.tb infection.  350 

 351 

Our vaccination strategy was based upon prior observations from our group that early αIL-10R1 352 

treatment of M.tb infected mice could substantially improve control of M.tb infection in CBA/J mice 353 

(22). We hypothesized that αIL-10R1 treatment blocks the negative influence of IL-10 on priming 354 
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and development of long-term memory immunity. Because the presence of IL-10 can also 355 

influence maintenance of M.tb infection as we have described (21), we separated immune cell 356 

priming from M.tb infection by blocking the action of IL-10 during IL-10R1/BCG vaccination 357 

instead of at M.tb infection. The superior control of M.tb infection that we observed in IL-358 

10R1/BCG vaccinated mice demonstrates that IL-10 inhibits the early development of long-term 359 

memory immunity. Further supporting our findings, we have previously demonstrated that 360 

selective delipidation of BCG, which induces less IL-10, generates enhanced protection against 361 

M.tb challenge minimizing tissue damage when compared to conventional BCG (43).   362 

 363 

IL-10R1 blockade during vaccination has been tested in various short term experimental or 364 

disease models (44-46), including a mouse model of herpes virus (HPV) 16 E7 transformed TC-365 

1 tumor growth, where inclusion of IL-10R with vaccination enhanced specific cytolytic (CTL) 366 

responses (47). Similarly, blockade of IL-10R1 permitted an otherwise ineffective DNA vaccine to 367 

become highly efficient at stimulating CD4+ and CD8+ T cell responses, leading to accelerated 368 

clearance of lymphocytic choriomeningitis virus (LCMV) in mice (48). Moreover, IL-10 blockade 369 

was shown to enhance the magnitude and quality of TH1 responses sufficient to reduce 370 

vaccination/boost frequency from three vaccine doses to only one dose (49). Indeed,IL-10R1 371 

has also been used in combination with BCG to induce anti-cancer immunity which protected 372 

mice from bladder cancer (50). Thus, these combined studies highlight the potential for IL-10 373 

modulation as a host directed therapy during vaccination to improve protective immunity against 374 

a variety of different disease models, including TB, and we postulate that studies of IL-10 375 

modulation during initial vaccination should be revisited as a mechanism to boost host protective 376 

immunity with vaccines that have known diminished long-term protection efficacy, such as BCG.   377 

Protective immunity generated by BCG vaccination wanes over time in humans and in most 378 

experimental animal models (37, 38, 51-53). Interestingly, BCG vaccination induces strong TH1 379 
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responses (54-57), and both M.tb infection and BCG immunization induces effector T cells (57-380 

62). However, long lived central memory T cells are associated with superior efficacy of 381 

experimental TB vaccines (63-68). In contrast to many short-term microbial infections where a 382 

rapid effector T cell response can resolve infection, BCG must stimulate long-term memory 383 

immunity to maintain effective control of a recent or a latent M.tb infection, often in the absence 384 

of sterilizing immunity.  Adding additional complexity, BCG also induces IL-10 production which 385 

diminishes long-term antigen specific TH1 immune responses (55, 69-72). In this current study, 386 

we determined immune responses to IL-10R1/BCG vaccination at week 1 to observe the 387 

immediate impact of IL-101R blockade, and at week 7 post vaccination to characterize the 388 

immune status in the lung at the time of M.tb challenge. At week 1, BCG vaccination alone 389 

increased IL-10 in the lung, which remained high 7 weeks later. Interestingly, IL-10R1/BCG 390 

vaccination reduced IL-10 and led to a concomitant reduction in pro-inflammatory cytokines in the 391 

lung. The reduction in pro-inflammatory cytokines was independent of BCG burden as we did not 392 

detect BCG in the lungs, and it was accompanied by a modest increase in central and effector 393 

memory CD4+ and CD8+ T cell subsets in the lungs, with enhanced antigen specific TH1 and 394 

TH17 responses. Thus, a single IL-10R1/BCG cocktail dose was capable of modifying the local 395 

lung environment immediately following vaccination.  396 

 397 

IL-10 is a pleotropic cytokine secreted by various immune cells, with innate cells being a source 398 

of IL-10 production during the early phase of BCG vaccination (73). Innate cells can also respond 399 

to IL-10 and alter their function (74).  Thus, the immediate impact of IL-101R blockade during 400 

BCG vaccination may reflect changes in innate cell function including enhanced and prolonged 401 

antigen presentation, resulting in altered T cell priming and generation of long-lived T cell 402 

responses (27, 75).  Indeed, IL-10 from non- B or -T cell sources have been shown to regulate 403 

dendritic cell driven TH1/TH2 responses in-vivo (75), where, similar to our findings, early IL-10 404 
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blockade enhanced TH1/TH17 responses associated with accelerated fungal clearance in mice 405 

(76).  406 

 407 

Our studies extend observations by Pitt et al., where IL-10R1 treatment given at the time of BCG 408 

vaccination, and for an additional 6 weeks thereafter, promoted antigen specific TH1/TH17 409 

immunity in the lungs, and reduced M.tb burden, defining an association between enhanced 410 

protection and TH1/TH17 responses (28), However, the extended period of IL-10R1 treatment 411 

(for 6 weeks post vaccination) could not fully separate the timing of the negative influence of IL-412 

10 on the early generation of long-term protective immunity, from effector functions. Our single-413 

dose IL-10R1/BCG vaccine strategy confirms that IL-10 can negatively impact the initial 414 

generation of long lasting protective immunity against M.tb infection. Given the short half-life of 415 

IL-10R1/IgG1, a direct pleotropic influence of IL-10R1 at week 7 post vaccination (our selected 416 

time for M.tb challenge) was unlikely (77).  417 

 418 

The CBA/J mouse strain, the strain background for our studies, has limited protection afforded by 419 

BCG (41), making it an ideal WT strain to determine if the IL-10R1/BCG cocktail can improve 420 

protective efficacy and identify potential mechanisms of action. M.tb infection of IL-10R1/BCG 421 

vaccinated CBA/J WT mice had a sustained enhanced control of M.tb infection and extended 422 

lifespan beyond 50 weeks. In contrast, BCG vaccination alone failed to extend survival relative to 423 

non-vaccinated CBA/J WT mice. A single dose of IL-10R1/BCG vaccine was also associated 424 

with reduced lung inflammation as determined by histopathology, and reduced pro-inflammatory 425 

cytokines in the lung at week 4 and 8 post M.tb infection. Pro-inflammatory cytokine production 426 

can depend on the bacterial load, yet both BCG and -IL-10R1/BCG vaccinated mice had similar 427 

M.tb burden at week 4 post infection, suggesting that -IL-10R1/BCG vaccination generates an 428 

immune response that is less inflammatory, identifying a potential causal relationship between 429 
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reduced inflammation at the time of vaccination and the generation and prolonged maintenance 430 

of IL-17/IFN-producing central memory T cells, as described by others ((43). An inflammatory 431 

environment can alter the development of effector and/or memory response generating short-432 

lived effector cells (78, 79). Thus, our results support the concept that a strong inflammatory 433 

response regulates T cell sensitivity, proliferation and migration of both effector and established 434 

memory T cells populations (80, 81).   435 

 436 

Our findings in WT mice treated with IL-10R1/BCG were corroborated by similar studies in IL-437 

10 knockout mice on the same CBA/J mouse strain background (22). BCG immunized IL-10-/- 438 

CBA/J mice had superior control of M.tb infection and significantly reduced lung immunopathology 439 

for up to 50 weeks post infection. Interestingly, both non-immunized and BCG immunized IL-10-/- 440 

mice had 100% survival for at least 50 weeks post infection (study end point), albeit with different 441 

immunopathology scores suggesting a possible split in survival much later. Modulation of IL-10R1 442 

at late stages of M.tb infection is already known to improve outcomes (21). However, the use of 443 

a non-conditional knockout model, while complementary, cannot spatially separate this from the 444 

influence of IL-10R1 during T cell priming but it can substantiate IL-10 as the primary driver of our 445 

observed phenotypes.  446 

 447 

Overall, our studies indicate that temporal and spatial blocking of IL-10R1 is sufficient to generate 448 

long-term protective immunity against M.tb infection in the relatively susceptible CBA/J mouse 449 

strain. Our studies identify IL-10, or its downstream effector functions, as a putative target for the 450 

development of improved vaccines for TB, and identify a single dose vaccine strategy against 451 

M.tb that can result in long-term protective immunity and reduced TB disease.  452 

 453 

 454 
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 709 

Figure legends 710 

Figure 1. IL-10 in the lung in response to BCG or BCG/αIL10-R1 administration. WT mice 711 

were immunized with saline or BCG by the subcutaneous route and euthanized at pre-determined 712 

time points (A), or immunized with BCG/αIL-10R1 or BCG/IgG1 and euthanized at 1- or 7-weeks 713 

post immunization (B). IL-10 was determined in lung homogenate by ELISA. Data represent the 714 

mean ± SE of one of two independent experiments with 3-5 mice in each group at each time point. 715 

Student's t test was performed to determine statistical significance between the saline and BCG 716 

immunized groups (A) or between the BCG/IgG1 and BCG/αIL-10R1 groups (B). *P<0.05; 717 

**P<0.001.  718 

 719 

Figure 2. Pro-inflammatory cytokines in the lung in response to BCG/αIL-10R1 720 

administration. WT mice were immunized with BCG/αIL-10R1 or BCG/IgG1 antibody 721 

subcutaneously. Immunized mice were euthanized at 1- and 7-weeks post immunization. Lungs 722 

were homogenized and centrifuged to obtain clarified homogenate. IFN-  (A), TNF-α (B) IL-17 723 

(C) and IL-12p70 (D) were measured by ELISA. Data represent the mean ± SE of one of two 724 

independent experiments with 3-5 mice in each group at each time point. Student's t test was 725 

performed to determine statistical significance between the BCG/IgG1 and BCG/αIL-10R1 726 

experimental groups at 1- and 7-weeks post vaccination. *P<0.05; **P<0.01.  727 

 728 

Figure 3. BCG/αIL-10R1 administration causes accumulation of central memory cells in 729 

lung. WT mice were subcutaneously immunized with BCG/αIL-10R1 or BCG/IgG1. Immunized 730 

mice were euthanized at 7 weeks post immunization and lung mononuclear cells were harvested 731 

and stained with fluorescent dye tagged antibodies specific for CD4 and CD8 in combination with 732 

CD44, CD62L and CCR7 and acquired by flow cytometry and analyzed by FlowJo software. 733 
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Absolute number of (A) CD4+, (B) CD4+ CD44hi (C) CD4+ CD44hi CD62L+ CCR7+ central memory, 734 

(D) CD4+ CD44hi CD62L- CCR7- effector memory, (E) CD8+, (F) CD8+ CD44hi, (G) CD8+ CD44hi 735 

CD62L+ CCR7+ central memory, (H) CD8+ CD44hi CD62L- CCR7- effector memory. Data represent 736 

the mean ± SE of one of two independent experiment with 3 to 5 mice in each group. Student’s t 737 

test was performed to determine the statistical significance between BCG/IgG1 and BCG/α-IL-738 

10R1 experimental groups. No statistical significant differences were found.  739 

 740 

Figure 4. BCG/αIL-10R1 administration increases antigen specific Th1 and Th17 cytokine 741 

responses. WT mice were immunized with BCG/αIL-10R1 or BCG/IgG1 (A-C). IL-10 -/- CBA/J 742 

mice were vaccinated with saline or BCG (D-F). Mice were euthanized at 7 weeks post vaccination 743 

and lung mononuclear cells ex-vivo stimulated without (medium) or with CFP for 48 hrs. Culture 744 

supernatant were analyzed for the production of IFN- (A, D), TNF-α (B, E) and IL-17 (C, F) 745 

respectively. Student’s t test was performed to determine statistical significance between the 746 

response to CFP of BCG/IgG1 and BCG/αIL-10R1 experimental groups (A-C) or IL-10 -/- saline 747 

and BCG experimental groups (D-F). *P<0.05. 748 

 749 

Figure 5. BCG/αIL-10R1 administration provides long-term protection against M.tb 750 

infection. IL-10-/- CBA/J mice were vaccinated with saline or BCG (A, C). WT mice were 751 

immunized with saline or BCG/αIL-10R1 or BCG/IgG1 (B, D). Mice were infected with M.tb at 7-752 

week post vaccination. Lung CFU counts in IL-10-/- (A) or WT (B). Survival curve for IL-10-/- (C) 753 

and WT (D) mice. Data in figure 5B are a combined 1 to 3 independent experiments each having 754 

5 mice in each group in all data points. Student's t test was performed to determine statistical 755 

significance between BCG/α-IL-10R1 and BCG/IgG1 (WT) or between saline and BCG (IL-10-/-) 756 

immunized experimental groups. *P <0.05;   **P<0.01; and P ****P<0.0001. Data in C and D 757 
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represent a single experiment with 10-14 mice in each group. Log-rank test was used to determine 758 

statistical significance of survival between BCG/αIL-10R1 and BCG/IgG1. 759 

 760 

Figure 6. BCG/αIL-10R1 administration reduces immuno-pathology in lungs after M.tb 761 

infection. WT mice were immunized with saline, BCG/αIL-10R1 or BCG/IgG1 (A-C). IL-10-/- 762 

CBA/J mice were vaccinated with saline or BCG (D-F). Mice were infected with M.tb 7- weeks 763 

post vaccination. WT and IL-10-/- mice were euthanized at predetermined time points post 764 

infection and the caudal lung lobe was quantified for pulmonary inflammation as percent of tissue 765 

involved. Pulmonary inflammation in (A) WT mice at 4, 8, 12 and 17 weeks post infection, (D) IL-766 

10-/- mice at 4, 12 and 47 weeks post infection. Percent affected area was quantified by calculating 767 

the total area of the involved tissue over the total area of the lobe for each individual mouse and 768 

graded as 1, 2, 3, 4 and 5 which corresponded to <10%, <25%, 50%, <75%, >75% of affected 769 

tissue, respectively. ELISA was performed on lung homogenates to measure the level of TNF-α, 770 

IL-17, IFN-γ and IL-10 in (B) WT mice at 4 weeks post infection, (C) WT mice at 12 weeks post 771 

infection, (E) IL-10 -/- mice at 4 weeks post infection and (F) IL-10 -/- mice at 12 weeks post 772 

infection. Data in Figure 6A-C represent the mean ± SE of one of two independent experiments 773 

with 3 to 5 mice in each group at each time point. Student's t test was performed to determine 774 

statistical significance between BCG/αIL-10R1 and BCG/IgG1 (WT mice) or between saline and 775 

BCG (IL-10-/- mice), immunized experimental groups. *P<0.05; **P<0.01.  776 

 777 

Figure 7. BCG/ αIL-10R1 administration enhances central memory T-cell responses in lung 778 

of M.tb infected mice.  WT mice were subcutaneously immunized with saline, BCG/αIL-10R1 or 779 

BCG/IgG1. 7 weeks later, mice were challenged with M.tb and euthanized at the 4- (A-H) and 8-780 

week (I-P) post infection. Figure represents absolute number of (A, I) CD4+, (B,J) CD4+ CD44hi, 781 
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(C,K) CD4+CD44hiCD62L+CCR7+ central memory, (D,L) CD4+CD44hiCD62L-CCR7- effector 782 

memory, (E,M) CD8+, (F,N) CD8+CD44hi, (G,O) CD8+CD44hiCD62L+CCR7+ central memory, 783 

(H,P) CD8+CD44hiCD62L-CCR7- effector memory. Data are the mean ± SE of one of the two 784 

independent experiment with 3 to 5 mice in each group. Student’s t test was performed to 785 

determine the statistical significance between BCG/αIL-10R1 or BCG/IgG1 experimental groups. 786 

*P<0.05; **P<0.01. 787 

 788 

Figure 8. BCG/αIL-10R1 administration enhances antigen specific IFN-γ and IL-17 levels in 789 

lungs after M.tb infection. WT mice were s.c. immunized with saline, BCG/αIL-10R1 or 790 

BCG/IgG1. At 7 weeks later, mice were challenged with M.tb and euthanized at 4 and 8 weeks 791 

post infection. Isolated lung mononuclear cells were ex-vivo stimulated with medium or M.tb CFP 792 

for 48 hrs. Culture supernatant of WT mice were analyzed for the production of (A, C) IFN- and 793 

(B, D) IL-17 by ELISA. Student’s t test was performed to determine the statistical significance 794 

between the medium and CFP stimulation within an experimental group and between the groups. 795 

*P<0.05; **P<0.01. 796 
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