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Abstract(200 words, including titles):  37 

 38 

Purpose of review 39 

Tuberculosis is the leading infectious cause of death worldwide, and HIV-1 the best 40 

recognized risk factor for active TB.  This review focuses on immune complex formation; the 41 

interplay of type I and II interferon signaling; and T cell activation in HIV-TB pathogenesis.  42 

Recent findings 43 

Circulating immune complexes and complement, and Fc signaling in whole blood act as 44 

early markers of TB disease in HIV-1 infected persons. HIV-1 is associated with a type I 45 

interferon response in whole blood, reducing the specificity of TB biomarkers dependent on 46 

type I and II interferon genes.  Type I and type II interferons are implicated in both 47 

protection and TB pathology, a protective outcome may depend on modulating these 48 

pathways. Whilst Mtb-specific CD4 T cells are preferentially depleted during HIV-1 infection, 49 

activation markers on Mtb-specific CD4 T cells, in particular HLA-DR, reflect immune 50 

activation and have promise as biomarkers of Mtb disease activity in individuals with HIV-1.  51 

Summary  52 

TB pathogenesis in HIV-1 involves a complex interaction of underlying activation of both the 53 

innate and adaptive immune systems.  Further research is required to understand whether 54 

biomarkers of activation could be used to predict or quantify TB disease in the context of 55 

HIV-1 infection. 56 

 57 

Keywords: tuberculosis, HIV-1, interferon, immune complex, systemic activation   58 
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The pathogenesis of HIV-TB co-infection (2472 words) 59 

 60 

Introduction 61 

Tuberculosis (TB) recently replaced HIV-1 as the leading infectious cause of death 62 

worldwide, causing an estimated 1.7 million deaths in 2016, of whom 374,000 were HIV-1 63 

infected persons(1). The true burden of TB in those with HIV-1 may be an underestimate, as 64 

post mortem studies have found TB in 40% of those who had died of HIV-1(2). HIV-1 65 

significantly increases the risk of active tuberculosis (3). Equally, TB is thought to accelerate 66 

HIV-1 progression, creating an environment that promotes viral replication(4).  67 

 68 

Understanding the pathogenesis of HIV-TB co-infection is essential to the development of 69 

much needed new biomarkers, diagnostics and vaccines, as previously reviewed(4). This 70 

review focuses on three recent and notable facets in our understanding of HIV-TB co-71 

infection; firstly, the role of immune complex formation in early co-infection, secondly, the 72 

role of type I and II interferon signaling, and finally, the impact of markers of T cell 73 

activation during co-infection.  74 

 75 

Immune complex formation in the pathogenesis of early HIV-TB  76 

 77 

The clinical presentation of TB in HIV-1 infected persons varies by CD4 count. Those with 78 

high CD4 counts (>350 cells/mm3) present similarly to HIV-1 uninfected persons, albeit with 79 

increased incidence(4). The higher incidence of unique isolates of Mycobacterium 80 

tuberculosis (Mtb) by molecular typing in early HIV supports the notion that previously 81 

acquired Mtb infection is reactivated (5). By contrast presentation in those with low CD4 82 

counts (<100/mm3) is frequently disseminated reflecting progression of disease following 83 

recent infection or reinfection, supported by increased clustering of Mtb by molecular 84 

typing in persons with advanced HIV-1 infection(5).  85 

 86 



 5 

The importance of the granuloma and the role CD4 T cells play in the initial control of TB 87 

infection is clear, however less is known about the pathogenesis of early disease that occurs 88 

following failure of granulomatous control.  We have recently shown that 2-deoxy-2-89 

[18F]fluoro-D-glucose positron emission and computed tomography (FDG-PET/CT) can be 90 

used as a research tool to investigate early disease. In a study of 35 asymptomatic, HIV-1 91 

infected persons with CD4 > 350 cells/mm3, no previous history of TB treatment, positive 92 

IFN- release assay, and negative microbiological screening culture we demonstrated that 93 

10 had abnormalities consistent with subclinical disease. Of these, 90% had evidence of 94 

infiltrates and/or fibrotic scarring in the upper lobes in a distribution typically seen in HIV 95 

uninfected adults.  Those with evidence of subclinical disease were significantly more likely 96 

to experience symptomatic disease progression(6*).   97 

 98 

HIV-1 infected adults with subclinical TB, identified by FDG-PET/CT, had an increased 99 

abundance of transcripts in whole blood relating to the classical complement pathway and 100 

Fc receptors, when compared to HIV-1 infected adults without active TB(7**). This increase 101 

has subsequently been observed in HIV-1 uninfected persons prior to TB disease 102 

presentation(8). Increasing complement transcript abundance correlates with increasing 103 

levels of circulating immune complexes (CIC), which bind complement and Fc receptors 104 

and C1q, that were also elevated in those with subclinical disease (Figure 1.) (7**).  Elevated 105 

levels of CIC in active TB, even in those culture negative, in HIV-1 uninfected persons is 106 

recognised(9). The role that immune complexes may play in the pathogenesis of early 107 

tuberculosis disease in persons of differing levels of immunocompetence is yet to be fully 108 

determined(9), however recent evidence suggests this may be a critical stage in disease 109 

progression(10).   110 

 111 

Mycobacterial antigen can be detected within Mtb uninfected cells, in early stages of 112 

disease even when overall numbers of visible acid-fast bacilli are low(11,12).  Of note, it has 113 

previously been shown that mRNA levels of the secreted Ag85B increase 14.6-fold in 114 

comparison to 16S ribosomal rRNA in the first 24-hours of intracellular infection, and are 115 



 6 

enhanced by exogenous and endogenous TNF-(13).  Recently, Srivastava et al. described 116 

intracellular Mtb as able to release free antigen extracellularly via kinesin-2 dependent 117 

antigen export vesicles, which facilitate cell-to-cell antigen transfer in part as an immune 118 

evasion strategy(14,15).  B-cell clusters are frequently identified within TB lesions and free 119 

antigen released extracellularly could form immune complexes with locally produced 120 

antibody(12,16,17).  Solubilization of immune complexes is critical to prevent local 121 

precipitation in tissue and in situ triggering of the pro-inflammatory complement 122 

cascade(18).  This solubilisation is initially facilitated by binding of C1q to immune 123 

complexes, which prevent larger complexes forming, and may account for increases in C1q 124 

expression at the site of disease(19,20).  Similarly, increased expression of Fc receptor 125 

would facilitate intracellular take up of antigen.  Ridley and Ridley observed in a detailed 126 

histopathological study of 31 cases of TB, that when antigen was phagocytosed within 127 

mononuclear cells there was little noxious effect to surrounding tissue.  However, where 128 

antigen was externalised, bound to the interstitial connective tissue and associated with 129 

complement this was associated with evidence of localised necrosis(12).  Hunter established 130 

that antigen increase precedes tissue necrosis leading to a significant increase in bacillary 131 

numbers(11).  Taken together this suggests that, in both HIV-1 infected (with high CD4 132 

counts) and in HIV-1 uninfected adults, extracellular free antigen release may occur early in 133 

TB disease while bacillary numbers are low. Immune complex formation may simultaneously 134 

benefit the pathogen (facilitating cell-to-cell transfer of antigen and immune evasion) and 135 

be harmful to the host (resulting in complement mediated immunopathology). 136 

 137 

Interplay of interferon signalling in the pathogenesis of HIV-TB 138 

 139 

One of the most well studied groups of signalling proteins involved in HIV-1 and Mtb 140 

infections are the interferons (IFNs). Type 1 interferons (IFN-/) are classically induced by 141 

HIV-1 infection and type 2 IFN (IFN-) by Mtb infection(21). Blood transcriptional profiling of 142 

TB patients has identified a role for neutrophil-driven type I and II IFN in TB disease(7**,22), 143 

suggesting there may be an interaction between these signalling pathways in individuals 144 

infected with HIV-1 and Mtb. 145 
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 146 

Whole blood transcriptomics has provided insight into disease pathogenesis in tuberculosis 147 

and more recently in predicting disease development(7**,22,23).  Zak et al. have shown 148 

that the whole blood abundance of 16 gene transcript pairs, recently reduced to 11 gene 149 

transcript pairs in peripheral blood mononuclear cells (PBMC) with equal sensitivity and 150 

specificity(24),  can predict disease progression over a 12 month period in HIV-1 uninfected 151 

adolescents(8). This signature is dominated by IFN-inducible transcripts and has reduced 152 

diagnostic specificity for HIV-TB disease (7**,23,25*). Moreover, whilst IFN-based 153 

transcriptional signatures poorly discriminate HIV-1 from TB-HIV, we found IFN- and 154 

CXCL10 protein levels in serum contributed to a signature predicting TB risk in HIV-1 155 

infected individuals (unpublished data), which was verified in a cohort of advanced HIV-TB 156 

co-infected patients with a CD4 count <100 cells/mm3 (7**,25*). Interestingly, high 157 

circulating CXCL10 inhibits CXCR3+ NK cell function during HIV-1(26), suggesting that 158 

excessive interferon signalling induced by HIV-1 may inhibit host Mtb responses, due to 159 

diminished NK IFN- production. Therefore understanding the role of interferons in disease 160 

progression is key, as the higher baseline threshold of IFN signalling in individuals with HIV-161 

1(27) may lead to quicker TB disease progression.  162 

 163 

Transcriptomic modular approaches combined with whole blood deconvolution have 164 

indicated that IFN signalling in HIV-1 is not restricted to a single cell type, but occurs in 165 

multiple cell types, including neutrophils and B cells (Figure 1) (28). Interestingly, B cells 166 

from mice infected with Mtb induce type I IFN via a key protein, Stimulator of IFN Genes 167 

(STING) and, to a lesser extent, the C-type lectin Mincle signalling. This modulates 168 

macrophage polarization towards an M2-type anti-inflammatory phenotype(29) which 169 

would be predicted to lead to a poorer outcome following Mtb infection. Furthermore, B 170 

cells isolated from pericardial fluid from TB patients display higher type I IFN transcripts 171 

than in the blood, indicating B cells also contribute to type I IFN signalling at disease 172 

site(29).  173 

 174 
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IFNs play a crucial antiviral role during acute HIV-1 infection, preventing productive viral 175 

infection through induction of host restriction factors, including the apolipoprotein B mRNA 176 

editing enzyme, catalytic polypeptide-like 3G (APOBEC3) family of proteins, tetherin and 177 

recently identified guanylate binding protein 5 (GBP5),(30–32*) the latter also being a 178 

frequent component of whole blood signatures predicting TB risk(8). HIV-1 infection in turn 179 

inhibits type I IFN production by T cells through expression of HIV encoded proteins, Nef and 180 

Tat, inhibiting IFN-β promoter stimulator-1 (IPS-1), an innate immune viral RNA sensing 181 

adaptor protein. Blocking of antiviral IPS-1 signalling, restriction factors and therefore IFN 182 

induction, results in increased HIV-1 replication (reviewed in (33)).  183 

 184 

Although type II IFN is generally thought to promote protection during initial Mtb infection, 185 

both type I and II IFN signalling have each been shown to promote protection as well as 186 

drive pathology, depending on the timing of infection and disease and the context of 187 

modulation (reviewed in (34–36)). Excessive type I IFN signalling is associated with 188 

eicosanoid imbalance resulting in inefficient bacterial containment and disease 189 

exacerbation, suggesting that type I IFN may counteract the immunoprotective effects of 190 

type II IFN on Mtb infection(37).   191 

 192 

This intricate balance was further dissected by Yan and colleagues who showed that mice 193 

deficient in Absence in Melanoma 2 (AIM2) expressed higher levels of IFN-β and suppressed 194 

IFN-γ signalling, resulting in higher infection burdens and more severe pathology (38**) . 195 

They showed that AIM2 induction of apoptosis-associated speck-like protein (ASC) results in 196 

interaction with STING, inhibiting the interaction between STING and downstream TANK-197 

binding kinase 1, (TBK1) which interacts with interferon regulatory factor 3 (IRF3), 198 

consequently reducing the release of type I IFN, in bone marrow–derived macrophages and 199 

bone marrow–derived dendritic cells (Figure 1).  200 

 201 

A recent study has shown that the product of one of the most highly induced IFN stimulated 202 

genes (ISGs), ISG15, can dually promote and protect against Mtb infection depending on the 203 



 9 

stage of disease. They demonstrated that ISG15 along with type I IFN promote bacterial 204 

replication during early infection. However, as the infection progresses, ISG15 switches to a 205 

more protective role, demonstrated by an increased susceptibility to infection observed in 206 

mice deficient of ISG15(39). The authors hypothesise that differential regulation of ISGs 207 

between people may lead to different disease outcomes.   208 

 209 

 210 

Depletion of Mtb-specific CD4 T cells and the impact of T cell activation during HIV-TB co-211 

infection 212 

Although TB risk is associated with lower peripheral CD4 T cell count(40) it is also observed 213 

early after HIV-1 seroconversion in persons with relatively well-preserved peripheral CD4 T 214 

cell counts(5,41), as well as in persons on antiretroviral therapy (ART) (42,43). This has 215 

prompted further investigation into the role of selective depletion and qualitative 216 

differences in function of Mtb-specific CD4 T cells during HIV-1 infection.  217 

  218 

There is evidence that Mtb-specific CD4 T cells are preferentially depleted during HIV-TB co-219 

infection, a phenomenon not observed during co-infection with other pathogens such as 220 

cytomegalovirus(44). This is thought to be driven by increased surface expression of CCR5 (a 221 

co-receptor used by R5 strains of HIV-1 to gain cellular entry) and low expression of 222 

macrophage inflammatory protein-1β (CCL4, a natural ligand of CCR5) on Mtb-specific CD4 T 223 

cells, with this being a prominent feature of lung resident Mtb-specific CD4 T cells(45–47).  A 224 

study using Mtb-specific major histocompatibility complex (MHC) class II tetramers reported 225 

a 52% lower absolute number of Mtb-specific tetramer+ CD4 T cells in HIV-1 infected versus 226 

uninfected participants with LTBI(48**). Interestingly, despite low CD4 T cell counts (median 227 

105 cells/mmᶾ), HIV-1 infected participants with active TB had comparable absolute 228 

numbers of Mtb-specific tetramer+ CD4 T cells to those of HIV-1 uninfected participants with 229 

active TB. This demonstrates that co-infection with HIV-1 does not impair Mtb-specific CD4 230 

T cells’ ability to expand in response to replicating Mtb. 231 

  232 

HIV-1 infection also mediates depletion of Mtb-specific CD4 T cells at the site of disease 233 

(Figure 1). Four studies have reported decreased frequency of Mtb-specific CD4 T cells in 234 
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broncho-alveolar lavage (BAL) samples of HIV-1 infected compared to HIV-1 uninfected 235 

healthy persons(47,49–52). The most recent of these studies by Bunjun et al. included HIV-1 236 

infected, IFN-γ release assay (IGRA) positive participants who were ART-naive with relatively 237 

preserved CD4 T cell counts (median of 619 cells/mmᶾ) as well as HIV-1 uninfected controls. 238 

In contrast with previous studies, a significantly higher number of CD3+ lymphocytes were 239 

observed in the BAL of HIV-1 infected participants compared to HIV-1 uninfected 240 

participants(53*). This comprised a 26-fold higher number of CD8 T cells and 7-fold higher 241 

number of CD4 T cells(53*), with both CD4 and CD8 T cell numbers showing significant 242 

correlation to BAL HIV-1 viral load, as seen in HIV-1 associated lymphocytic alveolitis(54). 243 

There was no significant difference in absolute number of Mtb-specific CD4 T cells in BAL of 244 

HIV-1 infected versus HIV-1 uninfected participants once adjusted for the higher number of 245 

CD4 T cells found in the HIV-1 infected group. The decreased frequency of Mtb-specific CD4 246 

T cells was thus counteracted by HIV-1 mediated CD4 T cell influx, resulting in comparable 247 

absolute numbers of Mtb-specific CD4 T cells to that of HIV-1 uninfected participants. 248 

Although evidence from longitudinal studies are lacking it could be postulated that the 249 

findings of Bunjun et al. are representative of early HIV-1 infection, with the three prior 250 

studies being representative more advanced HIV-1 infection as evidenced by lower median 251 

CD4 count in their HIV-1 infected participant groups.  252 

  253 

It is recognised that co-infection with Mtb contributes to immune activation observed in 254 

HIV-1 infection and that activation is associated with a higher risk of opportunistic infection 255 

and death(55–57). Several markers have been associated with immune activation e.g. CD38, 256 

programmed death receptor 1 (PD-1), Ki-67 and HLA-DR(60–63**). Riou et al. showed that 257 

there is higher HLA-DR expression on Mtb-specific cells from HIV-1 infected compared to 258 

HIV-1 uninfected persons both in LTBI and active TB(61**). In the HIV-1 infected LTBI group 259 

HLA-DR expression was similar to that observed in the bulk CD4 T cell compartment and 260 

thus indicative of HIV-1 mediated systemic immune activation. Activated CD4 T cells 261 

expressing CD26 and HLA-DR have also been implicated as sources of HIV replication during 262 

HIV-TB co-infection, thus accelerating HIV-1 disease progression(62). There is evidence that 263 

systemic immune activation also imparts higher TB risk. In a cohort of HIV-1 unexposed, BCG 264 

vaccinated infants the frequency of activated HLA-DR+ CD4 T cells correlated with TB risk, 265 

with the highest risk being observed in those with the highest levels of response(63). In turn 266 
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these findings were confirmed in a cohort of HIV-1 uninfected adolescents(63). HLA-DR 267 

expression on Mtb-specific CD4 T cells holds promise as biomarker of disease activity during 268 

HIV-TB co-infection and could be explored by future longitudinal studies as predictive 269 

biomarker of TB risk in HIV-1 infection. 270 

 271 

 272 

Conclusions 273 

 274 

Recent evidence emphasizes the diversity and complexity of the immune response to TB in 275 

persons infected with HIV. Using novel FDG-PET/CT imaging to identify HIV infected 276 

individuals with early TB disease, circulating immune complexes are a hallmark of TB risk 277 

and may contribute to disease progression. Type I and type II interferons have both been 278 

shown to promote protection as well as pathology, depending on timing and context of 279 

modulation. Mtb-specific CD4 T cells are preferentially depleted by HIV-1, but still retain 280 

their ability to expand in response to Mtb. CD4 T cell expression of HLA-DR may be a useful 281 

marker of systemic immune activation and disease activity in HIV-TB co-infection. 282 

 283 

Figure 1. 284 

Interplay of immune activation driving HIV-Mtb pathogenesis.  285 

Elevated levels of circulating immune complexes found in early stages of HIV-TB co-infection 286 

are associated with localised tissue necrosis and may lead to increased bacillary numbers. 287 

The immunoprotective effects of type II IFN on Mtb infection in macrophages co-infected 288 

with HIV-1 are suppressed by the excessive type I IFN signalling, which leads to inhibition of 289 

IFN and  IL-1 signalling and inefficient containment of Mtb infection and disease 290 

exacerbation.  AIM2 induction of ASC, which blocks STING interacting with TBK1 can inhibit 291 

IFNα/β, potentially improving outcomes. Type I interferon can also induce expression of HIV 292 

restriction factors; a mechanism that is further inhibited by HIV proteins Nef and Tat. An 293 

increase in HIV replication leads to infection of Mtb-specific CD4 T cells mediated through 294 

their increased expression of CCR5 and decreased expression of CCL4. They are however 295 

able to expand numerically in response to replicating Mtb. The influx of CD4 T cells to the 296 
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lung during early HIV-1 infection of persons with latent TB infection (LTBI) present new 297 

targets for HIV-1 infection.  298 

 299 

Key points:  300 

 Circulating immune complexes are markers of early disease progression in HIV-TB 301 

 Type I and II interferon signalling are potential targets to reduce HIV-TB driven 302 

pathology   303 

 Systemic immune activation precedes CD4 T cell depletion as a factor of HIV-TB risk 304 

but is reflected in HLA-DR expression on CD4 T cells that may be a useful marker of 305 

disease activity during HIV-TB co-infection 306 

 307 

Acknowledgements:  308 

E.dB is supported by National Institutes for Health (UO1AI115940). N.P. is supported by the 309 

Carnegie Corporation of New York. A. K. C. is supported by the Walter and Eliza Hall Institute 310 

of Medical Research, the Medical Research Council of South Africa (SHIP-02-2013), the 311 

National Institute of Health TB Research Unit (U19AI111276) and the South African National 312 

Research Foundation (UID109040).  R.J.W is supported by the Francis Crick Institute, which 313 

receives funding from the Cancer Research (UK) (10218), and Wellcome (10218) UKRI and 314 

Wellcome (104803, 203135). P.H. is supported by National Health Service, UK.  H.E. is 315 

supported by National Research Foundation of South Africa and Oxford University Clinical 316 

Academic School.  317 

 318 

  319 



 13 

Bibliography:  320 

1.  WHO. Global Tuberculosis Report [Internet]. 2017. p. 1–262. Available from: 321 

http://apps.who.int/iris/bitstream/10665/259366/1/9789241565516-eng.pdf?ua=1 322 

2.  Gupta RK, Lucas SB, Fielding KL, Lawn SD. Prevalence of tuberculosis in post-mortem 323 

studies of HIV-infected adults and children in resource-limited settings. AIDS. 2015 324 

Sep 24;29(15):1987–2002.  325 

3.  Pai M, Behr MA, Dowdy D, Dheda K, Divangahi M, Boehme CC, et al. Tuberculosis. Nat 326 

Rev Dis Prim. 2016;2(1):1–23.  327 

4.  Esmail H, Riou C, du Bruyn E, Lai RP-J, Harley YXR, Meintjes G, et al. The Immune 328 

Response to Mycobacterium tuberculosis in HIV-1-Coinfected Persons. Annu Rev 329 

Immunol. 2018 Apr 26;36(1):603–38.  330 

5.  Sonnenberg P, Glynn JR, Fielding K, Murray J, Godfrey‐Faussett P, Shearer S. How 331 

Soon after Infection with HIV Does the Risk of Tuberculosis Start to Increase? A 332 

Retrospective Cohort Study in South African Gold Miners. J Infect Dis. 2005 Jan 333 

15;191(2):150–8.  334 

6.  Esmail H, Lai RP, Lesosky M, Wilkinson KA, Graham CM, Coussens AK, et al. 335 

Characterization of progressive HIV-associated tuberculosis using 2-deoxy-2-336 

[18F]fluoro-D-glucose positron emission and computed tomography. Nat Med. 2016 337 

Oct 5;22(10):1090–3.  338 

 339 

The first study evaluating the utility of FDG-PET/CT as a research tool in characterising 340 

lung abnormalities in early HIV-associated TB. 341 

 342 

7.  Esmail H, Lai RP, Lesosky M, Wilkinson KA, Graham CM, Horswell S, et al. Complement 343 

pathway gene activation and rising circulating immune complexes characterize early 344 

disease in HIV-associated tuberculosis. Proc Natl Acad Sci. 2018 Jan 30;115(5):E964–345 

73.  346 

 347 

An important study evaluating whole blood transcriptional response in HIV-associated TB, 348 

showing that transcripts relating to classical complement pathway and Fcgamma receptor 349 

increased in abundance early on in disease and associated with rising circulating immune 350 

complexes 351 



 14 

 352 

8.  Zak DE, Penn-Nicholson A, Scriba TJ, Thompson E, Suliman S, Amon LM, et al. A blood 353 

RNA signature for tuberculosis disease risk: a prospective cohort study. Lancet. 2016 354 

Jun 4;387(10035):2312–22.  355 

9.  Samuel AM, Ashtekar MD, Ganatra RD. Significance of circulating immune complexes 356 

in pulmonary tuberculosis. Clin Exp Immunol. 1984 Nov;58(2):317–24.  357 

10.  Hunter RL. Tuberculosis as a three-act play: A new paradigm for the pathogenesis of 358 

pulmonary tuberculosis. Tuberculosis. 2016 Mar;97:8–17.  359 

11.  Hunter RL, Actor JK, Hwang S-A, Karev V, Jagannath C. Pathogenesis of post primary 360 

tuberculosis: immunity and hypersensitivity in the development of cavities. Ann Clin 361 

Lab Sci. 2014;44(4):365–87.  362 

12.  Ridley MJ, Ridley DS. Histochemical demonstration of mycobacterial antigen, specific 363 

antibody and complement in the lesions of tuberculosis. Histochem J. 1986 364 

Oct;18(10):551–6.  365 

13.  Wilkinson RJ, DesJardin LE, Islam N, Gibson BM, Kanost RA, Wilkinson KA, et al. An 366 

increase in expression of a Mycobacterium tuberculosis mycolyl transferase gene 367 

(fbpB) occurs early after infection of human monocytes. Mol Microbiol. 2001 368 

Feb;39(3):813–21.  369 

14.  Srivastava S, Grace PS, Ernst JD. Antigen Export Reduces Antigen Presentation and 370 

Limits T Cell Control of M. tuberculosis. Cell Host Microbe. Elsevier; 2016 Jan 371 

13;19(1):44–54.  372 

15.  Srivastava S, Ernst JD. Cell-to-Cell Transfer of M. tuberculosis Antigens Optimizes CD4 373 

T Cell Priming. Cell Host Microbe. 2014 Jun 11;15(6):741–52.  374 

16.  Hunter RL, Welsh KJ, Risin SA, Actor JK. Immunopathology of postprimary 375 

tuberculosis: Increased T-regulatory cells and DEC-205-positive foamy macrophages 376 

in cavitary lesions. Clin Dev Immunol. 2011;1–9.  377 

17.  Ulrichs T, Kosmiadi GA, Trusov V, Jörg S, Pradl L, Titukhina M, et al. Human 378 

tuberculous granulomas induce peripheral lymphoid follicle-like structures to 379 

orchestrate local host defence in the lung. J Pathol. 2004 Oct;204(2):217–28.  380 

18.  Schifferli JA, Epstein FH, Ng YC, Peters DK, Schifferli JA, Ng YC, et al. The Role of 381 

Complement and Its Receptor in the Elimination of Immune Complexes. N Engl J Med. 382 

1986 Aug 21;315(8):488–95.  383 



 15 

19.  Cai Y, Yang Q, Tang Y, Zhang M, Liu H, Zhang G, et al. Increased Complement C1q 384 

Level Marks Active Disease in Human Tuberculosis. PLoS One. 2014 Mar 385 

19;9(3):e92340.  386 

20.  Schifferli JA, Peters DK. Complement, the immune-complex lattice, and the 387 

pathophysiology of complement-deficiency syndromes. Lancet. 1983 Oct 388 

22;2(8356):957–9.  389 

21.  Travar M, Petkovic M, Verhaz A. Type I, II, and III Interferons: Regulating Immunity to 390 

Mycobacterium tuberculosis Infection. Arch Immunol Ther Exp. 2016 Feb 391 

11;64(1):19–31.  392 

22.  Berry MPR, Graham CM, McNab FW, Xu Z, Bloch SAA, Oni T, et al. An interferon-393 

inducible neutrophil-driven blood transcriptional signature in human tuberculosis. 394 

Nature. 2010 Aug 19;466(7309):973–7.  395 

23.  Kaforou M, Wright VJ, Oni T, French N, Anderson ST, Bangani N, et al. Detection of 396 

Tuberculosis in HIV-Infected and -Uninfected African Adults Using Whole Blood RNA 397 

Expression Signatures: A Case-Control Study. PLoS Med. Public Library of Science; 398 

2013 Oct 22;10(10):e1001538.  399 

24.  Darboe F, Mbandi SK, Thompson EG, Fisher M, Rodo M, van Rooyen M, et al. 400 

Diagnostic performance of an optimized transcriptomic signature of risk of 401 

tuberculosis in cryopreserved peripheral blood mononuclear cells. Tuberculosis. 2018 402 

Jan;108:124–6.  403 

25.  Verma S, Du P, Nakanjako D, Hermans S, Briggs J, Nakiyingi L, et al. Tuberculosis in 404 

advanced HIV infection is associated with increased expression of IFNγ and its 405 

downstream targets. BMC Infect Dis. 2018 Dec 15;18(1):220.  406 

 407 

A case-control study of whole blood RNA-Seq and plasma cytokine/chemokine analysis in 408 

individuals with advanced HIV, with and without active TB, identified  plasma protein 409 

levels of IFNγ, a stimulator of FcGR1A, BATF2, and CXCL10, to accurately classify active TB 410 

in advanced HIV.  411 

 412 

26.  Wang Z, Wu T, Ma M, Zhang Z, Fu Y, Liu J, et al. Elevated interferon-γ–induced protein 413 

10 and its receptor CXCR3 impair NK cell function during HIV infection. J Leukoc Biol. 414 

2017 Jul;102(1):163–70.  415 



 16 

27.  Sparks R, Koelle DM, Stern JE, Dhanireddy S. Elevated Spontaneous Interferon-γ 416 

Secretion in Human Immunodeficiency Virus-Infected Persons. Open Forum Infect 417 

Dis. 2017;4(2):ofx055.  418 

28.  Deffur A, Wilkinson RJ, Mayosi BM, Mulder NM. ANIMA: Association network 419 

integration for multiscale analysis. Wellcome Open Res. 2018 Jan 31;3:27.  420 

29.  Bénard A, Sakwa I, Schierloh P, Colom A, Mercier I, Tailleux L, et al. B Cells Producing 421 

Type I IFN Modulate Macrophage Polarization in Tuberculosis. Am J Respir Crit Care 422 

Med. 2018 Mar 15;197(6):801–13.  423 

30.  Perez-Caballero D, Zang T, Ebrahimi A, McNatt MW, Gregory DA, Johnson MC, et al. 424 

Tetherin Inhibits HIV-1 Release by Directly Tethering Virions to Cells. Cell. 2009 Oct 425 

30;139(3):499–511.  426 

31.  Morse M, Huo R, Feng Y, Rouzina I, Chelico L, Williams MC. Dimerization regulates 427 

both deaminase-dependent and deaminase-independent HIV-1 restriction by 428 

APOBEC3G. Nat Commun. 2017 Dec 19;8(1):597.  429 

 430 

This work suggests that the APOBEC3G molecules packaged in the virion first 431 

deaminate viral DNA as monomers before dimerizing to form multiple enzymatically 432 

deficient roadblocks that may inhibit reverse transcription. 433 

 434 

32.  Krapp C, Hotter D, Gawanbacht A, McLaren PJ, Kluge SF, Stürzel CM, et al. Guanylate 435 

Binding Protein (GBP) 5 Is an Interferon-Inducible Inhibitor of HIV-1 Infectivity. Cell 436 

Host Microbe. 2016 Apr 13;19(4):504–14.  437 

33.  Sandstrom TS, Ranganath N, Angel JB. Impairment of the type I interferon response 438 

by HIV-1: Potential targets for HIV eradication. Cytokine Growth Factor Rev. 2017 439 

Oct;37:1–16.  440 

34.  Moreira-Teixeira L, Mayer-Barber K, Sher A, O’Garra A. Type I interferons in 441 

tuberculosis: Foe and occasionally friend. J Exp Med. 2018 May 7;215(5):1273–85.  442 

35.  Donovan ML, Schultz TE, Duke TJ, Blumenthal A. Type I Interferons in the 443 

Pathogenesis of Tuberculosis: Molecular Drivers and Immunological Consequences. 444 

Front Immunol. 2017 Nov 27;8:1633.  445 

36.  Kumar P. IFNγ-producing CD4+ T lymphocytes: the double-edged swords in 446 

tuberculosis. Clin Transl Med. 2017 Dec;6(1):21.  447 



 17 

37.  Mayer-Barber KD, Andrade BB, Oland SD, Amaral EP, Barber DL, Gonzales J, et al. 448 

Host-directed therapy of tuberculosis based on interleukin-1 and type I interferon 449 

crosstalk. Nature. 2014 Jul 25;511(7507):99–103.  450 

38.  Yan S, Shen H, Lian Q, Jin W, Zhang R, Lin X, et al. Deficiency of the AIM2–ASC Signal 451 

Uncovers the STING-Driven Overreactive Response of Type I IFN and Reciprocal 452 

Depression of Protective IFN-γ Immunity in Mycobacterial Infection. J Immunol. 2018 453 

Feb 1;200(3):1016–26.  454 

 455 

The AIM2-IL-1β signalling pathway was found to negatively regulate the STING-type I IFN 456 

signaling pathway by blocking the association between STING and TBK1, promoting 457 

protection from M. tuberculosis infection.  458 

 459 

39.  Kimmey JM, Campbell JA, Weiss LA, Monte KJ, Lenschow DJ, Stallings CL. The impact 460 

of ISGylation during Mycobacterium tuberculosis infection in mice. Microbes Infect. 461 

2017 Apr;19(4–5):249–58.  462 

40.  Chang CA, Meloni ST, Eisen G, Chaplin B, Akande P, Okonkwo P, et al. Tuberculosis 463 

Incidence and Risk Factors Among Human Immunodeficiency Virus (HIV)-Infected 464 

Adults Receiving Antiretroviral Therapy in a Large HIV Program in Nigeria. Open 465 

Forum Infect Dis. 2015 Dec;2(4):ofv154.  466 

41.  Saharia KK, Koup RA. T Cell Susceptibility to HIV Influences Outcome of Opportunistic 467 

Infections. Cell. 2013 Oct 24;155(3):505–14.  468 

42.  Girardi E, Sabin CA, d’Arminio Monforte A, Hogg B, Phillips AN, Gill MJ, et al. 469 

Incidence of Tuberculosis among HIV-Infected Patients Receiving Highly Active 470 

Antiretroviral Therapy in Europe and North America. Clin Infect Dis. 2005 Dec 471 

15;41(12):1772–82.  472 

43.  Gupta A, Wood R, Kaplan R, Bekker L-G, Lawn SD. Tuberculosis Incidence Rates during 473 

8 Years of Follow-Up of an Antiretroviral Treatment Cohort in South Africa: 474 

Comparison with Rates in the Community. PLoS One. 2012 Mar 30;7(3):e34156.  475 

44.  Geldmacher C, Ngwenyama N, Schuetz A, Petrovas C, Reither K, Heeregrave EJ, et al. 476 

Preferential infection and depletion of Mycobacterium tuberculosis –specific CD4 T 477 

cells after HIV-1 infection. J Exp Med. 2010 Dec 20;207(13):2869–81.  478 

45.  Geldmacher C, Schuetz A, Ngwenyama N, Casazza JP, Sanga E, Saathoff E, et al. Early 479 



 18 

Depletion of Mycobacterium tuberculosis –Specific T Helper 1 Cell Responses after 480 

HIV‐1 Infection. J Infect Dis. 2008 Dec 1;198(11):1590–8.  481 

46.  Riou C, Bunjun R, Müller TL, Kiravu A, Ginbot Z, Oni T, et al. Selective reduction of IFN-482 

γ single positive mycobacteria-specific CD4+ T cells in HIV-1 infected individuals with 483 

latent tuberculosis infection. Tuberculosis. 2016 Dec;101:25–30.  484 

47.  Juffermans NP, Speelman P, Verbon A, Veenstra J, Jie C, van Deventer SJH, et al. 485 

Patients with Active Tuberculosis Have Increased Expression of HIV Coreceptors 486 

CXCR4 and CCR5 on CD4+ T Cells. Clin Infect Dis. 2001 Feb 15;32(4):650–2.  487 

48.  Strickland N, Müller TL, Berkowitz N, Goliath R, Carrington MN, Wilkinson RJ, et al. 488 

Characterization of Mycobacterium tuberculosis– Specific Cells Using MHC Class II 489 

Tetramers Reveals Phenotypic Differences Related to HIV Infection and Tuberculosis 490 

Disease. J Immunol. 2017 Oct 1;199(7):2440–50.  491 

 492 

Demonstrated that Mtb-specific CD4 T cells are able to expand in response to replicating 493 

Mtb despite their preferential depletion during HIV-TB co-infection. 494 

 495 

49.  Jambo KC, Banda DH, Afran L, Kankwatira AM, Malamba RD, Allain TJ, et al. 496 

Asymptomatic HIV-infected individuals on antiretroviral therapy exhibit impaired lung 497 

CD4(+) T-cell responses to mycobacteria. Am J Respir Crit Care Med. 2014 Oct 498 

15;190(8):938–47.  499 

50.  Jambo KC, Sepako E, Fullerton DG, Mzinza D, Glennie S, Wright AK, et al. 500 

Bronchoalveolar CD4+ T cell responses to respiratory antigens are impaired in HIV-501 

infected adults. Thorax. 2011 May 1;66(5):375–82.  502 

51.  Szabo I, Kulkova N, Sokolova J, Mikolasova G, Suvada J, Kalavska A, et al. Neurologic 503 

complications and sequellae of infectious diseases in Uganda and Kenya: Analysis of 504 

288 cases from two rural hospitals. Neuro Endocrinol Lett. 2013 Sep;34(Suppl 1):28–505 

31.  506 

52.  Kalsdorf B, Scriba TJ, Wood K, Day CL, Dheda K, Dawson R, et al. HIV-1 Infection 507 

Impairs the Bronchoalveolar T-Cell Response to Mycobacteria. Am J Respir Crit Care 508 

Med. 2009 Dec 15;180(12):1262–70.  509 

53.  Bunjun R, Riou C, Soares AP, Thawer N, Müller TL, Kiravu A, et al. Effect of HIV on the 510 

Frequency and Number of Mycobacterium tuberculosis–Specific CD4+ T Cells in Blood 511 



 19 

and Airways During Latent M. tuberculosis Infection. J Infect Dis. 2017 Dec 512 

19;216(12):1550–60.  513 

 514 

Showed that HIV-1 driven influx of T cells to the lung during early HIV-TB co-infection can 515 

result in relatively preserved absolute Mtb-specific CD4 T cell number 516 

 517 

54.  Twigg HL, Soliman DM, Day RB, Knox KS, Anderson RJ, Wilkes DS, et al. Lymphocytic 518 

alveolitis, bronchoalveolar lavage viral load, and outcome in human 519 

immunodeficiency virus infection. Am J Respir Crit Care Med. 1999 May;159(5 Pt 520 

1):1439–44.  521 

55.  Giorgi J V, Liu Z, Hultin LE, Cumberland WG, Hennessey K, Detels R. Elevated levels of 522 

CD38+ CD8+ T cells in HIV infection add to the prognostic value of low CD4+ T cell 523 

levels: results of 6 years of follow-up. The Los Angeles Center, Multicenter AIDS 524 

Cohort Study. J Acquir Immune Defic Syndr. 1993 Aug;6(8):904–12.  525 

56.  Giorgi JV, Hultin LE, McKeating JA, Johnson TD, Owens B, Jacobson LP, et al. Shorter 526 

Survival in Advanced Human Immunodeficiency Virus Type 1 Infection Is More Closely 527 

Associated with T Lymphocyte Activation than with Plasma Virus Burden or Virus 528 

Chemokine Coreceptor Usage. J Infect Dis. 1999 Apr;179(4):859–70.  529 

57.  Whalen C, Horsburgh CR, Hom D, Lahart C, Simberkoff M, Ellner J. Accelerated course 530 

of human immunodeficiency virus infection after tuberculosis. Am J Respir Crit Care 531 

Med. 1995 Jan;151(1):129–35.  532 

58.  Day CL, Abrahams DA, Harris LD, van Rooyen M, Stone L, de Kock M, et al. HIV-1 533 

Infection Is Associated with Depletion and Functional Impairment of Mycobacterium 534 

tuberculosis –Specific CD4 T Cells in Individuals with Latent Tuberculosis Infection. J 535 

Immunol. 2017 Sep 15;199(6):2069–80.  536 

59.  Sullivan ZA, Wong EB, Ndung’u T, Kasprowicz VO, Bishai WR. Latent and Active 537 

Tuberculosis Infection Increase Immune Activation in Individuals Co-Infected with 538 

HIV. EBioMedicine. Elsevier; 2015 Apr 1;2(4):334–40.  539 

60.  Pollock KM, Montamat-Sicotte DJ, Grass L, Cooke GS, Kapembwa MS, Kon OM, et al. 540 

PD-1 Expression and Cytokine Secretion Profiles of Mycobacterium tuberculosis-541 

Specific CD4+ T-Cell Subsets; Potential Correlates of Containment in HIV-TB Co-542 

Infection. PLoS One. 2016 Jan 12;11(1):e0146905.  543 



 20 

61.  Riou C, Berkowitz N, Goliath R, Burgers WA, Wilkinson RJ. Analysis of the Phenotype 544 

of Mycobacterium tuberculosis-Specific CD4+ T Cells to Discriminate Latent from 545 

Active Tuberculosis in HIV-Uninfected and HIV-Infected Individuals. Front Immunol. 546 

2017 Aug 10;8:968.  547 

 548 

An important study demonstrating that the activation marker HLA-DR is highly expressed 549 

on Mtb-specific CD4 T cells of HIV-TB co-infected persons and it can be used to 550 

discriminate those with active vs latent infection. 551 

 552 

62.  Toossi Z, Mayanja-Kizza H, Lawn SD, Hirsch CS, Lupo LD, Butera ST. Dynamic variation 553 

in the cellular origin of HIV type 1 during treatment of tuberculosis in dually infected 554 

subjects. AIDS Res Hum Retroviruses. 2007 Jan;23(1):93–100.  555 

63.  Fletcher HA, Snowden MA, Landry B, Rida W, Satti I, Harris SA, et al. T-cell activation 556 

is an immune correlate of risk in BCG vaccinated infants. Nat Commun. 2016 Apr 557 

12;7:11290.  558 

 559 


