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Single-cell analysis captures the heterogeneity of T-cell popula-
tions that target defined antigens. Human immunodeficiency
virus (HIV) infection results in defects of antimycobacterial
immunity, which remain poorly defined. We therefore recruited
a small number of subjects, including those with latent and
active M. tuberculosis infection, with or without concomitant
HIV infection, and tracked the mycobacterial glycolipid-
reactive T-cell repertoire by using CD1b tetramers. Glycolip-
id-reactive T cells expressed memory markers and the HIV
coreceptors CD4 and CCR5; they were not detected in subjects
with HIV-associated activeM. tuberculosis infection. HIV infec-
tion may affect T cells that recognize mycobacterial glycolipids
and influence immunity.
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Elucidating molecularly defined effectors of antimycobacterial
immunity in vivo during human infection is a fundamental
prerequisite for the development of a new, protective tuberculo-
sis vaccine. Experimental infection in model organisms, as well
as rare single gene defects in people predisposed to mycobacte-
rial infection, have identified CD4+ T cells and the effector
molecules they release as central to control of intracellular
mycobacteria [1]. Most published studies have relied on func-
tional measurements of bulk T-cell populations, which may
mask significant heterogeneity and confound interpretation of
complex pathogen-driven responses. Newer single-cell analytics
based on flow cytometry with specific markers, including
tetramer staining of T-cell receptors (TCRs), reveal unexpected

aspects of cellular phenotype and function [2], as well as
clonotypic differences in antimicrobial efficacy [3].

During mycobacterial infection, T cells target peptides [4],
microbial metabolites [5] and lipid antigens presented by non-
polymorphic CD1 molecules [6]. The precise role of these T-cell
subsets during natural infection in humans remains unknown
and has been difficult to explore, owing to the lack of single-
cell detection reagents. Whereas early studies suggested that
CD1-reactive T cells typically express CD8 or no T-cell corecep-
tor [7], our recent study found that polyclonal CD1b-reactive
cells express CD4, raising the possibility that CD1b-restricted
T cells are targets of HIV infection [8]. The mycobacterial
glycolipid-reactive repertoire identified by CD1b tetramers
loaded with glucose monomycolate is composed of cells that
express a conserved, high-affinity T-cell receptor, TRAV1-2
[9], and TCRs with a limited TRBV4-1 β chain repertoire or
diverse T-cell receptors [10]. Longitudinal functional studies
of T-cell responses to the related mycobacterial lipid mycolic
acid suggest the possibility of immunological memory to
mycobacterial glycolipids [11]. We therefore sought to evaluate
potential T-cell memory to the mycobacterial glycolipid glucose
monomycolate.

To obtain an approximate measurement of the mycobacterial
glycolipid-reactive T-cell repertoire ex vivo, we used newly
developed CD1b tetramers in a study of African patients with
tuberculosis, with and without HIV coinfection. We found
that glycolipid-reactive T cells persisted over time, expressed
memory markers and the HIV coreceptor CCR5, and were
disrupted by HIV infection.

METHODS

Subjects
Subjects were recruited into the iThimba study at McCord
Hospital in Durban, South Africa, overseen by the University
of KwaZulu-Natal Biomedical Research Ethics Committee
(Protocol BFC 115/09), the Partners Healthcare Institutional
Review Board (Protocol 2002-P-000061), and the Harvard
Committee on Microbiologic Safety (Protocol 08–184). HIV
status was assessed at baseline by means of an HIV-specific
enzyme-linked immunosorbent assay and by measuring the
HIV load; viral loads were measured quarterly, at each visit,
for the duration of the study. Subjects received a diagnosis of
active tuberculosis, based on symptom questionnaire and
sputum analysis that revealed either positive results of acid-
fast bacilli smear and/or growth of Mycobacterium tuberculosis
on culture. Asymptomatic subjects were classified as being
latently infected with M. tuberculosis, based on negative find-
ings of sputum analysis and a positive interferon γ (IFN-γ)
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enzyme-linked immunospot (ELISPOT) response to the
M. tuberculosis–specific peptides ESAT-6 and/or CFP-10.
After informed consent was obtained from participants, 50
mL of blood was collected and cryopreserved; subjects returned
quarterly for symptom review, repeat HIV load testing and
tuberculosis ELISPOT analysis, and banking of peripheral
blood mononuclear cells (PBMCs). Subjects with active
M. tuberculosis infection were enrolled at the time of diagnosis
for a single time point, after which they were referred for tuber-
culosis treatment and antiretroviral therapy.

Tetramer Staining of Human PBMCs
Glucose monomycolate with short alkyl chains (C32 GMM)
was sonicated in 82 µL of 50 mM sodium citrate at pH 4.0 for
2 minutes. The mixture was then added at 100-fold molar excess
to CD1b monomers and incubated in a 37°C water bath for
2 hours, with vortexing every 15 minutes, and neutralized
to pH 7.4 with 6 µL of Tris (pH 9). Tetramers were generated
and validated as previously described [8]. Approximately
5 million cryopreserved PBMCs per subject were thawed and
incubated overnight at 37°C in T-cell medium. Cells were sub-
sequently harvested and treated with human AB serum before
staining with 1 µg of tetramer for 60 minutes at room temper-
ature in the dark, after which they were washed and stained with
live/dead fixable dyes (Invitrogen). Cells were washed again and
then stained with monoclonal antibodies, including CD3 (BD),
CD4, CD14, CD19, TRAV1-2, CCR5, and CD45RO (Biole-
gend), for 20 minutes at 4°C and then fixed in 2% formaldehyde
prior to fluorescence-activated cell-sorting analysis. Subjects
were considered positive for tetramer staining if there was a
3-fold higher frequency of T cells that stained with loaded as
compared to control tetramers. Statistical analysis was per-
formed using GraphPad Prism 6 software. The percentage
of CD4+ tetramer–positive cells was compared between HIV-
positive and HIV-negative subjects, using the Mann–Whitney
test; the percentage of subjects with detectable tetramer-positive
cells was compared between HIV-positive and HIV-negative
subjects with active tuberculosis, using a 2-tailed Student t test.

RESULTS

Glycolipid-Reactive T Cells Are Memory T Cells That Express HIV
Coreceptors
We sought to evaluate various aspects of T-cell memory to the
mycobacterial glycolipid glucose monomycolate, using CD1b
tetramers. Three HIV-negative subjects had distinct tetramer-
positive T-cell populations at recruitment, as well as available
specimens from multiple time points, and thus were studied
longitudinally (Figure 1). Subjects D026 and D133 had evidence
of latent M. tuberculosis infection by IFN-γ ELISPOT to ESAT-
6/CFP-10; D206 was ELISPOT negative but may have received
BCG or been exposed to environmental mycobacteria, possibly
leading to sensitization to glucose monomycolate. Tetramer-
positive cells were detected at 9 and 12 months after recruitment

in subjects D026 and D133, as well as at the available repeat
time point for subject D206 3 months after recruitment. Pheno-
typing results at the 2 tested time points per subject were similar
and revealed uniform expression of the memory marker
CD45RO. Thus, T cells that target the mycobacterial glycolipid
glucose monomycolate persist over time and express a key cell
surface marker associated with memory. Recent studies have
shown that TCR expression by T cells reactive to CD1b and
GMM is enriched for TRAV1-2, which define germ-line–
encoded mycolyl-reactive (GEM) TCRs [9], as well as TCRs
with conserved TRBV4-1 β chains or diverse TCRs [10]. The
variable chain TRAV1-2 constitutes approximately 1.2% of αβ
T cells on average; here TRAV1-2+ cells ranged from 15.10% to
92.9% of CD4+ tetramer–positive cells. These data confirm this
TCR α chain as a marker of GEM T cells. In addition, the
majority of CD1b tetramer–positive cells also expressed the HIV
co-receptor CCR5 and are thus potential targets of HIV infection.

HIV Disrupts the Mycobacterial Glycolipid-Reactive T-Cell Repertoire
T cells and natural killer T cells that express CD4 and the HIV
coreceptor CCR5 can be infected in vitro with HIV, and their
numbers are reduced in vivo during HIV infection [12]. There-
fore, we sought to measure CD1b tetramer–positive cells among
8 HIV-negative and 7 HIV-positive patients. In HIV-negative
patients, we detected tetramer-positive cells with very bright
staining intensity (mean fluorescence intensity, 8641); subgat-
ing for CD4 expression revealed CD4 predominance in all
cases and 100% CD4 positivity among patients with the bright-
est tetramer staining. With one exception (subject 126), HIV-
positive patients showed a different pattern. Although some
cells entered the tetramer-positive gate, these cells showed
lower tetramer staining intensity (mean fluorescence intensity,
3932) and contained a much lower absolute prevalence of CD4+

T cells (45%; P = .0207, by the Mann–Whitney test; Supplemen-
tary Figure 1). This pattern might have resulted from a general
depletion of CD4+ T cells, but the combined pattern of lower
intensity and fewer CD4+ T cells was more consistent with
a loss of GEM and other CD1b-restricted T cells during HIV
infection. Therefore, we designed a cohort study to measure
mycobacterial glycolipid-reactive T cells during HIV infection
and assessed whether their absence might be associated with
incident tuberculosis.

T Cells That Target Glycolipids Are Not Detected in HIV-Associated
Tuberculosis
We studied 8 HIV-negative subjects with active tuberculosis and
7 HIV-positive subjects with active tuberculosis, all prior to
the initiation of antimicrobial therapy. The 2 groups were
similar with regard to ethnicity, sex (55% of the HIV-negative
participants were women, as were 43% of the HIV-positive
participants), and tuberculin status; the HIV-positive group
was slightly younger (mean age, 30 years vs 36 years in the
HIV-negative group) and had lower mean CD4+ T-cell counts
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Figure 1. Glycolipid-reactive T cells are memory T cells that express human immunodeficiency virus coreceptors. Peripheral blood mononuclear cells (PBMCs) from 3 subjects (D026, D133, and D206) were stained with CD1b tetramers at
defined intervals. PBMCs were stained with CD3 FITC, CD4 brilliant violet 421, TRAV1-2 PE-Cy7, CCR5-PE, CD45RO-PercP-Cy5.5, CD14 APC-Cy7, CD19 APC-Cy7, near-infrared viability dye, and CD1b tetramers labeled with allophycocyanin
and were gated on live lymphocytes. Each subject had detectable CD1b-tetramer–positive cells (for which positive staining was defined as a 3-fold increase in the percentage of T cells stained with glucose monomycolate–loaded
tetramers, compared with vehicle-loaded control tetramers) at recruitment (D206, left panel; D026 and D133, data not shown), as well as at subsequent time points 3 months (D206) or 9 and 12 months later (D026 and D133). Phenotyping
was performed at 2 time points for each subject and was similar at both; the later time point is shown.
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Figure 2. T cells that target glycolipids are not detected in human immunodeficiency virus (HIV)–associated tuberculosis. Peripheral blood mononuclear cells from 8 HIV-negative subjects with active Mycobacterium tuberculosis
infection (D020, D064, D102, D105, D190, D180, D116, and D198) and 7 HIV-positive subjects with active tuberculosis (D037, D056, D073, D076, D089, D084, and D119) were stained with CD3 FITC, CD14 PerCP-Cy5.5, CD19 PerCP-Cy5.5,
violet viability dye, and APC-labeled CD1b tetramers. The percentage of tetramer-positive subjects in each group was compared using a 2-tailed Student t test (GraphPad Prism 6).
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(328 vs 776 cells/mm3 in the HIV-negative group; Supplemen-
tary Table 1). Whereas HIV-negative subjects with active
tuberculosis at the time of diagnosis had tetramer-positive
cells at a frequency ranging from 0.0030% to 0.0560% of total
T cells, no staining above background with vehicle-loaded
CD1b control tetramers was seen in HIV-positive subjects with
active M. tuberculosis infection (Figure 2). The difference in the
percentage of subjects with detectable glycolipid-reactive T cells
between the 2 groups was compared using a 2-tailed Student t
test (P = .0010). Thus, the mycobacterial glycolipid-reactive
T-cell repertoire is composed of memory T cells that express
HIV coreceptors and is impacted by HIV infection in vivo.

DISCUSSION

In this small study of African subjects, we have found that the
mycobacterial glycolipid-reactive T-cell repertoire is composed
of memory CD4+ T cells that express the HIV coreceptors
CD4 and CCR5. In contrast, CD3+ tetramer-positive CD4+

cells are essentially undetectable in HIV-positive subjects
(Supplementary Figure 1) and subjects coinfected with HIV
and M. tuberculosis (Figure 2). Previously reported CD4− T
cells that respond to M. tuberculosis in the presence of CD1b
and can be derived from HIV-positive subjects [13] may be
present at a precursor frequency below the detection threshold
of CD1b tetramers. Bulk T-cell populations that respond to
mycobacterial antigens in functional assays cannot be detected
early after HIV infection, suggesting that the dysfunction of
antigen-specific CD4+ T cells may contribute to the increased
rates of incident tuberculosis in this group [14]. Functional
assays, however, cannot distinguish between T-cell anergy
(antigen unresponsiveness) and T-cell deletion, an important
distinction when considering whether a particular antigen spe-
cificity and/or functional phenotype is critical to the mainte-
nance of latency. Major histocompatibility complex tetramers
overcome this limitation but are themselves limited by both
genetic polymorphism and epitope diversity. CD1b tetramers
that identify human T cells reactive to mycobacterial glycolipids
overcome these barriers because CD1b is nonpolymorphic and
mycobacterial glycolipids are synthesized via conserved path-
ways not subject to immune escape. Here we show that a
high-affinity T-cell population that targets mycobacterial glyco-
lipids is disrupted by HIV infection. Whether these cells are
mere bystanders of bulk CD4 depletion or whether their loss
either predicts incident tuberculosis or contributes to it remain
important questions for future study.

Tetramers might have failed to detect antigen-specific T cells
during active infection, owing to downregulation of the T-cell
receptor; our findings, as well as those from studies of bacille
Calmette-Guerin infection in mice [15], suggest that is not the
case. We had considered that antigen-specific T cells might
home to infected tissues and not be detectable in the peripheral
circulation; our findings and those from studies of mycolic

acid–reactive T cells [11] show that these cells can in fact be
detected in the periphery during active infection. Panels of
clones have shown that GEM T cells express TRAV1-2 TCRs
with high affinity for CD1b and coexpress CD4. Other
GMM-reactive T cells, known as LDN5-like T cells, do not
express TRAV1-2, have lower affinity binding to CD1b-GMM
complexes, and have diverse coreceptor expression. Here poly-
clonal T cells studied ex vivo show similar linkage of TRAV1-2+

TCRs to higher-avidity CD1b binding and higher rates of CD4
expression. Whether TCR use or other aspects of surface
phenotype [2] or effector function [7] correlate with latency
or active disease are fascinating questions that remain to be
answered.

In conclusion, CD1b tetramer–positive cells express surface
receptors that make them targets of HIV infection and are dif-
ficult to detect during chronic HIV infection. These findings
provide an unexpected connection between HIV and a newly
defined population of mycobacteria-specific T cells. Whether
these cells impact antimycobacterial immunity and whether
their effects are direct, owing to cognate interactions with
CD1b-expressing targets, or indirect, via cytokine secretion
and activation of other cellular subsets, including peptide-
specific T cells, is an area to be actively explored prior to
harnessing glycolipid-reactive T cells in future tuberculosis
vaccines.

Supplementary Data
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