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The non-polymorphic nature of CD1 proteins creates a situation in which T cells with

invariant T cell receptors (TCRs), like CD1d-specific NKT cells, are present in all humans.

CD1b is an abundant protein on human dendritic cells that presentsM. tuberculosis (Mtb)

lipid antigens to T cells. Analysis of T cell clones suggested that semi-invariant TCRs exist

in the CD1b system, but their prevalence in humans is not known. Here we used CD1b

tetramers loaded with mycolic acid or glucose monomycolate to study polyclonal T cells

from 150 Peruvian subjects. We found that CD1b tetramers loaded with mycolic acid or

glucose monomycolate antigens stained TRAV1-2+ GEM T cells or TRBV4-1+ LDN5-like

T cells in the majority of subjects tested, at rates ∼10-fold lower than NKT cells. Thus,

GEM T cells and LDN5-like T cells are a normal part of the human immune system.

Unlike prior studies measuring MHC- or CD1b-mediated activation, this large-scale

tetramer study found no significant differences in rates of CD1b tetramer-mycobacterial

lipid staining of T cells among subjects with Mtb exposure, latent Mtb infection or

active tuberculosis (TB) disease. In all subjects, including “uninfected” subjects, CD1b

tetramer+ T cells expressed memory markers at high levels. However, among controls

with lower mycobacterial antigen exposure in Boston, we found significantly lower

frequencies of T cells staining with CD1b tetramers loaded with mycobacterial lipids.

These data link CD1b-specific T cell detection to mycobacterial exposure, but not TB

disease status, which potentially explains differences in outcomes among CD1-based

clinical studies, which used control subjects with low Mtb exposure.
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INTRODUCTION

During the human immune response toMycobacterium tuberculosis (Mtb), MHC-restricted T cells
are primed by peptide antigens, and their numbers increase in the blood of infected patients
(1). In fact, two of the most common diagnostic tests for Mtb infection, intradermal purified
protein derivative (PPD) and interferon-γ release assays (IGRA), depend on the reliable and
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durable expansion of peptide antigen specific T cells in human
blood. However, other antigen presentation systems exist that
are encoded by non-polymorphic genes. The human CD1 family
(CD1a, CD1b, CD1c, CD1d), and MR1 present lipids and
metabolites to T cells, respectively (2–4). Because responding T
cells are not restricted to the genetic background of the host,
such T cells are considered donor unrestricted T cells (DURTs)
(5). DURTs are of interest to basic immunologists because they
raise new questions about innate function in relation to the use
of invariant TCRs, which are seen in NKT cells and MAIT cells
that recognize CD1d and MR1, respectively. For clinicians, the
non-polymorphic aspect of the CD1 system creates a situation in
which any individual might respond to one kind of immunizing
antigen, and conserved TCR patterns might allow rapid methods
to detect expansion of antigen-specific T cells.

CD1b is expressed at high levels on myeloid dendritic cells
in blood and in tissues, and on certain macrophages and other
immune cells in the periphery. There is now extensive in vitro
and molecular evidence for CD1b presentation of mycobacterial
lipid antigens to T cells. CD1b presents many mycobacterial
lipid antigens, including glucose monomycolate (GMM) and free
mycolic acid (MA) to human T cell clones (6, 7). The responding
T cell clones show effector functions that are consistent with
a role in host protection, including Th1 skewed responses,
cytotoxicity toward infected cells, and lack of response to
uninfected cells or self-lipids (8–12).

Translating these insights from in vitro studies of T cell
clones into a broader understanding of the natural polyclonal
T cell response in vivo in humans represents a major goal of
CD1 research. One study of a transgenic mouse expressing a
human MA-specific T cell receptor (TCR) and CD1b showed
evidence for T cell infiltration into mouse lung and a small
but detectable lowering of bacterial counts (2). Thus, organ-
specific host response and protection could exist, but is difficult
to study in humans given the limitations of in vitro T cell
activation assays. Human peripheral blood mononuclear cells
(PBMC) contain a sample of the highly diverse T cell repertoire
in an individual, in which each antigen specificity is represented
at low frequency. Several human studies demonstrate that,
compared to uninfected individuals, people with latent or
active tuberculosis (TB) show increased T cell recognition of
mycobacterial lipids, including mannosylphosphodolichol (13),
glucosemonomycolate (14), mycolic acid (15, 16), sulfoglycolipid
(17), and glycerol monomycolate (18).

These studies were conducted using activation assays of T
cells measured ex vivo using lipid antigens from mycobacteria.
Even trace bacterial peptides in lipid preparations made from
lipids can provide false positive T cell activation. However,
this concern is mitigated by blockade of responses with
monoclonal antibodies recognizing CD1, and the concern
is eliminated in those studies that use synthetic lipid
antigens. Another limitation of activation assays is that low
numbers of false positive events can significantly alter the
outcome of quantification of low frequency antigen-specific
T cells. Also, activation assays are subject to “bystander
effects” whereby immune cells that are indirectly activated
by cytokines and non-TCR-based mechanisms can cause

an overestimate of the number of antigen specific T
cells (19).

To bypass certain technical limitations of activation assays,
fluorescent CD1b tetramers loaded with GMM or MA can
directly detect and capture T cells that express antigen specific
TCRs. Human CD1b, CD1a, and CD1c tetramers have been
used to demonstrate the existence of CD1-reactive T cells in TB
patients (12, 20–23), but systematic comparisons to uninfected
controls have not been reported. One potential advantage
of tetramers is that the method is not destructive of cells
identified, so information on the cell surface phenotype of the
antigen-specific T cells can be derived. Also, two TCR-defined
populations are known in the CD1b system, which provides
a simple method to validate that tetramers are binding to
TCRs of interest. For example, Germline-Encoded Mycolyl lipid
reactive (GEM) T cells are defined by the expression of nearly
invariant TRAV1-2/TRAJ9+ TCR α chains and CD4+ (24).
LDN5-like T cells, named after the clone LDN5, use TRAV17
or TRBV4-1, but have highly variable joining regions and do
not seem to preferentially use any particular J segments (25).
These two recognized CD1b-reactive T cell populations have
never been studied in a large human cohort, and CD1b tetramers
in combination with antibodies against TRAV1-2 or TRBV4-1
could detect their prevalence in humans for the first time.

The initial goal of this study was to measure the frequency
of CD1b and mycobacterial lipid-reactive T cells using CD1b
tetramers in a cohort of 150 human subjects that had either
Mtb exposure but no documented infection, latent infection,
or active TB. The possibility that CD1b-reactive TCRs might
be expanded in infected patients is suggested by the behavior
of MHC-restricted T cells and prior studies of CD1-reactivity
using activation assays discussed above. On the other hand,
other T cells recognizing non-polymorphic antigen presenting
molecules, like NKT cells and MAIT cells, show no or
variable changes when measured in the blood, consistent
with a role in local rather than systemic inflammation (26–
30). For CD1b-specific T cells, including GEM T cells and
LDN5-like T cells, rates of T cells carrying antigen-specific
TCRs have not been previously measured on a large scale
with tetramers.

MATERIALS AND METHODS

Human Subjects
Subjects with active TB and their household contacts were
recruited through Socios En Salud, an affiliate of Partners in
Health, based in Lima, Peru. We enrolled 50 patients with
culture confirmed pulmonary TB and 100 of their asymptomatic
household contacts of whom 50 had positive IGRA tests,
as determined by the QuantiFERON TB-Gold In-Tube assay
(Qiagen). Fifty subjects were IGRA− so they were defined as
“exposed but uninfected”. Participants were at least 14 years
old and had a negative HIV serology test. Peripheral blood
mononuclear cells (PBMC) were isolated from 50ml of blood
and cryopreserved at 5 × 106 cells per aliquot. The Brigham
and Women’s Hospital Specimen Bank, Boston, provided de-
identified leukoreduction filters from local blood bank donors
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for PBMC isolation. The Institutional Review Board of the
Harvard Faculty of Medicine and Partners Healthcare, and
the Institutional Committee of Ethics in Research of the
Peruvian Institutes of Health approved this study protocol.
All adult study participants and parents or legal guardians
of minors had to provide informed consent, while minors
provided assent.

Flow Cytometric Analyses
Pure methoxy MA (C79-87 chain length) was isolated from Mtb
MA methyl esters by thin layer chromatography, followed by
saponification as described (31). CD1b monomers were loaded
with Rhodococcus equi GMM or Mtb methoxy MA as described
(12, 23) and tetramerized with streptavidin-phycoerythrin (PE).
Cryopreserved samples were thawed at 37◦C and were expanded
or tested directly after thawing. For expansion, 106 cells were
cultured with 25 × 106 irradiated allogeneic PBMC, 5 × 106

irradiated allogeneic Epstein Barr Virus transformed B cells,
30 ng/ml anti-CD3 monoclonal antibody (clone OKT3) for 14–
16 days, in the presence of 1 ng/ml interleukin-2 (IL-2). ∼

3 × 106 cells were stained with a “live-dead” fixable blue
cell stain (Molecular Probes), then treated with tetramer in
staining medium (5% bovine serum albumin and 0.01% sodium
azide in PBS) for 10min at room temperature in the dark,
followed by cell surface antibodies for 5min. Subsequently, cells
were treated with unlabeled OKT3 antibody and incubated for
5min at room temperature, followed by 10min at 4◦C. Cells
were fixed in fresh 2% paraformaldehyde (Electron Microscopy
Sciences) in PBS for 20min. The flow cytometry panels and
antibodies used for PBMC and for expanded T cells are
shown in Supplementary Table 1. Cells were analyzed on a BD
LSRFortessa Cell Analyzer equipped with a 355, 405, 488, 561,
and 640 nm laser. For each subject identical numbers of events
were recorded from each of the three stained samples; the
number of recorded events per sample was between 0.9 × 106

and 2.0× 106.

Data Analysis and Statistics
Flow cytometry data were analyzed using Flowjo (version 10.4.2).
Although PBMCs were collected from 50 subjects in each of
the three groups, not every sample passed quality control for
cell yield, viability and lack of contamination during expansion.
The number of analyzable expanded T cell samples was: 50
from latent Mtb infection, 48 from active TB, and 49 from
uninfected household contacts. The number of analyzable PBMC
samples was: 48 from latent Mtb infection, 42 from active TB,
and 44 uninfected household contacts. All analyzable samples
are listed in Supplementary Table 2. To plot percentages of
tetramer+ T cells on a log scale, all 0 values were replaced by
0.00005. For analysis of frequencies of GEM and LDN5-like cells,
samples with < 10 cells in the CD1b GMM tetramer+ gate were
excluded from the analysis. Statistical analyses were performed in
GraphPad Prism (version 7), except the permutation test, which
was performed using SPICE, available at http://exon.niaid.nih.
gov/spice (32).

RESULTS

Study Design and Validation of Reagents
PBMC were isolated from 50 Peruvian individuals with active
TB before the start of anti-TB drug treatment. In addition,
50 IGRA+ household contacts with no clinical signs of active
TB (latent Mtb infection), and 50 IGRA− household contacts
(exposed but uninfected) participated in the study (Table 1).
Household contacts, as opposed to age-matched controls,
were chosen to minimize differences in exposure to other
pathogens and environmental microbes among the three groups.
Also, this cross-sectional design reduces variables related to
differing socioeconomic factors. Demographic characteristics
of participants in both arms of the study after removal of
unanalyzable samples are shown in Tables 1, 2.

To gain adequate numbers of T cells while also minimizing
in vitro manipulation, we designed a study with two arms. First,
∼ 9 × 106 PBMC from each patient were analyzed directly after
thawing to determine frequencies of T cells and measure their
activation markers in the ex vivo state. Second, to increase yields
and generate adequate numbers of highly pure, viable T cells
for TCR analyses, an aliquot of 106 PBMC was cultured for one
round of stimulation with anti-CD3, typically generating ∼ 25
× 106 T cells (Figure 1A). The flow cytometry staining panels
for fresh and expanded T cells were similar except that CD45RO
was omitted for the expanded T cells because these memory and
activation markers are upregulated during in vitro stimulation
and expansion of T cells. Flow cytometry panels used in both
arms of the study contained three CD1b tetramers: mock treated
CD1b (CD1b-mock), CD1b-MA, and CD1b-GMM (Figure 1B).
The particular forms of MA (Mtb methoxymycolate) and GMM
(R. equi glucose-6-O-monomycolate) were chosen based on prior
studies that documented loading onto CD1b and optimal staining

TABLE 1 | Evaluable participants in tetramer analysis of expanded T cells.

Variable Uninfected

(n = 49)

Latent

(n = 50)

Active

tuberculosis

(n = 48)

P-value

Median age, years

(Interquartile

range)

27 (21-40) 38.5 (26.25–52) 28.5 (19-43) Kruskal-Wallis

0.025

Gender, n (%)

Male

24 (49) 19 (39.6) 32 (66.7) χ
2

0.02

TABLE 2 | Evaluable participants in tetramer analysis from PBMC samples directly

ex-vivo.

Variable Uninfected

(n = 44)

Latent

(n = 48)

Active

tuberculosis

(n = 42)

P-value

Median age, years

(Interquartile

range)

30.5 (22-41) 38 (25.75–52) 28 (19-40) Kruskal-Wallis

0.036

Gender, n (%)

Male

20 (45.5) 18 (37.5) 27 (64.3) χ
2

0.028
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FIGURE 1 | Experimental approach of CD1b tetramer study. (A) Flow cytometric study of 150 Peruvian subjects was conducted with two arms, existing of expanded

T cells and direct ex vivo peripheral blood mononuclear cells (PBMC). (B) Chemical structures of natural methoxy mycolic acid from Mtb and glucose monomycolate

from Rhodococcus equi, which were both used to load CD1b tetramers. (C) Validation of CD1b tetramers using PBMC from a Boston blood bank donor, spiked with

the relevant antigen specific T cell line. (D) T cell expansion did not dramatically alter the TCR variable (V) gene usage when compared to PBMC from the same blood

donor.

of human T cell lines (12, 23). Loading was confirmed for
this study by staining PBMC spiked with CD1b-reactive T cell
lines (Figure 1C). We used TCR V region specific antibodies to

distinguish GEM T cells (TRAV1-2+, CD4+, CD1b tetramer+)
from LDN5-like T cells (TRBV4-1+, CD1b tetramer+) from
unclassified CD1b tetramer+ cells (Figure 1A).
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Large-scale human CD1b tetramer studies had not been
carried out previously, so we first validated key aspects of
CD1b tetramer reagents, batching issues and the expansion
protocol. Preliminary studies of CD1b tetramers loaded with
MA or GMM (Figure 1B) on PBMC from a blood bank donor
spiked with the GMM-reactive T cell line LDN5 (7) or MA
specific C58L (23) showed bright staining with the expected
number of cells. Among positive cells, the pattern revealed
a positive correlation between anti-CD3 and tetramer in a
diagonally shaped pattern, as expected for anti-TCR binding by
tetramers (Figure 1C and Supplementary Figure 1). To reduce
systematic bias by variations in tetramer batches, we stained
equal numbers of subjects from each patient group in every
experiment. To evaluate the effects of expansion on the TCR
repertoire, wemeasured frequencies of all TCR α and βV regions,
including the characteristic V genes for GEM T cells (TRAV1-
2) and LDN5-like T cells (TRBV4-1) using high throughput
TCR sequencing of 106 ex vivo PBMC and 106 expanded T
cells from the same donor. The TCR V gene usage before
and after expansion was highly comparable overall (Figure 1D).
Considering the variable region gene that defines GEM T
cells, TRAV1-2 was 1.7% before expansion and 1.6% after. For
LDN5-like T cells, TRBV4-1 was 2.3% before and 3.7% after
expansion. Thus, one round of antigen-independent ex vivo
T cell expansion did not introduce systematic bias in TCR V
gene usage.

Frequency CD1b Tetramer+ T Cells
All analyzable expanded samples (n = 147) showed low
autofluorescence (Figure 2A) and low but detectable background
staining with mock treated CD1b tetramers (Figure 2B, left
column and Supplementary Figure 2). CD1b-mock tetramers
contain phospholipids from the cellular expression system
(33, 34) so CD1b-mock staining represents specific staining
of phospholipid-reactive TCRs, broadly cross-reactive TCRs,
and TCRs that recognize CD1b alone, rather than non-
specific adherence to T cells. Because the three tetramers were
labeled with phycoerythrin (PE), we could set identical gates
for all tetramers for every member of the cohort, with four
examples shown in detail (Figure 2B). Compared to the median
frequency of CD1b-mock tetramer+ T cells (0.0022%), the
median frequencies of CD1b-GMM tetramer+ T cells (0.0034%)
and CD1b-MA tetramer+ T cells (0.0073%) in the cohort of
147 patients provide evidence for broad, albeit low absolute
levels for CD1b reactivity to these lipids in humans. As a
point of reference, the median frequency of human CD1d-
reactive NKT cells is 0.03% (35), so the CD1b tetramer+ T cell
frequencies here are ∼10-fold lower than NKT cells. Comparing
the median tetramer staining rate among the three groups
based on TB disease status, the frequencies of CD1b-MA and
CD1b-GMM tetramer+ blood T cells did not significantly differ
among uninfected subjects, latently infected subjects and TB
patients as determined by the Kruskall-Wallis test (Figure 2C).
Thus, CD1b-restricted cells do not behave like MHC-restricted
cells by increasing in frequency in the blood after infection
byMtb.

Subpopulations of CD1b-GMM Specific
T Cells
Next, we took advantage of the combination of tetramer and
anti-TCR V region antibodies to detect LDN5-like T cells and
GEM T cells in the expanded samples. LDN5-like T cells were
described as a TCR motif based on study of six T cell clones
studied outside the context of TB (25). Polyclonal GEM T cells
have been previously detected in small numbers of subjects (24,
36), but their prevalence among humans, including TB patients,
remained unknown. In 147 analyzable samples, we first gated
CD1b-GMM tetramers+ T cells to identify samples with 10 or
more cells in the gate (n = 115, Supplementary Table 2). From
these, we quantified TRAV1-2+CD4+ T cells to define GEM T
cells and TRBV4-1+ to define LDN5-like T cells as illustrated in
two representative patients (Figure 3A). The remaining CD1b-
GMM tetramer+ T cells did not fit a known TCR motif and were
considered to be diverse CD1b-GMM-specific T cells.

We found that these three T cell populations typically co-
exist in each sample studied (Figure 3B), indicating that CD1b-
reactive TCR patterns are broadly conserved in humans. Across
all samples, within the CD1b-GMM tetramer+ gate, the relative
frequency of GEM T cells (median 8%) is less than LDN5-like
T cells (median 29%), which is less than diverse CD1b-GMM-
specific T cells (median 50%). Next, we examined frequencies
according to TB infection status and found that the distribution
of GEM T cells, LDN5-like T cells and diverse T cells within
the CD1b-GMM tetramer+ gate was not significantly different
among the uninfected, latently infected and active TB groups
(Figure 3C).

CD1b Tetramer+ T Cells Express CD45RO
Little is known about the origin and maintenance of CD1b-
reactive T cells. Such cells might be primed by infection.
Alternatively, they might be broadly activated and pre-primed
in vivo in the absence of infection, like NKT cells, MAIT
cells and other innate T cells that recognize non-polymorphic
antigen presentingmolecules (37). Insight in their activation state
can be obtained from CD45RO expression, which is elevated
in cells that show properties of immunological memory. As
expected, CD1b-MA tetramer− T cell populations showed the
typical bimodal distribution of CD45RO expression on T cells,
separating two large pools of memory (CD45RO+) and naive
T cells (CD45RO−). This pattern is shown for 3 representative
subjects in Figure 4A. In contrast, CD1b-MA tetramer+ T cells
expressed higher levels of CD45RO than tetramer− T cells. In two
of the first three subjects studied, CD45RO was nearly uniformly
positive in CD1b-MA tetramer+ cells (Figure 4A).

This striking finding led to broader analysis of CD1b-GMM
tetramer+ and CD1b-MA tetramer+ cells in 49 evaluable subjects
with clearly detectable CD1b-GMM tetramer+ or CD1b-MA
tetramer+ pattern (Figure 4B and Supplementary Table 2). In
all 19 subjects studied, the frequency of CD45RO+ cells was
higher among CD1b-GMM tetramer+ cells as compared to
CD1b-GMM tetramer− T cells, a difference that was highly
statistically significant (P = 0.0001). Similarly, for CD1b-MA
tetramer stained cells, CD45RO was higher in tetramer+ cells
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FIGURE 2 | Quantification of CD1b-mycolic acid and CD1b-glucose monomycolate tetramer+ T cells in a Peruvian TB cohort. (A) Expanded peripheral blood

mononuclear cells were gated based on forward and side scatter, as well as CD3 expression and low autofluorescence, which was determined in the FITC channel.

(B) Representative flow cytometry plots of four of the 150 members of the cohort after staining with CD1b-mock, CD1b-MA, and CD1b-GMM tetramers after

pre-gating as shown in (A). Numbers indicate percent cells in gate. (C) Frequencies of tetramer+ T cells among all subjects of the Peruvian cohort, analyzed by TB

disease status. Medians and interquartile ranges of tetramer+ T cells are depicted as a percent of total CD3+ cells.

compared to tetramer− cells among all 30 patients studied (P
< 0.0001). Across all evaluable samples, 73 ± 19 % of the
CD1b-GMM tetramer+ T cells and 67 ± 17 % of the CD1b-MA
tetramer+ T cells were CD45RO+.

Given the usefulness of CD45RO in predicting a memory
phenotype, the higher expression of this marker among
CD1b tetramer+ T cells among all donors tested and the
statistically significant result for both antigens, these results
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FIGURE 3 | GEM T cells and LDN5-like T cells are simultaneously present in the T cell repertoire in Peruvian subjects. (A) After pre-gating as in Figure 2A, detection

of GEM T cells and LDN5-like T cells was based on CD1b-GMM tetramer and antibodies against CD4 and TCR variable segments TRAV1-2 or TRBV4-1.

(B) Quantification of the proportion of frequencies of GEM T cells, LDN5-like T cells and other CD1b-GMM tetramer+ T cells that lack defining variable region

segments in active TB patients (n = 34), IGRA+ (latent infection) (n = 38) household contacts and IGRA− (uninfected) (n = 43) household contacts. (C) Median

proportions of T cell subsets of CD1b-GMM tetramer+ T cells analyzed according to TB disease status are shown.
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FIGURE 4 | Expression of CD45RO on fresh PBMCs from a Peruvian cohort. Using the indicated pre-gating strategy for fresh PBMCs (A), flow cytometry plots of

CD45RO expression among CD1b tetramer+ T cells and CD1b tetramer− T cells of three members of the Peruvian cohort. (B) The proportion of CD45RO+ among

tetramer+ and tetramer− T cells in the analyzable PBMC samples of the Peruvian cohort.

suggested prior in vivo activation of such cells. While Mtb
infection might be the source of such prior activation, we
had no ready explanation for the high CD45RO expression
in the “uninfected” group. Such cells might have induction of
memory markers by a stimulus other than Mtb. Alternatively,
given that these subjects were living with an active TB
patient in an endemic area, their IGRA− status might
be inadequate evidence for lack of prior infection. Indeed,
several recent studies have introduced the concept that highly

exposed individuals might have immune response to infecting

Mtb, even if conventional clinical tests like IGRA are not
converted (38–41).

CD1b Tetramer Staining for Low Exposure
Subjects
Considering possible explanations for the universal appearance
of memory markers, we realized that all subjects, including
“uninfected” subjects in Lima were exposed to mycobacteria
by the active TB patient in their household. Also, BCG
vaccination has 80% coverage in Peru [www.bcgatlas.org/].
Further, IGRA− subjects in Limamight have been exposed toMtb
in the community or were possibly exposed to non-tuberculous
mycobacteria. BCG is not routinely administered in the USA
where TB incidence of 3/100,000 is more than 5-fold lower than
in Peru (42) [www.who.int/tb/publications/global_report/en/]. If
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activation of CD1b-lipid-specific T cells in the Peruvian cohort
were a result of high exposure, but without infection, the healthy
blood bank donors in the USA should have lower numbers of
CD1b-lipid tetramer+CD45RO+ than “uninfected” but highly
exposed subjects in Peru.

To test this hypothesis, we recruited 29 blood bank donors
from Boston for comparison to the Peruvian cohort. Boston
blood bank donors showed very low or undetectable rates of
CD1b-MA and CD1b-GMM tetramer+ T cells compared to
CD1b-mock tetramer+ T cells (Figure 5), with the exception of

a population of brightly staining cells staining with CD1b-GMM
in subject C06 (Figure 5A). Although this analysis used the same
methods, reagents, and flow cytometers in the same facility,
Boston and Peruvian donors were not analyzed at the same time,
raising the possibility of batch effects or changes in reagents over
time. In parallel with processing the Boston donors, we thawed
6 aliquots of PBMC from previously tested members of the
Peruvian cohort and performed tetramer analysis for comparison
between two different time points (Supplementary Figure 3).
The results obtained during the initial series of experiments were

FIGURE 5 | Frequencies of CD1b-MA and CD1b-GMM tetramer+ T cells among uninfected Peruvians and Boston blood bank donors. (A) Representative flow

cytometry plots of CD1b-mock, CD1b-MA, and CD1b-GMM tetramer staining among CD3+ T cells from expanded PBMC derived from 29 Boston blood bank

donors analyzed using the same protocol as for the Peruvian cohort. (B) Frequencies of CD1b-MA and CD1b-GMM tetramer+ T cells among uninfected Peruvian

household contacts of TB patients and Boston blood bank donors.
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not significantly different from the results from the same samples
studied during the testing of the Boston donors (P= 0.11). Thus,
reanalysis at a different time point was unlikely to be the cause
of substantial bias. After analysis of 29 Boston donors, the mean
frequencies of CD1b-GMM-tetramer+ (P = 0.0031) and CD1b-
MA-tetramer+ T cells (P < 0.0001) were significantly lower
compared to the Peruvian “uninfected” group. The frequencies
in Boston donors were 3.5 times lower for GMM-tetramer+ T
cells and 6.3 times lower for CD1b-MA+ T cells. This result is
consistent with expansion and selective upregulation of memory
markers on CD1b-lipid tetramer+ T cells in all Peruvian donors,
regardless ofMtb infection state.

Even though on average, Boston donors showed lower
frequencies of tetramer+ T cells than Peruvian “uninfected”
subjects, some individual Boston donors’ frequencies were rather
high. Analysis of the CD45RO expression in the Boston donors
with the highest frequency of tetramer+ T cells showed an
enrichment of CD45RO expression among tetramer+ T cells,
comparable to what was seen among tetramer+ T cells from
Peruvian donors (Supplementary Figure 4).

DISCUSSION

These data indicate that CD1b tetramer-based studies can be
carried out on T cells from large human cohorts with low rates of
false positive staining and good reproducibility among batches.
A key finding is that GEM T cells and LDN5-like T cells are
detectable in most humans. Whereas NKT cells, MAIT cells
and GEM T cells show nearly invariant TCR α chains, LDN5-
like cells show conservation in the TCR β chain outside the
CDR3. Looking outside CD1d and MR1 systems, finding CD1b-
lipid tetramer+TRAV1-2+ and CD1b-lipid tetramer+TRBV4-1+

T cells in most humans now expands prior molecular studies
to show that polyclonal GEM T cells and LDN5-like T cells are
normal components of the human T cell repertoire.

Our initial hypothesis that CD1b-GMM and CD1b-MA-
specific T cells might expand in numbers in the peripheral blood
during latent or acute infection withMtb was not confirmed in a
Peruvian cohort of 150 people. This finding led us to consider
the possibility that the uninfected group, which consisted of
IGRA−, but heavily exposed Peruvians that formed our negative
control population, was not the optimal negative control for
this experiment. An emerging theme in clinical research on TB
is that IFN-γ based diagnostics are potentially too narrow to
detect all patients that have been infected byMtb, and that other
criteria such as Th2T cell response or immunoglobulin responses
may be relevant in highly exposed people (38–41). Therefore,
it is plausible that CD1b-GMM and CD1b-MA-specific T cells
increased in number after exposure to mycobacteria, even if
exposure did not lead to conversion of the peptide antigen-based
IGRA test.

Consistent with this hypothesis, IGRA− members of the
Peruvian cohort showed markedly higher frequencies of CD1b
tetramer staining as compared with a cohort consisting of
Boston blood bank donors, who have lower Mtb exposure and
BCG vaccination rates. However, other factors may play a role,
including genetic and environmental differences between the two
cohorts. Therefore, further work is needed to isolate and identify

the specific effects of exposure on CD1b tetramer staining rates
and CD45RO expression. Despite this limitation, the difference
in CD1b tetramer staining rates between these two populations is
high in absolute terms and is highly statistically significant.

Further, in considering whether latent or activeMtb infection
correlates with expansion of CD1-reactive T cells, several
studies have now shown clearly differing outcomes, inviting
consideration of differences in the human populations and
detection methods used. For example, many studies have found
increases in CD1b- or CD1c-dependent T cell responses against
mycobacterial lipids in latent or active TB patients vs. controls
using activation-based assays that measure cytokines. Such
positive findings have been seen in small (13, 14) medium (15, 16)
and large studies (17, 18). In contrast, this large-scale tetramer
study, as well as smaller studies that did (36) or did not (11) use
CD1 tetramers in South African cohorts, found no differences
among highly exposed groups that differed in their IGRA status.

One possible explanation for the differences among study
outcomes is that activation-based assays and tetramer assays
are detecting different types of T cells. For example, activation-
based assays might detect T cells activated secondarily by
cytokines rather than CD1-specific TCR. In contrast, tetramer
studies measure CD1b-lipid specific TCRs, but are subject to
other technical limitations. For example, TCRs need to have a
minimum affinity to stain with tetramer, so TCRs below that
threshold will be missed, but can be functional in a cytokine
release assay.

A second possibility, suggested by our data, is that negative
control groups considered “uninfected” have differing rates
of response based on differing antigen exposure through
BCG vaccination, undetected Mtb infection, or Mtb exposure
without infection. South Africa, like Peru, is an area with high
coverage of BCG vaccination and high TB incidence. Studies
reported from South Africa and Peru used community-based
household contacts as “uninfected controls.” Thus, negative
control populations likely have relatively high antigen exposure
that is more similar to that of active TB and latently infected
subjects. In contrast, studies that found higher T cell responses
in latent or active patients, including studies reporting IFN-γ
release after stimulation with CD1b-MA (15), CD1b-GMM (14),
CD1b-sulfoglycolipid (17), CD1c-phosphomycoketide (13), and
CD1b-glycerol monomycolate (18), generally used “uninfected”
controls that did not come from a household with a TB case
or high exposure community. Thus, the choice of negative
control population with defined exposure characteristics now
emerges as being crucially important for the detection of
differences in frequencies of Mtb lipid-specific T cells. Beyond
these new considerations of study design and regardless
of differing technical approaches, all studies, including the
current one, are consistent with the idea that CD1b-mediated
responses are part of a first line response against exposure
to mycobacteria.

DATA AVAILABILITY STATEMENT

The datasets generated for this study are available on request to
the corresponding author.

Frontiers in Immunology | www.frontiersin.org 10 February 2020 | Volume 11 | Article 199

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Lopez et al. CD1b Tetramers in Tuberculosis

ETHICS STATEMENT

The Institutional Review Board of the Harvard Faculty of
Medicine and Partners Healthcare, and the Institutional
Committee of Ethics in Research of the Peruvian Institutes
of Health approved this study protocol. All adult study
participants and parents or legal guardians of minors
had to provide written informed consent, while minors
provided assent.

AUTHOR CONTRIBUTIONS

KL, SI, SS, JR, and TO performed experiments. JJ, RC,
and LL contributed unique reagents. MM, DM, and IV
designed the study. IV wrote the manuscript with input from
all authors.

FUNDING

This work was supported by the National Institutes of
Health (NIH) Tuberculosis Research Unit Network, Grant
U19 AI111224-01, AI049313 and the Bill and Melinda Gates
Foundation Vaccine Accelerator Award.

ACKNOWLEDGMENTS

Biotinylated CD1b monomer was obtained through the NIH
Tetramer Core Facility.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2020.00199/full#supplementary-material

REFERENCES

1. Geiger R, Duhen T, Lanzavecchia A, Sallusto F. Human naive and memory

CD4+ T cell repertoires specific for naturally processed antigens analyzed

using libraries of amplified T cells. J Experi Med. (2009) 206:1525–34.

doi: 10.1084/jem.20090504

2. Zhao J, Siddiqui S, Shang S, Bian Y, Bagchi S, He Y, et al. Mycolic acid-specific

T cells protect against Mycobacterium tuberculosis infection in a humanized

transgenic mouse model. Elife. (2015) 4:e08525. doi: 10.7554/eLife.08525.013

3. D’Souza MP, Adams E, Altman JD, Birnbaum ME, Boggiano C,

Casorati G, et al. Casting a wider net: immunosurveillance by

nonclassical MHC molecules. PLoS Pathog. (2019) 15:e1007567.

doi: 10.1371/journal.ppat.1007567

4. Joosten SA, Ottenhoff THM, LewinsohnDM,Hoft DF,MoodyDB, Seshadri C.

Harnessing donor unrestricted T-cells for new vaccines against tuberculosis.

Vaccine. (2019) 37:3022–30. doi: 10.1016/j.vaccine.2019.04.050

5. Van Rhijn I, Moody DB. Donor unrestricted T cells: a shared human t cell

response. J Immunol. (2015) 195:1927–32. doi: 10.4049/jimmunol.1500943

6. Beckman EM, Porcelli SA, Morita CT, Behar SM, Furlong ST, Brenner MB.

Recognition of a lipid antigen by CD1-restricted alpha beta+ T cells. Nature.

(1994) 372:691–4. doi: 10.1038/372691a0

7. Moody DB, Reinhold BB, Guy MR, Beckman EM, Frederique DE, Furlong

ST, et al. Structural requirements for glycolipid antigen recognition by

CD1b-restricted T cells. Science. (1997) 278:283–6. doi: 10.1126/science.278.

5336.283

8. Sieling PA, Chatterjee D, Porcelli SA, Prigozy TI, Mazzaccaro RJ, Soriano

T, et al. CD1-restricted T cell recognition of microbial lipoglycan antigens.

Science. (1995) 269:227–30. doi: 10.1126/science.7542404

9. Beckman EM,Melian A, Behar SM, Sieling PA, Chatterjee D, Furlong ST, et al.

CD1c restricts responses of mycobacteria-specific T cells. evidence for antigen

presentation by a second member of the human CD1 family. J Immunol.

(1996) 157:2795–803.

10. Stenger S, Hanson DA, Teitelbaum R, Dewan P, Niazi KR, Froelich CJ, et al.

An antimicrobial activity of cytolytic T cells mediated by granulysin. Science.

(1998) 282:121–5. doi: 10.1126/science.282.5386.121

11. Seshadri C, Lin L, Scriba TJ, Peterson G, Freidrich D, Frahm N, et al.

T cell responses against mycobacterial lipids and proteins are poorly

correlated in South African adolescents. J Immunol. (2015) 195:4595–603.

doi: 10.4049/jimmunol.1501285

12. Kasmar AG, van Rhijn I, Cheng TY, Turner M, Seshadri C, Schiefner A,

et al. CD1b tetramers bind αβ T cell receptors to identify a mycobacterial

glycolipid-reactive T cell repertoire in humans. J ExpMed. (2011) 208:1741–7.

doi: 10.1084/jem.20110665

13. Moody DB, Ulrichs T, Muhlecker W, Young DC, Gurcha SS, Grant

E, et al. CD1c-mediated T-cell recognition of isoprenoid glycolipids

in Mycobacterium tuberculosis infection. Nature. (2000) 404:884–8.

doi: 10.1038/35009119

14. Ulrichs T, Moody DB, Grant E, Kaufmann SH, Porcelli SA. T-

cell responses to CD1-presented lipid antigens in humans with

Mycobacterium tuberculosis infection. Infect Immun. (2003) 71:3076–87.

doi: 10.1128/IAI.71.6.3076-3087.2003

15. Montamat-Sicotte DJ, Millington KA, Willcox CR, Hingley-Wilson S,

Hackforth S, Innes J, et al. A mycolic acid-specific CD1-restricted T

cell population contributes to acute and memory immune responses

in human tuberculosis infection. J Clin Invest. (2011) 121:2493–503.

doi: 10.1172/JCI46216

16. Chancellor A, Tocheva AS, Cave-Ayland C, Tezera L, White A, Al

Dulayymi JR, et al. CD1b-restricted GEM T cell responses are modulated

by Mycobacterium tuberculosis mycolic acid meromycolate chains. Proc Natl

Acad Sci USA. (2017) 114:E10956–64. doi: 10.1073/pnas.1708252114

17. Gilleron M, Stenger S, Mazorra Z, Wittke F, Mariotti S, Bohmer G, et al.

Diacylated sulfoglycolipids are novel Mycobacterial Antigens stimulating

CD1-restricted T cells during infection withMycobacterium tuberculosis. J Exp

Med. (2004) 199:649–59. doi: 10.1084/jem.20031097

18. Layre E, Collmann A, Bastian M, Mariotti S, Czaplicki J, Prandi

J, et al. Mycolic acids constitute a scaffold for mycobacterial lipid

antigens stimulating CD1-restricted T cells. Chem Biol. (2009) 16:82–92.

doi: 10.1016/j.chembiol.2008.11.008

19. Martin MD, Jensen IJ, Ishizuka AS, Lefebvre M, Shan Q, Xue HH,

et al. Bystander responses impact accurate detection of murine and

human antigen-specific CD8T cells. J Clin Invest. (2019) 130:3894–908.

doi: 10.1172/JCI124443

20. Kasmar A, Van Rhijn I, Magalhaes KG, Young D, Cheng TY, Turner M, et al.

CD1a tetramers and dextramers identify human lipopeptide-specific T cells ex

vivo. J Immunol. (2013) 191:4499–503. doi: 10.4049/jimmunol.1301660

21. Ly D, Kasmar AG, Cheng TY, de Jong A, Huang S, Roy S, et al. CD1c tetramers

detect ex vivo T cell responses to processed phosphomycoketide antigens. J

Exp Med. (2013) 210:729–41. doi: 10.1084/jem.20120624

22. Kasprowicz VO, Cheng TY, Ndung’u T, Sunpath H, Moody DB, Kasmar AG.

HIV disrupts human T cells that targetMycobacterial glycolipids. J. Infect. Dis.

(2016) 213:628–33. doi: 10.1093/infdis/jiv455

23. Van Rhijn I, Iwany SK, Fodran P, Cheng TY, Gapin L, Minnaard AJ,

et al. CD1b-mycolic acid tetramers demonstrate T-cell fine specificity

for mycobacterial lipid tails. Eur J Immunol. (2017) 47:1525–34.

doi: 10.1002/eji.201747062

24. Van Rhijn I, Kasmar A, de Jong A, Gras S, Bhati M, Doorenspleet ME, et al. A

conserved human T cell population targets Mycobacterial antigens presented

by CD1b. Nat Immunol. (2013) 14:706–13. doi: 10.1038/ni.2630

25. Van Rhijn I, Gherardin NA, Kasmar A, de Jager W, Pellicci DG,

Kostenko L, et al. TCR bias and affinity define two compartments of the

Frontiers in Immunology | www.frontiersin.org 11 February 2020 | Volume 11 | Article 199

https://www.frontiersin.org/articles/10.3389/fimmu.2020.00199/full#supplementary-material
https://doi.org/10.1084/jem.20090504
https://doi.org/10.7554/eLife.08525.013
https://doi.org/10.1371/journal.ppat.1007567
https://doi.org/10.1016/j.vaccine.2019.04.050
https://doi.org/10.4049/jimmunol.1500943
https://doi.org/10.1038/372691a0
https://doi.org/10.1126/science.278.5336.283
https://doi.org/10.1126/science.7542404
https://doi.org/10.1126/science.282.5386.121
https://doi.org/10.4049/jimmunol.1501285
https://doi.org/10.1084/jem.20110665
https://doi.org/10.1038/35009119
https://doi.org/10.1128/IAI.71.6.3076-3087.2003
https://doi.org/10.1172/JCI46216
https://doi.org/10.1073/pnas.1708252114
https://doi.org/10.1084/jem.20031097
https://doi.org/10.1016/j.chembiol.2008.11.008
https://doi.org/10.1172/JCI124443
https://doi.org/10.4049/jimmunol.1301660
https://doi.org/10.1084/jem.20120624
https://doi.org/10.1093/infdis/jiv455
https://doi.org/10.1002/eji.201747062
https://doi.org/10.1038/ni.2630
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Lopez et al. CD1b Tetramers in Tuberculosis

CD1b-glycolipid-specific T cell repertoire. J Immunol. (2014) 193:5338–44.

doi: 10.4049/jimmunol.1400158

26. Snyder-Cappione JE, Nixon DF, Loo CP, Chapman JM, Meiklejohn DA,

Melo FF, et al. Individuals with pulmonary tuberculosis have lower levels

of circulating CD1d-restricted NKT cells. J Infect Dis. (2007) 195:1361–4.

doi: 10.1086/513567

27. Montoya CJ, Catano JC, Ramirez Z, Rugeles MT, Wilson SB, Landay AL.

Invariant NKT cells from HIV-1 or Mycobacterium tuberculosis-infected

patients express an activated phenotype. Clin Immunol. (2008) 127:1–6.

doi: 10.1016/j.clim.2007.12.006

28. Sutherland JS, Jeffries DJ, Donkor S, Walther B, Hill PC, Adetifa IM,

et al. High granulocyte/lymphocyte ratio and paucity of NKT cells defines

TB disease in a TB-endemic setting. Tuberculosis. (2009) 89:398–404.

doi: 10.1016/j.tube.2009.07.004

29. Le Bourhis L, Martin E, Peguillet I, Guihot A, Froux N, Core M, et al.

Antimicrobial activity of mucosal-associated invariant T cells. Nat Immunol.

(2010) 11:701–8. doi: 10.1038/ni.1890

30. Kwon YS, Cho YN, Kim MJ, Jin HM, Jung HJ, Kang JH, et al. Mucosal-

associated invariant T cells are numerically and functionally deficient in

patients withMycobacterial infection and reflect disease activity. Tuberculosis.

(2015) 95:267–74. doi: 10.1016/j.tube.2015.03.004

31. Grant EP, Beckman EM, Behar SM, Degano M, Frederique D, Besra GS, et al.

Fine specificity of TCR complementarity-determining region residues and

lipid antigen hydrophilic moieties in the recognition of a CD1-lipid complex.

J Immunol. (2002) 168:3933–40. doi: 10.4049/jimmunol.168.8.3933

32. Roederer M, Nozzi JL, Nason MC. SPICE: exploration and analysis of post-

cytometric complex multivariate datasets. Cytometr Part A. (2011) 79:167–74.

doi: 10.1002/cyto.a.21015

33. Van Rhijn I, van Berlo T, Hilmenyuk T, Cheng TY, Wolf BJ, Tatituri RV, et al.

Human autoreactive T cells recognize CD1b and phospholipids. Proc Natl

Acad Sci USA. (2016) 113:380–5. doi: 10.1073/pnas.1520947112

34. Shahine A, Reinink P, Reijneveld JF, Gras S, Holzheimer M, Cheng TY,

et al. A T-cell receptor escape channel allows broad T-cell response

to CD1b and membrane phospholipids. Nat Commun. (2019) 10:56.

doi: 10.1038/s41467-018-07898-0

35. Gherardin NA, Souter MN, Koay HF, Mangas KM, Seemann T, Stinear TP,

et al. Human bloodMAIT cell subsets defined using MR1 tetramers. Immunol

Cell Biol. (2018) 96:507–25. doi: 10.1111/imcb.12021

36. Layton ED, Yu KKQ, Smith MT, Scriba TJ, De Rosa SC, Seshadri C.

Validation of a CD1b tetramer assay for studies of human mycobacterial

infection or vaccination. J Immunol Methods. (2018) 458:44–52.

doi: 10.1016/j.jim.2018.04.004

37. Godfrey DI, Uldrich AP, McCluskey J, Rossjohn J, Moody DB. The

burgeoning family of unconventional T cells. Nat Immunol. (2015) 16:1114–

23. doi: 10.1038/ni.3298

38. Delgado JC, Tsai EY, Thim S, Baena A, Boussiotis VA, Reynes JM, et al.

Antigen-specific and persistent tuberculin anergy in a cohort of pulmonary

tuberculosis patients from rural Cambodia. Proc Natl Acad Sci USA. (2002)

99:7576–81. doi: 10.1073/pnas.062056099

39. Lu LL, Chung AW, Rosebrock TR, Ghebremichael M, Yu WH, Grace PS,

et al. A functional role for antibodies in tuberculosis. Cell. (2016) 167:433–43.

doi: 10.1016/j.cell.2016.08.072

40. Lu LL, Smith MT, Yu KKQ, Luedemann C, Suscovich TJ, Grace

PS, et al. IFN-gamma-independent immune markers of Mycobacterium

tuberculosis exposure. Nat Med. (2019) 25:977–87. doi: 10.1038/s41591-019-

0441-3

41. Simmons JD, Stein CM, Seshadri C, Campo M, Alter G, Fortune S,

et al. Immunological mechanisms of human resistance to persistent

Mycobacterium tuberculosis infection. Nat Rev Immunol. (2018) 18:575–89.

doi: 10.1038/s41577-018-0025-3

42. Zwerling A, Behr MA, Verma A, Brewer TF, Menzies D, Pai M.

The BCG world atlas: a database of global BCG vaccination policies

and practices. PLoS Med. (2011) 8:e1001012. doi: 10.1371/journal.pmed.

1001012

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Lopez, Iwany, Suliman, Reijneveld, Ocampo, Jimenez, Calderon,

Lecca, Murray, Moody and Van Rhijn. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 12 February 2020 | Volume 11 | Article 199

https://doi.org/10.4049/jimmunol.1400158
https://doi.org/10.1086/513567
https://doi.org/10.1016/j.clim.2007.12.006
https://doi.org/10.1016/j.tube.2009.07.004
https://doi.org/10.1038/ni.1890
https://doi.org/10.1016/j.tube.2015.03.004
https://doi.org/10.4049/jimmunol.168.8.3933
https://doi.org/10.1002/cyto.a.21015
https://doi.org/10.1073/pnas.1520947112
https://doi.org/10.1038/s41467-018-07898-0
https://doi.org/10.1111/imcb.12021
https://doi.org/10.1016/j.jim.2018.04.004
https://doi.org/10.1038/ni.3298
https://doi.org/10.1073/pnas.062056099
https://doi.org/10.1016/j.cell.2016.08.072
https://doi.org/10.1038/s41591-019-0441-3
https://doi.org/10.1038/s41577-018-0025-3
https://doi.org/10.1371/journal.pmed.1001012
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	CD1b Tetramers Broadly Detect T Cells That Correlate With Mycobacterial Exposure but Not Tuberculosis Disease State
	Introduction
	Materials and Methods
	Human Subjects
	Flow Cytometric Analyses
	Data Analysis and Statistics

	Results
	Study Design and Validation of Reagents
	Frequency CD1b Tetramer+ T Cells
	Subpopulations of CD1b-GMM Specific T Cells
	CD1b Tetramer+ T Cells Express CD45RO
	CD1b Tetramer Staining for Low Exposure Subjects

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


