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The Journal of Immunology

T Cells Specific for a Mycobacterial Glycolipid Expand after
Intravenous Bacillus Calmette–Guérin Vaccination

Erik D. Layton,* Soumik Barman,*,1 Damien B. Wilburn,† Krystle K. Q. Yu,*

Malisa T. Smith,* John D. Altman,‡ Thomas J. Scriba,x Nabil Tahiri,{ Adriaan J. Minnaard,{

Mario Roederer,‖ Robert A. Seder,‖ Patricia A. Darrah,‖ and Chetan Seshadri*,#

Intradermal vaccination with Mycobacterium bovis bacillus Calmette–Guérin (BCG) protects infants from disseminated tubercu-

losis, and i.v. BCG protects nonhuman primates (NHP) against pulmonary and extrapulmonary tuberculosis. In humans and NHP,

protection is thought to be mediated by T cells, which typically recognize bacterial peptide Ags bound to MHC proteins. However,

during vertebrate evolution, T cells acquired the capacity to recognize lipid Ags bound to CD1a, CD1b, and CD1c proteins

expressed on APCs. It is unknown whether BCG induces T cell immunity to mycobacterial lipids and whether CD1-restricted

T cells are resident in the lung. In this study, we developed and validated Macaca mulatta (Mamu) CD1b and CD1c tetramers to

probe ex vivo phenotypes and functions of T cells specific for glucose monomycolate (GMM), an immunodominant mycobacterial

lipid Ag. We discovered that CD1b and CD1c present GMM to T cells in both humans and NHP. We show that GMM-specific

T cells are expanded in rhesus macaque blood 4 wk after i.v. BCG, which has been shown to protect NHP with near-sterilizing

efficacy upon M. tuberculosis challenge. After vaccination, these T cells are detected at high frequency within bronchoalveolar

fluid and express CD69 and CD103, markers associated with resident memory T cells. Thus, our data expand the repertoire of

T cells known to be induced by whole cell mycobacterial vaccines, such as BCG, and show that lipid Ag-specific T cells are resident

in the lungs, where they may contribute to protective immunity. The Journal of Immunology, 2021, 206: 1240–1250.

M
ycobacterium bovis bacillus Calmette–Guérin (BCG) is
the oldest vaccine still in clinical use today, with over 3
billion doses administered since 1921 (1). In most

countries, infants undergo intradermal vaccination with BCG at

birth, which protects them from disseminated tuberculosis and
death in early childhood (2). BCG provides variable efficacy
against tuberculosis disease when provided later in life (3). The
reasons for this discrepancy are not fully understood but may
relate to qualitative differences in the adaptive immune response
to BCG (1).
Studies in mice and nonhuman primates (NHP) show that T cells

are critical for the protective efficacy of BCG. T cell–deficient mice
fail to controlM. tuberculosis to the same extent as wild-type mice
after BCG (4). CD8 T cell depletion in NHP abrogates the pro-
tective effect of BCG (5). More recently, i.v. BCG was shown to
provide superior protection to M. tuberculosis challenge in rhesus
macaques when compared with the standard intradermal route
(6, 7). Higher levels of Ag-specific T cells in the lung and
bronchoalveolar lavage (BAL) fluid were induced by i.v. BCG,
suggesting that they may be directly responsible for improved
protection (6).
Canonically, T cells are activated by foreign peptide Ags pre-

sented by autologous MHC molecules (8). However, during ver-
tebrate evolution, T cells have also acquired the capacity to
recognize bacterial lipid Ags via the CD1 lipid Ag presentation
pathway (9). Humans express four CD1 Ag-presenting molecules
(CD1a, CD1b, CD1c, and CD1d), which vary in the configuration
of their binding grooves, patterns of cellular expression, and
subcellular trafficking (10). The first structurally defined lipid Ag
was mycolic acid, which is composed of long (C80) alkyl chains, is
a ubiquitous component of the mycobacterial cell wall, and is
presented by CD1b to T cells (11). Follow-up studies identified the
structurally related Ags glucose monomycolate (GMM) and
glycerol monomycolate (12, 13). Several other mycobacterial lipid
Ags have been discovered as T cell Ags, whose recognition is
mediated by CD1a, CD1b, or CD1c (group 1) in humans (10).
Current evidence suggests that these lipid-specific T cells are ex-
panded in clinical settings of mycobacterial exposure or infection
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(13–16). Lipid-loaded CD1 tetramers have facilitated further ex
vivo studies of the phenotypes of CD1-restricted T cells in humans
(17–21). T cell recognition of GMM is exquisitely sensitive to the
position of the glucose headgroup but relatively independent of lipid
chain length, allowing both short-chain (C32) and C80-GMM to be
used in tetramers (12, 17, 22). Other studies have revealed that
germline-encoded residues within TRAV1-2 are required for rec-
ognition of GMM and that TRBV4-1 may bias T cells toward
recognition of CD1b and CD1c (17, 23–25). Because CD1 genes
exhibit very few polymorphisms in humans, CD1 tetramers can be
used without prior knowledge of genotype, enabling population-
based studies (15, 26).
Further studies elucidating the contribution of CD1a-, CD1b-,

and CD1c-restricted T cells to protective immunity during
M. tuberculosis infection have been hampered by the lack of a
suitable animal model. Mice have only one ortholog of human
CD1d, so this model has provided a narrow window into the role
of CD1d-restricted invariant NKT (iNKT) cells in tuberculosis
(27, 28). Genomic studies suggest that CD1a, CD1b, and CD1c
genes were deleted from Rodentia or a common ancestor (29).
Humanized CD1 transgenic (hCD1Tg) mice express CD1a, CD1b,
and CD1c in a pattern similar to that seen in humans and support
the development of group 1 CD1-restricted T cells (30). Infection
of hCD1Tg mice with BCG induces mycolic acid–specific T cells,
which home to pulmonary granulomas and mediate partial pro-
tection after M. tuberculosis challenge in a CD1-restricted manner
(31). CD1b was shown to be expressed in human granulomas as
well as conserved TCR sequences expressed by CD1b-restricted
T cells (32, 33). Whether BCG induces T cell responses to my-
cobacterial lipids in humans and NHP is currently not known.
Evolutionary genetic analysis suggests that mice are the ex-

ception among mammals, most of which have expanded CD1 gene
families similar to humans (34). Specifically, a five-gene CD1
locus is highly conserved between humans and NHP, which stands
in stark contrast to genes encoded within the MHC (35). Several
studies have investigated the phenotypes and functions of
iNKT cells in NHP (35–37). However, there have been only a few
attempts to explore CD1-restricted T cells. One effort using a
human lymphoblastoid cell line (T2) stably transfected with
Macaca mulatta (Mamu) CD1b was able to activate a Jurkat cell
line transfected with a GMM-specific human TCR in the presence
of GMM (38). Another study explored the restriction of T cells
induced by repeated vaccination with BCG and a liposomal for-
mulation of GMM. Notably, GMM-reactive T cells were detected
in the blood, but these were restricted by Mamu CD1c rather than
Mamu CD1b (39). These limited and conflicting data suggest that
T cells specific for mycobacterial glycolipids may be induced by
vaccination, but their restricting element, phenotypes, and tissue
distribution have not been determined.
We generated Mamu CD1b and Mamu CD1c tetramers and

validated their ability to detect GMM-specific T cells by
sorting them from the blood of BCG-vaccinated animals and
performing in vitro expansion and functional assays. We find
that the response to GMM is restricted by CD1b and CD1c in
NHP and, surprisingly, in humans as well. We incorporated
CD1c-GMM tetramers into a multiparameter flow cytometry
panel and show that GMM-specific T cells are expanded in the
blood of NHP 4 wk after i.v. BCG with a predominant effector
memory T (TEM) phenotype. These cells are also detectable in
the lung as tissue-resident memory T (TRM) cells 4 wk after
vaccination. These data establish the NHP as a natural model
to study CD1-restricted T cells, which are resident in the lung
and may contribute to protective immunity induced by whole
cell mycobacterial vaccines.

Materials and Methods
Evolutionary genetic analysis of group 1 CD1 genes

CD1a, CD1b, and CD1c sequences were collected for 11 primate species
with sequenced genomes (human, chimpanzee, bonobo, gorilla, gibbon,
orangutan, rhesus macaque, crab-eating macaque, green monkey, olive
baboon, and marmoset) using a custom bioinformatics pipeline adapted
from Young and Trask (40). Briefly, the Basic Local Alignment Search
Tool (tblastn) was used with human CD1a, CD1b, and CD1c protein se-
quences as queries to identify potentially homologous regions in each
primate genome. Putative exons were defined based on a low e-value
(,1 3 1028), contiguity in sequence orientation, and proximity within
20 kb. These putative loci were extracted and analyzed using exonerate in
protein-to-genome mode with human group 1 CD1 sequences as queries to
identify putative open reading frames. For each paralog, sequences were
aligned using Clustal V (41), and tests of positive selection were per-
formed using the codeml application in PAML (v4.8) with the primate
species tree (42). Gene duplications of CD1A in olive baboon (two copies)
and marmoset (three copies) were included as polytomies on the species
tree. The nested models of neutral evolution (M8a) and one allowing for
positive selection (M8) were compared by likelihood-ratio test (43), and if
significant, sites with Bayes-empirical Bayes-posterior probabilities $0.8
were considered under positive selection. Positively selected sites were
modeled onto available crystal structures (Protein Data Bank numbers
5J1A, 5L2J, and 3OV6 for CD1a, -b, and -c, respectively) using PyMOL
v2.4.

Preparation of lipid-loaded CD1 tetramers

C32-GMM isolated from Rhodococcus equi, synthetic phosphomycoketide
(PM), and diacylated sulfoglycolipid (Ac2SGL) were generously provided
by the laboratory of D. B. Moody (20, 44, 45). Synthetic C80-GMM was
prepared as we recently described (45). Stock GMM, PM, or Ac2SGL was
solvated in chloroform/methanol (2:1, v/v) at a concentration of 1 mg/ml.
Mamu and Homo sapiens CD1b and CD1c biotinylated monomers were
provided by the National Institutes of Health (NIH) Tetramer Core Facility
(Emory University, Atlanta, GA). GMM-loaded CD1b tetramers were
generated as previously described with the following modifications: C32-
GMM was used at a 40-fold excess, and lipid loading was performed
overnight at 37˚C (15). GMM-loaded CD1c tetramers were generated as
follows: a 100-fold excess of C32-GMM was aliquoted into a single-use
glass vial and evaporated under a nitrogen stream to remove the solvent.
One hundred microliters of PBS was added, and the vial was sonicated at
37˚C for 15 min and then moved to the 37˚C water bath. Following the
addition of CD1c monomer, the solution was incubated at 37˚C overnight.
On the following day, streptavidin (Life Technologies, Carlsbad, CA;
BioLegend, San Diego, CA; BD Biosciences, San Jose, CA) was added to
tetramerize the CD1c monomers. The tetramer was filtered through a Spin-
X column (Sigma-Aldrich, St. Louis, MO) to remove large aggregates and
stored at 4˚C until use. CD1b and CD1c mock-loaded tetramers were
generated in an analogous manner but without the addition of lipid Ag.
MR1–5-(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) and
CD1d–a-galactosylceramide (a-GalCer) tetramers were provided by the
NIH Tetramer Core Facility.

Generation of monocyte-derived dendritic cells

PBMCs were isolated from human (Bloodworks, Seattle, WA) or NHP
whole blood (Washington National Primate Research Center, Seattle, WA)
by density centrifugation with Ficoll-Paque PLUS media (Cytiva, Marl-
borough, MA) and plated in tissue culture dishes at a density of 10 million
cells/ml in R10 media (RPMI 1640 [Life Technologies] with 10% FBS
[Hyclone Laboratories, Logan, UT]), supplemented with recombinant
human GM-CSF (final concentration of 100 ng/ml) (PeproTech, Cranbury,
NJ) and incubated at 37˚C for 3 h. After incubation, residual nonadherent
cells were removed by washing gently with R10. R10 supplemented with
rhGM-CSF (final 100 ng/ml) and rhIL-4 (final 20 ng/ml) (PeproTech) was
added to the adherent fraction, and the cells were then incubated at 37˚C
for 3 d (46). Following the incubation period, adherent monocyte-derived
dendritic cells were harvested and cryopreserved in liquid nitrogen. Cells
were screened by flow cytometry for CD1 expression by staining with the
following anti-human CD1 Abs: anti-CD1a PE (clone HI149), anti-CD1b
FITC (clone SN13), anti-CD1c allophycocyanin (clone L161) (Bio-
Legend), and anti-CD1d PE (clone 42.1) (BD Biosciences).

Generation of human and NHP T cell lines

Cryopreserved human PBMC were thawed and rested overnight and then
mixed with g-irradiated (5000 rad) allogeneic monocyte-derived dendritic

The Journal of Immunology 1241
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cells at a ratio of 5:1 and incubated in T cell media (R10 supplemented
with 100 U/ml penicillin, 100 mg/ml streptomycin, 55 mM 2-ME, 0.33
essential amino acids, 60 mM nonessential amino acids, 11 mM HEPES,
and 800 mM L-glutamine [Life Technologies]) with 1 mg/ml of C32-GMM
and 50 U/ml recombinant human IL-2 (rhIL-2; Prometheus Laboratories
through University of Washington Medical Center clinical pharmacy) for
12–14 d. T cell lines were screened with H. sapiens CD1b-GMM or
H. sapiens CD1c-GMM tetramer. To further purify GMM-specific T cells
present within T cell lines, cells were stained with PE-conjugated tetramers
in FACS buffer without additional additives. An anti-streptavidin PE Ab
(clone 3A20.2) (BioLegend) was also included to enhance the fluorescence
intensity of tetramer-specific cells (47). After Ab staining, the cells were
resuspended in culture media and kept on ice until sorting. Tetramer-
positive T cells were sorted at the University of Washington’s Depart-
ment of Immunology Flow Cytometry Core using an FACSAria II (BD
Biosciences) cell sorter equipped with violet (407-nm), blue (488-nm), and
red (641-nm) lasers.

Sorted T cells were expanded using a modified version of a previously
published rapid expansion protocol (48). Briefly, T cells were mixed
with 5 million g-irradiated (8000 rad) lymphoblastoid cells (courtesy
of D. Koelle, University of Washington) and 25 million g-irradiated
(3300 rad) PBMC provided by an anonymous blood donor to act as
feeder cells in T25 tissue culture flasks (Costar, St. Louis, MO). Anti-
CD3 (clone OKT3) was added at a final concentration of 30 ng/ml, and
the mixture was incubated overnight at 37˚C. On the following day,
rhIL-2 was added to a final concentration of 50 U/ml. On day 4, the
cells were washed twice in T cell media to remove the anti-CD3 Ab and
resuspended in fresh media supplemented with rhIL-2 at 50 U/ml. Half
the media was replaced every 3 d or split into new T25 flasks as de-
termined by cell confluency. After 13 d in culture, T cell lines were
screened using H. sapiens CD1b-GMM or H. sapiens CD1c-GMM
tetramer. T cell lines were cryopreserved until use.

To generate NHP T cell lines, cryopreserved PBMC were thawed and
rested overnight and then mixed with g-irradiated Mamu allogeneic
monocyte-derived dendritic cells and C32-GMM as described above. After
2 wk in culture, T cells were stained using Mamu CD1b-GMM or Mamu
CD1c-GMM tetramer, and tetramer-positive T cells were sorted as above.
Sorted T cells were expanded in vitro using the rapid expansion method
detailed above, except that irradiated Mamu PBMC and splenocytes were
used as feeder cells. Repeated rounds of expansion were achieved by using
g-irradiated human PBMC and lymphoblastoid cells in the presence of
rhIL-2 and/or PHA (Remel, San Diego, CA).

Flow cytometry

PBMC or T cell lines were thawed in RPMI 1640 (Life Technologies)
supplemented with 10% FBS (Atlas Biologicals, Fort Collins, CO), and
viable cells were enumerated by trypan blue (MilliporeSigma, Burlington,
MA) exclusion. The PBMC or T cell lines were plated at a final density of 1
million cells per well and then washed twice with 13 PBS (Life Tech-
nologies). The cells were then stained with Aqua LIVE/DEAD (Life
Technologies) according to manufacturer’s instructions and incubated for
15 min at room temperature. LIVE/DEAD staining and all following steps
were performed in the dark. At the end of the incubation, cells were
washed twice in PBS and blocked by incubating the cells with human
serum (Valley Biomedical, Winchester, VA) and FACS buffer (PBS sup-
plemented with 0.2% BSA [Sigma-Aldrich]) mixed 1:1 for 15 min at 4˚C.
Anti-CCR7 Ab (BD Biosciences) was then prepared with 50 nM dasatinib
(Cayman Chemical, Ann Arbor, MI), and the cells were incubated with the
solution at 37˚C for 30 min (47). The wells were then washed with FACS
buffer and resuspended in FACS buffer containing 50 nM dasatinib and
lipid or mock-loaded CD1 tetramers for 60 min at room temperature. At
the end of the incubation, the cells were washed twice in FACS buffer and
then stained with Abs prepared in FACS buffer containing 1 mM ascorbic
acid and 0.05% sodium azide (49). Markers included anti-CD3 BUV395
(clone UCHT1) (BD Biosciences), anti-CD3 PerCP Cy5.5 (clone SP34-2)
(BD Biosciences), anti-CD4 allophycocyanin–H7 (clone L200) (BD Bio-
sciences), anti-CD8 BV785 (clone RPA-T8) (BioLegend), anti–TRAV1-2
BV605 (clone 3C10), and anti–TRBV4-1 PE (clone ZOE) (Beckman
Coulter, Brea, CA). The Ab mixture was centrifuged at 10,000 3 g for
5 min to remove aggregates and then incubated with the cells for 30 min at
4˚C. The samples were washed in FACS buffer and then fixed in PBS
containing 1% paraformaldehyde (Electron Microscopy Sciences, Hatfield,
PA) for 15 min at 4˚C. After two final washes in PBS, the cells were
resuspended in PBS containing 2 mM EDTA to prevent clumping and then
stored at 4˚C until acquisition. Samples were acquired on a BD LSRFor-
tessa (BD Biosciences) equipped with blue (488-nm), green (532-nm), red
(628-nm), violet (405-nm), and UV (355-nm) lasers.

For results described in Figs. 4 and 5, the rhesus macaque PBMC and
BAL samples were thawed in warm media consisting of R10 and 2 ml/ml
Benzonase (MilliporeSigma) sterile-filtered and centrifuged at 250 3 g for
10 min. The supernatant was decanted, and the viable cells were enu-
merated using Guava Viacount Reagent (MilliporeSigma) and acquired on
a Guava easyCyte Benchtop Flow Cytometer (MilliporeSigma) according
to manufacturer’s instructions. The cells were centrifuged at 250 3 g for
10 min and rested overnight at a density of 2 million cells/ml. On the
following day, the cells were counted and plated at a density of 4 million
cells per well in a 96-well U-bottom plate. The staining procedure was
performed as above with the following reagents: H. sapiens CD1d–a-
GalCer PE Tetramer, Mamu MR1–5-OP-RU BV421 Tetramer (NIH Tet-
ramer Core Facility, Atlanta, GA), Mamu CD1c-GMM BV650 tetramer,
Mamu CD1c-GMM PE-Cy7 tetramer, Mamu CD1c-mock PerCP Cy5.5
tetramer (custom), anti-CD3 BUV737 (clone SP34-2), anti-CD4 allophy-
cocyanin–H7 (clone L200), anti-CD45RA PE-Cy5 (clone 5H9), anti-TCR
g/d PE-Dazzle594 (clone B1), anti-CCR7 BUV395 (clone 150503) (BD
Biosciences), anti-CD8ɑ BV785 (clone RPA-T8), anti-CD14 allophyco-
cyanin (clone M5E2), anti-CD69 BV711 (clone FN50), anti-TCR Vd2
AF700 (clone B6), anti–HLA-DR BV570 (clone L243) (BioLegend),
anti-CD19 allophycocyanin (clone CB19; Abcam, Cambridge, U.K.),
anti-CD38 FITC (clone AT-1; STEMCELL Technologies, Vancouver,
Canada), anti-CD103 Super Bright 600 (clone B-Ly-7; eBioscience,
San Diego, CA), and LIVE/DEAD Fixable Aqua (Life Technologies).
Samples from 10 animals were processed, and flow cytometry data
were acquired in two batches in which PBMC and BAL samples were
evenly distributed. However, the BAL sample from one rhesus ma-
caque was not used because of sample quality.

IFN-g ELISPOT

To test the functional response of human T cell lines, Multiscreen-IP Filter
Plates (MilliporeSigma) were first coated with an anti–IFN-g Ab (clone 1-
D1K) (Mabtech, Nacka Strand, Sweden) diluted 1:400 in PBS and incu-
bated overnight at 4˚C. On the following day, 4000 T cells were plated
with 50,000 human myelogenous leukemia cells (K562) stably transfected
with human CD1a, CD1b, CD1c, CD1d, or with a mock vector (empty
vector [EV]) (50). Lipid Ags were stored in chloroform:methanol (2:1, v/v)
prior to drying using gaseous nitrogen. The lipids were sonicated into
media and added to the cultures at a final concentration of 1 mg/ml. The
cultures were incubated at 37˚C for ∼16 h and washed twice with sterile
water to lyse the cells, and the plates were incubated with the detection Ab
7-B6-1 (Mabtech) diluted to 1 mg/ml in PBS/0.5% FBS and incubated for
2 h at room temperature. The cells were then washed five times with PBS.
One hundred microliters of ExtrAvidin–Alkaline Phosphatase (Sigma-
Aldrich) diluted 1:1000 in PBS/0.5% FBS was then added, and the
plates were incubated for 1 h at room temperature. The samples were
washed five times and incubated with BCIP/NBT substrate (Sigma-
Aldrich) prepared according to manufacturer’s instructions for 15 min in
the dark at room temperature to develop the membrane. IFN-g spots were
measured using an ImmunoSpot S6 Core Analyzer (Cellular Technology,
Cleveland, OH).

Detection of IFN-g produced by Mamu T cells was performed sim-
ilarly but with the following modifications: a MultiScreen PVDF Plate
(MilliporeSigma) was wetted using 15 ml of 35% ethanol for no longer than
1 min. The plate was then washed with sterile water five times before coating
the plate with 100 ml of PBS containing 15 mg/ml of anti-human IFN-g Ab
(clone MT126L) (Mabtech) and incubating overnight at 4˚C.

Animals

Derivation of macaque T cell lines began with PBMC isolation from a
female Chinese rhesus macaque 12 wk after intradermal vaccination with
BCG. Data presented in Figs. 4 and 5 derived from 10 Indian-origin rhesus
macaques who underwent i.v. vaccination with 3 3 108 CFU/ml of Danish
strain 1331 BCG as part of a larger study that was recently published (6).
Cryopreserved PBMCs derived from blood collected at baseline or 4 wk
postvaccination as well as BAL collected 4 wk postvaccination were used
for the experiments described in this study.

All experimentation complied with ethical regulations established by the
Animal Care and Use Committee of the Vaccine Research Center, National
Institute of Allergy and Infectious Disease, NIH, and Environmental Health
& Services at the University of Washington. Macaques were housed and
cared for in accordance with local, state, federal, and institute policies in
facilities accredited by the American Association for Accreditation of
Laboratory Animal Care, under standards established in the Animal
Welfare Act and the Guide for the Care and Use of Laboratory Animals.
Macaques were monitored for physical health, food consumption, body
weight, temperature, complete blood counts, and serum chemistries.
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Clinical cohort

Derivation of human T cell lines began with cryopreserved PBMC donated
by a South African adolescent who was enrolled into a study that aimed to
determine the incidence and prevalence of tuberculosis infection and dis-
ease (51). Twelve- to eighteen-year-old adolescents were enrolled at high
schools in the Worcester region of the Western Cape of South Africa.
Subjects were screened for the presence of latent tuberculosis by a tu-
berculin skin test and IFN-g release assay QuantiFERON-TB Gold In-
Tube (QIAGEN, Hilden, Germany) at study entry. PBMC were isolated
from freshly collected heparinized blood via density centrifugation and
cryopreserved. For this study, we chose a single donor with latent tuber-
culosis from whom sufficient PBMC were archived for the proposed
experiments.

Ethics

Clinical study protocols were approved by the institutional review boards
of the University of Cape Town and the University of Washington. Written
informed consent was obtained from parents and/or legal guardians of the
adolescents who participated. In addition, written informed assent was
obtained from the adolescents.

Data analysis and statistics

Initial compensation, gating, and quality assessment of flow cytometry data
were performed using FlowJo version 9.9.6 (FlowJo; TreeStar, Ashland,
OR). Boolean gating and subsequent analysis was performed using the
OpenCyto framework in the R programming environment (52, 53). Cell
frequencies were compared using Wilcoxon signed-rank tests and results
are reported as unadjusted p values. Two pre-BCG PBMC samples were
excluded during analysis because of low viability and low CD3 cell counts.

Uniform Manifold Approximation and Projection (UMAP) was per-
formed using the uwot package in R (L. McInnes, J. Healy, and J. Melville,
manuscript posted on arXiv, DOI: 1802.03426) with the following pa-
rameters: spread = 10 and min_dist = 0.15 for the Mamu CD1c-GMM
tetramer data; spread = 16 and min_dist = 0.2 for the H. sapiens
CD1d–a-Galcer tetramer data; and spread = 9 and min_dist = 0.02 for the
Mamu MR1–5-OP-RU tetramer data. For the analysis of data generated
using Mamu MR1 tetramer, cells were sampled evenly from each batch,
tissue, and animal. However, for data generated using Mamu-CD1c and
H. sapiens–CD1d tetramers, animals were unevenly sampled because of
low cell counts. The following markers were used in the UMAP analysis:
CD45RA, CD69, CD103, CCR7, CD38, gd, CD4, d2, CD8, HLA-DR,
CD3, Mamu CD1c-GMM PE-Cy7, Mamu CD1c-GMM BV650, H. sapi-
ens CD1d–a-GalCer, and Mamu MR1–5-OP-RU. Fluorescence intensities
of each markers were scaled within each batch prior to running UMAP.
The raw data and analysis code used to generate the figures in this man-
uscript are available upon reasonable request.

Results
Evolutionary genetics of group 1 CD1 genes among primates

We recently showed that a five-gene CD1 locus is present among all
primate clades and that CD1d shows evidence of purifying se-
lection during primate evolution. This allowed us to use H. sapiens
CD1d tetramer loaded with a-GalCer to study the molecular
mechanisms of Ag recognition by iNKT cells in rhesus macaques
(35). To further delineate the evolutionary history of simian
CD1A, CD1B, and CD1C genes, CD1 homolog sequences were
mined from 11 primate genomes that include great apes, Old
World monkey, and New World monkeys, spanning ∼45 million
years of evolutionary time. In contrast to the very high conser-
vation of CD1D, tests of molecular evolution across primates
found significant signatures of diversifying (positive) selection in
CD1A, CD1B, and CD1C (Table I). The signal is most robust in
CD1A, which was also found to have experienced gene duplica-
tion independently in both olive baboon and marmosets (35).
When the sites under positive selection were visualized on
H. sapiens–derived crystal structures, most sites were localized
within the lipid Ag binding pocket (Fig. 1A) (54–56). These data
reveal that CD1A, CD1B, and CD1C have undergone diversifying
selection during primate evolution, possibly leading to differences
in the ability to bind and present lipid Ags to T cells.

GMM is presented by CD1b to T cells in macaques

We used the sequences for CD1b and CD1c obtained from cyn-
omolgus macaques (M. fascicularis) and rhesus macaques (M.

mulatta) to generate species-specific CD1b and CD1c tetramers

(Supplemental Fig. 1). We used an established loading protocol to

generate Mamu CD1b loaded with C32-GMM and tested its ability

to stain a human GMM-specific T cell line (G02) (17). We found

that Mamu CD1b-GMM successfully stained human T cells

compared with mock-loaded control tetramer but at a lower

mean fluorescence intensity compared with H. sapiens CD1b-

GMM (Fig. 1B). The human GMM-specific T cell repertoire

consists of high-avidity T cells expressing TRAV1-2 or low-

avidity T cells expressing TRBV4-1 (57, 58). We considered the

possibility that Mamu CD1b-GMM might be missing some of

these specific subpopulations. However, we found that Mamu

CD1b-GMM detected similar proportions of T cells expressing

TRAV1-2 or TRBV4-1 as H. sapiens CD1b-GMM (Fig. 1C).

Mamu CD1b-GMM tetramer stained 0.1% of T cells in PBMC of

a BCG-vaccinated rhesus macaque compared with a mock-loaded

control tetramer (Fig. 1D). These T cells were sorted and suc-

cessfully expanded ∼100-fold into a T cell line (bG52R). Be-

cause human PBMC were used as feeder cells, we verified the

species origin of these T cells by staining with two anti-CD3ε
Abs, one that is cross-reactive with human and NHP and a sec-

ond that is only reactive against human CD3ε (Fig. 1E). We

noted that nearly all the Mamu CD1b-GMM–specific T cells

failed to stain with Abs targeting CD4 or CD8 coreceptors,

which is in contrast to studies using H. sapiens CD1b-GMM that

have revealed mostly CD4+ T cells in humans (Fig. 1F) (58).

Finally, we noted that T cells that were identified using Mamu

CD1b-GMM tetramer largely fail to costain with H. sapiens

CD1b-GMM tetramer (Fig. 1G). Thus, GMM-specific T cells are

present within the CD1b-restricted T cell repertoire of rhesus

macaques but are largely “invisible” without a species-specific

tetramer to identify them.

GMM is presented to mutually exclusive T cell populations by
CD1b and CD1c in humans

Several studies have confirmed that GMM is presented to T cells by
CD1b in humans (12, 17, 58, 59), so it was not surprising to find

the same was true in rhesus macaques. However, a recent study

examining rhesus macaques after repeated vaccination with BCG

and liposomal GMM suggested that the dominant mechanism by

which GMM is presented to T cells might be mediated by CD1c

instead of CD1b (39). To investigate this possibility in humans, we

incubated PBMC from a South African adolescent with latent

tuberculosis infection with allogeneic dendritic cells that express

all human CD1 isoforms and C32-GMM, allowing for selective

expansion of Ag-specific T cells. Two weeks later, we noted that

0.4% of T cells stained with H. sapiens CD1b–C32-GMM tetramer

but not with mock-loaded CD1b control tetramer (Fig. 2A). We

also observed 0.1% of T cells stained with H. sapiens CD1c–C32-

GMM tetramer but not with mock-loaded CD1c (Fig. 2A). These

cells were independently sorted and successfully expanded ∼100-
fold into T cell lines (Fig. 2B). The CD1c-GMM–restricted T cell

line (cG11) stained only with CD1c-GMM tetramer and not with

CD1c mock-loaded or CD1b-GMM tetramer (Fig. 2B, 2C). The

CD1b-GMM–restricted T cell line (bG11) stained only with

CD1b-GMM tetramer and not with CD1b mock-loaded or CD1c-

GMM tetramer (Fig. 2B, 2C). Both bG11 and cG11 also largely

failed to stain with CD1b and CD1c tetramers loaded with irrel-

evant mycobacterial lipid Ags (Ac2SGL and PM, respectively)

(Fig. 2D) (18, 20). We used K652 cells stably transfected with
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single isoforms of H. sapiens CD1 proteins to further investigate
the specificity of bG11 and cG11 T cell lines. Using IFN-g
ELISPOT, we found that bG11 was only activated in the presence
of CD1b and GMM, whereas cG11 was only activated in the
presence of CD1c and GMM (Fig. 2E, 2F). Together, these data
reveal that C32-GMM is recognized by two mutually exclusive
T cell populations in humans, one that is restricted by CD1b and
one that is restricted by CD1c.

Among CD1b-GMM–specific T cells within the bG11 T cell
line, we noted that 8% expressed TRAV1-2, and 0.4% expressed
TRBV4-1, whereas 2.5% expressed both TCR genes (Fig. 2G).
Among CD1c-GMM–specific T cells within the cG11 T cell line,
we noted that 99.9% stained with TRBV4-1 and found almost no
evidence of TRAV1-2 expression (Fig. 2G). These data suggest
that TRBV4-1 may be more important than TRAV1-2 for CD1c-
mediated recognition of GMM (24, 25). The volume of the

Table I. Summary of tests of molecular evolution across primates in CD1a, CD1b, and CD1c paralogs

CD1 Paralog M8A (Neutral Model) M8 (Positive Selection) 2DlogL p Value

CD1A p0 = 0.4533, p = 0.0050, q = 67.7584 p0 = 0.8848, p = 0.0245, q = 0.0209 58.4007 1.1 3 10214

p1 = 0.6147, v = 1.0000 p1 = 0.1152, v = 4.800
CD1B p0 = 0.5473, p = 0.0050, q = 40.4342 p0 = 0.6643, p = 0.0050, q = 2.6196 3.2376 0.036

p1 = 0.4527, v = 1.0000 p1 = 0.3357, v = 1.6799
CD1C p0 = 0.4416, p = 0.0050, q = 10.9279 p0 = 0.7108, p = 21.0482, q = 99.0000 16.4367 2.5 3 1025

p1 = 0.5584, v = 1.0000 p1 = 0.2892, v = 2.6905

For each paralog, sequences were aligned using Clustal V, and tests of positive selection were performed using the codeml application in PAML (v4.8) with the primate
species tree. Nested models of neutral evolution (M8a) and one allowing for positive selection (M8) were compared. In both models, the fraction of sites under purifying
selection (p0) are described by evolutionary rates (nonsynonymous to synonymous substitution rates, or dN/dS) drawn from a b distribution with parameters p and q. Under the
neutral M8a model, the remaining sites (p1 = 1 – p0) are described by an additional dN/dS term (v) constrained to 1. Under the positive-selection M8 model, v is a free parameter
that can be .1. The two models were compared by likelihood-ratio test with 1 df, and if significant, sites with Bayes-empirical Bayes-posterior probabilities $0.8 were
considered under positive selection. CD1A and CD1C show stronger evidence of positive selection compared with CD1B during primate evolution.

FIGURE 1. GMM is presented by CD1b to T cells in macaques. (A) Evolutionary genetics of group 1 CD1 genes among primates. CD1a, CD1b, and

CD1c sequences were collated, aligned, and compared as described in the Materials and Methods. Amino acid residues under positive selection were

modeled onto H. sapiens CD1 crystal structures using PyMOL v2.4 and are noted in red. (Protein Data Bank numbers 5J1A, 5L2J, and 3OV6 for CD1a,

CD1b, and CD1c, respectively). (B) H. sapiens CD1b-GMM andMamu CD1b-GMM tetramers were used to identify GMM-specific T cells present within a

human T cell line (G02) by staining with both GMM-loaded (BV421) and mock-loaded (FITC) CD1b tetramers. Mean fluorescence intensities (MFI) of

populations identified by H. sapiens and Mamu CD1b tetramers are compared using overlapping histograms. (C) GMM-specific T cells present within G02

were identified by staining with either H. sapiens CD1b-GMM or Mamu CD1b-GMM tetramers, and TCR genes expressed by GMM-specific T cells were

identified using Abs targeting TRAV1-2 and TRBV4-1. (D) PBMC from an Indian-origin rhesus macaque that was vaccinated intradermally with BCG were

stained with Mamu CD1b-GMM and Mamu CD1b mock-loaded tetramers, sorted, and expanded in vitro as described in the Materials and Methods. The

resulting T cell line (bG52R) was restained with Mamu CD1b-GMM and Mamu CD1b mock-loaded tetramer. (E) The species origin of bG52R was

confirmed by staining with an anti-CD3ε Ab (clone UCHT1) that does not bind with Mamu CD3ε as well as an anti-CD3ε Ab (clone SP34-2) that binds

CD3ε from both species. (F) T cells staining with Mamu CD1b-GMM tetramer present within bG52R were further examined for coreceptor expression

using Abs targeting CD4 and CD8a. (G) bG52R was simultaneously stained with Mamu CD1b-GMM tetramer (BV421) and H. sapiens CD1b-GMM

tetramer (allophycocyanin). Data are representative of at least two independent experiments. See also Supplemental Fig. 1 and Table I.
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binding pocket of CD1b is nearly 50% larger than that of CD1c, so
it is unclear whether the smaller CD1c cleft might accommodate
C80-GMM (60). We tested the ability of cG11 or a CD1b-restricted
T cell line (G10) to recognize long-chain (C80) or short-chain
(C32) GMM when presented by CD1-transfected K562 cells.
The CD1b-restricted T cell line was able to recognize both C80-
and C32-GMM in the presence of CD1b (Fig. 2H). However,
cG11 was only activated by C32-GMM in the presence of CD1c
(Fig. 2H). Because M. tuberculosis and M. bovis appear to pre-
dominantly express C80-GMM, these data support parallel mecha-
nisms of Ag processing and presentation that facilitate the
discrimination of bacterial lipids with identical head groups but
different chain lengths (13, 61).

GMM is presented by CD1c to T cells in macaques

Having established that GMM is presented to T cells by CD1b and
CD1c in humans, we proceeded to investigate this paradigm in NHP.
We generated Mamu CD1c–C32-GMM tetramers and stained PBMC
obtained from a rhesus macaque 4 wk after intradermal BCG vac-
cination. We noted that Mamu CD1c-GMM tetramer stained 0.02%

of T cells compared with Mamu CD1c-mock tetramer (Fig. 3A).
These T cells were sorted and successfully expanded ∼100-fold into a
T cell line (cG52R) (Fig. 3B). We verified the species origin of these
T cells by staining with two anti-CD3ε Abs as before (Fig. 3C).
Within cG52R, we noted the majority of T cells expressed CD4, in
contrast to bG52R, which was predominantly CD42CD82 (Figs. 1F,
3D). Finally, we noted that T cells that were identified using Mamu
CD1c-GMM tetramer largely failed to costain with H. sapiens CD1c-
GMM tetramer, demonstrating species specificity of the T cell re-
sponse (Fig. 3E). However, GMM-specific T cells within cG52R
were partially activated by K562 cells transfected with H. sapiens
CD1c in the presence of GMM, demonstrating some cross-reactivity
using a functional assay (Fig. 3F). These data reveal that in rhesus
macaques, as with humans, C32-GMM is presented by both CD1b
and CD1c to two mutually exclusive populations of T cells.

Resident memory MAIT and iNKT cells are present in macaque
lungs after i.v. BCG

Taking advantage of the donor-unrestricted nature of T cells that
recognize these nonpolymorphic Ag-presenting molecules, we next

FIGURE 2. GMM is presented to mutually exclusive T cell populations by CD1b and CD1c in humans. (A) PBMC from a healthy South African

adolescent were incubated with allogeneic dendritic cells, GMM, and IL-2 for 2 wk. The resulting T cell line was stained with either H. sapiens CD1b-

GMM (allophycocyanin) and H. sapiens CD1b mock-loaded (PE) tetramers or H. sapiens CD1c-GMM (allophycocyanin) and H. sapiens CD1c mock-

loaded (PE) tetramers to identify GMM-specific T cells. (B) T cells staining with H. sapiens CD1b-GMM tetramer were sorted and expanded in vitro to

generate the bG11 T cell line. T cells stained with H. sapiens CD1c-GMM tetramer were sorted and expanded in vitro to generate the cG11 T cell line. (C)

bG11 stains with H. sapiens CD1b-GMM tetramer (PE) but fails to costain with H. sapiens CD1c-GMM tetramer (allophycocyanin). cG11 stains with

H. sapiens CD1c-GMM tetramer but fails to costain with H. sapiens CD1b-GMM tetramer. (D) bG11 stains specifically with H. sapiens CD1b-GMM

tetramer (allophycocyanin) and fails to costain with H. sapiens CD1b (BV421) loaded with Ac2SGL, another CD1b-presented mycobacterial lipid Ag.

cG11 stains specifically with H. sapiens CD1c-GMM tetramer (PE) and fails to costain with H. sapiens CD1c (allophycocyanin) loaded with PM, another

CD1c-presented mycobacterial lipid Ag. (E) bG11 or (F) cG11 were coincubated with K562 cells that were stably transfected with H. sapiens CD1a, CD1b,

CD1c, CD1d, or EV, and IFN-g production was measured by ELISPOT. (G) T cells within bG11 that stained with H. sapiens CD1b-GMM tetramer or

T cells within cG11 that stained with H. sapiens CD1c-GMM tetramer were stained with Abs targeting TRAV1-2 and TRBV4-1 to investigate TCR gene

usage. (H) A CD1b-GMM–restricted T cell line (G10) was coincubated with K562-CD1b–transfected APCs, and a CD1c-GMM–restricted T cell line

(cG11) was coincubated with K562-CD1c–transfected APCs in the presence of titrating concentrations of short-chain (C32) or long-chain (C80) GMM.

IFN-g production was measured by ELISPOT. Data are representative of at least three (A–C and G) or two (D–F and H) independent experiments.
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sought to investigate whether mycobacterial vaccination might lead
to the expansion of CD1- and MR1-restricted T cells and whether

these T cells might be found among T cells resident in the lung (62,

63). To accomplish this, we made use of archived PBMC and BAL

from our recent study, which demonstrated the superiority of i.v.

BCG vaccination over standard routes in conferring protection

from M. tuberculosis challenge (6). We developed a multipa-

rameter flow cytometry panel to measure memory (CD45RA

and CCR7), activation (HLA-DR and CD38), tissue-residency

(CD69 and CD103), and T cell (CD4, CD8, and gd) phenotypes

of GMM-specific T cells with additional tetramers to profile

mucosal-associated invariant T (MAIT) cells and iNKT cells.

Our experiments were designed to answer two statistically in-

dependent questions: 1) are donor-unrestricted T cells induced

in PBMC after i.v. BCG, and 2) is the distribution of donor-

unrestricted T cells different between PBMC and BAL at the

peak of the response to i.v. BCG?
Cryopreserved samples from 10 animals were chosen for

analysis consisting of PBMC at baseline, PBMC at 4 wk post-

vaccination, and BAL at 4 wk postvaccination. When comparing 4

wk after i.v. BCG vaccination to baseline, we found no change in

the frequency of MAIT cells (p = 0.109) (Supplemental Fig. 2A,

2B) nor in the frequency of iNKT cells (p = 0.078) (Supplemental

Fig. 2C, 2D) in the blood. Although we did see that MAIT cells

were found at higher frequency in the BAL compared with PBMC

(p = 0.008) (Supplemental Fig. 2B), this did not hold true for

iNKT cells (p = 0.734) (Supplemental Fig. 2D). These data

are consistent with our published data, which revealed a se-

lective induction of MAIT cells in BAL after i.v. BCG when

compared with both aerosol and intradermal administration

(6). We then used UMAP to examine whether subpopulations

of MAIT or iNKT cells were expanded after i.v. BCG (Fig.

4A, 4F, Supplemental Fig. 3). Indeed, we observed an in-

crease in the frequency of MAIT cells in PBMC expressing a

CD45RA2CCR72 TEM phenotype (p = 0.023) (Fig. 4A–C).

We also observed an increase in the frequency of MAIT cells

expressing TRM markers CD69 and CD103 in BAL compared

with PBMC at the 4 wk time point (p = 0.004) (Fig. 4A, 4D,

4E). We observed similar expansions of iNKT cells express-
ing TEM and TRM markers in blood (p = 0.078) and BAL
(p = 0.008), respectively (Fig. 4F–J). Notably, T cells with a
TEM phenotype were broadly expanded in the blood 4 wk after
i.v. BCG (p = 0.023), and T cells expressing TRM markers
were broadly expanded in the BAL compared with the blood
(p = 0.004) (Supplemental Fig. 2E, 2F). These data extend our
published findings by revealing TRM phenotypes in the lung as
well as expansions of MAIT and iNKT cell subsets expressing
TEM phenotypes in the blood after i.v. BCG vaccination.

GMM-specific T cells are expanded after i.v. BCG

Finally, we examined the effect of i.v. BCG on CD1c-GMM–
specific T cells (Fig. 5, Supplemental Fig. 3). Limiting cell
numbers precluded us from simultaneously profiling CD1b-
GMM–specific T cells in all samples. We prioritized the detection
of CD1c-GMM–specific T cells based on the report by Morita
et al. (39), which suggested that this was the dominant mechanism
of GMM recognition by T cells in macaques. Specificity of
staining and accurate quantification of low-frequency events were
achieved by using two Mamu CD1c–C32-GMM–loaded tetramers
in different fluorescence channels as well as a mock-loaded
negative-control CD1c tetramer (Fig. 5A, Supplemental Fig. 4).
At baseline, we noted that the majority of Mamu CD1c-GMM–
specific T cells expressed either a CD4 or CD8 coreceptor, which
was consistent with our in vitro results (Figs. 3D, 5B). We ob-
served an increase in the frequency of T cells staining with Mamu
CD1c-GMM tetramers in PBMC at 4 wk after BCG vaccination
compared with baseline (p = 0.016) (Fig. 5C). As with MAIT and
iNKT cells, this expansion was especially pronounced within the
TEM subset (p = 0.008) (Fig. 5D–F). We noted a positive correlation
between the frequency of CD1c-GMM–specific T cells and both
iNKT (r = 0.85; p = 0.002) and MAIT cells (r = 0.63; p = 0.051)
expressing a TEM phenotype in the blood (Fig. 5G). By contrast,
we observed a lower total frequency of T cells staining with
Mamu CD1c-GMM tetramers in BAL compared with PBMC at
the 4-wk time point (p = 0.02) (Fig. 5H). However, this was
contrasted by a statistically significant difference in the subset of
Mamu CD1c-GMM–specific T cells expressing TRM markers

FIGURE 3. GMM is presented by CD1c to T cells in macaques. (A) PBMC from an Indian-origin rhesus macaque that was vaccinated intradermally with

BCG were stained with Mamu CD1c-GMM (PE) and Mamu CD1c mock-loaded (BV421) tetramers to identify CD1c-GMM–specific T cells. (B) T cells

staining with Mamu CD1c-GMM but not Mamu CD1c mock-loaded tetramer were sorted and expanded in vitro for 2 wk to generate a T cell line (cG52R).

(C) The species origin of cG52R was confirmed by staining with an anti-CD3ε Ab (clone UCHT1) that does not bind Mamu CD3ε as well as an anti-CD3ε
Ab (clone SP34-2) that binds CD3ε from both species. (D) T cells staining with Mamu CD1c-GMM tetramer present within cG52R were further examined

for coreceptor expression using Abs targeting CD4 and CD8a. (E) cG52R was simultaneously stained with Mamu CD1c-GMM tetramer (G780) and

H. sapiens CD1c-GMM tetramer (PE). Fewer than 5% of T cells staining with Mamu CD1c-GMM tetramer costain with H. sapiens CD1c-GMM tetramer.

(F) cG52R was coincubated with K562-CD1c or K562-EVAPCs in the presence or absence of GMM. IFN-g detection by ELISPOT demonstrates the Mamu-

derived T cell line is partially activated by H. sapiens CD1 proteins. Data are representative of at least three (A–E) or two (F) independent experiments.
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(p = 0.008) (Fig. 5D, 5I, 5J). These data reveal that i.v. BCG leads
to clonal expansion and terminal differentiation of GMM-specific
T cells in the blood. GMM-specific T cells are also detectable as
TRM cells in the lung.

Discussion
Our data advance several aspects of CD1 biology and tuberculosis
vaccinology. First, we developed and validated Mamu CD1b-
GMM and Mamu CD1c-GMM tetramers, establishing the NHP
as a natural animal model in which to study the phenotypes and
functions of CD1-reactive T cells in health and disease. Second,
we discovered that both CD1b and CD1c can present GMM to
T cells in humans and NHP, providing a potential mechanism for
how primates evolved the capacity to discriminate among Ags
with identical head groups but various lipid chain lengths. Third,
we discovered that i.v. BCG leads to the expansion of GMM-
specific T cells in the blood, which are also detectable in BAL
fluid, suggesting that lipid Ag-specific T cells may contribute to
the protective immune response to M. tuberculosis.

We specifically chose to study GMM-specific T cells in the
setting of i.v. BCG vaccination because this route has been shown
to provide superior protection compared with intradermal or
aerosol vaccination in rhesus macaques, which are exquisitely
susceptible to M. tuberculosis infection and disease (6, 7, 64). In
our prior work, most animals vaccinated with i.v. BCG showed
evidence of sterilizing immunity and had substantial expansions of
MAIT cells in the lung at the time of M. tuberculosis challenge
(6). The natural question is whether particular Ags are being
targeted by lung T cells. Much effort is sure to be spent on dis-
tinguishing among the ∼4000 proteins expressed by M. tubercu-
losis. Our data suggest that T cells mediating protective immunity
may also be targeting lipids that are shared between BCG and
M. tuberculosis, such as MA and GMM (65).
Morita et al. (39) were the first to describe the presentation of

GMM by CD1c rather than CD1b in rhesus macaques by using an
unusual vaccination strategy. GMM was purified from cultured
mycobacteria and CD1c dependence was demonstrated through
the use of blocking Abs and transfected APCs. Our data confirm

FIGURE 4. Resident memory MAIT and iNKT cells are present in macaque lungs after i.v. BCG. Multiparameter flow cytometry was used to profile

T cells present in PBMC prior to i.v. BCG vaccination (pre-BCG) and in PBMC and BAL at 4 wk after BCG vaccination in 10 rhesus macaques.

MAIT cells were identified usingMamuMR1–5-OP-RU loaded tetramer and iNKT cells were identified using H. sapiens CD1d–a-GalCer–loaded tetramer.

(A) Expression of CD45RA, CCR7, CD69, and CD103 on MAIT cells is displayed after aggregating across all animals and performing dimensionality

reduction with UMAP. Mean fluorescence intensities (MFI) were scaled to achieve a mean = 0 and SD = 1. (B) Representative staining of CD45RA and

CCR7 among CD8+ MAIT cells identified in PBMC from one animal pre-BCG or 4 wk after i.v. BCG vaccination. (C) The frequency of CD4+ and CD8+

MAIT cells expressing a TEM phenotype was compared with pre-BCG and at 4 wk after i.v. BCG vaccination in all 10 animals. (D) Representative staining

of CD69 and CD103 among CD8+ MAIT cells identified in PBMC and BAL at 4 wk after i.v. BCG vaccination. (E) The frequency of CD4+ and CD8+

MAIT cells expressing a TRM phenotype was compared in PBMC and BAL 4 wk after i.v. BCG vaccination in all 10 animals. (F) Expression of CD45RA,

CCR7, CD69, and CD103 on iNKT cells is displayed after aggregating across all animals and performing dimensionality reduction with UMAP and scaling

MFI as above. (G) Representative staining of CD45RA and CCR7 among CD8+ iNKT cells identified in one animal pre-BCG or 4 wk after i.v. BCG

vaccination. (H) The frequency of CD4+ and CD8+ iNKT cells expressing a TEM phenotype was compared pre-BCG and at 4 wk after i.v. BCG vaccination.

(I) Representative staining of CD69 and CD103 among CD8+ iNKT cells identified in PBMC and BAL at 4 wk after i.v. BCG vaccination. (J) The

frequency of CD4+ and CD8+ iNKT cells expressing a TRM phenotype was compared pre-BCG and at 4 wk after i.v. BCG vaccination in all 10 animals.

Results from line plots represent data from all animals. Statistical testing was performed using Wilcoxon signed-rank tests, and unadjusted p values are

reported. The experiment was performed once. See also Supplemental Figs. 2 and 3.
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and extend these findings through the use of synthetic GMM,
newly validated Mamu CD1 tetramers, paired comparisons be-
tween blood and BAL, and context within i.v. BCG, which has
been shown to protect against M. tuberculosis challenge. Impor-
tantly, we also show that CD1c is not capable of directly binding
and presenting C80-GMM, which is the dominant form of the lipid
present in M. tuberculosis and likely BCG (61). C32-GMM is
ubiquitous among nontuberculous mycobacteria and related bac-
teria, so NHP may have first primed a T cell response to GMM
through environmental exposure (22). Subsequent vaccination
with intradermal or i.v. BCG may have led to expansions of C32-
GMM–specific T cells through nonspecific inflammatory effects,
as has been shown for MAIT cells (66). It is also possible that C80-
GMM undergoes intracellular processing prior to loading onto
CD1c. This would be in contrast to CD1b, which efficiently loads

C80-GMM through the endosome in dendritic cells (22). Thus,
both our work and that of Morita et al. (39) highlight the fact that
BCG vaccination induces a GMM-specific T cell response in NHP
that may be Ag dependent or Ag independent.
Lung-resident memory CD4 T cells are induced by BCG in mice

and associated with protection against M. tuberculosis challenge
(67, 68). Notably, the frequency of TRM is greater with the mu-
cosal compared with the intradermal route (69). We have also
noted that induction of lung parenchymal T cells is greater with
i.v. compared with intradermal or aerosol routes of BCG vacci-
nation in macaques (6). In this study, we defined GMM-specific
T cells as TRM in BAL by virtue of costaining with canonical
markers CD69 and CD103. Because baseline BAL samples were
unavailable, we cannot conclude that these cells were induced by
i.v. BCG. At a minimum, our data show GMM-specific T cells are

FIGURE 5. GMM-specific T cells are expanded after i.v. BCG. Multiparameter flow cytometry was used to profile GMM-specific T cells present in

PBMC prior to i.v. BCG vaccination (pre-BCG) and in PBMC and BAL at 4 wk after BCG vaccination in rhesus macaques. (A) Mamu CD1c-GMM

tetramers conjugated to (PE-Cy7) and (BV650) as well as mock-loaded Mamu CD1c (PerCP Cy5.5) were used to accurately identify GMM-specific T cells

in PBMC or BAL. In one representative animal, there is an apparent increase in the frequency of T cells staining with both GMM-loaded tetramers at 4 wk

after i.v. BCG. (B) CD4, CD8, and TCR-gd expression among Mamu CD1c-GMM–specific T cells aggregated from all animals and analyzed directly ex

vivo. (C) Frequencies of T cells staining with Mamu CD1c-GMM tetramer as a percentage of total CD3+ cells in PBMC were compared between pre-BCG

and 4 wk after i.v. BCG. (D) Expression of CD45RA, CCR7, CD69, and CD103 on T cells staining with Mamu CD1c-GMM tetramer is displayed after

aggregating across all animals and performing dimensionality reduction with UMAP. Mean fluorescence intensities (MFI) were scaled to achieve a mean =

0 and SD = 1. (E) Representative staining of CD45RA and CCR7 among T cells staining with Mamu CD1c-GMM tetramer in one animal pre-BCG or 4 wk

after i.v. BCG vaccination. (F) The frequency ofMamu CD1c-GMM staining T cells expressing a TEM phenotype was compared pre-BCG and at 4 wk after

i.v. BCG vaccination in all animals. (G) The frequency of cells expressing a TEM phenotype as a percentage of total tetramer staining cells in the blood is

plotted for CD1c-GMM versus iNKT cells, CD1c-GMM versus MAIT cells, or iNKT versus MAIT cells. Pearson correlation R and nominal p values are

displayed for each comparison. (H) Frequencies of T cells staining with Mamu CD1c-GMM tetramer as a percentage of total CD3+ cells were compared

between PBMC and BAL at 4 wk after i.v. BCG vaccination. (I) Representative staining of CD69 and CD103 among T cells staining with Mamu CD1c-

GMM tetramer in PBMC and BAL at 4 wk after i.v. BCG vaccination. (J) The frequency of T cells staining with Mamu CD1c-GMM tetramer expressing a

TRM phenotype was compared between PBMC and BAL at 4 wk after i.v. BCG vaccination. Statistical testing was performed using Wilcoxon signed-rank

tests, and unadjusted p values are reported. The experiment was performed once. See also Supplemental Figs. 3 and 4.
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detectable in the lungs 4 wk after i.v. BCG and express an acti-
vated phenotype. Because we have previously reported that re-
sidual BCG is detectable in BAL at this time point, it is possible
that some of these cells may also represent activated T cells be-
cause of the persistence of mycobacterial Ag (6). Whether they
persist as true resident memory T cells, express antibacterial
functions, and contribute directly to reducing bacterial burdens in
the lung is the subject of future work.
When we used H. sapiens CD1b-GMM and H. sapiens CD1c-

GMM tetramer to isolate GMM-specific T cell lines, we found
that they stained only with the tetramer used to isolate them.
These data suggest that the TCR repertoires identified by these
tetramers are mutually exclusive. CD1b-restricted T cells specific
for GMM can express TRAV1-2 or TRBV4-1 as well as diverse
TCRs (57, 70). CD1c-autoreactive T cells have been shown to
preferentially express TRBV4-1 (25). A detailed molecular study
of both GMM-specific and autoreactive CD1b-restricted T cells
showed that germline-encoded residues within TRBV4-1 are es-
sential for binding both CD1b and CD1c independent of the ligand
(24). We find that nearly all T cells that stain with H. sapiens
CD1c-GMM tetramer express TRAV4-1, but only a subset of
T cells identified by H. sapiens CD1b-GMM express either
TRAV1-2 or TRBV4-1. This is consistent with a diverse repertoire
among H. sapiens CD1b-GMM T cells that may not hold for
H. sapiens CD1c (70).
Validation of Mamu CD1b and CD1c tetramers and the dis-

covery of tissue phenotypes of CD1c-GMM–specific T cells in
rhesus macaques represents direct evidence for tissue-specific,
polyclonal responses to CD1-presented lipid Ags. Studies in hu-
mans have advanced our understanding of the structure, function,
and regulation of CD1 expression (60, 71). Access to peripheral
blood and tissues have enabled the study of T cell phenotypes
using tetramers and sequencing (15, 26). However, a deeper un-
derstanding of the role that CD1a-, CD1b-, and CD1c-restricted
T cells play in disease pathogenesis has been stymied because of a
lack of a suitable animal. The hCD1Tg mouse has partially solved
that problem but is limited by the fact that the mouse is not a
natural host for M. tuberculosis. There have also been attempts to
leverage the cow or guinea pig for these studies but with limited
success (72, 73). Mamu CD1b and CD1c tetramers loaded with
specific ligands can now be used to interrogate the immune re-
sponse in blood or at the site of infection in NHP, which pheno-
copy many aspects of human tuberculosis (74).
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