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Impact of Mycobacterium tuberculosis Glycolipids on the CD4"
T Cell-Macrophage Immunological Synapse

Ivan Mwebaza,* Rachel Shaw,* Qing Li,* Shane Fletcher,* Jacqueline M. Achkar,*
Clifford V. Harding,*"' Stephen M. Carpenter,**' and W. Henry Boom***!

Mycobacterium tuberculosis cell-wall glycolipids such as mannosylated lipoarabinomannan (ManLAM) can inhibit murine CD4"
T cells by blocking TCR signaling. This results in suppression of IL-2 production, reduced T cell proliferation, and induction of CD4"
T cell anergy. This study extended these findings to the interaction between primary human CD4" T cells and macrophages infected by
mycobacteria. Exposure of human CD4" T cells to ManLAM before activation resulted in loss of polyfunctionality, as measured by IL-2,
IFN-y, and TNF-« expression, and reduced CD25 expression. This was not associated with upregulation of inhibitory receptors CTLA-4,
PD-1, TIM-3, and Lag-3. By confocal microscopy and imaging flow cytometry, ManLAM exposure reduced conjugate formation
between macrophages and CD4" T cells. ManLAM colocalized to the immunological synapse (IS) and reduced translocation of
lymphocyte-specific protein tyrosine kinase (LCK) to the IS. When CD4" T cells and Mycobacterium bovis BCG—infected monocytes were
cocultured, ManLAM colocalized to CD4" T cells, which formed fewer conjugates with infected monocytes. These results demonstrate
that mycobacterial cell-wall glycolipids such as ManLAM can traffic from infected macrophages to disrupt productive IS formation and

inhibit CD4" T cell activation, contributing to immune evasion by M. tuberculosis.

evelopment of a better vaccine and immunotherapeutics
D against tuberculosis (TB) has been hampered by inadequate

understanding of the interactions between Mycobacterium
tuberculosis, macrophages, and T cells. Upon inhalation of aerosols,
M. tuberculosis bacilli are taken up by lung APCs that process and pre-
sent their Ags to cells of the adaptive immune response (1, 2). This
cell-mediated immune response should facilitate clearance of the
organism (3). However, M. tuberculosis is not cleared in many infected
individuals, surviving in granulomas as a latent M. tuberculosis infec-
tion (LTBI) (4, 5) and in some progressing to active disease (6, 7).
Immune evasion by M. tuberculosis allows it to resist macrophage kill-
ing and recognition of infected APCs by T cells (8).

MHC class II (MHC-II)-restricted CD4" T cells have a central
role in the T cell response to M. tuberculosis. HIV-induced CD4™
T cell depletion provides strong evidence for a dominant role of
human CD4% T cells in controlling M. tuberculosis (9). Murine
MHC-II knockout and nonhuman primate CD4" T cell depletion
studies experimentally support the importance of CD4% T cells
(10). CD4™ T cells expressing IFN-y, TNF-a, and IL-2 are associ-
ated with protective responses to M. tuberculosis (11). CD4™ T cells
from persons with LTBI recognize a diverse range of Ags (12), but
because antigenic variation among M. tuberculosis strains is mini-
mal, this likely is not a major mechanism of immune evasion.

Molecular mechanisms used by M. tuberculosis to resist innate
immune responses include disruption of phagolysosome fusion and
resisting of killing by superoxide, autophagy, and apoptosis (13).
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M. tuberculosis also indirectly and directly interferes with recogni-
tion of infected cells by CD4™" T cells. M. tuberculosis lipoproteins
activate TLR2 signaling in macrophages, which inhibits MHC-II
Ag processing (5). M. tuberculosis’s secreted protein EsxH can inter-
fere with T cell activation (14), and M. tuberculosis—infected dendritic
cells can export Ags to uninfected cells as decoy for CD4" T cells
(15). Our recent studies have focused on M. tuberculosis glycolipids,
especially mannosylated lipoarabinomannan (ManLAM), as inhibitors
of CD4™ T cell activation. Through direct contact with infected cells
or release of bacterial microvesicles, CD4™ T cells are exposed to
M. tuberculosis products, including lipids, proteins, and glycolipids
such as ManLAM (16-19). ManLAM can directly inhibit CD4"
T cells by blocking phosphorylation of proximal TCR kinases LCK,
Zap70, and adaptor protein LAT, resulting in downregulation of IL-2
expression, hypoproliferation, and anergy through the induction of
Gene Related to Anergy in Lymphocytes (16, 17, 19, 20).

Although a critical insight into M. tuberculosis pathogenesis, the
discovery and dissection of the mechanism of M. tuberculosis glyco-
lipid-mediated inhibition of CD4* T cell activation was performed in
a murine experimental system (16, 17, 19, 20). In this study, we
sought to determine the impact of ManLAM and mycobacterial infec-
tion on the interaction between human CD4" T cells and macro-
phages with a particular focus on the IS. Using primary human CD4 ™"
T cells, we determined the effect of ManLAM and Mycobacterium
bovis BCG (BCG) infection on (1) CD4" T cell polyfunctionality,
(2) conjugate formation between CD4" T cells and macrophages,
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(3) the integrity of the IS, and (4) colocalization of ManLAM to
CD4" T cells when cocultured with infected primary monocytes.

Materials and Methods

Ethics statement

Human CD4" T cell donors (n = 12) were recruited and consented under
the study “Heterogeneity of CD4" T cells in M. tuberculosis infection” that
was approved by the Institutional Review Board of University Hospitals
Case Medical Center (IRB Number: 03-88-63). Normal CD4" T cells and
monocytes were also obtained from three adult donors by leukapheresis from
AllCells (Almeda, CA). In both cases, all samples were deidentified, and the
study was conducted under the ethical principles as specified in the Declara-
tion of Helsinki.

Abs

CD4" T cells were stimulated using mAbs anti-CD28 (catalog number
[Cat#] 555725, CD28.2 clone; BD Biosciences) and anti-CD3e (Cat#16-
0037-81, OKT3 clone; eBioscience). The following mAbs were used for
flow cytometric assays (unless otherwise stated, all Abs were mouse anti-
human mAbs), anti-CD3-BUV395, anti—-ICOS-BV711, anti—-PD-1-BV650,
anti-CTLA-4-BV421, anti-CD40L-PE-CF594, anti—Lag-3-allophycocyanin-
R700, anti-IL-17A-BV421, anti-CD45RA-PE-CF594, anti—-CD27-allophyco-
cyanin, anti-IFN-y-PE, anti-TNF-a-AF700 (Alexa Fluor 700), anti-IL-2-
BV650, anti-CD25-BUV395, anti-CD69-BV421 (Cat# 564001, 563833, 564324,
565931, 563589, 565775, 562933, 565419, 558664, 559326, 557996, 563467,
567484, and 562883, respectively; BD Biosciences), anti-CD4-allophycocyanin-
cy7, anti-TIM-3-PE/cy7, anti-CD28-FITC, anti-CD4-AF594 (Cat# 300518,
345014, 302906, and 300544, respectively; BioLegend). Aqua dye (BV510, Cat#
1.34965; ThermoFisher) was used for live-dead cell stain. Anti-CD3-AF488 (Cat#
300454; BiolLegend), anti-CDI14-PE (Cat# 562691; BD Biosciences), and
anti—-LCK-AF647 (Cat# SC433; Santa Cruz Technologies) were used for imaging
flow cytometry (IFC).

The following primary Abs were used for confocal microscopy: rabbit anti-
CD4 recombinant monoclonal (Cat#MA5-32166; Invitrogen), mouse anti-
LCK monoclonal (Cat# MAS-12303; Invitrogen), mouse anti-CD14 monoclo-
nal (60004 [STEMCELL Technologies] or 557152 [BD Biosciences]; same
clone: M5E2), rabbit anti-CD3 recombinant monoclonal (ab135372; Abcam),
Mouse anti-CD86 monoclonal (Cat# 305435; BioLegend).

Human anti-ManLAM mAb (L1AM04) was isolated from PBMCs from
an individual with LTBI via single B cell sorting with delipidated ManLAM
glycan arabinomannan (21). This mAb was generated by cloning L1AMO04’s
H and L chain V regions into human IgG1 H and L chain expression vectors
followed by coexpression in 293 HEK cells and provided by Dr. J. Achkar
(Albert Einstein College of Medicine). LIAMO04 is distinct from other anti-
ManLAM mAbs and reacts specifically with the ManLAM cap component
ManzAra4 [reviewed by Corrigan et al. (22)]. It binds to various laboratory and
clinical M. tuberculosis strains, as well as BCG, and recognizes M. tuberculosis
and ManLAM in the lungs of M. tuberculosis—infected mice (21). Goat anti-
Mouse 1gG-AF488 (Cat# A11001; Invitrogen), goat anti-Rabbit 1gG-AF594
(Cat# A11012; Invitrogen), and goat anti-human IgG-AF647 (Cat# A21445;
ThermoFisher) were used as secondary Abs.

Reagents

ManLAM was provided by BEI Resources (NR-14848). In brief, the glyco-
lipid was purified from the cell wall of the irradiated M. tuberculosis H37Rv
strain by delipidation, ethanol precipitation, and size exclusion chromatogra-
phy. The lyophilized glycolipid was resuspended in 1x PBS at 1 pg/ul, son-
icated, aliquoted, and stored at —80°C.

Ammonium chloride, calcium chloride, and sucrose (Cat# A4514, C-7902,
and S5016, respectively) were purchased from Sigma-Aldrich (St. Louis,
MO). Paraformaldehyde (PFA) was purchased from Electron Microscopy Sci-
ences (Hatfield, PA). Recombinant human IL-2 (rIL-2; Cat#200-02) was pur-
chased from PeproTech (Granbury, NJ).

BCG Connaught (35745; ATCC, Manassas, VA) was grown as described
in Li et al. (23). In brief, BCG was grown in Middlebrook 7H9 medium
(BD Diagnostics) supplemented with 10% albumin-dextrose-catalase (Difco,
Detroit, MI) and glycerol (6% v/v). Cyan fluorescent protein—expressing
BCG (BCG/CFP) was made by transformation with plasmid pDH3 (Yeast
Resource Center, University of Washington, WA) and cloned into pMV262
as described previously (24, 25).

Isolation of CD4™ T cells

CD4" T cells were enriched from peripheral blood obtained from healthy
donors or from commercially sourced leukapheresis donors. In both cases,
PBMCs were isolated by density gradient-centrifugation method using Ficoll
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Paque Plus. Total CD4™ T cells were enriched by immunomagnetic negative
selection using EasySep Human CD4" T cell enrichment kit (Cat# 19052;
STEMCELL Technologies). The average purity was 97-98%. CD4" T cells
were rested overnight in RPMI1640 media (Cat# 12167Q; Lonza Bio Whit-
taker) supplemented with 0.1 mM nonessential amino acids (Cat# BW13-
114E; Fisher Scientific), 2 mM L-glutamine (Cat# BW17-605E; Fisher Scien-
tific), 1 pg/ml penicillin/streptomycin (Cat# 17-602E; Lonza), | mM sodium
pyruvate (Cat# BW13-115E; Fisher Scientific), 10% heat-inactivated FBS (Cat
#100-106; Gemini Bio), 4 pl/l 2-ME (Cat# M3148; Millipore Sigma), and 0.2 M
HEPES buffer (Cat# 17-737E; Fisher Scientific) (complete media, hereafter referred
to as M10), or in chemically predefined X-VIVO15 media (with L-glutamine, gen-
tamicin, and phenol red; Cat# 04-418Q; Lonza Bioscience).

Isolation of peripheral blood monocytes

Primary human monocytes were isolated from PBMCs by negative selection
using EasySep isolation kit (Cat# 19359; STEMCELL Technologies) and
were rested in antibiotic-free M10 for 24 h at 1 x 10° cells/ml before use.
The average purity was 96-99%.

Activation of THP-1 cells

THP-1 cells that had undergone <10 passages were stimulated with 200 ng/ml
IFN-y (Cat#570206; BioLegend) in M10 in suspension for 24 h. The average
fold increase in HLA-DR expression by THP-1 cells after IFN-y activation
was 5-fold, as measured by flow cytometry.

Exposure of CD4" T cells to ManLAM

ManLAM aliquots (1 pg/pl, 40 nl) were thawed and sonicated for 25 min
to emulsify the micelles. CD4™ T cells were incubated with the glycolipid at
40 pg/ml in X-VIVO15 or M10 media for 1 h at 37°C, with rotary shaking.
More than 95% of CD4" T cells acquired ManLAM on their surface as
measured by flow cytometry (Supplemental Fig. 1).

Activation of CD4" T cells

For flow cytometric and ELISA assays, CD4" T cells were rested in X-
VIVO15 medium at 1 x 10° cells/ml in culture flasks in a 37°C, 5% CO,,
humidified incubator overnight. The following day, CD4" T cells were
recounted, washed, and exposed to ManLAM in fresh X-VIVO15 medium
for 1 h at 37°C on a rotating shaker. Cells were then activated by plate-
bound anti-CD3e (1 pg/ml) with or without soluble anti-CD28 (1 pg/ml) at
1 x 10° cells/ml in 24-well plates for 24 or 48 h. After stimulation, superna-
tants were collected for ELISA, and cells were stained for flow cytometric
analysis of surface markers. For intracellular cytokine staining assays, cell
protein transport inhibitor brefeldin A (Cat# 555029; BD Biosciences) was
added at 1 pg/ml media, and cells were activated for 24 h before staining for
flow cytometry.

Infection of peripheral blood monocytes with BCG

Monocytes rested in antibiotic-free M10 for 24 h were infected in fresh
media with CFP-labeled or wild-type BCG that had been grown to OD of
0.4-8 in 7H9 medium, at multiplicity of infection (MOI) 1:1 or 5:1 for 48 h
in 24-well plates. Cultures were monitored for cell viability and changes in
color of the media. Cells were washed to remove uninternalized bacteria
before downstream assays.

Intracellular cytokine staining and surface marker staining for flow
cytometry

A total of 1 x 10° cells per condition were stained for surface markers and
fixed with 1% PFA before acquisition. For intracellular cytokine staining,
1 x 10° cells per condition were stained using the BD Cytofix/Cytoperm
Fixation/Permeabilization kit (Cat# 554714; BD) following manufacturer’s
instructions before 1% PFA fixation and acquisition. Cells were acquired on
LSR Fortessa flow cytometer using BD FACSDiva software, and data were
analyzed using FlowJo software (version 10).

ELISA assays

IL-2, IFN-y, and TNF-a ELISA were performed using ELISA kits (Cat#
88-7025-88, Cat# 88-7346-88, and Cat# KHC4021; ThermoFisher Scientific)
according to the manufacturer’s instructions. Plates were read on a BioTek
plate reader (Highland Park, VT) at wavelength 450 nm.

Analysis of LCK polarization by confocal microscopy

CD4" T cells rested in M10 media were exposed to ManLAM and cultured on
anti-CD3e—coated (3 pg/ml) poly-L-lysine—pretreated glass slides (Cat#22247;
Polysciences) for 5 min at 37°C in 5% CO,. They were then fixed with 3%
PFA, permeabilized with 1% BSA/0.1% Tx-100 for 1 min, blocked with 1%
BSA for 30 min, and then stained with rabbit anti-CD4 and mouse anti-LCK
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mAbs for 3 h at room temperature, followed by secondary goat anti-mouse
IgG-AF488 and goat anti-rabbit IgG-AF594. Slides were mounted in ProLong
Diamond Antifade mounting medium (Cat# P36970; Fisher Scientific) before
imaging under 60X oil immersion on Hyvolution SP8 confocal microscope
(Leica Microsystems). Images were analyzed and processed in Leica Applica-
tion Suite X (version 3.7.4.23463) and ImageJ software.

T cell-macrophage conjugate analysis by flow cytometry

IFN-y—activated THP-1 cells were labeled with viability compatible CMFDA
dye (Cat# C7025; Thermo Scientific) at 5 wM and then loaded with staphylo-
coccal enterotoxin B (SEB) (Item No. BT202; Toxin Technology) at 5 pg/ml
for 30 min. CD4* T cells were labeled with 0.5 1M viability compatible Deep
red dye (Cat# C34565; Thermo Scientific) and then exposed to ManLAM as
described earlier in RPMI 1640 media. Each cell type was washed and resus-
pended in M10 at 50,000 cells/ul. Resuspended cells were cocultured for
30 min at 37°C in 5% CO, by adding 10 pl of each cell type in a 96-well
U-bottom plate. Cells then were fixed in 3% PFA and 3% sucrose in 1xX PBS
before acquisition on an LSR Fortessa flow cytometer. At least 50,000 events
were acquired per condition.

T cell-macrophage conjugate analysis by IFC

CD4" T cells were exposed to ManLAM in RPMI 1640 media as described
earlier. [IFN-y—activated THP-1 cells were loaded with SEB at 5 pg/ml for
30 min. Each cell type was washed and resuspended at 50,000 cells/ul in
RPMI 1640 supplemented with 6 mM calcium chloride (CaCl,). CD4™"
T cells and THP-1 cells were then coincubated at a ratio of 1:1 (4 x 10° cells
in total) for 30 min at 37°C in 5% CO, in a 96-well U-bottom plate. Cells
were then fixed with 2% PFA for 20 min at 4°C. PFA was neutralized by
adding 100 mM ammonium chloride (NH4Cl) for 20 min at room tempera-
ture. Cocultures of CD4" T cells and THP-1 cells were then resuspended in
200 pl staining buffer (10% FBS, 0.1% Triton X-100 in 1x PBS) for 10 min
on ice. Cells were then stained for CD3, LCK, and CD14 for 40 min on ice
and washed twice with wash buffer (5% BSA, 1% FBS in 1x PBS) before
resuspension in fixation solution. A drop of Hoechst 33342 (Cat# R37605;
Fisher Scientific) was added before acquisition. The cells were acquired on
an ImageStream imaging flow cytometer (Amnis ImageStream; Luminex,
Austin, TX), with 40X magnification at low-flow rate using INSPIRE soft-
ware. Brightfield channels 01 and 09 and scattering channel 06 were acquired
alongside fluorescence channels. Lasers 488, 405, 658 (fluorescence), and 785
(side scatter) were activated for acquisition. The bright-field background
intensities were set at 740 for each camera. Approximately 30,000 events
were acquired for each sample. Data files were analyzed using IDEAS soft-
ware version 6.2.187 (Amnis; EMD Millipore, Seattle, WA). A conjugate
was considered as an event with bright field, Hoechst (DAPI) was positive
for two nuclei, and these nuclei were either CD3 or CD14 masked, with mini-
mum aspect ratio of 0.6 for each of the CD3 and CD14 masks. A valley
mask applied between the two nuclei was used to define the synapse of the
conjugate. Two feature derivatives were used to determine the redistribution
of LCK toward the synapse: (1) percentage of total LCK (as a function of
intensity) that redistributed in the valley mask, and (2) a ratio of the brightest
(maximum) pixel of LCK in the valley mask to the mean brightness of all
LCK pixels in the conjugate.

Monocytes infected with CFP-labeled BCG (MOI 1:1) were cocultured
with autologous CD4™" T cells in the ratio of 1:1 for 72 h in a 24-well plate.
Cells were afterward lifted off the plate using cell dissociation solution Try-
PLE select (Cat#12563011; Life Technologies), after which they were resus-
pended in RPMI 1640 media supplemented with 6 mM CaCl,, with 5 pg/ml
SEB, and then coincubated for 30 min at 37°C, 5% CO,. Medium was
removed, and pellets were incubated for >30 min. The cells were fixed with
2% PFA at 4°C, which was afterward neutralized with 100 mM NH,Cl for
20 min at room temperature. Cells were then stained for CD3 and CD14 and
acquired on ImageStream imaging flow cytometer and analyzed with IDEAS
software as described earlier.

ManLAM colocalization toward the IS by confocal microscopy

CD4" T cells were incubated with ManLAM in RPMI 1640 media. IFN-y
activated THP-1 cells were loaded with SEB as previously described. Each
cell type was resuspended at 50,000 cells/pl in RPMI 1640 media supple-
mented with 6 mM CaCl,. CD4" T cells and THP-1 cells were then coincu-
bated at a ratio of 1:1 (4 x 10° cells in total) for 30 min at 37°C in 5% CO,
in a 96-well U-bottom plate. Cocultures were then layered on poly-L-lysine—
treated glass slides for 15 min at 37°C; fixed with 3% PFA; and stained
with rabbit anti-CD3, mouse anti-CD14, and human anti-ManLAM mADb,
followed by goat anti-rabbit-AF594, goat anti-mouse AF488, and goat anti-
human AF647 as secondary Abs. Slides were read and images processed as
previously described. CD4% T cells cocultured with primary monocytes
infected with wild-type BCG (MOI 5:1) as described earlier were also
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analyzed by confocal microscopy for acquisition of ManLAM onto their cell
membranes and its colocalizing toward the IS. After incubation, the cells
were layered on poly-L-lysine—treated glass slides at 37°C for 15 min. They
were then stained for CD3 and ManLAM using the same primary and sec-
ondary Abs as described previously. To determine ManLLAM colocalization
to the IS, in some experiments, cocultures were incubated with SEB for 1 h
before staining for CD3, CD86, and ManLAM. The slides were also imaged
under 60X oil immersion, and images were processed with the same soft-
ware packages as previously stated.

Statistical analysis

Prism (version 9.2.0; GraphPad, La Jolla, CA) was used to analyze the data.
Unless otherwise stated, one-tailed paired # test was used to analyze comparisons
across experimental conditions, and p < 0.05 was considered significant (¥p =
0.05, *#*p = 0.01, and ***p =< 0.001). Differences between or ratios of paired
values were considered consistent. In some experiments, Wilcoxon matched
pairs signed rank test was used to compare outcomes across different donors of
CD4™ T cells (*p < 0.05, #*p < 0.01, ¥*¥p < 0.001, ***¥p < 0.0001, and
p™ = not significant).

Results

ManLAM inhibits IL-2, TNF-«, and IFN-y production by activated
primary CD4™" T cells without affecting T cell-inhibitory and
costimulatory molecule expression

We adapted a protocol used to study the effect of M. tuberculosis gly-
colipids on the activation of murine polyclonal CD4 " T cells to deter-
mine the extent to which ManLAM inhibits human CD4" T cell
activation (20). Resting total CD4 " T cells were purified by negative
selection from PBMCs from healthy adults. Purified CD4™ T cells
were then exposed to 40 pg/ml ManLAM or medium alone for 1 h at
37°C before stimulation with plate-bound anti-CD3¢ and soluble
anti-CD28 for 24 or 48 h for assessment of intracytoplasmic cytokine
staining in the presence of brefeldin A (1 pwg/ml) and cytokine secre-
tion by ELISA. IL-2, TNF-a, and IFN-y secretion was significantly
reduced when CD4™ T cells were incubated with ManLAM before
stimulation (Fig. 1A). These findings were confirmed and extended by
flow cytometry, which revealed decreased intracellular IL-2, TNF-c,
and IFN-y expression as single cytokines (Fig. 1B, 1C) and in terms
of polyfunctionality as decreased IL-2 together with IFN-y or TNF-a
(Fig. 1D). Anti-CD3¢ without anti-CD28 served as control for sub-
optimal T cell activation and as comparator for the inhibitory effect of
ManLAM pretreatment on human CD4" T cell activation. Taken
together, these findings show human CD4 " T cells are susceptible to
ManLLAM-mediated inhibition.

We next determined whether decreased cytokine production of
T cells pretreated with ManLAM was related to changes in inhibitory
or costimulatory molecule expression. As shown in Supplemental
Fig. 2, ManLAM pretreatment had no effect on the expression of
inhibitory receptors CTLA-4, PD-1, TIM-3, and Lag-3, or of costi-
mulatory molecules CD40L and ICOS by CD4" T cells when com-
pared with untreated cells. These results extend our earlier findings
with Ag-specific murine CD4" T cells that exposure to ManLAM
inhibits their activation as measured by reduced ability to produce
cytokines without affecting T cell-inhibitory and costimulatory mol-
ecule expression (17).

ManLAM downregulates the coexpression of CD25 and CD69 by
CD4™ T cells, and addition of IL-2 does not reverse ManLAM-
mediated inhibition

Next, we determined whether addition of exogenous IL-2 would
reverse ManLAM’s inhibitory effect. First, we measured the effect
of ManLAM on expression of CD25 and CD69, two early T cell
activation markers. CD4" T cells were exposed to ManLAM as
described earlier and stimulated with plate-bound anti-CD3¢ and
soluble anti-CD28 for 24 h. ManLAM reduced coexpression of
CD25 and CD69 by flow cytometry (Fig. 2A, 2B). On further



1388 M. TUBERCULOSIS INHIBITS IMMUNOLOGICAL SYNAPSE
A
IL-2 TNFa ] IFN-y *
300
10004
3200 E %
E B
k=1 E 500
= T 50 =
5100 L z
= E ’ll TS
=1 ]
T T T T T T e T T 1 1
aCD3 - + + + acD3 - + + + aCD3 - + + +
aCD28 - - + + oaCD28 - - + + aCD28 - - + <+
ManLAM =~ - - + ManLAM - - - + ManLAM - - - +
FIGURE 1. ManLAM inhibits the activation B Unstimulated aCD3 aCD3/aCD28 aCD3/aCD28/ManLAM
0.072% 2.16% 6.44% 3.95%

of human CD4" T cells. Purified human CD4™"
T cells were incubated with or without Man-
LAM (40 pg/ml) for 1 h. CD4" T cells were

cultured in medium alone or stimulated with
either plate-bound anti-CD3e alone or together
with soluble anti-CD28 (both at 1 pg/ml) for
24 or 48 h. (A) IL-2, TNF-a, and IFN-y were

measured in 48-h culture supernatants by
ELISA. Data are the mean of two replicates for
a total of three experiments from three different
donors for IL-2 and TNF-a and four experi- C
ments from four donors for IFN-y. (B) Percen-
tages of cytokine-positive CD4" T cells by
flow cytometry after 24-h stimulation in the
presence of 1 pg/ml brefeldin A are shown for a
representative experiment of six from six differ-
ent donors. (C) Summary of percentage of cells
expressing IL-2, TNF-a, and IFN-y for six
experiments from six different donors is shown.
(D) Percentage of cells coexpressing IL-2 and

IL-2

'S
1 1

CD3*CD4"*IL-2'[%)]
%)

[ H

]

CD3*CD4*TNF-ar'[%]

IFN-y

TR ——

-
>

-
<

el

CD3'CD4*IFN-y*[%]
(=]
o

aCD3 - + +
aCD28 - - +

TNF-a or IFN-y by Boolean gating is shown
for six experiments from six different donors.
Data in (A), (C), and (D) are represented as
mean + SEM (*p = 0.05, **p < 0.01).

T u,_ﬁn T T T 0.0
+ aCD3 - + + + aCD3 - + + +
+ aCD28 - - + + aCD28 - - + +

ManLAM - - - + ManLAM - - - + ManLAM - - - +
D 0.4
4 IL-28IFNy 207 L2&TNF-a
e — \-—'9‘ *
3503 §~15
; 51.91
z .
= 5
(o] ™1 4
=|l0.2 =|.1.0
3 3
501 Ill &0.5
(=] =]
O (&)
0= |

analysis, we observed this reduction in coexpression to be driven by
CD25, because there was no statistically significant difference in
CD69 expression between ManLAM-exposed and unexposed CD4 ™"
T cells (Fig. 2C, Supplemental Fig. 3A-C). By using changes in
expression of CD25 and TNF-a as surrogates for ManLAM’s effect,
we determined whether addition of exogenous IL-2 would reverse
the inhibition. CD4* T cells were stimulated with plate-bound

+ aCD3 - + + +
+ aCD28 - - + <+
+ ManLAM - - = +

anti-CD3¢ and soluble anti-CD28 for 24 h, in the presence or
absence of rIL-2 (10 ng/ml). Cells were stained for CD4, CD69,
and CD25 and analyzed by flow cytometry. Supernatants were col-
lected for TNF-a ELISA. IL-2 did not reverse the effects of Man-
LAM on CD25 and TNF-a expression (Fig. 2D, 2E). Addition of
rIlL-2 to T cells unexposed to ManLAM significantly increased
expression of TNF-a (Fig. 2E). Decreased expression of CD25 by
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ManLAM, with no effect on CD69, and failure of IL-2 to reverse
this inhibition suggests disruption of the TCR/IL-2R signaling axis
leading to suboptimal activation of the cells.

ManLAM inhibits conjugate formation between CD4" T cells and
THP-1 macrophages and reduces translocation of LCK toward the
activation interface of CD4™ T cells

Having determined that ManLAM inhibits T cell activation and
cytokine production without inducing inhibitory receptor expression,
we next focused on the impact of M. tuberculosis glycolipids on the
interaction between CD4 " T cells and macrophages, i.e., the IS. An
artificial activation platform (pseudo-APC) was created by coating
glass slides with anti-CD3¢ and adding ManL AM-exposed or unex-
posed CD4™ T cells for 5 min. Cells on slides were then fixed and
stained for LCK and CD4, followed by confocal microscopy. Prein-
cubation of CD4" T cells with ManLAM reduced polarization of
LCK toward the artificial activation interface compared with Man-
LAM unexposed T cells (Fig. 3A, 3B).

To determine the effect of ManLAM on the formation of conju-
gates between CD4 " T cells and THP-1 macrophages, we stimulated
THP-1 cells for 24 h with IFN-y before labeling with cell-tracking
CMFDA dye. The labeled THP-1 cells were then treated with SEB to
bind to MHC-II, allowing them to engage with V[3-chain—expressing
T cells. SEB-treated THP-1 cells were then cocultured for 30 min

with ManLAM-exposed and unexposed Deep red dye—labeled CD4 ™
T cells to allow for TCR-MHC-II crosslinking. Cocultured cells
were analyzed by flow cytometry to determine CMFDA-Deep red
dye (double-positive) events, i.e., CD4" T cell-THP-1 conjugates.
As shown in Fig. 3C-E, ManLAM-exposed CD4" T cells formed
fewer conjugates compared with nonexposed ones. These data sug-
gest IS disruption as a contributing factor to ManLAM-mediated
T cell inhibition.

To more definitively evaluate conjugate formation and the nature
of the IS between CD4" T cells and SEB-loaded THP-1 cells, we
used IFC. IFC integrates quantitative image acquisition and analysis,
and thus the ability to interrogate morphological changes and quanti-
tative translocation of proteins within cellular regions at individual
cell and population levels (26-28). IFC was used not only to detect
true CD4" T cell-THP-1 conjugates but also to measure differences
in LCK localization to the IS in CD4™ T cells exposed or unexposed
to ManLAM. For these experiments we used the same experimental
design as used for experiments described in Fig. 3C-E, i.e., coculture
of SEB-loaded THP-1 and CD4 " T cells. Supplemental Fig. 4B shows
the IFC gating strategy. CD14 and DAPI (Hoechst) were used to iden-
tify THP-1 cells, and CD3 and DAPI were used to identify CD4™
T cells. Initial gating selected CD14 and CD3 double-positive events.
To exclude double-positive events with more than one THP-1 or more
than one CD4 ™ T cell, we gated on events with aspect ratios >0.6 for
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FIGURE 3. ManLAM blocks the mobilization of LCK toward the activation interface and inhibits the formation of conjugates between CD4" T cells and
THP-1 cells. (A and B) Purified human CD4" T cells were incubated with or without ManLAM (40 pg/ml) for 1 h. T cells then were cultured on anti-CD3¢
(3 pg/ml)-coated slides for 5 min, fixed, permeabilized, and stained with primary mouse anti-LCK and rabbit anti-CD4. This was followed with secondary
AF488-conjugated goat anti-mouse IgG and AF594-conjugated goat anti-rabbit IgG. Fixed cells were imaged under 60X oil immersion by confocal micros-
copy. (A) Representative images for one of two experiments from two donors of CD4" T cells are shown. (B) Enlarged images of two CD4" T cells, one
exposed and another unexposed to ManLAM before incubation on anti-CD3e-coated slides. Images are representative of one of two experiments from two
donors. (C—E) THP-1 macrophages were stimulated with IFN-y (200 ng/ml) for 24 h. Macrophages were labeled with viability-compatible CMFDA dye and
loaded with 5 wg/ml SEB for 30 min. Cells were washed and cocultured with human CD4" T cells that had been labeled with viability-compatible Deep red
dye and incubated with or without ManLAM (40 pg/ml) for 1 h. CD4" T cells and THP-1 cells were cocultured at a ratio of 1:1 for 30 min at 37°C in 5%
CO, before analysis by flow cytometry. (C) The gating strategy used to evaluate CD4™ T cell-THP-1 conjugates by flow cytometry is representative of four
experiments from four donors. (D) Flow cytometry graphs from a single representative experiment of four from four donors demonstrating the detection of
conjugates across four experimental conditions. (E) Summary results for four experiments from four donors showing percentage of conjugates formed across
the experimental conditions (mean + SEM, paired ¢ test, *p = 0.05).

either CD3 or CD14 masks. This allowed focusing on double-positive
events of single CD3 " and CD14" cells. Using this approach, we first
compared the rates of conjugate formation between ManL AM-pre-
treated and nontreated CD4" T cells cocultured with SEB-loaded
THP-1 cells. We found decreased numbers of CD3"CD14" dual-
positive conjugate events when CD4™ T cells were pretreated with

ManLAM (Fig. 4A). Fig. 4B shows representative images demon-
strating that true CD4" T cell-THP-1 conjugates were detected by
IFC. Fig. 4C summarizes the results of four experiments showing a
23% reduction in CD4" T cell-THP-1 conjugate formation when
T cells were pretreated with ManLAM. These IFC experiments confirm
our conventional flow cytometry and confocal microscopy findings that
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FIGURE 4. By IFC, ManLAM reduces the number of conjugates formed between CD4™ T cells and THP-1 cells. Purified human CD4™ T cells were
incubated with or without ManLAM (40 pg/ml) for 1 h. THP-1 cells were loaded with SEB (5 pg/ml) for 30 min. Cells were washed and resuspended at
50,000 cells/ul in RPMI 1640 supplemented with 6 mM calcium chloride. CD4* T cells and THP-1 cells were cocultured at 1:1 ratio for 30 min at 37°C in
5% CO,. Cocultured cells were fixed and stained for CD3 and CD14 for 40 min on ice. A drop of Hoechst (DAPI) dye was added to each sample before
acquisition. Samples were acquired on Amnis ImageStream imaging flow cytometer at 40X magnification at low-flow rate using INSPIRE software and ana-
lyzed using IDEAS software. Approximately 30,000 events were acquired and analyzed per sample. A conjugate was defined as an event imaged by bright
field that was also positive for Hoechst dye and CD3 and CD14 with an aspect ratio = 0.6 for both CD3 and CD14 masks; i.e., only conjugates of single
CD4" T cells and THP-1 cells were included in the analysis. (A) Representative dot plots of conjugates as a percentage of total gated CD3™ events from one
of four experiments from two donors. (B) Representative IFC images showing conjugates from one of four experiments from two donors. (C) Summary
results for four experiments from two donors presented as percentage of conjugates formed across the different experimental conditions (mean + SEM, paired
t test, *p = 0.05).

the two nuclei of CD4" T cell and THP-1 cell that were forming a
conjugate. The localization of LCK to IS can be measured by both
LCK redistribution (i.e., % of LCK in valley mask compared with
total cellular LCK) and the brightness of LCK (maximum pixel) in
the valley mask compared with the mean brightness (mean pixel) of

CD4" T cells treated with ManLLAM form fewer conjugates compared
with ManLAM nontreated T cells.

ManLAM reduces the localization of LCK toward the CD4™
T cell-macrophage synapse as measured by IFC

In addition to counting true conjugates, IFC allows assessment of
the quality of the activation interface between SEB-loaded APCs
and CD4" T cells, allowing us to use LCK localization to the IS as
a measure of CD4" T cell activation. As shown in Fig. 5A, we
measured LCK localization to the IS using a valley mask between

LCK over the entire conjugate (Fig. 5B). With ManLAM-treated
CD4" T cells, we find that there is approximately a 24% reduction in
CD4™" T cells that form conjugates with at least 20% of LCK within
the IS compared with ManLAM untreated T cells (Fig. SC-E). Over-
all, these experiments demonstrate that ManLAM pretreatment not
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FIGURE 5. Exposure to ManLAM reduces the percentage of conjugates with at least 20% of total LCK in the IS of CD4™ T cells and THP-1 cells.
Human CD4" T cells were incubated with or without ManLAM (40 pg/ml) for 1 h, and THP-1 cells were treated with SEB (5 pg/ml), then cocultured,
stained for CD3, CD14, and LCK, and acquired as described in Fig. 4. (A) An IS was defined by applying the valley mask feature of IDEAS software to
the interface of the Hoechst dye—stained nuclei of CD3™ and CD14" cells as shown in representative image from one of four experiments from two
donors. (B) Two parameters were used to measure LCK translocation to the IS: (1) redistribution of LCK (as % of total cellular LCK) to the IS in the val-
ley mask, and (2) the ratio of maximum brightness (maximum pixel) of LCK in the IS to the mean brightness (mean pixel) of LCK over the entire cell.
(C) IFC dot plots for conjugates with at least 20% of LCK in the IS as a percentage of total CD3™ events gated when the parameters described in (B) were
applied. Representative dot plots of one experiment of four from two donors are shown. (D) IFC images showing translocation of LCK to the IS. Repre-
sentative images of one experiment of four from two donors are shown. (E) Summary data from four experiments from two independent donors of CD4"
T cells (mean + SEM, paired 7 test, *p = 0.05).
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FIGURE 6. ManLAM is transferred from BCG-infected monocytes to CD4" T cells, localizes to the IS, and reduces conjugate formation of CD4™ T cells
with infected monocytes. (A) ManLAM localizes to the IS as determined by confocal microscopy. Purified human CD4" T cells were incubated with Man-
LAM (40 pg/ml) for 1 h and cocultured at 1:1 with THP-1 cells loaded with SEB (5 pg/ml) for 30 min. Cocultured cells were layered on glass slides and
incubated for 15 min and then stained for CD3, CD14, and ManLAM for 3 h followed by respective secondary Abs for 1 h. Slides were imaged under
60X oil immersion. Representative confocal microscopy images from one of two experiments from two donors are shown with ManLAM localizing to the
synapse (white arrow). (B) ManLAM is transferred to CD4™ T cells by BCG-infected monocytes. Primary monocytes were infected with BCG for 48 h at
MOI 5:1 before addition of autologous CD4™ T cells. CD4" T cells and BCG-infected monocytes were cocultured for 72 h. Cocultures were then layered on
glass slides and incubated for 15 min and then stained with rabbit anti-CD3 and human anti-LAM (L1AMO04) for 3 h followed by the respective secondary Abs
for 1 h. Slides were imaged under 60X oil immersion. Representative confocal microscopy images from one of three experiments from three donors showing
ManLAM staining of CD4™ T cells (white arrow) are shown. (C) ManLAM localizes to the IS when CD4" T cells are cocultured with BCG-infected mono-
cytes. Primary monocytes were infected with BCG at MOI 5:1 for 48 h and cocultured with autologous CD4" T cells as in (B). (Figure legend continues)
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only reduced conjugate formation but also impacted the activation
and LCK translocation in CD4" T cells that were able to form
conjugates.

ManLAM colocalizes with CD4" T cells cocultured with BCG-
infected monocytes, and CD4" T cells form fewer conjugates
with infected versus noninfected monocytes

Our previous studies demonstrated that ManLAM and other glycoli-
pids can be released in the form of bacterial microvesicles by macro-
phages infected with mycobacteria (16, 19). Thus, we sought to
determine the extent to which ManLAM from human monocytes
infected with BCG colocalizes with human CD4% T cells and the
impact of BCG infection on the IS. Primary human CD4™ T cells
were cocultured with autologous mononuclear phagocytes. We also
took advantage of recently developed high-affinity human anti-Man-
LAM mAb L1AMO4 to detect ManLAM in CD4" T cells (21).
Using mAb L1IAMO04, we directly identified ManLAM in the mem-
brane of ManLAM-pretreated CD4" T cells (Supplemental Fig. 1).
In some CD4" T cells, we identified increased amounts of ManLAM
directly in the IS with SEB-pretreated macrophages (Fig. 6A).

We next determined whether ManLAM can be acquired by CD4 "
T cells cocultured with BCG-infected monocytes, and the ability of
infected monocytes to form conjugates. Primary monocytes were
infected with wild-type BCG and cocultured with autologous CD4 "
T cells for 72 h before adding SEB for 1 h and processing cells for con-
focal imaging. Confocal images of CD4 " T cells cocultured with mono-
cytes infected with wild-type BCG at MOI 5:1 demonstrate the transfer
of ManLAM from infected monocytes to CD4™ T cells (Fig. 6B) with
a suggestion in some images of increased ManLAM in the IS with
monocytes (Fig. 6C). IFC was used to quantify the ability of BCG-
infected monocytes to form conjugates with CD4 ™" T cells. At MOI 1:1,
BCG-infected monocytes formed 50% fewer conjugates with CD4™"
T cells than uninfected monocytes (Fig. 6D—F). Thus, BCG-infected
monocytes can transfer ManLAM to CD4" T cells, resulting in less
efficient conjugate formation.

Discussion

Our results demonstrate the ability of M. tuberculosis’s major cell-
wall glycolipid, ManLAM, to inhibit human CD4" T cell activation
in three areas. First, we extended our functional observations from
murine studies to primary human CD4* T cells. Second, we explored
the impact of ManLAM on the formation of the IS between human
CD4" T cells and macrophages, and LCK migration toward the IS.
Third, we determined ManLLAM’s transfer from BCG-infected human
macrophages to CD4™ T cells and the impact of BCG infection on
the IS.

ManLAM inhibited the production of IL-2, TNF-a, and IFN-y and
expression of CD25 without significantly changing the expression of
CD69. Expression of inhibitory receptors CTLA-4, PD-1, TIM-3, and
Lag-3, or costimulatory molecules CD40L and ICOS was not affected
by ManLAM. These findings extended earlier findings with murine
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to human CD4" T cells that the mechanism of ManLAM-induced
T cell hyporesponsiveness is distinct from disturbing the balance of
costimulatory and inhibitory receptor signaling (17). The absence of
inhibitory molecule upregulation or downregulation of CD69 argues
against induction of CD4™ T cell exhaustion (29). Suppression of
CD25 expression supports disruption of the TCR/IL-2R signaling
axis because of ManLAM’s capacity to inhibit TCR signaling by
insertion in CD3/TCR-containing lipid rafts, which in turn impacts IS
formation (17).

Because professional APCs are important for CD4™ T cell responses
to M. tuberculosis bacilli and their Ags, and mononuclear phagocytes
are a niche for M. tuberculosis growth, we focused on the T cell-
macrophage IS. We first evaluated conjugate formation between pri-
mary CD4" T cells and THP-1 macrophages using conventional flow
cytometry. ManLAM-exposed CD4" T cells formed fewer conju-
gates with THP-1 macrophages when SEB was used to cross-link
TCR with MHC-II on macrophages. IFC provided higher analytical
stringency for conjugate enumeration by focusing on individual
CD4" T cell-macrophage conjugates, in addition to allowing analy-
sis of larger numbers of individual events (26—28). IFC confirmed
that ManLAM exposure reduced macrophage—T cell conjugates but
less significantly: 40% by conventional flow cytometry versus 20%
reduction by IFC.

IFC, aside from detecting conjugates, also allowed measurement of
LCK localization to the T-cell-macrophage interface of successful
conjugates. LCK, a Src kinase, is mobilized to the IS by CD4 (and
CD8) coreceptors upon T cell-APC engagement (30—32). LCK phos-
phorylates ITAMs on CD3¢g (33, 34). ZAP70 kinase docks to phos-
phorylated CD3¢ ITAMs and is then phosphorylated by LCK (33, 34).
Thus, mobilization of LCK toward the IS is essential for T cell acti-
vation through the TCR-CD3 complex. Our previous studies showed
that M. tuberculosis—derived glycolipids, including ManLAM, block
phosphorylation of ZAP70 and adaptor protein LAT (20, 35). IFC
showed that ManLAM-exposed CD4™ T cells that did form conju-
gates had reduced localization of LCK to the IS, measured both by
the percentage of total LCK found in the IS and the brightness of
LCK signal in the IS. Thus, IFC determined that ManLAM exposure
not only subtly reduced the number of CD4" T cell-macrophage
conjugates, but that when conjugates were formed there was a reduc-
tion in LCK localization to the IS. Confocal microscopy of anti-
CD3—coated slides as pseudo-APC confirmed that ManLAM reduced
LCK mobilization toward the activation interface. Thus, complemen-
tary experimental approaches demonstrate the impact of ManLAM
exposure on IS formation between monocytes and primary human
CD4" T cells. Combining modestly reduced conjugate formation
with modestly reduced suboptimal LCK localization is likely additive
and together provide a mechanism for substantial ManL AM-mediated
inhibition of CD4™ T cell activation.

ManLLAM can be readily detected in M. tuberculosis—infected tis-
sues in animal models; clinically, ManLLAM is found in the urine, spu-
tum, and serum of persons with advanced TB and remains a target for
new TB diagnostics in pediatric and HIV-TB (21, 22, 36, 37). Recent

Afterward, SEB was added for 1 h. Cocultures were layered on glass slides and incubated for 15 min and then stained with rabbit anti-CD3, mouse anti-CD86,
and human anti-LAM (L1AMO04) for 3 h followed by the respective secondary Abs for 1 h. Slides were imaged under 60X oil immersion. Representative confo-
cal microscopy images from one of three experiments from three donors showing ManLAM localizing to the IS of CD4™" T cells cocultured with BCG-infected
monocytes (white arrow) are shown. (D—F) BCG infection reduces CD4" T cell-monocyte conjugate formation. Primary monocytes were infected with CFP-
BCG for 48 h at MOI 1:1 before addition of autologous CD4" T cells. CD4™ T cells and BCG-infected monocytes were cocultured for 72 h. Then SEB was
added for 1 h. Cocultured cells were stained with AF488-conjugated anti-CD3 and PE-conjugated anti-CD14 mAbs and acquired for IFC on ImageStream imag-
ing flow cytometer. (D) IFC gating strategy in which two populations of CD14™ events were defined: CD14"BCG/CFP™ (infected) and CD14*BCG/CFP~
(noninfected). Representative IFC dot plots from one experiment of three from three donors are shown. (E) Images of CD4" T cell-monocyte conjugates with
infected monocytes (CD3*CD14"BCG/CFP™). Representative images from one experiment of three from three donors are shown. (F) Summary percentages of
three experiments from three donors showing BCG-infected versus BCG-uninfected monocytes that form conjugates with CD4* T cells (***p =< 0.001).
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studies show that M. tuberculosis and other mycobacteria produce bac-
terial microvesicles that can be released directly or their molecules
incorporated into exosomes by infected macrophages (16, 19). Thus,
ManLAM and other glycolipids are readily found in the microenviron-
ment of M. tuberculosis—infected cells and tissues (19). It should be
noted that although this study focuses on ManLLAM, the major glyco-
lipid, its precursors phosphatidylinostol mannosides and lipomannan
also have T cell-inhibitory activity (19). The availability of newer and
more sensitive mAbs for ManLAM and its components allowed us to
extend our studies to the direct transfer of ManLAM from infected
macrophages to CD4™ T cells (21, 22). Confocal microscopy showed
ManLAM transfer from BCG-infected macrophages to CD4" T cells
and colocalization to the IS. Interestingly, both conjoined and noncon-
joined CD4" T cells stained positive for ManLAM when cultured
with BCG-infected macrophages, indicating that direct contact is not
required for ManLAM to reach T cells. However, when CD4 " T cells
were cocultured with a mixture of BCG-infected and uninfected mac-
rophages, that proximity to the source of ManLAM mattered.

Our studies have some limitations. First, M. bovis BCG is not
identical to M. tuberculosis, although they share the same ManLAM
precursors and ManLAM. All ManLAM experiments were with
ManLAM purified from M. tuberculosis. Second, it is possible that
naive and memory CD4" T cells differ in sensitivity to the inhibi-
tory activity of ManLAM. We used purified total CD4" T cells,
which contain cells of both phenotypes. The focus of our studies
was on the interaction of CD4" T cells with macrophages, which in
the context of M. tuberculosis infection is primarily mediated by
memory/effector T cells. Third, the reduction in productive IS for-
mation with CD4% T cells by BCG-infected macrophages may
involve mechanisms in addition to ManLAM transfer. BCG infec-
tion might affect the overall efficiency of macrophages to serve as
APCs and form productive IS, in addition to ManLAM’s effect.
Fourth, IFC experiments required large numbers of CD4" T cells
and monocytes for which we used leukapheresis products that lim-
ited the number of donors we could use. This may reduce the gener-
alizability of the results. The IFC experiments were critical for
extending and gaining insight into how ManLAM interfered with IS
integrity and inhibited CD4" T cell activation. The figure legends
for all data shown explicitly state how many experiments were per-
formed and the number of donors used.

Overall, our findings demonstrate ManLAM to likely inhibit acti-
vation of T cells by disrupting productive engagement of TCR with
the cognate MHC—peptide complex even when presented by a com-
petent APC. Suboptimal activation may render CD4" T cells aner-
gic and/or hypofunctional. In earlier studies, ManLAM-exposed
murine CD4" T cells were found to become anergic and expressed
increased Gene Related to Anergy in Lymphocytes. This hypofunc-
tional state persisted even when the glycolipid was cleared from the
T cell plasma membrane (17). Anergy is associated with upregula-
tion of other E3 ligases such as Cbl-b and Itch that target proximal
TCR signaling molecules (e.g., LCK, ZAP70, and LAT) for protea-
somal degradation (38-42). Anergy can result from poor T cell-
APC engagement, such as suboptimal IS formation.

Secretion of mycobacterial glycolipids such as ManLAM by
M. tuberculosis—infected macrophages may result in poor engage-
ment of CD4" T cells and possibly anergy as a result of suboptimal
IS formation and CD3/TCR signaling. This provides M. tuberculosis
a mechanism for evasion of T cell recognition and enhances its sur-
vival in its infectious niche: the macrophage.
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