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Abstract

We investigated the contribution of human leukocyte antigen A2
(HLA-A2) and HLA-E–restricted CD81 T cells in patients with
Mycobacterium tuberculosis and human immunodeficiency virus 1
(HIV-1) coinfection. HIV-1 downregulates HLA-A, -B, and -C
molecules in infected cells, thus influencing recognition by HLA class
I–restricted CD81 T cells but not by HLA-E–restricted CD81 T cells,
owing to the inability of the virus to downmodulate their expression.
Therefore, antigen-specificHLA-E–restricted CD81T cells could play
aprotective role inMycobacterium tuberculosis andHIV-1 coinfection.
HLA-E– andHLA-A2–restrictedMycobacteriumtuberculosis–specific
CD81 T cells were tested in vitro for cytotoxic and microbicidal
activities, and their frequencies and phenotypes were evaluated
ex vivo in patients with active tuberculosis and concomitant
HIV-1 infection. HIV-1 andMycobacterium tuberculosis coinfection
caused downmodulation of HLA-A2 expression in human
monocyte–derived, macrophages associated with resistance to lysis

by HLA-A2–restricted CD81 T cells and failure to restrict the
growth of intracellularMycobacterium tuberculosis. Conversely,
HLA-E surface expression and HLA-E–restricted cytolytic and
microbicidal CD8 responses were not affected. HLA-E–restricted
andMycobacterium tuberculosis–specific CD81 T cells were
expanded in the circulation of patients withMycobacterium
tuberculosis/HIV-1 coinfection, as measured by tetramer staining,
but displayed a terminally differentiated and exhausted phenotype that
was rescued in vitro by anti–PD-1 (programmed cell death protein 1)
monoclonal antibody 5. Together, these 6results indicate that HLA-E–
restricted andMycobacterium tuberculosis–specific CD81 T cells in
patients withMycobacterium tuberculosis/HIV-1 coinfection have an
exhausted phenotype and fail to expand in vitro in response to antigen
stimulation,whichcanbe restoredbyblocking thePD-1pathwayusing
the specific monoclonal antibody nivolumab 7. 8
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According to theWorldHealthOrganization’s
Global Tuberculosis Control Report 2018,
10.0 million people developed tuberculosis
(TB) and the disease caused 1.6 million deaths

in 2017, including 300,000 deaths that resulted
from TB and human immunodeficiency
virus 1 (HIV-1) coinfection (1). Moreover,
approximately one-fourth of the global

population is latently infected with
Mycobacterium tuberculosis (Mtb) (2).

Although active TB is curable with
chemotherapy, drug treatment does not
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eradicate the disease and patients never
become entirely free of infection10 (3). Also,
the currently available vaccine, bacillus
Calmette-Guérin, is effective in children
with disseminated forms of TB but not
against pulmonary TB in adults (4).
Therefore, there is an urgent need for a
novel and effective TB vaccine, especially
given the emergence of drug-resistant Mtb
strains (4).

Over recent years, it has become
evident that CD81 T cells also contribute to
protection through production of IFN-g
and killing of both infected macrophages
and intracellular mycobacteria (5, 6). In
humans, Mtb-specific CD81 T cells include
both major histocompatibility complex
class Ia (human leukocyte antigen [HLA]-A,
-B, and -C)–restricted and class Ib (HLA-E,
MR1, and CD1)–restricted T cells (7).

In particular, HLA-E is a highly
conserved HLA class Ib molecule with
rather unique properties. HLA-E is
primarily involved in the prevention of lysis
by natural killer (NK11 ) cells through ligation
with the NKG2/CD94 complex (8, 9).
Moreover, it can also present antigens to
CD81 T cells and thus plays a role in both
innate and adaptive immunity (10–13).
Due to its low allelic variability positions,
HLA-E is an interesting candidate antigen-
presenting molecule for peptide-based
vaccination strategies (14–16). In contrast
to class Ia molecules, HLA-E is enriched in
Mtb phagosomes and accessible for loading
with Mtb peptides (17, 18). Another
advantage with regard to TB vaccination
strategies is that, unlike HLA class Ia
molecules, HLA-E is not downregulated by
the HIV-1 Nef (negative regulatory factor)
protein (18, 19). Moreover, p24 Gag-
derived peptides of HIV-1 may even
stabilize HLA-E cell-surface expression to
prevent NK-mediated lysis of HIV-1–
infected cells (20). This is particularly
important in countries where 70% of
patients with TB are coinfected with HIV-1,
such as South Africa. In support of HLA-E
as a promising vaccine target, a recent
study demonstrated that vaccination of
rhesus macaques with a cytomegalovirus
simian immunodeficiency virus–gag
protein elicited CD81 T cells that
were restricted by HLA-E and
contributed to protection against a
subsequent simian immunodeficiency
virus challenge (21).

In this study, we aimed to investigate
the relative contribution of HLA class Ia

(HLA-A2)– and HLA class Ib (HLA-E)–
restricted CD81 T cells to the protective
host response against intracellular
pathogens. We took advantage of
Mtb/HIV-1 coinfection because HIV-1
downregulates HLA-A, -B, and -C
molecules from the infected cell surface,
which in turn influences infected-cell
recognition by HLA class Ia–restricted
CD81 T cells (18, 19, 22). We then
addressed whether HLA class Ia– and
HLA-E–restricted CD81 T cells were
equally able to recognize and kill
macrophages coinfected with HIV-1 and
Mtb, and to reduce the viability of both
intracellular pathogens.

Methods

Human Subjects
Peripheral blood was obtained from 10
patients with TB disease (5 men and 5
women, age range 28–52 yr) from the
Department of Sciences for Health
Promotion and Mother-Child Care “G.
D’Alessandro, Palermo University Hospital,
7 patients with active TB disease who were
coinfected with HIV-1 (5 men and 2
women, age range 32–48 yr), and 6 healthy
donors (HDs; 4 men and 2 women, age
range 28–52 yr) who were negative for
tuberculin purified protein derivative
(PPD 12) and HIV-1.

Full details regarding patient selection
are provided in Table E1 in the data
supplement, and the experimental setup is
described in the data supplement.

CD81 T-Cell Proliferation Induced by
Mtb Peptide
Peripheral blood mononuclear cells
(PBMCs 13) were labeled with CFSE 14(5 mM;
Molecular Probes) and 1–23 106 cells were
stimulated with peptide 53-61 of Mtb
Rv1484 protein at a concentration of
10 mg/ml in RPMI 1640 medium
supplemented with 10% heat-inactivated
pooled human AB1 serum, 2 mM
L-glutamine, 20 mM HEPES, 100 U/ml
penicillin, 100 mg/ml streptomycin,
53 1025 M 2-mercaptoethanol, and
5 ng/ml IL-7 (Peprotech) as described
previously (23). Positive (PHA 15, 1 mg/ml;
Life Technologies) and negative (medium
only) controls were included in each assay.
On Day 7 of culture, cells were harvested.
Replicates (n= 6) were pooled and stained
using CD3-PerCP, CD8-APC, and

CD56-PE (BD Biosciences) before
acquisition on a FACSCanto and analyzed
using FlowJo software (BD Biosciences).
The percentage of proliferation was
calculated as described previously (23).

In some experiments, a proliferation
assay was performed in the presence of the
anti–PD-1 (programmed cell death protein
1) monoclonal antibody (mAb) nivolumab
at a final concentration of 20 mg/ml (24) or
an isotype-matched mAb of irrelevant
specificity at the same final concentration.
Apoptosis was evaluated with the use of an
Annexin-V-FLUOS staining kit (Roche
Diagnostics).

Generation of CD81 T-Cell Lines and
Functional Assays
PBMCs from three patients with active TB
were cultured with 10 mg/ml of Mtb-derived
peptide as described previously (25). After
15 days, the cultures were restimulated
weekly with an equal number of peptide-
pulsed, irradiated (120 Gy from a cesium
source) allogeneic feeder cells in the
presence of 40 U/ml of IL-2, and 10 ng/ml
each of IL-7 and IL-15. After four to five
cycles of restimulation, the enriched
population contained .80% CD81 T cells.

Peptide-specific CD81 T-cell lines
were cocultured with uninfected, or Mtb-
or HIV-1–infected or coinfected THP-1 cell
line and monocyte-derived macrophages
(MDMs) at an E:T ratio of 10:1 16. After 6
hours of coculture, the cytotoxicity of target
cells was assessed by flow cytometry as
previously described (25), after incubation
with the Annexin-V-FLUOS staining kit.
Mixtures of target and effector cells were
lysed with 0.1% saponin and sonicated
for 20 seconds. The number of colony-
forming units was counted as previously
described (25). HIV-1 p24 Gag levels
in supernatants were determined by
ELISA (26).

The HLA-A*0201–restricted CD81

T-cell clone NFA2-16 and the HLA-E–
restricted T-cell clone MV-14E were
generated as previously described (27, 28)
and used as positive controls.

Statistics
The nonparametric Mann-Whitney U test
was used to determine statistical differences
in the distribution of the results. P values of
,0.05 were considered significant. Data
were analyzed using statistical software
(SYSTAT 11; Systat Software).
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Results

Differential Downregulation of
HLA-A2 and HLA-E Cell-Surface
Molecules by Mtb/HIV-1 Coinfection
It is known that HIV-1 promotes
downregulation of HLA class Ia molecules
(particularly the HLA-A molecule) but does
not affect HLA-E molecule expression
(18, 19, 22). We initially investigated the
expression of HLA-A2 and HLA-E
molecules on the surface of MDMs
obtained from PBMCs from HDs and the
THP-1 monocytic cell line upon in vitro
infection with HIV-1 and Mtb, either alone
or in combination. HIV-1 replication and
Mtb growth in macrophages were assessed
in parallel. As shown in Figures 1A and
E1A, Mtb17 grew efficiently both in THP-1
cells and in MDMs obtained from three
different HDs typed as HLA-A*0201, and
HIV-1 similarly replicated in both target
cells. Coinfection enhanced HIV-1
replication and Mtb growth. The synergistic
effect of the two pathogens was more
evident in MDMs than in THP-1 cells
(Figures 1A and E1A) and attained
statistical significance as compared with
infection by each pathogen alone.

Virtually no change in HLA-A2 and
HLA-E molecule expression was observed
when either MDMs or THP-1 cells were
infected with Mtb alone (Figures 1B and
E1B). In contrast, coinfection by Mtb and
HIV-1 provoked marked downregulation of
the HLA-A2 molecule on the cell surface
that was evident 1 day after infection and
peaked at Day 3 (Figures 1C and E1C). Of
note, HIV-1 caused early and almost
complete downregulation of the HLA-A2
molecule in MDMs from all three
tested HLA-A*0201 HDs (Figures 1B
and 1C). As expected, neither HIV-1 nor
Mtb, either singly or together, caused
downregulation of the HLA-E molecule,
which remained stably expressed on the
surface of MDMs and THP-1 cells (Figures
1B and E1B).

Effect of Mtb/HIV-1 Coinfection on
Recognition by HLA-A2– and
HLA-E–restricted CD81 T Cells
The differential HLA-A2 versus HLA-E
downregulation capability of Mtb/HIV-1
coinfection might have consequences for
CD81 T-cell recognition of Mtb antigens
presented on the surface of macrophages
coinfected with Mtb and HIV-1. Therefore,

we initially used the HLA-A*0201–restricted
CD81 T-cell clone NFA2-16, which
recognizes epitope 120-128 of the Mtb
Acr antigen (22, 25, 29) 18and the
HLA-E–restricted T-cell clone MV-14E,
which recognizes epitope 53-61 of Mtb
Rv1484 (23). The latter epitope was shown
to have the highest affinity for the HLA-E
molecule in a stabilization assay with TAP-
deficient RMA-S cells 19transfected with
HLA-E (23, 29). Moreover, the crystal
structure of HLA-E with bound peptide
53-61 of Mtb Rv1484 was recently reported
(30). Both clones recognize and kill human
macrophages infected with the pathogenic
Mtb strain H37Rv in an antigen-specific and
genetically restricted manner (29) (our
unpublished results). When tested for their
cytotoxic and microbicidal responses, both
the NFA2-16 and MV-14E clones were able
to kill both THP-1 and MDMs from HLA-
A*0201–typed individuals infected with the
pathogenic Mtb strain H37Rv (Figures 2A
and 2B, E2A, and E2B), and consistently
reduced the viability of intracellular Mtb
in infected cells (Figure 2C, left panel).
However, when targets were coinfected with
Mtb and HIV-1, clone MV-14E retained its
cytotoxic and microbicidal potential, but
NFA2-16 failed to kill THP-1 and MDMs
coinfected with Mtb and HIV-1 (Figures 2A
and 2B, E2A, and E2B) or to reduce the
growth of intracellular Mtb (Figure 2C, right
panel). Altogether, these results demonstrate
that coinfection with Mtb and HIV-1 results
in downmodulation of the HLA-A2
molecule, resistance to lysis by HLA-A2–
restricted CD81 T cells, and failure to
restrict the growth of intracellular
pathogenic Mtb. Conversely, HLA-E surface
expression and HLA-E–restricted cytolytic
and microbicidal responses are not affected
by HIV-1/Mtb coinfection.

Even though the NFA2-16 and
MV-14E CD81 T-cell clones were generated
under neutral culture conditions (i.e., in the
presence of IL-2, IL-7, and IL-15, and in the
absence of polarizing cytokines), we cannot
exclude the possibility that their different
cytotoxic and microbicidal potential toward
Mtb/HIV-1–coinfected target macrophages
was biased by the prolonged in vitro
stimulation 20. Therefore, we decided to
redefine our analysis using short-term
polyclonal CD81 T-cell lines recognizing
peptide 120-128 of the Mtb Acr antigen in
association with HLA-A*0201, or peptide
53-61 of Mtb Rv1484 in association with
HLA-E.

CD81 T-cell lines were obtained upon
ex vivo stimulation with Mtb peptides from
PBMCs from three patients who had active
TB disease and were typed as HLA-A*0201.
CD81 T-cell lines specific for peptide 120-
128 of the Mtb Acr antigen were able to kill
Mtb-infected MDMs and THP-1 cells but
failed to kill both targets coinfected with
Mtb and HIV-1 (Figures 3A and E2C).
Moreover, they reduced the growth of Mtb
only when macrophages were infected by
Mtb alone, and not when they were
coinfected by HIV-1 and Mtb. Conversely,
the three cytotoxic CD81 T-cell lines
obtained by stimulation with the HLA-E–
restricted peptide 53-61 of the Mtb Rv1484
antigen efficiently killed MDMs and THP-1
target cells either infected with virulent Mtb
alone or coinfected with Mtb and HIV-1
(Figures 3B and E2D), and reduced the
viability of intracellular Mtb in both
conditions.

These results indicate that Mtb/HIV-1
coinfection has a profound impact on the
recognition of infected targets by HLA-A2–
restricted CD81 T cells, but does not
impair cytolytic and microbicidal activities
by HLA-E–restricted CD81 T cells.

HLA-E–restricted CD81 T Cells Are
Expanded in the Circulation of
Mtb/HIV-1– coinfected Patients
We next evaluated the size of HLA-A2– and
HLA-E–restricted and Mtb peptide–specific
CD81 T cells in PBMCs from 6 PPD- and
HIV-1–negative HDs, 10 patients with
active TB, and 7 TB/HIV-1–coinfected
patients, all of whom were typed as
HLA-A*0201, by direct ex vivo binding of
HLA-A2 and HLA-E tetramers (TMs)
loaded with peptide 120-128 of Mtb Acr or
peptide 53-61 of the Mtb Rv1484 antigen,
respectively, to CD81 T cells. Figure 4A
shows the gating strategy used to identify
TM1 CD81 T cells. The ex vivo frequency
of HLA-A2–/Mtb-peptide TM1CD81

T cells was higher in patients with active TB
disease than in HDs (Figure 4B), but
TB/HIV-1–coinfected patients had a lower
frequency of HLA-A2–/Mtb-peptide TM1

CD81 T cells than patients with active TB,
although the difference did not attain
statistical significance.

Confirming our own previous work
with other Mtb epitopes (25), the ex vivo
frequency of HLA-E–/Mtb-peptide TM1

CD81 T cells was higher in patients with
active TB (Figure 4B) and, as expected, the
highest frequency of HLA-E–/Mtb-peptide
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TM1 CD81 T cells was found in TB/HIV-1–
coinfected patients. We conducted an
additional comparison of the relative
intraindividual frequencies of HLA-A2 and
HLA-E–/Mtb-peptide TM1 CD81 T cells in
patients with active TB disease and coinfection
by HIV-1 (see Figure 4B). HLA-E–restricted
CD81 T cells recognizing peptide 53-61 of
Mtb Rv1484 antigen were on average 50-fold
more abundant than HLA-A2–restricted
CD81 T cells that recognized peptide 120-128
of Mtb Acr antigen (Figure 4B).

We also analyzed thememory phenotype
of HLA-A2–/Mtb-peptide and HLA-E–/Mtb-
peptide TM1 CD81 T cells in the circulation
of patients with active TB and HIV-1
coinfection. The majority of circulating

HLA-A2–/Mtb-peptide TM1 CD81

T cells had an effector-memory profile,
consisting of 40% effector memory T cell
and 30% terminally differentiated effector
memory T cell (TEMRA) phenotypes, both
in patients with active TB disease and in
patients with TB/HIV-1 coinfection
(Figure 4C).

In contrast, whereas a mean 45% of
HLA-E–/Mtb-peptide TM1 CD81 T cells
were composed of TEMRA cells in patients
with active TB disease, 70% of HLA-
E–/Mtb-peptide TM1 CD81 T cells in
TB/HIV-1–coinfected patients were
composed of TEMRA cells (Figure 4C). Thus,
the HLA-E–restricted and Mtb-specific
CD81 T-cell response in Mtb/HIV-1–

coinfected patients appears to be largely
dominated by a TEMRA phenotype.

HLA-E–restricted CD81 T Cells
Express an Exhausted Phenotype in
HIV-1/Mtb–coinfected Patients and
Are Partially Restored by PD-1/PD-L1
Blockade
We previously reported that the frequency
of Mtb-specific and HLA-E–restricted
CD81 T cells from patients with active
TB greatly expanded in culture after
stimulation with Mtb peptides (25). Here,
we confirm that finding and show
(Figure 5A) that HLA-E–restricted CD81

T cells expanded in vitro upon specific
peptide stimulation and had an average
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Figure 1. Human immunodeficiency virus 1 (HIV-1) and29 30 Mycobacterium tuberculosis (Mtb) replication in monocyte-derived macrophages (MDMs)
and human leukocyte antigen A2 (HLA-A2) and HLA-E downregulation. MDMs were infected with single-cell suspensions of Mtb H37Rv strain at a
multiplicity of infection of 10:1 or with HIV-1Ba-L, either singly (Mtb/HIV-1) or together (Mtb1HIV-1), as described in METHODS. After an incubation
period of 4 hours, noningested bacilli were removed by washing four times with PBS and the cells were incubated for different time periods. (A) Time
course of Mtb growth (as assessed by colony-forming units [CFU]) and HIV-1 replication (as assessed by p24 ELISA). Data are shown as mean6SD and
are pooled from five independent experiments, each performed in triplicate. (B) Downregulation of HLA-A2 and HLA-E cell-surface expression on infected
cells at different time points after infection. (C) Downregulation of HLA-A2 cell-surface expression on infected cells at different time points after infection.
HLA-A2 and HLA-E downregulation was assessed by flow cytometry and calculated by the following formula:

%downregulation ¼ 1 -
MFI infected cells

MFI uninfected cells
3100

*P,0.05 and **P,0.01 compared with MDMs infected with Mtb/HIV or Mtb alone.
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17% apoptosis rate. As shown in Figure 5A,
upon in vitro HLA-E peptide–specific
stimulation, HLA-E TM1 CD81 T cells
from TB/HIV-1–coinfected patients did not
expand in terms of absolute numbers
(left panel) and showed an extensive
apoptosis/mortality rate (right panel). Total
CD81 T cells from patients with TB or
TB/HIV-1–coinfected patients showed a
behavior similar to that of HLA-E–restricted
CD81 T cells upon polyclonal stimulation.

Given that HLA-E–restricted CD81

T cells are capable of controlling Mtb
multiplication in the presence of HIV-
1/Mtb coinfection, we believed it was
important to investigate why Mtb-specific
and HLA-E–restricted T cells from
coinfected patients could not be specifically

expanded, and how to sustain this CD81

T-cell subset. We investigated PD-1
expression on Mtb-specific and HLA-E–
restricted CD81 T cells because previous
studies have shown that PD-1 expression
is associated with increased susceptibility
to ex vivo apoptosis of total and virus-
specific CD81 T cells from HIV-1–infected
donors, irrespective of antigen specificity
(24). As shown in Figure 5B, PD-1
expression was low in total CD81 T cells
from patients with TB, but it was more
frequent in total CD81 T cells from
TB/HIV-1–coinfected patients. We next
assessed PD-1 expression on HLA-E–
restricted and Mtb-specific CD81

T cells. As shown in Figure 5B, a mean
18% of HLA-E–/Mtb-peptide TM1 CD81

T cells from patients with TB expressed
PD-1, whereas a mean 60% of HLA-
E–/Mtb-peptide TM1 CD81 T cells
stained as PD-11 in TB/HIV-1–coinfected
patients. Similar patterns of PD-1
expression with respect to Mtb-
peptide specificity were obtained
when PD-1 expression was analyzed by
the mean fluorescence intensity (data not
shown).

We next investigated whether blocking
the PD-1/PD-L1 pathway could restore
ex vivo expansion of HLA-E–restricted
and Mtb-specific CD81 T cells. For
this purpose, PBMCs from TB/HIV-1–
coinfected patients were stimulated
with peptide 53-61 of Mtb Rv1484 in
the presence or absence of mAb against
PD-1. After 7 days, the proliferation
and apoptosis of HLA-E–/Mtb-peptide
TM1 CD81 T cells were measured and
compared with values obtained at the
beginning of culture. Peptide stimulation
of CD81 T cells from HIV-1/TB–coinfected
patients with Mtb peptide resulted in
a limited proliferation (mean 33%) of
HLA-E–/Mtb-peptide TM1 CD81

T cells (Figure 5C) and a mean 50%
apoptosis (Figure 5D). Addition to
cultures of the anti–PD-1 mAb
nivolumab consistently improved
proliferation of HLA-E–/Mtb-peptide
TM1 CD81 T cells (mean 78%)
and decreased the apoptosis rate
(mean 21%) (Figures 5C and 5D show
representative results from a TB/HIV-1–
coinfected patient, and Figure 5E shows
cumulative data from three different
experiments).

Taken together, these results
demonstrate that HLA-E–restricted and
Mtb-specific CD81 T cells in the
circulation of TB/HIV-1–coinfected
patients are exhausted, and that
blocking the PD-1/PD-L1 pathway can
partially restore their functionality and
survival.

Discussion

HIV-1 infection is the major risk factor that
predisposes for Mtb progression from latent
TB infection 21to active TB disease, and
z1.3 million individuals worldwide are
coinfected by these two pathogens (31, 32).
HIV-1 has evolved various mechanisms to
evade HLA class I–restricted antiviral
immunity, including downregulation of
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Figure 2. HLA-E–restricted CD81 T-cell clones display potent cytotoxic and antimicrobial activities
toward Mtb/HIV-1–coinfected target cells. (A and B) The HLA-A*0201–restricted CD81 T-cell
clone NFA2-16 (A), which recognizes epitope 120-128 of Mtb Acr antigen, and the HLA-E–restricted
T-cell clone MV-14E (B), which recognizes epitope 53-61 of Mtb Rv1484, were obtained as described
in METHODS and tested for their ability to kill MDMs infected with Mtb alone or coinfected with Mtb
and HIV-1 for 5 days. Pooled data from five independent experiments are shown. Bars represent
mean6SD. (C) The ability of NFA2-16 and MV-14E T-cell clones to inhibit the growth of intracellular
Mtb in MDMs, either infected with Mtb alone or coinfected with Mtb and HIV-1, is shown (data
from one experiment, representative of five independent experiments). Control group refers to
Mtb-infected or Mtb/HIV-1–coinfected MDMs cultured in medium. *P,0.05 compared with the
control group.
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HLA class I molecules from the infected cell
surface (18). In particular, the HIV-1
protein Nef downregulates HLA-A and
HLA-B molecules (33–35) by binding of
their cytoplasmic domains in conjunction
with the m1 subunit of host AP1 (adaptor
protein 1) (36), whereas the HIV-1 protein
Vpu downregulates HLA-C (37). Moreover,
HIV-1 Nef downregulates HLA-A more
efficiently than HLA-B in vitro (22, 38, 39),
which provides a mechanistic explanation
for the dominant influence of HLA-B on
the antiviral cytotoxic CD81 T-cell
response (19, 38). In contrast, HLA-E
expression is not downregulated by
HIV-1 Nef protein (20). Therefore, we
hypothesized that Mtb/HIV-1 coinfection
could affect the expression of HLA-A and
HLA-E molecules differently on the cell
surface, and this in turn might affect
the recognition of infected targets by
HLA-A2–restricted CD81 T cells, but
not by HLA-E–restricted CD81 T cells.

The results reported here show that
HIV-1 and Mtb coinfection enhanced
replication of both pathogens, particularly

in MDMs, and caused a significant
downregulation of the HLA-A2 molecule as
early as 1 day after infection. Conversely,
expression of the HLA-E molecule was not
affected by HIV-1 or Mtb alone, or by
Mtb/HIV-1 coinfection 22, and in some
instances it was even upregulated on the
surface of coinfected MDMs. Because
infection by Mtb alone did not influence
HLA-A2 expression, it is likely that the
downregulation of the HLA-A2 molecule
observed during coinfection is largely due
to HIV-1, as has been reported in other
studies.

By using a reporter cell assay it was
observed that 23HIV-1–mediated
downregulation of the HLA-A2 molecule
correlated with reduced antigen recognition
by CD81 T cells and resistance of infected
cells to killing by cytotoxic CD81 T cells
(19). Accordingly, we show here that
downmodulation of the HLA-A2 molecule
by Mtb and HIV-1 coinfection correlates
with resistance of coinfected targets to lysis
by HLA-A2–restricted CD81 T cells and
failure to restrict the growth of intracellular

pathogenic Mtb. This was convincingly
demonstrated in two different in vitro
models of coinfection (primary MDMs
established from uninfected, healthy
individuals and the THP-1 cell line) and
with peptide-specific CD81 T-cell clones or
short-term polyclonal CD81 T-cell lines
generated under neutral, nonpolarizing
conditions.

Conversely, coinfection of MDMs
by HIV-1 and Mtb did not modulate
HLA-E surface expression and hence did
not affect cytolytic and microbicidal
responses by HLA-E–restricted CD81

T-cell clones and short-term polyclonal
CD81 T-cell lines.

Given that HIV-1/Mtb coinfection
escapes recognition and killing by
HLA-A–restricted CD81 T cells, but
is efficiently recognized and killed by
HLA-E–restricted CD81 T cells, we
became interested in deeply analyzing
HLA-E–restricted antimycobacterial
CD81 T-cell responses in patients
coinfected with HIV-1 and Mtb.

The ex vivo frequency of HLA-
E–/Mtb-peptide TM1 CD81 T cells
was higher in patients with active TB
and significantly higher in TB/HIV-
1–coinfected patients. The ex vivo
frequency of HLA-A2–/Mtb-peptide
TM1 CD81 T cells showed the
opposite pattern, with the highest values
detected in patients with active TB
and lower values found in TB/HIV-
1–coinfected patients.

These quantitative differences were
associated with qualitative differences in the
memory subset composition of CD81

T cells. In fact, the vast majority (70%) of
HLA-E–/Mtb-peptide TM1 CD81 T cells
consisted of TEMRA cells in TB/HIV-
1–coinfected patients, but TEMRA cells only
accounted for 40–45% of HLA-E–/Mtb-
peptide TM1 CD81 T cells in the
circulation of patients with TB, and of
HLA-A2–/Mtb-peptide TM1 CD81 T cells
both in patients with TB and in TB/HIV-
1–coinfected patients. Thus, the memory
subset repertoire of HLA-E–/Mtb-peptide
TM1 CD81 T cells is largely dominated by
a TEMRA phenotype.

CD81 TEMRA cells are a major player
in the host protective immune response
against Mtb in humans (40, 41), and
depletion of CD81 TEMRA cells during
therapy with the anti–TNF-a biologic
infliximab is associated with reactivation
of latent TB infection (41). A role for
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Figure 3. HLA-E–restricted CD8 T-cell lines display potent cytotoxic and antimicrobial activities
toward Mtb/HIV-1–coinfected target cells. Cytotoxic (left panels) and antimicrobial (right panels)
activities of three different CD81 T-cell lines specific for epitope 120-128 of Mtb Acr antigen/HLA-A2
(upper panels) and epitope 53-61 of Mtb Rv1484/HLA-E (lower panels) toward uninfected, Mtb-
infected, or Mtb/HIV-1–coinfected MDMs target cells. Bars represent mean6SD (pooled data from
five independent experiments are shown).
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CD81 TEMRA cells in TB was initially
suggested by our own study in which
we measured Mtb-specific responses
by pentamer staining. In healthy,
latently infected children, the majority
of antigen-specific CD81 T cells were
TEMRA cells (42), whereas in patients
with active TB who failed to control
tubercle bacilli, antigen-specific CD81

T cells were predominantly central
memory T cells (42). Moreover, the
frequency of CD81 TEMRA cells is positively

correlated with efficient control of HIV-1
infection (43, 44). A recent study in
human leprosy identified a subset of
CD81 TEMRA cells, defined by the
coexpression of three cytotoxic granule
proteins, as well as by enrichment of the
activating receptor NKG2C (45). This
CD81 T-cell subset was functionally
capable of T-cell receptor–dependent 24
and NKG2C-dependent 25release of
cytotoxic granule proteins that
mediate potent killing of intracellular

bacteria (45). NKG2C, when complexed
with CD94, binds to human HLA-E loaded
with nonamer peptides derived from the
signal sequence of other HLA class I
molecules (9). Therefore, triggering of
NKG2C by HLA-E–/Mtb-peptide
complexes might similarly activate
HLA-E–restricted CD81 T cells that
recognize Mtb antigens in a T-cell
receptor–independent manner. However,
previous results from our laboratories
tend to exclude this possibility because
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Figure 4. Ex vivo analysis of the frequency and memory phenotype of31 HLA-E–/Mtb-peptide tetramer (TM)1 CD81 T cells. Peripheral blood mononuclear
cells (PBMCs) from tuberculin purified protein derivative (PPD)- and HIV-1–negative healthy donors (HDs, n=6), patients with active TB (TB, n=10), and
patients with TB coinfected with HIV-1 (TB/HIV-1, n=7), all of whom were typed as HLA-A*0201, were stained using HLA-A2 and HLA-E–/Mtb-peptide
TMs, followed by viability staining and cell-surface marker staining. Each experiment used samples from different clinical groups and a total of 12
experiments were performed to analyze all samples. (A) Gating strategy. The initial gate was on lymphocytes on the basis of forward scatter (FSC) and side
scatter (SSC) followed32 by selection of live cells using Zombie NIR cell viability dye and gating on single cells. CD31 cells were gated as T cells and further
selected for CD8 expression and then for TM frequency. (B) Frequency and (C) memory profile analysis of ex vivo HLA-A2– and HLA-E–restricted CD81

T cells in patients with TB or TB/HIV-1 coinfection. Memory populations were defined based on the expression of CCR7 and CD45RA. (D) Contour plot
analysis of the distribution of the memory phenotype of HLA-A2 and HLA-E TM1 CD81 T cells; representative of one patient with TB (upper panels) and
one patient with TB/HIV-1 coinfection (lower panels). *P,0.05, **P,0.01, and ***P,0.001. TCM=central memory T cells; TEM= effector memory T cells;
TEMRA = terminally differentiated effector memory T cells; TN = naive T cells.
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1) HLA-E–restricted and Mtb-specific
T-cell lines (25) and clones (46) only
minimally express the NKG2C receptor
or do not express it at all, as evaluated
by flow cytometry (25, 46) and RNA
expression analysis (46); 2) mAbs
to NKG2C fail to inhibit activation of
HLA-E–restricted CD81 T cells by
Mtb peptides (25); and 3) NK-cell clones
that selectively express NKG2C fail
to recognize HLA-E–/Mtb-peptide

complexes (25). This indicates that
HLA-E–/Mtb-peptide complexes may
have very low or no affinity for the
CD94/NKG2C receptor.

Although Mtb-specific and HLA-E–
restricted CD81 T cells were found in
very high levels in the circulation of
TB/HIV-1–coinfected patients, they
showed a severely suppressed capacity to
expand in vitro after stimulation with Mtb
peptide. This was accompanied by extensive

apoptosis and high expression of PD-1,
which was rarely expressed in total CD81

T cells or HLA-E–/Mtb-peptide TM1

CD81 T cells from patients with TB or
HIV-1. Manipulation of the PD-1/PD-L1
pathway in vitro with the anti–PD-1
mAb nivolumab partially restored
expansion of Mtb-specific and HLA-E–
restricted CD81 T cells from TB/HIV-1–
coinfected patients. Taken together,
our data demonstrate that Mtb-specific
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Figure 5. HLA-E–/Mtb-peptide CD81 T-cell expansion and modulation33 by PD-1 (programmed cell death protein 1). (A) PBMCs from patients
with TB or patients with TB/HIV-1 coinfection were stimulated with PHA and34 IL-7 (for total CD81 T-cell expansion) or with peptide RLPAKAPLL
and IL-7 (for HLA-E–restricted CD81 T-cell expansion) for 7 days as described in METHODS. Fold expansion was calculated by dividing the number
of viable total CD81 or TM1 CD81 T cells recovered at the end of the culture by the number of viable total CD81 or TM1 CD81 T cells that
were initially put in culture. The apoptosis rate was estimated by Annexin V staining. Bars represent mean6SD. Shown are pooled data from
12 independent experiments. (B) Representative flow cytometry showing ex vivo PD-1 expression in viable total CD81 or TM1 CD81 T cells from
one patient with TB and one patient with TB/HIV-1 coinfection. (C and D) Flow cytometry showing (C) cell division (as measured by CFSE dilution35 )
and (D) apoptosis (as measured by Annexin V staining) in TM1 CD81 T cells from a representative patient with TB/HIV-1 coinfection after stimulation
for 7 days with peptide RLPAKAPLL and IL-7, in the absence or presence of antihuman PD-1 monoclonal antibody (mAb). (E) Cumulative data for
cell division (upper panel) and apoptosis (lower panel) from three independent experiments, each performed in triplicate, in cells from three patients with
TB/HIV-1.
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and HLA-E–restricted CD81 T cells
are abundant but exhausted in the
circulation of TB/HIV-1–coinfected
patients, and this correlates with high
levels of PD-1 expression. Hence,
manipulation of this axis may lead to
at least partial restoration of Mtb-specific
and HLA-E–restricted CD81 T-cell
numbers and function in patients with
TB/HIV-1 coinfection. However, this

approach should be viewed with caution,
as recent reports have indicated that
anti–PD-1 treatment in patients with
cancer can lead to reactivation of latent TB
infection 26(47, 48). Therefore, additional
clinical studies in patients with different
types of Mtb infection/disease, with or
without HIV coinfection, are needed to
establish the potential of immune
checkpoint blockade. n
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GS, et al. HLA-E binds to natural killer cell receptors CD94/NKG2A, B
and C. Nature 1998;391:795–799.

10. Sullivan LC, Hoare HL, McCluskey J, Rossjohn J, Brooks AG. A
structural perspective on MHC class Ib molecules in adaptive
immunity. Trends Immunol 2006;27:413–420.

11. Rodgers JR, Cook RGJNRI. MHC class Ib molecules bridge innate and
acquired immunity. Nat Rev Immunol 2005;5:459–471.

12. Adams EJ, Luoma AM. The adaptable major histocompatibility
complex (MHC) fold: structure and function of nonclassical and MHC
class I-like molecules. Annu Rev Immunol 2013;31:529–561.

13. Pietra G, Romagnani C, Manzini C, Moretta L, Mingari MC. The
emerging role of HLA-E-restricted CD81 T lymphocytes in the
adaptive immune response to pathogens and tumors. J Biomed
Biotechnol 2010;2010:907092.

14. Ulbrecht M, Honka T, Person S, Johnson JP, Weiss EH. The HLA-E
gene encodes two differentially regulated transcripts and a cell
surface protein. J Immunol 1992;149:2945–2953.

15. Grimsley C, Kawasaki A, Gassner C, Sageshima N, Nose Y, Hatake K,
et al. Definitive high resolution typing of HLA-E allelic polymorphisms:
identifying potential errors in existing allele data. Tissue Antigens 2002;
60:206–212.

16. Robinson J, Halliwell JA, Hayhurst JD, Flicek P, Parham P, Marsh SG.
The IPD and IMGT/HLA database: allele variant databases. Nucleic
Acids Res 2015;43:D423–D431.

17. Grotzke JE, Harriff MJ, Siler AC, Nolt D, Delepine J, Lewinsohn DA,
et al. The Mycobacterium tuberculosis phagosome is a HLA-I
processing competent organelle. PLoS Pathog 2009;5:e1000374.

18. Cohen GB, Gandhi RT, Davis DM, Mandelboim O, Chen BK,
Strominger JL, et al. The selective downregulation of class I major
histocompatibility complex proteins by HIV-1 protects HIV-infected
cells from NK cells. Immunity 1999;10:661–671.

19. Collins KL, Chen BK, Kalams SA, Walker BD, Baltimore D. HIV-1 Nef
protein protects infected primary cells against killing by cytotoxic T
lymphocytes. Nature 1998;391:397–401.

20. Nattermann J, Nischalke HD, Hofmeister V, Kupfer B, Ahlenstiel G,
Feldmann G, et al. HIV-1 infection leads to increased HLA-E
expression resulting in impaired function of natural killer cells. Antivir
Ther 2005;10:95–107.

21. Hansen SG, Wu HL, Burwitz BJ, Hughes CM, Hammond KB, Ventura
AB, et al. Broadly targeted CD81 T cell responses restricted by major
histocompatibility complex E. Science 2016;351:714–720.

22. Mwimanzi F, Toyoda M, Mahiti M, Mann JK, Martin JN, Bangsberg D,
et al. Resistance of major histocompatibility complex class B (MHC-B)
to Nef-mediated downregulation relative to that of MHC-A is
conserved among primate lentiviruses and influences antiviral T cell
responses in HIV-1-infected individuals. J Virol 2017;92:e01409-17.

23. Joosten SA, van Meijgaarden KE, van Weeren PC, Kazi F, Geluk A,
Savage ND, et al. Mycobacterium tuberculosis peptides presented by
HLA-E molecules are targets for human CD8 T-cells with cytotoxic as
well as regulatory activity. PLoS Pathog 2010;6:e1000782.

24. Petrovas C, Casazza JP, Brenchley JM, Price DA, Gostick E, Adams
WC, et al. PD-1 is a regulator of virus-specific CD81 T cell survival in
HIV infection. J Exp Med 2006;203:2281–2292.

25. Caccamo N, Pietra G, Sullivan LC, Brooks AG, Prezzemolo T, La Manna
MP, et al. Human CD8 T lymphocytes recognize Mycobacterium
tuberculosis antigens presented by HLA-E during active tuberculosis
and express type 2 cytokines. Eur J Immunol 2015;45:1069–1081.
[Published erratum appears in Eur J Immunol 49:971.]

26. Campbell GR, Spector SA. Vitamin D inhibits human immunodeficiency
virus type 1 andMycobacterium tuberculosis infection in macrophages
through the induction of autophagy. PLoS Pathog 2012;8:e1002689.

27. Britten CM, Janetzki S, Butterfield LH, Ferrari G, Gouttefangeas C,
Huber C, et al. T cell assays and MIATA: the essential minimum for
maximum impact. Immunity 2012;37:1–2.

28. Harriff MJ, Wolfe LM, Swarbrick G, Null M, Cansler ME, Canfield ET, et al.
HLA-E presents glycopeptides from the Mycobacterium tuberculosis
protein MPT32 to human CD81 T cells. Sci Rep 2017;7:4622.

29. Caccamo N, Milano S, Di Sano C, Cigna D, Ivanyi J, Krensky AM, et al.
Identification of epitopes of Mycobacterium tuberculosis 16-kDa
protein recognized by human leukocyte antigen-A*0201 CD8(1) T
lymphocytes. J Infect Dis 2002;186:991–998. 28

30. Walters LC, Harlos K, Brackenridge S, Rozbesky D, Barrett JR, Jain V,
et al. Pathogen-derived HLA-E bound epitopes reveal broad primary
anchor pocket tolerability and conformationally malleable peptide
binding. Nat Commun 2018;9:3137. [Published erratum appears in
Nat Commun 9:4833.]

31. Gunneberg C, Nunn P, Getahun H, Granich R. HIV infection-associated
tuberculosis: the epidemiology and the response. Clin Infect Dis
2010;50(Suppl 3):S201–S207.

32. Bell LCK, Noursadeghi M. Pathogenesis of HIV-1 and Mycobacterium
tuberculosis co-infection. Nat Rev Microbiol 2018;16:80–90.

33. Specht A, DeGottardi MQ, Schindler M, Hahn B, Evans DT, Kirchhoff F.
Selective downmodulation of HLA-A and -B by Nef alleles from
different groups of primate lentiviruses. Virology 2008;373:229–237.

34. DeGottardi MQ, Specht A, Metcalf B, Kaur A, Kirchhoff F, Evans DT.
Selective downregulation of rhesus macaque and sooty mangabey
major histocompatibility complex class I molecules by Nef alleles of

ORIGINAL RESEARCH

Pio La Manna, Orlando, Prezzemolo, et al.: HLA-E–restricted CD81 T Cells in TB 9

http://www.atsjournals.org/doi/suppl/10.1165/rcmb.2019-0261OC/suppl_file/disclosures.pdf
http://www.atsjournals.org
Utente
Barra

Utente
Barra



simian immunodeficiency virus and human immunodeficiency virus
type 2. J Virol 2008;82:3139–3146.

35. Williams M, Roeth JF, Kasper MR, Fleis RI, Przybycin CG, Collins KL.
Direct binding of human immunodeficiency virus type 1 Nef to the
major histocompatibility complex class I (MHC-I) cytoplasmic tail
disrupts MHC-I trafficking. J Virol 2002;76:12173–12184.

36. Jia X, Singh R, Homann S, Yang H, Guatelli J, Xiong Y. Structural basis
of evasion of cellular adaptive immunity by HIV-1 Nef. Nat Struct Mol
Biol 2012;19:701–706.

37. Apps R, Del Prete GQ, Chatterjee P, Lara A, Brumme ZL, Brockman
MA, et al. HIV-1 Vpu mediates HLA-C downregulation. Cell Host
Microbe 2016;19:686–695.

38. Mahiti M, Toyoda M, Jia X, Kuang XT, Mwimanzi F, Mwimanzi P, et al.
Relative resistance of HLA-B to downregulation by naturally
occurring HIV-1 Nef sequences. MBio 2016;7:e01516-15.

39. Rajapaksa US, Li D, Peng Y-C, McMichael AJ, Dong T, Xu XN. HLA-B
may be more protective against HIV-1 than HLA-A because it resists
negative regulatory factor (Nef) mediated down-regulation. Proc Natl
Acad Sci USA 2012;109:13353–13358.

40. Caccamo N, Guggino G, Meraviglia S, Gelsomino G, Di Carlo P, Titone
L, et al. Analysis of Mycobacterium tuberculosis-specific CD8 T-cells
in patients with active tuberculosis and in individuals with latent
infection. PLoS One 2009;4:e5528.

41. Bruns H, Meinken C, Schauenberg P, Härter G, Kern P, Modlin RL,
et al. Anti-TNF immunotherapy reduces CD81 T cell-mediated
antimicrobial activity againstMycobacterium tuberculosis in humans.
J Clin Invest 2009;119:1167–1177.

42. Caccamo N, Meraviglia S, La Mendola C, Guggino G, Dieli F, Salerno A.
Phenotypical and functional analysis of memory and effector human
CD8 T cells specific for mycobacterial antigens. J Immunol 2006;
177:1780–1785.

43. Hess C, Altfeld M, Thomas SY, Addo MM, Rosenberg ES, Allen TM,
et al. HIV-1 specific CD81 T cells with an effector phenotype and
control of viral replication. Lancet 2004;363:863–866.

44. Northfield JW, Loo CP, Barbour JD, Spotts G, Hecht FM, Klenerman P,
et al. Human immunodeficiency virus type 1 (HIV-1)-specific CD81
T(EMRA) cells in early infection are linked to control of HIV-1 viremia
and predict the subsequent viral load set point. J Virol 2007;81:
5759–5765.

45. Balin SJ, Pellegrini M, Klechevsky E, Won ST, Weiss DI, Choi AW, et al.
Human antimicrobial cytotoxic T lymphocytes, defined by NK
receptors and antimicrobial proteins, kill intracellular bacteria. Sci
Immunol 2018;3:eaat7668.

46. van Meijgaarden KE, Haks MC, Caccamo N, Dieli F, Ottenhoff TH,
Joosten SA. Human CD81 T-cells recognizing peptides from
Mycobacterium tuberculosis (Mtb) presented by HLA-E have an
unorthodox Th2-like, multifunctional, Mtb inhibitory phenotype and
represent a novel human T-cell subset. PLoS Pathog 2015;11:
e1004671.

47. Fujita K, Terashima T, Mio T. Anti-pd1 antibody treatment and the
development of acute pulmonary tuberculosis. J Thorac Oncol 2016;
11:2238–2240.

48. van Eeden R, Rapoport BL, Smit T, Anderson R. Tuberculosis
infection in a patient treated with nivolumab for non-small cell
lung cancer: case report and literature review. Front Oncol 2019;
9:659.

ORIGINAL RESEARCH

10 American Journal of Respiratory Cell and Molecular Biology Volume jj Number jj | jj 2020



AUTHOR QUERIES

New Information for the ATS Journals
We are glad to inform you that most of the author-supplied artwork will now be redrawn in the
new journal style.
Please check text, labels, and legends for accuracy and completeness. Check that colors noted in
the figure legend match the colors in the figure and in the text of the article.

QA1 If you provided an ORCID ID at submission, please confirm that it appears correctly on the
opening page of this article. If you or your coauthors would like to include an ORCID ID
in this publication, please provide it with your corrections. If you do not have an ORCID ID
and would like one, you can register for your unique digital identifier at https://orcid.org/
register.

1 AU: Per journal style, affiliation numbers must appear in order in the author line, which may not
match the order in the affiliation list because the affiliations have been grouped according to
top-level institution. Please confirm edits.

2 AU: For affiliation #2, is "Department of Biomedicine, Neuroscience and Advanced Diagnostics"
correct as revised?

3 AU: Please spell out "IRCCS" in Affiliations. Please note that each affiliation may appear in either
English or the language spoken at the location of the affiliation, per the author. However, each
affiliation should be entirely one language."

4 AU: Please spell out "NEWTBVAC," "TBVAC2020," AND "EMI-TB" in Grants section.

5 AU: Any variations in capitalization and/or italics in genetic nomenclature have been retained
per the original manuscript. Please confirm that all nomenclature has been formatted properly
throughout. Per journal style, gene and protein symbols should be explained parenthetically
after the symbol and defined in figures and table legends. However, if a gene/protein is
mentioned in passing or is peripheral to the main point/discussion, it is not necessary to add an
explanation. Also, these symbols may be retained even if used only once, and they do not need
to be defined in titles. Please verify appropriate use throughout.

6 AU: Per Journal style, genes should be italicized and proteins should be roman. Please check
throughout and correct if necessary

7 AU: Does edit preserve your intent? ("Together, these results indicate that...")

8 AU: Per journal style, abstracts should be unstructured, so the headings have been removed
and text has been run together into one paragraph.

9 AU: Per journal style, there should be no more than five keywords for this article; please delete
one keyword.

10 AU: Does edit preserve your intent? ("Although active TB is curable with chemotherapy, drug
treatment does not eradicate the disease and patients never become free of infection."

11 AU: "NK" was defined as "natural killer." Is this correct?

12 AU: "PPD" was defined as "purified protein derivative." Is this correct?

13 AU: "PBMC" was defined as "peripheral blood mononuclear cell." Is this correct?

14 AU: Please spell out "CFSE."
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15 AU: Please spell out "PHA."

16 AU: Please clarify "Peptide-specific CD81 T-cell lines were cocultured with uninfected, or Mtb-
or HIV-1–infected or coinfected THP-1 cell line." Also, please define "THP-1," and spell out
"E:T."

17 AU: Per journal style, in-text supplement citations have been designated with an “E” before
the number; please amend the supplement accordingly and send corrected files (with a note
detailing the changes that were made) to Ms. Mary Mobley (mmobley@thoracic.org).

18 AU: Ref. 30 was a duplicate of Ref. 25. The duplicate reference was deleted and the remaining
references were renumbered. Please check the in-text citations and reference list carefully and
amend as needed.

19 AU: Does edit preserve your intent? ("The latter epitope was shown to have the highest af-
finity...") Please spell out "TAP" and "RMA-S."

20 AU: Does edit preserve your intent? ("Even though the NFA2-16 and MV-14E CD81 T-cell
clones were generated...")

21 AU: "LTBI" was expanded as "latent TB infection." Is this correct?

22 AU: Does edit preserve your intent? ("Conversely, expression of the HLA-E molecule was not
affected by HIV-1 or Mtb alone, or by Mtb/HIV-1 coinfection...")

23 AU: Please clarify "By using a reporter cell assay it was observed that..." For example, should
this read "By using a reporter cell assay, we observed that..." or "By using a reporter cell assay,
Collins and colleagues observed that..."?

24 AU: "TCR" was expanded as "T-cell receptor." Is this correct?

25 AU: Please define "NKG2C."

26 AU: Does edit preserve your intent? ("However, this approach should be viewed with caution,
as recent reports have indicated...")

27 AU: For Ref. 1, please provide date accessed (year/month/day) and URL.

28 AU: Ref. 30 was a duplicate of Ref. 25. The duplicate reference was deleted and the remaining
references were renumbered. Please check the in-text citations and reference list carefully and
amend as needed.

29 AU: Please confirm that all figures and tables are original to this manuscript and have not
previously appeared elsewhere in any print or electronic form (including the Internet). If they
have appeared elsewhere, please provide the reference of the source, as well as confirmation
that written permission to reprint (or reprint with modifications) has been received (or that
the original is in the public domain). If the original is an ATS publication, permission is au-
tomatically granted.

30 AU: Journal style is to define all abbreviations used in figure artwork and figure legends at the
first occurrence. If an abbreviation is defined in Figure 1, we do not need to define it again in
the remaining figure legends. Please verify that this style has been followed.

31 AU: Figures 4A and 4B appear to be low quality. Please provide higher-quality version(s).
Note: please do not simply increase the resolution of the image — this will not improve the
quality. Instead, please go back to the source of the image and recreate the figure if needed,
and be sure to maintain high resolution while processing.
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32 AU: Does edit preserve your intent? ("The initial gate was on lymphocytes on the basis of
forward scatter (FSC) and side scatter (SSC)...")

33 AU: Figures 5B, 5C, and 5D appear to be low quality. Please provide higher-quality version(s).
Note: please do not simply increase the resolution of the image — this will not improve the
quality. Instead, please go back to the source of the image and recreate the figure if needed,
and be sure to maintain high resolution while processing.

34 AU: Please spell out "PHA" in Fig. 5 legend.

35 AU: Please define "CFSE" in the Fig. 5 legend.
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