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Background. Mycobacterium tuberculosis (Mtb) and human immunodeficiency virus (HIV) coinfection increases mortality,
accelerates progression to acquired immune deficiency syndrome, and exacerbates tuberculosis disease. However, the impact of
pre-existing Mtb infection on subsequent HIV infection has not been fully explored. We hypothesized that Mtb infection creates an
immunological environment that influences the course of HIV infection, and we investigated whether pre-existing Mtb infection

impacts the susceptibility of CD4" T cells to HIV-1 infection.
Methods.

Plasma and blood CD4" T cells isolated from HIV-negative individuals across the Mtb infection spectrum and non-

Mtb-infected control individuals were analyzed for inflammation markers and T-cell phenotypes. CD4" T cells were infected with

HIV-1 in vitro and were monitored for viral replication.
Results.

We observed differences in proinflammatory cytokines and the relative proportion of memory T-cell subsets depending

on Mtb infection status. CD4" T cells derived from individuals with latent Mtb infection supported more efficient HIV-1 transcrip-
tion, release, and replication. Enhanced HIV-1 replication correlated with higher percentages of CD4" T, and T, cells.

Conclusions.

Pre-existing Mtb infection creates an immunological environment that reflects Mtb infection status and influences

the susceptibility of CD4" T cells to HIV-1 replication. These findings provide cellular and molecular insights into how pre-existing

Mtb infection influences HIV-1 pathogenesis.
Keywords.
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Mycobacterium tuberculosis (Mtb) and human immunodefi-
ciency virus (HIV) each exert a tremendous impact on global
health. In 2018, the World Health Organization reported an es-
timated 10 million new tuberculosis (TB) cases globally, with
8.6% occurring in people with HIV (PWH) [1, 2]. Human
immunodeficiency virus and Mtb coinfection is considered a
syndemic with increased morbidity and mortality, including
a 20-30 times increased risk of developing active TB from
Mtb infection compared with those without HIV [1, 3, 4].
Furthermore, active TB in HIV-positive individuals facilitates
rapid progression to acquired immune deficiency syndrome
(AIDS) and increased mortality [3, 5, 6]. Worse outcomes for
PWH coinfected with Mtb persist despite antiretroviral therapy,
suggesting chronic pathogenesis [7]. The TB/HIV syndemic
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was estimated to have claimed 250 000 lives in 2018, making
TB the main cause of death in PWH [1]. The 2 diseases share
geography and epidemiology, with both demonstrating peaks
in early adulthood and having common associations including
malnutrition and poverty [8-11]. In many high TB/HIV
burden settings, such as sub-Saharan Africa, initial Mtb infec-
tion is often acquired before HIV during childhood to mid-
adolescence, whereas noncongenital HIV infection is typically
acquired from adolescence onwards [8, 9].

Given the clinical and epidemiological relevance of Mtb-HIV
coinfection, it is essential to understand how these 2 infections
interact at a cellular and molecular level [3, 12]. Mycobacterium
tuberculosis infection leads to persistent immunological changes
in lymphocyte activation, checkpoint molecule upregulation,
T-cell and macrophage function, and proinflammatory cyto-
kine levels, all impacting the course of HIV infection [12-18].
For example, Mtb infection induces inflammatory mediators
including tumor necrosis factor-alpha (TNF-a) and interferon-
gamma (IFN-y) [19, 20]. These cytokines activate T cells
through transcription factors such as NF-kB, AP-1, and NFAT,
which also regulate HIV transcription and replication [12,
21, 22]. Mycobacterium tuberculosis signaling through innate
immune receptors such as Toll-like receptor 2 may also posi-
tively regulate HIV-1 infection and transcription through the
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upregulation of relevant transcription factors [23]. Although
these changes have been demonstrated in coinfected individ-
uals with active TB, the impact of pre-existing Mtb infection, ei-
ther active or latent, on subsequent HIV exposure has not been
fully addressed.

We hypothesize that latent Mtb infection (LTBI) and active TB
create immunological environments or footprints that render in-
dividuals exposed to HIV at a higher risk of successfully acquiring
the infection. We tested this hypothesis by measuring the levels
of inflammatory markers in plasma from individuals with LTBI,
active TB, and non-Mtb-infected controls. We also determined
whether CD4" T cells obtained from individuals with Mtb infec-
tion were more susceptible to HIV-1 infection and/or supported
greater viral replication in vitro than CD4" T cells from controls.
Results indicate that LTBI influences the course of HIV-1 replica-
tion in CD4" T cells, implicating LTBI as an important cofactor
in the TB/HIV syndemic.

METHODS

Subject Recruitment and Sample Collection

Individuals were recruited between September 2018 and April
2019 from the Tuberculosis Clinic or the Immigrant and Refugee
Health Program Clinic, both at Boston Medical Center (BMC).
Study participants provided informed consent. We chose the
Immigrant and Refugee Health Program Clinic for recruitment
of control subjects with demographics similar to subjects re-
cruited through the Tuberculosis Clinic. Inclusion criteria were
as follows: HIV-uninfected (documented within 24 months be-
fore enrollment), >18 years of age, no history of anti-TB treat-
ment for LTBI, and <6 weeks of anti-TB treatment for active TB
(n = 2). We did not observe any effects of anti-TB treatment on
subsequent data analyses. Exclusion criteria were immunosup-
pressive medications (eg, steroids, anti-TNF inhibitors, cancer
chemotherapy), acute illness, pregnancy, known chronic infec-
tions (eg, hepatitis B or C), malignancy, or autoimmune dis-
orders. Latent Mtb infection was defined as positive tuberculin
skin test ([TST] n=8) (threshold value >10 mm) or IFN-y
release assay ([IGRA] n=38) (including at least 1 TB Ag-nil
value >0.8), but no evidence of active TB by symptoms and chest
radiograph. The IGRAs consisted of QuantiFERON-TB Gold or
QuantiFERON-TB Gold Plus ([QIAGEN] n = 7) and T-SPOT.
TB test ([Oxford Immunotec] n = 1). Subjects tested positive for
LTBI within 1 year before enrollment. Five LTBI subjects (TST
n = 4,IGRA n = 1) tested positive for LTBI within the last 2 years
based on negative test results in preceding years, 4 of whom were
born in the United States. A higher frequency of women versus
men in the LTBI group did not affect subsequent data analyses.
Active TB was defined by positive mycobacterial culture; in ad-
dition, 5 subjects were acid-fast bacilli smear positive and 4 were
positive on GeneXpert versions 4.8 and 6.6 (Cepheid). Control
subjects had no symptoms of active TB and tested negative for
LTBI within 1 (n = 8) to 3 years (n = 3) before enrollment (TST

n =1, IGRA n = 10). Subjects were presumed to have received
the Bacillus Calmette-Guérin vaccination based on interview re-
sponse and/or a shoulder scar, except for 6 subjects born in the
United States (LTBI n = 5, control n = 1). Twenty milliliters of
blood was drawn by the study team or by BMC’s phlebotomy
service. The study was approved by the BMC Internal Review
Board (protocol # H-36860).

Peripheral Blood Mononuclear Cells Isolation and CD4+ T-Cell Purification
Peripheral blood mononuclear cells (PBMC) were iso-
lated using the Lymphoprep density gradient (StemCell
Technologies). CD4" T cells were enriched by negative selec-
tion with the EasySep Human CD4" T Cell Enrichment Kit
(StemCell Technologies) and routinely achieved >98% pu-
rity. Purified CD4" T cells were cultured in RPMI 1640 me-
dium (Gibco) supplemented with penicillin/streptomycin
(Invitrogen), L-glutamine (Invitrogen), and 10% of autologous
human plasma collected before cell separation.

Flow Cytometry Analysis

Antibodies for phenotyping CD4" T cells included the fol-
lowing: CD3-FITC (clone HIT3a; BD Biosciences), CD4-
Alexa Fluor 647 (clone RPA-T4; BioLegend), CD25-BV421
(clone 2A3; BD Biosciences), CD69-BV421 (clone FN50;
BioLegend), HLA-DR-BV421 (clone L243; BioLegend),
CD95-PE-Dazzle594 (clone DX2; BioLegend), CD27-APC-
Fire750 (clone M-T271; BioLegend), CCR7-PE-Cy7 (clone
G043H7; BioLegend), and CD45RA-PerCP-Cy5.5 (clone
HI100; BioLegend). Antibody-stained peripheral blood
mononuclear cells were analyzed using an LSR-II SROP
analyzer and FACSDiva software 6.0 (BD Biosciences).
OneComp eBeads (Thermo Fisher) stained with indi-
vidual colors were used for fluorescence compensation, and
Fluorescence Minus One controls (prepared with cells from
control subjects) were used as gating controls [24]. Data
analysis was performed using FlowJo software.

In Vitro Infection of CD4+ T Cells With Human Immunodeficiency Virus-1

Stocks of HIV-1 were generated by transfection of HEK293T
cells (ATCC) with plasmid encoding the infectious molecular
clone HIV-1, . as previously described [25]. CD4" T cells
were infected with viral culture supernatant at a multiplicity
of infection of 1 (based on virus titrated on CEM-GFP cells;
NIH AIDS Reagents Program) in a single well of a 48-well plate
for 2 hours at room temperature. After incubation, unbound
virus was removed by washing cells with phosphate-buffered
saline (Invitrogen) supplemented with 2% fetal bovine serum
(Gemini Bio-Products) and resuspended in culture medium.
Infected cells were divided into separate wells depending on the
experimental objective. Saquinavir (1 uM; NIH AIDS Reagents
Program) was added to the wells of infected cells designated for
examination of HIV-1 infectivity to prevent viral spread beyond
the first round. Infected cells treated with 1 pM efavirenz (NIH
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AIDS Reagents Program) served as a negative control for infec-
tion. On day 3 postinfection, infected cells were harvested for
measuring HIV-1 infection based on HIV-1 deoxyribonucleic
acid (DNA) by quantitative polymerase chain reaction (QPCR).
Wells were also collected on day 4 postinfection for ribonu-
cleic acid (RNA) isolation. To examine virus replication, HIV-
infected cells were cultured in round bottom, 96-well plates in
the absence of saquinavir for 9 days. Half of the culture me-
dium was harvested on days 3 and 6 postinfection and fresh
medium was added back to the cultures. Viral replication was
assessed by enzyme-linked immunosorbent assay based on the
levels of HIV-1 p24 antigen and normalized to p24 levels in cul-
tures treated with efavirenz. At day 9, cells were harvested for
genomic DNA and qPCR analysis of HIV-1 infection.

Measuring Human Immunodeficiency Virus-1 Replication With Enzyme-
Linked Immunosorbent Assay

Culture supernatants were lysed with 0.5% Triton-X (Thermo
Fisher) and subsequently loaded onto plates coated with anti-
HIV-1 p24 capture antibody (catalog no. 3957; NIH AIDS
Reagents Program). Standard curves were generated by seri-
ally diluting p24 standards (model no. 77620R; Perkin Elmer).
Enzyme-linked immunosorbent assays were conducted as pre-
viously described [26].

Quantification of Human Immunodeficiency Virus-1 Deoxyribonucleic
Acid Intermediates by Quantitative Polymerase Chain Reaction

Total cell-associated DNA was purified using the DNeasy Blood
and Tissue Kit (QIAGEN). Total HIV-1 DNA per cell was quan-
tified by qPCR as previously described [26]. The DNA from
uninfected PBMCs was used as a standard for calculating cell
number [26]. Serially diluted HIV-1_, .
an HIV-1 DNA copy standard. The reactions were run in a

plasmid was used as

QuantStudio 3 (Applied Biosystems) with the following pro-
gram: hot-start at 95°C for 2 minutes, followed by 50 cycles of
denaturation for 15 seconds at 95°C, annealing for 30 seconds at
60°C, plate read, and extension for 1 minute at 72°C.

Human immunodeficiency virus-1 integration was measured
by nested Alu-PCR as described [26], except that the master
mixture for the Alu-gag amplification step used in this study
contained 0.48 uM Alu forward primer, 2.4 uM gag reverse
primer, and a final reaction volume of 50 pL. A parallel reac-
tion without forward primer for Alu was prepared as a control
for unintegrated HIV-1 DNA [27]. The reaction was conducted
in a Biometra T-Professional thermocycler with the following
program: hot start at 95°C for 4 minutes and 40 cycles of 93°C
for 15 seconds, 50°C for 15 seconds, and 70°C for 4 minutes.
Reaction products from samples and standards (25 uL) were
transferred to another plate containing 25 uL of 2X master mix-
ture specific for the RU5 region of the proviral promoter for
nested RU5 qPCR [26, 27].

Ribonucleic Acid Extractions and Generation of Complementary
Deoxyribonucleic Acid

Cell pellets were resuspended in 1 mL of TRIzol (Invitrogen);
200 pL chloroform (Thermo Fisher) was added and mixed by
vortexing. The samples were incubated at room temperature
for 5 minutes and spun at 12 000 Xg for 15 minutes at 4°C.
The top aqueous layer was transferred to a separate tube and
mixed with 1.5 volume of absolute ethanol (AmericanBio). The
RNA was extracted using the RNeasy kit (QIAGEN). Five hun-
dred nanograms of RNA was typically used to generate com-
plementary DNA (cDNA) libraries from samples as previously
described [26].

Measuring Human Immunodeficiency Virus Messenger Ribonucleic Acid
Transcripts

The cDNA samples (2 pL) were mixed with 10 pL GoTaq
master mixture (Promega) for PCR amplification and anal-
ysis. The master mixture was prepared as follows per sample:
7.5 pL GoTaq master mixture, 1.25 uL each forward and re-
verse primers prediluted at 5 uM. Primers used to amplify
multiply-spliced HIV-1 messenger RNA (mRNA) were
as follows: forward 5-TCCCTCAGACCCTTTTAGTCAG-3
5-CATCTGTCCTCTGTCAGTTTC-3.

Primers that recognize mRNA of the human housekeeping

and reverse

gene RPL13a were used as internal loading controls: for-
ward 5-CAAGCGGATGAACACCAAC-3* and reverse
5-CGCTTTTTCTTGTCGTAGGGG-3’ [28]. The reaction was
performed on a QuantStudio 3 with the following program: hot
start for 15 minutes at 94°C, followed by 45 cycles of 15 seconds
at 94°C, 30 seconds at 60°C, and 30 seconds at 72°C and plate
read. Relative levels of HIV-1 mRNA were calculated using the
AACt method, which normalizes the data to both the house-
keeping mRNA and the negative control [29].

Multiplex Cytokine Analysis of Plasma Samples

Inflammatory cytokines in plasma samples were measured
using LEGENDplex Multi-Analyte Flow Assay Kits ac-
cording to the manufacturer’s instructions (BioLegend nos.
740809, 740884, and 740886) using an LSRII-SROP ana-
lyzer. Plasma samples from all subjects were measured in
the same plate from each kit in duplicate. Data were ana-
lyzed using LEGENDplex v8.0 software. For the prepara-
tion of the heatmap in Figure 1, each individual value was
normalized by the maximum signal from each analyte, loga-
rithmic base 2 was applied to each value to reduce the range
of the data, and finally the heatmap was generated using
the Los Alamos National Laboratories—HIV Database
Heatmap Tool (https://www.hiv.lanl.gov/content/sequence/
HEATMAP/heatmap.html).
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Figure 1.  Mycobacterium tuberculosis infection leaves an immunological footprint detected by elevated levels of inflammation-associated analytes in plasma and that is de-
pendent on the infection status. (A) Experimental outline. Whole blood was collected from volunteers representing the subject groups shown in Table 1. A portion of blood was
kept separate for harvesting plasma to be used for multiplex cytokine analysis and for supplementing the culture media to be used for CD4" T cells. The rest of the blood was used
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Table 1. Cohort Information

Sex (n) Race (n)
TB Status (n) M F Black Asian Latino White Age (Mean + SD)
Controls (11) B 6 10 1 38.9+10.3
LTBI (16) 6 10 8 4 2 325+123
Active (9) B 4 2 6 1 474 + 12.5°

Abbreviations: F, female; LTBI, latent tuberculosis infection; M, male; SD, standard deviation.

#P < .05 compared with controls.

Statistical Analysis

Each data point represents the mean of at least 3 technical rep-
licates for each study subject. P values were calculated with the
non-parametric Mann-Whitney U test using GraphPad Prism
software. We conducted one-to-one correlation analyses be-
tween the data sets of each cytokine with the HIV-1 replication
data set from day 9 using the non-parametric Spearman’s rank
correlation. Because we analyzed 26 cytokine measurements
from plasma samples, a P value of .0019 was calculated as an ad-
justed cutoff for statistical significance based on the Bonferroni
correction.

RESULTS

For this study, we recruited 16 subjects with LTBI, 9 with active
TB, and 11 without Mtb infection (controls) (Table 1). Study
participants were ethnically diverse, 56% were female, and the
median age was 36 years old. The age difference between con-
trols and LTBI subjects is not statistically significant, but subjects
with active disease are statistically older (P < .05). Recruitment
criteria and definitions of TB clinical categories are described
in detail in the Methods. The general experimental strategy is
outlined in Figure 1A.

Mycobacterium tuberculosis Infection Alters the Inflammatory Cytokine
and CD4* T-Cell Subset Profile

To understand the impact of Mtb infection on the general in-
flammatory state, we assessed proinflammatory cytokines
present in the subjects’ plasma. Cytokines and chemokines in
Mtb-infected cohorts were measured using a multianalyte flow
cytometry-based assay, and results were compared with control
subjects. Twenty-six analytes were assayed (Figure 1B and C,
Supplementary Table, and Supplementary Figure 1). In general,
proinflammatory cytokines were elevated in Mtb-positive in-
dividuals compared with controls. Analytes that were elevated

in both cohorts of LTBI, and active TB subjects included inter-
leukin (IL)-6, IL-8, and CXCL12 [30, 31]. Analytes that were
elevated in the LTBI cohort compared with other groups in-
cluded IFN-a2, IL-10, IL12p70, sTREM-1, and sRAGE [32].
These cytokines are indicative of macrophage proinflammatory
responses to bacteria (SRAGE [33], IL-12 [34], and sSTREM-1
[35]), responses to intracellular invasion by bacteria (IFN-a2
[36]), and immune downregulation (IL-10 [37]). Analytes that
were elevated in the active TB cohort compared with other
groups were IL-18, PAI-1, PTX3, and sCD25 [38-40]. These
molecules are associated with proinflammatory signaling by
epithelial cells and macrophages (IL-18 [41]), minimizing ex-
tracellular matrix degradation (PAI-1 [42]), complement ac-
tivation (PTX-3 [43]), and T-cell activation (sCD25 [44]). We
did not observe statistically significant changes in IFN-y and
TNEF-a expression in either individuals with active TB or LTBI
when compared with controls, although IFN-y levels trended
higher in both groups with Mtb infection (Figure 1C). After
Bonferroni correction for multiple comparisons, the levels of
IL-6 and sRAGE in LTBI subjects remain statistically higher
than in control subjects (Figure 1B and C, Supplementary Table,
and Supplementary Figure 1). Taken together, the changes in
cytokine profiles suggest distinct inflammatory footprints for
subjects depending on Mtb infection status.

We next determined how the proportion of CD4" T cell
subsets in blood was affected by Mtb infection. Although we
did not observe significant differences in the expression of ac-
tivation markers across groups (Figure 2), subjects in the LTBI
group had statistically higher percentages of effector memory
and stem cell memory CD4"T cells concomitantly with
lower percentages of central memory CD4" T cells (Figure 3).
Individuals with active TB had higher percentages of stem
cell memory CD4" T cells. We observed similar percentages
of naive T cells across all subject groups. Taken together, the

for isolating peripheral blood mononuclear cells (PBMC) for flow cytometry analysis and for isolating CD4* T cells for human immunodeficiency virus (HIV)-1 infection experiments.
Human immunodeficiency virus-1 infection was monitored by enzyme-linked immunosorbent assay (ELISA) of HIV-1 antigen (p24), quantitative polymerase chain reaction (qPCR)
analysis of HIV-1 deoxyribonucleic acid, and qPCR analysis of HIV-1 ribonucleic acid. (B) Plasma analyte concentrations were measured by multiplex analysis and are displayed as
a heatmap for each blood donor. Heatmap shows the amount of each analyte per blood donor, relative to the maximum signal for set analyte. (C) Plots of representative analytes
indicating data range, median, and interquartile range. Each point represents individual donors. Dotted red line indicates the limit of detection. Pvalues were calculated based on the
Mann-Whitney Utest: *, P< .05and **, P< .01. ¥ denotes P< .0019 after Bonferroni correction. The full data set of analytes is included as Supplementary Table and Supplementary
Figure 1A-C. FACS, fluorescence-activated cell sorting; IFN, interferon; IL, interleukin; LTBI, latent tuberculosis infection; TB, tuberculosis.
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Figure 2. Mycobacterium tuberculosis infection does not affect the overall pro-
portion of activated CD4* T cells in the blood. Peripheral blood mononuclear cells
from study subjects were stained for flow cytometry analysis to determine the pro-
portion of CD4* T cells expressing any of the molecules associated with T-cell ac-
tivation: CD25, CD69, and/or HLA-DR. This combination of markers captures both
early and late T-cell activation states. Representative fluorescence-activated cell
sorting plots for each subject group and a plot of all donors are shown. Plots indi-
cate data range, median, and interquartile range. P values were calculated based
on the Mann-Whitney U test. FSC, forward scatter; LTBI, latent tuberculosis infec-
tion; TB, tuberculosis.

differences observed in immune mediators and CD4" T-cell
subsets suggest that Mtb infection status imprints immunolog-
ical signatures.

CD4* T Cells From Mycobacterium tuberculosis-Infected Individuals Are
Similarly Susceptible to Human Immunodeficiency Virus-1 Infection

To test the susceptibility of CD4" T cells from our TB
cohorts to HIV-1 infection, CD4" T cells were purified
from PBMCs by negative selection using magnetic beads
and infected with HIV-1. Purified CD4" T cells were cul-
tured in autologous plasma to maintain cytokine environ-
ments of individual donors. Cells were infected in vitro
with HIV-1 as described in Methods in the presence of
the protease inhibitor saquinavir to restrict viral infec-
tion to a single round. Negative control infections were
performed in the presence of the reverse-transcriptase
inhibitor efavirenz. On day 3 postinfection, DNA was
isolated for qPCR analysis of total (Figure 4A and C)
and integrated (Figure 4B and D) HIV-1 DNA per cell.

No difference in either total HIV-1 DNA or integrated
proviruses was detected between the subject groups
(Figure 4C and D), suggesting that HIV-1 entry, reverse
transcription (RT), and integration into CD4" T cells are
not affected by Mtb status.

Human Immunodeficiency Virus Replicates More Efficiently in CD4* T
Cells From Latent Tuberculosis Infection Donors

To determine whether HIV-1 replication and spread in
CD4" T cells were affected by the Mtb infection status, we
infected CD4" T cells with HIV-1 and cultured cells for
9 days. Over the course of the first 6 days, no significant
differences were observed in HIV-1 p24, but a significant
increase (4-fold) was observed at day 9 from CD4" T cells
derived from the LTBI group (Figure 5A and B). To con-
firm that CD4" T cells derived from LTBI subjects sup-
ported viral spread more efficiently, we assessed the levels of
total HIV-1 DNA at day 9 postinfection by qPCR. Although
HIV-1 DNA was detected in all groups relative to efavirenz-
treated cultures, infected cells from LTBI donors contained
significantly more HIV-1 DNA per cell compared to the
other groups (Figure 5C). These data indicate that CD4" T
cells from LTBI subjects support more robust HIV-1 repli-
cation and spread in culture.

One explanation for more eflicient viral spread in cultures
of cells derived from LTBI subjects is that these cells support
more robust proviral transcription. To test this, we harvested
total RNA on day 4 postinfection and conducted RT-PCR
analysis of HIV-1 transcripts. We restricted HIV-1 replication
to a single round to measure the relative RNA transcription
from proviruses integrated during initial infection. Cells from
LTBI subjects supported greater proviral transcription com-
pared with the other subject groups (Figure 5D), suggesting
that, despite similar HIV-1 integration (Figure 4D), proviral
gene transcription is more efficient in cells derived from LTBI
individuals.

To determine whether HIV-1 replication correlated with
any of the immune parameters analyzed above, we performed
Spearman R correlation analyses (Figure 6 and Supplementary
Figure 2). Based on one-on-one comparisons, no individual
cytokine statistically correlated with higher levels of HIV-1
replication (Supplementary Figure 2). However, a signifi-
cant positive correlation was observed between the percent-
ages of T, and T subsets with HIV-1 replication on day 9
(Figure 6).

DISCUSSION

The TB/HIV syndemic is well documented, with each infection
exacerbating the prognosis of coinfected individuals. In many
settings where the Mtb and HIV burdens are highest, Mtb in-
fection occurs before HIV infection in individuals. Thus, Mtb
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Figure 3.  Mycobacterium tuberculosis infection leaves an immunological footprint detected by changes in the relative proportion of CD4* T-cell memory subsets. Peripheral
blood mononuclear cells from study subjects were stained for flow cytometry analysis to determine the proportion of CD4" T-cell subsets based on the expression of mol-
ecules associated with memory phenotypes. A representative dot plot is shown with the gating strategy and the CD4" T-cell subsets represented by each gate: effector
memory (T,,,). central memory (T,,,), and terminally differentiated (T, ). CCR7*/CD45RA' cells were further subdivided into true naive cells (T,) and stem cell memory T cells

(T

SCM

* P< .05and **, P< .01. LTBI, latent tuberculosis infection; TB, tuberculosis.

) based on the expression of CD27 and CD95. Percentages shown for each gate indicate their proportion relative to the total CD4" T-cell population. Plots represent the
proportion of each CD4 T-cell subset for all donors and show the data range, median, and interquartile range. Pvalues were calculated based on the Mann-Whitney U test:

infection may affect how the host responds to HIV exposure.
We asked whether pre-existing Mtb infection, and its associ-
ated inflammatory footprints, influence the susceptibility of
CD4" T cells to HIV-1. We demonstrated that CD4" T cells
from subjects with LTBI support more active HIV-1 replication
compared with those with active TB and controls.
Mycobacterium tuberculosis infection is associated with a ro-
bust immune response that effectively restricts bacterial spread.
However, in many cases, bacteria resist and subvert immune re-
sponses, leading to LTBI. Despite the infection being “latent,” the
stalemate between bacteria and the immune system is a dynamic

process that involves constant immune effector cell turnover and
proinflammatory cytokine production [45, 46], as is evident from
phenotypic changes in leukocytes and the dysregulation of cyto-
kines including TNF-a, IFN-y, IL-6, and CCL2 (MCP-1) [32, 47,
48]. More importantly, persistent inflammation has been postulated
to affect the pathogenesis and clinical outcomes of HIV coinfection
[3, 5, 6]. Consistent with previous reports, we found several ele-
vated proinflammatory cytokines, including IL-6 and sSRAGE, with
Mtb infection compared to controls [30, 31]. In contrast to pub-
lished work, we did not observe statistically significant elevation in
TNEF-a, IEN-y, or CCL2 (MCP-1) levels in either active TB or LTBI
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Pre-existing Mycobacterium tuberculosis infection does not affect the susceptibility of CD4* T cells to human immunodeficiency virus (HIV)-1 infection. CD4* T

cells from the different subject groups were infected with HIV-1, and infection was restricted to a single round of infection with the antiretroviral drug saquinavir (1 puM).
A portion of the infected cells were treated with the antiretroviral drug efavirenz (1 M) to serve as a negative control for HIV-1 infection. Total cellular deoxyribonucleic acid
(DNA) was harvested and analyzed for total and integrated HIV-1 by quantitative polymerase chain reaction (PCR) following the strategy shown in A and B. Levels of total and
integrated HIV-1 DNA for each blood donor are shown in C and D respectively. Data are displayed as the number of copies per cell. The data range, median, and interquartile
range are shown. The dotted red line in D indicates the limit of detection of the assay. Pvalues were calculated based on the Mann-Whitney Utest: ***, P<.001 and NS,
P> .05. EFV, efavirenz; LTBI, latent tuberculosis infection; LTR, long terminal repeat; NS, not significant; PBS, primer binding site; TB, tuberculosis.

(Figure 1, Supplementary Table, and Supplementary Figure 1) 32,
48]. The discrepancy between our results and other reports may re-
flect sample size, assay sensitivity, or cohort variation. At the cel-
lular level, consistent with previous reports, we observed changes
in the relative proportion of CD4" T-cell subsets that reflected Mtb
infection status [49, 50]; LTBI subjects had higher percentages of
CD4" T, cells, trends toward increased populations of CD4" T, |
cells, and diminished populations of CD4" Tey cells (Figure 3). We
did not detect major changes in overall T-cell activation in blood.
We predict that higher levels of CD4" T-cell activation will be de-
tected at the site of Mtb infection, where antigen-specific cells would
mostly be located. Our observations support that Mtb infection
leaves persistent immunological footprints that may impact HIV-1
replication and pathogenesis.

Our results show that HIV-1 replicates more efficiently in
CD4" T cells derived from individuals with LTBI despite no
differences in HIV-1 viral entry or integration between the dif-
ferent subject groups. Therefore, postintegration steps in viral
replication, in particular HIV-1 transcription, are more efficient

in CD4" T cells from LTBI subjects. Mycobacterium tuberculosis
infection is associated with increased inflammation and tissue
damage. Combinations of cytokines associated with this Mtb-
mediated inflammation influence T-cell activation, which in turn
activates HIV-1 transcription [12, 21, 22]. Thus, Mtb, by initiating
inflammatory mechanisms and affecting the repertoire of CD4" T
cells that persist in LTBI, may create a microenvironment that
supports more robust HIV-1 transcription and HIV-associated
pathogenesis.

CONCLUSIONS

In conclusion, these studies demonstrate the existence of an im-
munological footprint in individuals with LTBI that influences
the susceptibility of CD4" T cells to HIV-1 infection. These
findings provide a cellular and molecular basis for the impact of
pre-existing Mtb infection on the course of subsequent HIV-1
infection and illustrate another example of how these diseases
are intertwined to contribute to the TB/HIV syndemic.
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Figure 5. The stage of pre-existing Mycobacterium tuberculosis infection affects
human immunodeficiency virus (HIV)-1 replication. CD4* T cells from the different sub-
ject groups were infected with HIV-1, and infection was (A—C) allowed to expand or (D)
restricted to a single round of infection with the antiretroviral drug saquinavir (1 pM).
A portion of the infected cells were treated with the antiretroviral drug efavirenz ([EFV]
1 uM) to serve as a negative control for HIV-1 infection. (A) The HIV-1 replication was
monitored by the release of HIV-1 antigen (p24) into the culture medium over the span of
9 days. Data are shown as the ratio of HIV-1 p24 signal as determined by enzyme-linked
immunosorbent assay, over the signal from parallel cultures treated with EFV. Asterisks
represent the statistical significance of the signal from latent tuberculosis infection (LTBI)
subjects compared to the other groups on day 9. (B) Dot plot showing the distribution
of HIV-1 p24 signal detected on day 9 for each blood donor group. (C) On day 9, cells
were harvested and cellular deoxyribonucleic acid (DNA) was purified for quantitative
polymerase chain reaction (qPCR) analysis of HIV-1 DNA. Data are displayed as copies
of HIV-1 DNA per cell. (D) Cultures of cells treated with saquinavir were harvested on
day 4 postinfection, and cellular ribonucleic acid (RNA) was purified for gPCR analysis
of HIV-1 RNA to measure the level of proviral gene transcription. Note that RNA was
available for only 6 of the donors with LTBI. Data are shown as the fold increase in signal
relative to parallel cultures treated with EFV for each blood donor. Plots indicate the data
range, median, and interquartile range. P values were calculated based on the Mann-
Whitney Utest: *, P< .05, **, P< .01, ***, P<.001, and NS P> .05. NS, not significant;
TB, tuberculosis.
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Diseases online. Consisting of data provided by the authors to
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