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Monocyte-Derived IL-5 Reduces TNF Production by
Mycobacterium tuberculosis–specific CD4 T Cells during
SIV/M. tuberculosis Coinfection

Collin R. Diedrich, Joshua T. Mattila, and JoAnne L. Flynn

HIV-infected individuals are significantly more susceptible to tuberculosis (TB) than uninfected individuals. Although it is estab-

lished that HIV reduces Mycobacterium tuberculosis–specific T cell responses, the causes of this dysfunction are not known. We

used the cynomolgus macaque model of TB to demonstrate that ex vivo SIV reduces the frequency ofM. tuberculosis–specific TNF

and IFN-g–producing T cells within 24 h after infection. In vivo, T cell IFN-g responses in granulomas from animals with SIV/M.

tuberculosis coinfection were lower than SIV-negative animals with active TB. The SIV effects on the inhibition of T cell responses

were primarily on APCs and not the T cells directly. Specifically, reductions in the frequency of TNF-producing M. tuberculosis–

specific CD4 T cells were caused, at least in part, by SIV-induced production of monocyte derived IL-5. The Journal of Immunology,

2013, 190: 6320–6328.

T
uberculosis (TB) is one of the most common causes of
death in HIV-infected persons worldwide, and HIV is a
significant risk factor for development of TB (1, 2). The

mechanisms responsible for the increased susceptibility of HIV-
infected persons to Mycobacterium tuberculosis are not currently
known, but multiple hypotheses have been proposed (3–6), with the
most obvious being loss of M. tuberculosis–specific CD4 T cells.
HIV-induced manipulation of M. tuberculosis–specific effector
T cell function and inhibition of the ability of macrophages to kill
M. tuberculosis are two possible additional contributors to this in-
creased susceptibility to TB (5, 6).
Coinfected individuals have significantly fewer proliferating

or cytokine-producing peripheral M. tuberculosis–specific T cells
compared with individuals with active TB alone (7–10). HIV de-
creases IFN-g mRNA production and proliferation by M. tubercu-
losis–specific T cells in the airways of patients with AIDS and TB
compared with those with active TB without AIDS (11, 12). HIV
also reduces IFN-g+TNF+IL-2+ polyfunctional bacillus Calmette–
Guérin (BCG)-specific CD4 T cells within the airways of BCG-
vaccinated individuals relative to HIV-uninfected controls (13).
These studies demonstrate that HIV can reduce protection against
M. tuberculosis by impairing T cell functions, but they do not address
the timing of these events, mechanisms of inhibition, or whether
the inhibition occurs within granulomas.

Previous studies have demonstrated that SIV infects cells in the
granulomas of coinfected macaques (3), and HIV is present at sites
of active TB in humans (14–16). Granulomas contain many po-
tential targets for manipulation by HIV, includingM. tuberculosis–
specific T cells and macrophages; therefore, causes for dysfunction
in HIV-coinfected individuals could include HIV-induced T cell
exhaustion and death (17) or disruption of macrophage function
(18). To elucidate possible mechanisms for the HIV-induced in-
creased susceptibility to TB, we developed a model of SIV/M.
tuberculosis coinfection using latently infected cynomolgus mac-
aques (3, 19). We found that changes in peripheral T cell counts
during acute SIV infection correlated with the reactivation of latent
TB (3), suggesting that reactivation is strongly influenced by events
during the acute phase of HIV infection. Based on these findings,
we hypothesize that HIV disrupts M. tuberculosis–specific T cell
function within granulomas shortly after HIV infection, diminish-
ing immune pressure on the bacteria and enabling reactivation.
We developed in vitro and ex vivo systems using cynomolgus

macaques with TB as an extension to these studies to investigate
mechanisms of M. tuberculosis–specific T cell dysfunction fol-
lowing HIV infection. In this work, we used T cells and mono-
cytes from SIV-uninfected monkeys with TB to demonstrate that
exposing monocytes to SIV significantly decreases TNF and IFN-
g production by M. tuberculosis–specific T cells in an IL-5–de-
pendent manner. Moreover, we identified SIV-stimulated mono-
cytes as the source of the IL-5. These data provide evidence for a
novel role for IL-5 in inhibition of M. tuberculosis–specific T cell
function, and provide additional insight into the complexities of
M. tuberculosis/HIV coinfection.

Materials and Methods
Ethics statement

All experimental manipulations and protocols were approved by the Uni-
versity of Pittsburgh School of Medicine Institutional Animal Care and Use
Committee. The animals were housed and maintained in accordance with
standards established in the Animal Welfare Act and the Guide for the Care
and Use of Laboratory Animals.

M. tuberculosis infection

Cynomolgus macaques were infected with ∼25 or ∼200 CFU of Erdman
strain M. tuberculosis via intrabronchial instillation as described previ-
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ously (20) for other ongoing studies. The infection status of the monkeys
(active versus latent disease) used as sources for cells did not lead to
measurable differences in the outcomes of these experiments. PBMCs and
thoracic lymph node cells from of monkeys with active or latent TB were
used for in vitro studies. PBMCs were isolated via Percoll gradient cen-
trifugation as described previously (20–22). Animals were humanely eu-
thanized, and necropsies were performed as previously described (20–22).
Thoracic lymph nodes from M. tuberculosis–infected monkeys were ho-
mogenized into single-cell suspensions with Medimachines (BD Bio-
sciences, San Jose, CA) as described previously (20–22).

Flow cytometry

All Abs used for flow cytometry were direct conjugates against human
proteins and obtained from BD Biosciences unless otherwise noted.
Staining procedure was described previously (19). Approximately 1 3 106

PBMCs or tissue cells were stained using combinations of the following
Abs to identify T cell phenotypes: CD3 (clone SP34-2), CD4 (clone L200),
CD8 (clone DK25 [Dako; Carpinteria, CA], clone SK-1, clone OKT8
[eBioscience; San Diego, CA]), IFN-g (clone B27; BD Bioscience), IL-2
(clone MQ1- 17H12; eBioscience), IL-5-FITC (clone JES1-3910), and TNF
(clone mab11; eBioscience). Monocytes were identified using CD14-Pacific
Blue (clone M5E2; BD Pharmingen). HLA-ABC-PE (clone G46-2.6; BD
Pharmingen), HLA-DP, DR, DQ-FITC (clone Tu-39; BD Pharmingen),
CD154-APC (clone 24.31; eBioscience), CD40-PE-cy7 (clone 5C3; BD
Pharmingen) and CD80-Alexa Fluor 700 (clone L307.4; BD Pharmingen)
were measured on the CD14+ monocytes. Cell phenotypes were read with
an LSR II flow cytometer (BD Biosciences), and positively stained pop-
ulations were gated using fluorochrome-matched isotype Abs as negative
controls using the FlowJo software package (Tree Star, Ashland, OR).
Gating strategies are presented in Supplemental Fig. 1.

Magnetic separation

Anti-CD3 and anti-CD14 magnetic beads (Miltenyi Biotec, Auburn, CA)
were used to separate CD3+ T cells and CD14+ monocytes from PBMCs,
according to the manufacturer’s instructions. Isolated monocytes were
cultured at a density of 0.5–1.2 3 106 cells/ml in RPMI 1640 media
supplemented with 10% human AB serum (Gemini Bio-Products, West
Sacramento, CA), 1% L-glutamine (Sigma-Aldrich, St. Louis, MO), and
1% HEPES (Sigma-Aldrich; R-10 media). Cultures were established in
a 5-ml polypropylene round-bottom tube (Becton Dickinson), 24-well flat
bottom plate or 96-well round-bottom plate (Becton Dickson), depending
on the assay. Isolated CD3 T cells were resuspended in supplemented
RPMI 1640 plus 10% human AB serum at a density of 5 3 106 cells/ml
in a 24-well flat-bottom plate. Cells were incubated overnight at 37˚C
with 5% CO2 before adding back to the CD3-depleted PBMCs or monocytes
(see below).

PBMC stimulations

Freshly isolated PBMCs were resuspended in supplemented R-10 media at
a density of 5 3 105 to 1 3 106 cells/ml. Half of the PBMCs were in-
oculated with SIVmac251 (MOI 1, based on monocyte and CD4 T cell
counts in PBMCs), and the other half were incubated with media. After an
overnight incubation, the cells were washed and transferred to FACS tubes
for stimulation with M. tuberculosis culture filtrate protein-10 (CFP10;
overlapping peptide pools; 10 mg/ml), Pneumocystis jiroveci kexin (over-
lapping peptide pools; 10 mg/ml) or PHA (10 mg/ml) for 5–6 h at 37˚C at
5% CO2 (Supplemental Fig. 2A). Brefeldin A was added to the cells after
1 h stimulation, and the cells were incubated for an additional 4–5 h. Cells
were washed and stained after stimulation.

In a subset of experiments, T cells were removed from PBMCs to de-
termine whether SIV was affecting the T cells or APCs directly (Supple-
mental Fig. 2B). T cells were magnetically separated from PBMCs. Half
of the T cells and T cell depleted–PBMCs were inoculated with SIV (mul-
tiplicity of infection [1.0], based on monocyte counts) and incubated over-
night. These cells were used to establish three treatment groups: SIV-infected
T cells added to uninfected T cell–depleted PBMCs, uninfected T cells added
to SIV-infected T cell–depleted PBMCs, and uninfected T cells added to
uninfected T cell–depleted PBMC. Cells were subsequently stimulated with
CFP10 and stained as above.

T cell–depleted PBMCs and T cell stimulation

T cell–depleted PBMCs were incubated for 24 h with M. tuberculosis
(MOI 0.5) in 500 ml supplemented R-10 media, then washed and resus-
pended in 500 ml fresh media (Supplemental Fig. 2C). Aliquots of M.
tuberculosis–infected cells were incubated with SIVmac251 (MOI 1.0) for
12–16 h. Other aliquots of T cell–depleted PBMCs were used as controls

and were infected only with SIVor M. tuberculosis. Trypan blue exclusion
indicated there was not a difference in viability between SIV-infected and
SIV-uninfected cells during this incubation. The T cells were added back
to the T cell–depleted PBMCs and resuspended in 250 ml of R-10 media
containing brefeldin A (GolgiPlug; BD Bioscience) for 5–6 h. After stim-
ulation, cells were washed and stained for flow cytometry.

M. tuberculosis infection of monocytes and T cell stimulation

Isolated CD14+ monocytes isolated from PBMCs were incubated overnight
in R-10 media in 5-ml round-bottom tubes overnight (Supplemental Fig.
2C). Monocytes were aliquoted into four treatment groups: media, SIV, M.
tuberculosis, and M. tuberculosis plus SIV. T cells were also isolated from
PBMCs and incubated in R-10 media until monocyte infections were
complete and T cell stimulation could commence. Two groups of mono-
cytes were infected with M. tuberculosis (MOI 0.5) in 500 ml R-10 media
for 4 h, and then 1 ml of media was added to each tube and the cells were
incubated overnight. Cells were washed with warm R-10 media after
overnight incubation to remove M. tuberculosis from media. Cells were
incubated with SIVmac251 (MOI 1.0) or with media alone overnight (12–
16 h). The next morning, the cells were washed with RPMI 1640 and
autologous T cells were added to the monocytes at a 3:1 T cell:monocyte
ratio in 250 ml of media with brefeldin and incubated for 5–6 h. After
stimulation, cells were washed and stained for flow cytometry.

To compare the effects of inactivated and live virus, we added ∼0.1 pg
p28 equivalents of inactivated SIVmac251 Aldrithiol-2 per 1 3 106 mono-
cytes (courtesy Dr. Jeff Lifson, AIDS and Cancer Virus Program, Frederick,
MD) to M. tuberculosis–infected monocytes.

Monocyte-derived macrophages

Macrophages were differentiated from PBMC-isolated monocytes plated
in a concentration of 1 3 106 monocytes per well in R-10 media sup-
plemented with 1% w/v L-pyruvate and 1000 U/ml GM-CSF. Media was
changed every 2–3 d for a total 7 d of culture.

Lymphocyte proliferation assay

PBMCs from M. tuberculosis–infected monkeys were isolated and sus-
pended in AIM V media (Life Technologies, Grand Island, NY) at 200,000
cells/well in 200 ml. Cells were stimulated with PHA (5 mg/ml), CFP10, or
media in triplicate for 60 h at 37˚C, 5% CO2 with or without SIV; for the
final 18 h, [3H]-thymidine 1 mCi/well (GE Healthcare, Piscataway, NJ)
was added. Cells were harvested onto filters, and thymidine incorporation
into proliferating cells was measured. Data were reported as a stimulation
index (SI) calculated as fold increase in counts per minute (cpm) over
unstimulated controls.

Multiplex analysis of cytokines

Isolated monocytes (4 3 106 to 6 3 106 cells) were divided into four
groups: media only, infected with SIV, infected with M. tuberculosis, in-
fected with M. tuberculosis plus SIV (Supplemental Fig. 3A). The media
was removed after 20–24 h, filtered with a 0.45 mM syringe filter (Milli-
pore, Billerica, MA) and frozen until analysis. A 23-plex nonhuman pri-
mate Luminex assay (Millipore) was performed on the filtered supernatants
following manufacturer’s instructions. Proteins analyzed were soluble
CD40L, G-CSF, GM-CSF, IFN-g, IL-12/23 (p40), IL-13, IL-15, IL-17, IL-
18, IL-1ra, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-8, MCP-1, MIP-1a, MIP-1b,
TGF-a, TNF, and VEGF. Samples were read with a Luminex 100 IS Bio-
Plex System machine (Luminex Corporation, Austin, TX).

Neutralization of IL-5 and IL-13

Monocytes were infected with M. tuberculosis and then SIV, as above.
Neutralizing Abs to IL-5 (40 pg/ml per 1 3 106 cells; eBioscience), IL-13
(64 pg/ml per 1 3 106 cells; Miltenyi Biotec) or control isotype Abs were
added during SIV infection (Supplemental Fig. 3B). Monocytes were in-
cubated for 12–16 h at 37˚C in 5% CO2 then washed with warm RPMI
1640. Autologous T cells were added to the monocytes and analyzed as
above.

Addition of recombinant IL-5 and IL-13

Recombinant human IL-5 (PeproTech, Rocky Hill, NJ; 40 pg/ml per 1 3
106 cells), human IL-13 (Miltenyi Biotec; 60 pg/ml per 1 3 106 cells) or
media were added to the M. tuberculosis–infected monocytes in 50 ml of
R-10 media and incubated overnight at 37˚C in 5% CO2 (Supplemental
Fig. 3C). Autologous T cells were added to the monocytes and analyzed as
above. The amount of recombinant protein added to the wells was equivalent
to the highest amount of IL-5 or IL-13 produced by coinfected monocytes.

The Journal of Immunology 6321



IFN-g ELISPOT assay

Cells from granuloma-containing thoracic lymph nodes from SIVmac251
coinfected macaques and macaques with active TB without SIV that were
obtained in previously published studies (3, 19) were used in IFN-g
ELISPOT assays as described previously (3, 23, 24). Duplicate wells
containing 100,000 cells per well were stimulated with peptide pools
(overlapping 20-mers; Sigma-Genosys, Woodlands, TX) including CFP10
(10 mg/ml) and ESAT-6 (10 mg/ml) or phorbol 12,13-dibutyrate with
ionomycin (50 nM and 10 mM final concentration, respectively; Sigma-
Aldrich) as positive controls. Media-only wells were used as negative
controls. Cells incubated with Ag for two days at 37˚C/5% CO2 and
developed (3, 23) and read with an ELISPOT plate reader (Cellular
Technology LTD, Cleveland, OH). ELISPOT data were normalized and
expressed as spot-forming units per 106 cells.

RNA isolation and IL-5 detection in monocytes

RNAwas prepared using Trizol Reagent (Life Technologies, Grand Island,
NY) from isolated monocytes (4 3 106 cells) from four groups as above
(Supplemental Fig. 3). RT-PCR was performed using primers for IL-5
(forward: 59-GAGACCTTGGCACTGCTTTC-39; and reverse: 59-ACTCT-
CCGCCTTTCTTCTCC-39) or b-actin (forward: 59-CGACAGGATGCA-
GAAGGAGA-39; and reverse: 59-GAAGGGCCAGACTCGTCATA-39;
generated from rhesus macaque cDNA sequence) with AMV RT (Promega,
Madison WI) in the following program: 42˚C (30 min); 94˚C (5 min);
94˚C (30 s), 55˚C (30 s), 72˚C (30 s) for 30 cycles; and 72˚C (5 min).
RNA isolated from PBMCs stimulated with phorbol 12,13-dibutyrate
and ionomycin for 8 h was used as the positive control. PCR products
were run on a 2% agarose gel with 53 loading buffer (Bio-Rad, Her-
cules, CA) along with a 100 bp m.w. ladder (Bio-Rad) and then im-
aged. PCR product identity was confirmed by sequencing (data not
shown).

Statistics

Wilcoxon ranked paired test was used to compare the results of in vitro
experiments, with p , 0.05 considered significant. Mann–Whitney anal-
ysis was used to compare two different groups with significance set at p ,
0.05. Kruskal–Wallis (ANOVA) multiple comparison test with Dunn’s
posttest were used to compare differences among three unpaired groups.
Freidman test was used with Dunn’s multiple comparison test to determine
significance among three or more paired groups, with significance set at
p , 0.05.

Results
SIV impairs TNF production in M. tuberculosis–specific T cells
indirectly by manipulating APCs

HIV can reduce TNF production in BCG- and M. tuberculosis–
specific T cells in coinfected individuals (10, 13, 25). To deter-
mine whether SIV has a similar effect on M. tuberculosis–specific
macaque T cells, we performed experiments in which we added
SIV to isolated PBMCs or thoracic lymph node cells and mea-
sured TNF production after stimulation in vitro. The addition of
SIVmac251 to macaque PBMCs did not modify T cell prolifera-
tion (data not shown), but it significantly reduced the percentage of
TNF producing CFP10-stimulated CD4 T cells (Fig. 1A; Supple-
mental Figs. 1, 2A). SIV increased TNF production in Pneumo-
cystis-stimulated CD4 T cells (Fig. 1C). but did not significantly
reduce TNF production in CFP10-specific CD8 T cells (Fig. 1D),
PHA-stimulated (Fig. 1B, 1E) T cells or Pneumocystis-specific
(Fig. 1F) CD8 T cells.
To address whether reductions in TNF production were caused

by SIV manipulation of APCs or T cells, we performed the same
assay on PBMCs depleted of T cells prior to SIV infection (Sup-
plemental Fig. 2B). We found that adding the SIV-infected frac-
tion (APCs) to autologous T cells impaired CFP10-specific TNF
production (Fig. 2A). Exposing T cells to SIV did not lead to
reductions in frequencies of TNF-producing M. tuberculosis–
specific CD4 or CD8 T cells when these cells were incubated with
SIV-uninfected APCs (Fig. 2A). This finding suggested that SIV
was not directly affecting the T cell population, but instead was
manipulating cells in the APC fraction, resulting in altered cyto-
kine production by M. tuberculosis–specific CD4 T cells. To more
closely approximate the situation in vivo, we assessed whether
SIV could inhibit T cell responses to M. tuberculosis–infected
cells, rather than peptide pulsed cells (Supplemental Fig. 2C). In
results that were similar to our peptide-based findings (Fig. 1A)
both in the trend and the magnitude of change, we found that
incubating T cell–depleted PBMCs with SIV reduced the fre-

FIGURE 1. SIV reduces the frequency of TNF-producing CFP10-specific CD4 T cells. PBMCs were stimulated with M. tuberculosis–specific Ags

(CFP10; A and D), with PHA (B and E) or Pneumocystis jirovecii kexin (PCP; C and F). TNF expression in CD4 (A–C) and CD8 (D–F) T cells was

measured by flow cytometry. SIV caused significant decreases in the frequency of TNF-expressing CFP10-specific CD4 T cells [n = 16 animals; (A)] and

increases in P. jirovecii–specific CD4 T cells (n = 8 animals; C). No change was observed in PHA-stimulated CD4 T cells [n = 9 animals; (B)] or CD8 T cells

(D–F). Open ellipse and bracket to the left and right of the line graphs represent mean 6 SEM. The column on the right side of each graph indicates the

percent difference in responses from PBMCs incubated with SIV compared with PBMCs without SIV (triangles; line represents mean 6 SEM percentage).

The dotted line represents the baseline cytokine response in T cells from PBMCs without SIV. Wilcoxon matched-pairs signed rank test was used with

significance set at p , 0.05. *p , 0.05, **p , 0.01.
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quency of autologous TNF-producing CD4 T cells, but not CD8
T cells (Fig. 2B). There was not a reduction in T cell or APC
numbers in cultures incubated with SIV relative to SIV-uninfected
cells; therefore, the impaired cytokine responses do not appear to
be related to SIV-induced cell death (data not shown). Interest-
ingly, we found similar production of TNF by CD4 T cells in both
CFP10-stimulated (Fig. 1A) and M. tuberculosis–infected mono-
cytes (Fig. 2B). The similar number of M. tuberculosis– and
CFP10-specific T cell responses might also result from peptides
being more easily presented by macrophages than whole bugs,
which must be engulfed and processed by the APC prior to pre-
sentation.

Interaction between SIV and M. tuberculosis–infected
monocytes decreases the frequency of TNF+

and IFN-g+ CD4 T cells

To determine whether monocytes were the cells affected by SIV,
we separated CD14+ monocytes and CD3+ T cells from PBMCs,
infected the monocytes with M. tuberculosis alone or with M.
tuberculosis and SIVmac251, and measured the responses of M.
tuberculosis–specific T cells (Supplemental Fig. 2C). Coinfecting
monocytes for the time period we used for these studies did not
result in decreased viability relative to monocytes infected withM.
tuberculosis alone (data not shown). SIV infection did not change
the expression of costimulatory molecules (CD40, CD40L, and
CD80) or MHC (HLA-A, -B, -C or HLA-DR, -DQ, -DP) mole-
cules on monocytes (data not shown), indicating that any observed
changes in T cell cytokine expression were not attributable to
deficits in costimulatory molecule or MHC expression. Cocultur-
ing T cells with M. tuberculosis/SIV coinfected monocytes led to
reduced frequencies of TNF and IFN-g producing CD4 T cells
relative to T cells cultured with M. tuberculosis–infected mono-
cytes without SIV (Fig. 3A, 3B). Adding SIV to M. tuberculosis–

infected monocytes did not significantly change CD8 T cell
function (Fig. 3D–F); however, a trend toward reduced TNF
(Fig. 3D; p = 0.0781) production was observed. We used mono-
cyte-derived macrophages to confirm the effects of SIV on mac-
rophages as APCs (n = 4 animals). SIV modestly reduced TNF
(84% 6 24.5 of SIV-negative control) and IFN-g (87% 6 9.3 of
SIV-negative control) production by M. tuberculosis–specific CD4
T cells.
We performed the monocyte–T cell experiments with inacti-

vated SIVmac251 (iSIV) to determine whether viral infection is
responsible for diminished TNF and IFN-g production in CD4
T cells. Incubation with iSIV did not cause significant changes in
TNF (Fig. 3G) or IFN-g (Fig. 3H) production by M. tuberculosis–
specific CD4 T cells. Inactivated SIV did not reduce TNF or IFN-
g production in CD8 T cells (data not shown). SIV and iSIV did
not cause an apparent change in cytokine production per cell (as
measured by mean fluorescent intensity) for any of the cytokines
we measured in these assays (data not shown).

T cells from granulomas of SIV-negative and SIV-infected
macaques replicate the responses seen in peripheral blood

We performed similar assays with T cells from granuloma-containing
thoracic lymph nodes to determine whether our observations of
peripheral T cell and monocyte interactions are reflective of the
behavior of T cells from M. tuberculosis–involved tissues (Sup-
plemental Fig. 2A). Similar to peripheral blood, ex vivo SIV infec-
tion of homogenized granulomas from thoracic draining lymph
nodes significantly reduced the frequency of TNF-producing CFP10-
specific CD4 and CD8 T cells (Fig. 4A). To determine whether
cytokine production is reduced in vivo, we examined IFN-g ex-
pression by granuloma-containing thoracic lymph nodes from
M. tuberculosis–SIV coinfected and M. tuberculosis–only mon-
keys by ELISPOT assay (Fig. 4B). Thoracic lymph node IFN-g

FIGURE 2. Reductions in the frequency of TNF-producing peripheral T cells is caused by SIV-manipulating, T cell–depleted-PBMCs. (A) SIV-incu-

bated, T cell–depleted PBMCs (CD32) had lower frequencies of TNF-producing CD4 (CD32; n = 10 animals) and CD8 (CD32; n = 10 animals) T cells.

Incubation of T cells with SIV did not reduce frequencies of TNF+ CD4 (CD3+, n = 7 animals) or CD8 (CD32; n = 7 animals) T cells. The dotted line

represents baseline TNF production by T cells without added SIV (No SIV; n = 10 animals). Mean 6 SEM are included in each of the columns. Kruskal–

Wallis with Dunn’s multiple comparison test with significance set at p , 0.05. (B) TNF expression by CD4 and CD8 T cells incubated with CD3-depleted

PBMC that has been infected with M. tuberculosis and SIV (Mtb+SIV) without SIVmac251 (Mtb). SIV reduced TNF production in CD4 T cells (n = 11

animals). Open ellipse and bracket to the left and right of the line graphs represent mean 6 SEM. Data presented in (B) are the same as Fig. 1. Wilcoxon

matched-pairs signed rank test was used with significance set at p, 0.05. The p values that indicate significance are represented. *p, 0.05, ***p, 0.005.
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responses against M. tuberculosis Ags from coinfected monkeys
were lower than SIV-negative monkeys with active TB (p = 0.0017;
Fig. 4B). T cell numbers in the coinfected lymph nodes were not
statistically different, although there was a trend toward fewer
T cells in coinfected animals (3).

SIV-induces the expression of IL-5 and IL-13 by monocytes

To better understand how SIV effects monocytes, and to determine
whether SIV infection causes monocytes to produce cytokines that
may downregulate T cell responses, we subjected supernatant from
cultures of isolated CD14+ monocytes that had been incubated
with media only, SIV,M. tuberculosis, or SIV plusM. tuberculosis
to a 23-plex Luminex assay (Supplemental Table I). M. tubercu-
losis infection upregulated TNF and IL-1b expression (Fig. 5A),
which is consistent with published results from human studies (26–
28). In contrast, coinfected monocyte cultures had reduced TNF and
IL-1b expression relative to monocyte cultures infected with M.
tuberculosis alone (Fig. 5A). SIV-infected monocyte cultures dis-
played upregulated IL-5 and IL-13 expression (Fig. 5A).
There was an approximately 1–3% CD3+ T cell contamination

following isolation of monocytes (Fig. 5B). Because of this min-
imal cellular contamination, we measured IL-5 production in the
isolated fraction of cells by flow cytometry and determined that
monocytes and not T cells were producing IL-5 (Fig. 5B). IL-5
mRNA was observed in SIV-infected monocytes by reverse tran-
scription PCR (Fig. 5C). The RT-PCR product contained 98%
sequence homology with Homosapiens IL-5 (data not shown).

IL-5 production by SIV-infected monocytes reduces TNF
expression in M. tuberculosis–specific CD4 T cells

Neutralizing Abs against IL-5 or IL-13 were added to monocytes
during SIV and M. tuberculosis infection (Supplemental Fig. 3B)
and M. tuberculosis–specific T cell responses were assessed. Neu-
tralizing IL-5 increased TNF-expression by M. tuberculosis–specific
CD4 T cells (Fig. 6A). Responses to IL-13 neutralization were var-
iable, and although there was an increase in the mean frequency
of TNF-expressing CD4 T cells, this increase was not statistically
significant (Fig. 6A).
To further confirm that monocyte-produced IL-5 and IL-13 are

involved in inhibition of T cell cytokine production during SIV
infection, we added recombinant IL-5 or IL-13 toM. tuberculosis–
infected monocytes, washed the monocytes to remove exogenous
cytokines, added T cells, and assayed for T cell TNF production
(Supplemental Fig. 3C). We observed significantly reduced TNF
production by CD4 T cells (Fig. 6B) when recombinant cytokines
were added to M. tuberculosis–infected monocytes, thus com-
plementing the neutralization experiments and recapitulating the
results of experiments using SIV-infected monocytes.

Discussion
Impaired M. tuberculosis–specific T cell responses in HIV-
coinfected individuals have been described in several studies (7,
8, 10, 13, 25, 29), yet the mechanisms responsible are not well
understood. HIV (16, 30, 31) and SIV (3) are present in M. tu-

FIGURE 3. SIV reduces frequencies of TNF and IFN-g–producing CD4 T cells by manipulating M. tuberculosis–infected monocytes. SIV/M. tuber-

culosis–infected monocytes (Mtb+SIV) led to a decrease in TNF [n = 11 animals; (A)] and IFN-g [n = 10 animals; (B)] production by CD4 T cells without

inducing significant changes in the frequency of IL-2+ CD4 T cells (n = 10 animals; C) when compared with T cells incubated withM. tuberculosis–infected

monocytes (Mtb). SIV led to a trend of decreased frequencies of TNF+ [n = 9 animals; p = 0.0781; (D)] and IL-2+ (n = 9 animals; p = 0.0547; F) CD8

T cells with no change in IFN-g [n = 10 animals; (E)] production. Inactivated aldrithiol-2 Tx SIV (iSIV) did not reduce TNF+ [n = 11 animals; (G)] or IFN-g

[n = 10 animals; (H)] frequencies ofM. tuberculosis–specific CD4 T cells. Open ellipse and bracket to the left and right of the line graphs represent mean6
SEM. Data are presented in the same way as Fig. 1. Wilcoxon matched-pairs signed rank test was used with significance set at p , 0.05. The p values that

indicate significance are represented. **p , 0.01.
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berculosis–infected tissues and fluids and can manipulate macro-
phage and T cell function within granulomas. Unfortunately, our

ability to identify the influence of HIVon macrophages and T cells
in granulomas is complicated by the difficulty associated with

FIGURE 4. SIV reduces frequencies of TNF+ T cells

and numbers of IFN-g+ T cells within thoracic lymph

nodes. (A) Intracellular cytokine staining (ICS) per-

formed on CD4 (n = 7 animals) and CD8 (n = 7 ani-

mals) T cells from thoracic lymph nodes stimulated

with CFP10 and incubated with SIV had decreased

TNF production when compared with cells not incu-

bated with SIV; p values indicating statistical signifi-

cance are displayed. Open ellipse and bracket to the

left and right of the line graphs represent mean 6
SEM. (B) Thoracic lymph nodes of monkeys with

SIV-induced reactivation of latent TB (n = 6 animals;

Coinf) have fewer IFN-g secreting cells (spot-forming

units) than cells from monkeys with active TB without

SIV (n = 10 animals; Mtb-only). Line represents mean6
SEM. IFN-g ELISPOT assays were performed on cells

stimulated with M. tuberculosis–specific Ags (CFP-10

and ESAT-6). Mann–Whitney U test was used with

significance set at *p , 0.05, **p , 0.01. Wilcoxon

matched-pairs signed rank test.

FIGURE 5. SIV/M. tuberculosis

coincubated monocytes produce more

IL-5 and IL-13 than do monocytes

infected with only M. tuberculosis.

(A) M. tuberculosis and SIV coin-

fection (Mtb+SIV) reduces TNF and

IL-1b and increases IL-5 and IL-13

production relative to M. tuberculo-

sis–infected monocytes (Mtb). SIV

alone (SIV) decreases IL-1b and in-

creases IL-5 and IL-13 production rel-

ative to monocytes incubated in media

alone (Media). M. tuberculosis (Mtb)

increased TNF and IL-1b production

compared with monocytes incubated

with media alone (Media). Open ellipse

and bracket to the left and right of the

line graphs represent mean 6 SEM;

p values indicating statistical signifi-

cance are indicated (n = 10 animals).

(B) Purity of the CD14 monocyte sep-

aration from PBMCs is represented.

CD3 T cell and CD14 monocyte fre-

quencies out of total event populations

are presented. IL-5 production in both

CD3 T cells and CD14 monocytes are

presented in a histogram from mono-

cytes incubated with or without SIV.

Images are representative of four sep-

arate experiments. (C) RT-PCR was

used to generate IL-5 (249 bp) or

b-actin (174 bp) mRNA from mono-

cytes incubated with media, M. tuber-

culosis, SIV, or both M. tuberculosis

and SIV. This experiment is represen-

tative of four different macaques.

*p , 0.05, **p , 0.01, Wilcoxon

matched-pairs signed rank test

The Journal of Immunology 6325



sampling this unique microenvironment. To address these issues,
we developed a model system using T cells from blood and lung-
draining thoracic lymph nodes of macaques with TB and used
SIV-infected monocytes to elucidate how SIV, as a surrogate for
HIV, influences granuloma T cell responses. Our study identifies a
previously unappreciated aspect of lymphoid-myeloid cell biology
associated with lentiviral infection, namely monocyte production
of cytokines that inhibit Th1 cytokine responses. Specifically, we
demonstrated that SIV-infected monocytes can inhibit TNF and
IFN-g production by M. tuberculosis–specific T cells, and the
TNF inhibition is dependent, in part, on expression of IL-5 by
monocytes.
The inhibition of T cell responses appears to be specific to M.

tuberculosis–specific T cells. Previous studies have shown that
HIV preferentially infects and kills peripheral M. tuberculosis–
specific CD4 T cells without affecting CMV-specific T cells
(7) and reduces M. tuberculosis–specific T cell responses with-
out manipulating mitogen-stimulated or Candida albicans Ag-
stimulated cells in coinfected individuals compared with HIV-
negative individuals with pulmonary TB (10). Our findings are
consistent with these reports, considering we found that SIV
did not significantly reduce Pneumocystis-specific (P. jirovecii,
kexin-stimulated) or cells nonspecifically activated with PHA.
Instead, SIV increased TNF production in P. jirovecii–specific
CD4 T cells. One possible reason is that the Pneumocystis-specific
T cells in the monkeys are likely memory cells, because these
monkeys were serologically positive for Pneumocystis (data not
shown) but had no signs of active infection, although it remains
possible that they were colonized. In contrast, the persistence and
replication of M. tuberculosis bacilli, even in clinically latent
animals, could result in a higher percentage of effector T cells,

rather than memory T cells, and these could be affected differently
by SIV interactions with the monocytes.
TNF expression is necessary for controlling M. tuberculosis

infection in vivo (22), and TNF neutralization in monkeys (22)
and humans (32) correlates with an increased risk of reactivation
of latent tuberculosis. We found that M. tuberculosis–SIV coin-
fected monocytes produced less TNF than monocytes infected
with M. tuberculosis alone (Fig. 5A), as was previously reported
for HIV in coinfected macrophages (26, 27). Similarly, SIV re-
duced the frequency of TNF-producing M. tuberculosis–specific
T cells from thoracic lymph nodes of monkeys with active TB,
demonstrating that SIV can dampen the responses of T cells from
granulomas. We speculate that SIV infection reduced TNF produc-
tion by monocytes and CD4 T cells, and the combination of these
factors could lead to levels of TNF in granulomas that are below
the threshold necessary for control of M. tuberculosis (33, 34).
IFN-g is also necessary for the control of TB (35, 36) and has

been the focus of multiple coinfection studies (7, 8, 11, 12). These
studies conclude that HIV reduces IFN-g production by M. tu-
berculosis–specific CD4 T cells in the periphery and airway. Our
study expands on these data by determining that SIV can disrupt
these cytokine responses within the first 24 h of infection and
examining changes in granulomatous T cells. We demonstrated
that coinfecting monocytes with SIV and M. tuberculosis reduced
the frequency of IFN-g–producing CD4 T cells in vitro and that
coinfected monkeys have fewer IFN-g–producing T cells than
SIV-negative monkeys with active TB. Considered with the TNF
data, these experiments indicate that SIV can manipulate T cell
responses in the peripheral blood and granuloma in this particular
instance. Inactivated SIV appeared to affect IFN-g and TNF pro-
duction in some animals, but there was substantial variability in

FIGURE 6. IL-5 neutralization restores TNF production, whereas adding recombinant IL-5 recapitulates the effect SIV-infected monocytes have on

frequencies of M. tuberculosis–specific TNF+CD4 T cells. (A) SIV added to M. tuberculosis–infected monocytes with IgG control Abs (Mtb+SIV IgG)

causes a significant reduction in frequencies of TNF+ CD4 T cells compared with M. tuberculosis–infected monocytes incubated with IgG (Mtb IgG). The

addition of IL-5–neutralizing Ab to SIV/M. tuberculosis–coinfected cultures (Mtb+SIV aIL-5) significantly increased CD4 T cell TNF production [n = 10

animals; (A)] compared with coinfected monocytes incubated with an isotype control (Mtb+SIV IgG). The addition of neutralizing IL-13 Ab did not affect

the frequency of TNF+CD4 T cells [n = 10 animals; (A)]. (B) The addition of recombinant IL-5 or IL-13 toM. tuberculosis–infected monocytes reduced the

frequency of TNF+CD4 T cells (Mtb IL-5: n = 11 animals; Mtb IL-13: n = 9 animals) relative to CD4 T cells incubated with M. tuberculosis–infected

monocytes without IL-5 or IL-13 (Mtb). Open ellipse and brackets to the left and right and overlapping line graphs represent mean 6 SEM. The p values

indicating statistical significance are displayed. *p , 0.05, **p , 0.01, Wilcoxon matched-pairs signed rank test.
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the response to inactivated virus, and no statistically significant
difference was measured. Further study on the effects of live and
inactivated virus is warranted to determine the mechanisms by
which SIV influences cytokine production by CD4 T cells.
Several factors have been implicated in how HIV can manipulate

macrophages in ways that negatively affect outcomes in TB. These
mechanisms can include inhibition of macrophage TNF produc-
tion, decreases in lysosomal acidification (18) to capacity to kill
M. tuberculosis (27, 37), and increased macrophage apoptosis (26,
27). Our study provides further evidence that HIV manipulates
antimycobacterial responses, this time through monocyte-produced
IL-5 and possibly IL-13. Although CD4 T cells are often considered
the source of IL-5 (38, 39), the literature is not definitive on this
topic and there is some evidence suggesting macrophages (40–42)
and non–T cells (43) can also produce IL-5. A variety of anti-
inflammatory functions have been ascribed to IL-5 including eo-
sinophil activation, B cell growth and promotion of Ab production
(44, 45). IL-5 is detected in CFP- and purified protein derivative–
stimulated PBMC (46–48) and plasma (49) of HIV/M. tuberculosis
coinfected individuals. However, these studies have not addressed
whether IL-5 manipulates immune responses in coinfected in-
dividuals. In this study, we attempt to identify the role of IL-5
during coinfection.
The results of this study present a novel role for IL-5 and suggest

this cytokine may be a factor in the reduction of M. tuberculosis–
specific T cell responses within coinfected individuals. We found
that neutralizing IL-5 in coinfected monocytes partially restored
normal T cell TNF production while adding IL-5 to M. tuberculo-
sis–infected monocytes replicated the inhibition of TNF production
observed during coincubation with M. tuberculosis/SIV–infected
monocytes. Interestingly, we observed that IL-5 (and SIV) inhibits
TNF production but not always IFN-g. One possible reason for this
discrepancy is that TNF production occurs before IFN-g upon my-
cobacterial stimulation of CD4 and CD8 T cells (50); therefore, IL-5
or SIV might need more time to modulate IFN-g production.
IL-5 and IL-13 have also been correlated with alternative

activation of macrophages (51, 52), decreased ability to kill
phagocytosed bacteria, and reduced IFN-g and IL-1b expression
in nasal mucosa tissue homogenates (52). In addition, IL-5Ra,
the unique heterodimer subunit composing the IL-5 receptor, is
present on human monocytes (53), supporting our hypothesis that
IL-5 can manipulate monocytes through autocrine stimulation. It
is possible that increased IL-5 disrupts the cytokine balance that is
required for proper activation of M. tuberculosis–infected mac-
rophages and M. tuberculosis–specific T cells. There are several
lines of evidence suggesting that overexpression of Th2 cytokines
increases the severity of TB, including observations that virulent
M. tuberculosis strains preferentially induce Th2 cytokine ex-
pression, whereas less virulent strains induce Th1 cytokines, in-
cluding IFN-g and TNF (41, 54, 55). Appropriate macrophage
activation is likely to be important for controlling TB, and pre-
vious studies have shown that classically activated macrophages
induced by Th1 cytokines reduce M. tuberculosis growth more
readily than alternatively activated macrophages (56).
If the hypothesis that IL-5 is inducing alternatively activated

macrophages is incorrect, a more speculative hypothesis is that
IL-5 might reduce T cell activity by inducing macrophage NO
synthase expression, as has been observed in myeloid-lineage mi-
croglial cells (57). Ancillary effects could include NO-mediated
downregulation of T cell activity (58) and macrophage-expressed
proinflammatory cytokines, including IL-1b and TNF (59), both
of which were observed in the current study.
The granuloma is a highly complex cellular environment with

a poorly understood cytokine milieu; therefore, it is difficult to

ascertain how IL-5 manipulates immune response to M. tubercu-
losis, but this study suggests a novel role for this cytokine in HIV–
M. tuberculosis coinfected individuals. These findings provide
evidence of a role for virus-induced expression of monocyte-
derived IL-5 and possibly IL-13, with downstream effects in-
cluding inhibition of IFN-g and TNF production by M. tubercu-
losis–specific T cells. Our results have implications for controlling
M. tuberculosis infection in HIV-coinfected individuals, the group
most at risk for tuberculosis.
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