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Summary
Pleural tuberculosis (TB) is a common presentation of M. tuberculosis (MTB) infection, and
despite spontaneous resolution remains a strong risk factor for reactivation pulmonary TB in a
majority of individuals. This study was undertaken to further understand the characteristics of
immune cells at sites of pleural TB. A significant shift toward memory CD4+ T cells with an
effector phenotype and away from naïve CD4+ T cells in pleural fluid as compared to blood
mononuclear cells was found. These data suggest that effector T cells are capable of migrating to
sites of active TB infection and/or the differentiation to effector phenotype T cells in situ is highly
amplified. Using multiparameter flow cytometry analysis, a significant portion of MTB-specific
CD4+ T cells in the pleural space were polyfunctional demonstrating two, three or four
simultaneous functions including IFN-gamma, IL-2, TNF-alpha, and or MIP1-alpha production. A
greater proportion of these polyfunctional cells were of effector memory rather than central
memory phenotype. The role of these polyfunctional MTB-specific CD4+ T cells at sites of
pleural TB requires further study.
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Introduction
Pleural TB remains a common form of disease both in HIV-infected and uninfected subjects
in developing countries (1–3). In two studies of military personnel prior to the HIV era,
spontaneous resolution of pleural TB is common but is associated with future development
of pulmonary TB in 43–65% of cases (4, 5). Precisely how MTB defies control despite
induction of robust TH1 type T cell immune response is unknown. Whether this relates to
the inflammatory milieu or types of immune cells recruited at sites of MTB infection is
unclear. At the site of active MTB infection, as opposed to other forms of TB, pleural
mononuclear cells (PFMC) are readily accessible providing an opportunity to study aspects
of TB pathogenesis on cells from the actual site of TB disease.

The immunology of pleural TB has been studied for some time. In an earlier study Barnes et
al showed that CD4+ T cell subsets defined at a level of naïve and memory T cells were
concentrated at the pleural site and memory cells produce IFN-gamma (6). Since then
multiple subsets of CD4+ T cells have been defined by immunophenotyping and
functionality (7). Naïve T-cells originate from the thymus and upon antigenic stimulation
give rise to memory T cells. Central memory T cells localize to sites of immune activation,
such as lymph nodes, and upon co-stimulation and antigen specific activation further
differentiate to effector and effector memory T cells.

There have been limited data regarding detailed analysis of CD4+ T cell phenotypes in sites
of active TB in humans. Wilkinson et al looked specifically at pleural fluid samples from
subjects with TB pleurisy using single parameter IFN-gamma ELISPOT methods and found
the greatest proportion of IFN-gamma producing cells were CCR7− effector cells (8). In
murine pulmonary tuberculosis models the composition of the CD4+ T cells is
predominantly terminally differentiated effector CD4+ T cells (9, 10). In the first part of the
present study we determine that there is a shift toward effector phenotype memory CD4+ T
cells at the site of pleural TB compared to circulating blood in the same individuals.

More recently the field of viral and HIV immunology has developed sophisticated
multicolor flow cytometry methods to determine the polyfunctionality of individual antigen-
specific subsets of T cells (11). These methods recently are being employed to understand
human immunity to TB (reviewed (12)). The previous studies on TB using multi-parameter
polyfunctional flow technology in HIV-uninfected individuals study either blood from
active TB patients or blood and bronchoalveolar lavage (BAL) fluid from latently infected
individuals (13–16). These previous studies do not obtain clinical material from subjects
with active TB from the site of disease. In the current study, we determined the functional
profile using multiparameter flow cytometry of the subsets of MTB-specific CD4+ T cells in
pleural fluid from HIV-uninfected individuals with active TB pleurisy.

Methods
Study subjects and cell processing

Study subjects were recruited at two sites in Africa under IRB approved protocols. Samples
were obtained from 19 patients at Moulay Youssef Hospital in Rabat, Morocco with
suspected TB pleuritis. Pleural fluid and blood were obtained simultaneously and peripheral
blood mononuclear cells (PBMC) generated using standard methods with Ficoll-Hypaque
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(Eurobio) and density gradient centrifugation. Cell-free plasma and pleural fluid were stored
at −70° C for assessment of IFN-gamma by ELISA (eBiosciences).

Pleural fluid samples were obtained on subjects suspected of having TB pleurisy from 7
Ugandan subjects that were identified at the National Tuberculosis Treatment Center,
Mulago Hospital, and Kampala, Uganda. Pleural fluid was spun and pleural fluid
mononuclear cells (PFMC) were cryopreserved and stored in liquid nitrogen until shipment
using a cryoshipper for analysis at Case Western Reserve University.

Flow cytometry
Moroccan samples: CD4-FITC, CD45RO-PE, CCR7-PECy7 (eBioscience and BD
Pharmingen) were used. After staining with antibodies, cells were washed, fixed with 1%
paraformaldehyde, and 10,000 events were acquired by a 3-color FACSCalibur flow
cytometer (BD) analyzed using CellQuest software.

Ugandan samples: PFMC (1–3×106/tube) were stimulated with MTB (H37Ra, ATCC) at 5:1
MOI or placed in IMDM with 2 % pooled human serum for 2 hrs and then BFA (5 µg/ml,
SIGMA) was added. Anti-CD28/49d (1 µg/ml each, eBioscience and Biolegend) was also
added to each tube during the stimulation. After overnight stimulation, PFMC were spun
down and surface stained with CCR7-PE-CY7 (BD) for 15 min at room temperature, live
dead violet (Invitrogen) for 10 min, and then anti-CD14 and CD19-Pacific Blue
(Biolegend), CD27-APC/Cy7 (Biolegend), CD3-PerCP (Biolegend), CD4-V500 (BD),
CD45RA-PE/TR (Invitrogen) were added. They were washed and fixed with 4 %
paraformaldehyde for 15 min, washed in 0.2 % saponin/PBS, and stained in this buffer with
anti-IFN-gamma Alexa 700, anti-IL-2-APC, anti-TNF-alpha-PE (all from Biolegend), and
anti-MIP-1alpha-FITC (R & D Systems). Cells were then washed and fixed in 2%
paraformaldehyde. Between 500,000 and 1,000,000 total events were collected from each
sample on an LSR-II flow cytometer (BD). Analysis was performed using Boolean analysis
on Flow Jo (Tree Star) to assess polyfunctionality of the cells.

Results
Description of cohorts of subjects

From both African cohorts, patients suspected of pleural TB with moderate to large pleural
effusions by chest X-ray were identified. Subjects underwent pleural space sampling prior to
treatment as part of their diagnostic evaluation. The mean age of the Moroccan subjects was
36 years old (range 16–65) with 7 men and 12 women studied. All Moroccan subjects
included in this study had positive biopsy results for granulomatous inflammation along
with the clinical signs and symptoms of TB pleurisy to establish their diagnosis. The mean
age of the Ugandan subjects was 25 years old (range 19–37) with 2 men and 5 women
studied. In Uganda pleural biopsies were not uniformly performed, however, 5/7 had either a
positive culture for MTB or PCR for MTB genes (17, 18). The other two subjects had signs
and symptoms of pleural TB. One subject had responded to MTB treatment, whereas the
second was lost to follow-up. The clinical probability that this subject who was lost to
followup had TB pleuritis is very high due his clinical presentation in Uganda where MTB is
highly endemic. Based on this their data are included in the dataset. All subjects from
Morocco and Uganda were HIV-negative by ELISA.

CD4+ T cell Phenotypes in blood vs. pleural fluid
Cellular composition of PBMC and PFMC was assessed by 3-color flow cytometry that was
available at the clinical site in Morocco. The gating strategy is demonstrated in Fig. 1. Cells
were first gated by forward and side scatter for live cells in the lymphocyte-sized gate. Then
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CD4+ T cells were gated for analysis of their phenotype. Naïve cells were CD45RO−/
CCR7+, central memory cells were CD45RO+/CCR7+, and effector phenotype cells were
CD45RO+/CCR7−. Fig. 2 demonstrates the naïve, central memory, and effector CD4+ T cell
phenotype composition of PBMC and PFMC in 19 subjects with pleural TB.

There was a significant difference by Wilcoxon Matched-Pairs Signed-Ranks Test between
the composition of PBMC and PFMC in naïve, central memory and effector subsets as
indicated in Fig. 2A. The most substantial differences were toward a predominance of
effector phenotype and lack of naïve CD4 T cells in PFMC compared to PBMC. There was
a much smaller difference between the percentage of central memory cells present in PBMC
and PFMC.

There were substantial levels of IFN-gamma in pleural fluid over serum in 9 of 19 subjects
where paired samples were available (Fig. 2B). This is consistent with the findings of others
that the pleural fluid in TB pleurisy is rich in type II IFNs such as IFN-gamma (6, 19). There
was no correlation by Spearman of the pleural fluid IFN-gamma levels and any of the T cell
subset frequencies (data not shown).

Polyfunctionality of PFMC
After we observed increased numbers of effector group cells in the PFMC from Moroccan
subjects, we asked what the phenotype and functionality of the MTB-specific CD4+ T cells
from the pleural space of subjects with TB pleurisy was. This analysis was performed on
PFMC samples from the Ugandan clinical site that were cryopreserved and shipped to Case
Western Reserve where they underwent 10-color flow cytometry analysis.

We developed a polychromatic flow cytometry panel that simultaneously determines CD4+
T cell memory phenotype and 4 unique effector functions. We have chosen to study the
proinflammatory cytokines, TNF-alpha, IFN-gamma, and IL-2, and the β-chemokine MIP-1
alpha. PFMC were incubated with media or MTB overnight and analyzed by
intracytoplasmic flow cytometry. The gating strategy is shown in Fig. 3. In the Ugandan
PFMC analysis, staining with CD45RA and CCR7 allowed us to differentiate specifically
effector and effector memory cells. Similar to the PFMC analysis of the Moroccan subjects,
the Ugandan PFMC had preponderance of effector type cells (Fig. 4A). Gates for MTB-
specific production of cytokines and MIP1-alpha from of each CD4+ T cell subsets were
determined based on spontaneous levels on unstimulated cells. Fig. 5 demonstrates
representative dot plots to demonstrate the magnitude cytokine secretion observed after
overnight MTB stimulation.

Each CD4+ T cell subset underwent Boolean analysis to define one, two, three, and four
function cells. The overall percentage of memory CD4+ T cell subsets demonstrating
production of any of the three cytokines or MIP1-alpha after MTB stimulation is shown in
Fig. 4B. MTB-specific production of each individual cytokine was determined using
histogram analysis of unstimulated in comparison to MTB-stimulated cells. Central memory
had less MTB-specific CD4+ T cells while effector memory cells have the greatest
proportion of MTB-specific CD4+ T cells. Fritsch et al have shown that CCR7− CD27−
memory CD4+ T cells are the more differentiated subpopulation (20). The IFN-gamma
producing MTB-specific effector memory population in the PFMC had a higher proportion
of CCR7− CD27− cells (median 84% S.D. 17.5%) than the overall population of effector
memory cells (median 39% S.D. 9.9) suggesting that the MTB-specific cells overall were a
more differentiated subpopulation of these cells.

Due to the low percentage of effector cells (Fig. 4A) there were not enough flow events
available for meaningful analysis of all of the 15 possible polyfunctional groups and the
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subsequent analysis will focus on central memory and effector memory cells. Fig. 6A
demonstrates that >50% of the MTB-specific effector memory cell have at least 2 functions
and >25% have 3 or 4 functions. Polyfunctional breadth is lower in central memory cells.
Fig. 6B demonstrates the detailed profiles of both MTB-specific CD4+ T cell subsets.
Overall this analysis of individual combinations of cytokine producing cells shows that there
is a breadth of patterns of responses present.

Discussion
We found the composition of T cell subsets was significantly biased toward effector and
effector memory cells in pleural fluid compared to blood in subjects with active TB.
Although several prior studies have noted increased percentages of memory cells as a whole
in pleural fluid (6, 21–24) there has never been a report in human studies that further
discriminated these memory populations into effector and central memory cells. Mouse
models of tuberculosis infection have shown that terminally differentiated effectors cells
accumulate in the lungs (9, 10). These are consistent with our model of active pleural TB in
humans in that the MTB-specific effector cells have a marker prolife of increased
differentiation (CD27 dim).

There are several possible mechanisms for the shift away from naïve cell in PFMC from TB
patients. These include primarily differentiation of naive or central memory cells in situ or
recruitment of effector cells to the site. We favour the later mechanism for several reasons.
In the current studies the precursor frequency of MTB specific CD4+ T cells was not very
high generally less than 1%. That would suggest that most of the effector memory cells that
were present were recruited into rather than differentiated at the pleural site. Pokkali et al
report a rich expression of CXC and CC chemokines in pleural fluid of subjects with TB
pleurisy (19). These chemokines include a number that are known to recruit memory
lymphocytes such as MCP-1 and IFN-gamma induced IP-10 and MIG (25, 26). These data
indicate a strong basis for recruitment of memory T cells to pleural sites of MTB infection,
rather than a predominance of local differentiation of naive cells at the pleural site.

Advances in flow cytometry over the last few years have allowed us to further define both T
cell subsets and the functionality of antigen specific cells. A review on use of this
technology to study polyfunctional T cells in TB was recently published (12). We will
discuss our findings in the context of a number of other studies in the field. Two recent
studies of blood from subjects pre- and post- treatment for pulmonary TB demonstrate that
polyfunctionality of MTB-specific CD4+ cells is increased during active infection and
declines after treatment (13, 16). Our studies of Ugandan PFMC showed that the percentage
of highly polyfunctional cells was greater than they reported in PBMC from subjects with
active pulmonary TB. This could reflect an expansion of antigen specific T cells at sites of
active disease rather than blood. Another explanation could be the higher number of the
more polyfunctional effector memory cells that are more abundant in PFMC than in PBMC.

It has recently been shown that even in PPD+ healthy subjects with no evidence of active
disease that MTB-responsive CD4+ T cells in the lung are primarily of the effector memory
phenotype and are at significantly greater frequency in the lung than in the blood (27). In a
South African HIV-negative control population, Kaldorf et al found mycobacteria-specific
CD4+ T cells in BAL had significant polyfunctionality although they did not determine the
T cell subset types (14). Our data of the pleural space during active MTB disease showed the
greatest proportion of MTB-specific cells were effector memory cells and that they also had
the greatest polyfunctionality. The clinical significance of this subset compartmentalization
and polyfunctional capability is yet to be determined. One outstanding issue is if increased
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polyfunctionality of T cells is an inevitable consequence of active infection or if these cells
are necessary to provide protection and cure of active disease.

The recent review on the studies of polyfunctional T cell and TB has been published by
Wilkinson and Wilkinson discusses some of these conundrums in the field (12). There
appears to be great potential in use of mutiparameter flow cytometry to evaluate the
polyfunctionality of T cells on a single cell basis. A key issue is the need to better
understand what the role of polyfunctional T cells have with respect to protection and
immunity to TB. They suggest that that the interpretation of polyfunctional T cell responses
in MTB infection needs to be evaluated in longitudinal studies to determine the clinical
relevance and correlates of the findings. This type of study was not possible in the case of
pleural TB as the pleural effusion resolves readily after treatment.

Our data and others emerging now suggest that focusing only on MTB-induced IFN-gamma
production may be missing a significant portion of MTB-responsive cells (28). We saw a
significant portion of MTB-responsive cells that made more than just IFN-gamma or in fact
do not produced IFN-gamma but rather made other responses including IL-2, TNF-alpha or
MIP-1 alpha. This could have ramifications for example on the use of IFN-gamma release
assays that are now widely used as a TB diagnostic tool. This suggests that future studies
that focus on TB responsive cells may need to include other cytokines and chemokines. Also
studying a broader array of effector molecules such as perforin and granulysin may be useful
in future work using polyfunctional methods of study.

These data support the concept that the pleural space in TB pleurisy is an activated site with
expanded memory CD4+ T cells predominantly of the effector and effector memory
phenotypes. These are the cells most poised to generate a polyfunctional inflammatory
response and also to contain mycobacterial infection. It is well known that a portion of
subjects with TB pleural disease are able to resolve their TB pleurisy even without
treatment. We postulate that a large influx of effector and effector memory CD4+ T cells
into these sites is a key factor for this containment. In spite of this burst of effector type cells
at this site, a significant portion of subjects are unable to contain their TB infection and
develop clinical signs and symptoms of pulmonary disease. Thus, the burst of effector T
cells at this site may be insufficient in most cases to both contain and eradicate TB infection.
Future studies to understand the basis of CD4+ T cell immunity that favour control and
eradication of MTB infection is essential for the development of a successful vaccine and
for the design of therapeutic strategies to prevent disease.
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Fig. 1. CD4+ T cell subsets in patient with TB pleurisy
PBMC and PFMC from Moroccan cohort were gated on the live lymphocyte size and then
CD4. The percent CD4+ cells in the three subsets of naïve (CD45RO− CCR7+), central
memory (CD45RO+ CCR7+), and effector phenotype (CD45RO+ CCR7−) for A) PBMC
and B) PFMC are shown. Gates for CCR7 were set by the isotype staining (data not shown)
for each individual donor.
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Fig. 2. Cellular analysis of pleural fluid and blood from Moroccan cohort
A. Percent CD4+ cells in the three subsets of naïve, central memory, and effector phenotype
for PBMC and PFMC are depicted. The line represents the median of 19 subjects. B. IFN-
gamma in plasma and pleural fluid is determined by ELISA. Means from 9 subjects are
shown and error bars represent standard deviations. Wilcoxon Matched-Pairs Signed-Ranks
Test was used to calculate statistics in both panels.
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Fig. 3. Gating strategy for flow
To minimize background staining and ensure that we were only detecting MTB-specific
CD4+ T cells, a dump gate to exclude dead cells, CD14+ monocytes, and CD19+ B cells
was used. Singlet cells were then gated on CD3+ CD4+ cells and analyzed for CCR7 and
CD45RA expression to determine T cell subsets. CD4+ T cell subsets were defined as naïve
CCR7+ CD45RA+, central memory CCR7+ CD45RA−, effector memory CCR7− CD45RA
−, and effector as CCR7− CD45RA+.
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Fig. 4. Frequency of MTB-specific CD4+T cells in T cell subsets from Ugandan PFMC
A. Percent CD4+ T cells in the subsets of naïve, central memory, effector, and effector
memory phenotype of the Ugandan PFMC are depicted. The line represents the median of 7
subjects. B. PFMC from 7 subjects were incubated overnight with media or MTB and
stained with markers for T cells subsets, TNF, IFN, IL-2, and MIP. Percent of each CD4+ T
cell subset responding with any MTB-induced response minus the media only background is
shown. A Boolean matrix was used to assure that a given positive event was not double
counted. Sensitivity of <0.01% generally corresponded to <10 flow events less and was
considered a lower limit of detection. Naïve cells were excluded from analysis as there were
<10 flow events positive in all but one individual. The line represents the median of the 7
subjects.
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Fig. 5. Cytokine expression patterns of PFMC
Cytokine and MIP-1 alpha secretion of central and effector memory CD4+ T cells after
MTB stimulation are shown. Percentages are of the MTB induced presentation within the T
cell subsets. >89,000 cells were analyzed in each T cell subset. The background percentage
in the unstimulated groups of central memory cells was <0.035% for TNF and <0.001 for
MIP, IL-2, and IFN and for effector memory cells <0.018% for TNF and IL-2 and <0.007%
for MIP and IFN.
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Fig. 6. Polyfunctionality of MTB-specific CD4+ T cells in PFMC
A. Average polyfunctionality of MTB-specific cells in each T cell subset. B. Total
frequency of each individual response profile is shown on the y axis from the 7 subjects.
Dots in each column represent data from each individual subject.
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