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The	incidence	of	tuberculosis	is	increased	during	treatment	of	autoimmune	diseases	with	anti-TNF	antibod-
ies.	This	is	a	significant	clinical	complication,	but	also	provides	a	unique	model	to	study	immune	mechanisms	
in	human	tuberculosis.	Given	the	key	role	for	cell-mediated	immunity	in	host	defense	against	Mycobacterium 
tuberculosis,	we	hypothesized	that	anti-TNF	treatment	impairs	T	cell–directed	antimicrobial	activity.	Anti-TNF	
therapy	reduced	the	expression	in	lymphocytes	of	perforin	and	granulysin,	2	components	of	the	T	cell–medi-
ated	antimicrobial	response	to	intracellular	pathogens.	Specifically,	M. tuberculosis–reactive	CD8+CCR7–

CD45RA+	effector	memory	T	cells	(TEMRA	cells)	expressed	the	highest	levels	of	granulysin,	lysed	M. tubercu-
losis,	and	infected	macrophages	and	mediated	an	antimicrobial	activity	against	intracellular	M. tuberculosis.	
Furthermore,	TEMRA	cells	expressed	cell	surface	TNF	and	bound	the	anti-TNF	therapeutic	infliximab	in	vitro,	
making	them	susceptible	to	complement-mediated	lysis.	Immune	therapy	with	anti-TNF	was	associated	with	
reduced	numbers	of	CD8+	TEMRA	cells	and	decreased	antimicrobial	activity	against	M. tuberculosis,	which	could	
be	rescued	by	the	addition	of	CD8+	TEMRA	cells.	These	results	suggest	that	anti-TNF	therapy	triggers	a	reduction	
of	CD8+	TEMRA	cells	with	antimicrobial	activity	against	M. tuberculosis,	providing	insight	into	the	mechanism	
whereby	key	effector	T	cell	subsets	contribute	to	host	defense	against	tuberculosis.

Introduction
The treatment of patients with monoclonal anti-TNF antibodies 
(infliximab) has led to a 4-fold increased incidence of tuberculosis 
(1), representing a major complication of anti-TNF therapy. Despite 
this potential side effect, infliximab treatment has revolutionized 
the treatment of severe forms of RA (2, 3), Crohn disease, psoriat-
ic arthritis, and ankylosing spondylitis (AS) (4). The rationale for 
immune intervention with TNF-neutralizing agents resulted from  
2 decades of basic research showing that TNF is a central component 
in the cascade of cytokines that trigger cell recruitment, inflamma-
tion, and ultimately tissue destruction (5). However, TNF is also a 
key molecule in host immunity to intracellular bacteria, most nota-
bly tuberculosis (6). Mice deficient in TNF production are highly 
susceptible to primary infection with Mycobacterium tuberculosis (7), 
and depletion of TNF by treatment with anti-TNF antibodies results 
in reactivation of latent disease (8–11). TNF fails to elicit antimyco-
bacterial activity in human host cells in vitro (12–15), although in 
vivo, the critical role is illustrated by the reactivation of latent dis-
ease in anti–TNF-treated individuals (16, 17).

A key aspect of host defense against tuberculosis is the antigen-
specific adaptive T cell response. Traditionally, the T cell–medi-

ated response against M. tuberculosis was believed to be dominated 
by IFN-γ–releasing CD4+ T cells. However, it has become increas-
ingly clear that cytotoxic CD4+ T cell subsets (18–20) and CD8+ 
T cells contribute to protective immunity against M. tuberculosis 
(21). CD8+ T cells contribute to host defense by the release of Th1 
cytokines and the coordinate interaction of chemotactic, lytic, and 
antimicrobial molecules, including the antimicrobial pathway 
mediated by perforin and granulysin (22, 23).

Granulysin  is a member of  the saposin-like  family of  lipid-
binding proteins (24) that is expressed in intracellular granules 
of cytotoxic lymphocyte subsets, including NK cells (25), CD4+  
T cells (19, 26), CD8+ T cells (22, 23, 27), NKT cells (28), and TCRγδ  
T cells (29). The major functions are lysis of tumor cells (30), sup-
port of inflammation (31, 32), and killing of microbial pathogens 
(22, 25, 33–36). Current knowledge of the relevance of the perfo-
rin/granulysin pathway of antimicrobial activity in vivo is limited 
because suitable animal models are not available, largely because 
there is no granulysin homolog in mice.

The use of anti-TNF monoclonal antibodies as immune ther-
apy in patients with autoimmune disease is associated with an 
increased incidence of tuberculosis and provides what we believe 
to be a unique clinical model to search for immunological mecha-
nisms that are critical for M. tuberculosis containment and that pre-
dispose to the reactivation of latent tuberculosis in humans. We 
therefore hypothesized that anti-TNF immune therapy alters a key 
T cell population required for host defense against tuberculosis in 
humans. The results presented here demonstrate that granulysin-
expressing CD8+CCR7–CD45RA+ effector memory T cells (TEMRA 
cells) decreased during anti-TNF treatment. This subset had anti-
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microbial activity and may be critical for maintaining latency in 
patients infected with M. tuberculosis.

Results
We hypothesized that anti-TNF immune therapy leads to an alter-
ation of the adaptive T cell response against M. tuberculosis, thereby 
triggering reactivation of latent tuberculosis. Given the key roles of 
perforin and granulysin in a T cell–mediated antimicrobial path-
way, we initially studied expression of these proteins in patients 
receiving anti-TNF therapy. Patients with active RA (n = 9) or AS 
(n = 8; Table 1) that were scheduled to receive therapy with anti-
TNF antibodies (infliximab) were recruited, and the expression of 
perforin and granulysin in lymphocytes was compared before the 
first infliximab infusion and before the second infusion 2 weeks 
later by intracellular flow cytometry (Figure 1). During the course 
of immunotherapy, perforin and granulysin expression dropped 
significantly in all donors tested (P < 0.001), indicating that the 
perforin/granulysin axis of antimicrobial activity was disturbed by 
anti-TNF treatment. The levels of perforin and granulysin expres-
sion in the peripheral blood of patients with autoimmune diseases 
was not significantly different compared with healthy donors (per-
forin, 19% ± 17% in 36 healthy donors; granulysin, 23% ± 21% in 
39 healthy donors).

Because TNF had no direct effect on the gene or protein expres-
sion of granulysin in PBMCs (data not shown), we reasoned that 
changes in lymphocyte subsets were responsible for the reduction 
of perforin+ and/or granulysin+ lymphocytes. Because granuly-

sin is expressed in numerous lymphocyte subgroups (19, 
22, 23, 25–29), we initially sought to identify subsets with 
prominent granulysin expression in the peripheral blood. 
We labeled PBMCs from 27 healthy donors with granulysin 
and markers for T cells (CD4 and CD8), NK cells (CD56), 
and B cells (CD19). The number of granulysin+ cells ranged 
from 11% to 46% and was 23% on average (data not shown). 
The majority of granulysin+ cells were NK cells (51% ± 27%) 
or CD8+ T lymphocytes (28% ± 13%; Figure 2).

CD8+ T cells can be subdivided into functional subsets, 
including naive T cells, memory T cells, and at least 2 types 
of  effector T cells  (37–39). These  subsets were defined 
according to the expression of CCR7 and CD45RA: naive 
cells are CCR7+CD45RA+, central memory T (TCM) cells are 
CCR7+CD45RA–, effector memory T (TEM) cells are CCR7–

CD45RA–, and TEMRA cells are CCR7–CD45RA+. To identify 
CD8+ T cell subsets with pronounced expression of granu-
lysin, we quadruple-labeled lymphocytes of healthy donors 
with antibodies to granulysin, CD8, CD45RA, and CCR7 
(Figure 3). The majority of CD8+granulysin+ cells were TEM 
cells (91% ± 4%), and approximately half were TEMRA cells. 
CD8+ NKT or NK cells expressed no marked amounts of 
intracellular granulysin (Figure 3A). Similarly, perforin 
was predominantly expressed in TEM cells (96% ± 6%), with 
a clear preference for TEMRA cells (73% ± 18%; Figure 3B). 

This expression pattern was very similar to that of granulysin and 
further supported the functional link between lytic and antimicro-
bial effector molecules in this subset.

To evaluate whether CD8+ TEM or TEMRA cells mediate antimyco-
bacterial activity, we first measured cytotoxic activity of purified 
TEM cells, TEMRA cells, TCM cells, or PBMCs against autologous 
monocytes infected with virulent M. tuberculosis. TEM cells, most 
notably TEMRA cells, were highly efficient in lysing infected mac-
rophages (Figure 4A). Significant lysis was detected at an effec-
tor/target ratio of 3:1 (12% ± 2%) and reached 36% ± 3% at an 
effector/target ratio of 30:1. Total PBMCs and TEM cells induced 
less than 50% lysis compared with TEMRA cells at effector/target 
ratios of 10:1 and 30:1. Lytic activity was antigen specific, because 
lysis of uninfected monocytes was below 7% in all samples (data 
not shown). Because perforin-mediated pore formation facili-
tates granulysin-mediated antimicrobial activity, we next cocul-

Table 1
Characteristics of patients included in the study

Patient	 Disease	 Disease	 Age	 Sex	 Erythrocyte	 TSTB	
no.	 	 duration	(yr)	 (yr)	 	 sedimentationA

1 RA 6 58 M 47/24 Negative
2 RA 10 48 F 65/40 Negative
3 RA 7 34 F 6/5 Negative
4 RA 6 61 M 51/75 Negative
5 RA 22 60 F 29/15 Negative
6 RA 5 28 M 19/17 Negative
7 RA 28 47 M 42/30 Negative
8 RA 12 64 M 41/12 Negative
9 AS 6 33 M 18/3 Negative
10 AS 3 37 F 8/2 Negative
11 AS 1 30 M 1/3 Negative
12 AS 2 31 M 67/2 Negative
13 AS 14 36 M 20/3 Negative
14 AS 8 43 F 32/10 15 mm
15 AS 9 29 M 39/7 11 mm
16 AS 11 52 M 16/5 12 mm
17 RA 12 22 F 25/17 18 mm

M, male; F, female. AValues (in mm) show sedimentation at 1 hour/2 hours. 
BPositive values denote diameter of induration.

Figure 1
Decreased expression of lytic and antimicrobial effector molecules in 
patients treated with infliximab. PBMCs from patients with active RA or 
AS were stained for perforin (n = 7) or granulysin (n = 17) before and 
2 weeks after beginning therapy. The percentage of granulysin+ and 
perforin+ lymphocytes was determined by flow cytometry. Shown are 
results from all individual donors tested.
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tured purified TEMRA cells, TEM cells, TCM cells, and PBMCs with 
M. tuberculosis–infected monocytes and determined mycobacterial 
survival after 36 hours. The pattern of antimicrobial activity was 
very similar to the lytic activity (Figure 4B). Reduced bacterial 

growth was most remarkable for TEMRA cells (47% ± 6%) compared 
with TEM cells (28% ± 3%), with little or no effect for TCM cells 
or PBMCs. Antimicrobial activity was antigen specific, because 
T cells purified from donors negative for tuberculin skin test 
(TST– donors) had no effect on mycobacterial survival (Figure 
4B). Taken together, these results show that CD8+ TEMRA cells 
account for the majority of antimycobacterial effector cells in 
the peripheral blood.

To determine whether immunotherapy with anti-TNF antibodies 
modifies the frequency of CD8+ TEMRA cells in vivo, we monitored 
the numbers of this antimicrobial lymphocyte subset in 7 patients 
during treatment. While the percentage of CD8+ T cells, TEM cells, 
and TCM cells did not change during the first 2 weeks of therapy, 
the frequency of TEMRA cells decreased in all donors during inflix-
imab treatment by 29% on average (range, 15%–55%; Figure 5A and 

Figure 2
The majority of granulysin+ cells in the peripheral blood are cyto-
toxic lymphocytes. PBMCs from healthy donors were stained with 
PE-Cy5-5–conjugated anti-CD4, PE-conjugated anti-CD56, allophy-
cocyanin-conjugated anti-CD19, PerCP-conjugated anti-CD8 (filled 
histograms), or appropriate isotype controls (open histograms). All 
samples were then stained for granulysin using FITC-conjugated 
donkey anti-rabbit as a secondary antibody. Granulysin+ cells were 
gated according to the isotype (control rabbit serum, not shown) and 
analyzed for the expression of cell surface markers. The percentages 
of CD4+, CD56+, CD19+, and CD8+ cells within the granulysin gate are 
indicated. Shown is a typical result of 27 donors.

Figure 3
The majority of CD8+ and granulysin+ or perforin+ T cells are effector cells. PBMCs from healthy donors were stained with PerCP- or allophyco-
cyanin-conjugated anti-CD8 and anti-granulysin (detected with donkey anti-rabbit biotin and streptavidin) or PE-conjugated perforin. Additional 
labeling was performed using allophycocyanin-conjugated anti-CD45RA and FITC-conjugated anti-CCR7 to detect TEM cells, PE-conjugated 
anti-CD161 and FITC-conjugated anti-Vα24 to detect NKT cells, and PE-conjugated CD56 and FITC-conjugated anti-CD16 to detect NK cells. 
Samples with appropriate isotypes were included in all experiments. (A) CD8+granulysin+ cells were gated, and the expression of additional 
markers within this gate was determined. Numbers denote the percentage of positive effector cells, NKT cells, or NK cells within the population 
of CD8+granulysin+ cells. For each sample, 1 × 106 cells were acquired. Shown is a typical result of 8 donors. (B) CD8+perforin+ cells were gated, 
and the expression of additional markers within this gate was determined. Numbers denote the percentage of positive effector cells, NKT cells, 
or NK cells within the population of CD8+perforin+ cells. For each sample, 1 × 106 cells were acquired. Shown is a typical result of 4 donors.
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data not shown). The total lymphocyte counts, as determined by 
automated counting (range, 5,212–8,691μl), and the percentage 
of CD8+ T cells (Figure 5A) remained stable in individual patients 
during therapy. Accordingly, the relative decrease in the percentage 
of TEMRA cells was reflected in a decrease in the absolute number of 
TEMRA cells (range, 521–894 cells/μl before therapy, 364–622 cells/μl  

during therapy) in all 7 patients. An increase in the percentage of 
naive T cells compensated for the reduced frequency of TEMRA cells 
(data not shown).

The number of TEMRA cells returned to pretherapeutic levels after 
3 months of therapy in all 7 donors and was stable at 1 year in the  
5 donors that were available for follow-up (Figure 5B). Interest-

Figure 4
CD8+ TEMRA cells lyse M. tuberculosis–infected monocytes and reduce mycobacterial growth. CD8+ PBMCs were labeled with allophycocyanin-
conjugated anti-CD45RA and FITC-conjugated anti-CCR7 and sorted into TEMRA, TEM, and TCM cell subpopulations. (A) Purified T cells were added 
as effector cells in a 51Cr release assay using autologous M. tuberculosis–infected (MOI 5) or uninfected monocytes as target cells. Supernatants 
were harvested after 4 hours, and 51Cr release was determined. Shown is mean ± SEM specific lysis of M. tuberculosis–infected monocytes of  
4 independent experiments using different TST+ donors. *P < 0.05, infected versus uninfected monocytes. Lysis of uninfected monocytes was 
generally below 7%. (B) T cell subsets were purified as described above and incubated with infected autologous monocytes (5 × 104 monocytes,  
5 × 105 T cells/well). After 36 hours, cells were lysed and plated in 10-fold dilutions on 7H9 agar plates. All samples were set up in duplicate. Shown 
is mean ± SEM reduction in the number of viable M. tuberculosis cells in monocytes cultured in the presence of T cells compared with monocytes 
cultured in the absence of T cells. The experiment was performed with 4 each of TST– and TST+ donors. **P < 0.01 versus TST–.

Figure 5
Decreased frequency of TEMRA cells in patients treated with infliximab. PBMCs from patients with RA or AS were stained for CD8 (PE conjugated), 
CD45 (allophycocyanin conjugated), and CCR7 (FITC conjugated) before, 2 weeks, 3 months (n = 7), and 1 year (n = 5) after the beginning of 
infliximab therapy. (A) The percentage of all CD8+ T cells within the lymphocyte gate and the percentage of TEMRA cells within the CD8 gate were 
determined by flow cytometry. Shown is the percentage of CD8+ cells and TEMRA cells (n = 7) of all donors tested. (B) Mean number of TEMRA cells 
within CD8+ T cells of the same patients before and during infliximab therapy. *P < 0.05 versus pretreatment value.
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ingly, the majority of tuberculosis cases occur during the first 
3 months of anti-TNF therapy (40), within the time period of 
reduced TEMRA cell levels.

To investigate the mechanism by which anti-TNF immunothera-
py resulted in a decrease of CD8+ TEMRA cells, we explored whether  
freshly isolated PBMCs from patients with active RA express mem-
brane TNF on the cell surface. The expression of membrane TNF, 
as measured by labeling with biotinylated infliximab, was higher 
in lymphocytes of 4 RA patients (mean, 2.1%) than in those of  
4 healthy controls (mean, 0.3%; Figure 6, A and B). Further sub-
set analysis demonstrated that 8.3% ± 3.6% of CD8+ TEMRA cells 
expressed infliximab, with the level undetectable in healthy con-
trols (Figure 6, C and D), indicating an enrichment of infliximab+ 
cells within the CD8+ TEMRA cell subset in RA patients. A consider-
able proportion of T cells expressing membrane TNF was CD8– 
(63% ± 17%; Table 2). Most likely, these cells are CD4+ lymphocytes 
that play a major role in the pathogenesis of RA. Within the CD8+ 
T lymphocytes, TEMRA cells were by far the most prominent subset 
expressing membrane TNF (69% ± 10%, Table 2), implicating their 
central role in anti-TNF–triggered immune modulation.

Based on these observations, we reasoned that exogenously 
added complement would be activated to attack anti-TNF–coated 
TEMRA cells. Freshly isolated PBMCs from patients with active RA 
were cultured with infliximab or a control antibody before addi-
tion of rabbit complement. The frequency of TEMRA cells decreased 

in the PBMCs from all 4 patients treated with infliximab compared 
with control antibody–treated PBMCs (Figure 7). The percentage 
of infliximab+ TEMRA cells (8.3% ± 3.6%, Figure 6B) was similar to 
the average decrease in CD8+ TEMRA cells by complement treatment 
in vitro (6.8% ± 2.6%, Figure 7). Taken together, these observations 
suggest that antimicrobial CD8+ TEMRA cells are a preferred target 
for complement-mediated lysis in infliximab treated patients.

To evaluate whether the reduction in TEMRA cells is reflected in the 
ability to kill M. tuberculosis, we measured antimicrobial activity of 

Table 2
Characterization of membrane TNF–expressing CD8+ T cells  
in RA patients

Patient	 Total	 Subset	(%	of	total)

no.	 CD8+	 Naive	 TCM	 TEM	 TEMRA

1 31% 9% 23% 4% 64%
2 24% 18% 1% 1% 80%
3 57% 8% 23% 8% 61%

PBMCs from patients with active RA were labeled for membrane 
TNF with infliximab (detected with PE-conjugated streptavidin), CD8, 
CD45RA, and CCR7. Shown are the percentage of total CD8+ T cells, 
based on gating of infliximab+ cells, and the percent distribution of sub-
sets within all CD8+infliximab+ T cells.

Figure 6
PBMCs of RA patients express membrane 
TNF. (A and B) PBMCs from patients with 
active RA (n = 5) or healthy controls (n = 4)  
were stained with biotinylated infliximab 
and allophycocyanin-conjugated streptavi-
din. Cells were acquired (1 × 106) and ana-
lyzed by flow cytometry. (A) Percentage of 
infliximab+ lymphocytes of 1 representative 
patient (left panel) and healthy donor (right 
panel). (B) Individual results from all donors 
tested. (C and D) PBMCs from patients 
with active RA (n = 4) or healthy controls 
(n = 4) were stained with biotinylated inf-
liximab, PerCP-conjugated streptavidin, 
PE-conjugated anti-CD8, allophycocyanin-
conjugated anti-CD45RA, and FITC-con-
jugated anti-CCR7. CD8+ TEMRA cells were 
gated, and the percentage of infliximab+ 
cells was determined. For each sample,  
5 × 106 cells were acquired. (C) Percentage 
of CD8+infliximab+ TEMRA cells of 1 repre-
sentative RA patient and healthy donor. (D) 
Individual results from all donors tested.
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PBMCs in patients before and during anti-TNF therapy. Monocytes 
were isolated from TST+ patients before and after the beginning of 
anti-TNF therapy and infected with virulent M. tuberculosis. Infected 
monocytes were incubated with autologous PBMCs, 
and the number of viable bacilli was determined after 
24 and 96 hours of incubation. PBMCs from patients 
before therapy limited bacterial growth more efficiently 
than did PBMCs from patients during anti-TNF therapy 
at both time points (Figure 8A). This was not the result 
of differences in the uptake of bacilli by macrophages, 
because the initial load was similar in both groups, as 
determined by acid fast staining and plating of cell 
lysates before addition of PBMCs (data not shown). In 
contrast, there was no significant difference in antigen-
specific IFN-γ release between PBMCs obtained before 
and during therapy (Figure 8B). This result supports 
a model whereby lytic and antimicrobial CD8+ TEMRA 
cells comprise a functionally unique subset that com-
plements the cytokine-producing (e.g., IFN-γ) CD4+  
T lymphocytes in order to eliminate M. tuberculosis.

To  determine  whether  the  relative  deficiency  of 
CD8+  TEMRA  cells  was  responsible  for  the  reduced 
antimicrobial activity, PBMCs from TST+ infliximab-
treated patients were replenished with autologous, 
sorted CD8+ TEMRA cells, and mycobacterial growth 
was measured as described above. The initial bacterial 
load was 3.3 ± 0.7 × 104 CFU, reflecting the facts that 
not all mycobacteria added to the culture were taken 
up and that not all macrophages take up mycobacte-
ria (21% ± 12% of the macrophages were infected). The 
relative inability of PBMCs from patients during anti-
TNF therapy to limit the intracellular proliferation of 

virulent M. tuberculosis was rescued by CD8+ TEMRA cells (Figure 9). 
Although the percentage reduction of CFUs induced by TEMRA cells 
was within an order of magnitude, M. tuberculosis infection in vivo 
is slow and protracted, and the time of in vitro assay was only 36 
hours, so that a cumulative antimicrobial effect over time could 
have a profound effect on the number of bacilli during the course 
of infection. TEM cells were also effective, whereas TCM cells and  
B cells had no effect on mycobacterial viability, reflecting the levels 
of granulysin expression (Figures 2 and 3).

In summary, these experiments identify CD8+granulysin+ TEMRA 
cells as antimicrobial effector cells in humans. Furthermore, these 
findings indicate that treatment of individuals with anti-TNF anti-
bodies reduces the frequency of granulysin+ TEMRA cells, providing 
a mechanism for the reactivation of latent tuberculosis infection.

Discussion
The reactivation of latent tuberculosis is a clinically significant 
complication of immunotherapy with anti-TNF antibodies, but it 
also provides an opportunity to investigate mechanisms of human 
host defense against mycobacterial infection in humans. Here 
we found that anti-TNF treatment induced a marked decrease 

Figure 7
Complement reduces the frequency of infliximab+ TEMRA cells in RA 
patients. PBMCs from patients with active RA (n = 4) were incubated 
with infliximab or a control antibody. Rabbit complement was then added 
for 60 minutes, and the number of TEMRA cells was determined by label-
ing with CD8, CD45RA, and CCR7. (A) CD8+ lymphocytes were gated, 
and the representative graph shows the CD45RA and CCR7 labeling 
within the CD8 gate. (B) Individual results of all donors investigated.

Figure 8
Infliximab therapy reduces the antimicrobial activity of PBMCs. PBMCs from TST+ 
patients (n = 4) with active RA or AS were collected before and 2 weeks after the 
onset of anti-TNF therapy and frozen in liquid nitrogen to allow for simultaneous 
measurement of antimycobacterial activity. Matched pairs were thawed, and adher-
ent monocytes were infected with M. tuberculosis at MOI 5. Infected monocytes 
were detached and plated in 24-well plates as described in Methods. Autologous 
nonadherent cells (1 × 106) were added. (A) The number of viable bacilli was deter-
mined by plating the cell lysates at 24 and 96 hours after infection. Shown is the 
mean ± SEM number of CFUs of all 4 donors tested. (B) Supernatants from the 
same samples as in A were taken after 24 and 96 hours, and the concentration of 
IFN-γ was measured by ELISA. Shown is the mean ± SD concentration of IFN-γ of 
all 4 donors. The IFN-γ concentration in samples containing PBMCs, T cells, and 
uninfected macrophages was below the 30-pg/ml detection limit.
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of perforin and granulysin  in  lymphocytes, 2 components of 
direct T cell–mediated antimicrobial activity against intracellular  
M. tuberculosis. This reduction was caused by decreased frequency of 
the TEMRA cell subset, which expressed granulysin and mediated a 
direct antimicrobial activity against M. tuberculosis in macrophages. 
TEMRA cells  expressed membrane TNF and bound  infliximab, 
becoming susceptible to complement-mediated lysis. Together, 
these data identify the TEMRA cell subset as a requirement for opti-
mal protection against tuberculosis in humans.

The experimental evidence implicating CD8+ T cells as pivotal in 
host defense in tuberculosis began with adoptive transfer and cell 
depletion studies in vivo in mouse models (41–43). Subsequent 
work showed that disruption of MHC class I antigen presenta-
tion to CD8+ T cells severely impaired host defense (44). Human  
M. tuberculosis–reactive CD8+ T cell lines and clones were found 
to lyse M. tuberculosis–infected macrophages in an antigen-spe-
cific manner and to restrict the growth of M. tuberculosis in mac-
rophages (45, 46). Our own prior studies indicated that CD8+  
T cells contained one or more microbicidal effector molecules in 
their cytotoxic granules that are able to directly kill intracellular 
M. tuberculosis (47), including the antimicrobial protein granulysin 
(22). Here, linking T cell phenotypic and functional changes that 
occur during anti-TNF immunotherapy, we identified that a key 
CD8+ T cell subset, TEMRA cells, is required for optimal host defense 
against tuberculosis in humans. Importantly, the decline in TEMRA 
cells during anti-TNF therapy was associated with a decrease in  
T cell–mediated antimicrobial activity. Furthermore, restoration 
of TEMRA cells in vitro also restored antimicrobial responses.

Importantly, TEMRA cells strongly expressed the antimicrobial 
proteins granulysin and perforin, correlating with their direct 
antimicrobial activity against intracellular M. tuberculosis. Granu-
lysin expression by lymphocytes decreased during anti-TNF ther-
apy, as did T cell–mediated antimicrobial responses. Previously, 
CD8+granulysin+ T cells were identified as mediating antimicro-
bial activity against M. tuberculosis–infected macrophages. Granuly-
sin-containing cytoplasmic granules were required for this antimi-
crobial activity, because strontium treatment of T cells resulted in 
release of granulysin and reduced the antimicrobial response (22). 
Granulysin itself is an antimicrobial peptide with a broad range 
of antimicrobial activities against Gram-positive and Gram-nega-
tive organisms, including M. tuberculosis. The mechanism by which 
granulysin kills bacteria depends upon its positive charge and  

α-helical structure facilitating binding to bacterial membranes 
and subsequent lysis of the pathogen (48). The tissue expression 
of granulysin correlated with the ability of the host to restrict 
infection in the mycobacterial disease leprosy (26). Plasma granu-
lysin levels were found to correlate with host defense responses 
in human tuberculosis (49–51). Although granulysin is likely to 
contribute to host defense against microbial infection, it may also 
contribute to tissue injury by inducing necrosis of normal cells. 
For example, granulysin has previously been shown to induce kera-
tinocyte death in Stevens-Johnson syndrome and toxic epidermal 
necrolysis (52), leading to skin blister formation. It remains to be 
determined whether granulysin contributes to tissue damage in 
human tuberculosis, such as the caseation necrosis that is a hall-
mark of the disease. Although our present findings as well as pre-
vious studies into the role of granulysin involve human donors 
and by nature are somewhat correlative, it is important to note 
that granulysin has no murine homolog, such that there are no 
adequate mouse models to study its role in vivo.

The demonstration that CD8+ TEMRA cells are required for opti-
mal host defense against tuberculosis is consistent with, yet also 
extends, prior findings. TEMRA cells were previously recognized as 
the terminally differentiated stage of TEM cells that develop under 
the driving force of homeostatic mediators such as IL-15 (39, 53, 
54). This multistep maturation process involves conversion of 
CCR7+CD45RA+ lymphocytes to CCR7–CD45RA+ cells that express 
high levels of perforin, granzymes (37), and granulysin. There is a 
positive correlation between the frequency of TEMRA cells and effi-
cient control of HIV-1 infection (55, 56), and a maturation defect 
of TEMRA cells may represent an HIV-induced evasion mechanism 
(53). In Ebstein-Barr virus disease and cytomegalovirus-infected 
patients, TEMRA cells are a major component of the antigen-specific 
effector cell pool in the blood and affected tissue and may account 
for the successful control of these viruses that regularly occurs in 
immunocompetent individuals (53, 57, 58). A role for CD8+ TEMRA 
cells in tuberculosis was previously suggested by one elegant study 
measuring M. tuberculosis–specific responses by pentamer stain-
ing. In healthy, protected TST+ children, the majority of antigen-
specific CD8+ cells were TEMRA cells (59), whereas in patients that 
failed to control the tubercle bacilli, antigen-specific CD8+ cells 
were predominantly TCM cells (59). In another study, children with 
active tuberculosis had an increased frequency of CD8+CD45R0–

CD28–CD27– effector cells, which are probably closely related to 

Figure 9
CD8+ TEMRA cells rescue antimycobacterial activity of PBMCs from patients 
during anti-TNF therapy. PBMCs from 3 consecutive patients with active RA or 
AS and TST+ were collected before and 2 weeks after beginning of anti-TNF 
therapy. Adherent cells were infected with virulent M. tuberculosis at MOI 5 
for 3 hours, and extracellular bacteria were removed. Of the macrophages, 
21% ± 12% were infected (mean ± SD of 3 donors), with each macrophage 
harboring 1–3 bacilli. Infected monocytes were detached and plated in 24-well 
plates (5 × 104). Concurrently, CD8+ T cells were purified from the nonadher-
ent fraction and sorted by flow cytometry according to the CD45RA/CCR7 
expression profile. CD20+ B cells were purified as a control population. Lym-
phocyte subsets were added to the infected monocytes (2 × 105) as indicated, 
and the number of viable bacilli was determined by plating cell lysates after 
36 hours of infection. Lysates were plated in 5-fold dilutions and in duplicates. 
The initial bacterial inoculum was 3.3 ± 0.7 × 104. Shown is the mean ± SEM 
of 1 experiment with each individual donor. *P < 0.05 versus CFUs cultured in 
the presence of PBMCs during therapy.
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TEMRA cells (60). Cells within this subset showed clonal expansion 
in severe disease, making a protective function counterintuitive. 
One previous report demonstrated that the frequency of TEMRA 
cells remains unchanged during the first 3 days of anti-TNF treat-
ment (61). However, the observation period of the present study 
spanned the first weeks of therapy, which covers the time frame 
during which reactivation of  tuberculosis occurs. The role of 
TEMRA cells in host defense against tuberculosis warrants further 
investigation in other clinical settings, including in patients with 
tuberculous pleuritis, in which cell-mediated immunity is strong 
(62), and in cases of tuberculosis in the context of HIV infection, in 
which cell-mediated immunity is impaired (63). Additional studies 
will clarify whether CD8+ TEMRA cells, in addition to directly recog-
nizing and eliminating M. tuberculosis–infected macrophages, also 
participate in the formation and maintenance of granulomas, as 
would be predicted by their unique and specific chemokine recep-
tor expression pattern (39, 64).

Our present results provide a functional analysis of TEMRA cells 
in bacterial infection and favor a role for TEMRA cells in protective 
immunity in human tuberculosis. This insight also provides a 
mechanism for the reactivation of tuberculosis that occurs dur-
ing anti-TNF immunotherapy. Among several infectious diseases 
that occur during infliximab therapy, the greatest threat comes 
from pathogens causing granulomatous infections, most notably 
M. tuberculosis (40). A likely explanation is that granuloma forma-
tion depends on coordinated cellular trafficking, which is altered 
by anti-TNF treatment  (16, 65–67). The demonstration that 
TEMRA cells express membrane TNF, bind anti-TNF antibodies, 
and subsequently become susceptible to complement-mediated 
lysis provides a cellular mechanism by which anti-TNF therapy 
influences adaptive immunity.

The expression of membrane TNF on PBMCs reflects the dis-
ease activity observed in our patients, as increased levels of TNF 
are a hallmark of autoimmune diseases and the rationale for the 
therapeutic intervention with TNF-neutralizing agents (5). The 
majority of TNF is present as a transmembrane protein, which 
needs to be cleaved by the metalloproteinase TNF-α–converting 
enzyme (TACE) to be released into the extracellular space. While 
this process is very efficient in macrophages and dendritic cells, 
much of the TNF produced by T cells remains in the membrane 
form (68, 69). Therefore, the increased expression of membrane 
TNF on lymphocytes from patients with RA (Figure 6) reflects the 
inappropriate T cell activation that is responsible for the active 
disease diagnosed in our patients.

Patients treated with anti-TNF antibodies (e.g., infliximab) have 
a 5-fold higher risk for developing tuberculosis than do patients 
treated with soluble TNF receptors (e.g., etanercept; ref. 40). Also, 
the majority of tuberculosis reactivation occurs during the first  
3 months of initiating infliximab therapy, whereas etanercept-medi-
ated disease occurs much later (40). This different impact on host 
defense against M. tuberculosis is explained by previous findings on 
the interactions of TNF-neutralizing agents with membrane TNF. 
Etanercept binds poorly and with low avidity to transmembrane 
TNF (70, 71). Accordingly, etanercept is much less efficient than 
infliximab in triggering complement-dependent cytotoxicity (70, 
71). The present data provide a rationale for determining whether 
TEMRA cells are preserved during etanercept treatment.

Previous reports on anti-TNF–mediated effects on T cell responses  
to mycobacterial antigens showed a decreased expression of mem-
brane TNF in stimulated CD4+ T cells (72), a variable effect on the 

number of IFN-γ–releasing cells (72, 73), and no changes in prolif-
eration (72). The decrease of TEMRA cells described in the present 
study clearly favors the establishment of an antiinflammatory envi-
ronment. While this could be a disadvantage in protection against 
intracellular pathogens, the decrease of TEMRA cells may contribute 
to the clinical success of anti-TNF therapy. For example, comple-
ment-mediated lysis of TEMRA cells may be the mechanism by which 
the number of perforin+ cells and elevated granzyme levels in fluids 
and tissues of RA patients (74, 75) is normalized. Taken together, 
our own and others’ studies (61, 76–83) strongly suggest that the 
correction of inappropriate T cell responses is a key mechanism by 
which anti-TNF therapy antagonizes the hyperinflammatory state 
that accounts for autoimmune diseases.

In summary, our findings demonstrated that anti-TNF therapy 
resulted in a significant reduction of CD8+ TEMRA cells, thereby dis-
turbing an important component of protective immunity against 
intracellular bacteria. Therefore, CD8+ TEMRA cells should be con-
sidered as a target for manipulating immune responses: strength-
ening this compartment would be beneficial for infections, and 
counterregulation could improve autoimmune disease.

Methods
Cell culture reagents. Cells were cultured in complete medium, consisting 
of RPMI 1640 (Biochrom) supplemented with glutamine (2 mM; Sigma-
Aldrich),  10  mM  HEPES,  13  mM  NaHCO3,  100  g/ml  streptomycin,  
60 g/ml penicillin (all from Biochrom), and 5% heat-inactivated human 
AB serum (Cambrex).

Antibodies and reagents. The following antibodies were used for  flow 
cytometry: PE-Cy5.5–conjugated anti-CD4, FITC-conjugated anti-CD16, 
allophycocyanin-conjugated  anti-CD19,  allophycocyanin-conjugated 
anti-CD45RA, biotin-conjugated anti-mouse IgG1, and allophycocyanin/
PE-conjugated streptavidin (all from Caltag); PerCP/allophycocyanin-
conjugated anti-CD8, PE/allophycocyanin-conjugated anti-CD56, and 
PE-conjugated anti-perforin (all from BD Biosciences); FITC-conjugated 
anti-CCR7 (R&D Systems); FITC-conjugated anti-Vα24 (Immunotech); 
PE-conjugated anti-CD161 (Beckman Coulter); polyclonal granulysin 
rabbit serum (gift from A. Krensky, Stanford University, Stanford, Cali-
fornia, USA); infliximab (Essex Pharma); etanercept (Wyeth Pharma); and 
Cy5-conjugated donkey anti-rabbit and biotin-conjugated goat anti-rabbit 
(Dianova). The following reagents were used: paraformaldehyde, saponin, 
sodium azide (Sigma-Aldrich), rabbit complement (BAG Healthcare), and 
EZ-Link NHS-Biotin Reagent (Pierce).

Flow cytometry. PBMCs were stained with cell surface markers for 30 min-
utes. Cells were then fixed with 4% paraformaldehyde (10 minutes at 4°C) 
and incubated with permeabilization buffer (0.5% saponin, 5% FCS, and 
0.1% sodium acid) for 10 minutes. Polyclonal rabbit anti-human granulysin 
serum (1:5,000 dilution) or a control rabbit serum were added and incubated 
for 30 minutes at 4°C. After washing with permeabilization buffer, FITC- 
or Cy5-conjugated donkey anti-rabbit (both 1:100 dilution) was added for  
30 minutes. Cells were immediately analyzed by flow cytometry (FACScali-
bur; BD). At least 1 × 105 cells were acquired for each sample. Perforin stain-
ing was performed by incubating cells, fixed and permeabilized as described 
above, with 3 μl PE-conjugated perforin or an isotype control antibody.

Growth of M. tuberculosis. M. tuberculosis virulent strain H37Rv was grown 
in suspension with constant gentle rotation in roller bottles containing 
Middlebrook 7H9 broth (BD Biosciences) supplemented with 1% glycerol 
(Roth); 0.05% Tween 80 (Sigma-Aldrich); and 10% Middlebrook oleic acid, 
albumin, dextrose, and catalase enrichment (BD Biosciences). Aliquots 
from logarithmically growing cultures were frozen in PBS containing 10% 
glycerol, and representative vials were thawed and enumerated for viable 
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CFU on Middlebrook 7H11 plates. Staining of bacterial suspensions with 
fluorochromic substrates differentiating between live and dead bacteria 
(BacLight; Invitrogen) revealed greater than 90% viability of the bacteria. 
Several precautions were taken to minimize clumping of mycobacteria: (a) 
culture conditions (rotation, Tween) were chosen to support the growth of 
single-cell suspensions; (b) before in vitro infection, M. tuberculosis bacilli 
were sonicated to disrupt small aggregates of bacteria; and (c) the MOI was 
selected such that there were only 1–3 bacilli per infected cell.

Infection of monocytes. Monocytes were infected with single-cell suspen-
sions of M. tuberculosis at MOI 5 in complete medium without antibiot-
ics and supplemented with 5% non–heat-inactivated human serum. After  
3 hours of incubation at 37°C, monocytes were washed 3 times to remove 
extracellular bacteria. Adherent cells were detached using 1 mM EDTA. 
The efficacy of infection was determined in each experiment by acid fast 
stain (auramin rhodamine) and was 25% ± 13%.

Cytotoxicity assay. Uninfected and infected monocytes were labeled with 
100 μCi 51Cr (ICN Biomedicals) for 1 hour and plated in a 96-well V-bot-
tom plate at a final concentration of 5,000 targets/100 μl. CD8+ effector 
cells were purified from the nonadherent fraction by negative selection 
using magnetic beads per the manufacturer’s recommendations (Milt-
enyi Biotec). Purified cells were then labeled with allophycocyanin-con-
jugated anti-CD45RA and FITC-conjugated anti-CCR7 and sorted using 
a cell sorter (MoFlow) as CCR7–CD45RA– (TEM), CCR7+CD45RA– (TCM), 
CCR7+CD45RA+ (naive), and CCR7–CD45RA+ (TEMRA). The purity of the 
cell populations exceeded 97% in all experiments. On the same day, effector 
cells were added to the infected and 51Cr-pulsed monocytes at the indi-
cated effector/target ratios for 4 hours. Supernatants were collected, and 
target cell lysis was calculated by quantifying 51Cr release. The spontane-
ous release of 51Cr in the absence of T cells was less than 10%. Results were 
expressed as percent specific lysis, calculated as follows: (experimental 
release – spontaneous release)/(maximum release – spontaneous release).

Quantification of mycobacterial growth. To measure mycobacterial growth, 
cells were lysed with 0.3% saponin (Sigma-Aldrich) to release intracellular 
bacteria. At all time points, an aliquot of unlysed infected cells was har-
vested and counted. This allowed exact quantification of cells as well as 
determination of cellular viability by trypan blue exclusion. Recovery of 
cells was greater than 80% in all experiments, with cell viability regularly 
exceeding 90% of total cells. Lysates of infected cells were resuspended 
vigorously, transferred into screw-cap tubes, and sonicated in a preheated 
water bath sonicator for 5 minutes at 37°C.

Patients. Patients were recruited from 2002 to 2008 in the outpatient 
departments of the Institute for Clinical Immunology at the University 
Clinic of Erlangen and the Medical Clinic III of the University Clinic in 
Ulm. Patients included in the study fulfilled the criteria of the American 
College of Rheumatology for diagnosis of RA (84) or the modified New 
York criteria for diagnosis of AS (85). All had at least 1 unsuccessful course 
of treatment with a disease-modifying antirheumatic drug and evidence of 
erosive disease on radiographs of hand or feet. Patients were treated with 
infliximab (3–5 mg/kg body weight; weeks 0 and 2). No other changes in 
therapy of the patient’s disease were required concurrent with initiation of 

infliximab therapy. Previous exposure to mycobacterial antigen was deter-
mined by intradermal injection of tuberculin (GT1; Chiron Behring) and 
measurement of the induration 3 to 5 days later. Depending on disease 
severity, some patients received methotrexate and or glucocorticoids in 
addition to infliximab. Table 1 summarizes the demographic and clinical 
data of the study population. The study was approved by the ethical com-
mission of the University of Erlangen, and written informed consent was 
obtained from all patients and donors before they entered the study.

Biotinylation and detection of infliximab. We incubated 100 μl biotin of a  
10-mM stock and 10 mg/ml infliximab on ice for 2 hours. Unbound biotin 
was removed by dialysis (Spectra/Por Micro DispoDialyzer; Cole-Parmer) 
into 1 l PBS overnight at 4°C. To detect membrane TNF, 5 × 105 PBMCs were 
incubated with 10 μg/ml biotin-conjugated infliximab or mouse IgG1 for 
20 minutes on ice. Cells were washed with ice-cold buffer (PBS plus 2% FCS) 
and stained with 0.5 μl allophycocyanin-conjugated streptavidin on ice.

Complement-mediated cytotoxicity. PBMCs (5 × 105) from healthy donors or 
autoimmune patients were seeded in 100 μl complete medium. Biotin-con-
jugated infliximab (10 μg/ml) or mouse IgG1 were added and incubated on 
ice for 20 minutes. Allophycocyanin-conjugated streptavidin (0.5 μl) was 
added for 20 minutes on ice. Cells were incubated with rabbit-complement 
(25%) on ice for 60 minutes, then washed twice in PBS plus 2% FCS. PerCP-
conjugated anti-CD8 (1 μl) or PE-conjugated anti-CD56 (3 μl) was added, 
and stained cells were immediately analyzed by flow cytometry.

IFN-γ ELISA. Supernatants were harvested and filtered through a 0.2-μm 
syringe. Filtered supernatants were plated on 7H9 agar plates and cultured 
for 2 weeks to confirm sterility. Samples were stored at –70°C until being 
tested in a commercially available IFN-γ sandwich ELISA (Endogen).

Statistics. Data are presented as mean ± SEM unless otherwise indicated. 
A 2-tailed Student’s t test was used to determine statistical significance 
between 2 differentially treated cultures. A P value less than 0.05 was con-
sidered significant.
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