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Tuberculosis develops years or even decades 
after the establishment of latent or subclinical 
infection by Mycobacterium tuberculosis (Mtb). 
The immune response to Mtb during latency  
is poorly characterized; however, granulomas 
from asymptomatic people are small, often cal-
cified or fibrotic, populated with lymphocytes, 
and contain rare bacteria. In contrast, granulo-
mas found in people with active tuberculosis 
are large, caseating, and contain numerous bac-
teria (Ulrichs and Kaufmann, 2006). The de-
velopment of clinical symptoms of disease, 
typically related to chronic lung infection, is a 
sign of failed immunity. Paradoxically, a robust 
immune response is detected during active 
tuberculosis that is thought to be secondary to 
the greater bacterial and antigen load–driving 
T cell immunity. In fact, many of the symptoms 
of tuberculosis are related to the pronounced 
host inflammatory response that occurs as the 
immune system tries to regain the upper hand. 
Tissue damage during tuberculosis primarily 
arises from the immune response and not as a 
direct consequence of the bacterium.

Inbred mouse strains vary greatly in their 
susceptibility to Mtb. C57BL/6 (B6) mice are 
resistant to low-dose aerosol Mtb infection. They 
develop small compact lung lesions dominated 
by lymphocytes and macrophages. Their lesions 
contain only scattered neutrophils, little or no 
necrosis, and are not hypoxic (Aly et al., 2006). 

In contrast, susceptible C3H, DBA/2, and I/St 
mice succumb within months of Mtb infection. 
Their pulmonary lesions are less well organized. 
Neutrophil infiltrates are more prominent, and 
necrosis, diffuse fibrosis, and hypoxia develop 
late during infection (Kondratieva et al., 2010). 
Ultimately, the basis for susceptibility to Mtb 
among inbred mouse strains is genetic. Pan et al. 
(2005) identified sst1 as an allelic locus between 
B6 and C3HeB/FeJ mice that determines the 
susceptibility to Mtb. Although C3HeB/FeJ 
(C3H.sst1C3H) mice normally develop large 
necrotic lesions, congenic C3H.sst1B6 mice sur-
vive longer and develop small nonnecrotic le-
sions that are typical of B6 mice (Pichugin et al., 
2009). The striking correlation between sus-
ceptibility and the nature of the pathological 
lesions suggests that the inability to control 
bacterial replication leads to large necrotic le-
sions. However, the reverse situation, i.e., the 
propensity to form large granuloma-like lesions 
increasing susceptibly to tuberculosis, cannot 
be excluded.

The formation of large necrotic lesions 
after low-dose Mtb infection is not unique to 
susceptible inbred mouse strains. This type of 
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host protection against tuberculosis.
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infection. This hypothesis is based on two  
arguments. First, T cells can control Mtb rep-
lication independently of IFN- (Cowley and 

Elkins, 2003; Woodworth et al., 2008b; Gallegos et al., 
2011), and although these mechanisms may not be as effec-
tive as IFN-, it is sobering that these other pathways do not 
protect IFN-/ mice from Mtb infection and thus are un-
able to compensate for the lack of IFN-. This suggests that 
IFN- is playing a crucial role in host resistance independent 
of its antimicrobial role. Second, IFN-/ mice are more 
susceptible than mice that lack -TCR+ T cells (Mogues  
et al., 2001). This raises the possibility that in the absence of 
IFN-, the T cell response adversely affects host resistance to 
Mtb. There exists substantial precedent for this possibility. 
Increased tissue inflammation contributes to the susceptibility  
of IFN-/ mice in experimental autoimmune disease 
models (Minguela et al., 2007; Sabatino et al., 2008; Pastor  
et al., 2009). Under these conditions IFN- has an anti
inflammatory role. The abilities of IFN- to inhibit IL-17 pro-
duction (Cruz et al., 2006) and block neutrophil recruitment 
(Desvignes and Ernst, 2009) are two functions that are im-
portant for its antiinflammatory role. This mechanism may  
be relevant to tuberculosis in both mice and humans. Patients 
with active pulmonary tuberculosis have a greater abundance 
of neutrophils than household contacts (Sutherland et al., 
2009; Berry et al., 2010; Eum et al., 2010). Similarly, more 
neutrophils are recruited to the lungs of susceptible mouse 
strains after infection (Eruslanov et al., 2005), and neutrophil 
depletion prolongs their survival (Keller et al., 2006; Dorhoi 
et al., 2010). We hypothesize that more IL-17 will be made 
in the absence of IFN- or IFN-R, which will lead to 
neutrophil recruitment into the lungs of infected mice.  

tissue response is observed in a variety of knockout mouse 
strains that are susceptible to Mtb. An interesting mouse in 
this regard is the IFN-R/ mouse. Mice lacking IFN- 
form large necrotic pulmonary lesions associated with granu-
locytic infiltrates within weeks of Mtb infection despite a 
similar bacterial burden as WT mice (Pearl et al., 2001). The 
IFN- signaling axis is crucial for resistance to tuberculosis, 
and mice lacking IFN-, IFN-R, or STAT1 are extremely 
susceptible to virulent Mtb infection (Cooper et al., 1993; 
Flynn et al., 1993). IFN- is a powerful immunomodulator 
that provides crucial signals to BM- and non-BM–derived 
cells during infection (Desvignes and Ernst, 2009). IFN- 
stimulates inducible nitric oxide synthase and LRG47 produc-
tion, which are essential for the antibacterial activity of IFN-. 
IFN- is also an essential component of the human immune 
response to tuberculosis, although its mechanism of action may 
differ from that defined in mice (Jouanguy et al., 1996, 1997; 
MacMicking et al., 1997, 2003; Madariaga et al., 1998).

In addition to its antimicrobial role, IFN- has important 
immunoregulatory functions. Dalton et al. (2000) first dem-
onstrated that IFN-, via NO induction, led to apoptosis of 
activated CD4+ T cell, thus contributing to T cell homeo
stasis during systemic Bacillus Calmette-Guerin (BCG) infec-
tion. Cooper et al. (2002) recognized that IFN-–induced  
T cell apoptosis has an important role in modulating tissue 
inflammation during mycobacterial infection in general. In 
this paper, we consider whether IFN- plays a role in damp-
ening the inflammatory response, which promotes host resis-
tance, in addition to its antimicrobial role during tuberculosis 

Figure 1.  IFN-R/ mice are more susceptible 
than RAG2/ mice to Mtb. (a) Bacterial load (CFU) 
in the lungs and spleen of WT, IFN-R/, and 
RAG2/ mice on day 23 after Mtb infection (n = 5 
mice/group). Error bars, SEM. *, P < 0.05. (b) Survival of 
IFN-R/ and RAG2/ mice after Mtb infection  
(n = 5 mice/ group). (c) Survival of RAG2/ and  
RAG2/IFN-R/ mice after Mtb infection (n = 5 mice/ 
group). (d) Representative lung sections stained with 
hematoxylin and eosin from the mice represented in a. 
Two representative lesions are shown for each mouse 
genotype to demonstrate the size range. (e) Neutro-
phils (CD11b+Gr1hi) from the lungs of WT (top) or  
IFN-R/ (bottom) mice 4 wk after Mtb infection.  
Numbers represent percentage of gated cells. (f) Fre-
quency and absolute number of neutrophils 
(CD11b+Gr1hi) in the lungs of WT and IFN-R/ mice 
(n = 3 mice/group). Error bars, SEM. *, P < 0.05. Data in 
a and d were from the same experiment. The three-way 
comparison was performed once; however, pairwise 
comparisons have been repeated multiple times with 
similar results. All other data are representative of two 
independent experiments. Survival analyses were ana-
lyzed by the log-rank test; a was analyzed by one way 
ANOVA; and f was analyzed by Student’s t test.
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myeloid and lymphoid infiltrates, IFN-R/ 
and RAG2/ mice had larger lesions (Fig. 1 d). 
As the infection progressed, the lesions in IFN-

R/ mice became larger, infiltrated with polymorpho
nuclear neutrophils (PMNs), and more necrotic (Fig. S1). To 
confirm that neutrophil infiltrates were more abundant in 
the lungs of Mtb-infected IFN-R/ mice, we enumerated 
neutrophils (CD11b+Gr-1Hi; Fig. 1 e). More neutrophils were 
found in the lungs of Mtb-infected IFN-R/ mice than in 
WT mice (Fig. 1 f). This difference was not apparent in the 
lungs of uninfected mice (unpublished data). These results 
are similar to published data that shows an important role for 
IFN- in limiting pulmonary inflammation and neutrophil 
recruitment to the lung (Pearl et al., 2001; Feng et al., 2006; 
Desvignes and Ernst, 2009). These data raised the possibility 
that in the absence of IFN- signaling, the immune response 
is dysregulated and generates an inflammatory response that 
leads to worse pulmonary pathology that is detrimental to the 
host, as measured by increased mortality.

Antigen-specific CD4+ T cell responses in the absence  
of IFN- signaling
In uninfected mice, the numbers of CD4+ T cells in the lung 
and spleen were similar in IFN-R/ and C57BL/6 mice 
(unpublished data). However, after Mtb infection, fivefold 
more CD4+ T cells were found in the lungs of IFN-R/ 
mice compared with C57BL/6 mice (P < 0.0001; Fig. 2 a). 
Cytokine production by CD4+ T cells was measured after  
in vitro stimulation with the ESAT61-15 epitope or anti-CD3/
CD28 antibodies. More pulmonary CD4+ T cells from 
IFN-R/ mice produced IFN-, alone or in combination 
with TNF, after ESAT61-15 or polyclonal stimulation compared 
with B6 mice (Fig. 2 b). The greater T cell accumulation and 
their propensity to produce cytokines could be antigen 
driven, secondary to their increased pulmonary bacterial bur-
den in the lungs of IFN-R/ mice. To test this possibility, 
we made mixed BM chimeric mice.

We further postulate that neutrophil accumulation will 
impair the outcome of Mtb infection in IFN-/ and 
IFN-R/ mice independently of the bacterial load.

RESULTS
Relative susceptibility of mice in the absence of IFN- 
signaling or acquired immunity
To compare the relative requirement for IFN- signaling 
and acquired immunity in the control of Mtb replication, 
IFN-R/, RAG2/, and WT B6 mice were infected with 
virulent Mtb by the aerosol route. B6 mice had lower CFU 
in the lung and spleen compared with the two knockout 
strains 3.5 wk after infection (P < 0.05). However, the bacte-
rial burdens of IFN-R/ and RAG2/ mice were similar 
(Fig. 1 a). Despite similar bacterial lung burdens, IFN-R/ 
mice were significantly more susceptible than RAG2/ 
mice (median survival time, 39 vs. 46 d, P = 0.004; Fig. 1 b). 
These results confirm other studies showing that IFN-/ 
mice are more susceptible than RAG2/ or -TCR/ 
mice (Mogues et al., 2001; Feng et al., 2006). This raised the 
possibility that T cell responses elicited in the absence of 
IFN- signaling were detrimental to the host, or that IFN- 
production by innate cells (e.g., NK cells), as described by 
Feng et al. (2006), is quantitatively more important than 
IFN-–independent T cell immunity.

To distinguish between these possibilities, we measured 
the contribution of IFN- to host resistance in the absence 
of T cells. RAG2/IFN-R/ mice were significantly more 
susceptible than RAG2/ mice after Mtb infection (Fig. 1 c). 
Thus, in the absence of T cells, innate sources of IFN- are 
crucial for host resistance (Feng et al., 2006). Next, lungs 
from infected IFN-R/ and RAG2/ mice were exam-
ined to assess the contribution of IFN- to pulmonary pa-
thology. Although WT mice had discrete lesions containing 

Figure 2.  Antigen-specific CD4+ T cells are elicited in 
the absence of IFN- signaling. (a) Absolute number of 
CD4+ T cells per lung from WT or IFN-R/ mice 4–5 wk 
after Mtb infection. Data represents 11 mice/condition from 
three independent experiments. Horizontal bars, median.  
(b) Frequency of WT or IFN-R/ CD4+ T cells producing 
only IFN-, only TNF, or both IFN- and TNF after stimula-
tion with anti-CD3/CD28, 3.5 wk after Mtb infection. Data 
are representative of two independent experiments. Error 
bars, SEM. *, P < 0.05; ***, P < 0.001. (c) Flow cytometric 
analysis of mixed WT and IFN-R/ BM chimeric mice. 
Lung lymphocytes were gated by size and CD45.1 (WT) or 
CD45.2 (IFN-R/) cells identified. CD4+ T cells were gated 
and their production of IFN- after stimulation in vitro was 
determined. (d) Intracellular production of IFN- by WT or 
IFN-R/ CD4+ T cells from mixed BM chimera as indi-
cated in c. Error bars, SEM. Data represents the analysis of 
16 mice/condition from four independent experiments. 
Statistical analysis was performed using a Student’s t test.

http://www.jem.org/cgi/content/full/jem.20110919/DC1
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T reg cells from the two genotypes were detected with simi-
lar frequency, indicating that IFN- signaling may not affect 
T reg cell generation (Fig. 3 a). Both WT and IFN-R/ 
mice had similar low frequencies of lung CD4+ T cells pro-
ducing IL-17 after ESAT61-15 stimulation in vitro. However, 
more CD4+ T cells producing both IL-17 and IFN- were 
detected in the lungs of infected IFN-R/ mice (P < 0.05; 
Fig. 3 b). Similarly, more pulmonary CD4+ T cells from 
IFN-R/ mice produced both IL-17 and IFN- after anti-
CD3/28 polyclonal stimulation (P < 0.05; Fig. 3 b). These 
IL-17 and IFN- double-producing cells are similar to 
Th17(B) CD4+ T cells described by Geiger et al. (2009), 
Napolitani et al. (2009), and Zielinski et al. (2011) which are 
IL-1 dependent.

Among the known functions of IL-17 are the recruit-
ment and activation of granulocytes. IL-17 recruits neutro-
phils to inflammatory sites by stimulating the production of 
cytokines and chemoattractants including G-CSF, MIP-2, 
and KC (Ye et al., 2001). The increased IL-17 production in 
the lungs of Mtb-infected IFN-R/ mice is predicted to 
stimulate secretion of neutrophil chemokines and increase 
the trafficking of neutrophils to the lung. Therefore, we mea-
sured KC, MIP-2, and G-CSF in lung homogenates (Fig. 3 c). 
All three were expressed at higher levels in the lungs of in-
fected IFN-R/ mice than in WT mice. These data pro-
vide further evidence that in the absence of IFN- signaling, 
IL-17 production is increased in the lungs of infected mice 
and alters the nature of the pulmonary immune response.

To verify that the difference in IL-17 production was not 
a result of differences in the bacterial load, we analyzed IL-17 

production by T cells from CD45.2 (IFN-R/) 
and CD45.1 (WT) mixed BM chimeras. In these 
mice, more IL-17 was produced by IFN-R/ 

BM from CD45.2+ IFN-R/ mice and congenic  
WT CD45.1 mice was mixed and used to make chimeras in 
lethally irradiated RAG2/ or B6 recipient mice. These two 
approaches yielded similar data and the results are combined 
in Figs. 2 and 3. By gating on cells expressing CD45.2 
(IFN-R/) or CD45.1 (WT), we assessed how IFN-R 
expression affects T cell immunity in an environment in 
which all cells are exposed to the same amount of antigen, 
bacteria, and inflammatory cytokines. IFN-R/ CD4+ 
T cells in the lungs of Mtb-infected chimeric mice produced 
slightly less IFN- after ESAT61-15 and Ag85B241-256 stimula-
tion compared with WT CD4+ T cells (Fig. 2, c and d). In 
contrast, IFN-R/ and WT CD4+ T cells produced the 
same amount of IFN- after anti-CD3/28 stimulation (Fig. 2,  
c and d). We conclude that there is little or no intrinsic dif-
ference in the generation of activated IFN-R/ CD4+  
T cells during Mtb infection.

IFN- signaling inhibits generation of Th17 cells  
during Mtb infection
As IFN- negatively regulates the generation of Th2, Th17, 
and regulatory T (T reg) cells, we became interested in 
whether these other CD4+ T cell subsets were more abun-
dant after Mtb infection of IFN-R/ mice. Few IL-4–
producing CD4+ cells were detected in the lung, but there 
were no differences between infected WT and IFN-R/ 
mice as previously demonstrated (not depicted; Flynn et al., 
1993). T reg cells were detected in greater frequency in 
IFN-R/ than WT mice; however, in WT/IFN-R/ 
mixed BM chimeric mice (described in the previous section), 

Figure 3.  IFN- signaling inhibits IL-17A production by 
CD4+ T cells during Mtb infection. (a) T reg cells in the lung 
4 wk after Mtb infection of WT and IFN-R/ mice were de-
tected by flow cytometry based on coexpression of CD25 and 
intracellular FoxP3 (left). T reg cells were enumerated in the lungs 
of WT and IFN-R/ mice (intact, middle) and WT/IFN-R/ 
chimeric mice (right). Each experiment analyzed five mice/group 
and statistical testing was performed using a Student’s  
t test. Error bars, SEM. ***, P < 0.001; NS, not significant. (b) Rep-
resentative flow cytometric analysis (left) and analysis (right) 
of intracellular IL-17A production by lung CD4+ T cells from 
WT or IFN-R/ mice 4 wk after Mtb (n = 4 mice/group). Data 
were analyzed using a Student’s t test. Error bars, SEM. *, P < 
0.05. (c) Levels of the chemokines KC, MIP-2, and G-CSF were 
measured in cell-free supernatants of lung homogenates pre-
pared from WT and IFN-R/ mice (n = 5 mice/group) 4 wk 
after Mtb infection. Data was analyzed using a Student’s t test. 
Error bars, SEM. *, P < 0.05. (d) IL-17A production by lung CD4+ 
T cells from lungs of mixed WT/IFN-R/ BM chimeric mice 
as described in Fig. 2 c. Mice were analyzed 4–5 wk after Mtb 
infection (n = 13 mice/condition) or recall response 23–29 d 
after challenge of memory immune (n = 8 mice/condition). The 
data are pooled from three independent experiments and ana-
lyzed using a paired Student’s t test.
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contamination could not be obtained from infected 
IFN-R/ or IFN-/ mice. To circumvent this 
problem, we purified T cells from WT, IFN-R/, 
and IFN-/ memory-immune mice. IFN-R 
expression by memory CD4+ T cells is not required 
to adoptively transfer protection (Fig. 4 a). More 
importantly, in two independent transfer experi-
ments, IFN-/ and WT memory CD4+ T cells 
similarly protected RAG2/ mice from virulent 
Mtb challenge (Fig. 4 b). In addition to limiting 

bacterial growth in the lungs of RAG2/ mice, IFN-/ 
memory CD4+ T cells also significantly prolonged the sur-
vival of Mtb-infected RAG2/ mice (median survival time, 
38 vs. 59 d, P < 0.0017; Fig. 4 c).

Using this same adoptive transfer model, we determined 
whether IFN- affects IL-17 production by CD4+ T cells. An 
increased proportion of IFN-/ memory CD4+ T cells pro-
duced IL-17 in the absence of any stimulation (Fig. 4 d). Also, 
more IFN-/ memory CD4+ T cells produced TNF, or 
TNF and IL-17, after ESAT6 stimulation in vitro (Fig. 4 d). 
These data show that IFN- signaling inhibits T cell produc-
tion of IL-17 during Mtb infection. This alteration is unlikely 
to be secondary to differences in antigen load because the two 
experimental groups had similar lung CFU (Fig. 4 b, Exp 1).

We next examined the lung histopathology of RAG2/ 
mice that received no cells, WT, or IFN-/ memory CD4+ 
T cells. The lung lesions were considerably larger in mice re-
ceiving IFN-/ memory CD4+ T cells compared with those 

than WT CD4+ T cells after stimulation with anti-CD3/
CD28 (Fig. 3 d, primary). These differences were evident 
despite similar IFN- production (Fig. 2 and not depicted). 
Infected chimeric mice were treated with antibiotics to generate 
memory-immune mice. Mtb challenge of memory-immune 
mice also led to an increase in IL-17 production by IFN-R/ 
CD4+ T cells (Fig. 3 d, recall). Thus, cell-intrinsic factors led 
to greater IL-17 production by IFN-R/ CD4+ T cells, 
indicating that IFN- signaling in CD4+ T cells inhibits 
IL-17 production during Mtb infection.

IFN- from CD4+ T cells is not required for control of Mtb 
but suppresses pulmonary inflammation
The previous experiments showed that in the absence of 
IFN- signaling, a T cell response is generated, and antigen- 
specific T cells are recruited to the lung. We next deter-
mined whether IFN-R/ or IFN-/ CD4+ T cells are 
protective. CD4+ T cells sufficiently pure and free of bacterial 

Figure 4.  IFN- is required by CD4+ T cells for suppress-
ing pulmonary inflammation. (a) Lung bacterial burden in 
recipient RAG2/ mice 4 wk after Mtb infection and adoptive 
transfer of no cells, WT, or IFN-R/ memory CD4+ T cells. This 
data was analyzed by one-way ANOVA and is representative of 
two independent experiments, each with n = 5 mice/group. 
Error bars, SEM. ***, P < 0.001; *, P < 0.05. (b) Pulmonary bac
terial burden 3–4 wk after Mtb infection of RAG2/ recipient 
mice that received nothing, WT, or IFN-/ memory CD4+  
T cells. Two independent experiments are shown (n = 5 mice/
group) analyzed by one-way ANOVA. Error bars, SEM. *, P < 
0.05. (c) Survival of RAG2/ mice that received nothing, WT, or 
IFN-/ memory CD4+ T cells at the time of Mtb infection  
(n = 5 mice/group). The figure is representative of two indepen-
dent experiments analyzed by log-rank test. (d) Cytokine pro-
duction by WT or IFN-/ memory CD4+ T cells. RAG2/ mice 
that received nothing, WT, or IFN-/ memory CD4+ T cells 
and were infected with Mtb are shown. Lung cells were isolated 
after 23 d and analyzed after culture alone or stimulation with 
ESAT61-15. The frequency of CD4+ T cells making IL17A only, TNF 
only, or both IL17A and TNF was determined (n = 5 mice/ 
condition, from a, Exp1). Error bars, SEM. **, P < 0.01. (e) Lung 
histology and AFB staining of RAG2/ mice transferred with 
nothing, WT, or IFN-/ memory CD4+ T cells (from Exp 1, top; 
and Exp 2, bottom). Asterisks, neutrophil infiltrates; arrow 
heads, neutrophils. (f) Neutrophils in the lungs of RAG2/ 
mice that received nothing (NoTx), WT, or IFN-/ memory 
CD4+ T cells (from a, Exp1). Data was analyzed by one-way 
ANOVA. Error bars, SEM. *, P < 0.05, **, P < 0.01.
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were observed between WT/IFN-R/ and WT/
IFN-/ chimeras as the WT/IFN-R/ chimeras 
became clinically ill within 4 wk of infection, as  
indicated by significant weight loss (Fig. 5 b). We  
observed that IFN-R inhibited neutrophil accu-
mulation in the lung (Fig. 5 c, top). Greater numbers 

of neutrophils lacking the IFN-R were found in the lung, a 
difference that was apparent only after infection (Fig. 5 d and 
not depicted). In contrast, both WT and IFN-/ neutro-
phils were found in the lungs of WT/IFN-/ chimeras at 
a similarly low frequency (Fig. 5 c, bottom). These data show 
that IFN- acts directly on neutrophils to inhibit their accumu-
lation in the lung during Mtb infection.

The finding that IFN- directly inhibits neutrophil accu-
mulation, and the association between neutrophils and lung 
inflammation, led us to hypothesize that neutrophil influx 
into the lung adversely affects the outcome of tuberculosis. 
To test this possibility, neutrophils were depleted from in-
fected IFN-R/ mice using the Ly-6G–specific mAb 1A8. 
Infected IFN-R/ mice lived significantly longer after 
treatment with 1A8 compared with the control mAb (Fig. 5 e). 
Lung and spleen CFU were measured 4 wk after infection. 
Depletion of neutrophils did not lead to better bacterial con-
trol at this time point (Fig. 5 f). These data indicate that IFN- 
plays an important role in preventing the accumulation of 
neutrophils in the lung during infection, a cell type which 
can contribute to tissue pathology and impair the survival of 
Mtb-infected mice.

IFN- affects neutrophil accumulation in the lung  
and their survival
A direct role for IFN-R in preventing the accumulation of 
neutrophils in the lungs of Mtb-infected mice suggested that 

that received WT memory CD4+ T cells, despite a similar 
bacterial burden (Fig. 4 e). In addition to the larger lesion size, 
numerous neutrophils accumulated in the lungs of RAG2/ 
recipients reconstituted with IFN-/ memory CD4+ T cells 
after Mtb challenge. In contrast, few neutrophilic infiltrate were 
found after transfer of WT memory CD4+ T cells (Fig. 4 e). 
The absolute number of lung neutrophils in mice receiving 
IFN-/ memory CD4+ T cells was nearly twice that of mice 
receiving WT memory CD4+ T cells (Fig. 4 f). Finally, the 
AFB stains confirmed that the transfer of T cells, whether pro-
ducing IFN- or not, was able to control the infection (Fig. 4 e). 
These data indicate that IFN- has a role in reducing tissue  
inflammation and preventing the accumulation of neutrophils 
independently of its antibacterial function.

Neutrophil depletion enhances the resistance  
of IFN-R/ mice
As IL-17 is associated with neutrophil recruitment, we next 
used the WT/IFN-R/ mixed BM chimeras to test the 
hypothesis that IFN-R signaling inhibits the neutrophil ac-
cumulation in the lung. Neutrophils lacking IFN-R prefer-
entially accumulated in the lungs during infection as did 
DC and macrophages (Fig. 5 a). To confirm that IFN- inhibits 
neutrophil accumulation, WT/IFN-R/ and WT/IFN-/ 
mixed BM chimeras were made. We predicted that IFN- 
would act in trans as a soluble factor to suppress the neutrophil 
accumulation in the lung of infected mice. Major differences 

Figure 5.  Neutrophil accumulation is inhibited by IFN- 
and is detrimental to outcome. (a) The percentage of CD45. 
1 (WT) or CD45.2 (IFN-R/) cells that are neutrophils (PMN), 
DC, or macrophages in the lungs of mixed BM chimeric mice 
4 wk after Mtb infection (n = 9 mice/condition pooled for two 
independent experiments). (b) Weight loss of [WT+IFN-R/] 
or [WT+IFN-/] mixed BM chimeric mice, 4 wk after Mtb 
infection (n = 5 mice/ group). Error bars, SEM. ***, P < 0.001 
by Student’s t test. (c) Flow cytometric analysis of neutrophils 
in the lungs of mixed [WT+IFN-R/] or [WT+IFN-/] BM 
chimeric mice. Numbers indicate the percentage of gated cells. 
(d) The absolute neutrophil number in the lungs of mixed BM 
chimeric mice. Error bars, SEM. *, P < 0.05 by Student’s  
t test. (e) Survival of Mtb-infected IFN-R/ mice depleted of 
neutrophils. The neutrophil-specific antibody anti-Ly6G (clone 
1A8) or the isotype control (clone 2A3) was administered to 
mice and their survival monitored (n = 10 mice/group). Data 
are analyzed by the log-rank test and are representative of two 
independent experiments. (f) Bacterial burden in the lungs and 
spleens of IFN-R/ mice treated with 1A8 (neutrophil de-
pleting) or 2A3 (isotype control) monoclonal antibodies, 4 wk 
after Mtb infection. Data were analyzed by one-way ANOVA 
and is representative of two independent experiments, each 
with n = 5 mice/group. Error bars, SEM.



JEM Vol. 208, No. 11�

Article

2257

(CD11b+Gr-1lo) was also determined and found to be 1:1. 
By 20 h, there was a dramatic change and IFN-R/ neutro-
phils outnumbered WT cells by a ratio of 2:1 (Fig. 6 b). In 
contrast, the ratio of IFN-R/ to WT macrophages/ 
monocytes was still 1:1. This effect was independent of whether 
the recipient mice were infected or not (Fig. 6 a). Thus, IFN- 
signaling through the IFN-R prevents the accumulation of 

IFN- affects their recruitment or survival. To test these 
possibilities, elicited peritoneal neutrophils from WT or  
IFN-R/ mice were differentially labeled with CFSE and 
transferred into uninfected or Mtb-infected WT mice. 4 h 
after transfer, the ratio of IFN-R/ to WT neutrophils 
(CD11b+Gr-1Hi) was 1:1 (Fig. 6, a and b). As an internal con-
trol, the ratio of IFN-R/ to WT macrophages/monocytes 

Figure 6.  IFN- regulates survival of neutrophils in vitro and in vivo. (a) In vivo survival of WT or IFN-R/ neutrophils. Thioglycollate-elicited 
peritoneal exudate cells from WT (CFSEhi) or IFN-R/ (CFSElo) mice were mixed 1:1 and injected into uninfected or Mtb-infected mice. Cells were iso-
lated from the lungs of recipient mice 4 and 20 h after transfer. After gating the cells for size (first row), the CD11b+CFSE+ cells were identified (second 
row). The CFSE+ (transferred cells) were regated (third row) to display CD11b+Gr-1+ (neutrophils, top gate) and CD11b+Gr-1lo (monocyte/macrophages, 
bottom gate) populations. The relative frequency of WT (CFSEhi) or IFN-R/ (CFSElo) cells in the CD11b+Gr-1+ (neutrophils, fourth row) and CD11b+Gr-1lo  
(monocyte/macrophages, fifth row) populations was determined. (b) The relative frequency of surviving WT and IFN-R/ monocyte/macrophages  
(CD11b+Gr-1lo) and neutrophils (CD11b+Gr-1+) at 4 and 20 h after cell transfer. The data are compiled from three mice/condition and are representative 
of two experiments. (c) Relative ratio of [IFN-R//WT neutrophils]/[IFN-R//WT monocyte/macrophages] 4 or 20 h after cell transfer. Results for 
uninfected and infected mice were pooled from two experiments. Horizontal bars, mean ± SEM. (d) In vitro survival of WT or IFN-R/ neutrophils. Peri-
toneal exudate cells from WT or IFN-R/ mice were isolated 4 h after thioglycollate injection. The cells were cultured in the absence or presence of  
IFN- (as indicated in the figure). After 20 h, the cultures were analyzed by flow cytometry and cells with a low (left) or high (right) forward scatter were 
gated and analyzed separately (middle). Each population was analyzed for the expression of CD11b and Gr-1, and CD11b+Gr-1Hi cells (neutrophils) were 
analyzed for cell death using a live/dead stain. The numbers indicated the percentage of gated cells. Staurosporine was used to induce cell death as a 
control. (e) The percentage of dead cells after in vitro treatment with or without IFN-. Statistical analysis was done by Student’s t test. Error bars, SEM.  
*, P < 0.05; **, P < 0.01. The assay was done in triplicate and the data are representative data of two experiments.
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Haring and Harty, 2006; Gondek et al., 2009). As described, 
we find that Th1 cells are elicited during Mtb infection in the 
absence of IFN- signaling. In absence of IFN-, the genera-
tion of Th2 may be disinhibited; however, we did not detect 
more IL-4 production by CD4+ T cells from Mtb-infected 
IFN-R/ mice. Similarly, although T reg cells appeared to 
be more frequent in IFN-R/ mice, our analysis of chime-
ric mice suggests that the increase in T reg cell number is 
predominantly driven by the higher bacterial burden and is 
not mediated directly by the IFN-R. Finally, we examined 
whether the generation of Th17 cells is increased in the ab-
sence of IFN-.

We find CD4+ T cells from Mtb-infected IFN-R/ 
mice are predisposed to making IL-17. More IL-17 was 
produced by IFN-/ memory CD4+ T cells and by 
IFN-R/ CD4+ T cells from Mtb-infected WT/IFN-R/ 
mixed BM chimeric mice. Together, these data establish an 
inhibitory role for IFN- in the production of IL-17 by 
CD4+ T cells independent of the bacterial burden. Th17 cells 
can provide protection against Mtb. Th17 cells differentiated 
in vitro using BCG antigens protect RAG2/ mice against 
Mtb challenge (Masters et al., 2010; Wozniak et al., 2010). 
IL-17 is required for protection against Mtb infection in  
vaccination models and has a role in granuloma formation 
(Khader et al., 2007). The initial protection mediated by 
IFN-/ CD4+ T cells may result from an increase in IL-17 
and neutrophils (Feng et al., 2006). However, although Th17 
cells may be important early in the absence of IFN- signal-
ing, the dysregulated production of IL-17 ultimately has a 
detrimental effect on the host.

The suppression of inflammation by IFN- may be  
one reason why WT memory CD4+ T cells are superior to 
IFN-/ memory CD4+ T cells at transferring long-term 
protection. Although adoptively transferred IFN-/ mem-
ory CD4+ T cells restrict Mtb growth, recipient mice devel-
oped larger areas of lung inflammation compared with mice 
that received IFN-–producing CD4+ T cells. Similar to 
IFN-R/ mice, the lung lesions in RAG2/ mice that 
received IFN-/ memory CD4+ T cells contained more 
neutrophils and early necrotic foci. Under these conditions, 
more CD4+ T cells produce IL-17, which acts to recruit neu-
trophils. Although we did not prove that IL-17 recruited 
neutrophils to the lung, it is reasonable to conclude that it 
contributes to neutrophil accumulation (Lindén et al., 2005). 
Repeated vaccination with BCG increases IL-17 and is asso-
ciated with lung inflammation (Cruz et al., 2010). Under 
these conditions, treatment of vaccinated mice with anti–IL-17 
reduces neutrophil accumulation in the lung (Cruz et al., 
2010). IL-17 has also been associated with liver fibrosis in 
humans (Wang et al., 2011). IL-17–expressing cells are asso-
ciated with the fibrotic lining, which produces TGF-, IL-6, 
and IL-1, all known stimulators of IL-17 production (Wang 
et al., 2011). Similar findings were reported in the mouse 
model of idiopathic pulmonary fibrosis where IL-17 and 
TGF- were associated with fibrosis (Wilson et al., 2010). 
Fibrosis is required for repairing and remodeling damaged 

neutrophils without affecting the recruitment of macrophages/
monocytes (Fig. 6 c).

Next, we cultured neutrophils in the absence or presence 
of IFN- in vitro. After 4 h of culture, there was little differ-
ence between the experimental groups (unpublished data). 
After 20 h, there was a reduction in the viability of all neu-
trophils and IFN- appeared to accelerate their death (Fig. 6, 
d and e). As a control, IFN-R/ neutrophils were cultured 
with IFN-. As predicted, IFN- had no effect on the sur-
vival of IFN-R/ neutrophils. These results show that 
IFN-, particularly in the lungs of Mtb-infected mice, im-
pairs the accumulation and the survival of PMN. This inhibi-
tory action of IFN-, independent of its antibacterial action, 
may limit tissue pathology during tuberculosis.

DISCUSSION
In the absence of IFN- or the IFN- receptor, mice suc-
cumb rapidly after infection with Mtb (Cooper et al., 1993; 
Flynn et al., 1993). The increased susceptibility of people with 
congenital and acquired deficiencies of IFN- shows that 
IFN- is a key effector molecule for human resistance to Mtb 
(Jouanguy et al., 1999). Based on this genetic data and other 
experimental data, IFN- has been assigned a central and piv-
otal role in controlling bacteria and promoting host immunity 
to tuberculosis. However, IFN- is not sufficient to mediate 
host resistance to Mtb and multiple cell-mediated interactions 
and soluble mediators are required to control bacterial growth 
(Flynn et al., 1995; Woodworth et al., 2008b; Lázár-Molnár 
et al., 2010; Mayer-Barber et al., 2010). Conversely, IFN- is 
a powerful immunomodulatory cytokine that regulates thou-
sands of genes (Ehrt et al., 2001). It is naive to ascribe its im-
portance for host resistance solely to its capacity to induce one 
or two antimicrobial effector molecules.

We find that IFN- is required neither for priming of 
Mtb-specific CD4+ T cells nor for the recruitment of CD4+ 
T cells to the lung. Furthermore, memory CD4+ T cells gen-
erated in the absence of IFN- retain their ability to protect 
mice against Mtb challenge. As shown in this paper and by 
others, CD4+ T cells can control bacterial growth both in vivo 
and in vitro independently of IFN- (Cowley and Elkins,  
2003; Gallegos et al., 2011). Cowley and Elkins (2003) 
showed that although IFN-/ mice were susceptible to 
infection, BCG-primed IFN-/ memory mice were able 
to resist Mtb challenge. The resistance of IFN-/ memory 
mice still required CD4+ T cell immunity because CD4+  
T cell depletion during rechallenge led to the rapid demise of 
the IFN-/ mice. We have extended these studies by 
demonstrating that adoptive transfer of WT and IFN-/ 
memory CD4+ T cells into RAG2/ mice similarly con-
trolled bacterial growth for 4 wk after infection with Mtb.

However, in the absence of IFN- other detrimental 
changes develop. Although IFN- was formerly considered 
to be important along with IL-12 in generating Th1 cells 
(Szabo et al., 2003), recent studies in various infection models, 
including Listeria, Chlamydia, and Leishmania, find that IFN- 
is not essential for generating Th1 cells (Swihart et al., 1995; 
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IFN-R/ mice, confirming that neutrophils have a detri-
mental effect on host resistance to Mtb.

In summary, IFN- is known to play an immunomodu-
latory role during chronic inflammation. Although it is ini-
tially proinflammatory, it also acts to inhibit inflammation 
(Hu and Ivashkiv, 2009). We considered the role of IFN- in 
the context of its modulation of innate and adaptive immu-
nity during chronic infection and inflammation caused by 
Mtb. In addition to its important role in activating antibacte-
rial activity in macrophages, IFN- has an essential function 
in limiting lung inflammation independent of its antibacterial 
activity. In this study, we find that in the absence of IFN- 
signaling more neutrophils accumulate in the lungs of Mtb-
infected mice. Our results using mixed BM chimeric mice 
show that IFN- signaling directly inhibits neutrophil accu-
mulation in the lung. We envision that if T cell immunity 
fails for any reason, or IFN- responsiveness is reduced, in-
creased neutrophil recruitment to the lung and causes immuno
pathology, compounding the loss of bacterial control and 
worsening the outcome of infection. In the absence of IFN-, 
the morbidity of the infected host may be as much a result of 
the development of detrimental inflammation as the loss of 
antimicrobial activity. This antiinflammatory action of IFN- 
is likely to be relevant to other chronic infection such as 
leishmaniasis and leprosy, which are also associated with con-
tinuous IFN- production and inflammation.

MATERIALS AND METHODS
Mice. Age-matched female mice of the following strains were obtained 
from The Jackson Laboratory: B6 (C57BL6/J, stock #0664), congenic CD45.1 
(B6.SJL-Ptprca Pepcb/BoyJ, stock #2014), IFN-R1/ (B6.129S7-Ifngrt-
m1Agt/J, stock #3288) or IFN-/ (B6.129S7-Ifngtm1Ts/J, stock #2287), 
and RAG2/ (B6.129S7-Rag1tm1Mom/J, stock #2216). RAG2/IFN-R1/ 
mice were generated by crossing RAG2/ and IFN-R1/ mice. After 
infection, mice were housed in an Animal Biosafety Level 3 laboratory  
under specific pathogen-free condition and were used in a protocol ap-
proved by the institution (Dana-Farber Cancer Institute, Boston, MA).

Mixed BM chimeric mice. Recipient WT B6 mice (CD45.2+) or 
RAG2/ (CD45.2+) mice were irradiated with doses of 600 rad and 400 rad  
at 2-h intervals. Within 6 h of the last dose, the recipient mice were re
constituted by IV injection with 2 × 105 total BM cells consisting of a 1:1 
mixture of BM obtained from WT (CD45.1+) and IFN-R1/ (CD45.2+) 
or WT (CD45.1+) and IFN-/ (CD45.2+) mice. Mice were given Baytryl 
(150 mg/ml sulfamethoxazole and 30 mg/ml trimethoprim) in drinking  
water for the first 4 wk of reconstitution. Chimeras were used 8 wk after  
BM transplantation. Before infection, reconstitution by donor-derived leuko
cytes in the lung, spleen, and blood was confirmed in representative mice.

Bacteria and in vivo infections. Mice were infected with Mtb (Erdman 
strain) by aerosol exposure using a nose-only exposure system as described 
previously (Jayaraman et al., 2010).

Generation of memory-immune mice. 2 wk after M. tuberculosis infec-
tion, mice were treated with isoniazid and rifabutin (each at 100 mg/liter) 
for at least 6 wk as previously described (Kamath et al., 2006). Lungs from 
representative mice were used to confirm clearance of bacteria.

Tissue histopathology. Lung tissues were fixed in 10% zinc formalin and 
embedded in paraffin. Sections 5 µm thick were stained with hematoxylin 
and eosin, Mason’s trichrome, or stained for acid-fast bacilli. Images were 

tissues; however, unregulated fibrosis can lead to organ fail-
ure and death. We noted increased fibrosis in the pulmonary 
lesions of IFN-R/ mice, which correlates with their 
greater production of IL-17. Although IFN- may directly 
inhibit fibrosis (Blanton et al., 2005; Hu and Ivashkiv, 2009), 
both neutrophils and IL-17, which are increased in Mtb- 
infected mice with defective IFN- signaling, are associated 
with fibrosis.

In the presence of intact IFN- signaling, large numbers 
of neutrophils do not accumulate in the lungs of Mtb- 
infected B6 mice. We find that IFN- inhibits neutrophil  
accumulation by two mechanisms. First, by inhibiting IL-17 
production, IFN- limits the production of an important sig-
nal for neutrophil recruitment. IL-17 is known to stimulate 
the production of CXC chemokines neutrophil and G-CSF, 
an important neutrophil hematopoietic factor. Indeed, we 
observed increased levels of G-CSF, MIP-2, and KC in the 
lungs of Mtb-infected IFN-R/ mice. Second, our mixed 
BM chimeric experiments showed that IFN- signaling has a 
direct effect on neutrophils and prevents their accumulation 
in the lung independently of bacterial load. IFN- could  
affect neutrophil recruitment to the lung or their survival. 
After adoptive transfer of IFN-R/ and WT neutrophils 
into uninfected or Mtb-infected mice, IFN-R/ neutro-
phils persisted longer in the lung than WT cells. Further-
more, IFN- appears to accelerate neutrophil death in vitro. 
Although IFN- has been shown to delay apoptosis of human 
neutrophils via the STAT1 and STAT3 pathway in vitro 
(Sakamoto et al., 2005), IFN- and IL-6 can have a proapop-
totic effect on mouse neutrophils recruited after sterile in-
flammation to the peritoneum (McLoughlin et al., 2003). 
The short-lived nature of neutrophils and their propensity to 
die by apoptosis serve to limit unintended tissue damage. 
IFN- can also affect the net accumulation of neutrophils by 
enhancing macrophage phagocytosis of apoptotic neutrophils 
(Fernandez-Boyanapalli et al., 2010). However, if apoptotic 
neutrophils are not cleared by macrophages, their death by 
secondary necrosis would lead to the release of potentially 
harmful mediators, including active elastase, MMPs, degrada-
tive enzymes, and reactive oxygen species, all products which 
injure other cells (Silva et al., 2008). Modulation of neutro-
phil recruitment by IFN- can occur via the modulation of 
adhesion molecules and chemokines. IFN- suppresses ex-
pression of E- and P-selectin on endothelial cells and these 
molecules are important for neutrophil trafficking into in-
flamed tissue (Melrose et al., 1998; Sarraj et al., 2006). Finally, 
IFN- directly down-regulates KC and MIP-2 production 
by macrophages (Ohmori and Hamilton, 1994). Thus, in
appropriate neutrophil accumulation in the lungs may to lead  
to more severe tissue inflammation and damage (Silva et al., 
2008; Kennedy and DeLeo, 2009).

To test our hypothesis that that in the absence of IFN-, 
dysregulated immunity leads to excessive pulmonary inflam-
mation and is detrimental to the outcome of infection, we 
depleted neutrophils after Mtb infection of IFN-R/ mice. 
Neutrophil depletion significantly prolonged the survival of 
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time points: CD11b+Gr-1HiCFSElo[IFN-R/]/CD11b+Gr-1HCFSEhi[WT] 
versus CD11b+Gr-1loCFSElo[IFN-R/]/CD11b+Gr-1HiCFSEhi[WT].

In vitro neutrophil death assay. PECs were obtained from WT mice 4 h 
after IP injection of 3% thioglycollate. Cells were cultured in a 96-well plate 
at a concentration of 106 cells/well in a volume of 200 µl for 4 or 20 h with 
or without varying IFN-. At each time point, cells were harvested and 
stained with antibodies to CD11b, Gr1, and a live/dead stain (Invitrogen).

Statistics. CFU data were log10 transformed before analysis. The Prism soft-
ware program (GraphPad Software) was used to perform Student’s t tests  
and one-way ANOVA and Bonferroni’s multiple comparison post-test.  
A p-value of <0.05 was considered significant. The log-rank (Mantel-Cox) 
test was used for statistical analysis for survival experiments.

Online supplemental material. Fig. S1 shows examples of advance le-
sions in from the lungs of IFN-R/ and WT mice after infection with 
Mtb. Online supplemental material is available at http://www.jem.org/ 
cgi/content/full/jem.20110919/DC1.
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obtained using a microscope (DMLB; Leica) and a digital camera (DFC420; 
Leica). The images were adjusted and assembled in Photoshop (Adobe).

Isolation of cells. Single-cell suspensions were prepared from spleens and 
lungs of infected mice as previously described (Woodworth et al., 2008b).

Detection of cytokines in lung homogenates. Infected or naive lungs 
were perfused with 10 ml of sterile PBS followed by digestion with collage-
nase as mentioned in the previous section. Collagenase-treated cells were 
passed through a 70-µm cell strainer in a total volume of 4 ml PBS 1% FCS 
according to the protocol of Mayer-Barber et al. (2010). After centrifuga-
tion, 100 µl of the cell-free lung suspensions was analyzed by ELISA for KC, 
MIP-2, and G-CSF (all from PeproTech). Absorbance was recorded at  
450 nm using an ELISA microplate reader (VersaMac; Molecular Devices)

Flow cytometry. Single cell suspensions from spleen and lung, or macro-
phages, were stained using mAbs specific for mouse cell surface markers conju-
gated to FITC, PE, PerCP, allophycocyanin, PE-Cy7, or allophycocyanin-Cy7 
(eBioscience and BioLegend) at a concentration of 5 µg/ml in 2% FBS-PBS 
for 20 min at 4°C. Before staining with specific mAb, the Fc receptors were 
blocked using anti-FcR (BioLegend) at 5 µg/ml for 10 min at 4°C. The fol-
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