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Abstract: Anti-inflammatory treatment of chronic inflammatory diseases often increases suscepti-
bility to infectious diseases such as tuberculosis (TB). Since numerous chronic inflammatory and
autoimmune diseases are mediated by interleukin (IL)-6-induced T helper (TH) 17 cells, a TH17-
directed anti-inflammatory therapy may be preferable to an IL-12-dependent TH1 inhibition in order
to avoid reactivation of latent infections. To assess, however, the risk of inhibition of IL-6-dependent
TH17-mediated inflammation, we examined the TH17 immune response and the course of exper-
imental TB in IL-6- and T-cell-specific gp130-deficient mice. Our study revealed that the absence
of IL-6 or gp130 on T cells has only a minor effect on the development of antigen-specific TH1 and
TH17 cells. Importantly, these gene-deficient mice were as capable as wild type mice to control
mycobacterial infection. Together, in contrast to its key function for TH17 development in other
inflammatory diseases, IL-6 plays an inferior role for the generation of TH17 immune responses
during experimental TB.
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1. Introduction

Tuberculosis (TB) is one of the major causes of death worldwide [1]. In 2018, 10 million
individuals newly developed active TB, and approximately 1.5 million people died of this
infectious disease. Reduced numbers in CD4+ T cells in concomitant HIV infection [2,3] and
the treatment of autoreactive inflammatory diseases with anti-inflammatory drugs [4,5] are
linked to reactivation of latent TB. Therefore, cell-mediated immune responses are essential
to control the growth of Mycobacterium tuberculosis (Mtb) in humans.

In experimental animal models, protective immune responses against Mtb infection
also depend on CD4+ T cells within pulmonary granuloma [6,7]. Protection executed by
these T helper type (TH1) cells is mediated by the type 1 cytokines interferon gamma (IFNγ)
and tumor necrosis factor (TNF) [7–9] both of which capable to activate anti-mycobacterial
effector mechanisms in macrophages [10]. In addition to a TH1 immune response, inter-
leukin (IL)-17A-producing TH17 cells are additionally required for controlling primary
infection with virulent Mtb [11]. Moreover, vaccine-induced TH17 cells patrolling the lung
are capable to react immediately to a challenge with Mtb [12], and several vaccination
strategies are aimed to induce protective long-term TH17 responses [13,14]. However,
an unrestricted TH17 immune response during experimental TB may also lead to im-
munopathology [15].
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In vitro, the differentiation of TH17 cells is instructed by a combination of cytokines
amongst others IL-23 and IL-6 [16–19]. Because a TH17 immune response considerably
determines many chronic and autoimmune inflammatory diseases [20–22], IL-23 and/or
IL-6 are critically involved in the pathogenesis of these disorders [23,24]. Experimental
enterocolitis in IL-10-deficient (−/−) mice, for example, which is characteristic for chronic
inflammatory bowel disease in humans, is dependent on IL-23-induced IL-17A-producing
cells [25]. In experimental autoimmune encephalomyelitis (EAE), which is a model for
multiple sclerosis, the differentiation of autoreactive TH17 cells is induced by IL-6 and its
pathogenicity was demonstrated in IL-6−/− mice which are completely resistant to the
induction of EAE [26–28]. After infection with Mtb, IL-23 is indispensable for developing
a TH17 immune response [29,30]. A role for IL-6 for protective immune responses in
experimental TB has been shown after a high dose intravenous infection with Mtb [31].
However, whether IL-6 also participates in the differentiation and expansion of TH17 cells
after aerosol infection with Mtb has not been elucidated so far.

To clarify the effect of IL-6 on the development of a TH17 immune response, we
analyzed in this study the T cell response during the course of Mtb infection in IL-6−/−

mice. IL-6 uses the gp130/IL-6R receptor complex for signaling and has pleiotropic effects
on other cells [32] than T cells. Therefore, we additionally included T cell-specific gp130-
deficient (CD4cre; gp130loxP/loxP) mice in our study.

2. Materials and Methods
2.1. Mice

CD4cre and gp130loxP/loxP mice [33] were kindly provided by Werner Müller (HZI;
Braunschweig, Germany). IL-6−/− mice on a C57BL/6 background [34] were purchased
from the Jackson Laboratories (Bar Harbor, Maine). Mice 8 to 16 weeks of age were used
in infection experiments. Animals of approximately the same age and sex were selected
for any given experiment. Experimental mice for Mtb infection were then housed in
individually ventilated cages in the BSL3 facility of the Research Center Borstel. The
animal experiments were carried out in accordance with the German Animal Welfare Act,
checked by the animal ethics board of the State of Schleswig-Holstein and approved by
the Ministry of Energy, Agriculture, the Environment, Nature and Digitalization, Kiel,
Germany (approval number 104/10-08).

2.2. Bacteria and Infection

For infection experiments, the Mtb strain H37Rv was used and aerosol infection
was carried out using an inhalation exposure system (Glas-Col, Terre-Haute, IN, USA) as
described [35].

2.3. Colony Enumeration Assay

To determine the bacterial load in the lungs, spleen and liver, the animals were
sacrificed at different time points of Mtb infection, and the organs were removed, weighed
and homogenized in PBS and further processed [35].

2.4. Histopathology and Immunohistochemistry

Lungs were fixed in 4% buffered formalin, embedded in paraffin and sectioned on a
microtome. To examine histopathological changes during infection, sections were stained
with hematoxilin/eosin. For the immunohistochemical detection of NOS2, sections were
stained with a polyclonal rabbit anti-mouse NOS2 antiserum (Biomol, Hamburg, Germany)
and examined microscopically.

2.5. RT-PCR

Before and at various time points of Mtb infection, weighed pieces of lungs were
homogenized in 5 mL of 4 M guanidinium isothiocyanate buffer. After acid phenol
extraction, RNA was then transcribed into cDNA and quantitative PCR was carried out on
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a light cycler (Roche Diagnostics Corporation, Indianapolis, IN, USA) as described [35].
The following primer and probe sets were employed. Cxcl9: sense 5′-CTT TTC CTC TTG
GGC ATC AT-3′, antisense 5′-GCA TCG TGC ATT CCT TAT CA-3′, probe 5′-CCT GGA
GC-3′; Cxcl10: sense 5′-GCT GCC GTC ATT TTC TGC-3′, antisense 5′-TCT CAC TGG
CCC GTC ATC-3′, probe 5′-GGC AGG AG-3′; Cxcl11: sense 5′-TCT GCA AAG AGA GAT
CTC CAA A-3′, antisense 5′-CGC CCC TGT TTG AAC ATA AG-3′, probe 5′-AGG CAG
AG-3′; Hprt: sense 5′-TCC TCC TCA GAC CGC TTT T-3′, antisense 5′-CCT GGT TCA TCA
TCG CTA ATC-3′, probe 5′-AGT CCA G-3′; Il6: sense 5′-GTC ACC AAA CTG GAT ATA
ATC AGG A-3′, antisense 5′-CCA GGT AGC TAT GGT ACT CCA GAA-3′, probe 5′-TTC
CTC G-3′; Il10: sense 5′-CAG AGC CAC ATG CTC CTA GA-3′, antisense 5′- TGT CCA
GCT GGT CCT TTG TT-3′, probe 5′- CTT CAG CC-3′; Il12b: sense 5′-ATC GTT TTG CTG
GTG TCT CC-3′, antisense 5′-GGA GTC CAG TCC ACC TCT ACA-3′, probe 5′-AGC TGG
AG-3′; Il27: sense 5′-CAT GGC ATC ACC TCT CTG AC-3′, antisense 5′-AAG GCC CGA
AGT GTG GTA-3′, probe 5′-CTG CTT CC-3′; Lrg47: sense 5′-AAG GCC ACT AAC ATC
GAA TCA-3′, antisense 5′-TGC CTT ATC TCA CTT AAT ACT CCT CA-3′, probe 5′-CTC
CTC TG-3′; Nos2: sense 5′-CTT TGC CAC GGA CGA GAC-3′, antisense 5′-TCA TTG TAC
TCT GAG GGC TGA C-3′, probe 5′-AGG CAG AG-3′.

2.6. Preparation of Single Cell Suspensions from Infected Lungs

For flow cytometric analyzes and antigen-specific restimulation in the ELISPOT assay,
single cell suspensions were obtained from lungs at different time points of infection [35].
For this purpose, the animals were anesthetized, and the lungs were removed from blood
by perfusion with warm PBS through the right ventricle. To obtain single cell suspensions,
the organs were digested, and cells were counted in an automatic cell counter (ViCell®;
Beckman Coulter, Krefeld, Germany) and diluted for further experiments as described [35].

2.7. Flow Cytometry

For the detection of intracellularly expressed IFNγ and IL-17A in activated CD4+

T cells in lungs of Mtb-infected mice, an intracellular cytokine staining kit (BD Bio-
sciences Heidelberg, Germany) was used according to the manufacturer’s instructions
as described [35]. Briefly, 2 × 106 cells of single cell suspensions were incubated with
medium or with plate-bound anti-CD3/CD28 mAbs at 37 ◦C for 4 hrs in the presence of
brefeldin A-containing GolgiPlugTM (BD Biosciences). Subsequently, cells were incubated
with anti-FcγRIII/II mAb (clone 2.4G2), mouse and rat serum, washed and surface mark-
ers were stained with anti-CD44-FITC (clone IM7) and anti-CD4-APC (clone RM4-5) (BD
Biosciences). After subsequent fixation and permeablization in Cytofix/Cytoperm™ (BD
Biosciences), intracellular IFNγ and IL-17A were detected with PE-labelled mAbs (clone
XMG1.2 and clone TC11 18 H10, respectively) (BD Biosciences).

For the intracellular staining of FoxP3, the mouse regulatory T cell staining kit (eBio-
science) was employed, and cell surfaces were additionally examined by staining with
anti-CD4-FITC and anti-CD25-APC (BD Bioscience).

Fluorescence intensity was acquired on a FACSCanto II (BD Biosciences) (Figure S1).

2.8. ESAT61-20-Specific ELISPOT Assays

The frequency of antigen-specific CD4+ T cells in infected lungs was determined in an
ELISPOT assay after enrichment of CD4 T cells as described [35]. Briefly, antigen-specific
production of IFNγ and IL-17A was quantified using an ELISPOT assay kit according to the
manufacturer’s instructions (BD Bioscience and R&D Systems, Wiesbaden-Nordenstadt,
Germany, respectively). Serially diluted CD4 T cells were added to mitomycin-D (Sigma-
Aldrich, Hamburg, Germany)-inactivated spleen cells from uninfected wild type mice as
antigen-presenting cells and incubated with Mtb ESAT61–20 (10 µg/mL; Research Center
Borstel, Germany) and recombinant mouse IL-2 (10 U/mL; Peprotech, Hamburg, Germany).
After 20 hrs at 37 ◦C, the cells were washed, incubated with secondary mAbs. After
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development, spots were counted in an ELISPOT reader (EliSpot 04 XL; AID, Straßberg,
Germany) and the frequency of the ESAT61–20-specific CD4+ T cells was calculated.

2.9. Statistical Analysis

The individual results obtained were all shown as the mean value with standard
deviation. Statistical analysis was performed using the Prism 8 software (GraphPad
Software, San Diego, CA, USA).

3. Results

3.1. Mtb Infection of IL-6−/− Mice
3.1.1. The Absence of IL-6 has a Minor Effect on the Antigen-Specific TH17 Immune
Response after Mtb Infection

The gp130 cytokine IL-6 acts as a proinflammatory cytokine facilitating cellular infil-
tration and is described to be required for the development and maintenance of a balanced
TH17 immune response [16,17]. During Mtb infection, the absence of IL-6 resulted in a
delayed cellular recruitment to lung tissue (Figure S1a). The relative number of IL-17A-
producing cells within the CD90.2+CD4+CD44+ population was analyzed during the course
of Mtb infection in IL-6−/− mice by flow cytometry (Figure S2a; Figure 1a). In this context,
the analysis pertained to polyclonal CD4+ T cells after restimulation with anti-CD3/CD28
for 4 hrs. As a negative control, cells were incubated in medium over the same time period.
After 4 hrs of incubation in medium, the frequency of IL-17A-producing cells in lungs of
C57BL/6 and IL-6−/− mice were below approximately 0.7% (Figure S3a). In contrast, after
restimulation with anti-CD3/CD28, the relative number of polyclonal IL-17A-expressing
CD4+ T cells was highest in lung homogenates with approximately 4% in wild type and 3%
in IL-6−/− mice already 14 days after Mtb infection, declined until day 42 and increased
at day 98 of experimental TB (Figure 1a). Although to a modest degree, the frequency
of these polyclonal TH17 cells was significantly decreased in Mtb-infected IL-6−/− mice.
To gain a more precise picture of the actual impact of IL-6 on the Mtb-associated TH17
immune response, the frequency of ESAT61-20-specific IL-17A-producing CD4+ T cells was
measured by ELISPOT assay during the course of Mtb infection (Figure 1b). The relative
number of these antigen-specific TH17 cells was almost constant over the entire course of
infection in both groups but was significantly reduced in IL-6−/− mice 98 days after Mtb
infection.

Because IL-6 and IL-17A have a differential impact on the recruitment of CXCR3-
expressing TH17 and TH1 cells [12,36], gene expression of Cxcl9, Cxcl10 and Cxcl11 in lung
homogenates from Mtb-infected mice was examined by quantitative real-time RT-PCR
(Figure 1c). The expression of these CXCR3 chemokines increased up to 42 days after
infection with Mtb and remained at this level. While the expression of Cxcl10 and Cxcl11 in
C57BL/6 and IL-6−/− mice was similar, it was significantly increased for Cxcl9 in IL-6−/−

mice on day 14 and tended to remain higher compared to wild type animals in the further
course of infection. Together, these results indicate that IL-6 is not absolutely required
for the development of a TH17 immune response and an associated CXCR3 chemokine
induction during Mtb infection.
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Figure 1. The TH17 immune response in IL-6-/- mice during experimental TB. C57BL/6 (grey sym-
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route. At the indicated time points, lungs were removed and further processed. (a) The relative 
amount of IL-17A-producing CD4+CD44+CD90.2+ T cells was determined in single cell suspensions 
of lungs by flow cytometry after restimulation with anti-CD3/CD28. Representative density plots 
of IL-17A-producing CD4+CD44+CD90.2+ T cells on day 42 and frequencies of IL-17A-producing 
CD4+CD44+CD90.2+ T cells during the course of infection are shown. (b) CD4+ T cells were purified 
from lung cell suspensions by MACS and restimulated with ESAT-61-20. The frequency of IL-17A-
producing cells was determined by ELISPOT. (c) After reverse transcription of isolated lung RNA, 
gene expression of Cxcl9, Cxcl10 and Cxcl11 was quantified by real-time RT-PCR based on gene 
expression in uninfected mice. Mean values with standard deviations of 5 mice per group are 
shown. One representative experiment of two is shown. Data were statistically analyzed using the 
Mann–Whitney test defining differences between C57BL/6 and IL-6-/- mice as significant (*, p ≤ 
0.05; **, p ≤ 0.01). 

3.1.2. The Regulatory Immune Response in IL-6-/- Mice after Infection with Mtb 
Treg are modulators of the TH17 and TH1 immune response and IL-6 controls the 
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Figure 1. The TH17 immune response in IL-6−/− mice during experimental TB. C57BL/6 (grey
symbols) and IL-6−/− (red symbols) mice were infected with approximately 100 CFU Mtb via the
aerosol route. At the indicated time points, lungs were removed and further processed. (a) The
relative amount of IL-17A-producing CD4+CD44+CD90.2+ T cells was determined in single cell
suspensions of lungs by flow cytometry after restimulation with anti-CD3/CD28. Representative
density plots of IL-17A-producing CD4+CD44+CD90.2+ T cells on day 42 and frequencies of IL-17A-
producing CD4+CD44+CD90.2+ T cells during the course of infection are shown. (b) CD4+ T cells
were purified from lung cell suspensions by MACS and restimulated with ESAT-61-20. The frequency
of IL-17A-producing cells was determined by ELISPOT. (c) After reverse transcription of isolated
lung RNA, gene expression of Cxcl9, Cxcl10 and Cxcl11 was quantified by real-time RT-PCR based on
gene expression in uninfected mice. Mean values with standard deviations of 5 mice per group are
shown. One representative experiment of two is shown. Data were statistically analyzed using the
Mann–Whitney test defining differences between C57BL/6 and IL-6−/− mice as significant (*, p ≤
0.05; **, p ≤ 0.01).

3.1.2. The Regulatory Immune Response in IL-6−/− Mice after Infection with Mtb

Treg are modulators of the TH17 and TH1 immune response and IL-6 controls the
induction of these cells [16]. By staining of Foxp3 (Figure S2b), it was determined whether
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the frequency of regulatory CD4+ T cells was modulated in Mtb-infected IL-6−/− mice
(Figure 2a). On day 98 post infection, the relative amount of Foxp3+ Treg was slightly
decreased whereas during the earlier progression of infection comparable frequencies of
these cells could be detected in wild type and IL-6−/− mice.
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Figure 2. The regulatory immune response in Mtb-infected IL-6−/− mice. C57BL/6 (grey symbols)
and IL-6−/− (red symbols) mice were infected with approximately 100 CFU Mtb via the aerosol route.
At the indicated time points, lungs were removed and further processed. (a) The relative amount
of the FoxP3+CD25+ population within the CD4+ T cells was determined in single cell suspensions
of lungs by flow cytometry. Representative density plots of FoxP3+CD25+CD4+ T cells on day 42
and frequencies of FoxP3+CD25+CD4+ T cells during the course of infection are shown. (b,c) After
reverse transcription of isolated lung RNA, gene expression of (b) Foxp3 and (c) Il10 was quantified
by real-time RT-PCR based on gene expression in uninfected mice. Mean values with standard
deviations of 5 mice per group are shown. One representative experiment of two is shown. Data
were statistically analyzed using the Mann–Whitney test defining differences between C57BL/6 and
IL-6−/− mice as significant (*, p ≤ 0.05).

Because FoxP3 is involved in Treg function, a potentially altered gene expression of
Foxp3 in the absence of IL-6 was monitored in Mtb-infected wild type and IL-6−/− mice by
quantitative real time RT-PCR (Figure 2b). Foxp3 expression increased steadily in either
group after infection but tended to be increased in IL-6−/− mice and was significantly
different on day 14 (Figure 2b). IL-10, produced by T cells, macrophages and other cells,
also regulates cell-mediated immune responses during experimental TB [37,38]. ll10 gene
expression was significantly increased in IL-6−/− mice on days 14 and 42 when compared
to C57BL/6 mice (Figure 2c). Together, during experimental TB the absence of IL-6 appears
to have no impact on the pulmonary infiltration and function of Treg but rather promotes
IL-10 production presumably by other cells.
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3.1.3. The Overall TH1 Immune Response and Subsequent Macrophage Effector
Mechanism Are Not Impaired in Mtb-Infected IL-6−/− Mice

To elucidate whether the development of a TH1 immune response is affected in Mtb-
infected IL-6−/− mice, the frequency of IFNγ-producing C90.2+CD4+CD44+ T cells was
analyzed during experimental TB by flow cytometry (Figure S2a; Figure 3a). At different
time points of infection, single lung cell suspensions were prepared, and intracellular
staining of IFNγ in CD4+ T cells was performed after 4 hrs of incubation in medium
(Figure S3a) or after restimulation with anti-CD3/CD28 (Figure 3a). The frequency of IFNγ-
secreting cells without restimulation was approximately 2% (Figure S3a). The proportion
of TH1 cells increased after polyclonal restimulation in the course of experimental TB
to approximately 40%. However, no significant differences between wild type and IL-
6−/− mice were detected. To evaluate the antigen-specific TH1 immune response, the
frequencies of ESAT61-20-specific IFNγ-producing CD4+ T cells were measured by ELISPOT
assays at different time points of infection (Figure 3b). Although the frequency of IFNγ-
producing CD4+ T cells was significantly reduced in IL-6−/− mice 21 days after Mtb
infection, comparable amounts of IFNγ-secreting CD4+ T cells could be detected during
the following course of infection.

Since the effector functions mediated by IFNγ in macrophages play a key role in the
control of an Mtb infection [39,40], the gene expression of the effector molecules Nos2 and
Lrg47 in lung homogenates of infected animals was measured (Figure 3c). Both genes
were induced in either group on day 21 and gene expression of Lrg47 peaked on day 42.
Although no significant differences between wild type and IL-6−/− mice were found at
any time point, the gene expression of Nos2 tended to be reduced in the absence of IL-6
on days 42 and 98. In order to analyze macrophage activation in the course of granuloma
formation after infection with Mtb, NOS2 was examined immunohistochemically in lung
tissue sections of infected mice (Figure 3d). Basically, the granuloma structure in C57BL/6
and IL-6−/− mice was comparable and the expression of NOS2 in the lesions of both
groups was also similar.

To eventually evaluate effects of IL-6 on the outcome of Mtb infection, bacterial loads
were determined in lungs (Figure 3e), spleen (Figure S4a) and liver (Figure S4a) at different
time points of infection. After aerosol infection, CFU in all of these organs rose sharply
until reaching a plateau on day 42. During the whole course of infection, the bacterial load
in the lungs, spleen and liver of IL-6−/− mice was comparable to C57BL/6 mice. Hence,
the deletion of IL-6 had no influence on the outcome of an aerosol infection with Mtb.
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Figure 3. The TH1 immune response and macrophage effector functions in IL-6−/− mice during
experimental TB. C57BL/6 (grey symbols) and IL-6−/− (red symbols) mice were infected with
approximately 100 CFU Mtb via the aerosol route. At the indicated time points, lungs were removed
and further processed. (a) The relative amount of IFNγ-producing CD4+CD44+CD90.2+ T cells
was determined in single cell suspensions of lungs by flow cytometry after restimulation with
anti-CD3/CD28. Representative density plot of IFNγ-producing CD4+CD44+CD90.2+ T cells on
day 42 and IFNγ-producing CD4+CD44+CD90.2+ T cells during the course of infection are shown.
(b) CD4+ T cells were purified from lung cell suspensions by MACS and restimulated with ESAT-61-20.
The frequency of IFN γ-producing cells was determined by ELISPOT. (c) Gene expression of Nos2
and Lrg47 was quantified by real-time RT-PCR based on gene expression in uninfected mice. (d)
Representative immunohistochemical staining of NOS2 in lung sections of experimental mice 42 days
of infection. (e) At the indicated time points, bacterial loads in the lungs were determined. Mean
values with standard deviations of 5 mice per group are shown. One representative experiment of
two is shown. Data were statistically analyzed using the Mann–Whitney test defining differences
between C57BL/6 and IL-6−/− mice as significant (**, p ≤ 0.01).
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3.2. Experimental TB in CD4cre; gp130loxP/loxP Mice
3.2.1. Gene Expression of Il12b, Tnf and Il27 was Decreased Whereas mRNA Levels of Il6
were Elevated in Mtb-Infected CD4cre; gp130loxP/loxP Mice

Based on the so far presented results, IL-6 appears to only moderately promote or
regulate TH17, TH1 and regulatory immune response after Mtb infection, respectively.
Finally, IL-6 is dispensable for the development of a protective immune response during
experimental TB. Because IL-6 is a pleiotropic cytokine that modulates pro- and anti-
inflammatory responses and acts on innate and adaptive immune cells as well as of non-
immune cells through classical and trans-signaling, in the global IL-6−/− mouse model,
the cell-specific functions of this gp130 cytokine may be concealed.

To characterize the immune response of T cell-specific gp130- deficient (CD4cre;
gp130loxP/loxP) mice after Mtb infection on the gene expression level, the induction of
the cytokines Il12b, Tnf, Il6 and Il27 in lung homogenates was measured by quantitative
real time RT-PCR (Figure 4).
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Figure 4. Cytokine gene expression in the lungs of Mtb-infected CD4cre; gp130loxP/loxP mice.
gp130loxP/loxP (grey symbols) and CD4cre; gp130loxP/loxP mice (green symbols) were infected with
approximately 100 CFU Mtb via the aerosol route. Lung RNA was isolated at the indicated time
points. After reverse transcription, expression of Il12b, Tnf, Il6 and Il27 was quantified by real-time
RT-PCR based on gene expression in uninfected mice. Mean values with standard deviations of
5 mice per group are shown. One representative experiment of two is shown. Data were statistically
analyzed using the Mann–Whitney test defining differences between cre-negative littermates and
CD4cre; gp130loxP/loxP mice as significant (*, p ≤ 0.05; **, p ≤ 0.01).
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After aerosol infection, gene expression of Il12b, Tnf and Il27 increased until day
42. When compared to cre-negative littermates, gene expression of Il12b and Tnf was
significantly reduced in CD4cre; gp130loxP/loxP mice from day 21 on. The reduced Il27
gene expression in CD4cregp130f/f mice was only significantly different on day 14. In
striking contrast, gene expression of Il6 was very strongly increased at all time points
with a significant difference. Hence, the absence of gp130 on T cells results in an overall
disturbed expression of inflammatory and regulatory cytokines during experimental TB.

3.2.2. The TH17 Immune Response in Mtb-Infected CD4cre; gp130loxP/loxP Mice Was Only
Moderately Affected

To follow a potentially altered TH17 immune response, the frequency of IL-17A-
producing CD4+ T cells (Figure 5a,b) and the gene expression of CXCR3 chemokines
(Figure 5c) was analyzed in gp130loxP/loxP and CD4cre; gp130loxP/loxP mice after Mtb in-
fection. During experimental TB, the cellular infiltration of lungs similarly increased in
both groups (Figure S1b). The frequency of polyclonal IL-17A-producing cells within the
CD90.2+CD4+CD44+ population was analyzed during the course of Mtb infection by flow
cytometry (Figure S2a). After 4 hrs of incubation in medium, the background frequency of
IL-17A-secreting cells in lungs of both groups was below approximately 0.3% (Figure S3b).
After restimulation with anti-CD3/CD28, the frequency of polyclonal TH17 cells was
already on maximum at day 14 in both groups and only decreased slowly until the end of
the experiment (Figure 5a). Although, the relative amount of polyclonal IL-17A-producing
CD4+ T cells was slightly reduced in CD4cre; gp130loxP/loxP mice during the whole course
of infection, the difference to cre-negative control animals was only significant on day
21. To evaluate the antigen-specific TH17 immune response after infection with Mtb, the
frequency of ESAT61-20-specific IL-17A-producing CD4+ T cells was measured by ELISPOT
assay (Figure 5b). The relative amount of antigen-specific TH17 cells increased steadily
in the course of the infection in both groups. Although not significantly altered, on day
21 after Mtb infection, a lower frequency of antigen-specific IL-17A-expressing CD4+ T
cells could be observed in CD4cre; gp130loxP/loxP mice. At all other time points of infec-
tion, a comparable frequency of antigen-specific TH17 cells could be measured in both
cre-negative littermates and CD4cre; gp130 loxP/loxP mice. To evaluate the effect of a T
cell-specific gp130 deficiency on the gene expression of the CXCR3 chemokines Cxcl9,
Cxcl10 and Cxcl11 in lung homogenates from Mtb-infected mice, a quantitative real-time
RT-PCR was carried out (Figure 5c). Cxcl9 gene expression was induced after Mtb infection
and was found to peak on day 42. When compared to cre-negative littermates, the Cxcl9
mRNA level was only significantly decreased in CD4cre; gp130loxP/loxP mice on day 42.
The expression of Cxcl10 and Cxcl11 was maximal in both groups on day 21 after infection
with Mtb, after which it decreased slowly and was not significantly different at any time
point. Overall, these results indicate an efficient induction of a TH17 immune response
during experimental TB in the absence of gp130-mediated signaling in T cells.
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Figure 5. The TH17 immune response in CD4cre; gp130loxP/loxP mice during experimental TB.
gp130loxP/loxP (grey symbols) and CD4cre; gp130loxP/loxP mice (green symbols) were infected with
approximately 100 CFU Mtb via the aerosol route. At the indicated time points, lungs were removed
and further processed. (a) The relative amount of IL-17A-producing CD4+CD44+CD90.2+ T cells
was determined in single cell suspensions of lungs by flow cytometry after restimulation with anti-
CD3/CD28. Representative density plots of IL-17A-producing CD4+CD44+CD90.2+ T cells on day 42
and frequencies of IL-17A-producing CD4+CD44+CD90.2+ T cells during the course of infection are
shown. (b) CD4+ T cells were purified from lung cell suspensions by MACS and restimulated with
ESAT-61-20. The frequency of IL-17A-producing cells was determined by ELISPOT. (c) After reverse
transcription of isolated lung RNA, gene expression of Cxcl9, Cxcl10 and Cxcl11 was quantified
by real-time RT-PCR based on gene expression in uninfected mice. Mean values with standard
deviations of 5 mice per group are shown. One representative experiment of two is shown. Data
were statistically analyzed using the Mann–Whitney test defining differences between cre-negative
littermates and CD4cre; gp130loxP/loxP mice as significant (*, p ≤ 0.05).

3.2.3. The Regulatory Immune Response in Mtb-Infected CD4cre; gp130loxP/loxP Mice

After intracellular staining of Foxp3 in CD25+CD4+ T cells, it was determined whether
the frequency of Treg was modulated in Mtb-infected CD4cre; gp130loxP/loxP mice (Figure S2b;
Figure 6). At day 14 post infection, the relative amount of Treg was tendentially higher in CD4cre;
gp130loxP/loxP mice. Over the further course of infection, the frequencies of Foxp3+CD25+CD4+

T cells were comparable in cre-negative littermates and CD4cre; gp130loxP/loxP mice. A poten-
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tially modulated gene expression of Foxp3 and Il10 in the absence of gp130 on T cells was
evaluated in Mtb-infected cre-negative and CD4cre; gp130loxP/loxP mice by quantitative real
time RT-PCR (Figure 6b,c). The expression of both genes increased steadily in either group
after infection. In contrast to the constant level of Foxp3+ Treg at the later phase of infection,
the induction of Foxp3 was upregulated in CD4cre; gp130loxP/loxP mice (Figure 6b). Because
Il10 gene expression was also highly elevated in cre-positive mice from 21 days, the absence of
gp130 on T cells resulted in an enhanced activation of a regulatory immune response during
experimental TB. Together, immune regulation during experimental TB appears to be disturbed
in the absence of gp130 on T cells.
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Figure 6. The regulatory immune response in Mtb-infected CD4cre; gp130loxP/loxP mice.
gp130loxP/loxP (grey symbols) and CD4cre; gp130loxP/loxP mice (green symbols) were infected with
approximately 100 CFU Mtb via the aerosol route. At the indicated time points, lungs were removed
and further processed. (a) The relative amount of the FoxP3+CD25+ population within the CD4+ T
cells was determined in single cell suspensions of lungs by flow cytometry. Representative density
plots of FoxP3+CD25+CD4+ T cells on day 42 and frequencies of FoxP3+CD25+CD4+ T cells during
the course of infection are shown. (b,c) After reverse transcription of isolated lung RNA, gene
expression of (b) Foxp3 and (c) Il10 was quantified by real-time RT-PCR based on gene expression in
uninfected mice. Mean values with standard deviations of 5 mice per group are shown. One repre-
sentative experiment of two is shown. Data were statistically analyzed using the Mann–Whitney test
defining differences between cre-negative littermates and CD4cre; gp130loxP/loxP mice as significant
(*, p ≤ 0.05; **, p ≤ 0.01).

3.2.4. After Mtb Infection, The TH1 Immune Response Was Not Affected by the Absence of
gp130 on T Cells yet TH1-Mediated Macrophage Effector Responses Were Severely
Impaired

To elucidate whether the T cell-specific deletion of gp130 has a direct effect in favoring
a potential modulated TH1 immune response in Mtb-infected CD4cre; gp130loxP/loxP mice,
the frequency of IFNγ-expressing CD90+CD4+CD44+ T cells was measured (Figure S2a;
Figure 7a).
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Figure 7. The TH1 immune response in CD4cre; gp130loxP/loxP mice during experimental TB.
gp130loxP/loxP (grey symbols) and CD4cre; gp130loxP/loxP mice (green symbols) were infected with
approximately 100 CFU Mtb via the aerosol route. At the indicated time points, lungs were removed
and further processed. (a) The relative amount of IFNγ-producing CD4+CD44+CD90.2+ T cells
was determined in single cell suspensions of lungs by flow cytometry after restimulation with anti-
CD3/CD28. Representative density plots of IFNγ-producing CD4+CD44+CD90.2+ T cells on day 42
and IFNγ-producing CD4+CD44+CD90.2+ T cells during the course of infection are shown. (b) CD4+

T cells were purified from lung cell suspensions by MACS and restimulated with ESAT-61-20. The
frequency of IFNγ-producing cells was determined by ELISPOT. (c,d) After reverse transcription of
isolated lung RNA, gene expression of (c) Nos2 and Lrg47 was quantified by real-time RT-PCR based
on gene expression in uninfected mice. (d) Representative immunohistochemical staining of NOS2
in lung section of experimental mice 42 days of infection. (e) At the indicated time points, bacterial
loads in the lungs were determined. Mean values with standard deviations of 5 mice per group are
shown. One representative experiment of two is shown. Data were statistically analyzed using the
Mann–Whitney test defining differences between cre-negative littermates and CD4cre; gp130loxP/loxP

mice as significant (*, p ≤ 0.05; **, p ≤ 0.01).
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Single lung cell suspensions were prepared and flow cytometric analysis after intra-
cellular staining of IFNγ in CD4+ T cells and 4 hrs of incubation in medium revealed a
background frequency of approximately 2% (Figure S3b). After restimulation with anti-
CD3/CD28, the frequency of IFNγ-producing CD4 T cells increased to 50% on day 21
and stayed at this level until the end of the experiment (Figure 7a). However, during
the course of infection, the frequency of IFNγ-secreting CD4+ T cells was similar in both
groups. To evaluate the antigen-specific TH1 immune response, the relative proportion
of ESAT61-20-specific IFNγ-producing CD4+ T cells was measured by ELISPOT assay at
different time points of infection (Figure 7b). The frequencies of antigen-specific TH1 cells
increased after Mtb infection until day 42 after which the numbers fell slightly. When
compared to cre-negative littermates, no significant differences in the in the frequency of
IFNγ-producing CD4+ T cells were found in CD4cre; gp130loxP/loxP mice.

Despite the virtually unaltered IFNγ-dependent TH1 immune response in Mtb-
infected CD4cre; gp130loxP/loxP mice, the induction of the IFNγ downstream macrophage
effector molecules NOS2 and LRG47 was further analyzed. Except during the very early
phase at day 14 after infection, the gene expression of Nos2 and Lrg47 was significantly
reduced in lung homogenates of CD4cre; gp130loxP/loxP mice during the further course
of infection (Figure 7c). This was confirmed by immunohistochemical staining of NOS2
in lung sections of Mtb-infected mice, in which the expression of NOS2 in the lesions of
gp130-deficient animals was again lower (Figure 7d). Since, in contrast to Mtb-infected
IL-6−/− mice, both cytokine expression and macrophage activation were strongly mod-
ulated compared to the infected control mice, histopathological investigations of lung
sections were carried out during the course of the experimental TB (Figure S5). However,
no differences in tissue inflammation between gp130loxP/loxP and CD4cre; gp130loxp/loxP

mice were observed. Together, the absence of gp130 on T cells had no direct effect on the
development of a TH1 immune response during experimental TB. Apparently, however,
the loss of T cell gp130 had an indirect suppressive effect on the expression of effector
mechanisms in macrophages.

To investigate the impact of gp130 on T cells on the outcome of Mtb infection, bacterial
loads were determined in lungs (Figure 7e), spleen (Figure S4b) and liver (Figure S4b) at
different time points of infection. After aerosol infection, the CFU in all of these organs
increased until reaching a plateau on day 42. During the whole course of infection, the
bacterial load in the spleen and liver of gp130loxP/loxP and CD4cre; gp130 loxP/loxP mice was
comparable (Figure S4b). However, on day 21 and 42 of Mtb infection the bacterial load in
the lungs of CD4cre; gp130 loxP/loxP mice was moderately but significantly increased when
compared to cre-negative littermates (Figure 7e). In summary, the absence of gp130 on T
cells has no direct effect on the development of TH1 cells, but the indirect impairment of
macrophage activation tended to result in less control of bacterial growth.

4. Discussion

In the past decades, IL-6 has been proposed as a major contributor to the generation
of TH17 immune responses in numerous studies [16,17,41–43]. Together with TGF-β, IL-6
in vitro promotes the differentiation of TH17 cells from naïve T cells and simultaneously
suppresses the generation of Treg [16,17]. In murine models of autoimmune diseases,
IL-6 mediates the induction of pathogenic TH17 cells to eventually trigger the onset of
disease [41,42]. Moreover, following intranasal infection with Group A streptococcus, IL-
6−/− mice are unable to generate a protective TH17 immune response, indicating that IL-6
is a crucial cytokine for TH17 differentiation also during bacterial infections [43]. In contrast
to these findings, the present study, however, demonstrates that during experimental TB,
the gp130-dependent cytokine IL-6 has a small direct impact for the development of TH17
cells.

During infection with Mtb, the major TH17 cytokine IL-17A mediates the formation
of granuloma via chemokine induction [11,44] and the accumulation of a protective TH1
immune response, but on the other hand, it contributes to the early neutrophil-dependent
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inflammation [45]. Whereas the modest expression of IL-17A in the context of a low-dose
infection with Mtb H37Rv does not impair mycobacterial burdens [11], the proinflamma-
tory cytokine appears to contribute to protection against Mtb under conditions of IL-17A
overproduction [11,12,15]. However, it also provokes immunopathology caused by exces-
sive inflammation [15]. Thus, a controlled induction of IL-17A may represent a promising
strategy in the context of vaccination or host-directed therapy approaches against TB. Here,
we investigated the impact of IL-6 for the development of a TH17 immune response after
infection with Mtb by use of IL-6−/− mice. On account of the pleotropic nature of IL-6 [32],
we additionally analyzed the cellular immune response during the course of experimental
TB in mice with a T cell specific gp130 deficiency.

Mtb-infected IL-6−/− mice, as the present study demonstrates, exhibit a reduced
polyclonal TH17 immune response over the entire course of infection. Antigen-specific
TH17 cells were still generated in IL-6−/− mice after infection with Mtb, although their
frequency again tended to be reduced when compared to C57BL/6 mice. Although the
reason for the here observed variations between the frequencies of polyclonal and antigen-
specific TH17 cells during the course of Mtb infection remains open, it has to be stated that
the latter T cell population does not comprise all Mtb antigen-specific TH17 cells but only
those directed against the ESAT61-20 peptide. Polyclonal TH17 cells, on the other hand,
can be expected to comprise the entire TH17 population in the infected lung, including
also non Mtb-specific cells. Nevertheless, altogether, the analysis of ESAT61-20-specific
CD4+ T cells may depict the actual impact of IL-6 on the induction of the Mtb-associated
TH17 immune response more precisely than evaluation of polyclonally stimulated cells.
In summary, these data indicate that IL-6 is not absolutely required for the initiation and
maintenance of TH17 cells in the context of experimental TB.

After induction of EAE, IL-6-mediated signaling is crucial for the disease-related
inhibition of Treg conversion from naïve T cells [41]. Moreover, in this context, IL-6−/−

mice are able to mount a TH17 immune response only in the absence of Treg. In the present
study, however, both the Mtb-induced pulmonary infiltration and the function of Treg was
not affected by the absence of IL-6. Here, other TH17-driving factors may rather ensure
TH17 induction in the Mtb-infected IL-6−/− mice. As IL-6 mediates the differentiation
of TH17 cells in a Signal Transducer and Activator of Transcription (STAT)3-dependent
manner [46], particularly other STAT3-activating cytokines may compensate for IL-6 during
TH17 polarization. The STAT3-inducer IL-21 [47] indeed represents a crucial initiator of
TH17 development under inflammatory conditions in mice and men [48–51]. During
experimental TB, the cytokine contributes to optimal control of Mtb [52,53], accompanied
by enhanced expression levels of Il17a [52]. However, IL-21 appeared to be dispensable
for the induction of a vaccine-associated protective TH17 immune response after Mtb
challenge [54]. Of great importance for the maintenance of a TH17 immune response
during primary TB [29,30] and after vaccination [12] is the STAT3-activating cytokine IL-
23 [55]. During vaccination against Mtb, IL-23, however, also appeared not to be involved
in the initial priming of TH17 cells [12]. Hence, future studies may shed more light on the
cytokine environment and cellular composition necessary for the differentiation of TH17
cells during infection with Mtb.

To examine whether the moderate modulation of TH17 cells in the absence of IL-6 is
associated with an impaired protective immune response against Mtb, we further analyzed
the integrity of TH1 immunity and the bacterial loads during the course of infection.
Whereas the induction of TH1 cells during Mtb infection was only weakly affected in
IL-6−/− mice, levels of Nos2 were tendentially reduced as a result of IL-6 deficiency.
Nonetheless, the outcome of Mtb infection in IL-6−/− and C57BL/6 mice was comparable.
These observations are line with previous findings, which together indicate that IL-6 has a
rather small overall impact on the protective immune response in TB [56–58]. As during
Mtb infection, the pleiotropic cytokine differentially mediates pro and anti-inflammatory
functions depending on the target cell, differential effects of IL-6 may be neutralized within
the analysis of IL-6−/− mice. To overcome this limitation of the IL-6−/− mouse model, the
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additional analysis of mice with a cell-type specific deficiency of gp130-mediated signaling
provides a beneficial tool.

Within the present study, the outcome of Mtb infection was investigated in mice with
a T cell-specific deficiency of gp130 for the first time. In the context of autoimmunity [41] or
nematode infection [59], these CD4cre; gp130loxP/loxP mice exhibit abrogated TH1 and TH17
immune responses. Here, we demonstrate that during Mtb infection, the T cell specific
deficiency of gp130-mediated signaling results in a differentially modulated expression of
proinflammatory and immunosuppressive cytokines. Nevertheless, the absence of T cell
gp130 had a minor overall impact on both the TH1 and TH17 immune response but also
on the accumulation of Treg. Whereas in Mtb-infected IL-6−/− mice at least the frequencies
of polyclonal TH17 cells were significantly reduced over the entire course of infection,
the T cell specific deficiency of gp130-mediated signaling resulted in a decreased TH17
immune response on both the polyclonal and antigen-specific level only the early phase
of infection. This discrepancy between the degree of TH17 cell induction in IL-6−/− and
CD4cre; gp130loxP/loxP mice might be explained with the additional lack of signaling by
other gp130-dependent cytokines in the latter mouse model. In particular, the IL-12 family
cytokine IL-27 regulates TH17 immune responses during experimental TB and thereby
inhibits optimal mycobacterial containment [15]. Nevertheless, these results indicate that,
whereas IL-23 represents a key factor for the maintenance of TH17 immune responses
during experimental TB [29,30], IL-6 rather exerts a TH17-promoting influence during the
initial phase of T cell activation.

Of note, specifically on the antigen-specific level, development of the TH17 immune re-
sponses differed between both ELISPOT experiments shown in the present study. Whereas
in C57BL/6 wild type and IL-6−/− mice the frequency of antigen-specific TH17 cells was
almost constant over the entire course of infection, both cre-negative littermates and CD4cre;
gp130loxP/loxP mice exhibited steadily increasing relative amounts of these cells during the
course of the infection. It remains open, whether this general discrepancy constitutes a
biological or technical deviation.

Together, these findings further support the hypothesis that IL-6, as a major gp130-
dependent cytokine, does not represent a critical factor for the development of TH17
immunity during Mtb infection. In light of the findings presented here, it seems surprising
that in human patients the administration of the mIL-6Rα-neutralizing drug tocilizumab—
which is used for the treatment of chronic inflammatory diseases—is connected to an
increased risk for reactivation of TB [60]. However, it additionally has to be considered
that during murine TB the overall impact of IL-6 appears to depend on experimental
conditions such as the bacterial dose and the route of infection [31,56,61]. Therefore, it may
be possible that IL-6 exerts a more significant influence on the development of a TH17
immune response during a high-dose infection with the lab-adapted Mtb strain H37rv. A
similar effect might also arise from experimental infection with other more virulent Mtb
strains or clinical isolates.

Notably, in contrast to the unaffected TH1 immune response, Mtb-infected CD4cre;
gp130loxP/loxP mice show strongly reduced gene expression levels of Nos2 and Lrg47 and
NOS2 production in granulomatous lesions when compared to cre-negative littermates. As
the induction of those antimicrobial effector molecules clearly depends on IFNγ [62,63],
this finding appears rather surprising. However, a probable explanation may be provided
by the enhanced expression of Il6 in the T cell-specific gp130-deficient mice. As we have
demonstrated previously, IL-6 specifically exerts a suppressive effect on the expression of
inflammatory cytokines and effector molecules on macrophages [57]. Given the suppressive
impact of the regulatory cytokine IL-10 in TB [64], the strongly elevated expression of
Il10 observed in the Mtb-infected CD4cre; gp130loxP/loxP mice may also contribute to the
inhibition of effector molecules. In accordance with the reduced induction of macrophage
effector functions, bacterial containment in the lung was slightly impaired in the absence of
gp130 on T cells. It is important to note here that it remains unclear, whether the elevated
expression levels of Il6 and Il10 in the Mtb-infected CD4cre; gp130loxP/loxP mice indeed go
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back to T cells or constitute an indirect effect of the impaired T cell functionality in those
mice. While monocytes and macrophages appear to be the most important sources of IL-6
in TB [60,65], IL-10 seems to be produced by varying cellular sources of both the innate
and adaptive immune system during the course of Mtb infection [64] and has fundamental
suppressive effects on antimycobacterial effector responses in macrophages [37,38]. Future
studies will be necessary to further elucidate a potential direct regulatory impact of T
cell-secreted cytokines on the activation of Mtb-infected macrophages and the subsequent
increase in mycobacterial growth.

5. Conclusions

In summary, by use of complementary mouse models, the present study strongly
suggests that IL-6 plays a subordinate role for the generation of TH17 immune responses
during experimental TB—a finding that contrasts with the key function in TH17 develop-
ment that has been ascribed to the cytokine in several other models [41–43]. As a targeted
induction of IL-17A may represent an encouraging approach for improving vaccination or
adjunct therapy against TB, identification of the critical TH17-driving factors during Mtb
infection remains an important issue.
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