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We investigated the role of interleukin-10 (IL-10) in cutaneous and pulmonary infection with Francisella tularensis. We found
that after intradermal challenge of mice with the live vaccine strain (LVS) of F. tularensis, splenic IL-10 levels increased rapidly
and reached a peak 5 days after infection. However, IL-10 expression after infection was detrimental, since IL-10�/� mice
showed increased bacterial clearance and were resistant to an infectious dose (>106 CFU/mouse) that was uniformly lethal for
IL-10�/� mice. Furthermore, IL-10�/� mice treated with neutralizing anti-IL-10R monoclonal antibody were able to survive le-
thal cutaneous LVS challenge. The presence of IL-10 appeared to restrain the expression of IL-17, since high levels of splenic
IL-17 were observed after intradermal LVS infection only in IL-10�/� mice. Furthermore, treatment with neutralizing anti-IL-
17R antibody ablated the enhanced survival observed in IL-10�/� mice. However, neutralization of IL-10 activity in IL-17R�/�

mice failed to provide protection. Thus, IL-10 suppresses a protective IL-17 response that is necessary for resistance to cutaneous
LVS infection. Surprisingly, however, IL-10�/� mice were significantly more susceptible to pulmonary infection with LVS. Fi-
nally, although IL-10 is a critical and novel regulator of immunity to F. tularensis LVS infection, its effects were masked during
infection with the highly virulent SchuS4 strain. Taken together, these findings suggest that differentially regulating expression
of the IL-10 pathway in various tissues could ultimately have prophylactic and therapeutic benefits for protection against
tularemia.

Tularemia is a vector-borne zoonosis caused by Francisella tu-
larensis, a Gram-negative, intracellular bacterium. Infection

can occur through various routes, including bites from infected
insects, handling of infected carcasses, drinking of contaminated
water, and inhalation of infectious aerosols. The ulceroglandular
form of disease is the most common infection in humans and is
usually acquired by a skin bite from an infected arthropod. Pneu-
monic tularemia is less common, but inhalation of �10 CFU of
the fully virulent SchuS4 strain of F. tularensis can cause serious
disease with a 50% mortality rate. Due to its extreme infectivity
and ease of dissemination, F. tularensis is classified as a tier 1 bio-
threat agent (1–3).

Immune correlates of protection against tularemia are still
poorly defined, especially against the highly virulent SchuS4
strain, although the results of multiple studies with the attenuated
live vaccine strain (LVS) have indicated that T cells and T cell-
associated cytokines such as gamma interferon (IFN-�) (4–6), in-
terleukin-12 (IL-12) (6, 7), and IL-17 (8–11) may play an impor-
tant role in protection (reviewed in reference 12). Francisella has
the ability to suppress or avoid immune responses early after in-
fection, which likely contributes to its virulence (13, 14). It has
been reported that transforming growth factor � (TGF-�) can
mediate immunosuppression of initial immunity following pul-
monary infection (15). In addition, it has been found that signal-
ing through the type 1 IFN receptor suppresses IL-17 production
that is important for resistance to infection with F. novicida (9)
and LVS (16). Nevertheless, little is currently known about the
potential importance of anti-inflammatory cytokines in resistance
or susceptibility to tularemia. In particular, a role for IL-10 has not
been examined in detail.

The present study was designed specifically to determine the
possible importance of IL-10 during Francisella infection. We (17)
and others (18–20) have previously reported that IL-10 can be
detrimental for the protection against other pathogens, including

influenza virus and mycobacteria. Unexpectedly, we now report
that absence of IL-10 activity is detrimental for pulmonary tula-
remia and yet enhances resistance to cutaneous infection. The
findings underscore the importance of anti-inflammatory path-
ways during tularemia and the possibility that they may play
unique roles in different infection sites.

MATERIALS AND METHODS
Mice and bacteria. Five- to six-week-old C57BL/6 and BALB/c mice were
purchased from Taconic, Inc. (Germantown, NY). BALB/c IL-17R�/�

mice were kindly provided by Sarah Gaffen (University of Pittsburgh,
Division of Rheumatology and Clinical Immunology, Pittsburgh, PA).
C57BL/6 IL-10�/� mice were purchased from Jackson Laboratories (Bar
Harbor, ME). The mice were bred and maintained at the Albany Medical
College Animal Facility, and all animal procedures were approved by the
institutional animal care and use committee.

Animal LVS and SchuS4 challenge and bacterial burden analysis.
For sublethal and lethal intradermal (i.d.) challenges, 105 and �106 CFU,
respectively, of LVS were injected in 50 �l of phosphate-buffered saline
(PBS). For sublethal intranasal (i.n.) challenge, 1.6 � 103 CFU of LVS in
50 �l of PBS were inoculated into anesthetized mice. For SchuS4 chal-
lenge, 64 CFU were delivered i.d. or i.n. in 50 �l of PBS. Each group
consisted of eight mice, and the health of all mice was monitored daily. In
addition, on days 1, 3, 5, 7, 14, and 21 postchallenge, three mice/day were
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sacrificed by pentobarbital injection (5 mg/mouse). The lungs, livers, and
spleens were harvested aseptically and homogenized in 1 ml of PBS. Di-
lutions of individual tissue homogenates were then plated on chocolate
agar plates and incubated for 3 days at 37°C to enumerate organ CFU.

Cytokine levels. For quantitative real-time PCR, total RNA was pre-
pared from spleen and lung homogenates with TRIzol reagent (Invitro-
gen, Grand Island, NY). cDNA was synthesized with superscript reverse
transcriptase and oligo(dT) primers (Invitrogen). The primers used to
quantify IL-10 and IL-17 transcripts were obtained from Invitrogen and
had the following sequences: IL-10 forward, CAGAGCCACATGCTCCT
AGA; IL-10 reverse, TGTCCAGCTGGTCCTTTGTT; IL-17 forward, CA
AGAAATCCTGGTCCTTCG; and IL-17 reverse, GAGCATCTTCTCCA
ACCTGAA. Gene expression was examined using a Bio-Rad iCycler
optical system and an iQ SYBR green real-time PCR kit (Bio-Rad Labo-
ratories, Hercules, CA). The ��CT method was used to normalize tran-
scripts to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and to
calculate expression relative to untreated mice.

Protein levels of IL-10 and IL-17 in spleen and lung tissue homoge-
nates were determined by the BD OptEIA (BD Biosciences) and the
DuoSet ELISA (R&D Systems, Minneapolis, MN) kits, respectively, ac-
cording to the manufacturer’s instructions.

Anti-IL-10R and anti-IL-17 MAb treatment. To neutralize IL-10 ac-
tivity, 200 �g of rat anti-murine IL-10R1 monoclonal antibody (MAb;
BioXCell, West Lebanon, NH) or control rat IgG (Jackson Immunore-
search Laboratories, West Grove, PA) were inoculated intraperitoneally
(i.p.) on days 0, 1, 3, and 5 following bacterial challenge. To neutralize
IL-17, rat anti-murine IL-17 MAb (kindly provided by Amgen, CA) or
control rat IgG was inoculated i.p. in a similar manner but at a dose of 50
�g per mouse.

Statistics. Survival curves were analyzed by the Kaplan-Meier log-
rank test using GraphPad Prism 4 software. Analysis of variance (for com-
parison of multiple groups) or Student t test (for comparison of two
groups) was used for analyses of bacterial burden and cytokine levels.
Probability values for significance were set at 0.05. Values for all measure-
ments are expressed as means � the standard deviations.

RESULTS
Levels of splenic IL-10 after cutaneous F. tularensis LVS infec-
tion. To examine the potential role of IL-10 during cutaneous F.
tularensis LVS infection, C57BL/6 mice were injected i.d. with 105

CFU of LVS and IL-10 transcripts in the spleen were quantified by
real-time reverse transcription-PCR (RT-PCR) on various days
thereafter. Within 1 day after infection, IL-10 levels increased
	20-fold compared to levels in uninfected mice, and reached an
	60-fold increase on day 5, decreasing thereafter (Fig. 1, left
panel). As expected, no IL-10 transcripts were detected in IL-
10�/� mice injected with LVS.

A similar experiment was conducted with various doses of i.d.
LVS and measurement of protein levels of splenic IL-10 by en-
zyme-linked immunosorbent assay (ELISA). Again, it was seen
that IL-10 protein levels increased rapidly after i.d. infection and
peaked on day 5 (Fig. 1, right panel). The greatest amounts of
IL-10 (�600 pg/ml) were produced after challenge with the high-
est dose of F. tularensis (106 CFU), although significant levels of
IL-10 were detected even after a relatively low challenge dose of
104 CFU. Again, IL-10�/� mice inoculated with 106 CFU failed to
produce detectable IL-10, which confirmed the specificity of the
assay.

Role of IL-10 in susceptibility to cutaneous F. tularensis LVS
infection. Given the large amounts of IL-10 produced after LVS
infection, it was of interest to determine whether the presence of
this IL-10 influenced susceptibility to infection. To assess this,
survival rates of C57BL/6 IL-10
/
 and IL-10�/� mice were mon-
itored following a lethal i.d. infection with F. tularensis LVS. Al-
though all IL-10
/
 mice succumbed within 9 days to an i.d. chal-
lenge dose of 2 � 106 CFU, nearly all IL-10�/� mice survived (Fig.
2, top panel). Analysis of splenic bacterial burdens showed a
steady increase in splenic CFU in IL-10
/
 mice, which reached
�108 CFU/spleen before the mice began to die on day 5 (Fig. 2,
middle panel). IL-10�/� mice, on the other hand, demonstrated
similar increases in bacterial burdens during the first few days of
infection, but the levels of bacteria reached a peak of only 106

CFU/spleen by day 7, and the bacteria were then effectively
cleared. By day 21 after infection, few bacteria remained in the
spleens of the surviving IL-10�/� mice.

To confirm the deleterious effect of IL-10 on survival, C57BL/6
IL-10
/
 mice were i.d. infected with a lethal dose of LVS and then
treated with anti-IL-10R MAb or an isotype control MAb. Again,
neutralization of IL-10 activity led to significantly increased sur-
vival (Fig. 2, bottom panel). Although all control mice died within
8 days, �60% of mice treated with anti-IL-10R MAb survived to
day 21. Taken together, these results demonstrate that IL-10 sig-
nificantly inhibits systemic bacterial clearance and decreases sur-
vival after cutaneous F. tularensis LVS infection.

IL-10 suppresses IL-17A expression following cutaneous
LVS infection. We (9) and others (8, 10) have reported a critical
role for IL-17 in protection of mice against F. tularensis LVS in-
fection. In addition, it has been shown in other experimental
models that IL-10 strongly inhibits IL-17 expression (18, 21, 22).
Thus, we next determined whether the presence of IL-10 during

FIG 1 Levels of IL-10 in spleens of IL-10
/
 and IL-10�/� mice infected i.d. with F. tularensis LVS. (Left panel) RNA transcript levels; (right panel) protein levels.
Mice were infected with 105 CFU of LVS/mouse (left panel) or 104 to 106 CFU of LVS/mouse (right panel) as indicated. The spleens were harvested from 3
mice/group on days 1, 3, 5, 7, 14, and 21 after infection, homogenized, and analyzed for IL-10 by RT-PCR and ELISA, respectively. *, P � 0.05; **, P � 0.01; ***,
P � 0.001; ****, P � 0.0001 (compared to IL-10�/� mice).
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cutaneous F. tularensis infection would result in decreased expres-
sion of IL-17. After i.d. infection of IL-10
/
 mice with LVS, levels
of IL-17 transcripts (Fig. 3, top panel) and protein (Fig. 3, bottom
panel) increased only slightly in the spleen, reaching a peak
around day 7. This agrees with the work of Woolard et al. (23),
who observed only small increases in splenic IL-17 in mice in-
fected i.d. with LVS. In IL-10�/� mice, however, IL-17 levels were
significantly higher after infection. Thus, absence of IL-10 allows
enhanced production of normally low levels of IL-17 in LVS-in-
fected mice.

IL-17 is required for the increased resistance of IL-10�/�

mice to F. tularensis LVS infection. It was next determined
whether the resistance of IL-10�/� mice to cutaneous tularemia
observed above was due to their increased expression of IL-17. For
this purpose, IL-10
/
 and IL-10�/� mice were infected i.d. with
LVS, and IL-17 was then neutralized by anti-IL-17 MAb injection.
Control IL-10
/
 and IL-10�/� mice received normal rat IgG. In
the case of IL-10
/
 mice, anti-IL-17 MAb treatment tended to
somewhat increase susceptibility to a sublethal LVS challenge dose

(104 CFU), although the differences were not statistically signifi-
cant (Fig. 4). On the other hand, and in keeping with the results
presented above, IL-10�/� mice survived a 100-fold higher dose of
LVS (106 CFU) compared to IL-10
/
 mice, but neutralization of
IL-17 caused all of the IL-10�/� mice to succumb to this infectious
dose within 10 days. Thus, IL-17 is required for the increased
resistance to F. tularensis LVS that is seen in the absence of IL-10.

IL-10 neutralization fails to protect IL-17R�/� mice. The re-
sults presented above showed that absence of IL-10 activity caused
increased protection against cutaneous LVS infection and sug-
gested that this effect is due to increased levels of IL-17. Thus, we

FIG 2 Susceptibility of IL-10
/
 and IL-10�/� mice to cutaneous LVS infec-
tion. C57BL/6 mice were inoculated i.d. with 2.0 � 106 CFU of LVS/mouse
(top panel), 2.8 � 106 CFU of LVS/mouse (middle panel), or 7.5 � 106 CFU of
LVS/mouse (bottom panel). In the bottom panel, the mice were also injected
i.p. with 200 �g of rat IgG or neutralizing anti-IL-10R MAb on days 0, 1, 3, and
5 after bacterial challenge. In the top and bottom panels, survival was moni-
tored daily (8 mice/group). The results are representative of two independent
experiments. For animals tested for the middle panel, three mice/group were
sacrificed on days 1, 3, 5, 7, 14, and 21 after infection, and their spleens were
analyzed for bacterial burdens. **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.

FIG 3 Levels of IL-17 in spleens of IL-10
/
 and IL-10�/� mice infected i.d.
with F. tularensis LVS. (Top panel) RNA transcript levels; (bottom panel)
protein levels. Mice were infected with 2.5 � 105 CFU of LVS/mouse. Spleens
were harvested from three mice/group on days 1, 3, 5, 7, 14, and 21 after
infection, homogenized, and analyzed for IL-17 by RT-PCR and ELISA, re-
spectively. **, P � 0.01; ***, P � 0.001; ****, P � 0.0001 (compared to IL-
10�/� mice).

FIG 4 Susceptibility of IL-10
/
 and IL-10�/� mice to cutaneous LVS infec-
tion after neutralization of IL-17. C57BL/6 IL-10
/
 mice were inoculated i.d.
with 5.0 � 104 CFU of LVS/mouse, while C57BL/6 IL-10�/� mice were inoc-
ulated i.d. with 4 � 106 CFU of LVS/mouse. The mice were also injected i.p.
with 50 �g of rat IgG or neutralizing anti-IL-17 MAb on days 0, 1, 3, and 5 after
bacterial challenge. Survival was monitored daily (eight mice/group). ***, P �
0.001; NS, not significant.
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tested whether BALB/c IL-17R�/� mice would be more suscepti-
ble to infection and, in addition, whether neutralization of IL-10
activity would have any effect on susceptibility. IL-17R�/� mice
demonstrated a high level of susceptibility to i.d. infection, with all
mice dying at a challenge dose that was 103-fold lower than that
required to kill IL-17R
/
 mice (Fig. 5). Although anti-IL-10R
MAb treatment protected nearly all wild-type mice, this same
treatment did not improved survival of IL-17R�/� mice. Thus,
neutralization of IL-10 has no protective effect in the absence of a
functional Th17 pathway.

IL-10�/� mice are more susceptible to pulmonary LVS infec-
tion. The findings described above showed that IL-10 is detrimen-
tal for protection against cutaneous LVS infection. Thus, we next
tested the influence of this cytokine on pulmonary F. tularensis
infection, the route that is most deadly for humans and animals.
Others (24) have reported increased expression of IL-10 in the
lungs of mice after LVS infection. However, in contrast to their
resistance to cutaneous infection, IL-10�/� mice showed signifi-
cantly increased susceptibility to pulmonary F. tularensis infec-
tion, succumbing to doses of LVS that were sublethal for IL-10
/


mice (Fig. 6). This finding confirms our previous results (16) and
indicates that while IL-10 is harmful for survival against cutaneous
Francisella infection, it appears to be required for protection from
i.n. challenge.

Absence of IL-10 fails to influence SchuS4 infection. Given
the high level of virulence of F. tularensis SchuS4, it was of interest
to determine whether IL-10�/� mice would be similarly resistant
to this bacterial strain. However, regardless of the route of chal-
lenge, all SchuS4-infected IL-10
/
 and IL-10�/� mice suc-
cumbed to infection with nearly identical survival kinetics (Fig. 7).

DISCUSSION

In the present study, we have shown that IL-10 has a significant
impact on infection with F. tularensis LVS. For cutaneous tu-
laremia, IL-10 appears to be detrimental and inhibits a poten-
tially protective IL-17 immune response, whereas IL-10 re-
duces susceptibility to lung infection. These findings indicate
that neutralization of IL-10 would be useful for enhancing bac-
terial clearance from cutaneous sites but could exacerbate pul-
monary infection.

A major influence of IL-10 appears to be in the suppression of
IL-17 expression since the absence of IL-10 did not influence the
survival of mice treated with neutralizing anti-IL-17 MAb. Fur-

thermore, the protection seen after neutralization of IL-10 with
anti-IL-10R MAb was not observed in IL-17R�/� mice. We have
previously reported that the IL-17 pathway is protective against
i.d. infection (9), and others (8, 10, 11) have observed that IL-17
plays a protective role following i.n. LVS infection of mice, find-
ings that have been confirmed in our laboratory using IL-17R�/�

mice (unpublished observations). One group (10) reported that
mice lacking a particular member of the IL-17 family, IL-17A�/�

mice, were more susceptible to i.n. infection with LVS compared
to i.d. infection; nevertheless, enhanced bacterial burden was still
seen at low i.d. challenge doses and decreased survival was found
at high doses, similar to what has been observed in the present
study with IL-17R�/� mice. It is possible that other IL-17 family
members that bind the IL-17R, such as IL-17F, are more impor-
tant for protection against cutaneous versus pulmonary tulare-
mia. It should be noted that type 1 IFN can also restrain IL-17
expression, thus explaining the resistance of IFN-��R�/� mice to
F. novicida and LVS infection (9, 16). However, IFN-��R�/� mice
are more resistant to both subcutaneous and pulmonary Franci-
sella infection, whereas IL-10�/� mice were found in the present
study to have enhanced resistance to only cutaneous LVS infection
and, in fact, showed heightened susceptibility to pulmonary LVS
infection compared to IL-10
/
 mice. Thus, it is likely that IL-10
has a different regulatory activity in the lung than type I IFN.
Others (25) have reported that i.n. treatment of wild-type mice
with IL-17A has a limited and yet consistent protective effect
against pulmonary LVS infection; it will be of interest in future
studies to determine whether this protective effect might be mag-
nified in IL-10�/� mice.

A cardinal feature of F. tularensis infection is the apparent lack
of a protective immune response during the initial 48 to 72 h after
infection. Some studies have suggested that this effect is due to
lack of a stimulatory lipopolysaccharide (LPS) on F. tularensis (26,
27), while others suggest active suppression of immunity through
preferential induction of anti-inflammatory cytokine pathways
(9, 15, 24, 28). TGF-� has been reported to inhibit early immunity
to F. tularensis pulmonary infection (15). Although TGF-� is pro-
duced in the lung following infection (24), in vivo neutralization
of TGF-� leads to minimal effects on SchuS4 bacterial load (15) or
animal survival (S. Roberts and D. W. Metzger, unpublished find-
ings). On the other hand, the results presented here indicate that
IL-10 is a critical immune regulator during F. tularensis LVS in-
fection. The effects of IL-10 depend upon the site of infection and

FIG 5 Susceptibility of IL-17R
/
 and IL-17R�/� mice to cutaneous LVS
infection after neutralization of IL-10. BALB/c IL-17R
/
 mice were inocu-
lated i.d. with 2.5 � 106 CFU of LVS/mouse, while BALB/c IL-17R�/� mice
were inoculated i.d. with 2.5 � 103 CFU of LVS/mouse. The mice were also
injected i.p. with 200 �g of rat IgG or neutralizing anti-IL-10R MAb on days 0,
1, 3, and 5 after bacterial challenge. Survival was monitored daily (eight mice/
group). ***, P � 0.001.

FIG 6 Susceptibility of IL-10
/
 and IL-10�/� mice to pulmonary LVS infec-
tion. C57BL/6 IL-10
/
 and IL-10�/� mice were inoculated i.n. with 1.6 � 103

CFU of LVS/mouse, and survival was monitored daily (eight mice/group). The
results are representative of two independent experiments. *, P � 0.05.
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timing is also apparently critical. Although IL-10 transcripts were
increased systemically as early as 1 day after cutaneous LVS infec-
tion, protein levels were increased only after 3 days. Similarly, in
the absence of IL-10, the expression of IL-17 was increased only 3
days after bacterial challenge. Thus, suppression of the IL-17 path-
way by IL-10 appears to be a later event during infection and likely
regulates ultimate clearance of bacteria, rather than preventing
initial immune responsiveness.

It was particularly surprising in the present study that IL-10�/�

mice were more susceptible to pulmonary LVS infection, given
that in other experimental models IL-10�/� mice have actually
shown increased resistance to pulmonary pathogens such as influ-
enza virus (17, 18) and mycobacteria (19, 20), as well as to sys-
temic listeria infection (29, 30). Especially in the influenza virus
infection model, IL-10 can be detrimental during the early stages
of infection by suppressing development of protective adaptive
immunity. Influenza virus-infected IL-10�/� mice are better
able to clear virus from the lungs due to the accelerated devel-
opment of humoral and T cell-mediated immunity in the lungs
(17, 18). However, if IL-10 is neutralized specifically in the
latter stages of viral infection, the ensuing high levels of inflam-
mation can lead to decreased survival (31). Control of inflam-
mation may be the predominant role for IL-10 in pulmonary
tularemia as previously suggested (24), but enhanced induc-
tion of protective immunity in IL-10�/� mice seems to be ben-
eficial for cutaneous infection. The ultimate effects of IL-10 on
morbidity and mortality during tularemia are clearly unique
from those reported for other pathogens.

In summary, we have demonstrated that IL-10 is a critical
and novel regulator of immunity to F. tularensis LVS infection,
although its effects are masked during infection with the highly
virulent SchuS4 strain. Although IL-10 suppresses an IL-17
response that can be protective for cutaneous infection, it is
likely that in the lung, partial control of pulmonary IL-17 by
IL-10 leads to improved resistance. Taken together, it appears
that the host can tolerate the lack of an IL-10 anti-inflamma-
tory response to Francisella in the skin, but this response can-
not be tolerated in the pulmonary tract. Further studies are in
progress to investigate the potential prophylactic and thera-
peutic benefits of manipulating the IL-10 pathway during
Francisella infection. In addition, it will be important to exam-
ine in detail whether manipulation of IL-10 expression has any

ultimate impact on infection with the virulent F. tularensis
SchuS4 strain.
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