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Francisella tularensis, the causative agent of tularemia, is most deadly in the pneumonic form; therefore, mucosal immunity is
an important first line of defense against this pathogen. We have now evaluated the lethality of primary F. tularensis live vaccine
strain (LVS) pulmonary infection in mice that are defective in IgA (IgA�/� mice), the predominant mucosal Ig isotype. The re-
sults showed that IgA�/� mice were more susceptible than IgA�/� mice to intranasal F. tularensis LVS infection, despite devel-
oping higher levels of LVS-specific total, IgG, and IgM antibodies in the bronchoalveolar lavage specimens following infection.
In addition, the absence of IgA resulted in a significant increase in bacterial loads and reduced survival. Interestingly, IgA�/�

mice had lower pulmonary gamma interferon (IFN-�) levels and decreased numbers of IFN-�-secreting CD4� and CD8� T cells
in the lung on day 9 postinfection compared to IgA�/� mice. Furthermore, IgA�/� mice displayed reduced interleukin 12 (IL-12)
levels at early time points, and supplementing IgA�/� mice with IL-12 prior to LVS challenge induced IFN-� production by NK
cells and rescued them from mortality. Thus, IgA�/� mice are highly susceptible to primary pulmonary LVS infections not only
because of IgA deficiency but also because of reduced IFN-� responses.

Francisella tularensis is a facultative, intracellular Gram-nega-
tive bacterium that can invade the body via multiple routes,

including intradermally, through ingestion, or by inhalation. The
respiratory route of infection is most deadly with a mortality rate
of as high as 30% (1). Due to its high virulence in humans, to-
gether with its high infectivity and ease of dissemination, this
pathogen has been classified as a tier 1 biothreat agent (2). Con-
sequently, there is a major effort in understanding protective im-
mune responses against this biothreat agent, which will in turn,
aid in the development of an effective vaccine strategy.

Mucosal immune responses represent the first barrier of de-
fense against respiratory infections. Immunoglobulin A (IgA) is
the predominant Ig isotype in mucosal tissues (3), and its impor-
tance in the defense against respiratory pathogens has been re-
peatedly shown (4–9). A lack of IgA in the human population is
the most common primary immunodeficiency disease (10, 11).
Although most IgA-deficient individuals are apparently healthy,
there is an increased frequency of recurrent respiratory tract in-
fections in this population. However, the heterogeneity of IgA
deficiency in humans complicates investigations into the role of
IgA in mucosal immunity (10).

We (8) and others (12) have previously shown that IgA-defi-
cient mice have increased susceptibility to respiratory live vaccine
strain (LVS) challenge after intranasal (i.n.) vaccination with in-
activated LVS. This was interpreted as showing the importance of
IgA in protection of vaccinated mice against pulmonary infection.
However, in the present study, we report that mice that are defec-
tive in IgA (IgA�/� mice) are also more susceptible to primary
LVS challenge than IgA�/� mice. This loss of resistance in IgA�/�

mice was associated with impaired gamma interferon (IFN-�) re-
sponses in the lungs.

MATERIALS AND METHODS
Mice. Six- to 7-week-old female BALB/c mice were routinely used in these
studies. IgA�/� mice were purchased from Taconic (Germantown, NY),
and IgA�/� mice were bred at the Albany Medical College Animal Facility.
Mice were anesthetized by intraperitoneal (i.p.) injection with 100 �l

xylazine (20 mg/ml) and ketamine (1 mg/ml) in phosphate-buffered sa-
line (PBS). For respiratory infection, anesthetized mice were i.n. inocu-
lated with 50 �l PBS containing 500 CFU of Francisella tularensis LVS. All
animal procedures were approved by the Institutional Animal Care and
Use Committee.

Bacterial burden and cytokine analysis. Lung, liver, and spleen tissue
homogenates were prepared 1, 3, 5, 7, and 9 days after i.n. bacterial chal-
lenge. Serial dilutions of the samples were inoculated on chocolate agar
plates and incubated for 3 days at 37°C to enumerate CFU. For cytokine
analysis, organ homogenates were centrifuged at 10,000 � g for 10 min.
Supernatants were collected, and they were stored at �80°C. IFN-� and
tumor necrosis factor alpha (TNF-�) levels were tested using a CBA
mouse inflammatory cytokine kit (BD Biosciences). Interleukin 12 (IL-
12) levels were quantitated using mouse IL-12 (p40) enzyme-linked im-
munosorbent assay (ELISA) set (BD Biosciences).

IFN-� intracellular staining. F. tularensis LVS-specific IFN-�-pro-
ducing cells were induced in the pulmonary tracts of 7-week-old IgA�/�

and IgA�/� mice by i.n. administration of 500 CFU LVS. The lungs were
harvested 9 days postinfection, and single-cell suspensions were obtained
by incubation with 2 mg/ml collagenase D (Roche Diagnostics), 0.25
mg/ml DNase I (Roche Diagnostics), and 10 mM MgCl2 for 1 h at 37°C.
The cells were restimulated ex vivo in 96-well plates by culturing 5 � 105

cells/well with or without equal numbers of F. tularensis LVS for 1 h,
followed by an additional 1 h of incubation with 10 �g/ml brefeldin A
(Sigma). The cells were washed in PBS containing 2% fetal calf serum
(FCS), and Fc receptors were blocked by incubation with mouse 2.4G2
(Fc� III/II receptor) antibody for 20 min at 4°C. The cells were then
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stained with phycoerythrin (PE)-conjugated anti-DX5 (Biolegend), PE-
Cy7-conjugated anti-CD8 (clone 53-6.7) (BD Pharmingen), or allophy-
cocyanin (APC)-conjugated anti-CD4 (clone RM4-5) (BD Pharmingen)
monoclonal antibodies (MAbs). Dead cells were labeled with 7-amino-
actinomycin D (eBioscience). This was followed by 20-min incubation
with BD Fixation/Permeabilization solution. The cells were washed
twice with BD Perm/Wash buffer and stained for 30 min with fluores-
cein isothiocyanate (FITC)-conjugated anti-IFN-� (clone XMG1.2)
(Caltag). After the final wash, the cells were resuspended in 200 �l of
PBS containing 2% BSA (PBS–2% BSA). Stained cells were quantitated
using a FACSCanto flow cytometer.

IL-12 treatment. In some cases, mice were inoculated i.n. with 1 �g of
murine recombinant IL-12 in 25 �l PBS containing 1% normal mouse
serum 24 h before F. tularensis LVS challenge. Control mice received
PBS–1% normal mouse serum alone. Preliminary experiments indicated
that 1 �g of IL-12 given i.n. was optimal for protective efficacy, and no
toxicity was observed.

Antibody analysis. For antibody analysis, mice were immunized i.n.
with 500 CFU of F. tularensis LVS, and bronchoalveolar lavage fluid
(BALF) samples were harvested at day 7 postinfection. Anti-LVS antibody
levels in BALF samples were determined by ELISA as described previously
(13). Briefly, microtiter plates (Nalge Nunc International, Rochester, NY)
were coated at 4°C overnight with 100 �l of F. tularensis LVS (5 � 106

CFU/well) in carbonate buffer. The plates were washed with PBS contain-
ing 0.05% Tween 20 and blocked for 2 h with 200 �l of PBS containing
10% bovine serum albumin. Serial dilutions of BALF samples were added
to the wells on the plates (100 �l/well), and the plates were incubated for
90 min at 37°C. After washing, biotin-conjugated goat anti-mouse anti-
bodies specific for IgG, IgM, or IgA (Caltag, Burlingame, CA) were added
and incubated for 1 h at 37°C. The plates were washed, and then strepta-
vidin conjugated to horseradish peroxidase (Biosource, Camarillo, CA)
was added (100 �l/well). The plates were incubated for 20 min and
washed, and 100 �l of 3,3=,5,5=-tetramethylbenzidine (TMB) peroxidase
substrate was added (KPL, Gaithersburg, MD). After 5 to 20 min, the
reaction was stopped, and the plates were read at 450 nm using a Power-
Wave HT microplate reader (BioTek Instruments, Winooski, VT).

Histological analysis. Lungs, spleens, and livers were harvested at day
7 following F. tularensis LVS infection and fixed overnight in 10% form-
aldehyde (Fisher Diagnostics). Ten-micron-thick sections were stained
with hematoxylin and eosin and evaluated by light microscopy.

Statistics. Student’s t test (for comparison of two groups) or analysis
of variance (ANOVA) (for comparison of multiple groups) was used to
analyze bacterial burdens, cytokine levels, flow cytometric staining, and
antibody levels. Survival data were analyzed by the Kaplan-Meier log rank
test using GraphPad Prism 4 software (San Diego, CA). A P value of �0.05
was considered statistically significant.

RESULTS
IgA�/� mice exhibit greater susceptibility to primary LVS chal-
lenge than IgA�/� mice. To determine susceptibility to pneu-

monic tularemia in the absence of IgA, 500 CFU of F. tularensis
LVS was administered i.n. to BALB/c IgA�/� and IgA�/� mice.
The mortality and morbidity of the infected mice were monitored
daily for a 20-day period. Following F. tularensis LVS infection,
rapid weight loss, reaching approximately 20% by day 10 postin-
fection, was observed in both IgA�/� and IgA�/� mice (Fig. 1A).
Infected IgA�/� mice began to regain weight on day 11 postinfec-
tion and had fully regained their original weight by day 20. In
contrast, IgA�/� mice continually lost weight with no sign of re-
covery during the 20-day observation period. In addition, the sur-
vival rate of IgA�/� mice was 83%, which was significantly greater
than the 17% survival rate of IgA�/� mice (P � 0.05) (Fig. 1B).
These results demonstrate that IgA is indispensable for mucosal
defense against sublethal i.n. F. tularensis LVS infection.

IgA�/� mice exhibit greater bacterial loads than IgA�/�

mice. To assess whether the increased mortality in IgA�/� mice
was due to uncontrolled bacterial replication, we evaluated bacte-
rial loads in the lungs at various time points after infection. F.
tularensis LVS inoculated i.n. is capable of spreading from its pri-
mary infection site, the respiratory tract, via the bloodstream, to
induce systemic infection. Therefore, bacterial CFU were also
enumerated in the spleens and livers. A 6-fold increase in lung LVS
bacterial burden was detected in both the IgA�/� and IgA�/� mice
within 24 h postinfection. F. tularensis LVS burden reached a max-
imal level of approximately 107 CFU on day 3 postinfection, and
the bacterial numbers in the lung were maintained until day 7
postinfection (Fig. 2A). No significant differences in lung LVS
bacterial burdens were detected between IgA�/� and IgA�/�

mice. However, on day 9 postinfection, a 2-log-unit decrease in
lung LVS bacterial numbers was observed only in IgA�/� mice,
while infection persisted in mice lacking IgA (P � 0.05) (Fig. 2A).
Similarly, no significant differences were found in the spleen and
liver CFU between the two strains on days 1, 3, 6, and 7 postinfec-
tion (Fig. 2B and C). Although a reduction in bacterial burden was
observed in the spleens and livers of IgA�/� mice on day 9 postin-
fection, the numbers still remained significantly greater than those
of IgA�/� mice (P � 0.05). Thus, the lack of IgA does not affect
bacterial burden at early time points but has a detrimental impact
at later stages of LVS infection, suggesting defective clearance.
These data suggest that IgA�/� mice possess intact innate immune
responses but are defective in adaptive immune responses, which
generally start appearing after day 7 postinfection.

F. tularensis LVS infection causes significant tissue pathol-
ogy in both IgA�/� and IgA�/� mice. F. tularensis LVS inoculated
i.n. results in systemic infection with significant tissue injury (8).

FIG 1 Susceptibility of IgA�/� and IgA�/� mice to pulmonary F. tularensis LVS infection. Groups of six to eight mice were challenged i.n. with 500 CFU of F.
tularensis LVS. Weight loss (A) and survival (B) of infected mice were monitored for 20 days. Values are mean percentages � standard deviations (SD) (error
bars). Values that are statistically significantly different (P � 0.05) are indicated by a bar and asterisk.
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To assess the potential role of IgA in limiting organ pathology,
which may account for the severe illness observed in IgA�/� mice
compared to IgA�/� mice, we analyzed lung, spleen, and liver
histology on day 7 postinfection. BALB/c IgA�/� mice infected
with F. tularensis LVS had significant inflammation in all three
organs examined, with severe structural damage and lesions ob-
served in the livers and spleens and significant inflammatory cell
infiltrates detected in the lungs (Fig. 3). However, the extent of
organ pathology was not different between IgA�/� and IgA�/�

mice, suggesting that IgA has no protective role against LVS-in-
duced tissue injury.

IgA�/� mice have increased IgM and IgG antibody levels
compared to those of IgA�/� mice. Cell-mediated immunity is
generally considered to be essential for immunity against intracel-
lular pathogens, and humoral immunity is thought to have more
of an ancillary role. However, significant evidence in the literature
indicates an important role of antibodies against F. tularensis LVS

infection (13–17). Moreover, studies from our laboratory have
recently reported a synergistic effect of humoral and cellular im-
mune responses in providing sterilizing immunity against respi-
ratory LVS infection (13). Given this, we determined the F. tular-
ensis LVS-specific antibody titers in the respiratory tracts of
infected mice. BALF samples were harvested on day 7 following
infection with a low dose of F. tularensis LVS, a time point just
before IgA�/� mice begin to succumb. As expected, IgA�/� mice
did not generate IgA responses above the background levels (Fig. 4B).
However, higher levels of total LVS-specific antibody were detected
in the BALF samples from IgA�/� mice than in the samples from
IgA�/� mice (Fig. 4A). These increased levels were attributable to
greater levels of both IgM and IgG antibodies (Fig. 4B and D). These
results indicate that IgA�/� mice express strong IgM and IgG re-
sponses as a compensatory mechanism for the loss of IgA.

Reduced IFN-� levels in IgA�/� mice. Despite the increase in
pulmonary antibody titers, IgA�/� mice still had greater suscep-
tibility to primary LVS infection and compromised bacterial
clearance at later time points of infection. This suggested a poten-
tial defect in cell-mediated immunity in the absence of IgA. To
investigate this possibility, we measured the levels of TNF-� and
IFN-� in IgA�/� and IgA�/� mice following F. tularensis LVS
infection (Fig. 5A). These cytokines have been shown to be critical
components of immunity against both systemic and pulmonary
infections with F. tularensis LVS (18–22). Comparable levels of
TNF-� were detected in both strains of mice at day 9 postinfec-
tion. In contrast, a striking decrease in pulmonary IFN-� was de-
tected in IgA�/� mice (P � 0.05). Thus, the reduced IFN-� re-
sponses at day 9 postinfection coincide with decreased bacterial
clearance in IgA�/� mice.

To further characterize the defective IFN-� responses in
IgA�/� mice, we quantitated IFN-�� cells in the lungs of IgA�/�

and IgA�/�mice (Fig. 5B). The mice were challenged i.n. with 500
CFU of F. tularensis LVS, and the lungs were harvested on day 9
postinfection. Single-cell suspensions were prepared, restimu-
lated in vitro with F. tularensis LVS, and assayed for IFN-�-positive
(IFN-��) CD4� T cells, CD8� T cells, and DX5� NK cells by flow
cytometry. The results revealed that while both strains of mice had
comparable numbers of IFN-�� DX5� cells, IgA�/� mice had
statistically significant reductions in the numbers of IFN-��

CD4� and CD8� T cells. Collectively, these data suggest that re-
duced numbers of anti-LVS-specific IFN-�-producing CD4� and
CD8� T cells are responsible for the reduced pulmonary IFN-�
levels in IgA�/� mice.

Intranasal IL-12 treatment protects IgA�/� mice against re-
spiratory LVS challenge. We have previously shown that IL-12 is

FIG 2 Bacterial clearance in IgA�/� and IgA�/� mice. Groups of mice were challenged i.n. with 500 CFU of F. tularensis LVS. On days 1, 3, 5, 7, and 9
postinfection, three mice per group were sacrificed, and the bacterial CFU in the lungs (A), spleens (B), and livers (C) were enumerated. Values are means � SD
(error bars). Values that are statistically significantly different (P � 0.05) are indicated by an asterisk.

FIG 3 Histology of organs from naive and F. tularensis LVS-infected IgA�/�

and IgA�/� mice. Mice were infected i.n. with 500 CFU of F. tularensis LVS,
and their organs were harvested at day 7 postinfection for histological analysis.
Lung, spleen, and liver tissue sections were stained with hematoxylin and
eosin. The sections shown are representative of the three mice in each group.
Magnifications, �40 for lungs and �100 for spleens and livers.
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required for immunity against pulmonary LVS infection (18).
Moreover, i.n. administration of exogenous IL-12 protects wild-
type mice from lethal F. tularensis LVS infection through a mech-
anism that requires CD8� T cells and IFN-�. We hypothesized
that IFN-� induction via IL-12 treatment might compensate for
the observed reduction in IFN-� responses in IgA�/� mice and
reverse the enhanced susceptibility against LVS challenge. We first
evaluated pulmonary IL-12 levels in IgA�/� mice at different time
points after the F. tularensis LVS infection. IL-12 levels in IgA�/�

mice peaked at day 3, remained high on day 5, and declined by
days 7 to 9 postinfection (Fig. 6A). In contrast, IL-12 levels in
IgA�/� mice peaked on day 5 and decreased on day 7 postinfec-
tion, indicating that IgA�/� mice have delayed IL-12 responses.

To test the protective efficacy of exogenous IL-12, we inocu-
lated mice i.n. with 1 �g of IL-12 or PBS vehicle 24 h before

challenge with F. tularensis LVS. Mice treated with IL-12 experi-
enced less weight loss than mock-treated mice (Fig. 6B). Further-
more, IL-12-treated IgA�/� mice all survived LVS challenge,
whereas mice that received PBS vehicle had a 40% survival rate
(Fig. 6C). The surviving mice from this experiment were eutha-
nized at day 21 postinfection, and their organs were harvested for
bacterial burden analysis. IL-12-treated IgA�/� mice had signifi-
cantly decreased lung bacterial loads than IgA�/� mice treated
with vehicle only (P � 0.05) (Fig. 6D). Although statistically sig-
nificant reductions in bacterial levels were not observed in the
livers and spleens, there was a noticeable trend toward reduced
bacterial loads in IL-12-treated mice. Thus, i.n. IL-12 treatment
can effectively limit bacterial replication at the site of inoculation
and thereby increase resistance to fatal F. tularensis LVS infection
in IgA�/� mice.

FIG 4 Anti-LVS antibody levels in BALF samples after i.n. F. tularensis LVS infection of IgA�/� and IgA�/� mice. F. tularensis LVS-specific total (A), IgM (B),
IgA (C), and IgG (D) antibody were measured by ELISA on day 7 postinfection. Each symbol represents the mean of four or five mice per group � SD. Values
that are statistically significantly different (P � 0.05) are indicated by an asterisk. Optical densities at 450 nm (OD450) were subtracted from those of BALF samples
from naive mice.

FIG 5 Cytokine responses in IgA�/� and IgA�/� mice. (A) Mice were challenged i.n. with 500 CFU of F. tularensis LVS, and their lungs were harvested at day
9 postinfection. Lung homogenates were assayed to determine the levels of IFN-� and TNF-� using the BD cytometric bead array. Values are means plus SD
(error bars) for three mice in each group. (B) Lung cells from naive mice and mice infected for 9 days were isolated using collagenase digestion. The cells were
restimulated in vitro with F. tularensis LVS and stained for cytoplasmic IFN-�. Stained samples were analyzed on a FACSCanto flow cytometer. Values are
means � SD (error bars) for three mice in each group. Values that are statistically significantly different (P � 0.05) are indicated by a bar and asterisk.

Role of IgA in Francisella tularensis Infection

September 2013 Volume 81 Number 9 iai.asm.org 3437

http://iai.asm.org


Intranasal IL-12 treatment induces early IFN-� production
in NK cells. To elucidate the mechanism of IL-12-induced protec-
tion against pulmonary tularemia, we determined the lung cell
population(s) responsible for IFN-� production in response to
i.n. IL-12 treatment. The mice were inoculated i.n. with either PBS
vehicle or IL-12 1 day before F. tularensis LVS challenge, and the
lungs were harvested on day 2 postinfection. Single-cell suspen-
sions of lung cells were prepared and analyzed by flow cytometry.
The majority of IFN-�-producing cells detected in IL-12-treated
mice were DX5� NK cells (Fig. 7A). Mice treated with IL-12 had
significantly increased percentages of IFN-�� DX5� cells, whereas
IFN-�� CD4� and CD8� T cell percentages were comparable to
mice treated with PBS (Fig. 7B). Furthermore, the overall num-
bers and percentages of DX5� cells were higher in IL-12-treated
mice (Fig. 7C). These data indicate that IL-12 treatment provides
protection through early recruitment and activation of NK cells.

DISCUSSION

We have shown that IgA�/� mice exhibit enhanced susceptibility
to pulmonary F. tularensis LVS infection. This was clearly reflected
in the higher mortality rate and bacterial burdens in IgA�/� mice
relative to IgA�/� controls. This finding is of clinical importance
given that IgA deficiency is the most common humoral immuno-
deficiency, occurring at a rate of approximately 1 in 800 Caucasian
individuals (11). Thus, in the event of a bioterrorist attack, in
which F. tularensis may be deliberately disseminated via aerosol,
individuals with IgA deficiency should be considered a high-risk
group, and prioritized vaccination and/or treatment should be
given. As a potential prophylactic approach for IgA-deficient in-
dividuals against pneumonic tularemia, we have utilized i.n. IL-12
treatment. Administration of exogenous IL-12 1 day before F.

tularensis LVS challenge allowed IgA�/� mice to survive an other-
wise fatal infection; however, significant weight loss was not pre-
vented. This approach is based on our previous findings that i.n.
administration of IL-12 significantly reduced bacterial loads and
prevented the death of infected wild-type mice (18). IL-12 is a Th1
skewing cytokine that can induce IFN-� responses, and we have
previously demonstrated that the IL-12-mediated protection is
partially dependent on IFN-� expression. In the present study, we
demonstrated that i.n. IL-12 treatment significantly increased
DX5� NK cell recruitment into the lungs and enhanced produc-
tion of IFN-� by these cells, but not CD4� or CD8� T cells.

Antibody analysis revealed that IgA�/� mice had higher levels
of respiratory IgG and IgM. It is interesting to note that while IgM
was almost absent in the respiratory tracts of IgA�/� control mice,
substantial levels of IgM were detected in IgA�/� mice. The en-
hanced production of pulmonary IgM and IgG antibodies may be
a mechanism that compensates for the absence of IgA. However,
despite having higher levels of IgG and IgM, IgA�/� mice still
succumbed to infection, suggesting an indispensable role for mu-
cosal IgA in resistance against pulmonary F. tularensis LVS infec-
tion. Furthermore, our data implicate a minimal role for IgG and
IgM, in protection against pulmonary tularemia. These findings
contrast with previous studies in which passive transfer of purified
IgG antibodies, specific for F. tularensis LVS, was found to be
protective against both systemic (23) and mucosal (14) challenges.
Overproduction of protective IgG antibody, as observed in our
model, should in theory compensate for the absence of IgA. Thus,
it is possible that additional abnormalities, aside from IgA defi-
ciency, may exist in IgA�/� mice that render them highly suscep-
tible to pulmonary LVS infections.

Natural antibody against T cell-independent antigens is pro-

FIG 6 Effects of IL-12 on F. tularensis infection in IgA�/� mice. (A) Mice were challenged i.n. with 500 CFU of F. tularensis LVS, and their lungs were harvested
on days 1, 3, 5, 7, and 9. Lung homogenates were assayed to determine IL-12 levels using ELISA. Values are means � SD (error bars) for three mice in each group.
(B and C) Weight loss (B) and survival (C) of IgA�/� mice treated i.n. with either PBS or 1 �g of IL-12 24 h before F. tularensis LVS infection. (D to F) The
surviving mice were euthanized on day 21 for CFU enumeration in the lungs (D), livers (E), and spleens (F). Each symbol represents the value for an individual
mouse. The horizontal line is the mean for the group. Values that are statistically significantly different (P � 0.05) are indicated by an asterisk.
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duced primarily by B1a B cells (24). There is no definitive role for
B1a cells in tularemia. A study conducted by Cole et al. reported
that protection afforded by purified lipopolysaccharide (LPS)
against F. tularensis LVS infection is largely mediated by B1a cells
(16). In contrast, B1a B cells were recently demonstrated to be
detrimental against the highly virulent F. tularensis strain SchuS4
(25). In our model, we observed no consistent differences between
IgA�/� and IgA�/� mice in the recruitment of B1a cells into the
lungs or spleens (unpublished observations). Thus, heightened
susceptibility among IgA-deficient mice cannot be attributed to
increased or decreased presence of B1a cells in the lung.

The aforementioned serum transfer studies have indicated that
IgG antibodies are dependent upon host T cell immunity for op-
timum protection. In those studies, the beneficiary effect of F.
tularensis LVS-specific IgG antibodies was lost after depletion of T
cells from the recipient mice (14, 23). This observation is consis-

tent with our previous findings that serum antibody treatment
failed to protect SCID mice from F. tularensis LVS infection (13).
Thus, the dependence of antibody-mediated protection on T cells
prompted us to further investigate the mechanisms responsible
for the increased sensitivity of IgA�/� mice to F. tularensis LVS
infection. Interestingly, we observed significantly reduced num-
bers of IFN-�-secreting CD4� and CD8� T cells in the lungs of
LVS-infected IgA�/� mice compared to IgA�/� mice. Further ex-
periments revealed reduced pulmonary IL-12 and IFN-� levels in
IgA�/� mice. Given that mice deficient in IL-12 or IFN-� are
highly susceptible to i.n. LVS challenge (18), subnormal, antibac-
terial Th1 cytokine responses may be responsible, in addition to
the absence of IgA, for the heightened susceptibility of IgA�/�

mice.
The phenomenon of reduced IFN-� responses in IgA�/� mice

has been observed in other infection/vaccination models (5, 26).

FIG 7 Effects of IL-12 on pulmonary immunity. (A) Mice were pretreated i.n. with 1 �g of IL-12 or with PBS vehicle 24 h before infection with 500 CFU of F.
tularensis LVS. Lung cells from mice infected for 2 days were isolated using collagenase digestion. The cells were restimulated in vitro with F. tularensis LVS and
stained for cytoplasmic IFN-�. Representative dot plots from each experimental group are shown. (B) Percentages of IFN-�� DX5�, CD4�, and CD8� lung cells.
(C) Percentages and numbers of DX5� NK lung cells. Values are means � SD for four mice in each group. Values that are statistically significantly different are
indicated by bars and asterisks as follows: �, P � 0.05; ���, P � 0.001.
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Decreased IFN-� responses in IgA�/� mice observed by us and
others are in line with previous findings that showed impaired T
cell responses in IgA�/� mice. Harriman et al. showed that lym-
phocytes from IgA�/� mice have reduced proliferative responses
to phytohemagglutinin (PHA), a T cell mitogen, and anti-CD3
treatment, compared to lymphocytes from wild-type mice (27).
Further, we found that IgA�/� mice have impaired Th cell prim-
ing due to defective antigen-presenting cell functions (4). These
observations in mouse models have also been reported in humans.
Lymphocytes obtained from IgA-deficient individuals exhibit de-
creased IFN-� (28) and proliferative responses (29) following in
vitro stimulation with T cell mitogens. Collectively, the above re-
sults strongly suggest a role of IgA in regulating T cell immunity
although it is currently unclear precisely how IgA might influence
T cell immunity. One possibility is that IgA indirectly affects
adaptive T cell immunity through modulating homeostasis of
intestinal flora. We have found that IgA�/� and IgA�/� mice
have markedly different gut microbial flora (J. H. Wilson-
Welder and D. W. Metzger, unpublished observations). It is
well established that commensal bacteria regulate immune re-
sponses in the gut through secretion of ligands for pattern rec-
ognition receptors (30). Ichinohe et al. have recently shown
that a regulatory role of commensal microbiota extends to re-
spiratory immune responses (31). Thus, it is plausible that ab-
normal intestinal bacterial composition in IgA�/� mice could
account for the observed impaired T cell immunity. We are
currently conducting detailed investigations to test this hy-
pothesis.

In conclusion, we have demonstrated that IgA�/� mice are
highly sensitive to primary F. tularensis LVS infections. This
heightened susceptibility may not simply be due to a deficiency in
IgA expression but may also be attributed to impaired T cell im-
munity, specifically IFN-� production by CD4 and CD8 T cells.
Importantly, IgA�/� mice can be rescued from lethal F. tularensis
LVS infection by i.n. IL-12 inoculation. This illustrates the poten-
tial use of IL-12 treatment as a prophylactic against lethal respira-
tory tularemia.
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