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Mast cells are important for protective immunity to intestinal helminth infections and as mediators of
allergic disease. Their role in protozoan infections is less well described. We have therefore analyzed mast cell
responses and parasite control in mice infected with the protozoan Giardia lamblia. We also measured
immunoglobulin A (IgA) responses to the parasite, as IgA can have a protective role in this model. c-kit™™"
mice failed to make parasite-specific IgA, mount a mast cell response, or eliminate the infection. Anti-c-kit-
treated C57BL/6 mice had normal IgA responses, lacked mast cell responses, had reduced interleukin-6 (IL-6)
mRNA in the small intestine, and failed to control the infection within 10 days. IL-9-deficient mice had a
significant but reduced mast cell response and still controlled the infection within 2 weeks. Interestingly,
IL-6-deficient mice had enhanced mast cell responses yet failed to rapidly control the infection. However,
prevention of mast cell responses in IL-6-deficient mice by anti-c-kit treatment did not lead to parasite
elimination. Both IL-6- and IL-9-deficient mice had normal IgA production. IL-6-deficient mice had significant
serum levels of mast cell mediators, histamine and mast cell protease 1, following infection. Together, these
results show that mast cells are important for the rapid control of Giardia infections in mice. Furthermore, they
show that IL-6 is not necessary for these mast cell responses. Instead, they suggest that mast cell production
of IL-6 appears to be important for control of this infection.

Giardia lamblia (syn. Giardia duodenalis, Giardia intestinalis)
is a protozoan parasite which replicates exclusively in the lu-
men of the small intestine of a wide variety of mammalian
hosts (reviewed in reference 11). Giardia infections are prac-
tically universal in the developing world, and the Centers for
Disease Control and Prevention estimates that two million
infections occur in the United States each year. Infections in
young children are particularly common. In some cases, these
infections result in acute or chronic symptoms, including mal-
absorptive diarrhea, cramps, and nausea, although asymptom-
atic infections are common. Most individuals effectively con-
trol these infections within a few weeks, although the precise
immune mechanisms responsible for eliminating parasites are
unknown. It also remains unclear whether symptomatic disease
is due to immune-mediated pathology or parasite-derived fac-
tors or both.

Immunity to G. lamblia has been shown to occur in at least
two distinct phases in mice. Normally mice eliminate this in-
fection within 2 weeks. T cells and interleukin-6 (IL-6) are
important in this early phase, since SCID mice, anti-CD4-
treated mice, Tcrf gene-targeted mice, and IL-6-deficient mice
all fail to control these infections within this time frame (2, 4,
29, 36). In contrast, antibodies are not necessary in this phase,
as B-cell-deficient mice eliminate the majority of parasites
within 2 weeks (29). If infections persist beyond this initial
phase, a second phase of the immune response can occur. This
is best seen in IL-6-deficient mice that eliminate the parasites
between 4 and 8 weeks postinfection (36). This correlates with
the appearance of antiparasite immunoglobulin A (IgA) anti-
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bodies in the intestinal fluid that react with all parasites present
in a population expressing diverse surface antigens. The longer
time required for antibody-dependent control of these infec-
tions is consistent with the ability of the parasite to undergo
antigenic variation (23). B-cell-deficient mice lack this second
phase of immunity and have extended low-level infections,
further supporting a role for antibodies in the control of
chronic infections (19, 32). Thus, an IL-6-dependent pathway
can control the infection early on while a B-cell-dependent
pathway plays a role later on and may be important for pre-
venting chronic infections. Similarly, human patients with X-
linked agammaglobulinemia or common variable immunode-
ficiency are at risk for chronic giardiasis.

Immunity to the related parasite Giardia muris is similar,
although B cells appear to play a more important role earlier.
Anti-IgM-treated mice and xid mutant mice have defects in
controlling this infection, and Langford et al. and Snider et al.
recently showed that B-cell-deficient mice and IgA-deficient
mice have significant defects in controlling G. muris infection
early on (19, 30, 31). Nevertheless, significant decreases in
parasite numbers were observed between 1 and 3 weeks postin-
fection in the absence of antibodies, consistent with the exis-
tence of an antibody-independent mechanism for controlling
this infection as well. T cells are also important in this model,
since nude mice and anti-CD4-treated mice have defects con-
trolling G. muris infection (16, 27).

Mast cell responses have been suggested in protection
against both G. lamblia, and G. muris infections. Infections in
gerbils with G. lamblia or in mice with G. muris have shown
that mast cells accumulate in the small intestine following
infection (15, 20, 34). In addition, mast cell-deficient (c-kit™"™")
mice were unable to control G. muris infections (8), suggesting
that mast cell responses may be involved in controlling these
infections. However, c-kit mutant animals exhibit multiple de-
fects including anemia, abnormal y8 T cell development, and
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an absence of intestinal pacemaking activity (13, 26, 28).
Cyproheptadine (an antagonist of histamine H1 receptors)
treatment prolonged infections with G. muris, suggesting that
histamine release from mast cells may be involved in Giardia
immunity (34). Importantly, attempts to reconstitute the mast
cell response in the c-kit** mice by adoptive transfer of bone
marrow mast cells did not restore resistance to infection (8),
and cyproheptadine has numerous effects unrelated to its an-
tihistaminic properties, making it difficult to precisely implicate
mast cells in resistance to Giardia infection based on these
data.

We have therefore analyzed G. lamblia infections and mast
cell and IgA responses in c-kit mutant as well as anti-c-kit-
treated mice to determine whether mast cells have a role in
T-cell-dependent immunity to Giardia. We have also examined
infections and measured mast cell and IgA responses in IL-6
and IL-9 mutant mice to determine whether these cytokines
are important for mast cell responses in the intestine during
Giardia infections.

MATERIALS AND METHODS

Mice. BALB/c, C57BL/6J, B6.129S2-1l6"™%°Pf WBB6 F1/J c-kit*/*, and
WBB6/F17J c-kit™™" mice were obtained from Jackson Laboratories (Bar Harbor,
Maine). IL-9 gene-targeted mice (33) were backcrossed onto the BALB/c back-
ground for six generations and then maintained as an inbred line. IL-9 mutant
mice were obtained from Andrew McKenzie (Cambridge University) and bred at
Georgetown University under specific-pathogen-free conditions, although the
colony carried infections with Helicobacter hepaticus. All experiments were per-
formed with the approval of the Georgetown University Animal Care and Use
Committee.

Parasites and infections. G. lamblia (strain GS/M/H7) was cultured and used
for infections as previously described (36). Mice were infected by gavage with 5
% 10° to 10 X 10° parasites in phosphate-buffered saline (PBS), and parasite
numbers in the small intestines were determined at different days postinfection.
To count parasites, 10-cm sections of small intestine were minced in 4 ml of PBS,
kept on ice for >30 min to release parasites, and counted on a hemocytometer.
Because Giardia requires bile for growth, we routinely analyzed parasite num-
bers in the duodenum, beginning just distal to the junction of the small intestine
with the common bile duct.

Mast cell blockade in vivo. Anti-c-kit rat IgG2b (ACK-2) (25) and control rat
1gG2b (J1.2) were provided by Fred Finkelman (University of Cincinnati) as
ammonium sulfate-purified ascites fluid. Mice were treated with 0.5 mg of anti-
body in 200 pl of PBS by intraperitoneal injection on days 2, 4, 6, and 8
postinfection. Mice were analyzed on day 10 postinfection.

Intestinal antibody responses. Intestinal washes were collected from the 5-cm
segment of jejunum distal to that used for counting parasites by flushing the
lumen with 0.5 ml of PBS/mouse. The presence of antiparasite antibodies was
determined as previously described (36). Briefly, parasite cultures were allowed
to attach to glass slides and fixed with cold methanol-acetone (1:1). Slides were
blocked with 5% goat serum in PBS and then incubated with intestinal washes
diluted 1:5 in PBS plus 5% goat serum, followed by goat anti-mouse IgA, goat
anti-mouse IgG, or goat anti-mouse IgM conjugated to fluorescein isothiocya-
nate (Southern Biotechnology Associates, Birmingham, Ala.). Giardia-specific
monoclonal antibodies of each isotype were used as controls for the specificity
and sensitivity of each secondary reagent. Slides were mounted with Vectashield
plus propidium iodide (Vector Laboratories, Burlingame, Calif.) and viewed with
a Zeiss Axiophot microscope. Images were collected with a CoolSnap fx camera
(Roper Scientific, Trenton, N.J.) by using OpenLab software (Improvision, Cam-
bridge, Mass.). Images were processed with Photoshop (Adobe Systems, San
Jose, Calif.).

Mast cell staining. Two- to three-centimeter segments of small intestine distal
to the segment used for collecting parasites (after collection of intestinal washes)
were fixed in 10% formalin, embedded in paraffin, and sectioned. Tissue sections
were stained for chloroacetate esterase activity as described previously (12) and
counterstained with hematoxylin. Slides were viewed as for the fluorescence
microscopy, except that the microscope was also equipped with a CRI filter
wheel (Cambridge Research, Cambridge, Mass.). Mast cell numbers were then
determined by an observer who was unaware of the identities of the samples.
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TABLE 1. G. lamblia infections in mast cell-deficient mice

10* Parasites

Group” Day postinfection (avg = SD)®
WBB6F1/J c-kit™/* 4 58+33
10 0.3 =0.6
29 04 =0.7
172 ND
WBB6F1/J c-kit™* 4 51.7 = 26.2¢
10 98.8 = 56.7¢
29 16.7 = 18.5¢
172 279 = 14.5¢

“ Groups of 4 to 6-week-old female mice were infected with 10° G. lamblia on
day 0.

" Average and standard deviation of the number of parasites found in the small
intestines on the indicated day postinfection. Each group consisted of 3 mice per
time point. ND, none detected. Data are representative of the results from three
separate experiments.

¢P = 0.05 compared to wild-type controls by the Mann-Whitney test.

Serum histamine and mast cell protease measurements. Venous blood was
collected from mice immediately prior to sacrifice and allowed to clot overnight
at 4°C. Sera were collected after centrifugation and stored in aliquots at —20°C
until tested. Histamine levels were measured in sera diluted 1:20 with PBS by
using a competitive enzyme-linked immunosorbent assay system (Immunotech;
Beckman Coulter, Fullerton, Calif.). Mouse mast cell protease levels were de-
termined by capture enzyme-linked immunosorbent assay (Moredun Scientific,
Midlothian, Scotland, United Kingdom).

RT-PCR. Small intestinal RNA was prepared from a 1- to 2-cm segment of the
small intestine distal to that used for enumerating parasites. RNA was purified
by using RNA-STAT-60 (Teltest, Inc., Midland, Tex.). Reverse transcription
(RT) and amplification of IL-6 and hypoxanthine phosphoribosyltransferase
c¢DNA were performed as described previously (36). Briefly, 5 pg of RNA was
reverse transcribed with SuperScript IT reverse transcriptase (Invitrogen, Carls-
bad, Calif.). cDNA was then amplified with Tag polymerase and primers for
hypoxanthine phosphoribosyltransferase to determine whether samples con-
tained similar amounts of cDNA. IL-6 cDNA was then amplified and analyzed
on 1.5% agarose gels in 0.5X Tris-borate-EDTA buffer.

Statistics. Data were analyzed by either the Student ¢ test or the Mann-
Whitney test. The nonparametric Mann-Whitney test was used when analyzing
parasite numbers, since data were not normally distributed, and ¢ tests were used
for comparisons of mast cell numbers, histamine, and mast cell protease levels.
Analyses were performed with GraphPad Prism (version 3.0cx; GraphPad Soft-
ware, Inc., San Diego, Calif.). P values of <0.05 were considered significant.

RESULTS

Mast cell-deficient mice fail to control infections. Our lab-
oratory has recently shown that antibodies are not required for
control of G. lamblia infections in mice (29). In this phase of
the infection, parasite control requires IL-6 and normally oc-
curs within the first 2 weeks (2, 36). Since mast cells have been
suggested to control G. muris infections (8, 34), we wanted to
determine whether mast cells were involved in the early control
of G. lamblia infections and how mast cell responses were
related to IL-6. We therefore began by infecting genetically
mast cell-deficient c-kit""™ mice with G. lamblia and deter-
mining whether they were able to control the infection.
Whereas wild-type mice controlled G. lamblia infections within
1 to 2 weeks, the c-kit mutant mice failed to control the infec-
tions even after 5 months (Table 1). The small decrease in
parasite numbers seen late in the infection of the c-kit mutant
mice was not statistically significant. As expected, no mast cells
were seen in the intestines of c-kit mutant mice even after
infection with G. lamblia (data not shown). Thus, the c-kit™"*
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FIG. 1. Intestinal IgA Responses in G. lamblia-infected mice. In-
testinal fluid was collected from the jejuna of 14-day-old infected
c-kit™* (A) or c-kit"™ (B) mice and used to stain trophozoites from
in vitro cultures of G. lamblia. Fluorescein isothiocyanate-conjugated
anti-IgA was used to demonstrate the presence or absence of IgA in
the intestinal fluid, and propidium iodide (data not shown) was used to
identify the parasites.

mice exhibit a profound inability to control infections with G.
lamblia during the early phase of infection as well as a defect
in the later phase.

IgA has long been thought to be involved in the control of
giardiasis (19). Furthermore, results in the IL-6-deficient mice
suggested that while IgA cannot initially control infections with
G. lamblia due to the ability of the parasite to undergo anti-
genic variation, IgA was effective later in the infection (36).
Since the c-kit™™¥ mice failed to control the infection after 5
months, we also examined the production of parasite-specific
IgA in c-kit™™" mice and wild-type controls. As expected, IgA
produced 14 days postinfection from wild-type mice reacted
with only a subset of parasites present in a diverse in vitro
population (Fig. 1A). Antiparasite IgG and IgM were not
detectable in the intestinal washes of these mice, consistent
with IgA being the major antibody isotype secreted into the
small intestine (data not shown). Moreover, c-kit mutant mice
did not have antiparasite IgA in their intestinal fluid at this
time (Fig. 1B). This suggests that a defect in IgA production in
c-kit™™ mice may be involved in their inability to control
Giardia infections.

The inability of c-kit™*¥ mice to produce antiparasite IgA
makes it impossible to conclude that the absence of mast cells
in these mice is responsible for the failure to control Giardia
infections. The lack of IgA itself may contribute to the failure
to control infections or may reflect a defect in T-cell-depen-
dent immune responses in general. We therefore used a sec-
ond approach to study mast cell function in vivo, a blockade of
mast cell responses with noncytolytic anti-c-kit antibodies. The
anti-c-kit antibody ACK-2 has been used to specifically inhibit
mast cell responses during murine infections with Trichinella
spiralis (14) and during mast cell-dependent diarrhea (3). Fur-
thermore, while ACK-2 treatment of neonatal mice can affect
the development of numerous cell types, including melano-
cytes and interstitial cells of Cajal in the intestinal tract, these
effects require treatment within the first few days postpartum
(21, 24). Short-term treatment of adult mice with this antibody
does not affect these other cells. We therefore analyzed mast
cell responses in wild-type mice infected with Giardia with and
without injection of anti-c-kit antibodies during the infections.
Whereas uninfected mice had few mast cells in the small in-
testine, mice infected with G. lamblia accumulated large num-
bers of mast cells in the small intestine (Fig. 2A and B). As
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FIG. 2. Mast cell responses and infections in anti-c-kit-treated
mice. C57BL/6J mice were not infected (A) or infected (B and C) with
10° G. lamblia trophozoites and treated on days 2, 4, 6, and 8 with
either control IgG (B) or anti-c-kit antibody (C). On day 10 postin-
fection, small intestines were fixed in formalin and paraffin sections
were stained for chloroacetate esterase activity (red) to visualize mast
cells and counterstained with hematoxylin. Similar results were seen
with 8 mice/group. (D) Parasite numbers were determined in
C57BL/6J mice infected with Giardia for 10 days and untreated (dia-
monds), treated with anti-c-kit (triangles), or treated with control IgG
(circles). Each symbol represents a single mouse (n = 8 mice/group).
*, P < 0.05 compared to wild-type controls. Data are representative of
the results from three independent experiments.

expected, injection of anti-c-kit antibodies completely pre-
vented the accumulation of mast cells in the small intestines of
the infected mice (Fig. 2C). It also inhibited the ability of these
mice to eliminate their infections (Fig. 2D). Since treatment
with ACK-2 may have interfered with hematopoietic cell de-
velopment, we also examined IgA production in anti-c-kit-
treated mice to determine whether T-cell-dependent antibody
responses were affected. While intestinal fluid from uninfected
mice contained no detectable anti-Giardia IgA (Fig. 3A), fluid
from infected mice had IgA which reacted with a subset of the
parasites present in our in vitro populations (Fig. 3B to D).
This pattern of IgA reactivity is consistent with antibodies
specific for the variant-specific surface proteins of the parasite.
No differences in the pattern of IgA reactivity were seen
among infected mice that were not treated with IgG or that
received either control IgG or anti-c-kit IgG (Fig. 3B to D). It
remains possible that ACK-2 antibody treatment may have led
to differences in the quantity of IgA secreted into the intestine.
Importantly, these data show that the lack of IgA in c-kit
mutant mice is not due to the absence of mast cells but rep-
resents an additional defect in these mice. Furthermore, to-
gether, these data strongly argue that mast cells are required
during the early phase of control of Giardia infections in mice.

IL-9 is not necessary for mast cell accumulation. IL-9 has
been implicated in inducing mast cell responses during hel-
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FIG. 3. IgA responses in anti-c-kit-treated mice infected with G.
lamblia. Intestinal washes from uninfected C57BL/6J mice (A), 10-day-
old infected C57BL6/J mice treated with control antibody J1.2 (B),
untreated (C), or treated with anti-c-kit antibody ACK-2 (D) were
used to stain in vitro cultures of G. lamblia with an IgA-specific sec-
ondary antibody. IgA detection was performed on at least 8 mice/
group with similar results. Data are representative of the results from
three independent experiments.

minth infections. Townsend et al. showed that IL-9-deficient
mice had markedly reduced mast cell accumulation in the
lungs of mice instilled with Schistosoma mansoni eggs (33). To
determine whether IL-9 was also needed for intestinal mast
cell responses and protection against Giardia infections, IL-9-
deficient mice were infected with G. lamblia. Since the IL-9
deletion was present on the BALB/c background, we infected
both wild-type BALB/c and C57BL/6 mice as controls to facil-
itate comparisons with our earlier analyses with C57BL/6 mice.
At 5 days postinfection, the number of parasites in the IL-9-
deficient mice was similar to that seen in C57BL/6 mice and
significantly lower than that seen in BALB/c controls (Table 2).
By 2 weeks postinfection, the IL-9-deficient mice completely
eliminated detectable Giardia parasites, the same as both sets

TABLE 2. G. lamblia infections in C57BL/6, BALB/c, and
1L-9-deficient BALB/c mice

10* Parasites

Mouse strain® Day postinfection

(avg = SD)”
C57BL/6] 5 0.7*09
12 ND
BALB/c 5 62.1 = 49.2¢
12 ND
BALB/c IL-9~/~ 5 0.6 +0.3¢
12 ND

“ Four- to 6-week-old female mice were infected with 10° G. lamblia on day 0,
and groups of 4 mice were analyzed on the indicated days postinfection.

b Average and standard deviation of the number of parasites found in the small
intestines. ND, none detected. Data are representative of the results from two
separate experiments.

¢P < 0.05 compared to C57BL/6 mice by the Mann-Whitney test.

4P < 0.05 compared to BALB/c controls by the Mann-Whitney test.
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FIG. 4. Mast cell responses in IL-9-deficient mice. BALB/c, IL-9-
deficient, and C57BL/6 mice were infected with 10° G. lamblia tropho-
zoites, and mast cell numbers were determined at day 14 postinfection.
Mast cell numbers were determined on coded slides for 4 mice/geno-
type. Numbers of mast cells per three microscope fields were counted
rather than mast cells per 10 villus-crypt units, as in Fig. 5, since tissue
sections from many of these mice did not contain complete villus-crypt
units but were sagittal sections through villi. Means and standard
deviations are shown. *, P < 0.05 compared to BALB/c mice. Data are
representative of the results from two independent experiments.

of wild-type controls (Table 2). Antiparasite IgA was found in
the intestinal fluid of all infected IL.-9-deficient mice, similar to
wild-type mice (data not shown). Strikingly, the number of
mast cells in the small intestines of IL-9-deficient mice follow-
ing infection was roughly one-third of that found in infected
control BALB/c mice and was similar to that seen in the
C57BL/6 mice (Fig. 4). In all cases, this number was much
greater than in uninfected mice (Fig. 5A and data not shown).
This is consistent with recent reports showing that IL-9 is not
absolutely required for intestinal mast cell responses, although
it does appear to enhance these responses (9).

IL-6 is not necessary for mast cell responses. We and others
have recently shown that IL-6 is required for efficient control
of Giardia lamblia infections in mice (2, 33). Furthermore,
while IL-6 was first described as a B cell growth factor, it is also
a growth factor for human mast cells and is commonly used to
culture these cells from peripheral or cord blood. We therefore
asked whether mast cell responses during Giardia infections
were dependent on IL-6 by examining responses in IL-6-defi-
cient mice. As we have previously reported, wild-type C57BL/6
mice 2 weeks postinfection reduced the number of parasites in
the small intestine to levels below the limits of detection,
whereas IL-6-deficient mice were still heavily infected at this
time (Table 3) (36). Mast cells began to accumulate in the
small intestines of both wild-type and IL-6-deficient mice 7
days postinfection, coincident with the beginning of parasite
elimination in the wild-type mice (Fig. 5SA). By day 14 postin-
fection, the IL-6-deficient mice had accumulated roughly three
times as many mast cells as wild-type mice, even though these
mice still had large numbers of parasites. Thus, the mast cell
response during Giardia infection occurs independently of
IL-6. The accumulation of mast cells in IL-6-deficient mice,
however, is insufficient to effectively control the infection. To
determine whether the enhanced mast cell accumulation seen
in IL-6-deficient mice was actually responsible for the failure of
these mice to control infections, IL-6-deficient mice infected
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FIG. 5. Mast cell responses in IL-6-deficient mice. C57BL/6J (tri-
angles) and B6.129S2-116"""%°P/ (squares) mice were infected with
500,000 G. lamblia trophozoites and sacrificed at different times
postinfection. Mast cells were visualized as described for Fig. 2. The
number of mast cells are shown as means and standard deviations for
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TABLE 3. G. lamblia infections in IL-6-deficient mice

10* Parasites

Mouse strain (avg = SDY

Day postinfection

C57BL/6J 5 9+19
7 19 = 30
14 ND
C57BL/6J IL-6~/~ 5 156 + 246°
7 378 = 216¢
4

1 619 *+ 463°

@ Four- to 6-week-old female mice were infected with 5 X 10° G. lamblia on
day 0, and groups of 4 mice were analyzed on the indicated days postinfection.

" Average and standard deviation of the number of parasites found in the small
intestines. ND, none detected. Data are representative of the results from three
separate experiments.

¢ P < 0.05 compared to wild-type controls by the Mann-Whitney test.

with Giardia were treated with anti-c-kit antibody to block the
accumulation of mast cells. Anti-c-kit-treated IL-6-deficient
mice had just as many parasites as mice treated with control
antibody (5.0 X 10° = 0.2 X 10° versus 5.5 X 10° = 0.5 X 10°,
n = 4 per group). As expected, the anti-c-kit treatment did
indeed block the accumulation of mast cells in IL-6-deficient
mice (data not shown). Thus, the enhanced mast cell responses
in IL-6-deficient mice do not contribute to their failure to
control infections.

If mast cells contribute to the control of infections in wild-
type mice, why don’t they control the infection in IL-6-deficient
mice? A possible answer is that mast cells require IL-6 to
produce mediators required to control infections. Indeed, it
has recently been shown that IL-6 enhances the production of
histamine by cultured human peripheral blood mast cells (18).
We therefore measured serum levels of two mast cell media-
tors, histamine and mouse mast cell protease 1 (MMCP-1), in
wild-type and IL-6-deficient mice before and after infection
with Giardia. Sera from wild-type mice had three times more
histamine at 10 days postinfection than sera from uninfected
mice (Fig. 5B) (3,451 = 638 nM versus 1,009 * 448 nM, n =
3, P < 0.05), consistent with the observed mast cell response.
IL-6-deficient mice had elevated serum histamine levels in the
absence of infection, and these levels were unchanged by in-
fection (Fig. 5B) (2,929 *+ 1,474 nM versus 2,592 = 379 nM, n
=3, P > 0.05). Similarly, while MMCP-1 was not detectable in
the sera of uninfected mice, both wild-type mice and IL-6-
deficient mice showed elevated levels of MMCP-1 in the sera
10 days postinfection (Fig. 5C). The response in wild-type mice
was lower than that seen in IL-6-deficient mice (9.4 = 2.5
ng/ml and 16.0 = 1.6 ng/ml, n = 4, P < 0.01), consistent with
the increased numbers of mast cells seen in these animals. As
expected, this response was completely blocked by treatment
with anti-c-kit antibody. Thus, neither production of histamine
nor MMCP-1 was lacking in the IL-6-deficient mice.

4 mice/time point (A). Sera were collected from C57BL/6J (triangles)
and B6.129S2-716"""%°Pf (squares) mice on day 10 postinfection (filled
symbols) and uninfected mice (open symbols) and assayed for hista-
mine (B) and MMCP-1 (C). *, P < 0.05 compared to wild-type con-
trols. Data from panel A are representative of the results from three
independent experiments.
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FIG. 6. IL-6 mRNA expression in mast cell-deficient mice. RNA
was isolated from uninfected C57BL/6 mice (lane 1) and infected mice
treated with no antibody (lane 2), with anti-c-kit antibody (lane 3) or
with control IgG (lane 4). RNA was converted to cDNA, and IL-6
levels were determined from pooled samples (n = 4).

Mast cells as source of IL-6. Since IL-6 was not necessary for
mast cell accumulation or activation, we next examined
whether mast cells are in fact a source of IL-6 during Giardia
infection. RT-PCR analysis of IL-6 mRNA from infected wild-
type mice treated with anti-c-kit antibody to block the mast cell
response shows that IL-6 mRNA levels are reduced in the
absence of mast cells compared to infected mice treated with
control IgG or not treated with antibody (Fig. 6). However,
IL-6 mRNA levels in the anti-c-kit-treated infected mice still
appear higher than those in uninfected mice. Mast cells are not
the only source of this cytokine in the intestinal tract, and these
data suggest that multiple cell types contribute to the IL-6
response in vivo. These data are consistent with the idea that
mast cells are a source of IL-6 during Giardia infection and
that this IL-6 production is important for control of the infec-
tion.

DISCUSSION

Our results clearly demonstrate that mast cells are important
for control of murine infections with G. lamblia. Mice infected
with Giardia accumulated mast cells in the small intestine as
they eliminated the infection. Furthermore, mice which failed
to mount a mast cell response, either due to mutation in the
c-kit gene or due to treatment with anti-c-kit antibodies, also
failed to eliminate the infection. Results also show that mast
cell responses do not require IL-6 or IL-9. IL-6-deficient mice
infected with Giardia accumulated more mast cells in the small
intestines than wild-type controls. IL-9-deficient mice also ac-
cumulated significant numbers of mast cells compared to un-
infected mice, although there was reduced mast cell accumu-
lation compared to wild-type controls in this model. Finally,
our data indicate that IL-6 is not necessary for the production
of mast cell mediators such as histamine and MMCP-1 but
instead suggest that IL-6 production by mast cells is an impor-
tant element of the immune response to Giardia.

A previous study with c-kit™™" mice infected with G. muris
observed prolonged infections in this model (8). They were
unable to restore immunity, however, by adoptive transfer of
bone marrow-derived mast cells. We have found that c-kit™"*"
mice also fail to eliminate G. lamblia infections as well as
control mice. We have also documented a defect in parasite-
specific IgA production in these mice. To our knowledge, this
is the first report of a defect in antibody production in c-kit
mutant mice. Furthermore, while the failure of these mice to
eliminate parasites does not exclude a role for mast cells in this
infection, it requires that a different approach be used to dem-
onstrate a requirement for mast cells. Treatment with anti-c-kit
antibodies clearly inhibited the elimination of parasites and
blocked mast cell responses without reducing parasite-specific
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antibodies. This result supports the idea that mast cells are
required, since ACK-2 treatment of adult mice did not inhibit
the production of parasite-specific IgA nor does it interfere
with intestinal motility coordinated by the interstitial cells of
Cajal that innervate the intestinal musculature (17, 35). While
ACK-2 treatment of adult mice does inhibit the development
of spermatogonia, it is difficult to see how this could affect
Giardia infection in the intestine. In addition, these experi-
ments were done in female mice and ACK-2 treatment does
not interfere with oocyst development.

Immunity to Giardia occurs in distinct phases. It was previ-
ously shown that IL-6 is important in the early immune re-
sponse (36), and the data presented here argue that mast cells
are also involved in this phase. It is therefore likely that mast
cell responses function in the same pathway as IL-6. IL-6 is
clearly not required for the accumulation of mast cells, since
the number of mast cells observed in infected IL-6-deficient
mice was roughly threefold greater than in wild-type mice. IL-6
is also not required for production of histamine or MMCP-1,
as both were found in IL-6-deficient mice. It remains possible
that IL-6 is required for the production of some other media-
tor made by mast cells and that this mediator is required for
the control of infections. Alternatively, mast cell mediators in
conjunction with IL-6 from an unknown source are required in
concert to control this infection. The simplest connection be-
tween mast cells and IL-6 in this system, however, is that mast
cell production of IL-6 itself is involved in the elimination of
Giardia. Consistent with this idea, mice treated with anti-c-kit
antibodies to prevent mast cell responses had lower levels of
IL-6 mRNA in the small intestine than did controls. Other cell
types may also be producing IL-6 during Giardia infections,
however, and a blockade of mast cell responses did not com-
pletely eliminate the induction of IL-6 mRNA levels.

Our studies further support a role for antibody during the
later phase, but not during the early phase, of control of G.
lamblia infections in mice. Like IL-6-deficient mice, anti-c-kit-
treated mice produced antiparasite IgA but failed to rapidly
control this infection, indicating that antibodies are not suffi-
cient early on. The failure of c-kit"”™ mice to produce anti-
parasite IgA and to control infections with G. lamblia, even
after 4 months, highlights the importance of IgA in this second
pathway. Similarly, Langford et al. recently found that IgA-
deficient mice developed chronic infections with G. muris and
G. lamblia, although a sharp drop in parasite numbers was seen
early in these infections (19). In humans, chronic giardiasis is
associated with hypogammaglobulinemias, including Bruton’s
agammaglobulinemia and common variable immunodeficiency
(11), suggesting that IgA may also be important for the control
of chronic infections in humans.

IL-9, but not IL-6, is involved in generating the mast cell
response to Giardia infection. IL-9-deficient mice had approx-
imately one-third as many mast cells in the small intestine as
control mice following infection. This was far less of a differ-
ence than was previously seen in the lungs of IL-9-deficient
mice after challenge with S. mansoni eggs (33). However, the
absence of IL-9 had less of an effect on intestinal mast cell
responses to Nippostrongylus brasiliensis (9). IL-4 was shown to
compensate for the absence of IL-9 in these experiments. The
elevated mast cell response seen in the IL-6-deficient mice is
also consistent with a role for IL-4 in promoting mast cell
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responses, as increased expression of IL-4 was previously seen
in G. lamblia-infected IL-6 mutant mice (2). Finally, the ab-
sence of mast cell responses in STAT-6-deficient mice infected
with G. lamblia (S. M. Singer and Z. Petrin, unpublished data)
indicates that IL-4 signaling is necessary for intestinal mast cell
responses in this model.

Variable outcomes of infection have long been noted in
human giardiasis. We observed that, at 5 days postinfection,
the number of parasites observed in BALB/c mice was greater
than that seen in C57BL/6 mice. Both strains, however, were
able to reduce parasite loads below the limits of detection by
12 days postinfection. Similarly, G. muris infections resolve
more quickly in C57BL/10 mice than in BALB/c mice (34).
Indeed, anti-gamma interferon treatment delayed G. muris
elimination in C57BL/10 mice but not in BALB/c mice (34).
Differences between these strains in response to several other
infections have been noted and usually correlate with elevated
Th2 responses in BALB/c mice compared to Thl-biased re-
sponses in C57BL/6 or C57BL/10 mice (1). This is also consis-
tent with the elevated IL-4 production noted in IL-6-deficient
mice (2; E. Li and S. M. Singer, unpublished data).

Mast cell responses may contribute to the pathophysiology
of giardiasis in addition to the control of infections. Symptoms
of giardiasis include malabsorptive diarrhea, cramps, and nau-
sea and are similar to those noted in food allergies, celiac
disease, and other intestinal disorders. In several of these dis-
eases and in several animal models, mast cells have been im-
plicated in contributing to this pathology (reviewed in refer-
ence 10). In addition, analysis of human giardiasis patients has
suggested a possible involvement of mast cell responses during
symptomatic infections (5, 7). The increase in serum MMCP-1
and histamine levels observed after infection of C57BL/6 mice
suggests that symptoms of giardiasis may be related to allergic
processes. Consistent with this idea, giardiasis in humans has
been reported to be associated with both allergic responses and
chronic urticaria (6, 7, 22). The contribution of mast cells to
the pathophysiology of giardiasis in patients clearly warrants
further study.

We have shown that mast cells are important for rapidly
controlling murine infection with the protozoan parasite G.
lamblia. We have also shown that IL-6 controls this infection
early on and that mast cells are likely an important source of
IL-6 during this infection. Identification of these responses
provides correlates of protection to enhance the design and
evaluation of new vaccines. The importance of mast cell re-
sponses in this infection also suggests new strategies for coping
with the symptoms of this infection. Finally, further study of
the regulation of these responses should provide novel insights
into the regulation of immunity and inflammation in the gas-
trointestinal tract.
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