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Nontyphoidal Salmonella (NTS) species cause self-limiting diarrhea and sometimes severe disease. Antibiotic treatment is con-
sidered only in severe cases and immune-compromised patients. The beneficial effects of antibiotic therapy and the conse-
quences for adaptive immune responses are not well understood. We used a mouse model for Salmonella diarrhea to assess the
effects of per os treatment with ciprofloxacin (15 mg/kg of body weight intragastrically 2 times/day, 5 days) or parenteral ceftri-
axone (50 mg/kg intraperitoneally, 5 days), two common drugs used in human patients. The therapeutic and adverse effects were
assessed with respect to generation of a protective adaptive immune response, fecal pathogen excretion, and the emergence of
nonsymptomatic excreters. In the mouse model, both therapies reduced disease severity and reduced the level of fecal shedding.
In line with clinical data, in most animals, a rebound of pathogen gut colonization/fecal shedding was observed 2 to 12 days after
the end of the treatment. Yet, levels of pathogen shedding and frequency of appearance of nonsymptomatic excreters did not
differ from those for untreated controls. Moreover, mice treated intraperitoneally with ceftriaxone developed an adaptive immu-
nity protecting the mice from enteropathy in wild-type Salmonella enterica serovar Typhimurium challenge infections. In con-
trast, the mice treated intragastrically with ciprofloxacin were not protected. Thus, antibiotic treatment regimens can disrupt the
adaptive immune response, but treatment regimens may be optimized in order to preserve the generation of protective immu-
nity. It might be of interest to determine whether this also pertains to human patients. In this case, the mouse model might be a
tool for further mechanistic studies.

Nontyphoidal Salmonella (NTS) species, such as Salmonella
enterica serovar Typhimurium, are among the most common

causative agents of food-borne diarrheal diseases worldwide. The
typical disease symptoms, involving stomach cramps, nausea, and
acute diarrhea, appear approximately 6 to 72 h after consumption
of contaminated food or water (4, 43). S. Typhimurium-induced
diarrhea is usually self-limiting and resolves within 5 to 7 days (9).
Afterwards, the patients typically continue to shed the pathogen
for a period of 2 to 8 weeks. In some individuals, the pathogen is
able to establish a persistent infection (32), resulting in the excre-
tion of Salmonella spp. for 6 months or even longer after the re-
mission of the acute symptoms (2, 6). These asymptomatic carri-
ers may pose a risk to their environment, as they can spread the
pathogen, especially when workers in restaurants or in the food
industry are affected (21).

Noncomplicated cases are generally treated by electrolyte and
fluid replacement (25). Here, antimicrobial therapy is not recom-
mended, as it does not shorten the length of diarrhea, reduces
pathogen shedding only transiently, involves the risk of adverse
drug reactions, and may even increase the rates of long-term shed-
ding (25, 45). An additional problem arising from antibiotic treat-
ment would be a disruption of an adaptive immune response, for
which changes in antigen dosage or kinetics might be critical. For
practical and ethical reasons, the protection from future disease is
very difficult to study in human patients and the effect of antibi-
otic treatment on the adaptive immune response remains un-
known.

In some cases, NTS can cause severe disease, i.e., severe diar-

rhea and extraintestinal infection (19, 25). Immune-compro-
mised individuals, newborns, and the elderly may be at particular
risk (e.g., see references 19, 25, 46, and 49). These patients are
often treated with antibiotics (25, 45). However, it is not well
understood to which extent this may foster the emergence of long-
term asymptomatic Salmonella excreters or the emergence/spread
of antibiotic resistance (16) or impair immune protection after
reinfection with Salmonella.

Another common side effect is antibiotic-associated diarrhea
(AAD), caused by an alteration of the gut microbiota composition,
resulting in a possible overgrowth of opportunistic pathogenic bac-
teria such as Clostridium difficile (31). A repeated exposure to thera-
peutic doses of antimicrobials can even lead to long-term disruption
of the gut flora (10, 11, 20). This side effect is not restricted to orally
applied antibiotics. Parenteral application can also affect intestinal
microbiota, presumably due to gut targeting through the biliary sys-
tem (17).
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Normally, the microbial ecosystem, consisting of about 1010 to
1012 bacteria (12), efficiently prevents invasion by foreign species.
This has been extensively studied in the case of enteric pathogens
and is known as colonization resistance (CR) (57). Clinical obser-
vations suggest that antibiotic treatment may increase the inci-
dence of long-term asymptomatic NTS excreters (30, 41, 48). Fur-
thermore, antibiotic therapy may increase the risk of infection
with antibiotic-resistant bacteria (18) or disrupt beneficial effects
of the microbiota on intestinal immune homeostasis (7, 39). This
has resulted in an ongoing controversy on whether antibiotic
treatment might interfere with the generation of a protective
immune response (54). However, systematic studies of these po-
tentially adverse phenomena are scarce, and we do not know
whether they are causally linked or which of them are causally
linked.

Here, we have employed a well-established mouse model for
acute Salmonella diarrhea (29) to study the effects and side effects
of antibiotic treatment on the disease and on pathogen shedding.
The streptomycin mouse model has recently been adapted to re-
capitulate the key phases of a human NTS infection, including the
acute enteropathy, the generation of a protective adaptive
immune response, as well as elimination of the pathogen from the
gut lumen. Moreover, a small fraction of mice develops into non-
symptomatic excreters (13).

We have employed this model to assess the effects of cipro-
floxacin or ceftriaxone on the course of the Salmonella infection in
S. Typhimurium-infected mice. The fluoroquinolone antibiotic
ciprofloxacin is often recommended for treatment of severe Sal-
monella infections and for chronic carriers (25, 33, 35, 45), since it
has excellent activity in vitro and in vivo against different Salmo-
nella strains. Furthermore, extended-spectrum cephalosporins
such as ceftriaxone are especially used for treating children, as they
provide pharmacodynamic advantages and resistant strains are
still not very frequent (8, 15). Specifically, we were interested in
the effects of antibiotic treatment on the burden of the acute dis-
ease and on the incidence, the intensity, or the duration of patho-
gen excretion. Furthermore, we analyzed the effects of antibiotic
treatment on the generation of a protective mucosal immune re-
sponse.

MATERIALS AND METHODS
Animals. Conventional, specified-pathogen-free (SPF) wild-type (wt)
C57BL/6 mice (7 to 10 weeks old) were bred at the Rodent Center HCI
(RCHCI, Zurich, Switzerland) under barrier conditions in individually
ventilated cages (IVC; Ehret).

Ethics statement. All animal experiments were approved (licenses
201/2007 and 223/2010 by the Kantonales Veterinäramt Zürich) and per-
formed according to local guidelines (TschV, Zurich, Switzerland) and
the Swiss animal protection law (TschG).

Infection experiments. Salmonella infections were performed in in-
dividually ventilated cages at the RCHCI, Zurich, Switzerland, as previ-
ously described (50). In brief, wild-type C57BL/6 mice were pretreated
with 20 mg of streptomycin by gavage, and 24 h later, the mice were
inoculated with 5 � 107 CFU of an attenuated S. Typhimurium strain (S.
Typhimuriumatt; strain SL1344 sseD::aphT Strepr Kmr) (22) (MIC of am-
picillin, 32 �g/ml; MIC of ciprofloxacin, 0.05 �g/ml; MIC of ceftriaxone,
0.5 �g/ml; MIC of streptomycin, 5,000 �g/ml; MIC of kanamycin, 500
�g/ml). S. Typhimuriumatt was used, as it avoids death from systemic
pathogen spread and thereby allows recapitulation of the different phases
of the diarrheal NTS infection for �80 days (13). Starting at day 2 postin-
fection (p.i.), mice were treated 2 times per day with either 15 mg/kg of
body weight ciprofloxacin (Bayer) (by gavage), 50 mg/kg ceftriaxone (Ro-

cephin; Roche) (intraperitoneally [i.p.]), or phosphate-buffered saline
(PBS; control) for a period of 5 days. Subsequently, mice were sacrificed at
either day 5 postinfection or day 40 p.i. The antibiotic dosage was in the
range of current standard therapy for laboratory animals and verified
experimentally by monitoring bacterial shedding (i.e., its reduction) after
antibiotic treatment.

For challenge infections (at day 40 p.i.), mice were treated with ampi-
cillin (20 mg, by gavage) and infected 24 h later with a dose of 200 CFU of
the respective ampicillin-resistant (pM973) wild-type strain (SL1344).
Samples of cecal tissue were cryoembedded, and inflammation was quan-
tified on cryosections (5 �m, cross-sectional) stained with hematoxylin
and eosin (H&E). Pathogen colonization was assessed as described below.

Histology. H&E-stained cecum cryosections were scored as described
previously, evaluating submucosal edema, polymorphonuclear leukocyte
infiltration, goblet cells, and epithelial damage and yielding a total score of
0 to 13 points (23).

Analysis of S. Typhimurium loads in cecal content, MLNs, and
spleen. Mesenteric lymph nodes (MLNs), spleen, and liver were removed
aseptically and homogenized in cold PBS (0.5% Tergitol, 0.5% bovine
serum albumin [BSA]). The cecum content was suspended in 500 �l cold
PBS, and bacterial loads were determined by plating on MacConkey agar
plates (50 �g ml�1 streptomycin) as described previously (53). Coloniza-
tion levels of the challenge strain (carrying pM973, which encodes an
ampicillin resistance marker) and the strain used for primary infection (S.
Typhimuriumatt Kmr) were determined by selective plating (100 �g ml�1

ampicillin or 30 �g ml�1 kanamycin).
Gut wash preparation of secreted immunoglobulin A (sIgA). The

small intestine was flushed with 2 ml of a washing buffer containing PBS,
0.05 M EDTA, pH 8.0, and 66 �M phenylmethylsulfonyl fluoride. Intes-
tinal washes were briefly vortexed and centrifuged at 14,000 rpm and 4°C
for 30 min (Eppendorf centrifuge). Aliquots of supernatants were stored
at �80°C.

Statistical analysis. Statistical analysis was performed using the exact
Mann-Whitney U test (Prism software, version 4.0c) or Fisher’s exact test.
A P value of �0.05 (two-tailed) was considered to be statistically signifi-
cant. In mouse experiments, values were set to the minimal detectable
value (10 CFU for cecum, 10 CFU for MLNs, 20 CFU for the spleen) for
samples harboring no bacteria.

Immunoblot analysis. The equivalent of 1 unit of the optical density
at 600 nm/ml of an overnight broth culture of S. enterica serovar Enteri-
tidis (wt strain 125109 [55]), Escherichia coli (Nissle 1917 strain, wild type;
gift of Sören Schubert), S. Typhimuriumatt (SL1344 sseD::aphT [22]), or
proteinase K-treated S. Typhimuriumatt (0.4 mg/ml, 1 h, 57°C; Gibco/Life
Technologies) was pelleted by centrifugation (14,000 rpm, 2 min), and
the supernatant was discarded. Cells were resuspended in Laemmli sam-
ple buffer (0.065 M Tris-HCl [pH 6.8], 2% [wt/vol] sodium dodecyl sul-
fate [SDS], 5% [vol/vol] �-mercaptoethanol, 10% [vol/vol] glycerol,
0.05% [wt/vol] bromophenol blue) and lysed for 5 min at 95°C. Equiva-
lent amounts of the different lysates were loaded onto a 12% SDS-poly-
acrylamide gel, and proteins were separated by electrophoresis. Immuno-
blots were stained with mouse serum (diluted 1:200 in PBS) or intestinal
lavage fluid specimens (diluted 1:20 in PBS) from S. Typhimuriumatt-
infected and PBS-treated, ciprofloxacin-treated, or ceftriaxone-treated
mice. A goat anti-mouse IgA horseradish peroxidase (HRP) conjugate
(Southern Biotech) was used as secondary antibody, and an enhanced
chemiluminescence kit (Amersham) was used to develop the blot.

Bacterial fluorescence-activated cell sorter (FACS) analysis. Analysis
was performed as described recently (47). Three-milliliter LB cultures of
the tested strain were inoculated from single colonies of plated bacteria
and cultured overnight at 37°C without shaking. One milliliter of culture
was gently pelleted for 4 min at 7,000 rpm in an Eppendorf centrifuge and
washed 3 times with sterile-filtered PBS (1% BSA, 0.05% sodium azide),
before it was resuspended to yield a final density of 107 bacteria per ml.
Mouse serum was diluted 1:20 in PBS (1% BSA, 0.05% sodium azide)
and heat inactivated at 60°C for 30 min. The serum solution was then spun

Endt et al.

2296 aac.asm.org Antimicrobial Agents and Chemotherapy

http://aac.asm.org


at 13,000 rpm in an Eppendorf centrifuge for 10 min to remove any bac-
terium-sized contaminants, and the supernatant was used to prepare se-
rial dilutions (1:20, 1:60, 1:180). Twenty-five microliters of the serum
dilution and 25 �l of the bacterial suspension were mixed and incubated
at 4°C for 1 h. The bacteria were washed twice before staining with mono-
clonal fluorescein isothiocyanate–anti-mouse IgA (559354; BD Pharmin-
gen),phycoerythrin–anti-mousetotalIgG(715-116-151;JacksonImmuno-
Research Europe), and allophycocyanin–anti-mouse IgM (550676; BD
Pharmingen). Following an hour of incubation, bacteria were washed
once with PBS (1% BSA, 0.05% sodium azide) and then resuspended in
PBS (2% paraformaldehyde) for analysis on a FACSCalibur flow cytom-
eter using forward scatter and side scatter parameters in logarithmic
mode. The data were analyzed using FlowJo software (Treestar). Analysis
of specific IgA levels in intestinal lavage fluid specimens was performed
using an identical protocol and 1:2, 1:6, and 1:18 dilutions of the respec-
tive gut washes.

RESULTS
Peroral ciprofloxacin treatment reduces S. Typhimuriumatt

loads in the intestine and cures acute intestinal inflammation.
Before the adaptive immune response could be studied, we needed
to establish the effects of antibiotic treatment in our mouse model.
To analyze the effect of ciprofloxacin, we used the animal model
depicted in Fig. 1. Conventional C57BL/6 mice were pretreated
with streptomycin and infected with S. Typhimuriumatt (5 � 107

CFU by gavage). By day 1 p.i., the pathogen efficiently colonized
the intestine (108 to 109 CFU/g feces; Fig. 2A) (24). In the experi-
mental group, the mice were treated with ciprofloxacin (15 mg/kg,
orally, 2 times/day) for 5 days starting at day 2 p.i. Fecal pathogen
excretion was already significantly reduced after 1 day of treat-
ment (�105 CFU/g feces; P � 0.05 for day 1 versus day 3 p.i.; Fig.
2A, closed symbols) and lasted throughout the 5-day period of the
ciprofloxacin treatment. In 15/21 mice, we observed a complete
elimination of fecal S. Typhimuriumatt shedding by day 5 p.i.

(�10 CFU/g, the detection limit in feces). In contrast, S. Typhi-
muriumatt shedding remained high in the feces of the controls
(PBS, �108 CFU/g feces, day 5 p.i.; Fig. 2A, open symbols).

Group I was sacrificed at day 5 p.i. in order to analyze intestinal
pathology and colonization levels in cecal contents, MLNs, and
spleens. Interestingly, 3 days of ciprofloxacin treatment was suffi-
cient to cure the acute mucosal inflammation in all S. Typhimu-
riumatt-infected mice (6/6 mice with cecum pathological scores of
�4), while the PBS-treated controls displayed pronounced intes-
tinal inflammation (5/6 mice with cecal pathological scores of �7;
Fig. 2B). In contrast, total MLN colonization (103 CFU/g) was not
affected by the antibiotic treatment. The systemic spread (spleen)
is low in all groups of mice. This is expected for the attenuated S.
Typhimurium strain (S. Typhimuriumatt) used in this study (24)
(�20 CFU/g, the detection limit in spleen; Fig. 2C).

Groups II and III allowed the analysis of long-term effects of
the 5-day ciprofloxacin treatment. After terminating the cipro-
floxacin treatment, fecal shedding increased in some animals but
generally remained significantly lower than that in the PBS-
treated controls. In the latter group, fecal shedding declined sig-
nificantly between days 11/14 and day 40 p.i. (Fig. 2A, open sym-
bols). This is in line with earlier work and probably attributable to
competitive replacement of S. Typhimuriumatt by the regrowing
normal gut flora (13). Group II was sacrificed at day 40 p.i. to
analyze intestinal pathology and colonization levels in cecal con-
tents, MLNs, and spleens (Fig. 2D and E). No significant differ-
ences were detected with respect to cecal lumen colonization or
pathogen loads in the MLNs or the spleens (P � 0.05; Fig. 2E).
Furthermore, no sign of overt mucosal disease was evident in ei-
ther group of mice (pathology score, �3; Fig. 2D). Finally, the
ciprofloxacin-treated mice did show a slight but nonsignificant
reduction of asymptomatic excreter frequency (1/17 mice; �105

FIG 1 Model system to study effects of antibiotic treatment of Salmonella infection. At day 0, streptomycin-treated mice were infected with S. Typhimuriumatt

(S. Tmatt; 5 � 107 CFU intragastrically). At day 2 p.i., the mice were treated with either ciprofloxacin (15 mg/kg by gavage 2 times/day) or ceftriaxone (50 mg/kg
i.p.) for 5 days. A first group of mice (group I) was sacrificed at day 5 p.i. to assess the impact of antibiotic treatment on gut inflammation and S. Typhimuriumatt

colonization of the gut. S. Typhimuriumatt excretion was analyzed in groups II and III until day 40 p.i. At day 40 p.i., group II was sacrificed to determine intestinal
inflammation and the presence of S. Typhimuriumatt-specific antibody levels in serum and gut washes of immunized mice. Group III was pretreated with
ampicillin (20 mg orally) and challenged with ampicillin-resistant wt S. Typhimurium Ampr (200 CFU orally) at day 40 p.i. The degree of S. Typhimurium-
induced gut inflammation was analyzed 2 days postchallenge.
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CFU/g feces; pathology score, �3) compared to the nontreated
controls (5/19 mice; Fig. 2) (P � 0.18, Fisher’s exact test). Thus,
ciprofloxacin treatment reduced fecal shedding and mucosal pa-
thology (Fig. 2B and C) at day 5 p.i. but did not affect pathogen
loads in the mesenteric lymph nodes or the spleen.

Mice treated with ciprofloxacin per os are not protected from
disease upon challenge with wt S. Typhimurium. Adaptive mu-
cosal immune responses, i.e., sIgA specific for the O antigen of

lipopolysaccharide (LPS), can protect from disease, if the same
Salmonella serovar is encountered a second time (13, 40, 58). This
is generally regarded as a beneficial consequence of the primary
infection. However, it has remained unclear whether antibiotic
treatment of the primary infection might compromise the gener-
ation of protective adaptive immunity.

To analyze the impact of peroral ciprofloxacin treatment on
the generation of protective mucosal immunity, we performed a

FIG 2 Effects of ciprofloxacin treatment on the course of the primary diarrheal S. Typhimuriumatt infection. (A) Time course of fecal S. Typhimuriumatt

shedding over a time period of 40 days. Streptomycin-treated mice were infected with S. Typhimuriumatt. At day 2 p.i., S. Typhimuriumatt-infected mice were
treated with either PBS (control group; open circles) or ciprofloxacin (15 mg/kg by gavage 2 times/day; black circles) for 5 days, and S. Typhimurium shedding
was monitored (5 � n � 23 individual mice per time point). (B) A group of mice (group I) was sacrificed at day 5 p.i., and cecum pathology was analyzed. (C)
S. Typhimuriumatt loads in cecum content (black circles), MLN (red circles), and the spleen (blue circles) at day 5 p.i. (D) A group of mice was sacrificed at day
40 p.i. (group II, in green). Cecum pathology at day 40 p.i. of control and ciprofloxacin-treated mice. (E) S. Typhimuriumatt loads in cecum content (black), MLN
(red), and the spleen (blue) at day 40 p.i. Dashed lines, detection limit for feces, cecum content, and MLN (10 CFU/g) and for spleen (20 CFU/g); black bars,
median; **, P � 0.005; ***, P � 0.0005; ns, not significant.
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challenge experiment with the remaining animals whose results
are shown in Fig. 2A (group III). At day 39 p.i., these S. Typhimu-
riumatt-infected mice, which had been treated (or not) with cip-
rofloxacin, were pretreated with ampicillin, as described in Mate-
rials and Methods. This transiently suppressed the microbiota
which had regrown in these mice and eliminated any S. Typhimu-
riumatt bacteria which may have persisted in the gut. One day later,
the animals were challenged with wt S. Typhimurium (ampicillin
resistant, 200 CFU by gavage) (13). Using this type of immuniza-
tion challenge protocol, S. Typhimuriumatt-immunized mice
were generally protected against wt S. Typhimurium-inflicted dis-
ease, although wt S. Typhimurium could still colonize the gut
lumen within 2 days after challenge. This observation was con-
firmed in the PBS control group presented here (Fig. 3, open sym-
bols). In contrast, mice which had been treated with ciprofloxacin
during the primary infection showed significantly higher levels of
mucosal inflammation (7/10 mice with cecum pathology scores of
�5; Fig. 3A). Those results indicated that peroral ciprofloxacin
therapy may interfere slightly but significantly with the generation
of a protective mucosal immune response.

Effect of parenteral ceftriaxone therapy on the course of a
primary S. Typhimuriumatt infection. Our data presented above
indicated that ciprofloxacin might compromise protection from

reoccurring S. Typhimurium infections. Therefore, we turned to
parenteral treatment with ceftriaxone, an extended-spectrum
cephalosporin recommended for treatment of S. Typhimurium-
induced bacteremia (15).

To analyze the effect of parenteral ceftriaxone treatment on the
short-term benefits and long-term consequences for adaptive
immune responses, we performed similar experiments as de-
scribed above for ciprofloxacin. As expected, the parenteral treat-
ment with ceftriaxone (50 mg/kg, i.p.) significantly reduced S.
Typhimuriumatt excretion within 1 day after the onset of therapy
(�106 CFU/g; P � 0.05 for day 1 versus day 3 p.i.; Fig. 4A). Within
3 days, ceftriaxone treatment eliminated S. Typhimuriumatt shed-
ding (13/15 mice; �10 CFU/g feces) and reduced mucosal inflam-
mation (median cecum pathology score, 4; Fig. 4B). Similar to the
peroral ciprofloxacin therapy, the parenteral ceftriaxone therapy
did not significantly affect S. Typhimuriumatt levels in the MLNs
(103 CFU/g) at day 5 p.i. (Fig. 4C). These data indicated that both
treatments provided equivalent therapeutic benefits during the
acute phase of the infection.

Using groups II and III, we also analyzed the effect of the par-
enteral ceftriaxone treatment on the later stages of the infection
and protective immune responses. After cessation of ceftriaxone
therapy, fecal shedding remained low for at least 5 days. However,
at later time points, a massive relapse of fecal S. Typhimuriumatt

shedding was observed in most animals and reached levels equiv-
alent to those of the PBS-treated control group (Fig. 4A). By day
40 p.i., fecal shedding had declined in most of the animals from
either group and did not differ significantly between the two
groups (P � 0.05; Fig. 4A).

In group II, no intestinal inflammation was detected at day 40
p.i. either in ceftriaxone-treated mice (5/5 mice with cecum pa-
thology scores of �3) or in control animals (4/5 mice with cecum
pathology scores of �3; Fig. 4D). Furthermore, we did not observe
differences in colonization levels in MLNs or spleens. Finally, the
frequency of asymptomatic excreters did not differ significantly
between the two groups (�105 CFU/g feces; no pathology; ceftri-
axone group, 3/5 mice; control group, 7/18 mice [P � 0.62,
Fisher’s exact test]). In conclusion, parenteral ceftriaxone treat-
ment provided similar therapeutic benefits as the peroral cipro-
floxacin treatment during the primary infection.

Effect of parenteral ceftriaxone treatment on elicitation of
protective immunity. Next, we analyzed whether parenteral
ceftriaxone therapy affects the generation of a protective mucosal
immune response. Groups of ceftriaxone-treated mice and con-
trol animals were challenged with wt S. Typhimurium as de-
scribed above (group III; animals from the experiment whose
results are shown in Fig. 4A). Two days postchallenge, S. Typhi-
muriumatt levels in the cecum content, MLNs, and the spleen were
quantified and the pathology of the cecal mucosa was assessed. As
expected, both groups had high pathogen levels in the cecal lumen
and did not display significant differences in MLN or spleen col-
onization. Nevertheless, the control mice challenged with wt S.
Typhimurium displayed no signs of overt cecum inflammation at
day 2 postchallenge (Fig. 5A). The same held true for the ceftriax-
one-treated mice. These findings indicated that parenteral ceftri-
axone therapy did not interfere with the generation of a protective
mucosal immune response.

S. Typhimurium-specific antibody levels present in ceftriax-
one- and ciprofloxacin-treated animals. O-antigen-specific sIgA
is produced upon mucosal infection with isolates of the family

FIG 3 Ciprofloxacin-treated mice display reduced protection in challenge
infections. (A) S. Typhimuriumatt-immunized mice had been treated with PBS
(control mice; open circles) or ciprofloxacin (black circles). At day 40 p.i., the
animals were challenged with wt S. Typhimurium (200 CFU intragastrically,
group III). At day 2 postchallenge, inflammation of the cecal mucosa was
assessed (a score of �3 indicates no inflammation; dashed line). (B) wt S.
Typhimurium loads in the cecum content (black circles), MLN (red circles),
and the spleen (blue circles). Dashed line, detection limits; black bars, median;
*, P � 0.05; ns, not significant.
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Enterobacteriaceae, and it is crucial for preventing enteropathy.
Therefore, we reasoned that O-antigen-specific sIgA levels might
be affected in different ways by the two antibiotic therapies tested
(13, 36, 40, 56), thus explaining the different effects of peroral
ciprofloxacin and parenteral ceftriaxone treatment on the gener-

ation of a protective immune response. To address this hypothe-
sis, we determined the kinetics of the S. Typhimurium-specific
humoral immune response using FACS assays and Western blot
analysis.

First, we monitored the S. Typhimurium-specific humoral

FIG 4 Effects of ceftriaxone therapy course of primary diarrheal S. Typhimuriumatt infection. (A) Time course of fecal S. Typhimuriumatt shedding. Strepto-
mycin-treated mice were infected with S. Typhimuriumatt. At day 2 p.i., the infected mice were treated with either PBS (control group; open triangles) or
ceftriaxone (50 mg/kg i.p.; black triangles) for 5 days, and S. Typhimurium excretion was monitored over a period of 40 days (5 � n � 29 individual mice per time
point). Dashed line, detection limit (�10 CFU/g) for S. Typhimuriumatt in feces. (B) At day 5 p.i., mice from the control and the ceftriaxone-treated groups were
sacrificed (group I) and cecum pathology was analyzed. Dashed line, detection limit (a cecum pathology score of �3). (C) S. Typhimuriumatt loads in cecum
content (black triangles), MLN (red triangles), and the spleen (blue triangles) at day 5 p.i. (D) Cecum pathology of control and ceftriaxone-treated mice sacrificed
at day 40 p.i. (group II). (E) S. Typhimuriumatt loads in cecum content (black triangles), MLN (red triangles), and the spleen (blue triangles) at day 40 p.i. (group
II). Black bars, median; *, P � 0.05; **, P � 0.005; ***, P � 0.0005; ns, not significant.
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immune response by measuring specific Ig via surface staining of
live, intact bacteria in a flow cytometric assay, as described re-
cently (13). In the PBS-treated controls, S. Typhimurium-specific
IgG and IgA were detectable in the serum and S. Typhimurium-
specific sIgA was detectable in the gut washes at day 40 postinfec-
tion (Fig. 6A, top). Equivalent responses were observed in the gut
washes from mice after ciprofloxacin or ceftriaxone therapy (Fig.
6A, bottom and middle).

Then, we analyzed the bacterial antigens recognized by the hu-
moral immune response. It is known that S. Typhimurium-spe-
cific Ig targets surface structures, like the LPS O antigen (13, 26,
40), flagella (27), or outer membrane proteins (37, 44). The anti-
gens recognized by the serum IgA and the sIgA (at day 40 p.i.) were
analyzed by Western blotting (Fig. 6B). Serum IgA and sIgA of the
control group and the ciprofloxacin- or ceftriaxone-treated mice
recognized specifically the O antigen of S. Typhimurium (pro-
tease-resistant ladder-like bands in the Western blot), a highly
repetitive sugar structure of the LPS coating the surface of NTS.
The antibody response was indeed pathogen specific for all
groups, as LPSs of E. coli and S. enteritidis, both of which harbor
different LPS O antigens, were not recognized. Thus, the produc-

tion of S. Typhimurium O-antigen-specific IgA and sIgA was de-
tectable in all groups, indicating that the humoral response was
targeting the same antigenic surface structure of the pathogen.

Finally, we analyzed a possible correlation between the
amounts of pathogen-specific IgG, serum IgA, or sIgA (from Fig.
6A) and the degree of mucosal inflammation observed upon
pathogen challenge of the respective animals (from Fig. 5A).
However, no significant correlation was observed for any of the
antibody classes (Fig. 6C). Hence, using the techniques described
above, we could not establish that the lack of protection in mice
treated with ciprofloxacin per os (but not with ceftriaxone i.p.) is
attributable to impaired humoral immune responses. However,
we cannot exclude the possibility that differences in antibody
avidity or low-abundance antigens which have escaped detection
by our methods might be responsible.

DISCUSSION

While antibiotic therapy is not indicated in uncomplicated cases
of NTS infection, treatment is recommended in complicated
cases, i.e., in immune-compromised patients or cases of severe
systemic spread. However, the effects of antibiotic treatment on
the generation of an adaptive immune response are not under-
stood. We have employed a well-established mouse model for
acute NTS diarrhea and analyzed the effects of two commonly
used antibiotic regimes.

In the case of peroral ciprofloxacin treatment, the mice showed
an impaired protection from enteropathy in challenge infections
with wt S. Typhimurium. The reasons for this effect remain to be
established. In contrast, parenteral ceftriaxone treatment did not
interfere with the generation of a protective immune response.
These results suggest that antibiotic therapy can disrupt the adap-
tive immune response but treatment can be optimized to preserve
a potentially beneficial immune response, at least in the mouse
model.

In control experiments, we could demonstrate that both per-
oral treatment with ciprofloxacin and parenteral treatment with
ceftriaxone were able to cure acute mucosal pathology and allevi-
ate fecal pathogen shedding. Compared to nontreated controls,
we did not observe negative effects with respect to the levels of
fecal shedding, the frequency of asymptomatic carriers, or the
amounts of pathogen-specific antibodies generated by 40 days p.i.

In the mouse model, we observed in many animals a relapse of
gut colonization by the pathogen within a few days after ending
antibiotic treatment. This is in line with clinical studies which
demonstrate a transient reduction during the antibiotic treat-
ment, followed by a relapse of fecal shedding a few days after the
end of the therapy (46). It does not seem surprising that pathogens
can grow up in the gut lumen after the end of the therapy, as
antibiotic treatment is known to disrupt the normal population
structure of the microbiota in humans and mice (1, 3, 5, 10, 11, 14,
28, 34, 42), and these effects are known to alleviate colonization
resistance, i.e., pathogen growth inhibition conferred by the nor-
mal microbiota (13, 42, 52, 57). Pilot experiments performed in
mice with a gut microbiota of low complexity (LCM mice) that is
incapable of conferring colonization resistance (51) would argue
in favor of this hypothesis. In S. Typhimuriumatt-infected LCM
mice, peroral ciprofloxacin treatment cured the acute disease and
efficiently suppressed fecal pathogen shedding, just as observed in
the conventional mice (see Fig. S1 in the supplemental material).
However, after the end of the antibiotic treatment, every single

FIG 5 Ceftriaxone treatment does not interfere with the generation of a pro-
tective immune response. (A) Ceftriaxone-treated mice are protected from gut
inflammation. Mice which had been exposed to S. Typhimuriumatt and treated
with PBS (control mice; open triangles) or ceftriaxone (black triangles) were
analyzed in challenge infections. At day 39, animals were pretreated with am-
picillin (20 mg orally) and challenged with wt S. Typhimurium (200 CFU
orally) at day 40 p.i. Cecum inflammation was determined at 2 days postchal-
lenge (a score of �3 indicates no inflammation; dashed line). (B) wt S. Typhi-
murium loads in the cecum content (black triangles), MLN (red triangles), and
spleen (blue triangles). Dashed line, detection limit; black bars, median; ns, not
significant.
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animal suffered from a rebound of pathogen shedding. This was at
least partially suppressed if the mice were exposed to conventional
microbiota (see Fig. S1B in the supplemental material). Our ob-
servations are in line with the notion that the normal microbiota
can interfere with the rebound of the pathogen after the end of an
antibiotic treatment. However, at present we do not know the
microbiota species and the underlying mechanism(s) responsible.

In spite of their equivalent effects on the primary infection,
both therapeutic approaches differed in their effect on the gener-
ation of a protective adaptive immune response. In challenge in-
fections, the mice treated with ciprofloxacin per os were poorly
protected from enteropathy, while animals parenterally treated
with ceftriaxone were protected. However, both treatments al-

lowed the generation of S. Typhimurium-specific sIgA (Fig. 6), an
antibody class secreted into the gut lumen and protecting by
pathogen aggregation, retardation of pathogen growth, and lim-
iting of pathogen access to the intestinal epithelium (13, 40). We
speculate that antibodies produced by mice perorally treated with
ciprofloxacin might be impaired in their function. This qualitative
defect might be explained in the light of previous data demon-
strating that mucosal inflammation is important for the genera-
tion of a protective humoral immune response against S. Typhi-
murium (13, 38). Antibiotic therapy reduces pathogen/antigen
densities and, at least in the mouse model, mucosal inflammation
(Fig. 2 and 4). On the basis of this, one may speculate that peroral
ciprofloxacin (but not parenteral ceftriaxone) treatment may have

FIG 6 S. Typhimurium-specific antibody levels present in ceftriaxone- and ciprofloxacin-treated animals. Antibody responses were analyzed in mice at days 5
and 40 p.i. with S. Typhimuriumatt (groups I and II from Fig. 2 and 4). (A) Antibodies from serum or gut washes which were directed against the surface of S.
Typhimuriumatt were analyzed by bacterial FACS (2 � n � 10 samples per group; see Materials and Methods). The y axes indicate S. Typhimuriumatt-specific lg
levels (relative fluorescence units [rfu]), and the x axes indicate the respective dilutions of serum (1:20, 1:60, 1:180) or gut wash (1:2, 1:6, 1:18). (B) Western blot
analysis. Serum and gut wash from control or ciprofloxacin- or ceftriaxone-treated mice (day 40 p.i.) were analyzed by immunoblotting against different bacterial
lysates (E. coli, S. Enteritidis, S. Typhimuriumatt, S. Typhimuriumatt digested with proteinase K [PK]). Specific IgA or slgA was detected with an HRP-labeled
secondary antibody. The results are representative of experiments with 2 different animals. (C) Antibody levels do not correlate with protection in ciprofloxacin-
treated mice (n � 6). The cecum pathology score was plotted against the highest value (1:20 dilution for serum and 1:2 dilution for gut wash) of S. Typhimu-
riumatt-specific IgG, IgA, and sIgA detected by bacterial FACS.
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reduced local antigen levels and/or inflammation below the levels
required for the generation of a robust protective immunity, i.e.,
somatic hypermutations required for generating high-affinity an-
tibodies. To resolve this issue, analysis of kinetic differences in the
antigen levels, the cessation of inflammation, and the efficiency of
somatic hypermutation between ciprofloxacin- and ceftriaxone-
treated mice would need to be undertaken.

However, we cannot rule out alternative explanations for the
different protection in S. Typhimurium challenge infections after
ciprofloxacin and ceftriaxone treatments. Distinct effects of the
two classes of drugs on the community structure of the gut micro-
biota and differences in application forms (i.p. versus oral) might
influence pharmacokinetics and thereby the timing and/or inten-
sity of the inducing stimulus. It would be interesting to assess how
later onset of treatment may affect cure, shedding, and protection
after reexposure to the same pathogen.

In summary, our study verified that ciprofloxacin (per os) and
ceftriaxone (i.p.) have equivalent effects during the primary infec-
tion. However, ciprofloxacin (but not ceftriaxone) treatment
seems to impair the generation of protective immunity. In future
studies, it might be of interest to analyze whether this is also true
for the human infection.
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