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Several Shigella flexneri mutants with defects in aromatic amino acid and/or purine biosynthesis have been
evaluated as vaccines in humans or in animal models. To be suitable as a vaccine, a mutant has to show
virulence attenuation, minimal reactogenicity, and a good immunogenic potential in animal models. With this
aim, we have constructed five S. flexneri 5 (wild-type strain M90T) mutants with inactivation of one or two of
the loci purEK, purHD, and guaBA, governing early or late steps of purine biosynthesis. The mutants have been
analyzed in vitro in cell cultures and in vivo in the Sereny test and in the murine pulmonary model of
shigellosis. M90T guaBA, M90T guaBA purEK, M90T guaBA purHD, and M90T purHD purEK gave a negative
result in the Sereny test. In contrast, in the murine pulmonary model all of the strains had the same 50% lethal
dose as the wild type, except M90T guaBA purHD, which did not result in death of the animals. Nevertheless,
bacterial counts in infected lungs, immunohistochemistry, and reverse transcription-PCR analysis of mRNAs
for tumor necrosis factor alpha (TNF-�), gamma interferon (IFN-�), interleukin-1� (IL-1�), IL-6, IL-12, and
inducible nitric oxide synthase (iNOS) revealed significant differences among the strains. At 72 h postinfection,
M90T guaBA purHD still induced proinflammatory cytokines and factors such as IL-1�, IL-6, TNF-�, and
iNOS, along with cytokines such as IL-12 and IFN-�. Moreover, in the absence of evident lesions in murine
tissues, this mutant highly stimulated major histocompatibility complex class II expression, showing a signif-
icant ability to activate the innate immunity of the host.

Shigellosis is a severe inflammatory diarrhea of humans
caused by bacteria of the genus Shigella, of which S. flexneri is
the predominant species responsible for endemic shigellosis.
There are about 160 millions cases of this disease per year,
resulting in more than one million deaths (19). Shigella spp. are
invasive bacteria that are able to penetrate and proliferate
within human colonic mucosa. In epithelial cell cultures bac-
terial entry is mediated by the invasion plasmid antigens (IpaB,
-C, and -D) (23), which are directly translocated within the
cytosol via a type III secretion apparatus (16). Soon after
internalization, shigellae lyse the membrane surrounding the
phagocytic vacuole, and therefore they can exploit the nutri-
ents present in the cytoplasm of the host cell (36). This leads to
the intracellular proliferation of the microorganisms, which
migrate from cell to cell through an actin-based motility mech-
anism (7). Upon bacterial entry, epithelial cells activate NF-�B
(31), which in turn induces interleukin-8 (IL-8) production and
secretion. In animal models of shigellosis, IL-8 plays a relevant
role (34), contributing toward the stimulation of a massive
inflammatory response characteristic of natural infections. In-
flammation is supported mainly by a polymorphonuclear leu-
kocyte (PMN) influx that destroys intercellular junctions and
allows bacteria to access the basolateral pole of epithelial cells,
eventually facilitating colonization. However, PMNs are able
to kill shigellae (22), in this way limiting bacterial spread to

deeper tissues. Following infection with shigellae, macro-
phages undergo caspase-1-mediated apoptosis, accompanied
by IL-1� and IL-18 release (35, 42, 43) that further contributes
to the inflammatory reaction (32). In conclusion, shigellae have
developed several mechanisms to provoke inflammation in hu-
man intestinal tissues. Taking into account this notion, in de-
signing attenuated Shigella mutants to be used as vaccine can-
didates, the inflammatory potential of the strains should be
carefully defined in order to swing the balance between inflam-
mation and immunogenicity toward immunogenicity. In the
last few years encouraging progress has been made in this
regard, and a number of Shigella vaccine candidates have been
constructed and evaluated based on rational attenuation of
virulence. These candidates encompass mutants harboring mu-
tations in metabolic pathways (1, 6, 20, 40) and/or mutations in
virulence genes (10, 18, 28, 33, 41). The rationale underlying
these constructions is to reduce the multiplication of shigellae
within the host cells and tissues along with their ability to
spread or to induce specific damages. However, despite knowl-
edge of the protective immunity provided by vaccine candi-
dates, current understanding about their virulence phenotypes,
in terms of inflammatory potential and ability to stimulate
natural immunity, is limited. The integration of this knowledge
in a scheme encompassing the virulence profile of a mutant is
a critical aspect of the design and improvement of a new
generation of live vaccine candidates. With this aim, in this
study we have analyzed how the inactivation of different steps
of purine biosynthesis alters the virulence phenotype of Shi-
gella. In 1971 a study performed by Formal and coworkers (14)
reported that purine-requiring Shigella strains obtained by mu-
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tagenesis with N-methyl-N�-nitro-N-nitrosoguanidine retained
virulence in spite of their purine dependence for growth. Like-
wise, it has been shown that adenine auxotrophy slightly re-
duces Shigella virulence in vivo (9), whereas guanine auxotro-
phy strongly attenuates virulence in vivo and in vitro (27).

Here we have created five mutants having different levels of
attenuation and harboring inactivation of one or two of the
following loci: purEK and purHD, whose products control three
early steps leading to both IMP and thiamine synthesis, and
guaBA, which governs two late steps of GMP synthesis. The
virulence of these mutants has been analyzed in vitro in cell
culture assays and in vivo in both the Sereny test, which mea-
sures the ability of shigellae to induce keratoconjunctivitis in
guinea pigs, and the murine pulmonary model of shigellosis.
To design a virulence profile of each strain, inflammation-
related parameters, including expression and production of
cytokines and major histocompatibility complex (MHC) class
II (MHC-II) in infected tissues, have been evaluated.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The bacterial strains used in this
study are listed in Table 1. Bacteria were routinely cultured in Trypticase soy
broth (BBL, Becton Dickinson and Co., Cockeysville, Md.) or on Trypticase soy
agar (TSA). M9 salts (24) were used to prepare minimal medium. Glucose was
added at a final concentration of 0.2%, and the medium was supplemented with
nicotinic acid (10 �g/ml) to support the growth of shigellae. M9 was also sup-
plemented with hypoxanthine (100 �g/ml), adenine (100 �g/ml), or guanine (100
�g/ml) and B1 (10 �g/ml), required by the strains harboring purHD and/or
guaBA mutations. The ability of bacteria to bind the pigment Congo red (Crb
phenotype) was assessed by using Trypticase soy agar plates containing 0.01%
Congo red dye. When necessary, kanamycin, ampicillin, streptomycin, tetracy-
cline, and chloramphenicol were added to cultures at 50, 100, 100, 12, and 20
�g/ml, respectively.

Genetic procedures. Conjugation was performed as described by Miller (24).
P1 transduction experiments were carried out as previously described (9) accord-
ing to Miller’s procedure (24). Transductants were first selected on the basis of
antibiotic resistance. They were analyzed at the molecular level by PCR with
primers external to the mutation introduced and in minimal medium for the
acquired auxotrophies.

Recombinant DNA techniques. Genomic and plasmid DNAs were prepared
with commercial kits (Qiagen GmbH, Hilden, Germany). Enzymes and buffers

for recombinant DNA procedures were obtained from Boehringer (Indianapolis,
Ind.). DNA electroporation was conducted with a Bio-Rad (Hercules, Calif.)
Gene Pulser. PCR products were cloned by using a Sure Clone ligation kit
(Amersham Pharmacia Biotech) or a Perfectly Blunt cloning kit (Novagen,
Madison, Wis.).

(i) Construction of M90T �purHD. A 539-bp fragment, corresponding to the
5� terminus of the purHD locus, was amplified by using the forward primer
AGATCTGTCGTCCAGTCC and the reverse primer GTCGACGCAGTGTG
TTCGAAGG. The fragment was digested with BglII and SalI (sites are under-
lined) and cloned into the suicide vector pGP704 to create pZB213. A 502-bp
segment was then amplified from the 3� terminus of the purHD locus with the
forward primer GTCGACGGCAACACCTACA and the reverse primer TCTA
GATAGTTCTGCTCGC. The fragment was digested with SalI and XbaI (sites
are underlined) and cloned into pZB213. The resulting plasmid, pZB214, was
cleaved with SalI between the two fragments and ligated with a 1.2-kb SalI
cassette encoding kanamycin resistance from pUC4K to yield pZB215. pZB215
was maintained in DH5� �pir, introduced into Sm10 �pir, and transferred into
M90T Smr by conjugation. Transconjugants were selected on kanamycin agar
plates and screened for ampicillin sensitivity. They were expected to be produced
through double allelic exchange between the 5� and 3� fragments cloned into
pZB215 and the corresponding regions on the M90T chromosome. Transconju-
gants were also checked for the acquired hypoxanthine and B1 auxotrophies on
M9 agar plates. Kmr, Aps, and Crb� mutants and thiamine and hypoxanthine
auxotrophs were subjected to PCR and sequence analysis.

(ii) Construction of M90T �guaBA. Two DNA fragments, of 646 bp (fragment
1) and 781 bp (fragment 2), of the S. flexneri 5a guaB and guaA genes, respec-
tively, were amplified by PCR with the following primers: guaBF (5�-GCTCTA
GAACCGTTCTGCCGAATACTGCTGAC-3�) and guaBR (5�-TGCACTGCA
GCGCGTCAACACGCTCTTCGTTACC-3�) for fragment 1 and guaAF (5�-T
GCACTGCAGCGTGCGTGAGCTGGTGTTTACTG-3�) and guaAR (5�-CGG
AATTCCAATGTTAAGACCAAAGTGATCGCC-3�) for fragment 2. The
fragments were digested with XbaI and PstI (fragment 1) and PstI and EcoRI
(fragment 2) (sites are underlined), ligated with an 829-bp PstI cassette encoding
chloramphenicol resistance from pGEM-CAT (a gift from A. Covacci, Chiron
Vaccines, Siena, Italy), and cloned into the XbaI-EcoRI sites of the suicide vector
pGP704 to create pZB5101. Plasmid pZB5101 was transferred into M90T Smr by
conjugation, and transconjugants were selected on chloramphenicol agar plates,
screened for ampicillin sensitivity as described above, and checked for the ac-
quired guanine auxotrophy on M9 agar plates. Cmr, Aps, and Crb� mutants and
guanine auxotrophs were subjected to PCR and sequence analysis.

(iii) Cloning of Shigella purHD and guaBA loci. To clone the purHD operon, a
fragment of 2.8 kb containing the complete sequences of purH and purD was
amplified from M90T genomic DNA with the forward primer AGATCTGTCG
TCCAGTCC and the reverse primer TCTAGATAGTTCTGCTCGC. The am-

TABLE 1. Strains and plasmids

Strain or plasmid Relevant characteristics Growth requirement(s) Reference or
source

S. flexneri 5
M90T Smr Spontaneous streptomycin-resistant derivative of wild-type

strain M90T harboring pWR100
Nicotinic acid 2

ZB2209 M90T Smr �purHD Kmr Hypoxanthine, nicotinic acid, B1 This study
ZB501 M90T Smr �guaBA Cmr Nicotinic acid, guanine This study
ZB502 M90T Smr �guaBA Cmr �purHD Kmr Nicotinic acid, Guanine, Adenine

(Hypoxanthine), B1

This study

ZB503 M90T �purHD Kmr �purEK Nicotinic acid, hypoxanthine
(adenine), B1

This study

ZB504 M90T �guaBA Cmr �purEK Nicotinic acid, guanine, adenine This study

E. coli
DH5� �pir DH5� (�pir) tet::Mu recA 8
SM10 �pir thi thr leu tonA lacY supE recA::RP4-2Tc::Mu (Kmr) �pir 38

Plasmids
pZB216 pACYC184 containing the full 2.8-kb BamHI-XbaI purHD

operon
This study

pZB5102 pSTBlue-1 carrying a 3-kb fragment containing the guaBA
operon

This study
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plified DNA was digested with BglII and XbaI (sites are underlined) and ligated
into the BamHI-XbaI sites of pACYC184 to create pZB216.

To clone the guaBA locus, a fragment of 3.0 kb containing the complete
sequences of guaB and guaA was amplified from the M90T genomic DNA by
using the forward primer 5�-ATGCTACGTATCGCTAAAG-3� and the reverse
primer 5�-TCATTCCCACTCAATGGTAG-3�. The amplified DNA was cloned
into pSTBlue-1 blunt vector (Perfectly Blunt cloning kit; Novagen) to create
pZB5102. The cloning of the purHD and guaBA operons was verified (i) at the
molecular level through PCR analysis and (ii) at the phenotypic level through
transcomplementation of the purHD deletion in M90T �purHD and of the
guaBA deletion in M90T �guaBA in unsupplemented M9 minimal medium.

Virulence assays. (i) HeLa cell culture conditions. Cells were maintained in
minimal essential medium (GIBCO-BRL) supplemented with fetal calf serum
(HyClone Laboratories, Inc., Logan, Utah) at a concentration of 10%.

(ii) Intracellular multiplication. Multiplication of bacteria was assayed at
multiplicities of infection (MOIs) of 5, 10, and 100 on nonconfluent monolayers
of HeLa cells (105/ml) on 35-mm-diameter dishes as previously described (9).

(iii) Plaque assay. The plaque assay was carried out as described previously (9)
at MOIs of 1, 10, and 100.

(iv) Sereny test. The keratoconjunctivitis assay in guinea pigs was performed
as described previously (15) with two challenges, 108 and 109 CFU. The degree
of keratoconjunctivitis was ranked on the basis of time of development, severity,
and (when possible) rate of clearance of symptoms, with the following scores: 0,
no disease; 1, mild conjunctivitis; 2, keratoconjunctivitis with no purulence; and
3, fully developed keratoconjunctivitis with purulence.

(v) Intranasal infection of mice. Five-week-old BALB/c female mice (Charles
River, Calco, Italy) were anesthetized intramuscularly with 50 �l of a solution
containing Zoletil (1 mg) (Virbac, Carros, France) and Xilor (2%) (BIO 985, San
Lazzaro, Italy) and inoculated intranasally with 20 �l of 0.9% NaCl suspensions
containing 108 CFU of each strain (21). After 72 h, mice were euthanatized by
cervical dislocation and lungs were removed and processed for histopathological
studies, bacterial counts, and reverse transcription-PCR (RT-PCR) analysis. For
bacterial counts, 5 ml of saline buffer was added to samples that were immedi-
ately stored in ice. Samples were then ground with an Ultraturrax apparatus
(Janke and Kunkel, GmbH, and Co., Staufen, Germany). Serial dilutions of the
resulting solutions were plated on Congo red agar plates supplemented with the
appropriate antibiotic(s). Lungs processed for RT-PCR were removed after
having been extensively washed with 10 ml of saline solution introduced through
the right atrium of the heart and then were immediately frozen in liquid N2. Ten
mice were used per group, and experiments were repeated twice.

Histology and immunohistochemistry. For routine histology and immunohis-
tochemistry, lung samples were removed and fixed in 10% buffered formalin for
48 h, processed, and embedded in paraffin. Sections, 3 �m thick, were stained
with hematoxylin-eosin or processed for immunohistochemistry. For the immu-
nohistochemical study, lung sections were allowed to adhere to pretreated slides
(Bioptica S.p.A., Milan, Italy) and then deparaffinized and rehydrated. Endog-
enous peroxidase activity was removed by incubation with 0.5% hydrogen per-
oxide in distilled water for 1 h at room temperature. The primary monoclonal
antibodies (MAbs) employed were the following: a rat anti-mouse MHC-II MAb
(Serotec, Oxford, United Kingdom), a rat anti-mouse tumor necrosis factor
alpha (TNF-�) MAb (Serotec), and a murine anti-S. flexneri 5a lipopolysaccha-
ride (LPS) MAb (6 mg/ml) (30). Tissue sections were incubated overnight in a
moist chamber at 4°C with different primary antibodies diluted 1:100 in Tris-
buffered saline (TBS) containing 0.1% crystalline bovine serum albumin. A
1:200-diluted biotinylated rabbit anti-rat immunoglobulin G (Vector Laborato-
ries, Inc., Burlingame, Calif.) and a 1:200-diluted biotinylated goat anti-mouse
immunoglobulin G (AO433; DAKO, Glostrup, Denmark) were applied for 45
min at room temperature as secondary antibodies. After two 5-min rinses with
TBS, tissue sections which had been incubated with anti-S. flexneri LPS or with
anti-TNF-� MAb were incubated with the avidin-biotin-peroxidase complex
(Vector Laboratories) diluted 1:50 for 45 min at room temperature. Sections
treated with anti-MHC-II primary MAb were incubated with the avidin-biotin-
alkaline phosphatase complex (Vector Laboratories) under the same conditions.
The immunoreactions were then revealed by using either the 3,3�-diaminoben-
zidine tetrahydrochloride (Sigma Chemicals Co.) or Vector red (Vector Labo-
ratories) as chromogens for the sections incubated with avidin-biotin-peroxidase
complex and for those incubated with avidin-biotin-alkaline phosphatase com-
plex, respectively. Sections were counterstained with Mayer hematoxylin, dehy-
drated, and mounted. Specific primary antibodies replaced with TBS or nonim-
mune sera were used as negative controls in immunohistochemical techniques.

Histological examination included assessment of inflammation by scoring the
number of inflammatory cells (mononuclear cells, such as macrophages, lympho-
cytes, and plasma cells, and neutrophils) at a magnification of 	400. The number

of inflammatory cells was evaluated by using a visual analogue scale modified for
murine pulmonary specimens, and results are reported as the mean for the entire
specimen. When considerable variation of intensity of infiltration was evident in
the same specimen, the mean for several areas was determined and the specimen
was scored accordingly. Neutrophils and mononuclear cells were classified as
absent (score of 0) when there were no or fewer than 5 cells per high-power field
(HPF) (at a magnification of 	400), mild (score of 1) for 5 to 19 per HPF,
moderate (score of 2) for 20 to 49 cells per HPF, marked (score of 3) for 50 to
99 cells per HPF, and severe (score of 4) for 100 to 200 cells or more per HPF.

Histological criteria for normal pulmonary characteristics included detection
of no or only a few mononuclear cells per HPF and no or only a few scattered
neutrophils in bronchioli and alveoli without tissue changes (no interstitial thick-
ening or bronchiolar-associated lymphoid tissue [BALT] activation and airways
free from exudate).

RNA extraction and RT-PCR analysis. Total RNA from homogenized lungs
was extracted by using Trizol solution (Invitrogen, S. Giuliano Monzese, Italy)
according to the manufacturer’s instructions. RNase-free DNase (Boehringer
Mannheim) was used to remove genomic DNA as described by Dilworth and
McCarrey (13). RT of total RNA (1 �g) and cDNA PCR were performed by
using the SuperScript one-step RT-PCR with Platinum Taq (Invitrogen) in
accordance with the manufacturer’s manual. PCR with primers for �-actin was
performed on each individual sample as an internal positive-control standard. As
a negative control, PCR without cDNA (with water as the substitute) was run
concurrently. Cytokine mRNAs were quantitated by using Quantity-One soft-
ware (Bio-Rad Laboratories), and results were normalized to the amount of
�-actin mRNA. The median value from three runs was used to estimate mRNA
levels for individual mice.

RESULTS

Construction of ZB2209 (M90T �purHD), ZB501 (M90T
�guaBA), ZB502 (M90T �guaBA �purHD), ZB503 (M90T
�purHD �purEK), and ZB504 (M90T �guaBA �purEK). To
obtain a Shigella mutant with a deletion in the purHD locus,
encoding 5�-phosphoribosylglycinamide synthetase and 5�-phos-
phoribosyl-5-aminoimidazole-4-carboaxamide transformylase-
IMP-cyclohydrolase, the purHD operon was cloned, mu-
tagenized in vitro, and reintroduced into the M90T genome.
As expected, the resulting strain, ZB2209 (M90T �purHD
Km), did not grow on minimal medium in the absence of
hypoxanthine and B1. Likewise ZB501 (M90T �guaBA Cm),
which is unable to synthesize IMP dehydrogenase and
guanosine synthetase, was constructed through double allelic
exchange between the wild-type guaBA locus on the M90T
chromosome and a guaBA copy mutagenized in vitro. ZB501
did not grow on minimal medium without guanine. Trans-
complementation of ZB2209 (M90T �purHD) with the profi-
cient purHD operon cloned into pZB216 and of ZB501 (M90T
�guaBA) with the functional guaBA operon cloned into
pZB5102 restored the ability of both mutants to grow on un-
supplemented minimal medium.

To stress purine auxotrophy in M90T we created three other
mutants with defects in purine biosynthesis in addition to
ZB501 and ZB2209. A strain was obtained by transducing the
purHD Km mutation from ZB2209 into ZB501. This mutant,
ZB502, carried a deletion of both operons guaBA and purHD.
We had previously constructed an M90T strain, ZB2106, har-
boring a deletion of the purEK locus encoding phosphoribo-
sylaminoimidazole carboxylase (9). This strain showed minimal
attenuation in vivo. Therefore, the purHD Km deletion was
transferred by P1 transduction from ZB2209 to ZB2106, giving
ZB503 (M90T �purHD �purEK). Likewise, the guaBA Cm
mutation was transduced into ZB2106 (M90T �purEK), result-
ing in ZB504 (M90T �guaBA �purEK). The mutants are listed
in Table 1, and Fig. 1 summarizes the relevant steps of purine
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biosynthesis and the relative positions of enzymatic steps per-
formed by the enzymes deleted in the mutants constructed in
this study.

Invasion ability, intracellular multiplication, and dissemi-
nation of ZB2209 (M90T �purHD), ZB501 (M90T �guaBA),
ZB502 (M90T �guaBA �purHD), ZB503 (M90T �purHD
�purEK), and ZB504 (M90T �guaBA �purEK). The intracel-

lular multiplication kinetics of ZB2209 (M90T �purHD),
ZB501 (M90T �guaBA), ZB502 (M90T �guaBA �purHD),
ZB503 (M90T �purHD �purEK), and ZB504 (M90T �guaBA
�purEK) were analyzed within HeLa cell monolayers. The
strains were assessed for intracellular proliferation within 6 h
of infection. The results are shown in Fig. 2. At an MOI of 100,
by evaluating the number of bacteria per monolayer the mu-

FIG. 1. Purine de novo biosynthesis pathway and essential steps of purine salvage and interconversion. The individual enzymes are identified
by their gene symbols. Solid lines indicate de novo biosynthesis; dotted lines represent purine salvage and interconversion. The arrowhead
represents pathways in which the individual steps are not shown. Asterisks indicate mutations introduced in the S. flexneri 5 wild-type strain M90T.
Abbreviations: PRA, 5�-phosphoribosylamine; GAR, 5�-phosphoribosylglycinamide; AIR, 5�-phosphoribosyl-5-aminoimidazole; NCAIR, 5�-phos-
phoribosyl-5-carboxyaminoimidazole; CAIR, 5�-phosphoribosyl-5-aminoimidazole-4-carboxylic acid; AICAR, 5�-phosphoribosyl-4-carboxamide-
5-aminoimidazole; FAICAR, 5�-phosphoribosyl-4-carboxamide-5-formamidoimidazole; Hx, hypoxanthine; R and dR, ribonucleosides and de-
oxyribonucleosides, respectively.

FIG. 2. Intracellular growth kinetics of M90T, ZB2209 (M90T �purHD), ZB501 (M90T �guaBA), ZB502 (M90T �guaBA �purHD), ZB503
(M90T �purHD �purEK), and ZB504 (M90T �guaBA �purEK) during incubation for 6 h p.i. (A) Means (
 standard deviations) of the numbers
of bacteria calculated in five separate invasion assays. (B) Data from one representative experiment. Similar results were obtained in three identical
invasion assays. Standard deviations were within 20% of the values presented.
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tants appeared to be impaired in intracellular proliferation to
various extents depending on the mutation(s) introduced (Fig.
2A). This difference became more evident when the MOI was
lowered to 10 and the multiplication kinetics per infected cell
rather than per monolayer were analyzed (Fig. 2B).

Although intracellular proliferation of ZB2209 (M90T
�purHD) was reduced compared with that of M90T, the asso-
ciation of purHD and purEK made ZB503 (M90T �purEK
�purHD) unable to proliferate intracellularly. Mutants harbor-
ing the guaBA inactivation, i.e., ZB501 (M90T �guaBA),
ZB502 (M90T �guaBA �purHD), and ZB504 (M90T �guaBA
�purEK) all showed the same kinetics, characterized by (i) a
reduced ability to penetrate HeLa cells and (ii) a significant
decrease in the ability to proliferate intracellularly.

The proportion of infected cells after 1 h of incubation
postinfection (p.i.) was 59.3% 
 21.1% for M90T and 15.0% 

4.2% for ZB501 (M90T �guaBA), obtained in four different
experiments with a minimum of 500 cells counted per sample.
With ZB502 (M90T �guaBA �purHD) and ZB504 (M90T
�guaBA �purEK), we obtained percentages of infected cells
similar to those for the parent strain ZB501 (M90T �guaBA),
i.e., 19.2%. 
 5.7% and 17.9% 
 2.9%, respectively. In con-
trast, ZB2209 (M90T �purHD) and ZB503 (M90T �purHD
�purEK) behaved like the wild-type strain, with values of
51.9% 
 11.1% and 48.7% 
 15.3%, respectively. During the
first 4 h of invasion, the number of intracellular M90T organ-
isms roughly increased 10-fold, whereas that of the mutants
harboring the guaBA mutation hardly increased 3-fold. Find-
ings concerning the mutants carrying the guaBA deletion are
consistent with those previously reported by Noriega and co-
workers (27) for an S. flexneri 2a guaBA mutant and point to
both an impaired ability to invade and an altered ability to
grow as the major effects of this mutation in Shigella.

The ability of ZB2209 (M90T �purHD), ZB501 (M90T
�guaBA), ZB502 (M90T �guaBA �purHD), ZB503 (M90T
�purHD �purEK), and ZB504 (M90T �guaBA �purEK) to
spread intra- or intercellularly was determined from the fol-
lowing data: (i) actin tails were produced within the infected
cells as assessed through nitrobenzoxadiazole-phalloidin label-
ing of polymerized actin (data not shown), and (ii) an increas-
ing number of HeLa cells were infected during 6 h of cell
invasion in the presence of gentamicin, which is assumed to
prevent cell reinfection by extracellular bacteria.

The mutants were also assessed by the plaque assay, which
covers at least three parameters: the invasion ability, the in-
tracellular multiplication, and the intra- and intercellular
movement and cytotoxicity, resulting in a cytopathic effect ob-
servable as areas of cell death on the confluent monolayer.
ZB2209 (M90T �purHD), ZB501 (M90T �guaBA), ZB502
(M90T �guaBA �purHD), ZB503 (M90T �purHD �purEK),
and ZB504 (M90T �guaBA �purEK) were assessed in the
plaque assay at MOIs of 100, 10, and 1. Two mutants, ZB2209
(M90T �purHD) and ZB501 (M90T �guaBA), produced
plaques smaller than those of M90T. In particular, plaques
produced by ZB2209 (M90T �purHD) were roughly 50%, and
those by ZB501 (M90T �guaBA) were about 10%, of the size
of plaques produced by M90T, albeit for the latter only at an
MOI of 100. ZB503 (M90T �purHD �purEK), ZB502 (M90T
�guaBA �purHD), and ZB504 (M90T �guaBA �purEK) did
not produce plaques at all. ZB2209 (M90T �purHD)(pZB216)

had its ability to produce plaques of a size comparable to those
of M90T restored, and intracellular proliferation reverted con-
sistently to the wild-type values. Likewise, transcomplementa-
tion of ZB501 (M90T �guaBA) with pZB5102 reestablished
the ability of this strain to proliferate within HeLa cell mono-
layers and to provoke a positive plaque assay at MOI 1. ZB502
(M90T �guaBA purHD) was restored to full virulence only by
the concomitant presence of the proficient purHD and guaBA
operons cloned into pZB216 and pZB5102, respectively. Like-
wise, ZB503 (M90T �purHD �purEK)(pZB216) and ZB504
(M90T �guaBA �purEK)(pZB5102) entered and proliferated
within HeLa cells and gave the same positive result in the
plaque assay as the wild-type strain.

Sereny test. ZB2209 (M90T �purHD), ZB501 (M90T
�guaBA), ZB502 (M90T �guaBA �purHD), ZB503 (M90T
�purHD �purEK), and ZB504 (M90T �guaBA �purEK) were
analyzed in the Sereny test with two challenges of 108 and 109

CFU. With ZB2209 (M90T �purHD) at 108 CFU, the reaction
was weaker than that produced by M90T, and symptoms were
delayed by 24 h. At the higher inoculum, however, the intensity
of keratoconjunctivitis was similar to that with M90T even
though the appearance of symptoms was delayed by about
24 h. ZB2209 (M90T �purHD)(pZB216) induced reactions of
the same intensity as M90T. Timing of symptom appearance
was also similar to that for wild-type organisms. ZB501 (M90T
�guaBA), ZB502 (M90T �guaBA �purHD), ZB503 (M90T
�purHD �purEK), and ZB504 (M90T �guaBA �purEK) gave a
negative result in this test at any challenge dose. The results
are shown in Table 2. ZB501(pZB5102), ZB502(pZB216,
pZB5102), ZB503(pZB216), and ZB504(pZB5102) were Ser-
eny positive at both challenge doses. ZB502(pZB216) was Ser-
eny negative whereas ZB502(pZB5102) behaved like ZB2209
(data not shown).

Intranasal infection of mice. The mutants were analyzed in
the murine pulmonary model of shigellosis (21). Twenty mice
were infected with 108 microorganisms per strain and in-
spected daily. At 72 h postchallenge, the 50% lethal dose
(LD50) was reached with M90T. At this time point, surviving
mice were sacrificed and lungs were removed for bacterial
counts, RT-PCR, and histopathological analyses. Mortality
and bacterial counts were recorded (Table 2). After 72 h of
infection 50 to 60% of the animals infected with ZB2209
(M90T �purHD), ZB501 (M90T �guaBA), ZB503 (M90T
�purHD �purEK), and ZB504 (M90T �guaBA �purEK) died.
Lungs removed from the survivors contained from 102 to 104

bacteria, depending on the strain. Surprisingly, no animal died
upon the infection with ZB502 (M90T �guaBA purHD), and
no bacteria (�50 bacteria/organ) were found in lungs after
72 h. When either ZB502 (M90T �guaBA �purHD)(pZB216),
ZB502(pZB5102), or ZB502(pZB216, pZB5102) was used to
infect mice, the LD50 was reached after 72 h as for M90T and
the other mutants. This analysis clearly revealed that the
purHD and the guaBA deletions together drastically attenuate
M90T virulence and differentiate the corresponding mutant,
ZB502 (M90T �guaBA purHD), from the others used in this
study.

Expression of cytokines in lungs. To obtain major insight
into the inflammatory potential of these strains, the expression
of relevant cytokines in lungs of mice infected with M90T and
the mutants was investigated by RT-PCR. We analyzed the
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expression of TNF-�, IL-1�, IL-6, IL-12, gamma interferon
(IFN-�), and iNOS after 72 h of infection. Table 3 details the
primers used and the size of the fragments expected, and Fig.
3 shows the results obtained. In uninfected lungs, only the
expression of TNF-�, IL-12, iNOS, and IFN-� was detectable,
to different degree. All strains induced a relevant increase of
TNF-�, while the expression of the other cytokines was vari-
able depending on the mutant. In lungs of animals infected
with M90T, we observed a moderate increase of mRNAs for
IL-1� and iNOS along with a decrease of mRNA for IL-12.
Another relevant finding was the large amount of IL-6, con-
sistent with the production of this cytokine in the course of
pulmonary shigellosis (30), and the augmentation of mRNA
for IFN-�. Conclusively, M90T seems to trigger a significant
increase of proinflammatory cytokine expression along with a
stimulation of the innate immune response characterized
mainly by IFN-� mRNA synthesis. The patterns of the cyto-
kines expressed by the mutants may be roughly classed in two
groups. The first group includes ZB2209 (M90T �purHD),
ZB503 (M90T �purHD �purEK), and ZB504 (M90T �guaBA

�purEK); in tissues infected with these mutants, IL-1� and
IL-6 were not expressed, and mRNA for IL-12 was absent with
ZB2209 (M90T �purHD), scantly produced with ZB503
(M90T �purHD �purEK), and significantly produced with
ZB504 (M90T �guaBA �purEK). The level of TNF-� was high,
that of iNOS was low or null with the exception of ZB504
(M90T �guaBA �purEK), and that of IFN-� was higher with
ZB2209 (M90T �purHD) and ZB504 (M90T �guaBA �purEK)
than with ZB503 (M90T �purHD �purEK). The second group
includes the mutants ZB501 (M90T �guaBA) and ZB502
(M90T �guaBA �purHD). Infections with these strains were
characterized by weak levels of IL-1� and IL-6 and by good
production of mRNA for IL-12. Both strains induced the ex-
pression of mRNA for IFN-�, even though the amount of
IFN-� mRNA found in tissues infected with ZB502 was
roughly double that found with ZB501 (M90T �guaBA). By
contrast, ZB502 (M90T �guaBA �purHD) stimulated a weaker
production of iNOS than ZB501 (M90T �guaBA).

Histopathology and immunohistochemistry of lungs in-
fected with M90T and the mutants. Histopathological analyses
were performed on tissue sections from lungs of animals sac-
rificed after 72 h p.i., and alterations were quantified and
recorded as the means of different scores that indicated the
degree of alveolar septum thickening, infiltration and diffusion
of neutrophils in alveolar spaces, presence of monocytes, de-
gree of bronchiolar inflammation and epithelial damage, and
degree of BALT activation on hematoxylin-eosin-stained tis-
sue sections. These data are shown in Table 4. In addition to
morphological evaluations, sections treated with different
MAbs were evaluated for the degree of MHC-II, TNF-�, and
LPS expression. The wild-type strain M90T caused maximal
lesions, characterized by the highest scores, due to a large area
of severe suppurative bronchopneumonia in which bronchioles
and immediately adjacent alveoli were filled with neutrophils
and sometimes with an admixture of various amounts of cell
debris, mucus, and macrophages (Fig. 4A), with strong reduc-
tion of air-filled areas of parenchyma. At the same time, strong
expression of TNF-� and few MHC-II-positive cells were seen
(Fig. 5A and E). LPS expression was strong and diffuse, with
the presence of the antigen both in inflammatory cells and free
in the mucus (Fig. 6A). The mutants ZB2209 (M90T �purHD)

TABLE 2. Assessment of virulence of the mutants in the murine pulmonary model of shigellosis and the Sereny test

Strain
Murine pulmonary model

Sereny test rating of
keratoconjunctivitisc at
the following inoculum

(bacteria ml1):

Mortalitya (%) Mean CFU in lungs 
 SDb (103) 108 109

M90T 50 1,600 
 720 3 3
ZB2209 (�purHD) 60 9.9 
 1.02 2d 3d

ZB501 (�guaBA) 60 0.1 
 0.07 0 0
ZB502 (�guaBA �purHD) 0 �50 0 0
ZB503 (�purHD �purEK) 60 1 
 0.64 0 0
ZB504 (�guaBA �purEK) 50 1 
 0.19 0 0

a Twenty mice per strain were infected intranasally with 108 bacteria, and the LD50 was obtained at 72 h p.i.
b Surviving animals were sacrificed at 72 h p.i., and lungs were removed and tested for bacterial counts.
c Results were evaluated at 72 h postchallenge. The degree of keratoconjunctivitis was rated on the basis of time of development, severity, and (when possible) rate

of clearance of symptoms, with the following scores: 0, no disease; 1, mild conjunctivitis; 2, keratoconjunctivitis with no purulence; 3, fully developed keratoconjunctivitis
with purulence (15).

d Symptoms were delayed for 24 h.

TABLE 3. Primers used in RT-PCR analysis

Primer Primer sequence (5�33�)
RT-PCR
product
size (bp)

�-Actin I TGG AAT CCT GTG GCA TCC ATG AAA C 348
�-Actin II TAA AAC GCA GCT CAG TAA CAG TCC G

IL-1� I TCA TGG GAT GAT GAT GAT AAC CTG CT 502
IL-1� II CCC ATA CTT TAG GAA GAC ACG GAT T

IL-6 I CTG GTG ACA ACC ACG GCC TTC CCT A 600
IL-6 II ATG CTT AGG CAT AAC GCA CTA GGT T

IL-12 I CGT GCT CAT GGC TGG TGC AAA G 312
IL-12 II CTT CAT CTG CAA GTT CTT GGG C

IFN-� I AGC GGC TGA CTG AAC TCA GAT TGT AG 243
IFN-� II GGC AGG TCT ACT TTG GAG TCA TTG C

TNF-� I GGC AGG TCT ACT TTG GAG TCA TTG C 307
TNF-� II ACA TTC GAG GCT CCA GTG AAT TCG G

iNOS I ACG CTT GGG TCT TGT TCA CT 468
iNOS II GTC TCT GGG TCC TCT GGT CA

VOL. 71, 2003 CONTRIBUTION OF PURINE BIOSYNTHESIS TO SHIGELLA VIRULENCE 7007



and ZB503 (M90T �purHD �purEK) showed a similar pattern
of inflammation and expression of the different antigens em-
ployed, although minor lesions were observed in mice infected
with ZB503 (M90T �purHD �purEK) (Fig. 4B and 5B and F).
With the latter mutant, LPS was abundant, and its localization
was maximal inside mononuclear cells (Fig. 6B). Intermediate
values of phlogosis were observed in mice infected with the
mutant ZB501 (M90T �guaBA), with which a different pattern
of inflammatory reaction was observed, characterized by a low
level of neutrophils in air spaces and moderate BALT activa-
tion associated with severe thickening of alveolar septa (Fig.

4C). In ZB501 (M90T �guaBA)-infected lungs, weak TNF-�
expression was observed (Fig. 5C), in contrast to the high
number of the MHC-II-positive cells (Fig. 5G). In the same
manner, low levels of LPS were observed, and the expression
of the antigen was restricted to the cytoplasm of mononuclear
cells constituting the BALT aggregates. Finally, the mutants
ZB502 (M90T �guaBA �purHD) and ZB504 (M90T �guaBA
�purEK) showed a dramatic decrease in the pattern of pathol-
ogy. In particular, in lungs infected with the ZB502 (M90T
�guaBA �purHD) mutant, the alveolar septa and airways in
general remained similar to those observed in control, unin-

FIG. 3. RT-PCR and densitometry of products of RNAs extracted from lungs of three mice infected with either M90T or mutants, using
primers specific for �-actin, IL-1�, IL-6, IL-12, IFN-�, TNF-�, and iNOS at 72 h p.i. (A) Control, uninfected control lung; purHD, ZB2209 (M90T
�purHD); guaBA purEK, ZB504 (M90T �guaBA �purEK); purHD purEK, ZB503 (M90T �purHD �purEK). (B) Control, uninfected control lung;
guaBA, ZB501 (M90T �guaBA); guaBA purHD, ZB502 (M90T �guaBA �purHD). Similar results were obtained in three identical experiments.
Standard deviations for three experiments were within 10% of the values of the arbitrary units (a.u.).
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fected organs. An interesting observation was the very strong
reaction of BALT and, only in lungs infected with this strain, the
development of characteristic perivascular cuffing (Fig. 4D). In
the same samples, immunostaining to MHC-II revealed the high-
est number of positive cells, compared to a weak positivity for
TNF-� antigen (Fig. 5D and H). As observed in lungs infected
with ZB501 (M90T �guaBA), with ZB502 (M90T �guaBA
�purHD) LPS expression was essentially localized in macro-
phages, resident or recruited as monocytes, constituting vascular
cuffing and BALT aggregates (Fig. 6C).

DISCUSSION

Auxotrophic mutants may be defective in those virulence
phenotypes that are influenced by the growth impairment
whenever the required metabolites are present in insufficient
amounts in the host compartment where the bacteria reside.
As a consequence, the virulence and immunogenicity of these
mutants are difficult to predict a priori. Starting from these
premises, in this study we have tried to analyze how the ab-
sence of some enzymatic functions, governing key steps in
purine biosynthesis, alters the interplay between Shigella and
the host’s cells and tissues.

In Escherichia coli the requirement for IMP, a key interme-
diate in adenine and guanine biosynthesis, may be satisfied by
hypoxanthine, which, through the purine salvage pathway and
interconversion, is transformed into both AMP and GMP (29)
(Fig. 1). In contrast, the absence of enzymes participating in
steps beyond IMP, such as those governed by the products of
guaBA locus, could impair the virulence of pathogenic bacteria
that have to scavenge preformed purines to fulfill their require-
ments. In agreement with this theory, it has been reported that
an S. flexneri 2a �guaBA mutant was highly attenuated in vitro
as well as in vivo (27). The data reported in this study indicate
that deletion of the purHD locus, leading to IMP synthesis,
moderately attenuates Shigella virulence in that this strain ex-
hibits a lower ability to proliferate intracellularly and probably
in host tissues. In contrast, the deletion of the guaBA locus
renders the S. flexneri 5 guaBA mutant, M90T guaBA, severely
attenuated. In this case, attenuation is based on two altered
behaviors: first, impairment in growth, and second, as previ-
ously reported (27) for the S. flexneri 2 guaBA mutant, the
unexpected reduced ability to invade epithelial cells. There-
fore, the relevant attenuation of M90T guaBA and its ability to
stimulate the immune potential results from a synergistic effect

of these two defects. The ability of M90T guaBA to invade cell
culture monolayers and virulence were reestablished by the
introduction of a functional copy of this locus, demonstrating
that attenuation of this mutant directly relies on the absence of
the guaBA products.

In the pulmonary model of shigellosis, M90T purHD, M90T
guaBA, M90T purHD purEK, and M90T guaBA purEK, have
roughly the same LD50 as the wild-type strain, while M90T
purHD guaBA did not cause death of the animals. Neverthe-
less, major differences were observed in the inflammatory po-
tential of these mutants and in their persistence within lungs.
TNF-�, IL-1�, and iNOS are considered the main mediators of
inflammation following exposure of host tissues to LPS. In
particular, TNF-� is assumed to be one of the principal mol-
ecules responsible for lesions in tissues infected either natu-
rally or experimentally with Shigella (12), and high concentra-
tions of TNF-� have been found in the stools of patients with
shigellosis (11) and in intestinal fluid of ligated ileal loops of
experimentally infected rabbits (12). In agreement with these
data, all of the strains induced strong TNF-� mRNA synthesis;
however, M90T and to a lesser extent M90T purHD induced a
massive, widely diffused TNF-� production, whereas mutants
harboring the guaBA inactivation, particularly M90T guaBA
purHD, provoked a localized distribution of this molecule in
the areas of BALT aggregates. At the time point analyzed, i.e.,
after 72 h p.i., only M90T, M90T purHD guaBA, and M90T
guaBA still induced a small amount of IL-1� mRNA and IL-6
mRNA. Moreover, iNOS production, assessed through iNOS
mRNA quantification, which is assumed to have a beneficial
effect in host defense mechanisms against various pathogenic
bacteria (26), was present in lungs infected with M90T and
mutants with guaBA inactivation. However, despite the resid-
ual expression of these mediators associated with inflamma-
tion, the lesions observed in tissues infected with the strains
harboring guaBA inactivation and M90T were completely dif-
ferent. As already described (30, 39), M90T induces wide areas
of necrosis characterized by the massive presence of PMNs,
whereas in lungs infected with either M90T guaBA purEK,
M90T guaBA purHD, or, to a lesser extent, M90T guaBA, the
architecture of the tissue remained essentially unaffected, con-
sistent with the small amount of neutrophils present in alveolar
spaces. Interestingly, in tissues of animals that received M90T
guaBA purEK or M90T guaBA purHD, a significant presence of
monocytes was observed along with BALT reaction. BALT
activation might be responsible for the high levels of IFN-� and

TABLE 4. Histological examination of murine lungs infected with S. flexneri wild-type strain M90T and its mutants

Strain Interstitiuma Intralveolar
desquamationb

Intrabronchial
materialc

Polymorphonuclear
cellsd

Mononuclear
cellsd BALTe

M90T 3 4 2 4 2 2
ZB2209 (�purHD) 3 3 1 4 2 2
ZB501 (�guaBA) 2 2 0 2 2 2
ZB502 (�guaBA �purHD) 1 1 0 0 4 4
ZB503 (�purHD �purEK) 2 3 1 2 2 2
ZB504 (�guaBA �purEK) 1 2 1 1 3 3

a Degree of thickening of interalveolar septa due to inflammatory edema.
b Degree of broncho- and bronchiolar epithelium desquamation and necrosis.
c Degree of mucopurulent exudate, i.e., cellular debris, polymorphonuclear cells, and proteinaceous material observed in airways.
d Scored as cells per HPF at a magnification of 	400: 0, fewer than 5 cells; 1, 5 to 19 cells; 2, 20 to 49 cells; 3, 50 to 99 cells; 4, more than 100 cells.
e Degree of activation of BALT, i.e. presence and size of clear center and follicular structuration of BALT aggregates.
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IL-12 found with the guaBA mutants and particularly with
M90T guaBA purHD. These data taken together indicate that
the association of these two mutations, guaBA and purHD,
might stimulate a Th1 response. This would be consistent with
the cytokine pattern obtained in humans during immunization
with a S. flexneri 2 vaccine with virG, sen, set, and guaBA
inactivation (18), which is characteristic of a Th1 response.

In addition to the presence of cytokines and costimulatory
signals, Th1/Th2 dichotomy may be influenced by the density
of peptide-MHC complexes on antigen-presenting cells (25). A
wide diffuse presence of MHC-II was detected in tissues of
animals infected with M90T guaBA purHD or M90T guaBA
purEK and not in those of animals that had received M90T,
despite the high number of bacteria found in the lungs. Con-
clusively, our results point out the immune potential of these
two strains and support the hypothesis that infections with
these mutants might influence the Th1/Th2 outcome.

Shigella subverts host defenses by inhibiting macrophage
presentation of antigens and eventually inducing apoptosis of
this cell population (37, 42). We found that in the absence of
live bacteria (�50 bacteria) in lungs of animals that had re-
ceived M90T guaBA purHD, the presence of LPS was scattered
but intense and was mainly associated with macrophages or
monocytes located in BALT or in vascular cuffings. In contrast,
the LPS distribution in lungs infected with M90T was diffuse
and organized in large patches consistent with the high bacte-
rial counts. These results suggest that bacterial material from
M90T guaBA purHD may persist in BALT, acting as an antigen
stimulating antigen-presenting cells and lymphocytes and
thereby favoring the switch from innate to adaptive immunity.

Vaccines harboring the inactivation of the guaBA operon
have provided encouraging results in terms of protection and
immunogenicity as Shigella vaccine candidates (4, 18) and as
Shigella-based vaccine vectors (3, 4, 5, 17). Our results indicate
that the association of this mutation with purEK or, better, with
purHD in M90T guaBA purEK and M90T guaBA purHD
strengthens the virulence attenuation, along with the immuno-
potential of the double mutants with respect to M90T guaBA.
Therefore, the combination of these mutations might improve
the immunogenicity provided by the introduction of the guaBA
mutation in Shigella.

To switch to a new generation of Shigella vaccines, it might be
beneficial to investigate on the qualitative differences in host
responses elicited by the individual genetic defects. This might

FIG. 4. Hematoxylin-eosin staining of tissue sections of lungs of
mice infected with M90T (A), ZB503 (M90T �purHD �purEK) (B),
ZB501 (M90T �guaBA) (C), and ZB502 (M90T �guaBA �purHD)
(D) at 72 h p.i. and of uninfected control mice (E). (A) The lung
section shows severe suppurative bronchopneumonia characterized by
cellular exudate filling alveolar spaces and airways in the absence of
BALT activation. Arrows point to alveolar spaces filled with PMNs.
(B) Arrows point to some alveolar spaces with moderate degrees of
PMN infiltration. (C) Mild phlogosis is observable; arrows indicate
areas of moderate BALT activation. (D) Alveolar spaces and airways
are free from inflammatory cells; the arrow indicates an area of strong
BALT reaction, and arrowheads point to a characteristic perivascular
cuff. (E) The uninfected control shows a normal lung section; note the
absence of inflammatory infiltrates, the thin aspect of alveolar septa,
and the absence of BALT activation or perivascular cuffs. Bars, 50 �m.
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FIG. 5. Avidin-biotin immunoperoxidase labeling of TNF-� (A, B, C, and D) and of MHC-II complexes (E, F, G, and H) in tissue sections of lungs
of mice infected with M90T (A and E), ZB503 (M90T �purHD �purEK) (B and F), ZB501 (M90T �guaBA) (C and G), and ZB502 (M90T �guaBA
�purHD) (D and H) at 72 h p.i. In panel A arrows point to high expression of TNF-� in neutrophil aggregates, in panels E and F arrows indicate a few
MHC-II-expressing cells, in panel G arrows point to some MHC-II-expressing bronchiolar cells and arrowheads point to BALT MHC-II-positive cells,
and in panel H some bronchiolar mucosal and mononuclear MHC-II-expressing cells are indicated by arrows and arrowheads, respectively. Bars, 25 �m
(A, B, C, and D) and 50 �m (E, F, G, and H).
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constitute the basis for a list of mutations whose characterization
would allow their rational association in vaccine candidates useful
for various medical purposes in which a targeted immunomodu-
lation is desired.
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