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Shigella flexneri 2a strain CVD 1204, which was constructed by introducing a specific, in-frame deletion
mutation in the guaB-A operon, was compared with AaroA strain CVD 1201. CVD 1204 was less invasive for
HeLa cells than CVD 1201, whereas following invasion, the abilities of the two mutants to proliferate intra-
cellularly were similarly impaired. The reduction in invasiveness was independent of the guanine auxotrophic
phenotype and fully recovered when the chromosomal deletion mutation in CVD 1204 was repaired. Following
inoculation of the conjunctival sac of guinea pigs (Serény test) at high doses (10° CFU per eye), both strains
evoked minimal, short-lived, conjunctival inflammation, which was significantly milder with strain CVD 1204.
Double mutant AguaB-A AvirG (also called ics4) strain CVD 1205 induced, after a single intranasal dose, high
mucosal immunoglobulin A antilipopolysaccharide titers, which were significantly boosted further following a
second dose of vaccine given 14 days later. Upon Serény test challenge with wild-type S. flexneri 2a, CVD
1205-vaccinated animals were significantly protected against keratoconjunctivitis (zero of eight vaccinees
versus five of seven controls, P = 0.03; vaccine efficacy, 100%). CVD 1205 is an attractive candidate for human

clinical trials.

Encouraged by the successful attenuation of Salmonella spp.
by mutations in the aromatic metabolic pathway (6, 14, 28),
Lindberg and coworkers (16, 17) constructed Aro auxotrophic
mutants of Shigella spp. and demonstrated their attenuation in
animal models. However, these and other Aro auxotrophic
strains have exhibited some residual reactogenicity when ad-
ministered in high doses to volunteers (8, 15). We attempted to
enhance the attenuation conferred by aro mutations by intro-
ducing a specific, in-frame mutation in the virulence gene virG
(11) (also known as icsA [1]), resulting in AaroA AvirG strain
CVD 1203 (24). This double mutant was clearly attenuated in
the guinea pig model and was well tolerated when given to
humans in moderate doses (circa 10° CFU). In contrast, at
high-dose levels (10® to 10° CFU), adverse reactions occurred
in a proportion of volunteers (10). Intracellular Salmonella
spp. harboring mutations in genes encoding enzymes of the
aromatic metabolic pathway are attenuated compared with the
wild type as a result of their auxotrophy for paraaminobenzoic
acid (PABA), a precursor of folic acid, and dehydrobenzoic
acid, a precursor of the iron-binding enterochelin (24). Shigella
flexneri does not use enterochelin (17); subsequently, Aro™~
organisms of this species were thought to be attenuated be-
cause of their inability to produce folic acid (17). Folic acid is
a cofactor in multiple essential biochemical reactions, includ-
ing the de novo biosynthesis pathway of purines (21).

McFarland and Stocker (19), working with Salmonella spp.
in a mouse virulence model, found that pur4 and purB muta-
tions (interrupting the de novo biosynthesis of adenine nucle-
otides) were so highly attenuating (19) that the strains were
nonprotective in animals (27) and poorly immunogenic in hu-
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mans (13). In contrast, mutations in several of the genes in-
volved in the common purine pathway (i.e., purF, purG, purC,
purHD) that interrupt the biosynthesis of both purine nucleo-
tides or mutations in guaB or guaA, which interrupt the bio-
synthesis of guanine nucleotides, “resulted only in reduced
virulence” (19); indeed, such strains induced death in mice at
doses as low as 10> CFU (19). Linde and coworkers (18) found
that Pur™ auxotrophs of S. flexneri 2a and Shigella sonnei (de-
rived by nonspecific mutagenesis) were not significantly atten-
uated; guinea pigs inoculated in their conjunctival sac with
these strains developed full-blown purulent keratoconjunctivi-
tis (positive Serény test [30]) (18).

The observations reviewed above suggest that (i) mutations
affecting enzymes of the common purine pathway are mildly
attenuating (18, 19), but mutations affecting cofactors in the
common purine pathway (S. flexneri Aro~ mutants) are more
attenuating (6, 14, 28); and (ii) mutations distal to the common
pathway and affecting the synthesis of adenine nucleotides are
overattenuating (i.e., purd purB) (13, 27), but distal mutations
affecting the guanine nucleotide synthesis are only minimally
attenuating (19). To help clarify these apparent incongruities,
we sought to investigate the attenuating effect of a specific
guanine auxotrophy in Shigella spp.

guaB and guaA are adjacent genes, separated by 69 bp,
located at 54 min in the bacterial chromosome, that form an
operon governed by a single promoter upstream of guaB (31).
Herein we describe the construction of guaB-4 mutant strain
CVD 1204, derived from wild-type S. flexneri 2a by means of a
specific deletion mutation that inactivates the purine metabolic
pathway enzymes IMP dehydrogenase (encoded by guaB) and
GMP synthetase (encoded by guaAd) (21). We compared CVD
1204 with single mutant AaroA S. flexneri 2a strain CVD 1201
(24) with respect to its invasiveness for HeLa cells and ability
to undergo intracellular proliferation following invasion and its
propensity to evoke inflammatory reactions following inocula-
tion of the conjunctival sac of guinea pigs. Finally, we assessed
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FIG. 1. (A) PCR amplification of DNA segments from wild-type guaB and
guaA (guaB-A operon), including the promoter region (thick horizontal arrow)
and the 5" end of guaB and the 3’ end of guaA. Thin horizontal arrows indicate
primers that were used to confer the cloning sites (Ss¢I and Xbal; primers 1 and
4) and complementing regions (with a stop signal and the additional unique
restriction sites BarnHI and Apal; primers 2 and 3). (B) Second (annealing) PCR
that effectively fused the two DNA segments, forming the AguaB-A allele that is
918 bp shorter than wild-type guaB-A. (C) Cloning of AguaB-A in suicide plasmid
pFM307A (data not shown), yielding to the deletion cassette pFM726A.

the safety, immunogenicity, and protective efficacy in guinea
pigs of double mutant AguaB-A AvirG S. flexneri 2a strain CVD
120s.

MATERIALS AND METHODS

Strains and medium. Wild-type S. flexneri 2a strain 2457T, originally isolated
in Japan, is known to cause disease in volunteers (3). M4243A is a noninvasive
plasmidless strain derived from 2457T (4). AaroA S. flexneri 2a strain CVD 1201
was derived from strain 2457T (24). Strains AguaB-A CVD 1204 and AguaB-A
AvirG CVD 1205 are described in this work. For the tissue culture and animal
experiments, Shigella strains were grown on Trypticase soy agar (TSA; BBL,
Becton Dickinson, Cockeysville, Md.) with Congo red dye (Sigma Chemical Co.,
St. Louis, Mo.; TSA-CR). Escherichia coli HS, a nonpathogenic, smooth, human
commensal organism (12), was grown on TSA. For the screening and character-
ization of guanine auxotrophs, clones were grown on Shigella minimum medium
(24) with or without 10 mg of guanine per liter.

Construction of the AguaB-A deletion cassette pFM726A. In the construction
of the AguaB-A deletion cassette, DNA segments that included the 5’ terminus
of guaB and the 3’ terminus of guaAd were amplified (from S. flexneri 2a strain
2457T genomic DNA) and fused by PCR, originating the AguaB-A allele (Fig. 1A
and B). With the internal primers (primers 2 and 3) was introduced an in-frame
stop sign upstream of two unique restriction sites that were added for the future
introduction of foreign genes into the chromosomal AguaB-A allele. The external
primers (primers 1 and 4) were designed to introduce unique restriction sites that
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were used to clone the AguaB-A allele into the temperature-sensitive, pSC101-
based (2) suicide plasmid pFM307A, originating pFM726A (Fig. 1C). The same
external primers were used to amplify the wild-type guaB-A operon (from strain
2457T), which was subsequently cloned in pGEM-T (Promega, Madison, Wis.),
yielding pGEM::gua, and in pFM307A, yielding pFM215A.

Suicide cassette-driven deletion mutations and repair of the same. Deletion
cassette pFM726A was used to introduce the deletion mutation into wild-type S.
flexneri 2a strain 2457T by homologous recombination as described in previously
published methods (2, 24), yielding strain CVD 1204. Plasmid FM215A was used
to repair the deletion mutation by homologous recombination of the chromo-
somal AguaB-A allele in strain CVD 1204 for the wild-type operon contained in
the suicide plasmid.

A second deletion mutation on the virulence gene virG was performed with a
previously described suicide deletion cassette (pAvirG) and methods (24), yield-
ing strain CVD 1205. The deletion mutation corresponds to 900 bases repre-
senting amino acids 341 to 640 of the 120-kDa VirG protein. The specific
engineered site for this deletion in the protein represents a highly hydrophobic,
poorly antigenic portion of the molecule according to the Jameson-Wolf anti-
genic index (IBI Pustell sequence analysis programs).

Probes and DNA hybridizations. A y-3?P-labeled 40-bp oligonucleotide (5'-G
GGCGGCCTGCGCTCCTGTATGGGTCTGACCGGCTGTGGT-3"), corre-
sponding to a deleted portion of the guaB-A4 wild-type allele, was employed to
screen mutants and confirm the deletion mutation (negative probe) on the
guanine-auxotrophic colonies. The same probes were used to confirm the repair
of the AguaB-A deletion mutation. To confirm the deletion mutation on the
invasion plasmid’s virG allele, two probes were generated, a y->P-labeled 40-bp
oligonucleotide (5'-GGGGACAGTTGAAGCTATGACACGTACCGCTGGT
GTTATT-3'; negative probe) corresponding to a deleted portion of the wild-type
gene and a PCR-generated, a->2P-labeled AvirG (positive probe). This second
probe was introduced to rule out (at the time of screening for mutants) that the
clones that did not hybridize with the negative probe had lost the virulence
plasmid during the process of curing the suicide plasmid. Bacterial clones to be
tested were grown at 37°C overnight in a grid pattern on Luria agar plates.
Colonies were transferred to no. 541 filter paper (Whatman, Maidstone, En-
gland) and blotted as described previously (5).

Immunoblottings. For the characterization of AVirG, whole-cell proteins were
prepared by 10 min of boiling of overnight cultures resuspended in lysing buffer
(0.125% Tris-HCI [pH 6.8], 4% sodium dodecyl sulfate [SDS], 20% glycerol,
10% 2-mercaptoethanol, 0.1% bromophenol blue; Sigma). VirG was resolved by
gel electrophoresis in SDS-10% polyacrylamide and transferred to nitrocellulose
paper. Immunoblot identification of VirG was accomplished with a rabbit anti-
serum generated against a VirG peptide, Leu-55 to Thr-73 (kindly provided by
Edwin V. Oaks, Walter Reed Army Institute of Research, Washington, D.C.),
developed with an alkaline phosphatase-conjugated goat anti-rabbit immuno-
globulin G (IgG; Sigma).

Ipa proteins were obtained as described previously (25). Briefly, 100 ml of
Penassay broth (Difco Laboratories, Detroit, Mich.) cultures were grown over-
night, with shaking at 37°C, pelleted by centrifugation at 10,000 X g, and resus-
pended in 10 ml of sterile H,O with 5 wM phenylmethylsulfonyl fluoride (Sigma).
This bacterial suspension was shaken for 2 h at 37°C and pelleted by centrifu-
gation at 16,000 X g. The cell-free supernatants (filtered through a 0.2-pm-pore-
size membrane) were assayed with the Micro BCA protein assay reagent kit
(Pierce, Rockford, IIl.), and their protein concentrations were brought to a
common denominator. Serial dilutions were performed for each sample in par-
allel in two 96-well microtiter plates, and 150 pl of each dilution was transferred
to 96-well dot blot apparatuses (Bio-Rad, Melville, N.Y.) and suctioned through
0.45-pwm-pore-size nitrocellulose membranes. These membranes were exposed to
either an anti-IpaB or an anti-IpaC monoclonal antibody (kindly provided by
Edwin V. Oaks) (20) and developed with an anti-mouse alkaline phosphatase-
conjugated antibody (Sigma).

Tissue culture assays. HeLa cell gentamicin protection assays were performed
by previously described methods with slight modifications (16, 24, 26). Briefly,
semiconfluent HeLa cell monolayers on 24-well plates were infected in triplicate
wells with wild-type strain 2457T, plasmidless strain M4243A, AaroA strain CVD
1201, or AguaB-A strain CVD 1204 at a 50:1 ratio for 60 min, after which
extracellular organisms were killed with gentamicin (Sigma; 100 pg/ml) for 30
min, washed (0 h time point), and then incubated with gentamicin (30 pg/ml) for
4 h more. Additional wells containing monolayer on coverslips were used to
assess the percentage of invasion at 0 and 4 h under light microscopy after fixing
with methanol and staining with Giemsa. In another set of experiments, invasion
and intracellular growth were assayed by the method described above with strains
2457T, CVD 1204, and CVD 1204R (strain derived from CVD 1204 in which the
AguaB-A mutation was repaired).

Immunizations. Overnight cultures of AguaB-A AvirG S. flexneri 2a strain
CVD 1205 and HS strains were harvested and resuspended in phosphate-buff-
ered saline (PBS) to an optical density at 600 nm of 0.5 (equivalent to 5 X 10°
CFU/ml) and concentrated by centrifugation to the desired concentration. Ran-
domized, nonpreconditioned guinea pigs were given intranasally 100 wl of bac-
terial suspension containing 10° CFU as described previously (23). A booster
dose was administered 14 days later in the identical manner.

Sample collection and ELISA. Tears were elicited with dried Capsicum bac-
catum flakes and collected with 50-pl micropipettes (VWR Scientific, Baltimore,



VoL. 64, 1996

kDa

-120
- 92

FIG. 2. Western blot identification of VirG and AVirG. Lanes: 1, noninva-
sive plasmidless S. flexneri 2a strain 4243A; 2, AguaB-A AvirG S. flexneri 2a strain
CVD 1205; 3, wild-type S. flexneri 2a strain 2457T.

Md.). Blood was obtained by anterior vena cava puncture (33) from guinea pigs
under anesthesia with ketamine (Parke-Davis & Co., Morris Plains, N.J.; 44
mg/kg intraperitoneally) and acepromazine maleate (Ayerst Laboratories Inc.,
New York, N.Y. 1.2 mg/kg intraperitoneally). Samples were collected at days 0,
14, and 28 postimmunization. Mucosal and serum IgA and serum IgG antibodies
against S. flexneri 2a lipopolysaccharide (LPS; phenol-water extraction [32] from
strain 2457T) were determined by an enzyme-linked immunosorbent assay
(ELISA) using rabbit anti-guinea pig IgA alpha chain (Bethyl Laboratories, Inc.,
Montgomery, Tex.) and a goat anti-guinea pig IgG (Kirkegaard & Perry Labo-
ratories, Gaithersburg, Md.) antibodies, respectively, as described previously
(23). ELISA optical density titers were log transformed and compared by Stu-
dent’s ¢ test.

Serény test. Overnight TSA-CR cultures were brought to the desired concen-
tration of bacteria in PBS by optical density at 600 nm. Hartley guinea pigs were
inoculated in the conjunctival sac with 10° CFU of wild-type strain 2457T or
attenuated strain CVD 1201, CVD 1204, or CVD 1205 in 10 pl of PBS for the
safety studies or with 3 X 107 CFU of strain 2457T for the protection studies.
Guinea pigs were examined daily for 5 days, and their inflammatory responses
were graded. The individual examining the guinea pigs each day and scoring the
results was blinded as to what each animal had received and which eye had been
inoculated. The statistical significance in the degree of the inflammatory re-
sponse was calculated by a nonparametric sum of ranks (Mann-Whitney test).
The overall frequencies of occurrence of inflammation of any severity in the
vaccine and control groups were compared by Fisher’s exact test.

RESULTS

Construction of a deletion mutation in the guaB-A4 operon of
wild-type S. flexneri 2a strain 2457T. AguaB-A mutants were
screened by detecting clones that failed to hybridize with a
v-*?P-labeled 40-bp oligonucleotide probe representing a se-
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quence within the deleted portion. The AguaB-A allele was
amplified by PCR from those probe-negative clones, yielding a
2.3-kbp product versus a 3.2-kbp product for the wild-type
guaB-A (data not shown). The AguaB-A S. flexneri 2a clones
were not able to grow in Shigella minimum medium (24) unless
supplemented with 10 mg of guanine/liter. One AguaB-A S.
flexneri 2a clone was arbitrarily selected and named CVD 1204
after confirming that the Shigella invasion plasmid was still
present. The deletion mutation in strain CVD 1204 was re-
paired by virtue of homologous recombination with the profi-
cient guaB-A operon in pFM215A, by use of the same methods
that yielded CVD 1204. The resulting strain, named CVD
1204R, is able to grow in minimum medium without guanine
supplementation.

Supplementation of guaB-A. Strain CVD 1204 was trans-
formed by electroporation with pGEM::gua, pFM215A, and
pGEM-T (as a negative control). The guanine auxotrophy was
effectively supplemented by pGEM::gua and pFM215A, since
CVD 1204 transformed with these plasmids was able to grow in
Shigella minimum medium without guanine supplementation.

Construction of AguaB-A AvirG S. flexneri 2a strain CVD
1205. After homologous recombination with suicide deletion
cassette pAvirG (24), AvirG mutants were screened by negative
probing with a y-**P-labeled 40-bp oligonucleotide and posi-
tive probing with a a-**P-labeled PCR-amplified AvirG probe.
The deletion mutation in virG was confirmed genotypically by
PCR amplification of the deleted allele (yielding 2.5 kbp for
AvirG versus 3.5 kbp for wild-type virG) (data not shown).

Expression of invasion-related proteins. The expression lev-
els of IpaB and IpaC by strains CVD 1204, CVD 1204
(pPFM15A), CVD 1204R, CVD 1201, 2457T, and M4243A (a
plasmidless strain used as a negative control) were compared
on serial dilutions of Ipa-enriched supernatants (25) with the
same protein concentration. Equivalent concentrations of
IpaB and IpaC were detected by dot blotting these superna-
tants in all strains, with the exception of the negative control
strain M4243A. Positive dot blots were detected with total
protein concentrations as low as 14 ng/ml for IpaB and 7 ng/ml
for IpaC.

Phenotypically, the deletion mutation was confirmed by the
expression of a truncated VirG protein visualized by Western
immunoblotting, which showed a predicted 90-kDa band ver-
sus a 120-kDa band for wild-type VirG (Fig. 2). Interestingly,
VirG2, the soluble 80-kDa fraction of VirG, was not derived
from AVirG (Fig. 2).

Invasion and intracellular growth in tissue cultures. In
three different experiments, wild-type S. flexneri 2a strain
2457T efficiently invaded HeLa cells and replicated in them
more than 30-fold (five doublings) in a 4-h period (Table 1).
Occasionally, we detected a few CFU of the noninvasive plas-

TABLE 1. Invasion and intracellular growth in HeLa cells

Intracellular CFU (SD)¢

Strain Genotype CR* Invasion (%)”
0h 4h
2457T Wild type + 24 2.14 (0.4) x 10* 6.83 (1.5) X 10°
M4243A Plasmidless - 0 6 (5.7) X 10 0
CVD 1201 AaroA + 28 23 (1) x 10* 3.68 (0.7) x 10
CVD 1204 AguaB-A + 0.8 2.82 (1) X 10* 1.84 (0.3) X 10¥

“ Uptake of Congo red dye.

b Percentage of invaded HeLa cells determined in more than 400 HeLa cells observed.
¢ Mean (standard deviation) of three wells per group from a single representative experiment.

4 CVD 1201 versus 2457T at 4 h, P = 0.011.
¢ CVD 1204 versus CVD 1201 at 0 h, P = 0.007.
I CVD 1204 versus CVD 1201 at 4 h, P = 0.003.
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TABLE 2. Serény test in guinea pigs of vaccine candidate strains CVD 1201, CVD 1204, and CVD 1205

No. of animals with degree of inflammation at:

Total
Strain Genotype no. of 24 h 48 h 72 h
animals
0 1 2 3 4 0 1 2 3 4 0 1 2 3 4
2457T Wild type 8 0 0 2 2 4 0 0 0 0 8 0 0 0 0 8
CVD 1201>¢ AaroA 16 3 7 4 2 0 10 6 0 0 0 16 0 0 0 0
CVD 12044 AguaB-A 16 5 10 1 0 0 16 0 0 0 0 16 0 0 0 0
CVD 1205 AguaB-A AvirG 16 11 1 3 1 0 15 1 0 0 0 16 0 0 0 0

¢ Inflammation degrees: 0, normal; 1, palpebral edema; 2, palpebral edema with conjunctival hyperemia only; 3, conjunctival hyperemia plus slight exudate;

full-blown purulent keratoconjunctivitis.

>

> CVD 1201 versus CVD 1204 at 24 h, P = 0.1002 by Wilcoxon or Mann-Whitney test and P = 0.6851 by Fisher’s exact test.
¢ CVD 1201 versus CVD 1204 at 48 h, P = 0.0612 by Wilcoxon or Mann-Whitney test and P = 0.0176 by Fisher’s exact test.
4 CVD 1204 versus CVD 1205 at 24 h, P = 0.148 by Wilcoxon or Mann-Whitney test and P = 0.0378 by Fisher’s exact test.

midless strain M4243A, but none at 4 h, indicating that those
organisms were probably extracellular. As previously reported
(24), AaroA strain CVD 1201 was able to invade the tissue
culture monolayer as efficiently as its wild-type parent. How-
ever, consistently fewer intracellular generations (i.e., 15-fold,
four doublings) were detected between 0 and 4 h (Table 1).
Interestingly, single-mutant strain AguaB-A CVD 1204 was
significantly less invasive for HeLa cells than its wild-type par-
ent, strain 2457T, or its AaroA CVD 1201 strain counterpart
(P = 0.007) and showed a more striking reduction in intracel-
lular growth (12-fold, 2.5 doublings in 4 h).

In subsequent experiments, we compared the HeLa cell in-
vasion of CVD 1204 with that of its guaB-A-supplemented
derivatives (transformed with pGEM::gua or pFM15A) or its
guaB-A-repaired derivative (CVD 1204R). Although the gua-
nine auxotrophy was efficiently complemented by the plasmids
carrying the proficient guaB-A operon (pGEM::gua and
pFMI15A), the recovery of the full invasive phenotype was not
obtained until the proficient guaB-A operon was exchanged for
AguaB-A in CVD 1204, efficiently repairing the chromosomal
deletion mutation in this strain (Table 2). The intracellular
CVD 1204R CFU found at 0 and 4 h were equivalent to those
obtained with the wild-type parent strain 2457T but signifi-
cantly higher than those of CVD 1204 at 0 h (P = 0.0014) and
4 h (P = 0.0008), demonstrating the restitution of the wild-type
phenotype in CVD 1204R (data not shown).

Comparative safety of vaccine candidate strains CVD 1201,
CVD 1204, and CVD 1205. To compare the attenuating effect
of the AguaB-A deletion mutation with that of Aaro4 and to
assess the safety of the double-mutant strain AguaB-A AvirG
CVD 1205, a randomized, comparative, keratoconjunctivitis
safety test (Serény test) was performed with guinea pigs and a
blinded observer. An initial, mild, self-limited inflammatory
response has been reported previously with AaroA S. flexneri 2a
strains (24). Twenty-four hours after a high-dose (>10° CFU
per eye) inoculation, the frequency and severity of the initial
inflammatory response were not significantly different between
the AaroA strain CVD 1201 and the AguaB-A strain CVD
1204, although this mild inflammation resolved faster in the
animals inoculated with CVD 1204 (Table 2). At 48 h, 6 of 16
animals inoculated with CVD 1201 but none of the animals
inoculated with CVD 1204 had residual signs of inflammation
(P = 0.018) (Table 2). Similarly, the double-mutant strain
AguaB-A AvirG CVD 1205 induced a mild, self-limited, inflam-
matory response in fewer animals than the group challenged
with the single-mutant strain CVD 1204 (11 of 16 versus 5 of
16; P = 0.04). At 72 h postinoculation, the (blinded) observer
grading the inflammatory response in the guinea pigs could not
distinguish the inoculated eye from the noninoculated one in

any of the animals that received the attenuated mutant CVD
1201, CVD 1204, or CVD 1205, while all animals that received
wild-type strain 2457T had full-blown purulent keratoconjunc-
tivitis (Table 2).

Immune response against AguaB-A AvirG S. flexneri 2a
strain CVD 1205. Sixteen Hartley guinea pigs were randomly
allocated to receive two intranasal immunizations, two weeks
apart, of 10" CFU of CVD 1205 or control strain E. coli HS.
A strong anti-S. flexneri 2a LPS mucosal IgA response was
detected after a single dose of CVD 1205 (i.e., 54-fold rise in
geometric mean titers [GMT]) (Table 3). Furthermore, the
second dose of CVD 1205, given at day 14, markedly boosted
the IgA anti-LPS titers (11-fold over the primary response at
day 14; 609-fold over day 0 or HS controls) (Table 3).

The serum antibody response was more delayed, since no
serum IgG or IgA anti-Shigella LPS was detected after the first
immunization. However, after the second immunization, those
animals immunized with CVD 1205 had specific anti-S. flexneri
2a LPS IgA (i.e., 78-fold rise in GMT) and IgG (i.e., 60-fold
rise in GMT) titers that were highly significant with respect to

TABLE 3. Mucosal IgA immune response against S. flexneri 2a LPS
following intranasal immunization with strain CVD 1205 or placebo

Animal Strai IgA titer on:
train

no. Day 0 Day 14 Day 28
3 CVD 1205¢ 40 1,280 10,240
4 CVD 1205 20 1,280 20,480
5 CVD 1205 20 320 5,120
7 CVD 1205 20 1,280 10,240
8 CVD 1205 20 5,120 20,480
11 CVD 1205 20 1,280 20,480
14 CVD 1205 20 640 10,240
16 CVD 1205 20 1,280 20,480

GMT 21.81 1,173.76° 13,279.64¢
1 HS¢ 20 20 20
2 HS 20 20 20
6 HS 20 20 20
9 HS 20 20 20
10 HS 20 20 20
12 HS 40 20 20
13 HS 20 20 20
13 HS 20 20 20

GMT 21.81 20 20

“ AguaB-A AvirG S. flexneri 2a administered intranasally at days 0 and 14.
b CVD 1205 versus HS at 14 days, P = 0.0000008 by ¢ test.

¢ CVD 1205 versus HS at 28 days, P = 0.000000002 by ¢ test.

4 E. coli HS (control) administered intranasally at days 0 and 14.
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TABLE 4. Serum immune response against S. flexneri 2a LPS after
immunization with vaccine candidate strain CVD 1205 or placebo

Animal ) IgA titer on: IgG titer on:
Strain

no. Day 0 Day 28 Day 0 Day 28
3 CVD 1205¢ 12.5 800 12.5 1,600
4 CVD 1205 12.5 400 12.5 400
5 CVD 1205 12.5 800 12.5 200
7 CVD 1205 12.5 1,600 12.5 800
8 CVD 1205 12.5 1,600 12.5 800
11 CVD 1205 12.5 800 12.5 1,600
14 CVD 1205 12.5 1,600 12.5 800
16 CVD 1205 12.5 400 12.5 800

GMT 12.5 975.21° 12.5 724.58¢
1 HS? 12.5 125 12.5 125
2 HS 12.5 12.5 12.5 12.5
6 HS 12.5 12.5 12.5 12.5
9 HS 12.5 12.5 12.5 12.5
10 HS 12.5 12.5 12.5 12.5
12 HS 12.5 12.5 12.5 125
13 HS 12.5 12.5 12.5 12.5
13 HS 12.5 12.5 12.5 12.5

GMT 12.5 12.5 12.5 12.5

“ AguaB-A AvirG S. flexneri 2a administered intranasally at days 0 and 14.
b CVD 1205 versus HS, P = 0.0000003 by ¢ test.

¢ CVD 1205 versus HS, P = 0.000003 by ¢ test.

4 E. coli HS (control) administered intranasally at days 0 and 14.

those obtained at day 0 in the same guinea pigs or at days 0 and
28 in the strain HS controls (Table 4).

Protection of guinea pigs against wild-type challenge. On
day 28 after the first immunization, the 16 guinea pigs that had
received CVD 1205 or placebo were challenged with 3 X 107
CFU of wild-type S. flexneri 2a strain 2457T in 10 pl of PBS.
Full-blown purulent keratoconjunctivitis developed in five of
seven control animals vaccinated with placebo (71% attack
rate) versus none of the eight guinea pigs immunized with two,
spaced intranasal doses of CVD 1205 (vaccine efficacy =
100%, P = 0.0069) (Table 4).

DISCUSSION

Aro~ S. flexneri strains such as AaroD S. flexneri Y strain SFL
124 (15), AaroD S. flexneri 2a strain SFL 1070 (8), and AaroA
S. flexneri 2a strains CVD 1201 and CVD 1203 (24), are auxo-
trophic for aromatic amino acids and PABA. Other Aro™
members of the Enterobacteriaceae, such as AaroA Salmonella
typhimurium SL3261 (6) and AaroC AaroD Salmonella typhi
CVD 908 (7), in addition, are auxotrophic for dehydroxyben-
zoic acid, a precursor of the Fe**-binding enterochelin. Since
aromatic amino acids are readily found in the intracellular
environment of the mammalian host cell, the PABA auxotro-
phy is thought to be responsible for the attenuation of the
Shigella strains (17). PABA is a precursor of tetrahydrofolic
acid (THFA), which as its further derivative N'-formyl-THFA
acts as a cofactor in the common purine metabolic pathway in the
reactions from 5'-phosphoribosyl-1-glycinamide (GAR) to 5'-
phosphoribosyl-1-formylglycinamide (FGAR) (Fig. 3) and from
5’-phosphoribosyl-4-carboxamide-5-aminoimidazole (AICAR) to
5’-phosphoribosyl-4-carboxamide-5-formamidoimidazole (FAIC
AR) (Fig. 3) and as 5,10-methylene-THFA in the pyrimidine
metabolic pathway in reactions from dUMP to dTMP (reac-
tion mediated by thy4) (21). In addition, downstream of the
metabolic reaction from GAR to FGAR, another pathway
emerges for the formation of thiamine pyrophosphate (Fig. 3),
another essential cofactor. Therefore, mutations in the aro-
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matic pathway interrupt other pathways, which may explain
why aro mutants may be more attenuated than strains with
mutations in the de novo common purine pathway. Conse-
quently, if we assume that the mutations in the common purine
metabolic pathway reported in Salmonella (19) and Shigella
(18) spp. are stable, their failure to severely handicap the
growth of these organisms may be a reflection of their ability to
use preformed purines via salvage pathways (Fig. 3) (21). How-
ever, McFarland and Stocker’s (19) experiments show that
mutations in the terminal steps of the purine biosynthesis path-
way, at a point beyond the hypoxanthine salvage pathway (Fig.
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FIG. 3. Purine de novo biosynthesis pathway and contribution of the aro-
matic metabolic pathway. Interrupted arrows illustrate pathways in which the
individual steps are not represented. Enzymes are represented by their genes.
Superscript letters represent selected published strains with a mutation of the
gene involved in that reaction. Strains represented are as follows: a,
purF1741::Tnl0 Salmonella dublin SL5437 (19); b, purG876::Tnl0 Salmonella
dublin SL5436 (19); ¢, purC882:Tnl0 Salmonella dublin SL5435 (19); d,
purH887::Tnl0 Salmonella dublin SL2975 (19); e, AguaB-A S. flexneri 2a CVD
1204 and AguaB-A AvirG CVD 1205 (this work); f, aroD25::Tnl0 S. flexneri Y
SFL114 (16), SFL124 (9), and S. flexneri 2a 1070 (8); g, AaroC AaroD S. typhi
CVD908 (7); h, hisG46 DEL407 aroA554::Tn10 Salmonella typhimurium SL3261
(6); i, AaroA S. flexneri 2a CVD1201 and AaroA AvirG CVD1203 (24); j, AaroA
AhisG ApurA Salmonella typhi 541Ty (13). Abbreviations: PRPP, 5-phosphori-
bosyl-a-1-pyrophosphate; PRA, 5-phosphoribosylamine; FGAM, 5’-phosphori-
bosyl-N-formylglycinamidine; AIR, 5’-phosphoribosyl-5-aminoimidazole; CAIR,
5'-phosphoribosyl-5-aminoimidazole-4-carboxylic acid; SAICAR, 5'-phosphori-
bosyl-4-(N-succinocarboxamide)-5-aminoimidazole; Hx, hypoxanthine; G, gua-
nine; A, adenine.
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3), hyperattenuate if they block the de novo synthesis of ade-
nine nucleotides but confer only a minimal attenuation if they
block the synthesis of guanine nucleotides (19).

In an attempt to explore this seemingly incongruent set of
results, we performed a specific in-frame deletion mutation in
the guaB-A operon. As predicted, the only requirement for
growth of AguaB-A S. flexneri 2a in minimal medium was gua-
nine. Interestingly, our results with strain CVD 1204 indicate
that AguaB-A strains are effectively attenuated at a level at
least comparable to that of the AaroA strain. Nevertheless, in
contrast to the experience with the ApurB or ApurA strains of
Salmonella spp. in mice (19), AguaB-A AvirG S. flexneri 2a
strain CVD 1205 was able to elicit high antibody titers in
mucosa (Table 3) and serum (Table 4) that were protective
against challenge with wild-type organisms in our guinea pig
animal model.

It is evident that the attenuation observed in the AguaB-A
strain (CVD 1204) may be due to both a 100-fold reduction in
invasion and a severe limitation in its intracellular growth. But,
as opposed to the aro mutants, in which their reduced intra-
cellular growth is explained by the lack of PABA in the mam-
malian intracellular environment, the phenotype of the guaB-A4
mutants is more complex to justify. Guanine nucleotides are
thought to be readily available in the eukaryotic host cell.
However, bacteria cannot scavenge them directly because they
have to be dephosphorylated and internalized as nucleosides
(21), which may limit their intrabacterial availability to be used
in the formation of guanine nucleotides via the salvage path-
way. At this time, we do not have a complete explanation for
the decrease in the invasion of cells in tissue culture exhibited
by the AguaB-A S. flexneri 2a strain CVD 1204. Since guanine
auxotrophy was reverted by plasmids bearing the proficient
guaB-A operon but it was necessary to repair the deletion
mutation in CVD 1204 to reestablish its full invasive potential,
it is tempting to conclude that the deletion mutation in guaB-A
may be interfering with the correct expression of a factor
related to invasion. Since the moieties that have been directly
associated with invasion in Shigella spp. are encoded in the
invasiveness plasmid (reviewed in reference 29), it is tempting
to suggest that a polar effect caused by the deletion in guaB-A
may be acting on a chromosomal regulator that subsequently
acts on the transcription of genes in the invasiveness plasmid of
Shigella spp. Several of such chromosomal regulators have
been described previously (29). However, given that we have
demonstrated levels of expression of IpaB and IpaC in strain
CVD 1204 and of AVirG in strain CVD 1205 that are equiv-
alent to those found in wild-type organisms (strain 2457T), we
consider this an unlikely possibility. Nonetheless, we continue
to investigate these findings. In this regard, with the guaB-A
allele as a probe, we will proceed to identify and sequence the
flanking regions of the guaB-A operon in Shigella spp. by use of
a S. flexneri 2a genomic library (4). With this, we may be able
to identify possible genes upon which a polar effect is taking
place.

We believe that the combination of the AguaB-A and AvirG
mutations in Shigella spp. will bring us close to a suitable
balance between immunogenicity and minimal reactogenicity.
We should be able to increase the clinical acceptability of
AguaB-A AvirG strains of attenuated Shigella spp. even further
by inactivating the genes encoding two newly described ente-
rotoxins, Shigella enterotoxin 1 (found almost exclusively in S.
flexneri 2a strains) (22) and Shigella enterotoxin 2 (found in all
serotypes). We consider it likely that these enterotoxins play a
role in the pathogenesis of the watery diarrhea observed in the
early stages of shigellosis and as an adverse reaction encoun-
tered in volunteers who receive high doses of aro and aro virG
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mutants. Properly planned clinical trials with such vaccine can-
didates will be able to corroborate or refute this hypothesis and
thereby provide a rationale for inactivating Shigella enterotoxin
expression as a means of enhancing the clinical acceptability of
candidate Shigella vaccine strains.
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