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We evaluated the safety and immunogenicity of attenuated Shigella flexneri 2a vaccine candidate CVD 1203,
which harbors precise deletions in the plasmid gene virG and in the chromosomal gene aroA. CVD 1203 invades
epithelial cells but undergoes minimal intracellular proliferation and cell-to-cell spread. Fasting healthy
volunteers, aged 18 to 40 years, were randomly allocated (double-blind design) to receive either CVD 1203
vaccine or placebo, along with sodium bicarbonate buffer, on days 0 and 14, as follows. At the time of the first
inoculation, 10 subjects received placebo (group 1) and 22 subjects received either 1.5 3 108 (group 2; 11
subjects) or 1.5 3 109 (group 3; 11 subjects) CFU of CVD 1203. Fourteen days later, subjects from group 1
received 1.2 3 106 CFU of CVD 1203 and subjects from groups 2 and 3 received 1.2 3 108 vaccine organisms.
Clinical tolerance was dose dependent. After a single dose of CVD 1203 at 106, 108, or 109 CFU, self-limited
(<48-h duration) objective reactogenicity (fever, diarrhea, or dysentery) developed in 0, 18, and 72% of
subjects, respectively, and in no placebo recipients. CVD 1203 induced immunoglobulin G seroconversion to S.
flexneri 2a lipopolysaccharide (LPS) in 30, 45, and 36% of subjects from groups 1, 2, and 3, respectively, and
stimulated immunoglobulin A-producing anti-LPS antibody-secreting cells in 60, 91, and 100% of subjects,
respectively. After vaccination, significant rises in tumor necrosis factor alpha concentration in serum (groups
1, 2, and 3) and stool (group 2) samples were observed. We conclude that engineered deletions in virG and aroA
markedly attenuate wild-type S. flexneri but preserve immunogenicity; however, less reactogenic vaccines are
needed.

The potential public health benefits of controlling shigellosis
with immunization have long been appreciated. Prevention of
infection requires improvements in sanitation and hygiene that
are not feasible in many less developed areas of the world.
Widespread occurrence of multiresistant strains, especially of
Shigella dysenteriae type 1 in Africa and the Indian subconti-
nent, threatens the availability of a simple, safe, affordable
treatment (34, 38) and renders the need for a Shigella vaccine
even more urgent. However, despite intensive efforts, develop-
ment of a well-tolerated, genetically stable, effective vaccine
capable of inducing durable immunity in humans has not yet
been achieved (3, 7, 10, 15, 16, 20, 24, 26).
By applying knowledge of Shigella pathogenesis, recombi-

nant genetic techniques allow the construction of Shigella vac-
cine strains which express critical antigens in their native form
but harbor specific mutations that cripple undesirable patho-
logic processes. CVD 1203 is a new Shigella flexneri 2a vaccine
candidate attenuated with precise deletions in the chromo-
somal gene aroA and in the plasmid gene virG, also referred to
as icsA (30). aroA is a gene of the aromatic amino acid bio-
synthesis pathway that is necessary for the synthesis of para-
aminobenzoic acid (PABA), a metabolite that is not available
within human cells in sufficient amounts to sustain bacterial
intracellular proliferation (21, 36). Reports of Lindberg and

colleagues indicate that inactivation of the aro pathway par-
tially attenuates S. flexneri (13, 21). The 120-kDa protein en-
coded by virG mediates the process by which Shigella spreads
to adjacent cells by using directed intracellular movements via
reorganization of the host cell cytoskeleton (2). The resultant
live, DaroA DvirG double-mutant Shigella vaccine candidate,
CVD 1203, invades epithelial cells but undergoes minimal in-
tracellular proliferation and no cell-to-cell spread (30). Here
we report the results of a clinical trial to evaluate the safety,
immunogenicity, and transmissibility of CVD 1203 in adult
volunteers.
(This work was presented in part at the 35th Interscience

Conference on Antimicrobial Agents and Chemotherapy, San
Francisco, Calif., 1995.)

MATERIALS AND METHODS

Subject selection. Healthy young adults 18 to 40 years of age were recruited
from the Baltimore-Washington community to participate in this study. Subjects
were excluded from participation if any of the following criteria were met: (i)
acute or chronic medical or psychiatric illness detected by medical history,
physical examination, psychological interview, and a panel of screening clinical
laboratory tests; (ii) known allergy to ciprofloxacin or sulfa drugs; and (iii)
HLA-B27 haplotype (which is associated with development of reactive arthritis
after Shigella infection) (14). Informed, written consent was obtained according
to the guidelines of the Institutional Review Board of the University of Maryland
at Baltimore.
Study design. Thirty-two volunteers were admitted to the Center for Vaccine

Development’s Research Isolation Ward and, in a double-blind fashion, were
randomly allocated to one of three groups to receive a two-dose regimen of
either vaccine or placebo on days 0 and 14 (Table 1). On day 0, 10 subjects
received placebo (group 1) and 22 subjects received CVD 1203 vaccine at a dose
of either 1.53 108 (group 2; 11 subjects) or 1.53 109 (group 3; 11 subjects) CFU.
The starting doses were selected on the basis of the reported experience with the
vaccine candidate SFL1070, a single (aroD)-deletion mutant of S. flexneri 2457T
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(21). At a dose of 108 CFU, SFL1070 was considered to be well tolerated, while
at 109 CFU, four of nine subjects developed symptoms, including cramps, diar-
rhea, and fever. We anticipated that the double mutation in CVD 1203 would
eliminate the symptoms observed with SFL1070 at these dose levels.
On day 14, all subjects were scheduled to receive an inoculation of 109 CFU

of CVD 1203. However, because of the reactogenicity observed after the first
inoculation, the following changes were made to the protocol by investigators
who remained blinded to the volunteers’ group assignments. Subjects from group
1 received CVD 1203 at a dose of 1.2 3 106 CFU, and vaccine recipients from
groups 2 and 3 were inoculated with CVD 1203 at a dose of 1.2 3 108 CFU.
Observations with the streptomycin-dependent S. flexneri 2a vaccines that dose-
dependent reactions occurred most frequently after the first dose of vaccine even
when increasing inocula were given in subsequent doses led us to believe that a
dose of 108 CFU would be better tolerated in the second inoculum than in the
first (19, 25).
The inoculum was administered with 2 g of sodium bicarbonate buffer to

volunteers who fasted for 90 min before and after inoculation, as previously
described (15). Replicate colony counts were performed before and after vacci-
nation to determine the actual inoculum of test strain ingested.
During their 21-day stay in the isolation ward, the volunteers underwent

careful clinical assessment by observers who were blinded to their group assign-
ments. This included the measurement of oral temperature every 6 h and daily
evaluation by a physician. Every stool passed was cultured, examined for blood,
and graded for consistency by using a standardized scale (18); diarrheal stools
were weighed to estimate volume. Each subject was interviewed daily to elicit the
occurrence of constitutional symptoms. Headache and cramps were graded for
severity on a four point scale as follows: 0, absent; 1, scarcely noticed or easily
noticed but could continue activity; 2, cannot take mind off symptom but con-
tinued same activity; 3, gone to bed but able to read, watch television, or other
activity; 4, gone to bed, with no activity. To eradicate excretion before discharge
from the ward, those who were shedding vaccine on day 20 received ciprofloxa-
cin, 500 mg by mouth every 12 h, for 5 days.
Illness after vaccination was defined as the presence of either diarrhea (two or

more loose [grade 3 to 5] stools totaling 200 ml in 48 h or one loose stool totaling
300 ml), dysentery (gross blood in a loose stool), or fever (defined as an oral
temperature of 1008F or higher measured at two readings 5 min apart). This
analysis includes events which occurred during the 5 days after each inoculation.
Laboratory evaluation. (i) ASC. To assess the vaccine’s ability to prime the

mucosal immune system, we performed ELISPOT before vaccination and on
days 7, 10, 14, and 21 after vaccination to enumerate immunoglobulin A (IgA)
antibody-secreting cells (ASC) circulating in the peripheral blood that recognize
S. flexneri 2a lipopolysaccharide (LPS) and invasion plasmid antigens (IPA) (39).
A count that was $3 standard deviations (SDs) above the mean prevaccination
ASC count for all subjects was considered to be a positive response.
(ii) Serum antibody. The IgG, IgA, and IgM responses to LPS and IPA were

measured in serum samples before vaccination and on days 14, 21, 28, and 42
after vaccination by enzyme-linked immunosorbent assay (ELISA) using previ-
ously described methods (3, 31). Seroconversion was defined as a fourfold rise in
titer after vaccination.
(iii) Fecal IgA. A stool specimen was collected before vaccination and on days

7, 14, 21, 28, and 42 after vaccination for measurement of total and antigen-
specific (LPS and IPA) IgA by previously described methods (22). Similarly
prepared stool specimens from a negative control population (North American
infants, aged 6 months to 2 years, who participated in rotavirus vaccine trials)
were tested to define the minimum value, in optical density (OD) units, indicat-
ing the presence of specific antibody. The mean plus 2 SDs above the mean for
20 stool samples run at a total IgA concentration of 20 mg/100 ml against the
Shigella antigens resulted in a cutoff OD unit of 0.2 for both antigens. For each
volunteer specimen, the antigen-specific titer was the highest dilution that dem-
onstrated a net OD of $0.2.
All specimens from volunteers in this study were assayed by using an initial

total IgA concentration of at least 2 mg/100 ml. Any specimen containing IgA
below this concentration without a positive absorbance was considered to be an
insufficient sample. All results were corrected back to a stool concentration of 20
mg of total IgA per 100 ml. A response was defined as a fourfold rise in antibody
after vaccination.
(iv) Bacteriology. The duration of vaccine excretion was measured by culturing

all stools from the time of admission until discharge and weekly thereafter for 3
weeks. A swab of the stool was inoculated into buffered glycerol saline and
maintained at 48C until transport to the laboratory. A rectal swab (inoculated
into gram-negative broth [Becton Dickinson, Cockeysville, Md.]) was collected
from any volunteer who failed to produce a stool in a 24-h period. Swabs and
stools were cultivated on Salmonella-Shigella, MacConkey’s, and XLD enteric
media (Becton Dickinson) (plated on solid media either directly or after incu-
bation in gram-negative enrichment broth) to identify lactose-negative colonies
that were verified for agglutination by Shigella group B antiserum (Difco Labo-
ratories, Detroit, Mich.), as previously described (17).
TNF-a determinations for serum and stool samples. Fresh stool specimens

collected in sterile containers before vaccination and on days 2, 4, 7, 14, 21, and
28 after vaccination were immediately diluted in phosphate-buffered saline
(PBS) with Ca21 and Mg21 (0.5 g of stool graded 1 or 2 or 0.5 ml of stool graded
3 to 5 in 5 ml of PBS) and centrifuged at 20,000 3 g for 20 min. Supernatant
fluids were collected and kept frozen at2708C until processed. Serum specimens
were collected before vaccination and on days 1, 2, 3, 14, 15, 16, and 17 after
vaccination and kept frozen at 2708C until processed. Serum and stool tumor
necrosis factor alpha (TNF-a) levels were measured in duplicate wells with a
commercial sandwich enzyme immunoassay (Predicta TNF-a kit; Genzyme Di-
agnostics, Cambridge, Mass.) (level of sensitivity, 10 pg/ml). TNF responses were
defined as follows. We calculated the mean and SD of the difference between the
two prevaccination replicate runs for all subjects. For each subject, we derived a
net TNF OD for each of the postvaccination days selected for sampling by
subtracting the prevaccination mean of replicates from the mean OD measured
on each postvaccination day. Net ODs that were .3 SDs above the mean of
differences between prevaccination replicates were considered to be responses.
Preparation of vaccine and placebo. CVD 1203 was constructed by Noriega

and coworkers by double homologous recombination using suicide plasmid de-
letion cassettes containing DaroA and DvirG alleles and exchanged for the wild-
type genes in S. flexneri 2a strain 2457T (30). Inocula were derived from a frozen
master seed stock and plated onto Trypticase soy agar (Becton Dickinson)
containing Congo red dye (0.01%; Sigma Chemical Co., St. Louis, Mo.) and 0.2 g
of PABA per liter. After incubation at 378C for 18 to 24 h, single, isolated Congo
red colonies that exhibited characteristic Shigella morphology were confirmed as
S. flexneri with specific antisera. Then additional well-isolated Congo red colonies
were picked and suspended in sterile saline. For heavy growth, the saline sus-
pension was used to inoculate PABA-supplemented Trypticase soy agar plates
which were incubated overnight at 378C. Overnight growth from the Trypticase
soy agar plates was harvested into sterile PBS (pH 7.4). The heavy bacterial
suspension was diluted with additional sterile PBS to produce a suspension with
an OD at 660 nm corresponding to the desired bacterial count per milliliter. The
placebo consisted of sterile broth to which powdered milk was added to match
the turbidity of the vaccine inoculum.
Statistical methods. Associations between dichotomous variables were ana-

lyzed by Fisher’s exact test. Geometric means of data that included zeroes were
calculated by adding 1 before log transformation (35). Correlations between
immune responses and selected variables were measured by using Spearman’s
test. Comparisons which involved paired responses were analyzed by using Wil-
coxon’s signed-ranks test or Student’s t test, as appropriate, and unpaired data
were compared by using the Kruskal-Wallis test. Two-tailed hypotheses were
evaluated unless otherwise stated. Resulting P values of ,0.05 were considered
statistically significant. Bonferroni adjustments were made for two-way compar-
isons in the analysis of the serum TNF-a response after vaccination and for
three-way comparisons in the analysis of the differences in attack rate of clinical

TABLE 1. Clinical response after inoculation with CVD 1203 or placeboa

Group No. of
subjects

Response to dose 1 (day 0) Response to dose 2 (day 14)

Inoculum
(CFU)

No. of subjects (%)
Inoculum
(CFU)

No. of subjects (%)

Any
illness Fever Diarrhea Dysentery Any

illness Fever Diarrhea Dysentery

1 10 Placebo 0b,d 0 0 0 1.2 3 106 0 0 0 0
2 11 1.5 3 108 2 (18)c,d 1 (9) 2 (18) 1 (9) 1.2 3 108 4 (36) 0 4 (36) 1 (9)
3 11 1.5 3 109 8 (72)b,c 7 (64) 3 (27) 3 (27) 1.2 3 108 1 (9) 1 (9) 1 (9) 0

a A three-way comparison (Bonferroni corrected; significance, P , 0.017) was performed to determine whether there was a dose response in the occurrence of any
illness after the first dose of vaccine.
b Group 1 versus group 3, P , 0.001 (Fisher’s exact test, one tailed).
c Group 2 versus group 3, P 5 0.015 (Fisher’s exact test, one tailed).
d Group 1 versus group 2, P 5 0.26 (Fisher’s exact test, one tailed).
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symptoms by dose. P values of ,0.025 and ,0.017 were considered statistically
significant for two- and three-way comparisons, respectively; since the question
of interest in these analyses was whether vaccination elicited an increase in the
frequency or magnitude of the outcome event, one-tailed hypotheses were eval-
uated.

RESULTS

Clinical response to vaccination. After receiving a single
oral dose of vaccine, 10 of 32 subjects experienced objective
adverse reactions consisting of either diarrhea, dysentery, or
fever (Table 1). The mean incubation period until the first
symptom was 20.4 h, with 7 of 10 reactions occurring within
24 h of inoculation. Fever was the predominant symptom
(eight subjects). Diarrhea occurred in five subjects, with stool
volumes ranging from 205 to 579 ml, and dysentery occurred in
four subjects. No illnesses were observed among recipients of
either 1.2 3 106 CFU or placebo. The clinical symptoms were
self-limited (,48-h duration) and dose dependent, with objec-
tive reactogenicity developing in 0, 18, and 72% of subjects
after one dose of CVD 1203 at 106, 108, and 109 CFU, respec-
tively. The frequency of objective reactions experienced by
groups 1 and 2 was significantly lower than the frequency of
reactions experienced by group 3 (Table 1).
After the second (1.2 3 108 CFU) dose of vaccine, four

subjects from group 2 and one subject from group 3 manifested
adverse events (Table 1). Two of these five volunteers had also
experienced reactions after the first dose of vaccine, but those
after the second dose were milder. Again the symptoms had a
sudden onset and brief duration; however, this time watery
diarrhea was the predominant finding (all five subjects). One of
the five subjects also fulfilled the criteria for dysentery by
having only a single 5-ml loose stool with gross blood. Another
subject had diarrhea and fever, but the temperature elevation
consisted of a single episode of 100.08F.
In the analysis of subjective complaints, it was found that

headache or cramps sufficiently severe to interfere with daily
activities in the isolation ward (grade 3 or 4) were reported by
four (40%), three (27%), and seven (64%) subjects from
groups 1, 2, and 3, respectively, after a single dose of vaccine
and by one (10%) placebo recipient. After the second dose of
vaccine, three (27%) group 2 subjects and no subjects from
group 3 experienced these symptoms.
Shedding of vaccine strain. Vaccine excretion was detected

after a single dose of vaccine in stool specimens from 8 of 10
subjects from group 1 (80%), all 11 members of group 2
(100%), and 10 of 11 volunteers belonging to group 3 (91%).
No excretion was detected after the ingestion of placebo. The
median duration of shedding after a single dose was 5 days, but
excretion persisted for as long as 13 days in one volunteer.
There was no correlation between the duration of vaccine
excretion after the first inoculation and either the vaccine in-
oculum, the geometric mean day 7 IgA ASC response, or the
peak geometric mean IgG titer after the first dose of vaccine
among subjects in groups 2 and 3. Twenty-one of 22 subjects
(96%) who received the booster dose of 1.2 3 108 CFU of
CVD 1203 excreted vaccine.
Immune response to vaccination. (i) ASC response. Since

the ASC responses invariably returned to baseline by 14 days
postvaccination, it was possible to evaluate the response to the
first and second doses of vaccine separately. After only a single
dose, CVD 1203 elicited an IgA ASC response to S. flexneri 2a
LPS antigen (defined as greater than three ASC per 106 pe-
ripheral blood mononuclear cells [PBMC]) in 6 (60%), 10
(91%), and 11 (100%) subjects from groups 1, 2, and 3, re-
spectively (Table 2). An IgA response to IPA (defined as
greater than or equal to six ASC per 106 PBMC) was detected

in 4 volunteers from group 1 (40%), 7 volunteers from group
2 (64%), and 10 volunteers from group 3 (91%). Responses
were seen in both IgA1 and IgA2 subclasses (Table 3).
The relationship between vaccine dose and ASC response 7

days after inoculation was examined for total IgA, IgA1, and
IgA2 against LPS and IPA. A statistically significant positive
correlation was observed by Spearman’s test in each instance
(P , 0.05). There was a significant positive relationship be-
tween these ASC responses and the occurrence of adverse
clinical reactions after vaccination (P # 0.01).
The magnitude and frequency of the ASC response after the

first inoculation were greater than those after the second (Ta-
ble 2). However, three subjects with low (,10 ASC per 106

PBMC) anti-LPS responses after primary vaccination im-

TABLE 2. IgA ASC response to S. flexneri 2a LPS and IPA after
vaccination with CVD 1203 on days 0 and 14a

IgA
response Day Groupb

No. of subjects
with response

(%)

Geometric mean
ASCc

Anti-LPS 7 1 0 0.3
2 10 (91) 43 (63)
3 11 (100) 175 (175)

21 1 6 (60) 13 (70)
2 8 (73) 8 (17)d

3 7 (64) 5 (12)d

Anti-IPA 7 1 0 0
2 7 (64) 12 (39)
3 10 (91) 77 (108)

21 1 4 (40) 7 (93)
2 4 (36) 2 (29)
3 3 (30) 3 (8)

a Response was defined as $3 SDs above the geometric mean prevaccination
level as follows: for LPS, $3 ASC; for IPA, $6 ASC.
b On day 0, group 1 received placebo, group 2 received 1.53 108 CFU of CVD

1203, and group 3 received 1.5 3 109 CFU of CVD 1203. On day 14, group 1
received 1.2 3 106 CFU of CVD 1203 and groups 2 and 3 received 1.2 3 108

CFU of CVD 1203.
c Per 106 PBMC, as measured by ELISPOT. Parenthetical data are for re-

sponders only.
d P , 0.05, Wilcoxon’s signed-ranks test, for day 21 versus day 7 geometric

mean ASC for the same group and antibody response.

TABLE 3. IgA subclass ASC response to S. flexneri 2a LPS and
IPA 7 days after a single dose of CVD 1203 vaccinea

IgA
subclass

Response
to: Groupb

No. of subjects with
response/total no.
of subjects (%)

Geometric
mean ASCc

IgA1 LPS 1 6/10 (60) 7 (30)
2 9/10 (90) 20 (28)d

3 10/11 (91) 60 (90)
IPA 1 6/10 (60) 5 (17)

2 8/10 (80) 6 (11)
3 9/10 (90) 29 (43)

IgA2 LPS 1 6/10 (60) 9 (42)
2 9/10 (90) 30 (45)d

3 10/11 (91) 69 (106)
IPA 1 5/10 (50) 3 (18)

2 6/10 (60) 8 (35)
3 9/10 (90) 39 (60)

a Response (defined as $3 SDs above the geometric mean prevaccination
level) to IgA1 was $2 and $1 ASC for LPS and IPA, respectively, and response
to IgA2 was $1 ASC for both LPS and IPA.
b See Table 2, footnote b.
c See Table 2, footnote c.
d P 5 0.04, Wilcoxon’s signed-ranks test.
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proved their responses after the booster dose and three of six
subjects who did not respond to IPA after primary vaccination
did so after the booster dose. It is of interest that a response to
LPS was not seen after either dose of 108 CFU of vaccine for
one of the two volunteers who experienced reactions after both
inoculations. There was no association between the ASC re-
sponse 7 days after the first vaccine dose and the occurrence of
adverse clinical reactions after the booster dose.
(ii) Serologic response. Vaccination elicited a fourfold rise

in either IgA, IgM, or IgG antibody to LPS in serum samples
from four volunteers from group 1 (40%), seven volunteers
from group 2 (64%), and six volunteers from group 3 (55%). A
fourfold rise in serum anti-IPA antibody was detected in a total
of two subjects from group 1 (20%), nine subjects from group
2 (82%), and six subjects from group 3 (55%). The class-
specific responses are shown in Table 4. There was no associ-
ation between the occurrence of a fourfold rise in serum an-
tibody to LPS or IPA and a positive ASC IgA response to the
corresponding antigen.
The anti-LPS response occurred by day 14 after a single dose

of vaccine in 14 of 17 seroconverters (82%). The anti-IPA
response occurred by day 14 in 10 of 17 seroconverters (59%).
(iii) Fecal IgA response. A fecal anti-LPS IgA response was

detected in 2 of 9 group 1 subjects (22%), 7 of 10 group 2
subjects (70%), and 5 of 11 group 3 subjects (45%) (Table 4).
An anti-IPA response was detected in 1 of 9 subjects (11%)
from group 1, 4 of 10 subjects (40%) from group 2, and no
subjects from group 3. There was no significant association

between a fecal IgA response and a positive IgA ASC response
to either LPS or IPA.
Serum and fecal TNF-a responses to vaccination. A rise in

mean serum TNF-a concentration occurred after each inocu-
lation with vaccine but not with placebo (Fig. 1). The peak
response was observed 3 days after inoculation and was most
pronounced after the second dose. The difference between the
day 0 and mean peak serum TNF-a concentrations reached
statistical significance for all groups after a single dose of
vaccine but not after placebo administration. The difference
between the day 0 and mean peak serum TNF-a concentra-
tions after the second vaccination was highly significant (P ,
0.001) for groups 2 and 3. Overall, a serum TNF-a response
was observed in 70, 91, and 100% of subjects from groups 1, 2,
and 3, respectively; a response was detected after only a single
dose of vaccine in 70, 46, and 64% of subjects from groups 1,
2, and 3, respectively.
A rise in mean stool TNF-a concentration was detected 2 to

4 days after a single dose of vaccine (Fig. 2). No response was
detected after the second dose; however, the earliest measure-
ment was not obtained until 7 days after the second dose. The
difference between the day 0 and mean peak stool TNF-a
concentrations after a single dose of vaccine reached statistical
significance for group 2 (P 5 0.03) and approached signifi-
cance for group 3 (P 5 0.08). Overall, a single dose of vaccine
elicited a fecal TNF-a response in 0, 27, and 18% of subjects
from groups 1, 2, and 3, respectively.
There was no correlation detected between the peak serum

or stool TNF-a OD and either the occurrence of objective
reactogenicity, the peak IgA ASC response to LPS or IPA, or
the peak serum titer of anti-LPS IgA or IgG.

DISCUSSION

These data provide an important basis for further efforts to
develop a promising live oral attenuated Shigella vaccine. We
have previously shown that an oral dose of 103 CFU of wild-
type S. flexneri 2a administered with buffer induces full-blown
clinical illness (fever, diarrhea, and/or dysentery) in 85 to 90%
of volunteers after oral challenge (17). In contrast, in this study
we observed that a 1,000-fold-higher (106 CFU) oral dose of
CVD 1203 caused no objective adverse clinical responses; the
adverse reactions seen when much higher doses of vaccine
were administered (108 or 109 CFU) were clearly milder and of
shorter duration than the illnesses observed with wild-type S.
flexneri 2a. Furthermore, a clear-cut dose response was de-
tected, with objective reactions developing in 0, 18, and 72% of
subjects after primary inoculation with 1.2 3 106 CFU, 1.5 3
108 CFU, and 1.5 3 109 CFU of CVD 1203, respectively. At
the lowest dose, reactogenicity was limited to nonspecific con-
stitutional symptoms (cramps and headache). The importance
of these symptoms is difficult to interpret in the setting of an
inpatient isolation ward that lacks many of the stimulating and
distracting events which occur in a natural environment. None-
theless, these findings suggest that research must continue to
construct vaccine strains that are inherently further attenuated.
The onset of illness after challenge with high doses of vac-

cine was abrupt (mean, 20.4 h) compared with that (44.6 h)
after challenge with 1,000- to 10,000-fold-lower doses of viru-
lent S. flexneri 2a (unpublished observations), suggesting that
the initial process of intestinal invasion by large numbers of
vaccine organisms may have been responsible for the symp-
toms. This temporal pattern of illness observed in volunteers is
reminiscent of the response of CVD 1203 in the Sereny test, in
which 4 of 11 guinea pigs developed short-lived mild conjunc-
tival inflammation at 24 h that resolved spontaneously by the

TABLE 4. Local and systemic antibody responses to S. flexneri 2a
LPS and IPA after vaccination with CVD 1203 on days 0 and 14a

Response
to:

Type of
sample and

Ig
Groupb

No. of subjects with
response/total no.
of subjects (%)

Geometric mean
peak titerc

LPS Serum IgA 1 1/10 (10) 29
2 4/10 (40) 50
3 4/11 (36) 42

Serum IgM 1 0/10 (0) 76
2 0/10 (0) 83
3 1/11 (9) 100

Serum IgG 1 3/10 (30) 62
2 5/11 (45) 107
3 4/11 (36) 129

Fecal IgA 1 2/9 (22) NDd

2 7/10 (70) ND
3 5/11 (45) ND

IPA Serum IgA 1 1/10 (10) 41
2 7/10 (70) 113
3 4/11 (36) 74

Serum IgM 1 1/10 (10) 18
2 2/10 (20) 24
3 1/11 (9) 18

Serum IgG 1 1/10 (10) 429
2 7/10 (70) 584
3 6/11 (54) 483

Fecal IgA 1 1/9 (11) ND
2 4/10 (40) ND
3 0/11 (0) ND

a Response was defined as at least a fourfold rise in antibody titer after
vaccination.
b See Table 2, footnote b.
c For calculations of geometric means of serum antibody, a value equal to half

the starting dilution was used for undetectable titers. The starting dilution was 25
for anti-LPS IgA, anti-LPS IgG, anti-IPA IgA, and anti-IPA IgM; the starting
dilution was 100 for anti-LPS IgM; the starting dilution was 200 for anti-IPA IgG.
d ND, not done.
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next day, in contrast to the progressive inflammation that fol-
lowed wild-type inoculation (30). The self-limited natures of
these illnesses suggest that the duration and extent of intracel-
lular injury were limited by the aroA and virG deletions.
The ability of CVD 1203 to colonize the intestine for a

prolonged period, up to 13 days in one subject, is a surprising
occurrence for an auxotrophic mutant. Spontaneous repair of
the large chromosomal aroA deletion would require bacterial
conjugation and would be an unlikely event. It is possible that
vaccine organisms were able to scavenge sufficient PABA from
the intraluminal contents to sustain growth at the mucosal

surface but were prevented from inducing further cellular in-
jury or clinical illness. The addition of minute quantities of
PABA restored the normal growth rate of another vaccine
candidate with aromatic auxotrophy, strain CVD 906, an
DaroC DaroD derivative of Salmonella typhi (11). Despite ac-
tive colonization, transmission of CVD 1203 to placebo recip-
ients did not occur in the closed setting provided by the ward.
It is notable that 80% of the adverse clinical reactions that

followed the second inoculation occurred in the group that had
received two doses of 108 CFU, suggesting that the recipients
of 109 CFU may have benefitted from greater protective im-

FIG. 1. Serum TNF-a levels after immunization with S. flexneri 2a strain CVD 1203. Volunteers were immunized orally with CVD 1203 at various doses (109

organisms on day 0 followed by 108 organisms on day 14 [10E9/10E8; group 3], 108 organisms on day 0 followed by 108 organisms on day 14 [10E8/10E8; group 2], and
placebo on day 0 followed by 106 organisms on day 14 [Placebo/10E6; group 1]). Arrows denote the days of vaccination. The levels of TNF-a in serum samples were
measured at the indicated times after vaccination by ELISA. Data are means 6 standard errors. p, P , 0.001; ■, P , 0.02.

FIG. 2. Stool TNF-a levels after immunization with S. flexneri 2a strain CVD 1203. Volunteers were immunized orally with CVD 1203 at various doses (109

organisms on day 0 followed by 108 organisms on day 14 [10E9/10E8; group 3], 108 organisms on day 0 followed by 108 organisms on day 14 [10E8/10E8; group 2], and
placebo on day 0 followed by 106 organisms on day 14 [Placebo/10E6; group 1]). Arrows denote the days of vaccination. The levels of TNF-a in stool samples were
measured at the indicated times after vaccination by ELISA. Data are means 6 standard errors. p, P , 0.05.
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munity against illness resulting from the booster dose. One
component of the vaccine’s reactogenicity, which was espe-
cially apparent during the more modified clinical responses
that followed the booster dose, was its ability to produce wa-
tery diarrhea. A recently discovered chromosomal operon and
a plasmid gene, encoding Shigella enterotoxins ShET1 (8) and
ShET2 (27), respectively, are thought to be involved in the
pathogenesis of the watery diarrhea that often precedes Shi-
gella dysentery and is sometimes the only clinical manifestation
of shigellosis. The deletion of genes involved in the production
of these enterotoxins may therefore provide additional atten-
uation.
Overall, CVD 1203 elicited vigorous local (circulating IgA

ASC and fecal IgA) and systemic (serum antibody) immune
responses that were dose dependent. The immunologic deter-
minants of protection against shigellosis remain contentious;
the same responses that have been associated with protection
are also correlated with development of clinical illness after
vaccination or challenge (6, 16). Nonetheless, the strength of
the anti-LPS IgA ASC response 7 days after vaccination has
been correlated with protective efficacy against experimental
challenge with virulent Shigella organisms (16) and preexpo-
sure serum anti-LPS levels have been significantly associated
with immunity to shigellosis after both natural (4) and exper-
imental (3) challenge. In these measures, the immunogenicity
of CVD 1203 at 109 CFU was comparable to that seen after
wild-type challenge with 103 CFU of S. flexneri 2a, which in-
duces 70% serotype-specific protective immunity (17). Even in
the lowest-dose group (106 CFU), an IgA anti-LPS ASC re-
sponse occurred in the majority of subjects (60%), although
the day 7 geometric mean ASC count was significantly lower
than those for the higher-dose groups. Our finding that addi-
tional responders could be recruited among subjects who re-
ceived a second dose of CVD 1203 suggests that it is possible
to enhance the immune response to lower, better-tolerated
dosage levels of this vaccine by administering two or three oral
inoculations. Furthermore, the presence of a vigorous ASC
response to both IgA1 and IgA2 antibody subclasses suggests
that CVD 1203 is capable of inducing responses in various
compartments of the mucosal immune system, a desirable
characteristic for a vaccine construct that can be used as a
carrier for expressing foreign antigens (23, 29).
In an attempt to identify laboratory correlates of reactoge-

nicity and protective immunity that could be measured in an-
imal models as predictors of the human response, we examined
TNF-a in serum and stool samples after vaccination. TNF-a is
a potent mediator of inflammatory and immune responses
produced upon stimulation by monocytes/macrophages and
other cell types, including T- and B-lymphocytes and NK cells
(9, 37). LPS and other microbial products are believed to be
the main stimuli for TNF-a production in vivo, but other cy-
tokines, as well as antibodies and complement products, may
also play an important role (9, 37). TNF-a acts by modulating
the production of many cytokines, including those responsible
for the clinical manifestations associated with bacterial inva-
sion and septic shock syndrome, and by regulating the growth,
differentiation, and function of numerous cell types, including
endothelial cells, colonic epithelial cells, and cells in the hypo-
thalamic centers that regulate body temperature (9, 37).
The exposure of human epithelial cells in vivo to invasive

bacteria such as S. dysenteriae markedly increases the secretion
of several proinflammatory cytokines, including TNF-a (12).
The levels of TNF-a in stool samples and detection of TNF-
a-producing cells in rectal biopsy have been correlated with
clinical severity of acute shigellosis, degree of inflammation on
histopathology, and local increases in other proinflammatory

cytokines (28, 32, 33), but not with the occurrence of extraint-
estinal complications such as hemolytic uremic syndrome and
leukemoid reaction (1, 5). In contrast, serum TNF-a levels
have been inconsistently elevated during shigellosis (5, 33).
Heretofore, no studies have explored TNF-a production at the
local and systemic levels after oral vaccination of volunteers
with attenuated or wild-type Shigella strains, a model amenable
to plotting the precise kinetics of TNF-a production in relation
to the inciting exposure. We detected significant rises in serum
and stool TNF-a concentrations after vaccination, with the
suggestion of a booster response in serum samples after the
second dose. The TNF-a response in stool samples appeared
to precede the serum response by approximately 1 day, sug-
gesting that the TNF-a elevation in serum samples may have
been derived from local intestinal production. Although these
responses did not correlate with either the clinical or antibody
response to vaccination, in this setting TNF-a may contribute
to subclinical intestinal inflammation and may act alone or
through modulation of the production of other molecules in
the cytokine cascade to induce macrophage activation or other
immunological responses that favor elimination of the infect-
ing strain.
The clinical response to CVD 1203 can be broadly compared

with the response of Swedish volunteers to SFL1070, an DaroD
S. flexneri 2a vaccine candidate derived from the same 2457T
parent strain as CVD 1203 (21). Both vaccines caused dose-
dependent responses in clinical tolerance, with self-limited ob-
jective gastrointestinal manifestations occurring at high doses
(109 CFU). Both elicited specific immune responses to Shigella
antigens in most subjects. It is of interest that in guinea pigs,
DvirG added to the attenuation of DaroA (30).
We conclude that aroA virG deletions markedly attenuate

wild-type S. flexneri 2a but preserve immunogenicity. These
observations constitute progress toward developing a safe and
effective Shigella vaccine. Future investigations will explore
further attenuated recombinant mutant strains.
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