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ABSTRACT Shigella causes bacillary dysentery and is responsible for a high burden
of disease globally. Several studies have emphasized the value of functional antibody
activity to understand Shigella immunity and correlates of protection. The anti-microbial
function of local (mucosal) antibodies and their contribution to preventing Shigella
infection remain unknown. The goal of this study was to identify the functional humoral
immune effectors elicited by two Shigella sonnei live oral vaccine candidates, WRSs2
and WRSs3. Complement-dependent bactericidal [serum bactericidal antibody (SBA)/
bactericidal antibody (BA)] and opsonophagocytic killing antibody (OPKA) activity were
determined in sera and stool extracts as indicators of systemic and local anti-microbial
immunity. High levels of SBA/BA and OPKA were detected in serum as well as in fecal
extracts from volunteers who received a single dose of WRSs2 and WRSs3. Functional
antibody activity peaked on days 10 and 14 post-vaccination in fecal and serum samples,
respectively. Bactericidal and OPKA titers were closely associated. Peak fold rises in
functional antibody titers in serum and fecal extracts were also associated. Antibody
activity interrogated in IgG and IgA purified from stool fractions identified IgG as the
primary driver of mucosal bactericidal and OPKA activity, with minimal functional activity
of IgA alone, highlighting an underappreciated role for IgG in bacterial clearance in the
mucosa. The combination of IgG and IgA in equal proportions enhanced bactericidal and
OPKA titers hinting at a co-operative or synergistic action. Our findings provide insight
into the functional anti-microbial capacity of vaccine-induced mucosal IgG and IgA and
propose an operative local humoral effector of protective immunity.

IMPORTANCE There is an urgent need for a safe, effective, and affordable vaccine
against Shigella. Understanding the immunological underpinning of Shigella infection
and the make-up of protective immunity is critical to achieve the best approach
to prevent illness caused by this mucosal pathogen. We measured the complement-
dependent bactericidal and opsonophagocytic antibody killing in serum and stool
extracts from adult volunteers vaccinated with Shigella sonnei live oral vaccine candi-
dates WRSs2 and WRSs3. For the first time, we detected functional antibody responses
in stool samples that were correlated with those in sera. Using purified stool IgA and
IgG fractions, we found that functional activity was mediated by IgG, with some help
from IgA. These findings provide insight into the functional anti-microbial capacity of See the funding table on p. 12.
vaccine-induced mucosal IgG and IgA and support future studies to identify potential Received 26 July 2023
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higella is a food- and water-borne pathogen that causes acute, inflammatory

diarrhea. It is responsible for high burden of disease globally with an attributable
death rate of 148,000 annually (1). The most affected are children under 5 years of
age living in poor resource areas, with those between 2 and 3 years of age having the
highest incidence of disease (2). Untreated Shigella infection during childhood has been
associated with linear growth faltering in infants and toddlers (3), which in turn leads
to poor health and impaired development (4). In addition, Shigella has become a major
public health concern due to the rapid rise in resistance to conventional anti-microbial
treatment (ciprofloxacin or azithromycin) (5-8), which is compounded by the bacteria’s
ease of transmission and infectivity (9).

Four species of Shigella have been identified based on serological typing: Shigella
flexneri, which has 15 serotypes and is the most prevalent in low-income countries;
Shigella sonnei, which has only one serotype and found mainly in industrialized regions;
Shigella dysenteriae, which has historically caused epidemic outbreaks of high case
fatality; and Shigella boydii, which has 19 serotypes and is associated with a small
number of cases, mainly in South Asia. A substantial change in the distribution of Shigella
serotypes has been seen in recent decades with a marked increase in the global burden
of S. sonnei (10-12). Compared to S. flexneri, S. sonnei has shown greater capacity to
acquire elements that confer antibiotic resistance (11), and this competitive advantage
is surmised as a major driver of its expansion. There is therefore an urgent need for a
safe, effective, and affordable vaccine against this preeminent gastrointestinal mucosal
pathogen, as none is available.

Epidemiological evidence from endemic areas indicates that while young children
are at high risk for Shigella infection, the adult population is more refractory. This
has been attributed to life-long exposure to Shigella eliciting natural immunity which,
although imperfect, prevents re-infection (13-15). Hence, the existence of natural
protective immunity acquired through natural contact with living organisms supports
the feasibility of a live oral vaccine. Understanding the immunological underpinning of
Shigella infection and the make-up of protective immunity is critical to achieve the best
mucosal vaccine approach.

Historically, levels of serum antibodies against Shigella LPS have been associated with
reduced incidence of shigellosis (16, 17). Several studies have emphasized the relevance
of functional antibody activity to appraise Shigella immunity (18-21). Functional assays
surpass measures of antibody binding in their categorical quantification of anti-microbial
activity, which likely reflects an element of protective immunity. Complement-mediated
bactericidal antibody (BA) activity has been detected in circulation following natural
infection in adults (22) and children (23) living in areas where Shigella is endemic.
Serum bactericidal antibody (SBA) titers have been reported to be inversely correlated
with incidence of disease in controlled human infection models involving S. flexneri
2a (24) or S. sonnei (25). Increases in SBA titers have been reported in clinical studies
that evaluated various vaccine candidates using different routes of immunization (26-
30). Recent vaccine efficacy studies (Flexyn2a bioconjugate and the S. sonnei GMMA
vaccine candidates) reported higher SBA titers in vaccine recipients who did not develop
shigellosis after experimental challenge as compared to those with shigellosis (31, 32),
as well as a linear relationship between vaccine efficacy and SBA titers at the time of
challenge (31).

With the overarching goal of identifying functional humoral immune effectors as
predictors of protective immunity and vaccine efficacy, we examined the anti-microbial
activity of antibodies elicited by two live oral S. sonnei vaccine candidates, WRSs2
and WRSs3, administered to adult volunteers in a phase 1 clinical trial conducted at
Cincinnati Children’s Hospital Medical Center (33). WRSs2 and WRSs3 are derivatives of
the S. sonnei Moseley strain that are similar to the first-generation vaccine candidate,
WRSST, in their deletion of virulence plasmid-encoded VirG (IcsA) (34). Further attenua-
tions, including deletion of the enterotoxin and acyl transferase genes, were introduced
to increase tolerability, resulting in strains WRSs2 and WRSs3 (35, 36).
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In the study presented here, we examined complement-dependent bactericidal and
opsonophagocytic antibody killing activity in adult volunteers immunized with WRSs2
and WRSs3. Functional antibody responses were quantitated in sera as an indicator of
systemic immunity and in stool samples as an indicator of local mucosal immunity. The
contribution of each antibody isotype in anti-microbial function was interrogated in
purified stool IgA and IgG fractions.

RESULTS

WRSs2 and WRSs3 elicited S. sonnei-specific systemic functional antibody
responses

To investigate the capacity of WRSs2 and WRSs3 vaccine candidates to elicit S. son-
nei-specific functional antibodies, SBA and opsonophagocytic killing antibody (OPKA)
activities were measured in a subset of serum samples from volunteers who participated
in a dose-escalating phase | study that assessed the safety and immunogenicity of the
live attenuated S. sonnei vaccines WRSs2 and WRSs3 (33). In our study, we tested samples
from a total of 37 adult individuals who received the two highest doses, 10° colony
forming units (CFU) or 107 CFU, of either WRSs2 (n = 14), WRSs3 (n = 15), or placebo (n
= 8). A total of 166 serum samples were available for testing. A schematic representation
of volunteer numbers per group and time points post-vaccination is shown in Fig. 1. The
vaccine was administered as a single oral dose on day 0. Sera were obtained on days 0, 7,
14, 28, and 56 after vaccination. Demographic characteristics of the enrolled individuals
as well as vaccine tolerability have been described in detail elsewhere (33). Vaccine
responses, including LPS-specific IgG and IgA measured in serum, fecal supernatants, and
antibody in lymphocyte supernatants (ALS), have been reported previously (33, 37).

SBA and OPKA responses following WRSs2 and WRSs3 vaccination are summarized in
Fig. 2; Table S1. Volunteers who received either vaccine, regardless of the dosage level
(10° CFU or 10’ CFU), developed strong SBA and OPKA responses. Functional antibody
activity was detectable at the earliest time point (day 7) post-vaccination in almost all
vaccine groups. Mean SBA and OPKA titers peaked on day 14 and remained above
baseline on day 28 (Fig. 2; Table S1). Functional antibody titers dropped by day 56 but
were still differentiable from baseline for the 10° CFU dose of WRSs2 (SBA), 107 CFU dose
of WRSs2 (OPKA), and 10" CFU dose of WRSs3 (SBA) (Table S1). Of note, these same
groups also had significantly higher functional antibody titers compared to baseline on
day 7 (Table S1).

A similar trend was observed when SBA and OPKA responses were compared
between vaccinated and placebo groups (Fig. 2; Table S1). Volunteers who received
either 10° CFU or 107 CFU of WRSs2 had higher SBA titers than those in the placebo
group at all time points post-vaccination (days 7, 14, 28, and 56, Fig. 2A). Similarly, OPKA
titers were significantly higher on all days for the 10’ CFU dose group, but only on days

A Groups tested in this study:
WRSs2: 106 CFU, n=7 WRSs3: 106 CFU, n=8 Placebo, n=8
WRSs2: 107 CFU, n=7 WRSs3: 107 CFU, n=7

B (Vaccination) D10 D8 (Antibiotic treatment)

D7 D10 D14 D28 D56
é

Serum collection: @ é é é
Stool collection: & & & & Y

FIG 1 Schematic representation of groups and sample time points tested in this study. (A) Groups
(WRSs2 and WRSs3 and placebo recipients) and dosage levels (10° and 10" CFU). (B) Individuals were
vaccinated on day 0 (DO); all received antibiotic treatment on day 8. Serum was collected on days 0, 7, 14,
28, and 56. Stool was collected on days 0, 7, 10, 14, and 28.
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FIG 2 Kinetics of functional antibody responses in circulation in volunteers orally immunized with Shigella WRSs2 or WRSs3
vaccine strains. SBA and OPKA titers before and after oral immunization with WRSs2 (A, C), WRSs3 (B, D), or placebo. Symbols
represent logjg geometric mean titers £ 95% Cl. Clear circles represent the placebo group, orange triangles represent
individuals vaccinated with the 10° CFU dose, and blue squares represent individuals vaccinated with the 10" CFU dose. Blue
asterisks and orange pound signs indicate statistically significant differences for each vaccine/dose response at defined time
points as compared to placebo. * and #, P < 0.05; ** and ##, P < 0.01; *** and ###, P < 0.001 determined by linear mixed
effect model after log transformation of individual endpoint titers. Dotted line indicates limit of detection (titer of 2 for SBA
and OPKA). (E) Largest fold increase in titers over baseline at any day post-vaccination within the treatment groups. Symbols

represent individual fold increase in titers. Numbers above bars represent percent of subjects that had >4-fold increase (pink

dashed line) in antibody titers compared to baseline titers at any time point after vaccination.

14 and 28 for the 10° CFU dose group (Fig. 2C). All volunteers who received the WRSs3
vaccine had significantly higher SBA and OPKA titers on days 14 and 28, regardless of the
dose. Titers had dropped by day 56 to levels no different from those of the placebo (Fig.
2B and D).

Post-vaccination SBA and OPKA titers were also compared to titers measured before
vaccination (baseline) and maximum fold increases determined (Fig. 2E). All vaccines and
both dosage levels resulted in >45-fold increase in mean titers compared to baseline.
Mean fold increases were highest for the 10”7 CFU dose of WRSs3: 6,384-fold for SBA and
339-fold for OPKA. Rates of seroconversion were defined as the proportion of individu-
als exhibiting greater than a fourfold increase in SBA or OPKA titer above baseline at
any time point post-vaccination (dotted line in Fig. 2E). All individuals immunized with
WRSs2, regardless of the dosage level received, seroconverted for SBA. The same was
observed for those who received the 10’ CFU dose of WRSs3, whereas 63% seroconver-
sion was observed among those who received the lower dose, 10° CFU (Fig. 2E). When
considering OPKA responses, >85% of vaccinated individuals seroconverted regardless of
the vaccine or dosage level received (Fig. 2E). One hundred percent functional serocon-
version was achieved by both vaccines given at the highest dose. No seroconversion was
observed in individuals in the placebo group.

WRSs2 and WRSs3 induced S. sonnei-specific mucosal functional antibody
responses

We next evaluated the presence of S. sonnei-specific functional antibody activity locally.
The functional antibody assays applied to sera were modified to determine BA and OPKA

January 2024 Volume 9 Issue 1

mSphere

10.1128/msphere.00419-23 4


https://doi.org/10.1128/msphere.00419-23

Research Article

activity in fecal extracts. Time points investigated included days 0, 7, 10, 14, and 28 after
vaccination (Fig. 1). The same volunteers included in the serum antibody analysis were
examined for fecal functional antibodies (Fig. 3 ; Table S2). A total of 141 stool samples
were available for testing.

All study participants were treated with ciprofloxacin starting on day 8 post-vac-
cination. To ensure that the only bactericidal activity measured was strictly antibody-
mediated and not non-specific killing due to the presence of antibiotics, all fecal
supernatants were buffer-exchanged into 1x phosphate-buffered saline (PBS; pH 7.4)
using a centrifugal concentrator with a molecular weight cutoff (MWCO) of 10,000 Da
following the stool processing. The detailed preparation of the fecal supernatant for the
stool functional antibodies testing is described in the Materials and Methods section.

Fecal bactericidal and OPKA responses are shown in Fig. 3. Both vaccines at the two
dosage levels tested attained peak BA and OPKA responses 10 days post-vaccination,
and these responses were significantly higher compared to baseline (Table S2). BA and
OPKA titers remained elevated through day 14 in the high dose WRSs3 recipients and in
individuals vaccinated with 10® CFU dose of WRSs2 (Table S2). By day 28, fecal BA and
OPKA titers had returned to baseline levels in all groups.

The same trend was observed when fecal BA and OPKA responses in the vaccinated
groups were compared to placebo recipients (Fig. 3; Table S2). Fecal BA and OPKA titers
in vaccinated individuals, regardless of vaccine or dose group, were significantly higher
than those of the placebo group on day 10 post-vaccination (Fig. 3A through D). Fecal BA
titers were already elevated on day 7 post-vaccination in volunteers who received WRSs2
vaccine at the 10" CFU dose (Fig. 3A). In the WRSs3 recipients, regardless of the dose,
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FIG 3 Kinetics of the mucosal (fecal) functional antibody response after vaccination. Fecal BA and OPKA titers before and after
administration of WRSs2 (A, C) or WRSs3 (B, D) vaccine or placebo. Symbols represent logo geometric mean titers + 95% Cl.
Clear circles represent the placebo group, orange triangles represent individuals vaccinated with the 10° CFU dose, and blue
squares represent individuals vaccinated with the 10’ CFU dose. Orange and blue asterisks indicate significantly higher titers,
compared to placebo, in individuals vaccinated with the 10° CFU or 10’ CFU dose, respectively. * and #, P < 0.05; ** and ##,
P < 0.01; *** and ###, P < 0.001 as determined by linear mixed effect model after log transformation of individual endpoint
titers. Dotted line indicates limit of detection (titer of 2 for BA and OPKA). (E) Largest fold increase in titers over baseline at any
day post-vaccination within the treatment groups. Symbols represent individual fold increase in titers. Numbers above bars
represent percent of subjects that had >4-fold increase (pink dashed line) in antibody titers compared to baseline titers at any

time point after vaccination.
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fecal BA and OPKA were also significantly elevated on day 14 as compared to placebo
(Fig. 3B and D).

Mean fold increases for all vaccines and dosage levels were at >20-fold compared
to baseline (Fig. 3E). As was observed in serum, the 10’ CFU dose of WRSs3 resulted
in the highest mean fold increases: 723-fold for fecal BA and 279-fold for fecal OPKA.
Seroconversion rates calculated for fecal BA and OPKA were similar for both WRSs2
and WRSs3 (Fig. 3E). Among those vaccinated with the 10° CFU dose of WRSs2, 71%
seroconverted, while 86% vaccinated with the 10’ CFU dose of WRSs2 seroconverted. All
subjects vaccinated with 10° CFU of the WRSs3 vaccine seroconverted, compared to 86%
of those vaccinated with the higher dose. Eighty-six percent functional seroconversion
was achieved by both vaccines given at the highest dose.

Systemic and mucosal functional antibody responses were correlated

SBA and OPKA titers were strongly associated (Spearman’s r = 0.71) (Fig. 4A). A similar
correlation was found between functional antibody (BA and OPKA) titers in fecal extracts
(Spearman’s r = 0.89, Fig. 4B).

We next investigated whether the functional antibody responses in systemic (serum)
and mucosal (fecal extracts) compartments were associated, and for this analysis, we
compared peak fold rises (highest fold rise over baseline at any time post-vaccination) in
serum with peak fold rises in fecal antibody titers. A moderate positive correlation was
observed between fecal and serum functional antibody levels (Spearman’s r = 0.49 and
0.62; Fig. 4C and D).

Association between functional antibody activity and vaccine shedding

We also examined whether vaccine shedding was associated with functional antibody
responses. Shedding was defined as the peak (maximum) vaccine shed by each
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FIG 4 Correlations between bactericidal antibody responses. (A) Correlation between serum BA and
OPKA titers and (B) between fecal BA and fecal OPKA titers; data represent titers from all 37 individuals
(both vaccinated and placebo groups) and available time points tested (see Fig. 1). n = 166 for serum
samples, n = 141 for fecal samples. (C) Correlation between the peak fold rise in serum BA and fecal
BA titers (highest at any time post-vaccination over baseline) and (D) between serum OPKA and in fecal
OPKA titers; data represent all 37 individuals tested (vaccinated and placebo groups, n = 37). Spearman’s r

and P-values are shown within each graph.
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participant (measured in CFU/g of stool) and the duration (measured in number of days)
the vaccine was shed. These two outcomes were compared to the peak bactericidal and
opsonophagocytic titers (highest at any time post-vaccination) and to the peak fold rise
in functional antibody titers from each individual using Spearman’s correlation (Table S3).

In general, vaccine recipients with no or low shedding (i.e, <100 CFU, <1 day)
had lower functional antibody levels as compared to subjects with more pronounced
shedding (data not shown), albeit without a discernable trend. A strong positive
correlation was observed between peak SBA fold increases and the magnitude of vaccine
shed (Spearman’s r = 0.61) and the number of days the vaccine was shed (Spearman’s r
= 0.61); all other associations with systemic or mucosal immune responses were modest
(Table S3). When considering individuals in the WRSs2 or WRSs3 vaccinated groups
separately, we found low or no association between shedding and functional antibody
responses.

Fecal IgG and IgA cooperation in functional bactericidal and opsonophago-
cytic killing activity

We have previously identified LPS IgG antibodies as drivers of serum bactericidal activity
(38). To investigate the type of antibody involved in mucosal functional antibody activity,
we selected day 10 fecal supernatants that exhibited high BA titers from individuals
vaccinated with the 107 CFU dose of WRSs2 or WRSs3 (five individuals from each
group). The presence of S. sonnei LPS IgG and IgA antibodies in these supernatants was
confirmed (Fig. 5A). IgG and IgA were purified from stool supernatants and prepara-
tions containing exclusively IgA or IgG were produced for each individual participant;
the absence of other (depleted) antibody isotypes was confirmed by enzyme-linked
immunosorbent assay (ELISA) (Fig. 5B). BA and OPKA assays were then performed in the
purified IgA or IgG fractions as well as in preparations that contained a 1:1 mix of purified
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FIG 5 Shigella LPS-specific IgG and IgA contribute synergistically to bactericidal activity. (A) S. sonnei
LPS-specific antibody isotypes in fecal supernatants from individuals at day 10 post-vaccination with
10’ CFU of either WRSs2 or WRSs3 (five individuals from each group). (B) S. sonnei LPS-specific antibody
isotype in purified IgA and IgG preparations obtained from samples shown in panel A. (C) Fecal BA
and (D) fecal OPKA titers of IgA, IgG, or a combination of IgA + IgG. Data represent individual samples
(left) and means + 95% Cl (right). P-values obtained using Wilcoxon matched-pairs signed rank test are
indicated in the graphs on the right. Dotted line indicates limit of detection (titer of 2 for BA and OPKA).
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IgA and IgG (IgA + IgG) from each individual. To ensure equimolar antibody isotype
concentrations in the IgA or IgG only versus the IgA + IgG mix, samples containing one
isotype were prediluted 1:1 in PBS before being applied to the functional assays. All
samples were tested at the same starting dilution.

BA and OPKA titers in the IgA-containing fraction were low (mean titers = 18.2 for BA
and 13.4 for OPKA), but higher than the assay’s limit of quantification (dotted line in Fig.
5C and D), whereas high BA (mean titer = 305.5) and OPKA titers (mean titer = 277.9)
were detected in the purified fecal IgG. Interestingly, fecal BA titers in the preparation
containing both isotypes (IgA + IgG, mean titer = 456.4; Fig. 5C) were significantly higher
than those detected in those containing IgA or IgG alone. The same was observed for
fecal OPKA, except that the superior activity in the combined IgA + IgG preparation
(mean titer = 754.7; Fig. 5D) vs IgG alone did not reach statistical significance (P = 0.074).
In the majority of the samples tested (6/10), the bactericidal activity in the combined
IgA + IgG preparations was greater than the sum of activity of each antibody isotype
alone. OPKA activity that was greater in the combined IgA + IgG preparation than the
sum of individual isotypes was also observed in 4 of the 10 samples tested. These
findings suggest a synergy between the two antibody classes that enhances anti-micro-
bial function.

DISCUSSION

Vaccines against S. sonnei and/or other Shigella strains are in various stages of develop-
ment (39). Oral delivery of live attenuated organisms is expected to mimic infection and
activate mucosal immunity that would be evoked upon subsequent exposure. Robust,
anamnestic, adaptive immunity within the local gut mucosa is critical to block Shigella at
the site of entry.

In this study, we interrogated the capacity of WRSs2 and WRSs3—two representative
clinically advanced oral vaccine candidates—to elicit functional antibodies that could
engage in anti-microbial immunity in vitro. To this end, we determined the kinetics of
antibody-mediated S. sonnei bactericidal and opsonophagocytic killing activity in serum
and fecal extracts. Previous reports of WRSs2 and WRSs3 immune responses post-vacci-
nation included S. sonnei LPS-, Invaplex-, and IpaB-specific antibodies in serum and ALS,
antibody secreting cells, and stool IgA (33, 37).

We found that a single oral dose of WRSs2 or WRSs3 elicited robust SBA and OPKA
titers in serum and fecal supernatants. The functional antibody responses measured in
serum reached maximum levels on days 14 and 28 post-vaccination and persisted for
at least 2 months (Fig. 2). The timing of SBA and OPKA responses is congruent with
the kinetics of serum LPS IgG and IgA titers reported previously for individuals who
participated in the same clinical study (33). The temporal overlapping of LPS-specific
antibodies and SBA/OPKA titers is consistent with LPS being the main target of these
anti-microbial functions.

Importantly, antibodies with bactericidal and opsonophagocytic killing activity were
found in fecal supernatants as early as 7 days after vaccination, attaining a peak at
day 10 post-vaccination. The peak time point for fecal bactericidal and OPKA respon-
ses observed in our study concurred with the time LPS IgA was found in stool and
ALS in the same WRsS2 and WRsS3 vaccine recipients (33, 37). ALS have historically
been considered a surrogate mucosal response as they reflect a humoral response
elicited by mucosally primed gut-homing plasmablasts transiently in circulation while
enroute to the lymph nodes or distant mucosal sites (37, 40, 41). The earlier peak
response of fecal vs serum antibodies (10 days vs 14 days post-dosing, respectively)
suggests a rapid anti-microbial response in the colonic mucosa following exposure.
Fecal antibody activity quickly returned to baseline levels (by day 28), whereas serum
antibody activity remained elevated up to 56 days post-vaccination in some groups.
Interestingly, the groups that responded robustly early on (day 7) were those with
longer-lasting immunity, suggesting that immune memory is a function of strength
of priming. No overt differences were observed in the ability of WRSs2 and WRSs3 to
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elicit functional humoral immunity and the magnitude of responses; the vast majority
of vaccinated subjects responded with functional antibodies (fourfold increase in titers
over baseline) in serum and in stool. Shigella functional antibodies have been reported
in serum from adult human volunteers following both parenteral and oral vaccination
(26-30). To our knowledge, this is the first report describing the functional antibodies in
mucosal samples and from individuals immunized with a Shigella vaccine candidate.

As Shigella does not cause invasive (bloodstream) infections, it has been puzzling
to understand the contribution of antibodies with bactericidal and opsonophagocytic
activity that are measured in serum in clearing this predominantly mucosal pathogen.
The association of SBA (and OPKA) with clinical protection has been reported in several
clinical studies; however, the extent to which these antibodies contribute to protection
and their precise mode of action, including the location where they deploy these
functions, is unclear. It is worth noting that vibriocidal (functional) antibody activity
against another enteric pathogen, Vibrio cholerae, is known to correlate with clinical
protection and is used as a surrogate of live cholera vaccine efficacy (42). Similar to what
was observed for Shigella SBA and OPKA, vibriocidal antibodies are directed against V.
cholerae LPS (43). It is reasonable to assume that there is redundancy in host responses
to enteric pathogens, and a similar mechanism of functional antibody-mediated killing is
deployed against both V. cholerae and Shigella.

The finding of antibodies in feces that can activate complement and kill Shigella, or
facilitate uptake and killing of the organism by neutrophils, reveals that mucosal (local)
functional antibodies are likely prominent mediators of protective immunity. Moreover,
the correlation between functional antibody vaccine responses in feces and in serum
suggests that vaccine-specific antibodies in circulation somehow reflect the humoral
immune responses at the mucosal surface.

An interrogation of function in IgG and IgA purified from vaccine recipients’ stool
samples revealed IgG as the main driver of mucosal bactericidal and opsonophagocytic
killing activity, while activity attributable to IgA was minimal (20 times lower). Intrigu-
ingly, both bactericidal and opsonophagocytic killing activities were increased when IgG
and IgA were combined, suggesting cooperation or synergy between the two antibody
isotypes (Fig. 5). IgG has a strong affinity for complement proteins and activates the
complement cascade via the classical pathway. IgA can activate complement via the
alternative pathway (44-46). The enhanced bactericidal and opsonophagocytic activity
when both IgG and IgA are present may reflect their combined contribution to each
function, although this scenario would not explain the magnitude of such increase
observed. Alternatively, it may reflect a more complex synergy whereby IgA, beyond
deploying complement or phagocytic function, may be favoring clumping or aggluti-
nation (47, 48) that would facilitate lgG-efficient bactericidal and opsonophagocytic
activity. Protective immunity in the gut is generally attributed to secretory IgA due to its
abundance in mucosal surfaces (49). Here, our results implicate IgG as an important and
underappreciated effector that can kill and block enteropathogens in the gut mucosa.
Rather than either-or, a more efficacious anti-microbial effect is achieved through their
combined action.

Even though IgG levels in the fecal supernatants were generally low (Fig. 5A), IgG’s
robust antibacterial effect can be traced to its high binding capacity (avidity) to cognate
antigen, complement activation, strong Fc interaction, and neutrophil engagement
(OPKA). The anti-microbial properties of IgG within the gut mucosa observed here are
in line with the high (>80%) protective efficacy of orally administered IgG-rich bovine
colostrum with high anti-S. flexneri 2a LPS titers against infection with the same strain
in humans (50). In fact, hyperimmune bovine milk has been used successfully as a
prophylactic against diarrhea and iliness caused by multiple enteric pathogens [reviewed
in reference (51)]. Consistent with the presence of functional antibodies in feces (as
mucosal secretions), we have detected LPS-specific IgG and IgA, and robust bactericidal
activity in breast milk from mothers living in Shigella-endemic regions (data not shown).
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The anti-microbial activity of breast milk antibodies is expected to prevent Shigella
infection in breastfed children.

Bactericidal and opsonophagocytic killing activity deployed by mucosal IgG and IgA
in vivo (the scenario portrayed in our in vitro assays) would require the presence of
complement within the gut. Complement is traditionally thought to be a systemic host
defense system, with complement proteins produced in the liver and acting in blood and
interstitial fluids (52). However, complement is also synthesized by cells in the human
gut. In a proteomic analysis of human enteroids (primary epithelial cell monolayers),
we identified the secretion of complement proteins C3 and C4 by the ileal epithelium;
expression of these proteins was upregulated by human breast milk (53). Complement
proteins have been detected in the gut lumen (54), and it has been suggested that they
are activated and regulated by infiltrating cells; properdin, for example, is an alternative
pathway complement regulatory protein produced by activated human neutrophils and
secreted upon inflammatory cytokine signaling (55, 56). A recent study from Dennis
Kasper lab showed that complement C3 was synthesized by three key types of cells
in a microbiome-dependent manner and secreted into the intestinal lumen; the group
reported luminal C3 to be critical for protection against enteric pathogens in mice
infected with either Citrobacter rodentium or enterohemorrhagic Escherichia coli (57).

Shedding has been linked to immunogenicity of live oral Shigella vaccines (58, 59). We
found that vaccine shedding was strongly positively correlated with serum bactericidal
responses but not with mucosal functional antibodies. Venkatesan et al. reported an
agreement between shedding and frequency of IgA ALS responders among WRSs3
recipients but no other clear associations (37). A more precise analysis of vaccine
shedding (e.g., culture vs qPCR and time course) will help address its impact on local
functional immunity in future studies.

The precise host factors and immune elements that help prevent Shigella infection
in the human gut and their mode of action remain to be defined. The results descri-
bed demonstrate for the first time the presence of Shigella 1gG and IgA with effector
functions against the intact organism (complement-mediated killing and opsonopha-
gocytic killing) in the human gut. These antibodies were produced in response to
oral vaccination with live attenuated strains; serum and fecal antibody responses were
associated. Our results also shed light on the lead role of IgG and the synergistic action
of IgG and IgA in anti-microbial activity in vitro. Further studies using purified antibodies
(with defined specificity and representing different isotypes) and innate immune cells,
and employing novel technologies such as the human enteroid model (60) and relevant
animal models, are necessary to dissect the mechanisms by which mucosal antibodies
and complement cooperate to clear enteropathogens in the gut.

MATERIALS AND METHODS
Clinical samples

The serum and fecal samples tested in this study were obtained in a phase I clinical trial
of the WRSs2 and WRSs3 vaccine (NCT01336699). The study design, methods, vaccine
safety, and immunogenicity endpoints were described elsewhere (33). The specimens
tested in this study corresponded to volunteers who received the highest dosage levels
(10°and 107 CFU) of WRSs2, WRSs3, or placebo; time points are shown in Fig. 1.

Fecal supernatants

Frozen stool samples were thawed on ice, and a 200 mg aliquot of each stool sample
was placed in tubes containing 500 mg of silica beads (BioSpec Products Inc, Bartlesville,
OK) and 1 mL of extraction buffer containing soybean trypsin inhibitor-EDTA solution
and phenylmethanesulfonyl fluoride solution (all from MilliporeSigma, St. Louis, MO).
Stool samples were subjected to a 1-min bead beating cycle in a Bead Mill Homogenizer
(VWR, Radnor, PA) followed by centrifugation at 14,000 rpm for 30 min at 4°C. The
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resulting supernatants were harvested and filtered through a 0.22 um syringe filter
(MilliporeSigma). An additional buffer-exchange step was included for fecal supernatants
harvested from day 10 and day 14 samples to remove traces of antibiotic that would
interfere in the functional activity readout. Equal volumes of fecal supernatant were
buffer exchanged into 1x PBS, pH 7.4 (Thermo Fisher Scientificc Waltham, MA) by
centrifuging at 4,000 rpm in a Vivaspin 20 (Sartorius, Bohemia, NY) centrifugal concen-
trator (MWCO 10,000 Da); the procedure was repeated three times with fresh PBS. The
filtered fecal supernatants were stored at —20°C until use.

Antibody functional analysis

BA and OPKA activity against the S. sonnei Moseley strain in serum or fecal superna-
tants were determined as previously described (19, 38). Briefly, for the BA, a bacteria
suspension was mixed with heat-inactivated serially diluted test samples (serum or
fecal supernatants) and baby rabbit complement (BRC, 12.5% final concentration) and
incubated at 37°C for 2 h. For OPKA, bacteria was first opsonized with the heat-inac-
tivated serially diluted test samples for 15 min at 37°C, followed by incubation with
differentiated HL-60 cells (at a ratio of 200:1 of HL-60 cells to bacteria) and BRC (10%
final concentration) at 37°C for 45 min. Luria-Bertani (LB) agar plates spotted with 10 pL
of the reactions were grown overnight at 28°C. Titers, representing the reciprocal of the
serum/fecal supernatant dilution that produced 50% bacterial killing, were calculated
using Opsotiter (19). The provisional reference serum sample, Korean QC19, was run
with each assay to normalize values (19). The lowest dilution tested was 1:4 (serum or
fecal supernatant added into reaction neat); samples without bactericidal activity at this
dilution were assigned a titer of 2.

S. sonnei LPS-specific antibody isotype analysis

Fecal supernatants from 10 subjects vaccinated with 10’ CFU of WRSs2 (n = 5) or WRSs3
(n =5), which exhibited the highest BA/OPKA titers at day 10, were selected for antibody
isotype analysis. S. sonnei LPS-specific IgA and IgG titers were measured by ELISA. Briefly,
Immulon 2HB plates 96-well plates (Thermo Fisher Scientific) were coated with S. sonnei
LPS (Walter Reed Army Institute of Research) at 2.5 ug/mL in 100 pL carbonate buffer,
pH 9.6, and incubated overnight at 4°C. After blocking for 1 hour at room temperature
with 200 pL of 1x PBS containing 0.05% Tween-20 and 10% (wt/vol) non-fat dry milk,
fecal supernatants serially diluted twofold starting at a 1:50 dilution were added and
incubated at 37°C with shaking at 200 rpm for 90 min. Antibody detection was done
using 100 pL of biotinylated antibody specific for human IgA or IgG (Thermo Fisher
Scientific) for 1 hour at 37°C with shaking at 200 rpm, followed by a 1-hour incubation
with streptavidin HRP (MilliporeSigma). Tetramethylbenzidine (KPL, Gaithersburg, MD)
was added as substrate for 15 min in the dark with shaking, and the reaction was
stopped by adding 100 pL of 1M phosphoric acid (MilliporeSigma). Endpoint titers were
calculated as the inverse serum dilution that resulted in an absorbance value at 450 nm
of 0.2 above background and were reported as the antibody titer.

Fecal antibody purification

IgA and IgG were purified from each of the 10 fecal supernatants mentioned above using
Agarose beads-peptide M (Invivogen, San Diego, CA) and melon gel (Thermo Fisher
Scientific), respectively, using spin columns and following manufacturer’s instructions.
The enrichment in each LPS-reactive antibody isotype and absence of the depleted
isotype were confirmed by ELISA (described above).

Statistical analyses

Differences in functional antibody levels in serum and fecal samples were evaluated
using linear mixed effects models after log transformation of individual endpoint titers,
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taking into account the correlation among the multiple measurements from the same
subject. Scheffe method was used to adjust for multiple comparisons and P-value <0.05
was considered statistically significant. A positive functional antibody response post-
vaccination or seroconversion was defined as a greater than fourfold increase over the
baseline titer. The overall percentage of SBA and OPKA seroconversion post-vaccination
vs baseline and among the vaccine recipients and control group was compared by
using Fisher’s exact test and analyzing kappa values. Associations between functional
antibody titers were assessed using the Spearman rank correlation coefficient. Compar-
isons between shedding data and functional antibody responses were performed on
log-transformed data using the Spearman rank correlation coefficient. Comparisons
of functional antibody titers between paired antibody preparations from the same
individual were performed using Wilcoxon matched-pairs signed rank test after log
transformation of individual endpoint titers. All statistical comparisons were performed
using STATA/SE version 17 (College Station, TX) and GraphPad Prism 9 (San Diego, CA).
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