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ABSTRACT Shigella spp. are a leading cause of diarrhea-associated global morbidity
and mortality. Development and widespread implementation of an efficacious vac-
cine remain the best option to reduce Shigella-specific morbidity. Unfortunately, the
lack of a well-defined correlate of protection for shigellosis continues to hinder vac-
cine development efforts. Shigella controlled human infection models (CHIM) are of-
ten used in the early stages of vaccine development to provide preliminary esti-
mates of vaccine efficacy; however, CHIMs also provide the opportunity to conduct
in-depth immune response characterizations pre- and postvaccination or pre- and
postinfection. In the current study, principal-component analyses were used to
examine immune response data from two recent Shigella CHIMs in order to charac-
terize immune response profiles associated with parenteral immunization, oral chal-
lenge with Shigella flexneri 2a, or oral challenge with Shigella sonnei. Although paren-
teral immunization induced an immune profile characterized by robust systemic
antibody responses, it also included mucosal responses. Interestingly, oral challenge
with S. flexneri 2a induced a distinctively different profile compared to S. sonnei,
characterized by a relatively balanced systemic and mucosal response. In contrast, S.
sonnei induced robust increases in mucosal antibodies with no differences in sys-
temic responses across shigellosis outcomes postchallenge. Furthermore, S. flexneri
2a challenge induced significantly higher levels of intestinal inflammation compared
to S. sonnei, suggesting that both serotypes may also differ in how they trigger
induction and activation of innate immunity. These findings could have important
implications for Shigella vaccine development as protective immune mechanisms
may differ across Shigella serotypes.

IMPORTANCE Although immune correlates of protection have yet to be defined for
shigellosis, prior studies have demonstrated that Shigella infection provides pro-
tection against reinfection in a serotype-specific manner. Therefore, it is likely that
subjects with moderate to severe disease post-oral challenge would be protected
from a homologous rechallenge, and investigating immune responses in these
subjects may help identify immune markers associated with the development of
protective immunity. This is the first study to describe distinct innate and adaptive
immune profiles post-oral challenge with two different Shigella serotypes.
Analyses conducted here provide essential insights into the potential of different
immune mechanisms required to elicit protective immunity, depending on the
Shigella serotype. Such differences could have significant impacts on vaccine
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design and development within the Shigella field and should be further investi-
gated across multiple Shigella serotypes.

KEYWORDS Shigella, immunogenicity, correlate of protection, human challenge,
antibody, immune profile, gut-homing responses

Shigella spp. are a major cause of diarrheal disease-associated morbidity and mortal-
ity, with approximately 75 million annual episodes of shigellosis and the greatest

burden observed in children younger than 5 years of age living in low- and middle-
income nations (1–4). Shigella also remains an important cause of travelers’ diarrhea.
Shigella morbidity extends beyond acute gastroenteritis, and infection is associated
with multiple postinfectious sequalae, including reactive arthritis, irritable bowel syn-
drome (5, 6), and physical and cognitive stunting in children (7, 8). Furthermore, chil-
dren with repeated enteric infections are also at a higher risk of mortality due to other
infectious diseases (9). Although antibiotics are generally effective in treating shigello-
sis, increasing antibiotic resistance has served to greatly diminish their effectiveness.
Consequently, efforts to accelerate the development of protective interventions, such
as vaccines, have been expanded (10, 11). While several Shigella vaccine candidates are
under clinical investigation (12, 13), there is currently no widely available licensed
vaccine.

A hindrance to Shigella vaccine development has been the lack of a well-defined
immune correlate of protection (CoP). When defining CoPs, one must consider that
they can be mechanistic (mCoP) or nonmechanistic (nCoP), with mCoPs causally associ-
ated with protective efficacy and often functioning at the site of infection. While nCoPs
are not the causal means of protective immunity, they can predict protection and serve
as surrogate measures for mCoPs (14). A CoP can guide the rational design and evalua-
tion of candidate vaccines and can also be used to accelerate licensure, especially
where alterations or additions to pathogen serotypes are required (15).

While there is not a defined CoP for shigellosis, Shigella challenge/rechallenge stud-
ies have shown that prior infection protects from subsequent infection in a serotype-
specific manner for at least 6months to a year (16, 17). Results from these studies dem-
onstrate the importance of the O antigen in Shigella lipopolysaccharide (LPS) as a key
protective antigen, leading to the clinical evaluation of several conjugate vaccine can-
didates (18–20). These studies have indicated that LPS-specific serum IgG may serve as
a CoP for Shigella infection (21–23). However, it is unclear if LPS-specific serum IgG is
an mCoP via IgG transudate into the intestinal lumen or an nCoP or surrogate measure
for a yet to be defined immunological protective mechanism (21, 24). Additional CoPs
have also been suggested, including LPS-specific IgA-secreting B cells (ASCs) (25), LPS-
specific IgA-secreting memory B cells (26), and even a combination of LPS-specific se-
rum IgG and IgA ASCs (27, 28). The importance of LPS-specific serum IgA has also been
discussed in the context of its association with a reduced risk of disease post-oral chal-
lenge with S. sonnei (29). Additional Shigella antigens, including the surface-exposed
invasion plasmid antigen (Ipa) proteins, may also be important vaccine targets given
that oral challenge or immunization with live attenuated vaccine candidates can
induce robust immune responses to the Ipa proteins (30). Additionally, IpaB-specific
memory B cell (26) and serum IgG (unpublished data) responses have been associated
with resistance to infection or progression to disease in a controlled human infection
model (CHIM) setting.

Investigation of CoPs and developing efficacious vaccines is often complicated by
multiple host and environmental factors, such as population genetics or epigenetics,
the target population versus the investigational population, and host nutritional or
immune status, as well as infection history, preexisting immunity, and/or concurrent
infections (14, 31–36). Furthermore, pathogen strain or serotype, route of infection,
and dose/bacterial load can influence not only pathogen virulence but also the ensu-
ing host immune responses (37–41). Consequently, attempts to define a single
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immune correlate may not adequately consider these complexities impacting host
immune responses or host-pathogen interactions.

Recent omics-based research has provided helpful insights into host responses to
vaccination and experimental challenge (31, 42–46) and has demonstrated that protec-
tive immunity often requires an integrated and networked immune response profile
(47). Immune response profiles postvaccination or postchallenge have been described
or proposed for several different pathogens (45, 48–52). Recently, Salmonella enterica
serovar Typhi-specific immune response profiles have been described after parenteral
immunization with two different vaccine constructs (capsular polysaccharide alone or
conjugated to tetanus toxoid) followed by oral challenge with live S. Typhi (52).
Interestingly, while both vaccine constructs provided similar levels of efficacy postchal-
lenge, the polysaccharide alone protected from challenge through a serum IgA-domi-
nated response, while the tetanus toxoid polysaccharide conjugate protected subjects
through increased serum IgA responses in conjunction with high-avidity serum IgG1
antibodies (52). Different protective immune profiles have also been described for dif-
ferent vaccine constructs and/or immunization routes in the case of cholera (53) and
polio infection (54, 55).

As Shigella spp. are enteric pathogens with a complex life cycle and over 50 differ-
ent serotypes, there may be multiple host immune mechanisms that could impact
infection, intestinal invasion, and the severity or duration of disease. Given these com-
plexities associated with Shigella infection, protection from shigellosis may be better
described as an immune profile rather than a single immune correlate. In order to
investigate Shigella-specific immune profiles, immune response data previously gener-
ated from two Shigella CHIMs (29, 56–58) were compiled for use in principal-compo-
nent analyses (PCA). The use of such multidimensional analyses aids in examining the
combined contribution of several immune response parameters to the generation of a
protective immune profile and has been recently used to gain greater insights into cor-
relates of protection associated with typhoid (52). In the current study, PCA were used
to investigate similarities and/or differences in immune profiles across the following
three exposures: (i) parenteral immunization with a S. flexneri 2a bioconjugate vaccine,
(ii) oral challenge with S. flexneri 2a 2457T, and (iii) oral challenge with S. sonnei 53G.
PCA results revealed potential differences in immune response profiles, not only across
the route of exposure (parenteral versus oral), but also across the Shigella challenge
strain (S. flexneri 2a versus S. sonnei). Such comparative analyses may help broaden our
understanding of protective immune mechanisms associated with different routes of
antigenic delivery and could inform Shigella vaccine development efforts.

RESULTS
Comparison of immune profiles after parenteral immunization versus oral

challenge. (i) PCA results and loading plot. Populations 1 (Fig. 1A) and 2 (Fig. 1B)
were used to compare protective immune profiles associated with parenteral immuni-
zation or oral challenge with S. flexneri 2a 2457T. The following immune response vari-
ables had a Pearson’s r of $0.3 with at least one other immune response variable (data
not shown) and were therefore included in the PCA: S. flexneri 2a LPS-specific serum
IgG, IgA, IgM, IgG1, IgG2, IgG3, and IgG4, memory B cell antibody in lymphocyte secre-
tion (ALS) IgG and IgA, a4b71 and a4b72 ALS IgG and IgA, and S. flexneri 2a 2457T-
specific serum bactericidal activity (SBA). Peak responses postvaccination (population
1) or postchallenge (population 2) were used for all immune response variables. Data
sets were considered adequately sized for use in PCA, with a Kaiser-Meyer-Olkin (KMO)
value of 0.761 and a significant result (P , 0.0001) in the Bartlett test for sphericity
(data not shown). Principal components 1 to 4 (C1 to C4) had eigenvalues of $1 and
together explained 75.7% of the variability in immune responses across populations 1
and 2. The first two components were used for population comparisons, with C1 and
C2 accounting for 45.5% and 12.2% of the total variability, respectively (Fig. 2). All
immune response variables were positively correlated with C1, indicating that this
component represents the presence, or magnitude, of an immune response (Fig. 2A).
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FIG 1 Flow chart of populations 1 to 3 used for analyses, including treatments, sample collections, and timelines.
(A) Subjects parenterally (i.m.) immunized with a S. flexneri 2a bioconjugate vaccine and subsequently orally
challenged with S. flexneri 2a 2457T, (B) subjects orally challenged with S. flexneri 2a 2457T without any prior
intervention, and (C) subjects orally challenged with S. sonnei 53G without any prior intervention.
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Interestingly, variables were spread across C2, generally grouping into anti-S. flexneri
2a LPS immune response variables that define a mucosal (a4b71 and a4b72 ALS IgG
and IgA) or systemic (serum IgG, IgA, IgM, IgG1, IgG2, IgG3, and IgG4 and SBA) and
memory B cell immune response (IgA and IgG memory).

(ii) PCA scores grouped by exposure route. Immune response profiles varied
across exposure route (Fig. 2B). Parenterally immunized subjects were largely divided
across C1, with 62% of subject scores positively correlated with C1 (see Table S2 in the
supplemental material). In contrast, orally challenged subjects were divided across C2,
with 67% of subjects having scores positively correlated with C2 (Table S2). C1 scores
in parenterally immunized subjects were higher (P = 0.007) (Fig. 2C) than scores from
orally challenged subjects, demonstrating the robust immune response induced by
parenteral immunization. However, orally challenged subjects showed a stronger posi-
tive correlation with C2 than parenterally immunized subjects (P = 0.003) (Fig. 2C), indi-
cating a stronger mucosal antibody response after oral challenge compared with

FIG 2 PCA results comparing components 1 and 2 in subjects either parenterally immunized with a bioconjugate vaccine or
orally challenged with S. flexneri 2a. (A) PCA loading plot for all systemic, memory, and mucosal immune response variables
included in analysis, (B) component 1 and 2 scores for all subjects, grouped by exposure route, and (C) box and whisker
(minimum to maximum) plots of component 1 and 2 scores across subjects either parenterally immunized or orally challenged. P
values were determined by Welch’s t test.
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parenteral immunization, which correlated more with serum and memory B cell anti-
body responses (Fig. 2).

(iii) PCA scores grouped by shigellosis outcome. The majority of scores from
orally challenged subjects without shigellosis were negatively correlated with C1 (75%)
and positively correlated with C2 (58%) (Fig. 3A; Table S2). In contrast, component
scores from the majority of subjects with shigellosis (67%) were positively correlated
with C2 and negatively correlated with C1 (Fig. 3A; Table S2). Subjects with shigellosis
postchallenge showed a greater magnitude of response compared to subjects without
shigellosis, represented by higher C1 scores (P = 0.029) (Fig. 3C). Although not signifi-
cant (P = 0.071) (Fig. 3D), a similar trend is observed across C2 scores, with subjects
developing shigellosis having higher mucosal responses compared to subjects without
shigellosis (Fig. 3A, C, and D).

Parenterally immunized subjects developing shigellosis demonstrate a similar
immune profile to orally challenged subjects not developing shigellosis (Fig. 3). In con-
trast, parenterally immunized subjects not developing shigellosis had robust systemic
immune responses (see Fig. S1 in the supplemental material), with 77% having positive

FIG 3 Comparisons of component 1 and 2 scores in subjects either (A) orally challenged with S. flexneri 2a or (B) parenterally
immunized with a S. flexneri 2a bioconjugate vaccine, grouped by subjects with (closed circles) or without (open circles)
shigellosis. Box and whisker (minimum to maximum) plots of (C) component 1 scores and (D) component 2 scores grouped by
shigellosis outcome. P values were determined by Welch’s t test.
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C1 scores (P = 0.015) (Fig. 3C; Table S2). As expected, there were protected vaccinees
clustered in the lower right quadrant of the score plot (Fig. 3B), highlighting the strong
positive correlation with C1 and negative correlation with C2, indicative of the associa-
tion of robust systemic responses with protection from shigellosis after parenteral im-
munization. Interestingly, 35% of protected vaccinees had scores positively correlated
with C2 (Table S2), indicating that parenteral immunization with the bioconjugate vac-
cine is capable of inducing a protective immune response driven by mucosal antibod-
ies (Fig. 3B; Fig. S1 and Table S2). Overall, protective immune response profiles com-
paring parenteral and oral exposure differed, with strong C1 (systemic/memory
responses) correlations (P = 0.015) (Fig. 3C) in protected vaccinees, while orally chal-
lenged subjects progressing to shigellosis show a stronger correlation with C2 (mu-
cosal immune responses) (P = 0.008) (Fig. 3D).

Comparison of immune profiles after oral challenge with S. flexneri 2a or S.
sonnei. (i) PCA results and loading plot. Populations 2 (Fig. 1B) and 3 (Fig. 1C) were
used to characterize presumptively protective immune profiles associated with S. flex-
neri 2a 2457T or S. sonnei 53G infection. The following immune response variables had
a Pearson’s r of $0.3 with at least one other immune response variable (data not
shown) and were included in the PCA: S. flexneri 2a or S. sonnei LPS-specific serum IgG,
IgA, IgM, IgG1, IgG2, and IgG3, memory B cell ALS IgG and IgA, a4b71 and a4b72 ALS
IgG and IgA, and SBA directed to either S. flexneri 2a strain 2457T or S. sonnei strain
Moseley. Postchallenge immune responses on day 7 (a4b71/2 ALS) or day 28 were
used in analyses. Data sets were considered adequately sized for use in PCA, with a
KMO value of 0.742 and a significant result (P , 0.0001) in the Bartlett test for spheric-
ity (data not shown). Principal components 1 to 3 had eigenvalues of $1 and together
explained 68.3% of the variability in immune responses across populations 2 and 3.
The first two components accounted for 43.1% and 15.9% of the total variability,
respectively (Fig. 4). All immune response variables were positively correlated with C1,
indicative of the magnitude of immune response (Fig. 4A). Immune response variables
showed a high degree of clustering across C2, with a similar differentiation across this
component of mucosal (a4b71 and a4b72 ALS IgG and IgA) or systemic (serum IgG,
IgA, IgM, IgG1, and IgG2 and SBA) and memory (IgA and IgG memory) responses.
Interestingly, an exception to this clustering pattern was observed with serum IgG3,
which clustered with the a4b7 responses. The association of serum IgG3 and mucosal
responses is interesting and deserves further investigation as serum IgG3 has been
associated with protective immune responses across other mucosal pathogens, includ-
ing HIV and influenza virus (59).

(ii) PCA scores grouped by challenge strain. No differences in C1 scores were
observed across challenge strains (P = 0.505) (Fig. 4C). Additionally, a wide range in C1
scores was observed across both strains (Fig. 4B; see Table S3 in the supplemental ma-
terial), indicating a large amount of variability in the magnitude of immune responses
induced after challenge with either Shigella serotype. Importantly, component scores
were largely divided across C2, with 59% of S. sonnei-challenged subjects having posi-
tively correlated C2 scores (Table S3) and an overall higher magnitude (P , 0.0001)
(Fig. 4C) compared to subjects challenged with S. flexneri 2a. Moreover, the majority
(78%) of subject scores after oral challenge with S. flexneri 2a were negatively corre-
lated with C2 (Fig. 4B and C; Table S3), indicating a predominantly memory/systemic
immune response profile compared to mucosal alone.

(iii) PCA scores by shigellosis outcome. Subjects receiving S. sonnei showed no
differences in C1 scores among those with or without shigellosis (P = 0.260) (Fig. 5A
and C). In contrast, subjects with shigellosis following S. sonnei challenge had signifi-
cantly higher C2 scores (P , 0.0001) (Fig. 5A and D) compared to subjects without shi-
gellosis, with 77% of subjects with shigellosis (Table S3) having positively correlated C2
values. The immune response profile driven by mucosal antibodies is consistent with
the magnitude of a4b71 ALS IgG and IgA responses in S. sonnei-challenged subjects,
comparing those with and without shigellosis (see Fig. S2 in the supplemental
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material). Similar to previous reports (29, 56), no differences were observed in the sys-
temic or memory responses across shigellosis outcome.

In contrast, approximately 80% of subjects progressing to shigellosis following S.
flexneri 2a oral challenge (Table S3) had positively correlated C1 scores that were
greater in magnitude (P = 0.043) (Fig. 5B and C) than those of subjects without shigel-
losis. Furthermore, no differences were observed in C2 scores across shigellosis out-
come in S. flexneri 2a-challenged subjects (P = 0.102) (Fig. 5B and D). Minimal to unde-
tectable immune responses were observed in S. flexneri 2a-challenged subjects not
developing shigellosis, while in contrast, subjects developing shigellosis had a range of
immune response magnitudes across multiple different immune parameters (Fig. 5B to
D; Fig. S2). Overall, protective immune response profiles comparing oral challenge with
either S. sonnei or S. flexneri 2a did not differ across C1 (systemic/memory responses)
(P = 0.440) (Fig. 5C) but showed a strong segregation across C2 (mucosal immune
responses) (P = 0.0002) (Fig. 5D).

(iv) Fecal inflammatory marker responses. Inflammatory marker concentrations
were compared across subjects challenged with either S. flexneri 2a or S. sonnei. Prior

FIG 4 PCA results comparing components 1 and 2 in subjects orally challenged with either S. flexneri 2a or S. sonnei. (A) PCA
loading plot for all systemic, memory and mucosal immune response variables included in analysis, (B) component 1 and 2 scores
for all subjects, grouped by challenge strain, and (C) box and whisker (minimum to maximum) plots of component 1 and 2 scores
across subjects orally challenged with either S. flexneri 2a or S. sonnei. P values were determined by Welch’s t test.
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to challenge, mean calprotectin and myeloperoxidase concentrations were within pre-
viously reported ranges considered normal for healthy North American adults (calpro-
tectin, #60 mg/g; myeloperoxidase, #10 mg/g) (60), and peak inflammatory marker
concentrations were observed approximately 3 to 4 days postchallenge with either
serotype. Both myeloperoxidase (P = 0.003, t test) (Fig. 6) and calprotectin (P = 0.006,
t test) (Fig. 6) levels 3 days postchallenge were significantly increased after S. flexneri
2a challenge compared to those of S. sonnei, indicating that, in a CHIM setting at the
bacterial doses tested, S. flexneri 2a induces a higher degree of inflammation during
infection, which suggests that these two challenge strains may also differ in how
they trigger the innate immune response.

Comparison of peak fold rise and percentage of responders across populations
1 to 3. Peak fold rise in LPS-specific immune responses and percentage of responders
(defined as a peak fold rise of $4) were compared across the three populations,
grouped by shigellosis outcome (Table 1). Subjects immunized parenterally with the S.
flexneri 2a bioconjugate and protected from oral challenge had robust increases in se-
rum IgG as well as moderate increases in serum IgG1, IgG2, and a4b71/2 ALS IgG (all

FIG 5 Comparisons of component 1 and 2 scores in subjects orally challenged with either (A) S. sonnei or (B) S. flexneri 2a,
grouped by subjects with (closed circles) or without (open circles) shigellosis. (C and D) Box and whisker (minimum to maximum)
plots of (C) component 1 scores and (D) component 2 scores grouped by shigellosis outcome. P values were determined by
Welch’s t test.
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P# 0.01, Mann-Whitney U) (Table 1). In contrast, unvaccinated subjects progressing to
shigellosis after oral challenge with S. flexneri 2a had higher a4b71 ALS IgG responses
(P = 0.018, Mann-Whitney U) (Table 1) compared to parenterally immunized subjects
protected from shigellosis, with the addition of significant increases in a4b71 ALS IgA
(P = 0.033, Mann-Whitney U) (Table 1). However, oral challenge with S. flexneri 2a also
induced moderate increases across a range of systemic immune responses, including
serum IgG and IgA and SBA (all P# 0.05, Mann-Whitney U) (Table 1).

Interestingly, a rather different response profile was observed after oral challenge
with S. sonnei. Moderate increases in several systemic and functional antibody
responses were observed after S. sonnei challenge; however, there were no differences
in the magnitude of the increase across shigellosis outcome groups (Table 1). The dif-
ferences resided in the a4b71 ALS IgG and IgA responses after S. sonnei challenge,
with the magnitude of fold rise and frequency of responders significantly increased
(P = 0.0001, Mann-Whitney U) (Table 1) in subjects progressing to shigellosis. These
findings indicate that subjects with shigellosis after oral challenge with S. sonnei de-
velop a predominantly mucosal immune response, whereas oral challenge with S. flex-
neri 2a induces a more balanced systemic and mucosal response.

DISCUSSION

Given that a CoP for Shigella infection has yet to be defined, immune response char-
acterizations are key to furthering our understanding of Shigella-specific protective
immune mechanisms. As previous Shigella infection protects against subsequent infec-
tions with the same serotype (16, 17, 61), investigation of immune responses among
subjects developing disease postchallenge provides an opportunity to identify
immune markers associated with recovery from infection and development of protec-
tive immunity. However, while investigating immune correlates or surrogates of pro-
tection is important, it is also essential to examine how multiple immune parameters
work in concert to induce a protective immune profile, which may differ, depending
on the initial route of antigenic exposure or bacterial serotype. In this regard, data pre-
sented here on the immune profiles induced after oral challenge with either S. flexneri
2a or S. sonnei suggest that one may have to consider the possibility of distinct protec-
tive profiles associated with these two Shigella serotypes.

S. sonnei is a unique serotype among Shigella spp. for several reasons, with one of
the more recent findings revealing that S. sonnei harbors a type 6 secretion system

FIG 6 Inflammatory marker concentrations (mean with standard deviation) 3 days postchallenge with
either S. sonnei or S. flexneri 2a. P values were determined by t test of log-transformed concentrations.
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(T6SS) (62). T6SSs not only serve to directly kill other bacterial species, therefore play-
ing a role in microbial competition, but T6SSs have also been associated with increased
severity of host disease and prolonged survival during infection with other enteric
pathogens (63–67). S. sonnei uses its T6SS during infection to kill nearby microbial host
commensals, potentially having substantial effects on the immune responses induced
by S. sonnei. Intestinal microbiota play an integral role in host immune induction and
regulation, with especially important roles in the large intestine. Not only can commen-
sals in this region contribute to the fitness and tolerance of regulatory T cells (68), but
they can also control the production of pro-interleukin-1b (pro-IL-1b) in order to con-
dition resident macrophages to quickly respond and produce the mature, active form
of IL-1b (68). Furthermore, some resident commensals have the ability to induce
inflammasome-mediated secretion of IL-1b and IL-18 on their own during an active
enteric infection (68). While the release of proinflammatory cytokines does increase in-
testinal inflammation, it also aids in the recruitment of additional innate cells, such as
neutrophils, to the site of infection (69, 70). The killing of commensal microbiota via
the T6SS of S. sonnei may reduce the recruitment of innate immune cells, subsequently
resulting in a lowered inflammatory environment. This reduction in intestinal inflam-
mation could contribute to the reduced levels of fecal inflammatory markers observed
postchallenge with S. sonnei compared to S. flexneri 2a and indicate that S. sonnei and
S. flexneri 2a may differ in how they activate the innate immune response to infection.

Another unique feature of S. sonnei is the presence of an O-antigen group 4 capsule
(G4C) (70, 71), which has been associated with increased virulence and environmental
persistence (72, 73), potentially translating to an increased fitness of S. sonnei com-
pared to S. flexneri 2a. S. sonnei expresses O antigen on both core-linked LPS and G4C,
creating a thick layer of O polysaccharide (OPS) on its surface (69–71). This thick layer
of OPS on the surface of S. sonnei reduces type 3 secretion system (T3SS) accessibility,

TABLE 1 Comparisons of percentages of responders and fold rise responses across shigellosis outcome after parenteral immunization or oral
challenge with either S. flexneri 2a or S. sonnei

Response

Fold rise in immune response (% of responders)a

Parenteral immunization with
S. flexneri 2a bioconjugate vaccine

Oral challenge

S. flexneri 2a S. sonnei

No shigellosis Shigellosis P value No shigellosis Shigellosis P value No shigellosis Shigellosis P value
Serum
IgG 72 (94.7) 6 (54.5) 0.004 3 (33.3) 7 (70.6) 0.020 46 (66.7) 17 (100.0) 0.264
IgA 37 (100.0) 41 (54.5) 0.177 6 (50.0) 20 (88.2) 0.017 34 (66.7) 39 (100.0) 0.135
IgM 4 (31.6) 2 (9.1) 0.109 2 (16.7) 4 (35.3) 0.229 6 (41.7) 8 (77.3) 0.042
IgG1 9 (57.9) 2 (9.1) 0.022 1 (0.0) 1 (5.9) 0.220 7 (37.5) 4 (22.7) 0.332
IgG2 24 (84.2) 4 (45.5) 0.013 3 (25.0) 5 (52.9) 0.070 3 (25.0) 2 (22.7) 0.578
IgG3 1 (5.3) 1 (0.0) 0.844 1 (0.0) 1 (5.9) 0.107 2 (16.7) 2 (13.6) 0.721
IgG4 1 (10.5) 1 (0.0) 0.122 1 (0.0) 1 (0.0) 1 (0.0) 1 (0.0)

Bactericidal activity 33 (94.7) 7 (63.6) 0.056 5 (25.0) 17 (70.6) 0.026 398 (83.3) 220 (90.9) 0.629

Memory B cell ALS
IgG 21 (31.6)b 4 (27.3)b 0.120 3 (16.7) 19 (58.8) 0.221 10 (54.2) 10 (81.8) 0.347
IgA 5 (26.3)b 4 (27.3)b 0.706 3 (25.0) 35 (58.8) 0.055 6 (58.3) 14 (77.3) 0.121

a4b71/2 ALS
a4b72 IgG 89 (73.7) 5 (27.3) 0.014 2 (16.7) 6 (47.1) 0.045 2 (12.5) 13 (36.4) 0.030
a4b72 IgA 11 (31.6) 1 (9.1) 0.165 1 (0.0) 6 (23.5) 0.107 1 (4.2) 10 (18.2) 0.093
a4b71 IgG 50 (52.6) 5 (9.1) 0.002 11 (33.3) 93 (82.4) 0.018 66 (54.2) 1,544 (90.9) 0.0001
a4b71 IgA 15 (42.1) 5 (27.3) 0.133 24 (33.3) 197 (64.7) 0.033 114 (66.7) 991 (95.5) 0.0001

aThe values shown are the mean peak fold rise in LPS-specific immune response within each exposure and shigellosis outcome group, with percentages of responders in
parentheses. The percentage of responders was calculated as (no. of subjects with peak fold rise of$4/total no. of subjects within that exposure and shigellosis outcome group)�
100. P values show significance comparing peak fold rise responses across shigellosis outcomewithin a given exposure group. P values were determined by Mann-Whitney test.

bThe percentage of responders was determined only in subjects with available baseline memory B cell response data (n=8 with shigellosis and 9 without shigellosis).
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thereby reducing T3SS-dependent uptake into macrophages and subsequent vacuole
escape of S. sonnei (69, 70). While the T3SS and associated virulence proteins are essen-
tial during macrophage invasion and vacuole escape for S. flexneri species, S. sonnei
has demonstrated T3SS-independent uptake into macrophages (69), providing S. son-
nei with the choice of utilizing either T3SS-dependent or -independent uptake. Given
that T3SS-dependent and -independent uptake induce different host cell signaling
pathways, a reduction in the T3SS-dependent cellular uptake could ultimately work to
further lower the inflammatory response during S. sonnei infection through the
reduced activation of caspase-1 inflammasome-induced pyroptosis. Lowered caspase-
1 activation may lead to reduced macrophage cell death and result in less release of
proinflammatory cytokines and subsequent neutrophil recruitment (69, 70).

Although neutrophils can effectively control Shigella infection, they also contrib-
ute to damaging the epithelial cell layer during the early stages of infection. Shigella
spp. make use of this damaged epithelium and inflammatory environment by manip-
ulating the epithelial cell layer and passing across the barrier without the use of M
cells (74). Although this would imply that an inflammatory environment is beneficial
during Shigella infection, recent evidence suggests that S. sonnei has adapted to an
extracellular lifestyle (69). Therefore, the ability of S. sonnei to utilize its unique viru-
lence factors to reduce the inflammatory environment during infection would lead to
a reduction in neutrophil recruitment and would ultimately contribute to prolonged
survival of extracellular S. sonnei. Additionally, extended extracellular survival would
result in prolonged exposure of S. sonnei to the intestinal mucosa and may explain
the robust mucosal immune responses associated with disease after challenge with
S. sonnei. In contrast, assuming S. flexneri 2a follows the dogmatic life cycle associ-
ated with facultative intracellular pathogens, a large portion of the S. flexneri 2a life
cycle would be spent in an intracellular phase, thereby inducing a different immune
response profile, possibly presenting as a more balanced systemic and mucosal
response compared to S. sonnei.

Non-pathogen-specific factors, including study design and conduct, may also
explain some of the observed differences in immune profiles across serotypes. The cur-
rent analysis uses populations from two separate studies conducted at different times
and geographical locations, and although there are no differences in study demo-
graphics across exposure groups, the influence of these population-level characteristics
on results has not been investigated in detail. Nonetheless, both studies used similar
inclusion and exclusion criteria, and while the studies do not control for genetics, epi-
genetics, or microbiome differences, all subjects were screened for both preexisting
health conditions as well as Shigella-specific preexisting immunity (56, 58). The use of
similar screening procedures likely minimized potential population differences and
reduced the possibility that preexisting Shigella-specific immunity is responsible for
the observed differences in immune response profiles.

Antigenic dose can also impact immune responses postchallenge (75, 76), and it is
important to consider that subjects challenged with S. flexneri 2a were administered an
approximate dose of 1,600 CFU, while subjects challenged with S. sonnei were adminis-
tered a range of doses, averaging 1,147 CFU across cohorts. Although the broad range
of doses used for the S. sonnei challenge should be considered, it is relevant to note
that the number of subjects progressing to shigellosis in each cohort (817 CFU = 60%,
913 CFU = 30%, 1,100 CFU = 44%, and 1,760 CFU = 60%) was not dose dependent (56).
Furthermore, no differences in immune responses postchallenge were observed across
cohorts (29, 56), implying that the dose of S. sonnei delivered had minimal impacts on
the analysis of immune response profiles. In addition to the differences in challenge
dose, the S. sonnei challenge inoculum was prepared from a lyophilized strain, whereas
a frozen strain was used for the S. flexneri 2a inoculum (56, 58, 77). Although this is an
important consideration, the lyophilized S. sonnei strain underwent extensive charac-
terization to ensure $80% retention of the virulence plasmid after lyophilization and
overall comparability to frozen S. sonnei strains (56, 77). Comparison testing between
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the lyophilized and frozen S. sonnei strains showed no differences in cellular invasion,
plaque formation, or virulence/disease outcomes (as measured in the guinea pig kera-
toconjunctivitis model) (A. E. Suvarnapunya, unpublished data). Furthermore, protec-
tive immune profiles were compared across individuals progressing to the same defini-
tion of shigellosis, thereby creating a similar population of subjects with disease
postchallenge, regardless of the challenge strain used, and reducing the potential bias
introduced by using a lyophilized S. sonnei strain.

Antigenic content and route of delivery also impact the immune response postex-
posure (52, 75, 76, 78), as observed during comparisons of parenteral versus oral expo-
sure routes. Unsurprisingly, parenteral immunization induced a protective immune
profile characterized by systemic and memory B cell antibodies, while oral challenge
with S. flexneri 2a induced a more balanced profile characterized by systemic and mu-
cosal immune responses. An altogether different profile was observed postchallenge
with S. sonnei, with the profile in subjects progressing to shigellosis after S. sonnei chal-
lenge dominated by mucosal antibodies.

When comparing immune responses across challenge strain in subjects not pro-
gressing to shigellosis, the majority of subjects challenged with S. flexneri 2a presented
with a small magnitude of systemic and mucosal immune responses, while subjects
without shigellosis post-challenge with S. sonnei had a wide range in magnitude of sys-
temic responses, while mucosal responses remained low to undetectable. These con-
trasting immune response magnitudes in subjects without shigellosis provide further
support to the potential of different protective immune mechanisms across the chal-
lenge strain, further warranting additional investigations.

Finally, while the analyses conducted consist of a robust set of immune response char-
acterizations postexposure, the number of immune parameters used in analyses is still
limited. Including a select number of parameters, primarily representing humoral immune
responses, could have biased the results. The addition of other immune parameters such
a T cell responses or cytokine profiles could provide a more complete understanding of
protective immune profiles. Alternatively, a systems biology approach of investigating
immune response profiles would likely provide a more refined picture of the potential dif-
ferences in Shigella-specific protective immune profiles.

Nonetheless, the data reported here may have important implications for vaccine
development. While challenge with S. flexneri 2a induced a balanced immune response
with both systemic and mucosal antibodies among individuals developing shigellosis,
subjects progressing to shigellosis following S. sonnei challenge had a response driven
by robust mucosal antibodies. It is also possible that the robust intestinal inflammatory
responses postinfection with S. flexneri 2a impacted the kinetics of the mucosal
immune response, with the peak response post-S. flexneri 2a infection missed due to
the study sample collection schedule. However, while the a4b71 ALS responses 7 days
postinfection were used for analyses, samples were also collected and analyzed 3 days
postinfection with S. flexneri 2a, and no significant increases in a4b71 ALS IgG or IgA
were observed at this earlier time point (data not shown).

Many vaccine candidates currently in clinical development are Shigella LPS-conju-
gate vaccines delivered parenterally (19, 20, 79–81), aligning with the concept of LPS-
specific serum IgG serving as a CoP (21–23). The S. flexneri 2a bioconjugate vaccine
provides an excellent example of a parenterally delivered Shigella vaccine being capa-
ble of inducing protective responses correlating with LPS-specific serum IgG levels
(58); however, it remains to be seen if comparable response profiles achieved with S.
sonnei conjugate vaccines, which have been previously reported to be efficacious in
field trials (21), would protect against S. sonnei challenge in a CHIM setting. The S. flex-
neri 2a bioconjugate vaccine also demonstrated the ability to induce mucosal antibody
responses associated with protection, providing further support for the combined
effect of systemic and mucosal responses (28). However, the benefit of these combined
responses was only evaluated in the context of S. flexneri 2a efficacy, and therefore,
additional investigations are required to determine if a greater magnitude of mucosal
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response than what has been reported with parenterally delivered Shigella vaccines
would be needed to protect against S. sonnei infection. As mentioned earlier, reports
of efficacy after parenteral immunization with a S. sonnei conjugate vaccine are avail-
able (21, 79, 80); however, efficacy in these studies was age related, with only adults
and children $3 years old protected from S. sonnei infection. Although the efficacy tri-
als also included cohorts immunized with an S. flexneri 2a conjugate vaccine, the S. flex-
neri 2a attack rate was too low to evaluate vaccine efficacy, precluding an assessment
of potential differences in efficacy provided by the conjugate across different Shigella
serotypes (79, 80).

It is also important to consider that the aforementioned S. sonnei conjugate vaccine
efficacy studies were conducted in populations where Shigella is endemic, and as the
majority of Shigella infections occur prior to the age of 4 in such settings (3, 82), one
cannot discount that the efficacy reported in these trials may have resulted from the
conjugate vaccine acting as a booster in mucosally primed individuals. Prior Shigella
infection would provide some level of preexisting immunity, potentially contributing
to the observed pattern of age-related efficacy, in that as age increased, so did the
number of previously exposed individuals, resulting in a larger proportion of mucosally
primed subjects within the older age groups, thus leading to the increased vaccine effi-
cacy after immunization with the conjugate. The concept of mucosal priming has also
been studied in preclinical models, which demonstrated that a priming immunization
with a live attenuated Shigella vaccine candidate was required in order for the conju-
gate vaccine to be efficacious (83). The low clinical efficacy observed in the population
under age 3 could therefore be explained by a lack of exposure to Shigella prior to im-
munization, resulting in a truly naive population that had not been mucosally primed
and therefore was not protected after vaccination alone. While the analyses described
here were conducted on adult populations, subjects were recruited from settings
where shigellosis is not endemic and were also screened for preexisting Shigella-spe-
cific immunity, potentially resulting in a population more closely aligned with a
Shigella-naive under-3 population. Although the vaccine-induced immune responses
may not have been sufficiently potent in the younger age groups, it is possible that
the addition of an adjuvant or the use of different vaccine manufacturing strategies
may be helpful in inducing protective immune responses.

The current analyses provide important insights into potential immunological
response differences associated with infection across different Shigella serotypes. The
differences in immune responses postinfection may be understandable when consider-
ing the number of molecular and pathogenic responses reported across the studied
serotypes. Nonetheless, additional investigations should be conducted with parenter-
ally administered S. sonnei vaccine candidates and with data from live attenuated
Shigella vaccine candidate studies. Additionally, immune responses induced postinfec-
tion in subjects living in settings where shigellosis is endemic may provide a different
immune response profile altogether and should be investigated as thoroughly as pos-
sible. Rigorous characterization of immune responses and immune profiles is essential
to understanding the mechanisms underlying Shigella serotype-specific protective im-
munity associated with either oral challenge or parenteral vaccination and could guide
future Shigella vaccine development efforts.

MATERIALS ANDMETHODS
Source studies. Data from two Shigella CHIMs recently conducted in North American adults were

used for the current investigations. The first study was a S. flexneri 2a CHIM conducted in Baltimore, MD
(Clinicaltrials.gov registration no. NCT02646371), which included two treatment groups: (i) vaccinated
subjects who later underwent oral challenge with S. flexneri 2a 2457T to evaluate vaccine efficacy and (ii)
subjects that underwent oral challenge with S. flexneri 2a 2457T without any prior intervention (58). The
second study was a S. sonnei CHIM conducted in Cincinnati, OH (ClinicalTrials.gov registration no.
NCT02816346), and only included subjects orally challenged with different doses of S. sonnei 53G with-
out any prior interventions (56). Subjects from each CHIM were grouped into three populations (as
described below) to evaluate and compare Shigella-specific immune response profiles associated with
different antigenic exposures. The population demographics are summarized in Table S1 in the supple-
mental material but have also been described in detail elsewhere, along with study inclusion/exclusion
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criteria and study outcomes specific to each CHIM (56, 58). Both studies aimed to enroll Shigella-naive
subjects using the following exclusion criteria: recent travel to a region where Shigella is endemic, his-
tory of confirmed Shigella infection, or serologic evidence of prior exposure to S. flexneri 2a or S. sonnei
as determined by LPS-specific serum IgG enzyme-linked immunosorbent assay (ELISA) (56, 58).

Protection of human subjects. The investigators have adhered to the policies for protection of
human subjects as prescribed in AR 70-25.

Immune response data. In-depth immune response characterizations pre- and post-antigenic expo-
sure were conducted in each CHIM, with results fully detailed elsewhere (29, 57). All immunoassays were
conducted in the same laboratory using the same procedures as previously described (29, 57). The fol-
lowing LPS-specific systemic, memory, and mucosal immunologic parameters were used in analyses: se-
rum antibody responses, SBA, memory B cell ALS responses, and ALS responses from B cell populations
that were either positive or negative for the intestinal homing marker a4b7. Mucosal responses were
defined as antibody responses from a4b71 B cell populations.

Fecal inflammatory markers. Intestinal inflammatory responses post-oral challenge with S. flexneri
2a or S. sonnei were investigated by quantifying the levels of myeloperoxidase and calprotectin in stool
samples pre- and postchallenge. Stool samples collected prior to challenge and 3 days postchallenge
were processed for inflammatory marker analyses and assayed by ELISA per the manufacturer’s instruc-
tions (Epitope Diagnostics). Inflammatory marker concentrations were interpolated from a standard
curve, with values below the assay limit of detection (LOD) being assigned a value of half the lowest
concentration in the standard curve (1/2 LOD).

Disease outcomes and definitions. Results are presented by clinical outcome postchallenge using
the consensus shigellosis CHIM endpoint definition (84). A protective immune profile in population 1
(see below) is defined as vaccinated subjects not developing shigellosis after oral challenge. Protective
immune profiles in populations 2 and 3 (see below) are presumptive and are defined as naive subjects
progressing to shigellosis after oral challenge. This presumption of protection is based on the prior doc-
umentation that previous Shigella infection protects from subsequent illness with the same serotype
(16, 17, 61). Given that prior infection can induce protective immunity, it is reasonable to assume that
subjects in populations 2 and 3 (see below) with moderate to severe disease postchallenge would be
expected to be protected from subsequent challenge with the same serotype. However, there are exam-
ples of this not being the case with other enteric pathogens, and protection cannot be verified without
subjects undergoing a homologous rechallenge.

Populations used in analyses. (i) Population 1. The first population (n= 30) (Fig. 1A) was compiled
of subjects from the S. flexneri 2a CHIM and was used to analyze immune profiles associated with paren-
teral immunization with a candidate S. flexneri 2a bioconjugate vaccine (57, 58). Subjects in this popula-
tion were intramuscularly (i.m.) immunized twice, 28 days apart, and orally challenged 28 days after their
second immunization with either 1,510 CFU (n= 15) or 1,707 CFU (n= 15) of virulent S. flexneri 2a 2457T.
After challenge, subjects without shigellosis (n= 19) were used to characterize protective immune pro-
files associated with parenteral immunization. Immune responses induced after vaccination but prior to
challenge were used for analyses.

(ii) Population 2. The second population (n= 29) (Fig. 1B) was also compiled of subjects from the S.
flexneri 2a CHIM and was used to investigate immune profiles associated with oral challenge with S. flex-
neri 2a 2457T (57, 58). Subjects in this population were orally challenged with either 1,510 CFU (n= 15)
or 1,707 CFU (n=14) of virulent S. flexneri 2a 2457T without any prior interventions. Postchallenge
immune responses in subjects developing shigellosis (n= 17) were used to characterize presumptively
protective immune profiles associated with S. flexneri 2a infection.

(iii) Population 3. The third population (n= 46) (Fig. 1C) was compiled of subjects from the S. sonnei
CHIM (29, 56). This study contained a total of 5 cohorts orally challenged with various doses (567, 817,
913, and 1,760 CFU at n= 10/dose group or 1,100 CFU at n= 16) (Fig. 1C) of virulent S. sonnei 53G. The
lowest inoculum dose cohort (567 CFU, n= 10) was excluded from this analysis due to the absence of
shigellosis cases. Postchallenge immune responses in subjects progressing to shigellosis (n=22) were
used to characterize presumptively protective immune profiles associated with S. sonnei infection.

Principal-component analysis. PCA was used to reduce immune response data dimensionality and
redundancy, and principal components were generated for each analysis of the three populations
detailed above. Since PCA results are based on linear correlations between variables, all immune
response data were log transformed prior to analyses to ensure a Gaussian distribution. Inclusion of
immune response variables in PCA was determined by examining variable colinearity or redundancy
using a Pearson correlation matrix. Any immune response variable not demonstrating colinearity or re-
dundancy with any other variable (defined as a Pearson’s r of ,0.3) was excluded from analyses (85).
PCA sampling adequacy was assessed using the KMO measure and Bartlett’s test of sphericity, with a
KMO value of $0.6 and a significant (P # 0.05) Bartlett’s test required in order for sampling adequacy to
be considered acceptable (85). Principal-component scores were assigned to all subjects for any princi-
pal component with an eigenvalue of $1 (85). Component scores for principal components 1 and 2
were used for comparisons across populations and shigellosis outcome. PCA component score distribu-
tion was assessed for normality via distribution plots and Shapiro-Wilk’s normality test, with P values of
#0.05 indicating that component scores within a population did not follow a Gaussian distribution.
Nonnormally distributed component score data were log transformed prior to analysis. All statistical
tests were interpreted in a two-tailed fashion (a = 0.05), with P values of #0.05 considered statistically
significant in Stata (version 14 for MAC).

Immune response heat maps. The peak fold rise over baseline (preexposure) across each immune
response variable was graphed using heat maps to display the magnitude of immune responses across
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each population. Peak fold rise was calculated by dividing the maximum titer postexposure (population
1, postvaccination/prechallenge; populations 2 and 3, postchallenge) by the preexposure titer. Fold rise
in memory B cell IgG and IgA responses could not be calculated for 10 subjects in population 1 as base-
line memory B cell responses were not measured in these subjects (57). All heat maps were generated
using Prism (version 9 for MAC).
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