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ABSTRACT The Shigella artificial invasin complex (InvaplexAR) vaccine is a subunit 
approach that effectively induces robust immunogenicity directed to serotype-specific 
lipopolysaccharide and the broadly conserved IpaB and IpaC proteins. One advantage 
of the vaccine approach is the ability to adjust the constituents to address subopti­
mal immunogenicity and to change the Shigella serotype targeted by the vaccine. 
As the vaccine moves through the product development pipeline, substantial modifica-
tions have been made to address manufacturing feasibility, acceptability to regulatory 
authorities, and developing immunogenic and effective products for an expanded list 
of Shigella serotypes. Modifications of the recombinant clones used to express affinity 
tag-free proteins using well-established purification methods, changes to detergents 
utilized in the assembly process, and in vitro and in vivo evaluation of different Invaplex 
formulations have led to the establishment of a scalable, reproducible manufacturing 
process and enhanced immunogenicity of Invaplex products designed to protect against 
four of the most predominant Shigella serotypes responsible for global morbidity and 
mortality. These adjustments and improvements provide the pathway for the manufac­
ture and clinical testing of a multivalent Invaplex vaccine.

IMPORTANCE Shigella species are a major global health concern that cause severe 
diarrhea and dysentery in children and travelers to endemic areas of the world. 
Despite significant advancements in access to clean water, the increases in antimicro­
bial resistance and the risk of post-infection sequelae, including cognitive and phys­
ical stunting in children, highlight the urgent need for an efficacious vaccine. One 
promising vaccine approach, artificial Invaplex, delivers key antigens recognized by the 
immune system during infection, which results in increased resistance to re-infection. 
The work presented here describes novel modifications to a previously described vaccine 
approach resulting in improved methods for manufacturing and regulatory approvals, 
expansion of the breadth of coverage to all major Shigella serotypes, and an increase in 
the potency of artificial Invaplex.
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D iarrhea and dysentery caused by Shigella species (spp.) are major health concerns 
affecting children in low-middle income countries and travelers to endemic regions 

of the world. According to estimates from the Institute for Health Metrics and Evalu­
ation, Shigella spp. account for 88 million infections annually and have the highest 
percentage of deaths (14%) among enteric bacterial pathogens (1, 2). In addition to 
acute diarrheal disease, Shigella infections are also associated with both physical and 
intellectual stunting in children and other long-term sequelae, including reactive arthritis 
and an increased risk of mortality due to other infectious diseases in stunted children 
(3–5). Although access to clean water and proper hygiene are effective tools to prevent 
infection, significant hurdles remain for these to be complete solutions. Furthermore, 
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the increase in antimicrobial resistance in Shigella spp. has resulted in epidemiological 
alerts by the Pan American Health Organization and the World Health Organization (6, 7) 
highlighting the urgent need for an efficacious vaccine.

In non-human primate models, prior infection with Shigella provides increased 
resistance to re-infection with the same Shigella serotype but not un-related Shigella 
serotypes (8) suggesting that immune responses directed to the serotype-determinant 
(lipopolysaccharide, LPS) are keys to protective efficacy (PE). However, in several studies, 
LPS delivered alone was not capable of inducing protective immunity (9–11). Conju­
gate vaccine approaches, linking the serotype-specific O polysaccharides (O-PS) of the 
Shigella LPS to a protein carrier, have shown promise in adults but failed to induce 
protective immunity in young children (12, 13). An optimal Shigella vaccine would 
protect against Shigella flexneri 2a, 3a, and 6 and Shigella sonnei, which collectively 
account for over 80% of global infections (14–16).

In addition to LPS, the immune system responds to several highly-conserved protein 
antigens during the course of an infection. Two of the most immunogenic proteins 
are the invasion plasmid antigen (Ipa) proteins, IpaB and IpaC. These two proteins 
are essential for the virulence of shigellae playing key roles in the initial interaction 
and internalization of the bacterium into host cells acting as the translocon for the 
Type III Secretion System (T3SS) (17–22). As secreted effectors of the T3SS and potent 
immunogens in infected individuals, the highly conserved IpaB and IpaC have been 
proposed as key antigens and potential vaccine targets (23–30). Since the immune 
response after infection leads to protective immunity, mimicking the immune response 
through vaccination with the major antigens has become a viable vaccine approach.

The isolation of a complex containing IpaB, IpaC, and the LPS (termed native 
Invaplex or InvaplexNAT) from all Shigella species was previously described (31, 32). The 
InvaplexNAT product stimulated potent immune responses to LPS and water-extracted 
antigens, was significantly protective in small animal models (31), and was transitioned 
to current good manufacturing practice (cGMP) manufacture and clinical studies (33, 34). 
Further refinement of the product by chromatographic sizing identified a highly purified 
Invaplex (HP Invaplex) containing IpaB, IpaC, and LPS that was highly protective and 
allowed for the determination of the molar ratios of each antigen in the HP Invaplex 
(35). This stoichiometry was key to the further development of an Invaplex product 
assembled using a combination of purified recombinantly expressed IpaB and IpaC 
complexed with the purified LPS of the Shigella species of interest (36). Immunization 
of small animals with the artificially produced Invaplex (artificial Invaplex or InvaplexAR) 
significantly increased the immune responses to the IpaB, IpaC, and LPS antigens as 
compared to InvaplexNAT (36). The increase in immunogenicity translated into improved 
protective efficacy (PE) at a lower immunizing dose (36). However, the first generation 
InvaplexAR utilized a polyhistidine-tagged IpaC protein and immune responses directed 
to the key antigens required further optimization.

One of the significant advantages of the InvaplexAR product is the ability to alter the 
formulated amount of each constituent contained within the resulting Invaplex product. 
Using improved recombinant clones expressing both IpaB and IpaC without purification 
tags, efforts were taken to improve the immune response to the serotype-specific LPS 
antigen and the Ipa proteins by modifying the amount of LPS used in the construction 
of the InvaplexAR. Multiple formulations were utilized for the major Shigella serotypes 
of clinical interest to generate products capable of inducing robust immunogenicity 
and protective efficacy in small animal models. This phase of process development and 
preclinical evaluation is key to the successful transition of the Shigella InvaplexAR product 
to cGMP manufacture and clinical evaluations.
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MATERIALS AND METHODS

Bacterial strains and growth

S. flexneri 2a strain 2457T, S. flexneri 3a strain J17B, S. flexneri 6 strain SSU2415, and S. 
sonnei strain Moseley were grown in Difco Select APS Super Broth (Becton Dickinson) 
and were used as the sources of LPS as previously described (36). The above-listed strains 
were also grown in Difco Antibiotic Medium No. 3 overnight in non-baffled shake flasks 
to prepare water extract for each serotype (31). Recombinant clones of Escherichia coli 
strain BLR(DE3) containing the pOZ-B3 or pOZ-C3 plasmids (see below) were grown 
in Alternative Protein Source (APS) Super Broth (Becton Dickinson) supplemented with 
0.4% glucose and 50 µg/mL kanamycin at 37°C to an optical density at 600 nm (OD600) of 
0.5 and induced with 1 M isopropyl β-D-1-thiogalactopyranoside (IPTG) for the time and 
temperatures described.

Growth and expression of the IpaB/HTIpgC and IpaC/HTIpgC clones

A description of the construction of the pOZ-B3 and p0Z-C3 plasmids for expression 
of, respectively, IpaB and IpaC, as well as their polyhistidine-tagged chaperone IpgC, is 
described in Fig. S1. An overnight culture of the pOZ-B3 recombinant clone expressing 
HTIpgC and IpaB was grown in APS Super Broth supplemented with 0.4% glucose 
(Sigma) and 50 µg/mL kanamycin (Sigma). The overnight culture was transferred to a 
fermenter containing fresh APS Super Broth (0.4% glucose, 50 µg/mL kanamycin) set 
at 37°C with a dissolved oxygen concentration set point between 20% and 40% (as 
controlled by an agitation cascade between 200 rpm and 500rpm) and allowed to 
grow to an OD600 of 3.0–5.0. The fermenter temperature was lowered to 25°C and then 
induced with IPTG (1 mM final concentration) and fed with additional glucose (0.2% v/v 
final concentration) and additional kanamycin (50 µg/mL final concentration). The 
fermentation/induction was allowed to continue overnight at the reduced temperature. 
Alternate temperatures, additives, and/or induction ODs were evaluated, but optimal 
expression and solubility occurred as described. The contents of the fermenter were 
collected by high-speed centrifugation and stored as a relatively dry paste at −30°C until 
further processing.

Nearly identical fermentation procedures were utilized for the pOZ-C3 clone except 
that optimal expression and yield of the final purified IpaC product was obtained at an 
induction temperature of 30°C overnight. Feeding with 0.2% v/v glucose and kanamycin 
at 50 µg/mL was performed, and the cell paste was harvested and stored at −30°C until 
further processing.

Purification of IpaB and IpaC using the chaperone IpgC

Techniques for purification of both IpaB and IpaC were nearly identical. Both proteins use 
the same cognate chaperone IpgC and the IpaB or IpaC/IpgC complex can be disrupted 
with non-ionic detergents such as n-octyl-polyoxyethylene (OPOE) (19, 36, 37). In our 
studies, Triton X-100 was substituted for OPOE and resulted in complete release of the 
Ipa proteins from IpgC.

The collected cell paste (see above) was thawed, suspended in 1× binding buffer 
(20 mM imidazole, 500 mM NaCl, 20 mM Tris-HCl, pH 7.9, 4 mL/g of cell paste), lysed 
by high pressure microfluidizer processing, and then treated with 5 µL Benzonase 
nuclease/50 mL lysate overnight at 4°C with gentle mixing. The lysate was centrifuged 
and the resulting supernatant passed through a 0.45 µm filter. This clarified supernatant 
was applied to a Nickel Sepharose FF column (Cytiva, formerly GE Healthcare) to capture 
the IpaB or IpaC/HTIpgC complex which was eluted with 100 mM imidazole in 20 mM 
Tris-HCl, 500 mM NaCl, pH 7.9. Fractions containing both IpaB or IpaC and HTIpgC were 
pooled and dialyzed against 1× binding buffer to remove imidazole, followed by addition 
of Triton X-100 (0.9–1% v/v final concentration; Millipore Sigma) (36) and incubated at 
room temperature with gentle swirling for 60 min. The Triton X-100 disrupts the IpaB or 
IpaC/HTIpgC complex and allows the free HTIpgC protein to bind to the metal-chelating 
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column and the un-bound IpaB or IpaC protein to flow through the column with the 
void volume for collection. The Triton X-100-treated sample was then applied to a Nickel 
Sepharose HP column (GE Healthcare) for capture of the HTIpgC protein. Fractions were 
collected during the loading and initial wash buffers. Free IpaB or IpaC, not bound by 
the affinity column, was collected in the flow-through, and those fractions containing 
purified IpaB or IpaC and no residual HTIpgC [confirmed by SDS-PAGE with Coomassie 
staining and western blots probed with a mouse anti-HisTag mAb (Novagen)] were 
pooled. The final purified Ipa protein products were stored at −70°C.

LPS purification

LPS was extracted from S. flexneri 2a strain 2457T, S. flexneri 3a strain J17B, S. flexneri 6 
strain SSU2415, and S. sonnei strain Moseley by the Westphal procedure as previously 
described (36, 38). Purified LPS was lyophilized and analyzed by SDS-PAGE (silver stained) 
and by enzyme-linked immunosorbent assay (ELISA) with serotype-specific monoclonal 
antibodies. Residual protein was assessed by the bicinchoninic acid (BCA) total protein 
assay (Pierce) and SDS-PAGE (Coomassie-stained). Protein levels were less than 0.15% by 
weight for all LPS lots.

Production of InvaplexAR using varying amounts of LPS

Using the IpaC:IpaB molar ratio previously described (36), 8 µM purified IpaC was mixed 
with 1 µM IpaB diluted in 20 mM Tris-HCl, 500 mM NaCl, pH 7.9, and mixed with urea 
buffer (20 mM Tris-HCl, 500 mM NaCl, 9 M urea, pH 7.9) to a final urea concentration 
of 5.1 M. The IpaB/IpaC mixture was slowly added to a vessel containing dry Shigella 
LPS at a ratio of 0.56 (w LPS/w protein) in the final reaction mixture (1× LPS construct), 
a ratio of 1.12 (2× LPS), a ratio of 2.24 (4× LPS), and a ratio of 4.48 (8× LPS). After 
gently swirling to solubilize the LPS, the vessel containing the reaction mixture was 
placed at 37°C and incubated with gentle shaking at 100–150 rpm for 2 h. The reaction 
mixture was diluted by addition of four volumes of 20 mM Tris-HCl and pH 7.9 at 37°C 
and applied to a Q Sepharose HP column (GE Healthcare). The InvaplexAR product was 
eluted using step gradients of the 100% Buffer B (1 M NaCl in 20 mM Tris-HCl, pH 9.0) 
as previously described (36). InvaplexAR elutes in the 50% Buffer B fractions. Elution 
fractions were analyzed for total protein by the BCA assay (Pierce). Fractions containing 
all three antigens contained the InvaplexAR product. The resulting InvaplexAR product 
was further biochemically characterized by SDS-PAGE, limulus amebocyte lysate (LAL) 
assay, size-exclusion chromatography (SEC)-high performance liquid chromatography 
(HPLC), and dynamic light scattering (DLS).

Purification of InvaplexNAT

InvaplexNAT was purified by anion exchange chromatography of water extracts of 
virulent S. flexneri 2a strain 2457T, S. flexneri 3a strain J17B, S. flexneri 6 strain SSU2415, 
and S. sonnei strain Moseley as described earlier (31). The final InvaplexNAT product 
contains LPS, IpaB, IpaC, and several other proteins in low concentration (data not 
shown).

Electrophoresis and western blots

Polyacrylamide gel electrophoresis with Coomassie blue and silver staining and western 
blots were performed as previously described (36, 39). Wet SDS-PAGE gels were either 
photographed or scanned using a Bio-Rad GS900 calibrated flat-bed densitometer and 
analyzed with the Bio-Rad ImageLab software. Using the ImageLab software, IpaC:IpaB 
ratios were determined by dividing the “%Band” densitometric value determined for 
full-size IpaC (43 kDa) by the “%Band” densitometric value determined for full-size IpaB 
(62 kDa).
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SEC-HPLC

A TSK-GEL G5000PWXL 7.8 mm × 30 cm column (TOSOH Bioscience) with a 10 µm 
particle size and an exclusion limit of 1 × 107 Da was connected to a Dionex UltiMate 
3000 ultra-high performance liquid chromatography (UHPLC) chromatography system. 
The column was calibrated using thyroglobulin (669 kDa), bovine gamma-globulin 
(158 kDa), chicken ovalbumin (44 kDa), horse myoglobin (17 kDa), and vitamin B12 
(1.35 kDa; all Bio-Rad) in 20 mM Tris-HCl, 250 mM NaCl, pH 9.0 (InvaplexAR buffer). 
InvaplexAR products (15 µg per injection) were applied in separate runs under the same 
conditions at a flow rate of 0.5 mL/min, 400 psig maximum pressure. Chromatographic 
traces were recorded at 215 nm using the Dionex UltiMate 3000 diode array detector and 
Dionex Chromeleon v7.x software.

DLS

Dynamic light scattering (DLS) experiments were performed with a Malvern Zetasizer µV 
system using the Zetasizer Software version 7.11 for the analysis of data (36). The final 
size of the product is reported as the hydrodynamic radius and is the average of five runs 
and represents the primary or predominate species present in the sample as determined 
by mass (36).

Endotoxin measurement

The amount of LPS in each InvaplexAR product was determined using samples serially 
10-fold diluted in LAL Reagent Water (Charles River) and read using the kinetic colorimet­
ric EndoSafe nexgen-PTS device and EndoSafe cartridges from 0.1 to 10 EU/mL (Charles 
River).

Immunogenicity and protective efficacy (PE) of InvaplexAR

Male Hartley guinea pigs (Charles River) were immunized with 25 µg total protein of 
each InvaplexAR product (n = 6–7 per group) or with saline (n = 10–13 per group) as a 
negative control. Animals were immunized intranasally three times at 2-week intervals 
(days 0, 14, and 28). Blood and ocular washes were collected at baseline (day 0) and 2 
weeks after the third immunization (day 42) to determine vaccine induced systemic and 
mucosal antibody responses. Three weeks after the last immunization (day 49), guinea 
pigs were ocularly challenged with either S. flexneri 2a 2457T (2.7 × 108 cfu/eye), S. flexneri 
3a J17B (1.2 × 108 cfu/eye), S. flexneri 6 CCHO60 (2.03 × 105 cfu/eye), or S. sonnei Moseley 
(1.8 × 108 cfu/eye). Each challenge strain culture, previously determined to induce a high 
frequency of severe disease in guinea pig eyes, was initiated from a Congo Red positive 
colony subcultured on tryptic soy agar (TSA) plates to prepare the challenge inoculum. 
Eyes of each animal were monitored daily for inflammation and keratoconjunctivitis 
and disease was graded as previously described (40) with scores ≥2 considered positive 
for disease or unprotected. For humane concerns, naïve animals are only challenged 
in one eye since there is no expectation of protection whereas vaccinated animals are 
challenged in both eyes. Each infected eye is scored separately over the course of 5 
days. Results 4 days post-challenge were used to determine PE. Upon completion of 
all challenge studies, all animals were humanely euthanized in accordance with the 
American Veterinary Medicine Association Guidelines for the Euthanasia of Animals and 
institute approved animal use protocols.

ELISA

Serum and ocular wash samples were assayed by ELISA (31) to determine endpoint 
titers directed to serotype-specific LPS and InvaplexNAT for each serotype, IpaB and IpaC. 
Samples that were negative at the starting dilution [the assay limit of detection (LOD)] 
were assigned a titer corresponding to half of the starting dilution (1/2 LOD). Immune 
responders were defined a priori as having a ≥4-fold increase over their baseline titer.
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Statistical analysis

PE was calculated as [(% disease in control animals − % disease in vaccine group)/% 
disease in control animals] × 100. P-values were determined by Fisher’s exact test 
comparing the immunized group to the saline control group.

All immune response data were assessed for normality using distribution plots. 
Normally distributed continuous immune response data were analyzed using appropri­
ate parametric tests [analysis of variance (ANOVA) with Bonferroni post hoc analysis]. 
Non-normally distributed data were log10 transformed in order to meet the assumptions 
for the parametric tests. If the log transformation did not correct the distribution of the 
data set, then non-parametric statistical tests were used (Kruskal-Wallis test with Dunn’s 
post hoc correction) using GraphPad Prism 9.x software (GraphPad Software LLC, La Jolla, 
CA).

The relationships between the measured quantities of LPS, IpaB, IpaC to each other, 
various physical parameters of Invaplex, and immunological titers were evaluated by the 
Pearson correlation coefficient using Prism.

RESULTS

Ipa protein expression clones and purification

Previously, IpaB was co-purified with its cognate chaperone (IpgC) that was histidine-
tagged (HTIpgC) followed by disassociation of the IpaB:HTIpgC complex that allowed 
isolation of pure IpaB. In the same study, a histidine-tagged IpaC (HTIpaC) was also 
used to produce the initial lots of research-grade InvaplexAR (36). With the product 
development goal of a safe and efficacious vaccine for human-use, transition of the 
recombinant clones to cGMP manufacturing and scale-up required the re-engineering 
of the clones to a more suitable antibiotic resistance marker, improvement of the overall 
yield of the recombinant products, and production of a recombinant IpaC without a 
histidine-tag.

IpaB and IpaC can be released from IpgC with non-ionic detergents such as the 
polyoxyethylene detergent OPOE (36) but OPOE is not found in any current FDA-
approved vaccines. As an alternative to OPOE, the non-ionic detergent, Triton X-100 
(t-octylphenoxypolyethoxyethanol; EMD Millipore) was used to completely release IpaB 
from the IpaB/HTIpgC complex and was comparable to the disassociation of the IpaB/
HTIpgC complex achieved with OPOE. Other generally-regarded-as-safe (GRAS) listed 
reagents such as Tween 80 (polyoxyethylenesorbitan monooleate), arginine, CHAPS, 
urea, and treatment with lower pH had reduced effectiveness for release of IpaB from 
HTIpgC (data not shown).

Purified IpaB was soluble and stable when stored at −70°C. Using the pOZ-B3 clone, 
IpaB has been successfully manufactured under cGMP by the WRAIR Pilot Bioproduction 
Facility (PBF) at 94% purity, low contaminating endotoxin (60 EU/mL), 0.88% Triton X-100, 
and a yield of 0.5 mg IpaB per gram of pOZ-B3 cell paste. cGMP IpaB stored at +40°C for 
72 h, 25°C for 30 days, 2–8°C for 6 months, and −70°C for more than 3 years showed no 
visible signs of protein aggregation or precipitation (Table S1).

The pOZ-C3 clone has also been used to successfully manufacture IpaC under cGMP 
by the WRAIR PBF at 95% purity, low endotoxin (0.08 EU/mL), 0.71% Triton X-100, 
and yield of 0.8 mg IpaC per gram of pOZ-C3 cell paste. The stability of cGMP IpaC 
was temperature dependent. IpaC stored at +40°C for 48 h showed significant signs 
of protein aggregation/precipitation; storage at 25°C led to visible aggregation or 
precipitation which increased over the course of 30 days; storage at 2–8°C showed no 
signs of visible aggregation for 3 months; and IpaC stored at −70°C for more than 3 years 
showed no visible signs of protein aggregation/precipitation and is thus the preferred 
storage temperature for cGMP purified IpaC products (Table S2).
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Development of the InvaplexAR product with greater quantities of LPS

In previous clinical trials, use of the S. flexneri 2a Invaplex product purified from the 
wild-type organism (InvaplexNAT) stimulated limited seroconversion to the immunizing 
antigens (33, 34). The second-generation S. flexneri 2a InvaplexAR product (36) showed 
significantly improved guinea pig serum IgG responses to all antigens as compared to 
the InvaplexNAT product, and while the guinea pig serum IgA responses to IpaB and IpaC 
were higher than animals receiving S. flexneri 2a InvaplexNAT, the guinea pig anti-LPS 
serum IgA responses were low with little improvement over the InvaplexNAT vaccine.

Experiments that increased the amount of LPS in the InvaplexAR product were 
conducted to determine if the final quantity of LPS in the product effected the immune 
response to not only the LPS antigen but the Ipa proteins. Thus, S. flexneri 2a Inva­
plexAR reaction mixtures consisting of LPS:total protein weight ratios of 0.56 [defined 
as 1× LPS (35), 1.12 (2×), 2.24 (4×), and 4.48 (8×)] were utilized while maintaining the 
8 µM IpaC:1 µM IpaB ratio in the reaction mixture. The addition of more LPS required 
longer anion-exchange column wash steps at 0% Buffer B prior to elution than previous 
chromatographic methods. Higher ratios of LPS in the reaction mixture led to increased 
quantities of LPS in the resulting S. flexneri 2a InvaplexAR constructs both quantitatively 
by LAL (Table 1) and qualitatively by SDS-PAGE with silver staining (Fig. 1). This would 
allow more LPS to be delivered per constant protein dose and possibly improve the 
immune response. Additionally, the efficiency of S. flexneri 2a product recovered from the 
reaction mixture was improved when a higher LPS:protein ratio was used in the reaction 
mixture, i.e., from 40% for 1× to 67% for 4× (Table 1).

Silver stained SDS-PAGE gels loaded with equal amounts of total protein from each of 
the S. flexneri 2a products made with higher ratios of LPS were comparable for relative 
quantities of IpaB and IpaC (data not shown and Fig. 1). Using densitometric analysis of 
Coomassie-stained SDS-PAGE gels, a slight increase in the IpaC:IpaB ratios was observed 
in preparations made with higher quantities of LPS and more closely approximated the 
mass mixing ratio of 5 mg IpaC:1 mg IpaB (7.6:1 molar ratio of IpaC to IpaB; Table 1). The 
increase in the IpaC:IpaB ratio appeared to reflect decreased amounts of IpaB in the final 
products (see Table S3).

Earlier studies demonstrated that the InvaplexNAT product can be isolated from all 
Shigella species and enteroinvasive E. coli (31). Similarly, InvaplexAR using purified LPS 
from other Shigella spp. has been prepared using parameters similar to those determined 
for S. flexneri 2a (36, Turbyfill, unpublished data). To expand the Invaplex product family 
to Shigella serotypes under consideration for a multivalent vaccine, we applied the LPS 
ratio scheme for the construction of InvaplexAR products from other clinically relevant 
Shigella species, specifically S. flexneri 3a, S. flexneri 6, and S. sonnei.

InvaplexAR products formulated with increasing amounts of LPS were successfully 
made for S. flexneri 3a, S. flexneri 6, and S. sonnei (Fig. 1; Table 1). As noted for S. flexneri 2a, 
S. flexneri 3a, S. flexneri 6, and S. sonnei products demonstrated improved overall product 
yield efficiencies as the LPS:protein ratio increased in the reaction mixture (Fig. 1; Table 
1). Higher product yield for all serotypes correlated with increasing concentrations of LPS 
used in the formulations (r = 0.6503, P = 0.0064). For the S. flexneri 6 products, increased 
silver staining of the lower molecular weight bands of S. flexneri 6 LPS that were more 
prominent as higher quantities of LPS were used to make the product (Fig. 1). This was 
consistent with a large, unexpected increase in the LAL value observed for the 8× S. 
flexneri 6 InvaplexAR product (Table 1) as compared to the other S. flexneri 6 products and 
the S. flexneri 2a, 3a, and S. sonnei products.

Overall, SEC-HPLC retention times of products from each serotype slightly decreased 
with increasing LPS, suggesting that the products were getting larger with increasing 
quantities of LPS (Table 1). The increased product size attributed to increasing LPS was 
more evident with the hydrodynamic diameters measured by DLS in which an increase in 
hydrodynamic diameter was correlated with the amount of LPS used in the formulation 
(r = 0.8101, P = 0.0001) (Table 1) Concurrently, as the size measured by SEC-HPLC 
increased (slower retention time) it was also noted that the IpaC:IpaB ratio was higher (r 
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= −0.8077, P = 0.0003) suggesting that, for all serotypes, the increased amounts of LPS 
used to formulate the various products yielded products with higher quantities of 
LPS/mg protein and a gradually increasing IpaC:IpaB ratio as the amount of LPS 
increased. The net effect of these changes is the increase in the amount of LPS and IpaC 
and a decrease in the amounts of IpaB delivered upon immunization with each product 
made with more LPS (see Table S3).

FIG 1 Constant total protein of each Shigella InvaplexAR products for each species constructed with increasing amounts of LPS was separated and stained. 

Increased incorporation of LPS within the construct is seen with increased amounts of LPS used in the initial reaction mixture. Amounts of IpaB and IpaC, marked 

with arrows, remain relatively constant across the constructs, even with increasing LPS. LPS, lipopolysaccharide.

TABLE 1 Comparison of biochemical attributes of Shigella variable LPS InvaplexAR products

Shigella serotype LPS multipliera

Endotoxin
(×106 EU/mL)b

IpaC:IpaB ratio
(gel densitometry)c SEC-HPLC retention time (min)d DLS (DH, nm)e % Yield efficiencyf

S. flexneri 2a 1× 15 3.8:1 16.2 21.4 ± 5.5 40.3
2× 29 6.9:1 16.0 17.8 ± 4.1 57.1
4× 63 7.8:1 15.6 19.5 ± 7.7 67.2
8× 61 9.4:1 15.6 21.4 ± 26.4 42.5g

S. flexneri 3a 1× 7.3 2.5:1 16.4 20.7 ± 3.4 20.6
2× 16 3.8:1 16.2 19.5 ± 4.8 30.8
4× 55 5.8:1 15.8 22.4 ± 3.5 51.8
8× 78 5.8:1 15.6 21.4 ± 2.4 50.3

S. flexneri 6 1× 16 2.1:1 Not done 20.3 ± 1.3 40.0
2× 35 4.1:1 16.3 21.4 ± 0.7 64.2
4× 62 4.0:1 16.2 25.4 ± 1.4 66.9
8× 220 3.9:1 16.0 28.2 ± 0.4 72.2

S. sonnei 1× 5.7 2.6:1 16.1 19.5 ± 4.0 32.4
2× 11 5.6:1 16.0 19.5 ± 8.2 43.6
4× 32 9.4:1 15.8 19.5 ± 8.0 51.4
8× 89 7.2:1 15.7 22.4 ± 4.8 52.0

aLipopolysaccharide (LPS) multiplier = the fold-increase in the amount of LPS used in the initial reaction mixture of the four formulations for each serotype. The 1× amount is 
0.56 mg total LPS/mg total protein.
bEndotoxin was measured using the Charles River Laboratories EndoSafe-PTS endotoxin reader and FDA-licensed cartridges with a sensitivity of 0.001 EU/mL.
cThe IpaC:IpaB ratio was determined by scanning Coomassie-stained SDS-PAGE gels using a Bio-Rad GS900 calibrated flatbed scanner and the pixel densitometric ratios 
calculated using the Bio-Rad Image Lab software.
dSize exclusion chromatography (SEC)-HPLC.
eDynamic light scattering (DLS) measurements of hydrodynamic diameter (DH) in nanometers.
fPercent yield efficiency is defined as the total protein, in milligram, of the resulting InvaplexAR product divided by the total amount, in milligram, of the quantities of protein 
(IpaB and IpaC) used in the initial reaction mixture, multiplied by 100.
gIt was noted that the dialysis cassette containing the 8× product had swollen during dialysis and indeed almost twice the volume of product was recovered from the 
cassette as compared to the 1×, 2×, and 4× products. Total protein concentration of the 8× product was lower understandably due to this volume dilution, but the product 
yield efficiency was comparable to that of the 1× product. It is unclear as to the reason for this as the phenomenon was not exhibited by other 8× products of other 
serotypes.
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Immunogenicity and efficacy of S. flexneri 2a InvaplexAR with increasing 
quantities of LPS

The InvaplexAR formulations produced with increasing quantities of LPS were evaluated 
for immunogenicity and PE in the guinea pig keratoconjunctivitis model. The 2× and 8× 
S. flexneri 2a constructs provided moderate levels of protection post-challenge with the 
8× group (PE = 58.3%, P = 0.005; Table 2) providing slightly higher PE as compared to the 
2× group (PE = 42%, P = 0.040; Table 2). The 4× construct provided the highest level of PE 
(75%, P = 0.0005; Table 2), while the 1× construct provided no protection (Table 2).

Previously, it was observed that protection in the guinea pig keratoconjunctivitis 
model was associated with LPS-specific ocular IgA responses (41). In the current 
studies, similar ocular IgA assessments on day 42 were determined to evaluate which 
S. flexneri 2a InvaplexAR formulation had superior immune responses. A trend similar 
to the previous protection results was observed with the 4× group having the highest 
LPS-specific ocular IgA responses (Fig. 2A). The 4× group also had significantly higher 
LPS-specific responses as compared to the 1× group (P = 0.049; Fig. 2A, I). When 
examining the IpaB and IpaC-specific ocular IgA responses, all formulation groups had 
significantly higher Ipa-specific ocular IgA responses as compared to saline immunized 
animals with the 4× group having the highest immune responses overall (Fig. 2A, II and 
III). There were no significant differences in the IpaB or IpaC-specific ocular IgA respon­
ses between any of the groups immunized with the different S. flexneri 2a InvaplexAR 
formulations (Fig. 2A, II and III).

Similar trends were observed in the S. flexneri 2a LPS-specific serum antibody 
responses with the 4× group having the highest geometric mean titer (GMT) and percent 
seroconversion (PS) for IgG (GMT = 509, PS = 100%; Table 3) and IgA (GMT = 160, PS = 
50%; Table 4). The S. flexneri 2a InvaplexNAT-specific serum IgG responses were relatively 
consistent across immunized groups; however, the Ipa-specific serum IgG responses 
increased with each increasing amount of LPS contained in the vaccine formulations 
(Table 3). Anti-IpaC serum IgG titers were significantly higher after immunization with S. 
flexneri 2a InvaplexAR containing 8× LPS (GMT = 29,029) as compared to IpaC-specific 
titers after immunization with S. flexneri 2a InvaplexAR containing 1× LPS (GMT = 8,146, P 
= 0.005) or 2× LPS (GMT = 10,263, P = 0.044). For IpaB, each group had significantly 
higher serum IgG GMT titers (as compared to saline controls) that ranged from 10,263 to 
20,526 but there was no significant difference between any of the groups (Table 3). 
Interestingly, different trends were observed in the serum IgA responses with varied 
GMTs and PSs across vaccinated groups and the 2× group generally having the lowest 
InvaplexNAT and Ipa-specific serum IgA responses (Table 4). In consideration of the 
protection and ocular IgA titers, future S. flexneri 2a InvaplexAR products will be formula­
ted using 4× purified S. flexneri 2a LPS in the reaction mixture.

Immunogenicity and protective efficacy of variable S. flexneri 3a LPS Inva­
plexAR formulations

S. flexneri 3a InvaplexAR constructed with increasing amounts (1×, 2×, 4×, and 8×) of 
purified S. flexneri 3a LPS were produced at small scale (see above) for determining the 
immunogenicity and PE in guinea pigs. Efficacy results using the guinea pig keratocon­
junctivitis model demonstrated that the S. flexneri 3a 2× formulation provided the best, 
significant protection (PE = 70.0%, P = 0.012; Table 2) followed by the 1× formulation (PE 
= 60.0%, P = 0.036; Table 2). Modest levels of protection were observed with the 4× (PE = 
50.0%, P = 0.089; Table 2) and 8× (PE = 40.0%, P = 0.193; Table 2) formulations; however, 
neither group reached statistical significance as compared to placebo controls.

Interestingly, the 4× group had the highest LPS-specific ocular IgA responses (P ≤ 
0.001; Fig. 2B) followed by the 2× group (P ≤ 0.01; Fig. 2B, I) and the 8× group (P ≤ 0.05; 
Fig. 2B, I). LPS-specific ocular IgA responses in the 1× group were lower than all other 
groups and were not significantly higher compared to saline treated animals (Fig. 2B, I). 
In contrast, the IpaB-specific ocular IgA responses were highest in the 1× group (P ≤ 
0.0001; Fig. 2B, II) followed by the 4× and 2× groups (Fig. 2B, II). The 8× group had 
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minimal increases in IpaB-specific ocular IgA and all groups had significantly higher 
responses as compared to the 8× group (Fig. 2B, II). IpaC-specific ocular IgA responses 
showed yet another different pattern with all groups having significantly higher 
responses as compared to saline treated animals (Fig. 2B, III) with none of the immunized 
groups significantly different from one another.

The highest S. flexneri 3a LPS-specific serum IgG and IgA responses were observed in 
the 4× and 8× groups with only the 4× group having significantly higher LPS-specific 
serum IgA (GMT = 127, PS = 50%; Table 4) as compared to the saline treated animals. The 
InvaplexNAT-specific serum IgG and IgA responses were relatively consistent across 
immunized groups with all groups having significantly higher responses as compared to 
the saline group (Tables 3 and 4). The Ipa-specific serum IgG and IgA responses followed 
similar trends across the four S. flexneri 3a formulations as the Ipa-specific ocular IgA 
responses with consistent IpaC-specific responses and decreasing IpaB-specific respon­
ses (Tables 3 and 4). In consideration of the protective efficacy, future S. flexneri 3a 
InvaplexAR products will be formulated using 2× purified S. flexneri 3a LPS in the reaction 
mixture.

Immunogenicity and protective efficacy of variable S. flexneri 6 LPS Inva­
plexAR formulations

S. flexneri 6 InvaplexAR was produced at lab scale (see above) with increasing amounts 
(1×, 2×, 4×, and 8×) of purified S. flexneri 6 LPS (see Tables 1 and 2). In the guinea pig 
keratoconjunctivitis model, only the 8× formulation provided significant protection (PE = 
62.9%, P = 0.021; Table 2) for the S. flexneri 6 products. The 1× and 2× constructs provided 
the same level of protection (PE = 44.3%, P = 0.120; Table 2), while the 4× construct 
provided the lowest level of efficacy (PE = 35.0%, P = 0.237; Table 2).

Similar levels of LPS-specific ocular IgA were induced by all four S. flexneri 6 formula­
tions with the 8× group having the highest LPS-specific responses as compared to saline 
immunized animals (P ≤ 0.001; Fig. 2C, I). Robust, significant levels of Ipa-specific ocular 
IgA were induced across all groups with IpaB and IpaC-specific IgA levels showing a 

TABLE 2 Protective efficacy 4 days post-challenge

Shigella serotype LPS multiplier Number of eyes protected/total Protective efficacya (%) P-valueb

S. flexneri 2a 1× 0/12 0% 1.0
2× 5/12 42% 0.040
4× 9/12 75% 0.0005
8× 7/12 58% 0.005
Saline 0/10 – –

S. flexneri 3a 1× 8/12 60% 0.036
2× 9/12 70% 0.012
4× 7/12 50% 0.089
8× 6/12 40% 0.193
Saline 2/12 – –

S. flexneri 6 1× 8/14 44% 0.120
2× 8/14 44% 0.120
4× 7/14 35% 0.237
8× 10/14 63% 0.021
Saline 3/13 – –

S. sonnei 1× 11/12 92% <0.0001
2× 9/12 75% 0.0003
4× 7/12 58% 0.005
8× 9/12 75% 0.0003
Saline 0/12 – –

aCalculated as [(% disease in control animals − % disease in vaccine group)/% disease in control animals] × 100.
bP-values determined by Fisher’s exact test of experimental group compared to saline control group.
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decreasing trend with increasing amounts of LPS present in the vaccine formulations 
(Fig. 2C, II and III).

There were no significant increases in the LPS-specific serum IgG responses across all 
S. flexneri 6 formulation groups; however, the 8× group induced moderate levels of 
serum IgA to LPS (GMT = 199, PS = 86%; Table 4) and was the only group to have 
significantly higher responses compared to the saline controls. The IpaC and Inva­
plexNAT-specific serum IgG and IgA responses were relatively consistent across all 
immunized groups (Tables 3 and 4), while the IpaB-specific serum IgG and IgA responses 

TABLE 3 Shigella antigen-specific serum IgG immune responses

Shigella serotype LPS multiplier

Antigen-specific serum IgG responsesa

LPSb InvaplexNAT IpaB IpaC

S. flexneri 2a 1×
227 ± 239
50%

6,465 ± 4,336****
100%

10,263 ± 16,561****
100%

8,146 ± 3,155****
100%

2×
454 ± 484*c

66%
5,132 ± 7,887****
100%

11,520 ± 34,448****
100%

10,263 ± 2,352****
100%

4×
509 ± 436**
100%

5,760 ± 3,935****
100%

16,292 ± 18,724****
100%

18,287 ± 5,949****
100%

8×
454 ± 1,090*
50%

9,143 ± 6,916****
100%

20,526 ± 31,426****
100%

29,029 ± 29,521****
100%

Placebo
90 ± 0
0%

90 ± 0
0%

90 ± 0
0%

90 ± 0
0%

S. flexneri 3a 1×
202 ± 110
33%

907 ± 478****
100%

5,760 ± 2,832****
100%

5,132 ± 3,155****
100%

2×
286 ± 281*
50%

1,143 ± 842****
100%

6,465 ± 7380****
100%

6,465 ± 2,352****
100%

4×
509 ± 1,080**
67%

1,018 ± 904****
100%

2,880 ± 8,597****
100%

7,257 ± 2,974****
100%

8×
454 ± 461**
83%

907 ± 478****
100%

808 ± 441****
100%

8,146 ± 3,155****
100%

Placebo
90 ± 0
0%

90 ± 0
0%

90 ± 0
0%

90 ± 0
0%

S. flexneri 6 1×
163 ± 237
29%

720 ± 917****
86%

6,360 ± 7,138****
100%

14,043 ± 7,221****
100%

2×
180 ± 231
29%

1,070 ± 828****
100%

6,360 ± 3,266****
100%

15,505 ± 6,158****
100%

4×
148 ± 243
29%

720 ± 451****
100%

1,938 ± 1,699****
100%

12,719 ± 6,531****
100%

8×
148 ± 231
14%

1,181 ± 1,939****
100%

1,440 ± 1,894****
100%

14,043 ± 7,221****
100%

Placebo
90 ± 0
0%

90 ± 0
0%

90 ± 0
0%

90 ± 0
0%

S. sonnei 1×
143 ± 105
17%

1,616 ± 882****
100%

9,143 ± 35,273****
100%

4,572 ± 3,367****
100%

2×
143 ± 105
17%

1,814 ± 1,115****
100%

5,132 ± 3,155****
100%

8,146 ± 3,155****
100%

4×
202 ± 135*
50%

2,286 ± 1,683****
100%

8,146 ± 9,362****
100%

12,931 ± 15,456****
100%

8×
101 ± 37
0%

907 ± 478****
100%

404 ± 478*
83%

8,146 ± 3,155****
100%

Placebo
90 ± 0
0%

90 ± 0
0%

90 ± 0
0%

90 ± 0
0%

aResponses are shown as geometric mean endpoint titers ± standard deviation with percent responders (defined as a ≥4-fold-increase over baseline).
bLPS responses are directed to the homologous serotype used for vaccination.
cSignificance determined by one-way ANOVA with Bonferroni post hoc test compared to placebo group *P < 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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decreased with increasing amounts of LPS in the vaccine formulation. In consideration of 
the protection and ocular IgA titers, future S. flexneri 6 InvaplexAR products will be 
formulated using 8× purified S. flexneri 6 LPS in the reaction mixture.

Immunogenicity and protective efficacy of variable S. sonnei LPS InvaplexAR 
formulations

A series of prototype S. sonnei InvaplexAR vaccines were produced using 1×, 2×, 4×, and 8× S. 
sonnei LPS and 8 µM purified IpaC:1 µM purified IpaB. All four S. sonnei InvaplexAR 

TABLE 4 Shigella antigen-specific serum IgA immune responses

Shigella serotype LPS multiplier

Antigen-specific serum IgA responsesa

LPSb InvaplexNAT IpaB IpaC

S. flexneri 2a 1×
57 ± 55
17%

641 ± 394***
100%

1,018 ± 909***
100%

720 ± 492****
100%

2×
90 ± 125
33%

286 ± 519*
66%

360 ± 487*
83%

404 ± 483***
100%

4×
160 ± 157*c

50%
509 ± 1,021***
83%

321 ± 522*
66%

1,283 ± 1,060****
100%

8×
80 ± 123
17%

571 ± 1,008***
100%

360 ± 279*
83%

1,814 ± 1,845****
100%

Placebo
45 ± 0
0%

51 ± 18
0%

51 ± 18
0%

57 ± 55
17%

S. flexneri 3a 1×
71 ± 23
0%

227 ± 231***
83%

641 ± 982****
100%

1,283 ± 789****
100%

2×
71 ± 23
0%

160 ± 133**
67%

404 ± 625***
83%

1,143 ± 864***
100%

4×
127 ± 148*
50%

286 ± 216***
83%

286 ± 216**
83%

1,440 ± 984****
100%

8×
101 ± 55
33%

202 ± 110**
83%

90 ± 44
17%

1,283 ± 1,060****
100%

Placebo
45 ± 0
0%

45 ± 0
0%

51 ± 18
0%

160 ± 246
50%

S. flexneri 6 1×
74 ± 64
29%

121 ± 511
43%

1,590 ± 1,785****
100%

878 ± 8,491****
100%

2×
61 ± 24
0%

199 ± 230*
71%

1,304 ± 733****
100%

360 ± 226***
100%

4×
67 ± 24
0%

219 ± 505*
71%

591 ± 514****
100%

439 ± 428***
100%

8×
199 ± 102****
86%

163 ± 236
57%

360 ± 1,032***
71%

720 ± 451****
100%

Placebo
45 ± 0
0%

45 ± 0
0%

50 ± 17
0%

50 ± 17
0%

S. sonnei 1×
127 ± 109*
33%

360 ± 478****
100%

321 ± 197****
100%

1,616 ± 4,247****
100%

2×
143 ± 141*
50%

509 ± 452****
100%

321 ± 265****
100%

1,440 ± 2,007****
100%

4×
127 ± 49*
50%

255 ± 226***
83%

101 ± 68
50%

720 ± 957**
100%

8×
113 ± 120
50%

286 ± 210***
100%

64 ± 54
17%

1,018 ± 872***
100%

Placebo
45 ± 0
0%

45 ± 0
0%

45 ± 0
0%

113 ± 46
33%

aResponses are shown as geometric mean endpoint titers ± standard deviation with percent responders (defined as a ≥4-fold-increase over baseline).
bLPS responses are directed to the homologous serotype used for vaccination.
cSignificance determined by one-way ANOVA with Bonferroni post hoc test compared to placebo group *P < 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001.
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FIG 2 Geometric mean (with 95% confidence interval) ocular IgA responses on study day 42 of animals immunized with S. flexneri 2a (A), S. flexneri 3a (B), S. 

flexneri 6 (C), and S. sonnei (D) InvaplexAR formulations and the species LPS (I), IpaB (II), and IpaC (III). Stars represent significance compared to saline-treated 

animals (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001). P-values were determined by Kruskal-Wallis test with Dunn’s post hoc correction.
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formulations induced significant protection in the guinea pig keratoconjunctivitis model 
with ≥50% PE across all vaccinated groups (Table 2). The 1× formulation provided the 
highest level of protection (PE = 92%, P < 0.0001; Table 2) followed by the 2× and 8× groups 
(PE = 75%, P = 0.0003; Table 2) and finally the 4× group (PE = 58%, P = 0.005; Table 2).

LPS-specific ocular IgA responses were consistent with protection data in that the 1× 
S. sonnei group had the highest LPS-specific ocular IgA responses as compared to the 
saline group (P ≤ 0.001; Fig. 2D, I) followed by the 2× group (P ≤ 0.01; Fig. 2D, I) and then 
the 4× and 8× groups having similar levels of LPS-specific ocular IgA (P ≤ 0.05; Fig. 2D, I). 
The Ipa-specific ocular IgA responses were also highest in the 1× group (Fig. 2D, II and III). 
While all groups had significantly higher IpaC-specific ocular IgA responses as compared 
to saline treated animals (Fig. 2D, III), the 8× group had minimal increases in IpaB-specific 
ocular IgA with both the 1× group (P = 0.015; Fig. 2D, II) and the 2× group (P = 0.02; Fig. 
2D, II) having significantly higher responses as compared to the 8× group.

Interestingly, the highest serum IgG responses were observed in the 4× group 
with this being the only group to have significantly higher LPS-specific serum IgG 
as compared to saline immunized animals (GMT = 202, PS = 50%; Table 3). Similar 
to the ocular IgA responses, the 8× group had lower IpaB-specific serum IgG respon­
ses as compared to other vaccinated groups; however, all groups had significantly 
higher responses as compared to the saline group (Table 3). Antigen-specific serum IgA 
responses varied across groups and the 1× and 2× groups had the highest serum IgA 
responses for all antigens as compared to all other groups (Table 4). In consideration 
of the protection and ocular IgA titers, future S. sonnei InvaplexAR products will be 
formulated using 1× purified S. sonnei LPS in the reaction mixture.

DISCUSSION

Despite efforts toward clean water and proper hygiene, infectious diarrhea caused by 
Shigella spp. remains a significant cause of morbidity and mortality in children of low 
and middle income countries as well as in travelers (1) to those regions of the world. 
Furthermore, the increasing prevalence of antimicrobial resistance often exacerbates 
treatment and management efforts. The continued global burden of shigellosis has been 
recognized by the World Health Organization (7) which has recommended an urgent 
need for additional control measures such as vaccines.

Shigella vaccine approaches that are in clinical development include live attenuated 
vaccines (NCT04242264; 42) and subunit vaccine efforts (43, 44). For the most part, 
Shigella vaccine approaches focus on the delivery of the serotype-defining Shigella LPS 
or O-SP, which has been suggested as a protective antigen (45, 46). Building on earlier 
clinical studies by Robbins and co-workers using O-SP conjugate vaccines, are recent 
approaches delivering the O-specific polysaccharide with either bioconjugates (47) or 
synthetic conjugates (48) which have advanced to clinical studies in target populations 
(NCT02646371 and NCT04602975).

The immune response post-infection with Shigella spp. not only recognizes the LPS 
component of the bacteria, but also the highly conserved T3SS effectors IpaB, IpaC, and IpaD 
proteins (8, 49). In controlled human infections models, immune responses directed to the 
Ipa proteins and LPS more closely correlated with resistance to infection as compared to LPS 
alone (49), suggesting that Ipa-specific immune responses play a critical role in protection. 
The only vaccine that effectively delivers measured amounts of IpaB and IpaC together 
with LPS were previous iterations of the Invaplex vaccine, which can induce potent immune 
responses to the major antigens involved in protective efficacy (36).

The original Invaplex vaccine product isolated from all species of virulent shigellae 
(InvaplexNAT), followed by the isolation of the well-defined, functional HP Invaplex 
vaccine product (35). This laid the groundwork for the product to be assembled from the 
individual purified constituents and was termed InvaplexAR (36). The historical develop­
ment of the Shigella Invaplex product has been recently reviewed (32).

Preclinical studies on InvaplexAR clearly showed improved definition of product 
composition, immunogenicity, and efficacy as compared to InvaplexNAT, but the 
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transition to cGMP and human studies required several modifications to improve yields 
and satisfy regulatory guidelines. To address some of the anticipated regulatory hurdles 
such as biosimilarity, use of acceptable antibiotics and GRAS-listed reagents during 
manufacture, new Ipa-expression recombinants were developed that led to greatly 
improved yields of non-tagged IpaB and IpaC products co-expressed with his-tagged-
IpgC under the control of a common promoter, and the use of a kanamycin resistance 
marker, which is more favorable for products intended for human use.

The inherent hydrophobicity of IpaB and IpaC results in poor solubility in aqueous 
buffers (50, 51), but the use of Triton X-100 and other detergents improves solubility 
and stability of the purified recombinant proteins (28, 29, 37, 52–56). The use of Triton 
X-100 for complete Ipa protein release from the histidine-tagged IpgC chaperone during 
purification resulted in soluble and stable solutions of the Ipa proteins that were useful 
for InvaplexAR production and various antigen-specific immunoassays such as ELISAs 
(49, 57). Both purified IpaB and IpaC, as prepared for our studies, maintain all known 
epitopes in that they react with previously defined mAbs (58, 59) (Turbyfill, unpublished 
data). The stability of IpaC in the presence of ≥0.8% Triton X-100 is comparable to 
that exhibited by histidine-tagged IpaC in the presence of lauryldimethylamine-N-oxide 
(LDAO) (29) and the stability of IpaB in the presence of Triton X-100 appears to be even 
more thermally stable. Furthermore, once the assembly process for making InvaplexAR is 
complete, solubility and freeze-thawing sensitivity are no longer a problem. InvaplexAR 
is stable when stored frozen at −70°C at least 60 months (Duplessis, manuscript in 
preparation). These significant improvements in the stability of non-tagged IpaB or IpaC 
are important considerations for future vaccine storage and distribution. Finally, the use 
of Triton X-100, which is listed on the Institute for Vaccine Safety vaccine excipients 
list (January 2021; https://www.hopkinsvaccine.org/components-Excipients.htm) and is 
a component of US human influenza vaccines (Fluraix, Flublok, and Fluzone) (FDA 
Appendix B Vaccine Excipient Table, November 2021), substitutes as an established 
reagent for human vaccines for earlier reagents that had not been previously used to 
manufacture human vaccines.

The LPS component of InvaplexAR presents serotype-specific epitopes to immune 
cells that are associated with protective immunity (60–62). By utilizing overnight 
(stationary phase) cultures for the production of the LPS component of InvaplexAR 
products, maintenance of multiple lengths of the O-polysaccharide chain was achieved, 
which is described as being crucial to O-antigen-focused Shigella vaccine products (43, 
48, 63–68) and presentation of the T3SS and invasiveness of the wild-type organism 
(69). The polydispersity of the chain lengths and other factors such as O-acylation are 
often serotype specific and may impact the frequency of immunogenic and protective 
epitopes (70). Using LPS vaccine components that contain a broad population of O-PS 
side chains to prepare the InvaplexAR products likely preserves the O-antigen as it would 
be natively presented by the wild-type organism.

The more potent InvaplexAR product provides comparable disease protection and 
immune stimulation at lower intranasal doses as compared to the InvaplexNAT product 
(36). The assembly process used to produce InvaplexAR allowed us to determine the 
effect that increased LPS component quantities would have on the vaccine’s overall 
composition and more importantly, its immunogenicity and potency.

Varying LPS amounts were evaluated in the assembly of InvaplexAR products for the 
clinically relevant S. flexneri 2a, 3a, 6, and S. sonnei. A trend evident for all four serotypes 
was that increased amounts of LPS in the initial reaction mixture resulted in increased 
product yield (r = 0.6503; P = 0.0064) and all yields were greater than the previously reported 
high of 22% (36). The InvaplexAR products for all four Shigella species had comparable 
sizes as assessed by SEC-HPLC and DLS (Table 1). Throughout these reported studies on 
the effect of varying amounts of LPS on the assembly process, the quantities and lots of 
IpaB and IpaC were held constant during the assembly step. Even so, it appeared that as 
the quantity of LPS increased, the IpaC:IpaB ratio, as measured by gel densitometry (Table 
1), almost doubled for each serotype over the four LPS amounts. The higher IpaC:IpaB 
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ratio resulted in an increase in the amount of IpaC and a decrease in the quantity of IpaB 
delivered with higher LPS formulations (r = −0.9403; P = <0.0001) for each serotype. The 
retention times of the InvaplexAR products (measured by SEC) were inversely correlated 
with the ratio of IpaC:IpaB (r = −0.8077, P = 0.0003) although the size relationship with 
the IpaC:IpaB ratio was not evident by DLS measurements. Compared to the previously 
reported S. flexneri 2a InvaplexAR product made with histidine-tagged IpaC, which had a 
hydrodynamic diameter of 44.9 nm (36), the new generation of products is approximately 
twofold smaller in hydrodynamic diameter (Table 1). It is unclear what has caused the size 
difference and whether the histidine tagged IpaC is a factor. By comparison, a 1 mg/mL 
solution of S. flexneri 2a LPS in water for injection (WFI) examined by DLS under these same 
conditions has a major complex with a hydrodynamic diameter of 132 nm in size, roughly 
six times larger than the S. flexneri 2a InvaplexAR complex (data not shown) suggesting that 
either the addition of the proteins, the overall manufacturing process, or both, may result 
in the smaller hydrodynamic diameters of the resulting InvaplexAR complexes. The DLS also 
shows that the products are polydisperse in size (data not shown). This polydispersity of 
the sizes of individual InvaplexAR complexes made with different serotypes or amounts of 
LPS suggests that each InvaplexAR has a distribution of individual complex sizes that are the 
roughly same.

The InvaplexAR products are more stable than the individual component proteins. The 
lipid A portion of the LPS most likely helps stabilize the hydrophobic IpaB and IpaC in 
the context of the InvaplexAR product. IpaC, in particular, is the less stable of the two 
proteins and is prone to self-aggregation (29, 36, 37, 50, 71). cGMP manufactured InvaplexAR 
products, which have approximately 100-fold lower quantities of residual detergent (Triton 
X-100), often used to stabilize IpaB and IpaC, show no signs of protein aggregation once 
complexed with LPS (manuscript in preparation). Monitoring the size of the InvaplexAR 
by DLS while heating to 95°C shows aggregation of the complex which is reversible upon 
cooling to 4°C (data not shown) which is supportive of a stable complex.

The approach used to expand the InvaplexAR technology to new serotypes suggested 
that optimizing the new products’ assembly process, with respect to the quantities of 
LPS, was necessary to produce new InvaplexAR products for different serotypes that were 
comparable both biochemically and immunologically. It was not known if LPS prepared 
from different serotypes interact with IpaB and IpaC in a similar, predictable manner. 
However, the physical parameters tested (see above) suggest there are consistent trends 
that lead to reproducible and stable products. Even so, testing each preparation for 
immunogenicity and efficacy provided key information that aided in the selection of an 
assembly process for each of the four serotypes.

The immunogenicity and efficacy of InvaplexAR formulated using increasing amounts 
of LPS were evaluated in the guinea pig keratoconjunctivitis model, which has been used 
successfully to support potency assessments (immunogenicity and efficacy measures) as 
part of Investigational New Drug applications. Overall, the potency of InvaplexAR in the 
model confirmed that LPSs isolated from different Shigella serotypes in the context of the 
InvaplexAR product have different inherent immunogenicities, with S. sonnei being the most 
potent and S. flexneri 6 being the least potent as evidenced with the level of protective 
efficacy. The anti-IpaC ocular IgA responses were comparable for each serotype across the 
variable amount of LPS used to produce InvaplexAR but interestingly, with S. sonnei and S. 
flexneri 3a, the IpaB-specific ocular responses were lower at higher amounts of LPS used for 
manufacture, which translated into lower levels of efficacy at the 4× and 8× LPS products for 
these two serotypes. This result suggests that the structure of the LPS may have more to do 
with the immunogenicity than the relative amount present (72).

The lower amounts of IpaB delivered in products with more LPS and higher IpaC:IpaB 
ratios are likely the source of the lower immune responses to IpaB, although other 
structural differences in the Invaplex complex as compared to S. flexneri 2a and 6 could 
play a role. While the InvaplexAR product provided a slight increase in the amount of 
O-antigen as compared to InvaplexNAT, serum IgG and IgA responses were not signif­
icantly different (36). When examining the potency of the new InvaplexAR products, 
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increasing the yield efficiencies, increasing the IpaC:IpaB ratio, or the LPS content did 
not necessarily result in a concomitant increase in protective efficacy. Each serotype of 
Shigella InvaplexAR had varying protective efficacies (Table 2). Thus, the variability in 
protective efficacy may not be solely dependent on the quantity of any single antigen 
in the vaccine product but may also involve the presentation of each antigen as part of 
the complex to the host’s immune system as well as the potential adjuvant properties 
of each individual LPS antigen (73). Also, while increasing amounts of LPS resulted in 
increases in the total protein yield of InvaplexAR product, the LPS increase may be at the 
cost of a decrease in the exposure of the Ipa proteins to the host, potentially blocking 
important epitopes crucial to the immune response or functional domains of the Ipa 
proteins involved in host cell interactions.

As mentioned above, the different serotypes of LPS may each have an inherently 
different immunogenicity as compared to each other. This difference may be due to the 
sugar composition, non-stoichiometric modifications that may be strain specific (74–77), 
and/or due to the different multimeric packing of LPS around/with the protein antigens 
yielding different antigen presentation. Additional studies to evaluate the immunogenic­
ity of a multivalent InvaplexAR vaccine may contribute to a better understanding of the 
interactions between the immune system and LPS from various Shigella serotypes being 
presented in the context of the Ipa proteins.

The successful construction of effective InvaplexAR products has been achieved for 
S. flexneri 2a, 3a, 6, and S. sonnei, all leading candidate serotypes for a multivalent 
Shigella vaccine. These studies indicate that the immunogenicity and efficacy of various 
Shigella serotype vaccines may not be entirely predictable and will require evaluation 
of each vaccine in available models before full development in clinical trials. Each of 
the InvaplexAR serotype formulations evaluated resulted in a strong response to IpaB 
and IpaC but varying response to LPS, with at least one formulation for each serotype 
that was protective in the guinea pig model. Of note, S. flexneri 6, a serotype not 
evaluated very often with respect to immunogenicity or protective antigens (77–79), 
may require unique strategies to optimize the response to the LPS component. The 
InvaplexAR products developed not only provide a vaccine approach to deliver both 
serotype specific and Shigella genus conserved antigens but have overcome some of the 
manufacturing hurdles facing vaccine developers. To date, a successful cGMP S. flexneri 
2a InvaplexAR product has been manufactured using the formulation outlined herein.

Although clinical grade InvaplexAR products have been made, and one has been 
successfully transitioned to cGMP manufacture and phase 1 trials, it is clear that 
additional improvements in the vaccine formulations and delivery could provide 
increased beneficial immune responses in human patients. For example, delivery by a 
non-mucosal route, the addition of a safe adjuvant, and possibly altering the amounts 
of IpaB and IpaC in the final formulation could all positively impact a more protec­
tive immune response. As preliminary studies using parenteral immunizations with an 
InvaplexAR formulated with an under-acylated S. flexneri 2a LPS (InvaplexAR-Detox) have 
increased the immune responses to all three antigens (32, 80, Guiterrez, manuscript in 
preparation), this work can also serve as a promising foundation for the development of 
better, clinically-ready, multivalent, Shigella Invaplex vaccines in the future.
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