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ABSTRACT (CS6, a prevalent surface antigen expressed in nearly 20% of clinical en-
terotoxigenic Escherichia coli (ETEC) isolates, is comprised of two major subunit pro-
teins, CssA and CssB. Using donor strand complementation, we constructed a panel
of recombinant proteins of 1 to 3 subunits that contained combinations of CssA
and/or CssB subunits and a donor strand, a C-terminal extension of 16 amino acids
that was derived from the N terminus of either CssA or CssB. While the entire panel
of recombinant proteins could be obtained as soluble, folded proteins, it was ob-
served that the proteins possessing a heterologous donor strand, derived from the
CS6 subunit different from the C-terminal subunit, had the highest degree of physi-
cal and thermal stability. Immunological characterization of the proteins, using a
murine model, demonstrated that robust anti-CS6 immune responses were gener-
ated from fusions containing both CssA and CssB. Proteins containing only CssA
were weakly immunogenic. Heterodimers, i.e.,, CssBA and CssAB, were sufficient to
recapitulate the anti-CS6 immune response elicited by immunization with CS6, in-
cluding the generation of functional neutralizing antibodies, as no further enhance-
ment of the response was obtained with the addition of a third CS6 subunit. Our
findings here demonstrate the feasibility of including a recombinant CS6 subunit
protein in a subunit vaccine strategy against ETEC.
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n a global scale, enterotoxigenic Escherichia coli (ETEC) is one of the leading

bacterial causes of acute diarrhea in children in developing countries as well as in
travelers to these areas (1-3). Although recent global estimates are imprecise, ETEC is
estimated to cause roughly 74,000 deaths per year (4). The pathogenicity of ETEC
strains is associated with the production of colonization factors (CFs), polymeric protein
structures expressed on the surface of the bacterial cell that facilitate adherence to the
small intestine, and diarrheagenic enterotoxins, heat-labile (LT) and/or heat-stable (ST)
toxins (5, 6). Thus, a CF/enterotoxin-based approach is the primary strategy of many of
the current ETEC vaccines in development (7), and clinical studies have demonstrated
that antibodies (Abs) generated against CFs, as well as against subunits of CFs, are
protective against ETEC-induced diarrhea (8-10). A hurdle to vaccine development is
the variety of CFs, with over 25 different ETEC CFs identified (5, 11). Additionally, a
significant proportion of clinically isolated ETEC strains possess no detectable CFs, but
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it is unclear whether this is due to a true lack of CFs, the expression of unknown CFs,
or shortcomings in detection methodologies. Seven CFs, CFA/I and CS1 to CS6, are
more prevalent in clinical isolates, and a vaccine comprised of these CFs and an LT toxin
component could potentially provide coverage against 80% of global ETEC strains (12).
Of the seven above-mentioned CFs, CS6 is an attractive vaccine target, as it is highly
prevalent, expressed alone or with additional CFs in approximately 20% of clinical
isolates globally (12-14). However, past efforts to develop a vaccine using purified,
recombinant CS6 antigen (Ag) administered via the transcutaneous route or microen-
capsulated and administered via the oral route have been unsuccessful (15-17; D.
Tribble, unpublished data).

Our efforts have been directed toward developing a multivalent subunit vaccine
against ETEC. Initially, we focused on the tip adhesins of the class 5 fimbriae expressed
by pathogenic ETEC strains, with the intent to disrupt initial intestinal binding by the
bacteria, thus preventing colonization and abrogating disease (10, 18). However, the
structure of CS6 is distinct from that of the rod-like class 5 fimbriae, which have a
repeating structural subunit making up the length of the structure and a tip adhesin
subunit that aids in intestinal binding (19, 20). Instead, CS6 is afimbrial in structure,
associating closely with the bacterial cell surface instead of extending from the surface
as is typical of the fimbrial CFs (11). Furthermore, it is made up of two structural
subunits, CssA and CssB, in a 1:1 ratio (21). The bioassembly of CS6 is encoded by a
plasmid-associated operon consisting of four genes (cssABCD) that is transcribed as a
single transcript. In addition to the two structural subunits, the CssC and CssD proteins
have been ascribed chaperone and usher roles, respectively (22-24). The intestinal
binding moiety of CS6 has not been specifically determined, but binding functionalities
have been ascribed to both CssA and CssB, which bind host cell fibronectin and
sulfatide, respectively (24, 25). Thus, a representative CS6-derived subunit vaccine
antigen would likely need to incorporate a combination of one or more of the CssA and
CssB protein units, especially considering that multiple alleles of both proteins have
been identified (26). Although distinct in structure and sequence from the class 5 CFs,
it has been shown that much like the rigid class 5 fimbrial structures (27) and that of
the Yersinia pestis F1 antigen (28), CS6 forms from the donor strand complementation
of the two adjacent structural subunits (29).

Here, we describe the engineering of a panel of donor strand-complemented
fusions of CssA and CssB subunits, in which the fold is completed by an in cis fusion of
the N-terminal donor B-strand from either CssA or CssB to its C terminus. These vaccine
candidates were characterized immunologically in BALB/c mice in order to select the
ideal antigen that would induce a robust serum immune response against CS6 while
satisfying the minimal production requirements in purity (>90%) and yield (1 mg
purified protein/g of cell paste) for future evaluation in a protection study.

RESULTS

Expression, purification, and characterization of “homologous donor strand-
complemented” CS6-derived recombinant proteins. It has been observed that
purified CS6 (21) as well as its CssA and CssB subunits (S. J. Savarino, unpublished data)
form oligomeric complexes in solution. This has also been described for the class 5
major fimbrial subunit CfaB, which multimerizes via donor strand interactions between
two subunits (27). Thus, in order to develop stable CS6-derived vaccine candidates, we
applied donor strand complementation technology previously described for Cfak (27)
and FimH (30) in the design of an initial panel of 11 His-tagged, homologous donor
strand-complemented CS6 subunit proteins (Fig. TA). The dimers or trimers contained
various combinations of the CssA and CssB proteins of CS6 and an in cis donor strand
fused to the C terminus. For “homologous donor strand complementation,” the
C-terminal protein also served as the source of the donor strand. For instance, in the
dscgCssAB fusion, CssA is the N-terminal protein, CssB is the C-terminal protein, and
the donor strand used to complement the C-terminal CssB protein originated from the
N terminus of CssB. The donor strand complementation occurring between proteins
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FIG 1 Design of recombinant CS6 subunit monomers and fusion proteins. (A) Initial CS6 subunit fusions
with homologous donor strand complementation, the donor strand fused to the C terminus derived from
the C-terminal protein. The CssA protein is denoted in solid blue shading, the CssB protein is in solid red
shading, the donor strand of CssA is in blue diagonal shading, the donor strand of CssB is in red diagonal
shading, the DNKQ linker sequence is in black shading, and the hexahistidine tag is in green shading. (B
and C) SDS-PAGE (B) and anti-CS6 Western blot (C) analyses of homologous donor strand-complemented
CssA and CssB monomer and multimeric fusions. Lane 1, dsc,CssA; lane 2, dscgCssB; lane 3, dsc,CssAA;
lane 4, dscgCssBB; lane 5, dsc;CssAB; lane 6, dsc,CssBA; lane 7, dsc,CssABA; lane 8, dsc;CssABB; lane 9,
dsc,CssBBA; lane 10, dsc;CssBAB; lane 11, dsc,CssBAA. Anti-CS6 sera were used at a concentration of
1:10¢, with the exception of dsc,CssA, which was blotted with an antibody concentration of 1:10°.
Abbreviations: ntd, deletion of the N-terminal donor strand; dsc, donor strand complementation of the
C-terminal protein with the donor strand from either CssA (dsc,) or CssB (dscg); MW, molecular weight.

within the fusion are dictated by the protein fused to its C terminus. Thus, in the same
dscgCssAB fusion, the fold of the N-terminal CssA subunit is completed by the donated
donor strand from the C-terminally fused CssB unit, resulting in an internal “heterolo-
gous donor strand” between the CssA and CssB subunits. Thus, while it was possible for
a given fusion to contain both heterologous and homologous donor strand interac-
tions, for “homologous fusions,” the C-terminal donor strand was always homologous
to the C-terminal protein. The pattern of donor strand complementation for each
construct is schematically represented in Fig. 1A.

Using standard column chromatographic techniques, the 11 recombinant proteins
diagrammed in Fig. 1A were purified to >85% purity with low endotoxin content (<8
endotoxin units per 25 ng) (Table 1 and Fig. 1B). Additionally, each fusion reacted with
rabbit antiserum raised against recombinant CS6, here referred to as CS6 (Fig. 1C), as
well as antiserum raised against the component subunits, namely, CssB and/or CssA
(data not shown).

While analysis by SDS-PAGE (Fig. 1B) showed homogenous purified proteins, size
exclusion high-performance liquid chromatography (HPLC-SEC) of the CS6-derived
fusion proteins determined that some contained multiple species, manifesting as one
or more additional peaks on the HPLC-SEC chromatograms (Fig. 2A and B). In contrast,
the singular dsc,CssA and dscgCssB proteins both eluted as one peak, migrating as
monomeric proteins.

Proteins extended from an N-terminal CssA unit exhibited various HPLC-SEC profiles
(Fig. 2A). Higher-molecular-weight species, indicating possible multimer formation or
aggregation, were observed for the dscgCssAB and dscgCssABB fusions, while proteins
containing a C-terminal CssA protein (dsc,CssA, dsc,CssAA, and dsc,CssABA) eluted as
a single peak. Interestingly, the two proteins forming higher-molecular-weight species
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TABLE 1 Physicochemical properties of CS6 subunit fusions

Infection and Immunity

HPLC-SEC
Theoretical mol Peak retention Oligomeric
Protein wt? (kDa) Purity® (%) Yieldc (mg/q) T,, (°C) time(s) (min) Mol wt (kDa)? state
CssA fusions
dsc,CssA 18.5 95 1.3 55 10.4 209 Monomeric
dsc,CssAA 34.0 95 1.3 499,753 93 34.2 Monomeric
dscgCssAB 35.0 98 8.9 58.8, 74.5 7.5,8.0,9.2 45.7, 94.6 Multimeric
dsc,CssABA 50.4 95 2.1 54.3, 75 8.5 59.2 Monomeric
dscgCssABB 513 94 4.0 59.5, 74 7.2,75,85 67.4, 132 Multimeric
Refined CssAB fusions
dsc,CssAB 348 97 4.9 70 9.2 355 Monomeric
ntd_dscgCssAB 333 99 3.8 59, 74.6 93 34.1 Monomeric
ntd_dsc,CssAB 332 97 37 69.7, 76.1 9.4 339 Monomeric
CssB fusions
dscgCssB 19.4 91 3.1 60.1 10.4 225 Monomeric
dscgCssBB 35.8 100 2.7 58, 92.6 8.1,9.2 37.5, 94 Multimeric
dsc,CssBA 348 91 4.3 69.2, 74.7 7.7,82,95 39.8, 93 Multimeric
dsc,CssBAA 50.4 90 1.0 71.8,77.6 7.1, 8.0 141 Multimeric
dscgCssBAB 51.3 89 1.2 59.7, 75.5 7.6, 8.0, 8.6 63.1 Multimeric
dsc,CssBBA 51.2 91 0.5 59,71.4,76 72,79, 89 65.4, 122.7 Multimeric
Refined CssBA fusions
dscgCssBA 35.0 97 8.2 74.1 9.4 373 Monomeric
ntd_dsc,CssBA 332 97 0.5 76.1 9.4 337 Monomeric
ntd_dscgCssBA 333 98 3.0 74.7 93 33.9 Monomeric

aThe theoretical molecular weight of each protein was determined from the primary amino acid sequence.

bProtein purity was determined by densitometric measurements of the protein separated on an SDS-PAGE gel.

<Milligrams of protein obtained per gram of wet bacterial cell paste lysed.

9The experimental molecular weight was determined using the refractive index of molecules eluting from the HPLC-SEC column.

both possess a C-terminal CssB protein complemented with a homologous donor
strand and a potential heterologous donor strand present in the N-terminal CssA
protein. The experimental masses of the species eluting during HPLC-SEC analysis
argue against nonspecific aggregation, indicating that dscgCssAB and dscgCssABB are

A
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FIG 2 Size exclusion HPLC analysis of donor strand-complemented CssA (A) and CssB (B) monomer and

multimeric fusions. Abs., absorbance.
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associating into dimers and trimers, respectively. Furthermore, these two proteins were
the ones with the highest yields among the CssA fusions. Fusions with a C-terminal
CssA donor strand, dsc,CssAA and dsc,CssABA, which have identical N-terminal and
C-terminal donor strands, did not form multimers. These findings suggested that the
donor strand in the N-terminal CssA protein from a second fusion may be outcompet-
ing the internal C-terminal CssB donor strand, resulting in a more stable interaction
being formed between two or more protein fusions.

Proteins extended from an N-terminal CssB unit, with the exception of dsczCssB, all
exhibited some propensity to form higher-molecular-weight complexes, with dsc,Css-
BAA existing primarily as a multimer (Fig. 2B). However, unlike the protein fusions
containing an N-terminal CssA donor strand, the N-terminal CssB donor strand in these
fusions could interchange with the homologous C-terminal donor strand, whether from
CssB or CssA, allowing for the formation of multimers. While the majority of these
fusions had initial melting temperature (T,,,) values around or below 60°C, those for
dsc,CssBA and dsc,CssBAA fusions were higher, near 70°C (Table 1), possibly due to
thermal stability conferred to the proteins due to multimer formation. With regard to
protein recovery, of the CssB fusions, the dsc,CssBA fusion yielded the most material.
Overall, the biochemical characterization of these CS6 subunit fusions indicated that
complementation of the C terminus of these proteins with a homologous donor strand
may not be the ideal fit for stabilizing the fold of the C-terminal protein unit, resulting
in a degree of instability.

Expression, purification, and characterization of refined CS6-derived fusions.
After the initial evaluation of the CS6-derived protein fusions, we believed that the
presence of an N-terminal donor strand, as well as a suboptimal donor strand, was
resulting in instability in the recombinant fusions. To rectify this, we designed CS6
subunit fusions where the N-terminal donor strand (“ntd,” for N-terminal deletion) was
removed, where the C-terminal protein was complemented with a donor strand
derived from the heterologous “sister” subunit (e.g.,, complementation of CssA with a
donor strand from CssB), and where both modifications were made. We then deter-
mined whether these modifications resulted in more-stable, monomeric fusion pro-
teins. As we had selected the CssAB and CssBA protein fusions for further study based
on their immunological properties (see below), we generated additional fusions for
both CssAB and CssBA. For CssAB, these were ntd_dscgCssAB, dsc,CssAB (CssA-derived
donor strand complementing C-terminal CssB), and ntd_dsc,CssAB (containing both
modifications). For CssBA, ntd_dsc,CssBA, dsczCssBA (CssB-derived donor strand com-
plementing C-terminal CssA), and ntd_dsczCssBA (containing both modifications) were
constructed (Fig. 3A).

As with the initial panel of fusions, the refined CssAB and CssBA fusions were
produced at high purity and with low endotoxin content (Table 1 and Fig. 3B).
Additionally, all of the fusions reacted with rabbit antiserum against CS6 (Fig. 3Q).
HPLC-SEC analyses demonstrated that all of the refined CssAB and CssBA fusions,
whether they contained a heterologous donor strand, the deletion of the donor strand
of the N-terminal protein, or both modifications, did not form high-molecular-weight
species, eluting as a single peak on the chromatogram (Fig. 4A and B). However, the
fusions with heterologous donor strand complementation had the highest observed T,,
values. For example, the ntd_dsc;CssAB fusion, which had its N-terminal donor strand
deleted and a homologous C-terminal donor strand, was monomeric but still had two
melting transitions, one being below 60°C (Table 1). However, when the source of the
C-terminal donor strand was changed from CssB to CssA (ntd_dsc,CssAB), only one T,
above 70°C, was observed. While modification of this CssAB fusion through the deletion
of the N-terminal donor strand did not appear to increase thermal stability, the lack of
the N-terminal donor strand prevents any possibility of its participation in intermolec-
ular interactions. The refined fusions, with the exception of ntd_dsc,CssBA, had yields
at or above 3 mg of protein per g of wet cell paste lysed.

Immunogenicity of CS6-derived recombinant proteins. The first mouse experi-
ment evaluated the immunogenicity of the monomeric and dimeric CS6 subunits in
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FIG 3 (A) Refinement of dsc,CssBA and dscyCssAB fusions through deletion of the N-terminal donor
strand and/or incorporation of heterologous donor strand complementation of the C-terminal protein.
The CssA protein is denoted in solid blue shading, the CssB protein is in solid red shading, the donor
strand of CssA is in blue diagonal shading, the donor strand of CssB is in red diagonal shading, the DNKQ
linker sequence is in black shading, and the hexahistidine tag is in green shading. (B and C) SDS-PAGE
(B) and anti-CS6 Western blot (C) analyses of refined CssAB and CssBA fusion proteins. Lane 1, dsc;CssAB;
lane 2, dsc,CssAB; lane 3, ntd_dsc,CssAB; lane 4, ntd_dsc,CssAB; lane 5, dsc,CssBA; lane 6, dscyCssBA;
lane 7, ntd_dscgCssBA; lane 8, ntd_dsc,CssBA. Anti-CS6 sera were used at a concentration of 1:106.

comparison to CS6 protein in the presence or absence of the adjuvant LTR192G when
administered by the intradermal (i.d.) route. An enzyme-linked immunosorbent assay
(ELISA) was used to measure the levels of anti-CS6, anti-CssB, and anti-CssA IgG
antibodies (Abs) as well as serum anti-CS6 IgA Abs. Mice did not have detectable Ab
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FIG 4 Size exclusion HPLC analysis of refined dscgCssAB (A) and dsc,CssBA (B) fusions.
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Serum anti-CS6 IgG titer (Logg)

Serum anti-CssB IgG titer (Log()

Serum anti-CssA IgG titer (Log4g)

Serum anti-CS6 IgA titer (Logq)

CSé dscgCssB  dscyCssA dscgCssBB dsc,CssAA dsc,CssBA dscgCssAB

FIG 5 Immunogenicity of CS6 subunit-based monomers and dimers. Groups of 10 BALB/c mice were immunized
three times, 2 weeks apart, by the i.d. route with 25 ug of each protein (CS6 or monomers or dimers of CS6 subunits
CssA and/or CssB) with or without LTR192G as an adjuvant. Data are shown as means and SD of the log,,-
transformed titers for each group, on day 42, 2 weeks after the last immunization. Baseline levels, before the first
immunization, were below the limit of detection (LOD) for the assays for all mice and are not shown in the graph.
The dotted horizontal line indicates the LOD (1:50 or 10"7). (A) Serum anti-CS6 1gG Ab titers; (B) serum anti-CssB
IgG Ab titers; (C) serum anti-CssA IgG Ab titers; (D) serum anti-CS6 IgA Ab titers. Black columns, protein plus
LTR192G; white columns, protein alone. *, P < 0.05.

titers against CS6, CssB, or CssA at baseling, i.e., before the first immunization (data not
shown). After three immunizations, on day 42, the monomer dscgCssB and the dimers
dscgCssBB, dsc,CssBA, and dscgCssAB, all homologous donor strand-complemented,
elicited levels of serum anti-CS6 IgG Ab comparable to those elicited by CS6 (Fig. 5A).
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The monomer of CssA (dsc,CssA) failed to elicit anti-CS6 Abs, while the dimer (dsc,C-
ssAA) induced only modest levels, which were significantly lower than those elicited by
CS6, dsc,CssBA, or dscgCssAB (P < 0.05). Similar antibody responses against CssB were
observed, with the exception that no IgG anti-CssB response was detected for either the
monomer or dimer of CssA (Fig. 5B). Evaluation of anti-CssA Ab responses revealed that
only the heterodimers dsc,CssBA and dscgCssAB were able to elicit anti-CssA 1gG Ab
levels comparable to those observed with CS6, while dsc,CssAA promoted only a
modest response (Fig. 5C). Anti-CS6 IgA Ab levels were similar among the groups
immunized with CS6, dscgCssB, dsc,CssBA, and dscgCssBA (Fig. 5D), while responses
were below the limit of detection (LOD) for groups immunized with dsc,CssA and
dsc,CssAA. For all parameters, the addition of the adjuvant LTR192G significantly
increased the levels of antibodies observed (P < 0.05). Of note, we have not observed
CF-specific antibody responses in animals immunized by the intradermal route with
LTR192G only (data not shown).

A second mouse study focused on evaluating the heterotrimeric CS6 subunits. The
homologous donor strand-complemented heterodimer dscgCssAB, which promoted
high levels of anti-CS6, -CssB, and -CssA 1gG Abs in the first experiment, was used as a
positive control, along with the CS6 protein. In addition, due to the significant increase
in antibody titers observed in the previous study with the use of LTR192G, all proteins
were coadministered by the i.d. route with this adjuvant in order to maximize the
responses. All of the trimers, as well as the dscgCssAB control, promoted levels of serum
anti-CS6 IgG Abs comparable to those observed with CS6 (Fig. 6A). Moreover, anti-CS6
antibody responses were comparable among the trimers, except for dscgCssBAB, which
elicited anti-CS6 1gG levels significantly lower than those elicited by dsc,CssABA
(P < 0.05). Most trimers also elicited an anti-CssB IgG Ab response that was comparable
to the CS6 response, except for dscy;CssABB, which elicited a significantly higher
response (P < 0.05) (Fig. 6B). Anti-CssA Ab responses were more variable. Specifically,
dscgCssBAB and dsc,CssBBA induced levels of anti-CssA IgG Ab that were significantly
lower than those observed with the CS6 protein (P < 0.05) (Fig. 6C). All proteins tested
induced similar serum anti-CS6 IgA Ab levels (Fig. 6D). Consistent with data from the
first study, the heterodimer dscz;CssAB (positive control) elicited responses comparable
to those observed with CS6 across all parameters.

A third mouse study assessed the immunogenicity of the refined CS6 subunit
dimers. For this study, animals were immunized intradermally with 10 ug of each
protein, since parallel experiments demonstrated that doses of 10 and 25 ug gave
comparable results (data not shown). This study incorporated the two modifications
delineated above: (i) the molecules were stabilized by a heterologous donor strand,
and (ii) the N-terminal chain was deleted to avoid intermolecular multimerization of
the dimers. Animals immunized with CS6, dscgCssAB, and dsc,CssBA were included
as controls. In comparison to the first and second mouse studies, where immuni-
zation with CS6 protein elicited anti-CS6 IgG Ab titers (log,,) of 5.0 = 0.15 (Fig. 5A)
and 5.5 = 0.32 (Fig. 6A) (means = standard deviations [SD]), respectively, here we
observed slightly reduced antibody levels, i.e.,, 4.4 = 0.19 (Fig. 7A). In the same
three studies, dsc;CssAB reproducibly induced similar levels of anti-CS6 IgG Ab:
5.37 = 0.24, 5.67 = 0.21, and 5.15 = 0.24. Hence, likely due to the weaker perfor-
mance of CS6 in this study, the anti-CS6 IgG Ab titers promoted by all of the dimers
are significantly higher than those observed with CS6 (P < 0.05) (Fig. 7A). Compared
among themselves, all dimers elicited similar anti-CS6 IgG Ab titers. In addition, all
of them induced high anti-CssB and anti-CssA IgG Ab titers (Fig. 7B) and promoted
modest serum anti-CS6 IgA Ab titers (Fig. 7C). Overall, the serological response
induced by the CS6 subunit trimers did not outperform the response observed with
the CssAB and CssBA dimers, suggesting that the latter is sufficient in inducing a
robust anti-CS6 response.

Evaluation of anti-CS6 functional neutralizing antibodies. Pools of sera from
mice immunized with CS6-based subunit vaccine candidates were assayed for their
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Serum anti-CS6 IgG titer (Log+q)

Serum anti-CssB IgG titer (Logq)

Serum anti-CssA IgG titer (Logo)

Serum anti-CS6 IgA titer (Logq)

CS6 dscg dscp dscp dscg dscp dscg PBS
CssBAB CssBAA CssBBA CssABB CssABA CssAB

FIG 6 Immunogenicity of CS6 subunit-based trimers. Groups of 10 BALB/c mice were immunized three
times, 2 weeks apart, by the i.d. route with 25 ug of each protein (CS6 or dimers or trimers of CS6
subunits CssA and CssB) plus LTR192G or PBS. Data are shown as means and SD of the log, ,-transformed
titers for each group on day 42. Baseline levels, before the first immunization, were below the LOD for
the assays for all mice and are not shown. The dotted horizontal line indicates the LOD for the assay (1:50
or 10"7). (A) Serum anti-CS6 IgG Ab titers; (B) serum anti-CssB IgG Ab titers; (C) serum anti-CssA 1gG Ab
titers; (D) serum anti-CS6 IgA Ab titers. *, P < 0.05.

capacity to inhibit the binding of a CS6-positive (CS6™) ETEC strain to HT-29 cells in vitro
as a measure of functional Abs. The results clearly show that immunization with the CS6
protein elicited anti-CS6 Abs that were able to neutralize bacterial adherence to the
HT-29 cell line (average, 91.6%) (Fig. 8). Moreover, any recombinant protein, or
fusion, containing the CssB subunit also elicited comparable high levels of anti-CS6
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Serum anti-CS6 IgG titer (Log,()

Il CssB
61 [ CssA

Serum anti-CssB/A IgG titer (Log4o)

Serum anti-CS6 IgA titer (Log,)

CS6 dscg dscp, ntd_dscg ntd_dsc, dscp dscg ntd_dsc, ntd_dscg PBS
CssAB CssAB CssAB CssAB CssBA CssBA CssBA CssBA

FIG 7 Immunogenicity of refined CS6 subunit-based dimeric proteins. Groups of eight BALB/c mice were immunized three
times, 2 weeks apart, by the i.d. route with 10 ug of each protein (CS6 or dimers of CS6 subunits CssA and/or CssB) plus
LTR192G or PBS. Assays were performed with day 42 sera. The dotted horizontal line indicates the LOD for the assay (1:50
or 10'7). (A) Serum anti-CS6 IgG Ab titers. Data are shown as means and SD of the log,-transformed titers for each group.
(B) Serum anti-CssB IgG Ab titers. Groups were assayed in pools. (C) Serum anti-CssA IgA Ab titers. Groups were assayed
in pools. *, P < 0.05.

neutralizing Abs (86.8 to 92.9% inhibition). In contrast, the monomer or homodimer of
CssA (i.e., CssA and CssAA) generated significantly lower neutralizing Ab responses than
any of the groups immunized with the CS6 protein (20.9% and 38.0%, respectively).

DISCUSSION

CS6 is a prevalent CF expressed by ETEC strains and is of special interest for a
multivalent ETEC vaccine approach, as it is found globally in approximately 20% of
clinically isolated ETEC strains (13, 22). CS6 is a polymeric structure consisting of two
major structural subunits, CssA and CssB, with both having potential host intestinal
binding activities (24, 25). Thus, the incorporation of both proteins into an adhesin-
based ETEC vaccine may be required. Therefore, using various combinations and
formulations of CssA and/or CssB, we aimed to maximize antigenicity, stability, and
yield in order to identify an optimal composition for a CS6-derived vaccine candidate
that could be incorporated into a multivalent subunit vaccine strategy targeting ETEC.

Adapting a similar donor strand complementation strategy that we used previously
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FIG 8 Serum-mediated inhibition of bacterial adherence. Pools of sera from mice immunized with CS6-based vaccine
candidates (n =8 to 10/pool) were assayed for the quantification of anti-CS6 functional neutralizing antibodies in an
HT-29-CS6+ ETEC in vitro assay. Pools were prepared with day 42 sera from mice immunized with CS6 protein and
monomers and dimers of CS6 subunits (evaluated in the first mouse experiment), CS6 protein and trimers of the CS6
subunits (evaluated in the second mouse experiment), and redesigned dimers of CS6 subunits (evaluated in the third
mouse experiment). In the same assay, a pool of sera from PBS-immunized mice was also assayed, and the results from
that pool were used to normalize the results as 100% binding (“zero” inhibition; 1.81 X 10° = 0.54 X 10° CFU bacteria
recovered [means = SD]). Bars indicate intraexperimental means = SD of data from evaluations performed in triplicate. *,
P < 0.05 (compared to CS6 [first study]).

in designing a stable recombinant form of the ETEC CFA/l adhesin CfaE (27), we
produced a panel of various in cis donor strand-complemented CS6 dimeric and
trimeric subunit fusions constructed from combinations of the CssA and CssB subunits.
The most stable fusions were those in which the C-terminal CS6 subunit was comple-
mented with a heterologous donor strand, derived from the sister subunit, as opposed
to one derived from itself.

Concurrent with our efforts, Roy et al. demonstrated, both experimentally and
through structural determination, that heterologous donor strand complementation of
CS6 subunits is chemically and energetically preferred and that CS6 is a polymer
consisting of alternating CssA and CssB subunits (29). The results presented in this
study lend further support to these findings.

The immunological downselection of our proteins was based on two criteria: (i) the
robustness of the anti-CS6 IgG and IgA response induced in the serum of immunized
mice and (ii) the generation of significant serum immune responses to both CssA and
CssB, as both proteins may play a role in adhesion to host intestinal cells. We observed
that while the monomer and dimer of CssB were able to elicit anti-CS6 1gG levels
comparable to those observed with CS6, the CssA monomer failed to induce a
detectable anti-CS6 response, and dimeric CssAA induced only a mediocre response.
Both heterodimers, CssAB and CssBA, elicited anti-CS6 IgG levels comparable to or
higher than those observed with CS6. All of the proteins studied, with the exception of
CssA and the CssAA dimer, elicited comparable serum antibody titers against CssB.
Finally, only CS6 and the heterodimers (CssAB and CssBA) were able to elicit high
anti-CssA responses. Compared to the heterodimers, the incorporation of more than
two CS6 subunits into a fusion protein did not lead to an increase in serum antibody
responses against CS6, CssB, or CssA. Taken together, our results show that although
CssB and CssBB elicited a robust anti-CS6 serum response, only the heterodimers
(CssAB and CssBA) were able to generate strong responses against CS6, CssA, and CssB.

BLAST(P) analysis of the amino acid sequences of native CssA and CssB from ETEC
strain E8775 shows that they share only limited sequence similarity (~30% identity);
hence, it is likely that they elicit a different repertoire of unique antibodies. This could
explain why dscgCssB (and dscyCssBB) induced anti-CssB responses but not anti-CssA
responses. In contrast, the monomer dsc,CssA failed to generate serum antibody
responses against itself, and only modest antibody levels were observed with dimeric
dsc,CssAA. These observations could be explained by (i) misfolding and/or (ii) an
inherent low immunogenicity of the dsc,CssA protein. Our biochemical characteriza-
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tion supports that the proteins, including dsc,CssA, were appropriately folded. More-
over, high levels of responses were measured against the dsc,CssA protein using
antisera generated against CS6, suggesting that the protein was folded with immuno-
genic epitopes properly displayed. Thus, it appears that the weak immunogenicity of
the dsc,CssA protein in mice is an inherent property of the protein. Of note, in silico
predictions for CssA and CssB proteins indicate that both proteins display similar
numbers of possible B cell epitopes, providing no structural rationale as to why CssA is
less immunogenic than CssB (see Fig. S1 in the supplemental material). In addition,
dimeric dsc,CssAA was able to elicit modest anti-CssA titers, indicating that the
anti-CssA immunogenicity is partially dependent on the association with another
subunit, which has been suggested previously (23). This hypothesis is further supported
by the fact that CssAB and CssBA heterodimers were able to elicit high levels of
anti-CssA antibodies.

To determine whether the extension of the heterodimers would enhance immune
responses, we constructed and evaluated CS6 subunit heterotrimers. Several iterations
of CssA and CssB trimers were manufactured and used to immunize mice i.d. with
LTR192G as an adjuvant. In general, the anti-CS6 IgG titers elicited by the trimers were
comparable to those elicited by the CS6 protein and by the CssAB and CssBA het-
erodimers. Similar immune responses against CssB and CssA were also observed.
Moreover, comparable anti-CS6 IgA titers were observed with all proteins tested. These
results indicated that the inclusion of a third subunit, either CssA or CssB, did not
enhance the immune response against CS6. Trimers, and possibly tetramers, of CssA
and CssB as anti-CS6 vaccine candidates could be interesting approaches if the allelic
variations identified in CS6 proteins (26) need to be incorporated into the vaccine.

Our final evaluations readdressed heterodimers (dscCssBA/dscCssAB) as the best
candidates to elicit anti-CS6, anti-CssB, and anti-CssA responses. We compared the
original heterodimers to the redesigned proteins where the homologous donor strand
was replaced by a heterologous version, which increased stability. Our evaluations
showed that all heterodimers tested were able to elicit high levels of anti-CS6 I1gG
antibodies as well as anti-CssA and -CssB responses. These results demonstrated that
although the heterologous donor strand improved stability, it did not lead to discern-
ible immunogenic differences compared to the original homologous donor strand
versions.

Cell-based methodologies have been explored for the evaluation of functional
anti-CS6 Abs (24, 31). We employed a recently developed cell binding assay to
investigate the capacity of the proteins to generate anti-CS6 Abs that could inhibit the
binding of a CS6™ ETEC strain (32) to the HT-29 cell line in vitro. Immunization with the
monomer or homodimer of CssA (i.e., dscCssA and dscCssAA) elicited only marginal
levels of inhibition, which seem to correlate with the weak immunogenicity of the
protein and the low anti-CS6 IgG Ab titers observed by ELISAs. In contrast, all candi-
dates with at least one copy of CssB, including the monomer dscCssB, generated high
levels of anti-CS6 neutralizing Abs, comparable to those elicited by the CS6 protein and
resembling the high anti-CS6 IgG levels measured by ELISAs. Previously, Tobias et al.
(23) and Jansson et al. (25) implicated CssB in the binding mechanism of CS6, while
Ghosal et al. (24) proposed that CssA may play a role in adherence. However, each of
those investigations employed different experimental systems (i.e., different sub-
strates), which could have led to contrasting conclusions. Additionally, it is plausible
that both subunits may be involved in adherence to host intestinal epithelial cells. Here,
we show that serum antibodies against CssB are significantly more effective than those
against CssA in preventing the in vitro binding of a CS6™ ETEC strain to a cell substrate,
likely through binding and interfering with functional sites on the CssB protein. This
could also be explained by the lower anti-CS6 antibody titers induced by CssA immu-
nization. However, immunization with CssB is sufficient in generating a functional
anti-CS6 response similar to that induced by CS6, implying that CssB is critical to
adherence and antigenicity. Overall, we observed that a CS6-derived fusion containing
the CssB protein induced an immune response that resulted in a 10-fold reduction in
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the number of bacteria adhering to the HT-29 cell line, for example, for ntd_dsc,CssBA
(1.62 X 10> CFU) in comparison to the phosphate-buffered saline (PBS) control
(1.81 X 10® CFU). This indicates that an anti-CS6 response can impair the in vitro
binding of a CS6™ ETEC strain to a surrogate cell line for the human intestine. The
degree to which this impairment will translate into protection from diarrhea in immu-
nized human volunteers will need to be assessed in vaccination-challenge clinical trials.

We evaluated numerous iterations of CS6 subunit recombinant proteins and deter-
mined that the heterologous donor strand-complemented CssBA and CssAB fusions
have the most favorable biochemical profile for development as vaccine antigens. Both
antigens are thermally stable and can be purified to homogeneity. The yields for these
proteins, which were at or above 3 mg of protein per g of bacterial cells lysed, were also
acceptable for proceeding into clinical-grade manufacturing. The assessments of im-
munogenicity by an ELISA and functional neutralizing Abs by a cell assay support the
choice of these proteins for further development, as they were able to elicit responses
comparable to those elicited by the CS6 protein. Recently, the efficacy of one of these
proteins, ntd_dscgCssBA, was tested against oral challenge with CS6* ETEC (B7A strain)
in nonhuman primates, i.e., Aotus nancymaae monkeys. The animals responded with
high serum anti-CS6 IgG Ab titers after intradermal immunization with ntd_dscgCssBA
plus LTR192G/L211A (dmLT) as the adjuvant and were protected from diarrhea
(unpublished data). This promising result led to a phase 1 safety-and-
immunogenicity clinical trial, which is currently ongoing (ClinicalTrials.gov registra-
tion no. NCT03404674).

MATERIALS AND METHODS

Plasmid construction. The genes for the donor strand-complemented CS6 subunit monomeric
and fusion proteins were constructed with a hexahistidine (His) tag in the isopropyl-B-b-thiogalacto-
pyranoside (IPTG)-inducible expression vector pET24a(+) (Novagen) as described in Tables S1 and S2 in
the supplemental material. Proteins were expressed in E. coli BL21(DE3). The design of the recombinant
proteins as well as the nomenclature used to identify them are summarized in Fig. 1A and B. The native
leader sequences for these proteins were not included, which allowed for the cytoplasmic expression of
the proteins. The CS6 operon from ETEC strain E8775 (GenBank accession no. U04846.1) was used as the
source for the cssA and cssB structural genes. For simplicity, the names for the fusion proteins were
condensed. For example, CssA-dscCssB, the fusion of dsc;CssB (CssB with the first 16 N-terminal amino
acids of CssB [dscg] fused to its C terminus) to the C terminus of CssA, is abbreviated to dscyCssAB. A
DNKQ tetrapeptide linker provided a bridge between subunit-subunit and subunit-donor strand inter-
faces.

Expression and purification of recombinant proteins. BL21(DE3) expression clones were grown at
37°C with agitation at 200 rpm in 2.8-liter baffled Fernbach flasks containing 1 liter of Select APS
Superbroth (Difco) and 50 pwg/ml kanamycin sulfate. After reaching an optical density at 600 nm (ODg,)
of approximately 0.8, protein expression was induced by the addition of 1 mM IPTG. Cells were harvested
after 3 h of induction by centrifugation. Cell pellets were resuspended in ~100 ml of binding buffer
(20 mM Tris-HCI [pH 7.9], 5 mM imidazole, and 0.5 M sodium chloride [NaCl]) and lysed by microfluidi-
zation (model M-110Y apparatus; Microfluidic Corp., Newton, MA). Cell lysates were applied to a 2-ml
column packed with His-Bind resin (Novagen) using gravity flow. Proteins were eluted from the column
with a buffer containing 20 mM Tris-HCl (pH 7.9), 0.5 M NaCl, and 300 mM imidazole. Fractions containing
the protein were pooled and diluted 20-fold with 20 mM Tris (pH 8.0) before being loaded onto either
a 1-ml or a 2-ml Q-Sepharose Fast Flow column (GE Healthcare). The Q column was washed with a
solution containing 20 mM Tris (pH 8.0) and 50 mM NaCl and eluted stepwise with increasing salt
concentrations (100 mM, 200 mM, and 300 mM). The dsc,CssA and dsc,CssAA proteins were eluted in
the 50 mM NaCl wash step and in the flowthrough of the Q column. For these proteins, the flowthrough
and wash fractions were pooled. All other proteins were eluted from the column using either 100 or
200 mM NaCl, and fractions containing the proteins were pooled. Finally, all proteins were concentrated
and passed through a 0.22-um filter. Endotoxin levels in protein preparations were determined by the
Limulus amebocyte lysate (LAL) gel clot assay using Pyrotell lysate (Associates of Cape Cod Inc., E.
Falmouth, MA) following manufacturer protocol.

Recombinant CS6 (CS6) prepared from an E. coli expression strain containing the CS6 operon from
ETEC strain E8775 was kindly provided by the Walter Reed Army Institute of Research (WRAIR) (17).

SDS-PAGE and immunodetection of CS6-derived recombinant proteins. For each recombinant
protein preparation, 3 to 5 ug of protein was separated on a 15% SDS-PAGE gel along with a Precision
Plus protein dual-color standard (Bio-Rad, Hercules, CA) and stained using GelCode blue stain reagent
(Thermo Fisher Scientific, Waltham, MA). The purity of each protein was determined by densitometric
analysis of the protein samples separated on the SDS-PAGE gel. The reactivity of proteins to anti-CS6
antibodies was analyzed by Western blotting using antisera at either a 1:10° or 1:10¢ dilution. Rabbit
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polyclonal antiserum was previously prepared against CS6, and rabbit immunizations and antiserum
collection were performed by Harlan Bioproducts for Science, Inc. (Indianapolis, IN).

High-performance size exclusion chromatography. A TSKgel G2000SWx! size exclusion column
(Tosoh Bioscience, King of Prussia, PA) was equilibrated with a solution containing 0.1 M sodium
phosphate and 0.1 M sodium sulfate (pH 6.7) at a flow rate of 0.5 ml/min. Purified recombinant proteins
and a gel filtration standard (Bio-Rad, Hercules, CA) were applied to the column and eluted under the
same conditions. Eluted proteins were observed by monitoring the absorbance of the eluate at 280 nm.

Molecular weight determination by HPLC-SEC analysis was performed on a Viscotek GPC/SEC system
consisting of a GPCmax integrated autosampler-pump-degasser module, a VE2501 UV detector, and a
TDA 302-050 triple-detector array comprising two laser light scattering detectors (right-angle and
low-angle laser light scattering) and a viscometer in a series (Malvern Instruments, Worcestershire, UK).
A Sup-Rs Stabitherm column oven (Prolabo, France) was used to maintain column temperature. OmniSEC
4.1 software (Malvern Instruments) was used for the acquisition and analysis of SEC data. The system was
equipped with a TSKgel G3000 PWXL column (5 um, 7.8-mm internal diameter by 30-cm length; Tosoh
Biosciences). The mobile phase consisted of phosphate-buffered saline (PBS) (pH 7.4). The flow rate was
0.6 ml/min at a column temperature of 30°C. Samples were injected at a theoretical concentration of
500 wg/ml under a volume of 100 ul. The different detectors were calibrated by injecting pullulan
standards of a defined molecular weight (M,,) and of a known concentration to calculate the mass
constant for the refractometer, the constant for the viscometer, and constants for each of the two light
scattering detectors. Column void volume (V,) and total column volume (V,) were determined by
injecting DNA and sucrose standards, respectively. Molecular weights at the peak and weight-average
molecular weights of the pullulan standards were provided by the supplier, Malvern Instruments. The
M,,s of the polymer samples were calculated from the light scattering intensity signal (LS) according to
the equation LS = K¢ (dn/dc)?> M,, C, where K| is the instrument calibration constant, C is the solution
concentration, and dn/dc is the refractive index increment. The dn/dc value was taken from the literature.

Differential scanning calorimetry. Differential scanning calorimetry (DSC) measurements were
performed using a VP-DSC microcalorimeter (MicroCal, Inc., Piscataway, NJ). DSC thermograms of each
protein were recorded in PBS (pH 7.4) from 5°C to 110°C at a scan rate of 200°C per h (filtering period
of 10s, prescan thermostat of 5min, and postscan thermostat of 0 min). Baseline correction was
performed by subtracting the buffer thermograms obtained under identical conditions. The data were
analyzed using MicroCal Origin 7.0 software (OriginLab Corp., Northampton, MA), assuming a non-two-
state unfolding model.

Mouse immunization and sample collection. Animal studies involving mice were reviewed and
approved by the Walter Reed Army Institute of Research/Naval Medical Research Center Institutional
Animal Care and Use Committee in compliance with all applicable Federal regulations governing the
protection of animals in research. Female BALB/c mice (8 to 10/group), aged 6 to 8 weeks (The Jackson
Laboratory, Bar Harbor, ME), were housed in laminar flow cages for 7 days before use. Food and water
were provided ad libitum. Three experiments were performed to evaluate the serological responses to
immunization with CS6 or iterations of CS6 subunits (monomers, homo- and heterodimers, and trimers
described above). Ten to twenty-five micrograms of each protein was administered via the intradermal
(i.d.) route, with or without LTR192G as an adjuvant (100 ng per dose). Immunizations were performed
on day 0, day 14, and day 28. One day prior to immunization, mice were restrained, and the dorsal surface
of each animal was shaved using an electric clipper. i.d. immunizations were delivered in 20 ul/dose
using a 31-gauge needle fitted to a 1-ml syringe inserted almost parallel to the skin. After delivery, the
syringe was removed quickly; a bleb at the site of injection indicated a proper i.d. delivery of the
formulation. Each of three doses was administered in a different quadrant on the animal’s dorsum. Blood
was sampled prior to the first immunization (day 0) and approximately 2 weeks after each immunization
(day 14, day 28, and day 42). On day 42, animals were anesthetized with ketamine-xylazine (Phoenix
Scientific, Inc., St. Josephs, MO), exsanguinated by cardiac puncture with a 25-gauge needle fitted to a
1-ml syringe, and euthanized by cervical dislocation. Blood was centrifuged at 400 X g at 4°C for 15 min,
and the separated serum was stored at —20°C until use.

Evaluation of the serum antibody response by an ELISA. Mouse sera were evaluated for IgG and
IgA anti-CS6, -CssB, and -CssA antibody (Ab) titers by ELISAs. Duplicate assays were performed with
individual samples except where otherwise indicated (i.e., in pools). Antigen (Ag)-specific IgG and IgA
ELISAs were performed on Nunc MicroWell and Nunc MicroWell MaxiSorp 96-well plates, respectively
(Thermo Scientific, Rochester, NY). Plates were coated with CS6, dscgCssB, or dsc,CssA at 1.0 ug/ml (IgG)
or 2.0 ug/ml (IgA) in carbonate buffer. Plates were coated with a volume of 100 wl/well for 1 h at 37°C,
followed by overnight incubation at +4°C for IgG assays or overnight incubation at 37°C for IgA assays.
After three washes with PBS-T (0.05% Tween 20 [Sigma-Aldrich]-PBS), all plates were blocked with
200 pl/well of 5% nonfat milk (Sigma-Aldrich) in PBS-T for 1 h at 37°C in a humidified chamber. After
three washes with PBS-T, serum samples were added at a starting dilution of 1:50 in 1% nonfat
milk-PBS-T, followed by a 3-fold serial dilution, and incubated for 1.5 h at room temperature (RT). Plates
were washed 5 times with PBS-T, followed by the addition of peroxidase-conjugated goat anti-mouse
IgG(H+L) (KPL, Gaithersburg, MD) at a 1:1,000 dilution or biotin-labeled goat anti-mouse IgA (KPL) at a
1:1,000 dilution in 1% nonfat milk-PBS-T for 1.5 h at 37°C in a humidified chamber. IgG plates were
developed by the addition of orthophenylenediamine (OPD) substrate for 20 min at RT, while IgA assays
were developed with 1-Step Ultra TMB (3,3',5,5'-tetramethylbenzidine; Fisher Scientific, Waltham, MA) for
30 min at RT and stopped according to the manufacturer’s directions. The OD was measured at 450 nm
using a Multiskan EX ELISA reader with Ascent software (Thermo Scientific). The cutoff for each plate was
set at 0.4 U above the averaged background OD. A linear regression was fitted to the experimental data.
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The endpoint titer was determined as the reciprocal of the interpolated sample dilution that intersected
with the cutoff and was log,, transformed. The average from duplicate assays was calculated as the final
result. Based on the first serum dilution, the limit of detection (LOD) for all assays was established as 1:50
(indicated in the graphs by a horizontal line at 1.7). For computational purposes, serum samples with
maximal ODs below the cutoff were assigned a value of one-half of the lowest dilution (i.e., 1:25) and are
shown in the graphs as 1.4.

Cell binding inhibition assay. Pools of sera from selected groups immunized with CS6-based
vaccine candidates previously evaluated by ELISAs were prepared and assayed for the quantification of
anti-CS6 functional neutralizing antibodies (see Fig. 8 for sample details) in a recently developed cell
assay, as follows. HT-29 (ATCC HTB-38) cells, propagated in Dulbecco’s modified Eagle’s medium, were
seeded into 48-well plates at 4 X 10° cells/well and grown overnight at 37°C with 5% CO,. Cells should
be at approximately 95% confluence by the time of the assay. For the assay, the bacterial broth culture
of CS6* ETEC strain 214-4 (32), grown statically for 24 h, was diluted to 2 X 108 bacteria/ml. A volume of
800 wl of the diluted bacteria was incubated with 80 ul of each mouse test serum as well as control
serum (1:10 dilution of serum), with rotation for 1 h at 37°C. After incubation, 250 ul of the bacterium-
antibody mix was added to each of 3 wells of HT-29 cells and incubated at 37°C with 5% CO, for 1.5 h.
Given that HT-29 cells grow by about 85% after overnight incubation (95% confluence), the multiplicity
of infection (MOI) by the time of the assay is approximately 67:1. The cells were washed with 500 ul per
well of 1X DPBS (Dulbecco’s phosphate-buffered saline) (Corning) three times with vigorous shaking
(200 rpm) for 5 min. The cells were lysed with 1% Triton X-100, serially diluted, and spot plated to
enumerate attached bacteria. The percentage of bacterial binding inhibition for each pool sample was
calculated using the average of bacteria enumerated in PBS control groups as 100% binding (i.e., “zero”
inhibition), as follows: 100% — [(no. of bacteriasa™rle/no. of bacteriaP8s) X 100%].

Statistical analysis. Comparisons between animal groups were analyzed by one-way analysis of
variance (ANOVA) with Bonferroni’s multiple-comparison test, and significance was assessed at P values
of <0.05 throughout the study. All statistical analyses were performed using GraphPad Prism version 6
(GraphPad Software, San Diego, CA).
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