View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Digital Commons@Becker

Washington University School of Medicine
Digital Commons@Becker

Open Access Publications

2018

Engineered dengue virus domain III proteins elicit
cross—neutralizing antibody responses in mice

Julia C. Frei
Albert Einstein College of Medicine

Ariel S. Wirchnianski
Albert Einstein College of Medicine

Jennifer Govero
Washington University School of Medicine in St. Louis

Olivia Vergnolle
Albert Einstein College of Medicine

Kimberly A. Dowd
National Institutes of Health

See next page for additional authors

Follow this and additional works at: https://digitalcommons.wustl.edu/open_access pubs

Recommended Citation

Frei, Julia C.; Wirchnianski, Ariel S.; Govero, Jennifer; Vergnolle, Olivia; Dowd, Kimberly A.; Pierson, Theodore C.; Kielian, Margaret;
Girvin, Mark E.; Diamond, Michael S.; and Lai, Jonathan R., ,"Engineered dengue virus domain III proteins elicit cross-neutralizing
antibody responses in mice." Journal of Virology.92,18. €01023-18. (2018).
https://digitalcommons.wustl.edu/open_access_pubs/7088

This Open Access Publication is brought to you for free and open access by Digital Commons@Becker. It has been accepted for inclusion in Open

Access Publications by an authorized administrator of Digital Commons@Becker. For more information, please contact engeszer@wustl.edu.


https://core.ac.uk/display/212866291?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
https://digitalcommons.wustl.edu?utm_source=digitalcommons.wustl.edu%2Fopen_access_pubs%2F7088&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.wustl.edu/open_access_pubs?utm_source=digitalcommons.wustl.edu%2Fopen_access_pubs%2F7088&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.wustl.edu/open_access_pubs?utm_source=digitalcommons.wustl.edu%2Fopen_access_pubs%2F7088&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:engeszer@wustl.edu

Authors
Julia C. Frei, Ariel S. Wirchnianski, Jennifer Govero, Olivia Vergnolle, Kimberly A. Dowd, Theodore C.
Pierson, Margaret Kielian, Mark E. Girvin, Michael S. Diamond, and Jonathan R. Lai

This open access publication is available at Digital Commons@Becker: https://digitalcommons.wustl.edu/open_access_pubs/7088


https://digitalcommons.wustl.edu/open_access_pubs/7088?utm_source=digitalcommons.wustl.edu%2Fopen_access_pubs%2F7088&utm_medium=PDF&utm_campaign=PDFCoverPages

‘é AMERICAN Journal of
SOCIETY FOR 3 ®
— MICROBIOLOGY Virology

VACCINES AND ANTIVIRAL AGENTS

Check for
updates

Engineered Dengue Virus Domain lll Proteins Elicit Cross-

Neutralizing Antibody Responses in Mice

Julia C. Frei,2 Ariel S. Wirchnianski,® Jennifer Govero,? Olivia Vergnolle,2 Kimberly A. Dowd,’ Theodore C. Pierson,f

Margaret Kielian,© Mark E. Girvin,® Michael S. Diamond,><-¢ Jonathan R. Lai®

2Department of Biochemistry, Albert Einstein College of Medicine, Bronx, New York, USA
PDepartment of Medicine, Washington University in St. Louis School of Medicine, St. Louis, Missouri, USA
“Department of Cell Biology, Albert Einstein College of Medicine, Bronx, New York, USA

dDepartment of Molecular Microbiology, Washington University in St. Louis School of Medicine, St. Louis,
Missouri, USA

eDepartment of Pathology and Immunology, Washington University in St. Louis School of Medicine, St. Louis,
Missouri, USA

fViral Pathogenesis Section, National Institute of Allergy and Infectious Diseases, National Institutes of Health,
Bethesda, Maryland, USA

ABSTRACT Dengue virus is the most globally prevalent mosquito-transmitted vi-
rus. Primary infection with one of four cocirculating serotypes (DENV-1 to -4)
causes a febrile illness, but secondary infection with a heterologous serotype can
result in severe disease, due in part to antibody-dependent enhancement of in-
fection (ADE). In ADE, cross-reactive but nonneutralizing antibodies, or subpro-
tective levels of neutralizing antibodies, promote uptake of antibody-opsonized
virus in Fc-y receptor-positive cells. Thus, elicitation of broadly neutralizing anti-
bodies (bNAbs), but not nonneutralizing antibodies, is desirable for dengue vac-
cine development. Domain Il of the envelope glycoprotein (EDIII) is targeted by
bNAbs and thus is an attractive immunogen. However, immunization with EDIII
results in sera with limited neutralization breadth. We developed “resurfaced”
EDIIl immunogens (rsDIlls) in which the A/G strand epitope that is targeted by
bNAb 4E11 is maintained but less desirable epitopes are masked. RsDllls bound
4E11, but not serotype-specific or nonneutralizing antibodies. One rsDIIl and, un-
expectedly, wild-type (WT) DENV-2 EDIII elicited cross-neutralizing antibody re-
sponses against DENV-1 to -3 in mice. While these sera were cross-neutralizing,
they were not sufficiently potent to protect AG129 immunocompromised mice at
a dose of 200 ul (50% focus reduction neutralization titer [FRNT;,], ~1:60 to
1:130) against mouse-adapted DENV-2. Our results provide insight into immuno-
gen design strategies based on EDIII.

IMPORTANCE Dengue virus causes approximately 390 million infections per year.
Primary infection by one serotype causes a self-limiting febrile illness, but secondary
infection by a heterologous serotype can result in severe dengue syndrome, which
is characterized by hemorrhagic fever and shock syndrome. This severe disease is
thought to arise because of cross-reactive, non- or poorly neutralizing antibodies
from the primary infection that are present in serum at the time of secondary infec-
tion. These cross-reactive antibodies enhance the infection rather than controlling it.
Therefore, induction of a broadly and potently neutralizing antibody response is de-
sirable for dengue vaccine development. Here, we explore a novel strategy for de-
veloping immunogens based on domain lll of the E glycoprotein, where undesirable
epitopes (nonneutralizing or nonconserved) are masked by mutation. This work pro-
vides fundamental insight into the immune response to domain Ill that can be lever-
aged for future immunogen design.
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engue virus (DENV) is a member of the family Flaviviridae and is related to other

globally important pathogens, such as yellow fever (YFV), West Nile (WNV), and
Zika (ZIKV) viruses. Annually, there are an estimated 390 million DENV infections, with
a case fatality rate of <1% (1, 2). There are four serotypes of DENV (DENV-1 to -4), which
cocirculate in regions of endemicity and are transmitted by Aedes aegypti and Aedes
albopictus mosquitoes (1, 3). Primary infection with DENV often results in a self-limited
febrile illness, with lifelong immunity established against the infecting serotype and
transient (e.g., approximately 6-month) cross-protection against the other three sero-
types. After cross-protection wanes, a secondary infection with a different serotype can
result in severe dengue syndrome, which is characterized by vascular leakage, bleeding,
and hypotensive shock (4, 5). This enhancement during secondary DENV exposure is
due, in part, to antibody-dependent enhancement of infection (ADE). ADE is a phe-
nomenon in which antibodies that arise during the primary infection are cross-reactive
with the heterologous serotypes and thus bind to the virus but are nonneutralizing.
Antibody-coated virus particles are more readily internalized by Fcry receptor-positive
myeloid cells, resulting in increased infection, viremia, and proinflammatory cytokine
production, which ultimately lead to severe disease (5-7). Thus, it is considered highly
desirable for DENV vaccines to elicit balanced and broadly neutralizing antibody
responses against all four serotypes to minimize the possibility of ADE (5, 8).

A safe and effective DENV vaccine is a high global priority (9). Sanofi Pasteur licensed
the first DENV vaccine; CYD-17D (Dengvaxia) is a chimeric, live-attenuated, tetravalent
vaccine in which the glycoproteins of each DENV serotype are cloned in a backbone of
the YFV 17D vaccine strain genome (10). The overall efficacy of CYD-17D was demon-
strated to be approximately 60%; however, the efficacy against each serotype varied
and was particularly low for DENV-2 (11, 12). CYD-17D efficacy depends on the DENV
immune status prior to vaccination, with seronegative patients demonstrating much
lower protective efficacy than seropositive patients (8, 10, 13). Indeed, recently pub-
lished data from the phase 4 postmarketing study of CYD-17D revealed greater
symptomatic DENV disease in a minority of naive individuals who were vaccinated and
subsequently naturally infected (14, 15). Another live-attenuated tetravalent vaccine
candidate, TV005, was recently shown to induce high levels of neutralizing antibody
against all four serotypes in phase 2 trials, although it is currently unknown how
sustained these titers will be over time (16).

Protein immunogens consisting of antigenic regions of the DENV glycoprotein E,
which coat the mature virion and are the dominant targets of neutralizing antibodies,
present an attractive alternative approach for vaccine discovery (17). Prefusion E exists
as a homodimer and contains three ectodomains: domain | (EDI) serves as a molecular
hinge between domains Il and Il (EDIl and EDIII), EDII is the dimerization domain and
contains the fusion loop at its distal end, and EDIIl is an Ig-like domain implicated in
binding host cell surface receptors (Fig. 1A) (18-20). Antibodies targeting the highly
conserved fusion loop in EDII have broad cross-reactivity but variable neutralizing
potentials (21), with the exception of the highly neutralizing E dimer epitope antibod-
ies, which recognize a quaternary epitope that includes the fusion loop (22, 23).

EDIIl is a target of many antibodies, including serotype-specific neutralizing mono-
clonal antibodies (MAbs), such as 3H5, which binds the lateral ridge/FG loop, and
cross-reactive, nonneutralizing MAbs, such as 2H12 and WNV-E111, that bind the AB
loop, as well as broadly neutralizing antibodies (bNAbs), such as 4E11 and 1A1D-2, that
engage a discontinuous epitope encompassing residues of the A and G strands (24-32).
Both 4E11 and 1A1D-2 (both murine) bind and neutralize DENV-1 to -3 strongly, with
4E11 showing additional modest inhibitory activity against DENV-4 (25, 27, 33). Struc-
tural studies of TATD-2 and 4E11 in complex with EDIII indicated that the difference in
neutralization breadth of these two MAbs was due to a shift in the epitope on EDIII,
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FIG 1 Rs-Dllls demonstrate favorable binding to DENV MAbs. (A) Domain organization of prefusion homodimeric E glycoprotein. One
subunit is color coded by domain (EDI, red; EDII, yellow; and EDIII, blue); the other subunit is shown in gray. DENV-2 is shown as an
example from Protein Data Bank (PDB) ID 1T0AN (19). (B) Overlay of DENV-1 to -4 EDIIIs bound to the single-chain variable fragment (scFv)
of 4E11 from PDB ID 3UZQ, 3UZV, 3UZE, and 3UYP (27). (C) The red spheres indicate library positions on DENV-2 EDIII that were allowed
to vary in phage libraries (PDB ID 3UZV [27]). The inset shows the orientation of EDIII, with the A and G strands highlighted. (D) Sequence
of rsDIIl at the randomized positions. Red indicates substitutions with alanine or serine, and orange indicates other possible substitutions.
(E) Reactivity profiles of phage expressing WT DENV-2 EDIII and rsDllls toward a panel of DENV MAbs: 2H12 and WNV-E111 (AB loop), 3H5
(FG loop), and M2 (FLAG). Wells coated with BSA served as a negative control. The data are from two experiments performed in duplicate
and are plotted as means and standard deviations (SD).

with the TA1D-2 epitope shifted toward the A strand and the 4E11 epitope centered
over the A/G strands (Fig. 1B). 4E11 was subsequently engineered to bind with higher
affinity to DENV-4 EDIIl and showed 75-fold higher neutralization potency than the
parent MAb (28). Further optimization of 4E11 for binding to DENV-4 resulted in a
variant termed Ab513, which had increased affinity for DENV-3 and DENV-4 EDIIl and
increased neutralization potency and breadth and protected mice against viremia,
thrombocytopenia, and vascular leakage (34).

Because EDIII is targeted by bNAbs and can be expressed as an independent, soluble
domain, it has received attention as a potential immunogen. However, previous
immunization studies of mice and nonhuman primates with EDIlI-containing proteins
have shown that, while a robust antibody response against EDII is elicited, neutraliza-
tion is modest and limited to serotype-specific responses (35-45). The limited neutral-
ization potential of EDIII antisera may be due to the presence of antibodies that target
the immunodominant AB loop epitope; such antibodies are cross-reactive but largely
nonneutralizing (26, 46). 2H12, a prototypical AB loop antibody, demonstrates sub-
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nanomolar affinity for soluble EDIIl but cannot bind the virus at sufficient occupancy for
neutralization, likely because the AB loop epitope is largely cryptic and only occasion-
ally exposed during viral “breathing” (47). The AB loop is largely conserved across
flaviviruses, and thus, some WNV MADbs (e.g., WNV-E111) cross-react with DENV (26).
Similar to other flaviviruses, DENV also contains the lateral-ridge epitope (LR), which
includes parts of the N terminus (A strand) and BC, DE, and FG loops (26, 31, 48). MAbs
to DENV LR, such as 3H5, are potently neutralizing but serotype specific and cannot
broadly neutralize DENV infection (26, 49, 50). An ideal EDIlI-based immunogen would
capture the properties of the A/G strand epitope, but not the AB loop (nonneutralizing)
or FG loop (serotype-specific) epitopes.

“Epitope-focusing” or “resurfacing” approaches, where critical neutralizing epitopes
are emphasized but nonneutralizing or undesirable epitopes are masked by mutation,
represent a promising platform for optimizing protein immunogens (51-53). Resurfac-
ing strategies have been used recently to optimize immunogens for influenza virus,
respiratory syncytial virus, and human immunodeficiency virus type 1 (HIV-1) (51,
54-56). In general, resurfacing strategies involve identification of protein variants in
which undesirable epitopes are mutated to residues that do not perturb the global
structure of the antigen (so as not to destroy desired epitopes) but provide remodeling
of the undesirable epitopes. While such a procedure may not guarantee that antibody
responses will be focused on the desirable epitope, any immune response against the
engineered regions of the resurfaced antigen would target sequences that are not
homologous to the authentic virus. Thus, a memory B cell response to these regions
would not be elicited during natural infection. Resurfacing by mutation to amino acids
that are statistically disfavored in antibody-antigen interactions, such as alanine or
serine (57), may be advantageous for diverting immune responses away from particular
nonprotective epitopes and warrants investigation.

Using structure-guided design and phage display, we engineered a panel of DENV-
2-based resurfaced EDIIs (rsDllls) in which cross-reactive, nonneutralizing (AB loop) and
serotype-specific (FG loop/lateral-ridge) epitopes were “hidden” via mutation to alanine
or serine. Our rsDIlls showed decreased binding to antibodies targeting unfavorable
epitopes while maintaining high affinity for the broadly neutralizing antibodies, 4E11
and 4E5A (A/G strand binders). Upon immunization in mice, one rsDIlI (rsDIll-Ala30), as
well as wild-type (WT) DENV-2 EDIII, elicited broadly reactive and cross-neutralizing
antibody responses. The elicitation of cross-neutralizing sera by WT DENV-2 EDIIl was
unexpected, given previous reports of homotypic response upon immunization with
WT EDIII (35, 36, 41, 42, 58). Together, these results indicate that methods of immuno-
gen design, preparation, and loop configuration may influence neutralization breadth.
Although the sera induced by WT DENV-2 EDIII and rsDIII-Ala30 were broadly neutral-
izing, they were not sufficient to protect highly vulnerable immunocompromised
AG129 mice from lethal DENV-2 challenge after passive transfer at a dose of 200 wul
(50% focus reduction neutralization titer [FRNT;,], ~1:60 to 1:130). These results
indicate that induction of a cross-neutralizing response is possible with designed EDIII
variants but that potency must be increased for protective effect.

RESULTS

RsDIllls maintain the A/G strand epitope but have remodeled AB and FG loops.
Our objective was to develop EDIII variants in which the A/G strand that is targeted by
the bNAb 4E11 was maintained but other regions—such as the AB loop that is targeted
by nonneutralizing MAb 2H12 or the FG loop that is targeted by type-specific DENV-2
MAb 3H5—were masked by mutation. Phage display coupled with structure-guided
design provides an efficient strategy for protein or antibody optimization, and we and
others have previously demonstrated that EDIlIs from all four DENV serotypes can be
expressed efficiently on the M13 bacteriophage as a platform for engineering (59-62).

The DENV-2 EDIII (Jamaica/1409/1983) sequence (residues 296 to 400) was ex-
pressed as a fusion to the minor plll coat protein with an N-terminal FLAG tag, as
previously reported (59). Resurfacing phage libraries were constructed with targeted
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variation in the AB (residues 314 to 318; a cross-reactive, nonneutralizing epitope) and
FG (residues 381 to 386; a serotype-specific epitope) loops on DENV-2 EDIII. Further-
more, a surface accessibility analysis was performed using AREAIMOL and a probe
sphere of 1.4 A, and “surface-exposed” residues were defined as those containing an
atom with an accessible surface area greater than 45 A2 (63, 64). Based on this analysis,
surface-exposed, hydrophilic D329, K334, and K388 also were varied in the resurfacing
libraries; hydrophilic residues were targeted because they are enriched in epitopes (57),

Two libraries were constructed in which randomized positions were allowed to vary
in a restricted manner between the WT residue identity and alanine (rsDlll-Ala library)
or serine (rsDIll-Ser library) (Fig. 1C). Due to the degeneracy of the genetic code, in
some cases, a third or fourth residue was also permitted in both libraries. Alanine was
chosen as a substitution because it is underrepresented in antibody-antigen interfaces
(57), and serine was chosen because the hydroxyl-containing side chain is relatively
inert and thus unlikely to mediate the long-range or hydrophobic interactions typically
required for antibody-antigen binding (65). DENV-2 was chosen as the EDIII scaffold, as
CYD-17D demonstrated the lowest efficacy against serotype 2. Libraries were synthe-
sized using mutagenesis and degenerate primers (see Materials and Methods) (66). The
final library sizes were 1 X 10° and 2.5 X 10° transformants for the alanine and serine
libraries, respectively. Both library sizes were at least 100-fold larger than their calcu-
lated theoretical diversities (5.2 X 10° and 1.7 X 107, respectively), indicating adequate
coverage of the sequence space.

Both libraries were subjected to selection and screening against bNAb 4E11. The
rsDIll-Ala library selection resulted in the isolation of 32 unique EDIII variants; six of
these clones were chosen for further characterization based on the number of muta-
tions relative to the WT and the frequency of the sequence in the enzyme-linked
immunosorbent assay (ELISA)-positive pool (number of siblings) (Fig. 1D). Screening of
the rsDIlI-Ser library was less efficient, with only four unique sequences isolated
(Fig. 1D). Sequences of both the AB and FG loops were highly mutated in rsDllls from
the eight final candidates.

To examine if AB and FG loop epitopes were sufficiently masked in rsDIlIs, single-
endpoint phage ELISA experiments were conducted with MAbs 2H12 and WNV-E111
(AB loop specific) and 3H5 (FG loop specific) with all eight phage-expressed clones, as
well as WT DENV-2 EDIlI-expressing phage (Fig. 1E). Wild-type M13KO7 helper phage,
which do not express a fusion protein, were included as a negative control. All phage
clones bound with comparable reactivities to MAb M2, which binds to the N-terminal
FLAG tag (DYKDDDDK), indicating there were no large differences in phage expression
among rsDllls and WT DENV-2 EDIIl. As expected, WT DENV-2 EDIlI-displaying phage
bound to 4E11 and 4E5A (A/G strand specific), 2H12, WNV-E111, 3H5, and M2, but not
the negative control, bovine serum albumin (BSA). The rsDlll-displaying phage dem-
onstrated reactivity with 4E11, 4E5A, and M2 comparable to that of WT DENV-2
EDIll-expressing phage, whereas rsDIll phage showed minimal binding to 2H12, WNV-
E111, and 3H5. These results indicate that the AB and FG loop epitopes were altered to
ablate recognition by these prototypic MAbs but that the A/G strand epitope was
maintained. Furthermore, the similar M2 reactivities among all the clones suggest that
the resurfacing mutations did not affect phage expression levels. RsDIll-Ser27 bound
the AB loop antibody WNV-E111 but not 2H12, suggesting that recognition of the
WNV-E111 epitope depends on residue H317, which is maintained in rsDIll-Ser27 but
not others.

WT DENV-2 EDIIl and rsDllls were expressed as soluble proteins bearing an
N-terminal hexahistidine (Hiss) tag and purified under denaturing conditions. Dena-
tured EDIII or rsDIlls were then oxidatively refolded; rsDllls aggregated to varying
extents during the refolding. Based on stability and expression yield, rsDIll-Ala11 and
rsDIll-Ala30 were chosen for further purification by size exclusion chromatography
(SEC) and characterization. After the refolding step, WT DENV-2 EDIII, rsDIll-Ala11, and
rsDIII-Ala30 each contained aggregate and monomer peaks by SEC (Fig. 2A); only the
monomer fraction was isolated and utilized for subsequent experiments.
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FIG 2 Biochemical characterization of rsDllls indicating abolishment of unfavorable epitopes. (A) Size
exclusion chromatogram of WT and rsDllls indicating two populations of EDIII, aggregated and monomeric.
The monomeric fraction was used in further experiments. AU, arbitrary units. (B) RsDllls bind only to MAb
4E11 with high affinity and show little or no binding to MAbs 2H12 and 3H5 by ELISA. In contrast, WT
DENV-2 EDIII binds to all three antibodies. The data are graphed as means = SD from the results of two
experiments performed in triplicate. Abs., absorbance. (C) RsDllIs bind only to MAb 4E11 and demonstrate
no binding to MAbs 2H12 and 3H5 by BLI. RsDllls were captured on Ni-NTA sensors, followed by antibody
association and dissociation. Antibody concentrations ranged from 27 to 0.01 nM for 4E11 and 2H12 and
from 6 to 0.01 uM for 3H5. The data were fit to a global 1:1 binding model.
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Binding profiles for soluble EDIIl or rsDllls against 4E11, 2H12, and 3H5 were
determined initially by ELISA (Fig. 2B). The half-maximal effective concentration (ECs,)
values for WT DENV-2 EDIIl against 4E11, 2H12, and 3H5 were 0.15, 0.017, and 17 nM,
respectively. In contrast, rsDIll-Ala11 did not appreciably bind 2H12 or 3H5 but main-
tained strong reactivity with 4E11 (EC;, = 0.56 nM). RsDIIl-Ala30 also maintained avid
binding to 4E11 (EC5, = 0.02 nM) and exhibited markedly reduced binding to 2H12
(EC5o = 18 nM) relative to WT DENV-2 EDIII (EC5, = 0.017 nM), and only weak reactivity
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toward 3H5 at high concentration. Thus, the reactivity profiles of the purified proteins
were similar to that observed by phage ELISA, with WT DENV-2 EDIII binding all the
MADbs but rsDIlI-Ala11 and rsDIlI-Ala30 displaying reduced or ablated avidity toward AB
and FG loop MADbs.

Interactions of WT DENV-2 EDIII, rsDIlI-Ala11, and rsDIlI-Ala30 with the panel of MAbs
were further characterized by biolayer interferometry (BLI) (Fig. 2C). EDIlls were immo-
bilized on nickel-nitrilotriacetic acid (Ni-NTA) biosensors, followed by MAb association
and dissociation. Analysis in this format precludes definitive determination of the
dissociation constant (K,), due to the potential of bivalent antibody “walking” along the
matrix of epitopes on the sensor (67). Nonetheless, association and dissociation kinetics
could be derived for comparative analysis (Table 1). The BLI data were consistent with
the ELISA data and indicated that rsDllls maintained affinity for bNAb 4E11 that was
comparable to that of WT DENV-2 EDIII, with markedly reduced binding to 2H12 and
3H5. Together, the data confirm that the conformational integrity of the A/G strand
epitope is maintained in rsDIll-Ala11 and rsDIlI-Ala30 but that AB and FG loops are
altered. The alternative BLI format, in which the MAb was bound to the sensor, followed
by association and dissociation of monovalent EDIII or rsDllls, yielded consistently low
signal-to-noise sensorgrams, for unclear reasons.

To determine if rsDIll mutations perturbed the core EDII Ig-like fold, two-
dimensional ">N-"H heteronuclear single quantum coherence (HSQC) spectra of '>N-
labeled rsDIll-Ala11, rsDIll-Ala30, and WT DENV-2 EDIII were collected (Fig. 3A). Peak
assignments for WT DENV-2 EDIIl were completed using data collected from three-
dimensional (3D) experiments on a ">N-"3C-double-labeled sample. Peak assignments
closely matched previously published DENV-2 EDIIl assignments (68). The ">N-"H HSQC
spectra of rsDllls were similar to that of WT DENV-2 EDIIl and contained well-dispersed
chemical shifts (see Table S1 in the supplemental material). Resonances that corre-
sponded to core residues on WT DENV-2 EDIIl overlapped with resonances in rsDIII-
Ala11 or rsDIIl-Ala30 (Fig. 3B; colored red and blue, respectively), indicating that the
introduced mutations did not grossly alter the core fold.

rsDllIs elicit broadly reactive and cross-neutralizing antibodies in vivo. To test
the immunogenicity of engineered rsDllls, groups of 10 female, 6-week-old BALB/c
mice were immunized with either rsDIlI-Ala11 or rsDIll-Ala30 on days 0, 14, and 28.
Immunogens were administered by an intraperitoneal (i.p.) route in complete Freund’s
adjuvant (CFA) on day 0 and in incomplete Freund'’s adjuvant (IFA) for boosting. In
addition, our own preparation of WT DENV-2 EDIIl was included as a control to
benchmark with previous studies (35, 36, 40). Endpoint antibody titers were determined
by serum ELISA against the respective immunogen (Fig. 4B, top). All of the mice
exhibited robust immunogen-specific antibody responses after two immunizations
(endpoint titers, ~1:10%), and the titers remained relatively constant between days 28
and 90. The antibody responses were not directed at the hexahistidine tag (His tag), as
none of the samples bound to an unrelated His-tagged protein, the Sudan virus
glycoprotein (GPgp,) (Fig. 4B, bottom). To assess cross-reactivity, the sera of five
representative mice from each group were tested by ELISA against purified EDIIIs from
DENV-1 to -4 (Fig. 4Q). In all cases, the sera were broadly cross-reactive for EDIlIs from
all four serotypes.

To determine the functional activities of the serum antibodies, focus reduction
neutralization tests (FRNTs) were conducted against all four serotypes of DENV with
sera from days 60 and 90. Naive sera showed no neutralization activity against DENV-1
to -3 but demonstrated inhibitory activity at higher concentrations against DENV-4,
potentially due to nonspecific virus blocking or natural antibodies; thus, it was difficult
to determine the immunogen-specific neutralizing titers against DENV-4. Unexpectedly,
given prior studies showing that WT EDIIl was inefficient at generating bNAbs (35, 36,
41, 42, 58), we found that sera from WT DENV-2 EDIIl-immunized mice demonstrated
neutralizing activity against DENV-1 to -3 with half-maximal inhibitory concentration
(ICs,) titers of 1:270, 1:190, and 1:280, respectively (Fig. 5A). Sera from rsDIII-Ala30-
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FIG 3 The core structure of rsDllls relative to WT DENV-2 EDIII is maintained. (A) "H-">N HSQC cross peaks for
WT DENV-2 EDIII (black), rsDIll-Ala11 (red), and rsDIlI-Ala30 (blue) overlap substantially. Residue labels for WT
DENV-2 EDIII peaks that had nearby peaks in the rsDIlI-Ala11 or rsDIlI-Ala30 spectra are shown. Many cross
peaks overlap between the spectra, indicating that the overall fold is similar between WT and rsDIII proteins.
(B) RsDIII-Ala11 (red) and rsDIII-Ala30 (blue) residues that overlap assigned WT DENV-2 EDIII resonances were
mapped onto the DENV-2 EDIII crystal structure (PDB ID 3UZV [27]). The green spheres represent points of
mutation in rsDlllIs relative to the WT.

immunized mice demonstrated similar neutralization breadths for DENV-1 to -3, with
IC5, titers of 1:150, 1:53, and 1:150, respectively. Sera from mice immunized with
rsDIll-Ala11 were weakly neutralizing, with partial reduction of infection observed
only at the highest serum concentration tested. Individual focus reduction neutraliza-
tion titers (FRNT,, and FRNTg,) for sera from each mouse against DENV-1 to -3 were
plotted as reciprocal titers and compared. Although FRNT;, and FRNTg, values from WT
DENV-2 EDIIl-immunized mice were statistically different from those from rsDIll-Ala11-
immunized mice, no significant differences were observed between sera from mice
immunized with WT DENV-2 EDIIl and those from mice immunized with rsDIIl-Ala30
(Fig. 5B).

Sera from rsDIll-Ala30- and WT DENV-2 EDIll-immunized mice are not protec-
tive in a passive-transfer model of DENV-2 infection. To test if the antibodies elicited
by EDIII and rsDllls conferred protection against DENV-2 challenge, a stringent passive
transfer of sera model of infection was employed. Sera from days 60 and 90 from the
WT DENV-2 EDIII and rsDIII-Ala30 groups were pooled and transferred to groups of five
AG129 mice (200-ul dose), which lack interferon alpha/beta/gamma (IFN-a/B/7y) recep-
tors and are vulnerable to DENV infection (69). Pooled naive serum samples were used
as a negative control. Post-serum transfer, all the AG129 mice were inoculated with the
mouse-adapted D2520 DENV-2 strain (5 X 10* PFU), which has an EDIIl amino acid
sequence identical to that of DENV-2 16681 and which was neutralized similarly by the
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FIG 4 RsDllls elicit broadly reactive serum responses across DENV serotypes 1 to 4. (A) Immunization and
bleed schedule. (B) (Top) Serum endpoint titers against each immunogen reached a maximum by day 28
and remained constant through day 90. (Bottom) Serum antibody responses were not directed toward
a hexahistidine tag-bearing control protein. Groups of 10 BALB/c mice were immunized, and serum
reactivity was determined for each mouse and plotted as the mean = SD. (C) ELISA against EDIIIs, with
five representative serum samples from each immunogen group. The data are from a single experiment
completed in duplicate.

WT DENV-2 EDIII and rsDIlI-Ala 30 antisera (data not shown). All the mice that received
sera from either the WT DENV-2 EDIII- or rsDIlI-Ala30-immunized mice died by day 5
postinfection, whereas the mean survival time of mice receiving naive serum was 7 days
(Fig. 6A). There was a statistically significant trend (P = 0.006) toward shortened survival
time in the EDIIl immunogen-treated groups relative to mice receiving naive serum,
suggesting that the immunogen-elicited serum antibodies were insufficient for protec-
tion and instead resulted in ADE. Indeed, the pooled day 60/90 sera from mice receiving
WT DENV-2 EDIII or rsDIll-Ala30 were shown to enhance infection relative to naive sera
in K562 cells (Fig. 6B).

DISCUSSION

We describe a structure-based approach for design of resurfaced EDIIl immunogens.
Our mutational strategy emphasized replacement of side chains in undesirable
epitopes with small side chains (Ala or Ser). This procedure resulted in rsDllls that
maintained the broadly neutralizing A/G strand epitope but were altered in the AB loop
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FIG 5 Engineered EDIlIs elicit potent cross-neutralizing antibodies. (A) Aggregate serum neutralization
data for 10 mice against DENV-1 to -4. The lowest serum dilution tested for each sample was 1:20,
followed by serial 2-fold dilutions. Naive mice served as the negative control. For DENV-1 to -3, sera from
WT DENV-2 EDIII- and rsDIlI-Ala30-immunized mice showed similar levels of neutralization, with the 1C;,s
indicated as serum titers. Sera from rsDIll-Alal1-immunized mice demonstrated weak neutralization.
Naive sera resulted in partial neutralization at the lowest dilution tested. The data are from two
experiments performed in duplicate and are plotted as means * SD. (B) Neutralization curves for
individual mice against DENV-1 to -3 were plotted, and both 50% and 80% focus reduction neutralization
titers were determined and plotted. The mean FRNT,, and FRNT, values for WT DENV-2 EDIll-immunized
and rsDIlI-Ala30-immunized mice were not significantly different (ns), whereas the mean FRNT,, and
FRNTg, values for WT DENV-2 EDIII- and rsDIll-Alal1-immunized mice were significantly different by
Kruskal-Wallis one-way ANOVA with Dunn’s multiple-comparison test (*, P < 0.05; **, P < 0.01; ***, P <
0.001). For serum samples that did not reach 50% or 80% neutralization at the highest concentration of
serum tested (1:20 dilution), a serum dilution of 1:5 was arbitrarily assigned.

(targeted by cross-reactive, nonneutralizing antibodies) and FG loops (targeted by
serotype-specific antibodies).

In vitro characterization of rsDllls and WT DENV-2 EDIII indicated that resurfacing
mutations did not alter the conformational integrity of the broadly neutralizing A/G
strand epitope, as evidenced by binding of rsDllls to 4E11, but provided remodeled AB
and FG loops that could no longer be recognized with high affinity by prototypic MAbs
targeting the region (2H12 and 3H5). Furthermore, ">N-"H HSQC spectra from WT
DENV-2 EDIII, rsDIll-Ala11, and rsDIIl-Ala30 had substantial cross-peak overlap, espe-
cially at resonances that corresponded to the EDIII core. Since HSQC nuclear magnetic
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FIG 6 AG129 passive-transfer model of DENV-2 D2520 infection, and ADE assay. (A) Pooled sera from
days 60 and 90 from WT DENV-2 EDIII- and rsDIll-Ala30-immunized mice were transferred to groups of
5 AG129 mice prior to infection with the mouse-adapted strain D2520 of DENV-2. Pooled naive sera
served as the negative control. The mice were monitored until death. All the mice from the WT- and
rsDIll-Ala30-immunized groups died on day 5, while naive mice had a mean survival of 7 days. By log rank
test, there was a statistically significant trend (P = 0.006) toward shortened survival in the EDIII
immunogen-treated groups relative to mice receiving naive serum, suggesting that the immunogen-
elicited serum antibodies were insufficient for protection and instead resulted in ADE. The data are from
a single experiment. (B) DENV-2 16681 RVPs were incubated with serial dilutions of the indicated mouse
sera for 1 h at 37°C, followed by infection of K562 cells. Infection was measured by flow cytometry 48 h
later. The fold enhancement was calculated in reference to the minimal infection of K562 cells in the
absence of antibody. Shown is one representative experiment of two; the error bars indicate the ranges
of duplicate technical replicates.

resonance (NMR) signals depend on the local microenvironment, these results indicate
that mutations within the AB and FG loops did not alter the core EDIII fold. Further-
more, many of the chemical shifts in the rsDIIl spectra that closely overlapped peaks in
the WT DENV-2 EDIII spectrum could be traced back to the A and G strands, further
indicating that the bNAb epitope was maintained in rsDllls.

The resurfacing mutations in rsDIll-Ala11 and rsDIII-Ala30 did not compromise the
ability of rsDllls to induce immunogen-specific antibody titers in comparison to WT
DENV-2 EDIII. The overall serum antibody endpoint titers of each immunogen group
were similar, suggesting that rsDllls were efficiently presented to immune cells. Fur-
thermore, each immunogen elicited sera that were broadly reactive with EDIlIs from all
four serotypes. Overall binding to all four EDIlls was similar for sera from each
immunogen, indicating elicitation of antibodies to cross-reactive epitopes, whether
from the A/G strand, AB loop, or other conserved regions.

Both WT DENV-2 EDIII and rsDIIl-Ala30 elicited sera that were cross-neutralizing for
DENV-1 to -3, with IC,,s of >1:100 in most cases. In comparison, previous immunoge-
nicity studies with WT DENV-2 EDIII demonstrated neutralization of only the homolo-
gous virus, with only very weak cross-neutralization of heterologous virus (35, 36, 41,
42, 58). Thus, results with sera elicited from our preparation of WT DENV-2 EDIII were
unanticipated. The differences in our WT DENV-2 EDIII construct could be due, in part,
to our choice of domain boundaries for EDIII, which were based upon X-ray crystal-
lography structures (27). We defined the domain boundary to include only residues of
EDIII, whereas some of the prior EDIII constructs contained regions of EDI that could
potentially skew the immune response (38, 70). Additional residues added to the N or
C terminus of EDIII could alter antigen processing and thus presentation of epitopes to
immune cells (71). Another contributing factor could be the extent of aggregate EDIII
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present in the preparation used for immunization. Our study utilized exclusively
monomeric EDIII, purified by SEC, which could potentially enrich the antibody response
toward discontinuous, conformational epitopes, such as the A/G strand, relative to
preparations containing significant proportions of aggregated EDIII that might empha-
size linear epitopes, such as the AB or FG loop. Finally, differences in adjuvants,
immunization schemes, and the genetic backgrounds of mice can also influence the
antibody repertoire.

Although rsDIII-Ala11 and rsDIII-Ala30 differ by only 6 residues, display similar
biochemical properties, and elicited similar antibody endpoint titers in mice, they
induced distinct neutralization profiles. Sera from the rsDIll-Ala11-immunized group
barely reached 50% reduction of infection at the highest serum concentration tested
for all three serotypes, whereas sera from both WT DENV-2 EDIII- and rsDIII-Ala30-
immunized groups neutralized greater than 90% of virus infection at this dilution. The
cause of this difference in elicited antibodies is unknown, given that the sequences of
all three immunogens are highly similar. However, rsDIlI-Ala11 contained three substi-
tutions in the AB loop relative to WT DENV-2 EDIII, whereas rsDIII-Ala30 contained only
one. It is possible that significant mutation of the AB loop alters the processing and
antigen presentation of EDIlII-based immunogens, which results in fewer neutralizing
antibodies.

Analysis of neutralization titers for the WT DENV-2 EDIII group demonstrated that all
the mice mounted inhibitory antibody responses against all three serotypes, and in
particular, one mouse showed greater neutralization, with EC5ys of 1:1280, 1:320, and
1:640 for DENV-1, DENV-2, and DENV-3, respectively. As was seen with the rsDIII-Ala30-
immunized group, and for unexplained reasons, the WT DENV-2 EDIll-immunized group
also developed lower neutralization titers against homologous virus. The WT DENV-2
EDIII and rsDIII-Ala30 groups demonstrated similar FRNTs, and FRNTg, values. There-
fore, rsDIII-Ala30 has favorable immunogenic properties, as it elicited cross-neutralizing
antibodies but does not contain a critical AB loop residue, H317. Whether this alteration
in the AB loop leads to a lower proportion of nonneutralizing AB loop antibodies
remains to be determined.

Although sera from both WT- and rsDIll-immunized mice elicited cross-neutralizing
responses, they did not protect in a stringent AG129 passive-transfer model of DENV-2
infection with a dose of 200 ul (FRNT,,, ~1:60 to 1:120) per mouse. Rather, enhance-
ment of infection was evident, as mice receiving naive sera showed prolonged survival
relative to the mice that received either the WT DENV-2 EDIIl or rsDIll-Ala30
immunogen-elicited sera and as demonstrated in vitro in K562 cells. Similar disease
enhancement was reported in AG129 mice treated with homologous anti-DENV-2 sera
at doses of <100 ul per mouse (FRNT,,, ~1:67), with all the mice succumbing by day
4 upon challenge with DENV-2 D2S10 (72). However, full protection was observed with
a dose of 400 ul per mouse (FRNTs, ~1:412). In another study, only 50% of mice
receiving 200 ul each of homologous high-titer (FRNT5, 103 to 10% dilution) anti-
DENV-2 serum on days —1 and +1 of infection survived challenge with 10* PFU of
DENV-2 S221, and it was noted that serum containing higher neutralizing titers
demonstrated full protection (73). Thus, our results are consistent with previous studies
and suggest that larger amounts of sera, or induction of a more potent neutralization
response, is required for protection in AG129 mice.

The protection results presented here contrast with previous EDIII immunogenicity
reports, which have demonstrated varying degrees of protection against homologous virus
using an intracranial challenge (IC) of BALB/c immunocompetent mice (36, 40, 74, 75). The
AG129 passive-transfer model is a potentially more stringent model of DENV infection, as
these mice are immunocompromised and lack type | and Il IFN responses; indeed, in some
cases, intracranial challenge with DENV does not induce mortality (70). Based on titers
achieved with natural infection (72), we hypothesize that cross-neutralizing titers higher
than those observed here will be required to see protection against DENV challenge. To
that end, multivalent presentation strategies, in which multiple copies of EDIII or rsDllIs are
presented on a nanoparticle to boost immunogenicity, provide a possible route for induc-
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ing protective cross-neutralizing responses with rsDIII-Ala30. Additionally, prime-boost
strategies with live-attenuated viruses and rsDllls can be evaluated to determine whether
resurfaced EDIlIs can boost and broaden immunity to DENV.

The approach for EDIII resurfacing complements previously reported approaches to
broadening the EDIIl antibody response. Several groups have explored mixtures of
EDIlIs and fusion of all four EDIlIs (“beads on a string”), as well as a consensus sequence
EDIII, as immunogens (58, 76, 77). Murine antibody responses to EDIII cocktails were
unbalanced, favoring neutralization of DENV-1 and DENV-2 over DENV-3 and DENV-4
(58). The fusion protein consisting of all four EDIlIs elicited unbalanced neutralizing
responses across the four serotypes, most potently inhibiting DENV-4 (FRNT,, 1:479 in
Freund’s adjuvant) and least potently inhibiting DENV-2 (1:118 in Freund’s adjuvant)
(76). Finally, the consensus EDIIl produced weakly neutralizing antibody responses
against all four serotypes (77). In this study, we used Freund’s adjuvant to allow direct
comparison to previous reports using similar immunization strategies. Other EDIII
immunization studies using aluminum-containing adjuvants or Montanide ISA 720
yielded similar overall neutralizing titers in mice (generally, FRNT,, values of <1:500)
(35, 38, 42, 76). One potential advantage of the WT DENV-2 EDIIl and rsDIIl-Ala30
immunogens described here is that they induce cross-reactive (DENV-1 to -4) responses
that are partially cross-neutralizing (DENV-1 to -3) in comparison to the single-
component EDIlI-based constructs that have been described previously (35, 38, 42, 76),
albeit without substantial improvement in homotypic neutralizing titers. In addition to
the multivalent presentation strategies discussed above, exploration of alternate adju-
vants to boost the neutralizing response is warranted.

In summary, our data support the feasibility of epitope focusing and resurfacing by
mutation as an immunogen design strategy for DENV EDIII. Future work to map the
epitopes targeted by monoclonal antibodies elicited from rsDIll immunization could
direct next-generation EDIII design. In light of the immune cross talk among flaviviruses,
and in particular between DENV and ZIKV (78-82), similar approaches could be ex-
tended to ZIKV EDIII and other emerging flaviviruses of global concern (83).

MATERIALS AND METHODS

Animals. Female BALB/c mice were purchased from Charles River Laboratories and housed in ventilated
cages with access to unlimited food, water, and bedding. Female AG129 mice, which lack IFN-a/p/7y and are
thus susceptible to DENV infection, were bred at Washington University and housed in ventilated cages with
access to unlimited food, water, and bedding for challenge experiments. Experiments were carried out in
accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health after approval by the Institutional Animal Care and Use Committees at the Albert
Einstein College of Medicine and the Washington University School of Medicine.

Cell lines. African green monkey kidney Vero cells (World Health Organization [WHO]) (ECACC
88020401) cells (Research Resource Identifier [RRID] CVCL_JF53) were cultured in Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin
(P/S), and 1X L-glutamine at 37°C and 5% CO,. C6/36 A. albopictus mosquito cells (ATCC; RRID
CVCL_Z230) were maintained in DMEM containing 10% FBS, 1% penicillin-streptomycin, 1X L-glutamine,
2X nonessential amino acids, and 1X HEPES at 28°C and 5% CO.,. FreeStyle 293-F cells (Thermo Fisher
Scientific, Waltham, MA; RRID CVCL_D603), suspension cells derived from HEK293 (human embryonic
kidney) cells, were cultured in FreeStyle 293 expression medium supplemented with 1% penicillin-
streptomycin at 37°C, 8% CO,, and 120 rpm. The 4E11 (ATCGC; RRID CVCL_J730) and 2H12 hybridoma cell
lines were provided by F. Arenzana-Seisdedos (Institut Pasteur, Paris, France) and Gavin Screaton
(Imperial College London, London, United Kingdom), respectively. 3H5 hybridoma cells were purchased
from the ATCC (RRID CVCL_D292). All hybridoma cell lines were cultured in RPMI-1650 medium
supplemented with 15% fetal calf serum (FCS), 2% L-glutamine, 1% sodium pyruvate, 1% penicillin-
streptomycin, 0.2% gentamicin, and 0.1% 2-mercaptoethanol at 37°C and 8% CO,.

Viruses. The DENV strains used in neutralization assays were as follows: DENV-1, 16007; DENV-2,
16681; DENV-3, 16652; and DENV-4, 1036 (World Arbovirus Reference Center, University of Texas Medical
Branch [UTMB], Galveston, TX). Briefly, confluent C6/36 (mosquito) cells were infected at a multiplicity of
infection (MOI) of 0.05 to 0.01 with DENV and incubated for approximately 5 days at 28°C and 5% CO,
or until cytopathic effects were apparent. Virus-containing cell supernatants were harvested by ultra-
centrifugation and pelleted through a 25% (vol/vol) glycerol in TNE (50 mM Tris-HCl, pH 7.4, 100 mM
NacCl, 0.1 mM EDTA) cushion (84).

Antibody purification. 4E11, 4E5A, and 2H12 (IgG2a, IgG2a, and IgG2b, respectively) were purified
with protein A affinity agarose beads and the Gentle Antibody Elution system (Pierce, ThermoScientific,
Rockford, IL) according to the manufacturer’s protocol. 3H5 (IgG1) was purified using protein G affinity
agarose beads and a protein G binding buffer system (Pierce, ThermoScientific, Rockford, IL) following
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the manufacturer’s protocol. All the antibodies were desalted in 150 mM HEPES, pH 7.4, 200 mM NaCl
and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to determine
purity. Purified WNV-E111 antibody was described previously (31).

Phage display of DENV-2 EDIII. The display of wild-type DENV-2 EDIII (strain Jamaica/1409/1983)
was previously described (59). EDIlI-expressing phage particles were produced by electroporation into
Escherichia coli XL1-Blue cells (Agilent Technologies, Santa Clara, CA) and recovered in 2X yeast extract
tryptone (YT) medium containing 50 ng/ml carbenicillin and 10 wg/ml tetracycline at 37°C and 220 rpm
for 5 h. Phage were coinfected with M13KO7 helper phage (New England BioLabs, Ipswich, MA) at a final
concentration of 10" PFU per ml and incubated for 1 h at 37°C and 220 rpm. A final concentration of
50 pug/ml kanamycin was added, and the culture was incubated overnight at 37°C and 220 rpm. Phage
were harvested by precipitation with 4% (wt/vol) polyethylene glycol (PEG) 8000 and 3% (wt/vol) NaCl
after centrifugation to remove cells. The precipitated phage were centrifuged at 17,000 X g for 20 min
at 4°C and resuspended in 1 ml PB-T (phosphate-buffered saline [PBS] containing 0.5% [wt/vol] BSA and
0.05% [vol/vol] Tween 20).

Surface expression of EDIIl was confirmed by phage ELISA against the anti-FLAG monoclonal
antibody M2. Folding of EDIIl was confirmed by phage ELISA against 4E11, a conformation-sensitive
antibody. For phage ELISA, antibodies were immobilized on Costar EIA/RIA high-binding plates at 0.5 ug
per well in PBS, pH 8.0, overnight at 4°C; wells coated with 1% (wt/vol) BSA served as negative controls.
The wells were blocked with PBS containing 1% (wt/vol) BSA for 2 h at room temperature (RT). Phage
were serially diluted 1:10 in PB-T, added to the wells, and incubated for 1 h at RT. the wells were washed
extensively with PBS-T (PBS containing 0.05% [vol/vol] Tween 20), followed by the addition of a
horseradish peroxidase (HRP)-conjugated anti-M13 monoclonal antibody diluted 1:1,000 in PB-T for 1 h
at RT. The wells were washed as before. The ELISA was developed by the addition of substrate,
3,3',5,5'-tetramethylbenzidine (TMB), and quenched with 0.5 M sulfuric acid. The absorbance read at 450
nm served as a readout for binding.

Resurfacing phage display library design and construction. An inactive template DNA for DENV-2
EDIII was produced in which positions to be varied in the library were mutated to stop codons (TAA). The
libraries were produced using Kunkel mutagenesis, as previously described (59, 66). Each reaction
mixture contained 10 pg of template uracil-enriched single-stranded DNA (dU-ssDNA) and a 3-fold
excess of 5'-phosphorylated library primers that encoded the designed degeneracy. Library DNA was
purified and electroporated into E. coli S5320 cells (Lucigen, Madison, WI) to yield 2.5 X 10° and 1 X 10°
transformants for the serine and alanine libraries, respectively. The theoretical diversities for the serine
and alanine libraries were 1.7 X 107 and 5.2 X 10, respectively. Thus, the library size exceeded both
theoretical diversities by at least 100-fold, indicating that sampling of the full sequence space was
sufficient.

Phage library selection and screening. To isolate EDIIl mutants that maintained high affinity for the
bNAb 4E11, both resurfacing libraries were subjected to three rounds of selection at increasing
stringency against 4E11 prior to screening. For each selection, wells were coated with 0.5 ug per well of
4E11. Phage were added and incubated for 1 h at RT. Unbound phage were removed by washing with
PBS-T. Bound phage were eluted with 100 mM glycine, pH 2.0, into 2 M Tris buffer, pH 7.5. The output
population was amplified by infecting E. coli XL1-Blue cells, coinfecting with M13KO7 helper phage, and
precipitating as described above. A well containing 1% (wt/vol) BSA served as the negative control in
each round of selection in order to monitor background enrichment of 4E11-specific phage.

Individual phage clones were screened for binding to 4E11 using a monoclonal phage ELISA.
Individual phage clones were grown in 1 ml 2X YT medium supplemented with 100 wg/ml carbenicillin
and 107° PFU per ml helper phage in a 96-deep-well plate. Cells were pelleted by centrifugation, and
phage-containing supernatants were applied to 96-well plates containing 4E11 (0.5 ug per well), 1%
(wt/vol) BSA (negative control), or M2 antibody at a 1:500 dilution (expression control). The rest of the
ELISA was performed as described for the phage ELISA above. The absorbance at 450 nm served as a
readout for binding, and the absorbance values for binding to 4E11 were compared to the BSA
absorbance values. Clones from both the alanine and serine libraries that demonstrated a >2-fold
preference for binding to 4E11 over the negative control were selected for further characterization by
phage ELISA against 4E11, 4E5A, 2H12, WNV-E111, and 3H5 antibodies.

Expression and purification of soluble rsDIlls. WT DENV-2 EDIII and rsDllIs were cloned into a pSGC
vector based on the pET28a plasmid, using ligation-independent cloning (LIC). Constructs were ex-
pressed with an N-terminal hexahistidine tag, followed by a tobacco etch virus (TEV) protease cleavage
site. EDIlIs were transformed into T7 Express competent E. coli cells (New England BioLabs, Ipswich, MA)
and incubated on Luria-Bertani (LB)/kanamycin agar plates overnight at 37°C. A 25-ml starter culture from
a single colony in 2X YT medium was incubated overnight at 37°C and 220 rpm. The starter culture was
used to inoculate 2 liters of 2X YT medium in a LEX 48 airlift fermentor and incubated for 3 h at 37°C
to an optical density at 600 nm (ODg,,) of approximately 0.8. Cultures were induced with a final
concentration of 1 mM isopropyl-B-p-1-thiogalactopyranoside (IPTG) and incubated at 22°C overnight.
Cells were harvested by centrifugation and stored at —80°C until purification.

Cells were lysed by sonication in lysis buffer [50 mM Tris-HCl, pH 7.5, 500 mM NaCl, 5 mM imidazole,
1 mM tris(2-carboxyethyl)phosphine (TCEP), and 6 M urea] to solubilize inclusion bodies. The lysate was
clarified by centrifugation, and the supernatant was applied to a Ni-NTA affinity resin (Qiagen, Hilden,
Germany) that was preequilibrated with lysis buffer. The column was washed with 3 column volumes
(CV) of buffer A (lysis buffer containing 10 mM imidazole), 4 CV of buffer B (lysis buffer containing 20 mM
imidazole), and 4 CV of buffer C (lysis buffer containing 30 mM Imidazole). EDIIIs were eluted with 1.5 CV
of elution buffer (lysis buffer containing 250 mM Imidazole). Fractions were pooled based on SDS-PAGE
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TABLE 1 Apparent dissociation constants for rsDllIs

Value
Antibody Parameter WT DENV-2 EDIII rsDIlI-Ala11 rsDIlI-Ala30
4EN ka/kg (NM) 0.01 + 0.002 0.45 £ 0.1 0.03 £ 0.001
ky, (M~1s71) (1.4 = 0.008) x 106 (27 =1.2) x 10* (220 = 1.6) x 104
ky(s—1) (19*x22) X 10°° (120 =3.9) X 10-¢ (54 £2.6) X 1076
2H12 ky/k, (NM) 11219
ky, (M~1s71) (1.8 £3.3) X 10°
ky(s—1) (92 £2.1) X 10~°
3H5 ky/k, (nM) 120 £ 0.32
ky, (M~1s71) (1.4x14) X 103
ky(s—1) (1.6 =0.04) X 104

analysis. Denatured EDIIIs were refolded by fast dilution (1:100 dilution added dropwise) into refolding
buffer (20 mM HEPES, pH 7.5, 100 mM NacCl, 400 mM L-arginine, and 5% [vol/vol] glycerol) and incubated
overnight at 4°C. Refolded EDIIIs were centrifuged to remove aggregated protein and concentrated using
a 3,000 molecular weight cutoff (MWCO) Amicon (Millipore, Billerica, MA). Concentrated EDIlls were
dialyzed against refolding buffer at 4°C for 4 h. Three rounds of dialysis were performed. The EDIIIs were
then filtered through a 0.2-um filter and applied to a HiLoad Superdex 200 16/600 preparatory-grade
(pg) column (GE Healthcare, Little Chalfont, United Kingdom) using refolding buffer as the running
buffer. The monomeric fractions were pooled and concentrated to final concentrations ranging from 0.5
to 1.1 mg/ml. Proteins were stored at 4°C until use.

Soluble rsDIIl biochemical characterization. The binding profiles for WT DENV-2 EDIII and rsDllIs were
determined by ELISA. Corning enzyme immunoassay (EIA) half-area well plates (Corning, Corning, NY) were
coated with 0.2 ug per well of rsDIIl in PBS, pH 8.0, overnight at 4°C; 1% (wt/vol) BSA-coated wells served as
the negative control. The wells were blocked with 1% (wt/vol) BSA in PBS for 2 h at RT. Purified antibodies
(4E11, 2H12, and 3H5) were diluted 1:1 starting at 20 ug/ml (@approximately 133 nM) in PB-T and incubated
with immobilized rsDIIl for 1 h at RT. The wells were extensively washed with PBS-T, and a 1:1,000 dilution of
protein A-HRP (Invitrogen, Carlsbad, CA) was added for 1 h at RT. The plates were washed with PBS-T,
developed using TMB, and quenched with 0.5 M sulfuric acid. The absorbance was read at 450 nm. The data
were fit to a standard three-parameter logistic equation using GraphPad Prism (GraphPad Software, La Jolla,
CA). The EC,,s were determined from the inflection point on the curve.

To determine the rate constants for rsDIll binding to DENV antibodies (Table 1), the ForteBio BLItz
system was used. Ni-NTA sensors were used to load His-tagged rsDIll or WT DENV-2 EDIII, followed by
antibody (4E11, 2H12, and 3H5) association and dissociation. Several concentrations of antibodies were
used, ranging from 27 to 0.01 nM for 4E11 and 2H12 and from 6 to 0.01 uM for 3H5. To estimate the k,,
(association rate constant), and k, (dissociation rate constant), a global 1:1 binding model was used.

rsDIIl HSQC NMR. To compare the fold of rsDllls with WT DENV-2 EDIII, >N-"3C double-labeled
proteins were produced using the method of Marley et al., and 3D NMR experiments were conducted
(85). Briefly, rsDIlI-Ala11, rsDIII-Ala30, and WT DENV-2 EDIII constructs were transformed into T7 Express
competent cells as before. A starter culture of 25 ml 2X YT medium containing 50 wg/ml kanamycin was
grown overnight at 37°C at 220 rpm. The starter culture was transferred to 2 liter 2X YT medium
containing 50 ng/ml kanamycin and grown at 37°C and 220 rpm until the cell density reached an ODg,
of approximately 1.0. Cells were harvested by centrifugation and rinsed briefly with M9 minimal medium
(per liter, 6.5 g sodium phosphate dibasic, 3 g potassium phosphate monobasic, 0.5 g NaCl) completed
with 1X minimal essential medium (MEM) vitamin solution (Thermo Fisher Scientific, Waltham, MA), trace
elements, and 1 mM MgSO,. Cell pellets were resuspended in 1 liter of completed M9 minimal medium
containing 2 g '>N-labeled ammonium chloride for rsDIll-Ala11 and rsDIIl-Ala30, and both labeled
ammonium chloride and 3 g '3C-labeled p-glucose for WT DENV-2 EDIII (Cambridge Isotope Laboratories,
Inc., Andover, MA). Cultures were incubated for 1 h at 37°C and 220 rpm. Expression was induced by
adding 1 mM IPTG and incubating at 22°C at 220 rpm overnight. Cells were harvested by centrifugation
and stored at —80°C. Double-labeled WT DENV-2 EDIII and '>N-labeled rsDllls were purified as described
above. Prior to performing experiments, rsDllls were buffer exchanged into 20 mM sodium phosphate,
pH 7.5, and 50 mM NaCl and concentrated to final concentrations of 78 uM (rsDIll-Ala11) and 390 uM
(rsDIlI-Ala30). Double-labeled WT DENV-2 EDIII was buffer exchanged into 20 mM sodium phosphate, pH
6.5, 50 mM NaCl, and 50 mM L-arginine and concentrated to a final concentration of 164 uM.

All NMR experiments were collected at 25°C on 600 MHz cryoprobe-equipped Bruker or Varian
instruments. HSQC-based pulse sequences were used for WT DENV-2 EDIII, rsDIll-Ala11, and rsDIII-Ala30.
Chemical-shift assignments were made for the core of the WT DENV-2 EDIIl protein using three-
dimensional HNCO, HNCA, HNcoCA, HNcaCO, HNCACB, and HNcoCACB triple-resonance data sets. All 3D
experiments were recorded with nonuniform sampling and processed with MddNMR (86) and NMRPipe
(87). Backbone resonance assignments and comparisons of wild-type and mutant EDIIl spectra were
made using CCPN Analysis (88). Chemical shift referencing was made with respect to 4,4-dimethyl-4-
silapentane-1-sulfonic acid (DSS-2).

Mouse immunizations. Groups of 10 6-week-old female BALB/c mice were immunized i.p. with
20 pg of either WT DENV-2 EDIII, rsDIIl-Ala11, or rsDIll-Ala30 in CFA on day 0. Prior to immunization,
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all the mice were bled by tail vein nick, and this naive serum served as the negative control for all
further experiments. The mice were subsequently immunized on days 14 and 28 with 20 ug and 10
ug of proteins, respectively, in IFA. The mice were bled on days 14, 28, 45, 60, and 90. Serum was
harvested using a serum separator tube (Sarstedt AG & Co.) by centrifugation at 6,000 X g for 2.5
min at 4°C. All serum samples were stored at —20°C until use. Prior to neutralization assays, serum
samples were heat inactivated by incubating at 56°C for 15 min, followed by microcentrifugation at
13,000 X g for 5 min. The serum was subsequently transferred to a clean microcentrifuge tube,
avoiding any pelleted material.

Serum ELISAs. Endpoint serum antibody titers were measured by ELISA against the respective EDIII
and calculated as described below. In brief, Corning EIA half-area well plates were coated with WT or
mutant EDIlIs at 0.2 g per well overnight at 4°C in PBS, pH 8.0. Serum samples collected at each time
point were serially diluted (1:10) starting at a 1:100 dilution in PB-T. The serum was incubated for 1 h at
RT prior to extensive washing with PBS-T. A 1:10,000 dilution of anti-mouse-HRP antibody (Jackson
ImmunoResearch Laboratories, Inc., West Grove, PA) was added and allowed to incubate for 1 h at RT.
Following extensive washing, the plates were developed by the addition of TMB and quenched with 0.5
M sulfuric acid. Endpoint titers were determined for each serum sample at days 14, 28, 45, 60, and 90 by
subtracting the naive serum absorbance values, fitting them to a four-parameter logistics curve, and
determining the EC,, for each mouse.

Serum neutralization assays. To determine the neutralization potency and breadth of each serum
sample, FRNTs using Vero cells were completed for serum samples collected on days 0 (naive serum;
negative control), 60, and 90, as detailed previously (89). The data were fit to standard three-parameter
logistic equations in GraphPad Prism (GraphPad Software, La Jolla, CA), and the IC,s were determined
from the inflection points of the curves.

AG129 passive-transfer model of DENV-2 infection. Sera from WT DENV-2 EDIII- and rsDIlI-Ala30-
immunized mice from days 60 and 90 or naive mice (day 0) were pooled separately and tested in
neutralization assays to determine the pooled FRNT, for DENV-2 (FRNT,, values of 1:640 and 1:320 for
WT DENV-2 EDIIl and rsDIII-Ala30 pooled sera, respectively). Two hundred microliters of sera from each
immunogen group were transferred (i.p.) to groups of 5 AG129 mice (Marshall BioResources, North Rose,
NY) on day —1. All AG129 mice were inoculated intravenously (i.v.) with 5 X 10* PFU of mouse-adapted
DENV-2 strain D2520 on day 0. The mice were monitored for morbidity and mortality for 13 days.

Statistical analyses. All statistical analyses were performed with GraphPad Prism software. P values
of <0.05 were considered statistically significant. Serum FRNT,, and FRNT, values were compared by
Kruskal-Wallis one-way analysis of variance (ANOVA) with Dunn’s multiple-comparison correction. For
survival studies, the log rank test was used to compare groups.

Antibody-dependent enhancement assay. Reporter virus particles (RVPs) incorporating the struc-
tural proteins of DENV-2 strain 16681 were produced by complementation of a subgenomic green
fluorescent protein (GFP)-expressing replicon derived from a lineage Il strain of WNV, as previously
described (90). Serial dilutions of heat-inactivated mouse sera were incubated with DENV-2 RVPs for 1 h
at 37°C, followed by the addition of K562 cells that expressed the Fc-y receptor CD32A. Two days later,
infection was scored as a function of GFP expression by flow cytometry.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/JVI
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