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Elicitation of antibodies against targets that are immunorecessive,
cryptic, or transient in their native context has been a challenge for
vaccine design. Here we demonstrate the elicitation of structure-
specific antibodies against the HIV-1 gp41 epitope of the broadly
neutralizing antibody 2F5. This conformationally flexible region
of gp41 assumes mostly helical conformations but adopts a kinked,
extended structure when bound by antibody 2F5. Computational
techniques were employed to transplant the 2F5 epitope into
select acceptor scaffolds. The resultant “2F5-epitope scaffolds” pos-
sessed nanomolar affinity for antibody 2F5 and a range of epitope
flexibilities and antigenic specificities. Crystallographic characteri-
zation of the epitope scaffold with highest affinity and antigenic
discrimination confirmed good to near perfect attainment of the
target conformation for the gp41 molecular graft in free and 2F5-
bound states, respectively. Animals immunized with 2F5-epitope
scaffolds showed levels of graft-specific immune responses that
correlated with graft flexibility (p < 0.04), while antibody responses
against the graft—as dissected residue-by-residue with alanine
substitutions—resembled more closely those of 2F5 than sera eli-
cited with flexible or cyclized peptides, a resemblance heightened
by heterologous prime-boost. Lastly, crystal structures of a gp41
peptide in complex with monoclonal antibodies elicited by the
2F5-epitope scaffolds revealed that the elicited antibodies induce
gp41 to assume its 2F5-recognized shape. Epitope scaffolds thus
provide a means to elicit antibodies that recognize a predetermined
target shape and sequence, even if that shape is transient in nature,
and a means by which to dissect factors influencing such elicitation.

computational design | epitope transplantation | structural mimicry

onoclonal antibodies of enormous utility have been identi-

fied, revolutionizing treatments for autoimmune disorders,
infectious disease, and different types of cancers (reviewed in
ref. 1). Requirements for nonoral means of delivery and in some
contexts prolonged treatment regimens, however, have limited
their use. While vaccine modalities have potential for improve-
ments, no clear path exists from a clinically useful monoclonal
antibody to elicitation of similar antibodies in a vaccine context.
One potential solution is precise immunogen design. The ability of
structural biology to provide atomic-level definition of antibody—
antigen interactions and of computational biology to manipulate
protein structure has raised the possibility—at least for protein
antigens—of precisely replicating the antigenic surface recog-
nized by a target antibody. We hypothesized that appropriate
immunization with such an antigenic mimic might succeed in eli-
citing replicas of the original target antibody.

As a first step toward solving the vaccine problem of “reelici-
tation,” we undertook the challenge of structure-specific elicita-
tion—the elicitation of antibodies capable of binding the
sequence and of inducing the structure of a predetermined target
epitope. Various protein—scaffold platforms have been described
in which structural elements of scaffold proteins act as acceptors
of functional or antigenic regions from other proteins (2-4). Here
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we describe a platform for the elicitation of structure-specific
antibodies—the epitope-scaffold platform—in which structural
mimics of viral neutralizing determinants are grafted into hetero-
logous protein scaffolds using techniques of computational pro-
tein design. As a test system, we chose the 2F5 antibody (5, 6),
which recognizes an epitope in the membrane-proximal external
region (MPER) of the HIV-1 gp41 transmembrane glycoprotein,
for which we and others have determined a number of atomic-
level structures (7-14). Although recognition by 2F5 involves
not only the structure-specific binding of a gp41 epitope but also
nonspecific interactions with membrane (13, 15-17), the system
was nonetheless attractive because of the conformational diver-
sity of the MPER, its extensive structural characterization, and
the linear nature of the epitope. We show that immunization
of animals with epitope—scaffold mimics of the target 2F5 epitope
leads to the elicitation of polyclonal serum responses that mimic
those of antibody 2F5. Moreover, we confirm crystallographically
that monoclonal antibodies elicited by 2F5-epitope scaffolds are
capable of binding the sequence and of inducing the conforma-
tion of the 2F5 epitope in a flexible gp41 peptide, a conformation
that would otherwise only rarely be assumed.

Results

Computational Design of Epitope Scaffolds. To translate structural
information into immunogen design, we devised a semiautomated
procedure involving the following steps: First, the entire Protein
Data Bank was searched for appropriate acceptor proteins (scaf-
folds) with backbone structural similarity to segments of the
2F5-bound epitope on gp41. Second, a filtering step was applied
in which initial structural matches were only retained if the scaf-
folds could be bound by antibody without significant clashes.
Third, epitope side chains were transplanted at appropriate posi-
tions. Fourth, additional mutations were introduced into each of
the scaffolds to optimize stability, to enhance epitope exposure,
and to minimize nonepitope interactions with antibody (Fig. 1).

Author contributions: G.O., FJ.G., W.R.S., D.B., R.W., and P.D.K. designed research; G.O.,
FJ.G., and W.R.S. performed research; G.O., FJ.G.,, W.RS,, J.S., D.B.,, RW.,, and PD.K.
analyzed data; and G.O., W.R.S., D.B., and P.D.K. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
Freely available online through the PNAS open access option.

Data deposition: Atomic coordinates and structure factors have been deposited in the
Protein Data Bank, www.pdb.org (accession codes 3LES and 3LEV for free and 2F5-bound
structures of ES2 scaffold, respectively, and accession codes 3LEX and 3LEY for elicited
antibodies 1110 and 6a7, respectively, in complex with a gp41 peptide corresponding
to the 2F5 epitope).

See Commentary on page 17859.
'G.0., FJ.G., and W.R.S. contributed equally to this work.
2To whom correspondence should be addressed. E-mail: pdkwong@nih.gov.

3Present address: IAVI Neutralizing Antibody Center at The Scripps Research Institute,
La Jolla, CA 92037.

This article contains supporting information online at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1004728107/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1004728107


www.pdb.org
www.pdb.org
www.pdb.org
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004728107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004728107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004728107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004728107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004728107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1004728107/-/DCSupplemental

SIS

31 P N 2F5
gp120 N heavy
Ve chain

510 e
L T3 2F5
S K light
. M o)\ ;
/——§‘,\2F5 epitope N é}?“ chain
—_— \C
659 669 683
| | |
HIV-1 MPER ..EESQNQQEKNEQELLELDKWASLWNWEDITKWLWYIK

C HIV-1 MPER bound by 2F5

- - N
(4 e -
z 5 \’ g 7 & S/
o ' . A S _!_ — _E_‘h_ -“_4__ ¢}
1ENV 1JAV 1LBO 1MZI 2PV6 2X7R  3G9R  3HO1 1TJI 2P8M
D Models of 2F5-epitope scaffolds
‘:’V N
& ﬂ Nird ~— [} » \
Q4 S
2y AD )
Qo € ( ))/l,‘ &5 R
& &y IS s e
.P; ) '\ " y ) A ,‘<‘/< 4
24 % SR
R 0 it
2 = (P -
7 Vel . -
ES1 ES2 ES3 ES4 ES5
E Graft flexibility F Crystal structure of unbound ES2
10000 4 W Flexible MPERA ELLElDKWEeee——

g V¥ Flexible MPER B . LLELDKWAY———"1 = ES2 Model
58 1000 - @ MPER Flexible 5 LLELDKW v apAT
£ 5 100 1 7 W pd ELDKW vs gp41
5 W p=0.0024 ’ e (SO DKW e
82 4o \ @ I DKW=
Sa . . DKWAf=="

w X v &
1 N 6__ ‘ DKWAS e
y . : . T DKW AS L e
-10 0 10 20 < e
-TAS (keal/mol) ES2 ELLELDKWASL:
0.0 05 1.0 15
G Crystal structure of 2F5 bound to ES2 RMSD from 2F5-bound gp41 (A)
ELLELDKW s
LLELDKWAF—— = ES2 Model
LLELDKWm——— vs gp41
LELDKWHSS— = ES2:2F5
ELDKWH=—""— vs gp41
LDKW="
DKWE=
DKWA=—
DKWAS e
DKWASL s
ELDKWAS e
—_— hai ELLELDKWASL .
s clal 00 05 10 15

RMSD from 2F5-bound gp41 (A)

Fig. 1. Target epitope and transplantation to select acceptor scaffolds. (A) Epitope for antibody 2F5. The HIV-1 virion (schematic based on ref. 40) employs
numerous mechanisms of immune evasion to avoid recognition by neutralizing antibody. A potential site of vulnerability is recognized by antibody 2F5,
depicted as an antigen-binding fragment (Fab) with heavy chain in blue and light chain in gray, which binds to residues 659-669 of gp41, depicted in
red. The sequence of the HIV-1 MPER is from strain HxB2. (B) Shown are diverse structures of gp41 that have been previously determined (7-11, 14, 41),
with residues 659-669 highlighted in red. (C) The 2F5-recognized conformation of the epitope shows essentially the same conformation in two different
crystal lattices (12, 13). (D) Computational methods were used to transplant the 2F5 epitope into acceptor scaffolds, which were selected and further modified
to present the gp41 epitope (red) in its 2F5-recognized conformation. Epitope scaffolds are drawn in gray as Ca-ribbons, with scaffold residues altered to accept
transplantation highlighted in stick representation, and colored orange for ES1, yellow for ES2, green for ES3, blue for ES4, and purple for ES5. (E) Two po-
tential measures of graft flexibility, recognition by sera generated by flexible representations of the epitope (vertical axis) and entropy of 2F5 recognition
(horizontal axis), were found to correlate. Data points are colored according to epitope scaffold as in D, with gray for MPER peptide. (F) X-ray crystal structure
of unbound ES2. The left image shows a Ca-ribbon of the unbound ES2 structure. The right graph shows rmsds for different residue ranges of the 2F5 epitope
in the unbound ES2 structure (yellow) or in the initial ES2-computational model (gray), with both compared to the target 2F5-bound conformation of gp41.
(G) Crystal structure of ES2 in complex with antibody 2F5. The left image shows a Ca-ribbon of the ES:2F5 complex, with the 2F5 Fab colored blue and gray and
ES2 yellow. Coloring for the right graph is the same as in F.
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This procedure resulted in the design of five epitope scaffolds
from parent coordinates 1LGYa, 1KU2a, 2MATa, 1IWLa, and
1D3Bb (refs. 18-22), which we named ES1-ESS5, respectively
(Fig. 1D and Table 1). On average, eight epitope residues were
transplanted and eight additional mutations were made to each of
these scaffolds (Fig. S1). In two of the scaffolds (ES2 and ESY),
the region encompassing the epitope graft was occluded on the
native scaffold oligomer, but in both cases we judged that muta-
tions associated with epitope transplantation would interfere with
oligomerization and result in stable monomeric proteins with
exposed 2F5 epitopes. Model properties of the resultant 2F5-
epitope scaffolds showed main-chain rmsds ranging from 0.7
to 1.3 A (Table 1 and Fig. S1), indicating reasonable replication
of the epitope shape. The nonbound face of the epitope graft,
meanwhile, showed up to 70% less solvent-accessible surface area
than equivalent residues on the 2F5-bound peptide (Table 1),
indicating substantial occlusion of the nonbound face.

Biochemical, Biophysical, and Antigenic Characterization of 2F5-Epi-
tope Scaffolds. Epitope scaffolds were first tested for expression
in a mammalian system, which succeeded for scaffolds ES2 and
ES4. The remaining scaffolds were expressed bacterially, which,
following a refolding step, yielded soluble ES1, ES3, and ESS5
scaffolds, although these tended to aggregate. To assess potential
utility in elicitation, we tested the scaffolds for binding to anti-
body 2F5 with surface-plasmon resonance, because high affinity
for 2F5 was likely a required property of an immunogen capable
of eliciting antibodies that induce the 2F5-recognized shape in
gp41. When the epitope scaffolds were directly coupled to sur-
face-plasmon resonance chips, experimental affinities to 2F5 Fab
ranged from 0.600 + 0.004 to 18.80 & 0.03 nM, which were com-
parable to 2F5 affinities for free and cyclized peptides of 6.44 +
0.03 and 1.93 £ 0.02 nM, respectively (Fig. S24 and Table 1).
To evaluate the degree of conformational stabilization of the
epitope in the scaffolds, we analyzed the thermodynamics of their
interaction with 2F5. Although in general the contributions of
configurational entropy are difficult to separate from those of
solvation in calorimetry experiments (23, 24), as a first approxi-
mation in the cases described here, the latter should be similar
for peptides and epitope scaffolds because their interfaces should
be nearly identical, assuming contacts made outside the epitope
are negligible. Thus, in interaction with antibody 2F5, a more
favorable binding entropy for the epitope scaffolds relative to the

free peptide is likely to indicate conformational fixation of the
epitope. We obtained isothermal titration calorimetry measure-
ments for ES2, ES4, and ESS as well as for both wild-type and
cyclized MPER peptides (Fig. S2B and Table 1); we were unable
to obtain accurate measurements for ES1 and ES3, however,
likely because of problems with aggregation. For the ES2 scaffold,
a —TAS change at 37°C of —10.1 £ 2.3 kcal/mol was observed,
indicating an overall increase in entropy upon binding and
suggesting the graft in ES2 to be rigid. For the ES4 and ES5
scaffolds, —TAS values of —0.9 + 0.2 and 6.8 £ 0.7 kcal/mol were
observed, respectively; the latter value was close to that observed
for the cyclized epitope peptide, suggesting the grafts in
these scaffolds were more flexible than that in ES2. In contrast,
the wild-type epitope peptide had a —TAS change of 15.0+
0.5 kcal/mol, indicating substantial loss of entropy upon binding,
consistent with the expected loss of conformational diversity for
an unbound- to bound-peptide transition.

To provide an alternative measure of rigidity of the engrafted
epitopes, serum responses generated with the 2F5 epitope as a
flexible peptide or when grafted into a flexible B-hairpin loop
(in a manner inconsistent with the extended 2F5-bound struc-
ture) (25) were used to compare antigenic recognition of the
2F5 epitope as a free peptide or when stabilized as a graft in
the epitope scaffolds. As shown in Fig. S2C and Table 1, antigenic
recognition of the scaffolded epitope was substantially restricted
in ELISAs when compared to wild-type free peptide. The grafts
in the ES2 and ES4 context showed the highest restriction,
followed by ES1 and ES3, while ES5 showed substantially less
restriction. The antigenic discrimination observed is consistent
with conformational and accessibility constraints imposed on
the engrafted epitope by the scaffolds, constraints that allow only
a fraction of the population of antibodies elicited by a flexible
epitope immunogen to bind. We thus assessed the correlation
between this measure of epitope flexibility and that obtained
by isothermal titration calorimetry (Fig. 1E). Antigenic recogni-
tion by these sera correlated with entropy of 2F5 recognition
(r =0.79, p = 0.0024), suggesting that entropy of 2F5 recognition
(—TAS) and antigenic recognition by sera generated against the
epitope in a flexible context measure related properties of the
engrafted epitope.

Crystal Structures of 2F5-Epitope Scaffold ES2: Free and Complexed
to Antibody 2F5. To confirm the accuracy of the computational

Table 1. Computational design and experimental characterization of 2F5-epitope scaffolds

ES1 ES2 ES3 ES4 ES5 MPER WT MPER cyc
Computational Design
PDB code of parent 1LGYa 1KU2a 2MATa 1IWLa 1D3Bb NA NA
rmsd gp41gg0-667Ca (A) 0.7 0.7 0.8 0.9 1.4 NA NA
rmsd gp41eso-ss7 MC (A) 0.7 0.8 0.8 1.0 13 NA NA
DDMP rmsd gp41ego-ss7 0.2 0.4 0.4 0.5 1.1 NA NA
Nonbound surface (A%) 187 176 108 160 79 241 193*
Experimental Characterization

Expression Bacterial  Mammalian Bacterial Mammalian Bacterial Synthetic Synthetic
Binding to antibody 2F5 Fab
on-rate (1/Ms) (x10°) 6.52+0.04 16.68 + 0.04 1.56 + 0.01 7.43 +0.02 9.70 + 0.03 7.17 = 0.04 8.48 + 0.05
off-rate (1/s) (x1073) 3.50+0.02 1.00 +£0.00 0.547 +0.004 13.90 +0.02 2.92 = 0.01 4.62 + 0.03 1.64 + 0.02
Kp (nM) 5.38+0.04 0.600+0.004 3.50 + 0.02 18.80 £ 0.03 3.01 + 0.01 6.44 + 0.03 1.93 £ 0.02
Thermodynamics (37 °C)
AG (kcal/mol) ND -128 +23 ND -11.0+0.2 -108=+04 -10.6 = 0.1 -11.8+0.2
AH (kcal/mol) ND -2.7 £ 0.1 ND -10.0+0.2 -17.6 0.6 -25.6 £ 0.5 -18.7+ 0.3
—TAS (kcal/mol) ND -10.1 2.3 ND -0.9 +0.2 6.8 + 0.7 15.0 £ 0.5 6.9 +0.3
Antigenic recognition by flexible MPER sera (mean ECs)
Flexible MPER A (serum dilution) 456+13.8 19.6 +16.4 56.0 + 11.4 18.9 + 3.1 90.9 + 72.5 155.3 + 36.6 ND
Flexible MPER B (serum dilution) 20.0 £ 31.1 2.1 +0.6 19.0 £ 1.9 8.2 +8.6 85.2 + 33.8 357.4 £ 22.3 ND
MPER flexible loop (serum dilution) 59.2+30.9 38.6 +0.9 38.4 + 16.1 279+09 723.3+611.4 9227.0 + 1668.8 ND

ES1-ES5 are 2F5-epitope scaffolds; MPER WT is a peptide composed of residues 656-670 of gp41 linked to a C9 tag; MPER cyc is a cyclized version of MPER

WT. NA, not applicable; ND, not determined.
*Nonbound surface of MPER cyc is based on a structural model.
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design, the ES2 scaffold, which showed the highest affinity to 2F5,
the most entropically favorable interaction with 2F5, and one of
the most restrictive recognition profiles by flexible MPER-eli-
cited sera, was chosen as a representative scaffold for structural
characterization. Crystals of the free form of ES2 were obtained
and diffracted to 2.8 A, with two molecules of ES2 present in the
asymmetric unit (Table S1). The structure of ES2 is shown in
Fig. 1F, with a close-up view superimposed with the parent
gp41 peptide in Fig. S2D. Least squares superposition of gp41
residues 660-667 in the two asymmetric-unit copies of crystalline
ES2 against the target 2F5-bound epitope showed Co rmsds of
0.7 A and difference-distance matrix (26) averages of 0.3 A
(Table S2). More comprehensive superpositions were performed
for various subranges of the epitope graft, and, as shown in Fig. 1F,
the crystal structure of free ES2 displayed a pattern of mimicry to
gp41 very similar to that predicted by the computational model.

The crystal structure of the ES2 scaffold was also determined
in complex with the 2F5 antibody at ~2.5 A resolution (Fig. 1G
and Table S1). Binding by antibody 2F5 induced the epitope graft
to adopt even more closely the 2F5-bound conformation of gp41.
Superposition of the epitope graft showed a Ca rmsd against re-
sidues Leu660—Ala667 of the parent gp41 peptide of only 0.2 A,
an almost fourfold decrease from the same superposition in the
free ES2 structure (Fig. 1G, Fig. S2D, and Table S2). Extending
the alignment subrange by one residue upstream to Glu659,
increased the superposition rmsd for Ca atoms to 0.7 A, while
extending it to Leu669 increased the rmsd to 1.3 A (Table S2).
These results indicate that in the ES2 context, the epitope most
closely resembled residues Leu660-Ala667 of gp41, and that over
these residues, 2F5 induces the graft in the ES2 scaffold to adopt
near perfect resemblance to the target conformation of the
2F5-bound gp41 epitope.

Polyclonal Sera Elicited by Epitope Scaffolds Mimic 2F5 Binding to the
gp41 MPER. We next investigated epitope-scaffold immunogeni-
city. Guinea pigs were immunized with the 2F5-epitope scaffolds,
either using a single scaffold (homologous immunizations) or in
combination (heterologous immunizations) (Fig. 24). ELISAs
were performed on prebleeds as well as after the second, fourth,
and sixth immunizations. In all cases, robust immune responses
were seen against the entire inoculated scaffold (Fig. 2B and
Fig. S34). To assess the degree to which these robust responses
were directed against the engrafted gp41 epitope, homologous
post-2 and post-4 immunization-elicited sera were tested for
binding to the gp4l-peptide epitope by ELISA. As shown in
Fig. 2C and Fig. S3B, the responses against the grafts depended
on the inoculated scaffold, with ES5-immunized animals showing
the highest graft-specific responses, ES3- and ES4-immunized
animals displaying intermediate responses, and ES1- and ES2-
immunized animals displaying lower graft-specific responses.
Graft-specific responses did not correlate with the presence of
a T-helper epitope (PADRE) (27), the use of Alum/CpG versus
AS01B adjuvant, the degree of graft similarity to the 2F5-bound
conformation, nor the degree of occlusion of the nonbound sur-
face. The magnitude of the graft-specific response did, however,
correlate with the rigidity of the scaffold graft (p < 0.04), as as-
sessed either by recognition with sera elicited by flexible versions
of the MPER (Fig. 2D) or by entropy of 2F5 recognition (Fig. 2E).
These results suggest that epitope flexibility enhances immuno-
genicity, and conversely, that graft rigidity reduces immuno-
genicity.

To provide insight into graft-specific immune recognition,
elicited responses were interrogated with alanine mutants span-
ning residues 658-670 of gp41 (Fig. 2F). The 2F5 antibody inter-
acted with alanine mutants in a manner inversely proportional to
the contact surface area normally observed with each unaltered
residue, with alanine mutants to the central Asp-Lys-Trp tripep-
tide ablating binding. Sera elicited by both free and cyclized pep-
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tide showed alanine-interrogated profiles that were significantly
different from 2F5, especially for Asp and Lys in the central tri-
peptide. Sera elicited by epitope scaffolds, meanwhile, showed a
variety of responses (Fig. 2F). When elicited responses were
sorted by similarity to 2F5 based on a reliability factor (R value)
which quantifies ELISA responses (Fig. 2G and SI Materials and
Methods), top responses were derived either from heterologous
immunizations or from homologous immunizations with ESS5,
and these were remarkably similar to antibody 2FS5.

Monoclonal Antibodies Elicited by Epitope Scaffolds Replicate 2F5
Structure-Specific Recognition of the gp41 MPER. Having thus shown
that with select epitope scaffolds it was possible to elicit polyclo-
nal responses that closely mimicked 2F5 in terms of binding
across the gp41 MPER, we next sought to determine the biophy-
sical and structural characteristics of specific monoclonal antibo-
dies present in the mimicked responses. Two groups of five mice
were immunized with the 2F5-epitope scaffolds: either with ES5
(five times) or with an ESS5 prime (two times) followed by an ES1
boost (three times). Mice that had high titers to the ES2 scaffold
and the gp41-peptide epitope were chosen for fusion, and B
cell-hybridoma clones were selected on the basis of binding to
heterologous scaffolds and free peptide. A total of six monoclonal
antibodies were isolated in this manner, three from each mouse
group. Surface—plasmon resonance analysis (Fig. S44) revealed
that antibodies from the ES5-ES1 prime-boost group had the
highest affinity for peptide and scaffolds, and the two tightest
binders from this group, 11f10 and 6a7, which were determined
to be isogenic variants (Fig. S4D), were selected for structural
characterization. The antigen-binding fragments of each these
antibodies was produced and crystallized in complex with a pep-
tide corresponding to gp41 residues 660-667, yielding crystals
that diffracted to 2 A resolution (Fig. 3 and Table S1).

The electron density for the peptide was clearly defined
(Fig. 3B), with the exception of Leu660 at the peptide N terminus.
Superposition of the 11f10- and 6a7-bound gp41 peptide against
2F5-bound gp41 revealed that the epitope-scaffold-elicited anti-
bodies induced a peptide conformation remarkably similar to that
induced by 2F5 (Fig. 3C and Fig. S4B), with rmsds for backbone
atoms of 1.1 and 1.0 A for 1110 and 6a7, respectively. Side-chain
orientations of gp41 in the 11f10 and 6a7 bound structures were
also similar, with the same chi-1 and chi-2 side-chain rotamers ob-
served in roughly half of the peptide residues. When electrostatic
potentials were mapped onto antibody surfaces, a high degree
of similarity was also observed between antibodies 11f10 and
6a7 and antibody 2F5 (Fig. 3 D and E). Although the similarities
in the electrostatic surfaces were striking, they did not necessarily
correspond to similar residue contacts between the antibodies and
gp41 (Fig. 3 Fand G and Tables S3 and S4). For instance, Trp 96 of
the light chain of 1110 (and 6a7) packed perpendicular to Trp 666
of gp41, with its Ne atom situated for hydrogen bonding to the
n-electrons of the indole ring of Trp 666 of gp41, while in the case
of 2F5, interactions with gp41 Trp 666 are mediated by non-Trp
residues. Another notable difference between the antibodies is
that the tip of the 2F5 CDR H3 loop—likely involved in membrane
interactions (15)—had no corresponding partner in 11f10 or 6a7.
Nonetheless, similarities were observed between the angles of
approach and the spatial orientations of the 11f10 and 6a7 anti-
bodies relative to gp41 as compared to those of 2F5 (Fig. 3H
and Fig. S4 B and C). Superposition of the gp41 peptide in the
epitope-scaffold-elicited antibodies against the gp41 peptide in
the template-2F5 antibody overlays approximately 80% the vari-
able regions of these antibodies, but with a mode of binding that
effectively switches the heavy and light chain positions of the
elicited and 2F5 antibodies.
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Fig. 2. Immununogencity of 2F5-epitope scaffolds. (A) Immunization scheme. A priori, it was unclear what factors would influence immunogenicity. We there-
fore utilized a highly redundant sparse matrix with three primary variables: type of epitope scaffold (ES1, orange; ES2, yellow; ES3, green; ES4, blue; ES5, purple);
type of adjuvant (Alum/CpgG, circles; ASO1B, squares); and the presence (closed symbols) or absence (open symbols) of linked T-help (“TH"; PADRE) (27). Twelve
different immunization schemes were evaluated in guinea pigs, four animals per group, with sera sampled prior to immunizations (Pre) and after two (Post 2),
four (Post 4), and six (Post 6) immunization cycles. (B) Overall titers. ELISA ECs, values of polyclonal antibody responses against the entire scaffolds are shown, as
assessed by binding of Pre, Post 2, and Post 4 serum time points to the whole scaffold. (C) Graft-specific titers. ELISA ECs, values of polyclonal antibody responses
against the 2F5-epitope portion of the epitope scaffolds are shown, as evaluated by binding of Pre, Post 2, and Post 4 serum time points to a 2F5-epitope peptide
(individual responses are shown in Fig. S3). (D) Graft-specific titers (Post 2, circles and dashed black line; Post 4, triangles and solid black line) elicited by the epitope
scaffolds (vertical axis) are compared with recognition of the epitope scaffolds by sera generated by the epitope when immunized in a flexible context
(e.g., as free peptide or placed into a flexible loop) (horizontal axis). The overall fit is shown as a red line. (E) Graft-specific titers (Post 2, circles and dashed
black line; Post 4, triangles and solid black line) elicited by the epitope scaffolds (vertical axis) are compared with the entropy of 2F5 recognition. Lower observed
entropies are expected to result from interactions of 2F5 with more rigid grafts. The overall fit is shown as a red line. (F) Residue-by-residue interrogation of the
elicited responses. Single alanine mutants were introduced into a collection of 2F5-epitope peptides spanning residues 658-670 (top left). The effects of these
alanine mutants on antibody 2F5 binding were evaluated by ELISA, with changes to the central Asp-Lys-Trp tripeptide ablating binding and other residues
displaying more muted responses (middle left, black line). The alanine mutants were also used to interrogate sera elicited by flexible and cyclized peptides
(bottom left, dark brown and light brown, respectively), as well as against all Post 2, Post 4, and Post 6 sera (right panels; lines and symbols are colored based
on scaffold coloring depicted in A; for Post 6, symbols are colored based on scaffolds used in the final two immunizations). The 2F5 alanine scan profile (black) is
shown in all panels for comparison. (G) Optimal responses. Responses to the alanine-mutant epitope peptides were ranked by R-value of the response, as defined

670 ES Sera_| 2F5 .. ) . . ) ) ) )
by the expression R = %, where i isthe residue position at which the MPER was mutated to alanine. Alum/CpG, linked T help, increasing number
8 i

i=65!
of immunizations, heterologous immunizations, and use of ES5 all biased toward reduced R-values (Fig. S3C and Table S5). Shown here are results from alanine-
scanning for the top three responses along with corresponding R-values and p-values of the immunization schemes (p-values were obtained as described in S/
Materials and Methods; because 58 different sera or grouped sera were analyzed, Bonferroni adjustments were calculated to account for multiple comparisons,

with individual p-values from each serum comparison to 2F5 multiplied by a factor of 58). The 2F5 alanine scan profile (black) is shown in all panels for comparison.
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Epitope-scaffold elicited 11f10 H 11f10 compared to template 2F5

Heavy
chain

Fig. 3. Structure of an epitope-scaffold-elicited antibody. The epitope scaffolds developed here are mimics of the target template, chosen in this case to be the
2F5-recognized structure of gp41. Immunization teaches the immune system to make antibody “molds” capable of recognizing or inducing the desired
conformation in the target template (even if the template is a flexible peptide, which would otherwise rarely assume the desired conformation). (4) Structure
of ES5-ES1-elicited antibody, 1110 (heavy chain, orange; light chain, purple), in complex with a peptide corresponding to residues 660-667 of gp41 (yellow).
(B) Close-up of bound gp41 peptide in the 1110 complex. Experimental electron density (2F,-F, at 16 contour) is shown in blue around the bound gp41 peptide
(yellow). (C) Comparison of gp41-peptide conformations when bound by antibody 1110 (yellow) or by template antibody 2F5 (salmon). (D) Electrostatic
potential of ES5-ES1-elicited antibody 11f10 displayed at its molecular surface, with electronegative regions in red, electropositive regions in blue, and apolar
regions in white. (E) Electrostatic potential of antibody 2F5 displayed at its molecular surface and colored as in D. (F) Antigen-combining surface of antibody
11§10, colored according to residue type (hydrophobic, green; polar, gray; positive, blue; negative, red). (G) Antigen-combining surface of template antibody
2F5, colored as in F. (H) Overlap of elicited and template antibodies (with light and heavy chains colored orange and purple for 11f10, respectively, and colored
gray and blue for 2F5, repectively), aligned by superposition of all atoms of the bound gp41-peptides (residues 660-667). Bound gp41 peptides in D-H are colored

asin C.

Discussion

Structural specificity is a defining characteristic of mature anti-
body recognition. While antibodies may use other specialized
mechanisms of recognition, such as posttranslational mimicry
(antibody 412d, ref. 28) or co-membrane binding (antibody 2F5
investigated here, refs. 13, 15, 16), they all bind with high affinity
to a specific protein-epitope structure. Here we utilize epitope
scaffolds to teach structure-specific recognition of a target epi-
tope. Antibodies elicited with the epitope scaffolds bound to
the 2F5 epitope with high affinity, induced a conformation similar
to that induced by 2F5, and showed similar angles of epitope
approach (Fig. 3 C and H and Fig. S4). Nonetheless, we do not
expect these antibodies to recreate fully the antibody properties
of 2F5, because the membrane-binding component of 2F5 recog-
nition was not addressed in the design procedure. This compo-
nent is responsible for a substantial portion of the free energy
of 2F5 recognition, without which neutralization is difficult to
attain (15, 16, 29, 30).

A number of other groups have also studied the expression of
the nominal 2F5-epitope sequence (ELDKWAS) in scaffold sys-
tems: a variable loop of the HIV-1 gp120 envelope glycoprotein; a
surface loop of human rhinovirus; and a surface loop of bovine
papilloma virus (25, 31-33). All of these studies resulted in the
elicitation of antibodies targeted to the ELDKWAS epitope, and
two of these studies reported the induction of weak neutralizing
antibodies. However, none of the studies demonstrated similarity
between the elicited polyclonal response and 2F5 binding to
gp41, nor the elicitation of monoclonal antibodies able to induce
the 2F5-bound conformation in gp41, both of which we demon-
strate with the 2F5-epitope scaffolds to provide proof of concept
for the “reelicitation” of structure-specific antibodies.

Ofek et al.

The modular nature of the epitope scaffolds—with the same
epitope placed into different acceptor—scaffold backgrounds—
provides a means to examine factors that influence elicitation.
We observed a range of flexibilities for the engrafted epitope,
with flexibility inferred from two different measures: antigenic
recognition by sera generated with the epitope in a highly flexible
context and thermodynamic measurements of the entropy of 2F5
recognition. While equating binding entropies with conforma-
tional entropies is generally not permissible (23, 24), the similarity
of the recognition by 2F5 appears to permit such analysis in this
particular case. The results with respect to immunogenicity were
striking: Notably, the flexibility of the engrafted epitope, as judged
by thermodynamics and antigenic recognition, correlated with
immunogenicity, with a flexible but otherwise equivalent epitope
generating significantly higher immune responses than a rigid
one. This finding provides an explanation for prior observations
that elicited responses against viral antigens are often focused
on flexible loops—as has been classically observed with influenza
virus (34) and more recently with adenovirus chimeras (35). One
possible mechanism for this finding may relate to the ability of
flexible epitopes to utilize more fully mechanisms of induced
fit, thereby engaging nascent immunoglobulins on a larger percen-
tage of B cells and initiating their maturation (as has been pro-
posed for the inverse problem of antibody recognition) (36).
Perhaps relevant to this, the finding that heterologous immuniza-
tions more often elicit graft-specific responses that closely resem-
ble those of the target antibody suggests that successive
populations of B cells can be appropriately expanded and affinity
matured by successive epitope-scaffold boosts, as we have done
with ES5 and ESI1 to elicit antibodies highly similar to the 2F5
antibody. Lastly, the epitope-scaffold-elicited antibodies them-
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selves provide insights into the diversity of molecular recognition
enabled by the adaptive immune response. Antibodies 11f10
and 2F5 show related recognition chemistries—with similarities
in electrostatics (Fig. 3 D and E) and comparable combining
site-amino acid chemistries (Fig. 3 F and G)—even though
their orientations of heavy and light chains are dramatically
different (Fig. 3H) as are their progenitor immunoglobulin genes
(Fig. S4D). Thus, in addition to the potential utility of epitope
scaffolds in vaccine modalities, the antibodies they elicit provide
a means to delineate the diversity of molecular recognition by
the adaptive immune response as it fulfills requirements of struc-
ture-specific elicitation.

Materials and Methods
A summary of experimental techniques is given here, with full methods and
associated references presented in SI Materials and Methods.

Creation of 2F5-Epitope Scaffolds. The central concept was to employ, as accep-
tor scaffolds, proteins with preexisting structural similarity to the antibody-
bound conformation of the target epitope. The gp41-2F5 structure revealed
significant peptide-antibody contacts over the range of gp41 residues from
E659 to L669 (refs. 12, 13), so we designed epitope scaffolds to mimic this
segment of gp41. Briefly, the program PISCES (37) was used to cull the Protein
Data Bank to crystal structures of resolution better than 3.0 A and of protein
chains with more than 50 residues. MAMMOTH (38) was used to search
for sequence-independent structural matches based on Ca coordinates, and
ROSETTA (39) was used for clash-checking and protein design.

Structural matches to different peptide segments spanning gp41 residues
659-669 were ranked by the ratio of rmsd to the number of superimposed
residues (nsup). The best 5% of matches (700 matches with rmsd/nsup
< 0.132) were then evaluated for steric clash between the scaffold backbone
(side chains removed) and the antibody (all atoms), with the relative orienta-
tion of scaffold and antibody determined by structural superposition of
the gp41-epitope segment onto the scaffold. The 2F5 scaffolds with the least
clashes and which did not require cofactors were retained for further ana-
lysis. Many of these scaffolds were oligomeric in their native state; if the
oligomeric interface was judged to be stable after epitope transplantation,
the clash analysis was repeated with the native oligomers. In the final design
stage, epitope residues were transplanted to scaffold positions according to
the MAMMOTH structural alignment, and scaffold positions adjacent to
epitope or antibody were redesigned to accommodate epitope side chains
and to avoid interactions with antibody. Lastly, epitope scaffolds ES1-ES5
were ranked according to rmsd for the core epitope (residues 660-667),
because end effects involving residues 659, 668, and 669 often led to changes
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in overall rmsd when compared to gp41 bound by 2F5 in different crystal
forms (see for example, Fig. S1 and Table S2).

Expression, Purification, and Characterization of 2F5-Epitope Scaffolds. Epitope
scaffolds were expressed in a 293F Freestyle transient transfection system
(Invitrogen) or bacterially, from inclusion bodies, and purified by chelating
and 2F5-affinity chromatography. Biophysical characterization of the 2F5-
epitope scaffolds was carried out with surface-plasmon resonance and
isothermal titration calorimetry to determine affinities and to characterize
the thermodynamics of their interaction with antibody 2F5, respectively.
X-ray crystallography was used to verify atomic-level mimicry of the epitope,
and ELISA measurements were used to evaluate the interaction of the
scaffolds with sera, with ECsys calculated from the entire dilution curve.

Immunogenicity of 2F5-Epitope Scaffolds. Guinea pigs were immunized in two
week intervals with 20 ug of epitope scaffolds as adjuvanted with either
Alum/CpG or with AS01B (GlaxoSmithKline). Antibody titers were evaluated
by ELISA against either the entire immunized protein or against the
engrafted epitope.

Generation and Structural Characterization of Monoclonal Antibodies Elicited
with 2F5-Epitope Scaffolds. Mice were immunized in two week intervals with
20 ug of epitope scaffold in Alum/CpG. Those with the highest titers of graft-
specific responses, as assessed by ELISA against peptide or heterologous
epitope scaffold, were chosen for production of monoclonal antibody with
standard fusion and selection techniques (ProSci). Monoclonal antibodies
obtained were characterized by surface-plasmon resonance for affinity to
gp41-peptide epitope and heterologous scaffolds, and those with highest
affinity were sequenced, crystallized, and analyzed by X-ray crystallography
as antigen-binding fragments in complex with the 2F5-epitope peptide
(residues 660-667).
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