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Abstract

Development of an HIV vaccine is a global priority. A major roadblock to a vaccine is an inability
to induce protective broadly neutralizing antibodies (bnAbs). HIV gp41 bnAbs have characteristics
that predispose them to be controlled by tolerance. We used gp41 2F5 bnAb germline knock-in
mice and macaques vaccinated with immunogens reactive with germline precursors to activate
neutralizing antibodies. In germline knock-in mice, bnAb precursors were deleted, with remaining
anergic B cells capable of being activated by germline-binding immunogens to make gp41-reactive
immunoglobulin M (IgM). Immunized macaques made B cell clonal lineages targeted to the 2F5
bnAb epitope, but 2F5-like antibodies were either deleted or did not attain sufficient affinity for
gp41-lipid complexes to achieve the neutralization potency of 2F5. Structural analysis of members
of a vaccine-induced antibody lineage revealed that heavy chain complementarity-determining
region 3 (HCDR3) hydrophobicity was important for neutralization. Thus, gp41 bnAbs are
controlled by immune tolerance, requiring vaccination strategies to transiently circumvent
tolerance controls.

INTRODUCTION

Induction of broadly reactive neutralizing antibodies (bnAbs) is a critical priority for HIV
vaccine development. However, no vaccine regimen has been able to induce bnAbs to
conserved HIV envelope (Env) epitopes (1, 2). Previous work has used stabilized HIV Env
trimers or engineered Env epitopes to prime bnAb lineages in knock-in mice (3, 4), but
stabilized native-like trimers have induced only autologous neutralizing antibodies (5) and
induced dominant nonneutralizing antibody specificities (6) similar to nonnative Env trimers
(7). Explanations for the inability to elicit bnAbs include the lack of fully native trimer
immunogens (2), inability of immunogens to bind to the un-mutated (germline) ancestors
(UAs) of bnAbs (8), and inability to mimic the precise series of sequential immunogens that
drive bnAb production in natural infection (9).
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Env-targeted bnAbs 2F5, 4E10, and 10E8 bind to the membrane-proximal external region
(MPER) of gp41 and are autoreactive (10-12). These bnAbs use hydrophobic heavy chain
complementarity-determining region 3 (HCDR3) to bind to virions in a two-step model,
tethering them to the virion lipid membrane, thus enabling them to be present before CD4-
induced exposure of their epitopes on the gp41 hairpin intermediate Env conformation (13-
15). Whereas the first binding step is a relatively unspecific interaction with the viral lipid
membrane (13, 14, 16), the second binding step is the stable docking of the bnAb to gp41
MPER motifs composed of both lipids and gp41 MPER (13, 14, 16-19). When matured
(that is, mutated and selected for high affinity) 2F5 and 4E10 bnAb VDJn/V L genes are
expressed in knock-in mice, B cell development is limited by immune tolerance deletion and
anergy (20-23), but the question of whether the germline UA antibodies of MPER bnAbs
are also controlled by tolerance remains unanswered. To answer this question, we designed
immunogens (17, 19, 24) that avidly bind the UA of the 2F5 bnAb to immunize 2F5 knock-
in mice and rhesus macaques to determine their ability to initiate and drive gp41 bnAb
lineages to maturation.

RESULTS

Vaccination of 2F5 germline mice

We constructed a 2F5 germline/UA double knock-in (dKI; VDI + V ") mouse to
determine whether the 2F5 germline UA is controlled by immune tolerance and, if so,
whether any remaining B cells can be activated to clonally expand. About 98% of 2F5 UA B
cell receptor (BCR)-bearing B cells were deleted at the immature/transitional B cell stage in
bone marrow (Fig. 1A) and ~1 to 2% residual B cells entered peripheral tissues (Fig. 1B),
predominantly accumulating as transitional B cells (Fig. 1C) with down-modulated BCR
densities (Fig. 1D) and mitigated calcium signaling in response to BCR crosslinking (Fig.
1E), features consistent with anergy (20, 25). We next immunized 2F5 germline/UA dKI
mice with gp41 peptide-liposomes known to mimic virion interactions with 2F5 and 4E10
MPER bnAbs (13, 19) and to have a strong affinity for the 2F5 UA (26). We found that
residual germline 2F5 UA KI* splenic newly formed/transitional B cells with gp41 2F5
epitope reactivity could be activated by immunization to clonally expand and increase BCR
density (Fig. 1F), but most had not isotype-switched (Fig. 1G). Similarly, serum antibody
activity for gp41 2F5 epitope peptides was predominantly immunoglobulin M (IgM) (Fig.
1H). Thus, in 2F5 UA KI mice, 2F5 UA—-expressing B cells were controlled by central
tolerance, and despite their activation and expansion by immunization with gp41 peptide-
liposomes, their further expansion and/or differentiation into the mature B cell compartment
were limited.

Vaccination of rhesus macaques

To determine whether 2F5-like antibody lineages could be initiated in primates, we
immunized rhesus macaques with a set of Env immunogens designed to bind 2F5 and 4E10
germline UAs (14, 15, 24, 26), by priming with recombinant vaccinia virus (rVV)—
expressing JRFL gp140, boosting twice with deglycosylated JRFL gp140, followed by
repetitive boosting with gp41 peptide-liposomes mixed with Toll-like receptor 4 (TLR4),
TLR7/8, and TLR9 agonists (fig. S1A). After gp140/MPER peptide-liposome
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immunizations, antibodies to HIV Env gp140 (fig. S1B) and MPER 2F5 epitope peptide (fig.
S1C) were induced in all four macaques. In two macaques (R584 and R585), the
immunization regimen appeared to break tolerance, eliciting plasma antibodies that bound
kynureninase, a host protein that contains the 2F5 epitope amino acids 662 to 667
(ELDKWA) (fig. S1D), but did not bind to a mutant kynureninase (ELEKWA) that abrogates
2F5 binding (11) nor bound to the 4E10 bnAb epitope (fig. S1, E and F). Plasma antibodies
only neutralized easy-to-neutralize (tier-1) viruses in the TZM-bl assay (fig. S1G). In
addition to plasma, antibodies to the MPER were detectable in rectal fluids after MPER
peptide-liposome boosting (fig. S1H).

Characteristics of the 2F5 bnAb determined to be important for virion binding and
neutralization are a long, hydrophobic HCDR3 (18) containing prolines (27) and a leucine-
phenylalanine residue pair (13) critical for lipid reactivity. In HCDR2, an aspartic acid triplet
(DDD) and a pair of arginines at the base of HCDR3 contribute to interactions with
complementary charged amino acids in the MPER (28, 29). To search for vaccine-induced
antibodies with these characteristics that used a Vi gene similar to the 2F5 (V{2-5), we
performed next-generation sequencing (NGS). We detected VDJy sequences at 16 and 24
weeks after r'VV-JRFL gp140 immunization with the above 2F5-like characteristics but did
not detect similar sequences at either week 92 or week 150 after immunization (fig. S2, A
and B). Thus, antibodies most similar to 2F5 fell to below the threshold of detection by NGS
after the week 24 immunization, suggesting B cell deletion.

Next, MPER-specific memory B cells were sorted by flow cytometry from peripheral blood
mononuclear cells (PBMCs) of macaques R584 and R585 using a fluorophore-labeled gp41
heptad repeat-2 (HR-2) tetrameric peptide (MPER.03), previously shown to bind to MPER
bnAb memory B cells (fig. S2C) (30). We isolated a total of 549 antibodies that either were
gp41l MPER-reactive or used the rhesus genes similar to those of 2F5 V (variable region of
Ig heavy chain) and V_ (variable region of Ig light chain) (fig. S2, D and E). We identified
33 B cell clonal lineages, 3 of which used rhesus V2 and V.1 genes that are similar to the
HIV bnAb 2F5 V{2-5, V| 1-13 genes (clones DH571 and DH572 from macaque R585, and
clone DH573 from macaque R584) (fig. S3, A to F). Clones DH571 and DH572 did not
react with gp41 MPER, whereas DH573 reacted with gp41 MPER and kynureninase but not
with mutant kynureninase, indicating specificity for the ELDKWA neutralizing epitope (fig.
S3F) (11).

To assess neutralization by MPER antibodies, we used the TZM-bl assay and the TZM-bl/
FcyRI assay that uses TZM-bl epithelial cells transfected with CD64 (FcyRl), thus enabling
the cells to bind MPER bnAbs and augment their ability to associate with the virion before
receptor-mediated activation. This assay is highly sensitive for MPER antibodies by using a
cell line that provides a kinetic advantage for the antibody to access the transiently exposed
MPER epitope (fig. S4B) (31, 32). The MPER-reactive antibody DH573 could not neutralize
HIV in either assay (table S1) because of limited monoclonal antibody (mAb) recognition of
gp41l peptidelipid complexes (fig. S3, F and G). Thus, antibodies with 2F5-like Vi/V |
pairings were induced by vaccination, but these antibodies did not react with MPER pep-tide
in the context of liposomes nor neutralize HIV.
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Induced macaque neutralizing antibodies

We next performed neutralization assays on 94 representative antibodies that either shared
2F5 Vy and V|_ characteristics or bound the gp41 MPER, and found one antibody, DH570,
that neutralized both tier 1 and tier 2 heterologous HIV strains in the TZM-bl/FcyRI assay
but not in the TZM-bl assay (Fig. 2). We isolated 77 natural antibody VyDJy and V| J, gene
pairs within clone DH570 from weeks 43 to 144 of immunization and produced 32 for study
(Fig. 2A and tables S2 and S3). Analysis of the DH570 clone revealed five branches in the
lineage and use of a 2F5-like light chain (rhesus V1-23) paired with a V4 heavy chain
(Fig. 2, A and B, and table S3). We assayed antibody clonal lineage members including the
inferred unmutated common ancestor (UCA), intermediate antibodies (1As) and natural Vy
and V|_paired antibodies for binding to HIV Env gp140, gp41, GCN4-gp41-inter [a
construct reflective of the gp41 intermediate conformation epitope neutralized by gp41
bnAbs (33)], and the 2F5 nominal epitope peptide (table S3), as well as for polyreactivity
(table S3). We noted increasing affinity for gp41 epitopes during the maturation of the
DH570 lineage and sporadic appearance of polyreactivity to cellular antigens (table S3).
Only lineage branches I and IV contained multiple members that neutralized HIV in the
TZM-bl/FcyRlI assay (Fig. 2, A and C, and table S2). Neutralization capacity of DH570
members was in general weak and did not reach 100% neutralization of isolates tested in the
TZM-bl/FcyRlI assay (fig. S4A).

The neutralization epitope for gp41 bnAbs is transiently exposed after CD4 binding to Env,
resulting in a window of time during which bnAbs can bind the MPER (31, 32, 34). We
determined the window of time [half-life (#,,) of neutralization] during which clone DH570
antibodies could neutralize various strains of HIV (32, 34, 35). We found that although bnAb
2F5 was able to neutralize the tier 1 clade B HIV isolate W61D in the TZM-bl/FcyRI assay
with £ = 68.8 + 20.7 min, and the tier 2 clade B HIV isolate SC422661 with £, = 31.0

+ 5.6 min, DH570 lineage members had an estimated £, < 10 min against HIV W61D or
SC422661 in the TZM-bl/FcyRI assay (table S4). These data demonstrated that DH570
lineage antibodies have a limited window of time to access the transiently exposed MPER
epitope that can only be partially compensated by their interaction with FcyRI on TZM-bl
cells (fig. S4B). To estimate the relevance of DH570 antibodies to in vivo HIV infection, we
reasoned that if the determining feature of the TZM-bl/FcyRI assay was target cell surface
expression of FcyRI, then the DH570 lineage should potently neutralize tier 2 HIV strains in
CD4*, FcyRI* monocyte/macrophages (36). Vaccine-induced mAb DH570 mediated
neutralization of the clade B tier 2 HIV strain JRFL in cultured monocyte/macrophages with
an ICgg (80% inhibitory concentration) of 0.61 pug/ml (fig. S4, C and D).

Structures of DH570 lineage antibodies

We solved the cocrystal structure of antibody DH570 bound to the gp41 MPER nominal
epitopecontaining peptide (gp41s60-670) at 2.5 A resolution (Fig. 3, A and B, and table S5).
The gp41 MPER peptide adopted a helical conformation in proximity to the HCDR3 (Fig. 3,
A and B). Residues in HCDR3, including an apical phenylalanine (Phel%D), formed a
hydrophobic cleft that accommodated MPER Trp®66 (Fig. 3B). DH570 HCDR2 residues
Arg®6 and Glu®® formed salt-bridge interactions with Glu®64 and Lys86° of the gp41 epitope,
respectively (the same MPER residues with which 2F5 forms salt-bridge interactions) (Fig.

Sci Transl Med. Author manuscript; available in PMC 2016 August 31.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 6

3B). Unlike 2F5, the DH570 light chain did not interact with the gp41 peptide (Fig. 3B).
Both DH570 and 2F5 adopted similar HCDR3 structures having an extended conformation
with hydrophobic residues at the apices available for lipid-membrane interactions, but the
HCDR3s exhibited different approach angles relative to their MPER epitopes (Fig. 3B).

To determine any structural basis for differing neutralization capacities, crystal structures of
three unliganded DH570 antibody Fab fragments, including neutralizing antibodies DH570
and DH570.4 and nonneutralizing antibody DH570.9, were resolved to 1.6, 1.8, and 1.9 A,
respectively (Fig. 3A and table S5). The overall structures of the three antibodies were
similar and exhibited similar HCDR3 conformations owing to identical HCDR3 sequences,
suggesting that differences in their neutralization capacities were due to differences in the
biochemical character of their paratopes outside of the HCDR3 (fig. S5). Lipid insertion
propensity, a designation of amino acid hydrophobicity (37) shown to be highly correlated
with 2F5 neutralization (38), was much higher in the LCDR3 of neutralizing members
DH570 and DH570.4 than the nonneutralizing DH570.9 (fig. S5, B and C). Overall, lipid
insertion propensity of the HCDR3 and LCDR3 was significantly more favorable for
neutralizing members of the DH570 clonal lineage than nonneutralizing members (Fig. 4A).
Thus, it is likely that antibody capacity to interact with lipid is as essential for neutralization
potency for the DH570 clone as it is for the 2F5 bnAb.

Kinetic rate map of DH570 binding

We reasoned that if tolerance mechanisms exerted evolutionary constraints on affinity
maturation of the DH570 antibody lineage, then the DH570 lineage would mature toward
the affinity of 2F5, but a ceiling of affinity maturation would be observed below that of the
2F5 bnAb. Because the MPER epitope is exposed transiently during the postreceptor-
triggered state of Env (33, 34), faster association rates during the initial encounter with
antigen and formation of stable complexes with slower dissociation rates are critical kinetic
parameters that allow the antibodies to engage the MPER epitope associated with lipids as is
present on HIV virions (13, 14). We have previously shown that MPER bnAbs bind to both
HIV virions and to MPER peptide-liposomes in a two-step manner, and that MPER peptide-
liposome binding of gp41 bnAbs mirrors bnAb binding to virions (13, 14). Thus, using
MPER peptide-liposomes, we found that although the dissociation rates of the DH570
branch | and IV antibodies approached that of 2F5, the association rates were an order of
magnitude slower (range, 5- to 31-fold slower) (Fig. 4, B to D).

In branch 1V, affinity maturation from IA76 to 1A47 achieved dissociation and association
rates closest to bnAb 2F5, with 1A47 achieving the best neutralization of HIV in the TZM-
bl/FcyRI but not the TZM-bl assay (table S2), indicating that the 2F5 antibody association
rate of 5 x 10° M~1 571, a rate that approaches simple diffusion processes (39), may be
required for HIV bnAb activity in the absence of tethering to the viral membrane. Along
with having the fastest association rate, IA47 also had the most favorable HCDR3 lipid
insertion propensity score of the DH570 clonal lineage (table S7) and overall HCDR3 lipid
insertion propensity score was correlated with association rate (Spearman’s rank correlation
p =—0.53; tables S6 and S7). Of the six descendants of 1A47, antibodies DH570.16,
DH570.17, and DH570.19 accumulated Vi mutations (to 14%) that moderately reduced
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their HCDR3 lipid insertion propensity (table S7). Whereas their dissociation rates
improved, their association rates declined (four- to fivefold), and concomitantly,
neutralization breadth for these antibodies decreased compared to 1A47 (table S2), further
underscoring the critical role association rate plays in the mechanism of neutralization in the
DH570 lineage. HCDR3 lipid insertion propensity of the remaining three descendants of
IA47 decreased even further, and two antibodies, DH570.20 and DH570.21, accrued Vy
mutations up to ~21%, which resulted in their complete loss of neutralization in the TZM-bl/
FcyRI assay due to profound declines in their association and dissociation rates.
Remarkably, DH570.20 and DH570.21 reverted back to the kinetic rates of the DH570 UCA
for MPER liposome binding (Fig. 4D) while maintaining binding to protein (table S3). Thus,
these data are consistent with lowering of a ceiling for association rates of the MPER
peptide-liposome—-induced DH570 lineage such that bnAb potency could not be achieved
(Fig. 4, B and C).

Mutations that improve neutralization

Finally, we asked whether introducing mutations derived from the HCDR3 of a DH570
lineage antibody (1A47) could increase the association rate and thus correct the TZM-bl
assay neutralization deficit in the DH570 antibody. We hypothesized that combining the fast
association rate of DH570.1A47 with the slower dissociation rate of DH570 could maximize
MPER peptide-liposome binding and allow for neutralization in the TZM-bl neutralization
assay in the absence of FcyRI. We introduced two amino acid substitutions (Asn190—Ala
and Serl90C—Thr) into the DH570 HCDR3 amino acid sequence to mimic the HCDR3
sequence of DH570.1A47. This antibody mutant, DH570.Mut58 Fab, exhibited a fivefold
increase in affinity [dissociation constant (Kg) = 83.7 and 17.8 nM for DH570 and
DH570.Mut58, respectively] for MPER peptide-liposomes, largely due to an increased
association rate [(ky) = 2.87 x 10* and 12.9 x 10* M~1 s71 for DH570 and DH570.Mut58
Fabs, respectively] (Fig. 5, A to C). Additionally, the dissociation rate of DH570.Mut58 Fab
remained unchanged when compared to the original DH570 Fab (Fig. 5C). This faster
association rate of DH570.Mut58 was associated with the ability to neutralize for HIV tier 1
clade B isolate W61D in the TZM-bl assay (Fig. 5D). Thus, a member of the DH570
lineage, with only two amino acid exchanges, could achieve heterologous HIV neutralization
in the TZM-bl neutralization assay without FcyRI assistance.

DISCUSSION

Here, we demonstrate that germline knock-in mice expressing precursors of bnAb 2F5
showed B cell deletion in the bone marrow prevaccination, and the anergic bnAb precursors
that survived in the periphery could be partially rescued, become activated, and clonally
expand by immunization with MPER peptide-liposomes (Fig. 1D). Vaccination of rhesus
macaques indicated that an alternative, if imperfect, solution to tolerance control of 2F5-like
B cell expansion could develop by allowing clone DH570 to be induced, in which antibodies
neutralized HIV, but only in TZM-bl CD4* cells that coexpressed FcyRI. DH570 antibodies
neutralized tier 2 HIV in FcyRI* cultured monocytes, suggesting that DH570 antibodies
may be able to prevent monocyte/macrophage infection in vivo but would be ineffective in
preventing transmission to CD4* T cells.
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Our previous work has demonstrated that kynureninase is involved in mediating negative
selection for MPER bnAbs (11, 17). Here, we show that the immunization regimen broke
tolerance to kynureninase and, in doing so, induced antibodies to the gp41 MPER DKW
bnAb epitope (fig. S1). Here, our current study demonstrates that a second mediator of
tolerance control is lipid binding, and this control is mediated through limitation of antibody
CDR3 hydrophobicity.

One concern is the possible lack of T cell help preventing bnAb development. Here, we
found in the neutralizing clonal lineage DH570 that all naturally isolated macaque
antibodies were class-switched as 1gG antibodies. The range of Vy nucleotide mutations in
the clone ranged from 7 to 21.3% (Fig. 2 and table S3). Thus, in the setting of vaccinated
macaques, evidence of a T-dependent response for the neutralizing clonal lineage was
present with class switching of the neutralizing clone DH570 to 1gG and accumulation of
considerable Vi nucleotide mutations.

Of critical importance, we observed a ceiling of affinity maturation in the DH570 clonal
lineage to the immunogen, where additional accumulation of mutations after the most potent
neutralizing antibody in the clone (I1A47) led to a loss of lipid insertion potential, a loss of
affinity maturation, and subsequently reduced neutralization potency and breadth. This
phenomenon is reminiscent of a ceiling effect limiting association rates of easy-to-induce
antibodies during affinity maturation of antibodies against vesicular stomatitis virus (40, 41),
whereas O’Keefe et al. (42) reported a ceiling of affinity maturation for hen egg lysozyme
antibodies. We hypothesize that tolerance mechanisms in the germinal center were
responsible for lowering the kinetic rate ceiling for gp41-targeted neutralizing antibodies by
primarily selecting against B cells having BCRs with the capacity to effectively insert into
lipids, and thus precluded the DH570 clonal lineage from developing the fast association
rates of membrane binding of the 2F5 bnAb.

The reversal of affinity maturation for MPER peptide-liposomes with increasing maturation
from antibody 1A47 to DH570.20 and DH570.21 is remarkable and emphasizes the poorly
understood capacity of germinal centers to select BCRs with lowered affinity for antigen in
the presence of continued vaccination (17, 43, 44). The phenotype of reversion of binding
affinity from autoreactivity to lipids with the accumulation of additional antibody mutations
is similar to what has been described in mice for reversions away from autoreactivity to
proteins (17, 44). CD4 T follicular helper (T+) cells are the drivers of affinity maturation in
germinal centers (45, 46), and in mature 2F5 bnAb knock-in mice, MPER peptide-
liposome—driven T cell helps select for non-MPER and nonneutralizing antibodies (17).
Thus, our data raise the hypothesis that during continued immunization with MPER peptide-
liposomes in macaques, T, cells in germinal centers may be driving antibody specificities
away from lipid reactivity and therefore away from bnAb activity.

That we were able to improve the DH570 antibody association rate by making two HCDR3
amino acid mutations to increase the lipid insertion potential supports the hypothesis that, in
the absence of tolerance constraints, affinity maturation can extend beyond the association
rate ceiling. Furthermore, traversing beyond this association rate ceiling enabled the DH570
mutant antibody to achieve neutralization in the TZM-bl assay without assistance from
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FcyRl, albeit with limited potency and breadth. Thus, the association rate ceiling control
mechanism is hypothesized to be a limitation of the degree of hydrophobicity of the BCR
HCDR3 because B cells expressing BCRs with hydrophobic HCDR3s are known to be
deleted by tolerance controls (47), even though they are required for 2F5-like antibodies to
neutralize HIV (13, 27).

Our study has limitations in that multiple immunogens and immunizations were associated
with the appearance of the DH570 neutralizing clonal lineage. New studies will be required
to determine whether the MPER peptide-liposome alone can induce such lineages.
Moreover, the nature of the adjuvant required in humans will need to be determined. Such a
study is currently under design for immunization of the MPER peptide-liposome in humans
in a phase 1 clinical trial.

That bnAbs isolated from infected individuals can break through the association rate ceiling
raises the hypothesis that in some HIV-infected individuals, tolerance controls are perturbed,
allowing gp41 bnAb lineages to develop. It is encouraging that vaccination of macaques
generated antibodies that could approach the specificity of gp41 bnAbs. It is hoped that in
humans, immunization with the MPER peptide-liposome, an immunogen designed
specifically for human bnAb UA antibody binding, will be more effective at driving
neutralizing bnAb lineages. Iterative modifications of immunogen regimens will likely be
needed to drive desired but disfavored B cell lineages to neutralization breadth. Finally, our
data raise the hypothesis that vaccination with regimens designed to transiently dampen
immune tolerance controls may also be required to raise the ceiling on affinity maturation to
that of gp41 MPER-targeted bnAbs.

MATERIALS AND METHODS
Study design

The objective of this study was to profile the antibody repertoire in gp41 bnAb Vi and V.
knock-in mice and in outbred rhesus macaques after vaccination with HIV immunogens
designed to engage the UA of a gp41 bnAb. The number of animals and their immunization
regimens are provided below. The study was not blinded and randomization was not used in
data collection or processing. For replicated neutralization assays where multiple batches of
a produced antibody were used, we included neutralization data for the antibody from the
antibody batch with the most robust neutralization capacity to ensure consistent antibody
functionality within the batch. The number of replicates performed for each experiment is
included in the figure legends.

2F5 dKI mouse models and immunization strategy

2F5 germline/UA dKI mice were generated on the C57BL/6 background on the basis of the
techniques previously described to engineer the 2F5 original (mature) dK1 model (22, 23).
Briefly, 2F5 UA VDpJy™* KI mice were first generated by knocking in the published VDJ
rearrangement of the inferred UA #1 (higher affinity to MPER epitope) allelic variant (26),
using the previously described murine heavy chain locus targeting constructs and strategies
(23). In parallel, recombinant embryonic stem cells bearing the murine x locus-targeted
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inferred 2F5 UA V,J, rearrangement sequence (26) were used to derive 2F5 UA V,J,.*/*
mice on the basis of previously published methods (22). Finally, 2F5 UA VDpdy** and
V,J,.* mice were repeatedly crossbred to generate fully homozygous 2F5 UA dKI mice
(22).

For all immunizations with 2F5 dKI models or control (wild-type B6) mice, a minimum of
three mice per immunization group were used. All mice were 8 to 12 weeks old at the start
of the immunization study and were housed in the Duke University Vivarium in a pathogen-
free environment with 12-hour light/dark cycles at 20° to 25°C in accordance with all the
Duke University Institutional Animal Care and Use Committee (IACUC)-approved animal
protocols. Mice were immunized six times with TLR agonist—-MPER peptide-liposome
conjugates [25 ug of MPER 656-GTH1 peptide and 10 ug of monophosphoryl lipid A
(MPLA)], as described (17) through intraperitoneal injections (200 ul) administered every
14 days. Blood samples were collected for isolation of sera 10 days after each immunization.

Calcium flux analysis for dKI models

After splenocytes were harvested, B cells were enriched using a mouse Pan-B Cell Isolation
Kit (STEMCELL) according to the manufacturer’s instructions. Enriched pan-B cells were
stained by LIVE/DEAD Fixable Yellow Dead Cell Stain Kit (Thermo Fisher Scientific) and
the cell surface makers anti-B220-BV711 and anti-CD93-APC (allophycocyanin) for 30
min. Prestained B cells were loaded with Fluo-4 through thorough washes in Hanks’
balanced salt solution (HBSS), followed by mixing with equal volumes of 2x Fluo-4 Direct
calcium reagent loading solution (Fluo-4 Direct Calcium Assay Kits, Thermo Fisher
Scientific). After sequential 30-min incubations at 37°C and room temperature, cells were
washed and resuspended in calcium-containing HBSS and incubated at room temperature
for 5 min before being activated by anti-IgM F(ab”)2 (25 pg/ml; SouthernBiotech). Fluo-4
MFI data for transitional (B220* CD93*) B cells were acquired on a BD LSR Il flow
cytometer and analyzed by FlowJo software.

Enzyme-linked immunosorbent assays for 2F5 dKI models

Total Ig and MPER (2F5 neutralization epitope peptide; SP62)—specific serum antibody
concentrations in age- and gender-matched 2F5 mature dKI, 2F5 UA dKI, and B6 mice were
determined by enzyme-linked immunosorbent assays (ELISAS), as described (17,20,22).
Briefly, purified mouse IgM (A isotype) and 1gG1 (x isotype) were used as standard curves
to measure total IgM and total 1IgG mouse antibody concentrations. Recombinant chimeric
2F5 mAb [human 2F5 Vy and mouse Cy1 + human 2F5 V,. and mouse C, (22)] was used
as a reference standard to measure MPER-specific (that is, against plate-bound SP62) 1gG
concentrations; similarly, V3-1.4 [an m2F5 IgM antibody (20)] was used as a reference
standard to measure MPER-specific IgM concentrations. Alkaline phosphatase (AP)—
conjugated goat anti-mouse 1gG and IgM antibodies (SouthernBiotech) were used as
secondary antibodies.

Mouse B cell phenotypic analysis by flow cytometry

Flow cytometric analysis was performed as described (17, 20, 22). Briefly, single-cell
suspensions from spleen and bone marrow were isolated from naive and immunized 2F5
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mature and 2F5 UA dKI mice; wild-type naive C57BL/6 mice were used as controls. A total
of 10 cells were suspended in fluorescence-activated cell sorting (FACS) buffer containing
1x phosphate-buffered saline (pH 7.2), 3% fetal bovine serum (Sigma-Aldrich), and 0.01%
sodium azide, and B cells were stained with premixed combinations of fluorochrome-
labeled mAbs at titration-determined optimal concentrations. Total B cells were gated as
singlet, live, CD19*, and/or B220* lymphocytes. All antibodies were from BD Biosciences
unless otherwise stated. Primary labeled mAbs used were Pacific Blue, allophycocyanin, or
Texas Red-conjugated anti-B220 (clone RA3-6B2), phycoerythrin (PE)-Cy7 anti-CD19,
fluorescein isothiocyanate (FITC)—conjugated anti-IgD (clone 11-26), FITC-conjugated
anti-1IgG2b (clone R12-3), FITC-, allophycocyanin-, or PE-Cy7—conjugated anti-lgM (clone
15F9), PE-conjugated anti-CD21, and PE-Cy7-labeled anti-CD23 (eBioscience). Flow
cytometric analysis of B cell reactivity for the MPER 2F5 epitope was performed similarly
using single-cell splenocyte suspensions from naive and immunized 2F5 mature and 2F5 UA
dKI mice that were stained with MPER (SP62) tetramers, also as previously described (17,
22, 48). 1gG2b- and IgM-specific analysis was performed using an intracellular staining
protocol based on the BD Cytofix/Cytoperm fixation/permeabilization method.
Representative gating strategies are shown in fig. S10.

Production of rVV expressing JRFL gp140

rvVVs containing a codonoptimized JRFL gp140 gene (24) were generated and purified as
described (49). The recombinant rVV-JRFL gp140 was confirmed by polymerase chain
reaction (PCR) and DNA sequencing analysis and stocked at —80°C until use. Plaque-
forming units (PFU) of each batch of r\VVs were determined in BSC-1 cells as described
(49).

Preparation of deglycosylated JRFL gp140

Natively deglycosylated recombinant JRFL gp140 (Deg JRFL gp140) was prepared by using
peptide A~glycosidase F (PNGase F) (New England Biolabs) as described (24). The natively
deglycosylated JRFL gp140 protein was confirmed by SDS—polyacrylamide gel
electrophoresis and Western blot assay with MPER-reactive antibodies 2F5 and 4E10 and
then stored at —80°C until use.

Adjuvant production

The adjuvant with oil and TLR agonists, LASTS-CR, was developed as described (50) and
used in rhesus macaque immunizations with Deg JRFL gp140 protein. MPLA (Avanti Polar
Lipids), R848 (InvivoGen), and oligonucleotide CpG (oCpG) with the sequence of 5'-
TCGTC-GTTTCGTCGTTTTGTCGTT-3" (ODN10103; The Midland Certified Reagent
Co.) were added into Span85/Tween80/squalene with the final concentration of 200 ug/ml, 1
mg/ml, and 6.67 mg/ml, respectively, to make the adjuvant formulation LASTS-CR.

Rhesus macaques and immunization strategy

Four healthy, adult (one female and three males) Chinese-origin rhesus macaques were
housed at BIOQUAL Inc. Macaques were immunized with a total dose of 10° PFU of rVV-
JRFL gp140 at two sites each intramuscularly and intradermally (250 pl each site) at day 0.
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Animals were then vaccinated with 100 pug of deglycosylated JRFL gp140 (83.3 pg/ml) in
the presence of the adjuvant of LASTS-CR through mucosa: intranasal (500 pl), sublingual
(500 pl), and tonsillar (200 pl) at week 8. Animals were boosted with 349.8 pg of adjuvant-
containing (MPLA and R848) MPER peptide-liposomes (51) (291.5 pg/ml) in the presence
of ODN10103 (final concentration of 6.67 mg/ml) through mucosa: intranasal (500 pl),
sublingual (500 pl), and tonsillar (200 pl) at weeks 12, 16, 20, and 24. At weeks 32 and 36,
the monkeys were boosted with 100 mg of deglycosylated JRFL gp140 (100 pg/ml) in the
presence of the adjuvant of LASTS-CR at four sites intramuscularly (250 pl each site). The
animals were then boosted with 1000 pg of adjuvant-containing MPER peptide-liposomes
per animal (345 pg/ml) by four sites intramuscularly (750 pl each site) at weeks 41, 45, 50,
88, 92, 129, 135, 142, and 148. Blood was collected at preimmunization and 2 weeks after
immunization for each immunization.

Flow cytometry macaque memory B cell single-cell sorting

MPER-specific memory B cells of macaque R585 and R584 were sorted by flow cytometry
as described (30). Briefly, 1 x 107 PBMCs were stained with B cell antibody panel: CD14
(BV570), CD3 (PerCP-Cy5.5), CD20 (FITC), CD27 (APC-Cy7), and IgD (PE) (BD
Biosciences) and Alexa Fluor 647 and Brilliant Violet 421-tagged MPER.03 peptides
(KKKNEQELLELDKWASLWNWFDITNWLWY IRKKK). HIV gp41- specific memory B
cells were gated as CD3"CD14~CD20*CD27*slgD"MPER.03 (AF647)" MPER.03
(BV421)* and sorted into 96-well PCR plates containing 20 pl of reverse transcription
reaction buffer that included 5 pl of 5x first-strand complementary DNA (cDNA) buffer,
1.25 pl of dithiothreitol, 0.5 pl of RNaseOUT (Life Technologies), 0.0625 pl of Igepal
(Sigma-Aldrich), and 13.25 pl of ultrapure deionized water (Life Technologies).
Representative gating strategies are shown in fig. S11.

Sequencing and expression of rhesus macaque memory B cell VyDJy and V| J_ genes

Rhesus macaque VyDJy and V J; segments were isolated by single-cell reverse
transcription PCR (RT-PCR) using the method as described (52). The isolated VV(D)J gene
fragments were used for the construction of linear expression cassettes for production of
recombinant mAbs in 293T cells in small scale (53).

Expression of purified IgG1 recombinant mAbs

V(D)J gene fragments were de novo synthesized and cloned (GenScript) into the plasmids
containing rhesus 1gG1/IgK/IgL constant regions. Recombinant mAbs were produced in
293F cells (Life Technologies) by cotransfection with plasmids expressing the 1g heavy and
light chain genes and were purified from the culture supernatant by protein A column
chromatography. For generation of UCA and IA antibodies, inferred heavy chains were
paired with light chains from the closest observed mature antibody in the lineage (UCAL).
An additional UCA was made for DH570, referred to as DH570.UCA2, comprised of the
inferred heavy chain paired with the light chain of DH570.7, the closest member in branch |
(the branch of the DH570 lineage with the most neutralizing members). In the text, the term
UCA refers to data from neutralization and binding assays with UCA2. The same assays
were performed with UCAL and yielded comparable results.
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Clonal lineage determination and inference of UCAs

The software program Cloanalyst (54-56) was used to annotate isolated VyDJy and V Ji
sequences with immunogenetic information as well as to test for clonal lineage membership,
infer UCASs, and reconstruct phylogenetic trees of clonal lineages, as described (7, 9).
Phylogenetic trees were reconstructed from heavy chains only. Note that the term UCA is
used when inference was performed using multiple observed clonal members. When
inference was performed with only a single observed antibody, the term UA is used.

Lipid insertion propensity

Lipid insertion propensity scores were calculated using the MPEx (Membrane Protein
Explorer) software program (57) as a sum of AGyif, the free energy of transfer of an amino
acid from water to POPC interface (37), over all amino acids in the HCDR3 and/or LCDR3
where CDR amino acid positions were defined structurally using the DH570/MPER peptide
complex structure (HCDR3, LFQPNGFSFTLTSYW; LCDR3, QQYISLPPT). Scores were
calculated for all CDRs individually, and the most statistically significant discriminator of
neutralization capacity for the DH570 clone was found to be the sum of HCDR3 and
LCDR3 scores [P < 0.01, Wilcoxon-Mann-Whitney test with Benjamini-Hochberg (58) false
discovery rate correction].

Rhesus mAb binding and epitope mapping

Rhesus macaque serum and recombinant mAbs were screened by ELISA (59) for binding
specificities to a panel of HIV Envs (JRFL gp140 and MN gp41), recombinant HIV Env
cores [GCN4 gp41l-inter (33), gp41-6HB (60), and 5HelixH6 (60)], biotinylated MPER
peptides including MPERO3 (KKKNEQELLELDKWASLWNWFDITN-WLWY IRKKK-
biotin), 2F5 epitope SP62 (QQEKNEQELLELDKWASLWN-biotin), 4E10/10E8 epitope
peptide (SLWNWFNITNWLWY IK-biotin), and autoantigens [kynureninase (includes
DKW) and kynureninase mutant (includes EKW) (11)]. AP-conjugated goat anti-human Ig
(H + L) antibody (SouthernBiotech) was used for secondary detection. mAb epitope
mapping was confirmed by surface plasmon resonance (SPR).

Rectal HIV-1 I1gG

HIV-specific 1gG was measured by a binding antibody multiplex assay (61,62), and 1gG
concentration was determined by ELISA from fluid recovered from rectal wecks of
macaques 584 and 585. 2F5 peptide tetramer—specific mucosal 1gG was reported as specific
activity, which equals 2F5 mAb concentration equivalent (2F5 mAb ng/ml equiv)/total
rhesus 19G (ug/ml).

Polyreactivity analysis of antibodies

The polyreactivity of rhesus mAbs was assessed with the AtheNA Multi-Lyte System
(ZEUS Scientific) and HEp-2 cells immunofluorescence assay (Inverness Medical
Professional Diagnostics) as described (63). DH570, DH570.1A47, and DH570.33 were
tested for the reactivity with human host cellular antigens using ProtoArray 5 microchip
(Life Technologies) as described (11).
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Lipid and MPER liposome binding

Lipid binding of mAbs to synthetic liposomes {POPC, PCPS (POPC:POPS at 25:75 molar
ratio), PCCLP [POPC: cardiolipin (Avanti Polar Lipids) at 25:75 molar ratio]} was
measured by SPR assays on a BlAcore 3000 instrument, and data analyses were performed
with BlAevaluation 4.1 software (Biacore/GE Healthcare) as described (64). MPER
liposomes, without any adjuvant, were prepared using the same method as the MPER
liposome immunogen described above. Antibody-binding kinetic rate constants (43 and Ag)
were measured by Bio-Layer Interferometry (BLI, ForteBio Octet RED96) measurements.
The BLI assay was performed using APS (aminopropylsilane) sensors (ForteBio) to capture
MPER liposomes and dipped into varying concentrations of antibodies after blocking of
lipid-anchored sensors in bovine serum albumin (0.1%). Rate constants were calculated by
curve fitting analyses (1:1 Langmuir model) of binding responses with a 10-min association
and 15-min dissociation interaction time.

Neutralization assays

The neutralizing activity of rhesus serum samples and purified mAbs was detected against a
panel of HIV isolates (HXB2, W61D, JRFL, SC422661.8, WITO4160.33, and MuLV as
negative control) in both TZM-bl (65) and TZM-bl/FcyRI cells (31). Samples were tested at
threefold dilution starting at 1:20 and ending at 1:43,740. The starting concentration of
mAbs was 50 to 100 ug/ml. ICg is calculated as the concentration in which 50% of virus
was neutralized and units are reported as either reciprocal dilution for plasma samples or
ug/ml for mAbs. Any ICsq values greater than the starting concentration were set equal to
the starting concentration before calculating median values.

Time course of neutralization assay

The time course of neutralization of 2F5, DH570, and DH570.1A47 mAbs against HIV
isolates W61D (TCLA) and SC422661 was measured in a synchronized post-attachment
pseudotyped neutralization assay as described (32, 34, 35). Inhibitory concentration of either
2F5 (2.5 pg/ml in both TZM-bl and TZM-bl/FcyRI assays against W61D; 50 pg/ml in
TZM-bl, 12.5 pg/ml in TZM-bl/FcyRI assay against SC422661) or DH570 mAbs (50 pg/ml
in both TZM-bl and TZM-bl/FcyRI assays against W61D and SC422661) was added at
different time intervals (0, 10, 20, 40, 60, 120, 180, and 240 min) to TZM-bl/FcyRI cells
prebound to viruses. Luciferase activity assay was performed 48 hours after infection.

Next-generation sequencing

Total RNAs were extracted by the RNeasy Mini Kit (Qiagen) using the protocol
recommended by the manufacturer from PBMCs collected at weeks 16, 24, 92, and 150
from R585 rhesus macaque and used to generate cDNA amplicons for NGS. RT-PCR
reactions to generate g V(D)J cDNAs were performed by using a modified protocol as
described (52). RT reactions were first performed in 30-pl reaction mixture with 5-pl RNA/
reaction and a set of rhesus IgA, IgG, IgD, and IgM constant region—specific primers at a
final concentration of 2 uM by using SuperScript 111 Reverse Transcriptase (Life
Technologies). After cDNA synthesis, IGHV1-IGHV7 genes were amplified by PCR using
the IGHV primers (VH1/7A, VH1/7B, V2, Vi3A, V3B, V{3C, V3D, VH4A, V4B,
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V5, and V6) (at a final concentration of 0.2 nM each) individually pairing with the
mixture of reverse primers of rhesus IgA, 1gG, IgD, and IgM (at a final concentration of 0.12
nM each) (SI: rhesus macaque NGS primer list). Platinum Tag DNA Polymerase High
Fidelity (Life Technologies) was used in the PCR reaction: 1.25 U of Platinum Tag DNA
Polymerase High Fidelity, 5 ul of RT reaction products, 5 pl of 10x High-Fidelity Buffer, 1
pl of 10 mM deoxynucleotide triphosphates (ANTPs), 2.5 pl of 50 mM MgCl,, 1 ul of 10 uM
IGHV primer, and 2.4 pl of mixture of IgA, IgD, 1gG, and IgM constant region primers (10
UM each). PCR was performed at 94°C x 2 min followed by 25 cycles of 94°C x 15 s, 60°C
x 30s, and 68°C x 30 s, and one cycle at 68°C x 10 min. PCR products were purified using
QIAquick PCR Purification Kit (Qiagen) and eluted into 50-ul Ultrapure DNase/RNase-Free
Distilled Water. Bar codes and Illumina pyrosequencing tags were added to the purified
amplicons by PCR for a total of 11 cycles in 50 pl of reaction mixture including 1.25 U of
Platinum Tag DNA Polymerase High Fidelity, 5 ul of the purified amplicon, 5 pl of 10x
High-Fidelity Buffer, 1 ul of 10 mM dNTPs, 2.0 ul of 50 mM MgCly, and 10 pl of Nextera
Index Kit bar code-tagged primers (5 pl each) (lllumina). PCR was performed at 94°C x 2
min followed by three cycles of 94°C x 15 s, 55°C x 30 s, and 68°C x 30 s, eight cycles of
94°C x 155, 60°C x 30 s, and 68°C x 30 s, and one cycle at 68°C x 10 min. The bar-coded
amplicons were individually purified with QIAquick Gel Extraction Kit (Qiagen) and eluted
with 25 pl of UltraPure DNase/RNase-Free Distilled Water. The purified individually bar-
coded amplicons were then pooled together on the basis of equal volume and quantified on
StepOnePlus Real-Time PCR System (Life Technologies) using the KAPA SYBR FAST
gPCR kit (Kapa Biosystems). Pooled amplicons (5 pl at 4 uM) were denatured with 5 pl of
0.2 N NaOH and mixed with 990 pl of hybridization buffer (Illumina). Five microliters of 4
nM PhiX control DNA (lllumina) was also denatured with 5 pl of 0.2-N NaOH and mixed
with 990 ul of hybridization buffer. A total of 650 ul of the denatured sample pool was
mixed with 350 pl of the denatured PhiX. A total of 600 ul of the mixture was then loaded to
Illumina MiSeq kit V3 (2 x 300 base pairs; Illumina) for sequencing.

Paired-end sequences generated by NGS using MiSeq were merged using FLASH (fast
length adjustment of short reads) and quality control- filtered (Q score >30 for >95% of
sequence) using the FASTX-Toolkit. VyDJy rearrangements were inferred and tested for
clonal relatedness using Cloanalyst software suite as described previously (7). VHDJy
rearrangements were computationally evaluated for meeting the following 2F5-like criteria:
triple Asp in HCDR2, double Arg in base of HCDR3, Leu-Phe in middle of HCDR3, and
two or more Pro in HCDR3.

Crystallography

The Fabs of DH570, DH570.4, and DH570.9 were generated by cotransfecting the plasmids
coding IgH Fab chain and IgK chain into 293i cells (Life Technologies) and purified with
protein A agarose (Thermo Scientific) as described (9). All crystals were grown at a
temperature of 20°C in SBS format plates. Unliganded DH570 Fab was crystallized at a
concentration of 35.9 mg/ml over a reservoir of 0.1 M MES (pH 6.0), 14% PEG 4000.
Unliganded DH570.4 Fab was crystallized at a concentration of 15.0 mg/ml over a reservoir
of 0.2 M Nal, 20% PEG 3350. Unliganded DH570.9 Fab was crystallized at a concentration
of 14.5 mg/ml over a reservoir of 0.1 M bis-tris (pH 6.5), 20% PEG 1500. A gp41lg60-670
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peptide (11-mer; Ac-LLELDKWASLW-NH2) (66) was commercially synthesized, and the
complex of DH570 Fab with gp416g0_670 peptide was grown at a concentration of 20 mg/ml
total protein over a reservoir of 24% PEG 1500, 20% glycerol with microseeding using the
aforementioned unliganded DH570 Fab crystals.

All crystals were cryoprotected by supplementing mother liquor with ethylene glycol and
then flash-frozen in liquid nitrogen. Diffraction data were collected either in-house on a
Rigaku 007 HF instrument generating copper Ka radiation or at SER-CAT (Southeast
Regional Collaborative Access Team) with an incident beam of 1 A in wavelength. Data sets
were reduced in HKL-2000 (67). Matthews analysis suggested one Fab molecule or Fab-
peptide complex in the asymmetric unit of each structure (68). The unliganded DH570 Fab
structure was phased by molecular replacement in PHENIX (69) using source models
chosen by high sequence homology: the heavy chain of rhesus 2.5B Fab (70) and light chain
of a vascular endothelial growth factor—blocking Fab (71). Rebuilding and real-space
refinements were done in Coot (72) with reciprocal-space refinements in PHENIX (73) and
validations in MolProbity (74).

Statistical analysis

Statistical analysis was performed in SAS version 9.4 (SAS Institute). All statistical tests
performed were Wilcoxon-Mann-Whitney tests with Benjamini-Hochberg (58) false
discovery rate correction for multiple testing. The P values for Fig. 1 are listed in table S8.
*P<0.05; **P<0.01; ***P<0.001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Immunetolerancein 2F5 mature and UA dKI mice
(A to D) B cell development in 2F5 mature and UA dKI mice, compared to wild-type (WT)

(B6). (A) Percentages in progenitor/precursor (pro/pre), immature (imm), transitional
(trans), and mature (mat) subsets. (B) Total numbers of B cells in spleen. (C) Ratios of
mature to transitional splenic B cells. (D) BCR densities on newly formed/transitional
(CD217CD237) splenic B cells, measured by median fluorescence intensity (MFI) of xLC or
IgM expression [see table S8 for summary of statistical test results for (B) to (D)]. (E) Ex
vivo proximal signaling responses to BCR crosslinking in transitional splenic B cells from
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naive 2F5 mature or UA dKI and control B6 mice based on Ca2* levels (Fluo-4 MFI) before/
after anti-IgM stimulation. (F) Expansion of MPER-reactive splenic transitional B cells in
2F5 mature and UA dKI mice immunized six times with MPER peptide-liposomes. Control,
saline-injected mice; SP62, MPER peptide QQEKNEQELLELDKWASLWN-biotin. (G)
Comparison of 1gG-switched splenic B cells in immunized 2F5 mature and UA dKI mice.
(H) Total and MPER-specific serum IgG/IgM levels in immunized 2F5 mature and UA dKI
mice, compared to B6. X axis arrows, number of MPER peptide-liposome injections after
which serum was collected; 0, prebleed in naive mice. Error bars represent means + SEM
[see figs. S7 and S8 for replicate images for (A) and (E), respectively].
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Fig. 2. DH570 clonal lineage members neutralizetier 1 and 2 HIV isolatesin TZM-bl/FcyRI

assa

(A) }I;hylogenetic relationship of 32 mAbs in DH570 clonal lineage. The mAbs neutralizing
tier 1 and/or tier 2 HIV isolates in TZM-bl/FcyRI assay are highlighted in red. The mutation
frequency of the most mutated antibody is 21.3% (DH570.20). (B) Immunogenetics of
DH570 mAb. (C) Neutralization activity of representative observed and inferred 1As in the
DH570 clonal lineage. Neutralization assays were performed in both TZM-bl and TZM-bl/
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FcyRI cell lines. I1Csqs reported as median values of at least two independent experiments
except where noted by asterisks.
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DH570 liganded, gp41

660-670

Fig. 3. Crystal structures of DH570 clonal lineage antibodies
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(o] o if NSNS

Val'
C tera

Nter

P%
SProg!(H)

g

O

" P E}g;‘m)
<o /7Y Arg®S (H) /

2F5 liganded, gp41,, ..,

(A) Structure of unliganded DH570 (blue), DH570.4 (green), DH570.9 (red), and DH570
(cyan) in complex with gp4lge0-670 pPeptide (orange). (B) Superposition of liganded DH570
(cyan) and liganded 2F5 (magenta) (28) with insets respectively highlighting the different
peptide antigen conformations (orange) as well as the different antibody-antigen contacts

between the two complexes. C ter, C terminus; N ter, N terminus.
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Fig. 4. DH570 member s exhibit slower association ratesrelativeto 2F5
(A) Computed lipid insertion propensity scores AGyit (kcal/mol) of HCDR3 and LCDR3

(summed) are more favorable for neutralizing than nonneutralizing DH570 clonal members
(*P=0.0054, Wilcoxon-Mann-Whitney test with Benjamini-Hochberg correction; n= 23
and 15; lines denote means = SEM). (B to D) Association rate (Kj, on-rate) and dissociation
rate (Ky, off-rate) constants of DH570 clonal lineage branch I (B) and IV (C) antibodies
binding to MPER peptide-liposome with greater detail of branch | antibodies shown in (D).
Dashed lines represent association rate ceiling. Arrows show maturation pathways derived
from phylogenetic tree of the DH570 clonal lineage in Fig. 2A. Data in (B) to (D) were
obtained by BLI and were representative of two independent association and dissociation
analyses. Kinetic rates data plotted here are listed in table S6 and each BLI curve is plotted
in fig. S6.
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Fig. 5. DH570 mutant acquires high affinity binding and neutralization capacity in the TZM-bl

neutralization assay
(A and B) BLI sensorgrams of MPER peptide-liposome b

inding by DH570 Fab (A) and

DH570.Mut58 Fab (B) at different antibody concentrations (2, 5, 10, and 20 pug/ml). (C)

Measured kinetic rates (K; and Ky) and dissociation (Kj)

constants of DH570 and

DH570.Mut58 binding to MPER peptide-liposomes. (D) Neutralization activity of whole

1gG1 DH570 and DH570.Mut58 against W61D in the TZ

M-bl assay. BLI measurements in

(A) to (C) are representative of two independent experiments (see fig. S9 for replicate plot

and kinetic data).
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