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Vaccine-based elicitation of broadly neutralizing antibodies holds
great promise for preventing HIV-1 transmission. However, the
key biophysical markers of improved antibody recognition remain
uncertain in the diverse landscape of potential antibody mutation
pathways, and a more complete understanding of anti-HIV-1 fu-
sion peptide (FP) antibody development will accelerate rational
vaccine designs. Here we survey the mutational landscape of the
vaccine-elicited anti-FP antibody, vFP16.02, to determine the ge-
netic, structural, and functional features associated with antibody
improvement or fitness. Using site-saturation mutagenesis and
yeast display functional screening, we found that 1% of possible
single mutations improved HIV-1 envelope trimer (Env) affinity,
but generally comprised rare somatic hypermutations that may
not arise frequently in vivo. We observed that many single muta-
tions in the vFP16.02 Fab could enhance affinity >1,000-fold against
soluble FP, although affinity improvements against the HIV-1 trimer
were more measured and rare. The most potent variants enhanced
affinity to both soluble FP and Env, had mutations concentrated in
antibody framework regions, and achieved up to 37% neutraliza-
tion breadth compared to 28% neutralization of the template
antibody. Altered heavy- and light-chain interface angles and con-
formational dynamics, as well as reduced Fab thermal stability,
were associated with improved HIV-1 neutralization breadth and
potency. We also observed parallel sets of mutations that en-
hanced viral neutralization through similar structural mechanisms.
These data provide a quantitative understanding of the muta-
tional landscape for vaccine-elicited FP-directed broadly neutraliz-
ing antibody and demonstrate that numerous antigen-distal
framework mutations can improve antibody function by enhanc-
ing affinity simultaneously toward HIV-1 Env and FP.
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he tremendous circulating sequence diversity of HIV-1 and

its capacity to evade host immunity pose unique challenges
for vaccine design (reviewed in refs. 1, 2). Broadly neutralizing
antibodies (bNAbs) identified from HIV-1 patients target con-
served vulnerable epitopes on the HIV-1 envelope protein (Env)
to prevent HIV-1 infection, and HIV-1 bNAD elicitation has
become a major goal for HIV-1 vaccine design (3, 4). Several
HIV-1 vulnerable epitopes have been described (5) including the
following: the V1V2 apex (6, 7), the CD4-binding site (8-10), the
membrane-proximal external region (11, 12), the glycan-V3 re-
gion (also known as N332 glycan supersite) (10, 13), the highly
glycosylated region at the center of the silent face on the gp120
subunit (14), and the fusion peptide (FP), which is required for
viral entry (15-17). Several complementary approaches seek to de-
velop immunogens that elicit broadly neutralizing HIV-1 antibodies,
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with promising results (4, 18, 19). However, vaccine-elicited HIV-1
antibodies are often either less potent or less broad than many of the
bNADbs identified from human patients. There is a pressing need to
better understand bNAb developmental pathways and outline the
genetic and structural antibody features that can provide enhanced
neutralization breadth and potency for HIV-1 vaccines.

Clinical data show that broadly neutralizing serum antibodies
develop naturally in around 20% of individuals with chronic
HIV-1 infection (20, 21) and that a smaller number of individ-
uals show highly potent neutralization (22, 23). bNAbs develop
via the accumulation of somatic hypermutations (SHM) and
affinity maturation following their initial B-cell selection and
expansion. While HIV-1-infected individuals may have high ti-
ters against HIV-1 antigens, the rarity of bNAbs suggests that the
mutations acquired during bNAb development are correspond-
ingly rare and/or that the mutational pathways to effective bNAb
development are explored only in the context of chronic HIV-1
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antigen exposure over years of viral infection (24). Evidence that
high viral load is correlated with higher HIV-1 serum breadth
and potency also suggests that larger numbers of sampled anti-
body maturation pathways are correlated with broad HIV-1
neutralization (20). A major question for HIV-1 vaccine design is
thus how to quickly and effectively induce B-cell maturation to
bNADs from a small number of controlled immunizations.
HIV-1 bNADbs are often highly somatically mutated (25-28),
and reverting these mutations to antibody germline sequences
results in drastic reductions of neutralization breadth and po-
tency (9, 29-31). Complementarity determining regions (CDRs)
are known to be mutational hotspots and are often in direct
contact with antigen to enable recognition. Antibody framework
region (FR) mutations can also modulate neutralization breadth
and potency by altering the structural orientation, particularly at
heavy:light interface alignments, and by altering the intrinsic
flexibility of the paratope (16, 32-35). Not all observed bNAb
somatic mutations are required for high neutralization breadth
and potency (36), and a better understanding of the critical mu-
tations and antibody structural features (both naturally elicited
and vaccine-induced) to improve neutralization breadth and po-
tency would enhance our understanding of bNAb development
and guide efficient HIV-1 vaccine strategies (16, 17, 37-41).
Among various immunization approaches reported for elicit-
ing broadly neutralizing antibodies (16-19, 38-42), one strategy
targets the HIV-1 FP epitope and has elicited 59 and 31% HIV-1
neutralization breadth in rhesus macaques and mice, respectively,
against a broad panel of 208 HIV-1 strains (16, 17). Priming the
immune response with soluble FP followed by three Env trimer
boosts elicited antibodies with FP-targeted trimer recognition and
broad HIV-1 neutralization; however, the structural mechanisms
that enable effective anti-FP antibody maturation and pathway
selection are not fully understood. Several key unanswered ques-
tions include the following: 1) What are the structural features of
FP recognition vs. trimer recognition that may appropriately guide
antibody development?; 2) What critical parameters control virus
neutralization of FP-targeting bNAbs?; and 3) How do beneficial
mutations fit into the entire landscape of possible mutational

pathways, and what fraction of possible mutations provide in-
creased affinity, neutralization breadth, and potency?

To address these questions, we characterized the genetic and
functional fitness landscape of an anti-FP bNAb and used bio-
physical and structural techniques to follow the mechanisms of
antibody improvement. We implemented these screening strat-
egies using the anti-FP bNAb vFP16.02, a vaccine-elicited anti-
body that neutralizes ~30% of HIV-1 viral isolates (16). We applied
yeast display and fluorescence-activated cell sorting (FACS) cou-
pled with next-generation sequencing (NGS) to identify single
mutations that enhanced binding or fitness to multiple HIV-1
BGS505 Env trimer variants (Fig. 1). We mapped possible single
mutations by their functional impacts and identified a panel of
mutations with enhanced binding affinity and neutralization.
Structural analyses of a subset of these mutations provided insights
into the mechanisms of enhanced neutralization. These data
confirm that several parallel mutational pathways exist for HIV-1
bNAD improvement and underscore the importance of improved
Env trimer affinity for enhancing neutralization potency and
breadth in HIV-1 vaccine designs.

Results

High-Throughput Functional Analysis of the vFP16.02 Mutational
Landscape. We evaluated the functional impact of all single
amino acid (AA) mutations over the entire heavy chain variable
region (VH) and light chain variable region (VL) of vFP16.02
using site-saturation mutagenesis (SSM) for deep mutational
scanning (43, 44) (Fig. 1). We performed SSM on vFP16.02 VH
and VL genes and cloned the resulting libraries into a yeast
surface display (45-47) while ensuring an >250-fold theoretical
library coverage based on the number of DNA codon variants
included in the library throughout all cloning steps (32 codons
for each amino acid, see Materials and Methods and SI Appendix,
Table S1). On an amino acid level we observed >95% coverage
in the presort libraries for both SSM libraries generated (Dataset
S2). Antibody Fab libraries were expressed on the yeast surface
using a galactose-inducible bidirectional promoter for functional
evaluation. Heat maps in Fig. 2 A and B show the frequency of
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Fig. 1.

Experimental workflow for comprehensive functional analysis of all possible single mutations in an HIV-1 bNAb. SSM libraries were designed for VH

and VL regions of the anti-HIV-1 FP bNAb vFP16.02. SSM libraries were cloned into yeast Fab surface display libraries and screened by FACS to determine the
functional impact of each possible single mutation. Single-mutation display libraries were sorted for their affinity against a BG505 DS-SOSIP HIV-1 Env trimer
with two different FP sequences. Sorted yeast libraries were prepped for NGS to enable quantitative variant tracking across three screening rounds; bio-
informatic analyses of NGS data were used to interpret the functional impact of each possible amino acid mutation. Selected variants were characterized for
neutralization activity and affinity against soluble FP and against HIV-1 Env. Structural analyses were performed to understand the mechanistic basis of

anti-HIV-1 FP bNAb improvement.
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single mutations in yeast libraries after FACS enrichment of
populations with fully assembled surface Fab display (hereafter
referred to as the VL+ library) (SI Appendix, Fig. S14).

We next applied FACS to fractionate antibody variant libraries
into low-, medium-, and high-affinity populations (47, 48). We lev-
eraged NGS analysis and quantitative data mining to track antibody
sequences across different sort groups and to assess the functional
impact of each mutation in comprehensive library-scale experiments.
We assessed binding affinity against two BG505 DS-SOSIP.664
HIV-1 Env trimers (49, 50): one trimer carried the most prevalent
8-mer FP (FP8) sequence (BG505-FP8v1: AVGIGAVF), and an-
other trimer presented the second-most-common FP8 (BGS505-
FP8v2: AVGLGAVF) (15).

Yeast libraries were sorted into affinity gates that compared
the intensities of surface Fab expression with antigen binding
(47, 48) (Fig. 1). Yeast-carrying mutations detrimental to Env
binding were enriched by sorting with a low-affinity gate. Like-
wise, yeast with mutations that had no effect or a similar affinity
as the template monoclonal vFP16.02 Fab were sorted into a
medium-affinity gate, and finally, a population with enhanced
binding affinity was sorted and enriched using a high-affinity
gate. After three rounds of FACS screening, the high-affinity
groups showed phenotypic binding improvements, where ~60%
of the sorted high-affinity population for most libraries against
both antigens fell within the original Round 1 high-affinity gate;
the expected phenotypic changes were also observed in medium-
and low-affinity groups (Fig. 2 C and D and SI Appendix, Fig. S1).
The changes that we observed in sorted yeast populations across
screening rounds suggested that our sort strategies had success-
fully binned mutational variants according to their functional
affinity characteristics.

Single Mutations Enable Improvements in HIV-1 Affinity and Neutralization.
We performed NGS analysis of sorted yeast libraries to quantitatively
track AA mutations driving the phenotypic differences that were
observed in sorted populations. We performed Illumina 2 x 300-bp
MiSeq NGS of plasmids isolated from each sorted population to
track the enrichment of single-mutation variants throughout screen-
ing rounds. We applied an enrichment ratio (ER) formula (Materials
and Methods) to quantify the distribution of each vFP16.02 variant
among sorted populations (47, 51, 52) (Fig. 34 and SI Appendix, Fig.
S2). Each mutation was assigned to an affinity group (deleterious/
no-change/affinity enhancing) in which it had the highest ER
(SI Appendix, SI Methods).

Around 1.3% of single mutations showed a beneficial effect on
HIV-1 Env-binding affinity, whereas 59.6% had a binding affinity
highly similar to the template vFP16.02 gene, and the remaining
39.1% of single mutations were detrimental to HIV-1 Env binding
(Fig. 3B and SI Appendix, Table S2). Our large-scale affinity
analysis showed that beneficial vFP16.02 mutations clustered in
antibody FRs, especially FR2, for both VH and VL. We observed
very few mutations in CDRs, suggesting that the vFP16.02 para-
tope had a more limited potential for affinity-enhancing muta-
tions than FR residues, possibly a result of prior in vivo CDR
optimization (16).

To evaluate the rarity of different single mutations among the
population, we examined the minimum number of DNA base
mutations needed to achieve high-affinity AA substitutions. We
observed that most high-affinity mutations required two DNA
base substitutions, which are considered to be more rare muta-
tional events than single mutations (Fig. 3C). In total, 35/99
(35.4%) affinity-enhancing mutations required only a single DNA
mutation, whereas 64/99 (64.6%) of affinity-enhancing AA
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al screening. Heat maps for the Fab-expressing VL+ SSM libraries of (A) the

VvFP16.02 VH region, and (B) the VL region, that were confirmed to express as Fabs on yeast surface (S/ Appendix, Fig. S1A). (C) VH_NNK libraries sorted for
high affinity against BG505-FP8v1 and BG505-FP8v2 showed enhanced binding affinity after three rounds of sorting by FACS. Presort (input) libraries were
compared to the Round 3 sorted libraries to evaluate the degree of affinity enrichment. (D) VL_MNN libraries were similarly sorted against BG505-FP8v1 and
BG505-FP8v2 and showed enhanced binding affinity against both Env variants after three rounds of sorting. In addition to sorting for high-affinity pop-
ulations as shown here, we also sorted each SSM library to identify medium-affinity and low-affinity clonal variants in parallel (Fig. 1 and S/ Appendix, Fig. S1).
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Fig. 3. Comprehensive single-mutation landscape analysis of the vFP16.02 VH and VL regions. (A) Heat map displaying the functional impact of single
mutations against BG505-FP8v1 antigen. Heat maps against BG505-FP8v2 are provided in S/ Appendix, Fig. S2. (B) Pie charts quantifying the impact of single-
mutation VH_NNK and VL_MNN libraries against BG505-FP8v1 and -v2 antigens. (C) Minimum number of DNA nucleotide substitution mutations required for
each single-amino-acid mutation from germline, grouped by functional mutation impacts. (D) Probability of every possible mutation arising in a murine
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was used to judge the statistical significance: *P < 0.05; ***P < 0.0001.

mutations required a double-nucleotide mutation. To further
characterize the relative rarity of SHMs grouped by their binding
affinity impact, we compared the relative affinity performance of
each mutation (enhancing, deleterious, or no change) to its prob-
ability of occurring in the murine repertoire using a gene-specific
substitution matrix model (53). Probability analyses revealed that
affinity-enhancing mutations identified for binding against the
autologous BGS505-FP8v1 trimer [one immunogen used in the
original vFP16.02 discovery study (16)] were skewed toward more
rare mutations (Fig. 3D). We observed that deleterious mutations
generally comprised more rare mutations than the subset that did
not substantially change binding affinity, and these differences
were statistically significant (VH_NNK vs. BG505-FP8v1, P =
0.0116; VL_MNN vs. BG505-FP8v1, P = 9.02 x 10™''; VH_NNK
vs. BG505-FP8v2, P = (0.0022, Fig. 3D).

From our NGS data mining, we selected a panel of 23 single
AA variants against BG505-FP8v1 and/or BG505-FP8v2 for IgG
expression and characterization (11 VH mutations and 12 VL
mutations; SI Appendix, Table S3). These beneficial mutations
clustered around the FR2 and the VH:VL interface, but other
locations were also represented (Fig. 4 A and B and SI Appendix,
Figs. S3 and S4). We assessed binding affinities for each single
variant against soluble FP8v1 peptide and against the BG505-
FP8v1 trimer (Fig. 4 C and D and SI Appendix, Figs. S5 and S6).
Surprisingly, we observed a >1,000-fold affinity improvement for
several VH and VL single AA variants against the soluble FP8v1
peptide (Fig. 4C and SI Appendix, Fig. SS5). Binding affinity im-
provements against trimer antigens were more measured and
increased two- to three- fold with several variants (Fig. 4D and
SI Appendix, Fig. S6 and Table S3). In addition to soluble
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antibody-based validation of high-affinity variants, we also
selected a total of 24 variants from medium- and low-affinity
gates for confirmation as yeast colonies by FACS. Of the
23 single-mutation Fab variants that expressed on yeast, 21/23
showed the expected binding characteristics based on our low-
or medium-affinity predictions (SI Appendix, Fig. S7), To
better understand how affinity differences for soluble FP vs.
HIV-1 trimers influenced HIV-1 protection, we proceeded
with antibody neutralization assays and variant structural
characterization.

Single-Mutation Variants Improve Neutralization Breadth and
Potency. We assessed mutational variants for HIV-1 neutraliza-
tion breadth and potency against a panel of 12 viral isolates
comprising 8 viruses with FP8vl (AVGIGAVF), 2 viruses with
FP8v2 (AVGLGAVF), and 1 virus each with FP8 sequences
AVGIGAMI and AVGIGAMF (Fig. 54 and SI Appendix, Table
S4). Neutralization potencies against the BG505 virus showed
improvement for several single variants with improved binding
affinity toward BG505-FP8v1 trimer (Fig. 5 4 and B and SI
Appendix, Table S3). The most potent single AA mutant, VL-
S48K, showed three-fold improved potency in a 10-virus panel
(geomean ICsy = 0.36 pg/mL compared to vFP16.02 geomean
ICsp = 0.99 pg/mL) and an almost four-fold improved BG505
neutralization ICsq (1.14 vs. 4.31 ug/mL, Fig. 54 and SI Appendi,
Tables S3 and S4, with maximum ICs, defined as 50 pg/mL).
Interestingly, we observed that dramatic increases in soluble
FP8v1 affinity (>1,000-fold, SI Appendix, Table S3 and Fig. S5)
did not provide commensurate enhancements of BG505 virus
neutralization potency. One variant (VH-V42E) showed that
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Fig. 4. Selected single variants showed moderately enhanced affinity against the autologous BG505 trimer and orders of magnitude enhanced affinity against soluble
FP. (A) Single mutational variants selected after FACS screening and bioinformatic analysis with locations highlighted within the antibody variable region. Twenty-three
single-amino-acid variants against BG505-FP8v1/v2 were selected (11 VH and 12 VL mutations). Some mutations were identified in library screening against both BG505-
FP8 v1 and v2. (B) Structural mapping of enriched single mutations onto a cryo-electron microscopy structure of vFP16.02 in complex with a BG505.SOSIP trimer (PDB ID
6CDO) (16). (C) Bio-layer interferometry response curves for key variants binding against soluble FP showing over 1,000-fold enhanced binding affinity (S/ Appendix, Fig.
S5). (D) Surface plasmon resonance response curves for binding against BG505-FP8v1 trimer for key single mutation variants (S/ Appendix, Fig. S6).

three orders of magnitude increased affinity to the soluble fusion
peptide, but resulted in a 50% decrease in neutralization potency
(81 Appendix, Table S3 and Fig. S54).

After aggregating data from the panel of expressed antibodies,
it became clear that improved affinity against the BG505-FP8v1
trimer was closely correlated with im?roved BG505 neutraliza-
tion potency (R = 0.85, P = 1.3 x 107, Fig. 5B), suggesting that
trimer affinity is a potential driving factor in FP-targeted HIV-1
neutralization potency. Neutralization breadth also increased
with BG505 trimer affinity (Fig. 5B), indicating that enhancing
bNADb affinity against a single HIV-1 trimer variant (as performed
in our screening assays) can improve potency against other diverse
viruses. Enhanced soluble FP affinity was correlated with (but not
sufficient for) enhanced HIV-1 neutralization breadth and po-
tency (SI Appendix, Fig. S5 B, Middle). We compared antibody-
binding kinetics against BG505-FP8v1 (on-rate [K,,] and off-rate
[Ko]) with neutralization potencies (SI Appendix, Fig. S8). We
noted a statistically significant positive correlation between BG505-
FP8v1 K¢ and BG505-FP8v1 neutralization titer, with a Pearson’s R
value of 0.84 (P =22 x 1075 ); however, the correlation for K¢ was
not as strong as the correlation for overall affinity, Kp (R = 0.85, P =
1.3 x 107, Fig. 5B). A similar trend in BG505 K and 10-virus panel
neutralization I1Csy geomean was observed (SI Appendix, Fig. S8 D
and E). Together, these data suggest that trimer affinity was the most
important driving factor in HIV-1 neutralization among the variants
of this FP-targeting bNAb lineage.

To better understand the structural mechanisms of improved
anti-HIV-1 affinity and neutralization, we selected two variants
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with different functional profiles for in-depth neutralization as-
says and structural study. First, we chose VL-S48K, which
showed the largest observed improvements in soluble FP affinity,
trimer affinity, and neutralization, and also VL-F60P, which
showed strong enhancements in soluble FP affinity, but not in
trimer binding affinity or neutralization. On a 208-virus panel, we
observed a 33% enhanced neutralization breadth for VL-S48K
compared to vFP16.02 (neutralizing 77 vs. 58 isolates at 50 pg/mL,
Fig. 5 C and D and Dataset S1). In contrast, VL-F60P neutralized
25% of viruses (52 isolates) in the large panel, providing additional
support for the hypothesis that BG505 SOSIP trimer affinity is
directly correlated with neutralization breadth (despite the
enhanced soluble FP8v1 affinity for VL-F60P) (SI Appendix,
Fig. S9). Interestingly, large panel neutralization data show
that VL-S48K neutralized two viruses carrying FP8v2 sequences
which are not neutralized by vFP16.02, although with neutralization
1Cs0 > 300 pg/mL (T250-4, ICso = 314 pg/mL; and T278-50, ICsy =
470 pg/mL, Dataset S1). Thus, our mutational scanning revealed
that a single mutation can broaden the specificity of vFP16.02 to
neutralize viruses carrying FP8v2, while at the same time enhance
potency toward FP8v1 strains.

Single Mutations Influence Local Structural Dynamics to Improve
HIV-1 Neutralization. We sought to define the structural basis of
improved antibody neutralization breadth and potency in the
vFP16.02 lineage. First, we performed X-ray cocrystallization of
the two single variants with contrasting functional features (VL-
S48K and VL-F60P) with their soluble fusion peptide antigen
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Heavy Chain Single Variants

Light Chain Single Variants

Virus Clade VFP16.02 Q39A Q39S Q39W T4ON P41G V42G VA42E S60V A92G F102G V107G | Y31A Y31D Y31E Y31S Y31V Q43T Q43V S48K FGOA T85P F6OP V9L
BG505.W6M.C2.5G3 A 431 0976 1.83 215 367 251 496 624 BA2@N 124 >50 >50 | >50 >50 >50 >50 >50 | 1.90 2:62 1.14 MNBIGN 4.10 4.16  2.36
KER2008.12.G3 A 1.02 | 0539 0.656 0.598 | 142 1.08 110 156 657 0606 >50 [WO6W| >50 >50 >50 >50 >50 0.787 | 126 0.332 | 3.08 1.61 | 0.857 | 1.30
Q23.17.8G3 A 0.837 0448 0453 0.283 0.773 0453 0482 0494 1.52 0583 >50 | 218 | >50 >50 >50 >50 >50 0.663 0.844 0462 1.86 1.13 0646 0551
CNE56.5G3 AE 0.858 0462 0.524 0.519 0.823 0.633 0.551 0.554 146 0570 >50 | 2.18 [W6B5M| >50 >50 >50 >50 0.441 0.664 0.246 0.905 1.1 0.654 0.373
3988.25.5G3 B 435 332 482 643 669 606 4161 >50 491 261 >50 >50 >50 >50 >50 >50 | 436 598 575 Wig2N 3.14 W26 6.30
BL01.DG.SG3 B 153 106 125 127 310 156 218 312 832 166 >50 >50 >50 >50 >50 >50 | 1.59 231 0589 | 7.72 284 1.89 1.04
CNE19.5G3 BC 0142 0075 >50 0.071 0.093 0.088 0.112 0.129 0.240 0.090 >50 0.400 | 0.089 | >50 | 0.065 >50 >50 | 0.066 0.117 0.044 0.198 0.099 0.104 0.098
0077.v1.¢16.8G3 c 0544 0415 0405 0.569 0.778 0.606 0.736 [ 440 441 0469 >50 [249 | 529 | >50 >50 >50 >50 0476 0.671 0.288 | 1.44 0.586 0501 0.376
25710-2.43.5G3 c 0.149 0.177 0113 0.084 0.220 0.099 0.120 0.154 0.200 0239 >50 0442 | 228 | >50 >50 >50 |HNGGNOMM 0.120 0.153 0.038 0.199 0.186 0.110 0.122
286.36.5G3 c 389 115 137 122 239 203 239 565 144 >50 [1924 | >50 50 >50 >50 >50 | 4.34 144 | 0537 [ 443 150 1.80 282
ICso Geomean (ug/mL) 0.990 0.550 | 1.45 0.600 | 1.0 0.770 0.990 | 1.48 2.33  0.660 0.660 0.920 0.360 | 2.16  0.950 | 1.02  0.740
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Fig. 5. High-affinity single mutants showed improved HIV-1 neutralization breadth and potency that was closely correlated to BG505 trimer affinity. (A) Single
variants analyzed for pseudovirus ICso neutralization on a 10-virus panel comprising n = 8 FP8v1 and n = 2 FP8v2 viral isolates. (B) Relationships between BG505-
FP8v1 ICso neutralization titer and BG505-FP8v1 affinity (Kp, Left); and relationship between ICso neutralization titer on a 10-virus panel and fusion peptide affinity
(Middle) and BG505_FP8v1 affinity (Right). (S/ Appendix, Fig. S6). Pearson correlation coefficients are provided in the panels; red arrows indicate wild-type vFP16.02.
Shaded areas indicate 95% confidence limits. (C) Neutralization breadth and potency assessed on a 208-viral isolate panel for wild-type vFP16.02, VL-548K, and VL-
F60P with a maximum ICso of 50 pg/mL. (D) Neutralization dendrogram showing the diversity of 208 viral strains neutralized by VL-548K with branches colored
according to neutralization potency and nonneutralized viruses shown in gray. Also see a dendrogram for VL-F60P for comparison in S/ Appendlix, Fig. S8.

and compared those structures to the previously reported
structure of the vFP16.02 antibody (Fig. 64). We observed minor
conformational changes in the CDR-H1 and -H2 of both single
variants. The variable regions of both structures aligned closely
to the unmutated vFP16.02 structure, with an overall C-alpha
rmsd < 0.5 A. The structural ana1y51s however, revealed the
formation of a new hydrogen bond in VL-S48K between VH-
WI108 and the serine—lysine mutation at position 48, implying
that interactions at the VH:VL interface could alter FP and Env
trimer-binding characteristics.

Next we explored VL-S48K and VL-F60P binding thermody-
namics against the BG505-FP8vl DS.SOSIP trimer using iso-
thermal calorimetry (ITC) (Fig. 6B). In comparison to vFP16.02,
VL-S48K (which had improved soluble FP affinity, HIV-1 trimer
affinity, and neutralization potency) showed increased favorable
enthalpy and a higher entropy change of binding to the BG505-
FP8v1 trimer. In contrast, VL-F60P (which improved soluble FP
affinity, but did not improve trimer affinity nor neutralization
potency) exhibited decreases in favorable enthalpy and a lower
entropy change of binding to the HIV-1 trimer. Binding of VL-
F60P was not associated with improved trimer interactions; in
fact, the magnitudes of both enthalpy and entropy changes were
reduced, indicating less conformational restriction upon binding.
Based on these ITC data, the VL-S48K mutation enables im-
proved trimer surface interactions (larger negative enthalpy), albeit
partially compensated by restriction (more unfavorably entropy)
and suggestive that VL-S48K may permit additional flexibility or
conformational sampling by the unbound antibody.

In light of these observed entropy changes, we measured the
melting temperature of single variants using differential scanning
fluorimetry to determine how single mutations can influence
protein stability. We observed slight changes in the thermal sta-
bilities of many single variants compared to vFP16.02 (SI Appen-
dix, Fig. S10 and Table S3). Interestingly, we observed a close
correlation between thermal stabilities of single variants and
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BGS505 autologous neutralization for the variants that showed
neutralization activity on a 10-virus panel (i.e., neutralization
IC5p <50 pg/mL) (R = 0.80, P = 0.03, Fig. 6 C and D), suggesting
that antibodies with slightly lower thermal stabilities may have
better neutralization potencies. Similar features have been
reported for other HIV-1 bNADs (54), and these trends in thermal
stability agreed with changes in entropy observed in ITC (Fig. 6B).
We did not notice any correlations between soluble FP8v1 affinity
and T, (ST Appendix, Fig. S11).

To better understand possible conformational changes of key
single mutation variants, we performed three independent mo-
lecular dynamics simulations for vFP16.02, VL-S48K, and VL-
F60P, for a total of 2 ps. The root mean square fluctuation
(RMSF), which monitors residue movement over the course of
simulation, was 2.62 A (SD = 1.56 A) for the VL-F60P CDR-L1,
whereas in the vFP16.02 and VL-S48K variants the CDR- L1
RMSFs were 1.71 A (SD = 0.93 A) and 1.79 A (SD = 1.06 A),
respectively (Fig. 6F). Simulation trajectories revealed that both
mutations appeared to increase local CDR-H1 RMSF and de-
crease local RMSF in FR-H3, which may contribute to the greatly
enhanced soluble FP8v1 peptide affinity (Fig. 6E). In contrast, VL~
F60P greatly increased CDR-L1 RMSF, suggesting that the lower
CDR-L1 loop flexibility for the VL-S48K variant could assist in
forming stable interactions with the HIV-1 Trimer Env surface
(55). We also observed a change of around 2° in the VH:VL in-
terface angle for VL-S48K compared to vFP16.02 and VL-F60P,
and these changes were statistically significant (P < 0.0001, Fig. 6F).
Taken together, these data show that single FR mutations in anti-
gen distal regions modulated positional plasticity near the FP par-
atope to enhance trimer-binding affinities, resulting in the observed
affinity, breadth, and potency improvements.

Multimutation Combinations Provide Minor Additive Effects for

Neutralization. We rationally designed 12 combination variants
to determine possible synergistic effects from single-mutation
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Fig. 6. Structural basis of enhanced HIV-1 fusion peptide recognition. (A) Ribbon representation of an X-ray crystal structure of VL-548K (Left) and VL-F60P
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ments of melting temperature (Tm) for single vFP16.02 variants. VL-S48K and VL-F60P had opposing effects on the Tm of vFP16.02 (shown in red for com-
parison). (D) Correlation between Tm and BG505 neutralization titers for single-mutation neutralizing variants that were predicted to bind to BG505-
FP8v1.DS.SOSIP. Shaded area indicates 95% confidence limits. (E) Average RMSF plot for three independent molecular dynamics simulation performed for
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showed a statistically significant change in interface angle with respect to vFP16.02 and VL-F60P with *P < 0.0001 using Mann-Whitney U test. vFP16.02 and

VL-F60P interface angles were not statistically significant. n.s., not significant.

combinations (SI Appendix, Table S5). Variants were designed by
selecting mutations from different areas of the variable regions
and also by combining mutations at various distances from the
FP-binding pocket. We observed some minor additive effects,
with neutralization ICsy potency against BG505 improved by
seven-fold (SI Appendix, Tables S6 and S7). Combination vari-
ants did not enhance neutralization breadth on a 10-virus panel
substantially beyond the improvements provided by single vari-
ants separately, showing that multiple parallel single mutations
may often present similar or nonsynergistic structurally beneficial
effects.

Discussion

Elicitation of bNADs against HIV-1 Env is a major focus of HIV-
1 vaccine development, and enhanced understanding of the
mechanisms of bNAb recognition will inform HIV-1 vaccine
designs. Here we performed a comprehensive single-mutation
functional analysis of an anti-FP antibody to understand possi-
ble pathways for antibody improvement. We characterized the
genetic mechanisms shaping the affinity maturation landscape,
analyzed the probability of finding these mutations in vivo, and
revealed the detailed structural mechanisms that led to affinity
and HIV-1 neutralization improvements in this anti-FP bNADb
lineage.

Our comprehensive mutational analyses suggest that multiple,
parallel pathways exist for achieving higher neutralization
breadth and potency via single-AA mutations. Deep mutational
scanning and functional screening revealed that around 39% of
the single mutations were detrimental to binding, 60% of mu-
tations were neutral to changes in affinity, and around 1% of
possible AA mutations showed affinity improvement. We iden-
tified multiple key structural changes, including the formation of
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a new hydrogen bond at the VH:VL interface and changes to
conformational flexibility, as structural features of increased
antibody breadth and potency against the HIV-1 FP epitope.

We observed a cluster of enhancing mutations around the
framework region at the VH:VL interface; beneficial FR muta-
tions have also been observed in prior studies (33-35, 56-61).
Here we showed that these FR mutations can provide an enor-
mous enhancement in affinity against soluble HIV-1 FP (in some
cases, more than three orders of magnitude), but only a subset of
FR mutations simultaneously conferred enhanced Env affinity
for improved HIV-1 neutralization breadth and potency. Here
we observed altered CDR loop flexibility as a result of FR mu-
tations; other studies of antibodies targeting HIV-1 vulnerable
epitopes also revealed some FR mutations that increased para-
tope flexibility (28). We did not identify new beneficial mutations
making direct contact with the soluble FP8 antigen, suggesting
that the FP-binding paratope may have been effectively opti-
mized for vFP16.02 in vivo. We observed some yeast display
selection for variants with increased thermal stability, including
VH-Y31A, and prior studies have noted that thermal stability is
correlated with enhanced protein expression and antibody speci-
ficity (61-64). Rare AA mutations can show altered biophysical
properties that reduce thermal stability, and the link between
decreased thermal stability and neutralization is supported by
other bNAD studies that have examined the role of framework
mutations to modulate antibody function (33, 63).

The most improved single mutant that we identified (VL-
S48K) showed a 33% enhancement in neutralization breadth
against a broad panel of 208 viral isolates and three-fold im-
provement in binding affinity to the BG505-FP8v1 trimer. VL-
S48 is located in the FR2 region, distal to the FP-binding pocket,
and appears to modulate antibody affinity by enabling a better fit
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for FP inside the binding pocket while also maintaining appro-
priately stable interactions with the surrounding BG505 Env tri-
mer epitope. We show that many single mutations can enhance
binding affinity to a soluble FP8 peptide, but may not provide
substantial gains against the fully assembled HIV-1 trimer (S
Appendix, Table S3). A major challenge for FP-based vaccine
development is thus finding ways to identify and elicit these “dual-
purpose” and often rare mutations like VL-S48K that enhance
affinity to both the soluble FP sequence and the complete HIV-1
trimer. Our comprehensive screening platform outlines a way to
identify and track such dual-purpose mutations. Incorporation and
discovery of rare mutations can also be used for improving the
breadth and potency of therapeutic candidates.

Our HIV-1-binding kinetic assays and neutralization data
reveal a direct correlation between BGS505 neutralization po-
tency and BG505 affinity (and also between HIV-1 neutraliza-
tion breadth and BG505 affinity), suggesting that trimer affinity
drives effective HIV-1 neutralization for FP-binding antibodies.
These data lend further support to vaccination protocols that
prime with FP peptide immunogens and boost with fully assem-
bled trimers to enhance affinity against HIV-1 vulnerable epitopes
(17). The observation that BG505 trimer affinity is also correlated
with neutralization breadth suggests that, for FP-targeting anti-
bodies, enhanced affinity for a particular trimer can lead to en-
hanced affinity against other trimers as well, reducing the breadth
of trimer exposure that may be required for broad HIV-1 vaccines.
We used ERs to effectively track functional mutations across sort
rounds via NGS, although we mostly relied on binning clones into
their highest prevalence affinity gate, and we observed that ERs
did not correlate directly with the degree of antibody affinity im-
provement (SI Appendix, Fig. S12). Future studies will apply var-
ious experimental (47, 48, 65-67) and computational (51, 66, 68)
techniques to optimize HIV-1 antibody:antigen affinity predic-
tions via yeast display. Many of the high-affinity mutations that we
report here required a minimum of two DNA base substitutions
(Fig. 3D and SI Appendix, Figs. S13 and S14). Several studies have
shown that rare mutations are important for improved HIV-1
neutralization breadth (9, 36, 69, 70). Acquiring rare mutations
in vivo may require strong selection for FR mutations during af-
finity maturation and B-cell clonal expansion, potentially via
carefully selected HIV-1 trimer vaccine boost antigens.

In summary, here we determined the comprehensive func-
tional mutational landscape of HIV-1 bNADs, revealing striking
features of affinity, breadth, and neutralization. We performed
biophysical and structural characterization of key mutations,
which revealed the existence of multiple parallel pathways to
improve HIV bNAbs. These data highlight the genetic and
structural features for an antibody to acquire improved HIV-1
neutralization breadth and suggest that strategies to improve the
HIV-1 trimer affinity of vaccine-elicited anti-FP antibodies offer
a promising approach toward an effective HIV-1 vaccine.

Materials and Methods

Site Saturation Mutagenesis Library Construction for vFP16.02. vFP16.02 VH
and VL genes were cloned into the yeast display vector pCT_VHVL-Kappa1
(47) using multifragment infusion (Takara Bio).

The VH and VL SSM libraries were made separately using a one-pot single-
site saturation mutagenesis protocol, which entails sequential nicking,
degradation, and PCR generation of a mutated top strand of the template
plasmid, followed by replication of the bottom strand incorporating the
copied mutation (44). A detailed description of the yeast display vector
system, SSM library generation, and yeast plasmid transformation is pro-
vided in S/ Appendix, SI Methods.

Affinity Screening of Yeast Surface Display Fab Libraries. Transformed yeast
libraries were grown in SGCAA medium (20 g/L galactose, 6.7 g/L yeast ni-
trogen base, 5 g/L casamino acids, 5.4 g/L Na,HPO,, 8.6 g/L NaH,PO,4.H,0;
SGCAA from TEKnova) supplemented with 2 g/L dextrose (SGDCAA) for 36 h
to induce Fab expression. We used the HIV BG505 SOSIP Env trimer with two
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different versions of fusion peptide: AVGIGAVF (BG505-FP8v1, the native
FP8 sequence) and AVGIGALF (BG505-FP8v2). HIV-1 trimer antigens were
biotinylated for screening and conjugated with streptavidin-PE (SA-PE) at 1:1
molar ratio (9) (Thermo Fisher Scientific). For affinity sorting, libraries were
washed and stained with anti-FLAG FITC to label surface Fab expression
(ANTI-FLAG M2-FITC, Sigma-Aldrich), along with SA-PE-conjugated HIV-1
trimers at 70 nM for BG505-FP8v1 and 100 nM for BG505-FP8v2, separately.
After sorting, samples were collected and grown in low-pH SDCAA (20 g/L
dextrose, 6.7 g/L yeast nitrogen base, 5 g/L casamino acids, 10.4 g/L trisodium
citrate, and 7.4 g/L citric acid monohydrate). For the first round of sorting
where the yeast population was separated into low, medium, and high af-
finity, at least 3 x 107 yeast cells were stained in a three-way sort for low,
medium, and high binding affinities, and VL + Fab-expressing populations
were collected. Two additional rounds of enrichment for low, medium, and
high affinity were performed.

MiSeq Preparation and Bioinformatic Analysis. Plasmids were isolated from
sorted yeast as described previously (67). Briefly, VH and VL regions were
amplified from the yeast display vector using Kapa Hifi HotStart ReadyMix
(Kapa Biosystems, Roche) (47). An additional round of PCR was done to add
barcodes and adaptors for Illumina 2 x 300 sequencing.

Raw fastq Illumina sequences were quality-filtered for a quality score of
30 over 90% of the raw reads using Fastxtoolkit (v0.0.14) (http://hannonlab.
cshl.edu/fastx_toolkit/). Quality-filtered NGS libraries were processed as
previously described to obtain in-frame antibody AA sequences (47, 71)
(Dataset S2). We calculated the ER of each single-amino-acid mutation in the
sorted libraries to track the change in mutation prevalence across each
round of sorting, calculated as:

ER = Frequency of a variant enriched in each round of sorting
- Frequency of the variant in VL + library

[11

See SI Appendix, SI Methods, for additional details regarding bioinformatic
analysis.

Antibody Expression and Characterization. Antibodies were expressed and
purified as described previously (16). Briefly, VH and VL plasmids (1:1 DNA
ratio) were cotransfected into Expi293F cells using Turbo293 transfection
reagent (Speed Biosystems) following manufacturer’s protocols. See S/ Ap-
pendix, SI Methods, for a detailed description of antibody expression, puri-
fication, and affinity assays.

Neutralization Assays.

10-virus panel. A single round of entry neutralization assays using TZM-bl
target cells was performed to assess monoclonal antibody neutralization
as described (72). Briefly, the monoclonal antibodies were tested via five-
fold serial dilutions starting at up to 500 pg/mL. Monoclonal antibodies were
mixed with the virus stocks in a total volume of 50 uL and incubated at 37 °C
for 1 h. We then added 20 pL of TZM-bl cells (0.5 million/mL) to the mixture
and incubated it at 37 °C overnight. On day 2, 130 uL complete Dulbecco’s
modified Eagle medium was added, and cells were lysed on day 3 and
assessed for luciferase activity measured in relative light units. The 50 and
80% inhibitory concentrations (ICso and ICgo) were determined using a hill-
slope regression analysis as described (72).

208-virus panel. To assess monoclonal antibody neutralization on a panel of
208 HIV-1 Env-pseudotyped viruses, automated 384-well microneutralization
assays were performed as described previously (73).

X-ray Crystallization and Structural Analysis. FP8v1 (AVGIGAVF) was dissolved
in 100% dimethylsulfoxide at a 100 mg/mL concentration and then mixed
with Fabs in a 10:1 molar ratio to reach a final protein complex concentration
of 10 mg/mL. Fab:FP8 complexes were screened for crystallization using 576
conditions from Hampton screen, Precipitant Synergy screen, and Qiagen
Wizard screen with a mosquito robot delivering 100 nL of reservoir solu-
tion mixing with 100 nL of protein solution per drop. Further details on
X-ray crystallization and structural analysis are provided in S/ Appendix,
SI Methods.

Isothermal Titration Calorimetry. The binding of Fab fragments of vFP16.02
and the variants VL-S48K and VL-F60P to the BG505-FP8v1 DS.SOSIP trimer
was studied thermodynamically by ITC at 25 °C using a VP-ITC microcalo-
rimeter from Malvern Instruments. BG505-FP8v1 and the antibody frag-
ments were prepared in phosphate-buffered saline (PBS), pH 7.4, and the
solutions were thoroughly degassed prior to the experiments. In each ti-
tration, the solution containing the antibody fragment was added stepwise
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in 10-uL aliquots to the stirred calorimetric cell (cell volume ~1.4 mL) con-
taining BG505-FP8v1 at 0.7 to 0.8 uM. The concentration of Fab in the sy-
ringe was 25 to 30 uM. Analysis of ITC data is in S/ Appendix, SI Methods

Differential Scanning Fluorimetry. Melting temperatures of the antigen-
binding fragments were determined by nano differential scanning fluo-
rimetry (nanoDSF) on a Prometheus NT.48 instrument (NanoTemper Tech-
nologies). A total of 10 uL of protein samples at a concentration between 0.5
and 1.0 mg/mL in PBS were loaded into capillaries and placed on the sample
holder. A temperature gradient from 40 to 90 °C was scanned at 1 °C/min,
and the intrinsic fluorescence intensity ratio (350 nm:330 nm) was recorded.
The data analysis was performed using Prometheus NT.48 control software.

Molecular Dynamics Simulation. Three molecular dynamics (MD) simulations
were carried out in order to characterize the vFP16.02 wild-type, VL-548K,
and VL-F60P Fabs under physiological conditions. The X-ray structure 6CDO
(16) was used as initial atomistic model. VL-S48K and VL-F60P mutants were
generated using PyMOL software (the PyMOL Molecular Graphics System,
Version 2.0, Schrédinger) MD simulations were performed using NAMD2.13
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