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Membrane-bound mRNA immunogens lower the
threshold to activate HIV Env V2 apex-directed broadly
neutralizing B cell precursors in humanized mice
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SUMMARY

Eliciting broadly neutralizing antibodies (bnAbs) is the core of HIV vaccine design. bnAbs specific to the V2-
apex region of the HIV envelope acquire breadth and potency with modest somatic hypermutation, making
them attractive vaccination targets. To evaluate Apex germline-targeting (ApexGT) vaccine candidates, we
engineered knockin (KI) mouse models expressing the germline B cell receptor (BCR) of the bnAb PCT64.
We found that high affinity of the ApexGT immunogen for PCT64-germline BCRs was necessary to specif-
ically activate Kl B cells at human physiological frequencies, recruit them to germinal centers, and select
for mature bnAb mutations. Relative to protein, mRNA-encoded membrane-bound ApexGT immunization
significantly increased activation and recruitment of PCT64 precursors to germinal centers and lowered their
affinity threshold. We have thus developed additional models for HIV vaccine research, validated ApexGT
immunogens for priming V2-apex bnAb precursors, and identified mMRNA-LNP as a suitable approach to sub-
stantially improve the B cell response.

INTRODUCTION complementarity-determining regions (HCDRS3s), high rates of

somatic hypermutation (SHM), insertions and deletions (indels)

Despite decades of research, an HIV vaccine remains elusive
(Ng’uni et al., 2020), but the discovery that some HIV-infected in-
dividuals can develop broadly neutralizing antibodies (bnAbs)
capable of potently neutralizing a high proportion of HIV-1 iso-
lates has revolutionized the field (Klein et al., 2013; Flemming,
2018; Sok and Burton, 2018). These bnAbs target highly
conserved regions of HIV envelope glycoprotein (Env), including
the V2-apex region (Burton and Hangartner, 2016; Sok and Bur-
ton, 2018).

HIV bnAbs generally exhibit one or more traits that render elic-
itation by vaccination challenging: long heavy-chain third
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and poly- or autoreactivity (Klein et al., 2013; Burton and Hang-
artner, 2016; Kelsoe and Haynes, 2017). In HIV-infected individ-
uals, these features result from B cells co-evolving with the virus,
undergoing multiple rounds of SHM and selection inside the
germinal centers (GCs) in response to viral escape mutations
(Doria-Rose and Landais, 2019). Although the inferred precur-
sors of some bnAbs have affinity for Env from particular HIV iso-
lates (Pancera et al., 2010; Liao et al., 2013; Doria-Rose et al.,
2014; Andrabi et al., 2015; Gorman et al., 2016), many have no
detectable affinity for Env (Xiao et al., 2009; Zhou et al., 2010;
Mouquet et al., 2012; Hoot et al., 2013; Jardine et al., 2013;
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Sok et al., 2013; Steichen et al., 2019), potentially explaining why
immunization strategies using native Env trimers have failed
(Sanders and Moore, 2017; Ng'uni et al., 2020). A germline-tar-
geting (GT) approach using rationally designed immunogens to
prime B cells encoding germline antibodies with the potential
to develop into bnAbs might overcome this bottleneck (Jardine
et al., 2013; Rappuoli et al., 2016; Steichen et al., 2019). After
activation, B cells could be shepherded toward breadth and po-
tency by booster immunogens increasingly resembling native
Env (Jardine et al., 2013; McGuire et al., 2013; Briney et al.,
2016; Escolano et al., 2016; Steichen et al., 2016; Tian et al.,
2016; Stamatatos et al., 2017; Chen et al., 2021).

Pre-clinical in vivo models to characterize the activation and
maturation of specific human B cell clones are required to repro-
ducibly study antibody evolution induced by GT immunogens
(Dosenovic et al., 2015; Jardine et al., 2015; Escolano et al.,
2016; Tian et al., 2016). Mouse models expressing human Ig
have proven effective in evaluating HIV immunization regimens
(Ota et al., 2013; Dosenovic et al., 2015; Tian et al., 2016; Lin
et al., 2018). They have been used to validate GT immunogens
designed to activate precursors for CD4bs- (VRCO1-class
bnAbs) (Dosenovic et al., 2015; Jardine et al., 2015, 2016; Tian
et al., 2016) and N332-supersite-binding bnAbs (PGT121- and
BG18-class bnAbs) (Escolano et al., 2016; Steichen et al.,
2016, 2019).

Previously, we reported an approach to design GT immuno-
gens to bind precursors of HCDR3-dominant bnAbs, which trig-
gered robust responses from BG18 precursors (Steichen et al.,
2019). V2-apex directed antibodies, such as PG9, PG16,
CAP256, and PCT64, are also heavily reliant on HCDR3 for
neutralization and thus ideal targets to determine whether this
strategy is generalizable to another Env epitope. Most V2-apex
bnAbs have long (> 25 residues), protruding, anionic, and often
tyrosine-sulphated HCDR3 loops to penetrate the glycan shield
and reach a positively charged glycopeptide epitope on the Apex
of Env (Walker et al., 2009; Pancera et al., 2013; Doria-Rose
et al., 2014; Andrabi et al., 2015). Notably, V2-apex bnAbs are
among the most commonly identified bnAb families in patient
serum samples, arise early post-infection (Walker et al., 2010;
Georgiev etal., 2013; Landais et al., 2016), and require only mod-
erate SHM, making them highly desirable targets for immuniza-
tion (Moore et al., 2017). Of particular interest is PCT64; isolated
from an HIV-1 subtype A-infected donor (Landais et al., 2016,
2017), PCT64 neutralizes 29% of all HIV isolates with moderate
potency and up to 56% and 48% of subtype A and C viruses,
respectively (Landais et al., 2017). It has an HCDRS length of
25 amino acids and 10%-12% SHM; compared to other V2-
Apex bnAbs, its HC precursors are relatively common in the hu-
man repertoire (upper limit of ~20in 1 x 10° B cells) (Willis et al.,
2022). Furthermore, the maturation trajectory of the PCT64 anti-
body line has been described in a three-year-long coevolu-
tionary study that offers a blueprint for recapitulation (Haynes
et al., 2016; Landais et al., 2017; Rantalainen et al., 2018).

Here, we developed two preclinical mouse models with B cells
expressing two distinct early ancestors of PCT64 to assess pro-
tein- and mRNA-based Apex germline-targeting (ApexGT) im-
munogens (Willis et al., 2022). High affinity ApexGT immunogens
activated rare PCT64 precursors and induced on-track mature
PCT64-like mutations, with evolution driven primarily by the
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HC. Furthermore, we found that mRNA-LNP mediated
in vivo expression of a membrane-anchored ApexGT trimer
immunogen was a promising avenue for priming PCT64-like
responses.

RESULTS

Generation of a PCT64 precursor knockin mouse

To study immune responses against the Apex of HIV-1 Env
in vivo, we generated a knockin (KI) mouse with B cells bearing
the least mutated common ancestor (LMCA) heavy chain (IGH)
and light chain (IGK) of bnAb PCT64, which was isolated from
a human donor (Landais et al., 2017). PCT64"M®A |IGH has
99.4% germline sequence identity with a fully reverted germline
V gene (VH3-15*01) and a J gene (JH6*03) containing three
amino acid mutations, while the PCT64-M®A |GK is encoded by
a fully germline V gene (Vk3-20*01) and J gene (Jk3*01) (Landais
et al., 2017).

Using our CRISPR/Cas9 protocols (Lin et al., 2018; Wang
etal., 2021), we inserted the PCT64"M°* |GH and IGK variable re-
gions into their respective native murine loci and confirmed
insertion by genotyping. Next, we established the frequency of
cells expressing the PCT64 Kl sequences by sorting and
sequencing B220" naive peripheral B cells (Figure S1A).
PCT64-MCA |GH was expressed by 85.7% of naive B cells (Fig-
ure S1B) and PCT64-MCA |GK by 86.3% (Figure S1C). Paired se-
quences showed that both human PCT64"MCA |GH and IGK
could form hybrid BCRs by pairing with a variety of murine heavy
chains (HCs) and light chains (LCs) (Figures S1D and S1E). To
generate mice carrying the full PCT64-MCA antibody, we crossed
PCT64 IGH (PCT64"MCA~ and PCT64 IGK (PCT64-MCA~K) mice
and obtained offspring where both human IGH (96%-100% of
expression) and IGK (86%-90%) paired with each other
(~81%) (Figures 1A, S1F, and S1G). Screening differentiation
stages in the bone marrow (Figures S2A and S2B) and in the
spleen (Figures S2C and S2D) confirmed that B cells underwent
normal development in both the PCT64-MCAH and PCTE4-MCA
mice (Hardy et al., 1991). To assess whether PCT64"M°A B cells
express functional BCRs, we measured antigen specific binding
to an ApexGT2 trimer probe (GT2 below) engineered to bind
PCT64"MCA with moderate affinity (monovalent Kp = 167 nM)
(Willis et al., 2022). Approximately 58% of peripheral blood B
cells bound to GT2 in a double fluorophore staining assay
(~0.04% of B cells in C57BL/6J mice were GT2 reactive); 99%
of binders were found to be epitope-specific using an epitope
knockout (KO) probe (GT2-KO) (Figures 1B and 1C). B cell rec-
eptor (BCR) sequencing found GT2-reactive B cells to be
positive for both the human PCT64-MCA IGH (100%) and corre-
sponding human PCT64"MCA |GK (95%) (Figure 1D). In summary,
PCT64-MCA B cells exhibited Ig gene allelic exclusion, underwent
normal development, and expressed functional paired human Kl
BCRs, which bound the ApexGT2 probe.

GT2 immunization activates PCT64-"'°A B cells and
generates durable GCs

Next, we tested the capacity of GT2 to activate PCT64-M°A B
cells in vivo. Given the high frequency of PCT64"MCA B cells in
our KI mouse line, we used an adoptive transfer system where
5x10° CD45.2* PCT64-MCA or CD45.2* wild-type (WT) control
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Figure 1. GT2 immunization activates PCT64 precursor B cells

(A) Human PCT64 LMCA IGH (green), murine IGH (dark gray), human PCT64 LMCA IGK (purple) and murine IGK (light gray) sequences amplified from single-cell
sorted B220* naive B cells from two PCT64-M°A mice. n = pairs amplified. See also Figures S1 and S2A-S2D.

(B) Representative FACS plots of epitope-specific GT2-positive and GT2-KO-negative peripheral B cells in naive PCT64-MCA or C57BL/6J mice. Events were pre-
gated on lymphocytes/singlets/CD4 CD8 F4/80°Gr17/B220" B cells.

(C) GT2-specific blood peripheral B cells from PCT64"MCA and WT C57BL/6J mice (n = 4). Bars are mean + SD.

(D) Human PCT64 LMCA IGH (green), human PCT64 LMCA IGK (purple) and murine IGK (light gray) sequences from single-cell sorted GT2-specific naive B cells
in PCT64"MCA mice (n = 2). n = pairs amplified.

(E) Schematic of PCT64-MCA B cell adoptive transfer and immunization. Experiments performed in triplicate; n = 4. A representative experiment is shown in (F=H).
(F) Representative plots of splenic B cells obtained at 8, 16, and 42 dpi with GT2 trimers. Events pre-gated on lymphocytes/singlets/live/CD4 CD8 F4/80°Gr17/
B220* B cells and represent GC, CD45.1, and CD45.2 cells in GC, and frequency of GT2* CD45.2 cells present in GC. For control groups see Figure S2E.

(G) B cell subsets responsive to GT2-immunization at 7, 16, and 42 dpi (n = 4). Left to right: total GCs, CD45.2* B cells in GCs, and GT2-binding CD45.2* B cells.
Bars are mean + SD. p values calculated by Mann-Whitney test, **p < 0.01. See also Figure S2E.

(H) ELISA quantification of GT2-binding (left) and GT2-KO-binding (right) serum IgG from PCT64-MCA~HL recipient mice versus WT C57BL/6J mice (n = 4). Line
represents mean values. Area under the curve (AUC) was assessed prior to immunization with GT2 trimers and at 7, 14, 21, and 42 dpi.
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B cells were transferred into congenic CD45.1* C57BL/6J recip-
ient mice (Figure 1E) to decrease precursor frequency and facil-
itate the tracking of PCT64-° responses. We immunized mice
24 h after adoptive transfer with either GT2 or BG505-MD39 SO-
SIP trimers formulated in Sigma adjuvant system (Sigma) intra-
peritoneally (i.p.)—an established route for SOSIP immunogens
(Escolano et al., 2016; Steichen et al., 2016)—and measured re-
sponses in the spleen (Figures 1TE-1G and S2E). GC responses
(GC; CD95"CD38°) were detected 8 days post immunization
(dpi) in all groups; CD45.2* PCT64-MCA B cells represented on
average 3.7% of the activated GC B cells in GT2 immunized
mice at this timepoint, and 63% were GT2 specific (Figure 1F).
CD45.2" cells were not detected in GCs in the BG505-MD39 SO-
SIP trimer cohort or in mice that received WT cells (Figure S2E).
At 16 and 42 dpi, CD45.2* GC responses were still ongoing. The
GT2 specificity of CD45.2* GC cells increased from 8 to 42 dpi
(from 62.8% to 79.4%, p = 0.0038), suggesting ongoing selec-
tion expanding clones with higher affinity for GT2 (Figure 1G).
Furthermore, epitope-specific IgG titers were detectable at 7
dpi in PCT64"M°A recipient mice and gradually declined after a
peak at 14 dpi (Figure 1H). WT mice immunized with GT2 trimers
failed to develop epitope-specific IgG antibodies. No off-target
antibody responses against epitope-deficient GT2 trimers
(GT2-KO) were detected in either group (Figure 1H), indicating
that serum IgG antibody responses were due to the transferred
PCT64-M°A B cells.

Overall, PCT64 precursors were successfully activated by GT2
immunization, formed sustained GC reactions, and generated
epitope-specific IgG responses.

GT2-primed PCT64-MC°A BCR heavy chains acquire
bnAb-like mutations

To determine whether PCT64"V°A B cells underwent SHM and
accumulated PCT64-like mutations after GT2-trimer immuniza-
tion, we sorted class-switched GT2* PCT64"MCA B cells at 8
and 42 dpi for single-cell BCR sequencing. Tracing lineage evo-
lution of the PCT64-MCA |GH highlighted broad diversification at
42 dpi (Figure 2A). SHM was minimal in the PCT64-MCA |GH and
IGK V-region at 8 dpi but increased over time (Figure 2B). At 42
dpi, there was significantly higher SHM in the IGH V region (8.6
nucleotides [nt]/5.6 amino acids [aa]) than in the corresponding
IGK V region (5.9 nt/4.5 aa) whether comparing nt (p = 0.0013)
or aa (p = 0.037) (Figure 2B). Mutations accumulated over time
in recurring positions in the HCDR1, HCDR2, and HCDR3 (Fig-
ure 2C). Substitutions at these sites were enriched for aa present

Immunity

in the mature PCT64 bnAb (V-region position 31, 35, and 52B)
and for aa present in early PCT64-line isolates (in HCDR3 posi-
tion 100D) (Figure 2D) (Landais et al., 2017). N31D, which is
also present in the mature PCT64 bnAb (Landais et al., 2017),
was acquired in 98% of the isolated HC sequences, indicating
positive selection. While enriched mutations in the HC V region
were likely facilitated by activation-induced deaminase (AID)
binding sites, no underlying AID hotspot was identified for the
HCDR3 mutation (100D) (Figure S2F).

In contrast, no mutations were enriched in the PCT64-MCA IGK
(Figure 2E), suggesting an HC-driven immunogen interaction. To
confirm this SHM drove antibody maturation, we expressed 14
representative 42 dpi Fabs and quantified their affinity for GT2.
Of the 10 Fabs with detectable affinity for GT2, 9 showed
increased affinity over the PCT64"MCA Fab (Kp, 130 nM). The
geomean Kp, for all 10 Fabs (4.3 nM) indicated a 30-fold improve-
ment; one Fab exhibited a 394-fold affinity gain over the native
PCT64-MCA Fab. (Figure 2F).

To interrogate the interaction between the acquired mutations
and GT2, we determined the cryo-EM structure of GT2 in com-
plex with a high affinity day 42 Fab (GT2-d42.16) (Figures S3A-
S3C). The Env base-binding Fab RM20A3 was included to
improve particle angular distribution. Our ~3.5 A-resolution
reconstruction (Figures S3D-S3G) allowed us to build atomic
models of the complex (Figure 2G), which confirmed that GT2-
d42.16 adopts a nearly identical structure and angle of approach
to PCT64"MCA (Figure 2H) with the characteristic elongated and
anionic HCDRS beta hairpin loop that extends inward toward the
3-fold axis of the trimer apex and extensive engagement with
positively charged residues in the V1/V2 loop and the glycan at
N160gp1204 (Figures 2G, S3H, and S3l). Although the map res-
olution is lower due to inherent flexibility in the distal regions of
the Fab outside of the paratope (Figure S3C), docking of the
high-resolution PCT64-MCA crystal structure allowed us to reli-
ably identify the sites of SHM acquired during affinity maturation
(Figure 2H). The only positions of SHM within the paratope are in
the HCDR1 and 2 domains, which are responsible for engaging/
accommodating the glycan at N156gp120, as well as the C
strand of V2 (Figure 2I) (Willis et al., 2022). Although the
N156gp1204 glycan does not engage in any specific sidechain
contacts, it forms several backbone hydrogen-bonds (H-bonds)
(Figure 2I) that could be enhanced by the HCDR1 and/or HCDR2
mutations by stabilizing the small helical turn in the HCDR2. Both
the K52,N and T52.| mutations are present in early PCT64 line-
age members such as PCT64.13B, although both sites were

Figure 2. A single GT2 prime induces antibodies with mature PCT64-like mutations
Antigen-specific splenic CD95*CD38'°" CD45.2+ PCT64-M°A B cells sorted at 8 and 42 dpi for single-cell BCR sequencing.

(A) Phylogenetic trees of PCT64"MCA |GH aa at 42 dpi.

(B) Total nt (left) and aa (right) mutations in PCT64-V°A |IGHV and IGKV at 8 and 42 dpi. p values calculated by Mann-Whitney test: **p < 0.01, *p < 0.05.
(C) HC mutation frequencies per residue observed at 8 (n = 93) and 42 (n = 57) dpi. HCDRs highlighted in gray. Red = present in mature PCT64; blue = present in

early PCT64 isolates. aa positions 31, 35, 52B, and 100D analyzed in D.

(D) Distribution of selected PCT64-V°A B cell HC aa mutations in positions 31, 35, 52B, and 1 at 8 and 42 dpi. Red = present in mature PCT64; blue = present in
early PCT64 isolates; black = original LMCA aa; gray = all other mutations. See also Figure S2F.

(E) Frequencies of LC mutations at each residue 42 dpi (n = 39). LCDRs are highlighted in gray.

(F) SPR affinity measurement against GT2 for 14 antibodies isolated at 42 dpi (white, right) compared with PCT64-MCA (green, left).

(G) Full cryo-EM structure of ApexGT2 in complex with GT2-d42.16 and RM20A3 Fabs and close-up of the epitope/paratope region with sites of SHM in yellow.

See also Figure S3.

(H) Structures of GT2-d42.16 and PCT64"M°" (dark gray) overlayed showing an identical angle of approach relative to their respective ApexGT trimers.
(I) Close up of the HCDR1 (light blue) and 2 domains (dark blue) with H-bonds between the N156gp120A glycan and gp120 residues shown as dashed lines.
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further mutated in the mature PCT64 bnAbs (Landais et al.,
2017). The N31D mutation, located near the interface with the
C strand, is present in the majority of mature PCT64 lineage
members and could contribute to a more favorable electrostatic
interaction with the positively charged apex. In sum, GT2 immu-
nization could successfully initiate PCT64-MC* maturation to-
ward a higher affinity and mature-PCT64-like antibody.

PCT64 precursor responses to GT2 are driven by the
heavy chain
In Apex-directed bnAbs, the HCDRS is a major binding determi-
nant (Pancera et al., 2010; Pejchal et al., 2010; McLellan et al.,
2011; Julien et al., 2013; Andrabi et al., 2015). Mammalian
display directed evolution was used to engineer the GT2 trimer
to target the PCT64-MCA HC, similar to the strategy used for tar-
geting N332-dependent bnAbs (Steichen et al., 2019). To vali-
date the specificity of the GT2 immunogen for PCT64 IGH, we
used a PCT64"MCA HC-only mouse model (PCT64-MCAH) in
which the human PCT64-MCA |GH pairs with native murine LCs.
10x Genomics single-cell BCR sequencing revealed that
82.6% of naive splenic B cells in PCT64"MCAH heterozygous
mice expressed the PCT64-MC* |GH sequence (Figure 3A).
PCT64"MCA |GH paired with a wide variety of murine IGK V
genes, but there was evidence of selectivity: the most frequent
pairings were with IGKV1-135 (28.8% of paired IGKV genes),
V2-137 (7.74%), V2-109 (4.94%), and V1-110 (4.81%) (Fig-
ure S4A). In contrast, IGK V genes were more evenly distributed
in the fully murine BCRs, with the most frequent IGK V gene (V1-
110) at only 5.08% (Figure S4B).

Next, we quantified antigen-specific binding to GT2 trimer
probes in naive PCT64"MCA~H mice. Approximately 32% of
peripheral blood B cells bound the GT2 probe in a double fluoro-
phore staining assay (Figure 3B); binders consisted of 100% hu-
man PCT64"MCA |GH paired with various murine LCs (Figure 3C);
hybrid BCRs were thus capable of GT2 binding.

Immunization with GT2 trimers as above activated CD45.2*
PCT64"MCA-H B cells and generated long-lasting GCs (Fig-
ure S5A). To determine the contributions of IGK to affinity matu-
ration, we single-cell sorted class-switched, GT2-specific,
CD45.2* B cells at 8 and 42 dpi for BCR sequencing. All isolated
HC were derived from the KI PCT64-MCA but paired with a variety
of murine LCs at both timepoints, indicating ongoing multiclonal
selection (Figures 3D and 3E). Some IGK V genes were enriched
during GC selection: ~28% of the isolated LCs in the GC at 8
dpi expressed IGK V2-109 (which represented 4.9% of the IGK
V genes paired with PCT64"MCAH in the naive repertoire)
(Figures 3D and 3E). Similarly, other initially low-frequency V
genes, such as V4-74 (0.23% in the naive repertoire), V14-111
(1.59%), and V12-44 (0.75%), were enriched over time
(Figures 3D and 3E).

Due to this enrichment, we measured the affinities of
PCT64"MCA |GH paired with different naive murine IGK (Fig-
ure 3F). Hybrid antibodies isolated from naive PCT64-MCA-H
mice, which constituted a polyclonal population generated
through LC variability, had affinities (Kps) from 1.6x107° to
2.5x10°8 M. Some IGK V genes, such as IGKV2-109 and
IGKV12-44 (both enriched in the GC), had up to 2.6-fold higher
affinity for GT2 than PCT64"MCA paired with its natural human
LC. In contrast, lower affinity was found with IGKV1-135 and
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IGKV2-137, which were far less frequent in the GC than in the
naive repertoire (Figure 3F).

We then investigated whether IGH could acquire PCT64-like
mutations in the absence of the human LC. SHM and diversifica-
tion increased over time (Figure S5B); by 8 dpi, human VH3-15
acquired an average of n = 1.2 + 1.6 nt mutations (0.89 + 1.1
aa) (Figure S5C) and reached an average of n = 7.7 + 2.4 nt
(4.9 + 1.9 aa) by day 42 (Figure S5C), similar to the rate observed
in the full PCT64"M°A KI model. Enriched residues in
PCT64"MCAH |GH matched those identified for PCT64-M%A
(Figures 3G, 3H, S5D, and S5E), and the aa mutations at these
sites included previously identified PCT64-like mutations in posi-
tions 31, 35, 525, and 100p, (Figures 3G and 3H), suggesting that
IGH evolution in response to GT2 trimers is both consistent and
independent of the LC. This demonstrated that B cells bearing
PCT64"MCA HC in conjunction with diverse LCs could respond
with great specificity to GT2 immunization.

A high affinity immunogen is required to activate rare
PCT64 precursors

Human repertoire data suggest that a suitable PCT64-immu-
nogen needs to reproducibly trigger B cells at frequencies lower
than ~20 precursors per 10° (Willis et al., 2022). To evaluate the
capacity of GT2 to activate PCT64 precursors at human physio-
logical frequencies, we calculated the frequencies of GT2*
PCT64-MCAH B cells in the spleens of recipient mice at the
time of immunization, 24 h after the adoptive transfer of 5x1 0%,
1x10%, or 5x10* CD45.2" B cells (Figures 4A and 4B). The result-
ing GT2-specific CD45.2* B cell frequencies were 100, 20, or 10
per 10° splenic B cells, respectively (Figures 4C and 4D). Re-
sponses in immunized recipient mice with defined numbers of
PCT64"MCA B cells were analyzed 8 dpi (Figure 4E). While
PCT64-MCA frequency did not affect total GC size, it did affect
the proportion of CD45.2* cells in GCs, from 1.2% CD45.2* at
100:10° to barely 0.2% at 10:10° (Figures 4F and 4G).

Immunogen affinity is key to rare B cell activation (Dosenovic
et al., 2015; Sok et al., 2016; Tian et al., 2016; Abbott et al.,
2018). To assess the effect of affinity on activation, we immu-
nized mice with the range of PCT64 precursors defined above
with ApexGT5 (GT5 below), an ApexGT trimer with higher affinity
for PCT64"MCA (Kp, 66 nM compared to 167 nM for GT2) (Fig-
ure 4H) (Willis et al., 2022), and compared responses at 8 dpi
to GT2 (Figure 4E). We observed a relative increase in CD45.2*
B cell recruitment to GCs in all GT5-immunized groups. The
gap was most pronounced at the lowest precursor frequency
(10:10% in which GT5 immunization activated 20 times more
PCT64'MCA B cells than GT2 (4% CD45.2 versus 0.2%)
(Figures 4l and 4J). GT5-specific responses were dominated
by CD45.2" B cells (>90%) at all tested precursor frequencies;
in contrast, GT2-specific responses were directly proportional
to the initial precursor number and were outnumbered in the
GC by competitor CD45.1* murine B cells (Figures S5F
and S5G).

To assess GT5 efficacy at even more stringent frequencies, we
established cohorts with 100, 10, or 1 precursor(s) per 10°. While
GC responses decreased over time, CD45.2* cells persisted in
the GC from 8 until 42 dpi at both 100 and 10 per 10°
(Figures 4K and 4L). However, at 1 per 10° only a weak
CD45.2* response was generated at 8 dpi, and none was
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Figure 3. PCT64 precursor responses to GT2 are driven by the heavy chain

(A) 10x Genomics single-cell BCR sequences from 4703 splenic B cells from a naive PCT64"M°A~" mouse. Relative bubble size indicates IGHV gene frequency.
Human PCT64 IGHV gene frequency in green (82.6%). Murine IGHV genes in various colors.

(B) Left: representative fluorescence-activated cell sorting (FACS) plot of GT2-binding and GT2-KO-negative peripheral B cells in naive PCT64"M°A~H (n = 4).
Events were pre-gated on lymphocytes/singlets/CD4~CD8 F4/80°Gr17/B220* B cells. Right: quantification of GT2-specific blood peripheral B cells from
PCT64"MCA~" and C57BL/6J WT mice. Bars are mean + SD.

(C) Paired human PCT64"M°A |GH (green) and murine IGK (variable) sequences amplified from single-cell sorted GT2-specific naive B cells from PCT64-MCA—H
mice. n = pairs amplified.

(D) Murine IGK V genes paired with human PCT64 IGH in a naive PCT64-M°A~H mouse (n = 3,888). Relative bubble size indicates frequency of IGK V gene usage.
Relevant IGK V genes marked in color and analyzed in (E) and (F). See also Figure S4.

(E) Murine IGK V genes paired with human PCT64 IGH isolated from GCs at 8 and 42 dpi. Some frequently enriched IGK V genes are highlighted: V2-109 (red),
V12-44 (blue), V14-111 (yellow), V4-74 (light green), and V1-135 (teal). See also Figure S5A.

(F) SPR affinity against GT2 for 23 antibodies with various murine IGKV pairings isolated from naive PCT64-MCA~H mice at 42 dpi, compared to human PCT64-MCA
(black, square).

(G) Frequencies of IGH aa mutations per residue 42 dpi. HCDRs are boxed in gray. Red = key mutations present in mature PCT64. aa positions 31, 35, 52B, and
100D analyzed in (J). See also Figures S5B-S5E.

(H) Distribution of select PCT64"M®A B cell IGH aa mutations in positions 31, 35, 52B, and 100D at 8 and 42 dpi. Red = present in mature PCT64; blue = present in
early PCT64 isolates; black = original LMCA aa; gray = all others.
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detected by 42 dpi. Epitope-specific IgG responses were de-
tected by ELISA from 7 to 42 dpi in recipients of 10
PCT64"MCA B cells per 10% GT2-immunization produced com-
parable titers in recipients of 100 PCT64-M°A B cells per 10°.
WT control mice immunized with GT5 did not develop detectable
epitope-specific IgG responses, and no off-target response was
detected in any group (Figure 4M). Thus, the higher affinity GT5
protein trimer could specifically activate PCT64 precursors at
frequencies approaching the estimated human physiolog-
ical range.

GT5 immunization induces mature PCT64-like
mutations in IGH

To determine whether GT5 could induce on-track SHM in PCT64
precursors, we sorted CD45.2* GT5'IgG1* B cells at 42 dpi for
single-cell BCR sequencing (Figure S5H). Diversification
occurred in both PCT64"MCA |GH and IGK sequences (Figure 5A);
the average number of mutations acquired in the V-region was
6.6 nt/4.4 aa for IGH and 6.2 nt/4.6 aa for IGK (Figure 5B). From
this antibody library, we expressed 15 representative Fabs; 13
of 15 (87%) showed detectable binding to GT5 (Kp<10 uM),
with a geomean affinity of 0.59 nM among binders, representing
an ~110-fold increase over the affinity of the PCT64-MCA (66 nM).
We also produced 13 Fabs with PCT64-MCA |GH paired with mu-
rine IGK chains; 9 of 13 (69%) had detectable affinity, and the
geomean affinity among binders was 0.29 nM, an even larger in-
crease over PCT64"MCA (Figure 5C).

We compared mutations acquired by IGH in our model with
those from human PCT64 precursors isolated 8-35 months
post-infection to determine whether the trajectory of antibody
evolution was similar (Landais et al., 2017). IGH sequences iso-
lated at 42 dpi carried an average of 3-4 PCT64-like mutations
and a peak of 7 PCT64-like mutations (Figure 5D). Total muta-
tions and PCT64-donor-like mutations were positively correlated
(R? = 0.4869). GT5 immunization generated a broader, more
diverse repertoire than GT2; aa mutations in IGH were distrib-
uted across more numerous sites, though relatively less enriched
(Figures 5E and 5F). This plasticity promoted PCT64-like muta-
tions at 3 sites in HCDR1 (positions 28, 31, and 35), 3 sites in
HCDR2 (positions 52, 52B, and 52C), and 4 sites in HCDR3 (po-
sitions 92, 97, 100C, and 100D) (Figure 5F). As with GT2, no
enrichment site was identified in the LC.

Immunity

To assess whether SHM acquired from priming conferred a
degree of neutralization, five GT2- and five GT5-induced day
42 mAbs were tested against a series of WT and modified (with
ApexGT mutations) HIV pseudoviruses (PSVs) based on isolates
neutralized by PCT64 (Figure 5G) (Landais et al., 2017). None of
the day 42 mAbs could neutralize the WT PSVs, but some
showed partial neutralization of PSVs with ApexGT mutations,
especially PSVs with the K169R mutation (PSVs GT5-V2B and
GT5-N167) (Figure 5G). This is consistent with the binding
mode of PCT64"MCA (willis et al., 2022) and day 42 Fabs
(Figures 2G-2K and 5H-5L), which includes strong electrostatic
interactions between their acidic residues and R169 of ApexGTs.
To clarify the molecular details of GT5-induced SHM, we deter-
mined the cryo-EM structure of GT5 in complex with a high-affin-
ity day 42 Fab (GT5-d42.16) (Figures 5H and S6A-S6G). Despite
positional differences in the location of SHM sites (magenta), no
structural differences were detected between GT5-d42.16 and
either PCTB4"MCA or GT2-d42.16 (Figures 5H and S6H-S6M).
GT5-d42.16 has five more sites of SHM than GT2-d42.16 while
both Fabs present SHM in the HCDR2 domain, which is respon-
sible for engaging/accommodating the N156gp120A glycan and
the C strand of V2 (Figures 5H and 5I). The glycan at N156 en-
gages in multiple backbone H-bonds with GT5-d42.16, while
E53 forms an H-bond with GT5 residue K171, as in GT2-
d42.16. Notably, the D53E mutation is present in the vast major-
ity of PCT64 lineage members. Unlike GT2-d42.16, GT5-d42.16
has one site of SHM in the HCDR3 domain, T93 N, which is
located at the very beginning of the loop near the N160gp1204
glycan binding pocket and is also found in the PCT64.35M
bnAb lineage. All remaining mutations in the HC are located
outside the paratope and thus not directly involved in affinity
maturation. GT5-d42.16 also has several LC mutations, with
one, S31l, located near the N160gp120,4 glycan binding interface
in the LCDR1 domain (Figure 5H). However, this residue con-
verges on either an Asn or Asp in all the mature PCT64
antibodies.

At the immunogen level, the only difference between GT2 and
GT5 is the identity of loop2B (Figure 5H). The GT5 loop2B has the
N187 glycan knocked out and includes a mutation to a bulky
tryptophan residue at position 188 at the tip of the loop, among
other mutations. Using difference mapping, we found that the
removal of the N187 glycan creates a hole in the density

Figure 4. High affinity GT5 immunogen activates PCT64 precursors at physiological frequencies
(A) Schematic of adoptive transfer model to calibrate PCT64"MC* B cell frequencies. Experiments were performed in duplicate with one presented; n = 5.

(B) Gating strategy for titration of cell transfer model.

(C) Precursor frequencies (y axis) corresponding to number of B cells transferred (x axis). Bars are mean + SD.
(D) Analysis of linearity of CD45.2 PCT64-MCA B cells recovered 24 h post transfer.
(E) Schematic of immunizations performed at precursor frequencies of 100, 20, and 10 per 10°. Experiments were performed in triplicate with one presented;

n=4.

(F) Representative FACS plots at 8 dpi with GT, showing CD45.2 GC B cell responses at precursor frequency of 100, 20, and 10 per 10° of B cells.
(G) Quantification of GC B cells and CD45.2* PCT64-MCA cells present in GC at 8 dpi with GT2. Bars are mean = SD.

(H) SPR of PCT64-MCA for GT2 and GT5 trimers.

() Representative FACS plots 8 dpi with GT5, showing CD45.2 GC B cell responses at precursor frequency of 100, 20, and 10 per 10° of B cells.
(J) Quantification of GC cells and CD45.2* PCT64"MCA cells present in GC at 8 dpi with GT5 at decreasing precursor frequencies (n = 4 and n = 5 for 10:10°). Bars

are mean + SD. See also Figures S5F and S5G.

(K) Representative FACS plots at 8, 16, and 42 dpi with GT5, showing CD45.2 GC B cell responses at precursor frequency of 100, 10, and 1 per 10° B cells (n = 4).

(L) Quantification of K. Data are represented as mean + SD.

(M) ELISA quantification of GT2-/GT5-binding (top) and GT2-/GT5-KO-binding (bottom) serum IgG from PCT64-°A recipient mice compared to WT C57BL/6J
mice (n = 4). AUC was assessed prior to immunization by GT2 or GT5 and at 7, 14, 21, and 42 dpi. Points are mean + SD.
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surrounding the PCT64 binding site that results in a slight change
in the average binding angle of the Fab, presumably by relieving
steric restrictions from the glycan (Figure 5J), which is in line with
the surface plasmon resonance (SPR) results showing a slightly
faster on and off rate of PCT64-MCA for GT5 (Willis et al., 2022).
The conformation of the loop is also affected, especially on pro-
tomer C, where it is folded inward toward the Fab and
N160gp120¢ glycan (Figures 5K and 5L). Although W188 does
not appear to interact with the GT5-d42.16 HCDRS3, there is clear
electron microscopy (EM) map density extending from the tip of
the loop to the N160 glycan resulting from the W188 residue,
suggesting it could be stabilizing the glycan, and, in turn, its in-
teractions with the Fab (Figure 5K). Thus, immunization with
GT5 can induce affinity maturation in rare PCT64 precursors
and support the acquisition of PCT64-like mutations that
neutralize autologous virus.

mRNA-LNP membrane-bound GT5 trimers potently
activate PCT64 precursors
Nucleoside-modified mRNA vaccines for SARS-CoV-2 have
proven safe and highly effective in humans (Baden et al., 2021;
Thomas et al., 2021). Thus, GT5 was further developed as a
membrane-bound trimer with appropriate antigenic profile ex-
pressed from DNA or mRNA (Willis et al., 2022). As human vac-
cines are frequently administered intramuscularly (IM) (Zhang
et al., 2015), we first assessed IM GT5 protein trimer delivery.
We established PCT64"MCA at 10 per 10° B cells in recipient
mice, immunized IM with GT5 in Sigma adjuvant, and measured
the response in the inguinal lymph nodes (LN) at 13, 28, and 42
dpi (Figure 6A). GT5-specific CD45.2* B cells were undetectable
in 13 dpi GCs and very infrequent at later timepoints (Figures 6B
and 6C). To assess whether B cell responses could have
occurred at other sites, we quantified GT5-specific IgG serum
by ELISA but retrieved no detectable titers (Figure 6D). GT5 pro-
tein trimers may, therefore, not be suited for IM delivery in mice.
We then evaluated immune responses to mRNA-mediated
expression of membrane-bound GT5 trimers. Recipient mice
(10:10%), which were immunized IM with a single dose of
mRNA-LNP encoding GT5, had large GCs and high recruitment

Immunity

of CD45.2 PCT64"MCA B cells at 13 dpi (Figures 6E and 6F).
PCT64"MCA B cells were maintained in GCs up to 28 and 42
dpi, and GT5-specificity increased from 60% to 90% of
CD45.2 GC B cells over time (Figures 6E and 6F). ELISA of serum
1gG titers found that IM mRNA-LNP immunization induced long-
lasting, GT5-specific antibodies (Figure 6G).

Given the magnitude of the response to mMRNA immunization,
we tested whether GT5-mRNA could generate consistent re-
sponses after a 10-fold precursor reduction to 1 per 10° B cells
(Figures 6H and 6l). Even at this extremely rare starting fre-
quency, PCT64"MCA averaged 4% of GC B cells at 13 dpi (in
comparison to 9.9% at 10:10% and expanded to 26.6% at 42
dpi (Figure 6l). To confirm that mMRNA-LNP GT5 maintained the
capacity to induce PCT64-like mutations, we performed BCR
sequencing of class switched CD45.2*GT5* B cells at 42 dpi.
Isolated IGHV genes acquired an average of 7 nt/5 aa mutations
(Figure 6J). Enriched sites occurred in similar positions previ-
ously identified with protein trimer immunization (Figure 6K).

Thus, mMRNA-LNP-encoded GT5 trimers activated ultra-rare
PCT64 precursors more potently than soluble protein trimers
and induced the acquisition of similar bnAb-like mutations.

mRNA-LNP-encoded GT5 trimers lower the precursor
activation affinity threshold

GT5 was engineered using our mammalian display bootstrap-
ping approach, with GT mutations identified first against more
mature-like antibodies and then modified to increase the immu-
nogen’s affinity for progressively more germline-like antibodies
(Steichen et al., 2016). The PCT64-MCA sequence, isolated
from the human donor early after infection, has some SHM in
IGH—three aa mutations in the J gene and two aa from the
full-length D gene (Figure 7A). To test the capacity of the GT
immunogens to activate more reverted germline IGHs, we
generated a second mouse model where the J gene is fully re-
verted, PCT64"MCAJREV=H (Fiqures S7A and S7B) (Willis et al.,
2022). Genotyping and single-cell BCR sequencing confirmed
that the PCTB4-MCAJREV=H sequence was expressed by ~95%
of the B cell repertoire (Figure S7B). Through crossing with

Figure 5. GT5 immunization induces key PCT64-like mutations in IGH

(A) Quantification of total nt mutations in PCT64-V°A |IGH and IGK V genes at 42 dpi. Red line = mean. See also Figure S5H.
(B) Quantification of total aa mutations in PCT64"MA IGH and IGK V genes at 42 dpi. Red line = mean.

(C) SPR affinity measurement of antibodies isolated at 42 dpi with GT5 from mice presenting a PCT64 IGH (left) or IGH + IGK (right) (10 precursors per 10°).
(D) PCT64-like aa mutations in PCT64MCA |GHs isolated at 42 dpi. Numbers in each square indicate sequences sharing the total aa mutations (x axis) and the
PCT64-like aa mutations (y axis).

(E) Frequencies of HC aa mutations per residue at 42 dpi. HCDRs boxed in gray. Red = present in mature PCT64; blue = present in early PCT64 isolates.

(F) Frequency of selected PCT64-°A B cell HC aa mutations at 42 dpi in HCDR1 positions 28, 31, and 35; in HCDR2 positions 52, 52B, and 52C; in HCDR3
positions 92, 97, 100D, and 100E. Red = present in mature PCT64; blue = present in early PCT64 isolates; black = original PCT64-MCA aa; gray = all others.
(G) Neutralization assay of selected PCT64-MC* 42 dpi mAbs. The five highest affinity mAbs elicited by ApexGT2 or GT5 were evaluated in addition to PCT64
lineage members and other V2 apex bnAbs. GT5-V2B, BG505.ApexGT5 PSV with loopV2B reverted to BG505 WT; GT5-N167, BG505.ApexGT5 PSV with N167D
(BG505 WT has D167); GT5-NR, BG505.ApexGT5 PSV with N167D and R169K (BG505 WT has D167 and K169). Numbers indicate the percentage of
neutralization at 10 ug/mL.

(H) Cryo-electron microscopy (cryo-EM) structure of ApexGT5 in complex with GT5-d42.16 Fab overlayed with the structure of ApexGT2 in complex with GT2-
d42.16 Fab. Sites of SHM are designated in magenta and yellow, respectively. See also Figure S6.

(l) Close up of the HCDR1 and 2 domains of both Fabs and their interactions with the N156gp120A glycan and gp120 residues.

(J) Low pass filtered ApexGT5 + GT5-d42.16 cryo-EM map (gray) and (ApexGT2 + GT2-d42.16) — (ApexGT5 + GT5-d42.16) difference map (purple) showing the
density associated with the N187 glycan and the slight shift in angle of approach of the GT2-d42.16 Fab (arrow).

(K) Close up of ApexGT5 loop2B on protomer C showing the cryo-EM map density (transparent gray) that bridges W188 at the tip of the loop and the N160gp120C
glycan along with multiple loop models generated from multi-model refinement.

(L) All three gp120 protomers of ApexGT5 aligned to one another showing the conformation adopted by the protomer C loop.
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PCT64"MCA~L we obtained mice where PCT64-MCAREY |GH
and IGK were paired in ~84% of the repertoire (Figure 7B).

Reverting the PCT64-M* J-gene mutations decreased the af-
finity of PCT64-MCAYREY for GT2 (KD = 6.4 uM) and GT5 (KD =
347 nM). Antibodies with PCT64"MCAYREY |GH paired with murine
IGK had a geomean affinity of 48.1 nM among binders, lower than
the 16.7 nM geomean affinity of binders for PCT64-M°A IGH
paired with the same murine IGK (Figure 7C). The lower affinity
for PCTE64-MCAJREY a5 reflected in the low frequencies of naive
B cells binding GT2 (5%) and GT5 (55%) probes (Figure 7D). To
determine whether precursors in these affinity ranges could be
triggered by immunization, PCTE4-MCAJREV=H B ce|ls were trans-
ferred into CD45.1 WT mice (frequency: 100:108) prior to i.p.-im-
munization with either GT2 or GT5 protein trimers (Figure S7C).
GCs developed in response to both immunogens, but no
PCTE4-MCAJREV-H B || activation was detected after GT2 im-
munization at 8 dpi. However, PCT64-MCAJREY B cells were pre-
sent in GCs after GT5 immunization (Figure S7D), demonstrating
that the improved GT5 immunogen can activate PCT64 precur-
sors with LMCA.JREV BCRs. At 28 dpi, mutation frequency anal-
ysis identified enriched sites distinct from those induced in
PCT64-MCAB cells by GT5 (Figure S7E). In particular, an aspartic
acid (D) was acquired in position 117 in the HCDR3 in 98% of the
GT5" class-switched B cells (Figure S7E); this mutation is present
in the original PCT64-M®A sequence (Figure S7F), indicating a
converging HCDR3-region maturation pathway.

The precursor frequency required for activation in
PCT64-MCAYREY \was far from the estimated human range.
Therefore, we tested whether GT5-mRNA trimers could elicit
stronger responses. We transferred PCT64-MCAJREY B celis
(frequencies: 100, 20, and 10 per 10%) and immunized recipient
mice IM with 10 ug of mRNA-LNP encoding GT5 or 10 pg of
GT5 soluble protein. At 13 dpi, GC responses with strong
PCT64MCAJREV=H B cg|| recruitment were present in mRNA-
immunized mice but no PCT64-MCAJREV-H B ce|| activation
was detected in protein-immunized mice (Figure S7G). We
then compared responses to mMRNA-GT5 IM and GT5 protein
i.p. immunization 13 and 42 dpi in inguinal LNs or spleen (Fig-
ure 7E). At 13 dpi CD45.2 PCT64-MOA~REV B cel| responses to
mRNA were 10-15 times higher than responses to protein
(Figures 7F and 7G). Furthermore, strong CD45.2 responses

Immunity

were present in the low frequency groups (20 and 10 per 10°)
(Figures 7F and 7G). PCT64-MCAYREY GG responses to mRNA
were maintained and expanded (reaching ~20% of GC B cells)
at 42 dpi in mice with a starting precursor frequency of 100
and 20 per 10°. Responses faded in mice with lower precursor
numbers and in mice immunized with protein GT5 (Figure 7H).
Analysis of GT5* class-switched B cells at 28 dpi revealed a mu-
tation pattern overlapping with that induced by protein in JREV,
characterized by an enrichment of Asp in position 117 in the
HCDR3 (Figure S7H).

These results suggest that mRNA-encoded GT5 may lower the
affinity threshold for precursor activation (Batista and Neuberger,
1998, 2000; Fleire et al., 2006). Thus, MRNA-LNP-encoded mem-
brane-bound GT5 trimers may be promising candidates for the
development of priming immunogens for PCT64-like precursors
with diverse junctions and affinities.

DISCUSSION

Inducing bnAbs is a key objective in the quest for an HIV vaccine
(Haynes and Burton, 2017). Central to these efforts is the struc-
ture-based design and validation of GT immunogens, which
must activate rare precursor B cells, trigger durable GC re-
sponses, and induce desired mutations (Jardine et al., 2013).
Here, we engineered two BCR Kl mice that express two different
precursors of the V2-apex bnAb PCT64 to evaluate GT immuno-
gens (Landais et al., 2017). In our preclinical models, high-affinity
ApexGT5 was superior to ApexGT2 at activating rare PCT64 pre-
cursors. Furthermore, nucleoside-modified mMRNA immunogens,
at the relative doses administered, improved activation over
protein.

BCR-immunogen affinity is a major determinant of rare B cell
activation (Abbott et al., 2018; Dosenovic et al., 2018), and V2-
apex precursors are notably rare. Most HIV-1 bnAbs specific
to V2-apex rely on HCDR3 loops with a 24-39 aa range to
interact with their epitopes (Andrabi et al., 2015), and B cells
bearing long HCDRS3s (>24 aa) represent only 3.5% of the hu-
man repertoire (Briney et al. 2012). However, PCT64 precursors,
with 25 aa HCDRSs, are estimated to have an upper frequency
limit of 20 per 10° B cells. In contrast, 3.3 per 10° of B cells are
eOD-GT8-specific VRCO1 precursors (Jardine et al., 2016;

Figure 6. GT5 mRNA effectively activates rare precursors

(A) Schematic of IM immunization. Mice received either GT5 trimers adjuvanted with SIGMA or GT5 mRNA. Experiments performed in duplicate with one

presented; n = 5.

(B) Representative FACS plots of LN B cells at 13, 28, and 42 dpi IM with GT5 trimers, and SIGMA adjuvant showing GCs, CD45.2* B cells in GC, and GT5-binding

CD45.2 B cells.

(C) Quantification of GCs, CD45.2* B cells in GC, and GT5-binding CD45.2 B cells at 13, 28, and 42 dpi IM with GT5 trimers and SIGMA adjuvant (n = 5). Data are

represented as mean + SD.

(D) ELISA quantification of GT5-binding (left) and GT5-KO-binding (right) serum IgG from PCT64-MCA recipient mice immunized with GT5 trimers and SIGMA

adjuvant (as in B and C). Line represents mean value.

(E) Representative plots of LN B cells at 13, 28, and 42 dpi IM with GT5 mRNA.

(F) Quantification of LN GCs, CD45.2* B cells in GC, and GT5-binding CD45.2 B cells at 13, 28, and 42 dpi IM with GT5 mRNA (n = 5). Bars are mean + SD.
(G) ELISA quantification of GT5-binding (left) and GT5-KO-binding (right) serum IgG from PCT64-MCA recipient mice immunized with GT5 mRNA (as in E and F).

Line represents mean value.

(H) Representative plots of LN B cells at 13 and 42 dpi IM with GT5 trimers in mice with a starting PCT64 precursor frequency of 10 and 1 per 10° B cells. Plots
show the frequency of CD45.2* B cells in GC. Experiments were performed in duplicate with one presented; n = 5.
(I) Quantification of GCs, CD45.2* B cells in GC, and GT5-binding CD45.2 B cells at 13 and 42 dpi IM with GT5 trimers in mice with a starting PCT64 precursor

frequency of 10 or 1 per 10° B cells. Bars are mean + SD.

(J) Total nt and aa mutations acquired in PCT64"M°A |IGH and IGK V genes at 42 dpi with GT5 mRNA in 2 different mice. Red line indicates mean.
(K) Frequencies of IGH aa mutations per residue at 42 dpi. HCDRs boxed in gray. Red = present in mature PCT64; blue = present in early PCT64-lineage isolates.

2180 Immunity 55, 2168-2186, November 8, 2022



Immunity ¢ CelPress
OPEN ACCESS

APCT64LMCA.JREVT YDFWSGY YYYYYYMDV
PCT64 LMCA T CTYDFWSGYDDHYY YY DV
vDJ T - -YYDFWSGYY YYYYYYMDYV
L w315
B B220* c Affinity D GT5 epitope E
10 Specific B cells Day 1 ;
g | LMCA-JREV
No BInding 3@ @@ T Z’S‘:;f;';gg*
[¢]
Heavy t ‘ 1044 8 « b2 g P
chain > = GT2 20 in 108
- n=19 - S cgg ( 10 in 106
.. ! O¢ : '
' ] <§) oSu R ¢~ Dayo
‘l‘ 10 u oo ~ Immunization
’ 3 GT5 Protein IP
t'hi'."n‘ ‘ 1o*-—d.t~;.— 2; /¥ GT5 mRNA IM
LMCA LMCA.J . "
== 94.7% Human IGH - S5 DAY 13
== 5.3% Murine IGH Nitested = 17 M g
m 84.2% Human IGK Bind (e) - 88% - 82% R |« DAY 42
15.8% Murine IGK KD (M)  16.7nM  48.1nM — Probe A488 —— & Spleen/LN
Geomean Response Analysis
GTS5 Protein - IP GT5 mRNA - IM
SPLEEN LYMPH NODES
F G
—
P .
ver million 100 100 20 10 Germinal Centers
_ 15+
T 2% 4.8% 3.2% 2.1% s
. ! 810 o
Germinal g S
Centers g s 0
g %
0. £,
| 100 100 20 10
! ...CD45.2iin GC
;\? 0
wt ol
CD45.2 4
inGC —, g
[1e] o
<. g
8. £
| ¢
. _ 100+ GT5*
* 26% 66% ‘
Nm‘
GT5* T 2
| .
2. 1 o ’:":’
o i,
[ Ce e e e e e e Precursors 100 100 20 10
GT5-FL2 per million —_—
Protein  mRNA
Spleen LN
H Germinal Centers CD45.2in GC GT5*
_25 60
2 = o _100. o
20 40 o g
g 3 1 oo s K
< o 1.5 5 é
> 3 > 2
g ::?1‘0 §10 % 50
2 0. g 51 o E}
H &
£ £
0.0 0 [
Precursors 100 100 20 10 100 100 20 10 100 100 20 10
per million oA

Protein - mRNA Protein  mRNA Protein - mRNA

(legend on next page)

Immunity 55, 2168-2186, November 8, 2022 2181



¢ CellPress

OPEN ACCESS

Havenar-Daughton et al., 2018; Lee et al., 2021). At the lowest
precursor frequency investigated, the higher-affinity GT5 initi-
ated strong, sustained activation with a 10-fold increase over
GT2 in GC recruitment.

Both GT2 and GT5 elicited on-track SHM, induced reproduc-
ible HC mutation fingerprints, and did not display stringent LC re-
striction in our HC model, where various murine LCs pair with
germline PCT64 IGHs. This suggests a predominantly IGH-
dependent selection process and validates the applicability of
trimer design targeting HCDR3-dominant bnAb precursors pre-
viously tested only for BG18 (Steichen et al., 2019). There was,
however, a marginal role for LCs: certain murine IGK pairings
were so detrimental as to completely abrogate immunogen
binding. In contrast, some advantageous IGK pairings increased
the affinity of the original germline antibody. The capacity of a
single immunogen to engage multiple B cell clones indepen-
dently from the paired LC expands the range of precursors
that can be elicited through immunization, raising the odds of
developing bnAbs.

We also found that immunization with mRNA-LNP coding for
membrane-bound GT5 was superior to soluble GT5 protein at
triggering low-frequency PCT64-precursor B cells. This may be
because V2-apex bnAbs tightly bind to quaternary epitopes,
recognizing the N-linked glycan at residue 160 (N160) and inter-
acting with a protein surface of the V2 domain of gp120 encom-
passing multiple protomers; they do not bind well to monomeric
GP120 (Andrabi et al., 2015, 2017; Gift et al., 2017; Moore et al.,
2017). IM immunization may negatively impact the successful
presentation of an intact, fully-formed trimer structure; a similar
effect has been previously reported in mice (Hu et al., 2015).
Nucleoside-modified mRNA-LNP allows antigens to be trans-
lated into protein directly into the host’s cells, minimizing pro-
cessing by protease in antigen-presenting cells and increasing
the chances that B cells encounter a well-folded trimer. Addition-
ally, the amount of trimer produced after mRNA immunization
may be larger than the protein dose, and antigen availability
may be increased as a consequence of protein expression ki-
netics (Pardi et al., 2015, 2018; Lederer et al., 2020). Indeed,
similar responses are observed when immunogen administration
is extended through an osmotic pump (Tam et al., 2016; Cirelli
et al., 2019).

An HIV vaccine conferring broad protection will likely require
the elicitation of several lines of antibodies to target multiple
sites on Env. In this study, we validated HCDR3-focused GT
immunogen design for the V2-apex epitope and demonstrated
the utility of mMRNA-LNP. As mRNA could simplify the delivery
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of multiple structurally sound immunogens, this work, alongside
the array of GT vaccine candidates in various stages of clinical
testing, may contribute to the development of a multi-compo-
nent HIV vaccine.

Limitations of the study

Our interpretation of SHM emphasized residues in the mature
PCT64 bnAb; for some of those mutations, the precise role in
binding remains to be clarified. Furthermore, it is not trivial to
identify off-track mutations that might instead hinder bnAb
development, particularly when they may only be detrimental in
the context of other mutations.

While the PCT64-like mutations acquired in this study conferred
autologous virus neutralization, booster immunizations with more
native-like immunogens would likely be needed to achieve cross-
clade neutralization. Specifically, as R169 is rare among WT HIV
isolates (<10%), it will be important to determine whether heterol-
ogous boost immunization can reduce the neutralization depen-
dence on R169 observed. Finally, our conclusions have been
derived from mouse models; further work will be required to see
if they apply in non-human primates or humans.
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Detailed methods are provided in the online version of this paper
and include the following:
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Figure 7. GT5-mRNA immunization activates a J-region-reverted PCT64 precursor

(A) Sequence alignment of the HCDR3 of PCT64-MCAREY pCTE4-MCA and germline VH3-15, DH3-3 and JH6.

(B) Human PCT64 LMCA.JREV HC (teal), murine HC (dark gray), human PCT64-MCAJREV |GK (purple) and murine LC (light gray) sequences amplified from single
cell sorted B220™* naive B cells from two PCT64-MCAIREY mice. n = pairs amplified. See also Figures S7A and S7B.

(C) SPR affinity measurement against GT5 of LMCA and LMCA.JREV IGH paired with various murine IGK.

(D) FACS plots with epitope specific GT2-binding (top) and GT5 binding of peripheral B cells in naive PCT6.

4-MOAJREY mouse model. Events were pre-gated on

lymphocytes/singlets/CD4~CD8F4/80°Gr17/B220* B cells. See also Figures S7C-S7F.

(E) Schematic of study design. Recipient mice at 100, 20, or 10 PCT64-MCAJREY ner 108 B cells prior to immunization i.p. with GT5 trimers or IM with GT5 mRNA;
responses analyzed 13 dpi. Experiments performed in triplicate with one presented; n = 4 or 5. See also Figures S7G and S7H.

(F) Representative FACS plots of GCs, CD45.2 PCT64-MCAYREY hresent in GC, and GT5 specific responses at 13 dpi after immunization with GT5 protein i.p. (pink)
or GT5 mRNA IM (teal). Spleen were analyzed for i.p. responses and inguinal LN for IM responses.

(G) Quantification of responses in GCs as in (E) and (F) (n = 4 or 5). Bars are mean + SD.

(H) Quantification of GC responses, frequency of CD45.2 PCT64"MCAREY B cells in GC and GT5 specific responses at 42 dpi (n = 5). Bars are mean + SD.
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O Cryo-EM data processing
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Supplemental information can be found online at https://doi.org/10.1016/j.
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(clone: BM8)

Rat monoclonal anti-mouse Ly-6G APC-eF780
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PerCP Cy5.5 (clone: A20)
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Rat monoclonal anti-mouse IgD BV786

(clone: 11-26 c.2a)

Rat monoclonal anti-mouse IgD PE-Cy7
(clone: 11-26 c.2a)

Rat monoclonal anti-mouse IgG1 BV421
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CAT# 47-5931-80; RRID: AB_1518805
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CAT# 56-0381-82, 102714;

RRID: AB_657740, AB_528796

CAT# 109808; RRID: AB_313445
CAT# 110728; RRID: AB_893346
CAT# 144606; RRID: AB_2562185
CAT# 743329, 743323;

RRID: AB_2741430, AB_2741424
CAT# 563618; RRID: AB_2738322
CAT# 405720; RRID: AB_2561876
CAT# 562580; RRID: AB_2737664

CAT# 742839; RRID: AB_2741090

CAT# 115-055-071; RRID: AB_2338535

Chemicals, peptides, and recombinant proteins

GT2 trimers
GT5 trimers
Biotinylated trimer probes

LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit,
for UV excitation

Streptavidin-A488

Streptavidin-647

Streptavidin-PE

BD HORIZON BRILLIANT STAIN BUFFER
SIGMAFAST™ p-Nitrophenyl phosphate Tablets
SuperScript™ |ll Reverse Transcriptase
RNasin® Ribonuclease Inhibitors

dNTP Mix (10 mM each)

HotStarTag DNA Polymerase

Produced in house
Produced in house
Produced in house
Thermo Fisher Scientific

Biolegend

Biolegend

Biolegend

BD Biosciences

Sigma

Thermo Fisher Scientific
Promega

Thermo Fisher Scientific
QIAGEN

N/A
N/A
N/A
CAT# L34962

CAT# 405235

CAT# 405237

CAT# 405204

CAT# 566349

CAT# N2770-50SET
CAT# 18080085
CAT# N2515

CAT# R0193

CAT# 203209
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Critical commercial assays

TagMan TransnetYX N/A
CountBright™ Absolute Counting Beads, Thermo Fisher Scientific CAT# C36950

for flow cytometry

UltraComp eBeads™ Compensation Beads
Pan B Cell Isolation Kit Il, mouse

BirA biotin-protein ligase bulk reaction kit

Chromium Next GEM Single Cell 5’ Kit v2, 16 rxns
Chromium Next GEM Chip K Single Cell Kit, 48 rxns

Chromium Single Cell Mouse BCR Amplification
Kit, 16 rxns

Library Construction Kit, 16 rxns

5' Feature Barcode Kit, 16 rxns

Dual Index Kit TT Set A 96 rxns

Dual Index Kit TN Set A, 96 rxn

D5000 high sensitivity ScreenTape assay
Qubit™ dsDNA HS and BR Assay Kits
1x HBS-EP+ pH 7.4 running buffer
Human Antibody Capture Kit

Thermo Fisher Scientific
Miltenyi Biotec

Avidity, Inc via Fisher Sci

10x Genomics, Pleasanton, CA
10x Genomics, Pleasanton, CA
10x Genomics, Pleasanton, CA

10x Genomics, Pleasanton, CA
10x Genomics, Pleasanton, CA
10x Genomics, Pleasanton, CA
10x Genomics, Pleasanton, CA
Agilent, Santa Clara, CA
Invitrogen, Waltham, MA
Teknova, Hollister, CA

GE

CAT# 01-2222-42
CAT# 130-104-443
CAT# NC9204985
CAT# 1000263
CAT# 1000286
CAT# 1000255

CAT# 1000190
CAT# 1000256
CAT# 1000215
CAT# 1000250
CAT# 5067-5588
CAT# Q32854
CAT# H8022
CAT# BR-1008-39

Deposited data

Cryo-EM map of GT2+GT2-d42.16

Cryo-EM map of GT5+GT5-d42.16

BCR Sequences

This paper; deposited to EMDB
and PDB

This paper

This paper; deposited to NCBI
GenBank

EMDB: 25754

PDB: 7T9A

EMDB: 25755

PDB: 7T9B

Heavy chains GenBank: OP287075-
OP287644; Light chains GenBank:
OP287645-0P287811

Experimental models: Organisms/strains

Mouse: B6.SJL-Ptprcapepcb/BoyJ The Jackson Laboratory JAX: 002014
Mouse: C57BL/6J The Jackson Laboratory. JAX: 000664
Mouse: PCT64-MCA This paper N/A

Mouse: PCTE4-MCAJREV This paper N/A
Oligonucleotides

Cocktails of IgG- and IgK-specific primers and von Boehmer et al. (2016) N/A
thermocycling conditions described previously

sgRNA Lin et al. (2018); Wang et al., (2021) N/A
GT5-mRNA LNP Moderna N/A
Recombinant DNA

Plasmids for PCT64 KI mouse lines Produced in house N/A

Software and algorithms

FlowJo 10.7.1
Prism 9.0.1
Microsoft Office
IMGT/V-quest

Geneious 2020.2
Cellranger
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Treestar
GraphPad
Microsoft

Brochet et al. (2008); Giudicelli
et al. (2011)

Biomatters
10x Genomics

https://www.flowjo.com/
https://www.graphpad.com/
https://www.office.com/
http://www.imgt.org/IMGTindex/
V-QUEST.php
https://www.geneious.com

https://support.10xgenomics.com/
single-cell-gene-expression/
software/pipelines/latest/
what-is-cell-ranger
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FastTree Price et al. (2010) http://www.microbesonline.org/fasttree/

MUSCLE Edgar (2004) https://www.ebi.ac.uk/Tools/msa/muscle/

ProteOn Manager Bio-Rad CAT#: 1760200

Leginon Suloway et al. (2005) https://emg.nysbc.org/redmine/projects/
leginon/wiki/Leginon_Homepage

MotionCor2 Zheng et al., (2017) https://msg.ucsf.edu/software

Relion-3 Kimanius et al. (2016); http://www2.mrc-Imb.cam.ac.uk/relion;
Zivanov et al. (2018) RRID: SCR_016274

CryoSparc2 Punjani et al. (2017) N/A

UCSF Chimera Pettersen et al. (2004) https://www.cgl.ucsf.edu/chimera/

COooT Emsley and Crispin (2018) N/A

Rosetta Wang et al. (2016) https://www.rosettacommons.org/

MolProbity Chen et al. (2010) https://github.com/rlabduke/MolProbity

EMRinger Barad et al. (2015) https://github.com/fraser-lab/EMRinger

Privateer Agirre et al. (2015) https://github.com/glycojones/privateer

UCSF ChimeraX Pettersen et al. (2021) https://www.cgl.ucsf.edu/chimerax/

Other

Synergy Neo2 Plate Reader
Armadillo PCR Plate, 96-well, clear, clear wells

Eppendorf twin.tec PCR Plate 96, semi-skirted,
yellow

Eppendorf twin.tec® PCR Plate 96, skirted,
clear wells, blue

Adhesive Sealing Sheets

Microseal® 'F’ PCR Plate Seal, foil,
pierceable #msf1001

E-Gel 96 2% with SYBR Safe

E-Gel 96 Low Range Quantitative DNA Ladder
BD FACSymphony™

BD FACS Aria Il cell sorter

BD LSRFortessa

Nucleocounter

10x Genomics Chromium Controller
MiSeq System

ProteOn XPR36

GLC Sensor Chip

NanoDrop 2000 ¢ Spectrophotometer
Titan Krios

Talos Arctica

K2 Summit direct electron detector
Superdex 200 10/300 GL

30KD Amicon Ultra

1.2/1.3 C-Flat holey carbon grids
Vitrobot mark IV

BioTek
Thermo Scientific
Genesee/Eppendorf

Genesee/Eppendorf

Thermo Scientific
Bio-Rad

Thermo Fisher Scientific
Thermo Fisher Scientific
BD Biosciences

BD Biosciences

BD Biosciences
Chemometec

10x Genomics

lllumina, San Diego, CA
Bio-Rad

Bio-Rad

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Gatan

Cytiva/GE

Millipore

Electron Microscopy Sciences

Thermo Fisher Scientific

N/A
CAT# AB2396
CAT# 951020320

CAT# 951020460

CAT# AB-0558
CAT# MSF1001

CAT# G720802
CAT# 12373-031
N/A

N/A

N/A

N/A

N/A

N/A

Cat# 176-0100
Cat# 76-5011
N/A

N/A

N/A

N/A

Cat# 17517501
Cat# 2717185
Cat# CDFT823-50
N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by Facundo D. Batista

(fbatistal@mgh.harvard.edu).

Immunity 565, 2168-2186.e1-e6, November 8, 2022 e3


mailto:fbatista1@mgh.harvard.edu
http://www.microbesonline.org/fasttree/
https://www.ebi.ac.uk/Tools/msa/muscle/
https://emg.nysbc.org/redmine/projects/leginon/wiki/Leginon_Homepage
https://emg.nysbc.org/redmine/projects/leginon/wiki/Leginon_Homepage
https://msg.ucsf.edu/software
http://www2.mrc-lmb.cam.ac.uk/relion
https://www.cgl.ucsf.edu/chimera/
https://www.rosettacommons.org/
https://github.com/rlabduke/MolProbity
https://github.com/fraser-lab/EMRinger
https://github.com/glycojones/privateer
https://www.cgl.ucsf.edu/chimerax/

¢? CellPress Immunity
OPEN ACCESS

Data and code availability
® Cryo-EM maps and refined atomic models of GT2*GT2-d42.16 and GT5*GT5-d42.16 have been deposited in the EMDB and
PDB under the accession IDs EMDB: 25754; PDB: 7T9A and EMDB: 25755; PDB: 7T9B, respectively. BCR sequence data have
been deposited to GenBank and is available as of the date of publication (https://www.ncbi.nlm.nih.gov/genbank/). Accession
numbers are listed in the key resources table.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

For experiments male B6.SJL-Ptprcpepc®/BoyJ mice (CD45.1+/+) between 7 and 12 weeks of age were purchased from The Jack-
son Laboratory (Bar Harbor, ME). FO-mice from the PCT64-MCA KI mouse (CD45.2*/*) colony were bred at the animal facility of the
Gene Modification Facility (Harvard University) and breeding for colony expansion and experimental procedures was subsequently
performed at the Ragon Institute of MGH, MIT and Harvard. Ear or tail snips from PCT64-MCA K| mice were used for genotyping by
TagMan assay for a fee for service agreement (TransnetYX). TagMan probes for the genotyping assay were developed by
TransnetYX. CD45.2* B cells from PCT64"M° donor KI mice were enriched using the Pan B Cell Isolation Kit Il (Miltenyi Biotec),
counted, diluted to desired cell numbers in PBS and adoptively transferred into CD45.1* recipient mice as reported previously (Ab-
bott et al., 2018).

All experiments were performed under the approval by the Institutional Animal Care and Use Committee (IACUC) of Harvard
University and the Massachusetts General Hospital (MGH) and conducted in accordance with the regulations of the American
Association for the Accreditation of Laboratory Animal Care (AAALAC). All animals were cared for in accordance with AAALAC stan-
dards in accredited facilities. All animal procedures were performed according to protocols approved by IACUC, specifically: Animal
Study Protocols 2016N000022 and 2016N000286 (MGH).

Generation of PCT64°A knock-in (KI) mice

PCT64-MCA K1 mice were generated following published protocols (Lin et al., 2018; Wang et al., 2021). In brief, the targeting vector
4E10 (Ota et al., 2013) was modified by the incorporation of human rearranged PCT64 LMCA VDJ (heavy chain construct) or VJ (light
chain construct) sequences downstream of the promoter region and by elongation of the 5 AND-3' homology regions using the
Gibson assembly method (NEB). The targeting vector DNA was confirmed by Sanger sequencing (Eton Bioscience Inc.).

Next, fertilized mouse oocytes were microinjected with a donor plasmid containing either the pre-rearranged PCT64 LMCA IGH with
the mouse VHJ558 promoter, or the pre-rearranged PCT64-M* |GK with the mouse Vk4-53 promoter (200 ng/pL); two pair of single-
guided RNAs (sgRNAs, 25 ng/uL) targeting either the H or the k locus; and AltR-Cas9 protein (50 ng/uL) and injection buffer (Wang
et al., 2021). Following culture, resulting zygotes were implanted into the uteri of pseudopregnant surrogate C57BL/6J mothers.

METHOD DETAILS

Immunizations

Preparations of immunogens (GT2 and GT5 at 10 ng/mouse) were diluted in PBS at a volume of 100 uL/mouse for intraperitoneal (i.p.)
injection or 50 uL/mouse for intramuscular (IM) injection and then mixed at a 1:1 ratio with Sigma adjuvant system (Sigma) for at least
25 min. The final formulation was injected i.p. (total volume of 200 uL/mouse) or IM in the thigh muscles of the hindlimb (total volume of
100 pl/mouse). For mRNA-LNP GT5 immunization (10 ng/mouse), preparation was defrosted and immediately diluted in PBS at a
volume of 100 ul/mouse, and then injected IM in the thigh muscles of the hind limb.

Immunogen and FACS probe production

For flow cytometric probe binding ApexGT2 or -GT5 was biotinylated by BirA enzymatic reaction (Avidity, Inc) according to the man-
ufacturer’s protocol. Biotinylated GT2 or GT5 probes and respective -KOs were pre-reacted in independent tubes for at least 30 min
in a 4:1 molar ratio with fluorescently labeled streptavidin (SA-A488 and/or SA-647). Reagents were then combined with fluorescently
labeled antibodies for FACS-staining.

ELISA

Antigen specific antibody titers were detected by ELISA, using anti-His Ab (2 ng/ml) to capture GT2, GT5 or -KO antigen (2 ung/ml) on
96-well. Plates were washed 5 times with 0.05% Tween 20 in PBS, blocked with 100 pL of 3% BSA in PBS for 1 h at room temperature
(RT), and washed again prior to incubation with 1:2 or 1:5 serially diluted mouse serum samples for 1 h at RT. Wells were washed and
incubated with Alkaline Phosphatase AffiniPure Goat Anti-Mouse IgG (Jackson Immuno Research,#115-055-071) at 1:1,000 in PBS
with 0.5% BSA for 1 h at RT. p-Nitrophenyl phosphate (Sigma, # N2770) dissolved in ddH,0 (50 pl/well, RT, 25 min) was used for
detection. Absorbance at 405 nm was determined with a plate reader (Synergy Neo2, BioTek). ELISA curves were calculated and
analyzed using GraphPad Prism 8.4.3 (GraphPad).
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Flow cytometry

At selected time points following immunization, whole spleens were mechanically dissociated to generate single-cell suspen-
sions. ACK lysis buffer was used to remove red blood cells and splenocytes were then resuspended in FACS buffer (2%
FBS/PBS), Fc-blocked (clone 2.4G2, BD Biosciences) and stained for viability with Live/Dead Blue (Thermo Fisher Scientific)
for 20 min at 4°C. For surface staining GT2 or GT5 probes (described above), as well as antibodies against CD4-APC-
eF780, CD8-APC-eF780, Gr-1-APC-eF780, F4/80-APC-eF780, B220-B510, CD95-PE-Cy7, CD38-A700, CD45.1-PerCP-
Cy5.5, CD45.2-PE, IgD-BV786, IgM-BUV395 and IgG1-BV421, were used. Cells were acquired by a BD LSRFortessa (BD
Biosciences) for flow cytometric analysis and sorted using a BD FACS Aria Il instrument (BD Biosciences). Data was analyzed
using FlowdJo software (Tree Star). B cells were single-cell dry-sorted into 96-well PCR plates, rapidly frozen on dry ice and
stored at —80°C until processing.

BCR sequencing
Following single-cell sorting of antigen-specific B cells, the genes encoding the variable region of the heavy and light chains of IgG
were amplified through RT-PCR. In brief, first strand cDNA synthesis was carried out using SuperScript Ill Reverse Transcriptase
(Invitrogen) according to manufacturer’s instructions. Nested PCR reactions consisting of PCR-1 and PCR-2 were performed as
25 ul reactions using HotStarTaq enzyme (QIAGEN), 10 mM dNTPS (Thermo Fisher Scientific) and cocktails of IgG- and IgK-specific
primers and thermocycling conditions described previously (von Boehmer et al., 2016). PCR products were run on precast E-Gels 96
2% with SYBR Safe (Thermo Fisher Scientific) and wells with bands of the correct size were submitted to GENEWIZ company for
Sanger sequencing. HC products were sequenced using the HC reverse primer from PCR-2 (5-GCTCAGGGAARTAGCCCTT
GAC-3') and the LC was sequenced using the LC reverse primer (5'-TGGGAAGATGGATACAGTT-3) from PCR-2.

Reads were quality-checked, trimmed, aligned, and analyzed using the Geneious software (Biomatters Ltd, New Zealand). IMGT/
V-QUEST (http://www.imgt.org) (Brochet et al., 2008; Giudicelli et al., 2011) was used for mouse/Human Ig gene assignments.
PCT64"MCA.like mutation calculation were done as described previously (Briney et al., 2019; Soto et al., 2019).

10x Genomics B cell repertoire analysis

Naive splenic B cells were isolated from the PCT64H/L knock-in mouse line using the mouse, immunomagnetic negative selection,
Pan-B cell Isolation Kit (Miltenyi Biotec, San Diego, CA). The B cell suspension was diluted 1:10 and cell density was manually deter-
mined using a hemocytometer. Cell viability was determined to be >90% by automated cell counter (Nucleocounter, Chemometec).
Approximately 10,000 were loaded into the 10x Genomics Chromium Controller and encapsulated in gel beads in emulsion. Single-
cell gene expression libraries were prepared using the Chromium Single-cell 5’ Library and Gel Bead Kit following the manufacturer’s
user guide (10x Genomics, Pleasanton, CA). The integrity of the library was determined using the D1000 high sensitivity ScreenTape
assay (Agilent, Santa Clara, CA) and quantified using the Qubit fluorometry assay (AAT Bioquest, Sunnyvale, CA). BCR libraries were
sequenced on the MiSeq System (lllumina, San Diego, CA) with 2 X 150 paired end reads (Genewiz, South Plainfield, NJ).
Sequencing data produced from the Chromium Single Cell 5’ V(D)J library was analyzed using a customized the 10x Genomics Cell-
ranger pipeline that includes the LMCA PCT64 heavy chain sequence (Genewiz, South Plainfield, NJ).

Phylogenetic analysis
Single paired amino acid sequences were joined and aligned using MUSCLE (Edgar, 2004). Clonal lineage trees were generated us-
ing FastTree (Price et al., 2010) and a Jones Taylor Thornton (Jones et al., 1992) model for AA evolution.

Surface plasmon resonance (SPR)

Kinetics and affinities of antibody-antigen interactions were measured on a ProteOn XPR36 (Bio-Rad) using GLC Sensor Chip
(Bio-Rad) and 1x HBS-EP+ pH 7.4 running buffer (20x stock from Teknova, Cat. No H8022) supplemented with BSA at 1 mg/
ml. Human Antibody Capture Kit was used according to manufacturer’s instructions (Cat. No BR-1008-39 from GE) to immo-
bilize about 6000 RUs of capture mAb onto each flow cell. In a typical experiment, approximately 300-400 RUs of mAbs were
captured onto each flow cell and analytes were passed over the flow cell at 50 uL/min for 3 min followed by a 5 min disso-
ciation time. Regeneration was accomplished using 3M Magnesium Chloride with 180 s contact time and injected four times
per cycle. Raw sensograms were analyzed using ProteOn Manager software (Bio-Rad), including interspot and column double
referencing, and either Equilibrium fits or Kinetic fits with Langmuir model, or both, were employed when applicable. Analyte
concentrations were measured on a NanoDrop 2000 c Spectrophotometer using Absorption signal at 280 nm (Jardine
et al., 2015).

Neutralization assay

Plasma and monoclonal antibodies neutralizing activity was assessed using single round of replication in TZM-bl target cells, as
described previously (Landais et al., 2016) in presence of DEAE-dextran. Briefly, wild-type (WT) and mutant pseudoviruses were
generated by co-transfection of 293 T cells with an Env-expressing plasmid and an Env-deficient genomic backbone plasmid
(PSGS3AENV). Pseudoviruses were harvested 72 h post transfection for use in neutralization assays. Mutant pseudoviruses incorpo-
rating sets of amino acid mutations were generated by de novo gene synthesis and cloning (GeneScript).

Immunity 55, 2168-2186.e1-e6, November 8, 2022 e5



http://www.imgt.org

¢? CellPress Immunity
OPEN ACCESS

Cryo-EM sample preparation

Purified ApexGT2 or ApexGT5 was incubated overnight at 4° with ~6 molar excess purified GT2-d42.16 or GT5-d42.16 Fab along
with RM20A3 Fab then purified via size exclusion chromatography on a Superdex 200 Increase column followed by concentration of
pooled fractions with a 30kD molecular weight cut-off Amicon Ultra centrifugal filter to a final concentration of ~3-7 mg/ml. Concen-
trated sample was mixed with 0.5uL of 0.04 mM lauryl maltose neopentyl glycol (LMNG; Anatrace) to a final concentration of
0.005 mM and 4 pL of this solution was applied to plasma cleaned 1.2/1.3 C-Flat holey carbon grids (Electron Microscopy Sciences)
using a Vitrobot mark IV (Thermo Fisher Scientific) with a 7 s blot time, 0 blot force, and wait time of 0 s. Prepared grids were then
stored in liquid nitrogen until they were transfer to a microscope for imaging.

Cryo-EM data collection

A table of detailed imaging conditions and data statistics for all the EM datasets is presented in Table S1. All datasets were collected
with Leginon automated microscopy software (Suloway et al., 2005) on either an FEI Titan Krios operating at 300keV or an FEI Talos
Arctica operating at 200keV (Thermo Fisher Scientific), both equipped with a K2 Summit direct electron detector (Gatan) operated in
counting mode.

Cryo-EM data processing

All movie micrographs were aligned and dose-weighted using MotionCor2 (Zheng et al., 2017) and CTF parameters were estimated
with GCTF (Zhang, 2016). Single-particle processing was carried out using a combination of Relion-3 (Kimanius et al., 2016; Zivanov
etal., 2018) and CryoSparc?2 (Punjani et al., 2017). The following general workflow was used for both datasets presented in this study.
After frame alignment, dose-weighting, and CTF estimation, a subset of micrographs were selected based on CTF fit parameters and
particle picking was performed, first using a gaussian blob, then templates from 2-D class averages. These particles were then sub-
jected to one-two rounds of 2-D classification followed by subset selection, then one round of ab initio classification followed by sub-
set. After subset selection, 3-Dautorefinement was performed with per-particle CTF correction followed by another round of 3-D
classification using 3-D variability analysis. A soft spherical mask that surrounds the trimer apex and is large enough to accommodate
the entire Fab was used to isolate variability in Fab occupancy followed by clustering into 3-6 classes. Clusters with clear density for
Fab were then pooled and refined again together. 3-D variability was then employed again, this time to isolate variability in Fab bind-
ing angle followed by clustering and pooling of particles with similar angle of approach. Lastly, a final round of 3-D non-uniform refine-
ment was performed to generate the final reconstruction.

Model building and figure preparation

For the GT2 + GT2-d42.16 Fab complex, the previously refined ApexGT2 (Willis et al., 2022) model was docked into the EM density
map using UCSF Chimera (Pettersen et al., 2004) along with the previously refined atomic model of PCT64 LMCA and combined into
asingle PDB file. Mutations associated with GT5 relative to GT2 and d42.16 relative to the LMCA were then manually generated along
with manual adjustment of glycans using COOT (Emsley and Crispin, 2018). This initial model was then relaxed into the EM density
map using Rosetta (Wang et al., 2016) asking for ~300 models. All models were validated using MolProbity (Chen et al., 2010) and
EMRinger (Barad et al., 2015) and the model with the best combined score was selected. All models were then checked and adjusted
manually in COOT and re-refined with Rosetta, if necessary. Final models were then scored again with MolProbity and EMRinger,
while glycan structures were further validated with Privateer (Agirre et al., 2015). Figures were prepared with either UCSF Chimera
or ChimeraX (Pettersen et al., 2021). Hydrogen bonds were calculated and displayed with UCSF ChimeraX. Volume segmentation
was performed with Segger (Pintilie et al., 2010) as implemented in UCSF ChimeraX. Figures were prepared in Adobe lllustrator
(Adobe Inc.) and PowerPoint (Microsoft).

QUANTIFICATION AND STATISTICAL ANALYSIS

For immunization studies, statistical analysis was performed in Prism 9.01 (GraphPad) using two-tailed Mann-Whitney tests
assuming non-normal distribution. p values less than 0.05 were considered significant (*p < 0.05; **p < 0.01; **p < 0.001;
****p < 0.0001), as indicated in the figure legends.

For all mAb pseudovirus neutralization assays the IC50 (the concentration of mAb needed to obtain 50% neutralization against a
given pseudovirus) was calculated from the non-linear regression of the neutralization curve. All neutralization assays were repeated
at least twice, and data shown are from representative experiments.
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