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Germline-targeting (GT) HIV vaccine strategies are predicated on deriving broadly neutralizing
antibodies (bnAbs) through multiple boost immunogens. However, as the recruitment of memory
B cells (MBCs) to germinal centers (GCs) is inefficient and may be derailed by serum antibody-
induced epitope masking, driving further B cell receptor (BCR) modification in GC-experienced
B cells after boosting poses a challenge. Using humanized Immunoglobulin (Ig) knockin mice,
we found that GT protein trimer immunogen N332-GT5 could prime inferred-germline precursors
to the V3-glycan-targeted bnAb BG18, and that B cells primed by N332-GT5 were effectively
boosted by either of two novel protein immunogens designed to have minimum cross-reactivity
with the off-target VV1-binding responses. The delivery of the prime and boost immunogens as
MRNA-LNPs generated long-lasting GCs, somatic hypermutation, and affinity maturation, and
may be an effective tool in HIV vaccine development.

One sentence summary:

Germline-targeting mMRNA-LNP prime-boost immunogens elicit V3-glycan-targeting broadly
neutralizing antibody BG18 precursors.

Broadly neutralizing antibodies (bnAbs) to conserved epitopes on the HIV-1 envelope spike
protein (Env) could guide the design of a vaccine capable of inducing a protective humoral
immune response (1). For most bnAbs, germline precursors lack affinity to Env (2-9). One
approach to overcoming this deficit is germline targeting (GT): recruiting potential bnAb
germline precursors to germinal centers (GCs) and then introducing a series of increasingly
native-like boost immunogens to guide precursor maturation toward affinity to native Env (3,
10-13). This approach requires the design of an array of immunogens to activate precursors
and then walk those precursors through the desired evolutionary path. Recently, a trial of
the eOD-GT8 60mer, which induced VRCO1-class bnAb precursors in the overwhelming
majority of participants, provided clinical proof of principle for the germline-targeting
priming step (14); several other GT immunogens have entered or are entering clinical trials
(15).

The efficacy of GT priming is highly dependent on bnAb precursor frequencies (16-18).
An approach to overcoming the limited number of bnAb precursors in the human B cell
repertoire using a broad, potent VV3-glycan-targeting bnAb, BG18, as a test case was
previously reported (19). The V3-glycan epitope, or N332 high mannose patch, which
includes part of the CCR5 co-receptor binding site and an associated forest of glycans (20),
is a common target for bnAbs isolated from HIV-1 infected cohorts, suggesting a reasonably
widespread capacity among neutralizers to develop antibodies to this site (21). V3-glycan-
targeting bnAbs isolated from human elite neutralizers, such as PGT121 and PGT128, show
substantial neutralization potency and achieve a meaningful level of virus coverage (22,

23). BG18, which was identified from a donor “controller” infected with HIV-1 clade B,

is the most potent known V3-glycan bnAb (24). Sequence evolution to achieve the mature
BG18 bnAb HCDR3—Key to its interaction with the target epitope—may be relatively
straightforward despite high SHM, as the maturation process requires no indels (24-26),
and even minimally mutated BG18 variants exhibit substantial neutralization breadth (19).
In a prior study, to create an expanded precursor target space, features of the interaction
between the mature BG18 antibody and its target epitope were characterized and precursors
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in the human repertoire exhibiting those features were then identified via bioinformatics,
extending the potential target pool. Immunogens that target this broader bnAb precursor set
could then be generated using directed evolution, ultimately producing a series of GT Env
trimers, including N332-GT5 (19)—which is currently being tested in the HYTN144 phase
1 clinical trial (ClinicalTrials.gov Identifier: NCT06033209).

Improved responses through sequential immunization approaches, including neutralization,
have been demonstrated in preclinical mouse models for several GT HIV immunogen
series (27-30). However, boosting may simultaneously drive the maturation of off-target
responses (31). Conceptually, GT immunogens should progressively resemble native Env
(13), but which immunogens best accommodate binding to the evolving precursor set and
drive antibodies along a path to the mature-like state while avoiding undesirable responses
is an empirical question. Humanized mouse models have proven critical to the preclinical
development of GT immunogens (11, 16, 30, 32-38), and we have developed a CRISPR/
Cas9 method to rapidly generate mice with B cells expressing human Ig V(D)J sequences
(39). These models provided support for the use of N332-GT2 as a potential priming
immunogen (19); here, we use them to preclinically validate a next-generation prime, N332-
GT5 (referred to below as GT5). Furthermore, we demonstrate the efficacy of two novel
boost immunogens, B11 and B16, both of which have fewer germline-targeting mutations
than the N332-GT5 prime, and which were designed to limit cross-reactivity with V1
loop-directed antibodies.

The transformational possibilities of mMRNA vaccines have been made inescapable by the
current SARS-CoV-2 pandemic (40, 41). mRNA can be produced rapidly at scale (42, 43),
and thus potentially more easily adapted to variants. Here, using our established BG189H
mouse model, we found that an mMRNA-LNP N332-GT5/B11 or B16 prime-boost regimen
was highly effective. The relative ease of adaptation and production of mMRNA immunogens
may allow this technology to play an important role in the development of sequential
boosters for an HIV vaccine.

N332-GT5 trimer protein efficiently activates BG18 precursors

We made use of our pre-existing humanized mouse model BG1891 (19, 39), in which
B cells carry the inferred germline (iGL) heavy chain of BG18 (24), to investigate the
immunobiology of N332-GT5-induced activation.

As BG189H expresses the human heavy chain (HC) in association with a variety of

mouse light chains (LC), we wanted to determine which proportion of B cells, if any,

could specifically bind N332-GT immunogens. To assay the binding potential of the naive
repertoire in heterozygous BG189H mice, we analyzed the frequency of GT5-binding B
cells from peripheral blood by flow cytometry; in contrast with WT mice, in which GT5
binders were negligible, 17.4% of the naive B cell repertoire in BG189" bound GT5 (Fig.
1A-B), comparable to the frequencies established for GT2 in this model (12%) (19). 16.9%
of the naive B cells in BG189H mice expressed the KI human BG18 HC, associating

with diverse murine light chains (Fig. SLA-B). Sequenced GT5 binders near-exclusively
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expressed the KI human BG18 HC (HBG183! = 929%) (Fig. S1C). While a variety of native
murine LCs were found in conjunction with HBG189! |GKV10-96, IGKV1-135, IGKV3-2,
IGKV6-15, and IGKV12-44 were most common (Fig. 1C, S1D). We additionally expressed
epitope-specific Fabs isolated from naive B cells and measured their dissociation constants
from GT5 and its predecessor GT2: the geometric mean Kp was far lower for GT5 (9.3 nM)
than GT2 (343 nM) (Fig. 1D). Taken together, these data indicated that the humanized naive
B cells in the BG189H mouse model were capable of binding GT5, and with higher affinity
than GT2.

To determine the efficacy of GT5, we used adoptive transfer from the CD45.2 KI BG189
or WT mouse lines into CD45.1 WT animals to establish a ratio of approximately seven
CD45.2 (BG189H or WT) B cells to every million CD45.1 WT B cells—the frequency
previously used to test GT2 in this model (19). As a primary driver of the need for
engineered GT immunogens is the lack of human bnAb precursor affinity for native Env
(4-9), CD45.1 recipient mice were then immunized with either 5 ug of the HIV-1 Env
native-like BG505-MD39 SOSIP (hereafter referred to as MD39) or 5 ug of the GT5
trimer protein; spleens were examined by flow cytometry 12 days post-immunization (dpi)
(Fig. 1E). While both immunogens produced GCs (GC, CD38"CD95™) of statistically
indistinguishable sizes, only GT5 robustly recruited CD45.2 BG18%9H B cells to those GCs
(17.3%) (Fig. 1F, left and center). Additionally, a significantly higher fraction of transferred
cells were both antigen-positive and negative for the knockout probe (which lacks the
N332 binding site) after GT5 immunization (Fig. 1F, right panel), demonstrating that GT5
specifically activates BG18 iGL precursors.

Depending on how the category “BG18 precursor” is defined, frequency in the human
repertoire ranges from an estimated 1 in 54 million (Type 1) to 1 in 7 million (Type 1) (19);
with the BG18%H Type I precursor B cells we investigated the comparative effectiveness of 5
Hg of GT2 or GT5 trimers at a stringent precursor frequency of 0.7:10%, or 1 in 1.4 million
(Fig. S2A). While GCs were of comparable sizes, significantly more CD45.2 cells were
found in GCs 9 days post-GT5 immunization than post-GT2 (Fig. S2B—C). The GT5 trimer,
in line with its higher affinity for naive BG189H cells, can more efficiently activate BG18
precursors at lower frequencies.

GT2 multivalent ferritin nanoparticles (NP) were previously tested in BG189 adoptive
transfer experiments in addition to protein trimers (19); we therefore performed a
comparative study of BG189H activation by GT2-NP and GT5-NP (1 ug each) in adoptively
transferred mice (7:108 and 70:106) (Fig. S3A). Overall, GT5-NP and GT2-NP have
statistically indistinguishable profiles in terms of GC activation and CD45.2 recruitment

9 dpi (Fig. S3B—C). GT5 NP elicited notably higher epitope-specific 1gG titers in BG189H-
transferred mice than in WT controls (Fig. S3D), even higher than GT5 trimer protein (Fig.
S3E). GT5-NP thus effectively activated BG18 precursors even at low precursor frequencies
and doses.

To examine the longer-term GC response to GT5 trimer protein immunization, we
immunized BG189H recipient mice (7:10%) with 5 pg of the GT5 trimer, performing
analyses 7, 14, 21, and 49 dpi (Fig. 1G). The GC reaction was detectable until 49 dpi,
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though it was quite attenuated at that point—as was CD45.2* occupancy, though the
majority of those CD45.2* GCs remained GT5* throughout (Fig. 1H-1). The GT5 trimer
protein and nanoparticle could therefore specifically activate humanized BG189H B cells
at rare frequencies, and that activation was robustly maintained over an extended period
post-immunization.

N332-GT5 protein trimer drives affinity maturation in BG18 precursors

The development of mature bnAbs from their germline predecessors requires an extensive
process of affinity maturation via class switch and somatic hypermutation (SHM) (10).
Having established that N332-GT5 can activate rare BG189 precursors, we next sought to
investigate the affinity maturation process.

Adoptively transferred CD45.1 mice (7 HBG183l CD45.2: 10 WT CD45.1) were immunized
as above (5 ug GT5 trimer protein), and serum IgG titers were analyzed 16 and 42

dpi. In BG189H recipients, IgG titers were significantly higher than in controls at both
timepoints (Fig. 2A, S2D). The serum polyclonal antibody (pAb) responses 16 and 42

dpi were characterized by negative-stain electron microscopy polyclonal epitope mapping
(nsEMPEM): both the BG18 and WT mouse serum antibodies approached the V3-glycan
epitope of GT5 but used distinct binding poses, similar to observations previously made

for GT2 (Fig. 2B, S2E). The polyclonal Fabs from both BG18%H and WT mice displayed
off-target binding to the base epitope after GT5 trimer protein immunization, which is
frequently observed after BG505 SOSIP protein immunization (Fig. 2B) (44). The serum
BG18 antibodies induced by GT2 NP and GT5 NP approaching the V3-glycan epitope
appeared to be indistinguishable (Fig. S3F); interestingly, no off-target polyclonal Fabs to
the base epitope were detected in nanoparticle-immunized mice (Fig. S3F-G). To investigate
the V3-glycan responses in more detail, we performed cryo-electron microscopy EMPEM
(cryoEMPEM), as previously described (45), on representative samples from either BG189H
or WT mice and obtained ~3.2 A and 4.2 A maps, respectively, of each V3-glycan pAb-
trimer complex (Fig. 2C). Overlay of the two maps corroborates the distinct binding angles
of WT- vs BG18%H-elicited responses to the V/3-glycan epitope (Fig. 2C). Atomic models
generated using the maps as constraints revealed that BG18 pAbs contact GT5 protein at

the conserved GDIR motif at the base of the V3 loop via long HCDR3s, while the WT pAb-
GT5 interaction focuses on the V1 loop and engineered glycan hole (Fig. 2D). Furthermore,
HCDR3 of a previously determined atomic model of BG18gl monoclonal antibody agrees
well with the side chain densities of the EM map, providing additional evidence that BG18g|
B cells are activated by GT5 (Fig. 2E). The HCDR3 interaction with the base of the V3 loop
is a key characteristic shared by mature BG18 and typical V3 glycan-targeted bnAbs (20, 25,
46-48).

All CD45.2 GT5 binders in the GC 42 dpi expressed BG189H HC, and murine LCs were
restricted to a small number of VK genes, with mouse IGKV12-46 and 12-44 predominant
at both 14 and 42 dpi (Fig. 2F, S2F). SHM was ongoing throughout the lifespan of the GCs:
by 14 dpi, sequenced HCs had acquired an average of 1.4 amino acid (aa) mutations/2.6
nucleotides (nt); by 28 dpi, 3.7 aa (6.5 nt); by 42 dpi, 6.7 aa (10.8 nt) (Fig. 2G, S2G).
Mutations were enriched in CDRs (Fig. 2H), suggesting intense selection in the GCs. In
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the BG18%H HCDR3, the interface contact residues present in the germline sequence were
identical (3 of 4) or chemically similar (1 of 4) to the mature BG18 sequence. Therefore,
our analysis of SHM in the HCDR3 was mainly to determine if the prime or boost
immunogens maintained the bnAb-like aas at the interface. In addition to the HCDRS, the
HCDR1 is highly mutated in mature BG18, and these mutations provide essential contacts
to the N332 glycan (19). Mutations G27D, one of the three key HCDR1 mutations that
interact with the N332 glycan, were detected post-prime (Fig. 2H). Additionally, 60% of
the sequences contained polar or charged SHM in the HCDR1, which could potentially
form similar interactions to the N332 glycan as those mutations present in mature BG18
(Fig. S5A). SHM drove substantial diversification of BG189H HCs by 42 dpi (Fig. 21); this
diversification was associated with a substantial affinity gain on the part of epitope-specific
Fabs for GT5 (Fig. 2J). In sum, N332-GT5 protein priming drove substantial diversification
in BG18 precursors, resulting in a diverse pool of high-affinity variants.

B11 and B16 protein trimers can boost BG18 precursors after N332-GT5 priming

Activation of precursors is only the first step toward bnAb induction; activated precursors
must be recruited or maintained in GCs by subsequent more native-Env-like boost
immunogens (10-13, 29). The N332-GT5 immunogen has 20 germline-targeting mutations
and a V1 loop glycan hole to enhance germline BG18 binding; to usher precursors through
the next stage, two boost immunogens were developed, B16 and B11. Both immunogens
were designed to have minimal cross-reactivity with V1 loop-directed mouse antibodies.

In the design of B16, mammalian display directed evolution was used to identify V1 loop
mutations that specifically knocked out the V1 loop-directed serum response in N332-GT2
and N332-GT5 immunized WT mice while maintaining high affinity for a BG18-class
antibody isolated 42 days post-prime. This resulted in a BG505 SOSIP MD39-based trimer
with eight V1 loop mutations and one V3 loop mutation. For B11, the purpose was

to create a more native-like boost and in the process knockout binding to the V1 loop
competitor antibodies by restoring the V1 loop glycosylation sites at positions N133 and
N137. Multiple germline-targeting mutations were reverted to native; five were retained in
the V1 loop and one in the V3 loop to maintain affinity for BG18-class antibodies. While
these modifications did prevent binding of N332-GT2 primed mouse antibodies (Fig. 3A-
B), glycan analysis later determined that the V1 loop glycans were not well occupied on the
recombinant protein (Figure. S4).

After GT5 priming, the BG18-class precursor antibodies gained detectable affinity for

B16 and B11 boosters, though gains were far smaller than for GT5 (Fig. 3C). Given the
predictions in the literature that memory B cell reentry to GCs is infrequent (49), we slightly
increased the precursor frequency (~4) times to establish a slightly higher but still stringent
starting frequency (30:10°). Recipient mice were immunized with 5 ug of the GT5 trimer
protein; 56 days post-prime, they received a 5 pug boost immunization of either the B11 or
B16 trimer protein; analysis was performed at 65 days post-prime (Fig. 3D). Boosted GCs at
day 65 were several-fold larger than those found in prime-only animals (B11: 4.49%, B16:
3.70%; prime-only comparison groups were at 0.64% and 0.58%, respectively). Epitope
specific CD45.2 B cells in GCs increased significantly as a percentage of total B cell
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population after boosting (Fig. 3E-H). Boosting by B11 or B16, therefore, was capable of
substantially increasing the size of GCs while maintaining BG18 precursor participation.

BG189H B cells undergo extensive SHM after a B11 or B16 protein boost

The goal of boost immunizations in the GT-HIV-vaccine schema is to maintain or re-recruit
B cells to GCs to drive SHM and improve affinity on a route that recapitulates the
development of the mature bnAb (11, 13). To determine whether the B11 and B16 protein
boosters effectively accomplished this, B11 and B16 CD45.2 binders from a new set of
immunizations were isolated for BCR sequencing 77 days post-prime/35 days after boosting
(Fig. 4A). All paired LCs found after B11 boosting were IGKV12-46 or 12—-44. While these
were also found after B16 boosting, IGKV3-5, which was not prevalent after either the GT5
prime or B11 boosting, dominated the post-B16-boost sample; a fourth LC, IGKV3-10, was
also observed (Fig. 4B). Priming produced only an average of 6.7 aa (10.8 nt) SHM at 42
dpi, while boosting with B11 led to a mean of 8.5 aa (13.8 nt) and B16 of 9.3 aa (14.0 nt) by
day 77 (Fig. 4C-D)—the length of the post-prime CD45.2 responses necessitated the earlier
prime collection date. Mutations accumulated in the CDRs after boosting (Fig. 4E). SHM
drove substantial diversification in boosted cells by day 77 (Fig. 4F); this diversification led
to the acquisition of increased affinity for B11 post B11-boost in approximately half of the
Fabs measured, and for a similar portion of Fabs for B16 post-B16-boost (Fig. 4G). The lack
of affinity gain in a subset is likely a factor of the heterogeneity of GC B cells throughout the
response (50), which can include the maintenance of low-affinity cells (51).

Three features of mature BG18 that enable it to neutralize a broad panel of viruses are:

1) its interactions to the conserved patch at the base of the V3 loop primarily through the
HCDR3 but also the LCDR?2; 2) its ability to form an extensive array of polar interactions
to the conserved N332 glycan from both the HCDR1 and HCDR3; and 3) its ability to
accommodate diverse V1 loops, which typically have one or more glycosylation sites. The
HCDR3-dominant binding mode is encoded in the germline sequence and is maintained
after immunization (Fig. S5B), while the other features must be acquired through SHM.
To gain structural insight into the progress of affinity maturation we determined cryo-EM
structures of two post-boost Fabs in complex with their respective boosting trimers (Fig.
4H). One Fab isolated post-B11-boost (B11 d77.7_Fab), which used a IGKV12-46 LC, had
14 HC mutations and 7 V mutations and was complexed with the B11 trimer. The other
Fab was isolated post-B16-boost (B16_d77.5_Fab), used the B16-specific LC IGKV3-5,
had 13 HC mutations and 11 Vg mutations, and was complexed with the B16 trimer. The
B11 d77.7_Fab complex revealed a typical BG18-like HCDR3-dominant binding mode,
but with some rotation of the binding angle to accommodate the mouse kappa LC rather
than the human lambda LC (Fig. 41). Compared to previously solved structures of germline
precursor Fab complexes, the B11 d77.7 Fab showed improved polar interactions to the
N332 glycan, mostly via backbone atoms and some sidechains such as an S32N mutation
in the HCDR1, although the interactions were not as extensive as those in mature BG18
(Fig. SBA-D). Additionally, while the B11 trimer had low V1 loop glycan occupancy and
we did not attempt to model the glycans at N133 and N137, partial density for the first A
acetylglucosamine sugar could be observed, indicating that the fraction of N133/N137 that
is glycosylated does not clash with the B11_d77.7 Fab (Fig. S6E). Furthermore, alignment
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of BG505 SOSIP to the B11 trimer indicates that the glycans on a WT V1 loop do not clash
with the B11_d77.7 Fab (Fig. S6F). We did not observe interactions to the N392 glycan as
can be seen in structures of mature BG18 (19, 25). The effect of SHM in the LC was more
difficult to assess, as the human bnAb BG18 uses a lambda LC whereas B11_d77.7 uses a
mouse kappa LC. However, the LCDR3 appeared to make important interactions to the V1
loop, such as D93 and W92, which form salt bridge and cation-pi interactions, respectively
to R151 in the V1 loop (Fig. S6G). Overall, high affinity variants arose post-boost, and

the structure indicated that SHM improved the interactions to conserved glycans and
avoided clashes with others, though not to the extent of mature BG18. The B16_d77.5_Fab
complex also showed an HCDR3 interaction that overlapped with mature BG18 (Fig. 4l).
The IGKV3-5 LC had a more twisted angle of approach compared to the IGKV12-46

LC of B11_d77.7, which was likely caused by its extended LCDR1 conformation (Fig.
S6G). Interestingly, the LCDR1 of B16_d77.5_Fab shows partial mimicry with the LCDR2
of mature BG18 with both LCDRs positioned between the V1 and V3 loops of gp120
increasing the 9 buried surface area on the conserved V3 loop (Fig. S6H). As noted above,
B16 selects for IGKV3-5 LCs and there are only 2 unique mutations on the B16 V1 loop
compared to N332-GT5 and B11, both of which select for IGKV12 LCs. While R151 makes
key interactions to the LCDR3 of the IGKV12 LC in B11, it is mutated to Lys in B16
(R151K) and not available to interact with the LCDR3 as it is forming a salt bridge with its
V1 loop neighbor E136 (also a unique B16 mutation) (Fig. S6G). Thus, reduced interactions
to the IGKV12 LCDR3 may favor binding to the IGKV3-5 LC. Overall, both antibodies
isolated post-boost show features in common with mature BG18 but neither antibody shows
all of the features required of a bnAb.

N332-GT5 membrane-anchored mRNA priming produces long-lasting precursor activation

The effectiveness of the mMRNA-1273 and BNT162b2 SARS-CoV-2 vaccines have brought
the promise of MRNA-based vaccines to the fore (40, 41). Having established GT5 trimer
protein as a robust activator of BG189H precursors, we sought to determine whether it
could be effectively delivered as a membrane-anchored mRNA. Using a membrane-bound
gpl151 trimer format reported previously (35, 52), we performed immunization experiments
as above with 10 pg GT5 membrane-bound trimer mRNA (GT5-mRNA) and analyzed
responses 14, 28, and 56 dpi (Fig. 5A). GT5-mRNA vaccination produced robust GCs,
which were robust out to 56 dpi (mean 14 dpi = 2.64%, 28 dpi = 5.65%, 56 dpi = 6.44).
GCs were comprised of robust fractions of CD45.2 BG189H B cells, which drop off at day
56 (mean 14 dpi = 23.9%, 28 dpi = 26.7%, 56 dpi = 7.3%) (Fig. 5B-C). Approximately half
of CD45.2s in GCs were epitope specific binders (GT5*KO™) at all dates analyzed (mean
14 dpi = 53.3%, 28 dpi = 58.8%, 56 dpi = 45.0%) (Fig. 5B-C). Therefore, GT5 delivered
by mRNA as a membrane-anchored immunogen triggered a vigorous and durable humoral
response.

To distinguish the role of the GT5 prime from the delivery format, we also performed
immunizations comparing membrane-anchored MD39 and GT5 delivered by mRNA (Fig.
S7A). While both primes produced robust GCs at 12 dpi, only GT5 mRNA was capable of
recruiting BG189H precursors to GCs (Fig. S7B). Thus, GT5 mRNA, but not MD39 mRNA,
engaged BG189 precursors for activation.
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Both the BNT162b2 and mRNA-1273 vaccines for SARS-CoV-2 generate a transmembrane-
anchored spike protein (53, 54); to determine what effect of membrane anchoring might
have on immunogenicity in our system, we repeated the membrane-anchored mRNA
immunizations but included a direct comparison to soluble GT5 mRNA (Fig. S8A). GC
reactions were equivalent in mice primed with either soluble or membrane-anchored GT5
(Fig. S8B-C). CD45.2 recruitment to GCs also did not vary significantly on the soluble—
membrane-anchored axis (Fig. S8B—C). Both GT5 mRNAs elicited higher GT2-specific 1gG
titers in BG1891 B cell adoptive transfer recipients than WT mice 14 dpi (Fig. S8D). There
did not, therefore, seem to be a substantial difference between the membrane-bound and
soluble forms in BG18 iGL precursor priming.

We therefore returned to the membrane-bound GT5 immunogen to determine its effects

on affinity maturation. Serum analysis 16 dpi found GT5 epitope-specific 1gG titers were
significantly higher in BG18 recipient mice than WT; by 42 dpi the difference was no longer
significant (Fig. 5D, S7C). As was the case with the GT5 protein prime, nSEMPEM analysis
found that serum antibodies from BG18%9H and WT mice at 16 and 42 dpi approached the
V3-glycan epitope with different binding poses; in contrast to the protein prime, off-target
binding to the base epitope was not detected in serum after GT5-mRNA immunization (Fig.
5E). The most commonly detected murine LCs among the binders changed from 16 to 42
days, suggesting some selection (Fig. 5F, S7D), and the two most prevalent murine LCs at
42 days were identical to those 42 days after the GT5 protein prime (Fig. 5F and 2F). HC
SHM progressed over time (16 dpi = 1.7 aa/2.6 nt; 28 dpi = 4.2 aa/7.0 nt; 42 dpi = 6.8
aa/10.6 nt) (Fig. 5G, S7E), accumulating mutations in CDRs, and the key CDR1 mutation
G27D was also substantially enriched (Fig. 5H). At 42 dpi, HCs had diversified substantially
(Fig. 51).

Thus, mMRNA-delivered membrane-anchored GT5 was immunogenically similar, but
potentially preferable, to protein trimer: it generated long lasting GCs and a similar
mutational fingerprint, but the nsEMPEM results suggested less off-target binding to the
base.

An mRNA prime followed by an mRNA boost generates a long-lasting humoral response

Having established both the efficacy of the B11 and B16 protein trimers as post-GT5 booster
immunogens, as well as the improved immunogenicity of GT5 mRNA priming relative to
GT5 protein trimers, we next investigated the response to an mMRNA-delivered prime-boost
regimen with membrane-anchored trimers, establishing a higher-frequency recipient model
as with the protein boosters (Fig. 6A). GCs were robust in boosted mice at day 58 (B11
boost = 2.31%, B16 = 2.11%, vs GT5 prime only at 0.30 % or 0.34%, respectively), and
maintained until day 78 (B11 = 1.44%, B16 = 0.74%, vs. prime only at 0.14% or 0.15%)
(Fig. 6B—E). We then analyzed antigen binding among CD45.2 GC B cells; two apparent
subpopulations were detected after B16 boosting (Fig. 6D), which may be attributable to
alternate probe binding by BCRs using different murine light chains. Relative to the prime,
B11 and B16 boosts increased the number of antigen-specific GC CD45.2 B cells at both
day 58 and day 78, though these increases were significant for both boosts only on day
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58 (Fig. 6B-E). mMRNA-LNP is thus an effective alternate delivery system for prime-boost
regimens.

MRNA prime-mRNA boost regimen produces SHM accumulation and affinity maturation

To characterize the diversification driven by mRNA prime/mRNA boost sequences, we
isolated CD45.2* B cell epitope-specific binders 36 days post-boost (day 78) for single-cell
BCR sequencing. LC usage was restricted to a subset of mouse kappa chains (Fig. 7A).
HCs exhibited higher SHM frequencies than after GT5 mRNA priming alone (prime only,
at day 42 = 6.8 aa/10.6 nt; boosting, day 78 B11 = 11.3 aa/16.5 nt; B16 = 12.3 aa/18.7

nt) (Fig. 7B-C); CDRs were, as noted after protein boosting, enriched for aa mutations
(Fig. 7D). In addition to the known bnAb HCDR1 mutations, other mutations to polar and
charged residues were common in the HCDRL. For example, the S32N mutation, which
interacts with N332 in the B11_d77.7 Fab-B11 trimer complex, was found in all groups

of mice and occurred at higher frequencies in the B11-mRNA (65% of sequences) and
B16-mRNA (43%) boost groups than the GT5 mRNA prime group (20%) (Fig. S9A).

The HCDR3-dominant binding mode is encoded in the germline sequence and maintained
after immunization (Fig. S9B). This suggests there may be more common ways of forming
interactions with the N332 glycan than the known BG18 bnAb mutations.

As with protein boosting, SHM drove substantial diversification (Fig. 7E), and the affinity
maturation that resulted from said diversification was also substantial (Fig. 7F-H). We
tested two of the antibodies isolated 36 days post B11 mRNA boost (B11_d78.08 and
B11_d78.10) that had high affinity for B11 (~2 nM Kp) for their ability to neutralize V1
loop modified pseudoviruses based on the BG505 isolate. BG505_V1s g contains the B11
V1 loop; BG505_ V15 5 has the same V1 loop, except the N133 glycosylation site has
been removed by mutagenesis while the rest of the Env is matched to the BG505_T332N
isolate. Thus, the BG505_ V15 ¢ Env is more native-like than the B11 boost immunogen
as B11 has the V3 germline targeting mutation Q328M in addition to V1 loop mutations.
Both antibodies neutralized the two V1 modified pseudoviruses, but they were not able

to neutralize the WT BG505_T332N virus (Fig. 71)., indicating that the mRNA-boosted
antibodies are functional but have not yet obtained the quality of SHM required to neutralize
a fully native pseudovirus.

Therefore, an mRNA prime/mRNA boost sequence produced directionally similar, but
slightly more extensive, SHM: the median number of day 77 aa mutations following a
protein boost was 7 for B11 and 10 for B16 (Fig. 4C), vs 11 and 12 mutations, respectively,
on day 78 of the mRNA regimen (Fig. 7B). This resulted in higher affinity gains (Geometric
mean: 22.0 nM for B11 and 1.6 nM for B16; Fig. 7G-H) relative to a protein/protein
regimen (127.3 nM for B11 and 4.1 nM for B16; Fig. 4G). Nonetheless, native pseudovirus
neutralization will require further BCR modification.

DISUCUSSION

The incredible diversity of HIV (55), and the series of unlikely coevolutionary events
underpinning the development of the known HIV bnAbs (56, 57), are major impediments
to vaccine development. HIV bnAb germline precursors generally lack affinity for the HIV
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Env, and they have accumulated an unusually high degree of somatic hypermutations (3,
58). In this study, we evaluated the efficacy of germline-targeting immunogen N332-GT5—
which was effective in macaques (59) and is now being tested in a clinical trial (HVTN144;
NCT06033209)—and its first boost candidates, B11 and B16. We found that N332-GT5
could initiate the activation and expansion of the BG18 germline precursors, and that B11
and B16 could begin the shepherding of those activated precursors along the path to target
the native Env spike, including when the immunogens were delivered as mRNA.

The underlying biology of GT prime-boost, and thus the route necessary to achieve it,
remains opaque. Fundamentally, it is unclear as to whether the high rates of SHM present

in mature bnAbs are achieved through 1) re-recruitment of GC-experienced memory B

cells (MBCs) to GCs or 2) the “refueling” of ongoing GCs by increasing the availability

of T cell help, thus enhancing retention, expansion, and further BCR modification for

those B cells recruited during the prime (60). Secondary GCs that form after re-challenge
seem to primarily recruit naive B cells (49); among MBCs, those that have accumulated
more mutations or undergone class-switch recombination may be more strongly disfavored
for entry to secondary GCs (61-63), though this is not universally observed (64, 65).
Furthermore, the affinity, concentration, and epitope-specificity of circulating antibodies are
all known to affect whether and which B cells enter GCs (62, 66—69), and how and when
they exit (70, 71). In our system, continuing SHM was observed post-boost despite the fact
that high-affinity antibodies to the same epitope can block at least naive BG18%9H B cells
from GC participation (69). We cannot confidently distinguish between the contributions

of re-recruitment and refueling at this time, but in a scenario where boosting occurred
through re-recruitment of MBCs to GCs, either the BG18 antibody blockade only affects
naive B cells, or the epitopes presented by the prime and boost immunogens, altered by
glycosylation and GT mutation number, were sufficiently distinct to allow passage and avoid
the stasis of “original antigenic sin”; in a refueling scenario, circulating antibody feedback
must have been insufficient to terminate ongoing GCs, though our data does not rule out
potential effects on differentiation by circulating antibody. Of note, our findings are in line
with recent clinical trial results for the eOD-GT8 60mer GT immunogen, where SHM levels
clearly suggested further maturation of GC-experienced B cells after boosting (14).

The generally immune-evasive glycosylation of HIV-1 has been a source of frustration for
vaccinology (72)—thus the introduction of the V1 loop glycan hole in N332-GT5 to ease
binding to precursors; ultimately, however, a BG18-like bnAb will need to accommodate V1
loop glycosylation. The starting HCDR3 length in our knockin model system is likely an
important determinant of the efficacy of boosting with B11 and B16 immunogens, in which
some glycosylation sites are restored in V1. Our nsSEMPEM assay demonstrated that WT
and BG18 lineage-derived serum antibodies approached the VV3-glycan epitope at distinct
angles after N332-GT5 priming. Furthermore, the high resolution structure obtained after
protein boosting revealed that the BG18-lineage antibody contacted the V3 loop via its long
HCDR3—specifically approaching the Gly-Asp-lle-Arg (GDIR) motif, a key feature shared
by most bnAbs targeting the VV3-glycan epitope (73)—whereas the WT antibody instead
bound the V1 loop—Iikely due to the fact that WT mice have a shorter mean HCDR3 length,
distributed in a narrower range, than humans (74)—or mouse models bearing humanized
BCRs. Importantly, the structural analysis demonstrated that modifying the V1 loop and
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removing key glycans makes the region more immunogenic—including in WT mice—but
the engineered affinity for BG189" is high enough to enable BG18-class responses to
out-compete the VV1-loop specific, non-BG18-class responses. There was, however, non-
competing off-target binding to base observed after the protein trimer prime in both the
BG18-lineage and WT samples.

Notably, the nsEMPEM data after mRNA prime indicated no detectable off-target binding
to base. This decreased off-target response may be due to the limited exposure of the

base when the Env spikes are presented on a cell membrane; membrane-anchored SOSIP
mRNA design could, therefore, potentially focus the antibody response more on the V3-
loop epitope (35, 52). As we and others have previously observed, circulating antibodies

to an antigen may in some instances improve responses by forming immunocomplexes

and enhancing antigen trafficking (75), but may also mask the epitope or cause antigen
consumption (69). Furthermore, membrane-bound mRNA has additional points in its favor,
such as the strong immunogenicity of antigens presented and anchored in the cell membrane
and their contributions to immunological synapse formation (76-78). Furthermore, mRNA
may lead to antigen production in mice for days after administration (79), and this and

other forms of extended antigen availability, such as slow delivery, are associated with
robust and diverse responses (80, 81). However, the availability of antigen after protein

and mRNA immunization is difficult to directly compare. Furthermore, the doses of mMRNA
used here in mice are, by weight, much higher than those used in humans in the closest
point of comparison, the two SARS-CoV-2 mRNA vaccines (40, 41). Though higher antigen
concentrations can weaken selection and allow non-preferred competitors to persist in GCs
(82), in the case of GT immunization, this relaxation of competitive exclusion and robust T
cell help may allow otherwise less competitive bnAb precursors more chances to enter the
GCs, and increase the likelihood that they stay in.

This points to a broader issue in the comparison of MRNA-LNPs and protein trimers—we
have a far more comprehensive understanding of the effects, in terms of antigen availability
in the LN, of varying dosages and differing formulations for protein immunogens than we
do for mRNA-LNPs. Nonetheless, several other recent studies in the field have supported
the use of mMRNA. During the preparation of our manuscript, another murine study reported
using repetitive mRNA delivery of trimer-nanoparticles to induce antibodies capable of
neutralizing some heterologous HIV viruses (83); additionally, a multiclade HIV-1 env-gag
mRNA vaccine has shown promising results in rhesus macaques (84). Finally, regarding
the boost stage, whether the state of glycosylation is comparable after membrane-bound
expression to the under-glycosylation observed in the B11 protein trimers is both unknown
and critical to understanding whether the boost phase response stringently selects for the
desired binding posture.

In sum, we delivered the germline-targeting N332-GT5 trimer and two novel boost
immunogens, B11 and B16, in both protein and mRNA-LNP formats and, using a stringent
knockin model, found that prime-boost regimens deploying either protein trimers or mMRNA-
LNP could drive affinity maturation. The immunogenicity of mMRNA-LNP and the potential
decrease in base off-target binding suggest that mRNA prime-boost strategies may resolve
some of the major challenges of HIV vaccine development.

Science. Author manuscript; available in PMC 2024 October 18.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xie et al.

Materials and Methods:

Table of reagents

Page 13

Antibodies Supplier Cat number
BV786-B220 BD Bioscience 563894
Alexa Fluor 594-B220 BioLegend 103254
Alexa Fluor 700-Grl BioLegend 108422
Alexa Fluor 700-CD3 BioLegend 100216
Alexa Fluor 700-F4/80 BioLegend 123130
BV510-CD38 BD Bioscience 740129
PE-Cy7-CD95 BD Bioscience 557653
PerCP Cy5.5-CD45.1 BioLegend 110728
PE-CD45.2 BioLegend 109808
BV786-CD45.2 BD Bioscience 563686
BUV395-1gG1 BD Bioscience 742481
APC-Cy7-IgM BioLegend 406516
BV650-1gD BioLegend 405721
Commercial chemicals

LIVE/DEAD™ Fixable Blue  Invitrogen 123105
Dead Cell Stain Kit

Alexa Fluor 647-Streptavidin ~ BioLegend 405237
BV421- Streptavidin BD Bioscience 563259
Alexa Fluor 488-Streptavidin ~ BioLegend 405235
Alexa Fluor 594-Streptavidin ~ BioLegend 405240
Sigma Adjuvant Sigma S6322
ACK lysing buffer Lonza BP10-548E

Experimental model and subject details

Healthy adult male or female C57BL/6J (CD45.2*/*) mice heterozygous for the BG189H
KI, generated as previously reported (39), and 8-12 week-old male B6.SJL-Ptprca Pepch/
BoyJ mice (CD45.1*/*) purchased from Jackson labs were used in this study. Mice were
housed at the animal facility, with free access to food and water, controlled temperature
and a 12:12 h light-dark cycle. Mice were not involved in previous procedures and were
drug and test naive. The mouse maintenance and experiments were performed following
the approved protocols by the Institutional Animal Care and Use Committee (IACUC)

of MGH, an Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAQC) International-accredited facility, under Animal Study Protocols 2016N000286

and 2016N000022.

B cell adoptive transfer

Lymphocytes from BG189H or WT mice were isolated from spleen. After collection, spleens
were crushed in FACS buffer and filtered with a 70 pm cell strainer, after which the
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cell suspension was subjected to pan B isolation kit (Miltenyi Biotec) according to the
manufacturer’s protocol. Finally, the B cell pellets were suspended in DPBS. Cell viability
and concentration were analyzed by the cell counter, then naive B cells were transferred to
CD45.1 recipient with a specified frequency via intravenous (1V) injection.

Development of B11 and B16

For the design of B11 we started from the BG505 SOSIP MD39 trimer and added five

V1 loop mutations from N332-GT5 but left the two V1 loop glycosylation sites (N133

and N137) intact (CTNYTPNLTSMMRGELKNC). Additionally, the Q328M mutation
was incorporated at the base of V3 to enhance binding to the BG18 HCDR3. For the
development of B16, four mammalian display combinatorial libraries were assembled.

The starting template sequence was based on the BG505 SOSIP MD39 trimer but with

a V1 loop derived from N332-GT1/2 and the N133 glycosylation site was restored
(CTNYTPKLRSNMRGELKNC). Then for library 1, the degenerate codons NNK, NNK,
AWS, SAC were introduced at positions 139, 140, 141, 325, respectively. For library 2,

the degenerate codons NNK, AWS, NNK, SAC were introduced at positions 136, 141,

151, 325, respectively. For library 3, the degenerate codons NNK, NNK, AWS, SAC were
introduced at positions 138, 139, 141, 325, respectively. For library 4, the degenerate codons
NNK, AWS, NNK, SAC were introduced at positions 139, 141, 151, 325, respectively. Each
library was integrated into an rtTA3G-knock-in 293T cell line using lentivirus and the four
library cell pools were combined to form one larger library. As a positive selection reagent,
cells were stained with 200 nM d42.11, an antibody isolated 42 days after immunization
with N332-GT2 in mice adoptively transferred with BG189H knock-in B cells (19) As a
negative selection reagent, cells were stained with 1 uL of mouse serum isolated from wt
mice 42 days after immunization with either N332-GT2 or N332-GT5. After three rounds
of fluorescence-activated cell sorting the library DNA was isolated and sequenced; it was
found to be highly enriched in one sequence derived from library 2 that contained the V1
loop sequence (CTNYTEKLRSMMKGELKNC) and H325 in the V3 loop. All immunogen
amino acid sequences are displayed in the supplemental figures (Fig. S10, S11).

Protein expression and purification

C-terminal His-tagged BG505-based trimer variants cloned into the pHLsec vector were
expressed and purified essentially as described previously (52). DNA grown in DH5alpha
cells was maxi-prepped with a BenchPro 2100 (Thermo Fisher Scientific). The purified
DNA constructs were transfected by incubating 300 uL PEI max with 70 ug DNA and 25
ug protease encoded DNA into 15 mL OptiMEM. After 30 min, the mixture was added

to 293F cells grown in 293 Freestyle media at a density of 1 million cells/mL. After 6
days, the supernatant was clarified by centrifugation and the trimer was purified from the
supernatant using a HIS-TRAP column, starting with a wash buffer (20 mM Imidazole, 500
mM NaCl, 20 mM NayHPO,) and mixing with elution buffer (500 mM Imidazole, 500
mM NaCl, 20 mM NayHPOy) using a linear gradient. The trimer fraction was collected
and further purified on an S200Increase 10-300 column (GE) in HEPES buffered saline
(HBS) (10 mM HEPES, 150 mM NacCl). The oligomeric state of the trimers were then
confirmed by size exclusion chromatography-multi-angle light scattering using the DAWN
HELEOS Il multi-angle light scattering system with Optilab T-rEX refractometer (Wyatt
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Labs). The trimers were frozen in thin-walled PCR tubes at 1 mg/mL using liquid nitrogen
and stored at —80°C. The GT2-NP was expressed and purified as described previously (19)
and the GT5-NP was expressed and purified using similar methods but with co-transfecting
GT5-NP and furin DNA in a 2:1 ratio. For biotinylated probes, proteins were expressed
with both a his-tag and avi-tag, purified by Ni** affinity chromatography followed by SEC,
and biotinylated using a BirA biotin-protein ligase reaction kit (Avidity, Cat# BirA500)
according to the manufacturer instructions. Paired HC and LC Fab variable region sequences
were gene synthesized and inserted into human Fab HC constant region expressing vector
pFabCW and human kappa expressing vector pPCW-CL.ig-hk. Fabs were expressed in 500
mL FreeStyle™ 293F cell cultures. For transfection, 300 ug of HC and 150 ug of LC
plasmids were mixed with 225 ug polyethylenimine (PEI; 1:3 DNA:PEI ratio) in 5 mL

of Opti-MEM™ reduced serum medium (Thermo Fisher Scientific, Cat# 31985070) for

30 min, then added to 293F cells. Supernatant was collected after 5-6 days. Harvested
supernatants were filtered through 0.45 or 0.25 pm membrane filters and batch bound to
CaptureSelect CH1-XL Affinity resin (Thermo Fisher Scientific, Cat# 1943462005). Resin
was washed with PBS, and captured Fabs were eluted with 50 mM NaOAc pH 4.0, buffer
exchanged into 1x PBS, and concentrated using a 30k MWCO concentrator. For expression
of 1gG the HC variable region was cloned into the pCW-CHIg-hG1 vector. Transfection was
carried out as described above but batch binding occurred overnight at 4°C to Protein A
resin (Thermo Fisher Scientific, Cat# 20334) while on a rocker. Unbound supernatant was
allowed to flowthrough, and the resin was washed with PBS until protein A280 reading of
the flowthrough measured by a nanodrop reached background levels. Protein A bound 1gG
was eluted with 0.1 M Glycine pH 2.7. Eluted mAbs were buffer exchanged into 1x PBS
and concentrated using a 50k MWCO concentrator (Millipore).

Immunization

5 ug trimer protein or 1 ug nanoparticle protein immunogens diluted in PBS at the volume
of 100 ul/per mouse, were mixed with Sigma adjuvant at the ratio of 1:1, then shaken on the
shaking table for 30-60 mins. Each mouse was given 200 pl immunogen/adjuvant complex
via intraperitoneal (IP) injection. 10 pg mRNA lipid nanoparticle (LNP) immunogen was
diluted in PBS at the volume of 100 pl/per mouse. Each mouse was given 100 ul mRNA
immunogen via intramuscular (IM) injection in the thigh muscles of the two side hind limbs.

Protein probe preparation

For flow cytometric probe binding, monomer protein probes (GT5, B11, and B16) were
biotinylated by BirA enzymatic reaction (Avidity, Inc) with Avi site according to the
manufacturer’s protocol. Knockout probes which lack the N332 binding site were designed
and generated analogous to the respective WT probes. Biotinylated monomeric probes were
pre-reacted with fluorescently labeled streptavidin (SA-488, SA-647 or SA-BV421) ina 4:1
molar ratio in independent tubes for at least 30 mins and then combined with fluorescently
labeled antibodies for flow cytometry staining.

Flow cytometry

Single-cell suspensions were generated by mechanical dissociation of whole spleens or
lymph nodes. ACK buffer was used to remove red blood cells and then cell pallets were
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suspended in FACS buffer (2% FBS/DPBS). Cell viability was stained with Live/Dead Blue
in PBS at 4°C for 15 mins and then cells were Fc blocked (clone 2.4G2, BD Biosciences) in
FACS buffer at 4°C for another 10 mins. Cells were preincubated with freshly fluorescently
labeled protein probes for 20 mins before the cocktail of surface antibodies merged and
stained for another 20 mins at 4 °C. Samples were acquired and events were recorded on a
BD LSR Fortessa for flow cytometry analysis. Cell sorting was done on a BD FACS Aria
Fusion or Aria Il at a flow rate of < 2000 events/second for single cell plate sorting or
~4000 events/second for tube sorting using an 85 um nozzle. Data was analyzed by FlowJo
software (Tree Star, Inc.). B cells were single-cell sorted into 96-well plates, rapidly frozen
on dry ice, and stored at =80 °C before processing.

BCR Sequencing

After individual CD45.2* IgD~ IgM~ epitope specific B cells were sorted, the transcript
was amplified through RT-PCR. Briefly, first strand cDNA synthesis was acquired using
SuperScript 111 Reverse Transcriptase (Invitrogen) according to manufacturer’s protocol.
Two rounds of nested PCR were performed as 25 pl reactions with HotStarTagq Master
Mix (QIAGEN), using 1gG- and IgK-specific primer pools and thermocycling conditions
described previously (85). For BG189H cells, the forward primers specific to the leader
sequence of the BG18 HC genes was used (5° GCTGGATTTTCCTTGCTGCTAT 3°).
PCR products were run on a E-Gel Precast 2% Agarose Gels with SYBR Safe (Thermo
Fisher Scientific) and wells with bands of the expected size were submitted to GENEWIZ
company for Sanger sequencing. HC products were sequenced using the HC reverse primer
(5" GCTCAGGGAARTAGCCCTTGAC 3’) from the second PCR reaction. The LC was
sequenced using the LC reverse primer (5 TGGGAAGATGGATACAGTT 3’) from the
second PCR reaction.

Reads were quality-checked, trimmed, aligned, and analyzed using the Geneious software
(Biomatters Ltd, New Zealand). Human/mouse Ig gene assignments were carried out by
IMGT/V-QUEST (http://www.imgt.org).

10x Genomics single-cell BCR analysis

Spleens collected from naive BG189H mice were crushed and filtered, and then cell
suspensions were subjected to pan B isolation kit (Miltenyi Biotec) according to
manufacturer’s protocol. Enriched B cells were stained with fluorescently labeled probes for
20 mins and then incubated with CD45 hashtags and antibodies against surface markers for
30 mins at 4°C. Afterwards, cells were thoroughly washed and suspended in FACS buffer
with DAPI. 1500-2000 live cells were sorted from each sample and about 10,000 in total

in a reaction were loaded into the 10x Genomics Chromium Controller and encapsulated

in gel beads in emulsion. Single-cell gene expression, V(D)J and hashtag oligo libraries
were prepared using the Chromium Next GEM Single-cell 5” Reagent Kits v2 following the
manufacturer’s protocol (10x Genomics, Pleasanton, CA). The integrity of the library was
determined using the Tapestation 4200 (Agilent, Santa Clara, CA) and quantified using the
Qubit fluorometry assay (AAT Bioquest, Sunnyvale, CA). BCR libraries were sequenced

on the Nextseq2000 sequencer (Illumina, San Diego, CA). Sequencing data produced were
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analyzed using Cell Ranger followed by a customized analysis pipeline that includes the
BG18 inferred germline heavy chain sequence.

Serum antigen specific antibody titers were detected by ELISA, using anti-His Ab (2 pg/ml)
to capture N332-GT2, N332-GT5 or respective KO antigen (2 pug/ml) on the plate. Mouse
sera were incubated for two hours, and alkaline phosphatase conjugated anti-mouse 1gG
(Jackson ImmunoResearch, #115-055-071) was incubated for another hour. p-Nitrophenyl
phosphate (Sigma, #N2770) dissolved in ddH,0 (50 pl/well, RT, 30 min) was used for
detection. Absorbance at 405 nm was determined with a plate reader (BioTek). Titers were
determined from the dilution curve in the linear range of absorbance. ELISA curves were
calculated and analyzed using GraphPad Prism (GraphPad).

Phylogenetic analysis

BG18 heavy chain amino acid sequences from heavy chain PCR and sanger sequencing
were aligned using MUSCLE. Clonal phylogeny trees were generated using Geneious
software (Biomatters Ltd, New Zealand).

Surface plasmon resonance (SPR)

Kinetics and affinities of antibody-antigen interactions were measured on a ProteOn XPR36
(Bio-Rad) using HC30M XanTex chips and 1xHBS-EP+ pH 7.4 running buffer (20x stock
from Teknova, Cat. No. H8022) supplemented with BSA at 1 mg/ml. His-tag Antibody,
(pAb, Rabbit, Cat. No. A00174, GenScript) was used for capturing trimer (ligand) and
flowing Fab as analyte. About 7,000 response units of capture antibody were covalently
immobilized on the sensor surface via EDC/NHS. About 300 to 400 RUs of antigen at 1
ug/mL were captured onto each flow cell. Analytes were passed over the flow cell at 50
pl/min for 3 min followed by a 5-min dissociation time. Regeneration was accomplished
using phosphoric acid 50X or 1.7% with a 180-s contact time and injected four times per
cycle. ProteOn Manager software (Bio-Rad) was used to analyze raw sensograms, including
interspot and column double referencing, and to perform either Equilibrium fits or Kinetic
fits with Langmuir model, or both, when applicable.

TZM-bl pseudovirus neutralization assay

Pseudoviruses were produced in HEK293T cells co-transfected using FUGENE 6 (Promega,
cat# E2691) with pseudovirus Env-expressing plasmid and Env-deficient backbone plasmid
(PSG3DEnv). Pseudoviruses were harvested 72 hours post-transfection, sterile filtered (0.45
um), and concentrated (EMD Millipore, cat# UFC905024). Equal volumes of serially diluted
monoclonal antibodies at appropriate concentrations were incubated with HIV pseudovirus
in half-area 96-well plates (Greiner, cat# 675083) at 37°C for 1 hour. Next, 50 uL of
TZM-bl cells at 200,000 cells/mL with or without diethylaminoethyl-dextran (5 ug/mL final
concentration) were added to each well containing the antibody-virus mixture and incubated
at 37°C for 72 hours in a humidified atmosphere of 5% CO,. After incubation, culture
media was removed, and cells were lysed with 45 pL/well 1x Luciferase Culture Lysis
buffer (Promega, cat# E1531) for 20 min at RT. Neutralization was measured by adding
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30 uL luciferase reagent/well (Promega, cat# E1500) and measuring luminescence. 1Csq
was calculated using a nonlinear regression curve fit, sigmoidal, 4PL equation constrained
from 0-100% in GraphPad Prism 9.3.1. ICg is reported as the mean 1Csq of two biological
replicates.

Polyclonal Fab preparation from serum and sample preparation for electron microscopy
were previously described (69). Briefly, sera (volume range 0.5-1 mL for soluble trimer
and mRNA groups, 0.05 mL for nanoparticle groups) from all mice (n=8 or 10 for soluble
trimer and mMRNA groups, n=5 or 8 for nanoparticle groups) of an experimental group were
combined. 1gG was isolated using Protein G (Cytiva) and Fab digestion was performed
using papain (Sigma Aldrich). = 15 pg of GT5 were incubated with 1 mg of Fab mixture
(which also contains Fc and residual papain) overnight and purified the next day using a
Superose 6 Increase (Cytiva) gel filtration column. Purified complexes were diluted to 0.03
mg/mL and deposited on glow-discharged carbon-coated copper mesh grids, followed by
staining with 2% (w/v) uranyl formate. Imaging was performed on an FEI Tecnai Spirit T12
equipped with an FEI Eagle 4k x 4k CCD camera (120 keV, 2.06 A/pixel), a Thermo Fisher
Scientific (TFS) Talos F200C equipped with a TFS Ceta camera (200 keV, 1.98 A/pixel) or
an FEI TF20 equipped with a TVIPS TemCam F416 CMOS 4k x 4k camera (200 keV, 1.77
AJpixel). All data were processed using Relion 3.0 using standard 2D and 3D classification
procedures (86). Composite maps were generated using UCSF Chimera (87). Representative
maps have been deposited to the Electron Microscopy Data Bank.

Recombinant Fabs derived from epitope specific CD45.2* BG18 cells at day 77 either

B11 or B16 boost were incubated at a 6x molar excess (Fab:trimer) with the respective
immunogen (BG505_MD39, B11 SOSIP or BG505_MD39 B16 SOSIP) overnight at room
temperature. The following morning each complex was purified over a HiLoad 16/600
Superdex 200 pg gel filtration column (Cytiva). Fractions corresponding to the complex
peak were combined and concentrated to 5.9 mg/mL (B11 complex) or 6.9 mg/mL

(B16 complex). Samples were briefly mixed with either n-dodecyl-p-D-maltoside (DDM;
final concentration 0.06 mM; Anatrace) or lauryl maltose neopentyl glycol (LMNG; final
concentration 0.005 mM; Anatrace) to aid with particle dispersion and a 3 pl drop was
applied to carbon or gold foil holey grids. Sample vitrification was performed using the
Vitrobot Mark IV (Thermo Scientific). A similar procedure was followed for polyclonal Fab
complexes from WT or BG18%9H mice except that the trimer used was GT5 and the molar
excess of total polyclonal Fab (SEC purified) to trimer was between 20-40X (0.2 mg GT5
and 1-2 mg polyFab). Final concentrations of purified complexes were 7.0 mg/mL (WT pAb
+ GT5) and 2.6 mg/mL (BG189H pAb + GT5).

B11 + d77 Fab data collection was performed on a Thermo Fisher Scientific Arctica
equipped with a Gatan K2 Summit direct electron detector (200 keV, 1.15 A/pixel

counting mode). Leginon (88) was used for automated data collection, frame alignment

was performed using MotionCor2 (89) and subsequent data processing was performed using
cryoSPARC v3 (90). B16 + d77 Fab, and WT pAb + GT5 images were collected on a
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Thermo Fisher Scientific Glacios using a Thermo Fisher Scientific Falcon 4 direct electron
detector (200 keV, 0.725 A/pixel counting mode). EPU (Thermo Fisher) was used for
automated data collection, cryoSPARC Live (90) for frame alignment and CTF correction,
and cryoSPARC v3 and Relion 3.1 (91) for subsequent data processing. BG189" pAb

+ GT5 data collection occurred at the Pacific Northwest Center for Cryo-EM (PNCC)

using a Thermo Fisher Scientific Krios and a Gatan K3 direct electron detector (300 keV,
0.40075 A/pixel super-resolution mode). EPU (Thermo Fisher) was used for automated data
collection, and Relion 3.1 for motion correction, CTF correction, and subsequent processing.
Final refinements were performed in cryoSPARC 3. For both polyclonal datasets, focused
classifications were performed in Relion 3.1 using a 40 A spherical mask around the V3
patch Fab/epitope and skip-align 3D classification. Final data collection and processing stats
are summarized in Supplementary Table 1.

Model building was performing by docking homology models of trimer and Fab Fv
(in the case of polyclonal complexes, only a poly-alanine for antibody heavy and light
chains) in UCSF Chimera, manually building and refinement in Coot 0.9.8 (92) and
real space refinement using Rosetta (93) and Phenix. Final (94) models were validated
using MolProbity and EMRinger in the Phenix suite, and statistics are summarized

in Supplementary Table 1. All maps and models have been deposited to the Electron
Microscopy Data Bank and Protein Data Bank, respectively with accession codes
summarized in Supplementary Table 1.

Site-specific glycan analysis

DeGIlyPHER (95) is used to ascertain site-specific glycan occupancy and processivity on the
examined glycoproteins.

Proteinase K treatment and deglycosylation: HIV Env glycoprotein was exchanged
to water using Microcon Ultracel PL-10 centrifugal filter. Glycoprotein was reduced with

5 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP-HCI) and alkylated with 10 mM
2-Chloroacetamide in 100 mM ammonium acetate for 20 min at room temperature (RT,
24°C). Initial protein-level deglycosylation was performed using 250 U of Endo H for 5 g
trimer, for 1 h at 37°C. Glycoprotein was digested with 1:25 Proteinase K (PK) for 30 min
at 37°C. PK was denatured by incubating at 90°C for 15 min, then cooled to RT. Peptides
were deglycosylated again with 250 U Endo H for 1 h at 37°C, then frozen at -80°C and
lyophilized. 100 U PNGase F was lyophilized, resuspended in 20 pul 200 mM ammonium
bicarbonate prepared in H,180, and added to the lyophilized peptides. Reactions were then
incubated for 1 h at 37°C, subsequently analyzed by LC-MS/MS.

LC-MS/MS: Samples were analyzed on an Q Exactive HF-X mass spectrometer. Samples
were injected directly onto a 25 cm, 100 um ID column packed with BEH 1.7 ym C18
resin. Samples were separated at a flow rate of 300 nL/min on an EASY-nLC 1200 UHPLC.
Buffers A and B were 0.1% formic acid in 5% and 80% acetonitrile, respectively. The
following gradient was used: 1-25% B over 160 min, an increase to 40% B over 40 min,

an increase to 90% B over another 10 min and 30 min at 90% B for a total run time

of 240 min. Column was re-equilibrated with solution A prior to the injection of sample.
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Peptides were eluted from the tip of the column and nanosprayed directly into the mass
spectrometer by application of 2.8 kV at the back of the column. The mass spectrometer
was operated in a data dependent mode. Full MS1 scans were collected in the Orbitrap at
120,000 resolution. The ten most abundant ions per scan were selected for HCD MS/MS at
25 NCE. Dynamic exclusion was enabled with exclusion duration of 10 s and singly charged
ions were excluded.

Data Processing: Protein and peptide identification were done with Integrated
Proteomics Pipeline (IP2). Tandem mass spectra were extracted from raw files using
RawConverter (96) and searched with ProLuCID (97) against a database comprising UniProt
reviewed (Swiss-Prot) proteome for Homo sapiens (UP000005640), UniProt amino acid
sequences for Endo H (P04067), PNGase F (Q9XBMS8), and Proteinase K (P06873), amino
acid sequences for the examined proteins, and a list of general protein contaminants. The
search space included no cleavage-specificity. Carbamidomethylation (+57.02146 C) was
considered a static modification. Deamidation in presence of H,180 (+2.988261 N), GIcNAc
(+203.079373 N), oxidation (+15.994915 M) and N-terminal pyroglutamate formation
(-17.026549 Q) were considered differential modifications. Data was searched with 50 ppm
precursor ion tolerance and 50 ppm fragment ion tolerance. Identified proteins were filtered
using DTASelect2 (98) and utilizing a target-decoy database search strategy to limit the false
discovery rate to 1%, at the spectrum level (99). A minimum of 1 peptide per protein and no
tryptic end per peptide were required and precursor delta mass cut-off was fixed at 15 ppm.
Statistical models for peptide mass modification (modstat) were applied. Census2 (100)
label-free analysis was performed using the measured area under curve for each identified
peptide/precursor in the chromatogram, with a 15 ppm precursor mass tolerance and 0.1

min retention time tolerance. “Match between runs” was used to find missing peptides
between runs. Data analysis using GlycoMSQuant (95) was implemented to automate the
analysis. GlycoMSQuant summed precursor peak areas across replicates, discarded peptides
without NGS, discarded misidentified peptides when N-glycan remnant-mass modifications
were localized to non-NGS asparagines and corrected/fixed N-glycan mislocalization where
appropriate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. N332-GT5 trimer protein can specifically and efficiently activate BG1891 B cells.

(A) Gating strategy to identify epitope-specific (N332-GT5*/N332-GT5-KO™) B cells in
BG18%9H and WT mice. (B) Frequency of epitope-specific B cells in non-immunized
BG18%9H (n=12) and WT (n=5) mice. Welch’s t-test applied; error bars are SD. ****p <
0.0001. (C) Distribution of VH and VL genes in epitope-specific (GT5*KO~) naive B cells
in naive BG189" mice. (D) SPR dissociation constants (KD) for N332-GT2 and GT5 trimer
binding to epitope-specific Fabs derived from naive BG18%H cells. Each symbol corresponds
to a different Fab and represents one or two measurements. Bars indicate geometric mean
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and geometric SEM; n=7. (E) Schematic of BG18%H and WT B cell adoptive transfer
recipients immunized with GT5 and MD39 trimer protein. Data was collected from one
experiment. (F) GC B cells, CD45.2* B cells in GC and epitope-specific (GT5*KO")
CD45.2* cells as a percentage of total B cells in each condition 12 dpi WT (GT5 trimer),
BG189H (GT5 trimer), WT (MD39 trimer), BG189H (MD39 trimer); n=6 in each group.
2-way ANOVA with Bonferroni multiple comparison test applied; bars indicate mean + SD,
MSp >0.05, ***p < 0.001, ****p < 0.0001. (G) Schematic showing immunization with GT5
trimer protein. Samples were collected at day 7, 14, 21 and 49 for analysis. At least two
independent experiments were performed, and representative data from one is shown. (H)
Gating strategy showing GC B cells, CD45.2* B cells in GC, CD45.2* GT5 binders in GC
and epitope binding specificity 7, 14, 21 and 49 dpi. (1) Frequency of GC B cells, CD45.2*
GC B cells, GT5*KO™ cells in GC CD45.2" cells gated as in (H) and CD45.2*GT5*KO~
cells in total B cells 7, 14, 21 and 49 days after immunization with GT5 trimer protein. Each
symbol represents a different mouse. Bars indicate mean + SD. n = 3 (day 49); others n=6.
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Figure 2. N332-GT5 trimer protein drives BG1891 somatic hypermutation and affinity
maturation.

(A) ELISA quantification of N332-GT5-specific IgG 16 and 42 dpi by N332-GT5 protein
trimer. AAUC (Delta area under the curve) compared for N332-GT5 and N332-GT5-KO.
Each symbol represents a different mouse: WT (triangle), BG1839H (circle). Samples are
pooled from 2-3 experiments with 8-10 mice per group. 2-way ANOVA with Bonferroni
multiple comparison test used; bars indicate mean + SD. *p < 0.05, **p < 0.01. (B)
Composite NsSEMPEM maps of serum pAb responses in immunized animals, 16 and 42
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days after GT5 immunization. Sera were pooled for each timepoint: BG189H (GT5), n=10;
WT (GT5), n=8. (C) Cryo-EM reconstructions of polyclonal complexes presented in (B).
pAbs from both timepoints were combined. Estimated resolutions: BG18 ~3.2 A, WT ~
4.2 A. (D) Atomic models of BG18 or WT pAb backbones with their respective epitopes
highlighted. V1 (HXB2 133-155) in orange, co-receptor GDIR motif (HXB2 324-327) in
yellow. CDRH3 of each pAb highlighted in dark blue (BG18) or bright pink (WT). (E)
Cryo-EM map of CDRH3 of BG18 mouse pAb with inferred germline BG18 monoclonal
model (PDB 6dfh) relaxed into the density. (F-J) Sequencing and affinity of BCRs from
epitope-specific CD45.2" cells. (F) Nested pie chart of paired single-cell BCR sequences
42 dpi. Outer layer shows BG18 IGHV; inner layer murine IGKV. (G) Heavy chain AA
mutations across all sites 14, 28 and 42 dpi. Statistical analysis made using Kruskal-Wallis
test. Bars indicate mean; ****p < 0.0001. (H) Per site heavy chain AA mutation frequency
42 dpi. Red letters represent key BG18 mature or mature-like mutation; grey letters show
other mutations on the key residue sites. CDRs are boxed in grey. (1) Phylogenetic trees

of HCs 14 and 42 dpi. Tree scale (0.007 at left and 0.02 at right) indicates the humber of
substitutions per site. (J) SPR dissociation constants (KD) for Fabs derived from GT5*KO~
naive B cells in non-immunized BG189H mice and GT5*KO~ GC CD45.2* B cells in
BG189H adoptive transfer recipients 42 dpi. Each symbol corresponds to a different Fab and
represents one or two measurements. Bars indicate geometric mean and geometric SEM;
n=7 or 10 Fabs. The Kd values for non-immunized mice are reproduced from Fig. 1D for
comparison.
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Figure 3. Boosting with B11 or B16 protein trimers increases GC-resident BG189 B cells.
(A) Mutations in B11 and B16 relative to BG505 are highlighted with the equivalent regions

on GT5 shown for comparison. Orange indicates mutations that are only present in B16 that
were selected for reduced binding to WT mouse serum that was immunized with GT2 or
GT5. (B) SPR dissociation constants (KD) for GT2, GT5 and B11 trimer binding to epitope
specific (GT2*KO™) Fabs derived from WT GC B cells 10 dpi of GT2 trimer protein; n=6
Fabs. Dashed line indicates limit of detection (LOD). (C) SPR dissociation constants (KD)
for GT5, B16 and B11 trimer binding to epitope-specific (GT5*KO™) Fabs derived from
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GC CD45.2* B cells 42 days after GT5 protein immunization of BG189H B cell adoptive
transfer recipient mice. Each symbol corresponds to a different Fab and represents one or
two measurements. Bars indicate geometric mean and geometric SEM; n=10 Fabs. GT5
prime-only KD values are those presented in Fig. 2J. (D) Schematic showing BG189 B cell
adoptive transfer recipients primed with GT5 trimer protein on day 0, followed by boosting
with B11 and B16 trimer protein on day 56. Samples from all treatments were collected

on day 65 for analysis. (E) Representative flow cytometry plots of GC B cells, CD45.2*
cells in GC, B11 binders of GC CD45.2 cells and epitope binding specificity on day 65. (F)
GC and B11-specific CD45.2* GC B cells as a percentage of total B cells on day 65. Each
symbol represents a different mouse: BG189H (GT5 prime), BG18%H (B11 boost), n=11.
Bars indicate mean + SD. Analyzed using Welch’s t test. *p <0.05, ****p < 0.0001. We
have pooled data from two independent experiments. (G) Representative flow cytometry
plots of GC B cells, CD45.2* cells in GC, B16 binders of GC CD45.2 cells and epitope
binding specificity on day 65. (H) GC and B16-specific CD45.2* GC B cells as a percentage
of total B cells on day 65. Each symbol represents a different mouse: BG189H (GT5 prime),
n=11; BG18%H (B16 boost), n=10; analysis otherwise as in (F). *p <0.05, ****p < 0.0001.
We have pooled data from two independent experiments.
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Figure 4. B11 and B16 protein boosters increase BG189H B cell SHM and affinity maturation.
(A) Schematic showing BG189 B cell adoptive transfer recipients primed with GT5 trimer

protein on day 0 and boosted with B11 or B16 trimer protein on day 42. Prime-only samples
(green) were collected for analysis on day 42; boost samples (B16 = red; B11 = blue) were
collected on day 77. Day 42 prime-only sequences are those presented in Figs. 2G & H

and fig. S2G.(B) Nested pie chart showing paired BCR sequences on day 77 from Ag*
(antigen positive) KO~ CD45.2* post-boost B cells. Outer layer represents BG18 IGHV;
inner layer represents murine IGKV. (C-D) Heavy chain AA (C) and nt (D) mutations
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across all sites (source: BCRs sequenced from epitope-specific CD45.2* B cells on day 42
for prime-only and 77 for boosted mice). Statistical analysis performed using Kruskal-Wallis
test. Bars indicate mean. **p <0.01, ****p < 0.0001. (E) Per site heavy chain AA mutation
frequency. Red letters represent key BG18 mature or mature-like mutation; grey letters

show other mutations on the key residue sites. CDRs are boxed in grey. GT5 prime day

42 (top); B11 boost day 77 (middle); B16 boost day 77 (bottom). (F) Phylogenetic trees

of post-boost HCs. Scale (values: 0.03) shows substitutions per site. (G) SPR dissociation
constants (KD) for GT5, B11 and B16 trimer binding to Fabs derived from epitope-specific
CD45.2* B cells. Each symbol corresponds to a different Fab and represents one or two
measurements. Bars indicate geometric mean and geometric SEM; n=10 or 12. Isolation

on day 42 for prime-only and 77 for boosted mice. GT5 prime-only affinity data is as
presented in Figs. 2J & 3C. (H) Cryo-EM reconstructions of Fabs derived from epitope
specific CD45.2* BG18 cells at day 77 after either B11 or B16 boost in complex with

their respective immunogens. Estimated Fourier Shell Correlation resolutions are listed. (1)
Comparison of cryo-EM models of B11 or B16 boost-derived Fabs with mature BG18 (PDB
6dfg). PNGS proximal to the binding epitopes and present in the trimer (B11, B16 or MD39)
are highlighted.
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Figure 5. Membrane-anchored N332-GT5 mRNA induces robust and durable humoral immune
response in mice adoptively transferred with BG189H B cells.

(A) Schematic showing the prime immunization regimen with membrane-anchored GT5
MRNA. FACS analyses were performed on days 14, 28, and 56 from inguinal or popliteal
lymph nodes. Serum was collected on days 16 and 42. At least two independent replicates
were performed on days 14, 16, 28, and 42; day 56 is from a single run. Representative
data from one experiment is shown for flow cytometry below. (B) Gating strategy for GC
size, CD45.2* cells in GC, CD45.2 cells binding to GT5 probe and binding specificity.
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(C) Frequency of GCs, CD45.2" B cells in GC, epitope-specific CD45.2 GC B cells and
the CD45.2 epitope specific binders in total B cells. Each symbol represents a different
mouse. Bars indicate mean + SD. n=5. (D) ELISA quantification of N332-GT5-epitope
specific 1gG in WT or BG189H adoptively transferred mice 16 and 42 days after GT5
mRNA immunization. AAUC compared for N332-GT5 and N332-GT5-KO. Each symbol
represents a different mouse: WT (triangle), BG189 (circle). Samples are pooled from 2-3
experiments with 8-10 mice per group. Analysis used a 2-way ANOVA with Bonferroni
multiple comparison test. Bars indicate mean + SD. ****p < 0.0001. (E) Composite figures
from nsSEMPEM analysis of polyclonal responses of serum collected from mice adoptively
transferred with CD45.2 BG189H or WT B cells. Antibody targeting V1/V3 (green) and
base (purple) colorized. BG18%H (GT5 mRNA); WT (GT5 mRNA). Sera were pooled for
each time point: BG189H (GT5 mRNA), n=10; WT (GT5 mRNA), n=8. (F) Paired BCR

V region sequence isolated from CD45.2 epitope specific binders (GT5TKO™) 42 days
after GT5 mRNA immunization. Outer layer represents BG18 IGHV; inner layer represents
murine IGKVs. The number of sequences is in the pie chart center. (G) Heavy chain AA
mutation number across all sites. Statistical analysis was made using Kruskal-Wallis test.
Bars indicate mean. ****p < 0.0001. (H) Per site heavy chain AA mutation frequency 42
dpi. Red letters represent key BG18 mature or mature-like mutation; grey letters show other
mutations on the key residue sites. CDRs are boxed in grey. (1) Phylogenetic trees of heavy
chains 16 and 42 dpi. Tree scale (left, 0.008 and right, 0.03) indicates substitutions per site.
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Figure 6. An mRNA prime followed by an mRNA boost generates a long-lasting HIV humoral

immune response.

(A) Schematic of BG1891 B cell adoptive transfer recipients primed with GT5 mRNA on
day 0, followed by boosting with B11 and B16 mRNA on day 42. Samples were collected
on days 58 and 78 for analysis. Data was collected from one experiment. (B) Gating strategy

for GC, CD45.2 cells in GC, B11-binders of CD45.2 cells in GC and epitope-binding

specificity. (C) Quantification of GC size and B11-specific CD45.2* GC B cell binders in
total B cells. Each symbol represents a different mouse: BG18%H (GT5 mRNA prime), n=3;
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BG189H (B11 mRNA boost), n=5 or 6. (D) Gating strategy for GC, CD45.2 cell in GC, B16
binders of CD45.2* cells in GC and epitope-binding specificity. (E) Quantification of GC
size and B16 specific CD45.2* GC B cell binders in total B cells. Each symbol represents

a different mouse: BG189H (GT5 mRNA prime), n=3; BG18%H (B16 mRNA boost), n=5.
Multiple t-tests without consistent SD assumptions used in C and E. Bars represent mean +
SD, ™p >0.05, *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 7. B11 and B16 mRNA boosters drive BG189" SHM and affinity maturation.

(A-G) BCRs isolated from epitope specific CD45.2" B cells 42 days after GT5 (GT5TKO")
mRNA prime and 36 days after B11 (B11*KO™) or B16 (B16"KO~) mRNA boosting (day
78). GT5 mRNA prime day 42 shown in purple; GT5 + B11 mRNA day 78 in blue; GT5

+ B16 mRNA day 78 in red. (A) Day 42 prime-only BCR sequence data is as presented

in Figs. 5G & H and S7E, and shown here for comparison. Outer circle represents BG18
IGHV; inner layer murine IGKVs. (B-C) Heavy chain (B) AA and (C) nt mutations across
all sites. Analyzed using Kruskal-Wallis test; bars indicate mean. ****p < 0.0001 (D) Heavy
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chain per site AA mutation frequency. Red letters represent key BG18 mature or mature-like
mutation; grey letters show other mutations on the key residue sites. CDRs are boxed in
grey. (E) Phylogenetic trees of HCs. Tree scale (0.04 at top and 0.03 at bottom ) indicates
substitutions per site. (F-H) SPR dissociation constants (Kp) for GT5 (F), B11 (G) and B16
(H) trimer binding to Fabs derived from epitope specific CD45.2* B cells of BG18%H B

cell adoptively transferred recipient mice 42 days after GT5 protein prime or 36 days after
B11 and B16 mRNA boosting. Each symbol corresponds to a different Fab and represents
one or two measurements. Bars indicate geometric mean and geometric SEM; n=10; dashed
lines indicate limit of detection (LOD). Prime-only affinity data used for comparison is as
presented in Figs. 2J, 3C, and 4G. (1) Neutralization potency (ICsgp) of antibodies elicited

36 days post B11 mRNA boost against native (BG505 T332N) and V1 loop-modified
pseudoviruses. 1Cxq is reported as the mean ICsq of two biological replicates. The positions
of V1 loop PNGS on the pseudoviruses are indicated in the table. The sequences of the
modified V1 loops are shown.
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