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Animal models of human antigen-specific B cell receptors (BCRs) gen-
erally depend on “inferred germline” sequences, and thus their rela-
tionship to authentic naive human B cell BCR sequences and affinities is
unclear. Here, BCR sequences from authentic naive human VRC01-class
B cells from healthy human donors were selected for the generation of
three BCR knockin mice. The BCRs span the physiological range of af-
finities found in humans, and use three different light chains (VK3-20,
VK1-5, and VK1-33) found among subclasses of naive human VRC01-
class B cells and HIV broadly neutralizing antibodies (bnAbs). The
germline-targeting HIV immunogen eOD-GT8 60mer is currently in clin-
ical trial as a candidate bnAb vaccine priming immunogen. To attempt
to model human immune responses to the eOD-GT8 60mer, we tested
each authentic naive human VRCO01-class BCR mouse model under rare
human physiological B cell precursor frequency conditions. B cells with
high (HUGL18™) or medium (HuGL17"Y) affinity BCRs were primed,
recruited to germinal centers, and they affinity matured, and formed
memory B cells. Precursor frequency and affinity interdependently
influenced responses. Taken together, these experiments utilizing au-
thentic naive human VRCO1-class BCRs validate a central tenet of
germline-targeting vaccine design and extend the overall concept of
the reverse vaccinology approach to vaccine development.
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Vaccinology has largely been an empirical science over the past
century. While this approach has produced many successful
vaccines (1, 2), the lack of vaccines to pathogens like HIV has
suffered from our lack of knowledge of the fundamental biology of
how B cells compete in vivo following immunization (3). Nearly all
vaccines are thought to work by induction of protective antibody
responses (4). There is increasing optimism that effective vaccine
strategies for HIV might be found. Recent efforts have focused on
recurrent broadly neutralizing antibody (bnAb) specificities, such
as the VRCO1 class, that might be elicited by vaccines (5). The
concept of reverse vaccinology (also known as [aka] reverse vac-
cinology 2.0) involves engineering proteins as immunogens based
on knowledge of bnAbs, or protective mAbs more broadly (6, 7).
Succinctly put, reverse vaccinology defines antibody-to-vaccine
strategies of vaccine design. Germline-targeting vaccine design is a
vaccine concept based on designing a priming immunogen spe-
cifically capable of binding B cell receptors (BCRs) of “germline”
precursors of bnAbs, based on BCR sequence relationships, and
thereby eliciting related B cell responses in vivo (8, 9). One ap-
parent barrier to eliciting bnAbs is that the inferred germline
(iGL) BCR precursors of most bnAbs have negligible affinity for
HIV Env (5), and so are subdominant. BnAb precursors are also
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predicted to be quite rare (10). Competing B cells reactive to
nonconserved epitopes tend to dominate the response (3) and fail
to provide protection, as evidenced during natural infection by the
ubiquity of strain-specific antibodies and the rarity of bnAbs (11).

In response to these challenges, germline-targeting immuno-
gens have been engineered. First generation germline-targeting
immunogens have been developed based on inferred unmutated
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ancestor, i.e., iGL, bnAb sequences (8, 9, 12-18). Development
of candidate vaccines in that manner has two challenges that
relate to BCR sequences and the human B cell repertoire. First,
authentic gl-bnAb BCR sequences are almost always difficult to
predict (15, 19-21). This is particularly true for CDR3 se-
quences, as these regions are not germline encoded and are
stochastically generated during B cell development. Second, the
protein engineering was frequently focused on binding to a single
(or small set of) bnAb-precursor sequence match(es) that may
not sufficiently relate to sequences normally found in the human
B cell repertoire. Germline targeting requires the ability to target
BCRs of precursors of the desired bnAb, specifically BCRs ac-
tually found in the human naive B cell repertoire. While knockin
mouse models have provided substantial value in understanding
the in vivo challenges that exist in maturing B cells toward broad
neutralization (12, 13, 22-27), it is unclear if these models are
capable of revealing all of the hurdles that authentic VRCO01-
class B cells will face with germline-encoded CDR3s. Second
generation germline-targeting immunogens have incorporated
broader sets of precursors of representative bnAbs and BCR se-
quences identified from next-generation sequencing (NGS) of
HIV-negative donors predicted to be related to bnAb precursors
(28, 29). VRCO1-class germline-targeting immunogens have pro-
gressed furthest in development by these criteria. eOD-GTS8
60mer is a germline-targeting HIV Env-engineered outer do-
main nanoparticle that has now entered human clinical trials (30).
VRCO01-class bnAbs can neutralize upwards of 98% of HIV
viral isolates. The VRCO1 class is special in several respects (31,
32). Broad and potent, owing to its favorable angle of approach
and because it mimics interactions of CD4 (engaging the CD4
binding site of HIV Env [CD4bs]), the VRCO1 class uses a single
VH gene, VH1-2, along with a critical short 5 amino acid (aa)-
long L-CDR3 (typically QQYEF). To develop neutralizing
breadth, VCRO1-class Abs also require acquisition of a small
L-CDRI1 deletion or other accommodation to avoid a clash with
the Env glycan at N276 (10, 19, 33). VRCO1-class B cells undergo
19 to 40% amino acid somatic hypermutation (SHM) from
germline to develop into bnAbs in HIV* individuals (32-36).
Germinal centers (GCs) are the anatomical site in which
antigen-activated B cells undergo SHM, clonal competition, and
Darwinian selection by T follicular helper (Trg) cells for survival
(37-40). These rounds of mutation and selection produce mu-
tated high-affinity antibodies in a process known as affinity
maturation (41, 42). VRCO1-class B cells will have to compete
successfully in these processes in response to immunization if a
germline-targeting VRCO1-class bnAb vaccine is to succeed.
One way to rigorously assess the quality of a germline-targeting
immunogen is to determine if it can identify bnAb precursor naive
B cells in humans, via direct binding. To date, this has only been
accomplished for two germline-targeting immunogen designs (22,
28, 29, 43, 44). We discovered that VRCO1-class B cells (i.e., B cells
that contain the VH1-2*02 [or VH1-2*04], heavy chain [HC] allele
paired with a light chain [LC] with a 5 aa L-CDR3) do exist in the
naive B cell repertoire of most humans, at a frequency of 1 in
300,000 B cells, and those B cells can be identified by their binding
to eOD-GTS8 (28, 43). VRC01-class eOD-GT8-bound human naive
B cells could be grouped into subclasses, based on the LC V gene.
eOD-GT8-binding VRCO1-class naive human B cells of different
subclasses are predicted to differ in their ability to develop into
bnAbs, based on the ease with which they accommodate the HIV
Env N276 glycan (43). VK1-5% or VK1-33" VR(01-class B cells
can likely do so by point mutations within L.-CDR1, whereas VK3-
20" VRCOl1-class B cells appear to require L-CDR1 deletions or
longer H-CDR3s (19, 32, 45). Further investigation of the VRCO1-
class human naive B cell repertoire revealed the BCRs vary widely
in affinity for eOD-GT8, H-CDR3 sequence, and H-CDR3 length
(43). Importantly, it is not yet known whether subsets of these eOD-
GT8-binding VRCO1-class naive human B cells can respond in vivo,
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and it is not yet known whether they differ in their abilities to
compete in vivo.

Mice do not possess a VH1-2 gene homolog, and thus cannot
make VRCO1-class Abs, necessitating the analysis in various types
of knockin mice. eOD-GT8 60mer has shown promise as a
priming immunogen in mice carrying an inferred germline BCR of
the original VRCO1 bnAb (VRCO18" or VRCO18"") (13, 27, 44,
46), or the 3BNC60 bnAb HC (12), or in recombining HC knockin
mice carrying the VH1-2 gene (22, 44). Given that VRCO1-class
precursors are rare in humans, we developed a VRC018"" mouse
B cell transfer strategy to better model human physiological pre-
cursor frequencies and affinities (27). Precursor frequency and
antigen affinity were both shown to be important factors in de-
termining B cell competitive success in GCs (27). The VRC018"-
model relied on an iGL bnAb sequence, which has limitations,
both because the sequence was used in the original germline-
targeting immunogen design process and because the L-CDR3
and H-CDR3 sequences were relatively unchanged from the
VRCO01 bnAb because these regions are not germline encoded.

We sought to develop animal models that directly reflect true
naive human precursor B cells, with sequences that have not un-
dergone germline reversion. To achieve this, we created three
different BCR knockin H/L. mouse models carrying authentic
VRC01-class BCRs identified from isolated human naive B cells.
B cells from these models were transferred into congenic recipi-
ents to achieve a human-like physiologically reasonable VRCO01-
class precursor frequency and tested for their ability to respond
in vivo to germline targeting immunogen, to participate in GCs,
and to accrue SHMs, including VRCO1-class mutations.

Results

Generation of Three BCR Knockin Mouse Models with Authentic
Antigen-Specific Human Naive B Cell BCR Specificity: HuGL16, HuGL17,
and HuGL18. We generated mouse models carrying three different
VRCO01-class BCRs identical to those from human naive B cell
donors. These are termed “HuGL” mice due to their expression of
authentic antigen-specific “human germline” naive B cell BCR
specificities. All use VH1-2*02, JH4*02, and LCs with 5 aa-long
CDRL3 CQQY (E/D)X motif (underlining shows the 5 amino acid
stretch referred to downstream of the conserved C) but vary in
H-CDR3 length, affinity for eOD-GTS, and VK usage (Fig. 14
and SI Appendix, Table S1). HuGL16 (Kp 18.5 pM) was chosen
for its use of VKI1-33, which is capable of Env N276 glycan-
accommodating glycine mutations in L-CDRI1 rather than dele-
tions. HuGL17 (Kp 1.3 pM) uses VK1-5, which should similarly be
able to accommodate the N276 glycan by L-CDR1 point mutations
based on similarity with bnAb lineage PCIN63 (34). HuGL17 and
HuGL18 have an L-CDR3 sequence of CQQYETF, only 1 aa
different from mature VRC01. HuGL18 was chosen for its high
affinity (125 nM) and the use of VK3-20, a commonly used VK
carrying a relatively short L-CDR1 of 7 aa. HC knockin mice were
generated using embryonic stem cell targeting (13, 47, 48).
Knockin allele usage for HuGL16, HuGL17, and HuGL18 was
89%, 79%, and 93%, respectively, as determined in crosses with
IgH* wild-type strains (SI Appendix, Fig. S1A4, similar to the 85%
usage in VRCO18" mice) (13). LC knockins were generated di-
rectly in zygotes using CRISPR/Cas9 technology using either a
single-cut strategy for HuGL18 (Fig. 1B) or a double-cut strategy
for HuGL16 and HuGL17 (Fig. 1C). As is commonly seen in such
models, only a fraction (~30%) of cells in LC-only mice retained
expression of the knockin allele (SI Appendix, Fig. S1B). When
bred together, HuGL16 H/L, HuGL17 H/L, and HuGL18 H/L
mice (“HuGL16,” “HuGL17,” and “HuGL18” hereafter) gener-
ated 20%, 40%, and 40% eOD-GT8-binding cells, respectively, as
measured for HuGL17 and HuGL18 using eOD-GT8:streptavidin
or, for HuGL16, by binding of eOD-GT8 60mer nanoparticles
(Fig. 1 F and G). B cell numbers were somewhat lower than
normal C57BL/6 B cell numbers (SI Appendix, Fig. S1),
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comparable to many BCR knockin models. A significant propor-
tion of eOD-GT8-binding cells in the bone marrow, spleen, and
Iymph nodes of HL. mice expressed only the knockin chains; how-
ever, some cells coexpressed an additional endogenous LC (Fig. 1D
and SI Appendix, Fig. S1 D and E). Importantly, eOD-GT8-binding
cells were present in similar percentages in spleen and lymph nodes,
indicating they were likely functional, as lymph nodes are enriched
in long-lived, nonanergic naive B cells (Fig. 1 E-H and SI Appendix,
Fig. S1 F and G). B cells from HuGL17 and HuGL18 were able to
make robust calcium flux responses to eOD-GT8 nanoparticles,
whereas HuGL16 B cells failed to respond detectably under these
conditions (SI Appendix, Fig. S2). Epitope-mutated negative control
nanoparticles (€OD-GT8-KO 60mer) failed to elicit any response
(SI Appendix, Fig. S2). These three HuGL mouse models thus
generated B cells with properties predicted to allow response to
eOD-GTS; however, the in vitro Ca®* response of low-affinity
HuGL16 B cells was poor.

HuGL18 VRCO1-Class B Cells Can Be Primed and Recruited to GCs In Vivo.
We next tested whether these B cells carrying authentic naive
human VRC01-class BCR specificities could respond functionally
in vivo, to confirm that the germline-targeting immunogen “bait”
used to isolate VRCO01-class human naive B cells cannot only bind
intended BCRs ex vivo but can activate these cells in vivo. It was
also of substantial interest to know whether VRCO01-class HuGL
B cells would be capable of participating in GCs. We first tested
HuGLI18 B cells. We transferred a high number of HuGL18
B cells (CD45.2* allotype) into CD45.1% congenic recipients,
establishing a 1 in 1,000 HuGL18 B cell precursor frequency, and
immunized the recipients with eOD-GT8 60mer in alum. Env
CD4bs-specific IgG responses were detectable in HuGL18 recip-
ients by day 8 (d8) postimmunization (Fig. 24). CD4bs-specific
IgG responses were not detected in mice immunized with eOD-
GT8-KO 60mer (Fig. 24). After immunization with eOD-GT8
60mer, large numbers of HuGL18 B cells were detected in GCs
by flow cytometry (CD38™ GL7%) (Fig. 2 B and C). As expected,
these HuGL18 B cells were antigen-specific (Fig. 2D). Immuno-
fluorescence staining of spleen histology sections revealed nu-
merous GCs that contained HuGL18 B cells (Fig. 2E), in
agreement with the flow cytometric data. Taken together, the data
show that B cells expressing authentic VRCO01-class human naive
B cell BCRs are functional in vivo.

HuGL18 VRCO1-Class B Cells at Rare Physiological Precursor Frequencies
Can Be Primed by eOD-GT8 60mer and Recruited to GCs. In vivo vali-
dations of germline-targeting approaches to vaccine design are
key, particularly under physiologically relevant precursor fre-
quency conditions, given that bnAb precursor B cells are rare in
humans (28, 29, 43). It is not uncommon for in vivo mouse models
to utilize precursor frequencies of 1 in 10 B cells to 1 in 1,000
B cells, which are far higher than the physiological range of a
normal repertoire (45, 49). We therefore next assessed if
HuGL18 VRCO0l1-class B cells could be primed at physiologically
relevant precursor frequencies found in the human repertoire.
Human naive VRC01-class B cells with affinities better than a Kp
of 3 uM (the top ~33%) are found at a precursor frequency of ~1
in 10° B cells (43). We hypothesized that precursor frequency
would be an important determinant for recruitment of authentic
HuGL18 B cells to early GCs. To test the hypothesis, we trans-
ferred a range of HuGL18 B cells into congenic CD45.1* hosts
and immunized. The spleens of mice receiving HuGL18 B cell
transfers were assessed for grafting efficiency, and precursor fre-
quencies of 1in 10° B cells to 1 in 10° B cells were confirmed (SI
Appendix, Fig. S3 A-F). On day 8 postimmunization with eOD-
GT8 60mer, all HuGL18 recipient animals developed similar total
GC B cell (Bgc) frequencies (Fig. 34). However, the frequency of
HuGL18 B cells among Bgc cells was sharply dependent on the
original precursor frequency. When HuGL18 B cells started from
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high precursor frequencies (1 in 10% to 10%), HuGL18 B cells oc-
cupied a high proportion of the Bgc compartment (~10 to 40%,
Fig. 3 B and C). In contrast, when precursor frequency was re-
stricted to the physiological level found in humans (1 in 10°
B cells), HuGL18 B cell frequencies among B¢ postimmunization
were 40- to 160-fold lower (~0.25% of the GC compartment,
Fig. 3 B and C). The HuGLI18 cells localized to GCs histologically,
consistent with the frequencies determined by flow cytometry
(Fig. 3D). The HuGL18 B cell response was also confirmed to be
CDbs-epitope specific; immunization with mutant eOD-GT8-KO
60mer did not prime HuGL18 B cells (Fig. 3 B and C). We next
sought out how HuGL18 GC B cells could compete within the GC
compartment over time when starting from physiologically rare
precursor frequencies of 1 in 10° B cells. HuGLI1S Bgc cells
showed outgrowth within GCs in most animals over time as GC
reactions gradually waned, reaching levels as high as 5.7% of Bgc
cells in some animals at day 20 postimmunization (Fig. 3E and SI
Appendix, Fig. S3 I and J). In summary, B cells expressing authentic
VRC01-class human BCRs could be primed to proliferate and be
recruited to GCs by the eOD-GT8 60mer germline-targeting an-
tigen, even when the HuGL B cells started from rare physiologi-
cally relevant precursor frequencies.

HuGL18 B Cells Develop Memory after eOD-GT8 60mer Immunization.
A bnAb-based HIV vaccine approach will involve multiple booster
immunogens, designed to recruit VRC01-class memory B cells
back to GCs and “shepherd” their affinity maturation pathway
toward broad neutralization (10, 15, 25). We therefore evaluated
VRC01-class memory B cell development after an eOD-GT8
60mer priming immunization, starting from physiologically rare
naive VRCO1-class B cell precursor frequencies. All immunized
mice developed HuGL18 memory B cells by day 36 post-
immunization (Fig. 44). The frequency of memory B cells was
variable among mice and reached values of 1 in 10° to 10° B cells,
representing a threefold expansion on average from the naive
frequency (Fig. 4B). Nearly all of the HuGL18 memory B cells
were class switched (Fig. 4 C-E). Additionally, the majority of
HuGL18 memory B cells expressed CD73, PD-L2, and CD80
(Fig. 4 F and G), three memory B cell markers associated with
GC-derived memory B cells (50, 51). Altogether, the data show
that HuGL B cells can form GC-derived memory B cells, even
when starting from physiologically rare precursor frequencies.

Vk3-20* VRCO1-Class B Cells Develop SHM and Affinity Maturation after
a Priming Immunization. HuGL18 VHI1-2*02 HCs accumulated
substantial amino acid SHMs within 16 d postimmunization, with
a maximum of 11 aa mutations, a median of 3 aa mutations, and
with >95% of HuGL18 Bg clones containing at least 1 aa mu-
tation (Fig. 54 and SI Appendix, Fig. S4B). Substantially more
SHM accumulated in HuGL18 Bgc cells by d36 (Fig. 5 A-D).
SHMs in H-CDR2 were present (Fig. 5 B and C and SI Appendix,
Fig. S4 A and B), consistent with the H-CDR2 dominant inter-
action with eOD-GTS8 (28). Substantial mutations were also pre-
sent in H-CDR1 and H-CDR3. SHM accrual in the H-CDR3 of
HuGL18 was particularly prominent when compared to
VRC018"™ (Fig, 5 B and C), illustrating a value of assessing B cells
with authentic naive H-CDR3s. Nearly all VRCO1-class bnAbs
contain a W at the W100b (Kabat numbering) equivalent position
of VRCO1 in the H-CDR3, though one bnAb possesses a Y. Naive
human VRCO1-class B cells generally possess a Y or W at this
position (43). Mutations were observed in HuGL18 Bgc cells at
Y107 (100b), including Y—P or Y->W (SI Appendix, Fig. S4B).
VH1-2 positions known to be important for VRCO1-class broad
neutralization capacity were mutating, including M34L/1 in
H-CDRI, as well as K63Q/R and Y95F (Fig. 5 B and C and SI
Appendix, Fig. S4B) (10, 34). We next determined how many
VRC01-class amino acid mutations existed in each VHI-2 gene
sequence and compared that to the total number of VH1-2 gene
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Fig. 1. Naive human B cell BCR VRCO1-class H/L knockin mouse models HuGL16, HuGL17, and HuGL18. Figure shows the design and features of HUGL knockin

mice. (A) Affinities of VRCO1-class BCRs cloned from HIV™ healthy human donors (43) highlighting the Ky values and LC usage of HuGL16, HuGL17, and
HuGL18. (B and C) HC knockins were generated using a conventional targeting strategy as described (13, 47, 48). LC knockin strategies are shown in the
schematics, detailing the CRISPR-facilitated targeting strategy used for HUGL18 (B) or HUGL16 and HuGL17 (C), which involved one or two cuts in the Jk locus,
respectively. HR, arms of homology. Flow plots below each schematic show transient transfection analysis of gene targeting efficiencies in a Rag?~'~ pro-B cell
line using CRISPR ribonucleoproteins carrying the indicated guide RNAs and LC targeting construct (Materials and Methods). (D-H) Characterization of
lymphocytes in HUGL mice. (D) Alleles were marked by breeding BCR knockins of interest (C57BL/6 background: Igh?®Ckc™™) to Igh¥2Ck"/"" mice, followed by
flow cytometry analysis with antibodies that distinguish C regions. (E-H) Evaluation of antigen-binding by B cells of the indicated strains using eOD-GT8
streptavidin tetramers (E) or eOD-GT8 60mer nanoparticles (F), with quantification shown in G and H. Data are representative of multiple litters per HuGL.
(E-H) n = individual experiments, n = mice per group. n = 3. n = 1 to 3 mice per experiment. See also S/ Appendix, Fig. S1.

immunization (Fig. 5D). We conducted additional VRCO1-class
mutational analysis with an expanded set of recently discovered

amino acid mutations to ascertain whether HuGL18 B cells were
capable of maturing along a desired affinity maturation pathway in

response to eOD-GT8 60mer. Encouragingly, we observed VRCO01-
class SHMs in HuGL18 B cells in GCs over time after a single

Huang et al.

VRCO01-class bnAbs showing nearly identical results (SI Appendix,
Fig. S4C). Statistical analysis of these VRCO01-class mutations found
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Fig. 2. VRCO1-class B cells from a BCR knockin
mouse with an authentic naive human VRCO1-class
BCR specificity (HuGL18) can be primed and
recruited to GCs. (A) Day 8 ELISA binding curves from
CD45.1* mice that received HuGL18 B cells (1 in 103
precursor frequency) and immunized with eOD-GT8
60mer (Top) or eOD-GT8-KO 60mer (Bottom). eOD-
GT8 IgG titers are shown in black, KO IgG titers are
shown in red. Responses are shown from individual
mice that are representative of two mice per group.
Bars indicate SEM. (B) Flow cytometric analysis of
total Bgc (gated as SSL/B220*/CD4~/CD387/GL7*) and
HuGL18 B cell occupancy of GCs (SSL/B220*/CD4~/
CD387/GL7*/CD45.17/CD45.2* cells) of mice immu-
nized with eOD-GT8 60mer (Left), or eOD-GT8-KO

eOD-GT8 . immunization
20

102 105

100 10°
Dilution

C

20D-GT8 KO @

' Endogenous GC

VRCO1-class GC
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con-cTs @

CD38—>
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0.01

LOD

CD45.1 —>

eOD-GT8 eOD-GT8 KO

CD45.2—>

10

60mer (Right). Day 8 splenic B cells were analyzed. (C) Quantitation of VRCO1-class B cells among Bgc cells. (D) Flow cytometric analysis of antigen binding
(eOD-GT8) by endogenous or HUGL18 Bgc cells. Representative of five mice tested. Mice were immunized as in B. (E) Representative histological analysis of
GCs. Frozen splenic sections were stained with B220 (blue), TCRp (green), GL7 (red), and CD45.2 (white) for identification of HuGL18 B cells within GCs. SSL,
singlet scatter live. n =3 (Band C), n =1 (A, D, and E). n = 3 to 4 mice per experiment.

no significant difference above observed patterns for antigen ag-
nostic amino acid mutation accumulation in human VH1-2 memory
B cells, which would indicate a specific VRCO1-class mutational
directionality (Materials and Methods). However, some HuGL18
clones at d16 achieved a perfect or near perfect VRC01-class mu-
tational trajectory (Fig. 5D), while >77% of clones contained one or
more VRC01-class mutations by d36.

The majority of HuGL18 B cells at day 16 postimmunization
also possessed LC mutations, with up to 9-aa SHMs detected
(Fig. 5E). Minimal mutation was seen in L-CDR3 (Fig. 5F), which
only differed from mature VRCO1 by 1 aa, thus preserving the
critical VRCO1-class features of the L-CDR3. Most mutations
were in L-CDR1 (Fig. 5F), consistent with the presence of sub-
stantial affinity maturation in L.-CDR1 of VRCO01-class bnAbs.

Deletion events, which are often considered rare, were also
observed in HuGL18 Bgc cells, in HC or LC. Seven HuGL18
Bgc clones, isolated from two separate mice, showed deletions
of 2 to 3 aa in H-CDR3 on d36 postimmunization (Fig. 5G),
whereas an H-CDR3 insertion has been implicated in the mat-
uration pathway of the VRCO1-class bnAb VRCO08 (19). Strik-
ingly, 13 clones, isolated from two independent mice, contained
single aa deletions in L-CDRI1 (Fig. 5H). Interestingly, 12 of
these deletions were of S30 and one deletion was found in Y33,
which aligns with the deletion found in the mature VRC01 bnAb
and a minimally mutated VRCO1 bnAb construct (10). Inter-
estingly, all of the clones that contained deletions had an ac-
companying V29G mutation. V29G is present in the mature
VRCO01 and in the minimally mutated VRC01 bnAb construct,
MinVRCO01 (10, 34). Both of these observations are of consid-
erable interest, as L-CDR1 deletions or mutations are critical for
most VRCOl-class Abs to develop breadth, to circumvent
clashing with the Env N276 glycan. Deletions or mutations in
L-CDR1 have been considered to be a major hurdle for VRCO01-
class bnAb vaccine development (5, 19). Here, we show that
L-CDR1 deletions and mutations can occur in a HuGL B cell in
as few as 16 d following eOD-GT8 60mer immunization.

Lastly, we sought to assess if HuGL18 Bgc cells underwent
affinity maturation (Fig. 5/ and Dataset S1). To answer this
question, we chose 15 representative paired HC and LC sequences
from multiple mice at day 36 and expressed the antibodies for
affinity measurements. Three antibodies had undetectable affinity
for eOD-GTS, perhaps representing random deleterious muta-
tions in GCs; two of these nonbinders were clonally related and
contained an introduced unpaired cysteine, Y59C, which may have
caused folding problems. Of the 12 mAbs assessed with detectable
affinity, 9 showed appreciable affinity maturation toward eOD-
GTS, reaching 0.87 nM Kp affinity. The average geometric
mean affinity of the 12 binding antibodies was 12 nM Kp, (Fig. 51).

22924 | www.pnas.org/cgi/doi/10.1073/pnas.2004489117

This represented an average affinity improvement of 10-fold for
antibodies with measurable affinity for eOD-GTS.

In summary, authentic VRCO1-class naive B cells primed at
physiologically rare precursor frequencies were able to undergo
substantial SHM in both the HC and LC and accrue specific
'VRC01-class mutations, including deletions in L-CDR1, in response
to a single priming immunization. Thus, germline-targeting immu-
nization strategies can both prime and affinity mature rare cells
possessing epitope-specific naive human B cell BCRs, with a single
immunization.

A Medium Affinity, Vk1-5* VRCO01-Class BCR Knockin Mouse Model.
Immune responses by Vk1-5* VRCO1-class naive B cells are of
specific interest because a Vk1-57 VRCO01-class bnAb was recently
identified, and that bnAb (PCIN63) has very appealing charac-
teristics of low SHM% and the absence of any indels (34). Using
the adoptive transfer approach, we assessed the immune response
of HuGL17 B cells (Vk1-5%) (Fig. 6). At a precursor frequency of
1 in 1,000, a strong GC response of the donor cells was elicited by
eOD-GT8 60mer but not the eOD-GT8-knockout (KO) 60mer
(Fig. 6A4). Responding donor Bgc cells underwent a robust IgG1
class switch comparable to that of the host response (Fig. 6B). We
then assessed the response of HuGL17 cells seeded at a precursor
frequency of 1 in 10 (Fig. 6 C-I). The total (host + donor) GC
response peaked at ~d8 (Fig. 6C). The HuGL17 cells proved able
to participate in the GC response (Fig. 6D), with HuGL17 Bgc
cells increasing to d16 and then remaining stable to d36 (Fig. 6F).
The HuGL17 VRCO1-class B cell response plateaued at ~0.1% of
the total Bgc and 0.005% of total B cells, representing a ~50-fold
expansion from input on average (Fig. 6F and SI Appendix, Fig.
S5E). The variable nature of the outgrowth of HuGL17 B cells
was observed across experiments. At this low precursor frequency,
we were unable to consistently enumerate HuGL17 memory
B cells, but HuGL17 memory B cells were consistently observed in
experiments starting from a precursor frequency of 1 in 10° (SI
Appendix, Fig. S5 A-D). These data indicate that, when primed by
eOD-GTS 60mer, Vk1-57 VRCO1-class naive B cells were able to
participate and persist in the highly competitive GC response
under physiological precursor frequency conditions.

Antibody gene sequencing analysis of HuGL17 Bgc cells at d16
and d36 revealed extensive SHM, particularly in the HC (Fig. 6 G-
L and SI Appendix, Fig. S64). Many HC mutations within VH1-2
were identical to mutations seen in VRCO1-class bnAbs (Fig. 6 H, I,
and L and SI Appendix, Figs. S6C and S4D). Statistical analysis of
these VRCO1-class mutations found no significant difference above
observed patterns for antigen agnostic amino acid mutation accu-
mulation in human VH1-2 memory B cells (Materials and Methods),
comparable to the findings for HuGL18, above. However, multiple
HuGL17 clones achieved perfect or near perfect VRCO1-class
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Fig. 3. Authentic human VRCO1-class naive B cell BCRs can be primed by eOD-GT8 60mer and recruited to GCs at rare physiological precursor frequencies. (A)
Frequency of splenic Bgc cells in mice immunized with eOD-GT8 60mer, or the eOD-GT8-KO variant, when starting from the indicated HuGL18 B cell precursor
frequency (PF). Day 8 splenocytes were analyzed and Bgc cells were gated as SSL/B220*/CD47/CD387/GL7* and plotted as percent of total B cells (B220* cells).
(B) Representative flow cytometric plots of HuGL18 B cells in GCs utilizing allotype mark. Cells are gated on GCs as indicated in A. (C) Quantitation of HuGL18
B cells in GCs as indicated in B. Experiments are pooled between two experiments (circles and triangles are separate experiments). A total of 25 mice were
examined. (D) Representative histological analysis of individual GCs for HuGL18 B cells in individual GCs as indicated in B. Dotted blue line represents starting
affinity. (E) Kinetic experiment showing HuGL18 B cell competitiveness within GCs over time. All data are shown pooled from multiple independent ex-

periments. *P < 0.05. n = 3. n = 3 to 4 mice per experiment.

mutational directionality (Fig. 6/). VRC01-class mutational analysis
with an expanded set of recently discovered VRCO1-class bnAbs
showed nearly identical results (ST Appendix, Fig. S4D). The .-CDR3
was barely mutated (Fig. 6K and SI Appendix, Fig. S6B), preserving
the critical residues found in VRCO1-class bnAbs. In contrast, the
HuGL17 H-CDR3 was heavily mutated (Fig. 6/ and SI Appendix, Fig.
S64), especially at R107, an arginine lying at the center of the
H-CDR3 loop that may be subject to negative selection. In the Vk1-
5% bnAb PCING3, four glycine replacements are present in the
L-CDR1 instead of the small .-CDR1 deletion observed in the bnAb
VR(Q01. Although eOD-GTS is not designed to specifically select for
VKI1-5 L-CDR1 features, six HuGL17 Bgc cells were found to have
introduced glycine replacement mutations in L-CDR1, which is pre-
dicted to facilitate evolution to neutralization breadth. One HuGL17
Bgc clone contained a double glycine replacement in L-CDR1 po-
sitions identical to that of the bnAb PCING3.

We next sought to assess the affinity of HuGL17 Bgc cells. To
do this, we expressed heavy and light pairs from day 36 sorted GC
B cells (Dataset S1). We found that all antibodies that were
expressed had detectable affinity for eOD-GTS8 and, on average,
showed a 500-fold improvement of affinity. Nine out of 10 HuGL17
antibodies improved to low nanomolar range affinity (Fig. 6M).

We conclude that, at these physiological precursor frequencies,
HuGL17 B cells participate in the GC response and undergo af-
finity maturation, indicating that the Vk1-5* VRCO1-class naive
B cells identified in humans are likely targets, and interesting
targets, for priming by eOD-GT8 60mer in humans.

Huang et al.

Precursor Frequency and Affinity Are Interdependent in Determining
Competitive Success for B Cells Possessing Authentic Human Naive
VCRO1-Class BCRs. There is evidence that both B cell precursor
frequency and BCR affinity influence B cell competition fol-
lowing immunization (24, 27, 45, 52, 53). To quantitatively assess
this prediction with B cells expressing authentic naive human
BCR sequences, we transferred 10-fold serial dilutions of HuGL
B cells into congenic recipients and immunized with eOD-GT8
60mer. These HuGL B cells not only utilize three LC V genes
found in VRCO01-class bnAbs (VK3-20, VK1-5, and VK1-33), but
HuGL18, HuGL17, and HuGL16 also span a physiological range
of affinities (0.125 pM — 18.5 pM) found in humans. At day 8
postimmunization, a clear hierarchy in GC occupancy was ob-
served based both on the starting precursor frequencies of the
naive B cells and the BCR affinity (Fig. 7 A and B). Combining
the available data, the competitive fitness of high (HuGL18) and
medium (HuGL17) affinity cells over time can be compared.
Usmg experlments w1th HuGL18 or HuGL17 seeded in recipient
mice at the 1 in 10° physiological precursor frequency (Figs. 3E
and 6F), the magnitude of the VRCO1-class B¢ cell responses
correlated with starting BCR affinity (Fig. 7C). While HuGL18
B cells were present in GCs in higher numbers than HuGL17 as
early as d8 (P < 0.001, Fig. 7C), on average the HuGL17 B cells
did shrink the gap with the HuGL18 B response (d16, 10-fold
difference; d21, 2-fold difference; d36, 5-fold difference)
(Fig. 7C). HuGL18 cells exhibited rapid population of GCs by
d8, calculated to be a ~100-fold outgrowth of cells from the d0
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HuGL18 precursor frequency. HuGL17 B cells showed greater
outgrowth from d8 to d16 within GCs (Fig. 7C). This highlights
the affinity of precursors as well as Vk gene usage as possibly
affecting the numbers of initial GCs seeded and/or the kinetics
within GCs. Taken together, these data highlight the importance
of precursor frequency and antigen affinity in vaccine design.
This preclinical model predicts, with certain caveats, that the
ongoing clinical trial of the germline-targeting HIV vaccine an-
tigen eOD-GTS8 60mer will prime desired human VRCO01-class
B cells and recruit those cells to GCs in a manner dependent
both on B cell precursor frequency and antigen affinity.

Discussion

Here, BCRs isolated from authentic antigen-specific naive human
B cells were tested in mouse models for their ability to respond to
antigen, somatically hypermutate, affinity mature, and compete in
germinal centers. VRCO1-class naive B cells from all three BCR
H/L knockin mouse models were able to be primed in vivo and
participate in GCs. High-affinity and medium-affinity VRCO1-
class B cells (HuGL18 and HuGL17) were able to successfully
compete in GCs and affinity mature—including acquisition of
bnAb-type somatic mutations—even when the HuGL B cells
started from rare physiological precursor frequencies. Taken to-
gether, these data validate a key tenet of the germline-targeting
approach to vaccine design. These data suggest that eOD-GT8
60mer, and germline-targeting immunogens with similar proper-
ties, are likely to be successful in human clinical trials.
Germline-targeting vaccine design is based on the concept of
designing vaccine antigens to bind precursors of highly potent
neutralizing antibodies isolated from infected humans. Cycles of
antigen design and immunization strategy iteration are almost
certainly required for germline-targeting immunogen designs to be
applicable for human vaccine needs. One strategy is to design
germline-targeting antigens based on iGL sequences from bnAbs
and then use the germline-targeting immunogen to screen the
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human B cell repertoire for the capacity of the putative germline-
targeting immunogen to identify (bind) bnAb precursors in normal
healthy donors, selecting top candidate immunogens to move
forward into clinical trials (6, 7). A significant gap in this strategy
has been the absence of an in vivo model to demonstrate the
in vivo specificity and responsiveness of the human antigen-
specific naive B cell BCR sequences prior to a full clinical trial.
One solution to this problem, employed here, is to express
antigen-specific human naive B cell BCRs in mice and thus pro-
vide a direct preclinical platform for evaluating relevant antigen
design and immunization strategy iterations. The approach of
identifying antigen-specific human naive B cells and developing
HuGL mouse models of preclinical vaccine testing is also appli-
cable more broadly to other, nongermline-targeting, reverse vac-
cinology antigen design strategies.

We found precursor frequency and antigen affinity to be
critical in dictating B cell outcomes following vaccination. We
observed that these factors were interdependent in determining
recruitment to GCs, competition within GCs, and exit to the
memory B cell pool. These HuGL results were consistent with
our previous study (27). While HuGL B cell competitive success
in GCs past day 8 was more stochastic between individual mice
than seen for VRCO18"™ iGL B cells, BCR affinity was a de-
termining factor in competitive success of HuGL B cells over
time. The interanimal variance of HuGL GC B cell responses
may be a strength of this model by being reflective of variance
that may be seen in humans. This stochasticity reinforces the
importance of interclonal competition and immunodominance as
hurdles in vaccine development to complex antigens (54-56). As
the precursor frequency of virtually all bnAb B cells is predicted
to be low (10), the present study indicates that a preimmune
BCR Kp of >10 pM would be insufficient for efficient recruit-
ment into the nanoparticle response, and that vaccine immuno-
gens should be designed with considerably tighter binding to

Huang et al.
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precursor. Red line placed at geometric mean of clones with detectable affinity. Total sequences are from all experiments pooled. n = 2 for d16/d36. n = 1 for
d8. n = 3 to 7 mice per experiment. See also S/ Appendix, Fig. S4.
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HuGL17 B cells underwent a more substantial affinity gain
(~500-fold) within 36 d than HuGL18 B cells did (~10-fold).
Experiment selection may have skewed the apparent affinity gain
of HuGL17 B cells because mice with poor HuGL17 responses
had too few cells for sorting, and as such were not sampled. A
separate possibility is that some B cell precursors may have a
more challenging mutational trajectory than others. The anti-
bodies selected for HuGL17 contained more mutations on av-
erage than HuGL18 mAbs. This observation may represent an
intrinsic advantage of VK1-5 antibodies (34) over VK3-20 anti-
bodies in ease of affinity maturation pathway in a competitive
microenvironment starting from rare precursors. Alternatively,
these outcomes could reflect an affinity ceiling in the response of
HuGL cells to eOD-GTS. Both HuGL18 and HuGL17 Bgc cells
ended up with median affinities in the nanomolar range. Taken
together, these differences highlight the importance of assessing
authentic human precursors for their competitive fitness in stringent
preclinical models to inform vaccine immunogen design efforts.

A major goal of mouse immunology is to model human im-
mune responses; however, mice and humans have substantially
different immunoglobulin gene repertoires, limiting the ability to
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experiment.

test reverse vaccinology design concepts outside of humans.
While multiple mouse lines have been designed to express di-
verse human immunoglobulin genes, a limitation of those models
is that they fail to properly represent the precursor frequencies
found in humans. Precursor frequency can be a major factor in
B cell responses, and immunoglobulin-locus transgenic animals
generally have greatly underrepresented (23) or overrepresented
B cells of interest (12-14, 22, 25, 26, 46, 48, 57). In contrast,
transfer models such as those used here can titrate the cell
numbers to match the physiological precursor frequencies found
in humans (27). In addition to precursor frequency issues, BCR
knockin models can depend on iGL sequences of bnAbs (13-15,
25, 26, 58). Such models have key caveats for interpreting how a
candidate antigen may perform in humans. First, the H-CDR3
and L-CDR3 generally remain unchanged from the somatically
hypermutated bnAb (because the original CDR3s cannot be
accurately predicted due to stochastically determined sequence
variations generated in each naive B cell during development).
This is generally expected to result in significant unintended
advantage to those iGL BCR B cells compared to authentic
naive B cell BCRs. Second, bnAb iGL sequences are not known
to be reliable proxies for true naive B cell BCR sequences rep-
resented in most humans. Lastly, the bnAb iGL sequence in the
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mouse model is frequently an exact match to a bnAb iGL se-
quence used in the immunogen design. Here, we provide a more
rigorous test. eOD-GTS8 was designed based on a broad panel of
bnAb iGLs (13). eOD-GT8 was then tested for its ability to “fish
out” epitope-specific human naive B cells (28, 43). To our
knowledge, eOD-GTS is only one of two engineered vaccine
antigens to successfully pass the test of binding epitope-specific
human naive B cells directly from multiple human blood samples
(28, 29, 43). [The predecessor of eOD-GT8, eOD-GT6, was
designed based on a narrower panel of bnAb iGLs and did not
successfully pass the test of binding VRC01-class precursor naive
B cells in human blood samples (28), highlighting the magnitude
of the protein design challenge for binding diverse authentic
human B cell BCRs.] By isolating dozens of epitope-specific
naive human B cells with eOD-GTS8 (43), we were able to cat-
egorize and stratify the BCRs.

The use of CRISPR technology greatly accelerates the speed of
BCR knockin mouse generation at the HC locus (59, 60). In this
work, we used CRISPR-facilitated targeting in zygotes to intro-
duce functional knockins into the k-locus, developing models for
three distinct LCs along with their corresponding HC models.

Here, we selected three representative VRC01-class naive B cell
BCRs for construction of BCR knockin mice, in an effort to make
a multipronged set of mouse models for predicting potential out-
comes of germline-targeting vaccine immunization in humans.
Based on the experiments reported herein, these models indicate
that a human clinical trial with eOD-GT8 60mer should be suc-
cessful, based on the parameter of activating and expanding
VRC01-class naive B cells. Both high- and intermediate-affinity
VRCO1-class naive B cell BCRs successfully expanded upon
¢OD-GT8 immunization in HuGL transfer models, when HuGL
B cells were present at a precursor frequency of 1 in 1 million. The
available data indicate that high- and intermediate-affinity BCRs
(<3 pM) are present in the human repertoire at a frequency of ~1
in 0.9 million. Low-affinity VRCO1-class BCR naive B cells are
severalfold more abundant, but, at least for HuGL16, that does not
suffice to overcome the competitive disadvantage of the weaker
affinity cells.
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parison purposes between mouse strains, HuGL18
plots (Fig. 3) are reshown here. (B) Quantitation of
HUGL B cells in GCs as shown in A. All available data
are shown. Data were pooled from multiple inde-
pendent experiments. Dashed line at 1% is provided
as visual aide only for the reader to denote responses
greater or less than 1%. (C) Statistical comparisons of
HuGL GC B cells over time. Kinetics data shown in C
are the average of all data shown in Figs. 3 and 6E.
Mice were immunized with eOD-GT8 containing
HuGL17 or HuGL18 B cells at a precursor frequency of
1in 10° B cells.*P < 0.05 ***P < 0.001, ****P < 0.0001.
n.s., not significant; n = 3, n = 3 to 4 mice per exper-
iment for A and B. n = 4 to 5 for HUGL17 and HuGL18
each, n = 3 to 7 mice per time point for C.

Interesting VRCO1-class B cell SHMs were observed in this
study using HuGL B cells. VRCO1-class mutations were ob-
served in HCs and LCs of HuGL18 and HuGL17 B cells after
only a single immunization with eOD-GT8 60mer. The
H-CDR3s in both HuGL18 and HuGL17 B cells underwent
substantial SHM. While most VRCO01-class bnAbs have limited
engagement of HIV Env via H-CDR3, recent analysis suggests
that development of the VRC01 bnAb and the related VRCO08
bnAb involved extensive mutation of H-CDR3 that affected the
development of breadth. Deletions are generally considered very
rare events, and deletions in L-CDR1 are thought of as a major
hurdle to overcome in the development of VRCO1-class bnAbs.
Intriguingly, we found that deletions in L-CDR1 of HuGL18
B cells could be found in Bgc cells in as little as 16 d after eOD-
GT8 60mer immunization. Taken together, these data highlight
the importance of studying B cell responses by B cells expressing
human BCRs from authentic naive B cells.

It remains unclear how to induce a full VRCO1-class bnAb
maturation path by immunization, and it remains unclear what
fraction of VRCO1-class naive B cells could successfully navigate
such a path under optimal conditions. VRCO01-class B cells refers
to all B cells with the core HC and LC sequence characteristics
of VRCO01-class bnAbs: VH1-2*02 (or *03 or *04) paired with a
LC possessing a 5-aa CDR3. A subset of naive B cells with those
characteristics binds to eOD-GTS, generally reflecting clearer
relatedness to VRCO1-class bnAbs (i.e., L-CDR3 with a QQYxx
motif and a preference for a short L-CDR1) (10, 43). Develop-
ment of a VRCO1-class B cell into a bnAb over time is not a
given, as even in HIV™ donors with identified VRCO1-class
B cell responses, lineages or branches of lineages can fail to
develop breadth (19, 32, 61). Whether some VRCO01-class naive
B cells are more likely to develop breadth remains an important
open question for future investigation. For example, data shown
here indicate that both VK3-20* and VKI1-57 VRCOl-class
B cells have the ability to rapidly acquire mutations in L-CDR1
that are frequently considered important for accommodating
Env N276. In the case of VK3-20", L-CDR1 deletions were
detected among Bgc cells. In the case of VK1-5%, two glycine
mutations were found in L-CDRI1. Previously it was thought that
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such mutations may be extremely rare. Lastly, the recently
identified VK1-5* VRCO1-class bnAb PCING63 lineage acquired
breadth with as little as 19% amino acid mutations in the HC
(34). It was encouraging to observe up to 12.7% amino acid
mutations in both HuGL18 and HuGL17 Bgc cells after only a
single immunization with eOD-GTS8 60mer (Figs. 5 and 6).

The HuGL models have limitations. The best assessment of
those limitations will come with the completion of the full eOD-
GT8 60mer clinical trial (the trial is currently ongoing). Human
adaptive immunity cell biology is not identical to that of mice,
and the B cell repertoires of the species are different, resulting in
differences in the competitive environment that cannot be cal-
culated and may or may not be sufficiently different to impact
postimmunization outcomes. Overall, human versus mouse dif-
ferences could theoretically cause a range of differences in the
outcomes between mouse and human immunization with a
germline-targeting antigen. Given the theoretical nature of those
differences, we feel that the most productive current use of
HuGL mouse models is to make specific predictions, allowing
for clear assessment of whether specific predictions were useful,
accurate, or inaccurate when the full clinical trial results become
public. At least six different mouse models of VRCO01-class B cell
responses to eOD-GT have been tested, including the HuGL
model reported here (12, 22, 23, 27, 46). It will be of great value
to compare each of the mouse models to the human clinical trial
results. Experimental advantages of other models include the use
of truly polyclonal antigen-specific repertoires (22, 23), or the
presence of high precursor frequencies or affinities making
positive results in the model more likely (12-14, 46), or the use
of the prototypic VRCO1 iGL (12, 13, 27, 46).

The HuGL approach reported here is the only mouse model
utilizing exact naive BCR sequences known to exist in the naive
B cell repertoires of HIV-negative humans with truly authentic
H-CDR3s. It is also the only model to match the known pre-
cursor frequency and affinity range in humans. The HuGL
strategy has the added advantage of straightforward cell transfers
to modulate the precursor frequencies, unlike models using ge-
netically modified mice in a mixed background (22, 23). It is
conceivable these HuGL models may underestimate how well
VRCO01-class B cells can respond in humans due to challenges of
introducing human BCR sequences into mice, as we observed
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that a fraction of transgenic B cells in all three mice coexpressed
endogenous mouse LCs and had somewhat reduced overall BCR
levels. Lastly, the experiments demonstrate the power of new
CRISPR-based approaches to make HuGL-type mouse models,
because of the speed of new mouse generation.
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VK3-20 or VKI1-5 are likely to respond to eOD-GT8 immuni-
zations of humans, and the data imply that VRCO1-class B cells
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Materials and Methods
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