
RESEARCH ARTICLE

Immunization of cows with HIV envelope

trimers generates broadly neutralizing

antibodies to the V2-apex from the ultralong

CDRH3 repertoire

Pilar X. AltmanID
1,2,3, Gabriel Ozorowski2,3,4, Robyn L. Stanfield4, Jeremy Haakenson5,6,

Michael Appel3,7, Mara Parren1, Wen-Hsin Lee4, Huldah Sang8, Jordan Woehl3,7,

Karen Saye-Francisco1, Leigh M. Sewall4, Collin Joyce1,2,3, Ge Song1,2,3, Katelyn Porter1,

Elise Landais3,7, Raiees Andrabi1,2,3,9, Ian A. Wilson2,3,4,10, Andrew B. Ward2,3,4,

Waithaka Mwangi8, Vaughn V. Smider5,6, Dennis R. Burton1,2,3,11*, Devin SokID
2,3,7,12*

1 Department of Immunology and Microbiology, The Scripps Research Institute, La Jolla, California, United

States of America, 2 Consortium for HIV/AIDS Vaccine Development (CHAVD), The Scripps Research

Institute, La Jolla, California, United States of America, 3 IAVI Neutralizing Antibody Center, The Scripps

Research Institute, La Jolla, California, United States of America, 4 Department of Integrative Structural and

Computational Biology, The Scripps Research Institute, La Jolla, California, United States of America,

5 Department of Molecular Medicine, The Scripps Research Institute, La Jolla, California, United States of

America, 6 Applied Biomedical Science Institute, San Diego, California, United States of America,

7 International AIDS Vaccine Initiative, New York, New York, United States of America, 8 Department of

Diagnostic Medicine/Pathobiology, College of Veterinary Medical, Kansas State University, Manhattan,

Kansas, United States of America, 9 Department of Medicine, University of Pennsylvania, Philadelphia,

Pennsylvania, United States of America, 10 Skaggs Institute for Chemical Biology, The Scripps Research

Institute, La Jolla, California, United States of America, 11 Ragon Institute of Massachusetts General

Hospital, Massachusetts Institute of Technology, and Harvard University, Cambridge, Massachusetts, United

States of America, 12 Global Health Investment Corporation, New York, New York, United States of America

* burton@scripps.edu (DRB); dsok@ghicfunds.org (DS)

Abstract

The generation of broadly neutralizing antibodies (bnAbs) to conserved epitopes on HIV

Envelope (Env) is one of the cornerstones of HIV vaccine research. The animal models

commonly used for HIV do not reliably produce a potent broadly neutralizing serum antibody

response, with the exception of cows. Cows have previously produced a CD4 binding site

response by homologous prime and boosting with a native-like Env trimer. In small animal

models, other engineered immunogens were shown to focus antibody responses to the

bnAb V2-apex region of Env. Here, we immunized two groups of cows (n = 4) with two regi-

mens of V2-apex focusing Env immunogens to investigate whether antibody responses

could be generated to the V2-apex on Env. Group 1 was immunized with chimpanzee sim-

ian immunodeficiency virus (SIV)-Env trimer that shares its V2-apex with HIV, followed by

immunization with C108, a V2-apex focusing immunogen, and finally boosted with a cross-

clade native-like trimer cocktail. Group 2 was immunized with HIV C108 Env trimer followed

by the same HIV trimer cocktail as Group 1. Longitudinal serum analysis showed that one

cow in each group developed serum neutralizing antibody responses to the V2-apex. Eight

and 11 bnAbs were isolated from Group 1 and Group 2 cows, respectively, and showed

moderate breadth and potency. Potent and broad responses in this study developed much
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later than previous cow immunizations that elicited CD4bs bnAbs responses and required

several different immunogens. All isolated bnAbs were derived from the ultralong CDRH3

repertoire. The finding that cow antibodies can target more than one broadly neutralizing

epitope on the HIV surface reveals the generality of elongated structures for the recognition

of highly glycosylated proteins. The exclusive isolation of ultralong CDRH3 bnAbs, despite

only comprising a small percent of the cow repertoire, suggests these antibodies outcom-

pete the long and short CDRH3 antibodies during the bnAb response.

Author summary

The elicitation of epitope-specific broadly neutralizing antibodies is highly desirable for

an HIV vaccine as bnAbs can prevent HIV infection in robust animal challenge models

and humans, but to date, cows are the only model shown to reliably produce HIV bnAb

responses by Envelope (Env) immunization. Previously, these responses involve Abs with

ultralong CDRH3s and are all directed to a single site, the CD4 binding site. To determine

whether this is a unique phenomenon or whether cow antibodies can target further bnAb

sites on Env, we employed an immunization protocol that generated cow bnAbs to a sec-

ond site, the V2-apex. We conclude that ultralong CDRH3s are well adapted to penetrate

the glycan shield of HIV Env and recognize conserved regions and may constitute protein

units, either in the context of antibodies or in other engineered proteins, that could be

deployed as anti-HIV reagents.

Introduction

Broadly neutralizing antibodies (bnAbs) neutralize diverse HIV isolates by recognizing rela-

tively conserved epitopes on the HIV Env trimer, and the elicitation of such antibodies by vac-

cination is widely considered a key component of an efficacious vaccine. Cohort studies have

proven that humans infected with HIV are capable of developing bnAbs, although the antibod-

ies typically have unusual features such as high levels of somatic hypermutation and longer-

than-average loops in the complementarity determining region of the heavy chains (CDRH3)

[1]. Animal models immunized with recombinant Env have shown immune responses over-

whelmingly to non-neutralizing epitopes [2–6]. In select cases, broadly neutralizing antibodies

have been isolated from the B cells of nonhuman primates and llamas, but the ability of these

animal models to reliably elicit bnAbs have been inconsistent and relatively rare [7–9]. Models

have been put forth to explain the difficulties of inducing bnAbs, including the affinity dispar-

ity model and the cell number disparity models [5]. The affinity disparity model suggests that

B cells targeting non-neutralizing epitopes have higher affinities for antigen and out-compete

neutralizing responses that have comparatively lower affinities. The cell number disparity

model proposes that the frequencies of naïve B cells with specificities to neutralizing epitopes

are rare relative to naive B cells targeting non-neutralizing epitopes and are, therefore, also

outcompeted in germinal centers. Both models focus on the idea that an immunodominant

response to certain epitopes overwhelms the development and affinity maturation of more

immunoquiescent responses, such as those to bnAb epitopes. To overcome this problem,

immunogens will need to properly prime and expand naïve B cell responses to neutralizing

epitopes, taking into consideration precursor frequencies and affinities.
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The V2-apex is a promising epitope on HIV Env for the development of a vaccine designed

to elicit bnAbs. Appropriate immunogens can be designed to select for rare B cells with B cell

receptors (BCRs) that are capable of penetrating through the glycan shield at the trimer apex

including two prominent glycans at position N156 and N160 [10,11]. The bnAbs that target

this epitope region typically have very long CDRH3 loops, extending up to 37 amino acids,

with tyrosine sulfate post-translational modifications and negatively charged amino acids that

enable or enhance binding to the positively charged C-strand of the V2 loop on the Env trimer

[12–15]. Such antibodies are rare in the naïve human antibody repertoire where CDRH3

of> 24 amino acids (AAs) and> 28 AAs have frequencies of 3.5% and 0.43%, respectively

[16]. These long CDRH3 antibodies are similarly rare in preclinical animal models such as rab-

bits and nonhuman primates (NHPs), and their elicitation presents a major challenge for

immunogen design strategies [17–20]. Given their capacity to produce exceptionally long

CDRH3s, cows are an interesting model system for evaluating immunogens designed to elicit

V2-apex bnAbs. The cow antibody repertoire contains a unique subset (~10%) of antibodies

possessing ultralong CDRH3s, which can reach lengths between 50 to 70 amino acids [21–25].

In addition, the cow antibody repertoire is skewed toward longer CDRH3s with an average

length of 26 amino acids as compared to 15 in the human repertoire [17,21,25–33]. Here, we

define “ultralong” CDRH3 cow antibodies as those having CDRH3 lengths of�50 amino

acids and “long” CDRH3 cow antibodies as those having lengths of 25–49 amino acids. Cow

antibodies having CDRH3 lengths <25 amino acids are defined as “short.” The ultralong cow

CDRH3s are all encoded by the same V and D gene segments, IGHV1-7 and IGHD8-2, respec-

tively [21,22,34,35]. The CDRH3 length is primarily encoded by the IGHD8-2 germline gene

segment, which comprises 48–50 amino acid residues depending on the polymorphic variant

[34–36]. The unique CDRH3 structure can be separated into two microdomains where the

antigen-binding disulfide-bound “knob” sits on top of a long b-ribbon “stalk” and can bind to

both surface and receded epitopes [25,37,38]. As cows have lower VDJ combinatorial diversity

potential compared to humans, they must utilize different strategies to create diversity and

length in their repertoires [25,39]. Some of their diversity is due to V-D and D-J junctions,

which can alter the amino acid length and, therefore, the stalk of the ultralong CDRH3

[36,37,39–41]. The knob, which appears to be the most important region for antigen interac-

tion, requires somatic hypermutation for diversity. The somatic hypermutation occurs both

before and after antigen exposure and introduces diversity into the knob using amino acid

point mutations, nucleotide deletions, and mutations that substitute to and from cysteine

[21,25,36,41–43]. The knob residues encoded by IGHD8-2 include four conserved cysteines as

well as repeated glycine, tyrosine, and a few serine amino acid residues. These residues have a

severe codon bias towards mutation to cysteine, which can introduce additional diversity in

structure in the form of disulfide bond formation [25,36,38,44].

Previous cow immunization studies with non-well-ordered HIV Env trimers resulted in

some neutralization breadth and potency against cross-clade HIV pseudoviruses in colostrum

[45]. The antibody activity from these cows was CD4bs specific [45–48]. An immunization

study of four cows with a recombinant, well-ordered trimer, BG505 SOSIP.664, elicited broad

and potent serum antibody responses in as little as 42 days [49,50]. Strikingly, the responses

were also CD4bs specific, with no evidence of responses targeting any other bnAb epitopes,

including the V2-apex epitope. The monoclonal antibodies isolated were determined to be

broadly neutralizing, had ultralong CDRH3 regions, and are some of the most potent bnAbs

to the CD4bs isolated to date [50]. A more recent study even employed the use of cross-clade

trimers and heterologous baits for sorting. While isolated antibodies from this study were

extremely potent and broad, they also targeted the CD4bs [51].
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To determine whether cow antibodies to another bnAb epitope could be elicited given the

ultralong CDRH3s, we used a V2-apex focusing immunogen strategy. In the study, two groups

of two cows were immunized over one year with different immunization regimens; the immu-

nogens used were selected based on their sensitivity to V1V2 bnAb inferred precursors

[2,10,11]. Cows in Group 1 were primed and boosted twice with a stabilized native-like

chimpanzee SIV trimer MT145K SOSIP followed by two boosts of a stabilized native-like

HIV trimer, C108 SOSIP, and finally boosted with a cocktail of stabilized near-native HIV

SOSIP trimers. The rationale for the SIV prime/HIV Env boost was test an immunofocusing

strategy—the V2-apex bnAb site is the only epitope largely conserved between SIV and HIV

for the chosen isolates. MT145K was shown to prime human V2-apex unmutated common

ancestor (UCA) -encoding B cells in mouse CH01 UCA knock-in models and induced a

V2-focused neutralizing response [52]. The cocktail immunization was added as a final step to

increase the breadth of nAb responses. Cows in Group 2 were primed and boosted four times

with C108 SOSIP, followed by one boost with the SOSIP cocktail used in Group 1. In both

groups, the recombinant SOSIP cocktail consisted of trimers derived from isolates CRF250

(clade AE), WITO (clade B), ZMZM (ZM197 backbone with ZM233’s V1V2 region, clade C),

and BG505 (clade A). C108, CRF250, and WITO SOSIP were all used as immunogens due to

their ability to elicit a neutralizing response at strand C of the V2 region in wild-type rabbits

[2]. ZMZM was used due to ZM233’s neutralization sensitivity to PG9- and CH01-inferred

precursors [2]. BG505 was included due to its previous ability to elicit a strong neutralizing

response in cows [50]. Sera were collected longitudinally from these animals to monitor the

development of bnAb responses, and IgG+ B cells were subsequently sorted and sequenced

from peripheral blood mononuclear cells (PBMC) or splenocytes of cows that showed broadly

neutralizing activity. Monoclonal antibodies were recombinantly produced from memory B

cells and further characterized.

Results

Cows immunized with V2-apex focusing immunogens elicit a delayed

cross-clade neutralizing response compared to BG505 SOSIP

Group 1, comprising cow-485 and cow-16157, were primed with SIV MT145K SOSIP on

days 37 and 79, boosted with HIV C108 SOSIP on days 142 and 226, and finally boosted on

day 336 with a cocktail of recombinant HIV SOSIP trimers. Group 2, comprising cow-488

and cow-491, was primed and boosted with HIV C108 SOSIP and finally boosted with the

same cocktail of recombinant HIV SOSIP trimers [52,53]. The immunization protocols are

detailed in Fig 1A. Following completion of the immunization, IgGs from day 359 post prime

were purified and tested for their ability to neutralize autologous viruses (Fig 1B). Cows from

both groups developed autologous neutralizing responses to some but not all the immuno-

gens. Cow-485 developed neutralization activity against all autologous viruses except WITO

and had the second-highest autologous titers overall, while cow-16157 had moderate breadth

and potency but was eliminated from further evaluation due to nonspecific neutralizing

activity to murine leukemia virus (MLV) for some samples during the middle time point of

immunization (S1 Table). Cow-488 developed neutralization to all autologous viruses tested,

but cow-491 from the same group had the least broad and potent autologous neutralizing

response.

Day 359 was evaluated for neutralization on a 12-virus global panel for heterologous neu-

tralization [54] (S2 Table). All cows were able to neutralize heterologous viruses from the

panel. Cow-488 from Group 2 was the most broad and potent, followed by cow-485 from

Group 1. Based on their ability to neutralize viruses of more than one clade (cross-clade)
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Fig 1. Cows were immunized with a series of V2-apex focusing immunogens. (A) Schematic of SOSIP

immunization experiments in two groups of cows. Group 1 is shown in red, and Group 2 is shown in light blue.

Syringes indicate the timing of boosts. Immunizations with MT145K SOSIP are shown in red, C108 SOSIP in blue,

and the SOSIP cocktail in purple. (B) Purified IgG from day 359 sera were tested for neutralization for all four cows

against the autologous viruses. MLV is a negative control. Purified IgG were reconstituted in the same volume as sera

collection and therefore neutralization ID50 titers are shown. (C) Day 359 IgG-purified from sera from cow-488 and

cow-485 were tested for neutralization on a large 98 virus cross-clade panel. Neutralization breadth and geomean ID50

titers are grouped by virus clade.

https://doi.org/10.1371/journal.ppat.1012042.g001
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neutralization activities, cow-485 and cow-488 were selected for further evaluation. To assess

the neutralization breadth and potency for cow-485 and cow-488, IgGs purified from serum

from day 359 were further evaluated for neutralization activity on a cross-clade pseudovirus

panel of 98 viruses [55] (Fig 1C and S3 Table). Cow-485 and cow-488 neutralized 42% and

60% of viruses, respectively. Cow-485 poorly neutralized clade B and clade ACD with only 6

and 0% of the viruses neutralized respectively. While cow-488 had better neutralization

breadth overall, the two clade ACD viruses were still not neutralized, and clade B, AG, and CD

were only neutralized 20–25%, respectively.

We next evaluated the development of the cross-clade longitudinal neutralization and

selected 13 time points to test neutralization on the 12-virus global panel (Fig 2). Cow-485’s

cross-clade clade neutralization mostly developed after the addition of a SOSIP cocktail,

although clade A virus CNE55 developed neutralization before the cocktail. Three of the four

viruses that were not neutralized derive from clade B or clade BC. Cow-488 neutralized four of

the 12 viruses before addition of the cocktail. Once the SOSIP cocktail was used for immuniza-

tion, the response broadened across the panel. Overall, all the cows displayed some level of

autologous neutralization, and cow-485 and cow-488, in particular, displayed broad cross-

clade neutralization following boosting with a cocktail of immunogens.

Fig 2. Cows develop serum broadly neutralizing antibody responses following immunization with recombinant

trimers. Longitudinal samples were collected and tested for cow-485 and cow-488 on the 12-virus global panel.

Neutralization ID50 titers are presented for each virus by color for each time point. Vertical dotted lines represent

prime and boost dates; immunogen colors are described in Fig 1A. Percent breadth is represented by a black line

whose y-axis is shown on the right. ID50 values are shown as 1/dilution on the y-axis.

https://doi.org/10.1371/journal.ppat.1012042.g002
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Epitope mapping of sera from cow-485 and cow-488

After confirming the development of broad and potent neutralizing serum responses in two

cows, we next attempted to map the epitope specificities in sera. We first applied polyclonal

electron microscopy epitope mapping (EMPEM) by digesting Fabs from purified serum IgGs

from day 359 and complexing with the recombinant BG505 SOSIP trimer. For both cows,

EMPEM revealed Fab densities at a neoepitope at the base of the trimers, consistent with

responses for other animals (S1 Fig). Cow-485 showed some V2-apex response in a single 2D

class, but it could not be reconstructed (S1 Fig). Next, we performed competition ELISAs

using cow sera from multiple time points and biotinylated HIV bnAbs to assess polyclonal epi-

tope specificities on BG505 SOSIP (Fig 3A). IgGs purified from cow-485 and cow-488 sera

from day 85, day 157, day 234, day 346 and day 352 were tested for competition against mAbs

targeting the V2-apex including CAP256-VRC26.09 and PGDM1400, CD4bs targeting

NC-Cow1, gp120/gp140 interface targeting 35O22, and V3 glycan directed PGT121. Cow-488

had more than 50% competition with apex bnAbs CAP256-VRC26.09 and PGDM1400 on day

346 and day 352, in both cases after the SOSIP cocktail immunization. Cow-485 sera did not

show more than 50% competition with the bnAbs tested.

Importantly, the EMPEM and competition ELISAs provide an indicator of immunodomi-

nant binding responses. Therefore, we next determined if we could measure neutralizing activ-

ity directed to the V2-apex. First, we evaluated neutralizing activity against HIV pseudoviruses

CRF250, BG505, and C108 wild-type (WT) viruses as well as the same viruses with variants

containing substitutions at amino-acid residues R166 and N160, which are all localized at the

trimer apex epitope (Fig 3B). Serum neutralizing activity was abrogated for BG505 R166A but

not CRF250 N160A or C108 N160S mutants in cow-485. Neutralization titers increased for

the N160 mutants, and there was neutralization of CRF250 N160A at time points for which

the WT virus was not neutralized, suggesting that the glycan at position N160 may be inhibit-

ing the polyclonal neutralizing response for cow-485 from surrounding regions. For cow-488,

the neutralizing serum response was similarly abrogated in BG505 R166A and CRF250 N160A

variants. Neutralizing titers were reduced for the C108 N160S variant virus in cow-488 as early

as day 80, suggesting important residues in the V2-apex were targeted by neutralizing antibod-

ies in the sera early in the immunization series. Both cows appear to have some level of

V2-apex targeting neutralizing antibody responses.

Broadly neutralizing antibodies isolated from cow-485 and cow-488 have

ultralong CDRH3s and moderate neutralization breadth and potency

After confirming V2-apex-directed nAb responses, we next attempted to isolate monoclonal

antibodies from cow-485 and cow-488 using four rounds of single IgG+ B cell sorting (S2 Fig).

We used PBMCs and splenocytes from several late time points from both cows. Sorts 1 and 2

used the terminal time point for both cow-485 and cow-488. Sorts 3 and 4 used PBMC/spleno-

cyte samples from day 352 and day 361 for both cow-485 and cow-488. All sorts were stained

with goat anti-cow IgG conjugated with FITC and biotinylated antigens conjugated to strepta-

vidin fluorophores to isolate the B-cell population of interest. All SOSIP baits were biotinylated

and stained with streptavidin conjugated to fluorophores. Sort 1 and Sort 2 were carried out

similarly, but Sort 2 had a less restrictive gating strategy [56]. The third sort selected for cells

that demonstrated double positive binding to the same SOSIP (MT145K or 25710) coupled

individually to PE or AF-647 to isolate bait-binding cells and eliminate those with non-specific

binding. Sort 4 isolated cells positive to binding only MT145K SOSIP (PE) and did not have

affinity for MT145K-PGT145 Fab Complex (AF-647) to isolate cells targeting the V2-apex.

This method was also utilized by Sok et al. 2017 to isolate epitope-specific antibodies, as
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Fig 3. Broadly neutralizing responses in immunized cows are directed to the V2-apex epitope on HIV Env. (A) Sera from cow-485 and cow-488 over

five time points were tested for competition against five well characterized antibodies spanning four HIV bnAb epitopes. Vertical dotted lines represent

prime and boost dates. Immunizations of MT145K SOSIP are shown in red, C108 SOSIP in blue, and the SOSIP cocktail in purple. The results are

displayed both graphically and tabulated percent breadth. CAP256-VRC26.09 is referred to as VRC26.09. (B) Neutralization ID50 titers are shown for IgG-

purified sera tested for neutralization of wild-type and V2-apex epitope mutant viruses spanning multiple time points. NT = not tested. (C) Comparisons of

the amino acid CDRH3 lengths for unenriched day 359 and sort-enriched (see text) samples from cow-485 and cow-488 are shown in a pie chart. The

percentage of the whole is indicated in each section of the pie. Short CDRH3 length antibodies are shown in yellow, long in pink, and ultralong in purple.

https://doi.org/10.1371/journal.ppat.1012042.g003
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antibodies that bound to MT145K Env only, and not an MT145 Env-PGT145 Fab complex,

are predicted to be V2-apex specific [50]. Variable regions of isolated B cells were recovered

using single-cell PCR amplification and subsequently cloned into human antibody expression

vectors as previously described [50]. Cow-485 had a much higher heavy chain recovery in the

first three sorts and, therefore, had more antibodies tested overall (S4 Table). The unenriched

B cell repertoires were sequenced for cow-485 and cow-488 from day 359 and compared to the

sequences recovered from the repertoires isolated during the four sorts (Fig 3C). Cow-485’s

enriched response was heavily weighted toward long CDRH3 antibodies, while cow-488 had a

small percentage of long CDRH3 antibodies and a large percent of ultralong and short

CDRH3 antibodies in the enriched pool. As a whole, the antibodies isolated during the sorts

revealed an enrichment of long and ultralong CDRH3 antibodies in trimer-immunogen spe-

cific B-cells compared to the total repertoire.

We then examined the CDRH3 sequences of isolated antibodies with different lengths to

identify tyrosine sulfation motifs, which are typically important for neutralization by human

V2-apex bnAbs. Although tyrosine sulfation is challenging to predict, we focused on the DY

and YD motifs for this study. Ultralong antibodies had the highest number of DY/YD motifs

in total and as a percentage of their overall population; 60% of the ultralong CDRH3 antibodies

in cow-485 and 80% in cow-488 had the motif (Fig 4A). We recombinantly expressed all iso-

lated antibodies with their native light chain and/or a universal cow light chain V30 (termed a

‘universal’ cow light chain), also denoted Vlx1, and subsequently evaluated them for neutrali-

zation against heterologous viruses. The universal light chain is predominantly paired with

ultralong CDRH3 heavy chains and used in instances where the native light chain could not be

recovered from sorted B cells [30]. We screened antibodies using high-throughput expression

of antibodies in Expi293 cells and tested the supernatants for expression and binding to BG505

SOSIP using ELISA (Fig 4B and S4 Table). The supernatants of expressed antibodies were then

screened for neutralization of C108, CRF250, and CNE55 viruses. For cow-485, a total of 134

heavy chains paired with native light chains and 80 heavy chains paired with the universal light

chain were produced. Of those paired with the native light chains, 41 of the heavy chains had

Fig 4. Characteristics of sorted cow antibodies according to CDRH3 length. (A) Sort-enriched isolated CDRH3 lengths were grouped into bars to

show the ratio of those with DY/YD motifs. Short CDRH3 length antibodies are shown in yellow, long in pink, and ultralong in purple. Bars are outlined

in red for cow-485 and blue for cow-488. (B) Pie charts representing the total antibodies isolated and tested are shown and categorized by CDRH3

length. Colors indicate antibodies that did not express in black, those that bound to BG505 SOSIP using ELISA in pink, and those that were determined

to have cross-clade neutralization in teal. The number in the middle of the graph represents the total isolated and tested antibodies.

https://doi.org/10.1371/journal.ppat.1012042.g004
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CDRH3s that were short, 63 were long, and 30 were ultralong. Of those paired with a universal

light chain, none were short, 52 were long, and 28 were ultralong. For cow-488, a total of 71

mAbs paired with their native light chain and three mAbs paired with universal light chains

were tested. In the native light chain set, 33 of the heavy chain CDRH3s were short, 3 were

long, and 35 were ultralong (S4 Table). Of those paired with a universal light chain, 1 of the

heavy chain CDRH3s was short, 2 were long, and none were ultralong. Ultimately, we isolated

a total of 8 and 11 cross-clade nAbs from cow-485 and cow-488, respectively, all of which had

ultralong CDRH3s, suggesting only ultralong antibodies were responsible for cross-clade neu-

tralization detected in sera.

Next, we aligned the CDRH3 sequences of the broadly neutralizing antibodies with the

germline sequence and the bnAb NC-Cow1 sequence [25] (Fig 5A). In the sequence align-

ment, we highlight cysteines responsible for the structure of ultralong CDRH3 antibodies and

negatively charged amino acids in CDRH3. BnAbs from cow-485 were named Bess, while

bnAbs from cow-488 were named ElsE and assigned numbers based on their order of discov-

ery. The Bess and ElsE antibodies, as for all ultralong cow antibodies, derive from the same

germline VH, DH, and JH genes, so there are expected similarities in overall sequence. When

aligned as the full variable regions, the antibodies grouped together phylogenetically (S3 Fig),

and when aligned with only CDRH3s, the lineages did separate phylogenetically into different

branches with some somatic variants as exceptions—Bess5 and Bess4 grouped phylogenetically

with ElsEs mainly due to similarities in the region most likely to be the “stalk”. Both ElsE and

Bess antibodies contained a high number of negatively charged amino acids in the area likely

to be the knob, based on another ultralong NC-Cow1 bnAb structure [38]. This feature is

important for the ability of human bnAbs to bind to the positively charged lysine patch of the

V2-apex.

All experiments henceforth were completed with Bess heavy chains paired with universal

light chains and ElsE heavy chains paired with native light chains due to poor recovery of

native light chains for Bess bnAbs. To confirm that there is little to no difference in neutraliza-

tion activity between native and universal light chain pairing, a select number of Bess bnAbs

for which we were able to recover the native light chains were also paired with the universal

light chain and the neutralization activities between the two pairings were compared on a

small virus panel. As expected, because the majority of epitope interactions are mediated by

the heavy chain knob, we did not observe a major difference in neutralization titers between

universal or native light chains for representative Bess antibodies (S4A Fig). A sequence align-

ment between the universal light chain and the recovered native light chains are shown in S4B

Fig. We tested all antibodies from the Bess and ElsE lineages for neutralization of viruses from

the 12-virus global panel (Fig 5B and S5 Table). Bess4 is the bnAb with the broadest neuraliza-

tion activity among the lineage and was able to neutralize seven of the 12 viruses from the

global panel (58% breadth), and the broadest ElsE antibody neutralized 67% of the panel.

These numbers were less broad than PGDM1400 and CAP256-VRC26.25, which neutralize

92% and 83% of the 12-virus panel, respectively, according to combined CATNAP HIV

sequence data across different studies, albeit with similar geomean IC50s for the global panel

(Figs 5B and S4C) [57]. Antibodies from both Bess and ElsE lineages showed some incomplete

neutralization (<95%) (S5 Fig and S5 Table).

We chose Bess1, Bess2, Bess4, ElsE1, and ElsE2 mAbs as representatives to be tested on 98

viruses from a large cross-clade panel [54,55] (Fig 5C). The ElsE lineage was the most potent

and broad overall. The neutralization patterns for both Bess and ElsE antibodies were similar

to those of human V2-apex antibodies CAP256-VRC26, which were unable or poorly able to

neutralize most Clade B viruses. However, ElsE and Bess antibodies were very broad and

potent against Clade A viruses. Additionally, Bess and ElsE antibodies tested on the panel did
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Fig 5. Broadly cow V2-apex neutralizing antibodies have ultralong CDRH3s and have moderate neutralization breadth and relatively high

potency. (A) CDRH3 sequence alignment is shown for Bess and ElsE antibodies compared to germline and NC-Cow1. The sequences for the

germline VH1–7, DH8-2, and JH10 regions are shown at the top. CDRH3 lengths (L) are shown to the right. Cysteines within the CDRH3s are

highlighted in blue. Negatively charged D and E amino acids are shown in red. (B) Summary results of Bess and ElsE series mAb neutralization

measured against a 12-virus global panel. Neutralizing geomean IC50 and geomean IC80 titers are shown for viruses neutralized at IC50 <50 μg/ml.

The table also includes percent breadth and the geomean maximum percentage neutralized (MPN) for viruses neutralized at IC50 <50 μg/ml.
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show some incomplete neutralization with plateauing at<100% neutralization or non-sigmoi-

dal curves. This behavior is not uncommon among trimer-specific antibodies [58–62]. Overall,

the antibodies were moderately broad and potent but less broad and less potent than the

CD4bs-targeting cow bnAb NC-Cow1 [50].

Bess and ElsE broadly neutralizing antibodies target the V2-apex trimer

and not all require tyrosine sulfation for neutralization

To assess epitope specificities of the recombinant mAbs, Bess4 and ElseE2 were selected as

Bess and ElsE representatives for competition biolayer interferometry (BLI) against a panel of

human antibodies that target known bnAb epitopes on the Env trimer of virus 25710. The BLI

experiments demonstrated competition of Bess and ElsE representatives with antibodies

CAP256-VRC26.09 and PGT145 (Fig 6A). These results suggest Bess and ElsE are targeting

the V2-apex. As V2-apex targeting antibodies are trimer specific or preferring, we used an

ELISA binding assay to determine if Bess or ElsE antibodies could bind to monomeric gp120.

Both lineages were unable to bind to the monomer (S6 Fig). SPR data were generated to quan-

tify binding affinity to BG505 trimers, which ranged in affinity (KD) from 858 to 16.9 nM (S7

Fig).

PGDM1400 and CAP256-VRC26.25 CATNAP data percent breadth, geomean IC50, and geomean IC80 are shown for comparison. C) MAbs Bess1,

Bess2, Bess4, ElsE1, and ElsE2 were analyzed for neutralization breadth and potency on 98 viruses of a muti-clade pseudovirus panel. Neutralization

breadth and geomean IC50 values are grouped by virus clade.

https://doi.org/10.1371/journal.ppat.1012042.g005

Fig 6. Bess and ElsE broadly neutralizing antibodies target the V2-apex trimer and not all require tyrosine sulfation for neutralization. (A) Bess4 and ElsE2

were mapped on isolate 25710 SOSIP using BLI epitope binning. Competing antibodies are categorized according to epitope. CAP256-VRC26.09 is referred to as

VRC26.09. Values shown in the table are percent competition. (B) Bess and ElsE neutralizing IC50 titers were evaluated for neutralization of wild-type and V2-apex

epitope-mutated residue viruses. (C) Bess1 neutralization was reduced following elimination of a sulfation motif in CDRH3. The CDRH3 of Bess1_WT and the

mutated Bess1_DF are shown together with comparative neutralization IC50 values in μg/ml in a bar chart.

https://doi.org/10.1371/journal.ppat.1012042.g006
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To better understand and define the epitope recognized, we chose Bess4 and ElsE2 as repre-

sentatives to look at the effect of V2-apex epitope mutations on BG505 virus neutralization.

Bess4 and ElsE2 neutralization titers were knocked out or reduced 30- to almost 400-fold for

Bess4 and ElsE2, respectively, when mutations at position N156, N160, and K169 were intro-

duced (Fig 6B). Human bnAbs PGT145, PG9, and CAP256-VRC26.09 are similarly affected by

mutations at these residues on the V2-apex epitope, suggesting Bess and ElsE bind to the V2-

apex of the trimer spike.

Finally, we wanted to determine whether tyrosine sulfation was present and necessary for

neutralization in those antibodies. We used BLI to determine if all of the antibodies would

bind to a mouse anti-sulfotyrosine antibody. The results were mixed. All of the Bess antibodies,

except Bess4 and Bess6, had tyrosine sulfation detected, while none of the ElsE antibodies had

detectable tyrosine sulfation (S8A Fig). To investigate the specific amino acids responsible for

the tyrosine sulfation, we mutated a DY motif in the wildtype Bess1 antibody to DF to elimi-

nate sulfation (Fig 6C), which was confirmed by ESI mass spectrometry (S8B Fig). The

Bess1_DF mutant was tested for neutralization against seven viruses and compared to the

Bess1 WT antibody. For almost every virus, neutralization was reduced but not eliminated

(Fig 6C). Of further note, the CDRH3 sequences of Bess4 and Bess5 are very similar, but the

more potent Bess4 does not have detectable tyrosine sulfation while Bess5 does, which could

be due to a YD motif present in Bess5 but not Bess4. Overall, Bess and ElsE antibodies demon-

strate a resemblance to other V2-apex targeting bnAbs in exclusive interactions with the trimer

spike. However, they exhibit a varying dependence on tyrosine sulfation for virus

neutralization.

Structures of Bess Fabs reveal similarities in structure and binding to HIV

trimers to human V2-apex bnAbs

Crystal structures were determined for 10 unliganded bovine Fab fragments, including ElsE1,

ElsE2, ElsE5, ElsE6, ElsE7, ElsE8, ElsE9, ElsE11, Bess4 and Bess7 (S9 Fig and S6 Table). The

ElsE Fabs all have CDRH3s with 54 amino acids and 4 cysteines, with a 1–3, 2–4 connectivity,

Bess7 has a 61-amino acid CDRH3 with 8 cysteines (1–6, 2–5, 3–7, 4–8 connectivity), while

the 55-amino acid CDRH3 knob region for Bess 4 (6 Cys, 1–3, 2–5, 4–6 connectivity) has no

ordered electron density in the crystal structure. Flexibility in the stalk is evident in a compari-

son of the ElsE family of structures (S9 Fig) that have similar CDRH3 knob sequences and

structures, but very different orientations of knob domains with respect to the body of the Fab.

For example, there are two Fabs in the ElsE11 asymmetric unit with a relative difference in the

knob orientation of ~114˚ (S9K and S9L Fig). The ability of the knobs to twist and rotate with

respect to the body of the Fab likely enhances the ability of bovine Fabs to access recessed epi-

topes. There is no convincing electron density to indicate tyrosine sulfation modifications in

any of the antibody CDRH3 regions; however, BLI experiments indicate that Bess7, with 3 tyr-

osines in CDRH3, contains one or more sulfated tyrosines (S8 Fig). Low sulfate occupancy or

flexibility in the CDRH3 knob region may explain the lack of electron density for these groups.

Ultralong bovine CDRH3 knob regions fold with 3 short β-strands connected by 2 loops

(Loop1, Loop2) of varying lengths that can adopt a multitude of different secondary structures,

including loops, helices and β-turns [25,44]. The ElsE series of Fabs all have highly similar

knob structures (S9 Fig and S7 Table) as expected from their high sequence similarity (Fig

5A). The Bess7 knob is quite different from the ElsE knobs, with its Loop2 region folding as a

long, 14-residue β-hairpin, with residues DEYA forming a slightly distorted type I β-turn at

the penultimate tip (S9 Fig and S7 Table). This hairpin turn bears some resemblance to the tip

of the long β-hairpin CDRH3 found in human HIV-1 bnAb PGT145, where residues NETysG
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form a type I β-turn at the tip and superposition of Bess7 (using the EY tip residues) onto a tri-

mer-bound PGT145 (using the ETys residues) shows that the stalk region is long enough to

allow the body of the Fab to avoid clashes with the trimer (S10A and S10B Fig). Bess7 is also

notable for its interesting disulfide connectivity pattern between the 8 cysteines in its knob,

with three (D gene positions 23, 24, 25) and two (D gene positions 39,40) sequential cysteines

in the sequence (Fig 5A). Additionally, we evaluated the complex between Bess1-Bess4 Fabs to

BG505 SOSIP using negative stain EM. We found all the Bess Fabs bound the V2-apex with a

high degree of overlap, suggesting that despite differences in sequence, especially between

Bess1-3 and Bess4, their mechanism of binding and approach angle to the SOSIP are similar

(S10C Fig).

To compare the binding interactions of the Bess antibodies with structurally characterized

V2-apex human bnAbs, we determined a ~3.3 Å cryo-EM structure of Bess4 Fab in complex

with BG505 SOSIP, in which 41/57 CDRH3 residues were resolved, allowing for atomic

modeling (Figs 7A and S11 and S8 Table). The Bess4 CDRH3 forms a knob like structure, sta-

bilized by 3 sets of disulfide bonds, and inserts down the Env apex 3-fold axis at an angle

between three N160 glycans (Fig 7B and 7C). All three N160 glycans contribute to the interface

with the antibody but at varying amounts (buried surface area between Bess4 CDRH3 and

N160 glycans: chain A– 250 Å2, chain E– 403 Å2, chain J: 95 Å2) (S11F Fig). This angled

approach is similar to human bnAbs PG9, PG16, and CAP256-VRC26.25, in contrast to

PGT145, which binds more perpendicularly with respect to the viral membrane [50,51] (Figs

7D and S11F). Strikingly, despite coming from a different species and containing unique

Fig 7. Cryo-EM structure of Bess4 in complex with BG505 SOSIP. (A) 3.3 Å cryo-EM reconstruction of Bess4 Fab in complex with BG505 SOSIP and RM20A3 Fab

(used to increase orientation sampling). (B) Atomic model of Bess4 CDRH3 backbone with 3 pairs of disulfide bonds highlighted. (C) View of CDRH3 interaction

with BG505 SOSIP as viewed down the trimer apex 3-fold axis. The three gp120 protomer chains are labeled A, B and C. (D) Comparison of Bess4 CDRH3 with

human bnAbs PG9, PG16, CAP256-VRC26.25 and PGT145. Viewing plane is perpendicular to the viral membrane, with trimer apex at the top of the Fig (E)

Comparison of contact residues of BG505 SOSIP as defined by a buried surface area>10 Å2 between antibody CDRH3 and gp120. Residues with an asterisk denote

contacts with N-linked glycan sugar(s).

https://doi.org/10.1371/journal.ppat.1012042.g007
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genetic properties relative to human bnAbs, Bess4 makes contacts with several residues also

found at the interface with PG9, PG16, CAP256-VRC26.25 and PGT145 (Figs 7E and S11G).

These structural similarities likely contribute to the broad neutralization measured for Bess4

and related antibodies in this study. 3D variability analysis of the EM data reveals significant

movement of the rest of the Fab relative to the CDRH3, suggesting that CDRH3 makes all the

critical contacts with Env, and contributions from other parts of the antibody are minor (S11H

and S11I Fig and S1 Movie).

Discussion

Previous studies demonstrated that cows immunized with HIV Env immunogens can rapidly

develop potent bnAbs to the CD4bs [50,51]. This situation contrasts with other animal models

where a sequential immunization regime involving different immunogens is likely required to

initiate and then shepherd an antibody response toward bnAbs. An interesting question was

whether the CD4bs had some specific features that were particularly amenable to ready recog-

nition by cow antibodies with ultralong CDRH3s or whether the cow immune repertoire was

inherently better suited to generate bnAbs to HIV. The study here, by describing cow bnAbs

to the V2-apex site, suggests that there is an inherent ability of cow antibodies that allows for

the development of broad neutralization of HIV, and this is related to the ultralong CDRH3

component of the cow repertoire. However, the bnAb sites are not equally accessed by cow

antibodies, at least for the immunogens deployed here. The V2-apex serum neutralizing titers

induced were lower and required more immunizations than those induced to the CD4bs, and

furthermore, the V2-apex bnAbs described here are somewhat less potent and broad than, for

example, than the CD4bs antibodies NC-Cow1 and MEL-1872 [50,51]. We did not observe

any CD4bs neutralizing activity in the bnAbs we isolated, or with the serum binding competi-

tion assay, or through EMPEM, which we propose was due to successful redirection of the

antibody response using V2-apex focusing immunogens. We note that the earlier demonstra-

tion of the induction of CD4bs bnAbs by a prime-boost immunization in Sok et al. 2017 used

the BG505 SOSIP immunogen as opposed to the C108 or MT145K SOSIP immunogens used

here. The MT145K Env trimer in particular has major differences in the CD4bs from the

BG505 trimer [50]. The C108 strategy produced superior titers in cow-488 as opposed to the

MT145K/C108 strategy used for cow-485, however the small number of cows in each group,

n = 2 per group, does not allow us to make concrete conclusions on the superiority of the

immunization strategy. Future studies using more cows would be necessary to make any con-

crete conclusions of the advantages between C108 and MT145K immunogens. The ability of

C108 to elicit V2-apex targeting neutralizing responses in cows, as well as those seen in rabbits

previously, does support C108’s potential utility as a V2-apex immunofocusing immunogen

[2]. Additionally, the cocktail of immunogens appeared to have a role in expanding the broadly

neutralizing serum response and using the cocktail for each immunization would be an inter-

esting future strategy, especially in comparison to the single immunogen/final cocktail strategy

used here. We chose to evaluate B cells from peripheral blood in this study due to ease of sam-

pling. Future studies would also benefit from evaluating humoral responses in milk and muco-

sal tissues.

Another aim for the study was to determine whether the higher frequency of long CDRH3s

in the cow antibody repertoire, which have lengths similar to those of V2-apex bnAbs isolated

from HIV-infected donors, would lead to the generation of V2-apex bnAbs that resemble

canonical bnAbs of this epitope class. In fact, all the bnAbs that we isolated were from the

ultralong CDRH3 compartment of the cow repertoire. Some of the “long” antibodies showed

binding to BG505 SOSIP, but none showed neutralization activity. This observation suggests
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that the ultralong CDRH3 antibodies have an advantage over the long CDRH3 antibodies in

recognizing HIV Env and are more competitive in the selection process involved in the initia-

tion and maturation of antibodies that lead to a bnAb response. One caveat is that long and

short CDRH3 antibodies in aggregate may have been placed at a disadvantage in our study, as

it is unclear if they can always pair with the universal cow light chain, although most were

tested with their native light chain.

A further rationale for this study was that, if it was possible to produce cow antibodies

directed to bnAb sites other than the CD4bs, then the antibodies might be useful in cocktails

to generate reagents with a greater activity across the diversity of HIV and to help restrict neu-

tralization escape. In particular, the knob structures associated with ultralong CDRH3 anti-

bodies have intrinsic potent bnAb activity and, therefore, represent small units that could be

incorporated into different frameworks. For example, an effective microbicide using bnAbs or

their derivatives would require a cocktail and the maintenance of potency and stability at low

pH. Previous studies showed that the ultralong CDRH3 cow bnAb, NC-Cow1, was able to

maintain gp120 binding in simulated vaginal fluid at pH 4.5 [50]. The ultralong knob domain

itself has been isolated from the full IgG framework and shown to be able to bind to antigens

of interest with similar affinity to the whole IgG [63,64]. Other studies have engineered knobs

into protein loops to produce novel multivalent molecules [65–69]. In addition to binding, a

recent study demonstrated that recombinant knob domains alone are able to potently neutral-

ize SARS-CoV-2 [37]. Therefore, a multivalent construct based on cow bnAb CDRH3 knobs,

or knob cocktails, may be worthy of investigation.

In summary, immunization of animal models and humans with native-like Env trimers

have been unable to reliably generate bnAbs as detected in notable serum titers with the single

exception of immunization of cows. This exception likely arises because of the propensity of

ultralong CDRH3 cow antibodies to penetrate the glycan shield and specifically recognize the

conserved regions of two bnAb sites on HIV Env. The knob structures responsible for broad

neutralization form protein units of exceptional stability that may find therapeutic applications

in appropriate formats.

Materials and methods

Ethics statement

Kansas State University Institutional Animal Care and Use Committee (IACUC Protocol #

3930) follows the regulations, policies, and guidelines put forth by the Animal Welfare Act,

United States Department of Agriculture (USDA) Animal Care Resource Guide, and the Pub-

lic Health Service (PHS) Policy on Humane Care and Use of Laboratory Animals. All protocols

outlined in this document were followed, including animal monitoring and assessment of ani-

mal health.

Experimental model and subject details

Cow Model: Bos taurus
Cell lines. Cells were HEK-derived and included 293T, 293F, and Expi293 cells. TZM-bl

cells are a He-La derived cell line that express CD4 receptor and CXCR4 and CCR5 chemokine

co-receptors and luciferase and β-galactosidase genes under the control of the HIV-1 pro-

moter. Both 293T and TZM-bl cell lines were maintained and used in complete Dulbecco’s

Modified Eagle Medium (complete DMEM) which is comprised of high-glucose Dulbecco’s

Modified Eagle Medium, 2 mM L-glutamine, 10% fetal bovine serum, and 1x Penicillin-Strep-

tomycin. The 293T and TZM-Bl cell lines were maintained at 37˚C and 5% CO2. 293F and
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Expi293 cells were maintained in Gibco Freestyle 293 Expression Medium (Thermo Fisher)

and Gibco Expi293 Expression Medium (Thermo Fisher) at 37˚C and 10% CO2 with shaking

at 120 RPM.

Method details

Cow immunizations. Antigen-specific B cell responses were primed and expanded by

immunization of Bos taurus calves. The calves were bled from the jugular vein as often as once

a week from the beginning of the immunizations and bi/tri-monthly during the last three

months of the immunizations. Blood for sera and for isolation of PBMCs were collected at the

same time, and terminal bleeds and splenocytes were collected at study termination. The calves

and samples were not randomized or blinded. The calves were immunized with the appropri-

ate immunogen at a dose of 200 μg per calf (formulated in Montanide ISA 201 adjuvant: Sep-

pic, France) for all priming and boosting steps except the final boost. The immunogens were

inoculated intradermally (200μl per site) on both sides of the neck region. The final boost was

done with a SOSIP cocktail containing BG505.664, CRF250, WITO, and ZmZm containing

100 μg of each SOSIP formulated as above. Group 1 with cow-485 and cow-16157 were immu-

nized with MT145K SOSIP.664 on days 0, 37, and 79, then with C108 SOSIP.664 on days 142

and 226. The final immunization on day 336 was done with a SOSIP.664 cocktail consisting of

BG505, CRF250, WITO, and ZmZm. Group 2 with cow-488 and cow-491 were immunized

with C108 SOSIP.664 on days 0, 37, 79, 142, and 226. The final immunization on day 336 was

done with a SOSIP.664 cocktail consisting of BG505, CRF250, WITO, and ZmZm.

IgG purified from sera. Sera samples were heat-inactivated in a 56˚C water bath for 30

minutes and spun at maximum speed in a table-top centrifuge for 20 minutes. Sera were subse-

quently incubated with an equal volume of dry Protein G Sepharose beads (GE) and twice the

volume of PBS. This was then incubated overnight at 4˚C on a nutator. The next day, the

beads were washed with 10x the volume of PBS, eluted with IgG elution buffer (Pierce), and

neutralized with 2M Tris pH 9.0. The eluted fraction was buffer exchanged into PBS and con-

centrated into the original sera volume used for the purification. Samples were filtered through

a 0.45 μm filter.

Pseudovirus neutralization assays and pseudovirus production. Replication incompe-

tent HIV pseudovirus was produced in HEK293T cells. They were co-transfected with plas-

mids containing HIV Env and PSG3ΔEnv backbone using a 1:2 ratio. FuGENE (Promega) was

used as a transfection reagent in Opti-MEM (Thermo Fisher) or Transfectagro (Corning).

Supernatants from cell cultures were harvested 48–72 hr post-transfection and sterile filtered

with a 0.22 mM filter. Pseudovirus was either used neat or concentrated as needed using 50k

amicon concentrators. Pseudovirus was either frozen or used fresh. Frozen pseudovirus was

titrated to determine the concentration needed for use. Neutralization assays were performed

by incubating 25 μl of monoclonal antibodies or IgG purified from sera with 25 μl of pseudo-

virus for 1 hr at 37˚C in full-area 96-well tissue culture polystyrene microplates (Corning).

After 1 hr 20 μl of TZM-bl target cells were added at a concentration of 0.5 million cells/mL

with 40 μg/mL of dextran final [70]. Cells were grown in a humidified incubator for 24 hr,

then 130 μl of media was added to all wells. 48–72 hr after cells were added, plates were read

on a luminometer (Biotek) by adding lysis buffer combined with Bright-Glo (Promega). IgG

purified from serum neutralization assays are reported as ID50 (1/dilution). Monoclonal anti-

body neutralization titers are reported as IC50 or IC80 (μg/mL) titers. If the antibody had a IC50

value of less than 0.005, the IC50 of 0.005 was used. Percent breadth was calculated as the %

breadth = (number of viruses neutralized)/(total viruses tested). nAb titer data panels are
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shown as geometric mean titers. ZM233 was used in place of ZMZM for neutralization assays.

Analysis and graphing were done in Prism software.

SOSIP trimer purification. MT145K, C108, CRF250, BG505.664dHis, WITO, 25710,

CRF250, and ZM233 SOSIP were expressed in HEK293F cells and purified as described previ-

ously described [52,71]. Briefly, SOSIP was transfected with 300 μg of trimer DNA, 150 μg of

Furin DNA, and 1.5 mL of PEI MAX 40000 (Polysciences) in Transfectagro. Five to six days

after transfection supernatants were harvested and purified using a Galanthus nivalis lectin

(Vector Labs) column or PGT145 affinity columns which are made by coupling CnBr-acti-

vated Sepharose 4B beads (GE Healthcare) to PGT145 bnAb antibody as described previously

[71]. Purified proteins were further purified with size exclusion chromatography columns

Superdex 200 10/300 GL column (Cytvia) in TBS or PBS. Trimers were frozen for storage at

-80˚C and then thawed and tested with ELISA or BLI for antigenicity with a range of known

non-neutralizing and neutralizing HIV specific antibodies. SOSIP used as sorting baits were

biotinylated using the Pierce Biotinylation Kit using the manufacturer’s protocol and tested

for biotinylation via ELISA.

Single cell sorting. Cow PBMCs and splenocytes were sorted as previously described with

study specific modifications [56]. Cow cells were thawed in a 37˚C water bath until only a

small pellet of ice remained. Cells were resuspended with 10 mL of pre-warmed buffer consist-

ing of 50% RPMI (Gibco) and 50% FBS. Cells were washed by centrifuging for 5 min at 400g.

Supernatant was discarded and the cell pellet was gently resuspended in 5 mL of cold FACS

Buffer (1x DPBS with 1% FBS, 1mM EDTA, and 25 mM HEPES). Cells were counted and

washed, the FACS Buffer was then removed. FACS antibody mastermix was added per 10 mil-

lion cells. FACS antibody master mix per 10 million cells consisted of 3.75 μg of FITC labeled

goat-anti cow antibodies (Abcam) and SOSIP baits diluted in FACS Buffer. Baits for the first

three sorts used 55.5 pM of each biotinylated and stained SOSIP which was coupled with fluor-

ophore conjugated streptavidin in a 4:1 molar ratio for 1 hr on ice in the dark. The fourth sort

used 200 nM of biotinylated SOSIP coupled in a 1:2 ratio with a streptavidin fluorophore.

Additionally, one of these SOSIPS was combined with PGT145 Fab after staining to form a

SOSIP-Fab complex. The cell and master mix combination was incubated on ice in the dark

for 30 minutes. After 30 minutes 1 mL of 1:300 diluted FVS510 Live/Dead stain (BD Biosci-

ences) was added per 10 million cells and incubated in the dark for 15 min. Cells were washed

in 10 mL of FACS buffer and resuspended in 500 μl per 10 million cells of FACS buffer. The

cells were filtered into a 5 mL round bottom FACS tube with a cell strainer cap (Falcon). The

fourth sort used MT145K SOSIP coupled with streptavidin-PE (Invitrogen) and MT145K

SOSIP complexed with Fab and coupled to streptavidin AF-647 (Invitrogen). The first and sec-

ond sort selected for cells that had double positive binding to two of the three SOSIP baits

which were 25710 (BV421, BD Biosciences), CRF250 (PE, Invitrogen), and MT145K (APC,

Invitrogen). The third sort selected for cells that demonstrated double positive binding for the

same SOSIP (MT145K or 25710) coupled individually to PE (Invitrogen) or AF-647 (Invitro-

gen). Cells from the first three sorts were sorted into 96-well plates containing 20 μl/well of

lysis buffer on FACS ARIA III BD FACS sorter and immediately frozen on dry ice. Lysis buffer

consists of 2.5 mM RNaseOUT (Invitrogen), 1.25x SuperScript IV Reverse Transcriptase

Buffer (Invitrogen), 6.25 mM DTT, and 1% Igepal CA-630 (Sigma-Aldrich). The fourth sort

selected cells positive to binding only MT145K SOSIP (PE) and did not have affinity for

MT145K-PGT145 Fab Complex (AF-647). Cells were sorted into dry 96-well plates that were

immediately frozen on dry ice. Data was analyzed using FlowJo.

Single cell PCR amplification and cloning. cDNA was generated from single cells sorted

into plates using RT-PCR. RT-PCRs were done two ways depending on if the plate was dry or

had lysis buffer. The plates with lysis buffer had 9 μl of RT-PCR buffer added to them
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consisting of 100 U of SuperScript IV Reverse Transcriptase Enzyme (Invitrogen), 1.1 mM

dNTPs(New England Biolabs), 0.44x SSIV buffer(Invitrogen), and 0.375 μg of random hexam-

ers (Gene Link). Each well in the dry plates received 15 μl of 3.33 mM RNaseOut (Invitrogen),

1x SuperScript IV Reverse Transcriptase Buffer (Invitrogen), 100 U of SuperScript IV Reverse

Transcriptase Enzyme (Invitrogen), 0.225 μg of random hexamers (Gene Link), 0.33 mM

dNTPs (New England Biolabs), 4.3 mM DTT, and the rest supplemented by RNAse Free

Water.. RT PCR used the following PCR program: 10min at 42˚C, 10 min at 25˚C, 10 min at

50˚C, followed by 5 mins at 94˚C. Nested PCRs were done to amplify heavy chain and lambda

light chain variable regions using multiple primers. PCR1 used primers CowVHfwd1:

CCCTCCTCTTTGTGCTSTCAGCCC, CowIgGrev1: GTCACCATGCTGCTGAGAGA, and

CowIgGrev2: CTTTCGGGGCTGTGGTGGAGGC. PCR1s were done in 20 μl reactions per

well/single cell using 3 μl of RT PCR product, 1x HotStarTaq Mastermix (New England Bio-

labs), 0.2 μM of forward primers total, and 0.2 μM of reverse primers total, with the rest sup-

plemented by RNAse Free Water. The following PCR program was used: 15s at 95˚C, 49 cycles

of 30s at 94˚C, 30s at 55˚C, and 60s at 72˚C followed by an extension for 10 min at 72˚C. PCR2

was done using heavy chain primers CowVHPCR2:CATCCTTTTTCTAGTAGCAACTG-

CAACCGGTGTACATTCCMAGGTGCAGCTGCRGGAGTC and CowIgGRevPCR2:

GGAAGACCGATGGGCCCTTGGTCGACGCTGAGGAGACGGTGACCAGGAGTCCTTG

GCC. Light chains were amplified with primers L Leader 2 F: CACCATGGCCTGGTCCC

CTCTG, L Leader 15F: GGAACCTTTCCTGCAGCTC, L Leader 16 F: GCTTGCTTAT

GGCTCAGGTC, L Leader 35F: GACCCCAGACTCACCATCTC, L Leader 45 F: AGGGCT

GCGGGCTCAGAAGGCAGC, L Leader 55 F: CTGCCCCTCCTCACTCTCTGC, and Cow_

LC_rev1: AAGTCGCTGATGAGACACACC. PCR2 was done for the light chain using prim-

ers Fwd-PCR2-LC: CATCCTTTTTCTAGTAGCAACTGCAACCGGTGTACACCAGG

CTGTGCTGACTCAG and LC_REV_const-PCR2: GTTGGCTTGAAGCTCCTCACTCG

AGGGYGGGAACAGAGTG. The PCR 2 was used to add tags for Gibson assembly. PCR2

introduced homology to the cut ends of the variable regions for later cloning and were done in

25 μl reactions per well/single cell using 2 μl of PCR product from PCR1, 0.5 U of Phusion

Enzyme (Thermo Fisher), 0.2 mM dNTPs at 10 mM each (New England Biolabs), 1 μM of for-

ward primers total, 1 μM of reverse primers total,1.5 mM MgCl2, 1x HF Buffer (Thermo

Fisher), and the rest supplemented with RNAse Free Water using the following PCR program:

30s at 98˚C then 34 cycles of 10s at 98˚C, 40s at 72˚C, followed by an extension for 5 min at

72˚C. PCR products were resolved with E-gel 96 Agarose Gels 2% (Invitrogen) to determine if

PCR chains were properly amplified. PCR products were purified using SPRIselect beads

(Beckman Coulter) and amplified variable regions were sanger sequenced and results were

analyzed using the International ImMunoGeneTics (IMGT) Information System (www.imgt.

org) V-quest [72]. All isolated variable regions from PCR products were constructed into

human antibody expression vectors with appropriate IgG1 or Ig lambda constant domains

using high throughput NEBuilder HiFi DNA assembly system. 10 ng of restriction enzyme

digested backbone was combined with 20 ng of SPRI cleaned PCR product followed by the

appropriate volume of 2x HiFi master mix (New England Biolabs). Gibson assembly reactions

were transformed into DH5 Alpha Competent Cells (Biopioneer) and single cultures were

grown up and purified using QIAprep Spin Miniprep Kit (Qiagen).

Antibody and Fab production and purification. Monoclonal antibodies were transiently

expressed in Expi293 and 293F cells. Monoclonal cow antibodies were expressed with bovine

VL, VH, and human CL, CH regions. In Expi293 cells heavy chain and light chain pairs were

co-transfected at a ratio of 1:2.5 with FectoPRO (Polyplus) in Opti-MEM (Thermo Fisher) or

Transfectagro (Corning). After 22–24 hr cultures were supplemented with 300 mM of sodium

valproic acid solution (Sigma-Aldrich) and 45% D-(+)- glucose solution (Sigma-Aldrich). In
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293F cells, heavy chain and light chain DNA were added in a 1:1 ratio with PEI as a transfec-

tion reagent in Opti-MEM (Thermo Fisher) or Transfectagro (Corning). The supernatant was

collected 4–5 days after transfection and sterile filtered through an 0.22 or 0.45 mm filter. Ster-

ile supernatants were used for screening or whole IgGs were purified using Protein A Sephar-

ose (GE Healthcare) or Praesto AP (Purolite).

Fabs were produced either with papain digestion or recombinantly. For digestion from

monoclonal antibodies, Fabs were prepared with the Pierce Fab Preparation Kit (Thermo

Fisher) following the manufacturer’s protocol for human Fab digest. Fab from polyclonal IgG

purified from sera were prepared using Pierce Fab Preparation Kit with each digest at 0.5 mg/

mL and a digest time of 16 hr.

Fabs with bovine VL, VH, and human CL, CH1 regions were expressed by transient transfec-

tion in Expi293F cells (Thermo Fisher) following the manufacturer’s standard protocol. Fabs

were purified from the media using CaptureSelect CH1-XL resin (Thermo Fisher) and further

purified by size exclusion chromatography on a Superdex 200 16/600 column (Cytiva) with

running buffer 20mM Tris, 150mM NaCl, pH 8.

High throughput antibody screening. Antibodies were transiently expressed in 3 mL cell

cultures of Expi293 cells using 24 deep-well plates (Thermo Fisher). After 4 days, supernatants

were harvested and filtered with 0.22 or 0.45 μm membrane filters and were used neat for ini-

tial screening of expression, SOSIP binding, and neutralization. We used an antibody detec-

tion ELISA to determine if antibodies were expressed and able to bind to trimer (see ELISA

section). If antibodies were expressed, neat supernatant was tested for neutralization. Neutrali-

zation assays were done as previously described using autologous CRF250 and C108 viruses

and 12-virus panel virus CNE55. If any neutralization was detected, antibodies were expressed

in 30 to 50 mL cultures and purified using Protein A Sepharose (GE Healthcare) or Praesto AP

(Purolite). Purified monoclonal antibodies were tested for neutralization and subsequent anal-

ysis. IgHV1-7 derived heavy chains were paired with universal V30 light chains and native

light chains if they were recovered. Others were only screened with native light chain when

recovered [25,44]. The neutralization was not different between purified monoclonals tested

with native and universal light chain and all large-scale production of Bess monoclonals were

expressed with V30 light chains. ElsE antibodies were all expressed and further tested with

their native light chains.

BioLayer interferometry (BLI) assays. BLI assays were performed using polypropylene

black 96-well microplate (Greiner) on an Octet RED384 instrument at 30˚C, in the octet buffer

comprising PBS with 0.05% Tween. All reagents were diluted with octet buffer. Antibody com-

petition assays were done in-tandem to determine the binding epitopes of isolated monoclonal

antibodies. 222 nM of biotinylated 25710 SOSIP was captured with Streptavidin (SA) biosen-

sors (Sartorius) for 10 min and transferred to Octet buffer for 1 min to wash off unbound

SOSIP. Sensors were then moved into monoclonal Bess and ElsE antibodies at a concentration

of 400 nM for 10 min and washed off in octet buffer for 1 min. Biosensors were then moved

into known antibodies at a concentration of 200 nM for 5 min. The percent inhibition in bind-

ing was calculated with the formula: Percent binding inhibition (%) = 1- (competitor antibody

binding response in presence of saturating antibody) / (binding response of the competitor

antibody without saturating antibody). BLI assays to determine binding of Bess and ElsE to

anti-sulfotyrosine antibodies were performed using polypropylene black 384-well microplate

(Greiner) on an Octet RED384 instrument at 30˚C in octet buffer. We used anti-human IgG

Fc Capture (AHC) biosensors (Sartorius) to capture monoclonal antibodies at a concentration

of 50 μg/mL for 5 min and washed with octet buffer. After antibodies were captured, the bio-

sensor was moved into 1:50 diluted mouse Anti-Sulfotyrosine Antibody, Clone Sulfo-1C-A2
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(MilliporeSigma) to detect binding for 200 sec. All dilution and incubation steps were per-

formed in 1x PBS with 0.05% Tween. Analysis and graphing were done in Prism software.

ELISA assays. All ELISA assays were done with half-area 96-well high binding ELISA

plates (Corning). All washes were done 3x with PBS containing 0.05% Tween20 and all anti-

bodies, except those used for coating, were diluted in PBS containing 1% BSA and 0.025%

Tween20. All reagents added to the plate were in 50 μl volumes per well, except blocking

which was done in 150 μl volumes. All steps and incubations were done at room temperature

unless otherwise stated. All plates were developed with phosphatase substrate (Sigma-Aldrich)

diluted in alkaline phosphatase staining buffer (pH 9.8), according to manufacturer’s instruc-

tions. Optical density at 405 nm was read on a microplate reader (Molecular Devices). Sera

competition ELISA assay plates were coated with PBS containing 250 ng of anti-6x His tag

monoclonal antibody (Invitrogen) and left covered overnight at 4˚C. The next day plates were

washed and blocked with 3% BSA for 1–2 hr at 37˚C. After washing 125 μg of his-tagged

BG505 was added to all wells for 1 hr. IgG purified from sera were added using serial dilutions

starting at 1:20 with seven 4-fold dilutions and incubated for 1 hr. Biotinylated monoclonal

antibodies with known epitopes were then added at a constant concentration, depending on

their previously measured EC70 value, for 1 hr. After washing, alkaline phosphatase conjugated

to streptavidin at a dilution of 1:1000 (Jackson ImmunoResearch) was added to plates and

allowed to incubated for 1 hr. Plates were washed, substrate was added, and plates were read as

mentioned previously. Biotinylated antibody EC70’s were measured using the same methods,

but without the addition of purified IgG from sera. ELISA assays for gp120 binding were done

by coating each plate with PBS containing 250 ng of BG505 gp120 and left covered overnight

at 4˚C. The next day plates were washed and blocked with 3% BSA for 1–2 hrs. Monoclonal

antibodies were added using serial dilutions starting at 20 μg/mL with seven 6-fold dilutions

and incubated for 1 hr. After washing, alkaline phosphatase conjugated anti-human F(ab’)2

secondary antibodies (Jackson ImmunoResearch) at a dilution of 1:1000 were added to plates

and incubated for 1 hr. After a final wash, substrate was added, and plates were read as men-

tioned previously. High throughput antibody expression assays used ELISA for the detection

of antibody expression and BG505 SOSIP binding in harvested expi293 transfected superna-

tant. Plates were coated overnight at 4˚C with PBS containing 100 ng of AffiniPure Fragment

Goat Anti-Human IgG, F(ab’)2 (Jackson ImmunoResearch). Next day the plates were washed

and blocked with 3% BSA for 2 hr at 37˚C. 50 μl of neat supernatant were added to each well

for 1 hr. After washing Alkaline phosphatase conjugated anti-human Fc secondary antibodies

(Jackson ImmunoResearch) was added at a dilution of 1:1000 for 1 hr. After a final wash, sub-

strate was added, and plates were read as mentioned previously. The trimer binding ELISA

assay used plates coated with 100 ng of 6x His tag monoclonal antibodies (Invitrogen) in PBS

and left overnight at 4˚C. The next day plates were washed then blocked with 3% BSA for 2 hr

at 37˚C. Plates were washed, then 125 μg of 6x His-tagged BG505 SOSIP were incubated in

each well for 1 hr. Plates were washed and neat supernatant from high throughput antibody

transfections were added for 1 hr. Plates were washed and alkaline phosphatase conjugated

anti-human F(ab’)2 secondary antibodies (Jackson ImmunoResearch) at a dilution of 1:1000

were added to each well. After a final wash, substrate was added, and plates were read as men-

tioned previously. All data and graphs were analyzed using Prism software.

Phylogenetic tree building. Phylogenetic trees were created using Geneious Prime soft-

ware. The full variable region or the CDRH3 of NC-Cow1, Bess, and ElsE amino acids starting

were aligned with Clustal Omega 1.2.3. The alignment was made into a tree using Geneious

Tree Builder software. We used Jukes-Cantor for the genetic distance model and the Neigh-

bor-Joining Tree Build Method.

PLOS PATHOGENS Immunization of cows with HIV envelope trimers generates bnAbs to the V2-apex

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012042 September 9, 2024 21 / 32

https://doi.org/10.1371/journal.ppat.1012042


X-ray crystallography. Recombinant Fabs were screened for crystallization with our

robotic Rigaku CrystalMation system and JCSG 1–4 crystal screens at 4˚ and 20˚. Crystalliza-

tion conditions for crystals used for data collection are included in S6 Table. Data were col-

lected at synchrotron beamlines at SSRL, ALS, and APS (S6 Table) and processed with HKL-

2000 [73]. Structures were determined by molecular replacement using model coordinates

from Fab BLV1H12 (PDB 4K3D) and Phaser [25,74]. Models were adjusted and rebuilt in

Coot and refined with Phenix.refine [75,76]. Final data collection and refinement parameters

are listed in S6 Table.

Electron-microscopy polyclonal epitope mapping (EMPEM). Polyclonal IgG was iso-

lated and digested to Fab using papain as described above (Sera IgG purifications and Antibody
and Fab production and purification). 1 mg of polyclonal Fab from either cow-485 or cow-488

was incubated with 15 μg of BG505 SOSIP.664 overnight and purified the next morning using

a Cytiva Superdex 200 Increase size-exclusion column. Fractions corresponding to immune

complexes were pooled and adsorbed onto 400-mesh carbon-coated copper grids (Electron

Microscopy Sciences) at a concentration of ~0.02 mg/mL for 10 s before blotting off the excess

liquid. Grids were stained for 45 s using 2% (w/v) uranyl formate (Electron Microscopy Sci-

ences) before blotting. Imaging was performed using an FEI Tecnai TF20 transmission elec-

tron microscope operating at 200 kV, equipped with a 4K TVIPS TemCam Tietz F416 camera

(62,000x magnification, 1.774 Å pixel size). Automated data collection was performed using

the Leginon suite and data processing was performed using Relion 3.0, following standard pro-

cedures[77,78].

Cryo-electron microscopy. 0.2 mg of BG505 SOSIP was incubated with 0.15 mg of Bess4

Fab (from this study) and 0.3 mg of base-directed RM20A3 Fab (to increase angular sampling

in cryo-EM) overnight at room temperature and purified the following morning using a

HiLoad 16/600 Superdex 200 pg (Cytiva) gel filtration column [79]. The complex was then

concentrated to 5 mg/mL for application onto cryoEM grids. Cryo grids were prepared using a

Vitrobot Mark IV (Thermo Fisher Scientific). The temperature was set to 4˚C and humidity

was maintained at 100% during the freezing process. The blotting force was set to 1 and wait

time was set to 10 s. Blotting time was varied from 3 to 4 s. Detergents lauryl maltose neopentyl

glycol (LMNG; Anatrace) or n-Dodecyl-β-D-Maltoside (DDM; Anatrace) at final concentra-

tions of 0.005 or 0.06 mM, respectively, were used for freezing. Quantifoil R 1.2/1.3 (Cu,

300-mesh; Quantifoil Micro Tools GmbH) or UltrAuFoil 1.2/1.3 (Au, 300-mesh; Quantifoil

Micro Tools GmbH) grids were used and treated with Ar/O2 plasma (Solarus plasma cleaner,

Gatan) for 8 sec before sample application. 0.5 μL of detergent was mixed with 3.5 μL of sam-

ples and 3 μL of the mixture was immediately loaded onto the grid. Following blotting, the

grids were plunge-frozen into liquid nitrogen-cooled liquid ethane. Samples were loaded into

a Thermo Fisher Scientific Titan Krios operating at 300 kV. Exposure magnification was set to

130,000x with a pixel size at the specimen plane of 1.045 Å. Leginon software was used for

automated data collection [77]. Micrograph movie frames were motion corrected and dose

weighted using MotionCor2 and imported into cryoSPARC for the remainder of data process-

ing. CTF correction was performed using cryoSPARC Patch CTF [80,81]. Particle picking was

performed using blob picker initially followed by template picker. Multiple rounds of 2D clas-

sification and 3D ab-initio reconstruction were performed prior to 3D non-uniform refine-

ment with global CTF refinement. Due to substoichiometric binding and high flexibility of the

Bess4 antibody with respect to the trimer, particles were symmetry expanded (C3 symmetry),

subjected to 3D Variability with a mask over the trimer apex, and 3D Variability clustering

analysis. Clusters with visible Fab density were pooled, duplicate particles removed, and a final

Non-Uniform Refinement was performed (C1 symmetry) with global resolution estimated by

FSC 0.143. Final data collection and processing stats are summarized in S8 Table. The Bess4
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Fab x-ray structure (this study) was docked into the EM map along with a model of BG505

SOSIP in complex with RM20A3 (PDB 6x9r) in UCSF Chimera [82]. The missing CDRH3 res-

idues from the x-ray structure were built manually in Coot 0.9.8 and real space refinement

using Rosetta and Phenix [83–85]. The final model includes 41 of the 55 CDRH3 residues of

Bess4, and all other regions of the Fab were trimmed due to lower map resolution resulting

from high flexibility. The final model was validated using MolProbity and EMRinger in the

Phenix suite, and statistics are summarized in S8 Table. The map and model have been depos-

ited to the Electron Microscopy Data Bank and Protein Data Bank, respectively with accession

codes summarized in S8 Table.

Production of cDNA from PBMCs. Total RNA was extracted from PBMCs using RNeasy

mini kit (Qiagen) from D359. Following RNA isolation, cDNA was made using Superscript IV

reverse transcriptase (Thermo Fisher). For the cDNA reaction, 549 ng (3 μL) of RNA was used

as template, along with 167 nM (1 μL) of JH Bov rvs primer (TGAGGAGACGGTGACCAG

GAGTC), 1 μL dNTP, and 9 μL of DNase and RNase-free water. This mixture was incubated

at 65˚C for 5 min. 5X buffer was vortexed and spun down, after which 4 μL of 5X buffer was

mixed with 1 μL DTT, 1 μL ribonuclease inhibitor, and 1 μL SuperScript IV. All 8 components

were then mixed, followed by incubation at 52˚C for 10 min and then 80˚C for 10 min.

PCR and sequencing. PCR to amplify cow antibody heavy chains was set up as follows:

2.5 μL of 10 μM forward primer, 2.5 μL of 10 μM reverse primer, 2 μL of cDNA, 25 μL of 2X

Q5 Hot-start High-fidelity Master Mix (NEB), 18 μL of DNase and RNase-free water. The

cycling parameters were as follows: 98˚C for 1 min, 98˚C for 10 s, 72˚C for 1 min, repeat Steps

2 and 3 34 more times, 72˚C for 2 min, hold at 4˚C. The CDR1F forward primer, which

anneals to VH1-7, has the following sequence: TTGAGCGACAAGGCTGTAGGCTG. The

VH4 forward primer, which anneals to all cow VH genes, has the following sequence:

CTGGGTCCGCCAGGCTCC. The JH Bov rvs reverse primer (see above), which anneals to

cow JH2-4, was used as the reverse primer in all reactions. Following PCR, the products were

purified using the QIAquick PCR Purification Kit (Qiagen) according to the manufacturer’s pro-

tocol. PCR products were then sent to GeneWiz for Amplicon-EZ sequencing, which was per-

formed on an Illumina platform to generate ~100,000 2 X 250 bp paired-end reads per sample.

Computational analysis of sequences. Once sequences were obtained from GeneWiz,

non-functional sequences were removed using SAS. Sequences were considered non-func-

tional if they did not start with the conserved VRXA motif, where X represents any amino

acid, or if they did not contain the conserved WG motif at the end of CDRH3. In addition, any

sequence was considered non-functional if it contained a premature stop codon in the VH

region or if it was less than 220 bp (73 amino acids) long. Using the R computer programming

language, the abundance of each amino acid sequence was determined. Analysis of CDRH3

sequences and ultralong antibodies was also performed in R.

Supporting information

S1 Fig. Electron microscopy-based polyclonal epitope mapping of serum antibodies. Poly-

clonal IgG was isolated from cow-485 and cow-488, digested to Fab, incubated with BG505

SOSIP.664, purified by size-exclusion chromatography and imaged by negative-stain EM. 2D

and 3D class averages (oriented as side views with viral membrane at the bottom) are shown

for each dataset. Annotated observations in the 2D classes are as follow: 1) unbound Env tri-

mer, 2) Fab-bound protomers (dissociated trimer), 3) gp41 base-directed Fabs in complex

with trimer, 4) apex-directed Fabs in complex with trimer. Interpretable 3D classes reveal pre-

dominantly base-directed (both cows), and apex-directed antibody responses (cow-485).

(TIF)

PLOS PATHOGENS Immunization of cows with HIV envelope trimers generates bnAbs to the V2-apex

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012042 September 9, 2024 23 / 32

http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012042.s001
https://doi.org/10.1371/journal.ppat.1012042


S2 Fig. Four single B cell sorts were used to isolate monoclonal antibodies of interest. Each

sort was completed using samples from both cow-488 and cow-485. The top row shows the

overall gating to sort the B cell population and subsequent lines show the strategy for each sort

with approximate gating. Sort 1 and Sort 2 isolated cells that had affinity for at least two baits

including 25710 SOSIP, CRF250 SOSIP, and MT145K SOSIP. Sort 3 isolated cells that double

bound the same bait, either 25710 or MT145K. Sort 4 isolated V2-apex specific cells that

bound bait MT145K.

(TIF)

S3 Fig. Phylogenetic trees of both the full variable region and CDRH3s of ElsE and Bess

antibodies. Else, Bess, and NC-Cow1 full variable regions (top) and the CDRH3 regions (bot-

tom) were aligned by amino acid and categorized into a phylogenetic trees based on their

amino acid similarity. Bess antibodies are colored in red, ElsE in blue, and NC-Cow1 in pur-

ple.

(TIF)

S4 Fig. ElsE and Bess neutralizing titer comparison with native light chains and potent

V2-apex bnAbs. (A) Comparison of Bess3 and Bess4 neutralizing titers when expressed with

native or universal light chain. (B) Alignment of native Bess and ElsE Light Chains with cow

universal light chain. (C) Comparison of a few representative Bess and ElsE antibodies with

PGDM1400 and CAP256-VRC26.25 IC50 (μg/ml) neutralization titers.

(TIF)

S5 Fig. Global 12-virus panel neutralization curves of Bess4 and ElsE1. Neutralization

curves are shown for the 12-virus global panel for the two bnAbs, Bess4 and ElsE1. Neutraliza-

tion curves are shown across two different plots depending on the serum dilution factor used

in the assay.

(TIF)

S6 Fig. Bess and ElsE antibodies were evaluated for their ability to bind to monomer. All

Bess and ElsE antibodies were measured for binding to BG505 gp120 using ELISA. Antibody

controls include positive controls VRC01 and F425, and negative control CAP256-VRC26.09

(VRC26.09). Bess1-8, ElsE1-11 mAbs, and CAP256-VRC26.09 showed no detectable binding

to BG505 gp120.

(TIF)

S7 Fig. SPR Data of ElsE and Bess antibodies binding to BG505 SOSIP. Summarized results

of BG505 binding to Bess and ElsE mAbs via Protein A capture, multi-cycle method. SPR

experiments are shown in black and best global fits are shown in red. 1:1 Langmuir binding

model and stead-state were used to calculate the association (ka) and dissociation (kd) rate

constants where indicated. Experimental traces obtained from SPR sensograms for BG505

SOSIP binding to mAbs are also shown. SPR experiments are represented in black and best

global fits are indicated in red. 1:1 Langmuir binding model and steady-state were used to cal-

culate the association (ka) and dissociation (kd) rate constants.

(TIF)

S8 Fig. Bess and ElsE antibodies were evaluated for evidence of tyrosine sulfation. (A) Bess

and ElsE series mAbs were evaluated for their ability to bind to a mouse derived anti-sulfotyro-

sine antibody using BLI. NC-Cow1 and Den3 were used as negative controls.

CAP256-VRC26.09 and PGT145 were used as positive controls. The table showing which anti-

bodies are bound is shown on the top. Positive and negative control lines are shown as dashes

on the bottom. (B) To evaluate the loss of tyrosine sulfation, ESI mass spectrometry was used
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to compare the mass difference of Bess1_WT and Bess1_DF Mutant. ESI mass spectrometry

spectra are shown. Below is a chart with a comparison of the mass differences and expectations

for the mAbs, amino acids, and tyrosine sulfation sizes sulfation are summarized at the bot-

tom. Expected mass is the calculated amino acid mass for the WT and DF mutant respectively,

differences are due to presence or absence of tyrosine sulfation.

(TIF)

S9 Fig. Crystal structures of ElsE and Bess Fabs. The light and heavy chains are colored light

and dark blue, respectively, with the ultralong CDR H3s highlighted in red. Two structures

(ElsE8 and ElsE11) contain two Fabs in the crystallographic asymmetric unit, with both shown

here. CDR H3 knob regions have very weak electron density in the Bess4 and ElsE8 mol1

structures that are not modeled. Extreme flexibility in the stalk regions is evident among these

structures, for example when comparing the two Fab molecules in the asymmetric unit for

ElsE11, where the knob domains are rotated approximately 114˚ from each other. (A) Fab

Bess4, 2.8Å, (B) Fab Bess7, 2.1Å, (C) ElsE1, 1.81Å, (D) ElsE2,1.90Å, (E) ElsE5, 1.89Å, (F)

ElsE6, 2.35Å, (G) ElsE7, 2.54Å, (H) ElsE8 mol1, 1.83Å, (I) ElsE8 mol2, 1.83Å, (J) ElsE9, 2.3Å,

(K) ElsE11 mol1, 2.65Å, (L) ElsE11 mol2, 2.65Å. (M) The knob of Fab ElsE1 is shown with sec-

ondary structural elements highlighted with cartoon strands or helices. There are 2 disulfide

bonds in the ElsE family of Fabs, linking residues 103–123 and 113–127 (red). ElsE1 has a

short α-helical region between residues 110–113, and a short 310 helical region between resi-

dues 130–132. In addition to the canonical type II turn are residues 105–106 (i+1, i+2) there is

a type II turn at residues 118–119 (i+1, i+2) followed immediately by a type I turn around resi-

dues 120–121 (i+1, i+2). (N) The knob of Bess7 is very different from those of the ElsE family

of Fabs, with 4 disulfide bonds between residues 105–128, 115–127, 121–142, and 126–143.

There is a short helical turn between residues 117–119. (O) The ultralong CDR H3’s from the

ElsE Fabs (ElsE1, ElsE2, ElsE5, ElsE6, ElsE7, ElsE8, ElsE9, ElsE11) with ordered knob electron

density are superimposed by their CPDG type II beta turn motifs. These CDR knobs are all

highly similar (see Fig 4C for sequences) in sequence and structure. (P) Same as for (O), how-

ever the Bess7 CDR H3 (blue) has been included in the superposition to show the difference in

its knob region. (Q) Same as (P) but rotated to give another view of the ultralong CDRH3’s.

(TIF)

S10 Fig. Simple model for Bess7 binding to SOSIP trimer and negative stain reconstruc-

tion of Bess bound to BG505 SOSIP. (A) Structural similarities of the Bess7 and PGT145

CDRH3 regions. The Loop region of the Bess7 knob folds into a 14 residues β-hairpin, with

i-i+3 residues DEYA at the distal tip. The long CDRH3 of human anti-HIV Fab PGT145 has a

similar type I β-turn at its tip, with i-i+3 residues NETysG. (B) The Bess7 Fab was superim-

posed onto Fab PGT145 bound to an HIV trimer (PDB 5V8L) using residues 134–135 (Tyr-

Glu) from the Bess7 knob and residues 100H-100I (Tys-Glu) from PGT145. Bess7 is shown in

yellow, PGT145 in light blue, and the trimer as a solid gray surface. An enlargement of the resi-

dues used for the superposition is shown in the upper right panel. The long Bess7 stalk might

enable the body of the Bess7 Fab to avoid clashes with the trimer. While Tys100H in PGT145

is sulfated, we did not see convincing electron density for sulfation on the Bess 7 residue Tyr

134. Potential flexibility in the Bess7 stalk region has not been considered in this very simple

model. (C) Negative stain 3D reconstructions of Bess1, Bess2, Bess3 or Bess4 in complex with

BG505 SOSIP and base-binding Fab RM20A3 (added for angular sampling.

(TIF)

S11 Fig. Cryo-EM data processing and atomic modeling details of Bess4 in complex with

BG505 SOSIP (PDB: 8TQ1). (A) Representative 2D class averages. (B) Fourier Shell
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Correlation resolution estimation. (C) Angular distribution. (D) Local resolution estimation

(Å) of the Bess4-BG505-RM20A3 cryo-EM dataset. (E) EM map density (contoured at 5σ) and

modeled residues of CDRH3. (F) EM map density (contoured at 5σ) with a focus on CDRH3

interactions with Env N160 glycans. Calculated buried surface area (BSA) between CDRH3

and modeled glycans from each protomer are listed. (G) Overlay of CDRH3 from Bess4 and

four human bnAbs, with BG505 SOSIP trimer shown as surface transparency. (H) Predicted

hydrogen bonds and salt bridges between Bess4 and BG505 SOSIP. (I) Unsharpened and low

contour (2σ) map of Bess4-BG505-RM20A3 with the Fv portion of the Bess4 crystal structure

docked in.

(TIF)

S1 Movie. 3D variability analysis of cryo-EM data demonstrates movement of Bess4 mAb

relative to BG505 SOSIP. Related to Fig 6.

(MPG)

S1 Table. Neutralization ID50 titers are shown for IgG purified from sera tested against

murine leukemia virus (MLV) for all four cows over the course of immunization. ID50 val-

ues are shown as 1/dilution.

(PDF)

S2 Table Neutralization ID50 titers are shown for IgG purified from sera from Day 359 of

all four cows Geomean ID50 values and percent breadth are shown at the bottom of the

graph ID50 values are shown as 1/dilution.

(PDF)

S3 Table. Neutralization IC50 (μg/ml) and ID50 (1/dilution) titers are shown for ID50 (1/

dilution) and IgG purified from sera from Day 359 for cow-485 and cow-488. Geomean

IC50 and ID50 values are shown at the bottom of the graph.

(PDF)

S4 Table. Table of recovered heavy chains tested with native and universal light chains.

(PDF)

S5 Table. ElsE and Bess antibodies were tested for their ability to neutralize the 12-virus

global panel. IC50 (μg/ml), IC80 (μg/ml), and MPN (%) are shown for all antibodies whose

IC50 reach at least 50% neutralization. MPN = Maximum Percent Neutralized.

(PDF)

S6 Table. X-ray data collection and refinement statistics for Bess and ElsE Fabs.

(PDF)

S7 Table. Secondary structural elements in stalk/knob regions. # = residue number,

AA = residue type, and SS = secondary structure type. DSSP was used to assign the secondary

structure type for residues in stalk/knob regions from the crystal structures [86]. SS are desig-

nated as: α-helix: H, 310 helix: G, extended strand: E, bend: S, hydrogen bonded turn: T. Blank

fields have ‘coil’ secondary structure. Blank AA fields indicate unmodeled residues. Residues

at the tips of the two knob ‘loops’ (114–118 and 127–133 in the ElsE Fabs and 114–120 and

132–137 in Bess7) are highlighted in bold; these might be expected to interact with Env.

(PDF)

S8 Table. Cryo-EM data collection, refinement and validation statistics.

(PDF)
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