Antibody targeting of HIV-1 Env:

A structural perspective
Thesis by

Morgan E. Abernathy

In Partial Fulfillment of the Requirements for
the Degree of
Doctor of Philosophy

Caltech

CALIFORNIA INSTITUTE OF TECHNOLOGY

Pasadena, California

2022
(Defended December 3, 2021)



© 2022

Morgan E. Abernathy
ORCID: 0000-0001-9959-7713



ACKNOWLEDGEMENTS

First, I need to thank my advisor Pamela Bjorkman, mostly for training and mentoring me
academically, but also for convincing me not to quit grad school in 2019. I very literally
would not be here without her support. When I first started at Caltech, I was most interested
in Pamela’s lab because she had a reputation for supporting female mentees unequivocally,
and I am so grateful to have benefited from that support, even when it meant awkwardly
standing up and presenting my one slide of data from the back of the room during our lab’s
presentation to a scientific advisory board because “Why on earth would you want a man to

present your research for you??”” Under her mentorship, I have grown into a better scientist.

I also want to thank my committee for helping me along the way: Professors Doug Rees,
Dave Tirrell, and Bil Clemons. I am so grateful for the time and advice you have shared with

me.

I want to say a special thank you to our collaborators: Michel Nussenzweig, Amelia
Escolano, Malcolm Martin, and Florian Klein. I never dreamed I would work on such far-

reaching and collaborative projects, and I’'m grateful for all that I have learned from you all.

I’m also extremely grateful for the Caltech Cryo-EM facility including Songye Chen and
specifically Andrey Malyutin, who trained me and was forced to repeatedly assure me that I

had not broken the microscope every single time it made a new noise.

In March 0f 2021, Pamela asked me if I wanted to help set up a Covid-19 surveillance testing
lab on campus, and I’'m so glad I said yes. I worked with passionate people at the CCSL,
including Professor Barbara Wold, George Tolomiczenko, Jost Vielmetter, Mike Anaya,
Erica Lee, Justin Ho, and Marta Murphy. I also had the opportunity to work a bit with
Jennifer Howes, Assistant Vice President for Student Affairs and Wellness, and am so

appreciative that I was able to learn from and observe such an inspirational leader.



Before Caltech, I worked in the lab of Dr. Zach Ball at Rice University. This experience1V
was what encouraged me to pursue research and graduate school, and I’'m so grateful for it.
All of the Ball lab members helped me learn what it meant to do science, but now-Professor
Jun Ohata deserves a special shout-out for teaching and managing me on the day-to-day, and
making research truly fun. We learned that I am pretty ok at Western blots but very bad at
peptide synthesis. I also need to thank Dr. Jeanine Conklin, my high school chemistry
teacher, for inspiring the curiosity about chemistry and the world that led me into science in

the first place.

In the Bjorkman lab, my first and most aggressive thanks go to Marta Murphy. You name it
and Marta has calmed me down from a panic by helping me figure out how to do it: edit
figures, pay open access fees, carefully coordinate scheduling a committee meeting. She has
also been a great friend and supporter of me as a scientist and as a person. I also need to say
a very large TY to Kim Dam for being a great friend and labmate, and also for proofreading
the introduction to this thesis (!). Additionally, Harry Gristick and Christopher Barnes spent
so much time training me and helping me understand the process of doing research when I
joined the lab, for which I’'m so grateful. So many others in the lab have helped me over the
years, including Dr. Jennifer Keeffe, my bay-mate Dr. Anthony West, Claudia Jette, Zhi
Yang, Erica Lee, Andy DeLaisch, Nick Koranda, Dr. Alex Cohen, Dr. Magnus Hoffmann,
Dr. Andrew Flyak, Dr. Chengcheng Fan, Dr. Haoqing Wang, Beth H-T, Han Gao, Pri
Gnanapragasam, Dr. Beth Stadtmueller, Dr. Semi Rho, Leesa Kakutani, Pauline Hoffman,

Alisa Voll, Stormy Ruiz, Tiffany Luong, and Annie Lynch.

A special thanks goes to my neighbors on North Wilson that have kept me safe, supported,
and well-fed since 2018: Jess, Waffles, Paul, Ann, Sharon, Lupita, and Bruce. I have really
flourished in the presence of such great neighbors, and I hope to be as good of a neighbor in

the future as you all have been to me.

To Claire Bonnyman: our walk-n-talks give me life! Thank you for being such a great friend
and listener; our friendship means so much to me. In addition, there are so many other

Caltech and Rice friends I won’t list but that have helped me be a human during this time.



v
To my parents and family: thank you for your love and support, and for reassuring me that

this thesis does not define me.

Finally, I want to thank my partner Veeral, who has been literally on the other side of the
wall-whenever I’ve needed to talk through a point or take a break—the entire time I’ve been
writing this thesis. This thesis is a part of the life that we have built together, and I’'m so

excited for the life that we will continue to create after.



vi

ABSTRACT

A key component of contemporary efforts toward a human immunodeficiency virus 1 (HIV-
1) vaccine is the use of structural biology to understand the structural characteristics of
antibodies elicited both from human patients and animals immunized with engineered
‘immunogens,’ or early vaccine candidates. This thesis will report on projects characterizing
both types of antibodies against HIV-1. Chapter 1 will introduce relevant topics, including
the reasons HIV-1 is particularly capable of evading the immune system in natural infection
and after vaccination, the 20+ year history of unsuccessful HIV-1 vaccine large-scale
efficacy trials, an introduction to broadly neutralizing antibodies (bNADbs), and a review of
common strategies utilized in HIV-1 immunogen design today. Chapter 2 describes the
isolation, high-resolution structural characterization, and in vitro resistance profile of a new
bNAD, 1-18, that is both very broad and potent, as well as able to restrict HIV-1 escape in
vivo. Chapter 3 reports the results of an epitope-focusing immunogen design and
immunization experiment carried out in wild type mice, rabbits, and non-human primates
where it was shown that B cells targeting the desired epitope were expanded after a single
prime immunization with immunogen RC1 or a variant, RC1-4fill. Chapter 4 describes
Ab1245, an off-target non-neutralizing monoclonal antibody isolated in a macaque that had
been immunized with a series of sequential immunogens after the prime immunization
reported in Chapter 3. The antibody structure describes a specific type of distracting response
as it binds in a way that causes a large structural change in Env, resulting in the destruction
of the neutralizing fusion peptide epitope. Chapter 5 is adapted from a review about how
antibodies differentially recognize the viruses HIV-1, SARS-CoV-2, and Zika virus. This
review serves as an introduction to the virus SARS-CoV-2, which is the topic of the final
chapter, Chapter 6. In this chapter, structures of many neutralizing antibodies isolated from
SARS-CoV-2 patients were used to define potentially therapeutic classes of neutralizing

receptor-binding domain (RBD) antibodies based on their epitopes and binding profiles.
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Chapter 1

INTRODUCTION

Section 1. HIV-1 is the virus that causes AIDS

First described in 1981!, Acquired ImmunoDeficiency Syndrome (AIDS) is a life-
threatening disease that describes a state of extreme immunodeficiency. The cause of AIDS
was later identified to be a virus named human immunodeficiency virus 1 (HIV-1), which
has eluded vaccine efforts for the last 35+ years. While antiretroviral therapy (ART) and pre-
exposure prophylaxis (PrEP) have reduced the spread of the virus and greatly extended the
life expectancies of those living with HIV-1, an effective vaccine is still necessary as there
is currently no cure for HIV-1, and PrEP has thus far not been widely adopted to levels
necessary to significantly reduce global transmission. Unlike with many other viruses, the
human body cannot clear or rid itself of the virus once infected, so preventing transmission
and acquisition is crucial to controlling the HIV-1 epidemic, which in 2020 affected 38
million people globally?.

Section 2. HIV-1 vaccine challenges
2.1 HIV-1 is a retrovirus that persists in patients for life

HIV-1 is amember of the RNA virus family Retroviridae; viral strains therein are commonly
referred to as ‘retroviruses.” As such, HIV-1 inserts a copy of its RNA genome into the host’s
genomic DNA via the enzymes reverse transcriptase and integrase. Once incorporated, the
host cell transcribes and translates the viral DNA sequences into proteins along with its own.
Immature viral particles then bud off of the host cell membrane and mature into infectious
virions that continue to propagate the infection®. Because of this integration, it is not possible
for a natural infection to be cleared by the body as in many other common infections, such
as influenza, SARS-CoV-2, or even in some cases Hepatitis C. As leading HIV-1 vaccine

researchers Glenda Gray and Lawrence Corey wrote in May 2021, “HIV vaccine
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development has become a process of stepwise learning of how to make a vaccine that

induces an immune response that is markedly better than the human immune response to
HIV.”* Because of this ability to integrate into the host genome and establish a ‘latent
reservoir’ of infected cells that can resist immune responses and viral therapies, it is believed
that an ideal HIV-1 vaccine would provide sterilizing protection from infection’. By contrast,
effective vaccines against SARS-CoV-2 and other non-retroviruses do not need to provide
sterilizing protection; even if circulating short-lived plasma B cell titers wane and
breakthrough infections and disease occur, vaccination can still protect against severe disease
and death through stimulation of pre-existing memory B cells and long-lived plasma cells®.
In HIV-1, there is no recourse once the initial DNA integration occurs (within a few hours
of infection)’. This means that an ideal vaccine would need to provide this immediate
protection continuously in the long-term, which is an incredible challenge. Other theoretical
avenues that a less ideal vaccine candidate might take include allowing the infection and then
promoting viral clearance, allowing the infection but controlling viremia to below the limit
of detection, and allowing the infection but reducing initial peak viremia and viral load set
point’. In addition to the question of whether these other avenues could even be met with a
real vaccine candidate and whether they would be clinically valuable, designing trials to

assess these outcomes is not trivial®.
2.2 HIV-1 mutates frequently, resulting in a large diversity of strains

HIV-1 has an incredible degree of viral diversity, which is implicated in a variety of the HIV-
1 specific challenges to vaccine design. While the main sources of viral diversity in HIV-1
are rapid viral turnover and very high mutation rates, other factors include retroviral
recombination, selection from the host immune system, and genetic/phenotypic constraints
on variation®. This viral diversity is observed at both the individual and global levels, and

both have implications for HIV-1 vaccine design.

At the individual level, rapid generation of mutations combined with a life-long, persistent
infection result in a massive diversity of strains within a single HIV-1-positive patient. It has

been estimated that the diversity of global influenza sequences in a given year is
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approximately equal to the diversity of HIV-1 sequences observed in a single individual

captured at one time point’. This is incredible considering that most HIV-1 transmission
events are believed to have been initiated by a single viral particle from what is referred to
as a transmitted/founder (T/F) strain!®. When combined with the host humoral immune
system, this persistent generation of new variants results in a co-evolution of both viruses
and antibodies. In some rare patients, antibodies develop that can neutralize a variety of these
strains; these are the human broadly neutralizing antibodies (bNAbs) that are commonly
studied. Over years, the antibodies mature by accruing somatic hypermutations including
insertions or deletions that improve breadth and potency!!. HIV-1 neutralizing antibodies
are, in general, far more mutated than antibodies that neutralize other viruses!?. This poses a
great challenge to HIV-1 vaccine design, which aims to re-elicit these types of protective
responses in naive individuals, and is the topic of Section 2.4: Effective bNAbs have features
that are hard to elicit. Unfortunately, the competitive co-evolution that results in these
bNADbs also generates viral species that are resistant to them, and thus evolved bNAbs do not
actually protect their own host from progression to lower CD4+ T cell counts and higher

viral load, at which point ART is usually initiated to prevent progression to AIDS!3.

At the population level, HIV-1’s incredible viral diversity poses a great challenge to vaccine
design because vaccines need to be designed to protect from a large number of strains, rather
than just one or a few as in other vaccines. The current predominant strategy for HIV-1
vaccine design is the elicitation of broadly neutralizing antibodies that can neutralize many

of these circulating strains (discussed further in Section 3: HIV-1 Vaccine Failures).
2.3 HIV-1 virions are uniquely evolved to evade the immune system

HIV-1 viral particles exhibit distinctive features that make them particularly challenging for
the human immune system to thwart. The most obvious instance of this is the virus’s target
cell: CD4+ T cells, which are often referred to as ‘helper T cells’ and form a critical arm of
the immune response to any foreign antigen. In reality, HIV-positive patients that have
progressed to AIDS die not directly from the virus but from opportunistic infections that their

bodies would have been able to clear if HIV-1 had not depleted their CD4+ T cell reserves.
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Therefore, HIV-1 infects the very cells that would otherwise be working to help clear it.

Furthermore, the Env spikes on HIV-1 are far more sparse on the surface of the virion than
on other viruses, which likely contributes to immune evasion because bivalent IgG antibodies
cannot bind with both Fab arms, thus losing any advantage of avidity effects!*. Because the
IgG molecule is bound at one site rather than two, it is more sensitive to mutations that cause

decreases in affinity at those sites!*.

The Env spike protein contains other distinctive features that contribute to challenges in HIV-
1 neutralization. Env is the protein responsible for fusion with the host cell membrane;
furthermore, it is the only antigenic target that antibodies can be raised against on the surface
of a virion!2. It is a type I fusion protein consisting of a trimer of heterodimeric protomers
containing gp120 and gp41, which are enzymatically cleaved after translation of a full gp160
construct. The three protomers can adopt a range of conformations relative to each other,
from the fully ‘closed’ pre-fusion state, to an ‘open’ conformation that is triggered when CD4
binds to gpl120, wherein the variable 1 & 2 (V1V2) loops and variable 3 (V3) loops
dramatically change position in preparation for co-receptor binding by CCR5 or CXCR4%,
These conformational changes, which require binding to the host cell receptor, serve to mask
conserved epitopes necessary for viral function from antibodies during maturation'¢. The
surface of the Env protein is also decorated with glycans attached to a median of 30 potential
N-linked glycosylation sites (PNGSs) per protomer!’”. These glycans are poorly
immunogenic because they are processed using host-cell machinery, and thus also serve to
mask the important protein epitopes underneath them from the immune system!!. Glycans
also add another layer of mutability to the presentation of Envs in regard to 3-dimensional
immune recognition'®. Additionally, most PNGSs are conserved across HIV-1 strains, but
some viruses contain mutations that abolish specific PNGSs!’. These missing glycans create
what are called ‘glycan hole’ epitopes, which are highly immunodominant but strain-specific
patches of polypeptide that only elicit autologous neutralizing antibodies'®. Antibodies to
these epitopes are commonly the dominant component of any neutralizing activity observed
in the serum of animals immunized with stabilized native Env immunogens', as discussed

in Section 5.1.



2.4 Effective bNADs have features that are hard to elicit

Another hindrance to the development of an HIV-1 vaccine is that the types of antibodies
believed to be necessary and elicited by the vaccine, bNAbs, frequently bear unique and
highly derived features that make them harder to elicit. These include high levels of somatic
hypermutation (SHM), including insertions and deletions, as well as the tendency for these
bNADs to exhibit poly- or auto-reactivity, which makes them susceptible to clonal deletion

via tolerance mechanisms!!-2%21

. On average, top neutralizers present about 40-70 nucleotide
mutations in the VH domain, compared to 15-20 nucleotide mutations in naive, healthy
donors?>?*, While there are exceptions, the level of SHM is correlated with the breadth and
potency of individual bNAbs?2, This means that a similarly high number of mutations,
occurring over a long period of time, will likely also be required for bNAbs elicited by

vaccine candidates.

Furthermore, the inferred germlines (iGLs) of known bNAbs do not usually bind to native
Env proteins®*. This means that immunogens are often selected and/or designed to bind with
detectable affinity to these iGLs in order to activate the correct pool of precursor B cells.
Sequential immunization with engineered Envs with more and more native-like features will
likely be necessary to guide the maturation of iGLs to bNAbs?. Additionally, B cells
encoding for these iGLs are often found to be very rare in the human repertoire, which
presents another great challenge in designing immunogens that engage them to mature at

sufficient levels?®.

Finally, the enzyme that is responsible for somatic mutation, activation-induced cytidine
deaminase (AID), has been shown to preferentially mutate specific positions in an antibody
sequence®’. Subsequently, it was shown that many of the critical mutations that are
responsible a bNAb’s functionality occur in locations that are less likely to be mutated.
Therefore, bNAbs are enriched with low-probability mutations that are also key to their
function?®. Engineering immunogens that can guide antibody maturation to these specific
improbable mutations is a focus of lineage-based immunogen design, which will be

discussed in Section 5.4.



Section 3. Unsuccessful HIV-1 vaccine attempts

Since the first in 1998, there have been nine large-scale efficacy trials of HIV-1 vaccine
candidates initiated. Of these, one is still in progress, one showed modest efficacy, and the

other seven have been deemed abject failures.

The first two efficacy trials, VAX004 and VAX003, were phase III and sponsored by
VaxGen, with the goal of inducing protective neutralizing antibody responses’. They tested
variants of the AIDSVAX® vaccine, which were composed of bivalent recombinant gp120s
(rgp120s) of different circulating transmitted/founder strains adjuvanted with alum. VAX004
evaluated a bivalent clade B/B vaccine in people at risk for sexual transmission in North
America and the Netherlands®®, and VAX003 a B/E vaccine in people who inject drugs in
Thailand*. For both trials, participants received seven injections of either vaccine or placebo
over 30 months, and the primary endpoint was HIV-1 acquisition at 36 months. The trials
were initiated in 1998 and 1999, and analyses of results for both were completed in 2003.
The conclusion of both trials was that the vaccine did not prevent HIV-1 infection, with
estimated vaccine efficacy (VE) figures of 6% and 0.1%, for VAX004 and VAX003,

respectively?-0.

The next two completed trials were known as STEP (HVTN 502) and Phambili (HVTN 503),
and were sponsored by the HIV Vaccine Trials Network (HVTN), in an effort to elicit
protective immunity mediated by T cells’!. These phase IIb trials tested a protocol of three
injections of Merck’s MRKAdS® ftrivalent vaccine, which consisted of a replication-
deficient adenovirus type-5 vector carrying HIV-1’s gag, pol, and nef genes. The STEP trial
began in 2004 at many global sites, but ended early in 2007 when preliminary results
indicated that vaccinated trial participants may be more likely to contract HIV-1 than those
that received the placebo®’. Consequently, Phambili was terminated at the same time, but
since it had only begun enrolling earlier in 2007, very few of the planned participants were
actually vaccinated®. Later studies confirmed that vaccinated men who were Ad5-
seropositive and/or uncircumcised did indeed have higher rates of HIV-1 acquisition than the

placebo group®*. It is thought that Ad5-specific CD4+ T cells from prior Ad5 exposure were
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recruited at mucosal sites in these participants, which increased the pool of available CD4+

HIV-1 target cells in exactly the tissues that would be exposed to the virus during sexual
contact’3.

The fifth completed trial, RV 144, is the only HIV-1 vaccine efficacy trial that has shown any
level of protection from infection’. The trial took place in Thailand beginning in 2003, and
was overseen by the US Military and the Thai Ministry of Public Health’. RV144 was
designed to elicit both B and T cell responses using a heterologous prime-boost combination
of four immunizations of ALVAC® HIV (vCP1521 canarypox vector expressing env, gag,
and pro) followed by two immunizations of the bivalent AIDSVAX® B/E vaccine tested in
the VAX003 trial®®. Participants were monitored for three years following immunization,
and in 2009, results were released assigning a modest 31.2% efficacy to the trial®>. Later
studies investigated the correlates of protection, which were determined to be non-
neutralizing V1V2 IgGs, Env IgG3s, and CD4+ T cells expressing multiple cytokines®¢8,
Furthermore, neutralizing antibodies were not found to be a correlate of protection, which
initiated a shift in focus to the elicitation of non-neutralizing antibodies that could induce
antibody dependent cell-mediated cytotoxicity (ADCC) for vaccine candidates®!. This was
formally acknowledged as a goal for HIV-1 vaccine trials by HVTN in 2014, which informed
the final three large-scale efficacy trials: Uhambo (HVTN 702), Imbokodo (HVTN 705), and
Mosaico (HVTN 706)*.

HVTN 505 was a phase IIb trial that was carried out at many sites in the United States starting
in 2008, and was the sixth efficacy trial to release results in 2013 when it was halted for lack
of efficacy®. Similar to RV 144, the vaccine regimen was designed to elicit both cellular and
humoral responses using a combination of a DNA plasmid prime (three injections) and an
rAd5 boost, where the vectors expressed three clades (A, B, and C) of the B cell target env
gene in addition to T cell epitope genes gag, pol, and nef®. Due to the increased risk of
infection observed for AdS seropositive and/or uncircumcised men in the STEP trial, the
study only enrolled male participants who were circumcised and negative for Ad5 antibodies,

as this group was shown to be at no higher risk than the placebo group®. With these
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precautions, no increase in transmission risk was observed, but the vaccine was not

effective®.

Beginning in 2016, Uhambo (HVTN 702) was a phase IIb/III trial that was conducted in
South Africa and was designed as a follow-up to RV144*, Participants received a similar
ALVAC® HIV prime (two injections) and AIDSVAX® boosts (four injections), but with a
bivalent rgp120 clade C/C vaccine to match currently circulating strains in South Africa. The
adjuvant was also changed to MF59 from alum, which had been shown to elicit stronger
responses*. The study’s primary endpoint was HIV-1 infection after 24 months.
Unfortunately, the trial was halted early in late January 2020 due to a lack of efficacy,
although high levels of gpl120-binding antibodies and ADCC activity (thought to be

important correlates of protection from the RV 144 trial) were observed®.

The final two efficacy trials are parallel studies designed to test an adenovirus-vectored
mosaic prime followed by recombinant Env protein boosts with the goal of eliciting
protective non-neutralizing antibodies*. Imbokodo (HVTN 705) was a phase IIb study
recruiting women in sub-Saharan Africa beginning in 2017, and Mosaico (HVTN 706) is a
phase III study that began in late 2019 in South America, Mexico, and the United States*. In
these trials’ vaccine candidates, the adenovirus vector used is Ad26, which was developed
with the goal of improving on the issues associated with Ad5’s seroprevalence*?. The studies
use a tetravalent prime (two injections) vaccine (Ad26.Mos4.HIV) that contains two mosaic
gag-pol Ad26 vectors and two mosaic env Ad26 vectors followed by two boosts of
Ad26.Mos4.HIV combined with mosaic Env gpl140 protein (monovalent in Imbokodo,
bivalent in Mosaico)*!. ‘Mosaic’ refers to the generation of recombinant antigens that have
been computationally designed to maximize coverage of potential T cell epitopes, while
maintaining resemblance of the wild type protein*. Gray and Corey of the HVTN wrote in
early 2021 that these two studies “will be critical in the quest to understand whether non-
neutralizing antibodies are capable of inducing protection against HIV. Sadly, Imbokodo

was halted prematurely in late August 2021, shedding doubt on the hope that eliciting
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protective non-neutralizing antibodies is the path to an effective HIV-1 vaccine, and

suggesting that eliciting bNAbs may be the necessary next path forward**.
Section 4. Broadly neutralizing antibodies against HIV-1

bNADbs are antibodies isolated from HIV-1-infected human patients that display breadth and
potency against a panel of HIV-1 viral strains. Breadth refers to the percentage of strains on
an experimental panel of HIV-1 strains that are neutralized by the antibody at a half maximal
inhibitory concentration (ICso) < 50 pg/mL; the standard of the last several years for new
bNAbs is about 50% breadth, although there are still less broad bNAbs with interesting
features described, as well as several bNADbs that are near ‘pan-neutralizing,” meaning they
neutralize up to 99% of strains tested*. Potency refers to the median ICso of neutralization,
with lower ICsos describing more potent bNAbs (less antibody is required to neutralize the
virus)!!. In these neutralization assays, a range of viruses can be tested. Strains that are most
sensitive to neutralization are categorized as ‘tier 1;’ these strains can be lab-adapted and are
easier to neutralize than a majority of circulating HIV-1 strains*. “Tier 2’ strains are harder
to neutralize and more representative to real circulating variants. It is widely accepted that
only tier 2 neutralization has the potential to protect from infection in animal models, and is
thus the goal in vaccination experiments*’. Additionally, in vaccination experiments,
‘heterologous’ neutralization refers to an animal’s ability to neutralize viruses beyond what
it was exposed to by immunization, and ‘autologous’ neutralization describes only strain-
specific neutralizing responses. Therefore, an effective vaccine would need to elicit
heterologous tier 2 neutralizing antibodies, and this is the ultimate goal of many animal

immunization experiments discussed in Section 5.

In terms of discovery, bNADbs are only isolated in a very small percentage of infected people
(termed ‘elite neutralizers’), and only after years of untreated infection during which the viral
population and antibodies co-evolve*®. The process by which bNAbs (and all antibodies)
mature in response to specific pathogens is called affinity maturation®. To start, germline-
encoded V, D, and J genes recombine in humans to create a diverse array of heavy and light

chains that make up germline precursor antibodies, which are expressed on the surface of B
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cells as B cell receptors (BCRs). This recombination allows for many germline antibody

sequences to be encoded by a relatively small number of genes. These germline B cells
circulate in naive humans, and are recruited into the germinal centers for iterative rounds of
SHM and selection when they bind with even low affinity to a specific antigen. This process
iteratively selects for antibodies with higher affinity to the antigen present, and years of co-
evolution with circulating viruses can result in potent bNAbs*. The sequences of these
bNAbs can be derived from B cells found in the serum or plasma of human patients after
screening their samples for neutralizing activity and sorting/sequencing single B cells based
off of their binding to viral protein ‘baits’’. Once a bNAb has been isolated and
characterized, the sequence of the precursor germline antibody that matured into the bNAb
can be estimated using bioinformatic approaches that assess likely V, D, and J genes as well
as their likely junctions®!. This is what is referred to as the ‘inferred germline’*2, and is crucial

to the germline-targeting immunogen design approach discussed in Section 5.2.

In total, bNADs isolated from human patients serve three roles in the HIV-1 field: treatment.

prevention, and as templates for HIV-1 vaccine design. Frequently, individual bNAbs are

better suited for either treatment/prevention or vaccine design. In general, highly mutated,
very potent pan-neutralizers are desirable for treatment and prevention, but would be harder
to elicit by immunogen design because their highly evolved features are what make them
effective. On the other hand, less broad and potent bNAbs with features that might be easier
to elicit, like the IOMA class of bNAbs®3, are better suited to be templates for vaccine design.
This thesis will explore two of these three roles: mAb 1-18 was tested for treatment potential
in animal models and reported in Chapter 2, and immunogen design attempts to elicit V3-

glycan patch bNAbs are discussed in Chapters 3 & 4.

The use of bNAbs for HIV-1 treatment has been explored in a number of phase I clinical
trials (a recently updated list of which can be found in Hsu et al.>*). More recent studies have
incorporated so-called ‘LS’ mutations in the Fc regions of bNADb IgGs to increase in vivo
half-life and therefore confer better activity>>>’. In most cases, the treatments have been

deemed safe and well-tolerated>*. bNAb monotherapy usually causes reductions in HIV-1
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RNA of about 1.5 logio copies/mL>*. Unfortunately, monotherapy quickly leads to ‘viral

rebound’ where HIV-1 viruses gain resistance to the bNAb treatment and return to baseline
levels after a period of several weeks®. Additionally, a patient’s circulating strains may
already be resistant to the bNAD, in which case patients are typically not enrolled in the
trials®*. Combination therapy with multiple highly potent bNAbs or combination therapy of
bNAbs and ART treatment are thought to be potential future avenues for treatment

research®.

Two recently completed large-scale efficacy trials gave great insight into the use of bNAbs
for HIV-1 prevention. These studies are referred to as the Antibody Mediated Protection
(AMP) trials, and were instigated by the HVTN in an effort to understand if neutralizing
antibodies could even be protective, thus making them a potential target for future vaccine
work?. The studies investigated the efficacy of bBNAb VRCO01% infusion every 8 weeks for
20 months. They found that while overall VRCO1 infusion did not prevent HIV-1 infection,
it was ~75% effective against viruses that were highly sensitive to it (ICso of <1 pg/mL),
implying that a pan-neutralizing bNAb, or a bNAD specifically targeted to local circulating
strains, could be protective®!. Furthermore, bNAbs elicited by a vaccine, so long as they are
sensitive to circulating strains, are still possible candidates for vaccine design. It is worth
noting that while VRCO1 was one of the most potent and broad bNAbs when it was
discovered® and is thus what is used in many treatment and prevention studies that began

years ago, it is not particularly potent in comparison to more recently discovered bNAbs®?,

The final role that bNAbs play in HIV-1 research is as templates for vaccine design. This
process has been coined ‘reverse vaccinology 2.0,” derived from the concept that ‘reverse
vaccinology’ generates vaccines using information derived from studies of antibodies, rather

6364 From there, a molecular and

than the initial concept of creating antibodies from vaccines
structural understanding of the antibodies’ mechanisms is considered to be key to facilitating
immunogen design (2.0’)%. This conceptualization fundamentally underpins of all of the
immunogen design strategies discussed in Section 5, where immunogens are designed to re-

elicit the types of bNAbs that have been isolated in HIV-1-infected patients.
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There are a variety of possible mechanisms through which bNAbs are thought to

neutralize. Almost all posited mechanisms can be categorized as prevention of viral fusion
through either steric (blocking CD4) or allosteric (preventing the rearrangements necessary
for fusion) means. For instance, CD4bs and other classes of bNADbs sterically block the CD4
binding site, preventing receptor binding, while V3-glycan patch bNAbs bind to the un-
extended V3 loop, allosterically preventing it from being exposed as necessary for co-
receptor binding®. Another bNAb, 3BC3135, is proposed to neutralize by causing trimers on
virions to disassociate into protomers that are clearly fusion-incompetent®. It is important to
note that there is not a clear, obvious, and proven mechanism for each bNAb class!!, but

generally all have plausible mechanisms in this steric/allosteric context.

Newly-isolated bNAbs are categorized by their epitope (the specific 3D location that they
bind to on HIV-1 Env protein), which can be approximated by binding assays and
definitively determined using structural biology techniques such as X-ray crystallography
and cryo-electron microscopy (cryo-EM). These epitopes often include conserved functional
regions that bNAb binding would either sterically or allosterically hinder®”. HIV-1 bNAb
epitopes are typically divided into the following categories: (1) the V1V2 loops at the apex
of the trimer that make a dramatic rearrangement upon CD4 binding and trimer opening®®,
(2) the V3-glycan patch, which includes the co-receptor binding V3 loop and the highly
conserved 304GDIR327 motifits base, as well as several surrounding N-linked glycans**®, (3)
the CD4bs, which is the receptor binding site’, (4) residues only accessible in the CD4-
induced (CD4i) open state’!, (5) the glycan-rich ‘silent face’ of gp120 that sits opposite to
the CD4bs on an intact trimer’>"3, (6) the gp120/gp41 interface, which includes the fusion
peptide (FP)™*7, and (7) the membrane proximal external region (MPER) epitope which

resides at the base of gp41 and also usually includes interactions with the lipid bilayer’®”’.

Finally, as a primer to Chapter 2, which describes the isolation and characterization of CD4bs
bNADb 1-18, CD4bs bNAbs will be discussed in more detail. This category of bNAbs is often
divided into four classes: VH1-2 gene segment restricted (“VRCO1-like’), VH1-46 gene
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segment restricted (‘8ANCI131-like’), IOMA-like, and CDRH3 dominated (‘loop

binders’)>*70.

Historically, VRCO1-like bNAbs have been the most potent of the CD4bs bNAbs. They are
characterized by VH1-2 variable heavy (VH) gene segment use and an unusually short, five-
residue CDRL3 loop that accommodates the N276 4120 glycan’®. bNAbs of this class have
been elicited from many different patients, and all bind with a very similar pose, utilizing the
same conserved residue contacts between the bNAb and Env’%’8, 8ANC131-like antibodies
utilize the VH1-46 gene segment, and until the publication of 1-18 (Chapter 2), were thought
to be categorically less potent than the VRCO1 class®®”’. IOMA-class antibodies are VH1-2
derived, but have a longer eight-amino acid CDRL3s, which are much more common in the
human germline repertoire?s->3. Both VH1-2 (including the IOMA class) and VH1-46 derived
antibodies act as mimics of CD4 by contacting the same residues on Env using the same
immunoglobulin domain backbone secondary structure as CD4”. Finally, loop binders make
contact primarily with their CDRH3 loops, and can adopt a range of poses from a variety of

germline genes, but are not usually very potent in comparison to other CD4bs antibodies.
Section 5. Common strategies utilized in HIV-1 immunogen design

The past 20+ years of dismal efficacy trials have led many to the conclusion that the
necessary next goal of the HIV-1 vaccine field should be the elicitation of bNAbs that can
protect humans from infection by a wide range of circulating strains. Because the iGL
precursor antibodies of many known bNAbs do not bind to native Env proteins, there is a
general consensus in the field that a sequential immunization strategy will be necessary to
activate these B cells and shepherd their development into bNAbs?®. Broadly, ‘prime’
immunogens would be specifically engineered to bind to these precursor antibodies, and
would be followed by several ‘boosts’ of immunogens that incorporate increasingly more
native-like features over a course of months, causing affinity maturation of the antibodies in
a guided manner. This process would theoretically mimic the co-evolution of both antibody
and virus that led to the original bNAbs discovered in infected patients®®. The exact process

and priorities of this strategy can vary, causing the methodologies taken by different groups
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tend to categorize into three broad approaches: germline-targeting, epitope-focusing, and

lineage-based. Additionally, earlier generations of non-sequential native Env trimer
immunogens will be discussed for their historical value, although none have elicited
heterologous tier 2 neutralizing antibody responses in animal models, and thus are not

thought to be strong candidates for a widely effective human HIV-1 vaccine.

Stabilized pre-fusion native Env trimer immunogens that are not necessarily delivered as a
part of a sequential immunization protocol were the first trimeric Env-based protein
immunogens. One such immunogen, BG505 SOSIP.664%!, was the first Env protein
immunogen to elicit tier 2 neutralizing responses in animal models, although these
neutralizing antibodies were only active against the immunogen’s HIV-1 strain®. The three
general approaches to later sequential immunization protocols designed to elicit specific
bNADbs or heterologous tier 2 responses can be defined by their focus. In the germline-
targeting approach, immunogens are engineered with the goal of expanding and activating B
cells with specific inferred germline genes that are known to have matured into specific
bNAD classes in humans. The epitope-focusing approach is geared toward eliciting precursor
antibodies of any germline toward a specific bNAb epitope. Finally, lineage-based
immunogen design proposes to design immunogens that will elicit bNAbs via the same
evolutionary pathways as those whose development has been studied longitudinally,

including the development of necessary but improbable mutations.

While each of these methodologies prioritize different aspects of the bNAb maturation
process, there are a variety of general immunogen design strategies used across the
categories. These tools are utilized to combat some of the unique challenges that HIV-1 poses
to vaccine design, such the low or lack of affinity of precursor antibodies to native Envs, the
wide strain diversity of HIV-1, and the frequency of antibodies elicited against non-
conserved, immunodominant ‘hole’ epitopes that are only ever able to neutralize the strain
that was used in the immunization. A commonly-used tool is directed evolution using yeast
or mammalian cell surface to select for engineered Env immunogen proteins that bind to

precursor antibodies. Rational immunogen design can also be used to test hypotheses about
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changes to the immunogens that might make them more effective. In particular, the

addition or removal of potential N-linked glycosylation sites is commonly used to either

mask non-desired exposed protein epitopes or increase accessibility to desired epitopes,
respectively. For example, the most advanced prime immunogen of the project discussed in
Chapter 3, RCI1-4fill, was rationally designed relative to the starting immunogen by
incorporating both the removal of a PNGS at position N156gp120 to increase accessibility to
the desired V3-glycan patch epitope, and the addition of four PNGSs at positions 230, 241,
289, and 344 to decrease accessibility to the ‘glycan hole,” which is a distracting epitope®3.

Multimerization of antigens onto nanoparticles (NPs) or virus-like particles (VLPs) has also

been used to mask distracting epitopes at the ‘hole’ and ‘base’ epitopes of the trimer due to
steric occlusion when Envs are projected outward and tightly packed on particles®.
Furthermore, multimerization is thought to increase germinal center responses due to the
avidity effects of multiple receptors on a B cell binding to multiple antigens on a
multimerized particle at the same time, thus increasing the apparent affinity, which is an

important factor in germinal center selection and affinity maturation®*%, Mosaic antigens, as

discussed in reference to the Imbokodo and Mosaico trials, are designed in silico to optimize

coverage of potential global HIV-1 T cell epitopes.®® Consensus antigens have also been

designed in an effort to increase the breadth of responses. These are antigens that are derived
from the consensus sequence of a collection of Env strains, such as ConM and ConC, which
are based on group M and clade C sequences, respectively®”3%. Finally, there has been some

recent work showing that antigens which are administered via antigen retention strategies

either through continuous delivery mechanisms, dose escalation strategies, or the use of
linkers to conjugate antigens to alum for antigen retention at the injection site for up to two

weeks, have higher antigen-specific B cell responses in germinal centers®-%°,

5.1 Stabilized Env trimer immunogens

The design of stabilized, pre-fusion Env immunogens was a major leap forward in the effort
toward eliciting bNAbs because earlier work was carried out using either non-native

monomeric gpl20s or gpl20-gp41 Env trimer immunogens that adopted more open
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conformations that exposed non-neutralizing epitopes’'. So-called ‘foldon’ trimers have

also been designed that include a trimerization domain, but production of these constructs
results in a heterogeneous mixture of trimers and higher oligomers, the latter of which are
not native-like prefusion states®>**. Native flexibly linked (NFL) trimers and uncleaved
prefusion optimized (UFO) trimers have also been designed that incorporate a linker between
gpl20 and gp4l instead of the furin cleavage site and adopt the native pre-fusion

94,95

conformation”>. Although uncleaved, these constructs also elicit tier 2 autologous

neutralizing responses, implying that the native pre-fusion conformation is more relevant to

neutralizing responses than furin cleavage per se’®’.

In 2013, the first stabilized, pre-fusion Env trimer was published, which was known as the
BG505 SOSIP.664 gpl140 trimer®!. The impact of this construct, both as a basis for future
immunogens as well as for its use as a tool in structural studies, cannot be overstated. BG505
is a clade A strain of HIV-1 whose Env was particularly stable and amenable to further
engineered stabilization’®; SOSIP.664 refers to the mutations inserted into the BG505 Env
sequence, which future work would show could also be inserted into many other Env
sequences to create so-called ‘SOSIP trimers’ from many strains®. These mutations include
the addition of an engineered disulfide bond between gpl120 and gp41 (‘SOS’), while
retaining the active furin cleavage site to stabilize the pre-fusion trimeric conformation!®,
Additionally, the helix-breaking mutation I559P (‘IP’) was incorporated to prevent the
extension of gp41 alpha helix HR1 that occurs during fusion'®. The construct is truncated
after residue 664, which removed the MPER from the previously truncated ectodomain
construct®:!%, Immunogenicity studies showed that the trimer recapitulated native binding
profiles well: bNAbs bound to the trimer, but non-neutralizing antibodies directed toward
distracting epitopes had reduced or no binding®'. Structural studies later showed that it
recapitulated the structure of a native, un-stabilized Env ectodomain!":1%2, Later versions of
these SOSIP constructs have continued to improve stability, decrease flexibility, and reduce
immunodominance of non-neutralizing epitopes”. As stated previously, BG505 SOSIP.664
was the first Env protein immunogen to elicit autologous tier 2 responses in animal models®.

Unfortunately, heterologous tier 2 responses have not been observed; the immunodominant
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but strain-specific ‘glycan hole’ epitope centered around gp120 residue 241 is a major

target of these autologous responses'.

While non-sequential native Env immunogens were the focus of research in animal models
for several years, current studies are actually surveying these constructs in Phase I human
trials. It should be noted that none of these Phase I trials are expected to elicit heterologous
tier 2 responses in humans. Instead, the trials are designed to study the safety profile of the
regimens as well as to see if the autologous tier 2 neutralizing responses seen in animals can
be translated to humans*'. BG505 SOSIP.664 gp140 trimer is being assessed in two trials:
TAVIWO001 (NCT03699241) and HVTN137 (NCT04177355). IAVI WO00L1 is studying the
immunogen in combination with the ASOls adjuvant, and HVTN137 is comparing the
responses of the immunogen with a variety of adjuvants. Another phase I study, 19-1-0031
(NCTO03783130), assessed a further-stabilized variant of BG505 SOSIP.664 referred to as
DS-SOSIP!®, or the 4571 trimer, which was designed with an additional intramolecular
disulfide bond in gp120 designed to prevent ‘open’ conformations of Env and reduced V3
loop exposure (considered a distracting epitope). Additionally, in an effort to overcome
immunodominance caused by strain-specific determinants (residues, glycans, glycan holes,
etc.), an Env SOSIP was developed from the consensus sequence of HIV-1 group M, which
encompasses all global epidemic strains®. ACTHIVE-001 (NCT03961438) is a phase I trial
studying this ConM SOSIP.v7 trimer, which also incorporates further pre-fusion stabilizing
mutations®’. A final trial, HVTN122 (NCT03382418), studied the C.6980 gp145 trimer!™,
which is the only trimer immunogen in phase I trials that does not contain pre-fusion
stabilizing mutations. The results of these trials are expected to help frame the translation of
responses between animal models and humans, but these immunogens are unlikely to elicit
the heterologous tier 2 neutralizing responses needed to continue as an HIV-1 vaccine

candidate.
5.2 Germline-targeting immunogens

Germline-targeting immunogens are typically designed as a series that introduces more

native-like features over time, but always start with a ‘prime’ immunogen engineered to bind
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with high or very high affinity to the iGLs of whatever class of bNAbs they are being

designed to elicit. One major reason this strategy exists is that the iGLs of human bNAbs
generally do not bind native Env immunogens**>219, Therefore, priming with a native Env
immunogen might activate some B cells, but not necessarily those known to mature into
bNAbs. Unfortunately, these sought-after bNAb iGLs are quite rare in the human repertoire,

so expanding them has posed a challenge?6-1%°,

An additional challenge for studying these types of responses is that different animal models
have different V, D, and J gene segment repertoires, as well as different patterns of signature
recombination features, such as CDR loop lengths. Therefore, if the goal is to elicit a specific
sequence of neutralizing antibody rather than just a neutralizing response, an animal model
may not be able to faithfully report if this is possible because they often lack the target
germline genes found in humans. For this reason, ‘knock-in’ animal models can be utilized
that are produced to express B cells with a specific V-gene segment or iGL sequence'®’.
While these animal models can describe if an immunogen effectively primes a pool of the
intended B cells, the starting proportion of these B cells is often unrealistically high compared
to the human repertoire, so the same result should not be expected in humans or animals with
a polyclonal immune response. More recently, adoptive transfer experiments have been used
in an attempt to bridge this gap by transferring a known and representative amount of iGL B
cells to the animal model'®. Additionally, sorts of naive (HIV-1 negative) human B cell
repertoires have helped to quantify proportions of specific iGLs as well as identify which
immunogens will be able to activate human B cells in their native context?®!%, Deep
sequencing of these repertoires can also be used to identify new iGL antibody sequences for

immunogen design'%-108,

The most popular bNAD target of germline-targeting immunogens has been the VRCO1 class
of CD4bs bNAbs, in part because bNADbs belonging to this well-defined class have been
isolated from multiple donors and shown to bind in an extremely similar fashion’®’8, This
class of bNAD is broadly defined by VH1-2 gene usage and an unusually short 5-amino acid
CDRL3%,
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The most advanced germline-targeting immunogen designed to elicit the VRCO1 class of

bNADs is the eOD-GT8 60mer!'?, which is currently being assessed in a phase I clinical trial
(IAVIGO001; NCT03547245). eOD-GTS is an immunogen consisting of an engineered outer
domain (eOD) of gp120 that was designed to have extremely high affinity to VRCO1-class
iGLs!'®. Prior work in knock-in and adoptive transfer mouse models suggested that eOD-
GT8 60mer could activate rare VRCO1-class precursors in humans!®!!!, In February 2021,
preliminary results of the trial presented at the HIVR4P conference showed that 97% of
vaccinated participants developed detectable VRCO1-class IgG+ B cells!!2. This is the first
time a specific class of iGL B cells has been primed in humans and is an exciting
development. However, a boosting protocol that can guide these specific precursor B cells
into VRCO1-class bNADs is still necessary for this approach to mature into an HIV-1 vaccine.
Recent work on a boosting protocol in knock-in mice elicited VRCO1-class antibodies that
could neutralize up to 54% of a 208-strain panel'!3. If this boosting protocol could be

improved and translated to humans, it would be a major advance in the HIV-1 vaccine space.

Another germline-targeting immunogen focused on the VRCO1 class of bNADbs is the BG505
SOSIP GT1.1 trimer, which is also being evaluated in a phase I trial (NCT04224701). This
construct is again based on BG505 SOSIP.664, but also incorporates germline-targeting
mutations within two different epitopes: the CD4bs and the V1V2 apex!!*. In a knock-in
mouse model, mice immunized with BG505 SOSIP GT1 (a slight variant of GT1.1) elicited
CD4bs antibodies while mice immunized with non-germline-targeting BG505 SOSIP did
not. In contrast to the high affinity eOD-GT8 60mer, BG505 SOSIP GT1 exhibits relatively
weak binding to VRCO1 iGLs!%!!4 A lingering question in the field is: exactly how high
affinity do effective germline-targeting prime immunogens need to be? The phase I trials for

these two VRCO1-targeting immunogens may help to answer this question*!.

The final VRCOI-class germline-targeting immunogen is known as the 426¢ Core (or
TM4AV1-3), and is a gp120 core immunogen from the clade C strain 426¢, which includes
both the inner and outer domains of gp120, but does not include the V1, V2, or V3 loops or
the PNGSs at N276,p120, N460 gp120, or N463 gp120''°. This immunogen was shown to elicit
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cross-reactive VRCO01-like antibodies that can still bind in the presence of the notoriously

difficult-to-accommodate glycan at position N2764,120 when followed by a boost with N276
gpi20-containing HxB2 WT Core, although these antibodies were only autologously

neutralizing!'®. Phase I trials for this immunogen are planned to begin in 202117,

The second epitope that has been targeted via the germline-targeting approach is the V3-
glycan patch; specifically, germline-targeting immunogens have been designed to activate
and mature the precursors of V3 bNAbs PGT121''8 and BG18!%, Initially, the BG505-
1I0MUT trimer was engineered to bind germline-reverted precursors of PGT121-like
antibodies using mammalian display directed evolution!!®, When injected into knock-in mice
as a part of a sequential immunization protocol, this immunogen caused the development of
the first broadly neutralizing antibodies (heterologous tier 2 responses) observed in animal
models after immunization'”’. A further-engineered variant of BG505-10MUT, known as
1 IMUTB, was also designed to bind with even higher affinity to the germline precusors!'!%.
11MUTB then became the starting-point immunogen for the BG18-targeting N332-GT2
series, as well as our lab’s RC1 V3-glycan patch immunogen, which will be discussed in
Section 5.3: Epitope-Focusing Immunogens (as well as Chapter 3). The BG18-directed,
germline-targeting immunogen N332-GT2 Env trimer was shown to activate precursor B
cells in an adoptive transfer mouse model with a low proportion of those precursor B cells
when multimerized. Additionally, it was used to capture BG18-like naive precursor B cells
from HIV-1-negative human donors, thus suggesting that it could be used as an effective

priming immunogen in a phase I human trial'%.
5.3 Epitope-focusing immunogens

The epitope-focusing immunogen design approach has also been referred to as the ‘germline
agnostic’ approach because its goal is to elicit bNAbs to a certain neutralizing epitope, not
bNADs that mature from a certain precursor germline antibody*’. In this view, so long as
bNAbs mature, it does not so much matter if they faithfully recapitulate the germline genes,
unique features, or lineage evolution of different bNAb classes. One challenge of the

germline-targeting approach is that the desired precursor B cells are incredibly rare; in the
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epitope-focusing approach the number of potentially mature-able B cells is not so severely

limited in the initial step. Alternatively, one challenge that epitope-focusing sequential
immunization protocols have encountered is determining whether the primed precursor B
cells have the capacity to eventually mature into bNAbs. Epitope-focusing immunogens have
been designed to target many epitopes, including the V3-glycan patch®3, the V2 apex!!?, the
MPER!®, and the fusion peptide!'%’.

The RC1 immunogen will be discussed in detail in Chapter 3, but briefly, it was rationally
designed to target the V3-glycan patch with just a single amino acid change from 11MUTB-
the removal of the PNGS that encodes for the N156gpi20 glycan®®. This change was
rationalized as a way to increase accessibility to the protein component of the V3-glyan patch
epitope, as well as reduce negative charges (from sialic acids on the N156gp120 glycan) to
facilitate binding of the mostly neutrally charged precursor antibody. From there, further
mutations were introduced to add PNGSs that would abolish the ‘glycan hole’ epitope at
gp120 positions 230, 241, 289, and 344. This construct, named RC1-4fill, was multimerized
on VLPs and then injected as part of a sequential immunization protocol in non-human
primates (NHPs). Single B cell sorting and cloning from these NHPs allowed for the
discovery of monoclonal antibodies that were shown by cryo-EM and enzyme-linked
immunosorbent assays (ELISAs) to bind at the V3-glycan patch epitope, including the
324GDIR3? peptide motif and gp120 N332/N301 glycans®.

An epitope-focusing immunogen called the MT145K SIV Env trimer was engineered to
target the V2 apex epitope, which is a quaternary epitope at the apex (‘top”) of the trimer!'°.
The immunogen is a minimally-engineered SOSIP.664 construct derived from the simian
immunodeficiency virus (SIV) strain MT145 Env. In line with the goal of epitope-focusing
immunogen design, an SIV, rather than HIV-1, Env was chosen because the V2 apex epitope
is the only common epitope between the two, so other off-target HIV-1 epitopes would not
be exposed. Furthermore, the MT145K trimer binds the iGLs of several V1V2 bNAbs, but

not the iGLs of bNAbs to other epitopes. A sequential immunization protocol with this
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immunogen in a knock-in mouse model elicited heterologous neutralizing serum

responses'!°.

Another epitope that has been targeted using epitope-focusing immunogen design is the
MPER of HIV-1, where antibodies recognize a highly conserved, non-glycan, linear epitope

at the C-terminal end of the trimer ectodomain'?!

. Unfortunately, this is considered a
particularly challenging epitope due to the fact that MPER bNAbs often bind the virus’s lipid
bilayer as well and can therefore exhibit polyreactivity that makes them vulnerable to
deletion by immune tolerance mechanisms?!. One epitope-focusing MPER immunogen is
the MPER-656 liposome, in which a liposome displays a peptide of MPER gp41 residues
656-683'2. In a sequential immunization protocol in NHPs using MPER-656 liposomes, it
was reported that the desired 2F5-like precursor antibodies were not able to overcome
tolerance mechanisms, and were either clonally deleted or never attained sufficient affinity

to be potently neutralizing!?. A phase I clinical trial (NCT03934541) evaluating MPER-656

liposomes in humans concluded in May 2021 but has not yet released results.

The fusion peptide at the N-terminus of gp41 is the final epitope targeted by the epitope-
focusing approach. A sequential immunization series including an immunogen composed of
multimerized fusion peptides conjugated to a keyhole limpet hemocyanin (KLH) carrier
protein (FP-KLH), and followed by boosts with DS-SOSIPs, is the most advanced version
of this FP epitope-focusing approach!?*. It is the only immunogen series yet to elicit tier 2,
heterologous neutralizing antibodies in wild type mice, guinea pigs, and NHPs!'?%!24, Tt would
be an advance in the HIV-1 vaccine world if these results could be directly translated to

humans, although that should not necessarily be expected from previous work in the field.
5.4 Lineage-based immunogens

The lineage-based approach is similar to the germline-targeting approach in that the goal is
to recreate features of known bNAbs; however, the lineage-based approach focuses more
specifically on mimicking the entire development pathway of these bNAbs, specifically the

development of mutations that are considered key and improbable, rather than just the
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recruitment of the correct germline B cells!?>!26, This is enabled by longitudinal tracking

of both virus and bNAb co-evolution from transmitted/founder virus and germline antibody,
respectively, in HIV-1-positive patients over the course of years®®. A component of this
strategy involves designing prime immunogens from the Envs of T/F viruses known to be
125

. Unlike most

native Envs, the CH505 T/F Env was found to bind to the iGLs of two bNAD lineages, the

the founding virus in the infection of a person who later developed bNAbs

CH103 and CH235 lineages, observed in the same patient, and thus was thought to be an

appropriate starting immunogen for inducing these types of bNAbs!'?’

. However, initial
studies showed immunizations with CH505 TF gp120 and sequential CH505 TF lineage
gp120s as well as a chimeric CH505 TF gp120:BG505 gp41 SOSIP did not elicit tier 2
neutralizing antibody responses in animal models!?%!%
immunogens, CH848 10.17DT Env and M5.G458Y SOSIP, were published that target the

DH270 (V3-glycan patch) and CH235 (CD4bs) bNAD lineages, respectively'?S. These

. In 2019, two lineage-based

immunogens were specifically developed to elicit antibodies that contained the specific, key,
improbable mutations that were observed in the maturation of the DH270 and CH235
bNADbs. The immunogens were shown to bind with higher affinity to the bNAb precursors
that had acquired the improbable mutations than those that had not!'?®. Studies showed that
NHPs immunized with multimerized M5.G458Y SOSIP gp140 nanoparticles elicited high
titers of antibodies that could neutralize modified CH505 viruses (either a glycan GnTI™
mutant or G458Y mutant)!?%. Additionally, two phase I trials (HVTN 115 and HVTN 135)
are currently studying CH505 TF gp120 immunogens. HVTN 115 (NCT03220724) was
designed to test a sequential immunization series with CH505 TF lineage gp120s similar to
a previous NHP study'?8, and HVTN 135 (NCT04607408) will study the immunogenicity of
CH505 TF gp120 in infants, who may generate bNAb responses more reliably and quickly

than adults'°.
Scope of Work

Structural biology has been key to the advancement of HIV-1 immunogen design, both in

terms of characterizing the desirable features of human bNAbs that immunogens are then
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designed to elicit, as well as in evaluating the humoral responses of animals that have been

immunized with designed immunogens. This thesis reports on several projects that relate to
the themes explored in this introduction, such as bNADb isolation and characterization
(Chapter 2), immunogen design (Chapter 3), and the structural study of an non-neutralizing,
off-target monoclonal antibody (Chapter 4). Chapter 2 describes the isolation, high-
resolution structural characterization, and in vitro resistance profile of a new bNAD, 1-18,
that is both very broad and potent, as well as able to restrict HIV-1 escape in vivo. Chapter 3
reports the results of an epitope-focusing immunogen design and immunization experiment
carried out in wild type mice, rabbits, and non-human primates where it was shown that B
cells targeting the desired epitope were expanded after a single prime immunization with
immunogen RC1 or a variant, RC1-4fill. Chapter 4 describes Ab1245, an off-target non-
neutralizing monoclonal antibody isolated in a macaque that had been immunized with a
series of sequential immunogens after the prime immunization reported in Chapter 3. The
antibody structure describes a specific type of distracting response as it binds in a way that
causes a large structural change in Env, resulting in the destruction of the neutralizing fusion

peptide epitope.

Additionally, when the SARS-CoV-2 pandemic began to unfold in 2020, many of the
researchers (including myself) that were familiar with HIV-1 structural biology analyses of
antibodies were uniquely positioned to shift to working on analogous antibodies elicited in
response to SARS-CoV-2 infection and vaccination. Chapter 5 is adapted from a review
about how antibodies differentially recognize the viruses HIV-1, SARS-CoV-2, and Zika
virus. This review serves as an introduction to the virus SARS-CoV-2, which is the topic of
the final chapter, Chapter 6. In this chapter, structures of many neutralizing antibodies
isolated from SARS-CoV-2 patients were used to define potentially therapeutic classes of
neutralizing receptor-binding domain (RBD) antibodies based on their epitopes and binding

profiles.
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Summary

Broadly neutralizing antibodies (DN Abs) represent a promising approach to prevent and treat
HIV-1 infection. However, viral escape through mutation of the HIV-1 envelope
glycoprotein (Env) limits clinical applications. Here we describe 1-18, a new Vul-46-
encoded CD4 binding site (CD4bs) bNAb with outstanding breadth (97%) and potency
(GeoMean ICsp = 0.048 pg/mL). Notably, 1-18 is not susceptible to typical CD4bs escape
mutations and effectively overcomes HIV-1 resistance to other CD4bs bNAbs. Moreover,
mutational antigenic profiling uncovered restricted pathways of HIV-1 escape. Of most
promise for therapeutic use, even 1-18 alone fully suppressed viremia in HIV-1-infected
humanized mice without selecting for resistant viral variants. A 2.5 A cryo-EM structure of
a 1-18-BG505SOSIP.664 Env complex revealed that these characteristics are likely
facilitated by a heavy-chain insertion and increased inter-protomer contacts. The ability of
1-18 to effectively restrict HIV-1 escape pathways provides a new option to successfully

prevent and treat HIV-1 infection.
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Introduction

Broadly neutralizing antibodies (bNAbs) targeting the HIV-1 envelope protein (Env) can
prevent infection in animal models and are under investigation for passive immunization in
clinical trials (Balazs et al., 2011; Gautam et al., 2016; Julg and Barouch, 2019; Moldt et al.,
2012; Shingai et al., 2014). Moreover, bNAbs have been demonstrated to suppress viremia
and delay viral rebound after interruption of antiretroviral therapy (ART) in HIV-1-infected
individuals (Bar et al., 2016; Bar-On et al., 2018; Caskey et al., 2015, 2017; Lynch et al.,
2015a; Mendoza et al., 2018; Scheid et al., 2016). Although these results highlight the
significant clinical potential of bNAbs, pre-existing or de novo HIV-1 resistance cause
treatment failure and can strongly limit bNAb applications in humans (Bar et al., 2016; Bar-
On et al., 2018; Caskey et al., 2015, 2017; Lynch et al., 2015a; Mendoza et al., 2018; Scheid
et al., 2016). Strategies to prevent and overcome viral escape are therefore critical to
effectively implement bNAb-mediated approaches for HIV-1 prevention and therapy
(Caskey et al., 2019; Gruell and Klein, 2018).

In recent years, potent bNAbs have been isolated from HIV-1-infected donors that target
distinct vulnerable epitopes on the Env trimer. These epitopes include the CD4 binding site
(CDA4bs), the V1/V2 loop, the V3 loop glycan patch, the membrane-proximal external region
(MPER), and the interface between the gp120 and gp41 subunits (Gama and Koup, 2018;
Sok and Burton, 2018; Walker and Burton, 2018). Among these sites, the CD4bs is of
particular interest because CD4 serves as the primary receptor for viral entry (Kwong et al.,

1998; Maddon et al., 1986; Zhou et al., 2007).

Most potent CD4bs bNAbs are characterized by use of the immunoglobulin heavy-chain
gene segment IGVHI-2*02, high levels of somatic hypermutation, a five-residue
complementarity-determining region 3 of the light chain (CDRL3), and mimicry of the CD4-
Env interaction (West et al., 2012; Zhou et al., 2010, 2013, 2015). Named after the
prototypical antibody, these antibodies are referred to as VRCO01-class bNAbs (Wu et al.,
2010). Additional members of this class include 3BNC117, NIH45-46, N49-P7, N6, and
VRCO07-523 (Huang et al., 2016a; Rudicell et al., 2014; Sajadi et al., 2018; Scheid et al.,
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2011). Other bNAbs that mimic CD4 binding are derived from the VH1-46 gene segment.

However, compared with VH1-2-derived bNAbs, the VH1-46 bNADbs reported to date have
lower potencies and breadth, which limits their potential for clinical use (Bonsignori et al.,
2016; Gao et al., 2014; Scheid et al., 2011). For example, CH235.12, one of the best VH1-
46-derived CD4bs antibodies, is less broad and more than 10-fold less potent than the
VRCO01-class bNAb N6 when tested against a large panel of HIV-1 strains (Bonsignori et al.,
2016).

Accordingly, all CD4bs bNADbs that have advanced into clinical testing are members of the
VRCOI class (3BBNC117, N6, VRCO1, and VRCO07-523) (Bar et al., 2016; Bar-On et al.,
2018; Caskey et al., 2015, 2019; Cohen et al., 2018a; Crowell et al., 2019; Gaudinski et al.,
2018, 2019; Gruell and Klein, 2018; Ledgerwood et al., 2015; Lynch et al., 2015a; Mayer et
al., 2017; Mendoza et al., 2018; Riddler et al., 2018; Scheid et al., 2016). However, although
escape from VRCOI has been associated with a reduction in viral fitness (Lynch et al.,
2015b), the effects of VRCO1-class monotherapy are only transient and associated with
emergence of viral escape variants (Bar et al., 2016; Caskey et al., 2015; Horwitz et al., 2013;

Klein et al., 2012; Lynch et al., 2015a; Scheid et al., 2016).

Here we describe bNAD 1-18, a VH1-46-derived CD4bs antibody that exceeds the potency
and breadth of most classical VH1-46- and VH1-2-derived bNAbs. The structural basis of
its high activity was revealed by a single-particle cryo-electron microscopy (cryo-EM)
structure of a 1-18 Fab-BG505 SOSIP.664 Env trimer complex solved at 2.5 A resolution.
Of particular interest, compared with 3BNC117 and VRCOI, the two most clinically
advanced CD4bs bNAbs, 1-18 effectively restricts viral escape and maintains both
neutralizing activity against VRCO1-class escape variants and full viral suppression when
tested in HIV-1lyyz-infected humanized mice. Therefore, 1-18 is a highly promising

candidate for antibody-mediated strategies to effectively treat and prevent HIV-1 infection.

Results
Identification of Potent VH1-46-Derived bNAbs



42
To identify individuals with elite HIV-1-neutralizing activity, we screened HIV-1-infected

subjects. From each individual, purified serum or plasma immunoglobulin G (IgG) was
tested for neutralizing activity in a TZM-bl cell assay against a multiclade screening panel of
12 HIV-1 pseudoviruses (deCamp et al., 2014; Sarzotti-Kelsoe et al., 2014; Figure 1A). We
identified IDC561, a clade B-infected long-term non-progressor (Walker and Yu, 2013), as
ranking among the top 1% of a cohort of 2,274 individuals (HIV-1-neutralizing activity at a
geometric mean 1Cso [50% inhibitory concentration] of 41.7 pg IgG/mL; Figures 1A and
S1A-S1C). To characterize the epitope specificity of the IgG response, we performed
neutralization fingerprinting and detected VRCOI-like activity (Doria-Rose et al., 2017;
Figure S1D). However, virus obtained from IDC561 was sensitive to 3BNC117 and N6,
suggesting that the HIV-1-neutralizing antibodies in IDC561 differ from VRCOI-class
antibodies (Figure S1E).
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Figure 1. Identification of Broad and Potent Antibodies in Donor IDC561 (A) Identification
of the elite neutralizer IDC561. (B) Single BG505sosip.664- (top) or YUZ2gpiso-reactive
(bottom) B cells were sorted, and antibody sequences were amplified using OPT5/0oPR
primers. Left pie charts showing the numbers of heavy-chain sequences identified, with
clonal sequences indicated in light blue; right pie charts showing the numbers of clonal
heavy-chain sequences, with individual clones represented by slices. Antibodies of members
of clones in dark blue and green were tested. A black line indicates clones identified by both
HIV-1 Env-sorting strategies. (C) Monoclonal antibodies were produced from members of



44
33 clones (clone 4 comprised subclones 4.1-4.4) (left). Boxes in the middle and on the
right correspond to the left panel and show antibodies bindingto YU2gpi40 or
BG505so0s1p.664 or neutralizing more than 90% of the global panel HIV-1 strains, respectively.
(D) Phylogenetic tree of clone 4 members. Boxes indicate GeoMean ICso and breadth against
the global panel. aa, amino acids. Black, gray, and green asterisks indicate antibodies 1-18,
1-55, and 2-12, respectively. See also Figures S1 and S2 and Tables S1, S2, S3, and S4.
To identify antibodies that accounted for the potent neutralizing activity of IDC561, we
performed single-cell sorting of Env-reactive B cells that bound to native-like BG505
SOSIP.664 (Sanders et al., 2013; Sliepen et al., 2015) (0.08% of IgG+ B cells) or to YU2gp140
(Scheid et al., 2009; Yang et al., 2000) (0.72% of IgG+ B cells) (Figure 1B). Using a new
amplification strategy with primer sets optimized for precise detection of highly mutated IgG
gene segments (OPT5/0PR; Kreer et al., 2019), we obtained and analyzed 812 IgG heavy-
chain sequences (BG505 SOSIP.664, n = 445; YU2gp140, n = 367) (Figure 1B). Compared
with the total IgG+ B cell reservoir of IDC561, Env-reactive B cells carried slightly longer
CDRH3s (median length of 17 versus 16 amino acids, p < 0.001), had higher levels of
somatic mutation (median VH gene nucleotide germline identity of 88.4% versus 95.3%, p
< 0.001), and were enriched for the VH gene segments 1-46, 1-69, and 4-4 (Figures S1F—

S1H). Among Env-reactive B cells, we identified 80 B cell clones with two or more members

(Figure 1B).

Following production of monoclonal antibodies (Table S1), binding of both BG505
SOSIP.664 and YU2g140 was detected by ELISA for 70% of the tested antibody clones
(Figure 1C; Table S2). The antibodies of most clones showed no or minimal neutralizing
activity when analyzed against the 12-strain global panel, suggesting that they play a limited
role in the serum activity of IDC561 (Figure 1C; Table S3A). In contrast, all tested members
(23 antibodies) of B cell clone 4 (comprising subclones 4.1-4.4) neutralized 92%—100% of
viruses in the screening panel with remarkable potency (GeoMean ICso of 0.032—-0.198
ug/mL; Figure 1D; Table S3A). B cell clone 4, derived from the VH1-46 and VK3-20 gene
segments, included members with different CDRH3 lengths of 18 (subclones 4.1 and 4.2),
20 (subclone 4.4), or 21 (subclone 4.3) amino acids (Table S1). Subclone 4.1 showed the

highest breadth and potency and was characterized by a six-amino-acid CDRH1 insertion
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that lengthened the CDRHI from 8 to 14 amino acids (Figure 1D; Tables S1 and S4). We

conclude that antibodies of the VH1-46-derived B cell clone 4 are highly potent, broadly

active, and likely mediate the neutralizing serum activity of the elite neutralizer IDC561.

1-18: A CD4bs bNADb with Near-Universal Breadth and Outstanding Potency

We selected antibodies 561 01 18 and 561 01 55 (hereafter referred to as 1-18 and 1-55),
two representative members of clone 4.1, for further analyses (Figure 2A). Both antibodies
are highly mutated, with heavy and light chain V gene germline nucleotide sequence
identities of 68% and 78%—79%, respectively (Figure 2A; Table S4). Notably, the
neutralizing activities of 1-18 and serum IgG of IDC561 against 42 pseudoviruses strongly
correlated, suggesting that members of clone 4.1 are main contributors to the serum activity
of IDC561 (Figure S2A). To determine binding of 1-18 and 1-55 to the BG505 SOSIP.664
trimer in the presence of other HIV-1 bNAbs, we performed competition ELISAs and
detected interference with 3BNC117, N6, and VRCO1 (Figures 2A; S2B). However,
compared with these VRCOl-class CD4bs antibodies, a different binding pattern was
detected for 1-18 and 1-55 when tested by ELISA against several Env proteins. For example,
whereas 3BNC117, N6, and VRCO1 bound similarly to YU2gp120, YU2gp140, and BALgp140
and were reactive to the V1-V3 loop-deficient gp120 variant RSC3 (Wu et al., 2010), bNAbs
1-18 and 1-55 showed lower (YU2gpi20, YU2gpi140, and BALgpi40) or no (RSC3) binding to
these proteins (Figure S2C). Therefore, 1-18 and 1-55 target the CD4bs but recognize this
epitope differently than VRCO1-class antibodies.
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Figure 2. bNAb 1-18 Demonstrates Highly Potent and Near-Pan HIV-1-Neutralizing
Activity (A) Characteristics of antibodies 1-18 and 1-55. (B) Activity of 1-18 against the
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global panel compared with bNAbs in advanced stages of clinical testing, individually
sorted by increasing ICso values for each bNAb. Data for 3BNC117, VRCO1, 10-1074, and
PGTI121 were derived from CATNAP (Yoon et al., 2015). (C) Activity of 1-18 compared
with a selection of bNAbs against an identical set of 109 pseudovirus strains (Yoon et al.,
2015). For N6, neutralization data were determined in the same laboratory as for 1-18. (D)
Activity against the 119-pseudovirus multiclade panel. Data for 3BNC117, VRCO01, 10-
1074, and PGT121 were derived from CATNAP (Yoon et al., 2015). (E) Activity against
patient-derived bulk culture outgrowth virus. (F) Activity of 1-18 compared with N6 against
the 119-pseudovirus multiclade panel and patient-derived bulk culture outgrowth viruses. In
(D)~F), ICsovalues are shown at the top and ICgovalues at the bottom. See
also Figure S2 and Tables S3 and S5.

We next evaluated the neutralizing activity of 1-18 in detail. In comparison with four bNAbs
in advanced stages of clinical investigation (3BNC117, VRCO1, 10-1074, and PGT121), 1-
18 demonstrated superior activity with high potency (GeoMean ICso of 0.035 pg/mL,
GeoMean ICso [80% inhibitory concentration] of 0.155 pg/mL) against all viruses of the 12-
strain global screening panel (deCamp et al., 2014; Figure 2B; Table S3A). Although 1-18
competed with other CD4bs bNAbs for binding to BG505 SOSIP.664 by ELISA, no
reduction in neutralizing activity was detected when 1-18 and 3BNC117 were combined
(Figure S2D). To confirm the results of the screening panel, we evaluated the activity of 1-
18 on extended pseudovirus panels. Overall, 1-18 ranked among the best bNAbs that are
currently available (Figure 2C). When tested against a 119-strain multiclade panel, 1-18
showed highly potent activity (GeoMean ICso of 0.048 pg/mL, GeoMean ICgy of 0.183
ng/mL) with a breadth of 97% (Figure 2D; Table S5A). In addition, 1-18 demonstrated high
potency (GeoMean ICso of 0.074 pg/mL, GeoMean ICsgo of 0.279 pg/mL) and breadth (90%)
when tested against a 100-strain clade C panel (Table S5B). Finally, we determined the
activity of 1-18 against culture-derived primary HIV-1 strains that are generally more
difficult to neutralize than pseudoviruses (Cohen et al., 2018b). Against viruses obtained
from 51 HIV-l-infected individuals, 1-18 demonstrated higher breadth and/or potency
(GeoMean ICs 0f 0.56 pg/ mL, GeoMean ICgo of 1.57 pg/mL, 96% breadth) than 3BNC117,
VRCO1, 10-1074, and PGDM1400 (Figure 2E; Table S5C) and was superior to the near-pan-

neutralizing VH1-2-derived CD4bs bNAb N6 (Huang et al., 2016a; Figure 2F; Table S5C).
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We conclude that 1-18 is a highly broad and potent VH1-46-derived antibody that rivals

or exceeds the activity of CD4bs bNAbs described to date.

1-18 Targets the CD4bs and Regions of the Adjacent gp120 Protomer

To characterize Env recognition by the 1-18 family of bNAbs, we solved cryo-EM structures
of 1-18 and 1-55 Fabs in complex with soluble native-like Env trimers and the V3-targeting
bNADb 10-1074 at resolutions of 2.5 A (1-18 complexed with BG505 SOSIP.664) and 3.9 A
(1-55 complexed with RC1, a designed immunogen that is a derivative of BGS505
SOSIP.664; Escolano et al., 2019) (Figures 3A and S3; Table S6). Notably, at 2.5 A
resolution, the 1-18 complex is the highest resolution view yet obtained of an HIV-1 Env
trimer (Figure S3A; Table S6). Both complexes contained three 1-18 family Fabs and three
10-1074 Fabs interacting with three-fold symmetry with a SOSIP Env trimer. 1-18 and 1-55
recognized the CD4bs similarly to other VH1-46-derived bNAbs, including SANC131 and
CH235.12 (Bonsignori et al., 2016; Zhou et al., 2015), with interactions encompassing
contacts with the N276gp120 and N197gp120 glycans, the CD4bs loop via the CDRH2, the V5
loop via the CDRH2, and loop D via the CDRL3 (Figures 3A, 3B, S4A, and S4B). However,
in addition, 1-18 contacts Env by residue F54uc, which is buried in the gp120 ‘Phe43 pocket’,
and by residue R64nc, which makes a salt bridge with V5 residue D457gp120 (Figure S4B).
These interactions mimic analogous gpl120 contacts made by CD4 residues F43cps and
K35cp4, respectively, and the VH1-2-derived bNAb N6 also buries an aromatic residue
(Y54uc) in the ‘Phe43 pocket’ (Huang et al., 2016a; Kwong et al., 1998; Figure S4B).
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Figure 3. Cryo-EM Structures of 1-18 and 1-55 Fab Complexes with Env Trimers (A) EM
densities for side views of Env trimers complexed with 1-18 or 1-55 Fabs and 10-1074 bNAb
Fabs. 1-55 Fabs were based on sequence variants that contained primer-induced mutations
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at the start and end of the V genes (total of 2 aa [Vu] and 4 aa [Vi] mutations). (B) Top
view of 1-18-BG505-10-1074 complex density. The inset shows a close up of the interactions
between the 1-18 Vu-VL domains (cartoon representation) and Env, with primary gp120
shown in light gray and secondary gp120 (gp120,) shown in dark gray. Protein regions that
are contacted by 1-18 are shown as colored surfaces, and glycans are shown as sticks. (C)
Close up of interactions of 1-18 CDRHI residues with residues on secondary
gp120. Hydrogen bonds and electrostatic contacts are shown as dotted lines. The percent
conservation among Env sequences of gp120; residues contacted by CDRHI1 is indicated in
parentheses (West et al., 2013). * denotes the conservation percentage in the 500 viruses that
have residue 308. (D) Electrostatic surface representation of the Env region contacted by the
1-18 CDRHLI. (E) Buried surface areas from CD4bs bNAb contacts on the primary (gp120;)
and secondary (gp120,) protomers. Env trimer structures are SOSIP.664 versions of the
indicated Env strains. See also Figures S3 and S4 and Table S6.

In addition to the canonical VH1-46 contacts, 1-18 contains a six-residue insertion in its
CDRHI, resulting in a negatively charged 2DDDPYTDDD?* motif that interacts with the
adjacent gp120 protomer (Figures 3B-3D). At the adjacent protomer, four Asp residues in
the 1-18 CDRHI1 (D25Hc, D27Hc, D3 ch, and D32Hc) plus T30uc form coordinated
interactions around the highly conserved Env residue K207g,120 (Figure 3C). In addition, the
increased length of the 1-18 CDRHI places Y29uc in a position to interact with residues in
the V3 loop on the adjacent protomer (S306gp120, R308gp120, A316gp120, and Y318gp120)
(Figure 3C). Although not all of the Asp residues in the 1-18 CDRHI1 contact positively
charged residues on gp120, the Asp-rich insertion may have been selected to carry an overall
negative charge that is electrostatically attracted to the positively charged patch within the
V3 loop on the adjacent protomer (Figure 3D), which could drive formation of an initial Env-
antibody complex (Schreiber et al., 1996). Although other CD4bs bNAbs include Asp-
containing insertions in either the CDRH1 or heavy-chain framework region 3 (FWRH3)
that interact with the positively charged gp120 patch (Lee et al., 2017; Liu et al., 2019; Xu et
al., 2018; Figure S4C), the number of Asp in the CDRHI1 of 1-18 and the extent of their
interaction to Env have not been described before. Notably, gp120 residues contacted by the
1-18 CDRHI1 contribute to the CD4 and/or co-receptor binding sites (Liu et al., 2017; Rizzuto
et al., 1998; Shaik et al., 2019), and most residues are highly conserved (Figure 3C).

Demonstrating their importance for viral function, mutations in some of these residues have

been shown to substantially reduce infectivity (de Taeye et al., 2015; Liu et al., 2017).
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To evaluate the relevance of the CDRHI1 insertion for the neutralizing activity of 1-18, we

engineered 1-18Dins, a 1-18 variant lacking the insertion. When tested against the 12-strain
global panel, 1-18Ains showed significantly reduced potency compared with 1-18 (GeoMean
ICso values of 0.114 pg/mL [1-18Ains] and 0.035 pg/mL [1-18], respectively; p = 0.012;
Table S3B). In addition, we investigated antibody 561 02 12 (referred to as 2-12), a member
of clone 4 that developed in individual IDC561 but does not have a CDRH1 insertion.
Compared with 1-18, antibody 2-12 showed lower breadth on extended pseudovirus panels
(119-strain multiclade panel: 1-18, 97% breadth; 2-12, 87% breadth; 100-strain clade C
panel: 1-18, 90% breadth; 2-12, 74% breadth; Tables SSA and S5B). Analysis of the
neutralization panel data (West et al., 2013) indicated reduced potency of 2-12 against viruses
carrying H364¢,120 in the CD4 binding loop. In contrast, 1-18 is less affected by this variation,

suggesting a higher tolerance for structural variations in this site.

Compared with the epitopes of the CD4bs bNAbs 3BNC117 and VRCO1 (Lee et al., 2017;
Stewart-Jones et al., 2016), 1-18 and 1-55 bury more surface area on both the primary gp120
epitope and the adjacent protomer, another potential mechanism for their increased breadth
and potency (Chuang et al., 2019; Figure 3E). Finally, the slightly higher neutralizing activity
of 1-18 compared with 1-55 might be explained by variations in glycan accommodation
(Figure S4D). We conclude that 1-18 mediates exceptional HIV-1-neutralizing activity by
an increase in buried surface on gp120, primarily through increased interprotomer contacts

mediated by its unique CDRHI.

1-18 Is Not Affected by Typical VRCO01-Class Escape Mutations

To determine how known Env escape mutations affect the neutralizing activity of 1-18, we
evaluated the sensitivity of HIV-1yu: pseudovirus variants. As expected, removal of potential
N-linked glycosylation sites (PNGSs) in the V2 (N160gpi20) and V3 (N301gp120, N3324p120)
loops mediated resistance to the V1/V2-directed bNAbs PG16 and PDGM 1400 and the V3-
directed bNAbs 10-1074 and PGT128, respectively (Mouquet et al., 2012; Pejchal et al.,
2011; Sok et al., 2014; Walker et al., 2009, 2011), but did not affect neutralization by 1-18
or other CD4bs bNAbs (Figure 4). Similarly, removal of a PNGS adjacent to the CD4bs
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(N276gp120) reduced sensitivity to the gp120-gp41 interface bNAb 8ANC195 (Scharf et
al., 2014) but had no effect on 1-18 (Figure 4).
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type.

bNADbs typically interact with loop D residues N279gp120 and/or

N280g120, and changes in these residues have been associated with viral rebound from

CDA4bs therapy (Diskin et al., 2013; Horwitz et al., 2013; Julg et al., 2017; Klein et al., 2012;

Lynch et al., 2015a). When we tested HIV-1yu» variants with mutations at these residues, we

observed reduced or abrogated sensitivity to VRCOI-class bNAbs and to the VH1-46-
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derived CD4bs bNAb 8ANCI131 (Figure 4). In contrast, these mutations had no or only

minimal effects on 1-18 (Figure 4). Maintained neutralizing activity against these variants
might be mediated by increased contacts of 1-18’s extended CDRHI that formed
compensatory interactions, alleviating the necessity for loop D contacts normally required
by CD4bs antibodies. Additionally, the portion of 1-18’s CDRL3 that contacts loop D utilizes
a glycine-rich *?GGT** motif rather than the *?SST** motif in 8ANCI131. This could
accommodate mutations in loop D (N279K, N280Y) through increased flexibility. Finally,
the 7 A shift in CDRL2 location between 1-18 and 8ANCI131 could allow greater
accommodation of a glycan at N279gp120 in two HIV-lyy, variants (A281T and

T2781/A281T).

Mutations in the 23 and 24 strands surrounding the V5 loop (gp120 residues 451-471)
were associated with viral resistance against SANC131 but were tolerated by 1-18 (Figure
4). V5 loop residue D457gp120 interacts with 1-18 R64nc, a somatic mutation from the VH1-
46 germline that is present in 1-18 but not in 8ANC131. We hypothesize that the R64nc-
D457 120 salt bridge is a crucial interaction between 1-18 and gp120 that potentially allows

it to tolerate common routes of Env escape within the V5 loop.

We conclude that 1-18 maintains full activity against viruses carrying mutations associated

with viral resistance against other CD4bs bNAbs in vitro.

Mutational Antigenic Profiling of 1-18 Reveals Restricted HIV-1 Escape

To identify potential pathways of viral escape from 1-18, we used mutational antigenic
profiling with libraries of HIV-1gcsos variants containing all single amino acid substitutions
within the ectoand transmembrane domains of Env (Figure S5; Dingens et al., 2017; Haddox
et al,, 2018). In this assay, the effects of Env mutations on antibody resistance are
quantitatively determined by deep sequencing of cells that become infected in the presence

versus the absence of an antibody.

1-18 only selected escape mutants at a small number of residues, all of which were outside

of the canonical CD4bs. In contrast to 3BNC117 and VRCO1 (Dingens et al., 2019), we
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observed no statistically significant escape from 1-18 in loop D and the CD4 binding loop

(Figures SA—5C and S5). Rather, 1-18-mediated selection was localized to the V3 loop and
the stem of the V1/V2 loop of gp120 (Figure 5C). Among the four sites of significant escape,
three residues (K207gp120, R304 gpi20, and Y318 gpi20) interact with the CDRHI1 of 1-18
(Figure 5C). The fourth residue, C119 gp120, generally forms a disulfide bond with C205 gp120
at the stem of the V1/V2 loop. Thus, mutations at residue C119 gp120 may reduce 1-18
accessibility to the highly conserved K207gp120 by disordering the V1/V2 loop structure
(Leonard et al., 1990; van Anken et al., 2008).
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Figure 5. Restricted Pathways of Escape from 1-18 Identified by Mutational Antigenic
Profiling (A) Line plots indicate the HIV-1ggsos library excess fraction surviving antibody
neutralization, averaged across all mutations at each site. Data for antibodies other than 1-18
in all panels are from Dingens et al. (2019). Regions in gray are detailed in (B). (B) HIV-
IBasos escape profiles, with letter heights indicating the excess fraction surviving for each
mutation. Circles indicate HIV-1ggsos residues interacting with 1-18 (cryo-EM). Asterisks
indicate residues with statistically significant antibody escape. (C) The
BG505sosip.664 trimer, colored according to the maximum excess fraction surviving 1-18 at
each site, with 1-18 shown in blue. In the inset, structurally defined contacts are shown as
spheres, and the CDRHI is highlighted by the rectangle. Interactions of the CDRH1 with the
adjacent gp120 protomer are indicated on the right. (D) The top row indicates ICso of 1-18
against the BGS505t33n pseudovirus, and the panels show fold change in ICso for
BG5051332n pseudovirus variants with mutations in the six residues showing the highest
excess fraction surviving 1-18 neutralization. Circles indicate interactions as in (B). (E)
Excess fraction surviving for the 40 mutations with the largest effect sizes for each antibody.
Circles indicate the number of nucleotide changes required for the respective amino acid
mutation. See also Figure S5.

Mutational antigenic profiling allows identification of the strongest escape mutations for
each antibody (Figures SA—5C and S5E). Importantly, although VRCO1 escape mutations
were associated with a 3- to more than 175-fold increase in the antibody ICso values for HIV-
IBasos pseudovirus variants (Dingens et al., 2019), the effects were much less pronounced
for potential 1-18 escape mutants (Figure 5D). When we evaluated HIV-1sacsos
pseudoviruses carrying single mutations at the six residues with the highest level of 1-18-
mediated selection, the sensitivity to 1-18 was reduced by less than 2.3-fold for 5 of the 6
tested viruses (Figure 5D). The sixth virus, carrying an A316E mutation, showed a 3.2-fold
decrease in sensitivity (ICso increased to 0.098 pg/mL) (Figure 5D). Therefore, all tested
potential escape variants remained highly 1-18-sensitive when evaluated as pseudoviruses.
To determine the ease of viral escape, we compared the effects of the 40 strongest mutations
from antigenic profiling of 1-18 with those of VRCO1, 3BNCI117, 10-1074, or the
combination of 3BNC117 and 10-1074 (Dingens et al., 2019). The levels of escape observed
for 1-18 were lower than those for the single bNAbs and similar to the combination of

3BNC117 and 10-1074 (Figure 5E).
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Overall, mutational antigenic profiling of 1-18 revealed a strong limitation of HIV-1gGso0s

escape via single amino acid mutations, with no evidence of selection at the canonical CD4bs

that is critical for resistance against VRCO1-class bNAbs.

Full Suppression of Viremia by 1-18 Monotherapy In Vivo

To determine the antiviral activity of 1-18 in vivo, we used HIV-1yw-infected humanized
mice that can maintain stable viremia with a rate of HIV-1 diversification similar to what is
observed in humans (Gruell and Klein, 2017; Ince et al., 2010; Klein et al., 2012; Zhang et
al., 2002; Figure S6A).

Following a 1-mg loading dose of antibody administered subcutaneously (s.c.), we treated
HIV-1yuz-infected mice (n = 6-10 per group) twice a week with s.c. injections of 0.5 mg per
bNAD for 4-8 weeks (Figure 6A). Treatment with 3BNC117, VRCO1, or the combination of
both bNADbs resulted in mean viral load reductions of 0.5, 0.5, and 0.7 logio copies/mL,
respectively. However, these effects were only transient, and viral rebound occurred within
the first 2 weeks in most animals, indicating rapid viral escape (Figure 6A). Indeed, when
plasma single genome sequencing (SGS) (Salazar-Gonzalez et al., 2008) was performed at
week 4 after the start of treatment, 79 of 82 isolated viruses from 16 mice showed mutations
in the VRCO1 and 3BNC117 target sites in loop D and/or the 23/ V5 loop regions of gp120
(Figures 6B and 7A; Tables STA-S7C).
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Iuxs2. See also Figure S6 and Table S7.
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Figure 7. bNAD 1-18 Overcomes VRCO1-Class Escape In Vivo (A) Pie charts indicate the
number of plasma env sequences obtained from HIV-1yuz-infected humanized mice on day
28 of treatment with 3BNC117, VRCO1, or 3BNC117+VRCO1. Icons are as in Figure 6A.
Outer bars indicate mutations in loop D and/or the 23 strand/V5 loop. *+ G471E
mutation. **+ AT462 & AN463 mutations. (B) ICses of 1-18 SGS-derived day
28 env sequence pseudoviruses with mutations as indicated in (A). (C) Addition of 1-18
treatment on day 28 to HIV-1yu2-infected humanized mice that showed viral rebound during
3BNC117, VRCO1, or 3BNC117+VRCO1 therapy (Figure 6A). The previous treatment
regimen was continued. HIV-1 RNA plasma copies are shown at the top and logio viral
load changes compared with baseline (day 28) at the bottom. Dashed lines in the top panels
indicate the quantitation limit of accuracy (384 copies/mL), and data points in white indicate
viral loads of less than 384 copies/mL. Red lines show average logio viral load changes
compared with baseline (day 28). (D) HIV-1 RNA plasma copies (left y axis) and plasma
bNAD levels determined by BG505sosip.ss4-ELISA (right y axis) after interruption of bNAb
therapy on day 56 as indicated in (C). Only mice that could be followed for 58 days are
included. Dashed lines indicate the HIV-1 RNA quantitation limit of accuracy (384
copies/mL). White circles show viral loads of less than 384 copies/mL, and gray circles
indicate antibody levels of less than 1 pg/mL. (E) Plasma SGS-derived env sequences
obtained on day 114. Black bars indicate amino acid mutations compared with the YU2 wild-
type found previously; red bars indicate mutations only found on day 114 within individual
mice. Numbering is according to HIV-1yu2. Boxes indicate 1Cso values of 1-18 against the
corresponding pseudoviruses (right). See also Table S7.

In contrast to the transient effects of 3BNC117 and VRCO1, monotherapy of HIV-1yu2-
infected humanized mice with 1-18 resulted in sustained viral suppression over a period of 8
weeks in all treated animals (average drop of 1.7 logio copies/mL; Figure 6A). Moreover, in
all but one mouse, viremia dropped to levels below the level of quantitation (384 copies/mL)
by day 35. From the one mouse (1069) that had quantifiable levels of viremia but was
suppressed (drop of 1.9 logio copies/mL), we analyzed HIV-1 env sequences at week 4
(Figures 6A and 6B). We detected no recurrent mutations at contact residues of 1-18 or
typical CD4bs bNAbs, and pseudoviruses derived from these sequences remained sensitive
to 1-18 (Figure 6B; Table S7D). These results were confirmed in an independent repeat
experiment for 1-18 as well as for 1-55, another member of clone 4.1 (Figure S6B). Although
five of six 1-18-treated mice in this experiment were fully suppressed, one mouse (1730)
continued to show high HIV-1 RNA copy numbers (Figure S6B). However, all env
sequences obtained from this mouse carried large V4 loop deletions as well as early stop

codons (Figure S6C). Thus, despite detectable rebound of viremia in 1 of 18 mice treated
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with 1-18 or 1-55, no functional escape viruses were observed by SGS and evaluation of

pseudoviruses.

Effective clinical application of bNAbs depends on favorable safety and pharmacokinetic
profiles. Following a single injection of 1-18 or 1-55, their decline in serum of
immunodeficient mice was slower compared with VRCO1-class bNAbs and more similar to
10-1074, which has a longer half-life than 3BNC117 and VRCO1 in humans (Bar-On et al.,
2018; Caskey et al., 2015, 2017; Ledgerwood et al., 2015; Lynch et al., 2015a; Mendoza et
al., 2018; Figure S6D). In addition, whereas some bNAbs demonstrate binding to self-
antigens (Haynes et al., 2005), we found no indication for autoreactivity of 1-18 or 1-55 when

tested against HEp-2 cells (Figure S6E).

In summary, we conclude that 1-18 has exceptional antiviral in vivo activity against HIV-
Iywa. This activity is superior to the CD4bs antibodies 3BNC117 and VRCO1, which are
currently being evaluated in clinical trials. Importantly, single bNAb therapy with 1-18 is
sufficient to effectively prevent development of viral escape variants that rapidly emerge

during HIV-1yu2 monotherapy with other bNAbs (Horwitz et al., 2013; Klein et al., 2012).

1-18 Overcomes VRCO01-Class Escape Mutations In Vivo

To confirm that mutations occurring during 3BNC117 and/or VRCO1 therapy conferred
antibody resistance, we generated 30 pseudoviruses derived from day 28 env sequences of
11 VRCOI-class-treated mice. We found 23 viral variants that were fully resistant to the
administered antibodies (ICso > 25 pg/mL) or showed increased VRCO1-class resistance (>5-
fold increase in ICsp values). Notably, however, all of these pseudoviruses remained sensitive

to 1-18 in vitro (Figure 7B; Table S7).

To determine whether 1-18 can overcome escape from VRCO1-class bNAbs in vivo, we
added bNAD 1-18 therapy (1-mg loading dose s.c. followed by 0.5 mg s.c. twice weekly) to
3BNC117- and/or VRCOI-pretreated animals while continuing 3BNC117 and/or VRCO1
administrations (Figure 7C). Despite circulating VRCO1-class-resistant viral variants, 1-18

effectively reduced viremia and maintained viral suppression in 17 of 18 mice (Figure 7C).



62
Following interruption of bNAb therapy, viral rebound occurred in all fully suppressed

mice when Env-reactive antibody plasma concentrations declined to a median of 0.1 pg/mL
(Figure 7D). To determine whether declining 1-18 levels resulted in selection of 1-18-
resistant escape variants, we performed plasma SGS of rebound viruses 8 weeks after
treatment interruption (day 114) (Figure 7E). Although we found novel mutations compared
with day 0 and day 28 in 39 of 60 sequences from 12 mice, there was no recurrent pattern of
mutations that developed after 1-18 therapy (Figure 7E). Indeed, all 20 sequences tested as

pseudoviruses were demonstrated to be fully sensitive to 1-18 (Figure 7E; Table S7).

We conclude that bNADb 1-18 effectively overcomes VRCO1-class resistance in vivo and

maintains viral suppression without the development of 1-18-resistant HIV-1yu2 variants.

Discussion

Implementation of HIV-1-neutralizing antibodies for clinical practice requires antibodies
with specific characteristics. These include safety, a favorable pharmacokinetic profile, and
broad and highly potent neutralizing activity to effectively target the remarkable diversity of
HIV-1 (Caskey et al., 2019). In addition, as for any drug against HIV-1, viral escape
represents one of the biggest challenges for clinical application. This became evident when
(1) single bNAbs were used for therapy and HIV-1 resistance developed within a few weeks
(Bar et al., 2016; Caskey et al., 2015, 2017; Klein et al., 2012; Lynch et al., 2015a; Scheid et
al., 2016), and (2) antibody combinations resulted in improved viral control by preventing
early development of resistance (Bar-On et al., 2018; Klein et al., 2012; Mendoza et al.,
2018). Therefore, restriction of HIV-1 escape will be an antibody-dependent feature of

utmost importance for successful bNAb applications.

VRCOI-class antibodies targeting the functionally critical CD4bs have broad and potent
neutralizing activity but fail to prevent viral escape in vivo (Bar et al., 2016; Caskey et al.,
2015; Horwitz et al., 2013; Klein et al., 2012; Lynch et al., 2015a; Scheid et al., 2016).
Through a combination of functional in vitro mapping and in vivo therapy of HIV-1-infected
humanized mice, we demonstrated that the VH1-46-derived CD4bs bNAD 1-18 effectively
restricts development of HIV-1 resistance. Contrasting other CD4bs bNAbs, we did not
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identify single amino acid mutations resulting in 1-18 resistance in two viral strains of

different clades (BG505, clade A; YU2, clade B). Most importantly, in the setting of viral
replication and diversification in HIV-1yuz-in-fected humanized mice, 1-18 monotherapy
resulted in effective and sustained viral suppression. Notably, the in vivo activity of 1-18 was
not affected by VRCO1-class-resistant viral variants. Thus, despite mutations in up to two
sites associated with escape from CD4bs antibodies, 1-18 effectively suppressed viremia and

restricted the development of additional escape mutations.

In our cryo-EM analysis of a 1-18-BG505 complex, the highest-resolution HIV-1 Env trimer
structure obtained to date (2.5 A), the details of 1-18 recognition of Env were determined.
The structure demonstrated that 1-18 combines favorable features found in potent VH1-2
bNAbs that likely contribute to its exceptional potency and breadth. These characteristics
include (1) an aromatic residue that mimics residue Phe43 of CD4 to target the ‘Phe43gp120
pocket’, as seen in bNAb N6 (Huang et al., 2016a); (2) contacts with the adjacent gp120
protomer, as seen for bNAb 3BNC117 (Lee et al., 2017; Lyumkis et al., 2013) but with
increased buried surface area (via its six-residue insertion in CDRH1); and (3) a larger buried
surface area on gp120 than other VH1-2 bNAbs: 1,530 A2 compared with 1,260 A% (VRCO01)
and 1,290 A2 (3BNC117). Finally, 1-18’s unique mode of binding enables it to make
additional contacts with conserved residues on gpl120 not found in other CD4bs bNAbs,
allowing 1-18 to rely less on classical CD4bs bNAD contacts and making viral escape more
difficult. These characteristics may explain 1-18’s exceptional potency, breadth, and
resistance to viral escape. Notably, functional antigenic mapping demonstrated that 1-18-
mediated selection was focused on contact residues within the CDRH1. Moreover, the lack
of the CDRHI insertion in antibodies 1-18Ains and 2-12 was associated with reduced

neutralizing activity compared with 1-18.

Despite the remarkable neutralization breadth of 1-18 (covering 256 of 271 evaluated
primary viruses and pseudoviruses), a small number of viruses was found to be 1-18 resistant.
However, sequence analysis (West et al., 2013) did not identify single residues that were

associated with 1-18 resistance. In addition, we analyzed viruses from individual IDC561,
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from whom 1-18 was identified. Although viremia was controlled in the absence of ART

for more than 15 years, it was detectable by the time of 1-18 isolation. Indeed, viruses
obtained at this time showed resistance against 1-18 and clonal members (Figure S7).
Remarkably, however, their CD4bs sequences presented with highly infrequent amino acid

residues (Figure S7).

For example, among 2,351 clade B env sequences in the Los Alamos HIV Sequence
Database, only 0.8% carried a glycine at the loop D residue 281gp120, and not a single virus
had a glutamic acid at position 474gp120 (Figure S7). Similarly, uncommon amino acids were
found in other loop D (282¢p120) and V5 loop (471gp120) positions as well as at residue 208
gp120, Which neighbors K207gp120 that strongly interacts with the CDRH1 of 1-18 (Figure S7).
Taking the results from profiling escape pathways in vitro together with the lack of viral
escape in humanized mouse experiments, the occurrence of multiple uncommon amino acid
residues in 1-18-resistant viruses suggests a restricted escape pathway from 1-18 that may

require accumulation of multiple rare mutations.

Current strategies to combine bNAbs are based on the use of antibodies targeting non-
overlapping epitopes (Bar-On et al., 2018; Barouch et al., 2013; Huang et al., 2016b; Klein
et al., 2012; Mendoza et al., 2018; Shingai et al., 2013; Xu et al., 2017). To this end, the
combination of 1-18 with bNADbs targeting other epitopes (e.g., the MPER antibody
DH511.2_K3, which neutralizes 100% of tested clade C viruses; Williams et al., 2017) may
be a promising option. Because the most potent known CD4bs bNAbs are of the VRCO1-
class, synergistic effects by combinations of these antibodies are not expected. However,
given their different binding, neutralization, and escape patterns, a combination of 1-18 with
VRCO01-class CD4bs bNAbs may be highly beneficial. The capacity of 1-18 to overcome
VRCOI-class escape mutations in vivo as well as a calculated breadth of more than 99%
when 1-18 is combined with VRCO1-class bNAbs (e.g., N6 or 3BNC117) offers new
possibilities of bNAb combinations, such as a dual anti-CD4bs therapy. Finally, CD4bs
bNAbs have been demonstrated to induce escape variants with reduced viral fitness (Lynch

et al., 2015b; Otsuka et al., 2018; Sather et al., 2012). Applying double CD4bs-targeting
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pressure may force the virus to more extensively mutate this functionally critical epitope

and, therefore, result in impaired viral variants and prolonged viral control.

In summary, by combining outstanding neutralizing activity and a high barrier for viral
escape, 1-18 provides a new option for highly effective treatment and prevention of HIV-1

infection.
Methods

Human Subjects

Blood and leukapheresis samples were obtained under protocols approved by the
Institutional Review Board of the University of Cologne (protocols 13-364 and 16-054) and
the local IRBs. All participants provided written informed consent. Participants of the
neutralization screening cohort are recruited at hospitals and/or private practices in Germany
(Cologne, Essen, and Frankfurt), Cameroon (Yaound¢), Nepal (Kathmandu), and Tanzania
(Mbeya). At the time of leukapheresis, IDC561 was a 48-year-old male who was diagnosed
with HIV-1 infection 21 years earlier. He was recruited at the University Hospital
Cologne. PBMC:s for bulk viral outgrowth cultures were obtained from individuals recruited

in Germany (Cologne).

Mouse Models

NOD.Cg-Rag1™mom[[2rg™I"/l/Sz] (NRG) mice were purchased at The Jackson Laboratory
and bred and maintained at the Decentralized Animal Husbandry Network (Dezentrales
Tierhaltungsnetzwerk) of the University of Cologne under specific pathogen-free (SPF)
conditions with 12-hour light/dark cycles. For breeding purposes, mice were provided with
ssniff 1124 breeding feed; for experimental purposes, mice were provided with ssniff 1543
maintenance feed. Humanized mice were generated as previously described with
modifications (Klein et al., 2012). In brief, human CD34" hematopoietic stem cells were
isolated from cord blood and perfused placental tissues using CD34 microbeads (Miltenyi
Biotec). Collection of cord blood and placental tissues was conducted under a protocol

approved by the Institutional Review Board of the University of Cologne (16-110), and all
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donors provided written informed consent. NRG mice were sublethally irradiated within

5 days of birth and intrahepatically injected with purified human CD34" stem cells 4 to 6
hours later. Success of humanization was determined approximately 12 weeks later by FACS
analysis of blood for human PBMCs. All mouse experiments were authorized by the State
Agency for Nature, Environmental Protection, and Consumer Protection North Rhine-

Westphalia (LANUV).

Cell Lines

HEK293T cells (American Type Culture Collection) were maintained at 37°C and 5%
COz in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher) supplemented with
10% fetal bovine serum (FBS, Sigma-Aldrich), 1 mM sodium pyruvate, 2 mM L-glutamine,
and 1x antibiotic-antimycotic (all from Thermo Fisher). TZM-bl cells (Platt et al., 1998) were
maintained at 37°C in 5% CO; in DMEM supplemented with 10% FBS, 1 mM sodium
pyruvate, 2 mM L-glutamine, 50 pg/ml gentamicin (Merck), and
25 mM HEPES (Millipore). 293-6E cells (National Research Council of Canada) were
maintained at 37°C and 6% CO: in FreeStyle Expression Medium (Thermo Fisher) and kept
under constant shaking at 90-120 rpm. Expi293 cells (Thermo Fisher) were maintained at
37°C and 8% CO; in Expi293 Expression medium (Thermo Fisher) and kept under constant
shaking at 130 rpm. CHO cells were maintained at 37°C and 5% CO2 in ProCHO-5 media
(Lonza) supplemented with 0.1 M HEPES, 1x GlutaMAX, 1x MEM NEAA, 1 mM sodium
pyruvate, and 0.5 mg/ml hygromycin B (all from Thermo Fisher). SupT1-R5 cells (Didigu
etal., 2014) were maintained at 37°C and 5% COzin RPMI 1640 supplemented with
300 mg/l L-glutamine (Thermo Fisher), 10% FBS (Sigma-Aldrich), and 1%
penicillin/streptomycin (Thermo Fisher). The sex of HEK293T, TZM-bl, 293-6E, Expi293,
and CHO cell lines is female, and the sex of SupT1-R5 cells is male. Cell lines were not

specifically authenticated.
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Clinical Samples

Peripheral blood mononuclear cells (PBMCs) were isolated by density-gradient
centrifugation and stored at —150°C in 90% FBS and 10% DMSO (Sigma-Aldrich) until

further use. Plasma and serum samples were stored at —80°C until further use.

Serum and Plasma IgG Isolation

Serum and plasma samples were heat-inactivated (56°C for 40 min) and incubated
with Protein G Sepharose (GE Life Sciences) overnight at 4°C. IgGs were eluted from
Protein G in chromatography columns using 0.1 M glycine (pH = 3.0) and buffered in 1 M
Tris (pH = 8.0). Subsequently, buffer exchange to PBS and antibody concentration was
performed using Amicon 30 kDa spin membranes (Millipore). Purified IgGs were stored at
4°C until further use.

Single Cell Sort

B cells were isolated from PBMCs using the Pan B Cell Isolation Kit, B Cell Isolation Kit
I1, or IgG" Memory B Cell Isolation Kit (Miltenyi Biotec). Isolated cells were labeled with
anti-human CD19-AF700 (BD), anti-human I[gG-APC (BD), DAPI (Thermo Fisher), and the
respective HIV-1 Env bait for 30 minutes on ice. BG505sosip.664-GFP or biotinylated
YU2g140 that was labeled with Streptavidin-PE (BD) were used as HIV-1 Env baits. Env-
reactive CD19"TgG 'DAPT single cells were sorted into 96-well plates containing 4 pl
of lysis buffer (0.5x PBS, 10 mM DTT (Thermo Fisher), 2 U/ul RNasin (Promega), and
1 U/ul RNaseOUT (Thermo Fisher)) per well using a BD FACSAria Fusion. Plates were

stored at —80°C until further use.

Single Cell cDNA Synthesis and PCR

Sorted cells were incubated with 0.75 ul Random Hexamer Primer (Thermo Fisher), 0.5 ul
NP-40 (Thermo Fisher), and 5.6 ul RNase-free H>O for 1 min at 65°C. Subsequently, 3 pl of
5x RT Buffer (Thermo Fisher), 0.5 ul dANTPs mix (25 mM, Thermo Fisher), 1 ul DTT
(100 mM, Sigma Aldrich), 2.05 pl of RNase-free H>O, 0.1 pl RNasin (40 U/ul, Promega),
0.1 ul RNaseOUT (40 U/ul, Promega), and 0.25 pl Superscript IV (200 U/ul, Thermo Fisher)
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were added and samples were incubated at 42°C for 10 min, 25°C for 10 min, 50°C for

10 min, and 94°C for 5 min. Antibody sequences for single cell analysis were amplified by
semi-nested PCRs using Platinum Taq DNA Polymerase or Platinum Taq Green Hot Start
DNA Polymerase (Thermo Fisher) and previously described primers, including the novel
OPTS5/oPR-primer set optimized for detection of highly mutated IgG sequences (Kreer et al.,
2019), using the OPT5/0PR-primer mix and CG_RT 5'-AGGTGTGCACGCCGCTGGTC
(Ozawa et al., 2006) for the 1% PCR, and the OPT5/oPR-primer mix and IgG_Internal RT 5'-
GTTCGGGGAAGTAGTCCTTGAC (Tiller et al., 2008) for the 2" PCR. First-round PCR
was run at 94°C for 2 min; followed by 50 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C
for 55 s. Second-round PCR was run at 94°C for 2 min; followed by 50 cycles of 94°C for
30 s, 55°C for 30 s, and 72°C for 45 s. Second-round PCR products were sequenced

by Sanger sequencing and used for further sequence analyses.

Antibody Sequence Analysis

Sequences with a mean Phred score > 28 and a minimal length of 240 nucleotides were
annotated with [gBLAST (Ye et al., 2013) and trimmed from framework region (FWR) 1 of
the variable region to the end of the J gene. Base calls with a Phred score < 16 were masked
and sequences with > 15 masked nucleotides, frameshifts, or stop codons were excluded
from further analyses. To analyze the sequences for potential clonalities, all productive heavy
chain sequences were grouped by identical V genes and the pairwise Levenshtein distance
of their CDRH3s was determined. Individual sequences were grouped into clones when they
shared the same V gene and had a minimal CDRH3 identity of 75%. After 10 rounds with a
randomized input of sequences, the result that yielded the lowest number of unassigned (non-
clonal) sequences was selected for further analyses. All clones were re-validated manually
by the investigators in order to identify shared mutations. Sequences that were initially
assigned to different clones but shared the same VDJ genes and amino acid and/or
silent nucleotide mutations were subsequently grouped into subclones. Nucleotide sequence
identity to germline was calculated using [gBLAST. The maximum-likelihood phylogenetic
tree in Figure 1D was generated using nucleotide sequences of heavy-chain V genes

(FWRH1-FWRH3) of subclones 4.1, 4.2, 4.3, and 4.4 (n = 86 sequences) and of the IGHV1-
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46*01 Homo sapiens allele (GenBank X92343.1). All sequences were aligned using

ClustalW (Geneious R10; cost matrix: IUB; gap open cost: 15; gap extend cost: 6.66) and
the maximum-likelihood phylogenetic tree was calculated using PhyML with 1,000
bootstrap replicates (Guindon et al., 2010) (substitution model: general time reversible

[GTR]; Geneious R10). The best-scoring tree was then rooted to IGHV1-46*01.

Antibody Cloning and Production

For cloning of single cell-derived antibodies, the 1% PCR product of single cell-PCR was
used as template and amplified using Q5 Hot Start High Fidelity DNA Polymerase (New
England Biolabs) and specific forward and reverse primers that resembled the respective
nucleotide sequence of the V- and J-regions (Tiller et al., 2008) with expression vector
overhangs for subsequent sequence and ligation independent cloning (SLIC). PCR was run
at 98°C for 30 s; 35 cycles of 98°C for 10 s, 65°C for 30 s, and 72°C for 30 s; and 72°C for
2 min. 561 01 18 AINS was generated by cloning a synthesized (Eurofins Genomics)
heavy-chain variable region DNA fragmentof 1-18 lacking the CDRHI insertion
(3PYTDDD*). PCR products or synthesized DNA fragments were cloned into human
antibody expression vectors (IgG1, kappa, or lambda chain) by SLIC assembly as previously
described (von Boehmer et al., 2016). Antibodies were produced in 293-6E cells (National
Research Council Canada) by transfection using 25 kDa branched polyethylenimine (PEI)
(Sigma-Aldrich). Cells were maintained at 37°C and 6% CO2 in FreeStyle 293 Expression
Medium (Thermo Fisher) and 0.2% penicillin/streptomycin (Thermo Fisher). 5-7 days after
transfection, culture supernatants were harvested, filtered, and incubated with Protein G
Sepharose (GE Life Sciences) overnight at 4°C. Antibodies were eluted
from chromatography columns using 0.1 M glycine (pH = 3.0) and buffered in 1 M Tris
(pH = 8.0). Subsequent buffer exchange to PBS and antibody concentration was performed
using Amicon 30 kDa spin membranes (Millipore). Antibodies were filter-sterilized using

Ultrafree-CL or Ultrafree-MC 0.22 pm membranes (Millipore) and stored at 4°C.

Pseudovirus Production
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Pseudoviruses for the 12-strain global screening panel and {61 finger printing panel were

produced in HEK293T cells by co-transfection with pSG3AEnv plasmid as described
previously (Doria-Rose et al., 2017, Hraber et al., 2017, Sarzotti-Kelsoe et al., 2014, Seaman
et al., 2010). Single genome sequencing (SGS)-derived pseudoviruses were generated by co-
transfection of SGS-derived CMV promoter-Env products and pSG3AEnv as previously
described (Kirchherr et al., 2007). For sequences obtained from mice, env/rev cassettes were
amplified from the first-round SGS PCR product using primers envlAtopo 5'-
CACCGGCTTAGGCATCTCCTATGGCAGGAAGAA and envB3in 5'-
CACCTTAGGCATCTCCTATGGCAGGAAGAAG. Pseudoviruses were only produced
from sequences containing no ambiguities. For patient-derived sequences, env/rev cassettes
were amplified from the first-round SGS product using primers envlAtopo and Rev19 5'-
ACTTTTTGACCACTTGCCACCCAT. CMV promoter and env/rev overlap PCR was
performed using primers CMVenv 5'-AGTAATCAATTACGGGGTCATTAGTTCAT and
Rev19. Mouse-derived sequences were amplified using the Platinum Taq High Fidelity
Polymerase (Thermo Fisher), patient-derived sequences using the Phusion Hot Start Flex

Polymerase (New England Biolabs).

Neutralization Assays

Neutralization assays were performed as previously described (Sarzotti-Kelsoe et al., 2014).
In brief, pseudoviruses and dilution series of antibodies or purified [gG were mixed and co-
incubated at 37°C for 1 h, followed by the addition of TZM-bl cells at a final concentration
of 10* cells per well on a 96-well plate in 250 pl medium supplemented with DEAE-dextran
at a final concentration of 10 pg/ml. Following a 2-day incubation at 37°C and 5% CO,
150 pl of culture supernatant was removed and 100 pl luciferase assay reagent was added.
After a 2 min incubation, 150 pl of lysate was transferred to a black microtiter assay plate
and luminescence was determined using a luminometer. After subtracting background
relative luminescence units (RLUs) of non-infected TZM-bl cells, 50% and 80% inhibitory
concentrations (ICsos and ICgos) were determined as the antibody/IgG concentrations
resulting in a 50%/80% RLU reduction compared to untreated virus control wells. Murine

leukemia virus (MuLV)-pseudotyped virus was used to determine unspecific activity. Initial
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screening of isolated antibody clonal members was performed using a single dilution

series per antibody. Antibodies or purified serum IgG in all further neutralization assays were
tested in duplicates. For screening assays, assays against culture-derived viruses, assays of
pseudovirus mutant variants, and assays of IDC561-derived
pseudoviruses, bioluminescence was determined after adding a luciferin/lysis-buffer
(10 mM MgCl12, 0.3 mM ATP, 0.5 mM Coenzyme A, 17 mM IGEPAL (all Sigma-Aldrich),
and 1 mM D-Luciferin (GoldBio) in Tris-HCL). For assays against the 119-pseudovirus
panel, the 100-pseudovirus clade C panel, and the f61 panel, bioluminescence was

determined after adding Bright-Glo reagent (Promega).

Neutralization Fingerprinting Panel-Based Antibody Epitope Prediction

Computational epitope prediction of serum IgG neutralizing activity was conducted as
previously described (Doria-Rose et al., 2017). In brief, neutralizing serum IgG activity was
determined against the 20 pseudoviruses included in the f61 fingerprinting panel by a TZM-
bl cell neutralization assay as described above. The determined IgG neutralization fingerprint
is compared to the fingerprint of 10 bNADbs picked as reference for their specific epitope, and
the prevalence of these reference antibody epitope specificities is computationally predicted

and assigned a delineation score between 0 (low) and 1 (high).

HIV-1 Envelope Protein Production and Purification

YU2g120, YU2gp140 (foldon trimer), and BaLgp140 (foldon trimer) (Pietzsch et al., 2010) were
produced in 293-6E cells after transfection with polyethylenimine. Proteins were purified
from culture supernatants using Ni-NTA Agarose beads (Macherey-Nagel) according to the
manufacturer’s instructions and stored at —80°C until further use after buffer exchange to
PBS. eOD-GTS8 was produced as previously described (Dosenovic et al., 2019). 93THO527
(Anderson et al., 2000) was produced in 293-6E cells in the presence of kifunensine at a

concentration of 1 mg/l.

HIV-1 Env ELISAs
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High-binding ELISA plates (Corning) were coated with HIV-1 Env antigens at 2 pg/ml in

PBS overnight at 4°C. Wells were blocked with 3% BSA (Sigma Aldrich) in PBS for 60 min
at 37°C. HIV-1 antibodies were diluted in PBS and incubated for 60 min at RT, followed
by horseradish peroxidase (HRP)-conjugated anti-human IgG (Jackson ImmunoResearch)
diluted 1:1,000 in 3% BSA in PBS for 60 min at room temperature (RT). Absorbance was
determined on a microplate reader (Tecan) after addition of ABTS solution (Thermo Fisher).

Plates were washed with 0.05% Tween 20 (Carl Roth) in PBS between each step.

Competition ELISAs

Antibodies of interest were biotinylated using the EZ Link Sulfo NHS Biotin and Labeling
Kit (Thermo Fisher) according to the manufacturer’s instructions, followed by a buffer
exchange to PBS using Amicon 10 kDa centrifugation filter membranes (Millipore). High-
binding ELISA plates (Corning) were coated with anti-6x His tag antibody (Abcam) at
2 pg/ml overnight at 4°C. Wells were blocked with 3% BSA in PBS for 60 min at 37°C, and
incubated with BG505sosip.664-His at 2 pg/ml in PBS for 60 min at 37°C. Competing
antibodies were incubated in a 1:3 dilution series starting at a concentration of 32 pg/ml in
PBS for 60 min at RT. Biotinylated antibodies of interest were diluted to 0.5 pg/ml in 3%
BSA in PBS and incubated for 60 min at RT, followed by peroxidase-streptavidin (Jackson
ImmunoResearch) diluted 1:5,000 in 1% BSA/0.05%Tween 20 in PBS. Absorbance at
415 nm was determined on a microplate reader (Tecan) after addition of ABTS solution

(Thermo Fisher). Plates were washed with 0.05% Tween 20 in PBS between each step.

Generation of HIV-1yu2 and HIV-1gasos Pseudovirus Mutants

Point mutations were introduced into HIV-1yu: and HIV-1ggsos envelope expression
plasmids using either the QuikChange II XL Site-Directed Mutagenesis Kit (Agilent) or the
Q5 Site-Directed Mutagenesis Kit (New England Biolabs). Pseudoviruses were produced as

described above.

Recombinant HIV-1 Production
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Replication-competent recombinant HIV-1 (YU2 env in NL4-3 backbone (Zhang et al.,

2002)) was produced by transfection of HEK293T cells using FuGENE 6 Transfection

Reagent (Promega). Harvested viral supernatants were stored at —80°C to —150°C.

HIV-1-Infected Humanized Mice and Viral Load Measurements

Humanized NRG mice were challenged with replication-competent HIV-1 intraperitoneally.
HIV-1-infected mice were treated using 0.22 pm-filtered monoclonal antibodies diluted in
PBS, starting 25-26 days after viral challenge. Antibodies were injected subcutaneously.
Following a 1-mg loading dose per antibody, doses of 0.5 mg per antibody were injected
every 3-4 days. Plasma RNA was extracted from EDTA plasma samples using the MinElute
Virus Mini Spin Kit (QIAGEN), including an on-column DNase I (QIAGEN) digestion step.
Viral loads were determined by quantitative real-time PCR using pol-specific primers 5'-
TAATGGCAGCAATTTCACCA and 5-GAATGCCAAATTCCTGCTTGA, and 5'-/56-
FAM/CCCACCAACARGCRGCCTTAACTG/ZenDQ/ as probe, as previously described
(Horwitz et al., 2013). qPCR was performed on a LightCycler 480 II (Roche) using the
Tagman RNA-to-Ct 1-Step-Kit (Thermo Fisher). An HIV-lyu: standard produced by
infection of SupT1-R5 cells was included for every PCR run, and HIV-1 copy number of the
standard was determined using the quantitative cobas 6800 HIV-1 kit (Roche). The limit of
accuracy of the qPCR was determined as 384 copies/ml. Logio changes for viral loads <384

copies/ml were calculated by assigning a copy number of 383 copies/ml.

Humanized Mouse Plasma RNA-Derived Single Genome Sequencing

Single genome sequencing has been described previously (Salazar-Gonzalez et al., 2008).
Plasma RNA was extracted using the MinElute Virus Spin Kit (QIAGEN), including a
DNase I (QIAGEN) digestion step. cDNA was generated from plasma RNA using the
antisense primer YB383 5'-TTTTTTTTTTTTTTTTTTTTTTTTRAAGCAC (Horwitz et al.,

2017) and Superscript IV (Thermo Fisher) according to the manufacturer’s protocol,
followed by incubation with 0.25 U/ul RNase H (Thermo Fisher) at 37°C for
20 min. Env cDNA was subsequently amplified by nested PCR at dilutions that yield <30%

positive PCR reactions so that > 80% of positive reactions would be amplified from a single
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virion (based on Poisson distribution). First-round PCR was conducted using primers

YB383 S-TTTTTTTTTTTTTTTTTTTTTTTTRAAGCAC and YB50 5'-
GGCTTAGGCATCTCCTATGGCAGGAAGAA, and run at 94°C for 2 min; 35 cycles of
94°C for 30 s, 55°C for 30 s, and 72°C for 4 min; and 72°C for 15 min. 1 pL of first-round

PCR product was used as template for the second-round PCR that was conducted using
primers YB49 5-TAGAAAGAGCAGAAGACAGTGGCAATGA and YB52 5'-
GGTGTGTAGTTCTGCCAATCAGGGAAGWAGCCTTGTG, and run at 94°C for 2 min;
45 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 4 min; and 72°C for 15 min. PCR
was performed using the Platinum Taq Green Hot Start DNA Polymerase (Thermo Fisher)
or Phusion Hot Start Flex DNA Polymerase (New England Biolabs).

[llumina Dye Sequencing of Humanized Mouse SGS-Derived env Amplicons

Libraries of purified PCR products were prepared for Illumina dye sequencing as described
before with modifications (Kryazhimskiy et al., 2014, Schoofs et al., 2016). In brief, PCR
products were cleaved by tagmentation using the Nextera DNA Library Prep Kit (Illumina).
Indices (Nextera Index Kit, [llumina) were added by limited cycle PCR using the KAPA
HiFi HotStart ReadyMix (Roche), followed by adaptor addition (P1, 5'-
AATGATACGGCGACCACCGA; P2, 5'-CAAGCAGAAGACGGCATACGA) by limited
cycle PCR using the KAPA HiFi HotStart ReadyMix. PCR products were purified using
AMPure XP beads (Beckman Coulter), pooled, and sequenced using the MiSeq 300-cycle
Nano Kit v2 (Illumina) spiked with approximately 10% PhiX. Paired-end reads were
assembled as previously described (Gaebler et al., 2019). For further analyses, a consensus
sequence was generated and nucleotides with < 75% identity across reads were defined as
ambiguities. Only full-length envelope sequences with high base call quality, less than 10
ambiguities, and no early stop-codons (unless due to ambiguities) were analyzed. Otherwise
acceptable sequences showing ambiguities resulting in stop-codons or a frameshift were

corrected manually.

Human Plasma RNA-Derived Single Genome Sequencing
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Plasma RNA was extracted using the MinElute Virus Spin Kit (QIAGEN), including a

DNase I (QIAGEN) digestion step. cDNA was generated using the antisense primer
envB3out 5-TTGCTACTTGTGATTGCTCCATGT and SuperScript III Reverse
Transcriptase (Thermo Fisher), followed by an RNase H digest (Thermo Fisher). Env cDNA
was subsequently amplified as described previously with modifications (Mendoza et al.,
2018, Salazar-Gonzalez et al., 2008). PCR was performed using the Phusion Hot Start Flex
DNA Polymerase (New England Biolabs). First-round PCR was run at 98°C for 45 s; 35
cycles of 98°C for 15 s, 55°C for 30 s, and 72°C for 4 min; and 72°C for 15 min. 1 pL of
first-round PCR product was used as template for the second-round PCR which was run at
98°C for 45 s; 45 cycles of 98°C for 15 s, 55°C for 30 s, and 72°C for 4 min; and 72°C for
15 min. Purified PCR products were sequenced using Sanger sequencing and analyzed using

Geneious software (Geneious).

Bulk Viral Outgrowth Cultures

CD4"' T cells were isolated from PBMCs of HIV-l-infected individuals using the
CD4"' T cell isolation MACS kit (Miltenyi Biotec) and stimulated by co-culture with
irradiated (50 Gy) healthy donor PBMCs in T cell medium (RPMI 1640 supplemented with
300 mg/l L-glutamine (Thermo Fisher), 10% FBS (Sigma-Aldrich), and 1%
penicillin/streptomycin (Thermo Fisher)) in the presence of 1 pg/ml PHA-M (Sigma-
Aldrich) and 100 U/ml interleukin-2 (IL-2) (Miltenyi Biotec). One day later, medium was
changed to T cell medium supplemented with 100 U/ml IL-2 and 5 pg/ml polybrene (Sigma-
Aldrich). In addition, healthy donor PBMCs were added that had been stimulated for two
days in T cell medium supplemented with 1 ug/ml PHA-M and 100 U/ml IL-2. Before
addition, donor PBMCs were depleted of CD8" T cells using CD8 MACS microbeads
(Miltenyi Biotec). Additional CD8" T cell-depleted donor PBMCs were added weekly.
Culture supernatants were monitored for p24 production using the Architect HIV Ag/Ab
combo assay (Abbott), and p24-positive culture supernatants were stored at —80°C to —150°C

after harvesting.

In vivo Antibody Pharmacokinetic Analysis
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NOD.Cg-Rag1™™m [[2rg™!Vi!/Sz) mice (The Jackson Laboratory) aged 33-42 weeks

were intravenously injected (tail vein) with 0.5 mg of purified antibody in PBS. Total serum
concentrations of human IgG were determined by ELISA as previously described with minor
modifications (Klein et al., 2012). In brief, high-binding ELISA plates (Corning) were coated
with anti-human IgG (Jackson ImmunoResearch) at a concentration of 2.5 pg/ml overnight
at RT. Subsequently, wells were blocked with blocking buffer (2% BSA (Carl Roth), 1 uM
EDTA (Thermo Fisher), and 0.1% Tween 20 (Carl Roth) in PBS). To generate a standard
curve, human IgG1 kappa purified from myeloma plasma (Sigma-Aldrich) was diluted in
PBS. Serial dilutions of the IgG standard (in duplicates) and serum samples in PBS were
incubated for 90 min at RT, followed by HRP-conjugated anti-human IgG (Jackson
ImmunoResearch) diluted 1:1,000 in blocking buffer for 90 min at RT. Following the
addition of ABTS (Thermo Fisher), optical density at 415 nm was determined using a
microplate reader (Tecan). Plates were washed with 0.05% Tween 20 in PBS between each
step. Serum samples obtained before the antibody injection confirmed baseline absence of

human serum IgG.

For determination of bNAb-levels following treatment interruption in HIV-1-
infected humanized mice, high-binding ELISA plates (Corning) were coated overnight with
BG505so0sips64 at a concentration of 2 pg/ml at 4°C. Subsequently, wells were blocked with
3% BSA in PBS for 5 h at RT. Plasma samples were inactivated in 1% Triton X-100 (Carl
Roth) for 1 h at RT. Triton X-100-treated 1-18 diluted in PBS was used as standard in
duplicates. Serial dilutions of plasma samples in PBS and standard were incubated for 90 min
at RT, followed by HRP-conjugated anti-human IgG (Jackson ImmunoResearch) diluted
1:2,000 in 3% BSA in PBS for 90 min at RT. Following the addition of ABTS (Thermo
Fisher), optical density at 415 nm was determined using a microplate reader (Tecan). Plates

were washed with 0.05% Tween 20 in PBS between each step.

HEp-2 Cell Assay
HEp-2 cell autoreactivity analysis was performed using the NOVA Lite Hep-2 ANA Kit

(Inova Diagnostics) according to the manufacturer’s instructions using monoclonal
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antibodies at a concentration of 100 pg/ml in PBS. Images were acquired using a DMI

6000 B fluorescence microscope (Leica) with 3 s exposure at 100% intensity and gain 10.

Unbiased B Cell Repertoire Analyses

B cells were isolated from PBMCs using CD19 microbeads (Miltenyi Biotec) and stained
with DAPI (Thermo Fisher), CD20-AF 700, IgG-APC, IgD-Pe-Cy7, IgM-FITC, and CD27-
PE (all BD Biosciences) for 30 min on ice. 200,000 CD20"IgG 1gMIgDCD27" B cells were
sorted into FBS (Sigma-Aldrich) using a BD FACSAria Fusion, and RNA of sorted B cells
was isolated with the RNeasy Micro Kit (QIAGEN). cDNA was generated by template-
switch reverse transcription according to the SMARTer RACE 5/3’ manual using the
SMARTScribe Reverse Transcriptase (Takara) with a template-switch oligo including an 18-
nucleotide unique molecular identifier. Heavy-chain variable regions were amplified with an
IgG-specific nested PCR and amplicons were used for library preparation and MiSeq
2x300 bp sequencing (Illumina). Raw NGS reads were pre-processed and assembled to final

sequences as previously described (Ehrhardt et al., 2019).

Mutational Antigenic Profiling

Mutational antigenic profiling has been previously described (Dingens et al., 2017, Dingens
etal., 2019). Briefly, 5x10° infectious units of two independently generated HIV-
1BGs0s mutant virus libraries (Haddox et al., 2018) were neutralized with both 4 pg/ml or
8 ug/ml of 1-18 for one hour. Neutralized libraries were then used to infect
1x10% SupT1.CCRS5 cells in R10 (RPMI (GE Life Sciences) supplemented with 10% FBS,
2 mM L-glutamine, and 100 U/ml of penicillin and streptomycin) containing 100 pg/ml
DEAE-dextran. Three hours post infection, the cells were resuspended in 1 mL R10. At
twelve hours post infection, the non-integrated viral cDNA was isolated from cells via a
miniprep. Each mutant virus library was also subjected to a mock selection, and four 10-fold
serial dilutions of each mutant virus library were infected into 1x10° cells to serve as an
infectivity standard curve from which the overall fraction of the library that survived
antibody neutralization was quantified using qPCR (Dingens et al., 2019). Viral cDNA from

antibody- and mock-selected samples was then sequenced on an Illumina MiSeq using the
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previously described barcoded subamplicon sequencing approach (Haddox et al., 2016).

Details on the analysis of the resulting data are provided in the Quantification and Statistical

Analysis and Data and Code Availability subsections below.

Protein Expression and Purification for Cryo-EM Structures

1-18 IgG was expressed by transient transfection in Expi293 cells (Thermo Fisher) and
purified from transfected cell supernatants using a HiTrap MabSelect Protein A column (GE
Life Sciences). Fab fragments were isolated as described (Diskin etal., 2011)
after papain cleavage of 1-18 IgG, removal of Fc by protein A chromatography, and then
purification by size exclusion chromatography (SEC) on a Superdex-200 Increase 10/300
column (GE Life Sciences) equilibrated with TBS (20 mM Tris pH 8.0, 150 mM NaCl). 1-
55 Fab was expressed as a light-chain C-terminal Hise-tagged Fab by transient transfection
in 293-6E cells (National Research Council of Canada) and purified from supernatants using
NiZ*-NTA affinity chromatography (GE Life Sciences) followed by SEC purification with a
Superdex-200 Increase 10/300 column equilibrated with TBS. All Fabs were stored at 4°C.

BG505so0sip.s64 trimer was stably expressed in Chinese hamster ovary cells (kind gift of J.P.
Moore and A. Cupo) as described (Chung etal., 2014) and purified from cell culture
supernatant over a 2G12 immunoaffinity column followed by SEC purification on a
Superdex-200 16/60 column (GE Life Sciences) equilibrated with TBS. RClsosip.es4 Was
expressed by transient transfection in 293-6E cells and purified as described (Escolano et al.,

2019). Individual SEC fractions of each SOSIP trimer were stored at 4°C.

Cryo-EM Sample Preparation

1-18 or 1-55 Fab and 10-1074 Fab were incubated with BG505sosip.664 or RC1 in a 3:3:1
molar ratio per protomer overnight at room temperature and then purified by SEC on a
Superdex-200 Increase 10/300 column. Fab—Env complexes were concentrated to 2.2 mg/ml
(1-18 complex) or 0.75 mg/mL (1-55 complex) in TBS, and 3 pL was added to a Quantifoil
grid (R2/2 Cu 400 mesh for the 1-18 complex and R1.2/1.3 Cu 300 mesh for 1-55 complex;
Electron Microscopy Services) that had been freshly glow-discharged using a PELCO
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easiGLOW (Ted Pella). Samples were vitrified in 100% liquid ethane using a Mark IV

Vitrobot (Thermo Fisher) after blotting for 3-3.5 s with Whatman No. 1 filter paper at 22°C
and 100% humidity.

Cryo-EM Data Collection and Processing

For the 1-18-BG505-10-1074 complex, micrographs were collected on a Titan Krios
transmission electron microscope (Thermo Fisher) operating at 300 kV wusing EPU
automated software (Thermo Fisher). Movies were obtained on a Gatan K2 Summit direct
electron detector operating in counting mode at a nominal magnification of 130,000x
(1.057 A/pixel calibrated) using a defocus range of —1 to —2.6 um. Movies were collected
with an 8 s exposure time with a rate of 8 e7/pix/s, which resulted in a total dose of ~60 e
/A% over 40 fractions. Movies were motion corrected including dose-weighting using
Motioncor2 (Zheng et al., 2017) within Relion-3 (Zivanov et al., 2018). The non-dose-
weighted images were used for CTF estimation using Getf (Zhang, 2016), and micrographs
with power spectra that showed poor CTF fits or signs of crystalline ice were discarded.
Particles were then picked in a reference-free manner using the Laplacian-of-Gaussian auto-
picking function in Relion-3. A total of 352,598 particles were extracted, binned 4x4
(4.23 A/pixel), and subjected to reference-free 2D classification in Relion-3. Particles
corresponding to good classes were re-extracted and un-binned (1.057 A/pixel). An ab
initio volume was generated in cryoSPARC (Punjani et al., 2017) from micrographs that
were collected from the same grid in a Talos Arctica that was used as an initial model for
homogeneous 3D-refinement in Relion 3 (assuming C1 symmetry). Particles were then
subjected to 3D classification (C1 symmetry), and classes with low-resolution features were
removed. Selected classes that appeared 3-fold symmetric were thus subjected to
homogeneous 3D refinement assuming C3 symmetry with a soft mask applied that did not
include the Fab CyCr domains. Per-particle motion correction and CTF refinement were
performed in Relion-3, followed by a final homogeneous 3D refinement. A masked post-
processed volume of 230,924 particles resulted in a gold-standard FSC (GSFSC) calculation
of 2.5 A (Scheres and Chen, 2012).
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For the 1-55-RC1-10-1074 complex, data collection on a Thermo Fisher 200 kV Talos

Arctica cryo-electron microscope equipped with a Falcon 3EC camera, and 10-1074
interactions with RC1 were previously described (Escolano et al., 2019). For analysis of the
1-55-RC1 interaction, we reprocessed the data using Relion-3, following a similar procedure
as described above for the 1-18-BG505-10-1074 complex. Compared to the original
reconstruction, per-particle motion correction and CTF refinement were done in Relion-3,

followed by a final homogeneous 3D refinement. A masked post-processed volume of

110,126 particles resulted in a GSFSC calculation of 3.9 A.

Structure Modeling and Refinement

Initial coordinates were generated by docking individual chains from reference structures
into cryo-EM density using UCSF Chimera (Goddard etal., 2007). The
following PDB coordinates were used: gp120: 5T3Z; gp41: 6MTJ; 10-1074: 5T3Z; 1-18 and
1-55: 4RWY. These initial models were then refined into cryo-EM maps using one round of
rigid body refinement followed by real space refinement. Sequence-updated models were
built manually in Coot (Emsley et al., 2010) and then refined using iterative rounds of
refinement in Coot and Phenix (Adams et al., 2010). Glycans were modeled at PNGSs in
Coot using ‘blurred’ maps processed with a variety of B-factors (Terwilliger et al., 2018).
Water molecules were added to the 1-18—BG505-10-1074 model based on local density and
distance to hydrogen bonding partners. Validation of model coordinates was performed using

MolProbity (Chen et al., 2010) and is reported in Table S6.

Structural Analyses

Structural figures were made using PyMOL (Version 1.8.2.1 Schrodinger, LLC) or UCSF
Chimera (Goddard et al., 2007). Electrostatic calculations were done using the APBS and
PDB2PQR servers (Unni et al., 2011). Buried surface areas (BSAs) were calculated using
the PDBePISA server (Krissinel and Henrick, 2007). Local resolution maps were calculated
using the Local Res program embedded in Relion-3 (Kucukelbir et al., 2014).

Quantification and Statistical Analysis
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The mutational antigenic profiling data were analyzed with dms_tools2 version 2.5.1

(https://jbloomlab.github.io/dms_tools2/; Bloom, 2015). The fraction surviving and excess
fraction surviving statistics have been previously described (Dingens et al., 2019, Doud
et al., 2018) and are documented at https://jbloomlab.github.io/dms_tools2/fracsurvive.html.
Sequencing wild-type DNA plasmid served as the error control during the calculation of the
fraction surviving. The HIV Antibody Database (West etal., 2013) was used for the
calculation of Env conservation in 1-18 contact residues and for the analysis of neutralization
panel data. Clade B reference sequences were obtained through the Los Alamos National
Laboratory = HIV ~ Database  (Filtered @ Web  Alignment, https://www-hiv-lanl-
gov.caltech.idm.oclc.org/). Median germline nucleotide identity and CDRH3 lengths of
HIV-1 Env-reactive and total IgG* B cells of IDC561 were compared using the Mann-
Whitney U-test in Python 3 using the “stats” module in the “scipy” package. For the
correlation of the neutralizing activity of 1-18 and serum IgG of IDC561, spearman’s rank
correlation coefficient was calculated in Prism (GraphPad). The neutralizing activity of 1-18

and 1-18Ains was compared using the Wilcoxon matched-pairs signed rank test in Prism

(GraphPad).

Data and Code Availability

Heavy and light chain sequences of tested monoclonal antibodies have been deposited at
GenBank (accession numbers MN867951 - MN868062). SGS-derived HIV-1 env obtained
from HIV-1yuz-infected humanized mice and from individual IDC561 have been deposited
at GenBank (accession numbers MN870987 - MN871327 and MN871328 - MN871333,
respectively). Density maps and atomic coordinates for the 1-18-BG505-10-1074 and 1-55—
RC1-10-1074 complexes were deposited in the Electron Microscopy Data Bank (EMDB)
and Protein Data Bank (PDB) with accession numbers EMD-20739 and PDB 6UDJ (1-18
complex) and EMD-20740 and PDB 6UDK (1-55 complex). The entire mutational antigenic
profiling analysis is available at https:/github.com/jbloomlab/MAP 118, and the
accompanying [llumina sequencing data is on the NCBI SRA with accession numbers

SRX6752366 - SRX6752371.
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Figure S1. Clinical Characteristics, Neutralizing IgG Activity, and B Cell Repertoire of
Individual IDC561, Related to Figure 1. (A) Clinical characteristics of IDC561 at the time
of leukapheresis from which monoclonal antibodies were isolated. (B) Plasma HIV-1 RNA
copies (left y axis) and CD4" T cell counts (right y axis). Arrows indicate sample collections.
Monoclonal antibodies were isolated from the last indicated sampling time point. Dashed
line indicates HIV-1 RNA quantification limit. (C) Neutralizing activity of IDC561 serum
IgG against global panel. (D) Neutralizing activity of IDC561 serum IgG against f61
fingerprinting panel and BG5051332n (left, colors as in C). Right panels show delineation
scores of f61 panel-based computational epitope mapping. (E) Neutralizing activity of
IDC561 serum IgG and monoclonal bNAbs against outgrowth culture-derived viruses from
bulk CD4" T cells obtained at indicated time points (colors as in C). (F—H) Comparison of
total B cell repertoire of IDC561 and Env-reactive B cells, indicating (F) CDRH3 lengths,
(G) Vu gene germline identity, and (H) V allele distribution. Dashed lines indicate medians.
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Figure S2. Neutralization and ELISA Binding Profiles, Related to Figures 1 and 2. (A) Left
panel indicates neutralizing activity of 1-18 (left y axis) compared to serum IgG of donor
IDC561 (right y axis) against the global pseudovirus panel (left x axis) and a 30-strain YU2
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pseudovirus mutant panel (right x axis), with pseudoviruses indicated on the x axis. Right
panel indicates correlation and calculated Spearman’s rho. (B) Competition ELISAs
indicating binding of 1-18 (left) and 1-55 (right) to BG505so0sir.664 following an incubation
with increasing concentrations of the indicated competing antibodies. (C) ELISAs of 1-18,
1-55, and additional CD4bs antibodies against the indicated HIV-1 Env antigens. Circles
show means and error bars indicate standard deviation. (D) Neutralizing activity of 1-18,
3BNCI117, and the combination of both (mixed at a 1:1 ratio) against the global pseudovirus
panel and YU2. Single antibodies were tested up to a concentration of 1 pg/ml, the
combination up to a concentration of 2 pg/ml (total IgG amount).
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Figure S3. Cryo-EM Data Collection and Processing, Related to Figure 3. (A-B) A
micrograph with examples of picked particles, selected two-dimensional class averages, an
orientation distribution image, a local resolution graphic, a GSFSC resolution plot, and
representative densities for protein and N-linked glycan regions are shown for the (A) 1-18—
BG505-10-1074 and (B) 1-55-RC1-10-1074 complexes.
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Figure S4. Structural Interaction Details of 1-18- and 1-55-Env Complexes, Related
to Figure 3. (A) Alignment of 1-18 heavy (top) and light (bottom) chain sequences
to germline. Residues interacting with BG505sosip.664 are indicated by circles. Interacting
residues mutated from the germline sequences are indicated in red. (B) Comparison of Env-
interactions of 1-18, the CD4bs bNAbs N6 and 8ANC131, and CD4 at four sites: D368gp120,
Loop D, the ‘Phe43 pocket’, and the V5 loop. Heavy chains are shown in darker colors than
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light chains. PDB codes are indicated on the left. (C) Comparison of Env-interactions of
bNAbs with Asp-rich insertions in CDRHI or FWRH3 contacting the adjacent
gp120 protomer. Each SOSIP.664 trimer is shown as semi-transparent surface with the
primary gp120 protomer in white and the adjacent gp120 in gray. VuVL regions are shown
in teal with insertions in red. PDB code, insertion location, and insertion sequence are listed.
(D) Differences between Fabs of 1-18 and 1-55. One 1-18 VuVy (dark green surface) is
shown bound to one gp120 (gray cartoon). Locations of residues varying between 1-18 and
1-55 are highlighted in magenta. Glycans at positions N197gp120 and N276g120 are shown as
red sticks. 1-55 Fabs were based on earlier sequence variants and contained primer-induced
mutations at the start and end of the V genes (for a total of 2 aa [Vu] and 4 aa [ Vkx] mutations).
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library surviving antibody selection for each biological replicate. (B-D) Correlation
between biological replicate selections of average excess fraction surviving at each site in
the presence of (B) 1-18, (C) VRCO01, and (D) 3BNC117. (E) Distribution of average fraction
surviving at each site for each antibody (blue bars). The yellow line overlays the gamma
distribution fit using robust regression to site fraction surviving data. Dotted lines mark sites
that fall beyond this distribution at a false discovery rate of 0.01. Number of sites beyond this
cutoff is labeled in green and individual sites are listed at the bottom. Data for 3BNC117 and
VRCO1 are from Dingens et al. (2019).
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Figure S6. 1-18 and  1-55 Antiviral ~ Activityin =~ HIV-lyuz-Infected Humanized
Mice, Pharmacokinetics, and Autoreactive Properties, Related to Figures 6 and 7. (A)
Absolute HIV-1 RNA copies (top) and logio viral load changes (bottom) in untreated HIV-
Iyue-infected humanized mice. Red line shows average logio viral load change compared to
baseline. Dashed line in top panel indicates quantitation limit of accuracy (384 copies/ml).
(B) Absolute HIV-1 RNA copies (top) and logio viral load changes (bottom) in HIV-1yu2-
infected humanized mice treated with 1-55 (left) or 1-18 (right). Grey shading indicates
duration of bNAb therapy. Dashed lines in top panels indicate quantitation limit of accuracy
(384 copies/ml). Data points in white indicate viral loads < 384 copies/ml. Red lines show
average logio viral load change compared to baseline. (C) Alignment of plasma SGS-
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derived env sequences from mouse 1730 obtained on day 0 (top) and day 28 (bottom)
based on nucleotide sequences. Indicated changes are amino acid mutations (black bars),
mutations resulting in frameshifts (red hash), and nucleotide deletions (black horizontal
lines) compared to YU2 wild-type sequence. Amino acid numbering on top is based on HIV-
Iyuz, and indicated mutations are numbered based on HIV-luxs:. (D) Serum
human IgG levels in NRG mice after intravenous injection of 0.5 mg of antibody on day 0
(left). Data are represented as mean + standard deviation, respectively. (E) HEp-2 cell
reactivity using the indicated monoclonal antibodies at a concentration of 100 pg/ml.
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Figure S7. Plasma SGS-Derived env Sequences Obtained from Donor IDC561, Related
to Figures 1 and S1. (A) Letter heights indicate amino acid frequency among 2,351 clade B
sequences obtained from the Los Alamos National Laboratory (LANL) database (top).
Bottom panels show selected sites of plasma SGS-derived env sequences obtained from
IDC561 from the leukapheresis sample from which 1-18 and 1-55 were isolated. Boxes
indicate amino acids for which IDC561 consensus sequence is represented in < 1% (red) or
1%—5% (blue) of the LANL clade B sequences. Numbering relative to HIV-1uxg> reference
strain. (B) Neutralization sensitivity of pseudoviruses based on IDC561 sequences indicated
in (A). Maximum percent inhibition (MPI) determined when tested at maximum
concentrations of 500 pug/ml (purified IgG) or 25 ug/ml (monoclonal antibodies).
Plasma IgG was obtained at the time of leukapheresis from which 1-18 was isolated.
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Chapter 3

IMMUNIZATION EXPANDS B CELLS SPECIFIC TO HIV-1 V3
GLYCAN IN MICE AND MACAQUES

Escolano, A.*, Gristick, H.B.*, Abernathy, M.E., Merkenschlager, J., Gautam, R., Oliveira,
T.Y., Pai, J.,, West, A.P., Barnes, C.O., Cohen, A.A., Wang, H., Golijanin, J., Yost, D.,
Keeffe, J.R., Wang, Z., Zhao, P., Yao, K-H., Bauer, J., Nogueira, L., Gao, H., Voll, A.V.,
Montefiori, D.C., Seaman, M.S., Gazumyan, A., Silva, M., McGuire, A.T., Stamatatos, L.,
Irvine, D.J., Wells, L., Martin, M.A., Bjorkman, P.J., Nussenzweig, M.C. Immunization
expands HIV-1 glycan patch-specific B-cells in mice and macaques. Nature, 570: 468-73
(2019). do0i:10.1038/541586-019-1250-z

* Equal Contributions

Summary

Broadly neutralizing monoclonal antibodies protect against infection with HIV-1 in animal
models, suggesting that a vaccine that elicits these antibodies would be protective in humans.
However, it has not yet been possible to induce adequate serological responses by
vaccination. Here, to activate B cells that express precursors of broadly neutralizing
antibodies within polyclonal repertoires, we developed an immunogen, RC1, that facilitates
the recognition of the variable loop 3 (V3)-glycan patch on the envelope protein of HIV-1.
RC1 conceals non-conserved immunodominant regions by the addition of glycans and/or
multimerization on virus-like particles. Immunization of mice, rabbits and rhesus macaques
with RCI elicited serological responses that targeted the V3-glycan patch. Antibody cloning
and cryo-electron microscopy structures of antibody—envelope complexes confirmed that
immunization with RC1 expands clones of B cells that carry the anti-V3-glycan patch
antibodies, which resemble precursors of human broadly neutralizing antibodies. Thus, RC1
may be a suitable priming immunogen for sequential vaccination strategies in the context of

polyclonal repertoires.
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Introduction

Single-cell antibody cloning from human donors who are infected with HIV-1 revealed that
broadly neutralizing antibodies (bNAbs) have undergone unusually extensive somatic
mutations'*. Moreover, the high degree of somatic mutations is essential for binding to the
native HIV-1 envelope (Env) spike and for the neutralizing activity of bNAbs’. The
accumulation of large numbers of mutations suggests that bNAbs evolve in response to
iterative rounds of somatic hypermutation and selection in germinal centres®. Studies in
humans revealed that this occurs in response to viral escape variants that arise from antibody
pressure®. Together, these observations suggest that vaccination to elicit bNAbs requires a
series of sequential immunogens starting with an immunogen that induces the expansion’ of

B lymphocytes expressing appropriate germline precursors®,

Sequential immunization to guide bNAb development was demonstrated in genetically
modified mice that carry inferred-germline precursors of human bNAbs®®. However, the
priming immunogens that were used to initiate the response failed to activate and expand B
cells that expressed inferred bNAb precursors in animals with polyclonal antibody
repertoires. Thus, a goal of HIV-1 vaccine development has been to design immunogens that
recruit B cells that express bNAb precursors into germinal centre reactions in animals with
polyclonal repertoires.

The germline-targeting approach to immunogen design focuses on producing immunogens
that bind with high affinity to specific bNAb precursors, the rationale being that the
recruitment of B cells to germinal centres is in part dependent on receptor affinity for
antigen!®'4, However, this methodology effectively limits the repertoire of recruited B cells
qualitatively and quantitatively. Moreover, it fails to account for the findings that each
germinal centre accommodates different founder B cells with a wide range of affinities and

that entry into the germinal centre is limited by competition and not absolute affinity’!°.

Here we describe RC1, an immunogen designed to recruit and expand diverse V3-glycan-
specific B cells by improving accessibility of the V3-glycan patch epitope, which includes a
group of high-mannose and complex-type N-glycans that surround V3 (gp120 residues
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N133,N137,N156,N295,N301, N332, N339, N385 and N392)!5. bNAbs that target this

site, including PGTI121', 10-1074!7 and BGI18'3, reach through these glycans using
elongated heavy chain complementarity-determining region (CDR) 3 (CDRH3) loops and
portions of light chain CDRs land 3 (CDRL1 and CDRL3) to contact the highly conserved
GDIR (G324-D325-1326-R327) motif at the base of V3!°. Here we show that RC1 activates
and expands a diverse group of B cells expressing antibodies that resemble human V3-glycan

patch bNADb precursors in mice, rabbits and rhesus macaques.

Results & Discussion

RC1 facilitates antibody binding to the V3-glycan patch

RC1 was designed using 1 IMUTB?, a modified native-like Env trimer (SOSIP.664) derived
from the clade A/E BG505 Env?!, as a template. Compared to BG505, 11MUTB includes
substitutions in V1 and lacks potential N-linked glycosylation sites (PNGSs) at N133 and
N137% (Fig. 1a). We reasoned that removal of the N156 PNGS (N156Q) to create RC1
would facilitate recognition of the V3-glycan patch by increasing accessibility of V1 residues
that interact with V3-glycan bNAbs?22, Consistent with this idea, the absence of the N156
PNGS enhances neutralization by PGT121 and 10-1074, whereas the absence of other
glycans, such as N301 or N137, reduces neutralization (Extended Data Fig. 1a). In addition,
we hypothesized that removal of the N156 glycan, which includes negatively charged

terminal sialic acids?22*

, would produce a more electrostatically neutral Env surface that
could facilitate the binding of the largely neutral precursor of PGT121 and 10-1074 (inferred

germline PGT121/10-1074)%.
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Figure 1. Characterization of the RC1 immunogen. a, N-glycans (coloured spheres) and
GDIR motifs (red surfaces) mapped onto BG505 (Protein Data Bank (PDB) code 5T3Z)
(N137 glycan from PDB 5FYL) in the top-down orientation. b, Left and right, side views of
structures of BG505 and RC1 complexed with 10-1074 (glycan atoms are coloured spheres).
Middle, superimposition of the boxed regions with protein in cartoon representations. Dark
and light purple, 10-1074 Vu and Vi, respectively; red, GDIR; wheat, other portions of RC1;
grey, BG505; orange spheres, N156 glycan. Regions of V1 showing displacement (gp120
residues 139-140) are indicated by dots and an arrow. ¢, Surface plasmon resonance (SPR)
data for PGT121/10-1074 binding to Env trimers. NB, no binding above background; RU,
response units. Representative plot from three independent experiments.

To characterize RC1, we compared its antigenic properties to BG505 (Extended Data Fig.
1b) and solved a 4.0 A single-particle cryo-electron microscopy (cryo-EM) structure of RC1
complexed with 10-1074, comparing it to a BG505-10-1074 structure?? (Fig. 1b, Extended
Data Fig. 2 and Extended Data Table 1). Both structures showed three 10-1074 antigen-
binding fragments (Fabs) bound to the V3-glycan patch epitopes of a closed Env trimer (Fig.
1b). Compared with BG505, the V1 loop in RC1 included more ordered residues and was
shifted towards the 10-1074 CDRH3, allowing for increased interactions between RC1 and
10-1074 (Fig. 1b).
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Despite structural changes in V1—which resulted from deletion of the N156 glycan (Fig.
1b)—the inferred germline PGT121/10-1074!7 bound to RC1 and 11MUTB with similar
affinities (dissociation constant (Kp) values of approximately 50 uM; Fig. 1c), and priming
immunizations with RC1 and 11MUTB elicited comparable V3-glycan-specific serological
responses in knock-in (KI) mice that carried genes encoding the inferred germline of
PGT121/10-1074° (Fig. 2a—). Thus, RC1 exhibited structural changes resulting from N156
glycan deletion that did not affect its affinity for the inferred germline PGT121/10-1074.
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Figure 2. Wild-type mouse immunization with RC1 elicits V3-glycan patch antibodies. a,
Immunization protocol. b, d, f, h, Representative ELISAs showing serum binding to
indicated immunogens. Controls include naive serum (red), purified PGT121 (green) and
inferred germline (iGL) of PGT121/10-1074 (black). ODaos, optical density at 405 nm. b,
The inferred germline of PGT121 knock-in (KI) mice’. d, f, h, Wild-type (WT) mice. ¢, e,
Area under the curve (AUC) for ELISAs in b and d, respectively, but combined results from
two experiments using three or four mice each. Each dot represents serum from one mouse. f,
Binding to RC1 and RCI1-glycanKO. g, Ratio of the AUC for RC1 and RCI1-glycanKO
ELISAs from seven experiments with two or three mice immunized with RC1. Red dot
corresponds to mouse WT 4 in f. i, Ratio of the AUC for RC1 and RC1-glycanKO ELISAs
for wild-type mice immunized with RCI (seven experiments) or RCI1-4fill (five
experiments). j, Pie charts show clonal expansion of RC1-binding B cells in the germinal
centre. Coloured slices are proportional to the number of clonal relatives. White indicates
single IgVu sequences. The number of heavy chains analysed is indicated in the centre. k,
IgH nucleotide (nt) mutations from naive and RC1 immunized mice in j. I, ELISA binding



of representative monoclonal antibodies from RC1-immunized mice to RC1 and RCl-115
glycanKO. m, ELISA binding of Ab275mur and Ab276mur to indicated Env proteins. ¢, e, i,
Unpaired #-tests. ¢, e, g, i, k, Data are mean and each dot is an individual mouse (c, e, g, i) or
an individual sequence (k).

RC1 elicits V3-glycan antibodies in wild-type mice

To determine whether RC1 can activate B cells carrying antibodies that are specific to the
V3-glycan patch in wild-type mice, we immunized C57BL/6J mice once with RCI or
11MUTB (Fig. 2a). 11MUTB did not produce a measurable serological response, but RC1-
immunized mice showed reproducible anti-V3-glycan-patch-specific serological responses
as shown by enzyme-linked immunosorbent assays (ELISAs), in which we compared
binding to RC1 and a mutant variant of RC1 (RC1-glycanKO) that lacks two V3 PNGSs
(N301 and N332) that are critical for human V3-glycan patch bNAbs (Fig. 2d—g and
Extended Data Table 2). Moreover, serum from the RC1-immunized mice cross-reacted with
11MUTB but not with the more native-like Env 10MUT?° or with BG505 (Extended Data
Fig. 3a). The improved immunogenicity of the V3-glycan patch epitope of RC1 results from
specific removal of the N156 glycan from 11MUTB, because removal of a nearby glycan at
N301 that is also part of the glycan patch (11MUTBA301) (Extended Data Table 2) failed to
induce detectable serological responses (Fig. 2h). We conclude that, in contrast to 1 IMUTB
and 1 1MUTBA301, RCI elicits V3-glycan-specific serological responses in wild-type mice.

To reduce antibody responses to off-target epitopes?®2°

and further focus responses on the
V3-glycan patch, we produced an RCI1 variant, RC1-4fill, by introducing PNGSs to add
glycans to gp120 positions 230, 241, 289 and 344 (Extended Data Fig. 4). Compared with
RC1, RC1-4fill elicited serological responses that were more focused on the V3-glycan patch
in wild-type mice (Fig. 2i). We conclude that RC1-4fill focuses antibody responses to the

V3-glycan patch.

Expansion of V3-glycan-specific B cells in mice

To further characterize the humoral responses elicited by RC1 and RC1-4fill, we sequenced
antibody genes from single B cells from the germinal centre that bound to RC1 but not RC1-
glycanKO (Extended Data Fig. 3b). All analysed RC1- and RCI1-4fill-immunized mice
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showed expansion of B cell clones in the germinal centre (Fig. 2a, j). The expanded clones

predominantly expressed heavy-chain V genes Vu5-6, Vu9-3 and Vu2-9, and light chain
genes Vk3-4 and Vk14-111 (Fig. 2j, Extended Data Table 4 and Supplementary Tables 1, 2).
The CDRH3 sequences in expanded clones showed similarities to human V3-glycan patch
bNAbs, such as Tyr-rich or RXY motifs and longer-than-average CDRH3 sequences
(Extended Data Table 4 and Supplementary Table 1). Consistent with a single immunization,
the Vi genes of the expanded clones had an average of 3.2 nucleotide mutations (Fig. 2k and

Supplementary Table 1).

We mapped the target sites of these antibodies by ELISA against RC1 and RC1 mutant
proteins. A diverse group of monoclonal antibodies showed V3-glycan-patch-specific
binding (Fig. 21). Further characterization of two mouse (MUR) antibodies, Ab275mur and
Ab276mur, showed that they bind to the V3-glycan patch of RC1 (Ab275mur, Kp ~ 30 nM)
in a GDIR- and N301-glycan-dependent manner, and both retained binding to 11MUTB
(Ab275mur, Kp ~230 nM), demonstrating accommodation of the N156 glycan, whereas
neither antibody bound to BG505 or a peptide that covers the crown of the V3 loop (Fig. 2m,
Extended Data Table 2 and Extended Data Fig. 3c, d). Acquired mutations were essential for
binding, because RC1 did not bind to the Ab276mur-reverted inferred germline (Extended
Data Fig. 3e). Consistent with a single immunization, neither Ab275mur nor Ab276mur
showed detectable neutralizing activity against a panel of tier 1B and tier 2 HIV-1 isolates in
assays using the TZM-bl reporter cell line. We conclude that RC1 and RCI1-4fill expand

mouse B cell clones expressing antibodies that target the V3-glycan patch.

V3-glycan antibody responses in rabbits and macaques

To enhance potential avidity effects and limit exposure of off-target epitopes at the Env base,
we multimerized RC1-4fill on virus-like particles (VLPs) using the SpyTag—SpyCatcher
system®*3! (Fig. 3a, b). VLPs were used to prime rabbits and rhesus macaques. Single
immunizations of 4 rabbits and 16 macaques with VLP-RCI-4fill elicited serological
responses that were partially specific for the V3-glycan patch in all animals (Fig. 3c—f and
Extended Data Fig. 5a). Serum from macaques primed with VLP-RC1-4fill showed
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sequentially reduced binding to the more native-like immunogens 11MUTB and

10MUT? (Extended Data Fig. 5b) and no neutralizing activity against a small panel of HIV-
1 isolates that included fully glycosylated tier 2 and glycan-deleted viruses (Extended Data
Table 3). Thus, VLP-RC1-4fill elicited robust serological responses that mapped in part to

the V3-glycan patch in rabbits and rhesus macaques.
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Figure 3. Macaque immunization with RC1-4fill VLPs elicits anti-V3-glycan patch
antibodies that resemble inferred germlines of bNAbs. a, Model of VLP-RC1-4fill: RC1-
4fill (wheat and pink), SpyTag (gold), SpyCatcher (cyan) and bacteriophage AP205
(green). b, Negative-stain electron microscopy images comparing VLPs (top) and VLP-RC1
(bottom). Arrows indicate the VLP surface (black) and RC1 (red). Scale bars, 50 nm.
Representative image from three independent experiments. ¢, d, Immunization protocols for
rabbits (¢) and non-human primates (d). LN, lymph node. e, f, AUC for ELISAs with serum
from four rabbits (e) and eight non-human primates (f) primed with VLP-RC1-4fill against
RC1 (black) and RC1-glycanKO (grey). g, h, Flow cytometry plots showing frequency of B
cells in the germinal centre that bind to RC1 but not to RC1-glycanKO. g, Representative
flow cytometry plots. h, Quantification. n =4 naive and n =4 immunized non-human
primates. i, Pie charts showing clonal expansion of RC1-binding B cells in the germinal
centre (see legend in Fig. 2j). j, IgVu mutations for the sequences of clones shown
in i (Supplementary Table 3). k, Logo plots comparing CDRL3 of inferred germline of
PGT121/10-1074 and all IgL from B cells in the germinal centre shown in i. I, Fraction of
CDRL3 sequences from i that show a DSS-like motif. h, 1, Unpaired #-test. h, j, 1, Data are
mean and individual values.

To further characterize responses elicited by VLP-RC1-4fill in macaques, we purified
germinal centre B cells from the draining lymph nodes that bound to RC1 but not to RC1-
glycanKO by flow cytometry (RC1*RC1-glycanKO"). Whereas RC1" cells were absent
from germinal centres of naive macaques, RC1"RC1-glycanKO" germinal centre B cells
were found at an average frequency of 0.4% of germinal centre B cells in the lymph nodes

in the four macaques analysed (Fig. 3g, h).

Antibody cloning from four immunized macaques revealed expanded B cell clones that used
a variety of Vy genes, as found for human V3-glycan patch bNAbs*’, with an average of
5.6 nucleotide somatic mutations (Fig. 31, j and Supplementary Table 3). Most characterized
human V3-glycan patch bNAbs contain a lambda light chain'®33. Analysis of lambda genes
revealed that macaque RC1-binding cells preferentially used gene segments Vr132 (91%
nucleotide sequence identity to Vi2-8 germline gene segments in PGT125-128 and
PGT130-131) and ViL124 (94% nucleotide sequence identity to the Vi3-21 germline in
PGT121-123/10-1074) (Fig. 3k). In addition, 86% of the lambda light chains had CDRL3
sequences that included a Asp-Ser-Ser (DSS) motif present in the inferred germlines of
PGT121-123 and 10-1074/PGT124!7 (Fig. 31 and Supplementary Table 4). This motif
mutates to Asp-Ser-Arg (DSR) in the mature bNADbs, which is critical for the neutralization
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activity of PGT121%. Thus, there is congruence between the sequence of precursors of

human V3-glycan patch bNAbs and the antibodies expressed by macaque B cell clones that
are elicited by priming with VLP-RC1-4fill.

We expressed 38 macaque germinal centre antibodies with CDRL3 sequences that resembled
the CDRL3 sequences of inferred-germline V3-glycan patch bNAbs (Supplementary Table
5). The CDRL3 sequences of 33 out of 38 antibodies contained a DSS motif and a Gln at
position 89 (QXXDSS motif), which was also found in the CDRL3 sequence of the inferred
germlines of PGT121-123, 10-1074, PGT124 and BG18!":!¥ (Extended Data Table 5). In
addition, 5 out of 38 antibodies contained a Ser-Tyr-Ala-Gly (SY AG) motif, which is present
in the CDRL3 sequences of the inferred germlines of PGT125-128, PGT130 and PGT131
(Extended Data Table 5). In total, 30 out of 33 QXXDSS motif-containing antibodies and 2
out of 5 SYAG motif-containing antibodies bound to the V3-glycan patch epitope, as
determined by ELISA using RC1 and RC1-glycanKO with additional mutations in the GDIR
sequence (RC1-glycanKO-GAIA) (Fig. 4a and Supplementary Table 5). In addition, the
CDRLI of all 38 macaque antibodies contained an Asn-Ile-Gly (NIG)-like motif present in
the PGT121/10-1074 antibody (33 NIG, 4 DIG and 1 NLG) (Supplementary Table 5). The
CDRH3 lengths of the 38 antibodies were relatively long (11-21 residues;
average = 15.5 residues) (Fig. 4b). Longer CDRH3 sequences were enriched in Tyr and/or
Phe residues, similar to the long CDRH3 sequences found in human V3-glycan patch
bNADs!®!® (Supplementary Table 5). The antibody Vi and Vi genes included an average of
4.9 and 3.3 nucleotide mutations, respectively (Fig. 4c). Consistent with recruitment of
antibodies with a range of affinities to germinal centres and their subsequent affinity
maturation’-!, the inferred germline versions of the macaque antibodies showed lower
affinities for RC1 than their mutated counterparts, ranging from levels that were below
quantification to Kp values in the micromolar range (Extended Data Fig. 5c). Similarity
between the macaque antibodies and PGT121/10-1074 was corroborated by ELISAs using
an anti-idiotypic antibody specific for the PGT121/10-1074 inferred germline antibody
(Extended Data Fig. 5d). The inferred germline-reverted versions of 5 out of 11 macaque

antibodies were recognized by the anti-PGT121/10-1074 antibody (Extended Data Fig. 5d).
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Figure 4. Monoclonal antibodies from macaques bind to the V3-glycan patch. a, ELISA
binding of representative macaque monoclonal antibodies to RCI and RC1-glycanKO-
GAIA. b, CDRH3 length of 32 V3-glycan-patch-specific monoclonal antibodies. AA, amino
acids. ¢, Nucleotide mutations in IgVy and IgVL of 32 V3-glycan-patch-specific monoclonal
antibodies. d, e, AUCs for ELISA binding of monoclonal antibodies to indicated proteins.
Each AUC value corresponds to one ELISA curve. b, ¢, Data are mean and each dot is an
individual sequence.

To further characterize the target site of the macaque antibodies, we performed ELISAs
against additional proteins: RCl-glycanKO, RCI-GAIA, RCl-glycanKO-GAIA,
1IMUTBA301, RC1A301, RC1A332, 11MUTB? and BG505 (Fig. 4d, e and Extended Data
Table 2). The ELISAs suggested four distinct RC1-binding patterns among antibodies that
contained a CDRL3 QXXDSS motif (Fig. 4d) and another pattern among antibodies that
contained a SYAG motif (Fig. 4e). Whereas all antibodies were glycan dependent as
determined by no binding to RCI-glycanKO, they differed in binding to 11MUTB or
10MUT and dependence on GDIR and N301, N332, and N156 glycans (Fig. 4a, d, e).
Although none of the antibodies recognized BG505, Ab933nup (where NHP denotes
antibodies elicited in non-human primates), Ab936nup and Ab1170xup bound to 11MUTB,
indicating that they can accommodate the N156 glycan (Fig. 4d, e). Consistent with no
binding to BG505, none of the antibodies exhibited neutralizing activity, and removal of the
N133, N137 and N156 glycans did not render the BG505/T332N and JRCSF.JB viruses
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sensitive to neutralization (Extended Data Table 3b, c), suggesting that the lack of

neutralization is not due to clashes with those glycans. We conclude that macaque
immunization with VLP-RC1-4fill elicits V3-glycan-patch-specific antibodies that resemble
precursors of human bNADbs that target this site.

Cryo-EM structures of antibodies bound to RC1

We determined structures of one mouse and two macaque Fabs complexed with RC1 using
single-particle cryo-EM. Ab275umur (4.4 A resolution) and Ab874nup (3.9 A) (derived from
the same clone as Ab876nup) bound RC1 similarly to each other, consistent with their 69%
Vi domain amino acid sequence identity, whereas Ab897xup (4.4 A) (related by 48% and
54% Vu sequence identity to Ab275mur and Ab874nmp, respectively) adopted a distinct angle
of approach (Fig. 5a and Extended Data Fig. Se).
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Figure 5. Structures of 10-1074 and elicited antibodies bound to RCI. a, Top, Vu—
VL domains of 10-1074 and elicited antibodies bound to one protomer of RC1 (GDIR
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residues are red; glycans are coloured spheres). Bottom, antibody combining sites (CDRs
shown as loops) mapped onto gpl120 (glycans as coloured spheres; GDIR in red). b,
Comparisons of interactions of the GDIR motif with 10-1074 and elicited antibodies (colours
asin a).

All three Fabs in the RC1 complexes bound to the V3-glycan patch epitope and contacted
the GDIR motif, but with different orientations and footprints from each other and from V3-
glycan patch bNAbs (Fig. 5a and Extended Data Fig. 5e). 10-1074 contacts the conserved
GDIR motif using CDRH3, CDRL1 and CDRL3?? (Figs. lc, 5a), Ab874xup and Ab275mur
made GDIR contacts using their CDRH2s, whereas Ab897nup used CDRL1 and CDRL3
(Fig. 5a, b). In addition, Ab874xup and Ab897nnp contain the conserved CDRL3 QXXDSS
motif, which make contacts with conserved regions of the V3-glycan epitope in mature
bNAbs??3, Similar to mature V3-glycan patch bNAbs, Ab897xup contains a substitution
(Ser93Asn) within the QXXDSS motif that enables contacts with gp120cpr and also uses
its conserved CDRL1 NIG motif to contact the V1 loop (Extended Data Fig. 5f).

Ab275mur and Ab874nmp also interacted with the N332 glycan, consistent with mature V3-
glycan bNADbs (Fig. 5a and Extended Data Fig. 5e). However, in contrast to 10-1074, which
interacts with the N332 glycan via its CDRLI, light chain framework region 3 (FRWL3),
CDRH2 and CDRH3??, Ab275mur made contacts using CDRH2, whereas Ab874nup
engaged the N332 glycan with CDRH2 and heavy chain framework region 3 (FRWH3). We
did not observe N332 glycan interactions in the Ab897nup—RC1 structure. Despite reduced
binding of Ab275mur, Ab876nup (same clone as Ab874nup) and Ab897nup to RC1A301 (Fig.
21), none of these Fabs showed interactions with the N301 glycan in our structures,
suggesting that glycan heterogeneity obscures this interaction and/or conformational
heterogeneity in a V3-glycan patch that lacks this glycan diminishes binding*®. We conclude
that RC1 elicits V3-glycan-patch-targeting antibodies with distinct binding modes in animals

with polyclonal antibody repertoires.
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Conclusions

HIV-1 bNAbs develop in infected humans by sequential rounds of somatic mutation in
response to a rapidly evolving pathogen®. Vaccination with a series of related antigens can
reproduce this progression of events in genetically engineered mice that carry
supraphysiological numbers of B lymphocytes that express the inferred-germline precursors
of bNAbs’. An important goal of HIV-1 vaccine design is to develop immunogens that
initiate this response in organisms with polyclonal immune systems and then reproduce these

responses in humans.

HIV-1 immunogen design has focused on increasing the affinity of candidate immunogens
for specific inferred-germline precursors of bNAbs with the objective of recruiting a specific
group of rare precursors into the germinal centre!. This approach typically fails to account
for increases in apparent affinity produced by interactions between multimerized antigen and
clusters of bivalent antigen receptors on the surface of a B cell. Moreover, entry into the

7,10,11,14

germinal centre is primarily limited by competition . Thus, the importance of affinity

is relative, as shown by the observation that B cells bearing low affinity receptors are

frequently found in germinal centres under physiological conditions!'%37

, and by our finding
that inferred germline precursors of macaque antibodies elicited by RC1 showed relatively
low affinity for the immunogen.

The principles used to produce RC1 did not take affinity for a germline B cell receptor into
account. Instead, RC1 was designed to increase the number of bNAb progenitors that
compete for entry into germinal centres by making the antigenic target site more available
and facilitating binding to electrostatically neutral inferred-germline precursors®. In
addition, VLP-RCI1-4fill incorporates the idea that masking competing off-target
epitopes?®? by addition of glycans?’ and tethering the bottom of the trimer to a VLP

minimizes competition for entry into the germinal centre.

RC1 differs from other HIV-1 vaccine candidates in that it induces B cells that express
antibodies against a targeted epitope to undergo clonal expansion in germinal centres in

animals with a fully polyclonal B cell repertoire. In macaques, these B cells express
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antibodies that show sequence and structural similarities to inferred-germline precursors

of bNADbs that target the V3-glycan patch. Like the precursors of human bNAbs, they do not
bind to wild-type Env or neutralize HIV-1°. Notably, biochemical and structural results
showed that antibodies with distinct mechanisms of targeting the V3-glycan patch were
elicited by RCI, increasing the probability that one or more might develop breadth and
potency after boosting®. Thus, VLP-RC1-4fill is a suitable candidate immunogen for further

evaluation in sequential vaccination strategies to elicit bNAbs.

Methods

Data reporting

No statistical methods were used to predetermine sample size. The experiments were not
randomized and the investigators were not blinded to allocation during experiments and

outcome assessment.

Envelope proteins

Env trimers were expressed as soluble native-like gp140 trimers®!. The newly engineered
Env SOSIP trimers, RC1, RC1-4fill, RC1-Avitag, RC1-SpyTag, RC1-glycanKO, RC1-
glycanKO-Avitag, RCI-glycanKO-GAIA and RCI1-GAIA, BG5052! and the BG505
variants 11MUTB, 10MUT, 7MUT and 5MUT? were cloned in the pPPPI4 expression
vector using synthetic gene fragments (Integrated DNA Technologies (IDT)). The glycan
variants RC1A301, RC1A332 and 11MUTBA301 were produced by site-directed
mutagenesis (QuikChange Lightning Multi-site directed mutagenesis kit, Agilent

Technologies). Specific modifications of each protein are listed in Extended Data Table 2.

Soluble Env trimers were expressed by transient transfection in HEK293-6E cells (National
Research Council of Canada) or Expi293 cells (Life Technologies) and purified from cell
supernatants by 2G12 or NIH45-46 immunoaffinity chromatography and size-exclusion
chromatography (SEC) as previously described®®. Proteins were stored at 4 °C in 20 mM Tris
pH 8.0 and 150 mM sodium chloride (TBS buffer). SpyTagged immunogens were buffer-
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exchanged into 20 mM sodium phosphate pH 7.5, 150 mM NaCl. Cell lines were not

tested for mycoplasma contamination.

VLP production and conjugation

A C-terminal SpyTag sequence (13 residues) was added to RC1-4fill to form an irreversible
isopeptide bond to SpyCatcher protein’!. We produced and purified SpyCatcher—
AP205%° VLPs as described®® and separated conjugated VLPs from free Env trimers by SEC
on a Superdex 200 column. Conjugation of Env trimers was verified by negative-stain
electron microscopy and/or SDS-PAGE (Fig. 3, Extended Data Fig. 4), and immunogen
concentrations were estimated by comparing to known amounts of free immunogen run on
the same SDS—-PAGE gel. Conjugated and unconjugated VLPs were compared by negative-
stain electron microscopy on a FEI Tecnai T12 transmission electron microscope at 120 keV

using a Gatan Ultrascan 2k x 2k CCD detector.

Mass spectrometry

The glycosylation profiles of RC1 and RC1-4fill were determined as previously described*.
In brief, samples were denatured with Lys-C (Promega), Arg-C (Promega), Glu-C (Promega)
and chymotrypsin (Promega). Following digestion, the samples were deglycosylated by
Endo H (Promega) and PNGase F (Glyko, Prozyme) in the presence of 30 water
(Cambridge Isotope Laboratories). The resulting peptides were separated on an Acclaim
PepMap RSLC C18 column (75 pm X 15 cm) and analysed using an Orbitrap Fusion Lumos
Tribrid mass spectrometer (Thermo Fisher Scientific) with a 240-min linear gradient
consisting of 1-100% solvent B over 180 min at a flow rate of 200 nl min"'. Full mass
spectrometry scans were acquired using the Fusion instrument software (v.2.0, Thermo
Fisher Scientific), and the resulting spectra were analysed and filtered using SEQUEST
(Proteome Discoverer 1.4, Thermo Fisher Scientific) and ProteolQ (v.2.7, Premier Biosoft).
Site occupancy was calculated using spectral counts assigned to the '30-Asp-containing
(PNGase-F-cleaved) and/or HexNAc-modified (Endo-H-cleaved) peptides and their

unmodified counterparts.
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Animals

Mice carrying the inferred germline IgH and IgL human PGT121 and 10-1074 bNAbs
(GLur121 knock-in mice) were previously described’. Six-to-eight-week-old C57BL/6]
male mice from The Jackson Laboratory were used for immunizations. All animal
procedures were performed in accordance to protocols approved by the Rockefeller
University Institutional Animal Care and Use Committee (IACUC). Male and female
GL#u1121 knock-in mice or C57BL/6J wild-type mice were equally distributed in groups and
immunized intraperitoneally with 10 ug of soluble SOSIP Env trimer in Ribi adjuvant

(Sigma-Aldrich) (1:1).

Six-month-old New Zealand white rabbits (Covance) were used for immunizations. Rabbits
were immunized subcutaneously with approximately 22 pg of RC1-4fill SOSIP Env trimer
conjugated to VLP (VLP-RC1-4fill) in an ISCOMs-like saponin adjuvant (see below).
Serum samples were collected from mice and rabbits on weeks 0 and 2 after immunization.

All procedures in rabbits were approved by the Denver PA TACUC.

Sixteen rhesus macaques (Macaca mulatta) of Indian genetic origin, two-to-four years of
age, were housed and cared for in accordance with Guide for Care and Use of Laboratory
Animals Report number NIH 82-53 (Department of Health and Human Services, Bethesda,
1985) in a biosafety level 2 NIH facility. All animal procedures and experiments were

performed according to protocols approved by the IACUC of NIAID, NIH.

Macaques were immunized subcutaneously in the medial inner forelegs and hind legs (total
of four sites per animal) with approximately 200 png (experiment 1; Fig. 3f) or 100 pg
(experiment 2; Extended Data Fig. 5a) of RC1-4fill SOSIP trimer conjugated to VLP (RC1-
4fill VLP) adjuvated in IscoMPLA. Blood and lymph node biopsies were obtained from

naive macaques and from the immunized macaques three weeks after immunization.



128
Adjuvant synthesis

ISCOM-like saponin adjuvant was prepared as described*!. Final adjuvant concentrations

were determined by cholesterol quantification (Sigma-Aldrich, MAKO043).

ELISA

ELISAs with SOSIP Env trimers 1 1MUTB, RC1, 11MUTBA301, RC1A301, RC1-GAIA,
RC1-glycanKO, RC1-glycanKO-GAIA, RC1A332, BG505, 10MUT, 7MUT, SMUT or the
V3 loop-consensus C peptide
(KGKGKGKGKGCTRPNNNTRKSIRIGPGQTFYATGDIIGDIRQAHC) were performed
as described’. Serum samples were assayed at a 1:100 or 1:30 starting dilution and seven
additional threefold serial dilutions. Mouse and human IgGs or human Fabs were evaluated

at concentrations specified in the main text.

Alternatively, 96-well plates were directly coated with 50 pl of a solution of Fab at
20 pg ml ! in 1x PBS overnight at 4 °C, washed and blocked as above and incubated in 50 ul
of a solution of RC1 or RC1-glycanKO-GAIA at2 pg ml! in blocking buffer for 1 h atroom
temperature. Plates were washed as above and developed using a chimeric version (human
Fabs and mouse crystallizable fragment (Fc)) of the CD4-binding site bNAb 3BNC60* at
threefold serial dilutions starting at 5 ug ml™! followed by anti-mouse IgG secondary

antibody conjugated to HRP (Jackson ImmunoResearch, 115-035-071).

For anti-idiotype ELISAs, 96-well plates were coated with 50 pl of a solution of IgG at
10 ug ml™! in 1x PBS overnight at 4 °C, washed and blocked as above and incubated with
biotinylated anti-inferred germline PGT121 idiotypic antibody. Plates were developed with
streptavidin conjugated to HRP.

Flow cytometry and single B cell sorting
Single-cell suspensions were obtained from the draining lymph nodes and spleens of
immunized mice, and mature B cells were isolated by negative selection using anti-CD43

magnetic beads (MACS) following the manufacturer’s instructions.
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Frozen peripheral blood mononuclear cells or cells from lymph node biopsies obtained from
the naive and immunized macaques were thawed and washed in RPMI 1640 medium (1x)
(Gibco, 11875-093). Mouse or macaque cells were incubated with 100 ul of FACS buffer
(1x PBS with 2% fetal bovine serum and 1 mM EDTA) with mouse (BD Biosciences,
553142) or human (BD Biosciences, 564219) Fc Block, respectively, at a 1:500 dilution for

30 min on ice.

RC1 and RCI-glycanKO (RC1"RC1-glycanKO") tetramers were prepared by incubating
5 ng of Avitagged and biotinylated RC1 (RC1-AviBio) or Avitagged and biotinylated RC1-
glycanKO (RCI1-glycanKO—AviBio) with fluorophore-conjugated streptavidin at a 1:200

dilution in 1x PBS for 30 min on ice.

RCI*RC1-glycanKO™ mouse B cells were isolated using RC1-AviBio conjugated to
streptavidin BV711 (BD Biosciences, 563262) and RC1-glycanKO—-AviBio conjugated to
streptavidin—PE (BD Biosciences, 554061) as baits. RC1"RC1-glycanKO™ macaque B cells
were isolated using RC1-AviBio conjugated with streptavidin—PE and streptavidin—AF647
and RCl-glycanKO—-AviBio conjugated with streptavidin—-BV605 (BD Biosciences,
563260). Tetramers were mixed with the human or mouse antibody cocktails indicated below

to a final concentration of 5 ug ml™! each.

Mouse cells were stained with anti-CD4—-APC-eFluor780 (Invitrogen, 47-0042-82), anti-
CD8-APC-eFluor780 (Invitrogen, 47-0081-82), anti-F4/80—-APC-eFluor780 (Invitrogen,
47-4801-82), anti-NK1.1-APC-eFluor780 (Invitrogen, 47-5941-82), anti-CD11b—APC-
eFluor780 (eBioscience, 47-0112-82), anti-CD11c—APC-eFluor780 (eBioscience, 47-0114-
82), anti-Gr-1-APC-eFluor780 (Invitrogen, 47-5931-82), anti-B220—-APC (Biolegend,
103212), anti-GL7-FITC (BD Biosciences, 553666) and anti-CD95-BV421 (BD
Biosciences, 562633) antibodies at 1:200 dilution and the live/dead marker Zombie NIR
(Biolegend, 77184) at a 1:400 dilution in FACS buffer. Macaque cells were stained with anti-
CD16-APC-eFluor780 (Invitrogen, 47-0168-41), anti-CD8a—APC-eFluor780 (Invitrogen,
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47-0086-42), anti-CD3-APC-eFluor780 (Invitrogen, 47-0037-41), anti-CD14-APC-

eFluor780 (eBiosciences, 47-0149-41), anti-CD20-PE-Cy7 (BD, 335793), anti-CD38-FITC
(Stem Cell Technologies, 60131FT), anti-IgG-BV421 (BD Biosciences, 562581) and anti-
IgM-PerCP-Cy5.5 (BD Biosciences, 561285) antibodies at a 1:200 dilution and the live/dead
marker Zombie NIR at a 1:400 dilution in FACS buffer.

Zombie NIR CD4 CD8F4/80'NK1.1 " CD11b"CD11¢ B220*GL7"*CD95"RC1"RC1-
glycanKO™ single cells were isolated from the mouse cell homogenates and Zombie
NIR"CD16 CD8a CD3 CD14 CD20"CD38"IgG" "double =~ RCI*RCI-glycanKO™ single
cells were isolated from the macaque cell homogenates using a FACS Aria III (Becton

Dickinson).

Single cells were sorted into individual wells of a 96-well plate containing 5 pl of lysis buffer
(TCL buffer (Qiagen, 1031576) with 1% of 2-B-mercaptoethanol). Plates were immediately

frozen on dry ice and stored at —80 °C.

Antibody sequencing and cloning

Single-cell RNA was purified using magnetic beads (RNAClean XP, A63987, Beckman
Coulter). RNA was eluted from the magnetic beads with 11 pl of a solution containing
14.5 ng ul ™! of random primers (Invitrogen, 48190-011), 0.5% of tergitol (type NP-40, 70%
in H>O, Sigma-Aldrich, NP40S-100ML) and 0.6 U ul! of RNase inhibitor (Promega,
N2615) in nuclease-free water (Qiagen), and incubated at 65 °C for 3 min. cDNA was
synthesized by reverse transcription (SuperScript III Reverse Transcriptase, Invitrogen,
18080-044, 10,000 U)*. cDNA was stored at —80 °C or used for antibody gene amplification
by nested polymerase chain reaction (PCR) after addition of 10 pl of nuclease-free water.
Mouse and macaque antibody genes were cloned* using the primers in Supplementary
Table 6. PCR protocols were as follows for annealing (°C)/elongation (s)/number of cycles:
first PCR (IgG IgH and Ig)): 46/55/50; second PCR (IgG IgH and Ig)): 50/55/50.

Inferred germline macaque IgGs and Fabs were produced by reverting all nucleotide

mutations in the V(D)J antibody genes to their corresponding inferred germline sequences
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while conserving the N nucleotides from the V(D)J junctions found in the mutated

antibodies.

Antibody production and purification

Immunoglobulins were purified from 200 pl of mouse or macaque serum using Ab Spin Trap
Protein G Sepharose columns (GE Healthcare, 28-4083-47). Immunoglobulin-containing
fractions were buffer-exchanged with PBS by overnight dialysis at 4 °C (dialysis cassettes
20000 MWCO, Thermo Fisher Scientific, 66005).

For structural studies, mouse IgGs and macaque Hiss-tagged Fabs were expressed by
transient transfection in HEK293-6E or Expi293 cells and purified from cell supernatants
using protein A or G (GE Healthcare) (for [gGs) or Ni-NTA (GE Healthcare) or Ni Sepharose
6 Fast Flow (GE Healthcare) (for Fabs) chromatography and SEC*. Mouse Fab was obtained
by digesting IgG at 1-5 mg ml™! with ficin (Sigma-Aldrich). Fab was purified by protein G
(GE Healthcare) and SEC chromatography*, followed by monoQ 5/50 (GE Healthcare) ion-
exchange chromatography. The common inferred germline of the PGT121 and 10-1074
bNADbs!7 was expressed as a Hise-tagged Fab.

In vitro neutralization assays

TZM-bl assays were performed as previously described*. In brief, neutralization activity
was calculated as a function of the reduction in Tat-induced luciferase expression in the
TZM-bl reporter cell line after a single round of virus infection with Env pseudoviruses.

SPR and OCTET binding studies

SPR experiments were performed using a T200 (Biacore). For measuring the affinity for
PGT121/10-1074 inferred germline Fab, protein A was immobilized on a CM5 chip by
primary amine chemistry (Biacore manual) and 200 nM 8ANC195as2xs I1gG or a non-HIV
Env-binding IgG (mG053) was injected as previously described*®. Then, 1 uM human Fc
was injected to block remaining protein A sites. After capturing 10 uM RC1, 11MUTB or
10MUT, a concentration series of PGT121/10-1074 inferred germline Fab (fourfold dilutions
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from a top concentration of 160 uM for 10MUT, and twofold dilutions from a top

concentration of 150 uM for 11MUTB and RC1) was injected, and binding reactions were
allowed to reach equilibrium. Kp values were derived by nonlinear regression analysis of
plots of Req (equilibrium binding response) versus the log of the injected protein
concentration and the data were fitted to a 1:1 binding model*’. To measure the affinity of
Ab275Mmur, a concentration series of Fab was injected over immobilized RC1 or 11MUTB
(fourfold dilutions from a top concentration of 50 uM). Kp values were calculated from the
on/off rates (ka/ka), which were derived using a 1:1 binding model from seven concentrations
of Ab275mur Fab (3.125 uM to 0.763 nM). Flow cells were regenerated as previously
described* with 1 M guanidine HCl and/or 10 mM glycine pH 2.0 at a flow rate of
90 pl min™™.

OCTET experiments were performed using the OCTET Red96 system to determine affinities
of inferred germline and mutated macaque Fabs for RC1. Biotinylated RC1-Avitag was
immobilized on high-precision streptavidin (SAX) biosensors (FORTEBIO) using a solution
of biotinylated RC1-Avitag at 400 nM in dilution buffer (FORTEBIO). Four serial dilutions
of each macaque Fab, one irrelevant Fab and 3BNC60 Fab were prepared in dilution buffer
(FORTEBIO). The binding experiment was performed at 30 °C using the following protocol:
baseline 1 (60 s), load RC1 (300 s), baseline 2 (200 s), Fab association (300 s) and Fab
dissociation (600 s). Analysis was performed using OCTET software Data Analysis HT 10.0
(FORTEBIO).

Cryo-EM sample and grid preparation

RC1 complexed with 10-1074 was prepared by incubating purified RC1 with 10-1074 Fab
and a CD4-binding site (CD4bs) Fab at a 1:3:3 molar ratio (gp140 protomer:10-1074
Fab:CD4bs Fab) overnight at room temperature. The RC1-Fab complex was isolated by SEC
in TBS (20 mM Tris pH 8.0, 100 mM NacCl) using a Superdex-200 Increase 10/300 column
(GE Healthcare). RC1-mouse/macaque Fab complexes were prepared by incubating purified
RC1 with a mouse or macaque Fab and with 8ANC195 Fab** at a 1:1.3:1.3 molar ratio as
above and used without SEC purification. RC1-Fab complexes were diluted to 0.75—
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1.4 mg ml™! in TBS, and 3 ul was added to Quantifoil R1.2/1.3 300 mesh copper grids

(Electron Microscopy Services) that had been freshly glow-discharged using a PELCO
easiGlow (Ted Pella). Samples were vitrified in 100% liquid ethane using a Mark IV Vitrobot
(Thermo Fisher Scientific). Sample preparation conditions are summarized in Extended Data

Table 1.

Cryo-EM data collection

RC1-Fab complexes were collected on a 200 kV Thermo Fisher Talos Arctica electron
microscope using EPU automated image acquisition software*. Movies were collected on a
Falcon 3EC direct electron detector (Thermo Fisher Scientific) operating in counting mode
at a nominal magnification of 73,000 (1.436 A per pixel) using a defocus range of —1.4 um
to —3.0 um or —0.8 um to —2.5 pm. Data for the RC1-10-1074 complex were collected across
two separate sessions and combined during data processing. Microscope conditions are

summarized in Extended Data Table 1.

Cryo-EM data processing

Movies were motion-corrected and dose-weighted using the MotionCor2* frame alignment
program in RELION-3°°, Dose-weighted summed images were used for CTF determination
using Getf!, and reference-free particle picking from each micrograph was achieved using
Laplacian-of-Gaussian filtering in RELION-3°, Unbinned extracted particles were imported
into cryoSPARC v.2%% and subjected to reference-free two-dimensional classification using
a 240-A circular mask. Particles from the best two-dimensional classes were selected for
heterogeneous ab initio model generation (two models). The best model exhibited C3
symmetry and was used as an initial model for homogenous three-dimensional auto-
refinement in cryoSPARC v.2°2, Resolutions were estimated using the gold standard Fourier
shell correlation (FSC = 0.143)>, and maps were auto-sharpened in cryoSPARC2. For
interpreting N-linked glycans, maps were generated with overall B-factors ranging from
—150 to —400 A% to improve local features and map connectivity’*. See Extended Data

Fig. 2 and Extended Data Table 1.
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Model building

Initial coordinates were generated by docking reference models into the maps using UCSF
Chimera®>. For the RC1-10-1074 complex, BG505 Env and 10-1074 Fab (PDB code 53TZ)
were docked into the density maps. For RC1 complexes with mouse or macaque Fabs,
BG505 Env and PGT121/10-1074 inferred germline (PDB codes SCEZ and 4FQQ)
coordinates were docked into density maps. Initial models were refined into electron
microscopy maps using rigid body refinement®. Models were built using Fab and RC1
sequences following iterative rounds of real-space refinement in Coot and PHENIX>%7,
Coordinates for glycans were added as Many and then trimmed to fit the maps at 6 = 5. Model
validation was done using MolProbity®® and Privateer>®. Superposition calculations and
molecular representations were generated with PyMOL (v.1.5.0.4 Schrodinger), UCSF
Chimera® and ResMap®.

Analysis

MacVector v.15.5.3 was used for sequence analysis and graphs were created using R
language. Flow cytometry data were processed using FlowJo v.10.5.0. GraphPad Prism 7
was used for data analysis. Immunoglobulin gene sequence ABI files were converted to
FASTQ format using the Biopython package. FASTQ files were trimmed by quality using
cutadapt v.1.18 software. Igblast v.1.9.0 was used for VDJ assignment and clone analysis
was performed using Change-O software v.0.3.7. For macaques, a custom VDJ database was

created using previously reported immunoglobulin gene sequences®!.

Quantification and statistical analysis

Statistical information, including n, mean and statistical significance values, is indicated in
the text or the figure legends. GraphPad Prism 7 was used for statistical analysis by unpaired
Student’s #-test. Data were considered statistically significant at *P <0.05, **P <0.01,
*#%kP <0.001 and ****P < 0.0001.
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Data availability

The atomic models and cryo-EM density maps generated during the current study have been
deposited in the Protein Data Bank and Electron Microscopy Data Bank with accession
numbers 60RN and EMD-20175 (RC1-10-1074), 60RQ and EMD-20178 (RC1-

Ab275mur), 60RO and EMD-20176 (RC1-Ab874nmp), and 60RP and EMD-20177 (RC1-
Ab897nmp). Sequence datasets generated and analysed during the current study are available

from the corresponding authors upon reasonable request.
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Extended Data Figures and Tables

Additional Extended Data and Supplementary Tables available online at
https://doi.org/10.1038/541586-019-1250-z.
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Extended Data Fig. 1 RCI characterization. a, Comparison of geometric mean half-
maximum inhibitory concentrations (ICso) for V3-glycan patch bNAbs (10-1074 and
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PGTI121) and an N156 glycan-dependent V1V2 bNADb (BG1) evaluated against HIV-1
strains that either contained or did not contain a PNGS at the indicated positions (the number
of HIV-1 strains is indicated in the parentheses). Values of ICso greater than 50 ug ml™! were
set to 50 pg ml ™! for geometric mean calculations. Whereas V3-glycan patch bNAbs showed
enhanced neutralization upon removal of the N156 glycan, removal of nearby glycans (N137
or N301) diminished or had little effect on neutralization. b, ELISA data showing the binding
of different classes of bNAbs to RC1, RC1-4fill and BG505. bNAbs were evaluated at
5 ug ml! and seven additional threefold dilutions. n = 2. RC1 and RC1-4fill show similar
binding patterns for V3-glycan patch bNAbs, CD4-binding site bNAbs (CD4bs) and gp120-
gp41 interface bNAbs, but reduced binding to BG1, a V1V2 bNAb that interacts with the
N156 glycan (see a).
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Extended Data Fig. 2 Cryo-EM data collection and processing for RC1 complexes. a—
d, A representative micrograph, selected two-dimensional class averages, orientation
distribution summary, GSFSC resolution plot, local resolution (calculated using ResMap)
and representative density maps contoured at 7o for a gp41 helix and antibody CDRH3 are
shown. a, The 10-1074-RC1 complex. b, The Ab275mur—RC1 complex. ¢, The Ab874nup—
RCI complex. d, The Ab897nup—RC1 complex.
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Extended Data Fig. 3 Antibody responses in wild-type mice. a, ELISA cross-reactivity
of serum from RCI-immunized wild-type mice to 1IMUTB. Binding of the serum from
wild-type mice primed with RC1 to RC1, 11MUTB, 10MUT and BG505 is shown in blue.
Binding of the human bNAbs 10-1074 (green) and 3BNCI117 (red) was evaluated at
5 ugml ! as a control. n=2. b, FACS plots showing the gating strategy to isolate single
RCI'RC1-glycanKO™ germinal centre B cells (DUMP™ (CD4~, CDS8", F4/80°, NKI.1°,
CDI11b-, CD11c¢™ and Gr-17) B220"CD95*GL7'RCI1-glycanKO RC1") from the spleen and
draining lymph nodes of wild-type mice primed with RC1 or RC1-4fill. ¢, Binding of the
mouse antibodies Ab275mur and Ab276murto a V3 loop-consensus C  peptide
(see Methods). Human antibodies 3869 and 3074 were used as positive controls. Antibodies
were evaluated at 30 pg ml™!. n = 2. d, Representative sensograms from two independent
SPR-binding experiments of Ab275mur Fab injected over immobilized RC1 (left) or
I11MUTB (right). Experimental binding curves (red) are overlaid with predicted curves
(black) derived from a 1:1 binding model. Representative of 3 independent experiments. e,
Binding of Ab276mur and its inferred germline version (Ab276murGL) to RC1 (left) and
RC1-glycanKO (right) at 30 pg ml™!. The human monoclonal antibodies PGT121 (green)
and 3BNC60 (red) were used as controls at 5 ug ml™!.
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Extended Data Fig. 4 Characterization of RC1, RC1-4fill and VLPs. a, SEC profiles of
RC1 and RC1-4fill showing a larger apparent hydrodynamic radius for RC1-4fill compared
with RC1, consistent with addition of extra glycans at the introduced PNGSs. b, ELISAs
showing comparable binding of PGT122 Fab to RCI and RC1-4fill. RLU, relative
luminescence unit. ¢, Glycan site occupancy for each PNGS in RCI and RCI-4fill
determined by mass spectrometry. d, SDS—PAGE analysis for RC1 and RC1-4fill under non-
reducing (NR), reducing (R) and PNGaseF-treated (PNG) conditions. e, SDS-PAGE
analysis for VLP, SpyTagged RC1-4fill and VLP-RC1-4fill under non-reducing and
reducing conditions.
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Extended Data Fig. S Characterization of antibody responses in macaques. a, Binding
of serum from macaques primed with RC1-4fill VLPs. ELISAs of the serum from eight
macaques primed with RC1-4fill VLPs and PGT121 to RC1 (black) and RCI-glycanKO
(grey) are shown. b, Binding of serum from macaques primed with RC1-4fill VLPs. ELISA
of the serum from eight macaques primed with RC1-4fill VLP and one naive macaque to
RC1 (black) and the sequentially less modified Env proteins 1 1MUTB (grey) and 10MUT
(white). The human bNAbs PGT121 and 3BNC60 were used as controls at 5 ug ml™!, and
the serum was evaluated at a 1:100 dilution and seven additional threefold serial dilutions. c,
The affinities (Kp) for RC1 of different macaque antibodies isolated after a prime with VLP-
RC1-4fill and the corresponding inferred germline-reverted antibodies as determined by bio-
layer interferometry (OCTET). d, Binding of an anti-idiotypic antibody that recognizes the
inferred germline of PGT121/10-1074 to monoclonal antibodies isolated from macaques
primed with VLP-RC1-4fill. The inferred germline (iGL) of PGT121/10-1074, two chimeric
antibodies comprising the mutated (MT) heavy chain (HC) and inferred germline light chain
(LC) of PGT121 (PGT121 HCMT-LC iGL) or the inferred germline HC and the mutated LC
of PGT121 (PGT121HC iGL-LCMT) and different inferred germline bNAbs were used as
controls. a, b, d, Results are shown as the area under the ELISA curve (AUC). e,
Comparison of binding mode between the vaccine-elicited antibodies (Ab275mugr,
Ab874nup and Ab897nup) and the V3-glycan patch bNAbs 10-1074, PGT128 and PGT135.
RCI1 trimer is shown in grey from above and all Fabs are modelled onto the same trimer. For
clarity, only one Fab per trimer is shown. f, Interactions between Ab897xup conserved light
chain motifs and RC1 gp120. Lime, DNS motif in CDRL3; red, gp120 GDIR; pink, NIG
motif in CDRL1; teal, gp120 V1 loop. Each AUC value corresponds to one ELISA curve.
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RC1-10-1074 RC1-Ab275yqur ~ RCI1-Ab874yp  RC1-Ab897\p
(EMDB-20175) (EMDB-20178) (EMDB-20176) (EMDB-20177)
(PDB 60RN) (PDB 60RQ) (PDB 60RO) (PDB 60RP)
Data collection and processing
Magnification 73,000x 73,000x 73,000x 73,000x
Voltage (kV) 200 200 200 200
Electron exposure (e—/A%) 39.1 40 40 40
Defocus range (um) 1-34 0.8-25 08-25 08-25
Pixel size (A) 1.436 1.436 1.436 1.436
Symmetry imposed C3 C3 C3 C3
Initial particle images (no.) 145,907 172,558 188,004 314,471
Final particle images (no.) 122,013 49,308 86,564 158,954
Map resolution (A) 4.05 4.39 3.90 443
FSC threshold - 0.143
Map resolution range (A) 3.6-6 42-7 35-6.5 42-17
Refinement
Initial model used (PDB code) ab initio ab initio ab initio ab initio
Model resolution (A) 4.0 4.4 3.9 44
FSC threshold 0.143 0.143 0.143 0.143
Model resolution range (A) 3.8-42 3.8-44 3.6-4.0 4.0-45
Map sharpening B factor A% -192.6 -252.4 -230.0 -322.1
Model composition
Non-hydrogen atoms 20,475 19,932 20,010 19,590
Protein residues 2,418 2,430 2,421 2,397
Ligands BMA:9 NAG:81 BMA:6 NAG:54 BMA:9 NAG:66 BMA:6 NAG:48
MAN:21 MAN:6 MAN:12 MAN:18
B factors (A%)
Protein 524 162.6 74.6 135.0
Ligand 73.5 199.3 100.2 188.2
R.m.s. deviations
Bond lengths (A) 0.007 0.007 0.007 0.008
Bond angles (%) 0.884 1.108 1.091 1.084
Validation
MolProbity score 2.07 2.19 1.92 243
Clashscore 10.87 8.12 4.67 7.61
Poor rotamers (%) 0.95 1.28 1.29 2.87
Ramachandran plot
Favored (%) 91.0 84.8 88.0 84.9
Allowed (%) 8.9 15.0 12.0 15.1
Disallowed (%) 0.1 0.1 0 0

Extended Data Table 1 Cryo-EM data collection, refinement and validation statistics.
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Chapter 4

ANTIBODY ELICITED BY HIV-1 IMMUNOGEN VACCINATION IN
MACAQUES DISPLACES ENV FUSION PEPTIDE AND DESTROYS A
NEUTRALIZING EPITOPE

Abernathy, MLE., Gristick, H.B, Vielmetter, J., Keeffe, J.R., Gnanapragasam, P.N.P, Lee,
Y.E., Escolano, A., Gautam, R., Seaman, M.S., Martin, M.A., Nussenzweig, M.C.,
Bjorkman, P.J. Antibody elicited by HIV-1 immunogen vaccination in macaques displaces
Env fusion peptide and destroys a neutralizing epitope. npj Vaccines, 6, 126 (2021).
https://doi.org/10.1038/s41541-021-00387-4

Summary

HIV-1 vaccine design aims to develop an immunogen that elicits broadly neutralizing
antibodies against a desired epitope, while eliminating responses to off-target regions of
HIV-1 Env. We report characterization of Ab1245, an off-target antibody against the Env
gp120-gp41 interface, from V3-glycan patch immunogen-primed and boosted macaques. A
3.7 A cryo-EM structure of an Ab1245-Env complex reveals one Ab1245 Fab binding
asymmetrically to Env trimer at the gp120-gp41 interface using its long CDRH3 to mimic
regions of gp41. The mimicry includes positioning of a CDRH3 methionine into the gp41
tryptophan clasp, resulting in displacement of the fusion peptide and fusion peptide-proximal
region. Despite fusion peptide displacement, Ab1245 is non-neutralizing even at high
concentrations, raising the possibility that only two fusion peptides per trimer are required
for viral-host membrane fusion. These structural analyses facilitate immunogen design to
prevent elicitation of Ab1245-like antibodies that block neutralizing antibodies against the

fusion peptide.

Introduction
Recent efforts in vaccine design for the HIV-1 virus have focused on developing neutralizing

adaptive immune responses to the HIV-1 Env glycoprotein via sequential immunization'->,
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Studies of broadly neutralizing antibodies (bNAbs) isolated from HIV+ human donors

have informed immunogen design efforts for various epitopes on the Env trimer, including
the V3-glycan patch*?, the fusion peptide (FP)®’, and the CD4-binding site®°. In some cases,
on-target antibody responses are accompanied by off-target responses in which antibodies
are made against undesired epitopes on the Env trimer including the ‘bottom’ or ‘base’
epitope!® and/or a minimally-glycosylated region (glycan ‘hole’)!!. These antibodies target
immunodominant but non-neutralizing epitopes and therefore do not contribute

meaningfully to a neutralizing antibody response.

We previously described the design and characterization of RC1, a BG505 SOSIP.664!2-
based engineered immunogen targeting the V3-glycan patch on the gp120 subunit of Env
trimer*. We showed that RC1 and/or RC1-4fill (modified from RC1 to include additional
potential N-linked glycosylation sites; PNGSs) that had been multimerized on virus-like
particles (VLPs) elicited antibodies that recognized the V3-glycan patch in wild-type mice,
rabbits, and non-human primates (NHPs)*. We subsequently boosted a subset of RC1-4fill-
primed NHPs, isolated single Env-specific B cells, and derived antibody sequences from
which monoclonal antibodies (mAbs) were produced!®. Here, we describe a single-particle
cryo-EM structure of a BG505 Env trimer bound to a monoclonal antibody (Ab1245) isolated
from a rhesus macaque after a sequential immunization protocol that included multimerized
HIV-1 SOSIP Envs derived from different clades. Ab1245 binds to an epitope overlapping
with the FP-targeting bNAb VRC34S at the interface of the Env gp41 and gp120 subunits,
but unlike VRC34, Ab1245 displaces the FP and fusion peptide-proximal region (FPPR). In
addition, Ab1245 contains a methionine residue that structurally mimics Met530gp41, a key
residue for the stability of the Env trimer, by engaging the “tryptophan clasp” formed by
three gp41 tryptophan residues'*!>. Despite inducing FP rearrangement and overlap with the
neutralizing VRC34 epitope, Ab1245 did not neutralize BG505 or other viral strains, perhaps
because of its sub-stoichiometric binding to Env trimer. These previously-unseen features of
gp120-gp41 interface antibodies demonstrate that HIV-1 Env can elicit non-neutralizing

antibodies that block a neutralizing epitope, inform immunogen design protocols to prevent
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elicitation of similar antibodies, and provide potential mechanistic insight into HIV-1

Env-mediated fusion of the host and viral membranes.

Results & Discussion

Sequential immunization after RC1-4-fill priming elicited Ab1245, a non-V3-targeting
antibody

We previously described a V3-glycan patch targeting immunogen, RC1, which was modified
from a designed V3 immunogen, 11MUTB!¢, by removing the N-linked glycan attached to
gp120 residue N156gp120*. Both RC1 and 11MUTB were derived from clade A BG505
SOSIP.664 native-like Env trimers'2. RC1-4fill and 11 MUTB-4fill were modified from RC1
and 11MUTB, respectively, to reduce antibody responses to off-target epitopes!’>!71 by
inserting PNGSs to add glycans to residues 230gp120, 241 gp120, 289p120, and 344gpi20*. In
addition, to enhance avidity effects and limit antibody access to the Env trimer base, we
multimerized immunogens on VLPs using the SpyTag-SpyCatcher system?*?!. Four NHPs
primed with RCI1-4fill-VLPs* were boosted sequentially with (i) VLPS coupled with
1 IMUTB-4fill'¢ (clade A), (ii) VLPs coupled with B41 SOSIP (clade B), and (iii) VLPs
coupled with a mixture of AMCO11 and DU422 SOSIPs (clades B and C) over the course of
9 months?? (Fig. 1a).
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a .
Prime (P) Boost (B1) Boost (B2) Boost (B3)
RC1-4fil-VLP  11MUTB-4fill-VLP B41-VLP AMCO011/DU422-VLP
Clade A/E Clade A/E Clade B CladeB&C
Week 0 7 9 21 23 38 40
b
1 CDRH1 15 CDRH2 60
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1245HC oV..eQuevvnnnnnnennnnn b L ERY..Keceeeoeoonns v...¥. eSeeeen Beeoseoo K..§.-H..... Teoonn
86 CDRH3 105
IGHV4-2*01/IGHD2-2*01/I1GHJ5-1"01 DTAVYYCA-——===—=== ERTH-——— NRFDVWGAGVLVTVSS
1245HC e eennne RSYVRAETLME .SEGGPY. . v v eveeeennnnnn
1 CDRL1 45 CDRL2 60 75
IGLV9-1*01 / IGLJ6*01 QPVLTQPSS ASASLGASVTLTCTLSSGYSNYAVDWHQQRPGKGPQFVMRVGTGGIVGSKGDGIPDRFSGSGSGLNRYLTIKNIQEEDES
1245LC .SAccccccccccccccscsocsccccccslleclScccccccceccccscsccccccflececccccsccccccccssocssccssesloccccocans
85 CDRL3 100
IGLV9-1*01/1GLJ6*01 DYHCGADHGTGSSFV-VFGGGTKLTVL
12451C v e v ieiinnnnnn AceYeeooosenons
C .
trimer complexes excess 600 Mass (kDa)
(>300 kDa) Ab1245 Fab Sample Experimental Predicted
(~50 kDa) 500
== BG505 310* 210°
400 = = Ab1245-BG505 324 3602
L300 = = 8ANC195-BG505 455 463°
L 200 *Env trimer mass used for comparisons with experimental
results in panel d
L 100 "Value calculated from protein, does not include
mass associated with glycans.
Lo ?/alue based on 1 Ab1245 Fab per BG505 trimer.
19 3Value based on 3 8ANC195 Fabs per BG505 trimer.
Volume (mL)
d BG505 BG505n611A BG505 BG505n611A BG505 BG505n611A
BG505 BG505n611A + + + + + +
Ab1245 Ab1245 BG1 BG1 8ANC195 8ANC195
308 + 26 318 33321 3297 411 +6 408 +3 471 15 462 +12
MW (kD3) n=2 n=1 n=3 n=2 n=3 n=2 n=3 n=2
Fabs per
trimer 0 0 0-1 0-1 2 2 3 3
MW (kDa) " § §
Predicted 310 310 310-360 310-360 410 410 460 460

*Value does not include potential loss of mass from glycan deletion

Figure 1. Characterization of Ab1245 elicited in macaques by sequential immunization.
a Sequential immunization protocol for the macaque that produced Ab1245 over the course
of 40 weeks. b Sequence alignment of Ab1245 heavy and light chains with their germline
precursors. Contacts with BG505 Env are indicated by a colored box around the residue
(cyan box of CDRH3 contact residues; dark pink and light pink boxes for heavy chain and
light chain contact residues, respectively). Residues within CDRs are indicated; residues
between CDRs are within framework regions (FWRs). CDRH3 residues derived from VDJ
joining are shown as dashes in the top germline sequence, and changes from the germline
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precursors are denoted a different residue in the mature Ab1245 sequence. Residues are
numbered using the Kabat convention. ¢ SEC-MALS profiles for BG505 SOSIP.664 Env
trimer alone and complexed with a threefold molar excess of Ab1245 and SANC195 Fabs.
Left: absorbance at 280 nm (left y-axis) plotted against elution volume from a Superdex 200
10/300 GL gel filtration column overlaid with the molar mass determined for each peak
(right y-axis). Right: Table showing predicted and calculated molecular masses. d Mass
photometry results. Derived molecular masses (MW) are listed for Env trimers (either
BG505 or BG505n6114) incubated without an added Fab or with the indicated Fab (Ab1245,
BG1, or 8ANC195) as mean and standard deviation for the indicated number of independent
measurements. The Fabs/trimer row shows the expected number of Fabs for each Fab/Env
trimer complex. The predicted mass row shows the mass calculated assuming 310 kDa for
BG505 trimer (derived by SEC-MALS, (¢)) plus 50 kDa per bound Fab.

The sequences of the heavy and light chains of Ab1245 were generated by single cell cloning
from B cells isolated from one of the boosted NHPs that were captured using BG505 and
B41 SOSIPs as baits as described!3#? (Fig. 1b). The heavy and light chains were derived
from the macaque V gene segments IGHV4-2*01 and IGLV9-1*01, respectively, and
exhibited 14% (heavy chain) and 5% (light chain) amino acid changes due to somatic
hypermutation. Of note, the third complementarity region (CDR) of the heavy chain
(CDRH3) was longer than typical macaque CDRH3s (24 residues compared with an average
of 13-15 residues?).

One Ab1245 Fab binds to each BG505 SOSIP trimer

To determine the binding stoichiometry for the Ab1245 Fab interaction with BG505 SOSIP
trimer, we derived the absolute molecular mass of BG505-Ab1245 Fab complexes using
size-exclusion chromatography combined with multi-angle light scattering (SEC-MALS).
When BG505 was incubated overnight with a 3-fold molar excess of Ab1245 Fab (three Fabs
per gp120-gp41 protomer), we observed a heterogeneous mixture corresponding to zero to
one Ab1245 Fabs bound per trimer, whereas incubation with SANC195 Fab resulted in a
homogeneous complex corresponding to three Fabs per trimer (Fig. 1c), as expected from
previous stoichiometry measurements and structures®*2°, To verify that one or more Ab1245
Fabs per trimer did not dissociate during the chromatography procedure required for SEC-
MALS, we used mass photometry, a technique that derives approximate masses for

individual proteins and complexes in solution?’, to measure the molecular masses of BG505
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alone and complexed with Ab1245 or with control Fabs: 8ANCI195 (three Fabs per

BG505 trimer)**2¢ and BG1 (two Fabs per BG505 trimer)**. Consistent with the SEC-MALS
results, mass photometry experiments suggested zero to one Ab1245 Fabs bound to each
wild-type BG505 trimer and to a N611A mutant BG505 trimer (Fig. 1d). We conclude that

Ab1245 Fab binds asymmetrically to Env with one or zero Fabs per trimer.

Ab1245 binds at the gp120-gp41 interface

To further characterize the Ab1245 epitope on HIV-1 Env, we solved a single-particle cryo-
EM structure of Ab1245 Fab bound to a BG505 Env trimer. To form complexes, we
incubated a 3-fold molar excess of Ab1245 Fab with BG505, followed by an incubation with
a 3-fold excess of 8ANC195%® Fab to add mass to the complex and prevent problems
associated with preferred orientation bias (Table 1, Supplementary Fig. 1c). This resulted in
complex formation with three SANC195 Fabs and one Ab1245 Fab bound per BG505 trimer
(Fig. 2a), consistent with the stoichiometry experiments (Fig. 1¢,d). The complex with one
Ab1245 Fab per BG505 trimer was resolved at 3.7 A resolution and showed generally well-
defined side chain density throughout the complex (Fig. 2b; Supplementary Fig. 1f). An
additional 3D class of BG505 trimers was observed with three bound 8ANC195 Fabs and no
Ab1245 Fabs (Supplementary Fig. 1e).
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a Ab1245-BG505-8ANC195

VRC34 V,,

Figure 2. Ab1245 binds the gp120-gp41 interface. a Representation of Ab1245-BG505-
8 ANC195 structure. Fabs are shown in cartoon, BG505 is shown as surface, and glycans are
shown as sticks. Within BG505, gp120 is light gray and gp41 is dark gray. The Ab1245 V-
Vv is dark pink (heavy chain) and light pink (light chain); 8ANC195 Fabs are dark green
(heavy chain) and light green (light chain). b Side view (left) and view looking up from the
trimer base (right) of density map for 3.7 A Ab1245-BG505-8ANC195 complex. Colors as
in (a). ¢ Close-up view of Ab1245 Vy-VL domains (cartoon) interacting with gp120-gp41
interface with highlighted CDRH3 (cyan). N-linked glycans are light gray (gp120), dark gray
(gp41), or yellow (N88gpi20 and N241g120 glycans) spheres. d Cartoon representation of
VRC34-AMCO11 SOSIP structure (PDB 6NC3) from the same view as c¢ (left) and a
different view from above the trimer (right). VRC34 heavy and light chains (PDB 6NC3) are
dark and light purple, respectively.

The Ab1245-BG505-8ANC195 complex structure revealed non-overlapping epitopes at the
gp120-gp41 interface for Ab1245 and 8ANCI195 (Fig. 2a,b). The Ab1245 Fab was located
at the interface between the gp120 and gp41 of its primary Env protomer and the gp41 of a
neighboring protomer (Fig. 2c, Fig. 3a). By contrast, SANC195 recognized the gp120-gp41
interface of a single protomer with no contacts to neighboring protomers (Fig. 2a, Fig. 3a),
and equivalent interactions with the three BG505 protomers?¢. The Ab1245 epitope overlaps
with that of VRC34, a FP-directed bNAD that binds with a three Fab per Env trimer
stoichiometry at a site that is located closer to the trimer base® than the Ab1245 epitope (Fig.
2d; Supplementary Fig. 2a). The Ab1245 heavy chain made the majority of contacts with
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BG505 (only three light chain residues contact BG505), and all but one of the 19 heavy

and light chain contact residues were located within CDRs rather than antibody framework
regions (FWRs) (Fig. 1b, Fig. 3b). The Ab1245 CDRH1 and CDRH?2 loops formed extensive
interactions with a portion of gp120 between residues Pro79gpi120 and Glu87gp120 (Fig. 3c),
while the long (24-amino acid) CDRH3 loop contacted gp41 residues as well as residues at
the termini of gp120 that fit inside the previously-defined membrane-proximal collar'* (Fig.
3d). The Ab1245 light chain made contacts with the terminal helix of an adjacent gp41
subunit, which had undergone a change in conformation from a helix to a unstructured region
that was partially disordered, suggesting the possibility that the gp41 helix conformation
sterically interferes with binding, as was also proposed for the interaction of the human bNAb
3BC315 with BG505 Env trimer® (Fig. 3a,e). The majority of the Ab1245 Fab contacts with
BG505 were contacts to protein residues, with the only glycan contact involving the third
framework region of the antibody heavy chain (FRWH3) with a terminal sugar on the
Asnd48,,120 glycan (Fig. 3a). By contrast, the SANC195 epitope includes required contacts
with glycans attached to residues Asn276,,120 and Asn234g,120%6, and the VRC34 epitope
includes contacts with glycans at residues Asn88 gpi20 and Asn241 gy120° (Fig. 3a, Fig. 2d).
The possibility that an N-glycan attached to Asn611gy4;1 could occlude Ab1245 Fab binding
was suggested by a lack of density for this glycan on the primary Ab1245-binding protomer
compared with density for one GIcNAc attached to the Asn611gp41 residues on the other two
protomers (Supplementary Fig. 2b). However, only one Ab1245 Fab bound to a soluble
BG505n6114 trimer (Fig. 1d), implying that the presence of the Asn611gp41 glycan does not

account for sub-stoichiometric binding of Ab1245 to Env trimers.
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Residues defined as contacts with Ab1245 are shown in orange throughout Figure 3c-e.

Figure 3. Abl1245 CDRH3 makes the majority of contacts to BG505 Env. a Surface
representation of BG505 trimer with colored highlights showing the epitopes of Ab1245
(light and dark pink with CDRH3 contacts highlighted in cyan and pink sticks for glycan
contacts) and SANC195 (green, with green sticks representing glycans within the epitope).
Glycans represented that are not part of an epitope are shown as gray sticks. b Cartoon
representation of Ab1245 with paratope residue atoms shown as colored spheres. ¢ gp120
interactions with Ab1245 CDRH1 and CDRH2 loops (dark pink spheres). gp120 is gray with
contacts to Ab1245 highlighted in orange. Sidechains of gp120 contacts are shown as sticks.
The Abl1245 paratope is represented as in (b). d Interactions of Abl1245 CDRH3 (cyan
spheres) with gp120 (light gray) and gp41 (dark gray). Contacting residues are orange, and
side chains discussed in the text are shown. e Ab1245 light chain (light pink spheres) contacts
with the terminal helix of an adjacent gp41. Contacting residues are orange with side chains
shown.

The Ab1245 CDRH3 contains a gp41 mimicry motif

Unlike binding of the FP-specific bNAb VRC34% or any other reported HIV-1 antibody,
Ab1245 binding to BG505 Env trimer resulted in displacement of the FP (residues 512gp41-
527gpa1) and FPPR (residues 528gpa1-540gpa1) of the gp41 subunit within the primary
protomer to which Ab1245 was bound (Fig. 4a,b). The FP/FPPR displacement resulted from
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intercalation of the Ab1245 CDRH3 (Fig. 4a). Although the gp41 residues of HRIN

(547 5p41-568gp41) are usually disordered in structures of Env trimer (except when an interface
antibody is bound), residues N-terminal to this region, 520gp41-546gp41, are ordered whether
or not the Env was complexed with a gp120-gp41 interface antibody (e.g.,>'*?). In the
Ab1245-BG505 complex structure, there was no observed density for residues spanning
5124p41-5654p41 on the primary gp41 to which Ab1245 was bound, thus both regions of gp41
were disordered. The disorder resulted from Ab1245 binding because residues 520gp41 to

5464p41 were resolved in the two adjacent gp41 subunits (Fig. 4b, Supplementary Fig. 2c¢).

a b c
L
N
Al Ab1245V,
gp41 unbound protomer
Tryptophan clasp residues (W623_,,, W628_,,, W631_,) are shown in dark blue throughout Figure 4a-c.
d
Ab1245 N6

Virus ID ICs0 (Mg/mL) 1Cs0 (Mg/mL)
6545.v3.c13 >250 -
X1100_c7 >250 -
BB1012-11.TC21 >250 -
Ce704809221_1B3 >250 -
21283649 >250 -
CNES56 >250 -
CAP269.2.00_F11_1 >250 -
JRCSF_N611D >250 -
MuLV (Neg. Control) >250 -
BG505 >500 0.47
BG505n611a >500 0.033

Figure 4. Ab1245 CDRH3 mimics gp41 interactions with the tryptophan clasp. a Cartoon
representation of the interactions between Ab1245 Vy-Vi domains (pink with CDRH3 in
cyan) and the tryptophan clasp of gp41 (gp41 in dark gray with Trp residues 623gp41, 628gp41,
and 63 1gp41 in dark blue) with gp120 in light gray. Interacting residues between M100cuc and
the tryptophan clasp shown as sticks. b Cartoon representation of the same view of an
unbound protomer of gp41 with the portion of gp41 containing the fusion peptide (red) and
fusion peptide proximal region (FPPR, green) interacting with the gp41 tryptophan clasp
(same coloring as in (a)). Interactions between M530gp41 and the tryptophan clasp are shown
as sticks. ¢ Surface representation of gp41 (dark gray) and gp120 (light gray) with tryptophan
clasp residues in dark blue. Ab1245 CDRH3 is cyan with a stick representation for the
Met100cHuc sidechain. d In vitro neutralization assays using IgGs Ab1245 or N6% (positive
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control for neutralization) against the indicated viral strains. In addition to those listed,
Ab1245 was tested in-house against pseudoviruses from strains CE0217, CNES5S5, JRCSF,
Du422, T250-4, Tro, X1632, 246F3, CH119, CE1176, BJOX002000 03 02, 25710, X2278,
CNES, and 398F1 at a top concentration of 500 pg/mL or 1000 ng/mL along with IgG N6
(positive control at a top concentration of 10 pg/mL). N6 was not evaluated in against the
strains indicated by a dash because its neutralization potencies were previously published®.
Whereas N6 exhibited expected neutralization potencies against evaluated strains®®, Ab1245
exhibited no neutralization activity.

One of the disordered gp41 residues in the Ab1245-BG505-8 ANC195 structure, Met530gp41,
normally inserts into the gp41 ‘tryptophan clasp’ formed by residues Trp623gpa1, Trp628gpai,
and Trp631gpsi'*!> (Fig. 4b). The tryptophan clasp has been hypothesized to be a key
interaction that stabilizes the Env trimer in both its closed, prefusion conformation and its
CD4-bound open conformation, and it has been speculated that the disengagement of
Met530gp41 from the tryptophan clasp triggers elongation of HR1 into a full-length helix and
the large rearrangement of the FP required for insertion into the host membrane!*!5,
However, the primary protomer to which Ab1245 is bound contained a disengaged
Met530gp41, but adopted most structural characteristics of a closed, prefusion Env trimer (Fig.
2a,b). The limited structural changes in Ab1245-bound BG505 from other closed Env trimer
structures included disorder of the gp41 FP and FPPR regions, a transition to an unstructured
secondary structure in a gp41 terminal helix, a shift in the N88g120 glycan, and absence of
density for the N611gw1 glycan (Fig. 4a; Supplementary Fig. 2b,c). The stability of the
Ab1245-bound BG505 trimer in the closed conformation despite displacement of Met530gpa1
from the tryptophan clasp is rationalized by the insertion of an Ab1245 CDRH3 residue,
Met100c1245 He, into the gp41 tryptophan clasp to mimic Env residue Met530gp41 (Fig. 4a,c).

Some HIV-1 gp120-gp41 interface-binding antibodies induce dissociation of Env trimers
into protomers after incubation for 30 minutes to several hours*-*. Disruption of residue(s)
within the gp41 tryptophan clasp was hypothesized to be the mechanism by which these
antibodies induce trimer dissociation®>*%, Indeed, Met5304p41, Which is part of the
disordered gp41 region that is displaced by Ab1245 binding, has been implicated as an
important anchoring residue that mediates gp41 dynamics®®. However, we found no

dissociation of Env trimers into protomers in the cryo-EM structure of the Ab1245-BG505-
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8ANC195 complex that was derived after an overnight incubation of BG505 with Fabs

or indication of dissociated protomers by SEC-MALS (Fig. 1c). We hypothesize that
disruption of the tryptophan clasp by Ab1245 does not induce trimer dissociation because
insertion of its CDRH3 residue Met100ci245 nc mimics gp4l Met530gp41 to stabilize the
tryptophan clasp conformation (Fig. 4a-c).

Ab1245 IgG is non-neutralizing

Although Abl1245 Fab bound to BG505 SOSIP Env (Fig. lc,d), we observed no
neutralization of a BG505 pseudovirus at Ab1245 IgG concentrations up to 1 mg/mL (Fig.
4d). Additionally, we observed no neutralization by Ab1245 Fab at concentrations up to 100
ng/mL for eight strains of pseudovirus. The location of the Ab1245 epitope and its angle of
approach for binding to BG505 SOSIP predicts no steric occlusion with the membrane of a
virion (Fig. 2a,b). Since the conformations of membrane-bound and SOSIP Env trimers are
similar’’-’, the lack of neutralization of Ab1245 cannot be ascribed to Ab1245 failing to bind

to Env trimers on virions.

A recent report described RM20E1, an antibody isolated from BG505-immunized NHPs,
which neutralized an N611Ag41 mutant strain of BG505, but not the wild-type version of
BG505%. In common with Ab1245, RM20E1 binds BG505 SOSIP sub-stoichiometrically at
an epitope that overlaps with the Ab1245 epitope, but it does not displace the FP or FPPR.
To determine whether the Asn61 1441 glycan interferes with Ab1245 neutralization of BG505
or viral strains containing a glycan at this position, we also evaluated neutralization of
Ab1245 against a BG505n611a strain and eight other HIV-1 strains that lack a PNGS at
position 611g541. We observed no neutralization by Ab1245 IgG against any of the viral

strains under conditions in which a positive control IgG exhibited neutralization (Fig. 4d).

The fact that the Ab1245 was elicited by a SOSIP immunogen implies that non-neutralizing
gp41-mimicking antibodies could be raised during other vaccination experiments. Important
features of Ab1245 that allow its gp41 mimicry include a long CDRH3 with a methionine
roughly in the middle (Met100ci24s 1c is the 11% residue of the 24 amino acid CDRH3). A
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search of the Protein Data Bank®*! for Fab structures with features of the Ab1245 CDRH?3

(22-26 residue length and a methionine at position 7-13) revealed three of 1657 Fabs with
these features (PDBs 5CEZ, 6E4X, and 2XTJ). However, the conformations of the CDRH3s
of these Fabs did not resemble the Ab1245 CDRH3 conformation. Given that the features
required for Ab1245 mimicry of gp41 are apparently rare (i.e., not found in a survey of other
antibody structures), Ab1245 CDRH3 characteristics (~24 residue CDRH3 with a
methionine at position ~11) could be used to screen elicited antibody sequences to identify
Ab1245-like antibodies that are likely to be non-neutralizing. In addition, the Ab1245-
BG505 complex structure could inform the engineering of SOSIP immunogens to prevent

displacement of the FP and FPPR residues surrounding Met530gp41.

Our results suggest that Ab1245 binds to at least some strains of Env trimer (e.g., BG505)
on virions, but does not affect entry into target cells. Since only one Ab1245 Fab binds per
Env trimer at a site that would not disrupt CD4 binding, Env trimers should still be able to

undergo CD4-induced conformational changes**#°

allowing coreceptor binding and
subsequent insertion of one or two of the trimer FPs into the host cell membrane. This
prompts the speculation that fusion requires only up to two of three FPs to be inserted into
the target membrane. However, it is also possible that the third FP, which was displaced by
Ab1245 binding and is disordered in the Ab1245-BG505 structure (Fig. 4a), could access the
host cell membrane and insert itself despite Ab1245 binding, thus enabling all three FPs per
Ab1245-bound Env trimer to function in membrane fusion. Alternatively, Ab1245 may

dissociate from a virion-bound Env trimer upon its interaction with CD4, providing another

potential mechanism rationalizing its lack of neutralizing activity.

The characterization of Ab1245 reported here raises the possibility that a neutralizing
antibody against the FP epitope must directly bind the FP in order to prevent it from inserting
into the host cell membrane. Thus displacement of the FP and FPPR by an antibody such as
Ab1245 through gp41 mimicry may not result in neutralization. However, by blocking
neutralizing antibodies such as VRC34, an antibody that directly interacts with the FP®, from
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binding HIV-1 Envs, Ab1245 and similar antibodies might serve as decoys that protect a

conserved epitope on Env from binding neutralizing antibodies.

Methods

Single B cell sorting and antibody sequencing

Cells from lymph node biopsies obtained from immunized macaques were thawed and
washed in RPMI medium 1640 (1x) (Gibco #11875-093). Macaque cells were incubated
with 100 pl of FACS buffer (PBS 1x with 2% fetal bovine serum and ImM EDTA) with
human Fc Block (BD Biosciences #564219) at a 1:500 dilution for 30 min on ice.

BG505 and B41 tetrameric baits were prepared by incubating 5 pg of AviTagged and
biotinylated BG505 and B41 SOSIP trimers with fluorophore-conjugated streptavidin at a
1:200 dilution in 1xPBS for 30 min on ice**¢. Tetramers were mixed with the following anti-
human antibody cocktail: anti-CD16 APC-eFluor780 (Invitrogen, #47-0168-41), anti-CDS8
APC-eFluor780 (Invitrogen, #47-0086-42), anti-CD3 APC-eFluor780 (Invitrogen, #47-
0037-41), anti-CD14 APC-eFluor780 (eBiosciences, #47-0149-41), anti-CD20 PeCy7 (BD,
#335793), anti-CD38 FITC (Stem Cell technologies, #60131FI) at a 1:200 dilution and the
live/dead marker Zombie NIR at a 1:400 dilution in FACS buffer.

Zombie NIR-/CD16-/CD8a-/CD3-/CD14-/CD20+/CD38+/double BG505" and B41" single
cells were isolated from the macaque cell homogenates using a FACS Aria III (Becton

Dickinson). Single cells were sorted into individual wells of a 96-well plate containing 5 pl
of lysis buffer (TCL buffer (Qiagen #1031576) with 1% of 2-b-mercaptoethanol). Plates

were immediately frozen on dry ice and stored at -80°C.

Antibody sequencing and cloning were performed*. Assignments of V, D, and J genes,

percent mutated from germline sequences, and identification of CDR loops for Fig. 1b were

done using IMGT/V-QUEST analysis using genes from the species macaca mulatta*’°,
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Percent change from germline does not include a one-amino acid insertion in the Ab1245

heavy chain. Antibody residues were numbered according to the Kabat convention.

Protein Expression

Fabs (Ab1245, 8ANC195, BG1) and IgGs (Ab1245, N6) were expressed and purified’!. IgGs
and 6xHis-tagged Fabs were expressed by transient transfection of paired heavy chain and
light chain expression plasmids into HEK293-6E (National Research Council of Canada) or
Expi293F cells (GIBCO; Cat#A14527). Fabs and IgGs were purified from transfected cell
supernatants using Ni-NTA (GE Healthcare) (for Fabs) or protein A (GE Healthcare) (for
IgG) affinity chromatography followed by SEC on a Superdex 200 16/60 column (GE
Healthcare). Proteins were stored in 20 mM Tris, pH 8.0, and 150 mM sodium chloride (TBS
buffer).

BGS505 SOSIP.664, a soluble clade A gpl40 trimer that includes ‘SOS’ substitutions
(AS501Cgpi20, T605Cgpa1), the ‘IP* substitution (I559Pgp41), the N-linked glycan sequence at
residue 332¢p120 (T332Ngpi20), an enhanced gp120-gp41 cleavage site (REKR to RRRRRR),
and a stop codon after residue 664gps1 (Env numbering according to HX nomenclature)'? was
expressed in a stable CHO cell line (kind gift of John Moore, Weill Cornell Medical
College)*. BG505n611a SOSIP was expressed by transient transfection in Expi-293 cells®®.
SOSIP proteins were isolated from cell supernatants using a 2G12 immunoaffinity column
made by covalently coupling 2G12 IgG monomer to an NHS-activated Sepharose column
(GE Healthcare). Protein was eluted with 3M MgCl, followed by buffer exchange into TBS,
and trimers were purified using Superdex 200 16/60 SEC (GE Healthcare), and then stored
in TBS.

SEC-MALS

Purified BG5505 SOSIP and BG505-Fab complexes were characterized by SEC-MALS to
determine absolute molecular masses®. For complexes, BG505 SOSIP.664 was mixed with
a 3-fold molar excess of Ab1245 Fab or 8ANC195 Fab relative to BG505 trimer in TBS.

Complexes were incubated overnight at room temperature and injected onto a Superdex 200
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10/300 GL gel-filtration chromatography column equilibrated with TBS. The

chromatography column was connected with an 18-angle light-scattering detector (DAWN
HELEOS II; Wyatt Technology), a dynamic light-scattering detector (DynaPro Nanostar;
Wyatt Technology), and a refractive index detector (Optilab t-rEX; Wyatt Technology). Data
were collected every second at 25°C at a flow rate of 0.5 mL/min. Calculated molecular

masses were obtained by data analysis using the program ASTRA 6 (Wyatt Techonology).

Mass photometry

Microscope coverslips (No. 1.5, 24 x 50 mm, VWR) were cleaned by sequential rinsing with
Milli-Q H:O followed by isopropanol and again Milli-Q H>O followed by drying using a
filtered pressured air stream. Clean coverslips were assembled using CultureWell™ reusable
silicon gaskets (Grace Bio-Labs, # 103250). Measurements were performed using a OneMP
mass photometer (Refeyn Ltd, Oxford, UK). Immediately before each measurement, wells
were filled with 15 pl TBS buffer. The focal position was identified and secured in place
with an autofocus system based on total internal reflection for the entire measurement.
Immediately following the focusing procedure, 1 pl of protein solution was added and gently
mixed by pipetting up and down 3 times at a 5 pl mixing volume. Calibration standards (1
uM Bovine Serum Albumin (BSA) SIGMA #23209, 500 nM apoferritin SIGMA #A3360,
and Thyroglobulin SIGMA #T9145) were measured first. SOSIP-Fab complexes (incubated
at 7 uM SOSIP and ~7.7 uM Fab for either 2-5 days or for 1-2 hours and subsequently diluted
1:6 in TBS) was added to the 15 ul PBS buffer in the well resulting in an ~114 nM
concentration with respect to the SOSIP unless indicated otherwise. Recording of a mass
photometry movie was started immediately. Data acquisition was performed using
AcquireMP 2.2.0 software (Refeyn Ltd.), and data analysis was carried out using
DiscoverMP 2.2.0 software (Refeyn Ltd.). Resulting mass photometry graphs were evaluated
and protein complex masses were determined against the BSA/apoferritin calibration

measurements carried out on the same day.
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Complex formation and cryo-EM data collection

Ab1245-BG505 complex was prepared by adding a 3-fold molar excess of Ab1245 Fab (Fab
to BG505 protomer) to CHO-expressed BG505 SOSIP.664 isolated from the second half of
a monodisperse SEC peak. This mixture was incubated at room temperature for three hours,
after which a 3-fold molar excess of SANC195 Fab to BG505 protomer was added and the
complex was incubated at room temperature overnight. The Ab1245-BG505-8ANC195
complex was then purified using size-exclusion chromatography (Superdex 200) and
concentrated to 4.7 mg/mL before vitrification on a freshly-glow discharged (15 mA for 1
min, Ted Pella PELCO easiGLOW) Quantifoil R 2/2 300 mesh Cu grid (Electron
Microscopy Services). Samples were vitrified using a Mark IV Vitrobot (Thermo Fisher) in
100% liquid ethane after a 3 second blot with Whatman No. 1 filter paper at 22°C and 100%
humidity. Micrograph movies were collected on a Titan Krios using SerialEM>* automated
collection software with a K3 camera (Gatan) operating in super resolution mode at a
nominal magnification of 105,000x (0.433 A/ pixel) using a defocus range of -0.8 to -2.5 pm.
The dose was 1.5 e-/A2 over 40 frames, resulting in a total dose of 60 e-/A2. Data collection

conditions are summarized in Supplementary Table 1.

Cryo-EM data processing

Processing was carried out entirely within Relion-3¢, First, micrograph movies were
motion corrected, dose-weighted, and binned to 0.866 A/pixel using Motioncor2*’, and then
the non-dose-weighted micrographs were used for CTF estimation using Getf*8, Micrographs
with poor CTF fits or signs of crystalline ice were discarded. Selected micrographs then
underwent auto-picking after which 4x4 binned particles were extracted (3.46 A/pixel).
These particles were then subjected to reference-free 2D classification after which selected
particles underwent three rounds of iterative 3D classification, wherein only the final
particles representing Ab1245-BG505-8ANC195 were selected and unbinned (0.866
A/pixel) and classes representing BG505-8ANC195 were discarded (one is shown in
Supplementary Fig. 1e). After the first round of 3D classification, 69% of particles belonged
to classes that resembled a trimer with one bound Ab1245 Fab and three bound 8ANC195
Fabs, 29% of particles belonged to a class that resembled a trimer with three bound 8ANC195
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Fabs but no bound Ab1245 Fabs, and 2% of particles belonged to a class that did not

resemble a trimer. In the second and third rounds of 3D classification, some classes appeared
to show density for a second 1245 Fab at less than full occupancy, but these classes did not
contain a large proportion of particles and were not readily interpretable. Finally, the
unbinned particles underwent 3D refinement (C1 symmetry imposed) and were post-
processed into a map with a gold-standard FSC calculation® of 3.7 A. A ‘blurred’ map was

also created using a higher B-factor to uncover N-linked glycan densities.

Model building

Coordinates of BG505-8ANC195 Fab Vi-Vi domains (PDB 5CJX) and VRC34 Fab Vu-VL
domains (PDB 6NC3) were fitted into map density using UCSF Chimera®’. Coordinates were
then built into densities using iterative rounds of refinement in Phenix®! (rigid body and real-

space refinement) and Coot®2. Antibody numbering was done in the Kabat convention using

the online ANARCI server®.

Structural analysis
Structure figures were made using UCSF Chimera® or PyMol®. Contact residues were
assigned as residues with any atom located <4.0 A from an atom in a residue on the partner

molecule. Hydrogen bond interactions were not assigned due to limited resolution.

In vitro neutralization assays

Pseudovirus neutralization assays were conducted® either in-house (for strains BG505,
BG505n611a, CE0217, CNESS, JRCSF, Du422, T250-4, Tro, X1632, 246F3, CHI119,
CE1176, BJOX002000 03 02, 25710, X2278, CNES, and 398F1) or by the Collaboration
for AIDS Vaccine Discovery (CAVD) core neutralization facility (for the remaining strains
in Fig. 4d). IgGs (Ab1245 and an N6° positive control) were evaluated in duplicate with an
8-point, 4-fold dilution series starting at a top concentration of 500 or 1000 pg/mL for in-
house neutralizations or an 8-point, 5-fold dilution series starting at a top concentration of

250 pg/mL at the CAVD facility.
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Data Availability

The atomic model and cryo-EM maps have been deposited in the Protein Data Bank (PDB)
accession code 7MXE and Electron Microscopy Data Bank (EMDB) entry EMD-24072.
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Supplementary Fig. 1. Cryo-EM Data Processing. a, Representative motion-corrected
micrograph. b, 4x-binned selected 2D classes. ¢, Orientation distribution analysis. d, Local
resolution map from two angles. e, Map of 3D class that contained 3 8ANC195 Fabs and no
Ab1245 Fabs (colors as in Fig. 2b). f, Representative images of map quality at indicated sites
for the 3.7 A Ab1245-BG505-8ANC195 cryo-EM structure.
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Chapter 5

HOW ANTIBODIES RECOGNIZE PATHOGENIC VIRUSES:
STRUCTURAL CORRELATES OF ANTIBODY NEUTRALIZATION OF
HIV-1, SARS-COV-2, AND ZIKA

Abernathy, MLE.*, Dam, K. A.*, Esswein, S.R.*, Jette, C.A.* Bjorkman, P.J. How
Antibodies Recognize Pathogenic Viruses: Structural Correlates of Antibody Neutralization
of HIV-1, SARS-CoV-2, and Zika. Viruses, 13, 2106 (2021).
https://doi.org/10.3390/v13102106

* Equal Contributions

Summary

The HIN1 pandemic of 2009-2010, MERS epidemic of 2012, Ebola epidemics of 2013-2016
and 2018-2020, Zika epidemic of 2015-2016, and COVID-19 pandemic of 2019-2021, are
recent examples in the long history of epidemics that demonstrate the enormous global
impact of viral infection. The rapid development of safe and effective vaccines and
therapeutics has proven vital to reducing morbidity and mortality from newly emerging
viruses. Structural biology methods can be used to determine how antibodies elicited during
infection or vaccination target viral proteins and identify viral epitopes that correlate with
potent neutralization. Here we review how structural and molecular biology approaches have
contributed to our understanding of antibody recognition of pathogenic viruses, specifically
HIV-1, SARS-CoV-2, and Zika. Determining structural correlates of neutralization of
viruses has guided the design of vaccines, monoclonal antibodies, and small molecule

inhibitors in response to the global threat of viral epidemics.

1. Introduction
Advances in structural biology in recent decades have played a key role in the determination
of disease-relevant protein complexes and guided the design of new therapeutics and

vaccines. An early pioneer in structural biology was the X-ray crystallographer Rosalind
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Franklin. While she is best known for her role in collecting the X-ray fiber diffraction

patterns that revealed the 3D structure of DNA, her contributions in biologically-related
fields also included insights into the structures of protein encapsulated viruses such as
tobacco mosaic virus (TMV), poliovirus, and turnip yellow mosaic virus. During Franklin’s
studies of viruses in the 1950s, a central question was how viruses managed to build a protein
shell to shield their genetic material given that only a limited number of viral capsid proteins
could be encoded within a viral genome based on capsid size constraints. Franklin’s X-ray
analysis revealed the arrangement of the protein subunits in TMV, allowing her to create the
first three-dimensional model of a virus [1-4]. Following this work, she used X-ray data to
determine the position and orientation of RNA packaged inside of the rod-shaped TMV [5].
Unlike prior speculation that placed the RNA at the center of the rod, her work revealed the
virus was hollow, which led to the discovery that the RNA spiraled with the helical protein
capsid. This work was fundamental in understanding principles of virus structure. Franklin’s
contributions to the field of virology are summarized on her tombstone, which reads, “Her
research and discoveries on viruses remain of lasting benefit to mankind.” Together, her
remarkable contributions to structural studies in three separate areas, DNA, coal, and viruses,
before her death at the age of 37 make her an inspiration to future generations of structural
biologists, particularly women. We are proud to follow in her footsteps to use structural

biology to gain insight into viruses with the goal of providing benefits to human health.

The severe acute respiratory syndrome coronavirus (SARS-CoV) epidemic of 2002, Middle
East Respiratory Syndrome (MERS) epidemic of 2012, acquired immune deficiency
syndrome (AIDS) pandemic starting in 1981, the Zika virus (ZIKV) epidemic of 2015-2016,
and the ongoing SARS-CoV-2/COVID-19 pandemic are examples of the enormous global
burden of viruses and the urgent need for vaccine and therapeutic development. Building on
the prior contributions of early pioneers such as Rosalind Franklin, structural biologists
continue to advance techniques in X-ray crystallography and cryo-electron microscopy
(cryo-EM) to investigate viruses and viral proteins. We are interested in investigating
antibody (Ab) recognition of viruses, which we do by solving 3D structures of viral proteins

bound to Abs elicited by infection or vaccination. Understanding the structural correlates of
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Ab recognition of viruses is key for the development of effective monoclonal Ab

therapies and vaccines (Figure 1).
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Figure 1. Schematic of Ab characterization and therapeutic development. The binding
epitopes of Abs isolated from infected or vaccinated individuals or animal studies are
determined through structural analysis of Fab - viral antigen complexes. These structures
inform the design of vaccines, monoclonal Abs, and small molecule therapeutics that can be
tested in clinical trials and animal models. Surface representations are shown for the
following structures: Fab - SARS-CoV-2 S (PDB 7K90), Fab - ZIKV EDIII (PDB 5VIG),
Fab - HIV-1 Env (PDB 5T3Z), and small molecule inhibitor - HIV-1 Env (PDB 7LO6).

Human immunodeficiency virus 1 (HIV-1) is responsible for the AIDS pandemic and 36
million deaths to date [6] and has long posed a challenge for vaccine development due its
remarkable ability to evade the host immune response and establish latent reservoirs. HIV-1
contains a single viral protein on its surface that facilitates infection of immune cells. This
protein, named Envelope or Env, is a trimer of gp120/gp41 heterodimers (Figure 2A). The
gp120 portion of Env interacts with host CD4 receptors, which stimulates conformational

changes that allow binding to the co-receptor, usually a host chemokine receptor called
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CCRS [7]. These events trigger rearrangements in gp41 that allow fusion of the viral and

host cell membranes, which is required for entry of the HIV-1 genome into the host cell [7].
In addition to small molecule anti-retroviral drug treatments to treat infected individuals,
current strategies to prevent HIV-1 infection include vaccine design. Vaccine efforts seek to
stimulate the evolution of broadly neutralizing Abs (bNAbs) that have been isolated in rare
cases of human HIV-1 infection and are capable of broad and potent protection [8—10].
Advances in X-ray crystallography and cryo-EM have given us the invaluable opportunity
to structurally characterize bNAb interactions with Env and Env conformational changes

which have informed vaccine design efforts.
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Figure 2. Structural targets of HIV-1, SARS-CoV-2, and ZIKV. (A) Cartoon HIV-1 virion
with a closed, pre-fusion Env protein structure highlighted (PDB: 6UDJ). Circles show
crystal structures of the postfusion gp41 bundle (left, PDB: 1AIK) and gp120 core (right,
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PDB: 5F4P). (B) Cartoon SARS-CoV-2 virion with S protein (blue), M protein (grey),
and E protein (orange). The closed, pre-fusion S protein structure with one ‘up’ RBD (blue
subunit) and two ‘down’ RBDs (grey subunits) is shown in the box (PDB: 7K8V). Circles
show postfusion S2 helices (left, PDB: 6L.XT) and RBD (right, PDB: 7K8M) structures. (C)
Cartoon ZIKV virion with E protein (teal). The soluble E (sE) protein dimer structure is
shown in the box with one E protein highlighted (PDB: SJHM).The EDIII structure is shown
in the circle (PDB: 6UTA).

SARS-CoV-2, the virus responsible for the COVID-19 pandemic, has caused 4.5 million
deaths and an estimated 225 million infections as of September 2021 [11]. The spike (S)
proteins on the surface of SARS-CoV-2 allow it to infect host cells by binding the host
cellular angiotensin-converting enzyme 2 (ACE2) receptor [12,13]. Each of the three
protomers on an S protein includes two subunits, S1 and S2. The receptor binding domain
(RBD) on S1 is the component that recognizes ACE2 during cell entry (Figure 2B) [13-16].
While the RBD can adopt both “‘up’ and ‘down’ conformations, it can only bind ACE2 when
itis an ‘up’ conformation [ 14—20]. Due to the critical role of the RBD in facilitating infection,
neutralizing Abs that target the RBD are an important component of the immune response
against SARS-CoV-2 [21-31]. Structural biology has been instrumental in the rapid
characterization and evaluation of the S protein and Abs produced in natural infection
[15,21,21-33]. This work has contributed to the development of COVID-19 vaccines and

monoclonal Ab (mAb) therapeutics, which have saved countless lives.

ZIKV is a mosquito-borne virus that can cause microcephaly and neurodevelopmental
abnormalities in the newborns of infected mothers [34-37]. As part of the flavivirus genus,
ZIKV shares similar features as other widespread flaviviruses such as dengue (DENV), West
Nile virus (WNV), and yellow fever virus (YFV) [38—41]. Mature ZIKV has seven non-
structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) and three structural
proteins: envelope (E), membrane (M), and capsid (C) [42—44]. The surface of ZIKV is
coated by 180 copies of the E protein arranged as 90 dimers, and each E protein includes
three ectodomains, EDI, EDII, and EDIII (Figure 2C) [38,42,43]. The flexible regions
between the domains allows dynamic conformational changes to occur during viral entry and

fusion [38,45-48]. EDII contains a conserved fusion loop (FL) peptide that becomes exposed
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after viral entry into cells and initiates endosomal fusion [42,43,49,50]. EDIII is thought

to be important for receptor binding during infection, and consequently, is an important target
for neutralizing Abs [51-56]. There is not yet a safe and effective vaccine against ZIK'V that

is universally available.

Here we review how approaches in structural and molecular biology have increased our
understanding of Ab recognition of HIV-1, SARS-CoV-2, and ZIKV. We discuss how the
design of stable and soluble viral antigens amenable for structural approaches has enabled
our ability to analyze complexes of viral antigens bound by the antigen binding fragment
(Fab) of Abs. Use of both cryo-EM and X-ray crystallography has increased our
understanding of key viral epitopes targeted by Abs and conformational changes of viral
proteins necessary for infection. These structural insights, combined with analyses of the
levels of somatic hypermutation found in potently neutralizing Abs, provide valuable
information for the development of effective vaccines and monoclonal Ab therapies to

reduce global morbidity and mortality from epidemic/pandemic-causing viruses.

2. Main Body

2.1. Engineering viral surface proteins for structural studies

Structural biology techniques such as X-ray crystallography and single particle cryo-EM
require samples that are stable enough to be isolated and manipulated in the laboratory. For
some viruses, especially those that are symmetric, it is feasible to structurally characterize
intact viruses using cryo-EM. For example, cryo-EM structures of intact, whole ZIKV have
been solved with and without Fabs of Abs bound [42,43,57—62]. Viruses with pleomorphic
structures (e.g., most enveloped viruses) can also be investigated structurally using cryo-
electron tomography [63—65]. In order to prepare surface viral proteins of enveloped viruses
for structural studies and therapeutic development, it has been necessary to produce soluble,
native-like versions that are stabilized in a pre-fusion conformation that is targeted by

neutralizing Abs.
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Classically, the simplest way to solubilize a surface viral protein is to remove the

transmembrane and cytoplasmic domains by truncation [66,67]. Truncation has also been
used to produce smaller components such as single domains. Examples of truncated domains
include gp120 cores of HIV-1 Env, which have the B4 and 26 strands and all flexible loops
removed [68,69], coronavirus RBDs truncated at the base where the flexible hinge connects
them to the rest of the S1 subunit [70,71], and the individual EDIII truncated from the rest of
the ZIKV E protein [52-54,72,73]. Truncation of individual domains has been especially
powerful for X-ray crystallography as crystallization is hindered by flexible regions such as
loops or inter-domain linkers and hinges. Single domains are useful for solving high
resolution structures of Fab-domain complexes that provide detail about the Ab interactions
that may not be possible using single particle cryo-EM due to flexibility or heterogeneity of
larger protein complex structures [32,52-54,72-74].

While truncated proteins have been useful in the field of structural biology, they do not
necessarily reflect all aspects of the whole antigen and cannot always recapitulate the
properties of a native viral protein. An extra layer of complexity exists since many viral
proteins adopt distinct conformations depending on the step in the viral life cycle, requiring
engineering and stabilization of the desired conformation for larger, multi-subunit complexes
[43,46,47,57]. Fusion proteins such as Env and S include folded helical bundles that must
extend for fusion of the viral and host cell membrane bilayers. These proteins are metastable
in their pre-fusion conformation, which is usually the target of neutralizing Abs [75]. The
introduction of stabilizing mutations can be helpful for preparing soluble constructs of larger,
multi-subunit complexes. For example, helix-breaking proline mutations have been
introduced into the central helices of fusion proteins, preventing the extension of helices
required for membrane fusion [76]. In combination with an inter-subunit disulfide bond and
truncation after residue 664, these mutations were introduced into HIV-1 Env to produce the
pre-fusion stabilized SOSIP.664 trimers [77]. The proline helix-breaking stabilizing
mutations have been successfully adapted to other viral fusion proteins including those on
coronaviruses, RSV, Ebola virus, human metapneumovirus, and Lassa virus [75]. For SARS-

CoV-2 S, additional prolines were introduced that further stabilize the trimer in the 6P, or
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‘HexaPro’ version [67]. For studies of the ZIKV E protein soluble constructs of both

monomeric E protein [56,78—80] and engineered disulfide-linked E protein dimers [55,81]

have been designed.

Most regions of proteins have a purpose that is important to their function, particularly
transmembrane regions and cytoplasmic tails [82]. Consequently, truncated and stabilized
proteins used as substitutes for full-length equivalents are only useful to the extent that they
are able to approximate the native state of the protein. It is essential for the engineered forms
used for structural studies to be characterized with non-structural methods to confirm that

they behave in a similar fashion to the native form in the context they are being studied.

2.2. Dominant Ab Epitopes on Viral Fusion Proteins

Structural analysis has facilitated identification of neutralizing epitopes on HIV-1, SARS-
CoV-2 and ZIKV. Both X-ray crystallography and cryo-EM analyses of viral antigens in
complex with neutralizing Ab Fabs have provided insights into mechanisms of neutralization
by Abs and identified new therapeutic targets [7,32]. Neutralizing epitopes tend to be in
structurally functional regions, and in many cases facilitate or hinder a structural change. In
addition to neutralizing Abs, an immune response to a pathogen or vaccine can produce
weakly neutralizing or non-neutralizing antibodies. which can be protective through various
mechanisms such as antibody dependent cell cytotoxicity (ADCC) [83—86]. For viral fusion,
there is typically a dramatic conformational change that occurs in the fusion protein to expose
receptor binding sites for attachment and to insert the fusion machinery into the target
membrane to undergo fusion [87]. Requiring a large conformational change is a strategy that
allows viruses to hide vulnerable regions that are necessary for interactions important for
viral function, such as target receptor binding. Many Abs bind in ways that can hinder or
trigger fusion-necessitated conformational changes, resulting in various neutralization

mechanisms [7].
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2.2.1. HIV-1 Env Epitopes

HIV-1 Env is present on the surfaces of virions in a closed pre-fusion conformation that
includes centrally located gp120 subunits and the V1/V2 and V3 variable loops interacting
about the apex of the trimer, hiding the co-receptor binding site on V3 [88]. Upon binding to
the host cell receptor CD4 at the CD4 binding site (CD4bs) in the gp120 subunit, the Env
protein rearranges to an open state in which the gp120s are rotated outwards, the V1/V2 loop
is displaced to the sides of the Env trimer, and the V3 loop is exposed, allowing access to the
co-receptor binding site on V3 [89-93] (Figure 3A). In the CD4-bound open conformation,
a 4-stranded antiparallel bridging sheet is formed by the gp120 B-strands 20, 21, 2, and
B3, the gpl120 subunits swing away from the central axis and rotate slightly counter-
clockwise, and the gp41 HR1 helices become more ordered and extended [90-92]. In this
conformation, the V3 loop is exposed and can then bind to the co-receptor, which is required
for entry [93]. HIV-1 Env epitopes target some of these intermediate fusion conformations,

in addition to the closed, pre-fusion structure.
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Figure 3. Conformational changes of HIV-1 Env, SARS-CoV-2 S, and ZIKV E. (A)
Surface depictions of top down and side views of (left) closed, pre-fusion Env (PDB: 6UDJ)
and (right) CD4-bound open conformation Env (PDB: 5VN3) highlighting the V1V2 loop
(white), V3 loop (green), and 3-strand beta sheet (bright orange). Gp120 = dark red, gp41 =
salmon. (B) Surface depictions of side and top down views of closed, pre-fusion S with three
‘down’ RBDs (grey, PDB: 7K90), 1 ‘up’ RBD (green, PDB: 7K8V), 2 ‘up’ RBDs (7K8Y),
and 3 ‘up’ RBDs (6XCN). The location of the viral membrane is indicated in side views of
viral proteins. (C) Surface depictions comparing the smooth mature ZIKV (PDB: 6CO8) and
spiky “breathing” DENV2 (PDB: 3ZKO) structures. In the “breathing” DENV?2 structure,
EDI and EDIII of the E protein are protruding, giving the virus a “spiky” appearance, and
holes are found in the surface.

The epitopes of bNAbs often include conserved functional regions that are conformationally
masked in the closed, pre-fusion structure or sterically restricted by N-linked glycans [7]. In
fact, in many cases, N-glycans that occlude the protein surface of Env actually become part
of the Ab epitope. HIV-1 epitope targets of bNAbs can be divided into the following
categories: (1) bNADbs that bind at the apex of the trimer, specifically to the V1/V2 loops that
undergo a dramatic rearrangement during host receptor engagement [94-96], (2) bNAbs
against the V3-glycan patch, which includes the highly conserved GDIR motif and several
N-linked glycans on and around the V3 loop [97,98], (3) CD4bs bNADs that target the host
receptor binding domain [7,74,99], (4) bNAbs that only bind to Envs in a CD4-induced open
state [68,89,91], (5) “silent face” bNADbs that target a glycan-rich patch on the opposite face
from the CD4bs on gp120 [98,100,101], (6) bNAbs that target the gp120/gp41 interface,
including those that interact with the fusion peptide [102,103], and (7) bNADbs that bind to
the membrane proximal external region (MPER) on gp41 [104] (Figure 4A).
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Figure 4. Neutralizing epitopes on HIV-1 Env and SARS-CoV-2 S. (A) HIV-1 Env structure
(left) highlighting epitopes of representative bNAbs for each bNAb class. Env (PDB: 5T3Z)
is shown as a surface with green N-linked glycans shown as sticks. Gp41 is light grey and
gp120 is dark grey except for the V1V2 loop (dark red) and V3 loop (light orange). VuVL
domains of Abs binding the epitopes MPER (mauve, 10ES, PDB: 6VPX), V1V2 loop (pale
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cyan, PGT145, PDB: 5V8L) or Silent Face (sand, SF12, PDB: 60KP) are shown as
cartoons. Circles show details for Ab binding to the V3-glycan (10-1074, PDB: 5T3Z),
interface (VRC34.01, PDB: 5I8H), CD4bs (3BNC117, PDB: 5V8L), and CD4i (17b, PDB:
7LO6). (B) SARS-CoV-2 S protein structure (left) highlighting the RBD (dark grey), S2
(blue), and NTD (light blue) Ab binding regions. VuVL domains of Ab binding to an NTD
(S2L.28, PDB: 7LXX) epitope is shown as a cartoon representation. The circle (right) shows
an enlarged view of the RBD surface with VuVL domains for RBD-binding Abs shown as
cartoons: Class 1 (light orange, C102, PDB: 7K8M), Class 2 (mauve, C002, PDB: 7K8S),
Class 3 (pale purple, C135, PDB: 7K8Z), and Class 4 (pale cyan, C022, PDB: 7RKU). The
ACE?2 binding site is highlighted on the RBD in white.

Each epitope presents a distinct landscape for bNAb binding and poses different challenges
for Abs to overcome. For most epitopes, N-linked glycans on the heavily-glycosylated Env
trimer sterically restrict access to conserved protein regions, and therefore bNAbs tend to
include conserved N-linked glycans in the epitope and/or develop long complementary
determining region (CDR) loops to penetrate through the glycan shield [7]. This is the case
for V1/V2, V3, and silent face epitopes. For example, the V3-glycan patch epitope is defined
by the V3 loop that is essential for co-receptor binding and several N-linked glycans. bNAbs
that target this region, including 10-1074, PGT121, and BG18, have long, 20+ amino acid
CDRH3 loops that reach through the glycan patch to bind a conserved V3 motif from gp120
residues 324-327 with the sequence GDIR [97]. These bNAbs also make important contacts
with conserved glycans Asnl56gp120 and Asn332gp120. In contrast, some bNAbs against the
CDA4bs require short CDR loops to accommodate an N-linked glycan in that region. CD4bs
bNADb 3BNC117 has a 5-residue deletion in CDRL1 that is necessary to prevent steric clashes
with the Asn276g,120 glycan and a short, 5-amino acid CDRL3 that is essential to avoid
clashes with gp120 [105]. The gp120-gp41 interface epitope is composed of protein and
glycan residues in both subunits. This category includes bNAbs that target the fusion peptide
(FP), which are the highly conserved N terminal residues of gp41 responsible for burying
into the host cell membrane during the fusion process of viral entry. FP bNAb VRC34.01
binds primarily to the N-terminal 8 residues of gp41 with the remainder of interactions made
with Asn88gp120 [102]. Together, these examples demonstrate the diverse epitope landscape
of the HIV-1 Env trimer and how Abs develop particular features to overcome challenges

posed by the dense glycan shield.
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The mode of binding for bNAbs at all epitopes has been greatly illuminated by structural
biology. In particular, X-ray crystallographic and cryo-EM structures of Ab:Env complexes
have been essential tools to characterize which epitope newly isolated bNAbs bind, the mode
of binding implemented, and to understand the context of atypical features in the sequence
such as CDR lengths. The wealth of structural data has enabled structure-based design of
gp120 and SOSIP-based immunogens that seek to elicit responses to particular epitopes and

design small molecule drugs.

2.2.2. SARS-CoV-2 S Epitopes

The SARS-CoV-2 fusion machinery is the surface protein S, which is composed of three
identical subunits each containing an RBD that sits at the apex of S and is attached to the rest
of the subunits with a flexible hinge [14]. The RBDs are able to sample a ‘down’
conformation that hides the ACE2 binding site by packing it against a neighboring RBD, or
an ‘up’ conformation, which exposes the ACE2 binding site at the tip of the RBD and is
required for host receptor binding [15,32,106] (Figure 3B).

Abs that recognize the RBD of the SARS-CoV-2 S protein are a vital part of the neutralizing
Ab response to infection and vaccination because the RBD contains the binding site for
ACE2. Effective neutralization by many anti-RBD Abs is due to their ability to block the
RBD from binding the host ACE2 receptor. The epitopes targeted by Abs against the RBD
can be organized into four simplified classes [32]. Class 1, VH3-53/VH3-63-derived Abs,
target epitopes overlapping with the ACE2 binding site and only bind ‘up’ conformation
RBDs. Class 2 Abs target epitopes overlapping with the ACE2 binding site and can bind both
‘up’ and ‘down’ RBDs. Class 3 Abs target epitopes that do not overlap with the ACE2
binding site and bind both ‘up’ and ‘down’ RBDs. Finally, class 4 Abs target a cryptic surface
facing the S trimer interior and only bind ‘up’ RBDs [32] (Figure 4B).

While the anti-SARS-CoV-2 Ab landscape has primarily focused on the RBD, a growing

number of neutralizing Abs that target other regions of the S protein are being found.
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Neutralizing Abs that bind to the N terminal domain (NTD) [107-109] and the S2 domain

[107,110-113] have been reported, indicating that the RBD is not the only site of
neutralization. In addition, some of these Abs are also broadly cross-reactive to other

betacoronaviruses as they target highly conserved regions of S such as the class 4 cryptic

epitope on the RBD [24,114-116] or the stem helix of S2 [111-113].

2.2.3. ZIKV Epitopes

The E protein of ZIKV and other flaviviruses is key for facilitating cellular entry and fusion
[48]. The mature structure of ZIKV displays smooth virus particles with 180 copies of the E
protein arranged as 90 dimers with icosahedral symmetry, and EDIII is thought to be
responsible for binding cellular receptors [43,48,117—120]. After cellular entry through
receptor-mediated endocytosis, the acidic pH triggers a conformational change by which the

E proteins form trimers and expose the FL on EDII for membrane fusion [121-123].

Given its role in fusion, the E protein is an important target of neutralizing Abs that
effectively clear ZIKV, inhibit ZIKV infection in vitro, decrease vertical transmission, and
are protective in ZIKV challenge in animal models [53-56,72,79,124,125] (Figure 2C).
Structural characterization of Abs that bind the ZIKV E protein have revealed multiple
epitopes on the three domains: (1) the conserved FL found on EDII [56,126], (2) EDIII [52—
54,72,73,127], (3) multiple domains of single E protein [79,80], (4) multiple domains
spanning an E protein dimer [55,60,79,125,128,129], and (5) multiple domains spanning
neighboring E dimer pairs [61,62,79,129]. Abs against the FL in EDII compose a large
portion of the response to infection, and because the FL is conserved among flaviviruses,
these Abs can cross-react with different flaviviruses [56,79,124-126,130]. However, many
potently-neutralizing Abs target EDIII and these Abs tend to be more specific for ZIKV than
other flaviviruses [51-56,61,72,124,125,131-137] (Figure 2C).

Notably, some Ab epitopes characterized by crystallography are not accessible on the known
cryo-EM structures of mature ZIKV [43,54,56,126] (Figure 3C). While cryo-EM structures

show a static envelope, evidence suggests the E proteins are dynamic and sample different
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conformations. The phenomenon of flavivirus “breathing” may result from

conformational changes of the E protein during the viral life cycle, such as during fusion.
The flavivirus DENV serotype 2 (DENV?2) structure showed E protein rearrangements when
heated to 37°C, providing further evidence for flavivirus breathing [47,138] (Figure 3C).
However, ZIKV maintains a smooth structure at 40°C and its breathing conformation has

not yet been determined [42].

2.3. Somatic Hypermutation of Neutralizing Abs

Abs evolve to neutralize antigen targets through the process of affinity maturation. This
process begins when germline-encoded B cell receptors interact with an antigen and receive
signals from T cells. This activation stimulates iterative rounds of somatic hypermutation
(SHM), whereby a cellular mechanism orchestrates single base pair mutations, insertions,
and deletions (indels) primarily in the CDRs of Abs [139]. These mutations are random,
although favorable mutations that enhance recognition of antigen are selected for in further
rounds of SHM [139]. Affinity maturation can rapidly diversify the Ab repertoire, allowing
for the recognition of innumerable antigens that can mutate to evade Ab recognition [140].
This arms race between distinct Abs and antigens has been monitored through structural
biology, which can illuminate how SHM impacts the antigen:Ab interface. For different viral

antigens, SHM plays different roles in overcoming infection.

In HIV-1 infection, SHM plays a major role in the creation of bNAbs. Human Abs that have
undergone affinity maturation on average carry 15-20 nucleotide mutations in the variable
heavy (Vu) gene; however, HIV-1 bNAbs include 40-100 Vux gene mutations [141]. High
levels of bNAb SHM are necessary to combat a rapidly evolving antigen target in which Env
mutations are selected to evade bNAb recognition. In fact, these mutations have been deemed
critical for recognition and neutralization of native viral envelopes, as unmutated germline
precursors of bNAbs do not usually interact with viral Envs [142]. X-ray crystallography and
cryo-EM have allowed for the characterization of bNAb SHM to understand how mutated
residues interact with HIV-1 Env and confer broadly neutralizing activity and potency

[7,143,144]. Structures of Env:bNAb complexes have identified individual SHMs that are
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critical for neutralization activity at different epitopes and have set forth criteria for

predicting the capability of newly isolated
bNAbs.

Furthermore, structural biology has given context to unusual bNADb characteristics brought
on by SHM; namely, framework region (FWR) mutations and indels. The FWRs of an Ab
variable domain are the relatively constant sequences that provide a scaffold for the more
diverse CDR loops. SHMs in FWRs are often poorly tolerated as they impair the structural
integrity of the Ab [145-147]. However, HIV-1 bNAbs FWR SHM has been found to be
critical for breadth and potency [145]. Analysis of crystal structures of bNAbs bound to
gp120s revealed that regions of FWR SHM can directly interact with the antigen to increase
the binding affinity or contribute to the structural rigidity and flexibility of a Fab for optimal
binding [99,145]. HIV-1 bNADbs also contain unusually high levels of SHM indels [76, 73].
Prior studies reporting sequences of Ab genes from memory B cells found between 1-3% of
Ab genes contained indels [148]. For HIV-1 bNAbs, approximately 40% of bNAbs include
indel mutations that range from 3-33 nucleotides in length [76, 73]. Analysis of crystal
structures of bNAb:gp120 complexes found that these indels are preferentially found within
10A of the Ab:antigen interface [149]. Indels are therefore important to optimize interactions
with Env, specifically to penetrate the dense glycan shield. Thus, structural biology has aided
in elucidating how unusual SHM features in HIV-1 bNAbs contribute to breadth and

potency.

Unlike HIV-1 bNAbs, Abs against SARS-CoV-2 S and ZIKV E protein have much lower
levels of SHM and, in fact, affinity maturation via SHM is not always required to interact
with their viral antigen targets [23,54,150]. Longitudinal studies tracking Ab evolution after
SARS-CoV-2 infection found 1.3 months post-infection averages of 4.2 Vy and 2.8 VL
nucleotide mutations [151]. However, after 12 months past infection, SHM increased to
approximately 15 Vy and 8 VL nucleotide mutations [152]. Low levels of SHM have also
been reported in longitudinal studies tracking ZIKV infection and comparisons of mature

and germline versions of anti-ZIKV Abs [52,54,56,150,153,154]. Inferred germline Abs
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have been shown to be able to bind and even weakly neutralize ZIKV [52,54,153,155].

Structural analysis of Ab:antigen complexes for SARS-CoV-2 and ZIKV suggests most
SHMs are found in CDR loops and contribute to the complex interface to create optimal
contacts for antigen recognition [25,32,52,54]. For both of these viruses, the relatively low
levels of SHM indicate near-germline and germline Abs are readily capable of recognizing

viral antigens and maturing into potently neutralizing Abs.

2.4. Structure-guided design of vaccines, small molecules inhibitors, and Ab therapeutics

Structural biology has played a pivotal role in characterizing the optimal human Ab response
which vaccines and therapeutics can be designed to mimic (Figure 1). For many viruses, the
ability to produce a cross reactive response either to many strains of the same virus or to
different viruses in the same group is necessary for complete protection from disease,
presenting a challenge for vaccine design [156].Therefore, the structure-guided development
of small molecules, peptides, and protein decoys as therapeutics is a complementary strategy

for treating viral infection [157].

Structural biology has allowed for the advancement of structure-based vaccine design, which
is considered to be one of the current avenues most likely to eventually lead to an HIV-1
vaccine after the failure of subunit vaccines [ 158]. bNAbs are only elicited by a small subset
of the population infected with HIV-1; even so these ‘elite controllers’ still never clear the
virus [159]. In fact, arguably the biggest hurdle in creating an HIV-1 vaccine is eliciting an
immune response that is far better than what is observed in infected people. The vast number
of HIV-1 strains means a vaccine must protect against initial infection of countless distinct
viral species rather than a single, or only a few, strains. Due to the inherent difficulty of
eliciting bNAbs against HIV-1, some current structure-based efforts for HIV-1 vaccine
design rely on structurally characterizing bNAbs in an effort to reverse engineer an
immunogen that can elicit them, rather than the commonly-observed strain-specific,
autologous neutralizing responses [158]. Structures of antigen:Ab complexes have allowed
for the classification of Abs by their epitopes, which is necessary for the design of effective

therapeutic monoclonal Ab cocktails [7]. In many cases, the dosing of single monoclonals is
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often suboptimal due to the ability of viruses to rapidly mutate. For example, in the case

of HIV-1, the viral swarm inside a patient can evolve resistance mutations that make a
therapy either less or not effective within days to weeks [160]. Therapeutics have also been
designed to mimic an existing interaction by binding directly, such as CD4 mimetic drugs
that bind into the CD4 pocket on gp120 [161,162]. As an alternative therapeutic approach,
binding targets separate from canonical interaction sites can be used to inhibit function by
preventing conformational changes, such as inhibitors directed at the HIV-1 Env fusion

peptide [163].

In the case of SARS-CoV-2, which mutates at a lower frequency than HIV-1 but whose
variants of concern are posing current problems, future efforts will need to focus on
producing vaccines that are effective in the face of new variants [164,165]. Key regions of
the S protein are highly conserved across the subgenus of sarbecovirus coronaviruses, of
which at least three others can infect human cells: SARS-CoV, SHC014, and RaTG13 [166].
Neutralizing Abs that target the S of SARS-CoV-2 and also bind and neutralize other
sarbecoviruses including SARS-CoV-2 variants of concern have been identified by several
groups and have been structurally characterized [24,112-116,167,168], suggesting that an
immunogen could be designed to produce a pan-sarbecovirus vaccine. Additionally,
therapeutic mAb cocktails have successfully been developed for the treatment of SARS-
CoV-2 [169]. Therapeutics have also been designed to mimic an existing interaction by

binding directly, such as ACE2-S small protein decoys [170].

For ZIKV, design of a safe vaccine is complicated due to the similarities in structures
between ZIKV and other flaviviruses. Since the structure of ZIK'V is similar to that of DENV,
WENV and YFV [38-41], there is concern that Abs elicited during infection with one
flavivirus may cross-react with, but not neutralize, other flaviviruses during a later infection.
This cross-reactive Ab recognition may worsen symptoms due to a phenomenon termed Ab-
dependent enhancement (ADE), by which Ab-bound viruses can infect cells through
interactions of the Fc regions of the bound Abs with the host Fcy receptor, resulting in

infection of cells after endocytosis of the Ab-virus complex [38,130,154,171-178]. This is
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of particular concern for the mosquito-borne virus DENV, since it has been shown that

prior DENV or ZIKV infection that results in low or intermediate Ab titers increases the risk
of worsened disease severity from a subsequent DENV infection with a different serotype
[38,179-187]. However, potent neutralizing Abs against ZIKV EDIII have been identified
that appear to be more specific for ZIKV than other flaviviruses, suggesting ZIKV EDIII is
a potential candidate for the design of a safe vaccine [51-56,61,72,124,125,131-136]. No
vaccine is yet universally available for ZIKV, although both the full E protein and individual
EDIII have been investigated as potential immunogens [78,135,188—194].

3. Conclusions

Structural biology has allowed for a deeper understanding of the immune responses to many
viruses, including HIV-1, SARS-CoV-2, and ZIKV discussed here. Mutations have been
engineered that stabilize surface proteins in their pre-fusion conformations for use as starting
immunogens for structure-based vaccine design and as laboratory reagents that can be used
to study other aspects of the elicited humoral immune response. Structures of Abs bound to
these stabilized proteins have allowed for the elucidation of neutralizing epitopes on the viral
surface proteins. Additionally, such structures have increased our understanding of the role
of features that Abs develop in response to antigens, such as somatic hypermutation,
insertions, and deletions. For targets where whole inactivated or subunit vaccines have failed,
structures of viral antigens bound to elicited Abs have facilitated alternative routes for
structure-based design of vaccines, small molecules therapeutics, and Ab cocktails. It is
through structural biology, inspired by advancements by Rosalind Franklin, that we are able
to make progress toward vaccines and Ab treatments for the viruses we study, including

HIV-1, SARS-CoV-2, and ZIKV.

Methods
Biorender.com was used to produce portions of Figure 1 and Figure 2. All structure

renderings were made using PyMOL ver. 2.5.0. or 1.7.6.4.
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Figure 4 was produced in PyMOL by aligning the HIV-1 Env or SARS-CoV-2 S proteins

of each Fab-bound structure with the structure of the viral protein depicted in the figure (Env

PDB: 5T3Z, S PDB: 7K8V). Only VuVL domains are shown for each Ab.
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Summary

The coronavirus disease 2019 (COVID-19) pandemic presents an urgent health crisis.
Human neutralizing antibodies that target the host ACE2 receptor-binding domain (RBD) of
the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) spike

12345 show promise therapeutically and are being evaluated clinically®’®. Here, to

protein
identify the structural correlates of SARS-CoV-2 neutralization, we solved eight new
structures of distinct COVID-19 human neutralizing antibodies® in complex with the SARS-
CoV-2 spike trimer or RBD. Structural comparisons allowed us to classify the antibodies
into categories: (1) neutralizing antibodies encoded by the VH3-53 gene segment with short
CDRH3 loops that block ACE2 and bind only to ‘up’ RBDs; (2) ACE2-blocking neutralizing
antibodies that bind both up and ‘down’ RBDs and can contact adjacent RBDs; (3)
neutralizing antibodies that bind outside the ACE2 site and recognize both up and down
RBDs; and (4) previously described antibodies that do not block ACE2 and bind only to up
RBDs’. Class 2 contained four neutralizing antibodies with epitopes that bridged RBDs,
including a VH3-53 antibody that used a long CDRH3 with a hydrophobic tip to bridge
between adjacent down RBDs, thereby locking the spike into a closed conformation. Epitope
and paratope mapping revealed few interactions with host-derived N-glycans and minor
contributions of antibody somatic hypermutations to epitope contacts. Affinity

measurements and mapping of naturally occurring and in vitro-selected spike mutants in 3D
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provided insight into the potential for SARS-CoV-2 to escape from antibodies elicited

during infection or delivered therapeutically. These classifications and structural analyses
provide rules for assigning current and future human RBD-targeting antibodies into classes,
evaluating avidity effects and suggesting combinations for clinical use, and provide insight

into immune responses against SARS-CoV-2.

Introduction
Neutralizing antibodies (NAbs) against SARS-CoV-2 protect against infection in animal

modelsl ,3,4,10,11

and are being evaluated for prophylaxis and as therapeutic agents in
humans’?®. These antibodies target the SARS-CoV-2 spike (S) trimer?>1%-1213:.14.15.16.17 '3 vira]
glycoprotein that mediates binding to the angiotensin-converting enzyme 2 (ACE2)
receptor'®!°. The S trimer comprises three copies of an S1 subunit that contains the RBD and
three copies of S2, which includes the fusion peptide and transmembrane regions?*2!. The
RBDs of SARS-CoV-2 and other coronaviruses exhibit flexibility, such that they bind to
ACE2 only when they are in an ‘up’ conformation, compared with the ‘down’ RBD

conformation of the closed, prefusion S trimer?0-2122:23.24.25,

Many human NAbs isolated from COVID-19-convalescent donors target the RBD, binding
to distinct, sometimes non-overlapping, epitopes®*>10:12.13.1417 " A sybset of these antibodies
blocks viral entry by binding to the ACE2-binding site on the RBD®!1:13:152627 A family of
recurrent ACE2-blocking human NAbs is composed of heavy chains encoded by the VH3-
53 or VH3-66 gene  segment®!21316.17272829 = mogt - of  which are known or
predicted!>26283931 to exhibit a common RBD binding mode that results from the use of
germline-encoded residues within the complementarity-determining regions 1 and 2
(CDRH1 and CDRH2) and a CDRH3 that is shorter than the average length (15 amino acids;
IMGT?? complementarity-determining region (CDR) definition) in human antibodies®.
Other SARS-CoV-2 RBD-binding antibodies are encoded by VH3-3(°, and these have also
been isolated from donors infected with SARS-CoV?*, and antibodies with a variety of the

other VH gene segments?®>10-1213,14.15,16,17



226
To classify commonalities and differences among RBD-binding human NAbs isolated

from COVID-19-convalescent individuals®, we solved complexes of NAbs with stabilized
(2P and 6P versions)*>-® soluble S trimer. Subsequently, we used high-resolution details of
the binding orientations of NAbs encoded by the VHI-2, VHI-46, VH3-30, VH3-53, VH4-
34 and VH5-51 gene segments to determine rules for binding by four distinct anti-RBD
antibody classes (Supplementary Table 2). The NAbs chosen for structures are highly potent,
achieving 90% neutralization in pseudotype virus assays at concentrations ranging from 22
to 140 ng ml! (ref. 5), and thus our structural analyses and classifications directly relate to

understanding mechanisms of neutralization and potency differences between human NAbs.

Results & Discussion

Class 1 VH3-53 NAbs block ACE2 and bind to up RBDs

We solved Fab and Fab—RBD crystal structures of C102 (Supplementary Table 1), which we
compared to our previous® cryo-electron microscopy (cryo-EM) structure of S trimer
complexed with the related human NAb C105 (Extended Data Figs. 1, 2). Both C102 and
C105 are VH3-53 NAbs with short (11 and 12 residues, respectively) CDRH3 loops
(Extended Data Fig. 1g) that were isolated from the same donor’. They share structural
similarities with each other and with other VH3-53-encoded short CDRH3 human NAb
structures solved as complexes with RBDs!23037-38 (Extended Data Fig. 2a). Notably, the
C102-RBD structure resembled the analogous portion of the C105-S structure?® (Extended
Data Fig. 2a). These results establish that Fab—RBD structures can reproduce interactions
with RBDs in the context of an S trimer; however, Fab-RBD structures do not reveal the
state(s) of the antibody-bound RBD in the complex (up versus down) or the potential inter-

protomer contacts by Fabs.

Because the C105 Fab bound to either two or three up RBDs on S with no observed
interactions with down RBDs or with adjacent RBDs?® (Extended Data Fig. 1f), we used the
higher-resolution C102 Fab—RBD structure to deduce a more accurate epitope and paratope

than was possible using the C105-S cryo-EM structure with flexible up RBDs (Extended
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Data Fig. la—¢). Buried surface area calculations showed that the C102 CDRH3 region

had a relatively minor role in the paratope: of 1,045 A2 of buried surface area on the antibody
(786 A2 on the heavy chain; 259 A2on the light chain), CDRH3 accounted for only
254 A? (Extended Data Fig. 2b). This contrasts with most antibodies in which CDRH3
contributes equally or more to the interface with antigen than the sum of CDRHI and
CDRH2 contributions*. The epitopes on RBD for all available VH3-53-encoded short
CDRH3 human NAbs span the ACE2-binding site!>26283931 and show common RBD-
binding interactions, represented by the C102 epitope (Extended Data Fig. 1b—e), which
buried 1,017 A2 on RBD (Extended Data Fig. 2b). The ACE2-blocking epitope for these
NAbs is sterically occluded in the RBD down conformation (Fig. 1b, Extended Data Fig. 1f);
therefore, class 1 NAbs can only bind to up RBDs, as observed in the C105-S structure?,
and as previously discussed, IgGs in this class could crosslink adjacent RBDs within a single

trimer to achieve tighter binding through avidity effects?®.
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3 “down” RBDs bound by C144 b

N-linked &
glycans

Figure 1: Cryo-EM structure of the C144-S complex illustrates a distinct VH3-53 NAb
binding mode. a, 3.2 A cryo-EM density for the C144-S trimer complex revealing C144
binding to a closed (three down RBDs) spike conformation. LC, light chain; HC, heavy
chain. b, Overlay of C102 Fab (from C102-RBD crystal structure) (Extended Data Fig. 1)
and C144 Fab (from C144-S structure) aligned on a RBD monomer. RBD residues
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corresponding to the ACE2 epitope (orange-red cartoon) are shown on the same RBD for
reference. C144 adopts a distinct conformation relative to the C102-like VH3-53-encoded
short CDRH3 NAb class, allowing binding to the down RBD conformation on trimeric spike,
whereas C102-like NAbs can only bind toup RBDs. ¢, Quaternary epitope of C144
involving bridging between adjacent RBDs via the CDRH3 loop (illustrated as thicker
ribbon). d, e, Close-up view of CDRH3-mediated contacts on adjacent protomer RBD (dark
grey). Cl144 CDRH3 residues F100p and W100g are buried in a hydrophobic pocket
comprising the RBD al helix, residue F374rpp and the N343grpp glycan. f, Surface
representation of C144 epitope (light blue) across two adjacent RBDs. RBD epitope residues
(defined as residues containing atom(s) within 4 A of a Fab atom) are labelled in black.

Class 2 NAbs recognize ‘up’ and ‘down’ RBDs

In addition to the recurrent VH3-53-encoded short CDRH3 NADb structures, a small subset of
potently neutralizing VH3-53-encoded antibodies use longer CDRH3 regions® '? (more than
15 residues, IMGT definition®?) (Extended Data Fig. 1g). A recent structure of a RBD
complexed with a VH3-53-encoded long CDRH3 human NAb (COVA2-39) revealed a
different RBD binding mode?®, thus confirming predictions that binding with a C102-like
interaction requires a short CDRH3?%%, To further determine molecular mechanisms for
binding of VH3-53-encoded long CDRH3 human NAbs, we solved a 3.2 A cryo-EM
structure of C144 (encoded by the VH3-53 and VL2-14 gene segments; 25-residue CDRH3)
bound to an S trimer’*® (Extended Data Fig. 3). Despite the ability of ligand-free stabilized S
trimers to adopt up RBD conformations*® and modelling suggesting the C144 binding site
would be accessible on up RBDs (Fig. 1b), the C144-S structure revealed three C144 Fabs
bound to a completely closed S with three down RBDs (Fig. 1a). The C144 binding mode
differs from class 1 NAbs, the binding orientation of which is incompatible with down RBD
conformations (Fig. 1b). In addition, the binding orientation observed for C144 differs from
the binding described for COVA2-39, the RBD epitope of which is predicted to be accessible
only on up RBDs*® owing to steric hinderances imposed on the light chain by the N343rgp-
associated glycan on the adjacent RBD (Extended Data Fig. 1h). Despite differences in
orientation, the RBD epitopes of C144, C102 and COVA2-39 overlap with the ACE2-
binding site, which suggests a neutralization mechanism that involves direct competition

with ACE2 (Fig. 1b).
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Despite overlapping with the ACE2-binding site on up RBDs, an interesting feature of

C144 binding is that its long CDRH3 bridges between adjacent down RBDs to lock the spike
glycoprotein into a closed, prefusion conformation, providing an additional neutralization
mechanism in which S cannot open to engage ACE2 (Fig. 1c, d). The formation of the C144
quaternary epitope is driven by sandwiching CDRH3 residues F100p and W100¢ (in which
subscripts denote numbering of the CDRH3 loop) into a hydrophobic RBD cavity at the base
of an N-linked glycan attached to N343rsp. The cavity comprises the RBD al helix (337—
344), a2 helix (364-371), and hydrophobic residues (F374rgp and W436rgp) at the edge of
the RBD five-stranded B-sheet (Fig. le, f). In contrast to the CDRH3s of class 1 VH3-53-
encoded short CDRH3 NAbs, the C144 CDRH3 contributed to most (approximately 60%)
of the paratope and buried 330 A? of surface area on the adjacent RBD (Extended Data
Fig. 2b), rationalizing observed escape at L455rpp (Fig. 1f) in C144 selection experiments*.
Despite adjacent CDRH3 hydrophobic residues (F100p and W100g) likely to be solvent-
exposed before antigen binding, C144 IgG showed no evidence of non-specific binding in a

polyreactivity assay (Extended Data Fig. 11).

Given the unusual binding characteristics of C144, we investigated whether antibodies that
showed similar S binding orientations in low-resolution negative-stain electron microscopy
reconstructions’ use similar neutralization mechanisms. We characterized Fab-S cryo-EM
structures (overall resolutions from 3.4 to 3.8 A) of potent NAbs (C002, C104, C119 and
C121) predicted to compete with ACE2 binding®, which varied in their use of V gene
segments and CDRH3 lengths (Fig. 2, Extended Data Figs. 3, 4, Extended Data Table 1).
Fab-S cryo-EM structures of these class 2 NAbs showed bound RBDs in both up or down
conformations, consistent with observations of similar human NAbs from negative-stain
electron microscopy™!? and single-particle cryo-EM studies!®3*4!, By contrast, the C144-S
structure showed Fabs bound only to down RBDs (Fig. 1), which suggests that C144 binding
requires recognition of the closed S trimer, or that C144 Fab(s) initially bound to up RBD(s)
could trap the closed (three RBDs down) S conformation through CDRH3-mediated

interactions between adjacent RBDs.
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Figure 2. Cryo-EM structures of class 2 C002 and C121 NAbs show binding to up and
down RBDs. a, b, Cryo-EM densities for C002-S (a; 3.4 A) and C121-S (b; 3.7 A)
complexes, revealing binding of C002 or C121 to both down and up RBDs. Inset, alignment
of C002 and C121 Fabs on the same RBD. ACE2 is represented as a green surface for
reference. ¢, d, Surface representations of C002 epitope (orange, ¢) and CI21 epitope
(purple, d) on the RBD surface (grey). RBD epitope residues (defined as residues containing
atom(s) within 4 A of a Fab atom) are labelled in black. e, C002 forms inter-protomer
contacts via binding to an adjacent up RBD conformation on the surface of the trimer spike
(also observed for class 2 C121-S, C119-S and C104-S structures) (Extended Data Fig. 5).
Red box shows close-up of adjacent up RBD and C002 light-chain interface.
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To understand commonalities of class 2 RBD epitopes better, we further analysed two

additional potent human NAbs, C002 (encoded by VH3-30 and VKI-39 gene segments; 17-
residue CDRH3, half-maximal inhibitory concentration (ICsp) = 8.0 ng ml™")° and C121
(encoded by VHI-2 and VL2-23 gene segments; 23-residue CDRH3, ICso = 6.7 ng ml!)’,
for which cryo-EM Fab-S structures were solved to 3.4 A and 3.6 A, respectively (Fig. 2a,
b), using crystal structures of unbound C002 and C121 Fabs for fitting (Supplementary
Table 1). The C002 and C121 RBD epitopes are focused on the receptor-binding ridge,
overlapping with polar and hydrophobic residues along the flat face of the RBD responsible
for ACE2 interactions (Fig. 2c—e). Similar to C144, NAbs C002 and C121 buried most of
their RBD epitopes against heavy-chain CDR loops, with light-chain CDR loops engaging
the receptor-binding ridge (Fig. 3). Notably, Fab-S structures of C002, C121, C119 and
C104 revealed a quaternary epitope involving an adjacent RBD (Extended Data
Figs. 3, 4, 5Sa—c), albeit distinct from the quaternary binding of C144 (Fig. lc—e). The
C002/C121/C119/C104 type of secondary interaction was only observed when a Fab was
bound to a down RBD and adjacent to an up RBD. The extent of secondary interactions
varied depending on the antibody pose (Extended Data Fig. Sa—c). Bridging interactions
between adjacent up and down RBDs would not allow the two Fabs of a single 1gG to bind
simultaneously to an S trimer. However, this class of antibodies could support bivalent
interactions between two adjacent down RBDs (Extended Data Fig. 5h, Extended Data
Table 1).
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C002 - S interactions C144 - S interactions

C121 - S interactions

Figure 3. Details of common RBD interactions among class 2 human NAbs. a-l,
Conserved interactions between the RBD and CDRs of class 2 NAbs as observed for C144
(HC, cyan; LC, sky blue) (a—d), C002 (HC, dark orange; LC, light orange) (e-h), and C121
(HC, purple; LC, pink) (i-1). Primary and secondary epitopes on adjacent down RBDs are
shown for C144. Secondary epitopes for C002 and C121, which require adjacent up RBDs,
are shown in Extended Data Fig. 5. RBDs are grey; potential hydrogen bonds and n—n
stacking interactions (d, Y33rc and F486rgsp; h, Y921 and F486rsp; 1, Y911c and F486rgp)
are indicated by dashed lines.

Characterization of the highest resolution interface (C002—S structure) showed C002 light-
chain framework regions 1 and 2 (FWR1 and FWR?2) interfaced with the RBD residues
comprising the five-stranded B-sheet and a-helix that spans residues 440444 (Fig. 2e),
which is typically located near the three-fold axis of a closed S trimer. In addition to
contacting neighbouring RBDs, inter-protomer engagement with the N165nTp-associated

glycan in the N-terminal domain (NTD) was observed for the class 2 NAb BD23%, If fully
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processed, the N165~Tp glycan could adopt a conformation that would allow interactions

with the heavy-chain FWR3 and CDRHI1 (Fig. 2e). However, in the structures reported here,

we did not observe N165ntp glycan density beyond the initial N-acetylglucosamine.

Given differences in class 2 human NAb V gene segments, CDRH3 lengths and antibody
poses, we investigated sequence features that drive conserved interactions. Sequence
differences between SARS-CoV-2 and SARS-CoV RBD, including at positions 486rsp and
493rpp (F and Q, respectively, in SARS-CoV-2), in the ACE2 receptor-binding motif
allowed more favourable ACE2 binding to the SARS-CoV-2 RBD*2. Analysis of interactions
by C144, C002 and C121 revealed common interactions with these residues and also for
E484gpp by both antibody heavy-chain and light-chain residues (Fig. 3). In particular, class
2 NAbD interactions with F486rsp mimicked ACE?2 interactions, in that F486rsp buries into
a hydrophobic pocket typically involving CDRL1 or CDRL3 tyrosine residues* (Fig. 3d, h,
1). Mimicking of the ACE2 F486 binding pocket by SARS-CoV-2 human NAbs was
observed across different light-chain V gene segments (Extended Data Table 1), which
suggests that there is no restriction in light-chain V gene segment usage for class 2 NAbs.
Notably, a germline-encoded feature described for VH3-53-encoded short CDRH3 class 1
NAbs, the CDRH2 SXXS motif, is also found in other class 2 NAbs (for example, C121 and
C119) despite different VH gene segment usage. Similar to VH3-53 NAbs C144 and
COVA2-39, the C121 CDRH2 SXXS motif forms a potential hydrogen-bond network with
E484rsp (Fig. 3b, j).

Overall, these results suggest a convergent mode of recognition by germline-encoded
residues across diverse VH/VL gene segments for SARS-CoV-2, which may contribute to
low levels of somatic hypermutation observed for these human NAbs (Extended Data

Fig. 4i—n, Extended Data Table 1).

Class 3 NAbs bind outside the ACE2-binding site
C135 is a potent NAb that showed distinct binding properties from class 1, 2 and 4 NAbs,
the latter of which bind a highly conserved buried epitope that is only accessible in up RBD
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conformations (Extended Data Table 1). To evaluate the mechanism of C135-mediated

neutralization of SARS-CoV-2, we solved the cryo-EM structure of a C135-S complex to
3.5 A (Fig. 4a, Extended Data Fig. 6), using an unbound C135 crystal structure for fitting
(Supplementary Table 1). The structure revealed three C135 Fabs bound to an S trimer with
two down and one up RBD, although the C135-bound up RBD conformation was weakly
resolved and therefore not modelled. C135 recognizes a similar glycopeptidic epitope to the
cross-reactive SARS-CoV NAb S30934, focusing on a region of the RBD near the N343
glycan and non-overlapping with the ACE2-binding site (Fig. 4b, Extended Data Fig. 6c, d).
Despite differences in binding orientations between C135 and S309, targeting of the RBD
epitope was mainly VH-mediated (the surface area buried by RBD on the C135 heavy chain
represented approximately 480 A2 of the 700 A2 total buried surface area) and included
interactions with the core fucose moiety of the N343rgp glycan. The smaller C135 footprint
relative to S309 (approximately 700 A% versus 1,150A2 buried surface area, respectively)
(Extended Data Fig. 6¢, d) focused on interactions with R346rsp and N440rgp, which are
engaged by residues from heavy-chain and light-chain CDRs (Fig. 4c, d) and are not
conserved between SARS-CoV-2 and SARS-CoV RBDs, rationalizing the lack of SARS-

CoV cross-reactivity observed for C135°.
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Figure 4. Cryo-EM structure of S complexed with the class 3 (non-ACE2 blocking)
human NAb C135. a, 3.5 A cryo-EM density of C135-S complex. b, Composite model of
C135-RBD (blue and grey, respectively) overlaid with the SARS-CoV-2 NAb S309 (sand;
PDB code 6WPS) and soluble ACE2 (green; PDB code 6M0J). The model was generated by
aligning on 188 RBD Ca atoms. ¢, d, C135 CDRH (dark blue) and CDRL (light blue)
interactions with R346rgp (¢) and N440rsp (d). Potential m—r stacking interactions (¢) and
hydrogen bonds (¢, d) are illustrated by dashed black lines. e, f, Model of RBD interactions
of NAbs C135 (class 3) and C144 (class 2), demonstrating that both Fabs can bind
simultaneously to a single monomeric RBD (e), but would clash if bound to adjacent down
RDBs on S trimer (f). Steric clashes indicated by a red and yellow star in f. g, h, Model of
RBD interaction of NAbs C135 (class 3) and C119 (class 2) demonstrating that both Fabs
cannot bind simultaneously to a single monomeric RBD (g), but do not clash if bound to
adjacent down RDBs on S trimer (h). Steric clashes indicated by a red and yellow star in g.
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The discovery of class 3 NAbs such as C135 and S309 that were raised during SARS-

CoV-2 or SARS-CoV natural infections, respectively, and bind outside of the ACE2-binding
site, provides the potential for additive neutralization effects when combined with NAbs that
block ACE2, while also limiting viral escape!*. A pair of antibodies in human clinical trials
that includes REGN10987%, a human NAb that binds distal to the ACE2-binding site,
prevented SARS-CoV-2 viral escape in vitro, but did not show synergistic neutralization®.
Comparison of C135 and REGN10987 interactions with S showed similarities in epitopes
(interactions focused on R346rep and N440rsp) (Extended Data Fig. 7c, f). However,
REGN10987 binding would sterically hinder ACE2 interactions, whereas C135 binding does
not (Fig. 4b, Extended Data Fig. 6b). Notably, a structure of S complexed with C110
(encoded by the VHS5-51 and VKI-5 gene segments), isolated from the same donor as the
C102 and C105 (class 1) and C119 and C121 (class 2) NAbs>, showed a binding pose that
resembled that of REGN10987 (Extended Data Fig. 6b, e, f). The C110 epitope showed
similarities with both class 3 and class 2 NAbs, binding distal to the ACE2-binding motif,
but like REGN10987, could potentially sterically interfere with ACE2 (Extended Data
Fig. 7). For each of these class 3 NAbs, the Fab binding pose suggests that inter-protomer
crosslinking by a single IgG is not possible (Extended Data Table 1).

Class 3 human NAbs add to the anti-SARS-CoV-2 antibody repertoire and could probably
be effectively used in therapeutic combinations with class 1 or 2 NAbs. However, when using
structures to predict whether NAbs have overlapping epitopes, it is sometimes not sufficient
to only examine Fab—RBD structures or even static images of the S trimer because of the
dynamic nature of the spike. Thus, what might appear to be non-overlapping epitopes on an
isolated RBD could overlap in some (Fig. 4e, f), but not all (Extended Data Fig. 7), scenarios
on a spike trimer, complicating interpretation of competition experiments using monomeric
RBDs and S trimers. The opposite can also be true; that is, two Fabs predicted to be
accommodated on a trimer could clash on an RBD monomer (Fig. 4g, h). Finally, adjacent
monomers in different orientations could accommodate different antibodies that target

overlapping sites (Extended Data Fig. 7).
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RBD substitutions affect NAb binding

Vesicular stomatitis virus (VSV) reporter viruses pseudotyped with the SARS-CoV-2 S
protein can escape by mutation(s) from the C121, C135 or C144 NAbs* that we used for
structural studies. RBD mutations that were selected in response to antibody pressure
correlated with the epitopes mapped from the structures of their Fabs complexed with the S

trimer (Figs. 1, 2, 4).

To further assess the effects of these mutations and other RBD substitutions, we assayed
NAbs for which we obtained structural information (eight from this study; C105—S complex
previously described?®) for binding to mutated RBD proteins. The RBD mutants included
two that induced escape from the class 3 hNAb C135 (R346S and N440K)* (Fig. 4c, d), one
found in circulating isolates** that conferred partial resistance to C135 (N439K)* (Fig. 4d),
a circulating variant (A475V) that conferred resistance to class 1 and 2 VH3-53 NAbs*, two
that induced escape from C121 or C144 (E484K and Q493R)* (Fig. 3), and a circulating
variant that conferred partial resistance to C121 (V483A)*. Kinetic and equilibrium
constants for the original and mutant RBDs were derived from surface plasmon resonance
(SPR) binding assays in which RBDs were injected over immobilized IgGs. Loss of binding
affinity was consistent with RBD mutations that conferred escape (Extended Data Fig. 8).
Comparing effects of point mutations between NAb classes showed that point mutations
leading to a loss of binding for NAbs within one class did not affect NAbs in a different class,
indicating that antibody pressure that leads to escape from one NAb class would be unlikely
to affect a different class. These results suggest a therapeutic strategy involving human NAbs
of different classes for monoclonal NAb treatment of individuals infected with SARS-CoV-
2.

Conclusions

Here we report structural, biophysical and bioinformatics analyses of SARS-CoV-2 NAbs
(Extended Data Fig. 9), providing information for interpreting correlates of protection for
clinical use. The structures reveal a wealth of unexpected interactions of NAbs with the spike

protein, including five antibodies that reach between adjacent RBDs on the protomers of a
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single trimer. A notable example of bridging between spike protomers involved the

human C144 NAD that uses a long CDRH3 with a hydrophobic tip to reach across to an
adjacent RBD, resulting in all three RBDs on the spike trimer being locked into a closed
conformation. This example, and four other NAbs that contact adjacent RBDs, demonstrates
that crystal structures of Fab—-monomeric RBD complexes, although informative for defining
primary epitopes on one RBD, do not reveal how antibodies recognize the flexible up or
down RBD conformations on the spike trimer that are targeted for neutralization on a virus.
Indeed, our cryo-EM structures of Fab—spike trimer complexes showed all possible up and
down combinations of recognized RBDs, with structures showing either three or two Fabs
bound per trimer. By analysing approach angles of Fabs bound to RBDs on spike trimers,
we predicted whether an IgG can bind to a single spike trimer to gain potency through avidity,
which would also render the antibody more resistant to spike mutations. In addition,
structural information allowed us to assess RBD mutants that arose in circulating viral
isolates and/or were obtained by in vitro selection. Together, this study provides a blueprint
for the design of antibody cocktails for therapeutic agents and potential spike-based

immunogens for vaccines.

Methods
No statistical methods were used to predetermine sample size. The experiments were not
randomized, and investigators were not blinded to allocation during experiments and

outcome assessment.

Cell lines

Expi293F cells (GIBCO) for protein expression were maintained at 37 °C and 8% CO: in
Expi293 Expression medium (GIBCO), transfected using Expi293 Expression System Kit
(GIBCO) and maintained under shaking at 130 rpm. Cell lines were not specifically

authenticated, but lines tested negative for contamination with mycoplasma.
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Protein expression

Expression and purification of SARS-CoV-2 ectodomains were conducted as previously
described?®. In brief, constructs encoded the SARS-CoV-2 S ectodomain (residues 16-1206
of the early SARS-CoV-2 GenBank MN985325.1 sequence isolate with 2P3 or
6P stabilizing mutations, a mutated furin cleavage site between S1 and S2, a C-terminal
TEV site, foldon trimerization motif, octa-His tag, and AviTag) were used to express soluble
SARS-CoV-2 S ectodomains. Constructs encoding the SARS-CoV-2 RBD from GenBank
MN985325.1 (residues 331-524 with C-terminal octa-His tag and AviTag) and mutant
RBDs were made as described?, SARS-CoV-2 2P S, 6P S, and RBD proteins were purified
from the supernatants of transiently transfected Expi293F cells (Gibco) by nickel affinity and
size-exclusion chromatography?®. Peak fractions were identified by SDS-PAGE, and
fractions corresponding to S trimers or monomeric RBDs were pooled and stored at 4 °C.

Fabs and IgGs were expressed, purified, and stored as previously described*>6.

X-ray crystallography

Crystallization trials were carried out at room temperature using the sitting drop vapour
diffusion method by mixing equal volumes of a Fab or Fab—RBD complex and reservoir
using a TTP LabTech Mosquito robot and commercially available screens (Hampton
Research). Crystals were obtained in 0.2 M ammonium sulfate, 20% (w/v) PEG 3350 (C102
Fab), 0.2 M sodium citrate tribasic, 20% (w/v) PEG 3350 (C102—RBD), 0.2 M lithium sulfate
monohydrate, 20% (w/v) PEG 3350 (C002 Fab), 0.04 M potassium phosphate, 16% (w/v)
PEG 8000, 20% (v/v) glycerol (C135 Fab), 0.2 M ammonium citrate pH 5.1, 20% PEG 3350
(C121 Fab), or 0.2 M sodium tartrate dibasic dihydrate pH 7.3, 20% (w/v) PEG 3350 (C110
Fab). A C135 Fab crystal was directly looped and cryopreserved in liquid nitrogen. Other
crystals were quickly cryoprotected in a mixture of well solution with 20% glycerol and then

cryopreserved in liquid nitrogen.

X-ray diffraction data were collected for Fabs and the Fab—RBD complex at the Stanford
Synchrotron Radiation Lightsource (SSRL) beamline 12-1 on a Eiger X 16 M pixel detector
(Dectris) at a wavelength of 1.0 A. Data from single crystals of C121 Fab and C110 Fab were
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indexed and integrated in XDS*” and merged using AIMLESS v.0.7.4 in CCP4* v.7.0.6

(Supplementary Table 1). Data from single crystals of C102 Fab, C135 Fab and C002 Fab
were indexed and integrated using XDS*” and merged in Phenix* (v.1.18). Data from a
single crystal of C102 Fab-RBD complex were indexed and integrated using XIA2%° v.0.3.8
implementing DIALS>!°2 v.2.2 and merged using AIMLESS in CCP4*. For C110 Fab and
C121 Fabs, structures were determined by molecular replacement in PHASER> v.2.8.2
using the coordinates for B38 (PDB 7BZ5) or an inferred germline form of the HIV-1 NAb
IOMA>* inferred germline (unpublished), respectively, after removing CDR loops as a
search model. For C002 Fab, C102 Fab, C102 Fab—-RBD and C135 Fab, structures were
determined by molecular replacement in PHASER>? using B38 Fab coordinates (PDB 7BZ5)
after trimming heavy and light chain variable domains using Sculptor® v.2.0 (and for the
C102 Fab—RBD data, also RBD coordinates from PDB code 7BZ5) as search models.
Coordinates were refined using Phenix* and cycles of manual building in

Coot>® (Supplementary Table 1).

Cryo-EM sample preparation

Purified Fabs were mixed with the SARS-CoV-2 S 2P trimer®®> or SARS-CoV-2 S 6P
trimer’® (1.1:1 molar ratio Fab per protomer) to a final Fab—S complex concentration of 2-3
mg ml ™! and incubated on ice for 30 min. Immediately before deposition of 3 ul of complex
onto a 300 mesh, 1.2/1.3 UltrAuFoil grid (Electron Microscopy Sciences) that had been
freshly glow-discharged for 1 min at 20 mA using a PELCO easiGLOW (Ted Pella), a 0.5%
(w/v) octyl-maltoside, fluorinated solution (Anatrace) was added to each sample to a final
concentration of 0.02%. Samples were vitrified in 100% liquid ethane using a Mark IV
Vitrobot (Thermo Fisher) after blotting at 22 °C and 100% humidity for 3 s with Whatman
No. 1 filter paper.

Cryo-EM data collection and processing

Single-particle cryo-EM data were collected on a Titan Krios transmission electron
microscope (Thermo Fisher) operating at 300 kV for all Fab—S complexes except for C144—
S, which was collected on a Talos Arctica (Thermo Fisher) operating at 200 kV. Movies
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were collected using SerialEM v.3.7 automated data collection software’’ with beam-

image shift over a 3-by-3 pattern of 1.2 pm holes with 1 exposure per hole. Movies were
recorded in super-resolution mode on a K3 camera (Gatan) for the C144-S dataset on the
Arctica (0.435A per pixel) or on a K3 behind BioQuantum energy filter (Gatan) with a 20
eV slit on the Krios (0.418 A per pixel) for all other datasets. Data collections parameters are
summarized in Supplementary Table 2. In general, the data processing workflow described

below was performed for all datasets in cryoSPARC v.2.15%,

Cryo-EM movies were patch motion corrected for beam-induced motion including dose
weighting within cryoSPARC?® after binning super-resolution movies. The non-dose-
weighted images were used to estimate CTF parameters using CTFFIND4* v.4.1.14 or with
cryoSPARC implementation of the Patch CTF job, and micrographs with power spectra that
showed poor CTF fits or signs of crystalline ice were discarded. A subset of images were
randomly selected and used for reference-free particle picking using Blob picker in
cryoSPARC?®, Particles were subjected to 2D classification and the best class averages that
represented different views were used to generate 3 ab initio models. The particles from the
best classes were used in another 2D classification job, and the best set of unique views was
used as templates for particle picking on the full set of images. Initial particle stacks were
extracted, downsampled twice, and used in heterogeneous refinement against the three ab
initio volumes generated with the smaller dataset (ab initio volumes used were interpreted as
a Fab-S complex, free Fab or dissociated S protomers, and junk/noise class). Particles
assigned to the Fab—S volume were further cleaned via iterative rounds of 2D classification
to select class averages that displayed unique views and secondary structural elements.
Resulting particle stacks were homogenously refined before being split into nine individual
exposure groups based upon collection holes. Per particle CTF and aberration corrections
were performed and the resulting particles further 3D refined. Additional processing details

are summarized in Supplementary Table 2.

Given the known heterogeneity of spike trimers**?!, homogenously refined particles were

used for 3D classification in cryoSPARC™ (ab initio job: k=4 classes, class
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similarity = 0.3). This typically resulted in one or two majority Fab—S complexes, with

the other minority populated classes representing junk or unbound S trimer. Particles from
the good class(es) were further subjected to 3D classification (ab initio job: k =4, class
similarity = 0.7) to attempt to separate various Fab—S complex states. If several states were
identified (as observed for the CO002-S and CI21-S complexes), particles were
heterogeneously refined, followed by re-extraction without binning (0.836 A per pixel)
before homogeneous refinement of individual states. For all other datasets, most particles

represented one state that was homogenously refined after re-extraction without binning.

Particle stacks for individual states were non-uniform refined with C1 symmetry and a
dynamic mask. To improve resolution at the Fab—RBD interfaces, volumes were segmented
in Chimera® and the regions corresponding to the NTD and RBD domains of the S1 subunit
and the Fab VH-VL domains were extracted and used to generate a soft mask (5-pixel
extension, 10-pixel soft cosine edge). Local refinements with the mask resulted in modest
improvements of the Fab—RBD interface, which allowed for fitting and refinement of this
region. The particles were then subjected to CTF refinement and aberration correction,
followed by a focused, non-uniform refinement with polished particles imposing C1
symmetry (except for the C144-S complex, in which C3 symmetry was used). Final overall
resolutions were according to the gold-standard FSC®!. Details of overall resolution and
locally refined resolutions according to the gold-standard FSC®! can be found in

Supplementary Table 2.

Cryo-EM structure modelling and refinement

Coordinates for initial complexes were generated by docking individual chains from
reference structures into cryo-EM density using UCSF Chimera®? v.1.13. The following
coordinates were used: SARS-CoV-2 S trimers: PDB codes 6VXX, 6VYB and 6XKL, up
RBD conformations: PDB codes 7BZ5 or 6W41, and unbound C102, C002, C110, C121,
C135 Fab structures (this study) (Supplementary Table 1). Initial models were then refined
into cryo-EM maps using one round of rigid body refinement followed by real space

refinement. Sequence-updated models were built manually in Coot>® v.0.8.9 and then refined
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t°¢ and Phenix*®. Glycans were modelled at

using iterative rounds of refinement in Coo

potential N-linked glycosylation sites in Coot>®

using ‘blurred’ maps processed with a variety
of B-factors®®. Validation of model coordinates was performed using

MolProbity® (Supplementary Table 2).

Structural analyses

CDR lengths were calculated based on IMGT definitions®2. Structure figures were made with
PyMOL (v.2.2 Schrodinger, LLC) or UCSF ChimeraX® v.1.0. Local resolution maps were
calculated using cryoSPARC v.2.15°8, Buried surface areas were calculated using
PDBePISA v.1.48% and a 1.4 A probe. Potential hydrogen bonds were assigned as
interactions that were less than 4.0 A and with an A-D-H angle above 90°. Potential van der
Waals interactions between atoms were assigned as interactions that were less than 4.0 A.
Hydrogen bond and van der Waals interaction assignments are tentative due to resolution
limitations. r.m.s.d. calculations following pairwise Ca alignments were done in PyMOL

without rejecting outliers. Criteria for epitope assignments are described in figure legends.

To evaluate whether intra-spike crosslinking by an IgG binding to a single spike trimer was
possible (Extended Data Table 1), we first measured the Ca distance between a pair of
residues near the C termini of adjacent Fab CH1 domains (residue 222 of the heavy chain on
each Fab) (Extended Data Fig. Sh). We compared this distance to the analogous distances in
crystal structures of intact IgGs (42 A, PDB code 1HZH; 48 A, PDB code 11GY; 52 A, PDB
code 1IGT). To account for potential influences of crystal packing in these measurements,
as well as flexibility in the VH-VL/CH1-CL elbow bend angle and uncertainties in CHI1—
CL domain placement in Fab-S cryo-EM structures, we set a cut-off of <65 A for this
measured distance as possibly allowing for a single IgG to include both Fabs. Entries in the
‘potential IgG intra-spike binding’ column in Extended Data Table 1 are marked ‘no’ if all
of the adjacent Fabs in cryo-EM classes of that structure are separated by more than 65 A for
this measured distance. Entries in the ‘potential IgG intra-spike binding’ column in Extended
Data Table 1 are marked as ‘yes’ if at least one pair of the adjacent Fabs in cryo-EM classes

of that structure are separated by <65 A for this measured distance.
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SPR binding experiments

SPR experiments were performed using a Biacore T200 instrument (GE Healthcare). IgGs
were immobilized on a CM5 chip by primary amine chemistry (Biacore manual) to a final
response level of approximately 3,000 resonance units. Concentration series of the original
SARS-CoV-2 RBD and RBD mutants (six fourfold dilutions starting from a top
concentration of 1,000 nM) were injected at a flow rate of 30 ul min over immobilized IgGs
for a contact time of 60 s, followed by an injection of 0.01 M HEPES, pH 7.4, 0.15 M NaCl,
3 mM EDTA, 0.005% (v/v) surfactant P20 buffer for a dissociation time of 300 s. Binding
reactions were allowed to reach equilibrium, and K¢ values were calculated from the ratio of
association and dissociation rates (Kq = kd/ka) derived from a 1:1 binding model (C002, C102,
C105, C110 and C119 (except for C119 mutant E484K)), C121, C135 and C144), or from a
two-state binding model (K4 = kal/kal X ka2/[ka2 + ka2]) (C104 and C119 mutant E484K).
Kinetic constants were calculated using Biacore T200 Evaluation Software v.3.2 using a
global fit to all curves in each dataset. Flow cells were regenerated with 10 mM glycine, pH

2.0, at a flow rate of 90 ul min™"'.

Polyreactivity assays

IgGs were evaluated for off-target interactions by measuring binding to baculovirus extracts
containing non-specific proteins and lipids as described®. The assays were automated on a
Tecan Evo2 liquid handling robot fitted with a Tecan Infinite M 1000 plate reader capable of
reading luminescence. Maxisorb 384-well plates (Nunc) were adsorbed overnight with a 1%
preparation of recombinant baculovirus particles generated in Sf9 insect cells®. The
adsorbed plate was blocked with 0.5% bovine serum albumin (BSA) in PBS, then incubated
with 20 ul of a 1.0 ug ml ™! solution of IgG in PBS for 3 h. Polyreactivity was quantified by
detecting bound IgG using an HRP-conjugated anti-human IgG secondary antibody
(SouthernBiotech) at a 1:5,000 dilution and SuperSignal ELISA Femto Maxiumum
Sensitivity Substrate (Thermo Scientific). RLUs were measured at 475 nm in the integrated
plate reader. Engineered human anti-HIV-1 IgGs previously demonstrated to exhibit high
levels of polyreactivity (NTH45-46(G54W) and 45-46m2)%*-6! were used as positive controls.
NIH45-46, which exhibited intermediate polyreactivity®?, was also evaluated for
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comparisons. Negative control IgGs with low polyreactivity included the human HIV-1

antibodies N6% and 3BNC117% and BSA. RLU values were plotted in GraphPad Prism
v8.4.3 and presented as the mean and standard deviation of triplicate measurements (n = 3
biological replicates) with results for individual experiments shown as circles in Extended

Data Fig. 1i.

Data availability

The atomic models generated from X-ray crystallographic studies of the C102-RBD
complex, C102 Fab, C002 Fab, C110 Fab, C121 Fab and C135 Fab have been deposited at
the Protein Data Bank (PDB) under accession
codes 7K8M, 7K8N, 7K80, 7K8P, 7K8Q and 7K8&R, respectively. The atomic models and
cryo-EM maps generated from cryo-EM studies of the C002—S 2P (state 1), C002—S 2P (state
2), C104-S 2P, C110-S 2P, C119-S 2P, C121-S 2P (state 1), C121-S 2P (state 2), C135-S
2P and C144-S 6P complexes have been deposited at the PDB and the Electron Microscopy
Data Bank (EMDB) under the following accession codes:
PDB 7K8S, 7K8T, 7K8U, 7K8V, 7K8W, 7K8X, 7K8Y, 7K8Z and 7K90; EMD EMD-
22729, EMD-22730, EMD-22731, EMD-22372, EMD-22733, EMD-22734, EMD-

22735, EMD-22736 and EMD-22737.
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Extended Data Figures and Tables
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Extended Data Fig. 1 X-ray structure and epitope mapping of VH3-53 NAb C102. a,
X-ray structure of the C102 Fab—RBDs331-518 complex. b, C102 CDR loops mapped on the
RBD surface. ¢, Surface representation of C102 epitope coloured by C102 heavy chain (dark
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green) and light chain (light green) interactions. d, e, CDRH1, CDRH2 (d) and CDRH3
(e) interactions with RBD residues. Potential hydrogen-bond contacts are illustrated as
dashed lines. f, Left, overlay of C102—RBD crystal structure (cartoon) with C105-S trimer
cryoEM density (PDB 6XCM, EMD-22127) illustrating conserved binding to RBD epitope
in an up conformation. Right, the C102 epitope is sterically occluded when aligned to a down
RBD conformation (red and yellow star). SARS-CoV-2 S domains are dark grey (S2 domain)
and light grey (S1 domain); the C105 Fab is yellow-green. g, Alignment of selected CDRH3
sequences for VH3-53- or VH3-66-encoded SARS-CoV-2 neutralizing antibodies (IMGT
definition®?). h, Overlay of NAb COVA2-39 Fab*® (lime green and lemon, from COVA2-
39-RBD structure, PDB 7JMP) and C144 Fab (blue, from C144-S structure) aligned on a
RBDa of C144 epitope. COVA2-39 adopts a distinct conformation relative to the C102-
like VH3-53-encoded short CDRH3 NAD class and to C144, recognizing its RBD epitope
only in an up RBD conformations owing to steric clashes (red and yellow star) with the
N343-associated glycan on the adjacent RBD. i, Polyreactivity assay. IgGs were evaluated
for binding to baculovirus extracts to assess non-specific binding. Polyreactive positive
control IgGs were NIH45-46, 45-46954W and 45-46m2. Negative controls were bovine serum
albumin (BSA) and IgGs N6 and 3BNC117. Relative light unit (RLU) values are presented
as the mean and s.d. of triplicate measurements (n = 3 biological replicates) with results for
individual experiments shown as circles.
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Extended Data Fig. 2 Overview of VH3-53/VH3-66-encoded human NAD structures.
a, Superimposition of VH and VL domains of C102 with other VH3-53- or VH3-66-encoded
NAbs (top) and root mean square deviation (r.m.s.d.) calculations (bottom). b, Buried surface
area comparisons for the indicated Fab—RBD structures. Buried surface areas were calculated
using PDBePISA% and a 1.4 A probe. ¢, d, Heavy-chain buried surface areas of anti-SARS-
CoV-2 antibodies plotted as CDRH1 (IMGT residues 27-38) plus CDRH2 (residues 56—
67*) versus CDRH3 (residues 105-117) (¢), and V gene segment region (residues 1-105)
versus CDRH3 (residues 106*—117) (d, asterisk indicates differences from IMGT
definition). Blue data points represent 501 human antibodies complexed with protein
antigens. IMGT-numbered structures (resolutions of 3.5 A or better) were downloaded from
the Structural Antibody Database (SAbDab)’® and buried surface area were calculated using
PISA®. Buried surface areas from antibody structures with identical or near-identical heavy
chain sequences were averaged to give a single point on the graph.



258

1Y
(=2

C144-S 6P

-
o

T
No Mask (3.94)
Spherical (3.74)
Loose (3.44)
Tight (3.24)

— Corrected (3.24)

o
©
-

o
(o))
T

Fourier Shell Correlation
o
»

o
\S)
T

FSC=0.143

. A £0a ot Lo P Local Resolution (A
7.5 3.8 2.5 1.9
Resolution (A)

25 32 39 46 55

C002-S State 1

1.0
: o '::i:l““%“y)
0.8  Soese 3k
—— Tight (3.44)
o 6 |~ Corrected (3.44)
< 0.
o
& 0.4
o2
Sl VORI~ T Y N
© o
3 7.2 3.6 2.4 1.8
# 10 C002-S State 2
5 A
g 0.8 — 1L-.gm (3.84)
E 0 6 |~ Corrected (3.84)
0.4
0.2 NN\
0 72 36 4 18
Resolution (A)
g h i
C121-S State 1
1.0 —  No Mask (4.44) 2
0.8 = T oo ~
’ Z Tomecred (360) \ §
8 0.6 ‘2'
o 204 2
: £02 %
Y S 4 SN\ 8
s ¢ T 7.4 3.7 25 1.8 -
: SRR Xt D0 C121-S State 2
& = et
508 = Tomiesh
e 06 — Corrected (4.44)

0.4
EEDR -
0 N

7.5 3.8 2.5 1.9
Resolution (A)

Local Resolution (A)

Extended Data Fig. 3 Cryo-EM data processing and validation for C144-S, C002-S
and C121-S complexes. a—i, Representative micrograph selected from total dataset
(Supplementary Table 2), 2D class averages, gold-standard Fourier shell correlation (FSC)
plots, and local resolution estimations for C144-S 6P (a—c), C002—S 2P (d—f) and C121-S
2P (g—i). Scale bars, 100 nm. For the C002—S dataset, two classes were resolved: state 1,
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C002 Fabs bound to three down RBDs, and state 2, C002 Fabs bound to two down and
one up RBD. For the C121-S 2P dataset, two classes were resolved: state 1, C121 Fabs bound
to two down and one up RBD and state 2, C121 Fabs bound to one down, two up RBDs.
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Extended Data Fig. 4 Cryo-EM processing, validation and reconstruction for C119-
S and C104-S complexes. a, 3.6 A cryo-EM reconstruction for a C119-S trimer complex. b,
3.7 A cryo-EM reconstruction for a C104-S trimer complex. Representative micrograph
selected from the total dataset (Supplementary Table 2), 2D class averages, gold-standard
FSC plot, and local resolution estimation for C119—S2P (c—e) and C104-S (f-h). Scale bars,
100 nm. Both complexes revealed binding of Fabs to both down and up RBD
conformations. i-n, Somatic hypermutations in heavy- and light-chain V gene segments for
C002 (i), C121 (j), C119 (k), C144 (1), C102 (m) and C135 (n) are shown as spheres on the
antibody VH and VL domains (ribbon representations). The primary RBD epitope is shown
as a light grey surface; secondary RBD epitope for C144 is in dark grey.
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Extended Data Fig. 5 Primary and secondary epitopes of class 2 human NAbs. a—c,
Primary epitopes for C002 (a), C121 (b), and C119 (¢) on down RBD. A secondary epitope
is observed if a Fab is bound to an adjacent up RBD for these NAbs. Antibody paratopes are
represented as cartoons. A similar interaction in the C104-S structure is not shown owing to
low local resolution on the up RBD. d—g, Primary epitopes for C119 (d), C104 (e), P2B-2F6
(f; PDB 7BWJ), and BD23 (g; PDB 7BYR). The existence of secondary epitopes for P2B-
2F6 and BD23 cannot be determined because the P2B-2F6 epitope was determined from a
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crystal structure with an RBD?’, and the BD23-S cryo-EM structure showed only one
bound Fab'®. h, Measurement of Ca. distance between the C termini of adjacent C121 CHI
domains (residue 222 of the heavy chain on each Fab). Measurements of this type were used
to evaluate whether intra-spike crosslinking by an IgG binding to a single spike trimer was
possible for human NAbs in Extended Data Table 1.
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Extended Data Fig. 6 Cryo-EM structure of C110—S complex and epitope mapping. a,
3.8 A cryo-EM reconstruction of the C110-S trimer complex. b, Composite model of C110—
RBD (purple and grey, respectively) overlaid with the SARS-CoV-2 NAb REGN-10987
(yellow, PDB 6XDG) and soluble ACE2 (green, PDB 6M0J). Model was generated by
aligning structures on 188 RBD Ca atoms. ¢—f, Surface representation of RBD epitopes for
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C135 (blue) (¢), S309 (brown, PDB 6WSP) (d), C110 (purple) (e) and REGN-10987
(yellow, PDB 6XDG) (f). Given the low resolution of the antibody—RBD interface, epitopes
were assigned by selection of any RBD residue within 7 A of any antibody Ca atom.
Mutation sites found in sequence isolates* (green) and in laboratory selection assays* (red)
are shown. Representative micrograph selected from total dataset (Supplementary Table 2),
2D class averages, gold-standard FSC plot, and local resolution estimation for C135-S 2P
(g—i) and C110-S 2P (j-1). Scale bars, 100 nm. Both complexes revealed binding of Fabs to
both two-down and one-up RBD conformations.
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Extended Data Fig. 7 Possibilities for simultaneous engagement of C144 and C135
on spikes with different combinations of up and down RBDs. Modelling of C144 (light
blue) and C135 (dark blue) VH-VL domains on different RBD conformations. Steric clashes
are shown as a red and yellow star.
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Extended Data Fig. 8 SPR binding data for NAbs. a—c¢, Kinetic and equilibrium constants
for binding to unaltered RBD (indicated as wild type, wt) and mutant RBDs are shown in
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tables beside structures of a representative NAb—RBD complex for each class. Residues
that were mutated are highlighted as coloured side chains on a grey RBD surface. Antibody
VH-VL domains are shown as cartoons. Kinetic and equilibrium constants for NAbs that
contact adjacent RBDs on the S trimer (C144, C002, C119 and C121) do not account for
contacts to a secondary RBD because binding was assayed by injected monomeric RBDs
over immobilized IgGs. Asterisk indicates kinetic constants determined from a two-state
binding model.
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Extended Data Fig. 9 Summary of NAbs. a, Structural depiction of a representative NAb
from each class binding its RBD epitope. b, Composite model illustrating non-overlapping
epitopes of NAbs from each class bound to a RBD monomer. ¢, Epitopes for SARS-CoV-2
NAbs. RBD residues involved in ACE2 binding are boxed in green. Diamonds represent
RBD residues contacted by the indicated antibody.
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Potential

IGHV CDRH3 IGLV CDRL3 IgG intra- Contacts

(# of aa length (#of aa length ICsy/ICq spike  adjacent
Antibody  Reference SHM) (aa)* SHM) (aa)*  (ng/mL)} binding§ RBD Structural Information
Class 1: Blocks ACE2, accessibility of RBD epitope only in "up" conformation
C102 this study VH3-53 (2) 1" VK3-20 (0) 9 34/143 7? 7? 3.0 AFab-RBD
C105 Barnes, etal?® VH3-53 (0) 12 VL2-8 (1) 1 26.1/134 Yes No 3.4 AFab-S. PDB 6XCM
B38 Wu, et al.?® VH3-53 (1) 9 VK1-9 (2) 10 117/ NA ??7? ?7?? 1.8 A Fab-RBD, PDB 7BZ5
CC12.3 Yuan, et al.*° VH3-53 (3) 12 VK3-20 (1) 9 20/NA 7? 7?? 2.9 A. Fab-RBD, PDB 6XC7
C002 this study VH3-30 (1) 17 VK1-39 (1) 9 8.9/37.6 Yes Yes 3.4 AFab-S
C104 this study VH4-34 (6) 17 VK3-20 (3) 9 23.3/140 Yes Yes 3.7AFab-S
C119 this study VH1-46 (1) 20 VL2-14 (3) 1" 9.1/97.8 Yes Yes 3.5AFab-S
Cc121 this study VH1-2 (2) 22 VL2-23 (0) 10 6.7/22.3 Yes Yes 36AFab-S
C144 this study VH3-53 (3) 25 VL2-14 (1) 10 6.9/29.7 Yes Yes 3.3 AFab-S
COVA2-39 Wu, et al.®® VH3-53 (3) 17 VL2-23 (1) 10 36/ NA 7?? 7?? 1.7 AFab-RBD, PDB 7JMP
5A6 Wang, et al.*! 75.5/NA Yes Yes  24AFab-S
P2B-2F6 Ju, etal? VH4-38"02 (2) 20 VL2-8 (0) 10 50/ NA aad ?2?7? 2.9 A Fab-RBD, PDB 7BWJ
Ab2-4 Liu, et al.”® VH1-2 (3) 15 VL2-8 (0) 10 394 /NA Yes No 3.2 AFab-S, PDB 6XEY
BD23 Cao, etal.”® VH7-4*02 (0) 19 VK1-5"03 (0) 9 4800/ NA No No 3.8 AFab-S, PDB 7BYR
C135 this study VH3-30 (4) 12 VK1-5 (3) 9 16.6/48.9 No No 3.5AFab-S
S309 Pinto, et al.** VH1-18 (6) 20 VK3-20 (3) 8 79* INA No No 3.1 AFab-S, PDB 6WPS
C110 this study VH5-51 (2) 21 VK1-5 (3) 9 184/77.3 No No 3.8AFab-S
REGN10987 Hansen, etal® VH3-30 (4) 13 VL2-14 (6) 10 6.1/NA 7?? 7? 3.9 AFab-RBD, PDB 6XDG
CR3022 Yuan, et al.® VH5-51 (8) 12 VK4-1 (3) 9 >10,000 / NA 7?? 7?? 3.1 AFab-RBD, PDB 6W41
COV1-16 Liu, et al.% VH1-46 (1) 20 VK1-33 (3) 10 130/ NA 7?? 7?? 2.9 AFab-RBD
EYBA Zhou, et al.” VH3-30*18 (3) 14 VK1-39 (0) 10  70-20,000**/ NA No Yes 3.7 AFab-S, PDB 6ZDH
S304 Pinto, etal®*  VH3-13 (5) 14 VK1-39 (6) 10 >5,000 / NA No Yes 4.3 AFab-S, PDB 7JW0
S2A4 Piccoli, etal.”  VH3-7 (2) ? VL2-23 (0) ? 3,500 /NA No Yes 3.3 AFab-S, PDB 7JVC

Extended Data Table 1. Classification and structural properties of SARS-CoV-2 RBD-

specific antibodies.
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C102
SARS-CoV-2 RBD C102 Fab C002 Fab C110 Fab C121 Fab C135 Fab

PDB ID TK8M TK8N 7K80 7K8P 7K8Q 7K8R
Data collection™”
Space group P2,2,2, P6522 P3,.21 P2 P6,22 P4,
Cell Dimenstions

a, b, c(A) 54.6,89.3,175.1 88.8, 88.8, 218.9 92.3,92.3,130.9 48.5,62.7,78.4 71.3,71.3,404.8 102.3,102.3,53.3

a B,y () 90, 90, 90 90, 90, 120 90, 90, 120 90, 97.5, 90 90, 90, 120 90, 90, 90
Resolution (A) 48.85-3.2(3.31-3.20)  37.9-1.65(1.71-1.65)  34.1-1.95(2.02-1.95) 38.7-1.80(1.86-1.80)  39.1-2.0 (2.05-2.0) 45.7-2.0 (2.07 -2.0)
Rierge (%) 16.0 (44.5) 9.58 (148) 7.06 (176) 8.7(107) 58.1(136) 8.49 (213)
Ry (%) 6.8 (19.9) 227(334) 236 (59.0) 4.1(81.9) 11.4 (81) 3.50 (88.9)
CCyx (%) 98.7 (90.3) 99.8 (80.7) 99.9 (88.7) 99.6 (78.2) 99.5(24.8) 99.9 (68.4)
<I/ol> 6.1 (0.86) 15.3(1.6) 13.5(1.11) 7.7(2.0) 8.4 (0.6) 10.5 (0.76)
Completeness (%) 99.7 (99.5) 100 (100) 99.3(99.5) 98.8(99.2) 99.2(97.7) 99.4 (98.4)
Redundancy 6.5 (6.0) 19.2(19.3) 10.0 (9.9) 4.7(2.0) 26.3(26.8) 6.8 (6.6)
Wilson B -factor 77.8 285 48.6 238 443 52.6
Refinement and Validation
Resolution (A) 489-32 37.9-1.65 34.1-1.95 38.9-1.80 364-20 45.7-2.0
Unique Reflections 14,722 (1413) 62,121 (6095) 47459 (4652) 42,891 (4.284) 42,233 (2,989) 37,324 (3071)
Number of atoms

Protein 4,731 3,256 3,337 3,345 3,269 3,315

Ligand 14 58 53 n/a 14 18

Waters 0 101 63 172 12 30
Ryoi/Ryree (%) 17.6/23.4 19.7/20.7 20.4123.7 20.9/23.4 20.7/23.9 19.5123.7
R.mss. deviations

Bond lengths (A) 0.005 0.015 0.005 0.01 0.005 0.013

Bond angles (*) 0.73 148 0.72 1.1 0.7 1.17
Poor rotamers (%) 0.76 0.82 1.84 0 0.8 1.60
Ramachandran plot

Favored (%) 935 98.3 97.9 97.9 97.5 96.5

Allowed (%) 6.3 1.7 2.1 21 25 35

Disallowed (%) 0.2 0 0 0 0 0
Average B-factor (A) 73.3 41.5 72.14 32.8 535 59.9

“For each structure reported, data were derived from a single crystal.

"Numbers in

d to the highest ion shell

Supplementary Table 1. X-ray Crystallography Data Collection and Refinement Statistics.
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Table 2. cryo-EM and refinement statistics.
oz co02 C104 cro cne 2 cz c13s Cl44
SARS-CoV-2S82P SARS-CoV-2S2P SARS-CoV-282P SARS-CoV-2S2P SARS-CoV-282P SARS-CoV-2S82P SARS-CoV-2S2P SARSCoV-282P SARS-CoV-2S 6P
(state 1) (state 2) (open state) (open state) (open state) (state 1) (state 2) (open state) (closed state)
PDB TKSS TRST TRSU TKSV TKEW TKSX TKSY TRNZ 7K90
EMD nmn9 2730 2731 2132 2733 2734 2738 22736 02737
Data collection conditions
Microscope Titan Krios Titan Krios Titan Krios Tian Krios Titan Krios Titan Krios Titan Krios Titan Krios Talos Arctica
Camera Gatan K3 Summit Gatan K3 Summit Gatan K3 Summit Gatan K3 Summit Gatan K3 Summit Gatan K3 Summit Gatan K3 Summit Gatn K3 Summit Gatan K3 Summit
Magnification 105.000x 105,000x 105,000x 105.000x 105,000x 105,000x 105.000x 105,000x 45,000x
Voluge (kV) 300 300 300 300 300 300 300 300 200
Recording mode counting counting counting counting counting counting counting counting counting
Dose rate (¢”/pixel's) 21 21 231 21 21 231 21 25 15.28
Electron dose (¢7A%) 60 60 61 60 60 60 60
Defocus range (jm) 10-25 10-25 10-26 10-25 0-25 10-25 10-25 1
Pixel size (A) 0836 0836 0836 0836 0836 0836 0836
Micrographs collected 347 347 3383 3626 5481 5481
Micrographs used 3,108 3,108 2,668 3,069 367 3671
Tol extracted particles 1,691,930 1,691,930 1181957 1381582 892,954 892,954
Refined particles 51915 49238 40,469 140378 40489 14999
Symmetry imposed cl cl cl cl cl cl
Nominal Map Resolution (A)
FSC 0.143 (unmasked masked) 4454 4604 6637 5338 4436 4456 8444 3932
FSC 0.143 local (unmasked/masked) 5837 6558 7443 8241 7237 7839 10256 7937
Refinement and Validation
Initial model used 6VXX 6VYB 6VYB 6VYB 6VYB 6VYB 6VYB 6VYB 6XKL
Number of atoms
Protcin 28865 28871 23,852 25365 25,662 27399 25,098 23,436 28466
Ligand 795 79 671 649 837 357 262 789 627
MapCC (globallocal) 0.830.82 0860.81 0.86/0.82 0.800.72 0740.73 078074 0.7900.78 081082 080.77
Map sharpening B-factor 88 7.1 1351 9584 0.7 s8.1 424 7.4 669
Ram.s. deviations
Bond lengths (A) 001 001 0.01 001 001 0003 0.002 0.006 0.003
Bond angles (') 081 09 084 081 1 0.6 05 08 06
MolProbity score 256 214 227 233 246 206 2 23 237
Chashscore (all atom) 165 152 189 197 181 n2 209 163 9.7
Poor rotmers (%) 0 0 0 21 24 24 0 02 13
Ramachandran plot
Favored (%) 926 929 9.7 959 9.7 9.7 971 872 9
Allowed (%) 69 65 83 41 63 32 27 124 56
B 05 06 0 0 0 01 02 04 04

Supplementary Table 2. Cryo-EM Data Collection and Refinement Statistics.





