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SUMMARY
Understanding the specificities of human serum antibodies that broadly neutralize HIV can inform prevention
and treatment strategies. Here, we describe a deepmutational scanning system that canmeasure the effects
of combinations of mutations to HIV envelope (Env) on neutralization by antibodies and polyclonal serum.We
first show that this system can accurately map how all functionally tolerated mutations to Env affect neutral-
ization by monoclonal antibodies. We then comprehensively map Env mutations that affect neutralization by
a set of human polyclonal sera that neutralize diverse strains of HIV and target the site engaging the host re-
ceptor CD4. The neutralizing activities of these sera target different epitopes, with most sera having speci-
ficities reminiscent of individual characterized monoclonal antibodies, but one serum targeting two epitopes
within the CD4-binding site. Mapping the specificity of the neutralizing activity in polyclonal human serumwill
aid in assessing anti-HIV immune responses to inform prevention strategies.
INTRODUCTION

Efforts to create an HIV vaccine have been stymied in part by the

rapid and continuing diversification of the virus’s envelope (Env)

protein.1,2 However, some individuals with HIV do naturally

develop polyclonal serum antibody responses to Env that

broadly neutralize many viral strains.3–5 Much progress has

been made characterizing individual broadly neutralizing anti-

bodies. However, individual antibodies do not always recapitu-

late the neutralizing activity of the serum of the individuals from

whom they were isolated.6–9

Mapping the specificity of polyclonal neutralizing serum anti-

bodies ismore difficult than characterizing individual monoclonal

antibodies. One important advance has been the development

of electron microscopy-based polyclonal epitope mapping (em-

PEM)methods to visualize howmultiple different serum antibody

Fabs bind to Env.10–12 However, this approach characterizes

binding rather than neutralizing specificity, and onemajor finding

from emPEM is that many serum antibodies bind non-neutral-
1200 Cell Host & Microbe 31, 1200–1215, July 12, 2023 ª 2023 The A
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izing epitopes.10–13 Fingerprinting approaches can define

neutralizing epitopes but do not provide mutation-level speci-

ficity and require making measurements for large virus

panels.14,15 Deep mutational scanning can map Env mutations

that escape antibody neutralization.13,16–19 However, existing

HIV deep mutational scanning work has used approaches that

are only able to look at the effects of individual mutations, which

is a limitation when trying to map polyclonal serum antibodies

that may target multiple epitopes.13

Precisely mapping neutralizing specificities and escape muta-

tions is especially challenging for antibodies that target the CD4-

binding site. Such antibodies recognize conserved Env residues

while typically avoiding steric clashes with glycans rather than

depending on them for neutralization, unlike antibodies targeting

other epitopes such as the V1/V2 loops or V3 loop.3,4 As a result,

CD4-binding-site-targeting antibodies can have near pan-HIV

neutralization breadth and high potency despite sequence

and glycan heterogeneity across strains of HIV3–5 and are there-

fore promising candidates for treatment and prophylaxis
uthor(s). Published by Elsevier Inc.
commons.org/licenses/by/4.0/).
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strategies.5,20,21 But the higher conservation of their epitopes

can also make it more difficult to map escape mutations for

such antibodies.17

Here, we use an improved deep mutational scanning system

to measure howmutations affect the neutralization of Env by hu-

man anti-HIV sera that target the CD4-binding site. This system

can measure the effects of combinations of mutations, enabling

quantitative deconvolution of how mutations mediate escape at

distinct antibody epitopes.22 We find that several sera have

neutralizing activities that resemble monoclonal antibodies, but

one serum has neutralizing activity targeting two distinct epi-

topes. These maps shed light on the specificity of human serum

that can broadly neutralize many HIV strains. In addition, the

method we employ could be used in the future to evaluate and

compare the neutralizing specificities of anti-HIV sera elicited

by different vaccine regimens.

RESULTS

Single-round replicative lentivirus deep mutational
scanning platform for HIV Env
We recently described a deep mutational scanning platform

based on a single-round replicative lentivirus that does not

encode any viral genes except for the viral entry protein,23 which

is Env in this study. This platform enables the creation of large li-

braries of single-round replicative lentiviruses with a genotype-

phenotype link between barcodes in the lentivirus genomes

and the entry proteins on the surfaces of virions (Figures 1A

and 1B). Key aspects of this platform include encoding viral entry

protein mutants in lentivirus genomes with random nucleotide

barcodes and using a lentivirus genome with a full 30 long termi-

nal repeat (LTR) that can be reactivated after infection23–25 (Fig-

ure 1A). Creation of the mutant libraries involves a two-step pro-

cess of first integrating lentivirus genomes into cells at just one

copy per cell, and then generating mutant virus libraries with a

genotype-phenotype link (Figure 1B). PacBio sequencing is

used to link Env mutants with their nucleotide barcodes, and

later experiments use short read Illumina sequencing of the barc-

odes to measure mutant frequencies.

Env mutant library design and generation
Our libraries used Env from the transmitted/founder virus

BF520.W14M.C226,27 (referred to hereafter as BF520). We chose

this Env for several reasons. First, because it is from a trans-

mitted/founder virus, it is particularly relevant for antibody

neutralization studies.6,27,28 Second, the BF520 Env yielded

high titers in our lentiviral deep mutational scanning platform

(Figure S1). Third, our lab has previously performed deep muta-

tional scanning of the BF520 Env using full-length replicative HIV

libraries in a prior system that did not enable analysis of multiply

mutated Env mutants,16,29 thereby providing comparator data to

benchmark this study.

A goal of our experiments is to map escape from polyclonal

serum antibodies, as well as monoclonal antibodies. Because

polyclonal serum is composed of multiple antibodies that can

target different epitopes,30–32 mapping escape from serum re-

quires libraries that contain Envs with mutations in multiple epi-

topes.22 However, about half of all possible amino-acidmutations

to proteins are highly deleterious;29,33–35 therefore, a library of
multiply mutated Envs with random mutations would contain a

high fraction of non-functional proteins. Therefore, we designed

the libraries to exclude most highly deleterious mutations. We

also mutagenized only the Env ectodomain (and not the signal

peptide, transmembrane domain, and cytoplasmic tail), because

neutralizing antibodies always bind the ectodomain.

To design libraries containing mostly functional Env mutants,

we drew on two sources of information. The first source of infor-

mation was prior deep mutational scanning data for BF520 Env

generated using full-length replicative HIV virions in a system

that could only measure the average effect of mutations across

different genetic backgrounds.16,29 We used data from this prior

deep mutational scanning to identify well-tolerated mutations

(Figure 2A, left panel). The second source of information was

an alignment of group M HIV-1 sequences,36 which we used to

identify any mutations relative to BF520 present more than

once in natural sequences (Figure 2A, middle panel). Our library

design included the 7110 amino-acid mutations in the BF520 ec-

todomain that were either tolerated in the prior deep mutational

scanning or present multiple times in the natural sequence align-

ment (Figure 2A, right panel). We created these Env libraries us-

ing a previously described PCRmutagenesis approach modified

to target these specific mutations.23,37

We generated two independent Env mutant libraries to

perform the deep mutational scanning in biological duplicate.

PacBio sequencing showed that each library had �2.5 nonsy-

nonymous mutations per Env mutant, which are linked via the

barcode and so can be evaluated in combination (Figure 1A).

There was a low frequency of synonymous mutations, stop co-

dons, and in-frame deletions (Figure 2B). Overall, �84% of

the mutations were among the 7,110 mutations targeted in our

library design. Each library contained �40,000 barcoded mu-

tants, and together the two libraries sampled �97% of the tar-

geted mutations (Figure 2C).

Effects of mutations on Env-mediated viral entry
To measure howmutations affected the ability of Env to mediate

viral infection in cell culture, we generated libraries pseudotyped

with just the Envmutants or also pseudotypedwith vesicular sto-

matitis virus G protein (VSV-G) (Figure 1B). We then used these

libraries to infect TZM-bl cells,38–40 which express Env’s primary

receptor (CD4) and co-receptors (CCR5 and CXCR4). We

sequenced the barcodes of virions that infected cells in each

condition: all virions are expected to infect cells when VSV-G is

present, but only virions with functional Envs will infect cells in

the absence of VSV-G. Each barcoded Env variant was assigned

a functional score calculated as the log of the ratio of the fre-

quency of that variant (relative to unmutated BF520 Env) in the

Env versus VSV-G mediated infections. Negative functional

scores indicate an Env mutant is worse at infecting cells than un-

mutated BF520 Env, whereas positive functional scores indicate

it is better at infecting cells.

As expected, Env mutants with only synonymous mutations

have ‘‘wild-type-like’’ functional scores of near zero, whereas

mutants with stop codons generally have highly negative func-

tional scores (Figure 2D). Most mutants in the libraries with

only one nonsynonymous mutation have functional scores close

to zero, suggesting that our library design largely incorporated

functionally tolerated mutations as intended. Env mutants with
Cell Host & Microbe 31, 1200–1215, July 12, 2023 1201



Figure 1. Lentivirus platform for deep mutational scanning

(A) The lentivirus genome used for deepmutational scanning. The genome contains the full 50 and 30 LTR sequences, including the U3 sequence usually deleted in

the 30 LTR. Env is under control of an inducible TRE3G promoter and followed by a 16N random nucleotide barcode. A CMV promoter drives ZsGreen and

puromycin resistance (PuR) expression.

(B) Approach for generating genotype-phenotype linked variant libraries. Lentivirus genomes carrying barcoded Env mutants are transfected into 293T cells

alongside plasmids expressing the lentiviral proteins necessary for creating single-cycle infectious virions and VSV-G. The resulting VSV-G pseudotyped viruses

are used to infect 293T-rtTA cells at a low multiplicity of infection, such that most infected cells receive just one viral genome. Infected cells are enriched via

puromycin selection, and genotype-phenotype-linked Env-expressing virus variant libraries are generated by inducing Env expression with doxycycline and

transfecting plasmids encoding the lentivirus genes. The virus variant libraries are also generated separately with VSV-G, and these VSV-G pseudotyped viruses

can infect cells regardless of whether or not they have a functional Env and so can be used to readout the library composition.
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multiple nonsynonymous mutations more often have substan-

tially negative functional scores, as expected from the accumu-

lation of multiple sometimes deleterious mutations (Figure 2D).

To estimate the effect of each individual mutation on viral entry,

we fit global epistasis models to the functional scores.41,42 The ef-

fects of mutations on Env-mediated viral entry are shown at

https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_

sera/muteffects_observed_heatmap.html in an interactive heat-

map. Mutations found more often among natural sequences

tend to have more favorable effects in our experiments than mu-

tations only found rarely among natural sequences (Figure 2E),

suggesting that mutations that are favorable for viral entry in our

experiments are generally also favorable during natural HIV

evolution.
1202 Cell Host & Microbe 31, 1200–1215, July 12, 2023
Accurate mapping of effects of Env mutations on
antibody neutralization
We next used the deep mutational scanning platform to map

how Env mutations affect antibody neutralization. As a first

proof-of-principle, we mapped mutational escape from neutral-

ization by the well-characterized broadly neutralizing antibody

PGT151.43 To directly quantify how mutations affected neutrali-

zation, we included a non-neutralized ‘‘standard’’ virus pseudo-

typed with VSV-G to enable conversion of relative sequencing

counts to absolute neutralization measurements.23 To estimate

the effects of individual mutations from our library measure-

ments (which include both singly and multiply mutated Envs),

we fit a biophysical model in which antibody neutralization at

each epitope has a Hill-curve dependence on antibody

https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/muteffects_observed_heatmap.html
https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/muteffects_observed_heatmap.html
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concentration and mutations within a given epitope have addi-

tive effects on antibody affinity.22 This model, which is imple-

mented in the polyclonal software (https://jbloomlab.github.io/

polyclonal/), utilizes information from both singly and multiply

mutated Env variants under realistic assumptions about how

mutations combine to escape antibody binding.

Our mapping showed that PGT151 is escaped by mutations in

the fusion peptide or affecting N-linked glycans recognized by

PGT151 (Figures 3A and 3B and interactive escape maps linked

in figure legend). In particular, PGT151 is strongly escaped by

any mutations knocking out the N611 glycan, specific mutations

at the N637 glycan, mutations to positively charged residues at

sites around the N637 glycan, mutations at sites 647 and 648,

and mutations at sites 512 and 514 in the fusion peptide (Fig-

ure 3A and 3B). We also mapped lower magnitude escape at

sites 537–543. All thesemutations are in or near the binding foot-

print of PGT15144 (Figure 3C).

The escape predicted by our deep mutational scanning was

highly correlated with IC50s measured in previously performed

TZM-bl neutralization assays16 (Figure 3D). The correlation

with neutralization IC50s was substantially better for our

current deep mutational scanning than an earlier approach

that used libraries of HIV virions in a system in which it was not

possible to measure multiple mutations or absolute neutraliza-

tion16 (Figures 3D and 3E).

Broadly neutralizing anti-HIV sera
We assembled a set of sera from individuals with HIV to test if we

could map neutralizing specificities in a polyclonal context.17 We

chose sera based on their ability to broadly neutralize a global

HIV panel45 and potently neutralize BF520 pseudovirus. Based

on these criteria, we chose four sera collected from individuals

in Germany living with HIV: two with clade B viruses and two

with clade D viruses (Figures S2A and S2B). Based on the f61

neutralization fingerprinting panel,14 these sera were predicted

to be primarily VRC01 like, meaning they target the CD4-binding

site (Figure S2C). Note that all the sera in our study target the

CD4-binding site because we chose broad sera that neutralized

BF520 (which is relatively resistant to V3 antibodies6); neutral-

izing human anti-HIV sera can target other epitopes.14,46,47

Importantly, we used purified IgGs from these sera for our exper-

iments, because antiretroviral drugs present in the sera could

interfere with our lentiviral-based assays.

Neutralization escape maps of serum IDC561 and its
constituent antibody 1–18 are similar
We first analyzed serum IDC561, which was collected from the

same individual from whom the broadly neutralizing antibody
Figure 2. Mutant library design and functional effects of mutations

(A) Choice of targeted mutations based on measured effects in prior deep mutatio

previously measured mutation effects are shown for all mutations to BF520 (black)

are mutations well tolerated in the prior deep mutational scanning,29 mutations

Mutations in the union of the two sets were designed into our libraries.

(B) Average codon mutations per Env mutant, separated by type of codon mutat

(C) Total number of barcoded Env mutants in each library, along with the numbers

these mutants.

(D) Distributions of functional scoresmeasured in our deepmutational scanning acro

Negative functional scores indicate impaired Env-mediated infection relative to un

(E) Distributions of mutation effects versus how often that mutation is found in na
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1–18 was isolated.17 The antibody was isolated from B cells

from the same blood draw date as the serum we used, suggest-

ing antibody 1–18 is likely present in the serum. We mapped

escape from neutralization by antibody 1–18 alongside the

serum in order to compare the escape maps. It has been previ-

ously reported that 1–18 and purified IgGs from IDC561 display

similar neutralization of a panel of viral strains and mutants, sug-

gesting that neutralization by serum IDC561 is dominated by 1–

18.17 We therefore hypothesized that the neutralization escape

map of serum IDC561 might resemble that of 1–18.

The maps for serum IDC561 and antibody 1–18 generally

show neutralization escape at the same sites in Env, although

the relative magnitude differs between the serum and antibody

(Figure 4 and interactive escape maps linked in figure legend).

In particular, both the serum and antibody are escaped by muta-

tions around the V1/V2 loop, at b20/b21, and at the b23-V5-b24

structure (Figures 4A–4D). Around the V1/V2 loop, the greatest

escape from 1–18 is by mutations at site 198 in the middle of

the N197 glycosylationmotif (Figures 4A, 4B, and 4D) and bymu-

tations to sites 202, 203, and 206 (Figures 4A, 4B, and 4D).

IDC561 is also escaped by mutations at site 198, but mutations

at sites 202 and 203 causemore escape for the serum than for 1–

18, whereas there is less escape at site 206 for the serum than for

1–18 (Figures 4A, 4C, and 4D). At b20/b21, mutations at sites

428–430 escape both 1–18 and IDC561, but the magnitude of

this effect is lower for IDC561 than 1–18 (Figures 4A–4D). At

the b23-V5-b24 structure, mutations to sites 471, 474, and 476

escape 1–18, but only mutations at site 471 strongly escape

IDC561 (Figures 4A–4D).

The escape map for serum IDC561 was substantially more

similar to that of antibody 1–18 than another CD4 binding site

antibody, 3BNC117,48 as well as the fusion peptide/gp120-

gp41 interface-targeting antibody PGT151 (Figure 4E). This sim-

ilarity suggests that antibody 1–18, which was isolated from the

individual from which serum IDC561 was obtained, contributes

substantially to overall neutralization by this serum as suggested

by prior studies.17 However, the fact that the serum IDC561 map

does not entirely mirror that of 1–18 shows that other antibodies

or members of the same clonal family also contribute to serum

neutralization.

Escape maps of other sera show diverse patterns of
neutralization specificity
We next analyzed three more CD4-binding-site-targeting sera.

The first of these sera, IDC513, was most escaped by mutations

in loop D, similar to the well-characterized antibody 3BNC117

(Figure 5 and interactive escape maps linked in figure legend),

although that antibody was not isolated from this individual.
nal scanning29 and occurrences in natural HIV sequences. The distributions of

with highlighting of subsets of mutations (purple). From left to right, highlighted

found multiple times in natural sequences, and the union of these two sets.

ion.

of unique mutations and percentage of the intended mutations present across

ssEnvmutants, separatedby the types of codonmutations found in themutants.

mutated BF520 Env. Histograms are colored by mean functional score.

tural sequences. The distribution of stop codon effects is also shown.
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Figure 3. Neutralization escape map for antibody PGT151

(A) The top panel shows PGT151 escape across all sites in the BF520 Env ectodomain, and the bottom panel zooms into key sites. The y axis shows escape

summed across all mutations at each site. (B) Heatmap of effects of individual mutations at key sites of escape. Residues marked with X are wild-type residues in

BF520. Residues grayed out are not present in the variant libraries, typically because they are deleterious for Env function. See https://dms-vep.github.io/

HIV_Envelope_BF520_DMS_CD4bs_sera/PGT151_escape_plot.html for an interactive version of the site and mutation escape plots.

(C) Site escapemapped onto a structure of PGT151-bound Env, with red indicating siteswheremutations cause escape. Residueswithin 4 angstroms of antibody

PGT151 in the structure are outlined in black. Glycans are colored yellow. This visualization was generated using the structure of BG505DCT N332T (PDB 6MAR,

antibody PGT151 removed).

(D) Correlation of predicted fold-change in IC50 from the current deep mutational scanning versus fold change in IC50 as previously measured in TZM-bl

neutralization assays.16 Mutations are colored by themax neutralization plateau observed for that variant in TZM-bl neutralization assays using PGT151. Pearson

correlation coefficients were calculated on the fold changes on a linear scale. Note the fold change IC50 predicted by deep mutational scanning is calculated

using the full biophysical model fit to the data (see STAR Methods).

(E) Correlation of fold enrichment in prior HIV Env deep mutational scanning16 versus fold-change in IC50 for the same set of single mutants.
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Figure 4. Neutralization escape map for antibody 1–18 and purified IgGs from IDC561

(A) Escape at all sites in the BF520 Env ectodomain from antibody 1–18 and serum IDC561. Positive values represent sites where mutations cause escape on

average, whereas negative values represent sites where mutations enhance neutralization on average. See https://dms-vep.github.io/HIV_Envelope_BF520_

DMS_CD4bs_sera/1-18_escape_plot.html and https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/IDC561_escape_plot.html for interactive

versions of the escape maps for 1–18 and IDC561, respectively.

(B) Site escape from 1–18 mapped onto a structure of 1–18-bound Env. Residues within 4 angstroms of antibody 1–18 in the structure are outlined in black. This

visualization was generated using the structure of BG505.SOSIP.664 (PDB 6UDJ, antibodies 10–1074 and 1–18 removed).17

(C) Site escape from IDC561 mapped onto the same structure.

(D) Scatter plot of how mutations escape serum IDC561 versus antibody 1–18.

(E) Correlations of how mutations escape IDC561 versus antibodies 1–18, 3BNC117, or PGT151.
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Figure 5. Neutralization escape maps for antibody 3BNC117 and purified IgGs from IDC513

(A) Escape at all sites in BF520 Env ectodomain from antibody 3BNC117 and serum IDC513. See https://dms-vep.github.io/HIV_Envelope_BF520_DMS_

CD4bs_sera/3BNC117_escape_plot.html and https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/IDC513_escape_plot.html for interactive

versions of the escape maps for 3BNC117 and IDC513, respectively.

(B) Site escape from 3BNC117mapped onto a structure of 3BNC117-bound Env. Residues within 4 angstroms of antibody 3BNC117 in the structure are outlined

in black. This visualization was generated using the structure of BG505.SOSIP.664 along with antibody 3BNC117 (PDB 5V8M).51 (C) Site escape from IDC513

mapped onto the same structure.

(D) Scatter plot of how mutations escape serum IDC513 versus antibody 3BNC117.

(E) Correlations of how mutations escape IDC513 versus antibodies 1–18, 3BNC117, or PGT151.
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Both 3BNC117 and IDC513 are escaped by mutations in loop D,

particularly at site 281 (Figures 5A–5D). However, mutations at

sites 276 and 278, which knock out the N276 glycan, enhance

neutralization by both 3BNC117 and IDC513 (Figures 5A–5D).

These mutations also sensitize Env to neutralization by 1–18

and IDC561, but not to the same extent (Figure 4A). Mutations

at sites 456, 459, and 471 in the b23-V5-b24 structure also

escape both IDC513 and 3BNC117, and there is lower magni-

tude escape by mutations in and around the CD4 binding loop

and other variable loops (Figures 5A–5C). Overall the escape

map for IDC513 correlates better with 3BNC117 than 1–18

(Figures 5D and 5E). Because 3BNC117 and serum IDC513 are

from different individuals, neutralizing antibodies in serum

IDC513 must have convergently evolved to target similar sites

as antibody 3BNC117. Convergent evolution of broadly neutral-

izing HIV antibodies from the same heavy-chain genes has been

observed previously,48 although we do not know the genes en-

coding the neutralizing antibodies in serum IDC513. Note that ef-

forts to induce similar antibody specificities form the basis of

some vaccine strategies.49,50

In contrast to IDC513 and IDC561, the escape map of IDF033

reveals a dependence on the N276 glycan for neutralization

(Figures 6A and 6B, and interactive escape maps linked in the

figure legend). Mutations at sites 276 and 278 that ablate the

N276 glycan cause by far the greatest escape (Figures 6A and

6B). Other mutations in loop D, particularly at site 281, also

more weakly escape from IDF033 (Figures 6A and 6B). At the

b23-V5-b24 structure, mutations at sites 463 and 465 of the

N463 glycosylation motif enhance neutralization by IDF033, but

the mutation N463S causes escape by shifting the glycosylation

motif to N461 (Figures 6A and S3A). Other nearby sites also have

mutation-specific effects (Figure S3A). For example, at site

S460, only some of the amino-acid changes cause escape (Fig-

ure S3A). Note that the neutralization fingerprinting panel (Fig-

ure S2C) suggests serum IDF033 also has some V3-targeting ac-

tivity, but this is not apparent in our escape maps probably

because BF520 has a relatively high baseline resistance to V3

targeting antibodies.6

The escape map for the final serum, IDC508, revealed neutral-

ization escape at two distinct antibody epitopes (Figures 6A, 6C,

and 6D, and interactive escape maps linked in figure legend).

The existence of two epitopes was inferred by fitting the bio-

physical model22 to the deep mutational scanning measure-

ments and finding that escape in multiply mutated variants was

best explained by mutations affecting antibody binding at two

distinct regions. Note that the identification of two separate epi-

topes is crucially enabled by the ability of our deep mutational

scanning system to quantify escape by Envs with multiple

mutations.22

The first IDC508 epitope depends on the presence of the N276

glycan for neutralization and therefore is escaped by mutations

at sites 276 and 278, as well as other mutations in loop D, similar

to IDF033 (Figures 6A and 6C). Neutralization at this first epitope

is also escaped by mutations at the b23-V5-b24 structure, also

similar to IDF033 (Figures 6A–6C and S3B). The second

IDC508 epitope mapped mainly to sites around the V1/V2 loop

(Figures 6A and 6D). Mutations at site 198 cause escape from

neutralization at this second epitope, similar to 1–18 and

IDC561 (Figures 4A, 4C, 4D, 6A, and 6D). Mutations at sites
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201, 202, and 203 and in the V2 loop at sites 160–167 also

escape at the second epitope, again similar to IDC561

(Figures 4A, 6A, and 6D). Therefore, each of the two epitopes tar-

geted by the neutralizing activity of IDC508 resembled the

epitope targeted by another serum.

Deep mutational scanning escape maps validate in
neutralization assays
We validated the deep mutational scanning by performing pseu-

dovirus neutralization assays on single amino-acid mutants of

Env with a range of effects in the escape maps. The changes

in pseudovirus neutralization assay IC80’s correlated well with

the mutational effects predicted by the deep mutational scan-

ning for all four sera (Figures 7A and 7B).

The correlation between the deep mutational scanning and

neutralization assays was particularly good for strong escape

mutations. For every serum, the tested mutations predicted to

escape neutralization most strongly by the deep mutational

scanning, indeed, increased the neutralization assays IC80

(Figures 7A and 7B). The correlation was less consistent for mu-

tations that enhanced neutralization sensitivity rather than

escape. For instance, N276D for serum IDC561 caused greater

enhancement of neutralization sensitivity in the neutralization as-

says than predicted from the deep mutational scanning

(Figures 7A and 7B). The reduced accuracy of the deep muta-

tional scanning for identifying sensitizing mutations is probably

because the mapping experiments were performed at relatively

higher serum concentrations (typically exceeding the IC90 for

unmutated BF520), making them better suited to identify escape

rather than sensitizing mutations.

We also tested Env variants with combinations of mutations

in neutralization assays and again found a good correlation be-

tween the deep mutational scanning and neutralization assays

(Figures 7C and 7D). For instance, the deep mutational scan-

ning mapped IDC508 to have two epitopes, and pseudovirus

neutralization assays using combinations of mutations supports

this prediction (Figures 7C and 7D). Specifically, T198D is in

one epitope of IDC508, whereas N276D and G459D are in

the other epitope (Figure 6A)—and as predicted, N276D and

G459D each cause more escape when combined with T198D

(Figures 7C and 7D). Note, however, that the effects of these

combinations of mutations are complex because N276D has

some sensitizing effect on its own (Figures 7C and 7D). It could

be that N276D simultaneously causes sensitization to some an-

tibodies but escapes from others, which has been observed for

other broad HIV-neutralizing serum.7 The greatest escape from

IDC508 is caused by combining all three of T198D, N276D, and

G459D, suggesting that this combination escapes a substantial

fraction of the neutralizing antibodies in the serum (Figures 7C

and 7D).

For sera IDC513 and IDC561, the deep mutational scanning

predicted that combinations of mutations would not have sub-

stantially more escape than the single mutations with the highest

effect, and this validated in neutralization assays (Figures 7C and

7D). Deep mutational scanning mapped IDC513 and IDC561 to

each have one epitope (Figures 4A and 5A). As expected for

sera that target a single epitope, no combinations of mutations

caused higher fold change IC80 in neutralization assays than

the best escaping single mutations for IDC513 and IDC561



Figure 6. Neutralization escape maps for purified IgGs from IDF033 and IDC508

(A) Escape at all sites in BF520 Env ectodomain from serum IDF033 and serum IDC508. See https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/

IDF033_escape_plot.html and https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/IDC508_escape_plot.html for interactive versions of the

escape maps for IDF033 and IDC508, respectively.

(B) Site escape from IDF033 mapped onto a structure of Env. This visualization was generated using the structure of BG505.SOSIP.664 (PDB 6UDJ, antibodies

10–1074 and 1–18 removed).17

(C) Site escape from the first IDC508 epitope mapped onto the same structure.

(D) Site escape from the second IDC508 epitope mapped onto the same structure.
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(Figures 7C and 7D). For IDC561, only one mutation tested in

combinations (T198D) was measured in the deep mutational

scanning to be an escape mutation, with the others being sensi-

tizing mutations. Consistent with the deep mutational scanning,
only the T198D singlemutant caused escape in neutralization as-

says (Figures 7C and 7D), although similarly to the single mu-

tants, the sensitizing effects of N276D andG459Dwere underes-

timated by the deepmutational scanning. This poor estimation of
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https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/IDF033_escape_plot.html
https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/IDF033_escape_plot.html
https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/IDC508_escape_plot.html


Figure 7. Pseudovirus neutralization assays to validate deep mutational scanning measurements
(A) Neutralization curves for unmutated BF520 Env and single mutants against purified IgGs from each serum.

(B) Correlation of deep mutational scanning predicted fold change IC80s for single mutants versus fold change in IC80 measured in the neutralization assay. R

indicates the Pearson correlation.

(C) Neutralization curves for combinations of mutations (and the constituent individual mutations repeated from A).

(D) Correlation of deep mutational scanning predicted fold change IC80s versus fold change IC80s measured in neutralization assays. Points in the scatter plots

with asterisks overlap; therefore, they have been slightly jittered for clarity.
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the effects of sensitizing mutations leads to a worse overall cor-

relation between the deep mutational scanning and validations

for IDC561 (Figures 7C and 7D).

Despite being a sensitizing mutation for some sera, deep

mutational scanning predicted mutations to site 276 to cause

strong escape from serum IDF033 (Figure 6A), and as expected,
1210 Cell Host & Microbe 31, 1200–1215, July 12, 2023
N276D caused a large increase in neutralization assay IC80 both

alone (Figures 7A and 7B) and in combination with other muta-

tions (Figures 7C and 7D). Consistent with the deep mutational

scanning, combining N276D with another strong escape muta-

tion, G459D, further increased the neutralization assay IC80

(Figures 7C and 7D).
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DISCUSSION

We have described a lentiviral system for deep mutational

scanning measurements of how mutations to Env affect anti-

body and serum neutralization. A major strength of this system

is that it can measure the effects of combinations of muta-

tions, enabling more effective mapping of escape from poly-

clonal serum that may target multiple epitopes. In addition,

because the system is based on lentiviral vectors that can

only undergo a single round of cellular infection, the experi-

ments can be safely performed at biosafety level 2. Therefore,

compared with prior Env deep mutational scanning that used

fully replicative HIV,16,18,29,35 this system both enables more

accurate measurements of how Env mutations affect neutrali-

zation and is safer and more convenient. Although this study

only studied the effects of mutations in a single strain of

Env, the system can be expanded to additional Envs in future

studies.

We have used the system to map the neutralization specific-

ities to broadly neutralizing human anti-HIV sera. The mapping

shows that although these sera all target Env’s CD4 binding

site, they differ markedly in the actual epitopes that are the

focus of the neutralizing response. Several of the sera have

neutralization escape maps that strongly resemble those of

characterized monoclonal antibodies. In one case, a serum re-

sembles an antibody (1–18) actually isolated from the same in-

dividual. In another case, a serum resembles an antibody

(3BNC117) from a different individual, suggesting convergent

evolution of the same neutralizing antibody specificity across

multiple individuals. However, one serum has an escape map

best explained by neutralizing activity contributed by anti-

bodies targeting two distinct epitopes near the CD4 binding

site. Key predictions from all these escape maps validated

well in pseudovirus neutralization assays.

It is interesting that most of the sera we analyzed had highly

focused neutralizing activity resembling that of a monoclonal

antibody. This finding is consistent with some prior studies that

have shown that in some instances HIV serum neutralization

can be largely explained by a single antibody specificity or line-

age.17,48,52,53 In addition, studies of other viruses such as SARS-

CoV-254–56 and influenza virus57–60 have also reported narrowly

focused neutralizing activity that can be greatly affected by sin-

gle mutations. A better understanding of serum neutralization

breadth could inform vaccine studies because sera that target

many distinct neutralizing epitopes are likely more resistant to

escape.32,61

Neutralization by each of the sera we mapped is critically

affected by the N276 glycan. However, the nature of this depen-

dence is variable: for some sera neutralization is enhanced by

disrupting the N276 glycan, whereas for others neutralization is

escaped by disrupting this glycan. These findings are consistent

with prior work. For instance, several described cases of broadly

neutralizing antibody development have involved gain and loss

of the N276 glycan during antibody-virus coevolution.7,62 Signif-

icant progress has been made in germline-targeting vaccina-

tions that attempt to stimulate broadly neutralizing antibody pre-

cursors, but such strategies have not yet elicited responses in

humans that neutralize heterologous viruses bearing the N276

glycan.63–65 Here, we observe strong effects of mutations at
this glycan for several broad and potent sera targeting the CD4

binding site, suggesting the presentation of this glycan may be

critical to any vaccination strategies that attempt to elicit such

a response. In the future, this method can be extended to identify

mutations with sensitizing effects similar to N276 glycan

knockout mutations, which could further aid sequential vaccine

design efforts.

More broadly, the method described here can be used to

map polyclonal neutralization escape in a variety of contexts.

Combinations of broadly neutralizing antibodies targeting

different regions of Env are being explored as potential thera-

pies, and maps of escape from neutralization by single and

combinations of antibodies could aid in antibody selection.

Vaccine-elicited sera can also be mapped to evaluate experi-

mental vaccines and compare their neutralization activity with

known broadly neutralizing antibodies or sera. Direct mapping

of neutralization escape by polyclonal serum is therefore a use-

ful tool for informing the design of both therapeutics and

vaccines.
Limitations of the study
Our experiments examined the effects of mutations in just one

viral Env, BF520. However, mutations can have different effects

across strains of HIV;29 therefore, these BF520 escape maps

might not fully recapitulate escape mutations in other viral

strains. For instance, BF520 is relatively resistant to neutraliza-

tion by V3-specific antibodies,6 which limits the ability to map

escape from such antibodies using the current library. Therefore,

caution should be used in extrapolating the BF520 Envmeasure-

ments described here to other viral strains. Future studies could

extend the work we described here to Envs from more HIV

strains to study these differences.

Our study was also limited to a moderate number of sera

capable of potently neutralizing BF520 Env. In future studies,

mutant libraries of more Env strains can be used to study addi-

tional sera with neutralization activities targeting different epi-

topes. In addition, the method described here measures

neutralization activity of sera and not of other activities such

as antibody binding, but it can be used in combination with

other techniques such as emPEM to study polyclonal serum

antibody binding.13

Finally, the design of complex multi-mutant libraries similar to

the one described in this study relies on prior knowledge of toler-

ated mutations, but our deep mutational scanning can also be

applied to comprehensive single amino-acid mutant libraries to

define mutational tolerance before iteratively designing more

complex multi-mutant libraries.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Lentivirus backbone used for deep

mutational scanning (mCherry in viral entry

protein cloning site)

This paper See https://github.com/dms-vep/HIV_

Envelope_BF520_DMS_CD4bs_sera/blob/

main/plasmid_maps/lentivirus_backbone_

plasmids/pH2rU3_ForInd_mCherry_CMV_

ZsGT2APurR.gb

Expression plasmid encoding VSV-G This paper See https://github.com/dms-vep/HIV_

Envelope_BF520_DMS_CD4bs_sera/blob/

main/plasmid_maps/viral_entry_protein_

expression_plasmids/HDM_VSV_G.gb

Expression plasmid encoding BF520 Env This paper See https://github.com/dms-vep/HIV_

Envelope_BF520_DMS_CD4bs_sera/blob/

main/plasmid_maps/viral_entry_protein_

expression_plasmids/HDM_BF520.gb

HDM-Hgpm2 BEI NR-52517

pRC-CMV-Rev1b BEI NR-52519

HDM-tat1b BEI NR-52518

Software and algorithms

vep-dms pipeline This paper See https://github.com/dms-vep/dms-vep-

pipeline

TargetedTilingPrimers This paper See https://github.com/jbloomlab/

TargetedTilingPrimers

Other

Poly-L-Lysine coated 6 well tissue culture

plates

Fisher 356515

Poly-L-Lysine coated 96 well flat black

plates

Thomas Sci 1183B22

5-layer tissue culture flask Corning 353144
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents and resources should be directed to and will be fulfilled by the Lead Contact, Jesse

Bloom (jbloom@fredhutch.org).

Materials availability
BF520 Env mutant libraries generated in this study will be made available on request by the Lead Contact with a completed Materials

Transfer Agreement.

Data and code availability
d All data are available via links in the Method details section and key resources table. See https://github.com/dms-vep/

HIV_Envelope_BF520_DMS_CD4bs_sera for results files. The raw sequencing data for this study can be found in the NCBI

Sequence Read Archive under BioProject number PRJNA947170.

d All code are at https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera and via the links in the key re-

sources table.

d Any additional information required to reanalyze the data in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines
HEK-293T cells were from ATCC (CRL3216), TZM-bl cells were from the NIH AIDS Reagent Program (ARP-8129, contributed by Dr.

John C. Kappes, Dr. Xiaoyun Wu and Tranzyme Inc.), and 293T-rtTA expressing cells were produced as previously described in Da-

donaite et al.23 where they are referred to as HEK-293T-rtTAs. All cell lines were grown in D10 media (Dulbecco’s Modified Eagle

Medium with 10% heat-inactivated fetal bovine serum, 2 mM l-glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin). To
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avoid rtTA activation and mutant BF520 expression earlier than intended, 293T-rtTA cells were grown in D10made with tetracycline-

free fetal bovine serum (Gemini Bio, Cat. No. 100-800).

Antibodies
3BNC117 IgGs were a gift from Dr. Michel Nussenzweig and Dr. Marina Caskey, and PGT151 and 1-18 IgGs were produced by Gen-

script based on publicly available sequences.

Patient plasma samples and IgG isolation
Blood samples were obtained under protocols approved by the Institutional Review Board (IRB) of the University of Cologne (pro-

tocols 13-364 and 16-054) and the local IRBs and all participants provided written informed consent. HIV-1 infected patients

were recruited at private practices and/or hospitals in Germany. Plasma samples were obtained and stored at -80�C until further

use. Prior to IgG isolation, plasma samples were heat-inactivated at 56�C for 40 minutes. IgGs were isolated through an overnight

incubation with Protein GSepharose (GE Life Sciences) at 4�C, followed by elution with 0.1Mglycine (pH=3.0) using chromatography

columns. The eluted IgGswere buffered in 1MTris (pH=8.0) and then underwent buffer exchange to phosphate-buffered saline (PBS)

and concentration using Amicon 30 kDa spin membranes (Millipore). The purified IgGs were stored at 4�C until further use.

Study participant details
The age, sex/gender, and ethnicity of the study participants are provided in Figure S1. Information on race, ancestry, and socioeco-

nomic status are not available.

METHOD DETAILS

Design of lentivirus vector backbone
The lentivirus backbone we used is described in Dadonaite et al.23 See https://github.com/dms-vep/HIV_Envelope_BF520_DMS_

CD4bs_sera/blob/main/plasmid_maps/lentivirus_backbone_plasmids/pH2rU3_ForInd_mCherry_CMV_ZsGT2APurR.gb for a map

of the plasmid containing this backbone. Briefly, the backbone has a repaired 3’ LTRwhich allows it to be re-rescued after integrating

into cells,23 constitutive expression of ZsGreen and puromycin resistance as selectable markers for infection, and a TRE3G promoter

that inducibly expresses HIV Env when the reverse tetracycline transactivator (rtTA) in the 293T-rtTA cells (described in Dadonaite

et al.23 where they are referred to as HEK-293T-rtTAs) is induced by the presence of doxycycline. We used a codon optimized

sequence of the HIV Env strain BF520.W14M.C2.26,27 See https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/

blob/main/plasmid_maps/lentivirus_backbone_plasmids/pH2rU3_ForInd_BF520.gb for a plasmid map containing the codon opti-

mized BF520 sequence.

Design of mutant libraries containing mostly functional mutants
To choose mutations to include in our mutant libraries based on prior BF520 deep mutational scanning,29 we compared previously

measured effects of all mutations vs the effects of stop codons. We retained mutations with an effect measured to be more positive

than the 0.95 quantile of stop codon effect in the previous deep mutational scanning. We only retained three stop codons, at sites

100, 200, and 300, so we could use these as controls for selections.

Wewanted to includemutations present in natural HIV sequences even if they had negative effects in previous deepmutational scan-

ning, since these mutations are tolerable when combined with some other mutations and we wanted our neutralization selections to

include most naturally occurring mutations. We downloaded the 2018 filtered web alignment of group M HIV-1 sequences without re-

combinants from the Los Alamos HIV sequence database,36 and used it to identify any mutations relative to BF520 that were present

more than once in the alignment, and retained these mutations for the mutant libraries in addition to those chosen above.

See https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/tree/main/library_design for the analysis to choose

these mutations. See https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/library_design/results/IDT_

library_df.csv for the retained mutations.

Design of primers for BF520 mutagenesis
See https://github.com/jbloomlab/TargetedTilingPrimers for the script used to generate primer sequences to make the chosen mu-

tations. This script generates forward and reverse primers for eachmutation which mutate that site to the most frequent codon of the

desired mutant. Primer pools were ordered as oPools from Integrated DNA Technologies. See https://github.com/dms-vep/

HIV_Envelope_BF520_DMS_CD4bs_sera/tree/main/library_design/results/primers for the primer sequences.

Production of plasmids containing barcoded mutant BF520 sequences
See https://github.com/jbloomlab/CodonTilingPrimers for a general description of the PCR mutagenesis strategy we use here. The

key difference is that we only ordered primers that introduced the targeted amino-acid mutations.

Tomutagenize the BF520 sequences, a codon optimized BF520 sequence was first amplified from a plasmid containing the codon

optimized BF520 sequence in a lentiviral backbone. See https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/

blob/main/plasmid_maps/lentivirus_backbone_plasmids/pH2rU3_ForInd_BF520.gb for the sequence of this plasmid. The PCR
e3 Cell Host & Microbe 31, 1200–1215.e1–e9, July 12, 2023

https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/plasmid_maps/lentivirus_backbone_plasmids/pH2rU3_ForInd_mCherry_CMV_ZsGT2APurR.gb
https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/plasmid_maps/lentivirus_backbone_plasmids/pH2rU3_ForInd_mCherry_CMV_ZsGT2APurR.gb
https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/plasmid_maps/lentivirus_backbone_plasmids/pH2rU3_ForInd_BF520.gb
https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/plasmid_maps/lentivirus_backbone_plasmids/pH2rU3_ForInd_BF520.gb
https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/tree/main/library_design
https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/library_design/results/IDT_library_df.csv
https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/library_design/results/IDT_library_df.csv
https://github.com/jbloomlab/TargetedTilingPrimers
https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/tree/main/library_design/results/primers
https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/tree/main/library_design/results/primers
https://github.com/jbloomlab/CodonTilingPrimers
https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/plasmid_maps/lentivirus_backbone_plasmids/pH2rU3_ForInd_BF520.gb
https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/plasmid_maps/lentivirus_backbone_plasmids/pH2rU3_ForInd_BF520.gb


ll
OPEN ACCESSArticle
was performed with the following conditions: PCR mix: 18.5 mL H2O, 2.5 mL DMSO (to reduce off-target amplification), 1.5 mL 10mM

forward linearizing primer (VEP_amp_for_long), 1.5 mL 10 mM reverse linearizing primer (lin_rev_BF520), 1 mL 10ng/mLBF520 template

plasmid, and 25 mL 2x KODHot Start Master Mix (Sigma-Aldrich, Cat. No. 71842). Cycling conditions: (1) 95C/2min (2) 95C/20sec (3)

70C/1sec (4) 54C/10sec, cooling at 0.5C/sec (5) 70C/40sec (6) Return to Step 2 x19.

The amplified, linearized BF520 sequence was gel purified using NucleoSpin Gel and PCRClean-up kit (Takara, Cat. No. 740609.5)

and then purified using Ampure XP beads (Beckman Coulter, Cat. No. A63881) at 1:1 sample to bead ratio.

The amplified BF520 sequence was then used in a modification of a previously described PCRmutagenesis technique.37 Forward

and reverse pools of codon tiling primers for generating specific mutations were generated using https://github.com/jbloomlab/

TargetedTilingPrimers, as described above. In separate PCR reactions, the forward primer pool was used with the reverse linearizing

primer and the reverse primer pool was used with the forward linearizing primer. The conditions for these PCR reactions were as

follows: PCR mix: 7.7 mL H2O, 1.5 mL DMSO, 4 mL 3 ng/mL linearized BF520 template, 0.9 mL 10 mM forward or reverse primer

pool, 0.9 mL reverse (lin_rev_BF520) or forward (VEP_amp_for_long) linearizing primer, and 15 mL 2x KOD Hot Start Master Mix.

Cycling conditions: (1) 95C/2min (2) 95C/20sec (3) 70C/1sec (4) 50C/20sec, cooling at 0.5C/sec (50 70C/120sec (6) Return to

Step 2 x9.

After the mutagenic PCRs, a joining PCR was performed using products from the forward and reverse primer pool mutagenic

PCRs. The conditions for the joining PCRs were as follows: PCR mix: 4mL H2O, 4mL forward primer pool mutagenesis PCR product

diluted 1:4 with H2O, 4mL reverse primer pool mutagenesis PCR product diluted 1:4 with H2O, 1.5mL 5mM forward linearizing primer

(VEP_amp_for_long), 1.5mL 5mM reverse linearizing primer (lin_rev_BF520), and 15mL 2x KOD Hot Start Master Mix. Cycling condi-

tions: (1) 95C/2min (2) 95C/20sec (3) 70C/1sec (4) 50C/20sec, cooling at 0.5C/sec (5) 70C/120sec (6) Return to Step 2 x19.

The resulting mutagenized BF520 sequences were gel purified and Ampure bead cleaned with a 1:1 product to beads ratio. These

mutagenized sequences were then barcoded with random nucleotide barcodes using a PCRwith the following conditions: PCRmix:

30 ng joining PCR product, 1.5mL 5mM forward linearizing primer (VEP_amp_for_long), 1.5mL 5mM reverse barcoding primer

(BC_BF520_long), 15 mL 2x KOD Hot Start Master Mix, and fill to 30 mL with H2O. Cycling conditions: (1) 95C/2min (2) 95C/20sec

(3) 70C/1sec (4) 50C/10sec, cooling at 0.5/sec (5) 70C/120sec (6) Return to Step 2 x9.

The barcodedmutagenized BF520 sequences were gel and Ampure bead purified, and then cloned into a lentiviral backbone con-

taining plasmid as described in Dadonaite et al.,23 with some modifications as follows. The barcoded mutagenized sequences were

first cloned into an earlier version of the lentiviral backbone during system development. Themap of the plasmid used can be found at

https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/plasmid_maps/lentivirus_backbone_plasmids/

pH2rU3_ForInd_mCherry_CMV_ZsG_NoBC_cloningvector.gb. The plasmid was digested with MluI and XbaI, and then gel and Am-

pure bead purified. The barcodedmutagenized BF520 sequences and the digested plasmid were eluted into H2O after Ampure bead

purification, which we have observed results in higher Hifi assembly efficiency. We then used a 2:1 insert to vector ratio in a 1 hour Hifi

assembly reaction using NEBuilder HiFi DNA Assembly kit (NEB, Cat. No. E2621). The Hifi assembly products were Ampure bead

purified and eluted into 20 mL of H2O, which we have observed results in a higher electroporation efficiency. We used 2 ml of the pu-

rified HiFi product to transform 20 ml of 10-beta electrocompetent E. coli cells (NEB, C3020K). We performed 5 electroporation

reactions for a final count of >5 million CFUs per library. We aimed for this high diversity of barcoded mutants in transformants to

reduce the potential of barcode sharing in virus libraries, which we will describe in detail below. We plated the transformed cells

on LB+ampicillin plates, incubated the plates overnight at 37 C, and scraped the plates the next day to collect the transformants.

The OD600 of the collected bacteria were measured, and the bacteria were diluted to 15 OD600 and used in five separate 5 mLmini-

preps (QIAprep Spin Miniprep Kit, Cat. No. 27106X4) each, resulting in a total of�200 ug of plasmid being isolated for each replicate

library. The rest of the bacteria were spun down in pellets and stored.

At a later stage of systemdevelopment, we decided tomove the barcodedmutagenized sequences into an improved version of the

lentiviral backbone that uses puromycin selection rather than flow cytometry sorting to enrich infected cells when making the inte-

grated mutant library cell lines. The map of this plasmid can be found at https://github.com/dms-vep/HIV_Envelope_BF520_DMS_

CD4bs_sera/blob/main/plasmid_maps/lentivirus_backbone_plasmids/pH2rU3_ForInd_mCherry_CMV_ZsGT2APurR.gb. We decided

to do this using restriction digest and ligation cloning of the library plasmids and the new lentiviral backbone plasmid. As an important

note for future deep mutational scanning studies, this cloning strategy was not optimal. Since the barcodedmutagenized sequences

were drawn from a plasmid pool with relatively limited diversity compared tomutagenic PCR products (a fewmillion unique barcoded

sequences vs >>billions of unique barcoded sequences), this cloning imposed an additional unintended bottleneck on the barcoded

mutagenized sequence diversity. This meant that the final plasmid pools for each library had lower barcode diversity than intended,

resulting in some degree of barcode sharing, described in a lower section. In the future, it is advised for similar deepmutational scan-

ning strategies aiming for extremely high plasmid diversity to only clone from highly diverse mutagenic PCR products rather than any

pre-existing mutant plasmid pool, which will always be limited in diversity by transformation efficiencies.

To move the barcoded mutagenized sequences into the improved lentiviral backbone, we digested each mutant plasmid pool and

the new lentiviral backbone usingMluI and XbaI. We gel extracted and Ampure bead cleaned themutagenized barcoded inserts from

the mutant plasmid pools and the cut lentiviral backbone vector, and eluted in Qiagen EB buffer (Cat. No. 19086). We then used T4

DNA ligase (New England BioLabs, Cat. No. M0202S) to ligate the inserts with the vector, using the following conditions: Reaction

mix: 2 mL T4 DNA Ligase Buffer (10x), 50 ng Vector DNA, 45.35 ng insert DNA, 1 mL T4 DNA Ligase, and fill with H2O to 20 mL. We

incubated the reaction at room temperature for 10 minutes, heat inactivated at 65C for 10 minutes, and then Ampure bead cleaned

the product and eluted in 20 mL H2O. We then electroporated NEB 10beta cells (New England BioLabs, Cat. No. C3020K) following
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the protocol (https://www.neb.com/protocols/0001/01/01/electroporation-protocol-c3020) exactly. We performed five electropora-

tions per library, for a total of �1 million CFUs per library. Again, as a note to future deep mutational scanning studies, the mutant

plasmid pool restriction digest and ligation cloning strategy used here along with a transformation bottleneck <5 million CFUs is

not recommended due to potential unintended bottlenecking of barcoded mutants.

Production of cell lines storing BF520 mutant libraries
Production of cell line-stored BF520mutant libraries was performed similarly to previously described in Dadonaite et al.,23 with mod-

ifications (Figure 1B). This process involved the same steps of: 1) production of VSV-G pseudotyped lentiviruses carrying the bar-

codedmutant BF520 sequences, 2) infection of 293T-rtTA cells with the VSV-G pseudotyped viruses, and 3) selection for transduced

cells using puromycin.

In order to not bottleneck the diversity of barcoded mutants at this step, we aimed to produce many more VSV-G pseudotyped

viruses carrying the barcoded mutant BF520 sequences than the eventual desired library sizes of around 40,000 barcoded variants.

We plated 500,000 293T cells per well in 6 well plates, and transfected 12 wells for each library. We used BioT (Bioland Scientific) for

the transfections, and followed the manufacturer’s recommendations for the protocol and DNA / transfection reagent ratios. We

transfected each well with 1 ug of lentiviral backbone plasmids carrying the barcoded mutagenized BF520 sequences, 250 ng of

a HIV Tat expressing plasmid (HDM-tat1b), 250 ng of a HIV Rev expressing plasmid (pRC-CMV_Rev1b), 250 ng of a HIV Gag-Pol

expressing plasmid (HDM-Hgpm2), and 250 ng of a VSV-G expressing plasmid (HDM_VSV_G). See https://github.com/dms-vep/

HIV_Envelope_BF520_DMS_CD4bs_sera/tree/main/plasmid_maps for maps of these plasmids. We pooled the transfection super-

natents for each library 48 hours post-transfection, filtered through a 0.45 mm SFCA syringe filter (Corning, Cat. No. 431220), and

stored in 1 mL aliquots at -80C. We titrated these viruses based on the percent ZsGreen expression of cells infected with dilutions

of virus as determined by flow cytometry, as described in Crawford et al.68 This yielded a total of >20 million viruses per library.

We used these VSV-G pseudotyped viruses to infect 293T-rtTA cells with approximately the same number of viruses as barcoded

mutants that we desired in the final virus libraries. We aimed to avoid any bottlenecks in the barcoded mutant sequences before this

step because recombination of pseudodiploid lentiviral genomes and mutations caused by lentiviral reverse transcription will alter

barcode-mutant linkage during this step.23,69–71 We attempted to maintain high diversity in the barcoded sequences in prior steps

to ensure each barcoded mutant-carrying lentiviral genome would have a unique barcode, so that barcodes would not be repeated

in infected cells. After this step, each cell in the library storing cell lines will only have one integrated lentiviral genome with one bar-

coded mutant, so recombination in future steps is not an issue and mutations caused by reverse transcription in future steps will not

alter mutant BF520 expression from these integrants and can be filtered in PacBio sequencing data, described below.

We aimed to infect the 293T-rtTA cells with between 30,000-40,000 variants per library. We first plated 500,000 293T-rtTA per well

in ten six well plates. The next day, at the time of infection, we counted the cells per well in several wells. Based on the average count,

we infected eachwell with the amount of infectious units required for a 0.005multiplicity of infection, for five six well plates per library.

Two days later, we determined the actual multiplicity of infection and infectious units per well for each library by determining the

percent of infected cells by flow cytometry on ZsGreen expression and back-calculating the infectious units added per well based

on that percentage and the average cell count per well at the time of infection. For each library we then pooled cells from the number

of wells required for a total infectious units between 30,000-40,000. The pooled cells for each library were plated in a 10 cm plate.

Transduced cells were then selected for using puromycin selection, since infected cells expressed the puromycin resistance gene

from the lentiviral genomewhile non-infected cells did not. Puromycin was added 24 hours after pooling at 0.75 ug/mL. 48 hours later,

the cells were split into three 15 cm dishes per library with 0.75 ug/mL puromycin. 48 hours later, the media was replaced with fresh

media plus 0.75 ug/mL puromycin. 48 hours later (a week after pooling), the cells for each library appeared all ZsGreen positive under

a fluorescent microscope, and were expanded into one five layer flask (Falcon, Cat. No. 353144) per library. 24 hours later, half of the

cells per library were frozen in 1 mL aliquots of 5million cells in tetracycline-negative heat-inactivated fetal bovine serum (Gemini Bio,

Cat. No. 100-800) with 10% DMSO, to be used in future virus library generation. The rest of the cells were used to generate mutant

virus libraries as described below.

Production of BF520 and VSV-G pseudotyped mutant virus libraries
Since each cell in the cell lines produced as described above contained one barcoded BF520 mutant, we were able to produce

genotype-phenotype linked BF520 mutant virus libraries from them (Figure 1B). We did this by plating 100 million cells per flask in

two five layer flasks per library in 150 mL of tetracycline free D10. 24 hours later, we transfected each flask using BioT by using

225 mL of BioT mixed with 7.5 mL of DMEM and a DNA mix containing 50 ug of each lentivirus helper plasmid (Tat, Rev, and Gag-

Pol). We also induced Env expression at the time of transfection by adding doxycycline to a final concentration of 100 ng/mL. 48

hours later, the supernatant for each library was filtered through a 0.45 mM SFCA filter (Nalgene, Cat. No. 09-740-44B). The filtered

virus was then concentrated using ultracentrifugation with a 20% sucrose cushion at 100,000 g for one hour. The viruses were

resuspended in 500 mL of DMEM, and were typically around ten million infectious units per mL. We then stored these viruses

at -80C.

We also generated VSV-G pseudotyped viruses from the library cell lines to use for PacBio sequencing and as controls for selec-

tions on the effects of mutations on BF520 function, described below. We did this by plating four million cells per plate in three 10 cm

dishes for each library, and transfecting each plate 24 hours later using BioT according to the manufacturer’s recommendations. For

the DNA mix, we used 2.5 ug of each lentivirus helper plasmid (Tat, Rev, and Gag-Pol) and a VSV-G expressing plasmid (four
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plasmids, 10 ug total DNA) per plate. 48 hours later we pooled the supernatants for each library and filtered them through a 0.45 mM

SFCA filter. We then stored these viruses at -80C.

PacBio sequencing of mutants present in mutant libraries
We used long-read sequencing PacBio sequencing to simultaneously determine the composition of the mutant libraries contained in

the library cell lines and link mutants with their random nucleotide barcodes. First, we plated 1 million 293Ts per well in poly-L-lysine

coated six well plates (Corning, Cat. No. 356515). 24 hours later, we infected two wells of cells with 1 million infectious units of +VSV-

G library virus per well, for each library. Six hours later, we removed the media, washed the cells with PBS, and miniprepped each

well, which isolates unintegrated lentivirus genomes as described previously.23,35 Each well was miniprepped independently and

eluted using 50 mL of EB.

A two-step PCR strategy was then used to amplify the barcoded mutant BF520 sequences for PacBio sequencing, as described

previously.23 Briefly, the miniprepped products for each library were split into two short-cycle initial PCRs that attached single nucle-

otide tags to each end of the amplicon that were unique for each PCR. The products of these initial PCRs were then pooled for each

library for longer cycle PCRs to amplify enough DNA for PacBio sequencing. The single nucleotide tags from the initial PCRs then

allowed us to later estimate the amount of strand exchange that occurred in the longer cycle PCRs based on the frequency of

tags found together in PacBio sequences that were from different first round PCRs. The first round PCR is a low cycle number to

minimize the probability of strand exchange during it, and the number of cycles in the second PCR was lowered as much as possible

to minimize strand exchange while still generating enough DNA for PacBio sequencing. Here are the conditions used for the first

round of PCRs: PCR mix: 10 mL of miniprep product, 1 mL of 10 mM 5’ nucleotide tagging primer (PacBio_5pri_G or PacBio_5pri_C),

1 mL of 10 mM 3’ nucleotide tagging primer (PacBio_3pri_C or PacBio_3pri_G), 20 mL KOD Hot Start Master Mix, and 8 mL H2O.

Cycling conditions: (1) 95C/2min (2) 95C/20sec (3) 70C/1sec (4) 60C/10sec, cooling at 0.5/sec (5) 70C/60sec (6) Return to Step 2

x7 (7) 70C/60sec.

The PCRproducts were cleanedwith Ampure beadswith a 1:1 product to beads ratio and eluted into 35 mL of EB.We then used the

following conditions for the second round of PCRs: PCR mix: 10.5 mL of first variant tag set round 1 PCR product, 10.5 mL of second

variant tag set round 1 PCR product, 1 mL of 10 mM 5’ PacBio round 2 forward primer (PacBio_5pri_RND2), 1 mL of 10 mM 3’ PacBio

round 2 reverse primer (PacBio_3pri_RND2), and 25 mL KODHot Start Master Mix. Cycling conditions: (1) 95C/2min (2) 95C/20sec (3)

70C/1sec (4) 60C/10sec, cooling at 0.5/sec (5) 70C/60sec (6) Return to Step 2 x10 (7) 70C/60sec. The PCR products were Ampure

bead cleaned, and each eluted into 40 mL of EB. The cleaned products for each library were pooled. Each library pool was then bar-

coded for PacBio sequencing using SMRTbell prep kit 3.0, bound to polymerase using Sequel II Binding Kit 3.2, and then sequenced

using a PacBio Sequel IIe sequencer with a 20-hour movie collection time. The data were analyzed as described below (section

‘‘PacBio sequencing data analysis’’).

Barcode amplification for Illumina sequencing of mutants after selections
After the above step using PacBio sequencing to link each mutant and barcode, future experimental steps only require short read

sequencing of barcodes to determine changes in variant frequencies across conditions. We amplified barcodes for sequencing

as previously described in Dadonaite et al.23 with slight modifications, repeated here. A first round of PCR was used to amplify

the barcodes using a forward primer that aligns to the Illumina Truseq Read 1 sequence upstream of the barcode in our lentiviral

backbone and a reverse primer that annealed downstream of the barcode and overlappedwith the Illumina Truseq Read 2 sequence.

This PCR used the following conditions: PCRmix: 22 mL of miniprepped selection sample, 1.5 mL of 10 mM5’ Illumina round 1 forward

primer (IlluminaRnd1_For), 1.5 mL of 10 mM 3’ Illumina round 1 reverse primer (IlluminaRnd1_rev3), and 25 mL KOD Hot Start Master

Mix. Cycling conditions: (1) 95C/2min (2) 95C/20sec (3) 70C/1sec (4) 58C/10sec, cooling at 0.5/sec (5) 70C/20sec (6) Return to Step

2 x27.

The PCR products were Ampure bead cleaned with a 1:3 product to beads ratio, and then DNA concentration was quantified using

a Qubit Fluorometer (ThermoFisher). A second round of PCRwas then performed using a forward primer that annealed to the Illumina

Truseq Read 1 sequence and had a P5 Illumina adapter overhang, and reverse primers from the PerkinElmer NextFlex DNA Barcode

adaptor set that annealed to the Truseq Read 2 site and had the P7 Illumina adapter and i7 sample index. This PCR used the following

conditions: PCR mix: 20 ng of round 1 product as determined by Qubit, 2 mL of 10 mM 5’ Illumina round 2 universal forward primer

(Rnd2ForUniversal), 2 mL of 10 mM 3’ Illumina round 2 indexing reverse primer (Indexing primers), 25 mL KOD Hot Start Master Mix,

and fill to 50 mL total using H2O. Cycling conditions: (1) 95C/2min (2) 95C/20sec (3) 70C/1sec (4) 58C/10sec, cooling at 0.5/sec (5)

70C/20sec (6) Return to Step 2 x19.

The DNA concentration of each round 2 PCR product was quantified using Qubit. The samples were pooled at an even ratio, gel

purified and Ampure bead cleaned at a 1:3 sample to beads ratio, and then sequenced using either P2 or P3 reagent kits on a

NextSeq 2000. The data were analyzed as described below (section ‘‘Illumina barcode sequencing data analysis’’).

Selections on effects of mutations on the function of BF520
To measure the effects of mutation on BF520 mediated entry into cells, we infected cells with VSV-G and non-VSV-G pseudotyped

mutant virus libraries separately. To do this, we plated 1million TZM-bl cells in each well of six well plates. 24 hours later, we infected

each well with �1 million infectious units of VSV-G or non-VSV-G pseudotyped mutant virus depending on the condition. We used

this amount of virus because we aimed to use >20x the size of each mutant library during infections, so that each barcoded mutant
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would be present more than once and less likely to be randomly bottlenecked during the selections. During infections, we added 100

ug/mL DEAE dextran, which improves the infectivity of Env pseudotyped viruses and results in less random bottlenecking of mutants

during infections.16,35 12 hours after infection, the cells were washed with PBS, miniprepped using a QIAprep Spin Miniprep Kit to

isolate unintegrated lentivirus genomes as described previously,23,35 and eluted into 30 mL of EB. To improve the DNA recovery,

the EB was run through the column twice, incubating at 55C for five minutes before spinning each time. The eluent was then

used in the barcode sequencing prep described above.

Production of VSV-G pseudotyped standard viruses for neutralization selections
For each selection using antibodies or sera, we spiked in a small amount of a separately produced only-VSV-G pseudotyped virus

pool carrying known barcodes to act as neutralization standards by enabling conversion of barcode counts to absolute neutralization

values (See Figure 3 of Dadonaite et al.23). We produced these viruses exactly as described in Dadonaite et al.23 Briefly, 293T-rtTA

cells were transduced at a low multiplicity of infection with a pool of lentiviruses carrying a small set of known barcodes but no viral

entry protein in their genomes. Transduced cells were selected for using flow cytometry cell sorting on ZsGreen expression, and then

standard viruses were produced by transfecting the cells with the lentiviral helper plasmids and a plasmid expressing VSV-G. The

result of this process was a standard virus pool with known barcodes that was produced in the same manner as mutant libraries

but did not contain any viral entry protein mutants.

Selections on effects of mutations on neutralization escape
We aimed to perform antibody and serum selections at concentrations between the IC90-IC99.9 for each antibody and serum.

We used a spread of concentrations in this range because it is difficult to estimate IC9X concentrations and we wanted to use a

spread of high neutralization levels to fit our biophysical escape models.22 When performing selections using antibodies or

serum with the mutant virus libraries, we spiked-in the VSV-G pseudotyped neutralization standard viruses to be 0.5-1% of

the total infectious units in the virus pool. From this combined virus pool, 1 million infectious units per selection were incubated

with antibody or serum at the desired concentration for one hour. After the incubation, the volume of each condition was raised

to 2 mL with 100 ug/mL DEAE dextran using D10 with the appropriate amount of DEAE dextran. Each condition was used to

infect one well of TZM-bl cells in a six well dish plated at 1 million cells per well 24 hours prior. 12 hours after infection, the cells

were washed with PBS, miniprepped, and eluted into 30 mL of EB. To improve the DNA recovery, the EB was run through the

column twice, incubating at 55C for five minutes before spinning each time. The eluent was then used in the barcode

sequencing prep described above.

Validation pseudovirus neutralization assays
Plasmids containing BF520 with mutations used in pseudovirus neutralization assays were ordered from Twist in the HDM plasmid

(https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/plasmid_maps/viral_entry_protein_expression_

plasmids/HDM_BF520.gb). To produce viruses pseudotyped with each BF520 mutant, we first plated 500,000 293T cells per well in

six well plates. 24 hours later we transfected 1 ug of a ZsGreen and Luciferase expressing lentivirus backbone plasmid (https://

github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/plasmid_maps/lentivirus_backbone_plasmids/pHAGE6-

wtCMV-Luc2-BrCr1-ZsGreen-W-1247.gb), 250 ng of each lentiviral helper plasmid (Tat, Rev, and Gagpol), and 250 ng of the HDM

plasmid expressing the desired BF520 mutant into each well. We collected the viruses 48 hours later by filtering the supernatant

through a 0.45 mm SFCA syringe filter and storing the virus at -80C.

To titrate these viruses for use in neutralization assays, we first plated 25,000 TZM-bl cells per well in clear bottom, poly-L-

lysine coated, black walled 96 well plates (Greiner, Cat. No. 655930). 24 hours later, we serially diluted each mutant BF520

pseudotyped virus and infected the cells. 48 hours after infection, we used the Bright-Glo Luciferase Assay System (Promega,

E2610) to measure relative light units (RLUs) for each dilution. We estimated the average RLU/mL for each BF520 mutant within

a linear range based on its dilution curve. Note, this method and the following described neutralization assay are not the same

as a typical TZM-bl neutralization assay, since Luciferase expression will be driven from the lentiviral genome of the infecting

virus rather than the pre-integrated Tat-driven Luciferase in the TZM-bl cells, as there is will be no Tat expressed from these

lentiviruses. We chose to do this rather than using DEnv HIV pseudoviruses in typical TZM-bl neutralization assays so that there

was no chance of the BF520 Env mutants with combinations of escape mutations to CD4 binding site antibodies or sera recom-

bining into full-length replicative HIV.

For neutralization assays, we plated 25,000 TZM-bl cells per well in clear bottom, poly-L-lysine coated, black walled 96well plates.

24 hours later, we serially diluted each antibody or sera, and then incubated each dilution with eachmutant BF520 pseudotyped virus

for one hour. We then added an equal volume of D10 with DEAE dextran to a final DEAE dextran concentration of 100ug/mL, and

infected the TZM-bls. 48 hours later, we used the Bright-Glo Luciferase Assay System to measure RLUs for each dilution.

To calculate fraction infectivity, we subtracted the average background reading of RLUs from uninfected cells from each con-

dition, and then divided the RLU of each antibody or serum dilution by the average RLUs from cells infected by virus that was

incubated with media rather than antibodies or sera. The fraction infectivities were used to fit neutralization curves using neutcurve

(https://jbloomlab.github.io/neutcurve/). We compared fold change IC80 rather than IC50 for our interpretation of the neutralization

assays because our deep mutational scanning selections were performed at high levels of neutralization (>IC90 for wild-

type BF520).
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Experimental replicates
We performed one or two replicates of each selection with two independent mutant libraries for each experiment. See https://dms-

vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/avg_muteffects.html for correlation plots of functional effects of mutations

across replicates and see https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/avg_antibody_escape.html for cor-

relation plots of escape effects of mutations across replicates for each antibody and serum. Throughout the paper we report the me-

dian across these replicates.

COMPUTATIONAL METHODS

Computational pipeline overview
For analyzing deepmutational scanning of viral entry protein, we use a common, modular pipeline. See https://github.com/dms-vep/

dms-vep-pipeline for this pipeline. For this paper, we used version 2.0.1 of dms-vep-pipeline. We created a repository for the ana-

lyses performed in this paper. See https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera for this repository. This re-

pository includes the main dms-vep-pipeline as well as all of the scripts, notebooks, and settings necessary to recreate the analysis.

Some key results files can be found in this repository, but some results files that are too large are not tracked in the online repository.

The pipeline also produces HTML rendering of the key analyses and interactive plots. See https://dms-vep.github.io/

HIV_Envelope_BF520_DMS_CD4bs_sera/ for these pages. These pages are the best way to explore the analyses and interactive

plots of the results.

PacBio sequencing data analysis
We used alignparse (see https://jbloomlab.github.io/alignparse/ for documentation) to analyze the PacBio sequencing data.72 The

PacBio CCSs went through several filtering steps before we determined which BF520 mutants were linked to which barcodes. First,

we looked for evidence of strand exchange during the PacBio sequencing prep PCRs by computing the fraction of CCSs that con-

tained unexpected pairs of single nucleotide tags, such as pairs of nucleotide tags from different round one PCRs or any wildtype

nucleotides. These sequences represented just <1% of the CCSs, and were filtered out.

Next, we computed empirical accuracies for each CCS, which represent the fraction of CCSs with the same barcode that

report the same BF520 sequence. The empirical accuracies were around 0.60, slightly less than our previously described

SARS-2 spike libraries.23 Inaccuracies in the BF520 sequences are due to a combination of factors including reverse transcrip-

tion errors, sequencing errors, strand exchange during PCR, and, importantly, actual linkage of the same barcode sequence

with two or more BF520 mutants due to having the same barcode with different BF520 mutants integrated into different cells.

As noted in above sections, we know that we unintentionally bottlenecked the barcoded BF520 mutants to a lower level than

desired, which likely resulted in some barcode sharing between variants and contributed to the reduction in empirical

accuracies.

We filtered out any barcodes that had less than three CCSs or had minor fractions of substitutions or indels above 0.4. This removes

consensus sequences that we are not confident in due to not having enough CCSs for that barcode or evidence of multiple BF520 mu-

tants sharing that barcode. The remaining consensus sequences of barcoded mutant BF520 sequences were then saved in barcode /

variant lookup table files. See https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/build_pacbio_consensus.html for

the analysis described in this section and https://github.com/dms-vep/HIV_Envelope_BF520_DMS_CD4bs_sera/blob/main/results/

variants/codon_variants.csv for the barcode / variant lookup tables.

Illumina barcode sequencing data analysis
We used the parser found at https://jbloomlab.github.io/dms_variants/dms_variants.illuminabarcodeparser.html/ to determine the

counts of each variant in each selection condition. For each experiment, barcodedmutants were only retained if their ‘‘pre-selection’’

counts, such as counts in no-antibody conditions for antibody selections or VSV-G condition counts for functional selections, were

above thresholds specified in the configuration file for the analysis. See https://github.com/dms-vep/HIV_Envelope_BF520_

DMS_CD4bs_sera/blob/main/config.yaml for the configuration file. This was done because these barcoded mutants are more likely

to be randomly bottlenecked during the infection step of selections and to have highly noisy scores due to the computation of func-

tional and antibody escape scores (described below).

Modeling the effects of mutations on Env function
We modeled the functional effects of mutations on BF520 as described previously in Dadonaite et al.23 Briefly, we computed func-

tional scores for each barcoded mutant m defined as log2 ð½nmpost = nwt
post� =½nmpre = nwt

pre�Þ, where where nmpost is the count of mutant m in

the post-selection (BF520-pseudotyped) infection, nmpre is the count of mutantm in the pre-selection (VSV-G-pseudotyped) infection,

and nwt
post and nwt

postare the counts of all unmutated (wildtype) barcoded variants in each condition. We then used global epistasis

models41,42 to deconvolve the functional scores of these thousands of mutants with combinations of mutations into estimates of

the effects of each individual mutation. Under these models, each mutation has a ‘‘latent effect’’ on a ‘‘latent phenotype’’ defined

as an unmeasured phenotype where mutations interact additively. These latent effects and the latent phenotype score for a mutant

are then transformed to the actually measured ‘‘observed phenotype’’ through a nonlinear function. This process results in more

accurate estimates for the effects of mutations by modeling some of the epistasis between mutations through the nonlinear
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relationship between the latent and observed phenotypes. See https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/

fit_globalepistasis.html for the models, see https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/muteffects_

latent_heatmap.html for the latent effects of mutations averaged across selections, and see https://dms-vep.github.io/

HIV_Envelope_BF520_DMS_CD4bs_sera/muteffects_observed_heatmap.html for the observed effects of mutations averaged

across selections. For Figure 2C, we used the observed effects of mutations, since these are the most accurate representation of

the effects of mutations on BF520.

Modeling the effects of mutations on antibody and serum escape
We modeled the effects of mutations on antibody and serum escape as described previously in Dadonaite et al.23 Briefly, we calcu-

lated the non-neutralized fraction of each variant at each antibody calculation to get the probability of escape of each variant at each

concentration. We then used the software package polyclonal22 version 4.1 (see https://jbloomlab.github.io/polyclonal/ for docu-

mentation) to estimate the effects of each individual mutation on escape using a biophysical model. Under this model, antibodies,

mixtures of antibodies, or polyclonal serum can target Env at one or more epitopes. Measured probability of escape of each variant

is modeled as a result of how the mutations it has escape the neutralization activity of each epitope. The measured probability of

escape of combinations of mutations across mutants is used to optimize the number and sites of antibody epitopes and give

each mutation escape scores corresponding to its contributions to escape for each epitope when present. Mutations that have

no effect on escape will have scores of zero, while mutations that cause escape will have scores >0. The summed escape scores

for each site are the y-axis values displayed in the line plots in each figure and used to color the PDB structures seen in each figure.

The individual escape scores for each mutation can be seen in the heatmaps of the linked interactive plots, like the ones seen in Fig-

ure 3B; Figure S3.

The models are also able to predict arbitrary inhibitory concentrations for Env mutants, such as an IC50 or IC80 for serum IDC508

against BF520 with mutations T198D and N276D. This is done by determining the effect of each mutation on escape from each

epitope in the neutralizing activity of the serum, and then predicting the non-neutralized fraction of virus depending on the degree

each epitope’s activity is escaped and the contribution of each epitope to the total neutralizing activity.22 These predictions were

generated for the BF520 mutants used in the neutralization assays depicted in Figure 3D and Figure 7. We chose to compare the

fold change in IC80s because these values are similar to the level of neutralization we used in our deep mutational scanning

selections.

We constrained the model for each antibody to have one epitope, while sera could have up to two epitopes. For figures in this

manuscript and the interactive figures, we filter the mutations in the default view by requiring mutations to be present in at least three

unique variants and to have a functional effect above -1.5. We filter mutations with low functional scores because variants with these

mutations typically have low counts in no-antibody selections, which can cause high amounts of noise in their probability of escape

scores. See https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_sera/ for interactive plots, notebooks detailing the fitting

of these models, and PDBs with b-factors containing the escape values for each model.

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitative analyses were performed using code available at https://dms-vep.github.io/HIV_Envelope_BF520_DMS_CD4bs_

sera/. Modeling of antibody and serum escape was performed using polyclonal software implemented in https://jbloomlab.github.

io/polyclonal/ and as described in the computational analysis section and in Yu et al.22 Modeling of functional effects of mutations

on Env entry was performed by fitting global epistasis models as described in computational analysis section using the dms_variants

package as implemented at https://jbloomlab.github.io/dms_variants/dms_variants.globalepistasis.html.
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