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Dynamics and durability of HIV-1
neutralization are determined by viral
replication
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Humanimmunodeficiency virus type 1 (HIV-1)-neutralizing antibodies
(nAbs) that prevent infection are the main goal of HIV vaccine discovery.
But as no nAb-eliciting vaccines are yet available, only data from HIV-1
neutralizers—persons with HIV-1 who naturally develop broad and potent
nAbs—caninform about the dynamics and durability of nAb responses in
humans, knowledge which is crucial for the design of future HIV-1vaccine
regimens. To address this, we assessed HIV-1-neutralizing immunoglobulin
G (IgG) from 2,354 persons with HIV-1 on or off antiretroviral therapy (ART).
Infection with non-clade B viruses, CD4" T cell counts <200 pl™, being

off ART and alonger time off ART were independent predictors of amore
potent and broad neutralization. Inlongitudinal analyses, we found nAb
half-lives 0of 9.3 and 16.9 years in individuals with no- or low-level viremia,
respectively, and 4.0 years in persons who newly initiated ART. Finally,ina
potent HIV-1neutralizer, we identified lower fractions of serum nAbs and
of nAb-encoding memory B cells after ART initiation, suggesting that a
decreasing neutralizing serum activity after antigen withdrawal is due to
lower levels of nAbs. These results collectively show that HIV-1-neutralizing
responses can persist for several years, even at low antigen levels, suggesting
that an HIV-1vaccine may elicit a durable nAb response.

A full list of affiliations appears at the end of the paper. [</e-mail: florian.klein@uk-koeln.de
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Neutralizing antibodies (nAbs) block viral infection by directly bind-
ing circulating viruses, thus preventing these viruses from infecting
their intended target cells'. In addition, they can eliminate infected
cells through antibody-mediated effector functions®. As a result,
nAbs are crucial to both preventing and overcoming viral infections
and are considered one of the most important correlates of vaccine-
mediated protection’.

In humanimmunodeficiency virus type1(HIV-1) infection, elicited
circulating antibodies are mostly strain-specific and are not able to
prevent replication of the broad diversity of viral strains that evolve
in a person infected with HIV-1 (ref. 4). Yet, broadly neutralizing anti-
bodies (bNAbs) targeting up to 99% of tested HIV-1 variants have been
isolated from persons with an extraordinary HIV-1 neutralizing serum
response (that is, elite neutralizers). These bNAbs have been dem-
onstrated to prevent infection in humanized mice and in nonhuman
primate models of HIV-1 infection’ %, Furthermore, a pooled analysis
of two multicenter trials showed that intravenous infusions of the
bNAb VRCO1 were associated with reduced incidence of infection by
VRCO1-sensitive HIV-1strains, although it did not show protection from
HIV-1acquisition overall compared to placebo’. Further analyses of
these two studies revealed that serum titers and the potency against
infecting strains of passively infused bNAbs correlate with protection
from HIV-1infection'. This indicates that effective HIV-1 protection
could be provided by passive infusion of broader and more potent
bNAbs, or combinations of such antibodies. Moreover, it indicates
thatavaccine thatis able to elicit potent and broad nAbs in humans at
high titers could effectively protect from HIV-linfection. Therefore, the
induction of nAbs has become a main goal for vaccine development™.

Asaresult, several different nAb-inducing vaccine candidates and
strategies are being developed and immunogens that aim to initiate
bNAb development are currently being evaluated in early clinical tri-
als’”’™, Forexample, the germline-targeting priming vaccine candidate
e0D-GT8elicits VRCO1-class B cell responses in humans®,

Longitudinal studies of elite neutralizers and HIV-1 neutraliza-
tion screenings of large cohorts identified several factors associ-
ated with the development of a broad and potent neutralizing serum
response'® %, Most of these factors reflect the exposure to antigen, such
as high viral loads, a high viral diversity and specific HIV-1 subtypes,
thatwereindependent predictors for neutralization in a Swiss cohort
of about 4,500 HIV-1-infected persons?.

However, most studies investigated neutralizing serum activity
onlyinindividuals who did not receive antiretroviral therapy (ART) and
thus had high viralloadsresultingin high antigen levels. Moreover, little
isknown about the dynamics and durability of the HIV-1 nAb responses.
Compared to nAbs against, for example, severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2) and most other viral pathogens,
potent anti-HIV-1 nAbs are often highly mutated as well as occasion-
ally autoreactive. These features are believed to present an obstacle
for induction and may also be critical for the durability of protective
HIV-1nAb responses following vaccination®". Thus, information on
the durability and dynamics of nAb responsesin humansis crucial and
highly relevant for future vaccine strategies.

Although the absence of anAb-inducing vaccine preventstesting
nAb longevity upon vaccination, other models need to be taken into
account. In natural infection, individuals usually present high viral
loads resulting in a continuous stimulation of the immune system
and the nAb response. However, when HIV-1-infected persons start
ART medication, viral replication is almost completely shut down
following no detection of HIV-1in the blood. Therefore, investigating
the longevity of bNADbs after antigen withdrawal by ART medication
can be important as this setting resembles the antigen dynamics of a
desirable nAb-inducing vaccine in which theimmunogen thatleads to
bNAb development vanishes over time™.

Here we report on the largest international study of HIV-1 neu-
tralization dynamics, sampling over 2,300 individuals. By performing

immunoglobulin G (IgG) isolation, we determined the neutralizing
activity in participants on and off ART and assessed the association
between different levels of viral replication and nAb responses®. We
were thereby able to (1) determine factors driving IgG-neutralizing
activity, (2) describe the neutralization activity of highly potent elite
neutralizers and (3) longitudinally decipher the nAbactivity in response
todifferentviralload dynamics. Finally, we performed a detailed molec-
ular analysis of monoclonal antibodies comprising the serological
response over timein an HIV-1-infected individual with potent neutral-
izing serum activity after ART initiation.

Results

Cohorts show differing but not clade-specific neutralization
To study the neutralizing activity in a large multinational cohort, we
tested samples from 2,354 individuals infected with HIV-1from Central
Europe, Central and Eastern Africaand Asia for their HIV-1-neutralizing
activity. Participants’IgG antibodies wereisolated from serum or plasma
and tested against a panel of 12 pseudoviruses (global panel) thatis rep-
resentative of the worldwide circulating HIV-1strains (Fig. 1a)*. Isolation
of IgG prevents other plasma factors frominteracting with the neutrali-
zationassay and thus allowed usto also testindividuals that were on ART
atstudy inclusion. The majority of individuals were sampled in Germany
(n=1,294), followed by Tanzania (n = 475), Nepal (n =422) and Cameroon
(n=163; Fig.1b). Neutralization was tested at a single participant’s IgG
concentration of 300 pg ml”against each respective virus. Theresulting
percentage neutralization of this single-concentration high-throughput
approach significantly correlated with the 50% inhibitory concentra-
tion (IC,) values that were determined by IgG titrationinasubset of 26
elite-and cross-neutralizers (* = 0.49, P < 0.001; Extended Data Fig. 1a).
ThelgG neutralization of the 12 pseudoviruses was assigned individual
scores between 0 and 3 points based on their potency against the respec-
tive virus. These points were finally added up to describe each individ-
ual’s overall IgG neutralization activity, taking into account its potency
andbreadth. This allowed us to stratify individuals into non-neutralizer
(n=1146, 48.6%), cross-neutralizer (n=722,30.6%), broad neutralizer
(n=165,7.0%) or elite neutralizer (n =165, 7.0 %) categories (Fig. 1a,c).
Inline withtheir neutralizing activity, we also found amore potent IgG
binding against viral envelope proteinsin elite neutralizers compared
to participants with a weaker neutralizing activity (Extended Data
Fig.1b). Of note, the average neutralizing activity against only three
viruses (25710,246F3 and BJ0OX2000) is highly predictive for the global
panel neutralization (*= 0.93, P < 0.001) and would have identified
19 of the 24 top 1% neutralizing individuals of our cohort (Extended
Data Fig. 1c-f). Taken together, the use of our single-concentration
approach on alower number of viruses might facilitate screening of
larger cohortsin the future.

The distribution of neutralizing activities significantly varied
per cohort with Tanzania having the largest fraction of elite neutral-
izers (17.0%), followed by Nepal, Cameroon and Germany (8.8%, 5.5%
and 2.9%, respectively, P=0.01; Fig. 1c). The performed stratifica-
tion allowed for discrimination of the neutralizing activity between
non-neutralizer, cross-neutralizer, broad neutralizer and elite
neutralizer against all tested viruses (P=<0.0001 for all 12 viruses;
Fig. 1d). Interestingly, even though the average neutralization
against the global panel was significantly different between cohorts
(Fig. 1e,f), the fold change of the neutralization against each respec-
tive global panel strain compared to the average neutralization was
similar between the different cohorts, resultingin a comparable neu-
tralization pattern (Fig. 1g). Thus, the differing clinical and virological
characteristics between our cohorts did not have an effect on the IgG
neutralization pattern. In particular, the difference in predominantly
circulating strains (predominant clade (% of total); Germany, clade B
(81%); Nepal, clade C (83%); Tanzania, clade C (75%) and Cameroon,
clade 02-AG (59%)) did not shape the neutralization pattern against
the multiclade global panel.
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Fig.1|Neutralization screening of alarge multinational cohort. a, Isolated
1gGs of 2,354 HIV-1-infected individuals from a multinational study were tested
against the global panel. The neutralization against each of the 12 viruses
received ascore between 0 and 3. Scores were later added to build neutralization
strata. b, Clinical and virological characteristics of individuals from the different
countries. Numbers indicate the amount of people for whom the respective
characteristic was available. ¢, Neutralization strata of all individuals and of
eachrespective cohort.d, Violin plots of the neutralization of participants’ IgGs
against the global panel pseudoviruses. Individuals were stratified according

to the strata as shownin c. Black bars indicate median, and gray bars indicate

the respective quartiles. e, Average neutralization of each cohort against the
respective 12 global panel viruses. f, Violin plots show the average neutralization
against the whole global panel (Germany, n =1,294; Nepal, n = 422; Tanzania,
n=475and Cameroon, n =163). Black bars indicate median, and dotted bars
indicate the respective quartiles. One-way ANOVA with Tukey’s correction for
multiple comparisons was used to compare average neutralization between
groups. *P=0.021, **P < 0.001. g, Fold change of the mean neutralization of

the respective cohorts against the global panel, when normalized to the mean
activity against all 12 strains (f).

Stronger neutralization linked to increased CD4bs targeting
After ranking individuals based on their IgG-neutralizing activ-
ity, the best 1% of all screened 2,354 individuals (n = 24) were found
to have an exceptionally broad (breadth of 83-100%) and potent
(mean neutralization at 300 pg ml™ 0f 84-99%) neutralizing IgG activity
(Fig.2a). The top neutralizing serumin our cohort was from a partici-
pant from Tanzania and neutralized all global panel strains withamean
neutralization at 300 pg ml™ 0f 99%.

IgG epitope mapping in 19/24 of the top 1% neutralizers revealed
thatalarger fraction of the neutralizing responsesin these individuals
was directed against the CD4-binding site (CD4bs). Of all calculated
epitopes, 41.7%, 8.3% and 0% mapped as the CD4bs bNAbs VRCO1,
HJ16 and b12, respectively (Fig. 2a). Other epitopes were targeted less
frequently with 21% targeting the V1/V2-loop (PG9-like), 13% targeting
the V3-glycan (PGT128-like) and 13% targeting the membrane-proximal
externalregion (MPER; 10E8-like). We further compared the IgG epitope
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Fig.2|Identification of elite neutralizers with extremely potent and broad
serum activity. a, Top 1% (n = 24) of all 2,354 tested individuals after ranking
them according to their mean neutralization (%) against all 12 pseudoviruses.
Left, results of the single dilution screening against the global panel. First column
indicates the ranking of each individual. Second column indicates the respective
cohort (green, Tanzania (T); turquoise, Nepal (N) and blue, Germany (G)). Middle,
neutralization activity (ICs, (ug ml™)) against the f61 fingerprint panel. Right,
delineation scores of f61-panel-based computational epitope mapping. Values
are rounded, which may result in totals of 101 or 99 for some lines/individuals.

b, Strata that were used for epitope analysis in c. Shown is the average
neutralizing activity against the global panel of 53 persons (top neutralizer,
n=19; mid neutralizer, n =17 and low neutralizer, n =17). Black bars show median
average neutralization. Dotted bars show quartiles. ¢, Pie charts showing the
number of individuals that were stratified as top-, mid- or low-neutralizers,
based on their average neutralization (b). Slices represent the mapped epitopes.
Delineation scores >30% were counted as mapped epitope per individual. Outer
lines indicate epitope mapping toward the CD4-binding site (black bar) or the
MPER region (gray bar). GM, geometric mean.

mapping of these top neutralizers (n =19) with the mapped targets of
serum antibodies intwo groups of individuals with weaker neutralizing
activity (mid neutralizer: n =17 and low neutralizer: n=17; Fig. 2b and
Supplementary Table1). Atlower serum IgG-neutralizing levels, the pro-
portion of CD4bs-directed neutralizing responses decreased while the
proportion of MPER-targeting responses increased (CD4bs-directed
bNADb activity: top: 50%, mid: 36%, low: 20%; MPER-directed bNAb
activity: top:13%, mid: 27%; low: 35%, P < 0.001; Fig. 2c). These IgG spe-
cificities were computationally predicted based oneach participant’s
IgG activity against the f61fingerprint panel. To validate these predic-
tions, we further tested participant’s IgGs against a panel of mutated
BG505;5,, pseudoviruses and in deep mutational scanning (DMS)
assays (Extended Data Fig. 2a—c)*"*2. Using these methods, we identi-
fied thetargeted epitopein 26 individuals (epitope identified by BG505
panel: 18 of 46 (39%) participants; by DMS: 11 of 14 (79%) participants;

epitope for three participants was identified using both methods); in
22 (85%) individuals, the herein identified targeted epitope matched
the computationally predicted epitope (Extended Data Fig. 2d,e).

In conclusion, neutralizing IgG serum activity of top neutralizing
individuals shows a strong preference for targeting the CD4bs, while
thetargeted epitopesinlower tier neutralizing individuals appear more
evenly distributed over the HIV-1envelope.

Antigen exposure and clade determine neutralizing activity

We further assessed which clinical and virological factors influence the
development of IgG neutralization activity. In an exploratory analy-
sis, we found females, people of younger age and people from Asia or
Central Africatobe morelikely to have detectable neutralizing serum
activity (Fig. 3a). Furthermore, a shorter time since HIV-1 diagnosis,
infectionwithaclade Cstrain, alower CD4"T cell count, not receiving
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Fig.3|HIV-1linfection history determines the neutralizing activity.

a, Clinical characteristics of individuals. All individuals for whom the specific
clinicalinformation was available were included in the respective analysis.
Columnsindicate the percentage of elite neutralizer, broad neutralizer, cross-
neutralizer or non-neutralizer in each respective group. Numbers in columns
indicate the size of the respective group (C. Europe, Central Europe; E. Europe,

Eastern Europe; C. Africa, Central Africa; BLoD, below the limit of detection).
b, Multinomial logistic Cox-regression model to assess the impact of
demographic characteristics and HIV-1infection history on the neutralization
capacity. Individuals for whom all factors were available have been included
in this analysis (n = 942). Squares indicate the RRR together with the 95%
confidence intervals.

ART, higher viralloads, alonger period without ART and ashorter period
with ART since their first HIV-1 diagnosis was associated with a more
active neutralizing IgG serum response (Fig. 3a). To exclude the inter-
dependency of these variables and determine independent predictors
for developing aneutralizing response, we used amultinomial logistic
Cox-regression model using key variables of the explorative analysisin
asubset ofindividuals with all variables available (n = 942). This model
found infection with a non-clade B strain (relative risk ratio (RRR):
5.83,95% confidence interval (95% Cl): 2.15-15.88),a CD4" T cell count
below 200 pl™ (RRR: 2.71, 95% Cl: 1.16-6.32), being off ART at study
inclusion (RRR: 5.00, 95% Cl: 2.13-11.73) and a longer period of being
off ART before study inclusion regardless of the current ART status
(RRR:5.52,95% Cl: 2.11-14.44) to be strong independent predictors
for neutralization activity (Fig. 3b).

In summary, we found a strong association of non-clade B strains
and of a longer antigen exposure with IgG neutralization activity.
Interestingly, three variables—CD4" T cell count, the current as well
as the former treatment status—that depend on ART intake were

independently associated with serum IgG-neutralizing activity in
our cohort.

Viral dynamics determine the durability of HIV-1
neutralization

In the vast majority of individuals, ART intake determines HIV-1rep-
lication and therefore serum antigen levels. Given that the history of
ART intake had such a profound effect on the IgG-neutralizing activity,
we were interested in knowing how longitudinal antigen dynamics
influence the IgG-neutralizing activity. To this end, we longitudinally
collected samples of 71randomly selected elite and broad-neutralizing
participants to test them for their IgG-neutralizing activity (Fig. 4a,
Extended DataFig. 3aand Supplementary Table 2). Median time from
the baseline visit to the second and third study visit (third visit was
available for 44 of 71 individuals) was 1.5 and 2.3 years, respectively
(Fig. 4b and Extended Data Fig. 4a). Based on their plasma viral loads
that were determined on and between the sampling timepoints, neu-
tralizers were grouped into people that had no viremia in between
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antigen exposure. a, Left, the ranking of all tested persons (n = 2,354) according
to their average neutralization against all global panel strains in the screening.
Colorsrefer to the respective neutralization strata of each person. Right, the top
500 persons. Arrows indicate persons that have been selected for further analysis
(n=71).b, Time in months between baseline visit (gray dots) and second visit
(greendots). c, HIV-1RNA plasma copies (copies per ml) of individuals between
baseline and second visit. Individuals were grouped based on the cumulative
viralload of each individual over time (decreasing viremia, n = 18; no viremia,

Days since baseline visit

Days since baseline visit Days since baseline visit

n=22;low-level viremia, n =25 and high-level viremia, n = 6). Red lines show

the geometric mean of viral loads. d, Neutralization dynamics of individuals
between baseline and second visit. Dots are the mean AUCs of the in vitro IgG
neutralization curves against the global panel pseudoviruses at each respective
visit. Each pair of dots represents the neutralization dynamics of one person.
Red lines show alearned linear mixed model describing AUC changes between
the baseline and second visit. Light red areas indicate the 95% confidence bands.
Half-lives (¢,,) were calculated from the slope of separate mixed models fitted to
thebinary logarithm of the mean AUC.

timepoints (n =22), low-level viremia (n = 25), high-level viremia (n = 6)
oradecreasing viremia after ART initiation (n = 18; Fig. 4c). Other clini-
calcharacteristics and IgG-neutralizing activities at baseline visit were
comparable between these four groups (Extended Data Fig. 3a,b). Neu-
tralizing activity was compared between timepoints by measuring the
area under the neutralization curve (AUC) for an individual’sisolated
IgG against each virus of the global panel (Supplementary Tables 3
and 4).Between the first two visits, the neutralization serum IgG activ-
ity of the whole cohort of 71 participants declined with a calculated
half-life of 8.3 years (slope —0.000052; Extended Data Fig. 3c,d).
However, the comparison of neutralization dynamics in the different
antigen-level groupsrevealed substantial differences. Withincreasing
amounts of antigen between the two visits, we found a slower decline
(no viremia group: slope —0.00004; low-level viremia group: slope

-0.000026), and inthe case of the high-level viremiagroup, anincreas-
ing neutralization activity (slope 0.000027). Interestingly, the strong-
estdeclinein neutralizing serum IgG activity over time was foundin the
group with decreasing viremia (Fig. 4d and Extended Data Fig. 3d,e).
The decline of neutralizing activity in this group (slope —0.00012)
led to a calculated half-life of IgG-neutralizing activity of 4.0 years,
comparedto9.3and16.9 yearsinthe nonviremic and low-level viremic
groups, respectively (Fig. 4d and Extended Data Fig. 3d). The weaker
mean IgG-neutralizing activity over time inthese groups was also found
whenthe activity against each single virus was analyzed (Extended Data
Fig.3e). Moreover, similar results were found between the second and
third visit, where we identified a further decline in neutralizing activity
ofthe overall cohort (Extended Data Fig. 4a,b) as well asin the different
groups (Extended Data Fig. 4¢,d).
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We conclude that IgG-neutralizing activity shows a strong initial
decline after suppression of viremia due to ART intake. In contrast, a
relatively stable neutralizing activity with decade-long half-lives was
found inindividuals with no viremia or low-level viral replication.

Fewer nAb-encoding B cells post viremia suppressionin
IDC561

To determine the cause for the decrease in neutralizing activity follow-
ing ART-mediated viral suppression, we conducted a detailed molecular
analysis of the dynamics of bNAb-encoding B cell clonesin elite neutral-
izerIDC561, a patient with an outstanding serum neutralization activity.
After21 years of untreated HIV-linfection, hereceived hisfirst apheresis
from which the highly broad and potent CD4bs bNAbs 1-18 and 2-12,
both belonging to the ‘clone 4’-family, have been isolated (Fig. 5a)*.
Clone 4 (with subbranches 4.1, 4.2, 4.3 and 4.4) includes a large num-
ber of bNAbs and was shown earlier to mediate IDC561’s exceptional
serum IgG-neutralizing activity®. IDC561 initiated ART 2 months after
hisfirstapheresis and received asecond apheresis 2.0 years after ART
initiation (Fig. 5b). Thus, IDC561 allowed us to longitudinally track the
dynamics of bNAb clone 4 after ART-mediated suppression of viremia
on a highly detailed level.

After ART initiation, the serum IgG-neutralizing activity became
less potent over time against all tested viral strains while IgG bind-
ing to HIV-1,,, only changed slightly (Fig. 5b,c and Extended Data
Fig. 5a-c). We identified a significantly lower percentage of
BG50550sip 664~ OF YU2,,140-Te€active memory B cells after ART initiation
(mean % of bait-binding, CD19°IgG" B cells: BG505p.4¢4: first apher-
esis: 0.07%, second apheresis: 0.01%, P=0.03; YU2,,,,,: first apher-
esis 0.65%, second apheresis 0.13%, P= 0.04; Fig. 5d,e and Extended
Data Fig. 6a,b). HIV-1;,, reactive IgG" cells were sorted in a single-cell
manner and subjected to V, (immunoglobulin G heavy-chain vari-
ableregion)-gene amplification and sequencing. Amongall identified
heavy-chain sequences, we identified 563 (71%) and 116 (39%) clonal B
cells in the first and second apheresis samples that were assigned to
91 and 40 clones, respectively (Fig. 5f and Extended Data Fig. 5d). Of
those, 32 clones shared B cell members identified at both apheresis
timepoints. Clones that only consisted of B cells identified at a single
timepoint were significantly more often found in the first apheresis
sample (unique clones versus clonesidentified at both timepoints: first
apheresis: 59 versus 32 clones; second apheresis 8 versus 32 clones,
P=<0.001; Fig. 5f). We further tested 29 of the 32 shared clones for their
neutralizing activity by testing at least one prototypic members of each
clone and found different dynamics of the clone sizes between neu-
tralizing and non-neutralizing clones. While shared non-neutralizing
clones (defined as clones that neutralize fewer than four of the global
panel strains) significantly increased in their relative frequency, the
fraction of shared neutralizing clones, which both originated from the
clone 4 lineage (clones4.1and 4.4), was reduced (Fig. 5g). Mostimpor-
tantly, amongall identified clonal heavy chains, the clone 4 proportion

significantly dropped by 4.4-fold from 14.9% to 3.4% after initiation of
ART (clone 4 members versus nonclone 4 members: first apheresis: 84
versus 479; second apheresis 4 versus 112, P= <0.001; Fig. 5f).

Next, we performed an unbiased next-generation sequencing
(NGS) approach tolongitudinally track changes in the composition of
the B cell repertoire. To this end, we applied V,,-gene NGS to 450,000
and 400,000 bulk-sorted antigen-experienced (CD20°IgG*IgM IgD
“CD27") and naive (CD20°IgM’IgD*CD2771gG") B cells from the first and
second apheresis, respectively (Fig. 5h).Inthe antigen-experienced B
cellrepertoire, we observed comparable frequencies of B cells from the
V,,1-46 gene segment (first apheresis: 1286 (3,0%); second apheresis:
989 (3,1%); Fig. 5i and Extended Data Fig. 5e) but, in line with the single
HIV-1;,,-reactive B cell-sequencing results, we found a significantly
higher fraction of clone 4 members before the start of ART (clone 4
lineage cells versus other immunoglobulin G heavy-chain variable
region (IGHV) 1-46 cells: first apheresis: 9 versus 1277 (0.07%); second
apheresis: 1versus 988 (0.01%), P = 0.032; Fig. 5i).

Of note, the clones 4.1 and 4.4 lineage bNAbs identified after
ART start had highly similar sequential features compared with clone
4 bNAbs identified from pre-ART samples (Fig. 5j). Moreover, they
showed a similar neutralization activity against the global panel
(Fig. 5k)

In summary, suppression of viremia due to initiation of ART
resultedin decliningIgG-neutralizing serumactivity in this participant,
which is accompanied by a significantly lower fraction of circulating
bNAb-encoding B cell clones.

Anti-HIV-1serum bNAbs decrease after the suppression of
viremia
To test if the declining fraction of clone 4-encoding memory B cells
is paralleled by lower amounts of circulating clone 4 serum bNAbs,
we deconvoluted the circulating serum IgG antibody repertoire
by bottom-up liquid chromatography-tandem mass spectrometry
(LC-MS/MS) proteomics of antigen-specific serum antibodies using
the Ig-seq pipeline***. In brief, anti-BG5055gpp ¢4 I€GS from plasma
samples were digested into peptides and subjected to high-resolution
LC-MS/MS analysis. LC-MS/MS data were interpreted using the availa-
ble V,-gene sequence information of IDC561. The detection of antibody
heavy-chain complementarity determining region3 (CDRH3)-derived
peptidesthen allowed for the identification of HIV-1;,,-specificantibody
clonotypes that circulatein the plasmaat agiven timepoint®**’ (Fig. 6a).
We identified circulating antibodies of 37 unique B cell clones
at the first apheresis timepoint. Of those, 23 (62%) clones became
undetectable at the time of the second apheresis. We also identified
four newly elicited clones and clones withamuch higher relative abun-
dance. Of those the clones 2,671 and 14,955 accounted for more than
30% of the antibody response at this point (Fig. 6b and Supplemen-
tary Table 5). Mostimportantly, clone 4 bNAbs that collectively com-
prised 5.2% of the circulating antibody repertoire at the first apheresis

Fig.5|Neutralization dynamics in elite neutralizer IDC561. a, Clinical data of
individual IDC561. b, Mean IgG neutralization of IDC561’s IgG against an extended
global panel (12 strains + YU2 + BG505) and viral loads over time. Dotted line
indicates the limit of viral detection. ¢, Neutralization activity of IDC561’ IgG
from the two apheresis timepoints against the extended global panel (excluding
CE1176). d, Representative dot blots of BG505sosp 664 (tOp) or YU2,,,140-T€ACtIVE
(bottom) IgG* B cells at first and second apheresis, respectively. Numbers
indicate the frequency of HIV-1 envelope-reactive IgG* B cells from the parental
gate. e, Frequency of BG5055qs;p 664~ (top) Or YU2,,40-reactive IgG* B cells from

the parental gate as found in individual sorts (BG505: first apheresis, n =4 and
second apheresis, n =2; YU2: first apheresis, n = 3 and second apheresis, n = 2).
Lines indicate mean percentage. Two-tailed ¢-test was used for comparison. f, Pie
charts show the numbers of clonal heavy-chain sequences identified. Individual
clones are represented by slices. Light blue slices: clones that have been
identified at both aphereses. Greenslices: clone 4. g, Clone size (% of all identified

sequences) of clones identified at both timepoints (blue dots, first apheresis
and turquoise dots, second apheresis; non-neutralizing clones, n = 27 pairs and
neutralizing clones, n =2 pairs). Black lines show mean percentage. Wilcoxon
matched-pairs signed rank test and two-tailed ¢-test were used to compare
non-neutralizing and neutralizing clones, respectively. h, Scheme of sample
processing for the unbiased B cell repertoire analysis. i, Columns show the total
count of sequences that resulted from our NGS-based unbiased B cell repertoire
analysis. j, Phylogenetic tree of clones 4.1and 4.4 members as identified by
different methods from the first and second apheresis timepoints. Antibodies
1-18,15-26,2-12 and 20-12 are further shown in k. k, Activity of bNAbs identified
fromindividual IDC561 against the global panel. Antibodies 1-18 and 2-12 were
identified from the first apheresis. Antibodies 15-26 and 20-13 were identified
from the second apheresis. Dots at 10 pg ml™ indicate nonneutralized strains
(ICs, > 10 pg mI™). Geo, geometric; Neutr., neutralizing.
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Fig. 6 | Longitudinal serum antibody repertoire of IDC561. a, Deconvoluting
the serum antibody repertoire with the combination of LC-MS/MS and
sequential data sets. b, CDRH3 clonotypic composition and relative frequency of
the anti-BG505qspp ¢4 Plasma antibody repertoire. ¢, Time course of the relative

abundance of clone 4 in IDC561 anti-BG505p 464 Plasma (left y axis) and 1IgG
neutralization activity against the global panel (right y axis). d, IGHV-gene usage
of the anti-BG505qsp.66+ S€rum IgG repertoire of individual IDC561.

decreased after ART initiation and their CDRH3 became undetectable
atthe second apheresis timepoint (Fig. 6b,c). However, while clone 4.1
CDRH3 peptides were not observed at the time of the second apher-
esis, we could detect trace levels of the exceptionally charged and
thus readily ionizable clone 4.1 CDRH1 peptide ADDDPYTDDDTFTK’
(uniquetothe4.1clonallineage). The absolute concentration of clone
4.1antibodies at different timepoints was estimated by spike-in of
isobaric ADDDPYTDDDTFTK peptide based on the extracted-ion
chromatography (XIC) peak area relative to a calibration curve. We
determined that the concentration of the 4.1clone was 0.82 pug mi™at
the time of the first apheresis, decreasing to below the limit of quan-
titationin the second apheresis. We note that this estimate accounts
for antibodies of the 4.1 lineage that comprises multiple antibodies
with distinct CDRH3s (which, as mentioned above, were not detected
atthe second apheresis due to the lower ionization propensity of the
CDRH3 peptides, Extended DataFig. 7a,b). Overall, the lower fraction
of clone 4 antibodies detected by serum proteomics is consistent with
the weaker IgG neutralization (r=-0.97, P= 0.17; Fig. 6¢). Interestingly,
at both apheresis timepoints, the serological repertoire was domi-
nated by IGHV1-69 antibodies that collectively comprised 35% of the
entire BG505¢05p464 Fesponse at the first apheresis, rising to 50% at the

second apheresis (Fig. 6d). In earlier studies, IGHV1-69 antibodies with
comparable somatic hypermutation (SHM) levels to those detected
inthe serum of IDC561had beenisolated from HIV-1elite neutralizers
by peripheral B cell cloning, shown to bind to the CD4bs and to have
appreciable although not exceptional HIV-1 neutralization breadth®**,

We conclude that the declining plasma IgG-neutralizing activity
after ART-mediated suppression of viremia correlates with a declin-
ing fraction of both bNAb-encoding memory B cells and circulating
serum bNAbs.

Discussion

For many infections and vaccines, dynamics of nAb responses are
well-studied and knowledge about nAb durability can be used to
estimate the duration of protection and to optimize vaccination regi-
mens***, Forinstance, the longitudinal assessment of anti-SARS-CoV-2
nAb responses in convalescent individuals or vaccinated individuals
helped to rapidly optimize COVID-19 vaccination strategies** **. How-
ever, given that no effective HIV-1 vaccine is available yet and only a
few people develop a potent neutralizing response during natural
infection, knowledge about the durability of naturally developing
anti-HIV-1nAb responses is missing. To date, most studies assessed
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anti-HIV-1serum neutralizing activity in people without ART and were
thusonly able to draw conclusions about the antibody responses dur-
ing uncontrolled viral replication and therefore relatively high levels
ofantigen20722,26,27,45748‘

Antigens from most viruses stimulate the development of bind-
ing antibodies and nAbs. However, in most of the few HIV-1-infected
individuals that develop a potent neutralizing serum response, a
year’s long co-evolution between virus and antibodies was needed to
develop broad and potent neutralizing serum responses>®'®, In most
individuals studied, this co-evolution was facilitated by long periods
without ART resultingin high viral loads/antigen levels and future vac-
cine strategies may need to mimic this co-evolution™. To date, several
promising candidates have entered clinical development, but there is
stillno vaccine available that elicits broad and potent nAbs in humans.
Iffuture vaccines achieve to elicit potent bNAbs, the longevity of such
antibodies will alsobe animportant criterion for vaccine strategies to
offer long-term protection. However, many potent HIV-1nAbs have high
rates of somatic hypermutationincludinginsertions and deletions that
make their induction difficult. Furthermore, it is discussed that these
features may affect their durability after vaccination or after antigen
levels drop, that is, after ART initiation"**°, Thus, although several
promising vaccine candidates are under development, it remains
unclear how long vaccine-induced nAb responses would last and offer
protection'>™*', Until such nAb-inducing vaccines are available, the
dynamics and durability of neutralizing serum responses can only be
described in HIV-1-infected individuals who developed a neutralizing
serumresponse upon natural infection. Moreover, by analyzing these
neutralizing serum responses in association with the viral load, the
impact of antigen levels on nAb durability can be evaluated. To this
end, we assessed IgG neutralizationinalarge HIV-1-infected cohort and
longitudinally described the nAb responsein neutralizers over timein
response to different viral dynamics.

In our cohort of HIV-1-infected persons from various countries,
we identified several factors as independent predictors for better
IgG neutralization. Most of these factors reflected the ART intake,
such as the CD4" T cell count and the current and former treatment
status. Although the impact of longer and higher viral loads on nAb
responses was similarly reported in previous studies, it has not been
showninalarge cohortthat ART intake negatively influences IgG neu-
tralization?*>**"2%, However, as HIV-1 neutralizing serum activity does
not protect from HIV-1 disease progression, ART intake is crucial for
HIV-1-infected individuals as ART reduces mortality and morbidity,
enhances quality of life, and prevents HIV transmission by suppressing
viral replication™.

To further investigate the changes in the nAb response over time
inresponse to different levels of viral replication, reflecting different
antigen levels, we conducted a longitudinal study of individuals with
potent HIV-1-neutralizing IgG activity. We found nAb half-lives inindi-
viduals with no- or low-level viremia of 9.3 and 16.9 years, respectively.
With 4.0 years, half-life was considerably shorter inindividuals who ini-
tiated ART and thus experienced asuppression of their viremia during
the follow-up period. Thus, neutralizing serum responses are overall
relatively stable over time even without large amounts of stimulating
antigen. The half-lives of neutralizing antibody titers that we deter-
mined were comparable to the half-life of non-neutralizing anti-HIV-1,,
antibody responses in HIV-1-positive persons after the initiation of
ART****and considerably longer than the 1-2 month long half-lifes of
non-neutralizing antibody responses afterimmunization with experi-
mental HIV-1vaccine candidates®*°. If effective nAb-inducing vaccines
are available in the future, our data indicate that nAbs can be rather
long-lived evenifthe vast majority of the stimulating antigen vanishes
over time.

Dynamics of binding- and neutralizing serum responses have pre-
viously been described for other infectious diseases such as COVID-19
(refs.43,44,57). However, inindividuals that have a neutralizing serum

response against a specific pathogen, it is difficult to dissect binding
(including non-nAbs) from neutralizing antibody responses by serolog-
ical assays. For anaccurate assessment of the dynamics of neutralizing
and non-neutralizing antibodies, investigating single antibody and B
cellclones canbeinformative as we showed in our analysis of individual
IDC561. We found the weaker neutralizing response after ART initiation
tobe associated withreduced levels of circulating pre-existing bNAbs
and adecrease of bNAb-encoding B cells among HIV-1;,,.-specific B cells
and amongthe overallmemory B cell repertoire, respectively. Interest-
ingly, we also identified several new or considerably more expanded
memory B cell and anti-HIV-1,,, circulating antibody clones after ART
initiation. This indicates a continuous evolution of HIV-1-directed
B cells even during suppressed viral replication as shown before in
elite controllers®®*. However, low levels of circulating plasma virus or
ongoing HIV-1replicationinspecificcompartments during ART might
contribute to this ongoing evolution and might also affect long nAb
durability inindividuals on ART described herein®. Of note, although
the fraction of serum bNAbs and bNAb-encoding B cells declined,
the newly identified bNADbs of clones 4.1 and 4.2 did not significantly
change in their V,-gene sequence and maintained their potent and
broad-neutralizing activity after IDC561’'s ART initiation. However, it
needs to be considered that these findings are derived from only one
individual and further individuals with neutralizing serum responses
would need to be studied to draw firm conclusions. It is also possible
thatnotall relevant HIV-1-reactive B cells of individual IDC561 have been
captured by the sorting strategies applied. Another limitation of our
study is the measurement and assessment of the antigen levels in the
participants. While viral loads can inform about the antigen levels in
serum/plasma, we have not collected further samples to ensure that
these patients had also lower antigen levels in lymphatic organs such
aslymph nodes or the gut.

In conclusion, our analyses show that anti-HIV-11gG-neutralizing
activity isassociated withviral replication and thus weakens after ART
initiation. However, nAb responses are overall relatively stable with
half-lives of several years. Thus, our study indicates that future active
vaccine strategies that are able to elicit protective titers of nAbs in
humans could provide long-term protection from HIV-1infections.
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Methods

Human participants

Blood and leukapheresis samples were obtained under research proto-
colsthat were approved by the Institutional Review Boards and ethics
committees of the respective study site. All participants gave written
informed consent, according to CARE (case report) guidelines and in
compliance with the Declaration of Helsinki principles. Participants
received a small compensation for study participation at some sites.
HIV-1-infected individuals were recruited at private practices and/
or hospitals in Germany (Cologne, Essen and Frankfurt), Cameroon
(Yaoundé), Nepal (Kathmandu) and Tanzania (Mbeya). Overall, sex/
gender was not considered in the study design, and we have only col-
lected data on assigned, not self-reported sex. Data on gender were
not collected. In total, 2,392 individuals were screened for their neu-
tralizing activity. Of those, 38 individuals were excluded from further
analysis due toincreased unspecific neutralizing background activity
as described below. Among the final dataset of 2,354 participants,
there were 737 female and 1,542 male patients. For 75 individuals, no
information on their sex was available. Median age of the whole cohort
was41.8 years. Individual IDC561 was already described in detail inref.
33,and datafromthis first apheresis timepoint were used for compari-
sonwith new timepoints. Viral load measurements of the longitudinal
cohortof7lindividuals were performed at each respective study site by
commercially available assays and had alimit of detection at 20 copies
per ml. Mean viral loads, as depicted in Fig. 4c, were calculated by the
geometricmean viralload of allindividuals in predefined time frames.

Celllines

All cells were maintained at 37 °C and 5% CO,. HEK293T cells (American
Type Culture Collection) in Dulbecco’s modified Eagle medium (DMEM;
Thermo Fisher Scientific) supplemented with10% FBS (Sigma-Aldrich),
1 mM sodium pyruvate, 2 mM L-glutamine and 1x antibiotic-antimy-
cotic (allfrom Thermo Fisher Scientific). TZM-bl cells were maintained
in DMEM supplemented with 10% FBS, 1 mM sodium pyruvate, 2 mM
L-glutamine, 50 mg ml™ gentamicin (Merck) and 25 mM HEPES (Milli-
pore).SupT1.CCRS5 cells were maintained in R10 (Roswell Park Memorial
Institute (RPMI, GE Life Sciences) supplemented with 10% FBS, 2 mM
L-glutamine and 100 U mI™ of penicillin and streptomycin). The 293-6E
cells (National Research Council of Canada) were maintainedin FreeStyle
Expression Medium (Thermo Fisher Scientific). The sex of HEK293T,
TZM-bland 293-6E is female, whereas the sex of SUPT1.CCRS5 is male.

Clinical samples

Density-gradient centrifugation was used to isolate peripheral blood
mononuclear cells (PBMCs) from full blood or leukapheresis samples.
PBMCs were stored at =150 °Cin 90% FBS and 10% Dimethyl sulfoxide
(DMSO, Sigma-Aldrich) until further use. Plasma and serum samples
were stored at —80 °C until further use.

Serum and plasma IgG isolation for neutralization and binding
assays

Serum or plasma samples were heat-inactivated at 56 °C for 40 min.
Following, serum/plasma was incubated with Protein G (Protein G
Sepharose 4 Fast Flow; Merck GE17-0618) in PBS at 4 °C overnight. For
our screening, we used 500 pl of plasma/serum per individual that was
incubated with 250 pl of Protein G. On the next day, Protein G, which
now carries the participant’s IgGs, was added on chromatography
columns and was washed 3x with 1x PBS. Following, IgGs were eluted
with 0.1 Mglycine (pH = 3) and the final solution was immediately buff-
ered using 1M Tris buffer (pH = 8). Finally, the buffer was exchanged
to 1x PBS using Amicon Ultra spin tubes (Amicon Ultra-15 Centrifugal
Filter Units; Merck, UFC9030) until the original buffer was sufficiently
replaced (at least 1:200) and less than 0.5% of Tris/Glycin remained.
Final concentration was measured using aNanoDrop (VWR). Purified
IgGs were stored at 4 °C or —80 °C until further use.

Pseudovirus production

Pseudoviruses (12-strain global screening panel and f61 finger-
printing panel) were used for neutralization assays. Pseudoviruses
were produced in HEK293T cells after cotransfection of the respec-
tive HIV-1,,,-plasmids with the pSG3Aenv plasmid as described
previously**-64,

Neutralization assays

Neutralization assays were performed as described previously®. In
brief, pseudoviruses and antibodies or purified participants’IgG were
mixed and co-incubated at 37 °C for 1 h in a 96-well plate, followed
by the addition of TZM-bl cells. Following a 2-d incubation period,
aluciferase-containing lysing reagent was added and luminescence
was determined using aluminometer. After subtracting background
relative luminescence units of noninfected TZM-bl cells, the percent
inhibition or 50% IC,,s were determined. For our large screening, iso-
lated participants’IgGs were tested in a single well per virus at asingle
concentration of 300 pg ml™. Duplicates were performed for 28,362
0f30,602 (93%) testsresultinginamedian s.d. between all duplicates
of 5.2% inhibition (interquartile range: 2.3-9.2%). Mean result of the
duplicates was used for further analysis. To categorize individuals,
each participant’s IgG potency against each strain received a score
between 0 and 3 points (neutralization at 300 pg ml™: <20% neu-
tralization = 0 points; 20-50% =1 point, 50-80% = 2 points, >80% = 3
points). The sum of this score against all 12 pseudoviruses then was
used to stratify individuals according to their neutralization activity
in elite neutralizer (23-36 points), broad neutralizer (15-22 points),
cross-neutralizer (8-14 points) or non-neutralizer (0-7 points). All
IgGs were tested for unspecific activity against murine leukemia virus
(MuLV)-pseudotyped viruses, and if unspecific activity was observed
(25% inhibition against MuLV), individuals were excluded from further
analysis (n =38).

Generation of BG505 pseudovirus mutants

Point mutations were introduced into a BG505.;3,, envelope expres-
sion plasmid using the Q5 Site-Directed Mutagenesis Kit (New England
Biolabs). Pseudoviruses were produced as described above.

DMS

HIVDMS was performed as described previously*>®. Briefly, HIV-15550s
mutant virus libraries®® were incubated with concentrations of each
serainthelC,, o, range along with a mock incubation for eachlibrary.
Afterincubation, viruses were used toinfect SupT1.CCRS5 cells. Twelve
hours after infection, nonintegrated viral cDNA genomes wereisolated
using a miniprep, as described previously®”®, Viral cDNA genomes
were then sequenced using barcoded subamplicon sequencing. These
data were analyzed using dms_tools2 (ref. 69) to calculate the dif-
ferential selection for each mutation under each serum selection, or
the logarithm of that mutation’s enrichment in the serum selection
relative to the mock selection control. See https://github.com/jbloom-
lab/HIV_Broad_Human_Sera_MAP for the code used for this analysis.
For IDC561, IDC508, IDF033 and IDC513, DMS was performed using
lentivirus-based DMS*"*%, DMS results of individuals IDC561, IDC508,
IDF033 and IDC513 have previously been showninref. 31. The lentivirus
DMS escape map for IDC508 fromref. 31is displayed in Extended Data
Fig. 2c as a single epitope for simplicity. See https://dms-vep.github.
io/HIV_Envelope_BF520_DMS_CD4bs_sera/ for the code used for this
analysis and interactive plots of the data.

Areaunder the curve calculation of participants’ IgG
neutralization

We used the area under the neutralization curve (AUC) to compare
the neutralizing activity of an individual over time in the cohort of
71neutralizers as shown previously’®”. While neutralization curves
were generated for all 71 neutralizers against the global panel strains,
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the usage of the AUC enables the inclusion of samples with low-level
neutralization, where the IC;, was not reached due to lower active IgGs.
The AUC was computed as the area under the neutralization titration
curvewith the R package flux (version 0.2.1.), where the logarithmized
antibody concentrations are on the x axis and the measured neutrali-
zation activity on the y axis. Based on replicative measurements and
the neutralization activity against the control virus MuLV, the AUC is
corrected for variance between experiments and background noise
of the assay.

To quantify the cluster-specific decline in neutralizing serum IgG
activity over time (Fig. 4d and Extended Data Fig. 3d), linear mixed
effect models (R-function Ime4::Imer) with random slope and specific
interceptsfor eachindividual were applied to model the mean AUC asa
function of the number of days passed since the baseline visit’%. Confi-
dence bands were computed using R-function ggeffects::ggpredict™.
Half-life estimates of neutralizing serum IgG activity were obtained
by fitting separate linear mixed models using a log,-transformation
of the mean AUC as response and computing the negative inverse of
the resulting common slope regression coefficient.

Clustering of individuals according to viral load

Allindividuals that had afully suppressed plasmaviralload (viral loads
below the limit of detection) at all measurements between the two
sampling timepoints were assigned to the ‘no viremia’ group. For each
of the remainingindividuals, a feature vector containing the first, the
last, the mean and the median of the available viral loads between the
sampling timepoints was created to compare persons with a different
number of measurements. K-means clustering was appliedin the result-
ing four-dimensional feature space. Different values for the number of
clusters Kwere tested, with K =3 being optimal according to the change
inwithin-cluster dissimilarity.

Single-cell sort

The Pan B Cell Isolation Kit, B Cell Isolation Kit Il or IgG* Memory
B Cell Isolation Kit (Miltenyi Biotec) was used for the isolation of B
cells from PBMCs. Following, B cells were labeled with anti-human
CD19-AF700 (1:20, BD Biosciences), anti-human IgG-APC (1:20, BD
Biosciences), DAPI (1:100, Thermo Fisher Scientific) and the HIV-1Env
baits BG505s4s)p¢64-GFP (1.5 ug/100 pl) or biotinylated YU2,,,,, (labeled
with Streptavidin-Phycoerythrin (PE, BD Biosciences), 1.5 ug/100 pl)
for30 minonice. Env-reactive CD19°IgG'DAPI  single cells were sorted
into 96-well plates containing 4 p of lysis buffer (0.5x PBS,10 mMDTT
(Thermo Fisher Scientific), 2 U pI™ RNasin (Promega) and 1 U pl™ RNa-
seOUT (Thermo Fisher Scientific)) per well using aBD FACSAria Fusion
with BD FACSDiva software (version 8.0). Plates were stored at -80 °C
until further use. Frequency of BG5055ogpp ¢4~ (tOp) O YU2,, 14 T€aCtIVE
IgG* B cells from the parental gate was calculated using FlowJo-Software
(version 10.5.0). The same software was used to illustrate the gating
strategy of each respective sort.

Single-cell cDNA synthesis, PCRs, antibody sequence and
clonality analysis

Single-cell cDNA synthesis and following amplification of antibody
sequences were performed as described previously®. In short, cDNA
synthesis was performed using Superscript IV (200 U pl™; Thermo
Fisher Scientific) according to the manufacturer’s protocol and addi-
tionally added RNAse inhibitors. Antibody sequences for single-cell
analysis were amplified by semi-nested PCRs using Platinum Taqg DNA
Polymerase or Platinum Taq Green Hot Start DNA Polymerase (Thermo
Fisher Scientific) and previously described primers and their respec-
tive PCR settings™ . Second-round PCR products were sequenced by
Sanger sequencing and used for further sequence analyses as described
previously®. Sequences were annotated with IgBLAST””. Clonal analysis
was performed on a dataset of combined single B cell sequences from
both apheresis timepoints as described previously®. All clones were

cross-validated by the investigators taking shared mutations and light
chaininformationinto account.

The maximum-likelihood phylogenetic tree was generated using
nucleotide sequences of heavy-chainV genes (FWRH1-FWRH3) and of
the IGHV1-46*01 Homo sapiensallele (GenBank X92343.1). All sequences
were aligned using ClustalW (Geneious R10; cost matrix: IlUB; gap
open cost: 15; gap extend cost: 6.66), and the maximum-likelihood
phylogenetic tree was calculated using PhyML with 1,000 bootstrap
replicates as described in ref. 78 (substitution model: general time
reversible; Geneious R10) (ref. 78). The best-scoring tree was then
rooted to IGHV1-46*01.

Antibody cloning and production

Antibody cloning and production were performed as described pre-
viously®. In short, PCR products of single B cells were amplified with
specific forward primers and reverse primers providing overhangs
for subsequent sequence and ligation-independent cloning (SLIC)™".
PCR products or synthesized DNA fragments were cloned into human
antibody expression vectors (IgGl, kappa or lambda chain) by SLIC
assembly as described previously”. Antibodies were produced in 293-
6E cells (National Research Council Canada). Five to seven days after
transfection with polyethylenimine (PEI), monoclonal antibodies were
isolated from supernatants using Protein G as described above and
stored at4 °Cuntil further use.

Neutralization fingerprinting panel-based antibody epitope
prediction

Computational epitope prediction of serum IgG-neutralizing activity
was conducted as described previously®®. In brief, the neutralizing
IC5,s of the respective participant’s IgGs were determined against the
20 pseudovirus f61 panel. Following, the similarity of the fingerprint
of the tested participants’ IgGs is compared to the fingerprint of ten
classes of reference-bNAbs, grouped by their specific epitope; for
each class, shown is a prototypic bNAb member. The prevalence of
these reference antibody epitopes in a respective participant’s IgG is
computationally predicted and assigned a delineation score between O
(low) and1(high). The scores asshowninFig.2arepresent the percent-
age ((initial delineation score) x 100).

HIV-1Env ELISAs

HIV-1Envantigens at 2 pg ml™ were coated on high-binding ELISA plates
(Corning) in PBS overnight at 4 °C. Subsequently, wells were blocked
for 60 min at 37 °C with 3% BSA (Sigma-Aldrich) in PBS. Antibodies or
participants’ IgGs to be tested were diluted in PBS and incubated for
60 min at room temperature after addition to the coated plates. Fol-
lowing, horseradish peroxidase-conjugated anti-humanIgG (Jackson
ImmunoResearch) diluted 1:1,000 in 3% BSA in PBS was added for
60 min at room temperature. After the addition of 2,2’-azino-di-(3-e
thylbenzthiazoline sulfonic acid (ABTS) solution (Thermo Fisher Sci-
entific), absorbance was determined on a microplate reader (Tecan).
Between each step, plates were washed with 0.05% Tween 20 (Carl
Roth) in PBS.

Unbiased B cell repertoire analyses

We performed an unbiased B cell repertoire analysis at the timepoint
of individual IDC561 as described previously®. In brief, B cells were
isolated from PBMCs using CD19 microbeads (Miltenyi Biotec) and
stained with DAPI (1:100; Thermo Fisher Scientific), CD20-AF700
(1:80), IgG-APC (1:20), IgD-Pe-Cy7 (1:20), IgM-FITC (1:5) and CD27-PE
(1:40; all BD Biosciences). In total, 450,000 and 400,000 CD20°1gG
“IgMIgD"CD27 B cells of the first and second apheresis of IDC561,
respectively, were sorted into FBS (Sigma-Aldrich) usingaBD FACSAria
Fusion. Intotal, 250,000 and 200,000 cells of the first apheresis sam-
ple and 200,000 and 200,000 cells of the second apheresis samples
were sorted in separate experiments. These four sorting samples were

Nature Medicine


http://www.nature.com/naturemedicine
https://www.ncbi.nlm.nih.gov/nuccore/X92343.1

Article

https://doi.org/10.1038/s41591-023-02582-3

handled separately in the downstream assays described here. Fol-
lowing, RNA of sorted B cells was isolated with the RNeasy Micro Kit
(Qiagen). We then generated cDNA according to the SMARTer RACE
5’/3’ manual using the SMARTScribe Reverse Transcriptase (Takara)
withatemplate-switch oligoincludingan18-nucleotide unique molecu-
lar identifier. Heavy-chain variable regions were amplified with an
IgG-specific nested PCR, and amplicons were used for library prepa-
ration and MiSeq 2 x 300 bp sequencing (Illumina). Raw NGS reads
were preprocessed and assembled to final sequences as described
previously®. Clone 4 members were identified from NGS data by their
CDRH3. Tothis end, adatabase of known clone 4 CDRH3s (as published
inref. 33) was set up and the B cell repertoire data of first and second
apheresis were searched for IGHV1-46 gene sequences that matched
CDRH3s in the clone 4 CDRH3 dataset. For the analysis of the naive B
cellrepertoire, CD20°IgM‘IgD*CD27°1gG cells were sorted.

IgG purification, antigen enrichment of F(ab’)2 and MS sample
preparation for Ig-seq
IDC561serum (1 mg) was diluted 1:1 with Dulbecco’s PBS (DPBS; Gibco,
Thermo Fisher Scientific), and IgG was isolated by passing through
columnthree times with 1.5 ml protein G agarose (Pierce, ThermoFisher
Scientific). Then, the column was washed with DPBS and eluted with
glycine-HCI (pH =2.7), followed by immediate neutralization with1M
Tris-HCI (pH = 8.0). To concentrate IgG and remove salts, buffer was
exchanged to PBS using a15 ml 10 K molecular weight cut-off (MWCO)
tube (Thermo Fisher Scientific). To generate F(ab’)2, purified IgG was
incubated with IdeS (1:50 mass ratio, IdeS:IgG) for 2 hat 37 °C.
BG505,5p664 Was immobilized on the affinity column for
antigen-specific F(ab’)2 enrichment as described previously>**”%,
Briefly, 0.5 ml of BG50540g;p 664 (1 mg mi™ in PBS) was added to 50 mg
of NHS-activated agarose resin (Pierce, Thermo Fisher Scientific)
and rotated overnight at 4 °C. BG5054qp¢64-cOnjugated NHS resin
was washed twice with DPBS and incubated with 1 methanolamine
(pH=8.2) for 30 min to quench NHS resin. BG5054 ¢¢s-cOnjugated
NHS resin was then transferred to a spin column (Pierce, Thermo
Fisher Scientific) and washed 12 times with 1 column volume (400 pl)
DPBS, spinning down the resin 1000 g for 30 s for each round. Then,
SOSIP-conjugated resin wasincubated with prepared IdeS-IgGfor1hat
room temperature and flow through (unbound IgG) was collected. The
column was then washed with DPBS 11 times and BG505p ¢64-Specific
F(ab’)2 was eluted with 1% formic acid (400 pl fractions). Elution
fractions were dried in speed vacuum to remove formic acid and
resuspended with 25 pl of LC-MS graded water and adjusted to neutral
pH. Flow-through and elution samples were denatured and reduced
in50% (vol/vol) 2,2,2-trifluoroethanol with 5 mM Tris(2-carboxyethyl)
phosphine hydrochloride (TCEP) at 55 °C for 1 h and alkylated with
16.5 mM iodoacetamide (MilliporeSigma) for 30 min at room tem-
perature in the dark. Samples were then digested with trypsin (1:30
trypsin/protein) overnight at 37 °C. Formic acid was added (1%) to
quench the tryptic digestion, and samples were dried to 20 pl under
speed vacuum. For clean-up, tryptic peptides were loaded onto a C18
HyperSep SpinTip (Thermo Fisher Scientific), washed three times with
0.1% formic acid and eluted with releasing buffer (60% acetonitrile and
0.1%formicacid). The tryptic eluates were dried under speed vacuum
and resuspended to 50 pl (5% acetonitrile and 0.1% formic acid) for
LC-MS/MS analysis.

Bioinformatic analysis of Ig-seq

Raw IGHV and immunoglobulin light chain variable (IGLV) sequences
derived from NGS and single B cell-sequencing data were annotated to
humanV, D and] germline reference sequences using MiXCR software®.
Then, the annotated IGHV reads were clustered into lineages (that is,
clonotypes) based on a single-linkage hierarchical clustering algo-
rithm, with a requirement of >90% identity within the CDRH3 amino
acid sequences (measured by Levenshtein edit distance) as reported

previously***2, The IGHV and IGLV sequences that were identified with
>2 reads were combined and used as a personalized search database
for database-driven high-resolution LC-MS/MS searches. These were
performed using SEQUEST and Percolator in Thermo Proteome Discov-
erer 1.4 as described***”*?, Briefly, the abundance of each peptide was
calculated from the XIC peak area generated by the Precursor lons Area
Detector nodein Proteome Discoverer (Thermo Fisher Scientific). This
allowed us to measure the abundance for each lineage by summing the
XIC area of high-confidence CDRH3 peptide spectra matches on the
condition that such CDRH3 peptide sequences are mapped toasingle
lineage without any ambiguity. BG505¢gp.¢4-Specific IgG was defined
as antibody lineages with >5-fold higher signal (XIC) in the elution as
compared to the flow through.

Quantification and statistical analysis

To estimate the RRR of neutralizing activity, uninomial and multino-
mial logit models using mlogit (Stata Statistical Software: Release 17)
were performed. Asa dependent variable, the neutralizing activity was
defined with the non-neutralizers as the base value. The mlogit test
using the Wald parameter was applied to assess the likelihood ratio for
eachvariableincludedinthe model. The RRR and 95% Clwere reported
toshow the direction and strength of the association.

Differencesin epitope mapping distributions between top-, mid-
and low-neutralizers were compared by using the Chi-square test that
was also used to compare differences in clone proportions between
firstand second apheresis sorts of IDC561. Two-sided Student’s ¢-test
was used for comparison of BG505- and YU2-reactive B cell frequencies
of the different timepoints.

EC, values as determined by ELISA were calculated using the fit-
ting settings for sigmoidal curves, 4PL in GraphPad, Version 9.3.1.1Cs,
values of neutralization activity were determined using a Microsoft
Excel macro as described previously®*.

Aone-way analysis of variance (ANOVA) was calculated using SPSS
Statistics (version 23; IBM). One-way ANOVA with Tukey’s correction
for multiple comparisons, Pearson’s correlation coefficient, Wilcoxon
matched-pairs signed rank test and two-sided students ¢-test were
calculated using Prism (GraphPad, version 9.3.1).

All Pvalues of <0.05 were considered statistically significant.

Reporting summary
Furtherinformationonresearch designisavailable in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Aggregated clinical data are available upon request to the corre-
sponding author (F.K.) provided that there is no reasonable risk of
de-anonymizing study participants. Individual patient data cannot be
shared dueto privacy restrictions. The sequence data of the NGS-based
unbiased B cell repertoire analysis of IDC561 will be available upon
request and after completion of a Data Transfer Agreement between
the University Hospital Cologne and the requesting institution/
researcher (for requests contact: florian.klein@uk-koeln.de). Nucleo-
tide sequences of all generated antibodies were deposited at GenBank
under the accession numbers OR498214-0OR498255.

Code availability

See https://github.com/jbloomlab/HIV_Broad_Human_Sera_MAP for
the code used for analysis of HIV DMS data and https://dms-vep.github.
io/HIV_Envelope_BF520 DMS_CD4bs_sera/ for the code used for analy-
sis and interactive plots of the lentivirus DMS data.
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Extended Data Fig. 2| Validation of f61-panel based epitope predictions.

(a) Broadly neutralizing antibody (bNAb) IC,, values (pg/ml) against wild type
and mutated BG505+;;,y pseudovirus. First column indicates the epitopes of

the respective tested bNADbs. (b) Participants’ 1gG ICs, values (in pg/ml) against
wildtype and mutated BG505;53,, pseudovirus. First column indicates the
neutralization rank of each individual among the 2,354 HIV infected individuals,
followed by each participant’s IDs and each individuals IgGs ICs, (pg/ml) against
wild type BG505+55,. Right panel shows the change in IgG sensitivity (fold change
of ICs,) for BG505+33,y mutants compared with the wild type. Defined epitopes
(fold change of >2 against a mutated BG505+35,y pseudovirus) were marked in the
respective colors. (c) Escape at all sites from participants’ IgGs in the BF520 Env
ectodomain (for participants IDC508, IDFO03, IDC561 and IDC513) as defined by
the lentivirus deep mutational scanning assay and in the BG505 Env ectodomain
(all other participants) as defined by the HIV DMS assay. Positive values represent
sites where mutations cause escape. Prediction of f61-panel of the respective
participant is shown on the left. Colored panel shows the respective epitopes

of Env. The numbers at the bottom of each panel indicate the HIV-1Env residues

numbered according to HIV-1,,g,. IDC561 shows escape at binding sites of the
CD4 binding site bNAb 1-18, isolated from this individual. Thus, IDC561 was
counted as individual for which the predicted epitope was confirmed. (d)

Pie charts show the results from the f61-panel based computational epitope
prediction (left), from the BG505 mutation panel (middle) and from the deep
mutational scanning (DMS, right). Slices indicate the fraction of individuals.
Predicted scores >30% in f61 panel count as ‘defined’. Numbers indicate n of
individuals tested. For the BG505 mutation panel, individuals for whom the f61
epitope prediction did not result in a defined epitope (n = 3) and individuals with
only low potency against BG505 wild type (n = 4) were excluded for this analysis.
(e) Pie chart shows combined results from the experimental validation of the f61
panel-based prediction by either the BG505 mutation panel or DMS. A predicted
epitope was counted as validated when the epitope with highest f61 delineation
score in eachindividual was also identified by at least one of the other assays.
Slicesindicate the fraction of individuals. Number indicates the number of
individuals inwhom f61-based prediction and at least one of the BG505 mutation
panel or DMS resulted in a defined epitope.
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Extended Data Fig. 3 | Durability of HIV-1 neutralizationis determined by

the amount of antigen exposure. (a) Clinical characteristics of the groups

that were selected by differing viremia over time. P-values marked with ‘a’ were
calculated by one-way ANOVA. P-values marked with ‘b’ were calculated using
Pearson’s Chi-square test. (b) Neutralization activity against the global panel.
Each dot represents a single participant’s IgGs against one virus. Black bars
indicate the median. Gray barsindicate the upper and lower quartile. Depicted
IC;, values at the top indicate the median IC,, of all individuals against all viruses.
Breadth valuesindicate the median neutralization breadth of allindividuals in
the respective group. No significant differences were found between the median
IC5,s between each respective group (p > 0.05). (c) Neutralization dynamics
ofindividuals between baseline and 2" visit. Dots are the mean areas under

the curves (AUC) of the in vitro 1gG neutralization curves against the global

Days since baseline visit
Fits for individual viruses

Days since baseline visit

panel pseudoviruses at each respective visit. Each pair of dots represent the
neutralization dynamics of one participant. The red line shows alearned linear
mixed model describing AUC changes between baseline- and 2nd visit. Light red
areasindicate the 95% confidence bands. (d) Slope indicates the daily increase
(positive values) or decrease (negative values) of neutralization activity in the
respective groups. P-values indicate the significance of a comparison between
the here used model of AUC changes over time and a model thatignores the time
variable (R-function stats::anova). The left table shows models fitted to the mean
AUC, whichare used for visualization. The right table shows models fitted to

the log2-transformed mean AUC, which are used for the calculation of half-life
estimates. (e) Gray lines show learned linear mixed models describing AUC
changes between baseline- and 2" visit per virus. Red lines show the mean fitted
line of all viruses.
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Extended Data Fig. 4 | HIV-1 neutralization dynamics between 2" and 3™
visit. (a) Time in months between baseline visit (gray dots), 2" visit (green
dots) and 3" visit (turquoise dots). 44 individuals had blood draws at 3 visits.
(b) Neutralization dynamics of individuals between 2" and 3 visit. Dots are the
mean areas under the curves (AUC) of the IgG neutralization curves against the
global panel pseudoviruses at each respective visit. Each pair of dots represent
the neutralization dynamics of one individual. The red line shows a learned
linear mixed model describing AUC changes between 2nd and 3rd visit. Light
red areasindicate the 95% confidence bands. (c) Fitted linear mixed modelsin
detail. Slope indicates the daily increase (positive values) or decrease (negative
values) of neutralization activity in the respective groups. P-values indicate the
significance of acomparison between the here used model of AUC changes over

Days since 2nd visit Days since 2nd visit

time and amodel that ignores the time variable (R-function stats::anova). The
left table shows models fitted to the mean AUC, which are used for visualization.
Theright table shows models fitted to the log2-transformed mean AUC, which
are used for the calculation of half-life estimates. (d) Neutralization dynamics
of participants between 2" visit and 3" visit. Dots are the mean areas under the
neutralization curves (AUC) of the in vitro 1gG neutralization curves against the
global panel pseudoviruses at each respective visit. Each pair of dots represent
the neutralization dynamics of one participant. Red lines show a learned linear
mixed model describing AUC changes between baseline- and 2" visit. Light red
areas indicate the 95% confidence bands. Half*lifes (t1/2) were calculated from the
slope of separate mixed models fitted to the binary logarithm of the mean AUC.
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Extended Data Fig. 5| Neutralization dynamics in elite neutralizer IDC561.
(a) Neutralization activity of IDC5611gG against the global panel, YU2 and
BGS505 at four different time points. (b) Half maximal effective concentration
(50% effective concentration (ECs,)) of individual IDC561’s IgGs from different
timepoints against the indicated HIV-1 Env antigens as determined by ELISA.
Each dot represents the mean EC,, of two individual experiments. Line indicates
the median ECs,. (c) ELISA binding curves of (B) (d) Large pie charts show the
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numbers of heavy-chain sequences identified by single cell sorting. Smaller

pie charts indicate the amount of total and clonal heavy-chain sequences as
identified by single cell sorting with the respective HIV-1Env bait. (e) Comparison
oftotal B cell repertoire of IDC561 at the 1st and 2nd apheresis timepoints. Top
panel shows frequency of IgG heavy chain variable region (VH)-genes. Bottom
panel shows IgM VH-genes. Dots show results of replicates for which two
independently sorted batches of IgG+and IgM+ B cells, respectively, were used.
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1-18 peptides CDRH Lenght (AA)  1:10 Dilution  1:100 Dilution
ADDDPYTDDDTFTK 1 14 1.30E+10 1.00E+09
QAPGQRPEWLGVISPHFAR 2 19 7.00E+09 7.00E+08
APHYNYHMDVWGGGTAVIVSSASTK 3 25 7.80E+08 6.00E+07
b Timepoint and years after HIV-1 diagnosis
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Extended Data Fig.7 | LC-MS/MS detection of clone 4 from individual IDC561.

(a) Representative tryptic peptides of 1-18 mAbs detected by LC-MS/MS. Human
plasma was mixed with purified monoclonal 1-18 antibody at 1:10 or 1:100, mass
ratio. Anti- BG505p.¢ antibodies were purified by affinity chromatography
and tryptic peptides derived from CDR1, CDR2, CDR3 region of 1-18 mAbs were

identified by LC-MS/MS. The unique CDRH1 peptide ADDDPYTDDDTFTK was
also detected at a1:1,000 dilution with alow XIC value. (b) Unique tryptic CDRH1
and CDRH3 peptides derived from Clone 4 detected by LC-MS/MS at different
timepoints.
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Software and code

Policy information about availability of computer code

Data collection  Flow cytometry data were gained by FACS Aria Fusion with BD FACSDiva software (Version 8.0). ELISA plates were measured by Tecan’s
Sunrise absorbance microplate reader and associated software. To measure neutralization activity, luminescence was measured using a
BertholdTech TriStar2S and associated software. B cell receptor repertoire sequence data were generated by an unbiased template-switch-
based NGS approach (Ehrhardt et al, Nature Medicine 2019). Antibody sequence data were gained by PCR sequencing at GATC or Eurofins
genomics. For some cohorts, clinical data was documented in an electronic case report form (eCRF) using the online cohort platform
ClinicalSurveys.net, which is hosted by QuestBack, Oslo, Norway on servers of UHC, Cologne, Germany, as part of a software-as-a-service
agreement.
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Data analysis Analyses and quantifications were performed with FlowJo10, Microsoft Excel for Mac (v14.7.3), Geneious Prime software (v.2020.2.4). Further
we used Stata Statistical Software: Release 17, IBM SPSS Statistics Version 23 or Graphpad Prism Version 9.3.1 for statistical analyses.
Raw read pre-processing of B-cell NGS data was performed with an in-house pipeline primarily based on self-written Python scripts, IgBLAST,
Clustal Omega, and the pRESTO toolkit. Raw IGHV and immunoglobulin light chain variable (IGLV) sequences derived from NGS and single B
cell sequencing data were annotated to human V, D, and J germline reference sequences using MiXCR software. The neutralization AUC was
computed as the area under the neutralization titration curve with the R package flux (version 0.2.1.).
To quantify the cluster-specific decline in neutralizing serum IgG activity over time, linear mixed effect models (R-function Ime4::Imer) with
random slope and patient-specific intercept were applied to model the mean AUC as a function of the number of days passed since the
baseline visit (available at: https://www.jstatsoft.org/article/view/v067i01). Confidence bands were computed using R-function
geeffects::ggpredict (available at: https://zenodo.org/record/1301148#.ZAHRHI9XZpQ ). For sequence alignment, we used 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.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Aggregated clinical data are available upon request to the corresponding author (F.K.) provided that there is no reasonable risk of de-anonymizing study
participants. Individual patient data cannot be shared due to privacy restrictions. The sequence data of the NGS-based unbiased B cell repertoire analysis of IDC561
will be available upon request and after completion of a Data Transfer Agreement between the University Hospital Cologne and the requesting institution/
researcher (for requests contact: florian.klein@uk-koeln.de). Nucleotide sequences of all generated antibodies were deposited at GenBank under the accession
numbers OR498214-0R498255.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender For our study, we collected data about the sex of the patients. Data on gender was not collected. Thus, we use the term "sex"
throughout the final version of the manuscript only. In our study, we included 737 female and 1542 male patients. For 75
patients no information on their sex was available. Sex/gender was not considered in the design of the bio sample collection
protocol and samples were collected irrespective of sex and/or gender.

Population characteristics The population characteristics at study inclusion of the specific cohorts from Germany, Nepal, Tanzania and Cameroon are
described are as following: Male sex: Germany 86%, Tanzania 42%, Nepal 57%, Cameroon 26%; Median age: Germany 48
years, Tanzania 35 years, Nepal 38 years, Cameroon 38 years; Median time since HIV-1 diagnosis: Germany 8.3 years,
Tanzania O years, Nepal 3.6 years, Cameroon 2.5 years; Median CD4 counts: Germany 622/ul, Tanzania 240/ul, Nepal 532/ul,
496/ul); Time on ART: Germany 5.7 years, Tanzania 0.15 years, Nepal 3.64 years, Cameroon 2.5 years.

Recruitment Patients were recruited at private practices and/or hospitals in Germany (Cologne, Essen, and Frankfurt), Cameroon
(Yaoundé), Nepal (Kathmandu), and Tanzania (Mbeya). Patients were asked to participate in the study during their regular
visit at the specitic clinic/hospital. Patients were enrolled in our study without any prior selection, and there was no self-
selection bias present because the determination of a patient's eligibility for the study was made by the treating physician.
Nevertheless, the choice of eligible patients made by the treating physician could potentially introduce bias in our patient
selection. Although we acknowledge this potential bias in our recruitment approach, we have a strong conviction that it did
not impact the outcomes of our study.

Ethics oversight Blood and leukapheresis samples were obtained under protocols approved by the Institutional Review Board (IRB) of the
University of Cologne (protocols 13-364 and 16-054) and the local IRBs and all participants provided written informed
consent.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose an these points even when the disclosure is negative.

Sample size Mo sample size determination was performed. The sample size of over 2300 HIV-infected patients was chosen to identify a significant number
of individuals with broad- and elite neutrallzing activity, Previous studies indicate that only around 20-30% of HIV-1 Infected individuals
develop this activity. The larger sample allowed us to compare patients with varying neutralizing serum levels, determine epitope specificity in
top neutralizers, and enable long-term follow-up of patients with broad- and elite neutralizing activity.

Data exclusions  For NGS data, reads were inltally filtered for a mean Phred score of 25 and read-lengths of at least 250 bp. Consensus sequences (based on
UMIs) were excluded, when the corresponding UMI was found less than 3 times. Mo other data was excluded from the analyses.

Replicatian B cell analysis pipeline validation was performed in bilogical duplicates as described in the methods section.
Several replicates of the FACS Analysis of HIV-1 specific B-cells of patient IDC561 were performed on different dates.
For our screening, duplicates were performed for 28.362 of 30602 (93%) tests on a different plate using a different well for each patient
resulting in @ median standard-deviation between all duplicates of 5,2% inhibition (interquartile range: 2,3%-9,2%). For some patients
duplicates were not possible due to limited plasma/serum avallability. Mean result of the duplicates was used for further analysis,
For the assessment of the neutralizing activity over time in the 71 elite-/broad neutralizer, duplicates were performed on a different plate side
by side, and the mean of the duplicates was used for further analysis,
Meutralization results from monoclonal antibodies were first screened for thelr neutralizing activity without dublicates. Whenever a
neutralization of more than 20% of screened viruses was found, dublicates were performed and |C50 was determined by using the well
established Excel Macro from the Maontefiori Lab (Montefiori, D. C. in HIV Protocols  (eds Vinayaka R, Prasad & Ganjam V. Kalpana) 395-405
{Humana Press, 2009)).
All attemps to replicate our results were successfull.

Randomization  In our analysis, we assessed g6 neutralizing activity in study participants by examining their serum/plasma, leading to a study design without
Interventions and, consequently, no requirement for randomization,

Blinding In our study, laboratory personnel conducting experiments were aware of the study D for each participant they handled, but they were

blinded to the participant's group allocation and any clinical data. The process of allocating each participant to a specific group and matching
them with clinical data was conducted by the lead author after the completion of analyses to ensure an unblased interpretation of the results,

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
systemn or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods

nfa | Invalved In the study nfa | Involved in the study

[ 1|64 Antibodies B4|[] chip-seq

[ ]|[<] Eukaryotic cell lines []|[4] Flow eytametry

B[] Palaeontology and archaeology B|[] MPRl-based neurcimaging

E |:| Animals and other organisms

[1|B€] diinical data

B[] Dual use research of concern

Antibodies

Antibodies used Anti-human CO20-4F700 (cone 2H7), BD Bioscience, Cat#560631, RRID: AB_2687799
Anti-hurnan CD19-AF700 (Clone HIB19), BD Blosclence, Cati#557921, RRID: AB_396942
Anti-human IgG-APC (clone G18-145), BD Bioscience, Cat¥550931, RRID: AB_2738854
Anti-Human 1g0-Pe-Cy7 (Clone 1A6-2), BD Bioscience, Cat#561314; RRID: AB_10642457
Anti-Human I[gM-FITC [Clone G20-127), BD Blosclence, Cat#SS5782; RRID: AB_3356117
Anti-Human CD27-PE {Clone M-T271), BD Bioscience, Cat#S60585; RRID: AB_10563213
Peroxidase AffiniPure Goat Anti-Human IgG, FoE fragment specific, Jackson ImmunoResearch, Cat#109-035-098; RRID: AB_2337586
Manaoconal anti-HiV-1 Env 561_01_18 (1-18) as described in Schommers et al,, Cell 2020 [Genbank Accession no heavy chain:
MMNE57353.1, light chain: MNBS2009.1)
Manodenal anti-HIV-1 Env 561_02_12 (2-12) as described in Schommers et al,, Cell 2020 [Genbank Accession no heavy chain:
MNEETS64.1, light chain: MNBEE018.1)

Validation All antibadies from

BD Biosciences and Jackson ImmuncResearch were checked for human reactivity during guality contral,

Alea Fluor® 700 Mouse Antl-Human CD20 [bttps:/fwww. bdbiosciences.com/content/bdb/paths/generate-tds-
document.ca. 560631, pdf):

Alternate Name: M54A1; B1; Bp35; LEU-16; 57
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Clarme: 2H7
Immunogen: Human 6.16c1.3 B cell line

Isotype: Mouse {CS7BL/6] IgG2b, ]
Reactivity: QC Testing: Human c
Tested in Development: Rhesus, Cynomolgus, Baboon m
-
Anti-hurnan CD19-AF700 [Clone HIB19) (https:/ fwww.bdbioscences.com/content/bdb/paths/generate-tds-document.nz. 55792 1.pdf] E
Clane: HIB19 o
Isotype: Mouse 1gG1, « o
Reactivity: QC Testing: Human _—
o
Anti-human IgG-APC (clone G18-145) {https:/fwww.bdbiosciences.com/en-eufproducts/reagents/flow-cytometry-reagents/research- ':;
reagents/single-color-antibodies-ruofapc-mouse-anti-human-igg.550931) =1
Reactivity: Human O Testing) 2
Isotyp: Mouse |gG1, ]
=
=

Anti-Human 1g0-Pe-Cy7 (Clone 186-2) (https:/fwww.bdbiosciences comfcontent/bdb/paths/generate-tds-document.de.561314. pdf)
Alternate Name: IGHD; Ig delta chain C region; Immunoglobulin heavy constant deltaa

Clame: |AG-2

Isotype: Mouse IgG2a, &

Reactivity: OC Testing: Human

Anti-Human IgM-FITC [Clone G20-127) (https:/fwww_bdbiosciences.comfcontent/bdb/paths/generate-tds-document.br 555782 pdf)
Clone; G20-127

Isotype: Mouse 1g51, k

Reactivity: QC Testing: Human

Anti-Human CD27-PE (Clone M-T271)(https://'www.bdblosclences.com/feontent/bdb/paths/generate-tds-document. us. 560985, pdf)
Alternate Name: TNFRSFT; TNF receptor superfamily, member 7; T14; TpiS5; 5152

Clome: M-T271

Immunogen: Human T-CLL cells

Isotype: Mouse [BALB/c) 1861,

Reactivity: OC Testing: Human

Tested in Development: Rhesus, Cynomolgus, Baboon

Peroxidase AffiniPure Goat Anti-Human IgG, FoE fragment specific, (https:/f'www jacksonimmuno.com/catalog/
products/109-035.003)

Specificity: Based on Immunoelectrophoresis andfor ELISA, the antibody reacts with whele molecule human 1gG. It also reacts with
the light chains of other human immunoglobulins. Mo antibody was detected against nen-immunoglobulin serum proteins. The
antibody may cross-react with immunoglobuling from other species.

Moreover, all antibodies are routinely tested by flow cytometry according to the manufacturers protocoll. Anti-HIV-1 Env antibadies
were tested against the 12 virus global panel to ensure their activity,

Eukaryotic cell lines

Policy information about cell lines and Sex an nder in R

Cell line source(s) TZM-bl cells (NIH AIDS Reagent Program), HEK293T (American Type Culture Collection), 293-6E cells (National Research
Council of Canada), 5upT1.CCRS cells (James Hoxie). The sex of HEK293T, TZM-bl, 293-6E |5 fernale, while sex of 3UPTL.CCRS
is male.

Authentication Cell lines were not authenticated,

Mycoplasma contamination Cell lines were not checked for Mycoplasma contamination.

Commanly misidentified lings | o commenly misidentified cell lines were used in this study.
[See ICLAC reglster)

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMIE guldelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinlcal trial registration | Studies have not been registered.
Study protocol Awailable on request from the corresponding author.

Data collection Data collection were performed at each respective site via local data monltoring systems or via the centralized online cohort platform
ClinicalSurveys.net (see above). Data were collected and harmonized at the end by personnel of the University Hospital Cologne.

Outcomes Mon-Interventional study, No outcome paramenters were defined.




Flow Cytometry

Plots
Confirm that:

The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

All plots are contour plots with outliers or pseudocolor plots.

& A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument
Software
Cell population abundance

Gating strategy

PBMCs were isolated by standard density gradient centrifugation using Histopaque (Sigma Aldrich) and LeucoSep tubes
(Greiner Bio-one). Cells were stored at -150°C in 90% (v/v) FBS (Sigma Aldrich) and 10% (v/v) DMSO (Sigma Aldrich). For NGS
of the b cell repertoire, cells were stained with DAPI (Thermo Fisher), CD20-AF 700, 1gG-APC, IgD-Pe-Cy7, IgM-FITC, and
CD27-PE (all BD Biosciences). 450.000 and 400.000 CD20+IgG+lgM-IgD-CD27- B cells of the 1st and 2nd apheresis of IDC561,
respectively, were sorted into FBS (Sigma-Aldrich) using a BD FACSAria Fusion. For the analysis of the naive B cell repertoire
CD20+IgM+IgD+CD27-1gG- cells were sorted.

For single b cell sort: Cells were stained with anti-human CD19-AF700 (BD), anti-human IgG-APC (BD), DAPI (Thermo Fisher),

and the HIV-1 env baits BG505SOSIP.664-GFP or biotinylated YU2gp140 (labeled with Streptavidin-PE (BD)) for 30 min on ice.

Env-reactive CD19+IgG+DAPI- single cells were sorted into 96-well plates containing 4 ul of lysis buffer.
FACSAria Fusion (Becton Dickinson)

BD FACSDIVA, FlowJo10

Post-sort fractions were not re-analyzed.

For NGS of B cell repertoire: Gating on lymphocytes, live cells, CD20+ and then IgG+ for antigen experienced or IgD+IgM
+CD27-1gG- for naive B cells.

For single b cell sort: Gating on lymphocytes, live cells, CD19+ and IgG+ and then GFP+ (for BG505SOSIP.664-GFP) or PE+ (for
YU2gp140) for HIV-1 reactive cells.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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