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Abstract

In HIV-1 vaccine research, native-like, soluble envelope glycoprotein SOSIP trimers are widely
used for immunizing animals. The epitopes of autologous neutralizing antibodies (NAbs)
induced by the BG505 and B41 SOSIP trimers in rabbits and macaques have been mapped to a
few holes in the glycan shields that cover most of the protein surfaces. For BG505 trimers, the
dominant autologous NAb epitope in rabbits involves residues that line a cavity caused by the
absence of a glycan at residue 241. Here, we blocked this epitope in BG505 SOSIPv4.1 trimer
immunogens by knocking-in an N-linked glycan at residue 241. We then opened holes elsewhere
on the trimer by knocking-out single N-linked glycans at residues 197, 234,276, 332 or 355, and
found that NAb responses induced by the 241-glycan-bearing BG505 trimers were frequently re-
directed to the newly opened sites. The strongest evidence for redirection of the NAb response to
neo-epitopes, through the opening and closing of glycan holes, was obtained from trimer
immunogen groups with the highest occupancy of the N241 site. We also attempted to knock-in
the N289-glycan to block the sole autologous NAb epitope on the B41 SOSIP.v4.1 trimer.
Although a retrospective analysis showed that the new N289-glycan site was substantially under-
occupied, we found some evidence for redirection of the NAb response to a neo-epitope when
this site was knocked-in and the N356-glycan site knocked-out. In neither study, however, was
redirection associated with increased neutralization of heterologous Tier-2 viruses.

Importance

Engineered SOSIP-trimers mimic envelope-glycoprotein spikes, which stud the surface of HIV-1
particles and mediate viral entry into cells. When used for immunizing test animals they elicit
antibodies that neutralize resistant sequence-matched HIV-1 isolates. These neutralizing
antibodies recognize epitopes in holes in the glycan shield that covers the trimer. Here, we added
glycans to block the most immunogenic neutralization epitopes on BG505 and B41 SOSIP
trimers. In addition, we removed selected other glycans to open new holes that might expose new
immunogenic epitopes. We immunized rabbits with the various glycan-modified trimers and then
dissected the specificities of the antibody responses. Thus, in principle, the antibody response
might be diverted from one site to a more cross-reactive one, which would help in the induction

of broadly neutralizing antibodies by HIV-1 vaccines based on envelope glycoproteins.
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Introduction

The development of soluble envelope glycoprotein (Env) trimers as vaccine candidates
against human immunodeficiency virus type 1 (HIV-1) is predicated upon the induction of
sustained protective neutralizing antibody (NAb) responses (reviewed in (1-8)). The BG505
SOSIP.664 construct is the prototype native-like recombinant Env trimer and has been widely
used in recent years; SOSIP trimers based on BG505 and other HIV-1 env genes mimic the
native structure of the Env spikes that mediate HIV-1-virion attachment to and entry into target
cells (2, 9-18). These functionally critical processes are impeded by the binding of NAbs to the
trimers (8, 15, 19-26). Knowledge of the immunogenicity of native-like trimers in general, in
particular of the NADb responses they elicit, will help to refine vaccine development aimed at
eventually inducing NAbs with broad activity against diverse HIV-1 strains (bNAbs) (1-3). The
BGS505 SOSIP.664 and other native-like trimers present multiple bNAD epitopes, but induce only
a narrow NAb response in rabbits and macaques (14, 27-30). It is widely appreciated that
antigenicity, i.e., recognition of an epitope by an immune response, is not the same as
immunogenicity, i.e., the capacity to induce an immune response to an epitope. In addition,
factors other than accessibility influence the bNAb response to an epitope (2, 3,7, 22, 31, 32).

Previous studies have shown that BG505 SOSIP.664 trimers induce autologous NAbs
against the Tier-2 BG505.T332N virus that target specific holes in the glycan shield, which
covers most of the trimer surface (29, 33-42). The immunogenicity of such glycan-deficient
patches was first shown with virus-like particles expressing trimers based on the JR-FL strain
(40). Such epitopes also dominate the response to soluble SOSIP trimers of both the BG505 and
B41 genotypes (29). Specifically, autologous NAbs induced by the BG505 SOSIP.664 trimer in
rabbits most frequently recognize a hole in the glycan shield caused by the absence in that strain
of a glycan at residue 241. Thus, the addition of a glycan at this position, or at the structurally
nearby residues 289 or 230, renders the autologous BG505.T332N virus resistant to NAbs from
most trimer-immunized rabbits (38). A second autologous NAb epitope, the C3/465 site, is seen
less frequently by the rabbit but more often by the macaque immune system, and involves
residues in the gp120 C3 and VS5 regions. This epitope is blocked by the addition of glycans at
residues 356 or 465. A third, rarely immunogenic, epitope is located in V1 near residues 133 and
136 (38). The B41 SOSIP.664 trimer also induces autologous NAbs in rabbits, which, in this

case, are directed to a single epitope cluster that can be blocked by knocking-in a glycan at
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residue 289 (29). Both of these trimers also elicit antibodies to the V3 and other regions, which
neutralize only sensitive Tier-1 viruses (14, 29, 38). In addition, immunogenic neo-epitopes are
created at the base of all soluble trimers, inducing non-neutralizing antibodies (non-NAbs) (43-
45).

As noted above, the bNAD epitopes on SOSIP trimers have been immuno-silent in animal
studies with intact trimers to date. Strategies to overcome this problem include trimers that are
sequence-modified to target the germline-precursors of human bNAbs (6, 46-48). A related topic
is whether immuno-dominant NAb or non-NAb epitopes distract the antibody response from the
less immunogenic bNAD sites on the same trimer. Accordingly, multiple attempts have been
made to reduce the immunogenicity of the V3 region of SOSIP trimers and, more recently, the
neo-epitopes at the trimer base (9, 27, 30, 44, 49-51). Whereas suppression of the less desired
responses against these epitopes can certainly be achieved, it has not been accompanied by
meaningful improvements in autologous NADb titers or the emergence of more broadly active
antibodies (45); whether eliminating the immunogenicity of non-NAb epitopes at the base of the
soluble trimer is beneficial remains to be definitively determined. Another approach to
neutralization breadth involved efforts to increase the immunogenicity of bNAb epitopes near the
CD4 binding-site (CD4bs) by deleting one or more nearby epitope-shielding glycans from
SOSIP trimers of BG505 and other genotypes (39). This outcome can be achieved with only a
minimal impact on the processing state of nearby glycans (52). In immunogenicity studies, NAbs
were indeed elicited that targeted epitopes in the newly opened holes in the glycan shields of the
corresponding (sequence-matched) mutant viruses, but without the generation of CD4bs-related
cross-neutralizing antibodies (39).

Here, we have explored a different but related strategy: blocking the known
immunodominant autologous NAb epitopes on the BG505 and B41 SOSIP trimers, while
opening up alternative holes in the glycan shield, to see whether new NAb epitopes are created.
Accordingly, we produced variant BG505 trimers based on the SOSIP.v4.1 design (27). A
blocking glycan was first added at residue 241 to reduce the immunogenicity of the 241/289-
glycan hole epitope. This N241-knock-in (N241-KI) variant trimer was then used as the template
for deleting glycans from residues 197, 234, 276, 332 or 355 to make glycan knock-out (KO)
mutants. Using this panel of trimer variants as immunogens in rabbits, we found that it is indeed

possible to reduce the immunogenicity of the immunodominant 241/289-glycan hole epitope
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and, in some cases, to divert the NAb response to neo-epitopes in the newly opened holes. But
we did not observe any increase in the breadth of neutralization against heterologous Tier-2
viruses. On the B41 SOSIP.v4.1 trimer, we knocked-in a glycan at residue 289 in an attempt to
block the only known autologous NAb epitope, and then opened new glycan holes at residues
332 and 356. Unexpectedly, a retrospective analysis of glycan occupancy found that the residue
289 was variably but poorly occupied on the 289-KI mutant trimers. Hence, NAbs against this
epitope were still induced in immunized rabbits. We did, however, find some evidence that an
immunogenic neo-epitope was be created by knocking-out the N356-glycan, but not by
knocking-out the N332-glycan. We note that a recent report shows that the development of
neutralization breadth in HIV-1 infected people is correlated with the lack of glycan holes on the
Env proteins of the initially infecting virus (53). In this context, the new information we describe
here could be helpful for designing new immunogens with closed glycan holes as components of

stratgeies to induce bNAbs.
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Results
Design, production and use of glycan-modified SOSIP trimer immunogens

We based the design of the BG505 SOSIP.v4.1 trimer variants on our identification of the
241/289-glycan hole as the predominant autologous NAb epitope in rabbits (29). Accordingly,
we knocked-in a glycan at residue 241 in an attempt to block access to this epitope. At the time
this study was initiated, we had not identified the C3/465 epitope as the next-most immunogenic
autologous NAD epitope (38). Hence, we did not change this site on the mutant trimers used in
this study (although see the description of Group-8, below). For B41, we knocked-in a glycan at
residue 289 in an attempt to close the only known epitope for autologous NAbs on this genotype
of SOSIP trimer (13, 29). The amino-acid sequence changes and designations of the various
trimers used in this study are described in A Tables 1 and 2. Data on the occupancy of the
various knocked-in glycans are described below and were obtained by a proteomics-based
method (37) only after the immunization experiments had been completed.

In our previous rabbit immunization studies, we used Iscomatrix adjuvant (14, 27, 29, 50,
54). However, as this reagent was no longer available, we obtained GLA-LSQ from the
Infectious Disease Research Institute (IDRI), Seattle, WA via the Bill and Melinda Gates
Foundation’s (BMGF) collaborative network and used it for the first 4 immunizations. While this
adjuvant did support the immunogenicity of the various BG505 and B41 SOSIP.v4.1 trimers, we
were concerned that, in this and other contemporaneous experiments not reported here, the
incidence of non- or poorly-responding rabbits was higher than we expected. For example, of the
5 rabbits immunized four times with the parental BG505 SOSIP.v4.1 trimers in GLA-LSQ, only
2 had autologous NAb titers >20 (specifically, 150 and 700), which corresponds to fewer
responses and lower titers than we typically see after 3 immunizations with Iscomatrix (14, 27,
29, 50, 54) (see also the summary of Group-1 below). For the parental B41 SOSIP.v4.1 trimers,
the autologous NAD titers after three or four immunizations with GLA-LSQ also tended to be
lower than those previously obtained with Iscomatrix (14, 29, 54). In an attempt to increase the
NADb responses, we re-boosted all the rabbits in every BG505 and B41 immunogen group twice
with the same trimers and a different adjuvant, an Adjuplex-based formulation (see Methods).
The response rate in the parental trimer and other groups then increased. Accordingly, the data
presented below were all obtained 2 weeks after the sixth immunization (4 with GLA-LSQ and

then 2 with the Adjuplex-based formulation).
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The neutralization responses, including mapping data, are summarized below on a group-
by-group basis for the BG505 trimers, and then for B41. For BG505, the data were derived with
the parental BG505.T332N pseudovirus, mutants corresponding to the immunogen trimers and
other mutants with substitutions at the 241/289 and C3/465 sites that are targeted by NAbs from
most rabbits immunized with BG505 SOSIP trimers (29, 38). For B41, the data were obtained

with the parental B41.R315Q and glycan site mutant pseudoviruses. In both cases, assessments
of titer changes could only be made reliably when the IDs5p values against the parental

pseudovirus or the autologous, i.e., immunogen-matching, virus were >100.
Group-1: The parental BG505 SOSIP .v4.1 trimer

The neutralization data for all 8 of the BG505 trimer immunogen groups are summarized
in Fig.1. The abilities of the sera to neutralize the autologous (trimer immunogen-matched)
pseudovirus and the parental (BG505.T332N) pseudovirus are shown in Fig.1A and Fig.1B,
respectively. For Group-1, the data are the same in both plots as the autologous virus is the
parental.

After their sixth immunization, all the Group-1 rabbits developed detectable, albeit wide-

ranging, autologous NAD titers, which was also the case for most of the other groups (Fig. 1A).
For Group-1, sera from the 5 rabbits generated ID5s¢ values in the range 51-5800 (median 140)
against the autologous, parental pseudovirus (Fig.1A, B). Two sera, r2213-1 and r2214-1,
neutralized this virus with high IDsp values of 640 and 5800, the other three with low IDsg
values (Fig. 1). For both of the strongly neutralizing sera, the NAb titers were markedly reduced
(relative ID50, RIDsp, values: 5-32%) by the N241-KI and N241-KI/N289-KI mutations, while

the C3/465 epitope was not targeted (Fig.2A, B).
Group-2: The BG505 SOSIP .v4.1+ N241-KI trimer

The N241-KI trimer has a glycan inserted at residue 241 to block the dominant 241/289-
glycan hole site (Fig.3A). Three out of 5 rabbits developed detectable but low NADb responses
against the autologous N241-KI mutant pseudovirus (Fig.1A). The NAD titers against the
parental BG505.T332N pseudovirus and the autologous responses against the N241-KI mutant
pseudovirus in the Group-2 rabbits were indistinguishable and in the range 20-260; hence these
weak responses tolerated the N241-KI mutation (Fig.1A and B; A Fig.1). These titers, both

autologous and against the parental virus, were lower than the autologous responses in Group-1

7
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(titers of 51-5800). It is, therefore, possible that the added N241-glycan had suppressed the
immunogenicity of the trimer, although the statistical trend was not significant (p = 0.14 in both

cases). Only one rabbit (r2220-2) developed NAbs that neutralized the parental pseudovirus at a
titer (ID5p = 250) high enough for the cross-reactive epitope to be mapped. The reduced RID5g

value of this serum for the N365-KI/R3601 double mutant implicated the C3/465 site as the NAb
target (Fig.3B).
Group-3: The BG505 SOSIP.v4.1 + N241-KI + N130-KI trimer

This mutated trimer contained knocked-in glycans at both residues 241 and 130, the latter
to block a putative glycan hole in V1 (Fig.4A). The design of this immunogen was suggested by
comparative sequence analysis and structural modeling; in the Los Alamos database, 62% of the
isolates have a glycan at residue 130 (https://www.hiv.lanl.gov). The design of this trimer

predated our use of BG505.T332N virus mutants to map NAb responses, which showed that the
N130-KI mutation did not reduce IDsop values for sera from BGS505 SOSIP.664 trimer-

immunized rabbits (38). Four of the 5 rabbits developed detectable autologous NAb responses
(20-1900; median = 82) (Fig.1A). In 2 of the animals, the responses against the parental virus
were strong enough for the shared epitope to be analyzed (Fig.1B). For r2225-3, the NAb
response in was clearly directed against the C3/465 site, but the evidence was less definitive for
r2224-3 (Fig.4B). Here, however, we noted that the NADb titer against the autologous N130-
KI/N241-KI mutant pseudovirus was increased by 72% compared with the parental (i.e., an
RIDsy of 172%) (Fig4B). Hence, a partial redirection of the neutralization response to an
immunogen-specific, glycan-dependent neo-epitope(s) may have occurred in this rabbit.
Group-4: The BG505 SOSIP .v4.1+ N241-KI + N197-KO trimer

In this group, the immunogen was a trimer with the N241-glycan knocked-in and the
glycan at C2 residue 197 knocked-out (Fig.5A). This design was intended to answer whether the
NADb response could be diverted from the 241/289-glycan hole epitope towards the lining of the
hole that was created within C2 in proximity to the CD4bs. However, as the N241-KI + N197-

KO double mutant virus was non-infectious, the analysis was restricted to the N197-KO mutant
pseudovirus. The ID5p values against this mutant pseudovirus ranged from 39 to 15000 (median

=470) (Fig.1A). Three rabbits raised NAb responses that strongly cross-neutralized the parental
BG505.T332N pseudovirus (Fig.1B). In sera 1r2228-4 and r2231-4, these NAbs were directed
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against the C3/465 site (Fig.5B). However, the NAbs in 12229-4 were partly re-directed to a neo-
epitope dependent on the N197-KO mutation (Fig.5B). The effect on NAb recognition of this
change when combined with the N241-KI mutation could not be tested since that double mutant
pseudovirus was not infectious.

One rabbit in Group-4 (r2228-4) produced a particularly strong pan-neutralizing response

across all of the BG505-based pseudoviruses that it was tested against (Fig.5B). Against other
mutants not included in Fig.5B, the ID5¢ values for this serum were in the range 4800-29000.
The lower values occurred with viruses that included mutations in the C3/465 site, such as the
N356-KI and N465-KI changes (Fig.5B). RID5¢p values against the N355-KO and N241-KI +

N355-KO mutants were ~30%. We conclude that the N197-KO mutation had not created an
immunogenic epitope in this rabbit and that the NAb response was directed to the C3/465 site,
including the N355-glycan. It may or may not have been diverted there by the N241-KI mutation
as this site is immunogenic in a subset of rabbits given the parental trimer (38).
Group-5: The BG505 SOSIP .v4.1+ N241-KI + N234-KO trimer

The immunogen had the N241-KI mutation and a new hole in the glycan shield at residue
234 that is close to the CD4bs (Fig.6A). The parental NAD titers in Group-5 were significantly
lower than the autologous titers, suggesting that the responses in that group had been redirected

(p = 0.0079, Fig.1A and B, A Fig.1). Thus, all 5 rabbits responded with substantial NAb titers
(IDsp 1700, median = 800) against the autologous N241-KI + N234-KO mutant pseudovirus
(Fig.1A), but none of the sera cross-neutralized the parental pseudovirus (Fig.1B). The
consistently and markedly enhanced neutralization (RID5p 700-4100%) of the N234-KO and

N241-KI + N234-KO mutant pseudoviruses by all 5 sera implies that a consistently
immunogenic neo-epitope has been created by eliminating the N234-glycan from the trimer
(Fig.6B).
Group-6: The BG505 SOSIP.v4.1 + N241-KI + N276-KO trimer

Here, the N241-KI mutation was accompanied by a newly opened hole at residue 276,
where this CD4bs-flanking glycan was deleted (Fig.7A). Sera from 4 rabbits immunized with

this trimer variant neutralized the autologous N241-KI + N276-KO mutant pseudovirus

detectably (IDsp 20-1800, median 570) (Fig.1A), while 3 sera (12237-6, r2241-6 and r2240-6)
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strongly cross-neutralized the parental virus (Fig.1B). In rabbits r2237-6 and r2241-6, the NAbs
were directed against the C3/465 site, but we were unable to identify the epitope on the parental

pseudovirus that was targeted by NAbs in the 12240-6 serum (Fig.7B). For rabbits r2238-6 and
12240-6, the strongly enhanced neutralization (RID5g 950-6444%) of the N276-KO and N241-KI

+ N276-KO mutants clearly showed that NAbs were generated against the newly created N276-
glycan hole (Fig.7B). It is possible that N276-KO mutation specifically facilitates the binding of
antibodies with an approach angle similar to that of some CD4bs-targeting bNAbs, such as

VRCO1 and N6 (55, 56). Indeed, VRCO1 was 14-fold and N6 was 10-fold more potent against
the N276-KO mutant than the parental pseudovirus (the respective ICs50 values were: VRCOI,

0.014 £0.0011 vs.0.19 £ 0.025 pg/ml; N6,0.012 £ 0.0010 vs. 0.13 + 0.0088 pg/ml).
Group-7: The BG505 SOSIP .v4.1+ N241+ KI + N332-KO trimer

Here, we tested the effect of knocking out the N332-glycan from the N241-KI mutant
trimer (Fig.8A). All 5 of the resulting Group-7 sera neutralized the autologous N241-KI/N332-

KO virus (ID5p 120-650, median 330) (Fig.1A) and 4 of them cross-neutralized the parental

virus (Fig.1B). The responses in the 4 cross-reactive sera were directed against the C3/465 site,
although the N289-KI mutation also had a modest additional effect (Fig.8B). Two of the rabbits
(r2243-7 and r2246-7), however, also generated NAbs against the neo-epitope created by the

N332-glycan deletion, as shown by the increased neutralization (RIDsg 200-1500%) of the

N332-KO and N241-KI + N332-KO viruses (Fig.8B).
Group-8: The BG505 SOSIP.v4.1 + N241-KI + N355-KO trimer

The final group received the N241-KI mutant trimer from which the N355-glycan was
deleted (Fig.9A). The NAD titers against the autologous virus varied widely, but two rabbits
responded strongly (Fig.1A). Four of the sera weakly neutralized the parental virus; the fifth was
negative (Fig.1B). There was a non-significant trend for the titers against the autologous N241-

KI + N355-KO virus to be higher than against the parental BG505.T332N virus (p = 0.15). The
likely explanation for the low IDs5p values is that the N355-KO mutation also changed the

immune response to the C3/465 site, as residue 355 is located within a stretch of C3 residues that
is integral to that epitope (38). (N.B., as stated above, we were unaware of the existence of this

NADb epitope at the time the mutant trimer was designed, so this outcome was fortuitous). Hence,

10
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on the SOSIP.v4.1 + N241-KI + N355-KO trimer immunogen, the principal immunogenic NAb
epitopes are either blocked when the N241 glycan is knocked-in or affected when the N355

glycan is knocked-out. It was notable, however, that sera from 3 of the immunized rabbits
(r2248-8, r2250-8 and r2249-8) had enhanced neutralization activity (RIDs50 455-25000%)
against the N355-KO and N241-KO + N355-KO viruses (Fig.9B). Thus, although the N355-KO

mutation eliminated the cross-reactivity with the parental C3/465 epitope, it apparently also
created an immunogenic neo-epitope. It seems, however, that the antibodies raised against this
neo-epitope can only neutralize mutant viruses that also lack the N355-glycan. Four different
N355-KO mutant pseudoviruses are resistant to neutralization by some sera from BGS505
SOSIP.664 trimer-immunized rabbits that contain NAbs directed against the C3/465 epitope
cluster (38). It is possible that the N355-glycan contributes to a subset of C3/465 region epitopes
while a glycan resulting from the N356-KI mutation blocks access to all such epitopes (38). In
contrast, neutralization by rabbit sera specific for the 241/289-glycan hole is frequently enhanced
by the N355-KO mutations (38). An explanation may be the existence of an immunogenic trimer
sub-population on which N355 glycan site is not occupied, and that induces antibodies that can
only neutralize viruses lacking that glycan (38).

Overall neutralization sensitivity of glycan-KO and non-glycan KO mutants, Tier-1A NAb

responses and evidence for redirection
The ID5p values for neutralization of glycan-KO mutant viruses by the non-autologous

(i.e., group- and virus-mismatched) sera (n = 315) did not differ from those for neutralization of
non-glycan-KO viruses by non-autologous sera (n = 140, p = 0.73). This analysis shows that the
glycan-KO mutants had not become globally neutralization-sensitive. We then checked whether
the glycan-KO mutant trimers (Groups 4-8) had induced stronger neutralization titers against
Tier-1A viruses, MN.3 and MW965.26, than did the non-glycan-KO mutant trimers (Groups 1-3,
A Fig.2). There was again no difference (p = 0.98 and p = 0.63 against MN.3 and MW965.26,

respectively). We also found general evidence that NADb responses were redirected to epitopes in
the newly opened glycan holes. Thus, serum IDs5p values against the immunogen-matched

glycan-KO mutant pseudoviruses (n = 45, median = 410) were significantly higher than against
non-immunogen-matched glycan-KO mutants (n = 315, median = 66; p <0.0001; A Fig.3).
Glycan occupancy on BG505 SOSIP .v4.1 trimers

11
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An assumption underlying this experiment was that glycans would be added efficiently at
each knocked-in potential N-linked glycosylation site (PNGS) on the SOSIP trimer immunogens
and the corresponding mutant pseudoviruses. Recent efforts to measure glycan occupancy at
specific sites on trimers and viruses have shown that the above assumption is not always valid;
thus, a small subset of PNGS on SOSIP trimers of three different genotypes are significantly
under-occupied (<90%), whereas occupancy approaches 100% across the glycan sites on virion-
derived Env (37, 57, 58). We applied the latest methodology to retrospectively quantify glycan-
site occupancy at the knocked-in sites on the BG505 SOSIP.v4.1 trimer immunogens. The N241
site was occupied to extents that varied from 81% (Group-4) to 100% (Group-5) on the various
trimers for Groups 2-8, almost exclusively by oligomannose glycans (Fig.10A). For comparison,
the N332 site was almost completely occupied (~100%) on the trimers used to immunize Groups
1-6 and 8, although the proportion of complex glycans varied from 2.2-14% (Fig.10A).

Every glycan site on a lymphoid cell line-derived stock of fully infectious BG505.T332N
virus has been found to be almost fully occupied (58). We were not able to produce enough
pseudovirus for occupancy analyses, but we analyzed the available neutralization assay data in

two ways relevant to N241-glycan occupancy. First, we identified sera from 13 rabbits in Groups

2-8 for which the IDs5p values against the parental BG505.T332N pseudovirus were >100; the

RIDs5¢ values for those sera against the N241-KI mutant are listed in Figs.3-9. The ID5o values
for these 13 sera against the N241-KI mutant and parental viruses were indistinguishable (p =
0.67, Wilcoxon’s signed ranked test against the 100% RID50 value for the parental). Thus, the
N241-KI mutation in the pseudovirus did not consistently reduce the titers, and for one Group-4
serum, 1r2241-4, the RIDs5g value for the mutant virus was even increased to 210%. These

observations suggest that the dominant NAbs can bind at least as well in the presence of the

N241-glycan as in its absence. Second, sera from all 17 rabbits in Groups 5-8 included in Figures
6-9, which received different N241-KI + glycan-KO mutant immunogens, had ID5p values > 100

against the corresponding single glycan-KO mutant. Those NAb responses were high enough to
allow quantification of potential titer-reducing effects of the N241-KI mutation. But the titers
against the double N241-KI + glycan-KO mutants did not differ significantly from those against
the single glycan-KO mutants (p = 0.24, Wilcoxon’s matched-pairs test).

12



351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381

13

Taken together, the above findings suggest that the N241 site was highly occupied on the
various BG505 SOSIP.v4.1 trimer immunogens that include the N241-KI mutation and also on
the corresponding N241-KI mutant pseudoviruses. The glycan-site occupancy data for the
trimers are therefore consistent with the relatively strong neutralization, where measurable, of the
N241-KI virus in Groups 2-8. However, the observed variation in occupancy of 81-100% among
the immunogen groups could have consequences; a low level of non-occupancy might not confer
neutralization sensitivity to a virus (59, 60), but the same degree of non-occupancy (e.g., 20% of
the Env proteins) on an immunogen trimer might induce a dominant antibody response that
neutralizes only viruses that lack the same glycan, either naturally or created by a KO-mutation.
In this context, we note that the strongest evidence for redirection of the NAb response to neo-
epitopes, through the opening and closing of glycan holes, was from the trimer immunogen
groups with the highest occupancy of the N241 site (100% in Group-5 and 96% in Group-8;
Figs. 6, 9 and 10A). Conversely, there were at most weak indications of a redirected NAb
response in Group-4, where the N241 site occupancy, 81%, was the lowest measured among the
trimer immunogens. We also observed that the N130 site was poorly occupied, 41%, on the
BG505 SOSIP.v4.1-N241 + KI + N130-KI trimer used to immunize Group-3 rabbits, which
would increase the difficulty of inducing N130 glycan-dependent NAbs (Figs.4 and 10A).
Immunogenicity of the B41 SOSIP.v4.1 trimers

All of the B41 trimer immunogens incorporated the R315Q change to eliminate
proteolytic clipping within V3 but, for simplicity, we omit its mention in the descriptions below.
The rabbit experiment was based on 4 groups of 5 animals: Group-9, B41 SOSIP.v4.1; Group-
10, B41 SOSIP.v4.1 + N289-KI; Group-11, B41 SOSIP.v4.1 + N289-KI + N332-KO; Group-12,
B41 SOSIP.v4.1 + N289-KI + N356-KO (A Table 2). All animals responded with detectable
autologous neutralization except two in Group-12 (Fig.11A). Of note is that, for Group-10, the
autologous NAb response (i.e., to the B41 N289-KI virus) was markedly lower than the cross-
neutralization of the parental B41 virus (Fig.11A, B; IDs, values of 44-670, median 90, vs. 820-
30000, median 4300, p = 0.0079). One explanation could be that the glycan site was poorly
occupied on the immunogen trimer.

The occupancy of the knocked-in N289 site on B41 trimer immunogens is discussed
below. The autologous NAb responses in Group-9 were, as expected, directed to the N289-

glycan hole, as judged by the resistance of the B41 N289-KI virus to the sera (Fig.12). However,
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unexpectedly, such resistance occurred also in the Group-10 and Group-11 rabbits, which all
received trimer variants on which the N289-glycan was knocked-in to fill that hole (Figs.13 and
14). We also found that the B41 N230-KI mutant virus consistently tracked the resistance of the
N289-KI mutant. These two glycan sites are highly proximate, such that a knocked-in glycan at
either site can block the same hole in the glycan shield (38). In Group-12, there were some
similarities with but also differences from the other three groups (Fig.15). Of the three
responding rabbits, 12271-12 and r2275-12 developed NAbs to the 289-glycan hole and the
response in r2273-12 was partially sensitive to the nearby N230-KI substitution. However,
r2272-12 developed NAbs only against a neo-epitope created by the N356-KO change, while
r2271-12 and 12273-12 also raised NAbs against that site as well as against the N289/N230-
glycan hole epitope (Fig.15). These findings contrast with the lack of evidence from Group-11
that the N332-KO mutation at the base of V3 produced an immunogenic neo-epitope.
Glycan occupancy on the B41 SOSIP .v4.1 trimers

A retrospective glycan site occupancy analysis of the immunogens provided an
explanation for the immunogenicity of the 289-glycan hole on trimers that contained the N289-
KI mutation, i.e. Groups 10-12. Thus, the N289 site was occupied on only 64% of the Group-10
trimers, and it was even less occupied, at 18%, on the Group-11 immunogens. Only for Group-
12 was occupancy of the N289 site high, at 82% (Fig.10B). Substantial sub-populations of
trimers with the immunogenic N289-glycan hole present accounts for the NAb responses in these
groups, particularly Groups-10 and -11. The differences between the Group-11 (no NAbs to the
N332-KO neo-epitope) and Group-12 trimers (NAbs elicited against the N356-KO neo-epitope)
might reflect either inherent differences in the immunogenicity of the two newly created glycan-
hole epitopes, or the greater occupancy of the N289 site for Group-12 (82% vs. 18%). If the latter
explanation is correct, it would argue for the necessity to substantially block the
immunodominant N289-site when diverting the NAb response elsewhere.

Analyses of the neutralization data are consistent with the observations that the N289 site

was poorly occupied on the B41 SOSIP.v4.1-N289-KI trimers. Thus, sera from the 12 rabbits

with high enough titers against the B41 parental virus to detect a reduction (ID50 > 100 in

parental column: all sera except 12272-12 in Figs.12-15) had significantly lower RID5g values

against the B41 N289-KI pseudovirus than against the parental (p = 0.0005, Wilcoxon’s signed-
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ranked test against the 100% RIDs5g of the parental). Furthermore, for sera with ID5¢9 values >100

against the single glycan-KO mutants (all 8 sera included in Figs.14-15), the corresponding
values against the double N289-KI + glycan-KO mutants were significantly lower (p = 0.0078,
Wilcoxon’s matched-pairs test).
Neutralization assays with heterologous Tier-2 viruses

All 40 of the BG505 trimer immunogen sera were tested against a global panel of 9 Tier-

2 pseudoviruses (61). Of the 360 combinations of rabbit sera and pseudoviruses, 60 yielded

background-corrected ID50 values >40, but only two of them exceeded 100 (A Fig4A). The

frequency of ID50 values >40 differed among immunization groups and viruses, but there was no

identifiable concurrence between the absence or presence of a glycan on the trimer immunogens
and the pseudoviruses (A Fig.5).

The B41 trimer immunogen sera were tested against the same global panel of 9 Tier-2
pseudoviruses (61) (A Fig4B). Somewhat higher titers were recorded than in the BG505
experiment (p = 0.0002, although the median IDs, values were <20 in both cases). Of the 180
serum-virus combinations, 19 gave IDs, values >40 (50-550). The strongest and most consistent
hits againt the Tier-2 viruses were recorded for rabbit r2257-9 from Group-9, which was
immunized with the parental B41 trimer. The virus most frequently neutralized was Cel1176 (7 of
20 sera with IDs, >40, range 50-550). Although viruses Cel176 and X1632 both lack a glycan at
the exact N356 position (they have others nearby, A Fig.5), they were not detectably neutralized
by the Group-12 sera from rabbits immunized with the N356-KO trimer.

Thus, although there were indications that the B41 trimers may be somewhat superior to
their BG505 counterparts at inducing sporadic heterologous cross-neutralizing antibodies, the

glycan-KI and —KO mutations did not enhance neutralization breadth in either experiment.

Discussion

The autologous NAb responses elicited by BG505 SOSIP trimers in rabbits and rhesus
macaques are directed against epitopes in holes in the glycan shield, which normally hinders
elicitation of antibodies to much of the surface of the Env complex (29, 38). Epitopes located in
glycan holes are immunogenic also on the JR-FL, B41 and CZA97 trimers and may be generally
so (29, 40). The most immunogenic autologous NAb epitope clusters on the BG505 SOSIP

trimer and the corresponding virus have now been identified. The first is created by the absence
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of glycans from residues 241 and 289 (the 241/289-glycan hole), and can be blocked by
knocking-in a glycan at either position. The second, known as the C3/465 site, includes a stretch
of residues in C3 and can be blocked by knocking-in a glycan at residue 356 or 465 (38). A
third, less frequently recognized, epitope is located in the V1 region near residues 133 and 136
(38). In addition, several epitopes, principally involving the V3 region and the CD4- and co-
receptor- binding site, are targeted by antibodies that neutralize only Tier-1 viruses, while neo-
epitopes on the base of SOSIP trimers elicit non-NAbs (9, 27, 30, 43, 44, 49-51). The induction
of Tier-1A NAbs, particularly to V3 epitopes, can be blocked to various extents by sequence
changes in the SOSIP trimer, including those in the BG505 SOSIP.v4.1 variant on which the
present study was based (9, 27, 49-51). However, reducing the immunogenicity of various “off-
target” sites has not meaningfully increased the magnitude of the autologous NADb response or
allowed more broadly reactive NAbs to be induced (45).

Here, we have explored a different but conceptually related theme involving glycan
holes: does blocking an immunodominant glycan-hole autologous epitope divert the NAb
response to new epitopes that are made accessible by deleting glycans elsewhere on the trimer
immunogen? The relevance of this question is highlighted by a recent report that neutralization
breadth is more likely to emerge when people are initially infected with HIV-1 strains that lack
glycan-hole targets for an autologous NAb response (53). Accordingly, we produced a set of
BG505 SOSIP.v4.1 trimers containing the N241-KI change to occlude the 241/289-glycan hole
and with various other glycans knocked-out to create potential alternative targets. When these
immunogens were designed, we were unaware of the immunogenicity of the C3/465 site, so we
did not design sequence changes to block it. However, the N355-KO change in the Group-8
trimers is, fortuitously, located within that site.

Our study of these BG505 mutant trimers establishes that it is possible to reduce or even
eliminate the immunogenicity of the 241/289-glycan-hole epitope. This conclusion is reached by

two comparisons. First, introducing the N241-KI mutation in the BG505.T332N parental virus

reduced the ID5¢ values >2-fold for Group-1 sera, but not for sera from Groups 2-8. Second, in

Groups 5-8, the ID5p values for the single glycan-KO mutant viruses did not differ significantly
from those for the double N241-KI + glycan-KO mutants, and in only 2 of the 17 cases were the

ID5( values against the viruses containing the N241-KI mutation reduced >2-fold. We also found
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that immunogenic neo-epitopes can be created by deleting glycans from selected positions and
thereby opening up holes in the glycan shield. This was the apparent outcome for the glycans
normally present at N197 (1 of 5 rabbits), N234 (5 of 5), N276 (2 of 5), N332 (2 of 5) and N355
(3 of 5). NAbs against the subdominant C3/465 epitope cluster were also induced in addition to,
or instead of, the other redirected responses. These redirections may compete, and it may be
desirable to suppress the immunogenicity of the C3/465 epitope cluster through targeted
sequence changes to SOSIP trimer immunogens that, in addition, have the N241-KI mutation.

In the B41 study, we did not expect that the knocked-in N289-glycan site would be un-
occupied on such a high, and also variable, proportion of the mutant B41 SOSIP trimers; this
outcome was revealed by a retrospective analysis of the immunogens by a proteomics-based
method (37). It is possible that the higher occupancy of the N241-KI site on the BG505 trimer
than on the N289-KI site on its B41 counterpart might be explained by the higher number of N-
linked glycan sites preceding the knocked-in site in the B41 than in the BG505 amino-acid
sequence, i.e., 14 vs. 9. This higher density of glycans could limit substrate availability and
thereby reduce the efficicacy of the glycosyltranserase. Whatever the explanation, NAbs to the
N289-glycan hole were elicited in response to substantial sub-populations of B41 trimers on
which this hole was not blocked. We did, however, see a NAb response to the neo-epitope
created by the N356-KO mutation, whereas the N332-KO change had no such effect. The
different outcomes of these two glycan-KO changes may reflect the different efficiencies with
which the immunodominant N289-glycan hole was blocked on the two trimers, i.e., 82% for the
N356-KO mutant but only 18% for its N332-KO counterpart. It is also possible that the two
newly opened glycan holes have inherently different immunogenicities attributable to their
linings and environments on the trimer.

In both the BG505 and the B41 studies, we found that re-directing NAb responses to neo-
epitopes was favored by a relatively high occupancy of the knocked-in glycan site (N241-KI and
N289-KI, respectively). Increasing the efficacy with which the immunodominant glycan hole is
blocked may therefore be beneficial to this strategy. Sporadic neutralization of heterologous
viruses was observed at low levels in both experiments, somewhat more so with the B41-trimer
immunogens. The strongest and most consistent cross-neutralizing response was seen in a rabbit
that received the parental B41 trimer, which we consider an anecdotal outcome. Thus, although

the autologous NAb responses were diverted to neo-epitopes in some rabbits, in neither
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experiment were such outcomes associated with the emergence of neutralization breadth. While
such an outcome would have been welcome, it was not expected. The goal of the experiment was
to garner knowledge on whether and how the NAb response to SOSIP trimers could be
manipulated and thereby inform future immunogen design. For example, if our germline-
targeting BG505 SOSIP.v4.1-GT1.1 trimer succeeds in triggering gl-bNAb lineages, we will
need to learn how to nurture such responses towards breadth by boosting with specifically
designed trimer variants (2, 6, 46-48). In this context, suppressing the immunogenicity of non-
NADb epitopes, the 241/289-glycan-hole epitope and, now its existence is known, the C3/465 site
may help to focus antibody responses on bNAb epitopes that involve small and relatively

conserved defects in the glycan shield.
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Materials and Methods
Production and characterization of BG505 and B41 SOSIP.v4.1 trimer mutants

The BG505 mutants were all based on the SOSIP.v4.1 design that contains the E64K and
A316W substitutions to the original SOSIP.664 sequence, to further stabilize the trimers and
suppress the immunogenicity of non-NAb epitopes (14, 27). The B41 mutants were likewise
based on the SOSIP.v4.1 design, but also contained an R315Q substitution in V3 to eliminate a
low level of proteolytic clipping of this region that can occur with clade B trimers (13). For both
genotypes, the trimers also contained a C-terminal D7324 epitope-tag. The substitutions used to
knock-in and knock-out various glycan sites are listed in A Tables 1 and 2. Site-directed
mutagenesis was performed by the QuikChange (Agilent Technologies) method, as described
previously (51). For both genotypes, the trimers were expressed by transient transfection of 293F
cells followed by PGT145 bNAb-affinity chromatography (13, 15). Each PGT145-purified
variant trimer was verified to be >90% native-like when visualized by negative-stain electron
microscopy, as described previously (15, 51, 62).
Immunization of rabbits

Female New Zealand White rabbits were immunized intramuscularly with 30 ug of the
BG505 or B41 SOSIP.v4.1 trimer variants essentially as described previously but with the
exceptions outlined below (14, 27, 29). Four immunizations were carried out at weeks 0, 4, 20
and 40 (for BG505), or 38 (for B41), each involving the GLA-LSQ adjuvant obtained from
IDRI, Seattle, WA via the BMGEF’s collaborative network. The rabbits were then re-boosted at
weeks 67 and 71 with the same trimers in an adjuvant formulation based on the Adjuplex product
that was obtained as a gift from Dr. Cheng Cheng at the Vaccine Research Center of the National
Institutes of Health, Bethesda, MA (63-65). Sera were obtained for analysis 2 weeks after each
immunization. The data presented were derived from sera obtained at week 73, i.e., 2 weeks after
the sixth immunization.
Ethics statement

The rabbit immunization study was approved and carried out in accordance with
protocols provided to the Institutional Animal Care and Use Committee (IACUC) at Covance
Research Products (CRP) Inc. (Denver, PA), study number C0026-17. The rabbits were housed,

immunized and bled in compliance with the Animal Welfare Act and other federal statutes and
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regulations relating to animals, and in adherence to the Guide for the Care and Use of Laboratory
Animals, National Research Council, 1996.
Glycan site occupancy determinations

A proteomics-based method was used to quantify the occupancy (and proportion of
oligomannose- and complex-type glycans) of N-linked glycans on the BGS505 and B4l
SOSIP.v4.1 trimer mutants (37). Briefly, glycopeptides were sequentially treated with Endo H

and PNGase F in the presence of 180-labelled water. The masses of the resulting peptides are

specific to each glycan type or reflect non-occupancy of the relevant site, thus allowing the
extent of occupancy to be quantified. These analyses were performed after completion of the
rabbit immunization experiments described above.
Production and use of BG505.T332N and B41 Env-pseudotyped virus mutants

Mutant BG505 env genes containing glycan site substitutions to match those in the
various SOSIP trimer immunogens were made as previously described (13-15) (A Table 3). The
BG505.T332N virus with a full-length cytoplasmic tail was used as the parental for mutant
design, as it contains a knocked-in N332 glycan to match its sequence with the corresponding
trimer immunogens (14, 15, 29). The B41 virus mutants are described in A Table 4. All these
viruses contain the R315Q substitution in V3; i.e. the B41 . R315Q Env sequence was the parental
for the other mutant viruses. The infectivity of each Env-pseudovirus for Tzm-bl cells was

determined by titration. The dilution factors of the mutant pseudoviruses relative to that of the
parental yielding infectivity signals of ~ 10° cps are given in A Tables 3 and 4.

Neutralization of pseudoviruses was quantified in the TZM-bl cell assay, as described
previously (13-15); rabbit sera were analyzed at Duke University Medical Center (DUMC), a
subset of them also at the Academic Medical Center, Amsterdam (AMC), and monoclonal
antibodies (MAbs) at Weill Cornell Medical College (WCMC). The dilution factors reducing
infectivity by 50% (half-maximal inhibitory dilution factor, IDs,) for each pseudovirus and the
relative dilution factors (RIDsy) for mutants compared with the parental BG505.T332N or
B41.R315Q pseudovirus, as reported in the Results section, were obtained as described
elsewhere (38). These values are based on two intra-assay replicates and the requisite repeats of
the assay to fulfill the following criteria: the average RLU (relative light unit) values of virus

control wells is >10 times the average RLU of cell control wells; the coefficient of variation (%)
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between RLU in the virus control wells is <30%; the percent difference between duplicate wells
is <30% for sample dilutions that yield at least 40% neutralization; neutralization curves cross
the 50% neutralization value on the y axis O or 1 times; IDs, values based on sigmoid-curve fits
and linear interpolation between the two data points on either side of 50% are within 3-fold of
each other; and the value of the positive control (NAb) is within a 3-fold range of the established
mean. The rabbit sera were also tested against a panel of 9 Tier-2 pseudoviruses, as previously
described (61). The IDs, values against murine leukemia virus (MLV) were subtracted from
those for the test viruses to control for any cytoxicity.
Structural modeling

The three-dimensional model of the BG505 SOSIP.v4.1 trimer was based on the PDB-
5V8M crystal structure (66). The gp120 glycans were modeled as MansGlcNAc,; gp41 glycans

were either derived from PDB-5FUU or modeled as Mans GIcNAc, (67). The three-dimensional

model of the B41 SOSIP.v4.1 trimer was based on an unpublished crystal structure of B41
SOSIP.664 at 3.5 A (PDB-6MCO). BG505 models were visualized by UCSF Chimera (68), B41
models by Pymol (Schrodinger LLC, USA).
Statistics

Groups of rabbits were compared pairwise by the two-tailed Mann-Whitney U test. The
effects of mutations on neutralization by the respective sera were first compared by the Wilcoxon
matched-pairs test. If the pairing was not significant, as assessed by Spearman correlations, they
were then compared by Mann-Whitney U tests (used unless otherwise stated). The relative
neutralization of N241-KI mutants of BG505 and N289-KI mutants of B41 was compared with
the neutralization of parental virus, defined as 100%, by the Wilcoxon signed-rank test (all in

Prism, Graphpad).
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Appendix

We compared neutralization of autologous and parental BG505.T332N pseudoviruses in Groups
2-8 (parental and autologous being the same in Group 1). In Groups 2 and 3, which received
immunogens without glycan-KO mutations, the titers tended to be similar against autologous and
parental viruses, demonstrating acceptance of the glycan-KI mutations by the Ab responses in
those groups. The neutralizing titers tended to be higher against the autologous than the parental
virus in the groups with glycan-KO mutation in the immunogen, i.e., Groups 4-8 (the virus in
Group 4 being only near-autologous because the double mutant corresponding more closely to
the immunogen was non-infectious, see main Figure 1). This difference was significant in Group
5 (p = 0.0079). Those findings suggest redirection of the responses to the epitopes unmasked by
the glycan-KO mutations (A Fig.1).

Evidence for redirection of the responses was also obtained by another comparison. As shown in
A Fig.3, the titers against pseduoviruses with glycan-KO mutations matching those in the

immunogen were significantly higher than in the groups with non-matching glycan-KO

mutations (p = 0.0001, A Fig.3).

As part of the characterization of the neutralizing responses in both the BG505 and B41 studies
we determined the neutralization titers against two Tier-1A and nine Tier-2. The titers against the
Tier-1A pseduoviruses MN.3 and MWO965.26 were weak or moderate, as expected for
immunogens with the stabilizing v4.1 mutations, which restrict the V3 immunogenicity that is

largely responsible for the Tier-1 neutralization (A Fig.2, (27)).

Heterologous neutralization of Tier-2 viruses by the rabbit sera was sporadic and with a few
exceptions in B41 groups weak. Notably, no relationship between the detectable neutralization of
pseudoviruses in the Tier-2 panel or its strength, on the one hand, and glycan-defect similarities
between immunogens and pseudoviruses, on the other, was discernable (A Fig4). The
alignments of the B41, BG505 and the Tier-2 panel Env sequences in the regions around mutated
PNGS illustrate this lack of coincidence between positive neutralization and PNGS patterns in

immunogen and pseudovirus (A Fig.5).
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Figure legends

Figure 1. Neutralization of the parental BG505.T332N and immunogen-autologous viruses

In each panel, the ID5¢ values (y-axis) for sera from individual rabbits from the are arranged by
BG505 SOSIP.v.4.1 trimer immunogen group (see Results). The median value in each group is
indicated by the horizontal bar. Only sera with ID5p values >100 against the autologous or

parental virus could be mapped precisely against mutant pseudoviruses (see subsequent figures).
(A) Neutralization of the mutant pseudoviruses that are sequence-matched (autologous) to the
SOSIP trimer immunogens with respect to the glycan-KI and glycan—-KO changes. The * for
Group-4 signifies that the N241-KI + N197-KO double mutant virus was non-infectious; the data
shown are for the N197-KO mutant. (B) Neutralization of the parental BG505.T332N

pseudovirus.

Figure 2. Mutations affecting neutralization by Group-1 sera (parental BG505 SOSIP.v4.1
trimer immunogen)

The layout of this figure applies to each of Figs. 2-9 and 12-15 with the exceptions noted in those
legends. (A) A surface-rendered model of the BG505 SOSIP.v4.1 trimer seen from the side, in
two different orientations, with the apex up (top images) or viewed from above (lower image). In
the subsequent figures, the orientation that most clearly displays the relevant glycan mutation is
used. The peptidic surface is colored light blue on one of the protomers and grey on the other
two (on some views not all three protomers are visible). The glycans are colored light green. The
model is based on PDB-5V8M. (B) The data shown are the IDs, values against the parental
BG505.T332N virus and the RIDs, values (%) for neutralization of the indicated mutant
pseudoviruses by the rabbit sera listed on the left. The RIDs, value = ((IDs, against mutant)/(IDs,
against parental) x 100%) and hence, by definition, is 100% for the parental pseudovirus. The
RIDs cells are color-coded as outlined in the key above the data panel. Intermediate and strong
neutralization resistance is shown in yellow or red, respectively, while increased neutralization
sensitivity is in blue. The Env mutations are indicated in the top row, and the complete sequence
changes in the mutants are listed in A Tables 1 and 2. RIDs, values were only determined when

the IDs values against the parental or autologous pseudovirus were >100. KI = glycan knock-in,
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KO = glycan knock-out. IDsoand RIDs, values >10 are rounded off to two significant digits and

those <10 to integers.

Figure 3. Mutations affecting neutralization by Group-2 sera (BG505 SOSIP.v4.1 + N241-
KI trimer immunogen)

The layout in panel A is analogous to that of Fig.2A, except that residue S241 (left) and the
glycan knocked-in at residue 241 (right) are both colored yellow on the light blue protomer. The
left image shows the hole that the new glycan blocks. The layout of panel B is analogous to that

of Fig.2B, where the color code is explained.

Figure 4. Mutations affecting neutralization by Group-3 sera (BG505 SOSIP.v4.1 + N241-
KI + N130-KI trimer immunogen)

The color coding of the protomers and glycans of the trimers, seen from above, in panel A is as
in Fig.2A, except that residue 130 (left) and the glycan knocked-in at residue 130 (right) are both
colored yellow. The left image shows the hole that the new glycan blocks. Note that the glycan
knocked-in at residue 241 is not visible since the trimer is viewed from above. The layout of

panel B is analogous to that of Fig.2B, where the color code is explained.

Figure 5. Mutations affecting neutralization by Group-4 sera (BG505 SOSIP.v4.1 + N241-
KI + N197-KO trimer immunogen)

The layout in panel A is analogous to that of Fig.2A, except that the glycan knocked-in at residue
241 is colored yellow on both images; the N241 glycan is partly covered by the N355 glycan in
light green. The glycan normally present at residue 197 (left image) and residue 197 itself (right
image) are both colored red to illustrate the hole created by the N197-KO mutation. The N355
glycan (light green) partly obscures the view of the N241 glycan, as in Fig.5-7 and 9. The layout
of panel B is analogous to that of Fig.2B, where the color code is explained. Note that the

immunogen-matched N241-KI + N197-KO double mutant virus was non-infectious.
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Figure 6. Mutations affecting neutralization by Group-5 sera (BG505 SOSIP.v4.1 + N241-
KI + N234-KO trimer immunogen)

The layout in panel A is analogous to that of Fig.5A. The glycan knocked-in at residue 241 is
colored yellow on both images and the glycan knocked-out at residue 234 (left image) and
residue 234 itself (right image) are both colored red, to illustrate the hole created by the N234-
KO mutation. The layout of panel B is analogous to that of Fig.2B, where the color code is

explained.

Figure 7. Mutations affecting neutralization by Group-6 sera (BG505 SOSIP.v4.1 + N241-
KI + N276-KO trimer immunogen)

The layout in panel A is analogous to that of Fig.5A. The glycan knocked-in at residue 241 is
colored yellow on both images and the glycan knocked-out at residue 276 (left image) and
residue N276 (right image) are both colored red, to illustrate the hole created by the N276-KO
mutation (i.e., by the T278A substitution). The layout of panel B is analogous to that of Fig.2B,

where the color code is explained. The four cells to the right for 12238-6 are open because the

ID5( value against the parental virus was < 100 and, hence, too low for precise mapping.

Figure 8. Mutations affecting neutralization by Group-7 sera (BG505 SOSIP.v4.1 + N241-
KI + N332-KO trimer immunogen)

The layout in panel A is analogous to that of Fig.5A. The glycan knocked-in at residue 241 is
colored yellow on both images and the glycan knocked-out at residue 332 (left image) and
residue 332 itself (right image) are both colored red, to illustrate the hole created by the N332-

KO mutation. The layout of panel B is comparable to that of Fig.2B, where the color code is
explained. Four cells are open for 12243-7 because the ID5¢ value against the parental virus was

< 100, and hence too low for precise mapping.

Figure 9. Mutations affecting neutralization by Group-8 sera (BG505 SOSIP.v4.1 + N241-
KI + N355-KO trimer immunogen)
The layout in panel A is analogous to that of Fig.5A. The glycan knocked-in at residue 241 is

colored yellow on both images and the glycan knocked-out at residue 355 (left image) and
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residue 355 (right image) are both colored red, to illustrate the hole created by the N355-KO
mutation. The N355 glycan partly covers the N241 glycan in this view. The layout of panel B is

analogous to that of Fig.2B, where the color code is explained.

Figure 10. Proteomics-based quantification of glycan occupancy at glycan-KI sites on
SOSIP trimers. (A) The three diagrams show the proportions (y-axes) of the N130, N241 or
N332 sites occupied by oligomannose glycans (green) or complex-type glycans (pink) or not
occupied (grey) for the BG505 SOSIP.v4.1 trimer immunogens listed on the category axis. (B)
As for panel A, except the data are for the N289, N332 or N356 sites on the B41 SOSIP.v4.1
trimer immunogens. For both panels, the error bars represent s.e.m. for multiple peptides per site.

N/A = Not Applicable; i.e., the site was naturally absent or had been knocked-out.

Figure 11. Neutralization of the parental B41.R315Q and immunogen-autologous viruses
In each panel, the ID5p values (y-axis) for sera from individual rabbits are arranged by B41

SOSIP.v4.1 trimer immunogen group (see Results). The median value in each group is indicated
by the horizontal bar. Only sera with IDs, values >100 against the autologous or parental virus
could be mapped with any precision against mutant pseudoviruses (see subsequent figures). (A)
Neutralization of the mutant pseudoviruses that are sequence-matched (autologous) to the SOSIP
trimer immunogens in respect of the glycan-KI and glycan—KO changes. (B) Neutralization of

the parental B41.R315Q pseudovirus.

Figure 12. Mutations affecting neutralization by Group-9 sera (parental B41 SOSIP.v4.1
trimer immunogen)

(A) Surface-rendered model of the B41 SOSIP.v4.1 trimer seen from the side in two different
orientations, with the apex up (top images) or (lower image) viewed from above. The peptidic
surface is colored light blue on one of the protomers, grey on the other two (on some views not
all the protomers are visible). The glycans are colored light green on all three. The model is
based The three-dimensional model of the B41 SOSIP.v4.1 trimer was based on an unpublished
crystal structure of B41 SOSIP.664 at 3.5 A (PDB-6MCO). The layout of panel B is analogous
to that of Fig.2B, where the color code is explained, except that the parental virus is B41.R315Q.

27



770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792

28

Figure 13. Mutations affecting neutralization by Group-10 sera (B41 SOSIP.v4.1 + N289-
KI trimer immunogen)

The layout in panel A is analogous to that of Fig.2A, except that residue N289 (left) and the
glycan knocked-in at residue 289 (right) are both colored yellow on the light blue protomer. The
left image shows the hole that the new glycan blocks. The E290 and Q344 residues partly cover
N289. The layout of panel B is analogous to that of Fig.2B, where the color code is explained.

Figure 14. Mutations affecting neutralization by Group-11 sera (B41 SOSIP.v4.1 + N289-
KI + N332-KO trimer immunogen)

The layout in panel A is analogous to that of Fig.5A. The glycan knocked-in at residue 289 is
colored yellow on both images and the glycan knocked-out at residue 332 (left image) and
residue 332 (right image) are both colored red, to illustrate the hole created by the N332-KO
mutation. The layout of panel B is analogous to that of Fig.2B, where the color code is

explained.

Figure 15. Mutations affecting neutralization by Group-12 sera (B41 SOSIP.v4.1 + N289-
KI + N356-KO trimer immunogen)

The layout in panel A is analogous to that of Fig.5A. The glycan knocked-in at residue 289 is
colored yellow on both images and the glycan knocked-out at residue 356 (left image) and
residue 356 (right image) are both colored red, to illustrate the hole created by the N356-KO
mutation. The N356 glycan appears small because only its GlcNac component is shown. The

layout of panel B is analogous to that of Fig.2B, where the color code is explained.
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A Figure legends

A Figure 1. Comparison of neutralization of autologous and parental pseudoviruses. In each
of the groups with non-parental BG505 SOSIP.v4.1 immunogens (Groups 2-8), the IDs, values
for neutralization of autologous and parental pseudoviruses are compared. Above each group
designation (group number and mutations in the immunogen) a short line represents individual
rabbits and connect the IDs, value against the autologous (or near-autologous) virus at its left end
with the corresponding value against the parental virus at its right end. In Group 2 the lines for
two negative sera superimpose (IDso< 20). Except in Group 2 and 3, i.e., those groups without
glycan-KO mutations in the immunogen, many of the lines have downward slopes, indicating

redirection to epitopes unmasked by the mutations. This tendency was significant in Group 5.

A Figure 2. Neutralization of Tier-1A viruses by rabbit sera. The IDsg values against the

Tier-1A pseudoviruses MN.3 (left) and MW965.26 (right) are depicted above the respective
group designations (group number and mutations in the immunogen) for the BG505 SOSIP.v4.1
immunization Groups 1-8 (A) and the B41 SOSIP.v4.1.R315Q immunization Groups 9-12 (B).

A Figure 3. General evidence for redirection to glycan-KO neo-epitopes. The IDsy values
against the immunogen-matching glycan-KO mutant pseudoviruses (blue symbols, left column;
n = 45) were compared with those against non-immunogen-matching glycan-KO mutants (red

symbols, right column; n = 315). The matching serum-virus combinations had significantly

higher IDsp values than the non-matching ones (p < 0.0001).

A Figure 4. Heterologous neutralization of Tier-2 viruses by rabbit sera.The sera from
the BG505 Groups 1-8 (A) and the B41 Groups 9-12 (B) studies were tested against a standard
global panel of 9 Tier-2 viruses (61). The titers (IDsp values) were determined in the Tzm-bl
assay. All background-corrected IDs, values >40 (see Methods) are marked in blue and bold,
values in the range 21-40 are in black, and values <20, regarded as negative, are represented by a
hyphen-minus. The data for the BG505 study were determined at DUMC. For the B41 study, the
sera were first tested at DUMC and then at the AMC. Sera from the three rabbits with the highest
responses (2257-9, 2267-11 and 2268-11) were also re-tested at DUMC. The concordance
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between the two centers in positive and negative results was >90%. The values in B are thus the
means of 2-3 independent assays. (For intra-assay replicates and controls, see Methods). The
absence (-) or presence (+) of glycan sites that correspond to some sites that are mutated in the
BG505 and B41 SOSIP.v4.1 trimer immunogen groups is indicated under the virus designations.
The BG505 SOSIP.v4.1 trimer immunogens for Groups 2-8 all contained the N241-KI mutation,
and their similarity with 8 of the 9 viruses (all except 25710) at that site is not listed; likewise, all
viruses have N197, which was knocked out only in the immunogen of Group 4; the similarity at
residue 197 with all the others is also not listed. The glycans in the region of residues 355-360

are shifted slightly in relation to the HXB2 sequence, complicating comparisons at that site.

A Figure 5. Alignment of sequences around mutated PNGS. The amino-acid sequences of
Env parental viruses BG505.T332N and B41.R315Q and nine Tier-2 viruses in the global panel
(A Figure 4) were aligned. Regions comprising sequons for N-linked glycosylation that were
mutated in the immunogen constructs are shown. Asn residues in PNGS:s are marked in red;

HXB2-derived numbering of the Asn residues is given in bold at the top.
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A Tables

A Table 1. Mutations in the BG505 immunogen trimers ¢

Group | Trimer* Added mutations

1 SOSIP.v4.1 (parental) -

2 SOSIP.v4.1 + N241-KI S241N

3 SOSIP.v4.1 + N241-KI + N130-KI | S241N + Q130N

4 SOSIP.v4.1 + N241-KI + N197-KO | S241N + N197D

5 SOSIP.v4.1 + N241-KI + N234-KO | S241N + N234S

6 SOSIP.v4.1 + N241-KI + N276-KO | S241N + T278A

7 SOSIP.v4.1 + N241-KI + N332-KO | S241N + N332T

8 SOSIP.v4.1 + N241-KI + N355-KO | S241N + N355D + N356K

¢ All trimers were based on the BG505.T332N parental genotype. They contained the standard

SOS and I559P amino-acid substitutions of the SOSIP.664 trimer design (15) plus the E64K and
A316W changes that create the further-stabilized SOSIP.v4.1 version (27).

A Table 2. Mutations in the B41 immunogen trimers ¢

Group | Trimer? Added mutations

9 SOSIP.v4.1 (parental) -

10 SOSIP.v4.1 + N289-KI A291S

11 SOSIP.v4.1 + N289-KI + N332-KO | A291S + N332T + 1333L + S334N ?
12 SOSIP.v4.1 + N289-KI + N356-KO | A291S + N356D

¢ All trimers were based on the B41.R315Q parental genotype (13). They contained the standard

SOS and I559P amino-acid substitutions of the SOSIP.664 trimer design (15) plus the E64K and
A316W changes that create the further-stabilized SOSIP.v4.1 version (27).

b The substitutions at the third and second position in the sequon are based on frequent natural
amino-acid residues there (69).
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A Table 3. Mutations in BG505.T332N Env-pseudoviruses ¢

Position Mutation Glycan Relative dilution
factor ”

- Parental (BG505.T332N) 10
130 Q130N N130-KI 0.50
130, 241 S241N + Q130N N130-KI, N241-KI 0.25
197 N197A N197-KO 0.050
234 N234S N234-KO 0.20
234,241 S241N + N234S N234-KO, N241-KI 1.8
241 S241N N241-KI 0.10
241,278 S241N + T278A N241-KI, N276-KO 0.50
241,291 S241N + P291T N241-KI, N289-KI 0.30
241,332 S241N + N332T N241-KI, N332-KO 0.30
241,355,356 | S241N + NN355DK N241-KI, N355-KO 0.10
278 T278A N276-KO 0.60
332 N332T N332-KO 34
355 NN355DK N355-KO 0.50
358,360 1358T €+ R3601 N356-KI ¢ 045
465 T465N N465-KI 14

32

¢ Other than the T332N change, the mutations used to create the parental BG505 SOSIP.v4.1

trimers (SOS, I559P and the v4.1 mutations E64K and A316W (13, 15, 27)) were not made in
the corresponding BG505 pseudoviruses.

b The pseudoviruses were diluted to give infectivities corresponding to luminescence values of

~2 -10°(RLU) in the Tzm-bl assay. The dilution factors yielding such signals are relativized to

that of the parental virus.

¢ This mutation adds a sequon adjacently to the N355 one; what glycan occupancy results on the

two Asn residues is uncertain.
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A Table 4. Mutations in B41.R315Q Env-pseudoviruses ¢

33

Position Mutation Glycan“ Relative dilution
Factor ”

- Parental (B41.R315Q) 1.0

230 S230N N230-KI 1.1

289 A291S N289-KI 0.75

332,333,334 | N332T + I333L + S334N N332-KO 1.1

356 N356D N356-KO 1.0

289,332,333, | A291S + N332T + I333L + S334N | N289-KI, N332-KO | 1.3

334

289, 356 A291S + R315Q + N356D N289-KI, N356-KO | 0.75

¢ Other than the R315Q change, the mutations used to create the parental B41 SOSIP.v4.1

trimers (SOS, I559P and the v4.1 mutations E64K and A316W (13, 15, 27)) were not made in
the corresponding B41 pseudoviruses.

b The pseudoviruses were diluted to give infectivities corresponding to luminescence values of

~2 -10°(RLU) in the Tzm-bl assay. The dilution factors yielding such signals are relativized to
that of the parental virus.
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Neutralization of Tier-1 MN.3 pseudovirus
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Tier-2 HIV-1 Env in pseudovirus

Immuncgen
BGS05 SOSIPWL.1

Cel176

TRO.11

X1632

246-F3

CH119

ONESS

Qade C

Clade 8

Clade 8

Clade AC

CRFO7_BC

Clade A

CRFOL AE

N130+

N130+ N332-

22

26

29

61

£3 )

73

n

a0
9
25

63
69
22

2172

22182
22192
22202

22212

32

23

22223
22233
22243
22253
22263

|

N2a1-40+ N13O-K)

22

27

63
25

56

22274

22284
22294
22304

N241-K) + N197 X0

22514

a1

29

22

27
62

21
7

28
7n
a0
S0
87

70
24
49

22825
22335

22345
22355
22365

N241.K1 + N234.X0

36

27

47

s|ge

58
20
a0

28

22376

22386

223946

224146

N241-K) + N276-X0

33

35
30

74

130

22427
22437

226487

N241.K1 + N332.X0

22457
22467

23
a1

47

22

70

a
”
59

72
35
7
L]

22478

22488
22498

N241-K) « N3SSXO

22508

225148

2

24

4

33

76

24

82
110

70
110
26

Tier-2 HIV-1 Env in p

Cel1176

25710

TRO.11

Immunogen
8415050 a1

Clade €

Clade €

Clade 8

80X 2000

X1632

246-3

o119

CNESS

Clade 8

Clade AC

CRFO01_AE

N3S6-

N332- N3S6-

N332-

N332-

Parental

550
72

160

170

s0

52
22

230

2261-10
2262-10
2263-10
2264-10
2265-10

|

120

30

22

2266-11
226711

N2B90 ¢ N332 KO

150
160

52
51

85
120

227212
2273.12
227412
227512

N28940 + N3S6XKO




A Figure 5
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