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Abstract

Metastable glycosylated immunogens present challenges for GMP manufacturing. The HIV-1
envelope (Env) glycoprotein trimer is covered by A-linked glycan comprising half its mass and
requires both trimer assembly and subunit cleavage to fold into a prefusion-closed conformation.
This conformation, the vaccine-desired antigenic state, is both metastable to structural
rearrangement and labile to subunit dissociation. Prior reported GMP manufacturing for a soluble
trimer stabilized in a near-native state by disulfide (SOS) and lle-to-Pro (IP) mutations has
employed affinity methods based on antibody 2G12, which recognizes only ~30% of circulating
HIV strains. Here, we develop a scalable manufacturing process based on commercially available,
non-affinity resins, and we apply the process to current GMP (cGMP) production of trimers from
clades A and C, which have been found to boost cross-clade neutralizing responses in vaccine-test
species. The clade A trimer, which we named “BG505 DS-SOSIP.664”, contained an engineered
disulfide (201C-433C; DS) within gp120, which further stabilized this trimer in a prefusion-closed
conformation resistant to CD4-induced triggering. BG505 DS-SOSIP.664 was expressed in a
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CHO-DG44 stable cell line and purified with initial and final tangential flow filtration steps, three
commercially available resin-based chromatography steps, and two orthogonal viral clearance
steps. The non-affinity purification enabled efficient scale-up, with a 250 L-scale cGMP run
yielding 9.57 g of purified BG505 DS-SOSIP.664. Antigenic analysis indicated retention of a
prefusion-closed conformation, including recognition by apex-directed and fusion peptide-directed
antibodies. The developed manufacturing process was suitable for 50 L-scale production of a
second prefusion-stabilized Env trimer vaccine candidate, ConC-FP8v2 RnS-3mut-2G-SOSIP.664,
yielding 7.8 g of this consensus clade C trimer. The successful process development and
purification scale-up of HIV-1 Env trimers from different clades by using commercially available
materials provide experimental demonstration for cGMP manufacturing of trimeric HIV-Env
vaccine immunogens, in an antigenically desired conformation, without the use of costly affinity
resins.
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GMP manufacturing; DS-SOSIP; envelope trimer; glycoprotein; HIV-1 vaccine; non-affinity
chromatography; prefusion-closed conformation

Introduction

The HIV-1 envelope (Env) trimer is the only viral antigen to protrude through the virion-
lipid bilayer and is thus the sole viral target of virus-neutralizing antibodies [reviewed in 1,2,
3]. Vaccine elicitation of such antibodies, however, has been hampered by the fragile nature
of the trimer, which is metastable in conformation [4], labile to subunit dissociation [5], and
covered by a dense shield of A-linked glycans comprising half of its mass [6-9]. The Env
precursor gpl60 is expressed as a single polypeptide, cleaved to gp120 and gp41 subunits in
the Golgi, releasing at the newly cleaved N terminus of gp41 the fusion peptide that is
critical for membrane fusion, and subsequently assembled via honcovalent interactions into
a gp120-gp41 heterodimer. Three such moieties assemble to form the surface Env, a type 1
transmembrane quaternary homotrimer of heterodimers. Structural and functional studies
have informed the development of soluble, native-like Env trimers, stabilized in a prefusion
state that displays broadly neutralizing epitopes [10-24].

Vaccine studies with prefusion-stabilized Env trimers in multiple animal models have
demonstrated the ability of these trimers to induce autologous neutralizing responses,
capable of neutralzing only strains closely related to the vaccine immunogen [25, 26].
However, by using fusion peptide (FP)-carrier protein conjugates as priming immunogens to
induce and expand immune responses targeting the FP-site of HIV-1 vulnerability [27, 28],
Env trimer boosts could mature cross-clade neutralizing responses in mice, guinea pigs, and
non-human primates [28], with FP-directed antibodies of up to almost 60% neutralization
breadth being elicited in rhesus macaques [29]. Additional boosting with a heterologous
trimer could increase the neutralization breadth and potency of fusion-peptide directed
immune responses in guinea pigs [15, 30]. These findings suggest the potential utility of Env
trimer immunogens in an effective HIV vaccine regimen, and several of these Env trimer
immunogens are under development as vaccine candidates for phase I clinical trials.

Vaccine. Author manuscript; available in PMC 2022 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gulla et al.

Page 3

To date, soluble HIV-1 Env trimers for research or clinical trials are predominantly produced
in CHO- or HEK-based expression systems and are subsequently purified by methodologies
including immunoaffinity, lectin, or Strep-Tactin affinity chromatography and size-exclusion
chromatography (SEC) [30-38]. Commonly used immunoaffinity chromatography has
utlilized antibodies like 2G12, PGT145, PGT151, VRCO01, or a cocktail of VV3-directed/
CD4-induced antibodies to select for or against a specific conformational Env state. The
cGMP production of trimeric HIV-1 Env immunogens has relied on the use of antibodies,
such as the 2G12 antibody [39-42] used in the manufacture of the BG505 SOSIP.664 HIV-1
envelope glycoprotein trimer [34]. Immunoaffinity resins, while specific to well-formed,
antigenically-pure trimer populations, require production or purchase of cGMP lots of each
selector antibody as well as custom resin conjugation in order to use in a cGMP facility.
Additionally, a Protein A flow-through step to remove any leached antibody (process-related
impurity) is commonly employed, necessitating another costly affinity chromatography step.
Size-exclusion chromatography, while commercially available, requires an ultrafiltration
step prior to operation to meet load volume and process time restrictions. In-short, these
existing strategies are complex, expensive, and difficult to scale-up for cGMP production.

Here we report a scalable, cost effective, cGMP-suitable manufacturing process using
commercial, non-affinity purification methods to produce two HIV-1 Env trimer
immunogens from different clades. We describe the cGMP production of the BG505 DS-
SOSIP.664 (Trimer 4571) vaccine candidate, a prefusion-stabilized Env trimer derived from
the clade A BG505 strain and developed through structure-based methods [12] to retain a
prefusion-closed conformation even in the presence of the CD4 receptor, which is known to
induce open, non-vaccine-preferred conformations of the Env trimer [4, 43]. The
manufacturing process developed for BG505 DS-SOSIP.664 was applied to production of a
second prefusion-stabilized Env trimer vaccine candidate, ConC-FP8v2 RnS-3mut-2G-
SOSIP.664 (Trimer 6931). ConC-FP8v2 RnS-3mut-2G-SOSIP.664 was designed from a
consensus clade C sequence [13] containing additional stabilizing mutations with a
substitution in the fusion peptide epitope (FP8v2) [10, 15] and was developed to evaluate the
utility of a heterologous HIV-1 Env trimer to boost immune responses directed to the fusion
peptide in an epitope-focused vaccine regimen [15]. Both Env trimers were expressed in a
CHO-DG44 stable cell line and purified by using two tangential flow filtration steps, three
commercially available resin-based chromatography steps, and two orthogonal viral
clearance steps. Non-affinity purification methods achieved high yields of good quality, pure
Env trimers exhibiting the vaccine-desired antigenicity of a prefusion-closed state:
recognition by broadly neutralizing antibodies (including antibodies PGT145 [44] and
CAP256-VRC26.25 [45], which show strong preference for the recognition of the
assembled, prefusion-closed Env trimer, with reduced or no recognition by poorly or non-
neutralizing antibodies such as those that recognize CD4-induced states or regions of Env
occluded on the prefusion-closed Env trimer). Our results provide proof-of-concept for a
platform process suitable for the cGMP manufacture of trimeric HIV-Env vaccine
immunogens, in their target antigenic state, through use of only commercial, non-affinity
resins.
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2. Materials and Methods

2.1 Upstream

The BG505 DS-SOSIP.664 Env trimer was expressed in stably transfected CHO-DG44 cells
(obtained from Dr. Chasin, Columbia University) using VRC in-house vectors that were
linearized by enzymatic digestion and transfected via electroporation (MaxCyte,
Gaithersburg MD) as previously described [46]. Subsequently, a cGMP grade MCB was
created from an isolated clone. A fed-batch bioprocess was used to produce the immunogen
at various bioreactor scales, including a 50 L run for a toxicology study and 250 L for cGMP
production. The ConC-FP8v2 RnS-3mut-2G-SOSIP.664 Env trimer was expressed in stably
transfected CHO-DG44 cells using a double-gene VRC in-house vector which contained a
second transgene expressing human furin. A fedbatch bioprocess at 50 L scale was
performed using the optimized process parameters from the BG505 DS-SOSIP.664 process,
as described accordingly: For both processes, the production media were ActiCHO P as
basal with ActiCHO Feed A and ActiCHO Feed B as feed, all chemically defined from
Cytiva (Piscataway, NJ). Both ActiCHO Feeds A/B were bolus added (3/0.3%, respectively,
of initial bioreactor volume after inoculation) daily starting from day 2 until day 13. The
bioreactors were controlled at pH 7.2 £ 0.2, dissolved oxygen 50%, and a biphasic
temperature (37 °C from day 0-6, 32 °C from day 6 to harvest). On day 14, the BG505 DS-
SOSIP.664 bioreactors were harvested for downstream clarification and purification, while a
day 10 harvest was implemented for the 50 L ConC-FP8v2 RnS-3mut-2G-SOSIP.664
production run.

For downstream purification, the process described in Figure 1 was employed for three
BG505 DS-SOSIP.664 50 L bioreactor consistency lots in-house and subsequently
technology-transferred to the Vaccine Clinical Materials Program’s cGMP facility
(Frederick, MD) and further scaled-up to produce a 250 L bioreactor of BG505 DS-
SOSIP.664 material. After manufacturing, the same process with minor change in
concentration and buffer exchange (I1) step was applied in-house to a 50 L bioreactor of
ConC-FP8v2 RnS-3mut-2G-SOSIP.664.

2.2 Clarification and Concentration/Buffer Exchange (1)

Removal of whole cells and debris from BG505 DS-SOSIP.664 harvest material was
achieved by flowing harvest material through a Clarisolve 20MS depth filter followed by a
Millistak+ FOHC filter (MilliporeSigma, Burlington, MA) at 60 LMH. An initial Tangential
Flow Filtration (TFF1) step utilized a 500 kDa MWCO hollow-fiber polysulfone filter
(Cytiva, Picastaway, NJ) to concentrate and buffer exchange clarified harvest five-fold into
20 mM MES, 25 mM NacCl, pH 6.5.

2.3 Solvent/Detergent (S/D) Treatment and Capture Chromatography

Post TFF1, the product-containing retentate was incubated with 1% polysorbate 80 and
0.3% tri-n-butyl phosphate for 1 h to perform S/D mediated viral inactivation. Subsequently,
the material was loaded onto an anion exchange (AEX 1) capture column of TOYOPEARL
NH2-750F resin (Tosoh Bioscience LLC, King of Prussia, PA). Bound material was eluted
with five column volumes of 20 mM MES, 450 mM NacCl, pH 6.5.
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2.4 Anion Exchange Chromatography in flow-through mode

Eluted material from capture chromatography was diluted with 50 mM Tris-HCI, pH 7.6 and
subjected to a second anion exchange (AEX 2), performed in flow-through mode, using the
weak anion exchange resin POROS 50 PI (ThermoFisher, Waltham, MA). The AEX 2
chromatography process step employed 20 mM Tris-HCI, 150 mM NaCl, pH 7.5 as an
equilibration and chase buffer. The flow-through fraction was collected along with three
column volumes of chase.

2.5. Nanofiltration

As an orthogonal viral removal step, the flow-through and chase pool from the previous step
was passed through a filtration train consisting of a Viresolve prefilter followed by a 20 nm
Viresolve Pro filter (MilliporeSigma, Burlington, MA).

2.6. Polishing Chromatography

The filtrate was spiked with 3.6 M ammonium sulfate, 50 mM Tris-HCI, pH 8.0 to attain
conditioned load material in 2.0 M ammonium sulfate, 28 mM Tris-HCI, pH 8.0, which was
then subjected to a final polishing chromatography step of TOYOPEARL PPG-600M resin
(Tosoh Bioscience LLC, King of Prussia, PA). The hydrophobic interaction chromatography
(HIC) process employs 50 mM Tris-HCI, 2 M ammonium sulfate, pH 8.0 for equilibration
and wash, and 50 mM Tris-HCI, 1.45 M ammonium sulfate, pH 8.0 for elution.

2.7. Concentration/Buffer Exchange (ll)

The elution fraction from the polishing chromatography was then concentrated two-fold and
buffer exchanged fifteen-fold using a 100 kDa MWCO flat sheet PES membrane into a
stabilizing buffer, 10 mM sodium phosphate, 10 mM NacCl, 7.5% sorbitol pH 7.2. After
collection of the concentrated and diafiltered material, Pluronic F-68 surfactant was added to
a final concentration of 0.01% (v/v) in accordance with the final formulation buffer
specification. In case of ConC-FP8v2 RnS-3mut-2G-SOSIP.664, this step was executed
using a 50 kDa MWCO flat sheet PES membrane to address lower step recoveries observed.

2.8. Antibody expression and purification

Antibody heavy and light chains were synthesized from published sequences, and subcloned
into the pVRC8400 vector, as described previously [29]. Plasmids for both heavy and light
chains were co-transfected into Expi293F cells (Thermo Fisher) with Turbo293 transfection
reagent (Speed BioSystems). Cells were grown for six days, and antibodies were purified
from the culture supernatant by protein A chromatography.

2.9. Reference Env trimer purified by affinity methods

For comparison, we used transient transfection of 293F-cells to express BG505 DS-
SOSIP.664 and to purify in a research laboratory setting with VRCO01-affinity resin and
negative selection by V3-directed antibodies, as described previously [12]. Briefly, Env
trimers were co-expressed with furin in transiently transfected 293 FreeStyle cells. Cells
were cultured for six days, and the culture supernatants were harvested, filtered and loaded
on a VRCO1-affinity column. The column was washed and Env trimer was eluted with 3 M
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MgCly, 30 mM Tris, pH 7.0. Eluted Env trimer was concentrated and subjected to size
exclusion chromatography (Superdex 200 16/600; GE Healthcare). The Env trimer peak was
pooled and further purified by negative selection first over a 447-52D column and then on a
V3 antibody cocktail column (with six V3 antibodies 1006-15D, 2219, 2557, 2558, 3074,
and 50.1) to remove aberrant trimer species.

2.10. Viral Clearance Study

Viral clearance and inactivation studies were performed at a partner Contract Research
Organization (Texcell North America, Frederick, MD). As previously described [47],
xenotrophic murine leukemia virus (XMuLV) and minute virus of mouse (MVM) were
selected as model viruses to assess viral clearance in keeping with ICH Q5A viral clearance
guidelines. The viruses were spiked at a known concentration to process intermediates and
processed through a qualified scale down model. The presence of each model virus in the
product fractions were detected by plaque-forming or TCIDsg infectivity assay for XMuLV
and MVM, respectively. The amount of reduction in virus is expressed as a Log Reduction
Value (LRV).

Analytical methods—Several analytical methods were used to evaluate process
performance and purified trimer quality. Concentration was primarily measured by
absorbance at 280 nm, with an extinction coefficient of pure product defined as 1.57 mL/
(mg*cm) for BG505 DS-SOSIP.664 and 1.56 mL/(mg*cm) for ConC-FP8v2 RnS-3mut-2G-
SOSIP.664. Impurities were monitored using size-exclusion chromatography (SRT-C-500
Column, Sepax Technologies Inc.), CHO HCP ELISA (Immunoenzymetric CHO cell kit,
Cygnus Technologies), and CHO host cell DNA MagMAX Extraction and QPCR (Thermo
Fisher).

The size of the molecule was measured by SEC-MALS (SRT-C-500, Sepax Technologies
Inc. and WYATT Dawn Heleos Il MALS, Optilab TrEX Refractometer). Where applicable,
the final material was also assessed for Endotoxin USP <85>, Bioburden USP<61>, pH
USP<791>, and appearance USP<1>.

2.11. Antigenic analysis by Meso Scale Discovery (MSD)

Standard 96-well multi-array MSD plates (MSD, Cat #L15XA-3) were coated with HIV
monoclonal antibodies at 4 pg/mL in 1x PBS, using 30 pL per well, and incubated overnight
at 4°C. The panel of antibodies included HIV neutralizing antibodies (VRCO01, b12, VRC13,
PGT121, PGT128, 2G12, PGT145, CAP256-VRC26.25 [VRC26.25], 35022, BANC195,
PGT151 and VRC34.01), HIV non- or weakly-neutralizing antibodies (F105, 17b, 48D,
447-52D, 3074 and 2557) and a non-cognate influenza antibody CR9114. The following
day, plates were washed three times with 1xPBS+0.05% Tween 20 (PBST), blocked with
150 pL of 5% MSD blocker A buffer (MSD, Cat #R93BA-4) and incubated on an Heidolph
TITRAMAX 100 vibrational shaker at 650 rpm for 1 hour at room temperature. During
incubation, HIV-1 Env trimers were diluted in 1% assay diluent (MSD Blocker A diluted in
PBST) using 2-fold serial dilutions starting at 5 ug/mL, leaving the last well in each column
as a blank. To evaluate CD4 induction, soluble CD4 (sCD4) was added to trimers at a
constant molar concentration of 1 uM. Following incubation with blocking buffer, MSD
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plates were washed three times with PBST. Diluted trimers (+/-sCD4) were transferred to
the MSD plates using 25 uL per well and plates were incubated with trimer on the plate
shaker at 650 rpm for 2 hours at room temperature. MSD plates were washed as before prior
to addition of SULFOTAG 2G12 antibody (2 pg/mL in 1% assay diluent) for detection,
using 25 uL per well. Plates were incubated on the shaker at 650 rpm for 1 hour at room
temperature and washed as described previously. 1x MSD Read Buffer T (MSD, Cat
#R92TC-2) was added to the plates using 150 uL per well before plates were read on an
MSD Sector 600 Imager.

Negative-stain electron microscopy

Samples were diluted to ~0.025 mg/ml with a buffer containing 10 mM HEPES, pH 7, and
150 mM NaCl. A 4.7-ul drop of the diluted sample was applied to a glow-discharged
carbon-coated grid for 15 s. The drop was removed using blotting paper, and the grid was
washed three times with 4.7-pl drops of the above buffer. Adsorbed proteins were negatively
stained by applying consecutively three 4.7-ul drops of 0.75% uranyl formate. Micrographs
were collected using SerialEM [48] on a FEI Tecnai T20 electron microscope operated at
200 kV and equipped with a 2k x 2k Eagle CCD camera or using EPU on a ThermoFisher
Talos F200C electron microscope operated at 200 kV and equipped with a 4k x 4k Ceta
CCD camera. The pixel size was 0.22 and 0.25 nm, respectively. Particles were picked
automatically using in-house written software (Y.T., unpublished) and extracted using a box
size of 128x128 and 100100 pixels, respectively. Reference-free 2D classification was
performed with Relion 1.4 [49].

3. Results

3.1.

Downstream process development for purification of BG505 DS-SOSIP.664

To date, the purification of Env trimers has required expensive, difficult-to-scale
methodologies such as custom-conjugated immunoaffinity chromatography [30, 33, 34] or
other affinity methods including lectin and strep-tactin [31,35, 36, 38] and size-exclusion
chromatography [30, 34, 35, 38]. In contrast with established trimer purification processes, a
cost-effective, scalable method with several advantages for cGMP manufacturing is
described herein.

An overview of the purification process employed for the 50 L bioreactor consistency runs
and the 250 L cGMP production of BG505 DS-SOSIP.664 trimer is shown in Figure 1. The
purification commenced with a depth filtration clarification step to remove cells and cell
debris, followed by an ultrafiltration/diafiltration step to concentrate the clarified harvest, to
remove spent cell culture media, and to buffer exchange the material into a suitable buffer
for capture chromatography. The pool was subjected to solvent-detergent treatment by
incubating with 1% Polysorbate 80, 0.3% Tri-n-butyl phosphate for 60-75 minutes.
Following viral inactivation, Tosoh TOYOPEARL NH2-750F anion exchange resin was
employed as a capture step. NH2—750F reduced levels of process-related impurities, such as
residual solvent, detergent, HCP, and HCD, and increased purity to >70%.
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Following NH2-750F, the material was conditioned and subjected to a flow-through anion
exchange step by using POROS 50 PI resin with both a primary goal of viral clearance and a
benefit in HCP reduction. The product pool was then filtered by using a 20 nm Viresolve Pro
filter. Following nanofiltration, the product pool was conditioned and polished by using
Tosoh Toyopearl PPG-600M resin, which decreased process- and product-related impurities,
namely HCP and V3-exposed (open) conformations of Env, respectively, and increased
purity to >99%. The pure trimer was then concentrated and buffer exchanged into a final
formulation buffer of 10 mM NaPhosphate, 10 mM NaCl, 7.5% (w/v) Sorbitol, 0.01 %
Pluronic® F68 (w/v), pH 7.2.

The optimized purification process was scaled-up from 3 L to 50 L (the cell culture harvest
scale), and three 50 L consistency runs were produced in-house, including a lot for
toxicological study requirements. Drug substance was manufactured at the 250 L scale
upstream process under cGMP condition for Phase I clinical campaign, yielding 9.57 grams
of purified trimer. The in-process HCP reduction and increase in purity by SEC for material
produced by the cGMP manufacturing campaign are shown in Figure 2. Viral clearance
studies performed with cGMP material and scale down models showed > 17.92 log
reduction value (LRV) of XMulV and > 14.48 LRV of MVM (Table 1).

3.2. Quality assessment and characterization of purified BG505 DS-SOSIP.664

The quality metrics of the purified BG505 DS-SOSIP.664 material from 50 L (n=2) and 250
L bioreactors are shown in Table 2. A preceding 50 L run was also performed to evaluate
scale-up process configurations (data not shown). Purity of BG505 DS-SOSIP.664 from both
scales was found to be >99% as determined by SEC and process-related impurities such as
HCP, HCDNA, PS80, and TnBP were all cleared to levels below LOQ. Thermostability of
BG505 DS-SOSIP.664 purified from 50 L and 250 L runs was evaluated by differential
scanning calorimetry (DSC), revealing consistent melting temperatures (Tm) of
approximately 77 °C (Table 2).

The Meso Scale Discovery platform (MSD) was used to evaluate antigenic profiles of CHO-
expressed BG505 DS-SOSIP.664 at the 50 L and 250 L scale (Figure 3A). For comparison,
we included a 293F-expressed BG505 DS-SOSIP.664 reference that had been purified in a
research laboratory setting by using VRCO01-affinity resin and negative selection by V3-
directed antibodies [12]. For all five panels of antibodies, MSD results showed consistent
binding between different manufactured lots of BG505 DS-SOSIP.664. The antigenic
behavior of CHO-expressed, non-affinity resin purified trimer was nearly indistinguishable
from the 293-expressed, affinity-purified standard, with the only notable difference being an
increased recognition by antibody 35022 [50]. Two apex-directed antibodies, PGT145 and
CAP256-VRC26.25 [44, 45], were well recognized, indicating proper conformation of the
quaternary V1/V2-apex epitope. Notably, the gp120-gp41 interface antibodies all showed
tight recognition — indicating trimers to hold both gp120 and gp41 in antibody-recognized
conformations - including the VRC34.01 antibody [51], which recognizes the HIV-1 fusion
peptide, a target site of vulnerability of vaccine importance. Negative-stain electron
microscopy (NS-EM) images showed a predominant population of well-formed closed
trimers with no visible aggregates and minimal monomer presence (Figure 3B), consistent
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with data reported for 293-expressed, affinity-purified BG505 DS-SOSIP.664 trimer [12,
16]. Overall, cGMP manufactured BG505 DS-SOSIP.664 displayed excellent antigenicity
that was characteristic of the prefusion-closed state, with good recognition by broadly
neutralizing antibodies (bNAbs) and little to no recognition by poorly or non-neutralizing
antibodies, such as F105, 17b, or 48D, which bind the trimer in an open conformation.

3.3. Large-scale production of a stabilized consensus clade C Env trimer

We next evaluated whether the manufacturing processes developed for BG505 DS-
SOSIP.664 could be applied to a clade C trimer vaccine candidate, ConC-FP8v2
RnS-3mut-2G-SOSIP.664, to enable its advancement into clinical development. The
developed purification process (Figure 1) was found to be suitable for production of 7.8 g
ConC-FP8v2 RnS-3mut-2G-SOSIP.664 trimer from a 50 L scale cell culture harvest,
without the need for any additional product-specific optimization in the process. Assessment
of key quality attributes showed the product pool to be 98.6% pure (by SEC), with process-
related impurities (HCDNA, solvent and detergent) to be below detectable levels and 3972
ppm HCP (Table 3). Antigenic profiles, as assessed by MSD, were consistent between two
different samples of purified ConC-FP8v2 RnS-3mut-2G-SOSIP.664 trimers and were
indicative of the prefusion-closed state, as shown by strong binding of broadly neutralizing
antibodies CAP256-VRC26.25, VRCO01 and VRC34.01, but little to no binding of 447-52D
and 17b antibodies, even in the presence of SCD4 (Figure 4A). NS-EM indicated
homogenous samples of correctly formed Env trimers in a prefusion-closed conformation, as
observed for the affinity-purified trimer [15], could be obtained by using the developed
purification process for ConC-FP8v2 RnS-3mut-2G-SOSIP.664 (Figure 4B).

4. Discussion

The successful application of the described conventional resin-based, cost-effective, scalable
purification process to HIV-1 Env trimers from two different clades suggests a platform
approach will be effective in future trimer purification. The method described herein is an
improvement over recently published affinity chromatography-based cGMP manufacturing
processes for Env trimers [34] by avoiding expensive custom mAb-conjugated resins and
difficult-to-scale size-exclusion chromatography while producing Env trimers of high
quality, thereby improving key attributes such as cost, complexity, and productivity. Affinity
and size-exclusion chromatography steps were eliminated entirely; instead, resins that are
inherently scalable and cost between $2,000 and $3,200 per liter were utilized. Additionally,
the capture chromatography step showed robust clearance of solvent/detergent, so a
dedicated detergent removal step could be avoided. The number of UF/DF steps was also
decreased from four to two. The novel process achieved 9.57 g of purified trimer from a 250
L bioreactor, with a working volume of 173.4 L, compared to 3.52 g of purified trimer from
a 200 L bioreactor using the traditional affinity chromatography-based process [34]. Though
a direct comparison of quality is complicated by potential differences in analytical methods,
each final material showed high purity (by an analytical SEC method), sufficient viral
clearance, and low levels of impurities like HCP, HCDNA, solvent, and detergent.

Vaccine. Author manuscript; available in PMC 2022 June 08.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gulla et al.

Page 10

The excellent antigenicity of the cGMP-manufactured BG505 DS-SOSIP.664 and
development-grade ConC-FP8v2 RnS-3mut-2G-SOSIP.664 Env trimers provides
experimental demonstration of the ability of commercial resins to separate open and/or V3-
exposed forms of the Env trimer from those in a prefusion-closed conformation. This
separation indicates the antigenic properties of the prefusion-closed conformation to be
related to overall or global characteristics of the Env trimer, which are apparently detected
by the specific recognition of each of the poorly or non-neutralizing antibodies. The fact that
the manufacturing process reliably selected for native-like, well-formed trimers without the
use of a conformationally-specific bNAb provides an avenue for further streamlining of
HIV-1 Env immunogen manufacture, independent of clade. This advancement potentially
eliminates the necessity of producing, obtaining, and screening broadly neutralizing
antibodies for capture and negative selectors for polishing. Overall, the availability of a
cGMP-suitable, inexpensive, platform-purification process should help to enable the
manufacturing of candidate immunogens and to increase the catalog of available Env trimer
immunogens for clinical evaluation.
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Highlights

Purification of Clade A and C HIV-1 Envelope trimers by a novel non-affinity
method

Env trimers produced in pre-fusion closed conformation without antibody
capture

Non-affinity purified trimers show minimal exposure of CD4-induced or V3
epitopes

Scalable process yields up to 0.2 g/L of purified prefusion-closed HIV-1-Env
trimer
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Fig. 1.
Downstream manufacturing process for purification of HIV-1 Env trimers. Process flow

diagram outlines the chromatography and filtration steps used to purify BG505 DS-

SOSIP.664 and ConC-FP8v2 RnS-3mut-2G-SOSIP.664 trimers from CHO-DG44 cell
harvest. Abbreviations include AEX: Anion exchange, HIC: Hydrophobic Interaction
Chromatography, TFF: Tangential flow filtration, UF/DF: Ultrafiltration/Diafiltration.
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Fig. 2.

Process-related impurity (HCP) reduction and product quality improvement (Purity by SEC)
across the purification process for BG505 DS-SOSIP.664 produced by the 250 L ¢cGMP run.
Abbreviations include HCP: Host Cell Protein, SEC: Size Exclusion Chromatography, ppm:
parts per million.
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Fig. 3.

Agtigenic and structural properties of BG505 DS-SOSIP.664 trimer purified from 50 L and
250 L bioreactor runs. (A) Antigenicity, as determined by MSD, is shown in AUC for CHO-
expressed trimers purified using non-affinity chromatography and HEK293-expressed
BG505 DS-SOSIP.664 purified using immunoaffinity chromatography (BG505 DS-SOSIP
Standard, far right). Antigenicity was assessed on a diverse panel of antibodies, including
broadly neutralizing antibodies directed against the CD4-binding site (VRC01, VRC13,
b12), V1/V2-apex (PGT145, CAP256-VRC26.25), glycan-V3 site (PGT121, PGT128 and
2G12), gp120/gp4l interface (35022 and 8ANC195) and fusion peptide epitope (VRC34.01
and PGT151). The panel also includes non/weakly neutralizing CD4- induced antibodies
(170, 48d, F105) and V3-directed antibodies (447-52D, 3074 and 2557). (B) Negative stain
electron microscopy class averages for BG505 DS-SOSIP.664 trimers purified from 50 L
and 250 L runs. 2D classification produced classes indicative of correctly formed HIV-1 Env
trimers in a prefusion-closed conformatioa Scale bars correspond to 10 nm.
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Fig. 4.

Agtigenic and structural properties of ConC-FP8v2 RnS-3mut-2G-SOSIP.664 trimer. (A)
Antigenicity, as determined by MSD, is shown in AUC for two development lots of ConC-
FP8v2 RnS-3mut-2G-SOSIP.664 trimer and a BG505 DS-SOSIP standard. Antigenicity was
assessed on a panel of antibodies, including broadly neutralizing antibodies directed against
the CD4-binding site (VRCO01), V1/V2-apex (PGT145 and CAP256-VRC2625), glycan-V3
site (PGT121 and PGT128)and fusion peptide epitope (VRC34.01 and PGT151). The panel
also includes non/weakly neutralizing CD4-induced (17b) and V3-directed (447-52D)
antibodies. (B) Negative stain electron microscopy class averages for purified ConC-FP8v2
RnS-3mut-2G-SOSIP.664 trimer from a 50 L scale production show correctly formed HIV-1
Env trimers in a prefusion-closed conformation. Scale bar corresponds to 10 nm.
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Viral clearance/inactivation (LRV) for BG505 DS-SOSIP.664 downstream process unit operations ™.

Table 1.

XMuLV (LRV)

MVM (LRV)

Experiment 1

Experiment 2

Experiment 1

Experiment 2

S/D Treatment (60 min) 2.57 2.81 Not Applicable
Chromatography 2: AEX 5.17 4.97 3.13 297
20 nm Filtration >6.41 >6.52 >7.60 >7.52
Chromatography 3: HIC 3.76 3.63 3.83 3.91

Total

>17.92

>14.48

Page 19

*
Abbreviations include S/D: solvent/detergent, AEX: anion exchange, HIC: hydrophobic interaction chromatography, XMulV: Xenotropic murine
leukemia virus, MVM: minute virus of mice, LRV: log reduction value.
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Comparison of quality metrics assessed for purified BG505 DS-SOSIP.664 material from two 50 L GLP and
one 250 L cGMP bioreactor runs ™

DSC

Attribute 50 L Run 1 (Tox Lot) 50 L Run 2 250 L cGMP Run (Phase 1)
Yield (tota:r?mgﬁrg)of purified 34 40 067
Concentration 0.57 mg/mL 0.59 mg/mL 0.506 mg/mL
Purity by SEC (% Main Peak) 99.74% 99.4% 100%
Residual host cell protein < 150 ng/mL (< 263 ppm) <30 ng/mL < 30 ng/mL
Residual DNA <30 pg/mL < 6.0 pg/mL <6 pg/mL
Endotoxin < 8.8e-5 EU/ug < 8.8e-5 EU/ug < 0.0001 EU/ug
Bioburden 0 CFU/10 mL 0 CFU/10 mL 0 CFU/10 mL
PH 7.24 7.30 7.20
Appearance Clear, colorless, no visible Clear, colorless, no visible Clear, colorless, no turbidity;
particles particles essentially free of particulates
Protein Mass (SEC-MALS) 215 kDa 213 kDa 203 kDa
Glycan Mass (SEC-MALS) 129 kDa 128 kDa 122 kDa
PS80 <15 ppm <15 ppm <15 ppm
TnBP <3ug/mL <3ug/mL <3ug/mL
Melting temperature (Ty,) by 770 76.7 773

*
Abbreviations include SEC: Size exclusion chromatography, SEC-MALS: Size exclusion chromatography-multi angle light scattering, PS80:
polysorbate 80, TnBP: Tri-n-butyl phosphate, DSC: Differential scanning calorimetry, EU: endotoxin units, CFU: colony forming units, GLP:

Good laboratory practices, cGMP: current good manufacturing practices.

fActuaI output, accounting for large volume in-process sampling to suffice IND-enabling studies.
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Summary of quality attributes for purified ConC-FP8v2 RnS-3mut-2G-SOSIP.664 trimer from 50 L run™.

Table 3.

Attribute 50 L Engineering Run
Yield (total amount of purified trimer, g) 787
Concentration 0.564 mg/mL
Purity by SEC (% Main Peak) 98.64%
Residual host cell protein 3972 ppm

Residual DNA < LLOQ (6 pg/mL = 10.6 ppb)
Endotoxin 0.0016 EU/mcg Trimer
Bioburden Not Performed
PH 7.31
Appearance Clear, colorless, not turbid, not opalescene, two wispy visible particles
Protein Mass (SEC-MALS) 206 kDa
Glycan Mass (SEC-MALS) 108 kDa

*
Abbreviations include LLOQ: lower limit of quantitation, ppb: parts per billion, EU: endotoxin units, SEC-MALS: size exclusion

chromatography-multi angle light scattering, SEC: size exclusion chromatography.

fHarvest volume from the 50 L reactor was 39 L.
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