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Abstract

Broadly neutralizing antibodies (bNAbs), isolated from some HIV-infected individuals, can
prevent infection in animal models and are being evaluated for the prevention and treatment
of HIV infection in humans. To further explore the potential of bNAbs, we designed and
expressed single-chain variable fragments (scFv) that artificially link the variable regions of
antibody heavy and light chains and which may have advantages due to their smaller size. We
tested individual scFv derived from bNAbs targeting the major sites of vulnerability on the HIV-
1 envelope glycoprotein, namely CAP256-VRC26.25 (V2 apex), PGT121 (N332-supersite),
3BNC117 (CD4bs), and 10E8v4 (MPER) using a pseudovirus neutralization assay. Each scFv
retained good neutralizing activity against a large multi-subtype virus panel, although there
was variable loss of function compared to the parental IgG antibodies. For CAP256-VRC26.25
(hereafter CAP256.25), there was a significant loss of potency (138-fold), in part related to
differential interaction with charged amino acids in the V2 epitope at residues 166 and 169.
There was also a reduction in potency for the 3BNC117 scFv (13-fold) among viruses lacking
the N276 glycan. Similarly, a reduction in potency for the PGT121 scFv (4-fold) was found
among viruses lacking an N332 glycan and in viruses with a longer V1 loop. This variation at
key residues affected scFv neutralization more than the matched IgGs, suggesting that scFv
interacted with their epitopes in subtly different ways. Remarkably, the scFv of 10E8v4
maintained breadth of 100% in our panel with only a minor reduction in potency. Overall,
these scFv of clinically relevant bNAbs retained significant neutralizing activity, indicating that

they may be suitable for passive immunization to prevent HIV-1 infection.

HIV envelope diversity represents a significant challenge to the efficacy of bNAbs and it is
widely acknowledged that double or triple combinations will be needed to ensure complete
coverage. To assess whether this would also apply to scFv, we tested five scFv of bNAbs in
equimolar combinations against a small multiclade panel of viruses. This included the four
bNAbs described above plus 8ANC195, an antibody that targets the gp120-gp41 interface.
Similar to IgG, experimental combinations of two and three scFv showed a significant
improvement in potency and breadth compared to single scFv. Using the Loewe additive
model, combination titres were predicted using single scFv data and compared to the
experimental combination data. Most combinations followed this additive model of potency
and no significant antagonism was observed for any combination of two or three scFv. Low

levels of synergy were observed within several combinations specifically those containing
vi



CAP256.25 and 10E8v4 scFv. This was shown by the improved potency of the experimental
titres compared to the predicted titres based on this model. These data and model were used
to extrapolate and predict neutralization titres for a larger 45-virus panel. At therapeutic levels
(1pug/mL), 100% coverage was reached for one of the dual and three of the triple
combinations. These combinations always contained 10E8v4 scFv but never 8ANC195.
Moreover, the geometric mean potency for the best triple combination consisting of
CAP256.25, 10E8v4, and 3BNC117, was significantly improved to 0.047ug/mL compared to the
most potent single scFv (0.12pg/mL, p<0.0001). These results show that combinations of scFv
generally follow an additive model of potency, with modest levels of synergy and that their

breadth and potency are significantly improved when applied in combinations.

Transmission of HIV through cell-associated HIV particles may play an important role in sexual
and perinatal transmission. bNAbs have been shown to have reduced activity in this mode of
transmission, which could limit their ability to prevent infection. Furthermore, cell-associated
virus is thought to play an important role in maintaining HIV infection by establishing and
maintaining the HIV reservoir. To explore the ability of smaller molecules to prevent this mode
of transmission, we tested the scFv and IgG of four bNAbs, namely CAP256.25, PGT121,
3BNC117, and 10E8v4, in a cell-free and cell-cell transmission assay. We found that the IgG
lost potency against cell-associated virus compared to the neutralization of free virus, with a
9-fold geometric mean potency difference for all IgG. This potency loss was most pronounced
in PGT121 IgG (19-fold) and 3BNC117 IgG (15-fold) but was also noted for CAP256.25 IgG (3.4-
fold) and 10Ev4 1gG (4.9-fold). However, the scFv neutralized both cell-free and cell-associated
viruses with similar potency (geometric mean potency difference between 1.3 and 2.3 fold).
Thus, despite the differential potency losses between IgG and scFv for three of the four bNAbs
in the free virus assay, scFv retain an advantage in blocking this mode of transmission. The net
result was that 3BNC117 and PGT121 IgG and scFv neutralized cell-associated virus with
similar potency, though the CAP256.25 scFv was slightly less potent than the IgG (13-fold). In
contrast, 10E8v4 was slightly better at preventing cell-cell transmission as an scFv than its IgG
counterpart (2-fold), possibly due to the location of its epitope close to the cell membrane.
These data demonstrated that scFv may show potential for the prevention of cell-associated
virus neutralization, as their small size likely allows them to better diffuse between cells as

well as into the mucosal tissues where cell-cell transmission occurs.
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In conclusion, the scFv of HIV-directed bNAbs retained much of their function in both cell-free
neutralization and cell-cell neutralization assays. Furthermore, they showed the expected
level of activity when tested in combination and in some cases displayed modest synergy. Due
to their smaller size, scFv are more easily incorporated into novel expression vectors and could
be particularly useful for vectored immunoprophylaxis (VIP) for the prevention of HIV
infection. Taken together, the findings from this thesis support the further research and

development of scFv derived from HIV bNAbs for potential use in clinical applications.
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1 Introduction

1.1  The HIV epidemic

1.1.1  Status of the epidemic

Vaccines have successfully eradicated smallpox, and have reduced the impact of many
childhood diseases. However, the global emergence of HIV, new strains of influenza,
widespread antibiotic resistance, Ebola epidemics, and increasing resistance to antimalarials
has demonstrated that infectious diseases are in a constant state of evolution. HIV has been
a particular challenge as it has been difficult to halt the spread of this pandemic. Currently,
about 36.9 million people are living with HIV, of whom 1.8 million are children <14 years with
about 1.8 million people becoming newly infected each year (United Nations, 2019). A total
of 77.3 million people have been infected since the start of the epidemic. HIV has spread
around the world and caused a significant loss of quality and quantity of life. This resulted in
a decreased life expectancy in sub-Saharan Africa from 65.9 years in 1990 to 52.6 years in
2004 and which recently recovered to 63.8 years in 2019 (United Nations, 2019). The infection
has hit hardest among the world’s poorest populations in sub-Saharan Africa, with 27 million
infected people currently living in this region (Dwyer-Lindgren et al., 2019). Moreover,
HIV/AIDS had much larger effects on a socioeconomic scale than was first assumed, causing
loss of income, continued stigmatization, and loss of quality of life with a 2-4% decrease in
GDP across sub-Saharan Africa (Dixon, 2002). Women have been particularly affected by the
HIV epidemic and account for 54% of the infected people in this region. In particular, young
women (15-24 years) are at high risk with over 75% of new infections in the sub-Saharan
region. Abuse and violence correlate with a 50% higher risk of HIV infection with over 35% of
women experiencing physical or sexual abuse in their lives (Jewkes et al. 2010; World Health

Organization 2019).

South Africa has the biggest per capita epidemic in the world with 7.1 million people living
with HIV and a prevalence of 18.9% in 2017 (Statistics South Africa, 2018). The HIV epidemic
caused a significant drop in life expectancy in South Africa from 62.2 in 1992 to 52 in 2002.
The epicentre of this epidemic lies in KwaZulu-Natal province. The prevalence in this area is
exceptionally high among women (44.1%), with a prevalence of 22% in young women (15-24

years) and peaking at 66.4% among women aged 35-39 years (Kharsany et al., 2018). This
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group is particularly vulnerable due to age-disparate sexual partners (Kharsany et al., 2018;
Maughan-Brown et al., 2018; Tanser et al., 2018). Moreover, a high incidence of vaginal
bacteriosis and inflammation increases the risk of HIV transmission (Barnabas et al., 2018;
Maughan-Brown et al., 2018). These statistics highlight the fact that despite the significant
progress made in education, and access to treatment and preventative measures, there

remains an urgent need for more effective interventions such as a vaccine.
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Figure 1.1 HIV prevalence in sub-Saharan Africa.

The map shows the prevalence of HIV in sub-Saharan Africa in a 5x5km cell percentage with the darker
colors indicating a higher prevalence. The highest prevalence is in countries in southern Africa with
hotspots of >25% in Botswana, Mozambique and KwaZulu-Natal, South Africa (Dwyer-Lindgren et al.
2019).

1.1.2  History and origins of HIV
HIV was first recognized in the 1980s but there is evidence that it entered the human
population much earlier (Worobey et al., 2008; Faria et al., 2014). The epidemic in the USA
likely started in the mid to late 1970s with the first cases being documented in 1981 when 5
young homosexual men presented with a rare lung infection called Pneumocystis carinii
pneumonia (PCP) and multiple reports were made of cases of Kaposi Sarcoma, an unusually
aggressive cancer that is rarely observed in immune-competent individuals (Masur et al.,
2010). Similar cases of PCP were documented in intravenous drug users. In the same year, 270
cases of severe immune deficiency were reported in the USA with 121 men dying (Centers for
Disease Control (CDC), 1981; Hymes et al., 1981; Masur et al., 2010). The virus causing
2



Acquired Immune Deficiency Syndrome (AIDS) was identified independently by research
groups in the USA and France in 1984 (and was called HTLV-III, LAV, and ARV) and was later
renamed Human Immunodeficiency Virus (HIV) (Popovic et al., 1984; Ratner et al., 1985;

Barré-Sinoussi et al., 2004).

HIV first arose in humans after a zoonotic event, which allowed the retrovirus to cross species
(Sharp et al., 2011; Faria et al., 2014). A simian strain called SIVcpz (Simian Immunodeficiency
Virus) found in chimpanzees is closely related to HIV-1 and can infect both chimpanzees and
humans. It is believed that this virus adapted to enable human transmission on several
occasions creating the different groups M and N (Bailes et al., 2003). HIV-1 Groups O and P
are thought to have crossed species from gorillas (Van Heuverswyn et al., 2006). Group O is
mainly endemic in Cameroon (1-2% prevalence) and neighbouring countries, and groups N
and P are rare outside this region. The majority of infections worldwide are caused by group
M, which is further classified into subtypes A, B, C, D, F, G, H, J, and K and recombinant versions
of these subtypes (Hemelaar et al., 2006; LANL, 2015). The geographical distribution of these
subtypes is subject to a founder effect making certain subtypes dominant in different parts of
the world. Thus, subtype B dominates in Western Europe, the USA, and Australia, whereas
subtype A occurs mainly in Eastern Europe, Central Asia, and East Africa. Recombinant viruses
account for an increasing number of infections (18%) and CRFO1-AE is dominant in South East
Asia. Subtype C is most dominant in southern Africa and India and accounts for over 50% of
all infections worldwide (Hemelaar et al., 2006; Bbosa et al., 2019). HIV diversity is highest in
west and central Africa, a reflection of the origins of the virus in this area (Hemelaar et al.,
2006; Buonaguro et al., 2007). Moreover, samples from 1959 and 1960 from Kinshasa, Congo
show great diversity indicating that HIV-1 M spread and diversified in the Congo area from the
beginning of the 20%" century. The second major strain of HIV, HIV-2 accounts for far fewer
infections in humans, and mainly occurs in West Africa (Mali, Guinea-Bissau, Gambia, Senegal,
Nigeria, and Sierra Leone) (van Tienen et al., 2018). The cross-species transmission of HIV-2
likely occurred from a separate zoonotic event from a Sooty Mangabey. HIV-2 is less
transmissible, and as it takes much longer for infected individuals to progress to AIDS, it is a

lesser contributor to the global epidemic (Bailes et al., 2003; Sharp et al., 2011).

1.1.3  Natural History of HIV infection and disease pathogenesis
Those at higher risk of HIV infection include sex workers, men who have sex with men (MSM),

intravenous drug users, prisoners, and transgendered people. The distribution of risk groups
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varies per geographical region. HIV infection occurs where there is a breach of the epithelial
or mucosal barrier, as happens with unclean needles (risk of 0.63% per event) or in MSM due
to the fragile lining of the rectum (1.4%). As mentioned previously women in heterosexual
relationships in sub-Saharan Africa form another major risk category, although the risk per
individual sexual encounter is relatively low (0.08%). Infants and newborns of mothers who
have untreated HIV are also at high risk (23%), however, targeted interventions to prevent
Mother to Child Transmission (MTCT) have significantly reduced infection in this group.
Similarly, due to the screening of blood products, although the infection risk after receiving
contaminated blood products is 93%, the number of people infected through transfusion has

dropped to near zero (Patel et al., 2014; Ghosn et al., 2018).

After HIV infects a person there is an initial eclipse phase where the virus spreads through the
lymph nodes and a viral reservoir is established. During this phase, HIV also establishes itself
in the gut lymphocytes causing progressive but massive depletion of the lamina propria CD4+
T-cells (Robb and Ananworanich, 2016; Cicala et al., 2019). CD4+ T-cells are the main target
cell for HIV, however other cells are also infected contributing to the reservoir (Robb and
Ananworanich, 2016; Zerbato et al., 2016; Clayton et al., 2017). During the acute phase, there
are “flu-like” symptoms of infection for about 2 weeks (Robb, Eller, et al., 2016). During this
phase, HIV has already spread through the body, and the viral load increases rapidly to its peak
up to 10°-107 copies per ml of blood. This causes high levels of inflammation and widespread
immune activation (Chang et al., 2010). Infected individuals rapidly develop adaptive immune
responses and through an HIV-specific CD8 cytotoxic lymphocytic response and the interplay
between host and virus, a viral set point is reached about 4-5 weeks after peak viremia (Robb,
Eller, et al., 2016). This viral set point and the immune-specific response are indicators for
disease progression with lower setpoints resulting in slower progression to AIDS (McPhee et
al., 2019). The effects of HIV on the immune system are complex causing the death of CD4+
T-cells through direct cytopathic and indirect mechanisms (Doitsh et al., 2016). Thymic
infection leads to accelerated loss of function impairing the regeneration of T-cells. In the
secondary lymph nodes, a rapid decline of CD4+ T-cells is observed, causing immune
deficiency (Okoye et al., 2013). This increased inflammatory state promotes damage to the
lymphoid system by lymphatic fibrosis and blunting of T-cell function. Moreover, there is a

sustained dysfunctional activation of the immune system in HIV infection, such as



hypergammaglobulinemia. This contributes to the later immune deficiency causing the

progression to AIDS (Chang et al., 2010; Pace et al., 2011; Seitz, 2016; Ghosn et al., 2018).

The HIV reservoir is established early in infection. Macaque models of Simian Immune Virus
(SIV) infection demonstrate the establishment of an HIV reservoir as early as 3 days post-
infection (Nixon et al., 2017). Long-lived naive CD4 cells of monocyte and macrophage lineages
and memory CD4+ T-cells, which have self-renewal capacity, are maintained long-term
supplying this latent reservoir (Nish et al., 2017). Anti Retroviral Therapy (ART) is unable to
eliminate these cells and can only prevent new infections. Moreover, treatment interruption
results in the re-emergence of the virus and active replication, necessitating lifelong treatment
of those infected. It is estimated that for the reservoir to decay naturally, it would take
multiple decades even with complete viral suppression (Pace et al., 2011; Chavez et al., 2015;

Churchill et al., 2016).

The time frame for progression to AIDS (3-10 years) depends on several factors including age
at the time of infection, viral set point, host immune factors, and viral fitness factors (Robb
and Ananworanich, 2016). Elite controllers, for example, exhibit a combination of
host/immune factors and, in some cases, less fit viruses allow them to control viral replication
even in the absence of ART (Okulicz et al., 2011; Ackerman et al., 2016). The infecting virus
also plays an integral role in the immune system’s ability to control the virus as superinfection
can contribute to the loss of viral control in Elite controllers (Caetano et al., 2019). AIDS is
characterized by <350 CD4+ T-cells per uL of blood, which is correlated with an increased risk
for opportunistic infections such as varicella-zoster virus, bacterial infections, and
tuberculosis. In advanced disease, defined as a CD+ T-cell count of <200 cells/uL and high viral
loads, severe immune deficiency increases the risk of opportunistic infections and invasive
cancer. Over the course of the infection, HIV causes irreversible damage to many organs due
to the high inflammatory state, causing cardiovascular disease, hepato-renal dysfunction,
neurological dysfunction, and other comorbidities (Schacker et al., 2002; Deeks et al., 2013).
If left untreated, AIDS usually causes mortality in under 3 years (Zwahlen et al., 2006). Babies
and infants have an especially high mortality rate and short life expectancy if HIV is left
untreated (Goetghebuer et al., 2009; Desmonde et al., 2011). Even under successful ART
suppression, HIV patients remain at high risk for co-morbidities as both the virus and the
treatment have damaging effects (Ghosn et al., 2018). Early initiation of ART can reverse and

limit the immunological failure but not the damage already caused by the virus (Hunt, 2017;
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Deleage et al., 2019). Moreover, late initiation of ART allows the virus to cause irreparable
damage to the immune system resulting in immunological failure and non-recovery even
though viral suppression is achieved (J.C. et al., 2012; Hileman et al., 2017). The current
guideline for new HIV diagnosis is to immediately start lifelong ART treatment. This is thought
to limit the damaging effects of HIV -reducing the morbidity and mortality-, but it is also
expected to reduce transmission (Ferry et al., 2009; INSIGHT START Study Group et al., 2015;
TEMPRANO ANRS 12136 Study Group, 2015). However, it is estimated that in South Africa
about 25% of people who initiate ART, default, giving rise to resistant HIV strains, and

increased risk for comorbidities (Miller et al., 2010).

1.2 Structure and genome of HIV

1.2.1  HIV genome

HIV is a retrovirus, which are RNA viruses that transcribe their genetic material into DNA and
then integrate it into the host genome (Seitz, 2016). A hallmark of retroviruses is that they
have reverse transcriptase and integrase enzymes, which allow for the transcription from RNA
to DNA for genetic integration. Retroviruses have a membrane enveloping a capsid in which
the genetic material encoding gag, pol, and env genes are carried. HIV is also categorized as a
lentivirus which is a subtype of retrovirus that possesses regulatory tat and rev genes and

accessory genes such as vpu, vif, nef, and vpr to enable infection of non-dividing cells.

The HIV virion is about 100nM in diameter and consists of a viral Envelope that is a host-
derived lipid membrane, which is studded with HIV-derived trimeric proteins (Figure 1.2). The
matrix protein is closely associated with the HIV membrane. The cone-shaped Capsid core,
contains the viral enzymes Integrase, Reverse Transcriptase, Protease, and the Tat protein.
The Capsid also contains the Nucleocapsid proteins, which has two Zinc fingers that associate
with the two strands of viral RNA. HIV-1 has a 9.2kb unspliced genomic transcript and is
effective in its genome usage as it employs three reading frames with some genes overlapping.
Moreover, through differential RNA splicing, it is able to express nine genes through three

mMRNA transcripts.

The major genes, gag, pol, and env encode for the main structural proteins of HIV, namely the
viral enzymes (Protease, Reverse Transcriptase, and Integrase) and the Envelope proteins

gp120 and gp41l. The other genes encode for regulatory proteins Tat, Rev, and the accessory



proteins Vif, Vpu Vpr, and Nef. The accessory proteins regulate the host cell environment to

ensure replication and transmission and to restrict cellular antiviral activity.
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Figure 1.2 The HIV genome and proteome.
(A) A schematic representing the HIV-1 genome consisting of 3 overlapping transcripts. The Long
Terminal Repeats on the 5" and 3’ end mediate insertion of the HIV genome into the host chromosome.
The LTR on the 5’ also serves as a HIV promoter and the LTR on the 3’ as a polyadenylation signal. The
gag gene in blue encodes for the Matrix (p17), the Capsid (p24) and the Nucleocapsid (p7) and the P6
protein. The pol gene in lilac codes for Protease (prot), Reverse Transcriptase (p51), RNAse (P15) and
Integrase (p31). The Envelope gene (in blue) encodes for gp120 and gp41, which form the Envelope
trimer. Accessory genes are represented in green (Vpu, Vpr and Nef) and purple (Vif). In orange and
yellow are the two regulatory genes tat and rev which are encoded for by spliced introns, with
regulatory components in the exon. The nucleotide identifiers are indicated in small numbers at the
edges of each gene. (B) The structure of an HIV virion is represented. The HIV virion consists of a bi-lipid
membrane with Envelope trimers expressed on its surface. A Matrix protein is closely associated with
this membrane and Envelope protein. This encases a capsid, which contains the nucleocapsid and the
HIV RNA. Structural proteins are colored in blue, whereas the HIV enzymes are colored lilac, the
accessory proteins green and dark purple and regulatory proteins are colored yellow-orange. The figure
is adapted from HIV LANL and the HIV virion structure on PDB101.



The gag gene encodes the precursor Gag protein (p55, 55kDa) which during further processing
through viral protease is cleaved into Matrix (MA) protein (p17), Capsid (CA) protein (p24),
Nucleocapsid (NC) protein (p7), and p6 protein. There are also 2 spacer peptides (p1 and p2)
which are required for ordered assembly of the viral particles and are part of cleavage sites of
Gag (Krausslich et al., 1995; Hill et al., 2002). Gag is synthesized in the cytoplasm from viral
genomic RNA and targeted to the plasma membrane by a motif in the Matrix domain but the
exact mechanism is unclear. It assists in the assembly process of HIV by recruiting so-called
lipid rafts, which assist in the viral assembly and incorporation of the Envelope proteins into
the HIV membrane. These lipid rafts also play a role in the cell-cell transmission of HIV and are

important in the formation of virological synapses.

The pol gene encodes for the viral enzymes Reverse Transcriptase, Protease, RNase H, and
Integrase. Reverse transcriptase reverse transcribes the viral RNA into DNA and is inhibited by
two HIV drug classes, Nucleoside/nucleotide reverse-transcriptase inhibitors (NRTIs/ NtRTIs)
and Non-nucleoside reverse-transcriptase inhibitors (NNRTI). Protease processes the
uncleaved HIV proteins and is essential for the functionality of the Gag precursor protein.
Integrase integrates the viral DNA into the host genome and RNase H hydrolyses the RNA
strand of the RNA/DNA duplex after DNA synthesis so a second strand of DNA can be
generated. Integrase can be inhibited by an ART drug class names integrase inhibitors Pol
forms part of Gag-Pol (160kDa) and is transcribed as a polyprotein. It is transcribed in much
lower quantities than Gag as a frameshift is needed for expression (GagPol is expressed at a

5% level of Gag). High levels of Gag are needed for the packaging of viral proteins and RNA.

The HIV genome also encodes for two regulatory proteins, Tat and Rev. Tat regulates the
reverse transcription of HIV whereas Rev is needed for the proper translation of HIV proteins.
HIV also codes for the accessory proteins Nef, Vpr, Vif, and Vpu, which increase the virulence
of HIV and have many additional functions. Vpr aides in the nuclear translocation of the viral
DNA, and ensures that the host cell is in the G2 phase of cell division in order to integrate the
viral DNA. Vpu binds CD4 and causes downregulation through ubiquitin-mediated proteasome
degradation. Nef and Vif play various roles in infectivity (Vogt, 1997; Turner et al., 1999; Watts
et al., 2009; Los Alamos National Laboratory, 2017).

The env gene encodes for the Envelope protein, gp160, which is further cleaved into gp120

and gp41. Gp120 and gp41 combine to form the Envelope hetero-trimers. The Envelope trimer
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enables HIV to bind CD4+ cells and fuse with the target cell’s membrane (Watts et al., 2009;
Seitz, 2016). The Envelope trimer is the only target for neutralizing antibodies, a major focus

of vaccine design, and its functions are described in more detail below.

1.2.2 HIV assembly and release

The viral RNA after transcription is transported to the cytoplasm, where the spliced RNA is
translated. Two strands of single-stranded unspliced dimerized RNA are packaged into each
viral particle through association with the Nucleocapsid chaperone. Through multimerization
of the Capsid protein, Gag and Gag-Pol are assembled into the HIV membrane. The
hexa/pentameric Capsid and the trimeric Matrix together form a protein lattice which after
budding is cleaved by Protease (Borman, 2009; Pornillos et al., 2009; Chimukangara et al.,
2019). This allows HIV to rearrange into the mature infective HIV particle characterized by the
cone-shaped Capsid lattice (Checkley et al., 2011; Lingappa et al., 2014). One of the HIV drug

classes targets protease and therefore inhibits this final maturation step.

1.2.3  HIV attachment and entry

Viruses that initiate or establish infections are named transmitted/founder viruses (Joseph et
al., 2015; Wagh, Kreider, et al., 2018). Due to compartmentalization in the donor and due to
the mucosal barriers there is the formation and the transmission of a subsection of the clonal
virus population (Boeras et al., 2011; Tincati et al., 2016; Mabvakure et al., 2019). Transmitted
founder viruses are characterized by being CCR5 tropic, and containing a high amount of Env
trimer in their envelopes. Moreover, their binding to Dendritic Cells (DC) is also enhanced
compared to circulating viruses (Ashokkumar et al., 2018). There seems to be a bias towards
viruses with higher replication rates, and there is evidence that if less fit escape mutants are
transmitted there is a quick return to the consensus sequence for those sites (Joseph et al.,

2015; Ashokkumar et al., 2018).

HIV-1 targets CD4 positive immune cells, which also express the viral co-receptors, normally
CXCR4 or CCR5 depending on HIV’s tropism. When HIV encounters a host cell, the initial
attachment can be non-specific through charge-driven interactions between Env and
negatively charged heparin sulfate proteoglycans (Wilen et al., 2012). The HIV particle uses
host cellular transport pathways to move to a suitable fusion location. The interaction with
the a4B7 integrin or receptors such as the DC-SIGN on dendritic cells is more specific (Clapham

et al., 2001; Dale et al., 2013; Izquierdo-Useros et al., 2014; Chen, 2019; Cicala et al., 2019).



These interactions bring the Envelope trimer into close proximity to CD4, and the co-receptors
CXCR4 or CCR5. CD4 contact causes polarization of the trimer on the Envelope of the HIV
particle, increasing the concentration of trimer at the cell contact site and improving infection
(Hernandez et al., 1996; Cohen et al.,, 2004; Chien et al.,, 2007, 2009). The Envelope
glycoprotein trimer then binds to CD4, via its CD4 binding site. After binding, there is a
rearrangement of the trimer, notably the V1/V2 variable loop and subsequently the V3
(Cardaci et al., 2013). Moreover, a bridging sheet from two double-stranded B sheets is
formed. The co-receptor binding of HIV is partly mediated by the V3-loop of the trimer, and
this triggers the fusion cascade of the HIV particle with the host cell membrane. Most HIV-1
virus particles make use of the CCR5 co-receptor (R5 viruses), especially in the case of subtype
C viruses. CXCR4 tropic HIV-X4 usually emerges later in infections and is often associated with

a sharp decline in CD4+ T-cells (Ribeiro et al., 2006; Goetz et al., 2009).

The Envelope trimer mediates fusion through the exposure of the hydrophobic core of gp41
after the co-receptor binding. The gp120 units fold open and the gp41 fusion peptide (FP) is
inserted into the host cell membrane (Figure 1.3 left). The gp41 protein folds into a hairpin
structure formed of two heptad repeats in the gp41 protein, an N terminal (NHR) and a C
terminal heptad repeat (CHR) forming a six-helix bundle. This brings the transmembrane
domain (TMD) in the HIV membrane together with the fusion peptide (FP) in the host cell

membrane (see Figure 1.3) (Chen, 2019).

Model for cell fusion Crystal structure of the 6 helix bundle

target cell membrane

post fusion gp41l

HIV cell membrane

HIV/plasma membrane

Figure 1.3 Cell fusion of HIV with the target cell.

A model for cell fusion by the gp41 protein. The fusion peptide (FP-yellow) inserts into the target
cell membrane. The C-terminus Heptad Repeat (CHR-blue) fold over at a hinge and forms a 6-helix
bundle with the N Terminal Heptad repeat (NHR-pink). The MPER is shown in purple and the
transmembrane domain (TMD) in beige. On the right, a crystal structure of the 6-helix bundle model
is shown in two orientations. Colors are as before (PDB: 27XR crystal structure was used to model
the CHR and NHR in pymol).
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1.2.4  HIVintegration

After entry into the cytosol, the viral RNA is transcribed to double-stranded DNA and the RNA
is digested by an RNase domain on the RT. Reverse transcriptase is a highly error-prone
enzyme allowing for nucleotide changes, which contributes to extensive HIV diversification.
Nucleoside/Nucleotide reverse transcriptase inhibitors (NRTIs) are analogues of nucleotides,
which lead to the termination of DNA synthesis. While they block viral DNA synthesis, they
also block some host cell DNA synthesis explaining their toxicity. NNRTIs or nonnucleoside
reverse transcriptase inhibitors also inhibit reverse transcriptase by binding directly to the
Reverse Transcriptase enzyme. These drugs are generally better tolerated than NRTIs but can

display neurotoxicity or hepatotoxicity (Arts et al., 2012; Maartens et al., 2014; WHO, 2019).

After transcription, the DNA is trafficked to the nucleus of the cell as part of the preintegration
complex. Integrase catalyses the integration of the viral DNA into the host cell’s genome.
Integrase inhibitors have been approved for HIV-1 treatment since 2007 and generally cause
fewer side effects compared to older drugs. These drugs prevent the integration of HIV into

the genome (Ali et al., 2009; Ghosn et al., 2018; WHO, 2019).

1.3  Cell-cell transmission

Cell-free transmission, the infection of target cells by free virus particles, is a relatively
inefficient mode of transmission for viruses. Cell-cell transmission is about 100-1000 times
more efficient in vitro, by concentrating viral particles at the transmission site (Del Portillo et
al., 2011; Kolodkin-Gal et al., 2013; Anderson, 2014; Costiniuk et al., 2014). Although its role
in vivo is not entirely clear, cell-cell transmission may allow HIV to circumvent the antiviral
immune system by hiding in non-lysosomal compartments or transmitting through virological
and immunological synapses where access is limited (see below) (Carr et al., 1999; Chen et al.,
2007). HIV exploits existing cell contacts such as the immunological synapse and by inducing

cell contact with CD4+ cells through various mechanisms including the virological synapse.

1.3.1 The immunological synapse and the virological synapse

Cell-cell transmission can occur in two major ways. The first occurs as HIV highjacks existing

pathways in the immune system. Dendritic cells (DCs) are antigen-presenting cells (APC) that

are found in mucosal surfaces. Although DCs are not easily infected, HIV is able to use their

antigen-capture receptors to facilitate transport to the lymph nodes. A DC can bind many

virions through C-type lectins such as DC-SIGN or SIGLEC-1 and endocytose HIV particles into
11



non-lysosomal compartments. HIV increases the number of filopodia on the dendritic cell
surface, which in turn increases binding to T-cells and increases the formation of the naturally
occurring immunological synapse between the T-cell and the DC (Aggarwal et al., 2012). HIV
can use the immunological synapse and transform it into an infectious synapse and infect the
T-cell. Similar molecules are recruited to the synapse as in the immunological synapse but in
addition, HIV bound to C-type Lectins are also recruited to the site. The DC cell forms an
enclosed space through its membrane protrusions and by binding between the T-cell receptor
and the MHC peptide on the surface of the APC. This interaction is further stabilized through
microtubules and adhesion molecules such as LFA-1 and ICAM-1 (Sanders et al., 2002;
Rodriguez-Plata et al., 2013). The T-cell sends out sensory filopodia, which are CD4 enriched,
into the DC compartment that contains the virions. The DC releases signal molecules through
the synapse resulting in the recruitment of CD4, CCR5, and CXCR4 to these filopodia in the
target cell. This and a high concentration of HIV particles significantly increases infection rates
(Akiyama et al., 2015). There is evidence that HIV induces the formation of the infectious
synapse but it is unclear whether the formation of this synapse is Env induced as synapse
formation as well as cell-cell transmission occurs even when Env is suppressed (Gousset et al.,

2008).
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Figure 1.4. The virological synapse.

A model for cell-to-cell transmission is shown where Env engages CD4 on target cells. Due to the
recruitment of ICAM1 (blue)-LFA1 (brown) stabilization, Actin (light green) remodeling and Gag
(orange hexagon) engaging the cytoplasmic tail of Env, Fusion between the cells is actively inhibited.
Viral assembly is activated and recruited to the contact site leading to transmission of immature viral
particles into vesicles of the target cell. Based on the state of the cell and HIV regulation this results
either in pyroptic death of the target cell or in induced latency.

HIV-1 can also directly induce a virological synapse, which forms between infected cells and
uninfected cells expressing CD4 and the receptor CCR5 (or CXCR4) (Jolly et al., 2004; Chen et
al., 2007). Virological synapses are well studied in T-cells and are very similar to the
immunological synapses normally formed between APCs and T-cells. These synapses result in
signal transduction and changes in both the donor and target cells and can form through close
cell contact but also through filopodia (Bracq et al., 2018). Envelope-mediated contact is
established between infected cells, expressing gp120 on the cell surface, and CD4 on target
cells (Len et al., 2017). This triggers a rapid sequential recruitment process on the cell surface
of lipid rafts, adhesion molecules, Env and Gag protein, and enhancement of viral assembly

locally (Zhong et al., 2013; Wang et al., 2019). The interaction is stabilized by LFA1 and ICAM-
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1 and HIV recruits tetraspanins, a type of membrane protein involved in cell adhesion and
proliferation, and actin-membrane organizing proteins to the synapse. These interactions also
prevent membrane cell fusion between the target and donor cells and stabilize the virological
synapse (Jolly et al., 2004, 2007). In cell-cell transmission, Envelope mediated fusion to the
target cell is also inhibited. The immature Gag associated with the cytoplasmic tail of the
Envelope protein further inhibits the fusion event. The immature HIV particles with uncleaved
Gag also inhibit viral fusion between immature virion particles that are budding into the
synapse and the uninfected target cell. Rather, than direct infection of the target cell by the
immature virions, there is a CD4-dependent translocation into a trypsin-resistant intracellular
compartment. The virions further mature within these compartments, which then fuse into
the target cell. In vitro formation of viable syncytia is observed between infected and
uninfected cells through gp120-CD4 mediated fusion, however, its biological relevance in vivo

is unclear (Murooka et al., 2012).

1.3.2  Other cell-cell mechanisms, nanotubes, and vesicles transport

Several other mechanisms of cell-cell transmission have been described. Different protrusions
from cells such as filopodia and open-ended nanotubes (TNT) mediate transfer between
different T-cell types directly and through vesicles such as organelles (Sowinski et al., 2008).
HIV makes use of the existing TNT structures formed between T-cells and or myeloid cells to
rapidly spread through a T-cell network. Similarly, HIV transfer to target cells in intracellular
vesicles from the endoplasmic reticulum (ER) and the Golgi has been reported in
macrophages. HIV-1 increases the number of infectious vesicles formed, through Nef protein,
which alters the organisation and expression of various scaffold and membrane proteins in
the Clathrin pathway such as tetherin and MHC-1 (Elliott et al., 2015; Buffalo et al., 2019). HIV
can infect macrophages, however, this is independent of CD4 and thus is unlikely to use the
virological synapse. These macrophages can become infected through phagocytosis of HIV-1
infected cells by a yet unknown mechanism (Baxter et al., 2014). Moreover, HIV is also able to
transcytose through epithelial cells, which mediates HIV transfer through the epithelial barrier

during mucosal transmission.
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1.4 The role of cell-cell transmission in HIV infection

1.4.1 Cell-cell transmission in primary infection

Cell-cell transmission likely plays a vital role in HIV infection as infectious cell-associated HIV
has been found in breastmilk and in genital secretions. However, whether HIV infects through
cell-free or cell-cell transmission in primary infection remains unclear (Sallé et al., 2010;
Anderson et al., 2014; Milligan et al., 2014; Sagar, 2014). This is likely dependent on the
transmission route as different barriers to infection are present. Cell-associated transmission
could explain transmission in the presence of neutralizing antibodies (Chen et al., 2007;
Malbec et al., 2013; Reh et al., 2015; Li et al., 2019). Moreover, cell-cell mediated spread is
also likely responsible for ongoing replication despite ART virological suppression (Sigal et al.,
2011). In cell-cell assays of transmitted/founder viruses, higher levels of cell-cell transfer were
observed in all clones which was independent of the quantity of Envelope surface expression
(Li et al., 2019). Although infection of the target cell was still dependent on the infectivity of
the clone, cell-cell transmission significantly increases the chances of infection compared to

cell-free infection (Li et al., 2019).

1.4.2 The role of cell-cell transmission in active infection and the HIV reservoir

Cell-cell transmission targets a different sub-population of CD4+ cells (Agosto et al., 2018).
Cell-free virus preferentially infects activated permissive CD4+ cells, which represent about
5% of the total CD4+ cell population. Since free virus is not able to engage the innate immune
response this results in a productive infection of activated CD4+ T-cells, which eventually die
by apoptosis. Cell-to-cell transfer, however, infects naive and resting CD4+ cells (Agosto et al.,
2018). This cell-cell infection is linked to the rapid CD4+ T-cell depletion seen in acute infection
and the progressive CD4+ T-cell depletion seen in chronic disease and progression to AIDS
(Galloway et al., 2015). Recent studies demonstrate that cell-cell transmission is the driver for
pyrotypic death of lymphoid tissue-derived T-cells (Galloway et al., 2015). Moreover, these
pyroptic CD4+ cells increase the migration of T cells into the lymph node and subsequently
halts T-cells in the lymph node. Together cell-free and cell-cell infection drive chronic

inflammation, causing progression to AIDS in the long term (Galloway et al., 2015)

Memory CD4+ T-cells are also likely infected through cell-cell mediated contacts, which
contribute to the formation of the reservoir (Tabler et al., 2014). It is well established that cell-

free virus can infect CD4+ cells that transition back to memory cells, a resting state that
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prohibits viral production and transcription, however, this latency is easily reversible (Agosto
et al., 2007; Han et al., 2007; Henderson et al., 2012; Pace et al., 2012; Chavez et al., 2015;
Sloan et al., 2015; Zerbato et al., 2016). Co-culture experiments with memory CD4+ cells and
myeloid cells (CD14+) demonstrate that effective infection of these cells is only possible if cell-
cell contact is established (Evans et al., 2013). Cell-cell mediated infection of latent CD4+ T-
cells was also observed through the formation of virological synapses between CD4+ T-cells.
When HIV is transmitted to latent CD4+ T-cells through cell-cell mediated transfection, it
inhibits productive infection and T-cell activation in these memory cells while simultaneously
inducing latency (Agosto et al., 2018; Kumar et al., 2018; Rezaei et al., 2018; Pedro et al.,
2019).

Whereas many of the current ARVs effectively inhibit free virus transmission, there are
variable results for cell-cell transmission (Agosto et al., 2014; Duncan et al., 2014). Secondly,
there is evidence for low-level replication despite ART (either cell-free or cell-cell) due to
imperfect tissue penetration, especially in the brain, the lymph nodes, and other difficult to
reach sites (Sigal et al., 2011). Due to the likely role cell-cell transmission plays in both primary
infection, the reservoir, and progression to AIDS, there is a need to find new approaches to

prevent cell-cell transmission.

1.5 The HIV Envelope protein

HIV expresses the gp120-gp41 Envelope trimer on its membrane, which enables binding to
and cell fusion with the CD4+ T-cells in cell-free transmission. This trimeric protein is made of
three gp120 and three gp41 domains forming heterodimers (Julien, Cupo, et al., 2013; J. H.
Leeetal.,2016). The Env glycoproteins are synthesized as a polyprotein precursor and through
the ER signal peptide trafficked to the ER where the signal is removed (Checkley et al., 2011).
A stop-transfer signal in the transmembrane domain of gp41 prevents full release into the ER
and keeps the cytoplasmic tail of gp41 in the cytosol (Wyss et al., 2005). Oligomannose
precursors are added during processing of the gp160 proteins in the ER and Golgi complex by
recognition of an N(X)T/S (X not P) amino acid sequence (Stanley P, Taniguchi N, 2017). After
glycosylation with N-linked and O-linked glycans, the gp160 oligomerises into trimers but also
other formations such as dimers (Checkley et al., 2011). After Furin proteases cleavage, which
ensures maturation, the trimer is then transported to the plasma membrane where it is

incorporated into the membrane of the virus (Checkley et al., 2011).
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1.5.1  Structure of the Envelope trimer

The structure of the gp120-gp41 trimer was elucidated in 2013 (Liu et al., 2008; Julien, Cupo,
et al., 2013). Individual subunits and the gp120 core were previously studied but these
provided little insight into the functionality of the trimer (Kwong et al., 1998). The first
sufficiently stable soluble trimer structure was BG505-SOSIP.664, which has several
modifications to stabilize the Envelope which allowed the crystallization and subsequent
elucidation of the structure (Julien, Cupo, et al., 2013; Sanders et al., 2013). These structures
elucidated pre-fusion and post-fusion forms of the trimer allowing a better understanding of
the cell-entry process. The structures also demonstrated that the trimer has a conserved
guaternary protein structure with specific hyperflexible and or hypervariable regions (Julien,

Cupo, et al., 2013; Sanders et al., 2013).

The gp120 protein includes five hypervariable loops interspaced with five constant areas. The
loops are flanked by cysteines that form disulfide bridges (except for V5) and they are variable
in length from 50-90 amino acids (a.a.) for V1/V2, 19-44 a.a. for V4, and 14-36 a.a. for V5. The
length of V1/V2 and its glycosylation sites increases with the duration of the disease, indicating
that this loop aids in immune evasion (Julien, Cupo, et al., 2013; Moscoso et al., 2014).
Moreover, the variable regions exhibit high sequence variation, which also increases with
disease progression. The V3 loop is essential in viral entry and its length is conserved across
clades (Almond et al., 2010; Xiang et al., 2014). Although it displays a relatively conserved
sequence in clade C viruses, it is highly variable in the other clades (Tian et al., 2002; Patel et
al., 2008). Structurally, the trimer can also be divided into an inner and outer domain
connected by a bridging sheet to the trimer association domain. The inner domains are buried
within the trimer whereas the outer domain and the variable loops extend out from the trimer

(Zolla-Pazner et al., 2016).

The CD4 binding site (CD4bs) in the HIV trimer is hedged by glycans and is formed by
sequentially non-contiguous regions of gp120 from constant regions (C), C1, C2 (D loop), and
the V5, that are in close proximity in the quaternary structure (Duan et al., 2018; Zhou et al.,
2019). The binding site is located in the inner domain of the trimer (McGuire et al., 2013;
Jardine et al., 2016; Duan et al., 2018).
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The co-receptor binding site is formed by the V3 loop, the bridging sheet, and the stem of the
V1/V2 region. After CD4 binding rearrangements result in the exposure of the co-receptor
binding site, which facilitates binding to the CCR5 or CXCR4 co-receptor (Kumar et al., 2017;
Tanaka et al., 2017).
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Figure 1.5 Crystal structure of the HIV envelope BG505.50SIP.664 trimer.

The trimer consists of 3 units of gp120 and gp41 proteins. Individual subunits and structural units are
indicated in different colors. Gp120 consisting of the trimer association domain (V1/V2) (red), the outer
domain (V3, V4, and V5) (dark blue), the inner domain of gp120 which includes the CD4bs (green). The
gp41 subunit consists of the heptad repeats (magenta, cyan) connected by the heptad connection (light
purple), the fusion peptide (yellow) the fusion proximal region (lilac), the membrane-proximal region
(purple), and the transmembrane domain (sand). (The model is based on the PDB 5v8I and 6e8w crystal
and modelled with pymol)

In contrast to gp120, gp41 is more conserved likely due to its functionality in attaching the
trimer to the HIV membrane and the viral entry mechanism. Gp41 envelops the N terminus
and C terminus of the gp120 protomers with its hydrophobic core, consisting of four a-helices.
The gp4l protein has three major domains, an extracellular domain, a transmembrane
domain, and a cytoplasmic tail. The extracellular domain contains a fusion peptide at the N-
terminal region which is hydrophobic, a polar region, two heptad repeats (HR1, HR2), and a
tryptophan-rich region which forms the Membrane Proximal Region (MPER). The heptad
repeats are connected through disulfide bridges and a flexible hydrophobic loop. The heptad
repeats and the MPER region mediate viral fusion (Buzon et al., 2010; Irimia et al., 2016; J. H.
Lee et al., 2016).
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The fusion peptide of the HIV Env is hidden within the interface region of the trimer until the
conformational changes that occur during CD4 binding. After contact of CD4 and the co-
receptor, the two heptad repeats unfurl themselves like a coil and the fusion peptide is
inserted into the plasma membrane. The gp120 either is shed or moves out of the way during

this process (Apellaniz et al., 2014).

The Membrane Proximal External Region (MPER) also plays a role in fusion and cell infection
and is a highly conserved 24 amino acid region proximal to the cell membrane (Huang et al.,
2016; Kwon et al., 2016; Soto et al., 2016). The transmembrane domain anchors the Env into
the lipid bilayer in a single a-helix and connects to a cytoplasmic tail (CT). This tail is about 150
a.a. in length and interacts with the Gag polyprotein during viral assembly and in cell-cell
transmission in order to be incorporated into the virus particles. Moreover, mutations or
truncations in this domain cause refolding in the gp120—gp41 trimer. The CT also mediates
the clathrin-mediated endocytosis through a tyrosine-sorting domain located proximally to
the cytoplasmic membrane. In the C-terminal region, three lentiviral lytic peptide sequences
are present which also mediate membrane lysis and membrane incorporation (da Silva et al.,

2013; Narasimhulu et al., 2018).

1.5.2 Immune evasion by the Envelope trimer

The highly sequence variable nature of the trimer makes it an evasive target for the immune
system. Moreover, conformational changes described above, during binding and entry
present various states to the immune system. In addition, the trimer also transitions between
a closed mature state that evades antibody recognition to a more open state that is able to
bind the CD4 receptor and the co-receptor to a fully post-fusion state (Bartesaghi et al., 2013;
Pancera et al., 2014; Montefiori et al., 2018; Wang et al., 2018). A protective glycan shield
covers the trimer. This glycan shield has a high level of organization and complexity,
predominantly oligo-mannose, and is partly conserved across viral subtypes. Glycan shifting
deletions and insertions present a challenge for the immune system (Doores, 2015; Panico et
al., 2016; Ferreira et al., 2018; Ringe et al., 2018). Glycans also contribute greatly to the
molecular mass of the trimer, aid in protein folding and binding to the host cell surface

(Doores, 2015; Behrens et al., 2016; McCoy et al., 2016; Montefiori et al., 2018).

HIV also expresses non-native forms of the HIV Envelope on its surface that present distinct

epitopes to the immune system. These induce non-neutralizing antibodies, which fail to inhibit
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cell entry (Moore et al., 2006; Gift et al., 2017). There are only a limited number of epitopes
on the HIV trimer that are conserved across virus strains. These conserved regions of the
Envelope trimer can elicit broadly neutralizing antibodies (bNAbs) able to inhibit the majority
of global strains. These bNAbs target the V1/V2 region, the 332 glycan on the V3 loop, the
CDA4bs, the fusion peptide, the MPER region as well as an epitope that spans both gp120 and
gp41, called the interface. The rest of the trimer gives rise to non-neutralizing antibodies and
non-broad antibodies. In the section below, we will further discuss the evolution of antibodies

in HIV.

1.6  The structure of an antibody

Antibodies are “Y” shaped proteins produced by the adaptive immune system that target
pathogens. They consist of two heavy (55kDa) and two light chains (24kDa) connected by
disulfide bridges (cysteine—cysteine bridges) and a hinge region or regions that perform a
hinge function (IgM, IgE). From a structural point of view, antibodies can also be divided into
two Fabs (antibody binding fragment) and Fc (crystallisable fragment) regions (International

Union of Immunological Societies, 2020).

1.6.1 The constant region and antibody isotypes

The heavy chain determines the isotype and subclass of an antibody. There are five constant
regions (namely IgA, gD, IgG, IgM and, IgE) which are encoded for by the a, §, vy, 1, and €
genes. After primary infection, IgM expressed on the surface of B cells is the first isotype to
appear and constitutes about 5-10% of the total antibodies in the sera. Antibodies then
undergo class switching and IgG appears as a soluble antibody and is the most common
isotype (70-85%), seen in secondary or reinfection with pathogens presenting the same
epitopes. The other isotypes are present in the mucosa (IgA), or more often seen in allergic
responses and in response to parasitic infections (IgE). IgD is mainly present on the surface of
B cells but its exact function is somewhat unclear. IgG has the longest half-life and has four

subclasses which all mediate different effector functions and have variable hinge lengths. The
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light chain consists of one constant region and one variable region and is either a k- or A-chain

(Janeway et al., 2001).
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Figure 1.6 The basic structure of an IgG antibody.

The Fc fragment in blue, and the 2 Fab fragments consisting of the heavy chain in pink and the light
chain in yellow. The heavy chain consists of 4 domains, the variable heavy chain (VH) and the constant
heavy chain (CH1) in the fab and the two constant regions in the Fc (CH2 and CH3). The light chain
consists of a constant region (CL) and the variable light chain (VL) both part of the Fab. In the left corner
is a drawn representation of the IgG and the crystal structure is shown as well. (Figure adapted in pymol
from the 1IGY full IgG structure in PDB)

1.6.2 The variable region of antibodies

The variable region of the heavy and light chains are made up of three hypervariable
complementarity determining regions (CDR) and four framework regions, which are less
variable. Together these form the epitope binding region or the paratope. The variability
within CDRs occurs first by recombination of the V, D, and J genes, mediated by VD)
recombinase giving rise to antibody genes. The heavy chain gene on chromosome 14 consists
of 44 Variable (V) segments, 27 diversity (D) segments, and 6 Joining (J) segments. Light chains
K (Chromosome 2) and A (Chromosome 22) do not have D gene segments but have 40 V
segments and 5 J segments. In addition, there are insertions and deletions (indels) into the
CDR3 which increases variability in length and sequence (Bowers et al., 2014). This results in
a very high level of antibody diversity >10! (Janeway et al., 2001). Diversity in antibody genes

is also generated through somatic hypermutation (SHM) which causes variation in the
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antibody genes of individual B cells and is part of the maturation process of antibody-
producing cells. This further fine-tunes the binding of the antibody and the epitope. In lymph
nodes and the thymus, there are several checkpoints to prevent autoreactivity of the
antibodies that might have developed after recombination and SHM events (Mesin et al.,

2016).

The strength of the interaction between paratope and epitope (affinity) is determined by the
complementarity between target and antibody and influences the potency of the antibody.
The higher the affinity of an antibody, the faster the antibody binds to the target, and the
stronger this bond is maintained under unfavourable conditions. Affinity is a balance between
the on- and off-rate of antibodies and affinity maturation of the antibody increases this bond
by increasing on rate and decreasing off rate. However, several other factors can influence the
overall binding between antibody and antigen, such as avidity or the strength of the bond

between the antibody and epitope can also affect the potency of an antibody (Klasse, 2016).

1.6.3 The antibody response to HIV infection

Within two to three weeks of infection, HIV-infected patients develop a strong humoral
response to the Envelope consisting mainly of binding antibodies to gp41, and the V3 region
(Tomaras et al., 2009). However, these antibodies do not exert pressure on the virus, as they
are unable to neutralize the virus. After about 12 to 20 weeks of infection neutralizing
responses develop, which are strain-specific for the infecting viruses (Li et al., 2006; Tomaras
et al., 2008). These neutralizing antibodies target highly variable regions on the HIV env such
as the V1/V2, V3, and V4 regions (Moore et al., 2008, 2009). Rapid escape from these
neutralizing antibodies ensues with likely little fitness cost to the virus (Bar et al., 2012; Moore,
2018). Although all infected people mount these potent strain-specific, broadly neutralizing
responses, described in more detail, below, bNAbs only arise in a small subset of people (Gray

et al., 2007, 2011; Tomaras et al., 2008; Corti et al., 2010).

1.7 Broadly neutralizing antibodies

First-generation neutralizing antibodies (4E10, b12, 2F5, and 2G12) were neither very broad
nor very potent and some were found to be autoreactive (Kumar et al., 2018). Identification
of donors with broad plasma responses as well as improvements in B cell culture and sorting
techniques have allowed the HIV vaccine field to isolate bNAbs against several major epitopes
on the HIV trimer. These epitopes on the trimer span from the apex down to the membrane,
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including the V2 region, the V3 supersites, the CD4 binding site, the gp120-gp41 interface, and
the MPER region. Recently antibodies targeting a new epitope, the fusion peptide have also

been isolated (Kong et al., 2016; Xu et al., 2018).

1.7.1 bNAb epitopes
V2 antibodies target a quaternary epitope, the apex of the trimer, which is only present on

90°

V2
N332 supersite

CD4bs

gp120-gp41l interface

Membrane proximal
epitope region

Figure 1.7 Epitopes on the gp120-gp41 HIV trimer.

Major bNAb epitopes are represented on the crystal structure of the BG505.5S0SIP.664 trimer. The V2
region (red) is located at the apex of the trimer. The N332 supersite region including the V3 loop (blue)
is located between close to the V2 region. The CD4 binding site (CD4bs) is indicated in green. Two more
recently identified epitopes are the gp120-gp41 interface (orange) including the fusion peptide
(vellow). The MPER (purple) is located close to the viral membrane. The figure is based on the 5v8l
structure on the protein data bank (PDB) and made with Pymol.

the prefusion functional trimer. The epitope includes two conserved glycans at positions N156
and N160 and a small motif at positions 165-173. These residues are relatively conserved
among clades accounting for the breadth of antibodies targeting this epitope (Bricault et al.,
2019). Most bNAbs targeting this site share structurally similar strategies of targeting this
epitope through a long CDRH3, (26-39 a.a) which reaches through the glycan shield and
engages key glycans. For example, PG9 binds two N160 glycans on different gp120 proteins
making it specific for the trimer (Pejchal et al., 2010; McLellan et al., 2011; Doria-Rose,
Georgiev, et al., 2012; Julien, Lee, et al., 2013; Pancera et al., 2013; Wang et al., 2017). Other
V2 type antibodies such as the CAP256-VRC26 lineage are less dependent on the N160 glycan
and primarily rely on binding to residues 165-171 (Doria-Rose et al., 2014; Bhiman et al., 2015;
Kong et al., 2016). Viral resistance is mediated by specific charge and residue changes within
this loop or the loss of the 156 or 160 glycans (Doria-Rose, Georgiev, et al., 2012; Moore et al.,

2013; Andrabi et al., 2015; Doria-Rose et al., 2015; Julg, Tartaglia, et al., 2017).
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The N332 supersite epitope is adjacent to the V2 apex. Similarly, to the V2 apex, antibodies to
this site depend on a short relatively conserved peptide stretch between 323 and N332, in
particular, the GDIR motif. Moreover, many also depend on the glycan at N301 (Krumm et al.,
2016; Caskey et al., 2017). Escape from these antibodies occurs through glycan deletion at 332
or shifting to the 334 position. Moreover, due to the proximity of the V1/V2 region, viral
escape can also be modulated through elongated V1 loops that cover the epitope (van den
Kerkhof et al., 2016; Anthony et al., 2017; Silver et al., 2020). Members of the PGT121 and
PGT128 antibody lineages have evolved to adapt to these escape mechanisms. For example,
PGT128 can neutralize these viruses (with glycan shifts or V1 elongation) when glycans at N301
and N295 are present (Krumm et al., 2016). N332 supersite antibodies are mostly
PGT121/PGT128 like, using similar mechanisms to target this site albeit at slightly different
angles and with the involvement of other glycans such as N295, N137, and N156 (Garces et
al., 2015). The PGT135 bNADb is independent of the GDIR motif and targets additional glycans
at positions N339 and N392. Moreover, it targets the base of the V4 loop as well as
approaching the N332 glycan from a different angle (van den Kerkhof et al., 2016). The most
potent N332 supersite antibody to date is BG18, which was isolated from a paediatric donor

(Barnes et al., 2018).

Table 1.1 bNAb epitopes and characteristics.

Important Antibody
Epitope Escape/resistance bNAb examples
residues characteristics
PG9Y, CAP256.25
N130, N156, (Burton etal.,
Charge changes, loss . .
V1/v2 N160, 165- CDRH3 elongation | 2009; Doria-
of glycans
173 Rose et al.,
2015)
323-332,
Loss of N301 or N332 ) PGT121,
N301, N332. Mainly CDRH3
. glycans . . PGT128, PGT135
supporting: ) based interaction,
V3 V1 elongation/O- ) (Walker et al.,
N156, N295, . however with
linked glycan L 2011; Kong et
N339, N386, . variations.
N392 enrichment of V1 al., 2013)
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) VRCO01, VRCO7,
Lacking N276 | N276, G458Y, N234
o 3BNC117 (X. Wu
glycan, G458, | glycan,279-282 Mimic CD4, short t al.. 2010
etal, ;
CD4bs | Loop D, CD4- | mutations, N461, D- CDRL3, long Scheid et al
cheid et al.,
binding loop, | loop, B23/V5/ B24 CDRH3
gloop P B NS/ B 2011; Rudicell et
V5 mutations
al., 2014)
8ANC195 35022,
PGT151
N234, N276,
(Falkowska et
R456, N611, Framework
Interface N276 glycan loss . al., 2014; Huang
N637, elongation
C5 rei etal., 2014;
region
& Scharf et al.,
2014),
Fusion VRC034.01(Kong
, 512-520, N88
peptide etal., 2016)
C-terminal
] W672L, F673L, CDRH3 loop 10E8
MPER | region of .
W680G, N671T Hydrophobic 4E10
gp4l 671-683

CD4 binding site targeting antibodies such as the VRCO1 class often mimic CD4 (Scheid et al.,
2011). These antibodies tend to have a short CDRL3 loop to avoid clashing with the N276
glycan and have residues that have similar functions as CD4 residues. The formation of these
antibodies is complex in that their elicitation requires the specific absence of the highly
conserved N276 glycan, but subsequent evolution to tolerate this glycan (McCoy et al., 2016;
Duan et al., 2018). Therefore, these antibodies are a relatively rare subclass of antibodies in
patients (Lynch et al., 2012). The second class of CD4bs antibody uses long CDRH3 loops
however, due to the high glycosylation of the trimer in this area, these antibodies need to

approach the trimer at the same angle as the VRCO1 class antibodies (Zhou et al., 2010).

The N234 and N276 glycans are also targets for gp120-gp41 interface antibodies, which can
use an elongated framework region to contact R456 (Scharf et al., 2014; Liu et al., 2019).
Moreover, the CDRH3 contacts a B sheet of gp120 that interacts with the gp41l region.
8ANC195, the first described interface bNAb, targets both the open and the closed trimer but
can also bind gp120 alone through heavy chain interactions. The light chain of 8ANC195 makes
significant contacts with the gp41 and the N637 glycan (Chuang et al., 2013; Scharfetal., 2014,
2015). Other interface antibodies, however, bind gp120 and gp41 simultaneously, such as

35022, which also binds the B strand through an elongated framework (Doria-Rose et al.,
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2014). Both 8ANC195 and 35022 are dependent on the glycosylation of the trimer, requiring
for example glycans at positions N234 and N276. PGT151 is more dependent on the N611 and
N637 glycans, with a propensity for more complex glycans and also binds the end of gp120 in
the C5 region (Blattner et al., 2014; Falkowska et al., 2014; Huang et al., 2014). Interface
antibodies often interact with the fusion peptide which forms a sub-epitope that has recently
been described following the isolation of VRC34.01 (Kong et al., 2016). This antibody targets
8 conserved residues (512-520) in the fusion peptide and the N88 glycan on gp120 which is in
structural proximity to this site (Kong et al., 2016; Wibmer et al., 2017). VRC34.01 inhibits the
structural conformational changes needed for fusion to the cell membrane. However, fusion
peptide accessibility varies among HIV trimers, with some being exposed such as on the BG505

SOSSIP trimer and others being sequestered (Ananthaswamy et al., 2019).

The MPER epitope is a highly conserved epitope forming an alpha-helix between the
transmembrane domain and the ectodomain of gp41. 10E8 and 4E10, two very broad bNAbs
bind the C terminal region (residues 671-683) of this alpha-helix, which is hydrophobic and
partially buried within the viral membrane (Irimia et al., 2016). This highly conserved region
facilitates fusion during viral entry. The long CDRH3 loops of these antibodies interact with the
viral membrane, which is likely the reason for the autoreactivity of most MPER antibodies
(excluding 10E8v4) (Kwon et al., 2016; Zhang et al., 2019). Only recently has the MPER region
(with a transmembrane domain) been crystalized giving more insight into how antibodies
targeting this site interact with the epitope (Huang et al., 2012; Georgiev et al., 2014; J. H. Lee
et al., 2016; Kwon et al., 2016; Soto et al., 2016; Irimia et al., 2017).

1.7.2  HIV and antibody coevolution

Several factors are associated with the development of breadth such as viral load, viral
diversity, and duration of infection, which all increase antigenic exposure (Gray et al., 2011;
Rusert et al., 2016). Several studies that follow patients from infection to the development of
breadth demonstrate the interplay between antibody and viral epitopes (Wibmer et al., 2013;
Doria-Rose et al., 2014; Bhiman et al., 2015; McCoy et al., 2016; Soto et al., 2016; Steichen et
al., 2016; Zhou et al., 2017; Stamatatos et al., 2017; Voss et al., 2017; Mabvakure et al., 2018;
Wagh, Kreider, et al., 2018; Sacks et al., 2019). These studies indicate that early viral variants
select for an antibody lineage with binding or neutralizing capacity. After viral escape, the
antibody, in turn, matures to accommodate variations within the epitope, which leads to

further viral diversification. This continuous co-evolution between the virus and the immune
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system is one of the drivers for antibody development that target conserved epitopes and can
tolerate viral diversity and indirectly become broad (Bhiman et al., 2015; Bonsignori et al.,
2017). Not all maturation leads to breadth, however, perhaps partly explaining why a large
group of chronically infected patients do not develop breadth. This is a challenge in vaccine
design as host factors may impede the development of breadth with bNAbs often requiring a
rarer B-cell lineage (Liao et al., 2013; Jardine et al., 2015, 2016; Julg, Tartaglia, et al., 2017; Reh
et al., 2018; Wiehe et al., 2018). Although bNAbs and NAbs do not halt disease progression, a
multitude of passive immunization studies indicate they would be able to prevent infection
making them a prime vaccine objective (Mascola et al., 2000; Pegu et al., 2014; Saunders et

al., 2015; Bar et al., 2016; Bolton et al., 2016; Landais et al., 2018).

1.8 The search for an HIV vaccine

There is a dire need for an HIV vaccine, which can prevent the spread of HIV. Even though
there has been significant progress made in the treatment of HIV, this is having little impact
on HIV incidence (G. Williams et al., 2011). There has been a 35-year ongoing search for an
effective vaccine to prevent HIV transmission with over 270 vaccine trials and six Phase llb and
Il trials. These efforts have focused both on neutralizing antibody vaccines and vaccines
aiming to elicit protective cellular immunity. Vaccines tested to date elicited antibodies to
non-neutralizing targets (Rubens et al., 2015). Moreover, vaccines thus far have only elicited
neutralization responses to so-called tier 1 viruses, which have a naturally more open
structure compared to the more difficult to neutralize tier 2 and 3 viruses (Gust et al., 2009).
It is thought that a protective vaccine must be able to elicit at least tier 2 neutralizing

antibodies (Seaman et al., 2010; Montefiori et al., 2018).

The AIDSVAX vaccine, for which results were published in 2003 mainly elicited antibodies to
epitopes that did not confer protection or against gp120 monomer (The rgp120 HIV Vaccine
Study Group, 2005). Similarly, the STEP trial (2007) which studied vaccines aimed at eliciting
T-cell mediated responses did not show protection against HIV. In fact, this vaccine increased
the risk of HIV due to responses to the adenovirus vector (Buchbinder et al., 2008; Duerr et
al., 2012). The first trial that showed low-level efficacy was the RV144 trial, which combined
the two approaches. This vaccine used a canarypox vector with three HIV genes (ALVAC-HIV)
followed with a gp120 boost (AIDSVAX) targeting both cellular immunity and neutralizing

antibody responses. This vaccine conferred 31.2% effectiveness; however, it failed to elicit
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either CD8 responses or neutralizing antibodies (Rerks-Ngarm et al., 2009; Haynes et al., 2012;
Karasavvas et al., 2012). Protection was associated with V2 binding antibodies mediating Fc
functions, such as antibody-dependent cellular cytotoxicity (ADCC) (Haynes et al., 2012). The
HVTN100 study used the same approach with subtype C based genes and proteins in South
Africa. Similar antibody responses as the RV144 trial were observed in this study (Bekker et
al., 2018). However, a larger-scale efficacy trial (HVTN 702) failed to provide protection
(National Institute of Allergy and Infectious Diseases, 2020). Other ongoing trials include the
HVTN705 trial, which employs a different prime-boost using an adenovirus vector with mosaic
proteins genes with a subtype C gp140 protein boost (HVTN, 2020). Current efforts focus on
Native Flexibly Linked (NFL) trimers and SOSIP trimer based vaccines that mimic the Envelope
trimer in its native state. These vaccines are in an early phase 1 trial stage (NCT03699241)
(Sanders et al., 2015; clinicaltrials.gov, 2018; Ringe et al., 2018; Dubrovskaya et al., 2019). A
second strategy uses trimers or outer domains with affinity for the germline precursors of
bNAbs such as PGT121 or VRCO1 (Garces et al., 2015; Jardine et al., 2016; McCoy et al., 2016;
Steichen et al., 2016; Duan et al., 2018; Bricault et al., 2019; Umotoy et al., 2019).

1.9 HIV Prevention and treatment with antibodies

1.9.1 Use of bNAbs in treatment and prevention

The isolation of next-generation bNAbs has renewed interest in using antibodies in both the
prevention and treatment of HIV. The more recently isolated bNAbs demonstrate both high
breadth and potency and have shown protection in macaques (Pegu et al., 2014; Gautam et
al., 2016; Hessell et al., 2016; Rosenberg et al., 2016; Calenda et al., 2019; Shapiro et al., 2020).
The bNAbs 3BNC117, PGT121, VRCO1-LS, VRCO7, and/or 10-1074, when administered to
macaques, were able to block SHIV infection. Currently, VRCO1 is being assessed in a passive
immunization trial for its protective qualities in primary HIV infection (AMP). This will inform

whether a vaccine eliciting these antibodies could be protective.

28



Treatment with PG121, PGT128, 10-1074, 3BNC117, PG16, NIH45-46, all showed reduced viral
loads in infected animals. In addition, a reduction in cell-associated HIV was observed
(Mascola et al., 2000; Parren et al., 2001; Sallé et al., 2010; Pegu et al., 2014; Bolton et al.,
2016; Gautam et al., 2016; Clayton et al., 2017; Parsons et al., 2017).
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Figure 1.8 Breadth and potency of HIV bNAbs targeting all major epitopes.

Breadth and the potency of bNAbs targeting major sites on the HIV-1 envelope. BNAbs relevant to this
thesis are bolded. Early generation bNAbs are indicated with a star. MPER antibodies (purple)
demonstrate a high level of breadth. V2 antibodies (red) show very high potency but limited breadth.
Data obtained on CATNAP (Yoon et al. 2015) and figure inspired by (Sok et al., 2018) Geometric mean
only includes viruses neutralized and or tested for that bNAb on average (between 118-800 viruses).

In human clinical trials, antibodies such as VRCO1 and 3BNC117 (CD4 binding site) or 10-1074
(N332 supersite) have been tested in patients undergoing treatment interruptions and
demonstrated viral suppression for 6-10 weeks during antibody treatment (Scheid et al., 2016;
Caskey et al., 2017). bNAbs that were better at preventing cell-cell transmission such as
3BNC117 were associated with viral suppression and delayed rebound in patients. Antibodies,
which were poorer in preventing cell-cell transmission such as VRCO1, 10E8, however, did not
achieve proper viral suppression in monotherapy (Reh et al., 2015; Caskey et al., 2017,
Cheeseman et al., 2017; Dufloo et al., 2018; Mendoza et al., 2018). Moreover, there are
indications that bNAbs could reduce the viral reservoir (Klein et al., 2012; Horwitz et al., 2013;

Barouch et al., 2014; Halper-Stromberg et al., 2014).
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Combinations of antibodies outperform monotherapy, both in breadth and potency, in viral
suppression studies and limit viral escape during treatment. Therefore a combination of
antibodies will likely be needed to provide sufficient breadth and potency and to be able to
target both cell-free and cell-cell transmission (Doria-Rose, Louder, et al., 2012; Kong et al.,
2015; Wagh et al., 2016; Wagh, Seaman, et al., 2018). The breadth can be increased by using
bNAbs with complementary neutralization profiles and, by using very potent antibodies, the
overall potency could be increased. In addition, combinations of antibodies are likely to
decrease HIV escape as multiple epitopes can be covered (Gruell et al., 2018). In clinical trials,
combinations of antibodies were able to maintain viral suppression for prolonged time periods
(21 weeks median) compared to monotherapy. Moreover, no resistance mutations for the
bNAbs were detected in these individuals, except for outgrowth of an already resistant virus
present in the reservoir, as long as the plasma concentration remained above 10ug/mL during

the trial (Mendoza et al., 2018).

Two models describe the potential of antibody combinations. The first is the “Loewe Additive”
model which assumes that the antibodies will act independently of each other and that their
neutralization breadth and potency will provide an additive effect (Kong et al., 2015). The
“Bliss-Hill Independence” model assumes a similar premise, however, this model also takes
into account the slope of the neutralization curves and can more accurately predict how
combinations of bNAbs neutralize HIV (Wagh et al., 2016; Wagh, Seaman, et al., 2018).
Combinations of three or more antibodies were shown to provide optimal coverage and
sufficient potency for HIV prevention. Multiple antibodies covering the same viruses are
needed moreover to prevent escape which could be achieved with three or more antibodies
in the mixture (Wagh et al., 2016; Wagh, Seaman, et al., 2018). Combinations of antibodies
targeting the same epitope, however, could show antagonism or competition. Antagonism
can also be observed when the epitopes are in close proximity or when binding to the epitope
causes conformational changes to the trimer preventing binding. For example, antibodies that
induce opening of the trimer could compete with trimer-specific antibodies such as CAP256-
VRC26.25 (CAP256.25) (Doria-Rose, Louder, et al., 2012; Wagh et al., 2016; Wagh, Seaman, et
al., 2018). Synergy can also be observed when one antibody increases the access of the other
antibodies, something that can be observed with some MPER epitopes and CD4i antibodies
(Ding et al., 2016; Ferreira et al., 2018). Further detailed analysis of this phenomenon is
needed.
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1.9.2 Delivery of bNAbs through AAV

Delivery of antibodies by recombinant Adeno-Associated Virus (AAV) is a promising approach
to achieve passive immunity. Studies in chimpanzees and macaques with SIV and SHIV were
able to demonstrate protection by using AAV mediated expression of bNAbs (Johnson et al.,
2009; Balazs etal., 2012; Fuchs et al., 2015; Saunders et al., 2015). Moreover, similar strategies
have shown protection from HIV in humanized mice (Fuchs et al., 2016; Hay et al., 2018). The
first clinical trial used PG9 in an AAV-1 vector to express antibodies in patients (Priddy et al.,
2019). However, there were challenges with low antibody levels due to the formation of anti-
AAV and anti-PG9 antibodies. Another trial testing VRC07, a CD4bs antibody (NCT03374202)
delivered by AAV is currently underway (Saunders et al., 2015) and antibodies such as
CAP256.25 - have been expressed in AAV-8 and tested in mice models (van den Berg et al.,
2019). AAV are considered a safe gene delivery method however the platform has limitations
in regards to genetic space on the vector and expression levels may vary. To improve
expression, self-complementary vectors may be used, however, these are even more limited
in genetic space. Smaller antibody-derived constructs, such as single-chain variable fragment
(scFv) described below, have a much smaller genetic size compared to IgG (~800 base pairs vs
~2100 base pairs) and may, therefore more readily be expressed by AAV. Moreover, they may
also be more readily expressed in combinations than their IgG counterparts in AAV (Naso et

al., 2017; Lin et al., 2018).
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1.10 Antibody Fragments
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Figure 1.9 Antibody fragments and antibody constructs.

Constructs of antibodies have been engineered such as the Fab or various Fab based constructs.
Similarly, scFv have been used in various antibody constructs as shown above (picture source: nicepng,
2020).

Several smaller fragments have been engineered from IgG (Figure 1.9). One of these
fragments, scFv consists of the variable heavy and variable light chain connected by a flexible
peptide linker and is one of the smallest fragments encompassing the entire paratope of the
IgG. Most commonly, the linker is about 15 amino acids long, consisting of GGGGS repeats
(Finlay et al., 2011). These scFv are about 30 kDa in size and have successfully been applied in
various clinical settings both in treatment, imaging, and preventative measures (Figure 1.10)
(West et al., 2012; Monnier et al., 2013). ScFv maintain the binding specificities of the parent
antibodies and tend to diffuse into tissues more readily compared to the IgG (Colcher et al.,
1998; Unverdorben et al., 2016). However, this comes at the cost of reduced half-lives
associated with an absent Fc domain and increased kidney clearance (Kubetzko et al., 2006;
Unverdorben et al., 2016). scFv are also proposed to be better against T-cell-cell transmission
due to their smaller size and possibly reduced steric hindrance, a possibility that we explore

in chapter 5 of this thesis.
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1.10.1 scFv for HIV

Several HIV-directed scFv have been engineered from phage display libraries, and often target
the CD4i epitope (Wang et al., 2015; Kumar et al., 2017; Tanaka et al., 2017). These scFv tend
to be more potent and broader compared to their IgG counterparts due to improved access
to this recessed epitope (Khan et al., 2017). However, only a few scFv have been developed
from HIV bNAbs targeting epitopes on the closed trimer (West et al., 2012; Wang et al., 2015).
PG9 has been expressed as an scFv and lost 40-fold of geometric mean potency, whereas
various VRCO1 and PG16 based fragments lost 10-20 fold geometric mean potency compared
to the parental IgG. Moreover, the expression of VRCO1 and PG16 scFvs were too low to test
in neutralization assays (West et al., 2012). m36, a heavy chain only antibody, and J3a, llama
heavy chain only camelid antibody, were demonstrated to have both breadth and potency but
were not compared to IgG based fragments. These antibodies have also been expressed on
alternative vectors in for example lactobacillus, but have not yet undergone clinical testing
(McCoy et al., 2012; Marcobal et al., 2016; Weiss et al., 2019). scFv of bNAbs have also been
produced in bacteria, however, almost all neutralizing activity was lost in these scaffolded scFv

bNAbs (Guglielmi et al., 2009; Wang et al., 2015).
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Figure 1.10 The structure of an scFv.

The scFv consists of the variable heavy (VH) in pink and the variable light (VL) chain in yellow of a full
IgG. The two chains are connected by a glycine serine linker as demonstrated by the black dotted line.
(Figure adapted in pymol from the 1IGY structure in PDB)

1.10.2 Multispecific scFv based and composite antibodies against HIV
Several bispecific antibodies have been developed, which can target two epitopes on the HIV-

1 Envelope. These molecules demonstrated higher breadth compared to the single antibodies
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(Khan et al., 2018). Bispecific antibodies make use of a knob-in-hole and CrossMab strategy to
ensure proper combination and heterodimerisation when synthesized (Klein et al., 2016). This
technique, engineers a knob or a hole in the CH3 region of two different antibody heavy chains
and swaps the CL and CH1 chains. When the plasmids of two antibodies are thus co-expressed
in one culture, they combine into a single heterodimeric antibody (Figure 1.11). Several dual
specific bNAbs have been engineered using both or one of these techniques. For example,
3BNC117-PGT135, which targets both the CD4 binding site and the N332 supersite. Although
an initial form of this antibody showed reduced potency, engineering in greater flexibility in
the hinge region allowed for dual binding of the two arms, which improved its potency
(Bournazos et al., 2016). Another bispecific antibody used one of the broadest CD4bs
antibodies, VRCO7, on one arm with a variety of bNAbs targeting the V2 region, the N332
supersite, or the MPER on the other arm. This study found that VRCO7 combined with PG9-
16, a V2 antibody was the broadest (97%) and most potent (0.055g/mL) (Asokan et al., 2015).
The breadth and potency of dual specific antibodies depends on complementarity and the
potencies of the parental antibodies. Further engineering by increasing flexibility and linker
length between the scFv and or Fab components can allow for improved neutralization by
allowing for the dual binding of both paratopes, either inter- or intratrimerically. For example,
a bispecific antibody combining an scFv of CAP256.25 on one arm and N332 Fab antibody on
the other arm demonstrated improved breadth and potency compared to either single

antibody, likely by engaging both epitopes (Davis-Gardner et al., 2020).
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Figure 1.11 Bi and trispecific antibodies of HIV bNAbs.

Bi and tri specific antibodies make use of various strategies to combine multiple paratopes into one
molecule. The Knob-in-hole engineers large amino acids into the CH3 region of one antibody and creates
a space in the second antibody’s CH3 region, which improves the portion of combined antibodies when
expressed. By swapping the CH1 and CL regions proper light chain, heavy chain pairing is ensured. ScFv
are also used in multispecific proteins by replacing one arm of the antibody with 1 or multiple scFv
connected by glycine serine linkers. Sometimes the CH1, CL is removed in these antibodies or the hinges
are further engineered to improve flexibility.

Trispecific antibodies display an even greater breadth and potency than bispecific antibodies.
These antibodies often have one arm as Fab component and the other one with two scFv in
tandem. Some trispecific antibodies also remove the CH1 and CL component of this arm. Most
of the trispecific antibodies reach 100% breadth against large multiclade panels with
extraordinary potency. Examples of these include a trispecific antibody with a 10E8 Fab

(MPER) on one arm and a tandem of PGT121-VRCO1 scFv on the other arm (V3-CD4bs)
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(Steinhardt et al., 2018). A second trispecific antibody that makes use of VRCO1 Fab and
10E8v4 scFv in tandem with the V2 targeting PGDM1400 scFv is currently being tested in a
phase 1 clinical trial. This trispecific antibody also reached 100% breadth, demonstrated
protection from SHIV in macaque models, and was potent at a geometric mean of 0.3ug/mL

(A5377, NCT03705169)(Xu et al., 2017; ClinicalTrials.gov, 2020b).

A second strategy combines antibodies that target the HIV Env on one arm and either CD4 or
CCR5 on the other arm using similar CrossMab or knob-in-hole technologies. A bispecific
example of this is the 10E8-IMab, which combines the MPER targeting 10E8 antibody with a
CD4 targeting antibody. This antibody is one of the most potent antibodies with a geometric
mean potency of 0.002pg/mL with 100% breadth. A more soluble version using the 10E8v4
antibody is currently being tested in a phase 1 clinical trial (NCT03875209). This antibody had
a 2.5 fold improvement in potency compared to the original antibody (Huang et al., 2016;
Padte et al., 2018). Similarly, CAP256.25 has also been combined with the iMab,
demonstrating an 11.4 fold increase in potency and improvement in breadth compared to the
original antibody (Moshoette et al., 2019). Similarly, trispecific molecules have also been
developed that target multiple sites on the HIV Env trimer along with CD4 and or CCR5. An
example of this is 10E8Fab-PGDM1400scFv-PRO140scFv, with PRO140 being an antibody
targeting CCR5 (Xu et al., 2017; Steinhardt et al., 2018)

1.11 Aims of this thesis

The potential of scFv of bNAbs has not fully been investigated for their use in passive
immunization and or treatment. We, therefore, designed and tested the function of scFv of
HIV bNAbs targeting five major epitopes on the HIV trimer. Since these antibodies are
significantly smaller, we also examined whether differences in the epitope impacted the
neutralization performance of the scFv compared to the IgG This is detailed in chapter 3 of

this thesis, which was published in the Journal of Virology in 2020 (van Dorsten et al., 2020).

Secondly, although combinations of antibodies have been tested for IgG and in multi-specific
antibodies, this has not been done using scFv. scFv may show decreased steric hindrance and
decreased antagonism, compared to IgG. Moreover, we wanted to assess the predictive
models used for IgG to determine if they can be similarly applied to scFv, We, therefore,

investigated the potential of scFv in combinations in chapter 4 of this thesis.
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Lastly, we wanted to investigate the potential of scFv in preventing cell-cell transmission. As
scFv are significantly smaller than IgG they could diffuse more readily into lymphoid tissues
and mucosal tissues where cell-to-cell transmission likely occurs. In addition, their much
smaller size could provide an advantage in accessing virological synapses compared to full-

sized IgG. The potential of scFv compared to IgG is investigated in chapter 5 of this thesis.

The data in this thesis indicates that scFv engineered from bNAbs demonstrate remarkable
retention of neutralization capacity compared to the IgG. Moreover, they have shown
considerable breadth and potency when combined into double or triple combinations. Some
of the combinations showed low levels of synergy and an overall improvement in
neutralization potential. Lastly, we demonstrated that these scFv retain their function in cell-

cell transmission assays in levels comparable to free virus neutralization.
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2 Methods

2.1 Generation of scFv

2.1.1 scFv cloning

scFv constructs were made from seven different antibodies targeting five epitopes on the HIV
trimer (CAP256.25-VRC26.25, PGT121, VRCO1, 3BNC117, 8ANC195, 10E8, and 10E8v4). Of
these, IgG versions were available in-house for five antibodies. Sequences for 3BNC117 and
10E8v4 scFv and IgG were ordered from GenScript (New Jersey, USA) (3BNC17 Vu-V. L1 and
10E8v4 Vy-Vy).

scFv were cloned from IgG constructs using primers at the start (5’) and (3’) end of the variable
heavy (Vi) and the variable light (V.) regions (first round of PCR) (Figure 2.1). Primers matching
the sequence of the heavy and light chain of the antibodies were designed (primers were
ordered from Ingaba, South Africa). The iProof High-Fidelity DNA polymerase (Bio-Rad, South
Africa) was used for all cloning PCRs following the kit instructions. The first antibody specific
primer set amplified the variable heavy chain and contains a portion of the signal sequence
and the Agel cut site in the forward primer and an overlap with a portion of the linker in the
reverse primer. For the light chain, the antibody specific primer pair contains an overlap of the
linker in the forward primer and the HRV-3C cut site and part of the histidine (His) tag
sequence in the reverse primer. A 15 amino acid (GGGGS3) linker from an existing scFv in the
lab was also amplified using a forward and reverse primer pair that included overlap into the
variable heavy and light chains of the various scFv. This produced three PCR products. At this
stage Dpn1 (NEB or FastDigest, Thermofisher) enzyme was added to digest the plasmid DNA,
and the reactions were incubated for 30min at 37°C. Afterwards, the reactions were run on a
2% agarose gel (2% agarose, 1x TAE, 625ng/mL Ethidium Bromide) together with a 100bp
ladder in 1x TAE at 80V for approximately 1hr, gel excised and purified using the QlAquick Gel

Extraction Kit (Qiagen, Hilden Germany).

Next, an overlapping PCR was used to join each fragment into one Vu-V. construct. A reverse
primer (Reverse 2), which overlaps the histidine tag sequence and contains the BamH1 cut
site, was combined with the forward primer 1 of the first reaction (Forward V4 1) and the three
PCR products of the variable heavy chain, the linker, and the variable light chain. To clone the

Vi-Vu constructs the same methodology was used, however, the overlapping sections were
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swapped, with the V| being cloned with the signal sequence at the 5" end and an overlap in
the reverse primer for the linker (3’). The Vi was cloned with an overlap in the 5’ end into the
linker and the 3’ end into the HRV-3C cut site and the His-tag (see appendix 8.1 for full scFv

and sequences including the various linkers used).

The pCMVR plasmid and final recombinant PCR product were digested with BamH1 and Agel
fast digest restriction enzymes for 1hr at 37°C using the FastDigest enzymes (Thermo Fisher
Scientific, Massachusetts USA). The gel excised vector backbone, and the PCR product were
cleaned using the QlAquick Gel Extraction and PCR Purification Kits (Qiagen, Hilden Germany).
The vector backbone and the insert were ligated using the Rapid DNA Ligation Kit (Roche,

Switzerland) and a molar ratio of insert to vector of 3:1, and incubated for 30min at 25°C.

The plasmids were transformed into JM109 Z-competent E. coli (Zymo Research, California
USA) by adding 1pL of the ligation mixture to the JM109-Z cells at 4°C for 5min. Thereafter
Super Optimal broth with Carbolyte repression (SOC) medium was added in a ratio of 5
volumes of SOC and 1 volume of cells and the cells were shaken at 150rpm for 1hr at 37°C.
Then the bacterial cell mixture was spread on LB Agar plates and grown under kanamycin
(50ug/mL) selection overnight (ON) at 37°C. Several colonies were picked, and grown ON with
5mL of LB broth with 50ug/mL kanamycin at 37°C. Subsequently, the plasmids were extracted
using the QlAprep Spin Miniprep Kit (Qiagen, Hilden Germany) and sequenced with vector
primers using 6pmol of primer, 1uLBigDye, 300ng DNA, 1.5uL buffer, and up to 10uL H,O
(BigDye™ Terminator v3.1 Cycle Sequencing Kit, Applied Biosystems, Massachusetts USA).
Sequencing reactions were cleaned up with 100% Ethanol (EtOH) to which Sodium Acetate
(NaOAc, 3M, pH4.6) was added to a final concentration of 120mM. The reactions were spun
for 30min at 2000g. Afterwards, the EtOH was removed, 70% cold (-20°C) EtOH was added
and the reactions were spun for 5min at 2000g. Afterwards, this was removed as well and the
reactions air-dried at 65°C for 3min. Sequencing reactions were run on the Applied Biosystems

3500xL Genetic Analyzer.

The sequences of plasmid inserts were compared to the reference sequences and validated
minipreps were transformed into JM109-Z cells and grown overnight under kanamycin

selection in 200mL of LB at 37°C, shaking at 150rpm in a baffled Erlenmeyer flask.
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Figure 2.1 Cloning of scFv of HIV antibodies through overlapping PCR.

(A) The variable heavy (VH) and light (VL) chains were cloned from existing heavy and light chain
vectors of the IgG in the pCMVR vector. The linker was cloned from an scFv in the pUC vector. For the
first round of PCR (1), 3 sets of primers were used to create fragments with overlapping regions
between the VH, the linker and the VL. The HRV-3C digestion site, the restriction enzyme site Agel and
a portion of the signal sequence were also added by the primers. The second PCR (2) used the same
forward primer (Forward VH 1) and the reverse primer containing the 8x HIS-tag and the BamHI
restriction enzyme site (Reverse 2) to combine all 3 PCR products into a single amplicon. The HRV-3C
site allows cleavage by an enzyme in order to remove the HIS tag. The 8x HIS-tag is used in downstream
purification, and the enzyme restriction sites are used to clone the constructs into the vector. (B) The
scFv construct in the VH-VL format both as a linear product and in the pCMVR vector.
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Cultures were spun down at 1500g for 30min and the supernatants discarded. Plasmids were
extracted using the QIAGEN Plasmid Plus Maxi Kit (Qiagen, Hilden Germany). Concentrations
were measured on the Nanodrop at the DNA quantification setting and plasmid DNA was

aliquoted and frozen.

A total of 6 constructs for each scFv was designed to incorporate three different linker lengths
and multiple variable heavy-variable light chain and variable light-variable heavy chain
orientations (L1, L2, and L3 in Vu-VL and V-Vu). To create the different linkers, site-directed
mutagenesis (QuikChange Lightning Site-Directed Mutagenesis Kit, Agilent Technologies) was
used to introduce an additional GGGGS segment into Linker 2 (L2). Linker 3 scFv constructs
were ordered from GenScript (New Jersey, USA) (CAP256.25, 8ANC195, PGT121). Amino acid

sequences of the final scFv and linkers are shown in chapter 3.

2.1.2  scFv expression

scFv plasmid preparations (1000ug) were sterile filtered in 20mL of OptiMEM. Each plasmid
was combined with 3mg of fresh linear Polyethylenimine HCI (PEI) max 40,000 in another
20mL OptiMEM and incubated for 20min at room temperature (RT). The transfection mixture
was added to 960mL of 293F suspension culture at 1.5 x10° cells (P<40). The culture was grown
in HEK293F freestyle media without additions at 10% CO2, 70% humidity, and in a 150rpm

shaking incubator for 6 days.

To optimize expression several additions or changes to the above protocol were tested. An
addition of 100mL HyClone™ SFM4Transfx-293 Media (GE Lifesciences, Massachusetts USA)
to the cells did not improve expression. Similarly, longer growth periods (>6 days) did not
improve expression levels. In addition, the scFv were expressed in 293EXPi cells, which
naturally grow to a higher confluence. However, no improvement in the final protein

concentration was observed even though the total protein was increased.

2.1.3  scFv purification

After six days of culture, the suspension cultures were centrifuged at 1500g for 1hr at 10°C.
The cells were discarded and the supernatant was filter-sterilized at 0.2um and sodium azide
was added to a final concentration of 0.02%. Ni-NTA columns were made using 10mL of Ni-
Sepharose (containing 6% agarose beads charged with Nickel ions) (Sigma) in a gravity flow
column (Biorad) and equilibrated with Phosphate Buffered Saline (PBS) resulting in a 5mL bed

volume. The supernatant was applied to this Ni-NTA column at a speed of 0.5-1mL/min and
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the beads were washed with 30mM of imidazole in PBS, pH7.5 with at least 10 column
volumes and the protein was eluted with 20mL of 400mM of imidazole (in 1x PBS). The column
was then cleaned with PBS and the supernatant reapplied, in the same manner, to make sure
all protein was captured. When not in use, protein columns were stored in 70% ethanol

(EtOH).

To optimize the final protein output and reduce aggregates, glycerol was added to the eluted
protein to a final concentration of 2.5%-5%. The protein was concentrated to <5mL using the
Vivapore tabletop concentrators or Vivaspin centrifuge concentrators and applied to a size
exclusion column at 2.6mL/min (26/600 HiLoad Superdex or 16/600 HiLoad Superdex) on an
Akta Purifier liquid chromatography system. PBS based buffers were avoided for 8ANC195
scFv as this induced aggregation and PBS was replaced with a salt buffer containing 150mM
NaCl and 3mM HEPES solution for all purification steps. The size of the protein was compared
to a standard protein mixture. For the 16/600 Superdex (200pg), Thyroglobulin (670kDa), y-
globulin (158kDa), Ovalbumin (44kDa), Myoglobin (17kDa), and Vitamin B12 (1.35kDa) were
used. The fractions corresponding to the scFv were collected and pooled (see Appendix 8.2,
for data for scFv 10E8v4). The molecular weights of the scFv were calculated using the Expasy
ProtParam program: CAP256.25-VRC26.25 (31.349kDa), 10E8v4 (29.303kDa), 3BNC117
(28.471Kda) and PGT121 (28.889kDa).8ANC195 (28.996kDa).

For the other four scFv (CAP256.25, 3BNC117, PGT121, and 8ANC195) the 26/600 Superdex
(200pg) was used and compared to a low molecular weight protein mixture consisting of
Carbonic anhydrase (29kDa), Ribonuclease A (13.7kDa), Ovalbumin (43kDa), and Aprotinin
(6.5kDa), (see Appendix 8.2)This column is better at separating smaller molecular weight

proteins, which ensures higher purity.

The size exclusion columns were equilibrated with 150mM NaCl, 3mM HEPES, and 2.5%
glycerol for proteins that tended to aggregate (3BNC117 and 8ANC195) or 1x PBS with 13mM
of NaCl added for the other proteins. The pH of the buffer was adjusted to pH6.5 due to the
isoelectric points of scFvs being approximately 7.5. After size-exclusion, proteins were filter

sterilized and concentrated to 1mg/mL for further experiments.

2.1.4 SDS-Page

An SDS-Page gel was run to assess the size of scFvs after expression. For the 10% resolving

acrylamide gel, 2.5mL TRIS-HCL (1.5M pH 8.8) was mixed with 2.5mL of 40% acrylamide and
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100uL of 10% SDS in 4.9mL dH,0. Just before casting 100uL of 10% ammonium persulfate
(APS) and 10uL of N,N,N’,N’-tetramethyl ethylene-diamine (TEMED) were added.

This mixture was cast into a gel mould (Bio-Rad) and 100pL of isopropanol was added to the
top to exclude air. After 30min at RT, the isopropanol was removed and the top of the gel

washed with distilled water and dried for 1min.

The 4.8% acrylamide stacking gel was then prepared using 0.6mL of 40% acrylamide, 1.2mL of
Tris-HCL (0.5M pH6.8), 50uLof 10% SDS and 3.1mL of dH20. Just before pouring, 50uL of 10%
APS and 5uL of TEMED were added. After gently mixing, the stacking gel was poured on the
resolving gel and a comb was inserted. The gel was incubated for 30min at RT and then

removed from the stand but kept in the glass mould.

The scFv and IgG samples were prepared as follows: 10ug of protein was added to 2uL of 1M
DDT (dithiothreitol) and 4L of 4x sample stain buffer (NUPAGE LDS, Massachusetts USA), and
made up to a maximum volume of 20uL. The samples were denatured at 95°C for 5min, cooled
at RT for 5-10min, and loaded onto the gel. A protein multicolour ladder as a size reference

was run (Novex Sharp prestained protein standard, Thermo Fischer, Massachusetts USA).

The inner chamber and outer chamber were filled with running buffer (10X Running buffer:
30gr of Tris base, 1440f glycine, and 10gr of SDS in 1000mL H,0). The pH of the buffer was
adjusted to pH 8.3. The gel was run at a constant voltage of 200V for 45min-1hr. Thereafter,
the gel was carefully removed from the glass mould and washed three times with dH;O.
Coomassie blue stain (TaKaRa, Shiga Japan) was added and the gel was gently agitated at RT
for approximately 1-2hrs. The gel was washed three times with dH,0, destained for 1hr in

dH,0, and then photographed (see Figure 2.4).

Alternatively, precast Invitrogen NUPAGE Bis-Tris Gels 4-12% gradient gels were used which
were run in MOPS (3-(N-morpholino)propanesulfonic acid) SDS buffer, (50mM MOPS, 50mM
Tris Base, 0.1% SDS, 1mM EDTA, pH 7.7) at 200V (constant) for 50min.

2.2 1gG production

2.2.1 IgG expression
All heavy and light chains of the full antibodies (IgG) were cloned into the pCMVR vector (AIDS
Reagent Program, Division of AIDS, NIAID, NIH). For the lambda chain of PGT121, the pBR322

based IG-lambda expression vector was used (AIDS Reagent Program, Division of AIDS, NIAID,
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NIH). IgG plasmids were grown in JM109-Z bacterial cells and purified using the Qiagen mini
and maxi kits as for the scFv plasmids. After purification, 200ug of heavy chain plasmid and
200ug of light chain plasmid was co-transfected with 1.2mg of PEI in 400mL of 1x10%/mL
HEK293F cells. After 6 days, the supernatant was collected by centrifugation and filtered
through a 0.22uM filter. Supernatants were applied to a Protein-A agarose column. The
column was washed with 1x PBS and the proteins eluted using a 0.15M glycine buffer at pH
2.5. The eluted material was neutralized using 1M Tris, pH 8. Up to 5% glycerol was added to
prevent aggregation. Afterwards, proteins were dialyzed into PBS pH 6.5 with 5% glycerol at
4°C. To prevent PGT121 from aggregating (which is especially prone to aggregation), the
dialysis solution was altered to 150mM NaCl, 3mM HEPES, and 2.5-5% glycerol, and the
protein dialyzed at RT. Proteins were concentrated using Vivaspin centrifuge concentrators or
Vivapore tabletop concentrators as for the scFv. An extinction coefficient of 13.7 at 1% was
used to measure IgG proteins on the Nanodrop. The molecular weights of the IgGs were also
calculated using the Expasy ProtParam program: CAP256.25 (150.71kDa), 10E8v4
(147.29kDa), 3BNC117 (146.24kDa), and PGT121 (146.2kDa).

2.2.2 Generation of pseudovirus stocks for neutralization assays

A total of 45 viruses from a well-described panel containing subtype A, B, and C viruses were
grown. (Gray et al., 2011) with the addition of CAP256_SU (Bhiman et al., 2015) and BG505
N332. Plasmids containing cloned env genes in the pcDNA™3.1D/V5-His-TOPO® vector
(Invitrogen, California, USA) were grown as described above, except ampicillin selection was
used. Pseudovirus backbone pSG32e" (AIDS Reagent Program, Division of AIDS, NIAID, NIH )
(Wei et al., 2002, 2003) was grown in Stbl2 cells (Invitrogen) under Ampicillin resistance
(50pg/mL) at 30°C and purified using the endotoxin-free maxiprep kit (Qiagen, Hilden
Germany ). The backbone contains a defective env gene and truncated HIV proteins (CTAG in
Envinsertion and a defective vpu gene) which ensures single round infection in the target cells

(Wei et al., 2002, 2003).

HEK293T cells were grown overnight in a T75 flask to 50-80% confluence. 4ug of Env plasmid
and 4ug of backbone plasmid were combined in 500uLof DMEM. This was mixed with 24uL of
PEI max at Img/mL and left at room temperature (RT) for 30min. After 15min the transfection
preparation was mixed again and carefully added to the HEK293T cells and incubated at 37°C,
5% CO; for 48-72hrs. The supernatant was then harvested, filtered through a 45um filter, and

the FBS concentration was adjusted to 20% total. 1mL aliquots were frozen at -80°C. Viral
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stocks were tested for infectivity by dilution in TZM-bl cells using a luciferase assay.
Pseudovirus levels were diluted to be at least 10-fold above cell background levels based on a

titration assay.

2.2.3  Neutralization Assay

Each scFv and IgG were tested in a neutralization assay starting at 200ug/mL for the IgG and
50ug/mL for the scFv, accounting for their different sizes. Proteins were added in duplicate to
growth media (DMEM 10% FCS, 25mM HEPES, 0.05mg/mL Gentamicin), and serial 3-fold
dilutions were made by transferring 50ulLto the next row of wells in a 96-well plate.
Pseudovirus was then added to the protein mixture and incubated for 1hr at 37°C. A volume
of 20uL of TZM-bl cells (grown in 10% FCS, 25mM HEPES, 0.05mg/mL Gentamicin) was added
at 0.5x10° cells/mL with 14uL/mL of DEAE at 5mg/mL to the 96-well plate and incubated for
24hrs. After 24hrs, 130uL of media was added to each well to increase the total volume to
200pL. After a further 24 to 48hrs of incubation, 100uL of media was removed and replaced
with the Bright-Glo firefly luciferase mixture (Promega, Wisconsin USA). After 2min incubation
at RT, the media and luciferase were mixed by pipetting and 150puL transferred to a black 96
well plate. The plate was read on a Victor-X luminometer (Perkin Elmer, Massachusetts USA).

Inhibitory concentrations (ICso and 1Cso) were calculated from the neutralization curves.

2.3 Data Analysis

2.3.1 Statistics

Statistics analyses were performed using the GraphPad 8 built-in software. Survival curves
were used to draw the breadth potency curves and t-tests were performed to compare the
breadth of IgG and scFv. A Wilcoxon matched-pair signed-rank test was used to assess
differences between IgG and scFv within viral subtypes and to determine if potency
differences between IgG and scFv were significant. Sequence alignments for viral analysis of
IgG- scFv potency differences were made using the Analyze Align tool from the HIV LanL

website (https://www.hiv.lanl.gov/content/sequence/ANALYZEALIGN/analyze align.html).
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3.1 Abstract

Passive administration of HIV-directed broadly neutralizing antibodies (bNAbs) can prevent
infection in animal models, and human efficacy trials are underway. Single-chain variable
fragments (scFv), comprised of only the variable regions of antibody heavy and light chains,
are smaller molecules that may offer advantages over full-length 1gG. We designed and
expressed scFv of HIV bNAbs prioritized for clinical testing that target the V2-apex (CAP256-
VRC26.25), V3-glycan supersite (PGT121), CD4 binding site (3BNC117), and MPER (10E8v4).
The use of either a 15- or 18-amino-acid glycine-serine linker between the heavy- and light-
chain fragments provided adequate levels of scFv expression. When tested against a 45-
multisubtype virus panel, all four scFv retained good neutralizing activity, although there was
variable loss of function compared to the parental IgG antibodies. For CAP256-VRC26.25,
there was a significant 138-fold loss of potency that was in part related to differential
interaction with charged amino acids at positions 169 and 170 in the V2 epitope. Potency was
reduced for the 3BNC117 (13-fold) and PGT121 (4-fold) scFv among viruses lacking the N276
and N332 glycans, respectively, and in viruses with a longer V1 loop for PGT121. This
suggested that scFv interacted with their epitopes in subtly different ways, with variation at
key residues affecting scFv neutralization more than the matched IgGs. Remarkably, the scFv
of 10E8v4 maintained breadth of 100% with only a minor reduction in potency. Overall, scFv
of clinically relevant bNAbs had significant neutralizing activity, indicating that they are

suitable for passive immunization to prevent HIV-1 infection.

3.1.1 Importance

Monoclonal antibodies have been isolated against conserved epitopes on the HIV trimer and
are being investigated for passive immunization. Some of the challenges associated with full-
sized antibody proteins may be overcome by using single-chain variable fragments (scFv).
These smaller forms of antibodies can be produced more efficiently, may show fewer off-
target effects with increased tissue penetration, and are more adaptable to vectored-
mediated expression than IgG. Here, we demonstrate that scFv of four HIV-directed bNAbs
(CAP256-VRC26.25, PGT121, 3BNC117, and 10E8v4) had significant neutralizing activity
against diverse global strains of HIV. Loss of potency and/or breadth was shown to be due to

increased dependence of the scFv on key residues within the epitope. These smaller antibody
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molecules with functional activity in the therapeutic range may be suitable for further

development as passive immunity for HIV prevention.

49



3.2 Introduction

Broadly neutralizing antibodies (bNAbs) block infection of diverse HIV strains by targeting
relatively conserved epitopes on the HIV envelope trimer (1-3). An HIV vaccine will likely need
to elicit these types of antibodies, but this has not yet been achieved. However, some HIV-
infected individuals naturally generate bNAb responses, enabling the isolation of monoclonal
antibodies with high potency and exceptional breadth and creating the possibility of passive
immunization for HIV prevention (4, 5). Animal studies support this approach, with bNAbs
such as CAP256-VRC26.25, PGT121, 3BNC117, 10-1074, PGDM1400, VRC01, and VRCO7 shown
to prevent simian-human immunodeficiency virus infection in nonhuman primate models (6—
9). In addition, passively infused bNAbs 3BNC117, 10-1074, and VRCO1 substantially reduce
viral levels in viremic individuals, confirming their neutralization capacity in vivo (10-15). This
has led to the antibody-mediated prevention (AMP) trial, a proof-of-concept study in Africa,
Switzerland, and the Americas that is underway to assess whether the bNAb VRCO1 can

prevent HIV infection in humans (https://ampstudy.org.za/).

The promise of passive immunization opens up possibilities for using bNAbs in other formats.
Small antibody fragments such as single-chain variable fragments (scFv) may offer advantages
over IgG (16—-18). scFv consist of the antibody variable heavy and variable light chains and are
substantially smaller than IgG molecules (30 kDa versus approximately 147 kDa) (19). This may
enhance some of their pharmacokinetic properties and improve their distribution throughout
the body and absorption into various tissues. In the context of HIV, the smaller size may
enhance diffusion into genital tract mucosal tissues, where most HIV infections occur (5, 16,
20-22). Moreover, as scFv do not have an Fc region, they are less likely to display nonspecific
cytotoxicity through cytokine release, although this reduces their half-life significantly and
removes their ability to perform Fc-mediated effector functions (16, 22). Antibody scFv have
been successfully used in clinical settings particularly for cancer therapy, where their
enhanced tissue penetration aids in tumour targeting, and are also being developed for
neurological diseases, such as Parkinson’s disease, although some anti-drug antibody

responses were noted (16, 23, 24).

Antibody scFv targeting the HIV envelope have previously been isolated through phage
display, but their neutralization capacity was limited (25, 26). Initial attempts to engineer scFv,

immunoadhesins, or other antibody fragments from bNAbs VRC01, PGY9, and PG16 showed
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poor expression and loss of function compared to the IgG (18). The availability of a larger
number of broad and potent bNAbs has revived interest in this area. We, therefore, made
scFvs of bNAbs that target 4 distinct epitopes on the HIV envelope trimer, focusing on those
undergoing human clinical testing. These included CAP256-VRC26.25 (which binds the V2 apex
and is referred to here as CAP256.25) (28), PGT121 (V3-glycan supersite) (29), 3BNC117 (CD4
binding site [CD4bs]) (30), and 10E8v4 (MPER) (31). We found that a reduction in
neutralization breadth and/or potency of the scFv compared to the IgG was due to differences
in dependence on specific residues in the epitopes. However, overall, scFv largely retained
breadth and potency against diverse global HIV isolates and may prove to be useful for future

clinical development to prevent HIV acquisition.
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3.3 Methods

3.3.1  Construction of scFv

scFv containing the variable regions of various bNAbs were cloned by overlapping PCR or
ordered from GenScript (NJ, USA) (Table 1). For CAP256.25 and PGT121, 3 different glycine-
serine linkers, namely, a 15-amino-acid linker [linker 1, (GGGGS)3], a 20-amino-acid linker
[linker2, (GGGGS)*], and an 18-amino-acid linker (linker 3, GGSSRSSSSGGGGSGGGG) were
tested in the VH-VL orientation. L3 was also tested for the VL-VH orientation. We used an 8-
histidine tag for purification purposes preceded by an HRV-3C site in case removal of the
histidine tag was needed for future experiments. Table 1 shows the scFv constructs in VH-VL
orientation with L3 for CAP256.25. All other scFv (3BNC117 and 10E8v4) were expressed in

the VH-VL conformation with linker 1 as specified.

Table 3.1 Amino acid sequences of four scFv constructs derived from HIV bNAbs.

The variable heavy chain (light blue) and variable light chain (yellow) are indicated, as well as the
glycine-serine linker (purple) and the 8x histidine tag (red), which is preceded by an HRV3C site
(italicized) and is separated from the light chain by a small GG spacer.

scFv

Amino acid sequences
construct

QVQLVESGGGVVQPGTSLRLSCAASQFRFDGYGMHWVRQAPGKGLEWVASISHDGIKKY
HAEKVWGRFTISRDNSKNTLYLOMNSLRPEDTALYYCAKDLREDECEEWWSDYYDFGKQ
CAP256.25 | LPCAKSRGGLVGIADNWGQGTMVTVSS

L3 Vh-VL

QSVLTQPPSVSAAPGQKVTISCSGNTSNIGNNEFVSWYQORPGRAPQLLIYETDKRPSGI
PDREFSASKSGTSGTLAITGLQTGDEADYYCATWAASLSSARVFGTGTKVIVL
GGLEVLFQGPHHHHHHHH
OMQLOESGPGLVKPSETLSLTCSVSGASISDSYWSWIRRSPGKGLEWIGYVHKSGDTNY
SPSLKSRVNLSLDTSKNQVSLSLVAATAADSGKYYCARTLHGRRIYGIVAFNEWFTYFY
PGT121 MDVWGNGTQVTVSS

L1 VH-VL

DISVAPGETARISCGEKSLGSRAVOWYQHRAGQAPSLIIYNNQDRPSGIPERFSGSPDS
PFGTTATLTITSVEAGDEADYYCHIWDSRVPTKWVEFGGGTTLTVL
GGLEVLFQGPHHHHHHHH
QVOLLQSGAAVTKPGASVRVSCEASGYNIRDYFIHWWRQAPGQGLQWVGWINPKTGQPN
NPRQFQGRVSLTRHASWDEFDTFSEYMDLKALRSDDTAVYFCARQRSDYWDEDVWGSGTQ
3BNC117 | vTVSS

L1 Vu-VL

DIQMTQSPSSLSASVGDTVTITCQANGYLNWYQQRRGKAPKLLIYDGSKLERGVPSRES
GRRWGQEYNLTINNLQPEDIATYFCQVYEFVVPGTRLDLK

GGLEVLFQGPHHHHHHHH
EVRLVESGGGLVKPGGSLRLSCSASGFDFDNAWMTWVRQPPGKGLEWVGRITGPGEGWS
VDYAESVKGRFTISRDNTKNTLYLEMNNVRTEDTGYYFCARTGKYYDFWSGYPPGEEYF
10E8v4 ODWGQGTLVIVSS

L1 VH-VL

ASELTQDPAVSVALKQTVTITCRGDSLRSHYASWYQKKPGQAPVLLEYGKNNRPSGIPD
REFSGSASGNRASLTITGAQAEDEADYYCSSRDKSGSRLSVEGGGTKLTVL
GGLEVLFQGPHHHHHHHH
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3.3.2  Protein expression

All constructs were cloned into the pCMVR vector (AIDS Reagent Program, Division of AIDS,
NIAID, NIH). For the lambda chain of PGT121, the pBR322-based IG-lambda expression vector
was used (AIDS Reagent Program, Division of AIDS, NIAID, NIH). The constructs were grown in
JM109 bacterial cells and extracted using a plasmid Maxiprep kit (Qiagen, Hilden Germany).
Sequences were confirmed using the Applied Biosystems 3500xL Genetic Analyzer. Constructs
were expressed as previously described. In short, HEK293F suspension cells at 1.5x10° to
2x108cells/ml were cotransfected with linear polyethyleneimine hydrochloride (molecular
weight, 40,000) at a 3:1 ratio with 1ug of plasmid per 1mL of culture. Supernatants were
harvested after 6 days. Purification of scFv. scFv were purified using Ni-Sepharose beads (GE
Healthcare, Massachusetts USA). Proteins were washed using a 30mM imidazole—phosphate-
buffered saline (PBS) solution and eluted using 400mM imidazole in PBS. Glycerol was added
to the elution at a final concentration of 5% to limit aggregation. scFv were applied to HiLoad
Superdex 75 or Superdex 200 columns (GE Healthcare) equilibrated with PBS at pH 6.5 (5%
glycerol with 0.02% sodium azide). The fractions corresponding to the size of the scFv were
collected, pooled, and concentrated using Vivaspin concentrators or Vivapore static
concentrators (GE Healthcare). The samples were dialyzed overnight at room temperature to
remove sodium azide. Concentrations were measured on a NanoDrop device (Thermofisher,
MA, USA), with extinction coefficients at 1% calculated using Expasy ProtParam and
characterized by SDS-PAGE. Molar weight was determined by using Expasy ProtParam (Figure

3.1A). scFv proteins were stored at -75°C.

3.3.3 IgG production

IgG constructs were expressed in HEK293F cells as described previously. Supernatants were
harvested after 6 days and purified using a protein A affinity column. Proteins were eluted
using a 0.15 M glycine buffer at pH 2.5in 1 M Tris, pH 8, and were concentrated and dialyzed
into PBS, pH 6.5, containing 5% glycerol. Concentrations were measured on a NanoDrop
device using an extinction coefficient of 13.7 and a 1% solution. The molecular weight of the
IgG was calculated using Expasy ProtParam (69) for CAP256.25 (150.71 kDa), 10E8v4 (147.29
kDa), 3BNC117 (146.24 kDa), and PGT121 (146.2 kDa). IgG and proteins were stored at -75°C.
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3.3.4 Neutralization assay

Single-round infection pseudoviruses were grown and titres determined as described
previously (70-72). Briefly, plasmids were transfected with the pseudovirus backbone
pSG32e" into 293T cells at ratios of 1:3 PEl Max. Viruses were harvested after 48h, filtered,
frozen, and titrated. A panel of 43 viruses plus BG505 N332 and CAP256_SU (CAP256.3
mo.9C), representing HIV-1 clades A, B, and C, was used to compare neutralization titres of
IgG and scFv. Neutralization assays were performed in TZM-bl cells as described previously.
Proteins were tested at 200ug/mL for the IgG (~146 kDa) and 50ug/mL for the scFv (28 to 32
kDa). scFv neutralization titres were recalculated by compensating for the fold difference in
molecular weight (values for each scFv are shown in Figure 3.1A). (The ICso data for scFv and
IgG molar concentrations are available on request). All assays were repeated at least twice.
Geometric mean potency was calculated for both IgG and scFv using sensitive viruses only.
When comparing viruses mutated by site-directed mutagenesis, a fold change of more than 3

compared to the parent virus was considered significant.

3.3.5 Site-directed mutagenesis
Mutations in the envelope gene of viruses were made using the QuikChange Lightning site-
directed mutagenesis kit (Agilent). Sequences were confirmed using the Applied Biosystems

3500xL Genetic Analyzer. Pseudoviruses were grown as described above.

3.3.6 Statistics and sequence analysis
Wilcoxon matched-pair signed-rank test was used to assess differences between IgG and scFv
within a subtype. Sequence alignments were made using the Analyze Align tool from the HIV

LanL website

(https://www.hiv.lanl.gov/content/sequence/ANALYZEALIGN/analyze align.html) .

3.3.7  Structural modelling

We used the PyMOL Molecular Graphics System (version 2.1.1; Schrodinger, LLC) to model a
BG505 SOSIP.664 trimer (PDB entry 5V8L). Residues corresponding to the sequences in the
CATNAP LANL for CAP256_SU and AC10.0.29 were modelled and coloured based on charge.
For 3BNC117, we used Fab structures, either in complex with a clade A gp120 from 93THO57
with G429 (4JPV) or in complex with the clade A BG505 SOSIP.664 trimer with R429 (PDB entry
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5V8L). We used PyMOL to visualize the 429 residue and used the built-in software to predict

polar bonds.
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3.4 Results

3.4.1 Construction and optimization of scFv derived from HIV bNAbs

We designed scFv of bNAbs that target four major epitopes on the HIV-1 envelope
(CAP256.25, PGT121, 3BNC117, and 10E8v4) to determine if they retain neutralization
breadth and potency. These scFv consisted of the variable heavy chain and the variable light
chain of the parent IgG connected by a glycine-serine linker with a histidine tag for purification
(amino acid sequences of each construct used to generate scFv are shown in Table 1). As linker
length can be a major determinant of paratope formation, we tested linkers of three different
lengths. Heavy (VH)- and light (VL)-chain orientation was also tested for one of the linkers.
CAP256.25 and PGT121 were used to first assess expression and function of these different
constructs (Figure 3.1A). For CAP256.25 scFv, the 18-aminoacid linker (termed L3) in both VH-
VL and VL-VH orientations had the highest expression. The 15-amino-acid (GGGGS)? linker (L1)
showed lower expression levels, and the 20-amino-acid (GGGGS)* linker (L2) was poorly
expressed. For PGT121, the highest expression was observed for L1 in the VH-VL orientation.
We next tested whether the different linkers affected neutralization breadth and potency
using panels of sensitive viruses tailored to each bNAb. Since scFv are roughly 5 times smaller
than 1gG, the 50% inhibitory concentration (ICso) values were multiplied by the molecular
weight fold difference between each scFv and its matched IgG (values shown in Figure 3.1A

and explained in Materials and Methods).

For CAP256.25, all three linkers in the VH-VL orientation showed similar neutralizing activity
against a panel of 36 viruses, while the VL-VH L3 (purple) had a 2-fold lower geometric mean
potency (Figure 3.1B). We therefore used CAP256.25 scFv VH-VL L3, which showed the highest
expression levels, to conduct further experiments. Similarly, no significant differences were
observed for the different PGT121 scFv constructs against an 18-virus panel (Figure 3.1A), and
PGT121 VH-VL L1, which showed the highest expression levels, was used. Based on this,
3BNC117 and 10E8v4 scFv were expressed in the VH-VL conformation with the L1 linker. Both

expressed relatively well and showed good neutralizing activity (Figure 3.1A).
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Molecular Geometric
Molecular| weight fold . % viruses
Construct . . Expression | Mean IC5, .
Weight difference for . /L * neutralized +
IgG vs. scFv in Hg
L1 | V4V | 30.96 kDa 4.86 1-2 mg/L 1.9 67%
CAP256.25 | L2 | V-V, | 31.27 kDa 482 <1 mg/L 14 67%
V2-Apex L3 | V4V, | 31.35kDa 4.81 >2mg/L 1.9 67%
L3 | V{-V4| 31.35kDa 4.81 >2 mg/L 3.8 53%
L1 | V4V | 28.89 kDa 5.06 >2 mg/L 11.6 56%
PGT121 L2 | V4V | 29.20 kDa 5.00 <1mg/L 18.0 50%
V3Glycan | L3 |V,-V, | 29.28 kDa 4.99 1-2 mg/L 18.0 50%
L3 | V-V | 29.28 kDa 4.99 1-2 mg/L 115 56%
3BNC117 0
CD4bs L1 | V4V | 28.47 kDa 5.14 1-2 mg/L 23 82%
10E8v4 o
MPER L1 | Vy-V,. | 29.30 kDa 5.03 >2mg/L 1.2 100%
* Geometric mean adjusted for molecular weight difference with IgG
B +Smaller panel of viruses tested for CAP256.25 and PGT121
100 -
.5 801
it
©
N 60
g — L1 V-V,
°\° 20_ — L3 VH-VL
— L3 V-V
0 1 1 1 1 1
0.001 0.01 0.1 1 10 100
pg/mL

Figure 3.1 Design, expression, and testing of scFv constructs of HIV bNAbs.

(A) A total of 10 scFv constructs were made, with different glycine-serine linkers for CAP256.25 and
PGT121 and L1 (GGGGS)?, L2 (GGGGS)*, and L3 (GGSSRSSSSGGGGSGGGG) for VH-VL and L3 for VL-VH.
For 3BNC117 and 10E8v4, only L1 VH-VL was made. The molecular weights and protein expression
levels for each scFv are shown together with the adjusted geometric mean neutralization potency. A
selected panel of viruses was used to assess CAP256.25 scFv (34 viruses) and PGT121 scFv (18 viruses),
whereas the full 45-virus panel is shown for 3BNC117 and 10E8v4. (B) Breadth-potency curves of
CAP256.25 scFv made with 3 different linkers in the VH-VL orientation and for L3 in the VL-VH
orientation. (scFv is corrected for molecular weight size difference by multiplying the ICso by the fold
difference in molecular weight between the IgG and the scFv, a value of ~5x).
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3.4.2  HIV bNAb scFv retain good neutralization breadth and potency
A 400- CAP256.25 B 400- 3BNC117
T
N 807 804 91%, 0.18ug/mL
© 64%, 0.0071pg/mL
£ 604 60+
Q
Z
E 40 40-
% 20+ 64%, 1ug/mL 20- 82%, 2.3ug/mL
o
0'- T T T T T T 0'_l_ T T T T
0.001 0.01 0.1 1 10 100 0.01 0.1 1 10 100
pg/mL pg/mL
€ 1001 PGT121 D 4 00- 10E8v4
T
& 804 804 100%, 0.6pg/mL
s 89%, 0.2ug/mL
5 60 60+
Q
Z
c 404 40 0
§ 73%, 0.75pg/mL 100%, 1.2|Jg/mL
E 204 204 — scFv
— lgG
0 —_— T T T T 0' T T T T
0.001 0.01 0.1 1 10 100 0.01 0.1 1 10 100
pg/mL pg/mL
E 0.0001- 100-
' 138x  13x — CAP256.25 scFv
0.001- e 80- - 3BNC117 scFv
r o - PGT121 scFv
E 001 £ o] — 10E8va sCFV
2 0.1 3
£ Zz
1- + 40
10' E 20_
1004 .\\\‘
L] 0 1 1 L 1 L
0.01 0.1 1 10 100
pg/mL
s

Figure 3.2 Neutralization breadth and potency of scFv compared to those of IgG for 4 HIV bNAbs.

(A to D) Breadth-potency curves of scFv (red) and IgG (blue) of CAP256.25 (A), 3BNC117 (B), PGT121
(C), and 10E8v4 (D) using data from a 45-virus multisubtype panel tested in the TZM-bl neutralization
assay. The ICsp of viruses against the percentage of viruses neutralized is given. Percent neutralization
and geometric mean ICsp potency, in micrograms per milliliter (corrected for molecular weight size
difference by multiplying their ICso by the fold difference in molecular weight between IgG and scFv,
~5x), are shown in each plot. (E) Potency losses of scFv (red) versus IgG (blue) against the same panel.
Viruses resistant to both IgG and scFv were excluded. (F) Comparison of breadth-potency curves for all
4 scFv bNAbs against the 45-virus panel.
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All four scFv were tested for neutralizing activity against a larger multiclade panel of 45 viruses
for breadth and potency. Compared to their parental IgG proteins, all scFv retained substantial
neutralizing activity, although they showed some reduction in breadth and/or potency.
CAP256.25 scFv maintained breadth of 64% equivalent to the full IgG, but there was a
significant (P<0.0001) 138-fold decrease in geometric mean potency compared to that of IgG
(from 0.0071 to 1pg/mL) (Figure 3.2A). While all viruses in the panel were less potently
neutralized by CAP256.25 scFv, some viruses were more severely affected, with >1,000-fold

loss of potency for Q23.17, Q842.D12, and AC10.0.29 (Figure 3.3).

The scFv of 3BNC117 and PGT121 showed an overall loss in both potency and breadth of
neutralization. For 3BNC117, the scFv was 13-fold less potent than the IgG (P<0.0001) and had
slightly lower breadth of 82% compared to 91% for the IgG (Figure 3.2B). PGT121 scFv had 4-
fold reduced potency (P<0.0001) and breadth of 73% compared to 89% for the IgG (Figure
3.2C). This was a result of the scFv losing activity against viruses such as REJO.67 and
QH0692.42 (Figure 3.3). However, even in these cases, the scFv showed low levels of
maximum neutralization (>20% but <50%) at the highest concentration tested, indicating that
the scFv still bound to resistant viruses (highlighted in Figure 3.3 with an asterisk). Despite the
significant potency losses for some viruses, there were a number of viruses that were
neutralized equally well by the scFv and by the IgG of PGT121 and 3BNC117, a phenomenon
that was not seen with CAP256.25 scFv (Figure 3.3).

The MPER antibody 10E8v4, when expressed as an scFv, showed no loss of function. It
maintained 100% breadth of the panel with a minor 2-fold reduction in geometric mean
potency compared to the IgG version (Figure 3.2D). A significant reduction in potency was

noted for only one virus, TRO.11, although it was still neutralized (Figure 3.3).

Comparison of the potency of all four scFv relative to their IgG clearly demonstrates the
significant loss of function for CAP256.25 scFv (Figure 3.2E). Nonetheless, the breadth-potency
curve of CAP256.25 scFv still overlapped that of the other scFv (Figure 3.2F), a consequence
of the exceptional potency of the parental CAP256.25 IgG. The superior neutralization breadth
of the 10E8v4 scFv was also evident in these breadth-potency curves. Overall, the median ICso
for all 4 scFv were in the range of 1 to 2ug/mL, which is close to the therapeutic range for

VRCO1 that is currently undergoing human efficacy testing.

59



Chapter 3: Neutralization breadth and potency of scFv derived from bNAbs targeting multiple
epitopes on the HIV envelope

ICs of IgG and scFv in pg/mL
CAP256.25 3BNC117 PGT121 10E8v4
IgG scFv Fold IgG scFv Fold IgG scFv Fold
Q23.17 21 1210 2 2 25 23 1
< Q168.A2 0.62 844 2 36 7 0.93 25 3
3 Q259.D2.17 34 735 5482 13 5 04 6.9 57 1
2 Q461.E2 43 183 6 >200 | >250 ~ 21 26 1
S Q769.022 >200 | >250 ~ 4 >200 | >250 ~ 38 27 1
? Q842.D12 19 1007 4 1.39 17 4.1 28 1
BG505.W6M 332N 0.68 522 1 3 1 0.40 0.95 2
CAAN5342.A2 >200 | >250 ~ ; 4 0.34 8 34 49 1
AC10.0.29 52 3003 17 >250 | >147 0.20 3 0.39 054 1
RHPA4259.7 >200 | >250 ~ 0.13 5 2 0.60 19 3
TRO.11 >200 | >250 ~ 0.24 8 033 5 0.16 18 12
a PVO.4 27 71 0.16 2 023 0.66 3 38 34 1
g SC422661.8 >200 | >250 ~ 051 8 028 15 56 0.49 0.49 1
g REJO.67 >200 | >250 ~ 14 33 13 | >250* | >132 0.61 0.90 1
@ TRJO4551.18 >200 | >250 ~ 13 121 9.0 121 13 29 23 1
WITO.33 >200 | >250 ~ 0.13 4 073 | >250* | >342 0.32 043 1
THRO4156.18 19 13 22 103 5 >200 | >250 ~ 0.46 0.80 2
QH0692.42 >200 | >250 ~ 02 05 2 056 | >250 | >444 0.52 19 4
6535.3 >200 | >250 ~ 071 308 44 1 0.18 095 5
Du151.2 017 83 >200* | 154 1 2 0.37 16 4
Du156.12 0.190 48 27 48 0.14 7 2
Du172.17 >200 | >250 ~ 068 | >250 [ >367 494 865 0.10 04 4
Du422.1 13 145 >200 | >250* ~ 113 24 0.47 038 2
ZM53M.PB12 5 0.38 10.3 27 055 183 34 43 1
ZM109F.PB4 53 880 013 1962 12 >250° | >20 013 05 4
ZM135M.PL10A | >200 | >250 ~ 0.26 4 20 | >250* | >125 013 04 3
ZM197M.PB7 8 0.45 26 6 ~ 0.19 3
ZM214M.PL15 38 640 0.12 0.9 7 4 15 3
ZM233M.PB6 9 0.30 19 6 29 024 2
ZM24SM.PL1 2 442 0.10 11 2 15 4
o CAP8.6F 0.20 48 240 >8 3 042 05
& [ capss2.00.c3 051 851 17 >250 | >147 310 0.69 2
£ [cape1422F10a 19 480 154 144 2 17 1
F CAP63.A9 0.74 82 026 31 12 6 27 5
CAP84.32 0.40 16 40 82 966 1 13 1
CAP85.9 >200 | >250 ~ 17 87 51 2 0.43 1
CAP88.B5 >200 | >250 ~ 0.82 87 107 228 2
CAP206.8 0.68 340 >200 | >250* ~ 27 0.44 2
CAP210.2.00.E8 9 13 21 0.2 >9 18 2
CAP228.2.00.51J 338 686 5250° | >4400 >9 Hi
CAP239.2.00.G3J 0.44 149 >200* | >250* ~ 5 0.54 07 1
CAP244.D3 >200 | >250 ~ 0.13 10.3 78 ~ 0.28 13 5
CAP255.2.00.16J | >200 | >250 ~ 5.1 179 1 0.73 18 3
CAP256.SU 5 0.50 11 2 2 14 39 3
conC 22 6 121 2 14 1.0 1
G ic mean (ug/m) [ 00071 | 10 [ 138 | [ o018 | 23 | 13 | [ o020 [ 075 [ 37 | [ o062 [ 12 | 2
Breadth | 64.4% | 64.4% | | [ 911% | 822% | | | 889% | 733% | | [ 100.0% | 100.0% |

Figure 3.3 Neutralization data for IgG and scFv of HIV bNAbs tested against the 45-virus panel.

The ICso values for both IgG and scFv against 7 subtype A, 12 subtype B, and 26 subtype C viruses are
shown in micrograms per milliliter. IgG was tested at a starting concentration of 50ug/mlL, whereas
scFv started at 250ug/mlL. Fold changes between IgG and scFv are shown. The colors indicate the
potency at which the viruses were neutralized, with the warmer colors indicating higher potency.
Resistant viruses are colored in light blue. Maximum levels of neutralization for scFv and IgG of <50%
but >20% are indicated with an asterisk. Geometric mean titers, fold difference from IgG, and breadth
against the 45-virus panel are shown at the bottom of the table. (scFv titers were corrected for
molecular weight size difference by multiplying their ICso by the fold difference in molecular weight
between the IgG and the scFv, as noted in Figure 3.1A)

3.4.3

Loss of potency in CAP256.25 scFv linked to epitope charge

In order to probe the loss of potency for CAP256.25 scFv, we tested the effect of point

mutations in the V2 epitope of the autologous virus CAP256_SU. Mutations L165V and K171N
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had no effect on either the scFv or IgG (Figure 3.4A). Similarly, a conservative K169R mutation
did not impact the neutralizing activity of either protein. The T162l mutation (which removes
the conserved glycan at position 160) and the K170Q mutations had a small effect on the scFv
(3- and 4-fold, respectively) but not on the 1gG (below 3-fold). However, the scFv was more
affected by the K169l substitution (11-fold for the scFv versus 3-fold for the IgG), the K169Q
(20- versus 6-fold), the K169T (35- versus 12-fold), and the R166K (75- versus 4-fold)
mutations. For both scFv and IgG, a K169E mutation resulted in complete neutralization
resistance. Therefore, while neutralization by the scFv and 1gG were overall similarly
influenced by mutations in the epitope, the consequence of individual mutations was more

pronounced for the scFv.

To further explore this, we partitioned CAP256.25-sensitive viruses into those with a greater
than 10-fold potency loss for the scFv compared to that of the IgG (24 viruses) versus those
with less than a 10-fold change (5 viruses) (Figure 3.4B; glycans, N(X)T/S, are indicated by a
pink O in the logograms). Differences at residue 160 or 166 between these two groups did not
explain the general loss of potency by the scFv. Some variation was noted at position 169, with
169M (2/24), 169N (1/24), 169V (1/24), and 169R (3/24) found in viruses where the scFv lost
potency. However, in 21/24 viruses with a large potency loss, an uncharged glutamine (Q) was
present at position 170 rather than a charged lysine (K) or arginine (R). We therefore
introduced Q170K into three viruses (AC10.0.29, Q23.17, and Dul156.12) along with 169K in
AC10.0.29 (M169K) and Q23.17 (R169K). Individual 169K and 170K mutations significantly
improved neutralization by the scFv in both Du156.12 and Q23.17 (but not AC10.0.29) but had
no significant effect on the IgG (Figure 3.4C). However, the combination of these mutations
significantly improved scFv neutralization in both Q23.17 (70-fold) and AC10.0.29 (86-fold)
compared to a minimal effect (2- and 3-fold, respectively) for the IgG. These data suggested
that CAP256.25 scFv neutralization was more dependent on the charge of the epitope than

the matched IgG.
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Figure 3.4 Charged amino acids in V2 reduced CAP256.25 scFv neutralization.

(A) Spiderplot showing fold change in neutralization of V2 mutants relative to CAP256_SU wild type
(WT) by the CAP256.25 IgG (blue) and the scFv (red). A fold change of 1 indicates no difference from
the WT virus. Values closer to the center indicate resistance, whereas those on the outer bounds
indicate a sensitivity. (B) Amino acid sequence alignment of viruses neutralized by scFv and IgG with
similar potency (top) or more than 10-fold decrease in potency (bottom). The N160 glycan is denoted
by an O and is colored magenta. Negatively and positively charged residues are indicated by red and
blue, respectively. (C) IgG and scFv neutralization (ICso) of three viruses with point mutations at
positions 169 and 170. Fold changes relative to the wild type are indicated in parentheses, and those
greater than 5-fold are colored orange. scFv is corrected for the molecular weight size difference
(multiplied ~5x). (D) Structural representation of the V2 apex of the HIV envelope trimer of a CAP256.25
scFv-sensitive virus (CAP256_SU) and a less sensitive virus (AC10.0.29). The apex of the trimer is shown
on the left, and a close-up of positions 167 to 171 is shown on the right. Positive charges are colored
blue, whereas negative charges are colored red. (Model is based on 5V8L structure of BG505 SOSIP.664
[78] and was modified using PyMOL software.)
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To visualize the effect of charge in the V2 apex of different envelopes, models of the HIV Env
of CAP256_SU and AC10.0.29 were generated (Figure 3.4D). CAP256_SU, which is similarly
neutralized by both scFv and IgG, has charged lysine residues at positions 169 and 170 (Figure
3.4D). These 169K and 170K residues formed a cluster of positive charges, at the apex of the
trimer. In contrast, AC10 displayed a reduced charge in the epitope, with neutral amino acids
occupying these positions (M169 and Q170), possibly explaining the observed virus-specific

loss of potency.

3.4.4 PGT121 scFv neutralization affected by both the N332 glycan and V1 length

The glycan at position N332 is a key part of the epitope of V3-directed bNAbs, such as PGT121
(29, 32). To determine the dependence of the scFv on the N332 glycan, we deleted this glycan
in three viruses (Q23.17, Dul156.12, and TR0O.11) through an N332A mutation. There was a
significant loss of scFv potency for all 3 viruses, while for the IgG, this effect was seen in 2 of
the 3 viruses (Figure 3.5A, left). We also introduced this glycan into resistant viruses Q168.A2,
REJO.67, CAP45.2.00.G3, and ZM197M.PB7, which conferred neutralization sensitivity to both
the scFv and the IgG of PGT121 (Figure 3.5A, right), although not always to the same level as
the IgG.

We next analysed the sequences of the 45 viruses tested, dividing them into 3 groups: viruses
equally sensitive to the IgG and scFv (Figure 3.5B, upper, 21 viruses), viruses with a 10-fold-
reduced sensitivity to the scFv and/or ICso of >200ug/mL for the scFv (Figure 3.5B, middle, 19
viruses), and viruses resistant to both the IgG and the scFv (Figure 3.5B, lower, 5 viruses).
There was no difference in the GDIR motif between the groups. As expected, 21/21 viruses
sensitive to PGT121 had a glycan at position N332 (indicated by a pink O in the logograms). In
contrast, viruses resistant to both scFv and IgG lacked the N332 glycan, with 2 viruses showing
a glycan shift to N334 and 3 lacking either glycan. In viruses where the scFv lost potency (Figure
3.5B, middle), only 7 out of 19 had either a glycan shift to N334 or lacked a glycan at
N332/N334. This suggested that while both the PGT121 IgG and scFv were dependent on the
N332 glycan, the reduced potency and breadth of the scFv was only partly due to an increased

dependence on this glycan.
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Figure 3.5 PGT121 scFv neutralization was dependent on the N332 glycan and the V1 loop length.
(A) ICso of IgG and scFv against 3 sensitive viruses (WT) with their N332 glycan knockouts (N332-) (left)
and 4 resistant viruses (WT) with matched N332 glycan knockins (N332+) (right). (B) Noncontiguous
amino acid sequences of the V3 region (positions 324 to 327 and 332 to 334, encompassing the GDIR
motif and the N332/4 glycans). Viruses are divided into three groups: viruses neutralized equally well
by IgG and scFv of PGT121 (top), those with >10-fold difference and/or >200ug/mL for scFv (middle),
and viruses resistant to both scFv and IgG (bottom). Glycans [N(X)T/S] are shown as a pink O. (C)
Neutralization curves of IgG and scFv (in micrograms per milliliter) against two CAP177 clones, 4C,
which has a long V1 (dark pink, star), and 5D, with a short V1 (green, star), and their V1 mutant swaps
(no stars). Fold differences between the wild-type and mutant swaps are indicated. scFv is corrected
for the molecular weight size difference (multiplied ~5 times).

V3-directed bNAbs are also affected by the length of the V1 region (33, 34), so we assessed
whether this contributed to the loss of scFv neutralization. We used two related viruses

isolated from the same individual, donor CAP177, that showed differential sensitivity to
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PGT121. The CAP177-4C virus contains a long V1 loop (dark pink) (Figure 3.5C, upper), while
CAP177-5D has a short V1 loop (green) (Figure 3.5C, lower). V1 swaps between these 2 clones
were made and tested for sensitivity to both scFv and IgG. Inserting a short V1 in CAP177-4C
(Figure 3.5C, upper) increased the potency of PGT121 IgG by 20-fold (from 0.94ug/mL to
0.047ug/mL) but had a substantially greater 91-fold effect on the scFv (from 6.7ug/mL to
0.074pg/mL). Similarly, there was a 4-fold loss in potency for the scFv when a long V1 was
introduced into CAP177-5D (from 0.080ug/mL to 0.31pg/mL), with no effect on the I1gG (Figure
3.5C, lower). The length of V1, therefore, had a greater effect on the neutralization potency

of the scFv than the IgG of PGT121.

3.4.5 Loss of potency for the 3BNC117 scFv more pronounced for subtype C viruses

The N276 glycan is highly conserved and a major contact residue for CD4 binding site
antibodies, including 3BNC117 (30, 35). To interrogate the loss of potency for the 3BNC117
scFv, we introduced this glycan into a resistant virus or removed it from three sensitive viruses
(Figure 3.6A). Insertion of the N276 glycan into CAP239.2.00.G3J (through an L278T mutation)
rendered this resistant virus highly sensitive to IgG, although the effect on the scFv was
marginal. However, removal of the N276 glycan in three viruses had a more significant effect
on the scFv than the IgG, with the N276A mutation causing a 10-fold increase in resistance or
a knockout effect (Figure 3.6A). This indicated that the scFv was more dependent on the 276

glycan for neutralization than the IgG.

CD4bs antibodies have been shown to have some subtype preference, often exhibiting lower
efficacy against subtype C viruses (36). To explore whether this also impacted the scFv, we
compared the loss of potency, relative to that of IgG, for subtype A, B, and C viruses. There
was a significant 9-fold difference in the ICso between the scFv and IgG for subtype B viruses
(Figure 3.6B). However, there was a 28-fold difference for subtype C viruses, suggesting that
the subtype-specific genetic differences have more of an impact on the scFv than the 1gG. For
subtype A, only one virus, Q259.D2.17, which lacked the N276 glycan (marked in green),
showed more than a 10-fold difference (Figure 3.6B). This glycan was also missing in the

subtype C virus, CAP228.51, which was significantly less well neutralized by the scFv.
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Figure 3.6 Loss of potency for the 3BNC117 scFv was more pronounced for subtype C viruses.

(A) ICso of IgG and scFv neutralization of one virus that lacked the N276 glycan with a glycan knockin
(CAP239) and 3 viruses in which the N276 glycan has been deleted (scFv corrected for molecular
weight difference). Fold changes compared to the wild type are shown in parentheses, with changes
of >5-fold colored in orange. (B) ICso titers in micrograms per milliliter of IgG (circle) and scFv (triangle)
against HIV-1 subtypes A, B, and C. Viruses lacking an N276 glycan are colored green. IgG- and scFv-
resistant viruses are excluded. Fold differences are indicated above the graph and excluded the 2
viruses that lacked an N276 glycan. (C) Logogram of amino acid sequences of the CD4 binding site of
HIV-1 subtype C viruses neutralized at the same level by scFv and IgG <10-fold), those less well
neutralized by scFv (>10-fold difference), or those resistant to both IgG and scFv. The N276 glycan and
sites 360, 362, and 429, which exhibit the most variability, are indicated. Negatively and positively
charged residues are colored red and blue, respectively. (D) Structural representation of the
interaction of 3BNC117 Fab (green) and HIV Env (gray) containing an arginine (blue) or glycine
(orange) at position 429. The aspartic acid at residue 113 in the HIV trimer is colored red, whereas the
arginine at position 30 in the Fab is colored blue. Polar bonds are indicated by dotted lines (PDB entries
4JPV and 5V8L) (78, 79).

We next analysed the viral amino acid sequences in the CD4 binding site of subtype C viruses

to identify other residues that might contribute to the potency difference between IgG and
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scFv (Figure 3.6C). Viruses were separated into 3 groups based on their relative sensitivity to
IgG and scFv. There was significant viral variation at positions 360, 362, and 429, all of which
have been previously implicated in the binding of CD4bs bNAbs (36, 37), although position 429

has not specifically been shown to impact 3BNC117.

To further explore the possibility that residue 429 impacted the scFv, we compared crystal
structures of the 3BNC117 Fab in complex with gp120 (PDB entries 4JPV and 5V8L). We found
that a neutral or negative charge at residue 429 interacted with a positively charged residue
30 (arginine) on the 3BNC117 Fab (Figure 3.6D). In contrast, a positive charge at position 429
in the HIV-1 trimer could prevent 3BNC117 binding to this site by folding back and binding to

an aspartic acid at position 113 in gp120, occluding this residue.

Therefore, the 3BNC117 scFv binding may in part be more reliant on the neutral or negative
charge at position 429 than its IgG counterpart. Thus, virus-specific loss of potency for the
3BNC117 scFv was likely impacted by viral subtype, the 276 glycan, and charged residues

within the epitope.
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3.5 Discussion

We have designed and expressed scFv of HIV bNAbs that are undergoing human clinical testing
to assess whether they maintained neutralization capacity in this format. These bNAbs
targeted one of four well-defined epitopes on the viral envelope, namely, the V2 apex
(CAP256.25), the V3 glycan (PGT121), the CD4bs (3BNC117), and the MPER (10E8v4).
Remarkably, these much smaller scFv, engineered from the variable regions of the IgG,
retained substantial breadth and potency, and 10E8v4 was equivalent to the full IgG molecule.
While CAP256.25, 3BNC117, and PGT121 scFv lost potency, they were nonetheless in the

therapeutic range of VRCO1, a CD4bs antibody that is currently in clinical efficacy testing.

Newly designed scFv showed good levels of expression with different linker lengths of 15, 18,
or 20 amino acids having minimal to no impact on neutralizing activity. This suggested that
the loss of activity relative to IgG was due to the inherent nature rather than the design of the
scFv, which at 30 kDa are 5 times smaller than IgG. Antibody scFv were more likely to lose
neutralization potency rather than breadth, although for 3BNC117 and PGT121 the loss of
potency often resulted in reduced breadth. Potency loss was most severe for CAP256.25 and
was evident against all viruses tested, while for 3BNC117 and PGT121 this occurred in a virus-
specific manner. Epitope mapping studies on selected viruses showed that scFv bound to their
epitope in ways subtly different from those of the matched IgG. Thus, charged residues at
positions 169 and 170 in V2 affected CAP256.25 scFv neutralization more than the IgG. For
PGT121, interactions with the N332 glycan and the length of V1 impacted the scFv to a greater
degree than the IgG, and for 3BNC117, loss of binding to the N276 glycan was more
detrimental to the scFv than the IgG. Thus, while scFv retained the ability to interact with
known epitopes, they were more sensitive to variations at single residues within these
epitopes. Whether these potency losses are unique to each scFv or are dependent on the
epitopes being targeted would need to be determined by designing and testing a larger

number of scFv versions of bNAbs.

scFv have a single binding site compared to the 2 binding sites of 1gG, which likely reduces
their affinity for the antigen. It is known that smaller proteins tend to have higher off rates
due to lower binding affinity (38—40). This was previously demonstrated for scFv-based
fragments of VRCO1 that had a 4-fold lower affinity than the IgG version (18). Affinity is

influenced by noncovalent intermolecular interactions between proteins, such as electrostatic
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charge and hydrogen bonding. Our data suggest that a charge change in the epitope had a
greater effect than the loss of a glycan, although both likely impacted the binding affinity of
the scFv, accounting for the potency losses. Loss of affinity could also be due to the inability
of scFv with a single binding site to effectively cross-link protomers on the trimer. Even though
trimers are present at low density on the HIV virion, the polarization of trimers at the cell

contact site would allow the IgG but not the scFv to cross-link (41-45).

The constant region affects the angle at which the antibody paratope engages the viral epitope
and also helps to stabilize the heavy-light chain interactions (46). As a result, scFv may have a
somewhat less rigid paratope than IgG. Removal of the Fc region could, therefore, alter these
interactions, contributing to the scFv being more dependent on key residues in the epitope.
Structural studies in combination with affinity studies of scFv are needed to further inform the
molecular interactions with the HIV trimer and provide insights into the stability of scFv
paratopes. Others have shown that the lack of an Fc region also significantly reduces the half-
life of scFv and removes their ability to mediate effector functions, which compromises their
clinical development (16, 22). However, scFv may have lower immunogenicity and off-target
effects than IgG as a result of not having an antibody Fc region to engage host Fc receptors

(18, 47).

scFv may have better access to their epitopes than IgG due to their smaller size, as has been
reported using other antibody constructs. For example, antigen-binding fragments (Fab) of
antibodies targeting the CD4-induced (CD4i) epitope showed significant improvement in
potency over the 1gG versions (48-50). Moreover, scFv isolated from phage display libraries
demonstrated good breadth and potency (25, 51). A number of antibody epitopes on the HIV
trimer are not readily accessible by IgG molecules due to steric hindrance, including the MPER
on gp41 (53-55). Remarkably, the scFv of 10E8v4, an MPER antibody that targets an epitope
close to the viral of the 10E8v4 scFv to this recessed site could offset the loss of affinity that
results from having only a single paratope. Alternatively, scFv targeting the MPER may be
partially buried in the lipid membrane, which could stabilize the interaction with the epitope
(54-56). scFv may also be important in preventing cell-cell transmission, where spatial

restrictions within the virological synapse limit antibody access (57).
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scFv may be useful in the context of passive immunization; however, the caveats associated
with this format will need to be addressed, in particular their reduced half-life. Adeno-
associated virus (AAV) vectors, which are being developed for continuous, delivery of
antibody-based products as vectored immunoprophylaxis against HIV infection (58-61), may
provide a solution. scFv, with their smaller gene inserts, may be more suitable for expression
in vectors, such as AAV-8, that have been previously deployed for some of the IgG bNAbs
described here (61). This approach could be particularly important in the context of bNAb
combinations needed to optimize the coverage of global HIV strains (62—64). Since multiple
scFv could be expressed from the same vector, their use in combination treatments may be a
distinct advantage (47, 58, 62, 65). scFv derived from other HIV bNAbs will need to be tested
to determine which combinations show optimal complementarity in their neutralization

profiles given that scFv neutralization cannot be predicted.

Overall, our data indicate that scFv retain considerable breadth and potency and could
perform better than IgG equivalents as combination therapeutics. In particular, 10E8v4 should
be considered a leading candidate for human clinical testing, given that it retains all its
functional activity as an scFv. Although there are some challenges with this format, there are
also unique advantages of scFv over IgG. These smaller antibody proteins, therefore, have

considerable potential in passive immunization strategies to prevent HIV infection.
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4 Combinations of scFv made from HIV broadly
neutralizing antibodies demonstrate high potency
and breadth against a multiclade panel of viruses.

4.1 Introduction

Broadly neutralizing antibodies (bNAbs), isolated from a subset of HIV-1 positive individuals,
are capable of neutralizing a wide range of HIV viruses. Crucially, bNAbs have been shown to
provide protection in non-human primate studies and it is thought that an effective HIV
vaccine will need to elicit these kinds of antibodies (Parren et al., 2001; Saunders et al., 2015;
Julg, Liu, et al., 2017; Martinez-Navio et al., 2019). However, to date, no candidate HIV
vaccines have been able to elicit bNAbs in humans (Rerks-Ngarm et al., 2009; Karasavvas et
al., 2012; Klein et al., 2013; Bekker et al., 2018). This has led the field to actively explore the
possibility of using bNAbs as biological drugs for passive immunization against HIV (Marcotte

et al., 2015; Burton et al., 2016; Bhiman et al., 2017; Lin et al., 2018; Crowell et al., 2019).

The first efficacy trials of an antibody for HIV prevention are currently underway in Africa and
the Americas. These two Antibody-Mediated Prevention (AMP) trials are testing the ability of
a single antibody, VRCO01, to prevent HIV infection in high-risk men and women

(www.ampstudy.org.za). The results of these proof-of-principle trials are expected in

December 2020 or early 2021. However, to target the extensive envelope diversity, minimize
escape, and provide sufficient potency it is widely accepted that a combination of multiple
antibodies will be needed. Several studies have investigated the potential of antibody
combinations and observed, as expected, an increase in breadth and potency (Kong et al.,
2015; Wagh et al., 2016). These studies demonstrate that the complementary neutralization
profiles of single mAbs can improve the overall breadth and provide higher coverage of
multiclade panels of viruses at much lower antibody concentrations (Wagh et al., 2016; Wagh,
Seaman, et al., 2018). Several clinical trials are currently assessing the safety of antibody
combinations. For example, HVTN 130 is assessing the safety of dual and triple antibody
combinations of the bNAbs PGT121, PGDM1400, 10-1074, and VRC07-523LS in a Phase | trial
that started in March 2019 (HVTN, 2019).
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A study focusing on clade C viruses, the predominant clade in southern Africa, demonstrated
that a combination of three or more antibodies provided superior coverage compared to using
single or dual combinations of antibodies (Wagh et al., 2016). Having multiple antibodies
covering the same viruses also improved the maximum neutralization of those viruses,
allowing for complete neutralization (Wagh et al., 2016). By using those antibodies that
specifically target the HIV subtypes predominant in a specific area, a geographically relevant
set of antibodies may be selected to provide optimal coverage and potency (Wagh, Seaman,
et al., 2018). CAP256.25, which preferentially targets clade C, is currently being assessed in
combination with PGT121 and VRC07-523LS in dual and triple combination in the South
African-led CAPRISA 012B trial (CAPRISA, 2020; Mahomed et al., 2020).

The ability to predict the breadth and potency of antibody combinations without the need for
experimental validation enables the rapid identification of optimal combinations. Two models
have been used to predict the ICsp and ICgo of antibody combinations based on single antibody
titres, the Loewe additive model, and the Bliss-Hill additive model. Both models assume that
there is no interaction between the different antibodies and that neutralization in
combination will be additive. By comparison with experimental results, these models can also
be used to determine whether synergy or antagonism occurs. When using the Loewe additive
model three profiles for the potency of antibody combinations were found. Most
combinations of two antibodies demonstrated additive potency where the experimental
potency was close to the predicted ICso. However, some synergistic effects were found,
especially in combinations with the CD4 binding site, MPER, and V1/V2 antibodies (Kong et
al., 2015). Synergistic effects also depended on the viral sensitivity to the antibody
combination resulting in an overall additive effect although individual viruses could
demonstrate antagonism or synergy. This was mainly found for combinations containing V3
antibodies which were usually the most potent antibodies tested at the time (Kong et al.,
2015). Competition between adjacent epitopes also occurs where for example, the V2
antibody PG9 competes with the V3 antibodies PGT121-PGT123 or between CD4bs antibodies
and the interface antibody 8ANC195 (Derking et al., 2015).

Synergistic effects have been noted on rare occasions for bispecific antibodies that target the
virus only. A bispecific antibody that simultaneously engaged the V2 and V3 epitopes showed
moderate levels of synergy (Davis-Gardner et al., 2020). Another bispecific employing a
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CAP256.25 scFv and the antibody binding fragment (Fab) of 10-1074, showed moderate levels
of improved potency against a few viruses (Davis-Gardner et al., 2020). In this case,
neutralization was compared to single scFv-Fc or IgG rather than to the predicted combination
titres or experimental combinations of the two arms, which may have overestimated the level
of synergy (West et al., 2012; Huang et al., 2016; Song et al., 2016; Khan et al., 2018; Wagh,
Seaman, et al., 2018; Davis-Gardner et al., 2020). More convincing evidence of synergy was
observed when antibodies targeting a host cell protein and the viral Env protein were
combined particularly as part of bispecific or trispecific antibody constructs. This effect is due
to the localization of the anti-HIV antibody close to the host cell membrane through CCR5 or
CD4 binding, for example, the 10E8-iMab, which targets the MPER region on the HIV virion
and the CD4 receptor on the HIV target cell. This bispecific antibody has a geometric mean
ICso potency of 0.002ug/mL compared to 0.4ug/mL for 10E8 and 0.05ug/mL for the iMab
indicating a 25-fold improvement over the expected activity (Huang et al., 2016; Moshoette

et al., 2019).

Single chain variable fragments (scFv) are small molecules, which contain the variable heavy
and light chain of antibodies connected through a glycine linker. These molecules have some
enhanced pharmacokinetic properties such as improved distribution and absorption into
mucosal tissues despite a loss of half-life due to lacking an Fc region (Yokota et al., 1992;
Colcher et al., 1998; Unverdorben et al., 2012, 2016). They may also display less steric
hindrance when used in combination with other molecules and other bNAbs or scFv (Kumar
et al., 2017). This may be especially true for epitopes in close proximity such as the V2 and V3,
or V3 and CD4bs where competition between IgG occurs. A recent study demonstrated that
scFv targeting the V3 and CD4bs could display synergy when combined with fusion inhibitors
(Alam et al., 2019). We, therefore, tested combinations of scFv that target major epitopes on
the HIV trimer, namely CAP256.25 (V2 apex), PGT121 (N332-supersite), 3BNC117 (CD4bs),
8ANC195 (gp120-gp41), and 10E8v4 (MPER).

In the previous chapter, we demonstrated that these scFv of bNAbs retain significant breadth
and potency. In particular, 10E8v4 maintained the same breadth and most of its potency as
an scFv. In this chapter, we demonstrate that combinations of scFv generally follow a model
of additive potency and complementary breadth. Some combinations displayed low levels of
synergy and we found little to no evidence of antagonism. Overall combinations of three scFv
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antibodies reached considerable breadth and potency indicating that scFv in combinations

may be suitable for passive immunity purposes.
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4.2 Methods

For ease of reference, a brief summary of the methods described previously (in Chapter 2) is
provided below (4.2.1-4.2.3). The methods and analyses that are unique to this chapter are

described in more detail below.

4.2.1 scFv expression and purification

Genes of scFv of five HIV directed bNAbs targeting key trimer epitopes (CAP256.25, PGT121,
3BNC117, 8ANC195, and 10E8v4) were cloned into a CMV/R expression plasmid. Proteins
were expressed in 293F cells cultured in HEK293 Freestyle media at 37°C at 150rpm. After 6
days, the supernatants were harvested by centrifugation at 1500g at 4°C and filtered through
a 0.22um filter. The supernatants were then run over a Ni-NTA gravity column washed with
30mM imidazole in 1X PBS, pH7.5 and eluted using 400mM imidazole in 1X PBS, pH7.5. The
procedure was repeated to capture all protein in the supernatant. This was followed by size
exclusion through a Superdex HiLoad 16/600 or 26/600 (200 pg) gel filtration column on an
AKTA purifier. Thereafter, the elutant was buffer exchanged with 150mM NaCl, 3mM HEPES,
and 2.5-5% glycerol and concentrated using Vivapore table-top concentrators to

approximately 1mg/mL (see Chapter 2).

4.2.2 Pseudovirus production for TZM-bl assay

Plasmids containing HIV-1 envelope (gp160) genes cloned in the pcDNA™3.1D/V5-His-TOPO®
vector were co-transfected with pSG32¢" into HEK293T cells and cultured for 48-72hrs at 37°C.
Supernatants were harvested and filtered through a 45um filter and frozen at -80°C. Virus
stocks were titrated on TZM-bl cells using a luciferase assay to determine a dilution yielding

RLU at least 10-fold above the “cell only” background (40,000-100,000 RLU).

4.2.3 Neutralization assay

Neutralization was measured using pseudoviruses in a validated single-cycle assay in TZM-bl
cells. scFv proteins or IgG versions were added to growth media at a starting concentration of
50ug/mL or ~1400nM and serially diluted 3-fold in duplicate before being added to a 96 well
plate (25uL). Pseudovirus was added in an equal volume (25uL) to the plate containing the
diluted scFv and incubated for 1hr at 37°C. TZM-bl cells (20uL containing 0.5%10°%/mL cells) in
growth media (GM) containing 70ug/mL of DEAE were added and the mixture incubated for
24hrs. 100uL of GM was added and the cells incubated for another 24-48hrs, then half the
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media (100uL) was removed and Bright-Glo firefly luciferase substrate mixed with assay buffer
was added according to manufacturer specifications. After a 2min incubation at Room
Temperature (RT), the media and luciferase mixture was mixed and transferred to a black 96

well plate. The plate was then read on the Victor-X luminometer.

4.2.4 Combinations of scFv

Combinations were tested by adding equimolar amounts of two or three scFv proteins in a
neutralization assay as described above. Pre-dilutions containing scFv at 2uM and 10uM each
were used to facilitate the assay set-up. As a control, the single scFv were diluted to 10uM
and 2uM as well and run alongside the combinations as a comparison. The highest

concentration tested for the combinations was 30ug/mL or 1000nM.

The ICsp and ICg values from experimental combinations were compared to those of the single
scFv and to the predicted ICsoand ICgo based on the Loewe Additive model. This model uses
ICso and/or ICso data and predicts the ICso or I1Cso of an antibody combination. It assumes non-

interaction between the antibodies and therefore that the values are additive.

The following formula is used to calculate Loewe Additivity.

1 1 1
G T 0B VT

Predicted IC5y = 1/(

Post analysis values were recalculated from nM into pg/mL based on the following formula.

(Mw(A) x ICsq) + (Mw(B) X ICs0) + == (Mw(N) X ICsq)
n x 1000

ICso inpug/mL =

Where (n) is the number of antibodies, Mw the molecular weight of the antibodies in the
combination, and ICso the experimental ICso or theoretical ICso obtained. The same formula is

used for ICgp values replacing the ICso with ICgp in the formula above.

4.2.5 Synergy based on the Loewe model
Synergy was predicted based on whether the experimental ICso and 1Cg were improved
compared to the Loewe Additive model. The formula below was used to characterize this

effect.

Loewe ICs,

LogFold = Log10
0§70 °9 (Experimental ICsy
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For a combination of antibodies, the mean and 95% Confidence intervals were calculated,
where a positive value indicated synergy and a negative value antagonism and either did not
include 0. We used a cut-off of log fold <-0.35 or >0.35 which equates to roughly 2.5x

difference to determine which individual test points show a potential difference.

4.2.6 Statistics

All statistics were done using the GraphPad Prism 8 software. Fold differences of the
experimental combinations were calculated with the most potent scFv in the mixture for both
ICs0 and ICgo. The experimental and model-predicted data were correlated using Pearson’s
correlation coefficient with a two-tailed p-value. A nonlinear fit model was used to predict the
slope between the experimental and predicted data, using a least-squares regression. This
created a log-log line between x and y. Moreover, weighing (1/Y2) was used to minimize the
effect of outliers, as variation in the extreme ICsg values is likely to have a larger impact on the
curve. To test if experimental values differed significantly from the predicted values for the
individual combinations, a Wilcoxon paired t-test was done. A log-fold with a 95% confidence
interval was used to determine if the fold difference is significantly different from 0, indicating

either synergy or antagonism.

Breadth-potency curves were drawn using a survival model in GraphPad. Significance was

tested using the log-rank Mantel-Cox significance test.
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4.3 Results

4.3.1 Dual and Triple Combinations of scFv of HIV bNAbs

To assess whether scFv of HIV bNAbs show increased breadth and potency when used in
combination, we tested five different scFv as part of dual and triple combinations. The scFv
included those targeting the V2 (CAP256.25), the N332 glycan (PGT121), the CDA4bs
(3BNC117), and the MPER region (10E8v4), and all were previously shown in Chapter 3 to
retain significant activity. For this study, we added the antibody 8ANC195 which targets the
gp120-gp41 interface so that all five major epitopes on the HIV trimer were covered. All scFv
were expressed and purified and size and purity were confirmed by running size exclusion
columns and SDS-PAGE gels. Combinations of scFv were tested against a panel of 17
pseudoviruses from subtypes A, B, and C. These were selected based on their sensitivity to at
least three of the five scFv under investigation. Equimolar amounts (based on their molecular
weights shown in Chapter 2), of each scFv in combinations of two or three were tested, giving
a total of 20 different sets of antibodies, which were compared to single scFv neutralization
titres. To standardize the output data, the concentration of the single scFv and the scFv
combinations in pg/mL were calculated from the nM titres and the molecular weight of the

scFvs (see Figure 4.1A).

As expected, combinations of two scFvimproved the coverage, with active scFv making up for
the inactive scFv. For some dual and triple combinations, breadth reached 100% at ICsp against
this 17 virus panel. An improvement in potency was also observed for both the dual and triple
combinations due to scFv with complementary potency profiles. The neutralization of
individual viruses by two or three scFv, was usually similar to the ICso of the most potent scFv
in the combination (fold differences are shown in the columns next to the 1Csos) (Figure 4.1A).
Except for a few cases, the virus neutralization titer of the single scFv and dual or triple
combinations fell within 3-fold of the titer of the most potent single scFv in that combination.
There was little to no antagonism for the entire panel for all 20 scFv combinations tested (a
total of 340 single test titres). However, a few instances of potential synergy were noted with
most of these linked to specific scFv combinations (fold differences with bolded values in

Figure 4.1A).
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Figure 4.1 Neutralization titers of single, dual and triple combinations of scFv.
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The combination of CAP256.25+10E8v4 scFv stood out, demonstrating an overall 4.9-fold
improvement in geometric mean titer (Figure 4.1B). This improvement was driven by five
viruses of which two were subtype A, one was subtype B and two were subtype C indicating
this was not subtype-specific. Five other dual scFv combinations showed improved potency
over single scFv for specific viruses but showed less than 3-fold improvement in geometric
mean potency of all viruses. The 3BNC117+10E8v4 combination also showed an overall 3-fold
improvement in the geometric mean titer although this was not seen for individual viruses

indicating complementarity of neutralization potency of the scFv rather than synergy.

For the triple combinations, five of the ten combinations showed improved geometric means
compared to the most potent single scFv with an up to 12-fold improvement for the
CAP256.25+3BNC117+10E8v4 combination (Figure 4.1C). This was higher than for the dual
combinations where only two out of ten showed an improvement in geometric mean potency
and was driven by improvement in potency against single viruses (16 of the 170 virus-antibody
combinations). This was due to the different scFv such as is the case with CAP256.25 and
3BNC117 scFv, in the combinations being potent against different viruses allowing for
complementarity in neutralization potency and coverage. Due to having more antibodies, this
was to a higher degree observed in triple combinations compared to dual combinations

leading to improved geometric means.

Some viruses appeared to be more sensitive to the effects of combined scFv. For example, a
slight synergy was observed against the CAP61 and ZM249 viruses for the dual combinations,
although for the latter loss of potency was also noted (fold difference <0.33 see Figure 4.1B).
Some enhancement in potency was also seen with these viruses plus Dul56 and CAP88 for
the triple combinations (Figure 4.1C). Overall, we found either improvement or similar titres
for combinations compared to single scFv particularly for triple combinations indicating that
combinations of scFv improve the coverage of a panel of viruses and the potency at which

viruses are neutralized.

4.3.2 scFv follow an additive model of interaction with low levels of synergy
To determine whether the combinations of scFv follow an additive model of interaction, we
compared the experimental results with predictions based on the single scFv titres using the

Loewe Additive model. For this, we also calculated the ICgo of the dual and triple combinations
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as this has a better predictive value for efficacy in HIV prevention (Webb et al., 2015). This
model assumes that two drugs or antibodies that do not interact will have an additive effect
on their ICso and 1Cgo values meaning that if equal amounts of antibody are present there will
be no decrease or increase in potency compared to single antibodies. We calculated the I1Cso
and ICgo based on this model (the formula is given in the Methods section) and based on the
geometric mean ICso and ICgo of the repeats of single scFv obtained in the experiment. The
predicted data was compared to the experimental ICsp and ICgp of the combinations. We
compared the titres of dual combinations and triple combinations against viruses where both

scFv are active (Figure4.2A, C, E, G) and against all the viruses tested (Figure 4.2B, D, F, H).

There was a strong significant (p<0.0001) correlation between the experimental ICso and ICg
and the predicted ICso and ICgo of the dual combinations with r=0.82 and r=0.94 respectively.
This correlation was slightly weaker when combinations with inactive scFv were included, with
a stronger effect seen in the ICgo values. Similarly, for the triple combinations, there was a
strong correlation between the predicted values and the experimental values r=0.96 and
r=0.83 respectively for the ICso and ICgo and a slightly weaker correlation when the pairs with
inactive scFv were included in the ICsp comparison. Although a few antibody combinations,
showed some improved potency (red dots), or decreased potency (blue dots) to individual
viruses compared to the Loewe model, overall, there was less than a 1-2 fold difference
between the predicted values and the experimental data. This indicated that the ICso and I1Cso
of the combinations could be predicted using the single scFv data in the Loewe model,

although some variability existed.

To quantify the difference between the experimental data and the predicted data, the log-
fold difference was calculated. Only viruses which were neutralized by all scFv in the specific
combination were included in this analysis (see the formula in Methods). Comparing the
experimental data to the expected titres allowed us to determine whether there is potential
synergy (better than the model), as indicated by a log-fold difference >0.35 and/or antagonism
(worse than the model) as indicated by a log-fold difference <-0.35 (Figure 4.21-L). Most dual
combinations had a mean log-fold difference close to 0 (log-fold -0.35<CI<0.35) indicating that

there was neither antagonism nor synergy.
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Figure 4.2 Comparison of experimental and predicted combinations of dual and triple scFv

antibodies.

(A-D) ICso and ICso titers of dual antibody combinations plotted against the predicted ICso and ICs titers
according to the Loewe Additive Model. Combinations where all scFv neutralized the virus (A, C) or
where at least one scFv neutralized the virus (B, D). (Continued on next page)



Figure 4.2 continued. (E-H) Predicted ICso and ICso titers of triple combinations versus the experimental
ICso and ICsp titers where all scFv are active (E, G) and where at least one scFv is active (F, H). Red circles
indicate improved potency (log-fold difference >0.35) of the combinations (synergy) whereas the blue
circles represent reduced potency (antagonism, log-fold difference <-0.35). A nonlinear regression log-
log line (red) and an equity line (black dotted) as well as r, R? and P values are shown. (I-L) Log-fold
differences of double and triple ICso (I, K) and ICso (J, L) experimental combinations to the Loewe
Additive model prediction. Mean and the 95% confidence interval are shown with a dotted line
indicating no fold change. Red and blue are used as above. Only combinations where all single scFv are
active and have a titer are included in the analysis for (I-L).

Some combinations had a mean improvement of potency compared to model predictions. For
example, 10E8v4+CAP256.25 showed some potency improvement compared to the Loewe
model in both the ICso (Cl: 0.0072-0.38) and ICso (Cl: 0.045-0.49) titres, albeit at low levels.
Similarly, 10E8v4+PGT121 also showed a low level of synergy compared to the model (ICso Cl:
0.01-0.24, 1Cg Cl: 0.067-0.40). In general, more combinations showed a mean log-fold
improvement (Cl not including 0) in the 1Cgo compared to the ICso for the dual combinations
(four versus two combinations) (see first two dual combinations in 1Cgo and first four in 1Cgo
Figure 4.2 1 and J). Most of the dual combination neutralization titres against individual viruses
for ICso (119/131 virus-antibody combination titres) and 1Cgo (90/102) also ranged between a
log-fold difference of -0.35 to 0.35 showing neither improvement nor decrease in potency

compared to the model.

For the triple combinations, many of the combinations containing 10E8v4 showed a low level
of synergy in either ICso or ICgo or both (Figure 4.2K, L). The CAP256.25+PGT121+3BNC117
combination also showed an improvement compared to the model in both ICsp and ICgp titres.
Indeed, only three combinations did not show an improvement compared to the model
namely all triple combinations with 8ANC195+3BNC117 and either CAP256.25, PGT121, or
10E8v4. No loss of potency was observed (where Cl did not include 0) for any of the dual or
triple combinations in mean log-fold I1Csg or I1Cs. Individual triple combination neutralization
titres against individual viruses for ICso (100/113) and ICso (70/83) mostly did not show less
than a -0.35 or more than a 0.35 log-fold difference. Overall only a few cases of antagonism
(log-fold difference <-0.35) were observed in the individual ICso values of both dual and triple
combinations, however, multiple instances of low-level synergy with improved potency
compared to the model occurred for both ICso and ICse. This indicated that scFv in

combinations show low levels of synergy and potency improvements both in individual titres
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and on average compared to the prediction model. This also indicated that the model could
accurately predict ICso and ICgo titres, even though the model underestimated the potency of

scFv combinations compared to the experimental results.

4.3.3  Neutralization curves of dual and triple combinations compared to single scFv

We overlaid the neutralization curves of the combinations with the single scFv used in the
combination, to determine if there were distinct patterns associated with additive, synergistic,
or antagonistic effects. We selected dual and triple combinations that showed synergy or
antagonism using the Loewe model or potency improvements compared to the most potent

scFv in the mix.

For most combinations, an additive effect was seen where the combination curve overlapped
with the best scFv in the combination. This is demonstrated in Figure 4.3A for three different
viruses and two scFv dual combinations. For Q842 and ZM233 the combination curve tracked
with the 10E8v4 scFv, which was the most potent scFv in the combinations for these two
viruses. In the case of ZM53, which is highly sensitive to CAP256.25, the combination curve

overlapped with the CAP256.25 scFv.

A few dual combinations showed synergy with a left shift of the curve compared to the single
scFv for individual viruses (10/170 viruses-antibody combinations at I1Csp and 14/170 viruses-
antibody combinations at ICso). Three examples are shown in Figure 4.3B that all include
10E8v4 with either PGT121 or CAP256.25. For all three viruses, the combination is more
potent than either scFv alone. Besides this left shift, we also observed that the slope of the
neutralization curve was improved or similar to the most potent scFv. This was seen for the
CAP256.25+10E8v4 combination against ZM249 resulting in improved ICso and ICgo. Moreover,
we also observed that the maximum neutralization could also be improved for example in the

PGT121+8ANC195 combination against ZM249.

The levels of antagonism were generally very low with only one dual combination of
PGT121+3BNC117 against the subtype C virus ZM249 showing less potency than either scFv
alone. This could be partially mitigated by adding a third antibody (e.g. 8ANC195) in the mix.

Otherwise, ZM249 was sensitive to the scFv ZM249 with three dual combinations showing
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synergy (Figure 4.3C). Similarly, combinations against ZM53 and Q842 showed both additive

effects and synergistic effects (Figure 4.3A, B).
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Figure 4.3 Neutralization curves showing additive, synergistic and antagonistic potency effects of
combinations of antibodies.

Combinations of scFv compared to single scFv neutralization curves with CAP256.25 in purple, PGT121
in light blue, 3BNC117 in orange, 8ANC195 in green and 10E8v4 in pink. The dual or triple combinations
are represented in black. Geometric mean values are used for each data point with error bars
representing repeat experiments. (A) Examples of combinations where neither synergy nor antagonism
is observed for three viruses tested against dual combinations of scFv. Additive potency is represented
by the combination curve (black) overlapping with the best scFv in the mixture. (B) Synergy as observed
in dual combinations of scFv against three different virus strains. Synergy was represented by a left
shift of the combination curve (black) relative to the most potent scFv in the mixture, or by steeper
neutralization curves resulting in improved ICso. (C) Antagonism as represented by a right shift of the
combination curve relative to the most potent scFv in the mixture, observed in combinations of two or
three scFv tested against ZM249, which was sensitive to all scFv in the combinations.
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We next looked at combinations of three scFv compared to single scFv neutralization curves
to determine why more synergistic effects were observed in the triple combinations.
Improvement observed in the triple combinations was often due to small improvements in
potency observed in the dual combinations. For example, combinations of CAP256.25+10E8v4
or PGT121+10E8v4 showed potency improvement against CAP61, and similar effects were
observed in triple combinations containing these scFv (Figure 4.4A). The addition of a third

(weak) antibody did not affect the left shift of the combination of neutralization curves.
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Figure 4.4 Combinations of three scFv show improved neutralization, maximum neutralization and
-8~ Combination

improved ICsp. = CAP256.25
(A) Neutralization of CAP61 showed synergistic effects when tested against PGT1 21'
combinations of 10E8v4 (pink) plus CAP256.25 (purple) or PGT121 (blue). 3BNC117
Addition of 8ANC195 did not result in additional potency nor reduce the potency SANC195
of the combination. (B) Neutralization of ConC demonstrated improved —— 10E8v4

neutralization for some of the triple combinations, which was increased compared to dual
combinations. (C) Neutralization for ZM233 was not improved at ICso however, the ICso did improve
compared to the scFv, allowing for 100% neutralization at a lower concentration compared to the single
scFv. Addition of PGT121, 3BNC117 or 8ANC195 did not improve neutralization above the combination
of 10E8v4 and CAP256.25.
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In some of the triple combinations, for example against ConC, we observed potency
improvements which could be attributed to mild synergistic effects seen in the dual
combinations where the effect was too low to be significant (Figure 4.4B). The synergistic
effect of 10E8v4+CAP256.25 allowed for improved ICg across multiple triple combinations
tested against ZM233 as well mainly due to steeper slopes of the neutralization curve which
was generally improved in the combinations. Here we also observed that the addition of a
third antibody such as PGT121, 3BNC117, or 8ANC195 did not affect the combination
neutralization curve (Figure 4.4C). Although neutralization of specific viruses such as CAPS8S,
CAP61, ZM249, ZM233, and Dul156, seems to have benefitted from combining antibodies, no
clear pattern could be distinguished as ICso or ICg titres were often similar or showed only
small improvements. Combinations containing CAP256.25+10E8v4 consistently showed the
most enhancements in potency compared to the single scFv. Moreover, three antibodies in
combination generally resulted in improved neutralization profiles, with improved potency at
both 1Cso and ICgp compared to dual combinations. Triple combinations, therefore,

outperformed dual combinations overcoming antagonistic effects as well.

4.3.4 Using a model of Loewe Additivity to predict ICso and ICso titres of scFv combinations
against a large virus panel
As demonstrated, 1Cso and ICgp of scFv combinations could be accurately predicted using the
Loewe additivity model, albeit with a slight underestimation. Therefore, we extrapolated the
ICs0 and ICgo data of single scFv for combinations of two and three scFv to the larger 45-virus
panel described in Chapter 2. These theoretical scFv combinations were ranked based on their
geometric mean potency using both ICso and ICgo data for dual and triple combinations.
Combinations with the expected highest breadth and potency were plotted in a breadth

potency plot (Figure 4.5).
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Figure 4.5 Breadth and potency of scFv of HIV bNAbs combinations.

(A) The titers of dual combinations were determined based on the single scFv data for a panel of 45
viruses. The ICsp data is plotted in ug/mL recalculated from nM based on the formula given in the
methods section. (B) The most potent and broad dual combinations were plotted for the ICso.with the
others in light blue (C) Predicted ICsy titers of dual combinations based on the Loewe additive model.
(D) Breadth-potency curves from ICso data for the most potent and broad dual combinations with the
others shown in light blue. (Continued on next page).



Figure 4.5 continued. (E) ICs titers for triple combinations based on the Loewe Additive model ranked
based on geometric mean. (F) Breadth potency curves for the ICso of the most potent and broad triple
combinations are plotted with the other combinations shown in light blue. (G) Predicted ICso titers for
the triple combinations. (H) The breadth-potency curves based on ICg titers of the most potent and
broad combinations. The other combinations are shown in light blue. The maximum neutralization for
the ICso and ICso data is set at 45ug/mL for all plots. Geometric mean is indicated by a black line in A,
C, E and G. Dotted lines are shown at 0.1ug/mL for the ICso (A, E) and at 1ug/mL for the ICso values (C,
G) and at 0.01ug/mlL and 1ug/mlL for breadth-potency plots (B, D, F, H). Ranking was based on
geometric mean ICsp first then geometric mean ICgo. Second, number of viruses neutralized below
1ug/mL at ICso and below 10ug/mL for ICso was taken into account for the ranking.

The best dual combinations, namely PGT121+10E8v4 (light green), 3BBNC117+10E8v4 (purple),
and CAP256.25+10E8v4 (red) were able to neutralize most viruses below 1pg/mL at the ICso
and below 10ug/mL at the ICgo (Figure 4.5A, C). The breadth-potency curves of these three
10E8v4-containing combinations reached 100% neutralization at the ICso and 98%
neutralization at the 1Cgo (coloured breadth-potency plots versus pale blue, Figure 4.5B, D)
with most viruses neutralized between 0.01 and 1ug/mL at ICso. The fourth combination of
10E8v4 with 8ANC195 was less effective due to the low potency of both antibodies and the
limited breadth of 8ANC195. None of the other dual combinations showed complete
neutralization of the panel (Figure 4.5D). Furthermore, these combinations had larger
numbers of resistant viruses (set at >45ug/mL), as demonstrated by the data points at the top
of the potency plots (Figure 4.5A, C). While PGT121+3BNC117 had a geometric mean below
0.1pg/mL, there was a larger spread of neutralization titres (Figure 4.5A, C, dark green).
Moreover, neutralization breadth was lost at ICgo as indicated by the downward shift of the

breadth potency curve compared to the ICso curve (Figure 4.5B, D, green).

The triple combinations showed higher levels of potency and complete neutralization with
8/10 showing complete neutralization at ICsp and 6/10 showing near-complete neutralization
at ICgo (Figure 4.5E-H). Moreover, 7/10 triple combinations had a geometric mean potency
below 0.1pg/mL at ICso and of these, three combinations neutralized all viruses below 1ug/mL
(Figure 4.5E, yellow, grey, red). At ICso these three combinations all had a geometric mean
potency below 1ug/mL (Figure 4.5E, G). This indicated that triple combinations are able to

reach nearly 100% neutralization at lower concentrations for both 1Csoand ICso.

The breadth of each theoretical combination was next determined at four concentrations: 0.1,
1, 10, and 45pug/mL in addition to the geometric mean for the combinations tested (with a cut

off at 45ug/mL) (see Figure 4.6). Combining these scFv, improved the coverage at all
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concentrations for both ICso and 1Cgo. Breadth for dual combinations ranged from 87% to 100%
at ICso and 64% to 98% at ICgo. In dual combinations, 100% breadth at ICso was reached for one
combination at 1pg/mL and for three combinations at 45ug/mL. For the I1Cso, 98% breadth was
obtained at 10pg/mL for the same combinations. Most combinations of three scFv had 100%
breadth for the ICsp at the highest concentrations tested, except for
PGT121+3BNC117+8ANC195 and CAP256.25+PGT121+8ANC195, which had a breadth of 96%
and 93.3% respectively (Figure 4.6). Breadth was especially improved for lower concentrations
at 1Cgo. For example, breadth for single scFv ranged from 0 to 44% for ICso and O to 24% for
ICso compared to the lowest concentration, whereas dual combinations ranged from 22 to
62% for the I1Cso and 2 to 29% for ICso, and combinations of 3 antibodies ranged from 47% to
82% for ICs0 and 16 to 40% for ICgo. Geometric mean potency for the panel also improved from
0.12-2.94 pg/mL for single scFv to 0.058-0.4pug/mL for dual combinations and 0.036-
0.13pg/mL for triple combinations. This indicated that combinations of scFv were able to

increase the coverage at lower concentrations, which will be vital in clinical settings.

Since PGT121, 3BNC117, and CAP256.25 all had good potencies as scFv, using these together
with 10E8v4 resulted in improved potency of the combination. Moreover, scFv such as
CAP256.25 and PGT121 and/or 3BNC117 have complementary profiles, with 3BNC117, for
example, being especially potent against subtype B viruses and CAP256.25 being potent
against subtype C viruses (also see Chapter 3). 10E8v4 is the broadest scFv and that resulted

in combinations containing 10E8v4, having the highest breadth.

As a result, four of the five triple combinations with the best geometric mean titres included
10E8v4. On the contrary, introducing less potent or less broad antibodies such as 8ANC195
resulted in less favourable antibody combinations, where 5 out of 6 combinations with the
lowest potency and breadth contained 8ANC195, consistent with the relatively lower potency
and breadth of this antibody. Of the top five, three combinations, CAP256.25+PGT121+10E8v4
and CAP256.25+3BNC117+10E8v4 and CAP256.25+8ANC195+10E8v4 neutralized all viruses
below 1ug/mL and 98% of viruses at ICgo below 10ug/mL (see Table 4.1). The best ranked
PGT121+3BNC117+10E8v4 combination neutralized 82% of viruses below 0.1ug/mL and 98%
of viruses below 1ug/mL at the I1Cso value and 89% of viruses below 1ug/mL and 98% of viruses
below 10ug/mL at the ICg value. This analysis indicated a significant gain of potency and
neutralization at lower concentrations than single scFv at both ICso and ICs. Moreover,
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significant gains of breadth were observed at the ICso value for 6/10 triple combinations. These
data demonstrate that the benefits of combinations of IgG targeting different HIV epitopes

are transferable to the smaller and more versatile scFv fragments.
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Figure 4.6 Predicted maximum percentage inhibition for single scFv and combinations of scFv against
a 45-virus panel.

Percentage neutralization was calculated at 0.1, 1, 10 and 45ug/mL from single scFv titers and from
predicted scFv dual and triple combination titers for the ICso and ICs. Colors indicate percentage
neutralization with 1-19% in green, 20-49% yellow, 50-79% yellow-orange, 80-89% orange, 90-99% red
and 100% dark red. Geometric mean at 45ug/mL is also given.
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4.4  Discussion

Combinations of scFv were able to enhance the breadth and potency of HIV-1 neutralization.
Specifically, several triple combinations reached 100% coverage at ICso and 98% coverage at
ICso and showed a dramatic improvement in potency due to complementary neutralization
profiles. These findings are similar to earlier studies on IgG where the enhanced breadth and
geometric mean potency were also observed using antibody combinations. These levels were
slightly higher in the triple combinations compared to the dual combinations and suggested

the possibility of additional benefits of using these small antibody molecules.

Generally, two-scFv combinations followed an additive model of potency. This finding is
similar to combinations of IgG and is expected as these epitopes represent distinct areas on
the trimer. Moreover, there was little to no antagonism observed in any of the combinations
tested when compared to single scFv titres. This was also true when we compared the
experimental combination titres to the predicted titres using the Loewe model. With IgG,
some antagonism has been noted when using this model, however, head-to-head
comparisons of IgG and scFv against a larger virus panel would be necessary to determine the
extent of this difference (Kong et al., 2015). Steric hindrance may impact scFv less than IgG
although we observed some interference in the case of 3BNC117 and PGT121. Both these scFv
have a similar potency against the ZM249 virus but some antagonism was noted compared to
the single scFv titres. This is probably because the targets of these two antibodies are relatively
closely positioned on the envelope trimer (also see Figure 1.7, Introduction). The addition of
a third antibody (in a triple combination with e.g. 10E8v4) was, however, able to negate the
negative effects of this combination against this virus. The few other cases of antagonism
noted for scFv combinations may be due to conformational changes rather than steric
hindrance, which would occur after antibody binding. To explore this, scFv-trimer complex

crystallization studies would have to be done.

Using the Loewe additive model, low levels of synergy were observed for combinations
containing the MPER antibody 10E8v4 and the V2 antibody CAP256.25. This may be due to
overlapping neutralization profiles where both of the scFv potently neutralize the same virus.
Similar findings were noted in a previous study, where a combination of MPER (10E8) and V2
(PG9) 1gG antibodies showed some synergistic effects in a subset of viruses using the Loewe

model (Kong et al., 2015). Overlapping neutralization may be beneficial as scFv can bind
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trimers in different states, with CAP256.25 binding early, whereas 10E8v4 is likely to bind
trimers that are in an intermediate state allowing for complementarity in virus neutralization
(Doria-Rose et al., 2015; Kong et al., 2015; Zhou et al., 2017; Pinto et al., 2019). Potency
improvements in dual combinations were often amplified in the triple combinations with, for
example, 10E8v4 and CAP256.25 present in about half of the triple combinations that showed
low-level synergy in both ICsp and ICgo. To determine if this low-level synergy is an epitope-
dependent effect, different scFv targeting the same epitope would need to be tested (Kong et
al., 2015; Wagh et al., 2016). Timed attachment assays and binding assays in combination with
structural studies could also provide more clarity into this phenomenon. We are also exploring
the use of a more recent model, the Bliss-Hill model to predict combined neutralization titres
to determine if this synergy is a true improvement or is a feature of the Loewe Additive model.
The Bliss-Hill model takes into account the slope of the neutralization curve and both ICso and
ICs0, and therefore may improve predictions of combined titres compared to the Loewe

Additive model used here (Wagh et al., 2016).

From a clinical perspective, the use of antibody combinations may limit the impact of
suboptimal antibody levels. Overlapping neutralization can enhance potency against single
viruses, which ensures that complete viral neutralization is achieved at lower concentrations
of antibody. Neutralization slopes were also improved by combinations of antibodies,
especially ICgo titres and neutralization plateaus (less than 100% neutralization of a virus) were
also less common with antibody combinations. The selection of antibody combinations with
high potency (ICso) can more effectively counter declining antibody levels associated with
passive administration. Although combinations of two scFv neutralized 100% of viruses at the
highest concentration tested, the coverage was much reduced at lower concentrations,
whereas triple antibody combinations demonstrated much higher coverage at lower
concentrations by combining broad antibodies with very potent antibodies. For example, at
an 1Cso of 1pg/mL, 100% of viruses were neutralized and at an ICso of 1ug/mL, 89% of viruses
were neutralized. This demonstrates that complementary neutralization of the same virus is
extremely advantageous, which was previously demonstrated for combinations of IgG (Wagh,
Seaman, et al., 2018). Titres are likely to improve if newer scFv are developed which retain
better potency compared to the IgG. Moreover, the selection of antibodies with optimal

potency to cover geographically relevant viruses will ensure ongoing efficacy in the region.
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For long-term antibody-mediated protection, adherence, and maintaining sufficient plasma
levels in a wider population is critically important. At lower concentrations, scFv and IgG lose
coverage especially in the ability to fully neutralize the virus (ICso values). This is also observed
for IgG which, means that all the antibodies in the combination must be kept at optimal levels.
For IgG, one way to achieve this has been to introduce mutations in the Fc portion of the
antibody to increase the half-life by up to 6 months (Liu et al., 2019; Rosenberg et al., 2019).
A second option is to introduce them into the body via a stable expression system through a
vectored immunoprophylaxis (VIP) approach. However, due to the space constraints on
vectors, constructs with multi-specific modalities would prove difficult. Bispecific products,
which would partially overcome this, are also limited by space constraints. scFv in comparison
with their much smaller size may be more readily expressed on AAV, allowing for the
expression of multiple scFv continuously. scFv have a genetic size approximately 2.6X smaller
than IgG allowing for the expression of minimally three scFv per AAV. (Dong et al., 2008; Z.
Wu et al., 2010; West et al., 2012; Monnier et al., 2013; Gruenert et al., 2016; Liu et al., 2017;
Hay et al., 2018; Lin et al., 2018).

The scFv studied here demonstrated high breadth and potency when used in combinations.
Although only a limited number of scFv were tested on a small panel of viruses we
demonstrated their potential against a larger panel of viruses through modelling. By selecting
bNAbs that target all five epitopes we also showed the potential for complementary and
synergistic effects. These scFv showed little to no antagonism something which was previously
observed with IgG which are five times larger. As more potent scFv are engineered,
combinations with even better efficacy may be found. In addition, as scFv are more readily
expressed on vectors, this could provide an alternative avenue for the use of bNAbs in passive
immunization. The results of the AMP trials are expected to fast-track the need to consider

long-term delivery approaches for those antibodies with clinical benefit.
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Addendum

Subsequent to this work, we initiated a collaboration with Dr. Kshitij Wagh from the Los
Alamos National Laboratory, who developed the Bliss-Hill model. This model incorporates
both 1Cso and 1Cgo data to predict combination neutralization curves. In general, it is slightly
more accurate in predicting combination titres and shows lower levels of improved potency
compared to the Loewe model. This additional data analysis will be included in the planned

manuscript describing the breadth and potency of scFv combinations.
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5 Prevention of cell-associated transmission of HIV

by scFv of bNADbs.

5.1 Introduction

Transmission of HIV-1 can occur via either infection of cells by free virions or through cell-to-
cell routes. Transmission of viral particles through cell-mediated contact is reported to be
18,000-fold more efficient than transmission of cell-free particles (Chen et al., 2007; Martin et
al., 2010). This enhanced efficiency is thought to be due to simultaneous co-transmission of
multiple viral particles, which also allows for multiple integration events (Chen et al., 2007;
Martin et al., 2010). There is in vivo evidence for transmission of cell-associated HIV in both
humans and macaques (Pais-Correia et al., 2010; Sallé et al., 2010; Ndirangu et al., 2012;
Bernard-Stoecklin et al.,, 2013, 2014; Kolodkin-Gal et al., 2013). Although the relative
contribution of this mode of transmission, compared to that of cell-free transmission, is not
entirely clear, HIV infected cells have been identified in breastmilk and genital secretions
suggesting a potential role for cell-cell transmission in primary HIV infection (Sallé et al., 2010;
Anderson et al., 2014; Milligan et al., 2014; Sagar, 2014). New cell culture models have
suggested that cell-cell transmission occurs in synergy with cell-free transmission and that
depending on diverse factors, either mode of transmission may be favoured (Lopez et al.,
2019; Ahmed et al., 2020). Therefore, HIV prevention strategies should ideally aim to block

both cell-free and cell-cell transmission.

There are several mechanisms that may account for cell-cell transmission of HIV. One
important mechanism is the virological synapse, which is very similar to the immunological
synapse formed between immune cells (Bracq et al., 2018). The formation of virological
synapses has been demonstrated in vivo for murine leukaemia virus by intravital imaging, and
for HIV in humanized mouse models and non-human primate models (Murooka et al., 2012;
Bernard-Stoecklin et al., 2013, 2014; Law et al., 2016). These studies showed that infected T-
cells make contact with other T-cells, enabling cell-cell transfer of HIV to occur. During the
formation of virological synapses, HIV production in the donor cell becomes polarized to the
site of contact, resulting in the formation of a bridge between the cells, in a process mediated
by CD4 and the co-receptors on the target cell and Envelope protein on the infected cell. Nef

protein also induces increased filopodia formation in the infected T-cells, which in turn
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increases contact with other T-cells, resulting in enhanced viral transfer (Nobile et al., 2010;
Aggarwal et al., 2012). A second form of cell-cell transmission occurs between two different
cell types, such as transmission between a Dendritic Cell (DC) and a T-cell. In this mode of
transmission, HIV virions are captured by the macrophage or DC and concentrated in virion-
containing vesicles (VCC), and then presented to T-cells through immunological synapses

(Mothes et al., 2010; Evans et al., 2013; Manches et al., 2014; Bracq et al., 2018).

The use of virological synapses and existing T-cell contacts enables cell-cell transfer to
facilitate the more rapid spread of HIV through T-cell networks than cell-free transmission.
Moreover, cell-cell transmission is linked to the rapid depletion of T-cells through pyroptosis
(Galloway et al., 2015). Cell-cell transmission also allows for direct infection of memory T-cells
and induces cell senescence after cell-cell transfer, significantly contributing to the
establishment of a viral reservoir in memory T-cells (Agosto et al., 2018; Rezaei et al., 2018).
Lastly, cell-cell transmission may provide a mechanism for continued replication and spread
of HIV despite ART (Sigal et al., 2011; Galloway et al., 2015; Martinez-Picado et al., 2016;
Agosto et al., 2018; Pedro et al., 2019). These data further support the need for biomedical

interventions able to interrupt cell-cell transmission.

Broadly neutralizing antibodies (bNAbs) that can neutralize large numbers of global HIV strains
are a major focus for HIV prevention and treatment (Sok et al., 2018). These bNAbs, isolated
as monoclonal antibodies from HIV-infected donors can prevent cell-free HIV infection. For
example, SHIV infection of macaques can be prevented by passively infused bNAbs (Parren et
al., 2001; Pegu et al., 2014; Gautam et al., 2016; Julg, Liu, et al., 2017; Xu et al., 2017). Such
studies are the basis of the current clinical assessment of the bNAb VRCO1 in the HVTN

Antibody-Mediated Protection (AMP) trial (www.amp.org). However, the ability of bNAbs to

prevent cell-cell transmission is less clear. Partly, this knowledge gap reflects technical
challenges in accurately measuring cell-cell transmission and distinguishing this from fusion or
cell-free transmission (Sigal et al., 2011; Durham et al., 2012; Malbec et al., 2013). Newly
developed assays, used in this study, have greatly facilitated accurate measurement of cell-
cell transmission (Reh et al., 2015). There is some evidence that some bNAbs show reduced
activity against cell-cell transmission (Rosenberg et al., 2016; Xu et al., 2017; Julg et al., 2019).
First-generation bNAbs, such as b12, 4E10, and 2F5 showed variable capacity to neutralize
cell-associated virus (Martin et al., 2010; Durham et al., 2012). More recently isolated bNAbs

with greater breadth and potency, such as the CAP256-VRC26 lineage, PGT121 and 3BNC117
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also show significant loss of potency in the context of cell-cell transmission (Abela et al., 2012;
McCoy et al., 2012; Malbec et al., 2013; Gombos et al., 2015; Reh et al., 2015). In addition to
reduced potency, a decrease in maximum neutralization was also observed compared to free
virus neutralization (McCoy et al., 2014; Li et al., 2017). Moreover, in macaque models, higher
concentrations of bNAbs were required to prevent cell-cell transmission compared to cell-free
transmission (Malbec et al., 2013; Li et al., 2017; Parsons et al., 2017). Lastly, mathematical
models suggested a higher likelihood of escape mutations occurring in cell-cell transmission
compared to cell-free transmission (Reh et al., 2015). This reduced activity of bNAbs in
preventing cell-cell transmission may have implications for both HIV prevention and

treatment, where sub-optimal neutralization may result in rapid viral escape.

The mechanism for the reduced potency of bNAbs in cell-cell transmission is unclear but
appears to be independent of cell-free neutralization potency (Malbec et al., 2013; Reh et al.,
2015). Access of bNAbs to the VCC in DC and macrophages and to virological synapses may be
limited, providing a general mechanism for their reduced potency (Chu 2012). However,
reduced activity in the cell-cell assay is also, in part, epitope-specific. Antibodies which bind to
the HIV envelope before CD4 engagement, tend to lose potency in cell-cell transmission,
whereas those that bind after CD4 engagement generally retain their potency (Abela et al.,
2012; Reh et al., 2015). Thus, many CD4 binding site (CD4bs) antibodies such as VRCO1,
3BNC117, NIH45-46 show significantly reduced potency in cell-cell transmission assays (Abela
et al.,, 2012; Malbec et al., 2013). In contrast, V3 bNAbs (10-1074 and PGT121) retain

considerable potency in preventing cell-cell transmission (Reh et al., 2015).

In some studies, smaller antibody-derived molecules performed better at mediating cell-cell
neutralization than full antibodies (Martin et al., 2010; Malbec et al., 2013). A llama-derived
CD4bs-directed single domain antibody, J3 (15kDa), was highly potent in cell-cell transmission
(McCoy et al., 2014). Similarly, the Fab of an MPER-directed bNAb, 10E8, retained potency in
DC-T cell transmission assays compared to cell-free transmission, whereas the full-sized IgG
lost significant potency (Duncan et al., 2014). These data suggest that steric hindrance may
play a role in the reduced ability of bNAbs to prevent cell-cell transmission and that smaller

molecules derived from bNAbs may be a viable option for inhibition of cell-cell transmission.

In cell-free neutralization assays, single-chain variable fragments (scFv) of bNAbs, smaller

antibody fragments that incorporate the full paratope, retained considerable breadth and
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potency compared to their 1gG counterparts (van Dorsten et al.,, 2020). Furthermore,
combinations of scFv of N332 bNAbs inhibited cell-associated virus transmission, unlike
matched 1gG (Alam et al., 2019). As scFv are about five times smaller than IgG they could
potentially be more effective at preventing cell-cell transmission. We, therefore, tested four
matched scFv and IgG, derived from bNAbs CAP256.25, PGT121, 3BNC117, and 10E8v4 in a
cell-cell transmission assay and a cell-free transmission assay. The scFv but showed reduced
potency in the cell-free virus transmission assay, as we have previously reported (van Dorsten
et al., 2020). However, unlike the parental 1gG which lost significant activity in the cell-cell
neutralization assays, the scFv were able to neutralize cell-associated virus with comparable
activity to the IgG. The ability of these smaller antibody fragments to maintain almost
complete activity against cell-associated virus supports the use of scFv derived from HIV-1

directed bNADbs for HIV prevention and treatment.
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5.2 Methods

For ease of reference, a brief summary of the methods described previously (in Chapter 2) is
provided below (5.2.1-5.2.3). Methods and analyses that are unique to this chapter are

described in more detail below.

5.2.1 scFv expression and purification

scFv based on five HIV-directed bNAbs targeting key trimer epitopes (CAP256.25, PGT121,
3BNC117, 8ANC195, and 10E8v4) were cloned into a CMV/R expression plasmid. Proteins
were expressed in 293F cells cultured in HEK293 Freestyle media at 37°C at 150rpm. After 6
days, the supernatants were harvested by centrifugation at 1500gat 4°C and filtered through
a 0.22um filter. The supernatants were then run over a Ni-NTA gravity column, washed with
30mM imidazole in 1X PBS, pH7.5 and eluted using 400mM imidazole in 1X PBS, pH7.5. The
procedure was repeated to capture all protein in the supernatant. This was followed by size
exclusion through a Superdex HiLoad 16/600 or 26/600 (200 pg) gel filtration column on an
AKTA purifier. Thereafter, the elutant was buffer exchanged with 150mM NaCl, 3mM HEPES,
and 2.5-5% glycerol and concentrated using Vivapore table-top concentrators to

approximately 1Img/mL (see Chapter 2). IgG expression and purification.

5.2.2 IgG protein expression

IgG constructs were expressed in HEK293F cells as described previously. Supernatants were
harvested after 6 days and purified using a protein A affinity column. Proteins were eluted
using a 0.15 M glycine buffer at pH 2.5 in 1 M Tris, pH 8, and were concentrated and dialyzed
into PBS, pH 6.5, containing 5% glycerol. Concentrations were measured on a NanoDrop
device using an extinction coefficient of 13.7 and a 1% solution. The molecular weight of the
IgG was calculated using Expasy ProtParam (69) for CAP256.25 (150.71 kDa), 10E8v4 (147.29
kDa), 3BNC117 (146.24 kDa), and PGT121 (146.2 kDa). 1gG and proteins were stored at -75°C

(see Chapter 2 for more detail).

5.2.3 Pseudovirus production for TZM-bl assay
Plasmids containing HIV-1 envelope (gp160) genes cloned in the pcDNA™3.1D/V5-His-TOPO®
vector were co-transfected with pSG32¢" into HEK293T cells and cultured for 48-72hrs at 37°C.
Supernatants were harvested, filtered through a 45um filter, and frozen at -80°C. Virus stocks
were titrated on TZM-bl cells using a luciferase assay to determine a dilution yielding RLU at
least 10-fold above the “cell only” background (40,000-100,000 RLU).
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5.2.4 Neutralization assay

Neutralization was measured using pseudoviruses in a validated single-cycle assay in TZM-bl
cells. scFv or 1gG proteins were added to growth media at a starting concentration of 50ug/mL
and serially diluted 3-fold in duplicate before being added to a 96 well plate (25pL).
Pseudovirus was added in an equal volume (25ul) to the plate containing the diluted scFv and
incubated for 1hr at 37°C. TZM-bl cells (20uL containing 5 x10° cells/mL cells) in growth media
(GM) containing 70ug/ml of DEAE were added and the mixture incubated for 24hrs. 100puL of
GM was added and the cells incubated for another 24-48hrs, then half the media (100uL) was
removed and Bright-Glo firefly luciferase substrate mixed with assay buffer was added
according to manufacturer specifications. After a 2min incubation at RT, the media and
luciferase mixture was mixed and transferred to a black 96 well plate. The plate was then read

on the Victor-X luminometer.

5.2.5 The cell-cell transmission assay

The cell-cell transmission assay employs two cell lines, the 293T cell line and the A3.01 cell line
which is derived from T-cells (Reh et al., 2015). This model for cell-cell transmission uses the
293T cell line as a donor cell, expressing pseudovirus on the cell surface. The A3.01 cells
express CD4 receptors and co-receptors on the cell surface, support HIV infection, and
replication, and can form virological synapses (Folks et al., 1985; Gombos et al., 2015). This
makes them useful as a model for cell-cell transmission and in this assay, they are used as
target cells for the cell-associated virus (Abela et al., 2012). During the assay, a synapse is
formed between the 293T cells and the A3.01 cells allowing for direct virus transfer between

the two cells.

112



Gaussia Luciferase reporter

HIV LTR Response element

NL4-3inGLuc Backbone
Reporter vector

partial eny
V>
A

Figure 5.1 Representation of the NL4-3inGLuc vector

The NL4-3inGLuc reporter vector containing a reversed Gaussia Luciferase reporter gene regulated under
an HIV response element. The pseudotyped HIV vector contains a truncation in env gene and no vpu
gene. Co-transfection with an envelope expression vector results in pseudovirus with a reversed
luciferase reporter. Co-culture with target cells (A3.01) results luciferase expression allowing for
measurement of cell-cell transmission. Map adapted from (Janaka et al., 2013; Reh et al., 2015).

To ensure accurate measurement of cell-cell transmission, the assay uses a reversed luciferase
reporter vector (NL4-3inGLuc) to generate pseudovirus in the 293T cells. The NL4-3inGLuc
vector (backbone) is an HIV NL4-3 full-genome derived vector with a truncation in the Env
gene and a reversed Gaussia Luciferase reporter gene (containing an intron) that is regulated
by an HIV LTR response element (Figure 5.1) (Mazurov et al., 2010; Janaka et al., 2013; Zhong
et al., 2013). Due to the presence of the intron and the reversed luciferase gene, luciferase
expression can only occur if there is correct packaging and splicing into HIV pseudoviruses
followed by infection and expression in the target A3.01 cells. This backbone and an HIV-1
envelope-expressing plasmid were co-transfected into 293T cells, to generate pseudoviruses,
but do not induce luciferase activity in the 293T cells. This allows the differentiation of viral
fusion events and accurate measurement of the cell-to-cell transmission (Abela et al., 2012;

DeSantis et al., 2016). The protocol is described in detail below.

293T cells were grown overnight to 50-80% confluence in DMEM containing 10% FCS,
0.05mg/mL gentamicin (Figure 5.2). A mixture of 120uL Polyethylenimine (PEI) (linear, MW
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25,000Da) at 1mg/mL combined with 15ug of plasmid containing HIV-1 gp160 envelope genes
and 45ug of NL4-3inGLuc backbone was added to the 293T cells and incubated for 6hrs at 37°C
at 5% CO,, to enable pseudovirus production but not budding from the 293T cells. After 6hrs
the cells were physically detached, pelleted at 300g for 3min, and resuspended at 10°cells/mlL.
The transfected cells were plated at 5,000 cells/well (50uL) and incubated with duplicate serial
dilutions of IgG or scFv for 1hr at 37°C (50puL). A3.01 cells were added (1.5 x 10* cells per well
in 100pL) and the co-culture was incubated for 60hrs at 37°C at 5% CO,, to allow for infection
and luciferase expression. DEAE was omitted from the culture media to eliminate free virus
transmission. For the readout, the Renilla Luciferase kit from Promega (Wisconsin, USA) was
used. 50ul of lysis buffer (diluted 5x with H,0) was mixed with 50uL of cell supernatant
containing the A3.01 suspension cells, but not the adherent 293T cells. After 10min of
incubation, 20uL of the substrate (diluted 100x in assay buffer) was combined with 20uL of
the supernatant lysate and read using the luminescence protocol on a Dynex luminometer
(MTX, Florida, USA). Neutralization curves and ICso and or ICgg values were extrapolated using

Microsoft Office Excel and/or Graphpad Prism.

5.2.6 Cell-free assay using A3.01 cells

The cell-free assay was performed similarly to the neutralization assay described in Chapter 2
but using A3.01 suspension cells instead of TZM-bl cells to enable accurate comparison of cell-
cell and cell-free infection. Pseudoviruses were generated as described above, using the pNL4-
lucAM reporter vector containing HIV genes and a firefly luciferase reporter which is
expressed in the target cells (A3.01) after infection (Rusert et al., 2011). A mixture of 120uL
linear PEI (MW 25,000Da) at 1mg/mL combined with 15ug env plasmid and 45ug pNL4-lucAM
backbone was transfected into 293T cells and after 6hrs the media was refreshed to eliminate
PEl-plasmid complexes. Virus-containing supernatants were harvested and viruses were
titrated as described above and frozen at -80°C. For the neutralization assay, IgG or scFv were
serially diluted in duplicate and added in equal volume to virus (50uL) to a 96-well plate and
incubated for 1hr. 100uL of A3.01 cells were added at a concentration of 5 x 10°cells/mL.
Similar to the TZM-bl assay, DEAE (70ug/mL) was added to this assay to enhance infectivity.
After 48-72hrs, the A3.01 suspension cells were pelleted and the supernatant removed.
Afterwards, 50puL of lysis buffer was added and incubated for 5-10 minutes. After mixing 50uL
was transferred to a readout plate and 50uL of the luciferase substrate (diluted 1/10) was
added and the signal was detected on a Dynex luminometer (MTX, Florida, USA).
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Neutralization curves and ICsp and or ICgo values were extrapolated using Microsoft Office

Excel and/or Graphpad Prism.
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5.3 Results

5.3.1 IgG and scFv neutralize cell-free pseudovirus equivalently in a TZM-bl assay and an
A3.01 assay
We tested four scFv, derived from bNAbs CAP256.25, PGT121, 3BNC117, and 10E8v4 in a cell-
free transmission assay using A3.01 and TZM-bl cells, to ensure that both cell types produce
similar titres for cell-free neutralization. A panel of seven viruses from subtype A (BG505),
subtype B (PV04, RHPA, AC10) and subtype C (ZM53, ZM214, CAP256_SU) was selected based
on their sensitivity to both IgG and scFv in the TZM-bl neutralization assay (van Dorsten et al.,
2020) and on their ability to infect the A3.01 cells (Reh et al., 2015). Both IgG and scFv
neutralized the same viruses in both assays, though some variation in titer by cell line was
observed. For example, CAP256.25 (particularly as an 1gG) showed slightly increased potency
in the TZM-bl cells, whereas 10E8v4 showed the opposite trend. Overall, however, there was
no significant difference in geometric mean neutralization titres in these two assays for either
IgG or scFv (Figure 5.2) (paired Wilcoxon t-test). For the scFv, the ICso values were multiplied
by the molecular size difference compared with the IgG (as in Chapter 3) to compensate for

the approximately 5-fold difference in protein size (Figure 5.2).
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Figure 5.2 Comparison of cell-free neutralization titers in the A3.01 and TZM-bl cells for scFv and IgG
Cell-free neutralization in the A3.01 based assay compared the TZM-bl assay for 4 I1gG (left) and 4 scFv
(right), each tested against seven viruses. The ICso of the scFv are adjusted to compensate for their 5-
fold smaller size compared to the IgG. A Wilcoxon paired t-test was used to assess differences in
geometric mean neutralization titers between the two assays. “ns” indicates “not significant”
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5.3.2 scFvlose potency in cell-free neutralization but, unlike IgG, maintain potency against
cell-associated virus.
We next compared the neutralization (as ICso) of IgG to matched scFv in the cell-free and the

cell-cell transmission assays using the same set of seven viruses (Figure 5.3).

As with the cell-free neutralization tested earlier, both the IgG and scFv were able to neutralize
cell-associated virus in the A3.01 assay (see Figure 5.3). Viruses neutralized in the free virus
assay were also neutralized in the cell-cell assay, and RHPA, which was not neutralized by
CAP256.25 in the cell-free assay was also resistant to both scFv and IgG in the cell-cell assay.
Geometric mean titres for cell-free neutralization and cell-cell neutralization were generally
within the same order of magnitude. However, some variation in geometric mean titres, both
between scFv and IgG and between cell-free and cell-cell neutralization assays were observed,

leading us to further probe these relationships, below (Figure 5.4).
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Figure 5.3 Potency of IgG and scFv neutralization of free virus and cell-associated virus in A3.01 cells.
ICsp neutralization (ug/mL) of IgG and scFv are shown for cell-free virus (A3.01) and cell-cell
transmission against seven viruses. The ICsp of the scFv are adjusted to compensate for their 5-fold
smaller size compared to the IgG. The geometric mean ICso is show on the left of the table. The color
gradient represents the potency of the antibodies with red being the most potent and green the least
potent. “>250” denotes lack of neutralization at 250ug/mL.

We represented the ICso data of the IgG and scFv against these 7 viruses in a log-log plot and

a potency plot (Figure 5.4) There was a significant correlation between the potency of the
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parental IgG and that of the scFv for both assays (r=0.987, p<0.0001 for the cell-free assay and
r=0.806, p<0.0001 for the cell-cell assay) (Figure 5.4). However, despite the overall correlation,
there was a pronounced reduction in potency for the scFv in the cell-free assay where we
observed an 8.7-fold geometric mean reduction in potency compared to the IgG. This was
indicated by the leftward shift for the data points away from the identity line, which
represents a one to one linear relationship between the I1gG and the scFv, in Figure 5.4. This is
consistent with our previous findings of reduced neutralization potency of scFv compared to

IgG in the TZM-bl free virus neutralization assay (van Dorsten et al., 2020).
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Figure 5.4 Comparison of the neutralization potency of IgG and scFv in the cell-free (top panels) and
cell-cell assays (bottom panels).

(A) ICso values for four scFv versus four IgG for the cell-free neutralization assay for 7 viruses as per
figure 5.3. The dotted line represents an identity line. A log-log line is plotted in red to indicate the
trend between IgG and scFv (B) ICsoof IgG and scFv are plotted. Geometric mean fold difference
between IgG and scFv is indicated above the graph. (C) The ICso values for scFv are plotted against the
1gG for the cell-cell transmission assay. (D) ICso of IgG and scFv in the cell-cell transmission assay. The
geometric mean fold difference between IgG and scFv is indicated above the graph. For A-D the ICsp
of the scFv are corrected for their molecular weight difference.
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For the cell-cell neutralization assay, the loss of potency of the scFv compared to the IgG was
less pronounced (1.9-fold, compared to 8.7-fold in the cell-free assay) (Figure 5.4C, D). Thus,
although in both systems the scFv show reduced potency compared to IgG, this loss of potency

was significantly less pronounced in cell-cell transmission.

This reduced potency of scFv compared to the IgG varied by antibody in both assays. For
example, CAP256.25 scFv lost approximately 32-fold potency as an scFv compared to the IgG
in the cell-free neutralization assay (Figure 5.5A), whereas 3BNC117 and PGT121 lost less
potency (15- and 14-fold respectively). In contrast, 10E8v4 was able to maintain almost
complete potency in the A3.01 based cell-free assay, as was previously observed for the TZM-

bl assay (van Dorsten et al., 2020) (Figure 5.5A).
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Figure 5.5 Comparison of the neutralization potency of four IgG to their scFv versions in cell-free
transmission and cell-cell transmission.

(A) ICso of IgG and scFv in the cell-free A3.01 transmission assay for 4 antibody pairs. (B) ICsp values of
IgG and scFv in a cell-cell transmission assay for four antibody pairs. For both A and B the geometric
mean potency difference between the IgG and scFv is given above the graph. For A and B colors
correspond to different viruses as per legend

Similarly, in the cell-cell neutralization assay, CAP256.25 scFv demonstrated a potency loss of
13-fold compared to the IgG, with three of seven viruses showing a 10-20 fold potency
difference between the IgG and the scFv (Figure 5.5B). In contrast, the geometric mean fold
difference for PGT121 was 1.7-fold, with the scFv showing loss of potency against one of the
seven viruses (ZM53). For 3BNC117, an overall change of 2.2-fold was observed with 5/7
viruses showing similar sensitivity to the scFv, but the remaining two viruses (AC10, ZM53
showing reduced sensitivity. Interestingly, for 10E8v4 there was an overall improvement in

potency for the scFv (conferred by >2-fold enhanced neutralization for four of the seven-panel
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viruses) compared to the IgG potency with an average 2-fold improvement in the geometric
mean (Figure 5.5B, 5.4). Thus, unlike the cell-free model, most scFv and their parental I1gG

neutralized cell-associated virus with comparable potencies.

5.3.3 scFv neutralize cell-associated virus similarly to cell-free virus, whereas IgG lose

potency against cell-associated virus transmission.
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Figure 5.6 Comparison of cell-associated and cell-free virus neutralization for IgG and scFv

(A) Correlation between cell-free and cell-cell neutralization for IgG of four bNAbs. (B) ICso of four IgG
of free—virus compared to cell-associated virus neutralization. (C) Correlation between cell-free
neutralization and cell-associated neutralization for scFv of bNAbs. (D) ICso of 4 scFv of free—virus
compared to cell-associated neutralization. A log-log trend line is drawn for A and C as well as an
identity line. Pearson’s correlation and p value is given in the graphs for both A and C. Geometric mean
fold difference between free virus and cell-associated virus neutralization is given above the respective
plots B and D. The colors in B and D correspond to viruses tested as per legend.
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We hypothesized that scFv maintain equivalent activity in both assays, whereas IgG
specifically lose potency against cell-associated virus. For IgG, we observed a weak correlation
between the potency of cell-free neutralization and cell-associated neutralization (r=0.48
p=0.011, Figure 5.6A), with reduced potency in the cell-cell assay. Examination of each IgG
confirmed significant loss of activity in the cell-cell assay for all antibody-virus combinations
but one. These geometric mean potency losses in the cell-cell transmission assay were 3.4x

for CAP256.25, 4.9-fold for 10E8v4, 15-fold for 3BNC117, and 19-fold for PGT121 (Figure 5.6B).

In contrast to the IgG, for the scFv, we observed a much stronger correlation between the
potency of cell-free neutralization and cell-associated neutralization (r=0.83 p<0.0001) (Figure
5.6C). A comparison of the change in potency for each scFv confirmed this observation, with
all scFv demonstrating geometric mean potency loss in cell-cell neutralization of <3-fold
(Figure 5.6D). For CAP256.25, only two viruses, ZM53 and CAP256_SU, showed >10-fold loss
in potency in the cell-cell model. In contrast, increased potency against cell-associated virus
was observed for two viruses, AC10 and ZM214. Similarly, the PGT121 scFv showed slightly
reduced potency against four viruses, but gained potency against one virus in the cell-cell
assay (ZM53). Both the 3BNC117 and 10E8v4 scFvs showed only a marginal loss of activity in

the cell-cell assay (approximately 2-fold in geometric mean potency) for all viruses tested.

The selective loss of potency for the IgG compared to the scFv were further illustrated by
assessing the log-fold difference between neutralization of cell-associated and cell-free virus
of IgG compared to the scFv (Figure 5.7A). For all IgG, the mean log-fold difference was greater
than zero, and in many cases closer to one, suggesting a 10-fold loss of activity in the cell-cell
neutralization assay. In contrast, all scFv had mean log-fold differences of close to zero,
indicating no significant difference between the cell-free and cell-associated virus
neutralization. Comparison of IgG and scFv log-fold differences confirmed that in three cases
(PGT121, 3BNC117, and 10E8v4), the potency loss for the 1gG was significantly higher than
that of the scFv (Figure 5.7). Overall, these data highlight the fact that, unlike the IgG, the scFv

of these four bNAbs maintain similar activity for both cell-free and cell-cell neutralization.
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Figure 5.7 Fold differences in neutralization of cell-free and cell-cell transmission of IgG compared to
the scFv illustrate selective loss of potency for the IgG in cell-cell transmission.

(A) Log-fold potency difference between the ICs for cell-cell and cell-free neutralization. Closed symbols
represent the IgG whereas the open symbols present the scFv. CAP256.25 is shown in purple, PGT121
in blue, 3BNC117 in orange and 10E8v4 in pink. The mean is given with the 95% confidence interval
and a paired t-test was performed between the IgG and scFv with statistical significance given above
the graphs. “ns” denotes not significant. (B) Geometric mean potency of four IgG (left) and four scFv
(right) against free-virus transmission (black) and cell-cell transmission (grey).

122



5.5 Discussion

HIV-directed scFv hold substantial promise for HIV prevention and treatment, as these smaller
antibody fragments retain activity in cell-free virus neutralization (van Dorsten et al., 2020).
However, the ability of scFv to block cell-cell transmission is unknown and has implications for
their use as preventative and therapeutic modalities. The smaller size of these molecules
suggests that these fragments may efficiently neutralize cell-associated virus, compared to
the full-sized antibodies, a hypothesis this is supported by some, though not all studies in HIV
(zhangetal., 2004, 2010; McCoy et al., 2014; Alam et al., 2019). We assessed the scFvs of four
HIV-directed bNAbs for their ability to neutralize cell-cell transmission. As we have previously
shown in a different cell line, scFv exhibited reduced neutralization of cell-free virus compared
to IgG. However, unlike IgG, which lose substantial activity against cell-cell transmission, scFv
generally showed equivalent neutralization of cell-cell and cell-free virus. The preserved
potency of scFv in both modes of transmission makes these appealing candidates for HIV

treatment and prevention.

Although overall, scFv maintain equivalent activity in cell-free and cell-cell assays, some scFv-
specific effects were observed. For example, the scFv of CAP256.25 displayed considerably
less activity against cell-cell transmission than the IgG for all seven viruses tested. This effect
may be due to the differential sensitivity of the scFv to naturally occurring variations in the
viral epitope. In the TZM-bl assay CAP256.25 scFv was strongly affected by the charge of the
epitope in the C strand of the V2 loop which may also have affect neutralization of cell-
associated virus leading to reduced potency of scFv compared to IgG in these viruses (van
Dorsten et al., 2020) (also see Chapter 3). This increased sensitivity of the scFv to viral variation
may also strongly impact neutralization of cell-cell transmission and could explain the lower
potency for CAP256.25 scFv in this assay. In contrast, the 10E8v4 scFv was slightly more potent
than the IgG against cell-cell transmission. The 10E8v4 scFv retains almost complete activity
in cell-free transmission (van Dorsten et al., 2020). In comparison, the 1gG showed reduced
potency against the cell-cell transmission assay, giving the scFv an advantage. Similar effects
have been reported previously for the 10E8 Fab which also retained potency in cell-cell assays
(Duncan et al., 2014). This may suggest that some MPER directed scFv and antibody fragments

show particular promise in preventing both cell-cell and cell-free transmission.
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Although some previous studies have suggested an enhanced capability of small fragments to
prevent cell-cell transmission (Schiffner et al., 2013; Duncan et al., 2014; McCoy et al., 2014),
we did not find this in our study. Several factors make comparison across different studies
difficult. Not all antibody fragments were compared to their 1gG counterparts making
comparison difficult (Duncan et al., 2013; McCoy et al., 2014). In addition, diverse assays were
used in the different studies, with for example flow cytometry or luciferase-based readouts,
which also accounts for variable results found across these studies (Durham et al., 2012; Li et
al., 2017). Thirdly, different cell lines were used to compare cell-free and cell-associated
neutralization, which may result in variable results. In this study, the same cell line was used
to test neutralization of both modes of transmission (free-virus and cell-associated virus).
Future standardization of the cell-cell transmission assays will enable a better understanding
of the neutralization capacity of bNAbs and antibody fragments in a cell-to-cell setting (Reh et

al., 2015).

The biological contribution of cell-cell transmission, including its role in primary infection, is
not clear. There are indications that cell-associated transmission may play a role in mother-
to-child transmission (MTCT), both in utero and during breastfeeding (Rousseau et al., 2004;
Bulterys et al., 2010; Milligan et al., 2014; Showa et al., 2019). It is not known if antibodies can
provide protection against HIV in MTCT settings or if passively administered antibodies can
transfer to breastmilk (Glass et al., 1983; Harris et al., 2006; Ndirangu et al., 2012; Anderson
et al., 2014; Rogier et al., 2014; Marcotte et al., 2015). As bNAbs are further employed in
passive immunization strategies, especially in paediatric populations, it will become
increasingly important to determine if they can effectively protect from infection through the

different transmission routes (Hessell et al., 2016).

Cell-associated virus also plays a role in disseminating and maintaining HIV infection in the
body after infection (Evans et al., 2013; Galloway et al., 2015; Smith et al., 2017). In treatment
settings, cell-associated virus may more easily escape bNAb neutralization, due to the higher
potency needed to neutralize this virus and by “hiding” in intracellular spaces avoiding the
antibody contact altogether. Therefore cell-associated virus could cause continued replication
despite sufficient antibody levels (Horwitz et al., 2013; Kolodkin-Gal et al., 2013; Shingai et al.,
2013; Gombos et al., 2015; Reh et al., 2015; Caskey et al., 2017; Bar-On et al., 2018). Thus,

cell-associated virus may hinder efforts at eradicating the HIV reservoir. In clinical settings,
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additional studies may be required to select for bNAbs able to target both cell-free and cell-

associated virus effectively.

Our data suggests potential for scFv in HIV prevention as they can neutralize cell-free and cell-
associated virus. Although the lack of an Fc region will prevent scFv from eliminating infected
cells (Ahamadi-Fesharaki et al., 2019; Su et al., 2019), the smaller size of these molecules
provides other advantages. scFv could exhibit improved tissue penetration especially into
mucosal tissues and lymph nodes where cell-associated transmission occurs (Balazs et al.,
2014; Naso et al., 2017; Lin et al., 2018; van den Berg et al., 2019). The much smaller genetic
size of constructs encoding scFv also allows for easier incorporation into vectors such as Adeno
Associated Vectors (AAV) vectors. This may be vital due to the short half-life of scFv (Balazs et
al., 2014; Naso et al., 2017; Lin et al., 2018; van den Berg et al., 2019). AAV would allow for
continuous expression of scFv, which may especially be useful for long-term applications such

as passive immunization.

Our study has limitations as we tested relatively few viruses, and measured neutralization
using only one method of cell-associated transmission. Moreover, as we tested only one scFv
and 1gG for each epitope, we could not draw any conclusions regarding epitope-specific
effects. However, in general, these four scFv retained substantial potency against cell-cell
transmission compared to free-virus transmission, a feature that distinguishes them from
their parental 1gG. Along with the potential additional benefits of smaller molecules for
passive immunization, these data support continued studies of HIV bNAb-derived scFv for

clinical development in HIV prevention and treatment approaches.
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6 Conclusion

6.1.1 Historic use of plasma and antibodies

Antibodies in the form of polyclonal plasma have long been applied to treat infectious diseases
and also patients suffering from envenomation due to snakebites (C. H. Lee et al., 2016;
Mohan et al., 2019). Plasma therapy was first developed in the late 19™- early 20%"-century
using anti-diphtheria plasma extracted from immunized horses to successfully treat diphtheria
patients. Similarly, plasma therapy was applied during the 1918 influenza pandemic and was
later used to treat diseases such as polio and measles. Following the discovery of antibiotics,
serum therapy for bacterial diseases such as Haemophilus influenza and meningococcus
declined, however, viral diseases and bacterial toxin derived diseases were still treated with
polyclonal plasma. This approach is still in use today with polyclonal antibodies (derived from
human plasma) used as post-exposure prophylaxis, for Varicella-zoster, hepatitis B, and rabies
(Weber et al., 2015; Albrecht, 2018; Brown et al., 2019). Plasma therapy is also being tested
in the current COVID-19 pandemic, showing modest results, with some studies showing
decreasing duration and severity of disease and lower mortality, although the latter did not
reach statistical significance and some studies showing no effect (Casadevall et al., 2020; Duan

et al., 2020; L. Chen et al., 2020; Simonovich et al., 2020).

The advent of monoclonal antibody technology and the ability to identify antigen-specific B
cells has revolutionized the field of antibody therapy. Much of the progress in using
monoclonal antibodies for the treatment of infectious disease stems from the extensive and
decades-long work in non-infectious diseases such as cancer, autoimmune diseases, and other
chronic diseases. To date, approximately 96 monoclonal antibodies are approved in Europe
and the USA for clinical use and 18 more are under consideration (Kaplon et al., 2020; Reichert
et al., 2020). In cancer, tumour-specific antibodies targeting both solid and systemic cancers
such as leukaemia, have significantly improved the quality and duration of life. Due to their
superior tumour targeting, these antibodies have much fewer off-target effects when used for
treatment. They are also being developed for diagnostics such as radiolabelling for PET-CT
imaging and to improve drug targeting of current chemotherapeutics by drug antibody
complexing. The use of engineered antibody fragments such as scFv are attractive for reasons
discussed in this thesis but are still in the early research phase with 16 scFv based products in

early clinical trials (Ahamadi-Fesharaki et al., 2019).
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6.1.2 The role of antibodies for infectious diseases in the current clinical climate

Despite the successful historical use of plasma therapy, only 4 monoclonal antibodies have
been licensed for infectious diseases (Ebola, HIV, and RSV) with another 6 in active clinical
development against diseases such as cytomegalovirus (CMV), rabies, and Ebola. (Salazar et
al., 2017; Hooft van Huijsduijnen et al., 2020; Kaplon et al., 2020; Reichert et al., 2020). Many
other antibodies are still in early testing stages such as antibodies targeting bacterial infections
(Zurawski et al., 2020) The slow uptake of monoclonal antibodies for infectious diseases is
largely due to the existence of alternatives such as vaccines and other treatments, which are
cheaper and have a proven track record. However, antibodies may offer distinct advantages
especially for newly emerging infections given the slow rate and uncertainty of vaccine
development. Such was the case for the recent pandemics of Zika virus, and Ebola, where
antibody therapies were tested and showed efficacy in treatment (Xie et al., 2017; Keeffe et
al., 2018; Branche et al., 2019; Levine, 2019; lversen et al., 2020; van Rompay et al., 2020).
More recently monoclonal antibodies were rapidly developed for treatment and prevention
purposes in the current SARS-CoV-2 pandemic outbreak. Two companies licensed antibody
cocktails under the emergency use protocol of the FDA for the treatment of COVID-19 namely,
casirivimab and imdevimab (REGN10933 and REGN10987 respectively) and bamlanivimab (LY-
CoV555) (Baum et al., 2020; Hansen et al., 2020; Lilly, 2020; P. Chen et al., 2020; Regeneron,
2020). Furthermore, the re-emergence of many vaccine-preventable diseases as a result of
declining vaccine coverage may benefit from passive immunity approaches, able to provide
instant protection in an outbreak situation. For some diseases such as malaria, vaccines show
only a limited efficacy of 30% after four doses, and cannot fully prevent the disease. Adjunct
prophylactic treatment with antibodies could, therefore, be applied in vulnerable populations
to prevent malaria infection (Cockburn et al., 2018; Draper et al., 2018). There are also rare
cases where vaccines cannot be used because they induce harmful immune responses. For
example, vaccines against the mosquito-borne flavivirus that causes dengue fever failed, as
they resulted in antibody-dependent enhancement (ADE) of infection. This type of
enhancement is also observed in natural infection of individuals previously infected with
dengue fever or with other flaviviruses such as yellow fever and Zika suggesting that an
alternate approach is needed. Monoclonal antibodies can provide instant and specific

immunity to vulnerable population groups such as young infants, the elderly, and immune-
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compromised individuals. Therefore, their use against a known pathogen target may be

especially useful in cases where vaccines are unavailable, dangerous, or ineffective.

The modern era of using antibodies as biological drugs for infectious diseases started with the
monoclonal antibody paviluzimab targeting respiratory syncytial virus (RSV). This antibody is
preferred over the polyclonal immunoglobulin, which was initially used, as there is higher
production capacity and more consistent and safer production with no batch-to-batch
variation and no coinfections from blood-borne pathogens. Moreover, monoclonal antibodies
show reduced side effects due to their increased specificity compared to polyclonal
preparations. There are also several antibodies in early research stages targeting diseases such
as rabies, hepatitis A and C, measles, rubella, CMV, and tetanus (Hooft van Huijsduijnen et al.,

2020; Kaplon et al., 2020; Reichert et al., 2020).

6.1.3 The potential role of antibodies in HIV prevention

In HIV, antibody usage may be especially useful as no vaccine or cure is currently available.
Broadly neutralizing antibodies are relatively rare antibodies but can target the multi-subtype
diversity that exists in HIV. These antibodies were shown to protect against SHIV or SIV
infection in simian models and this provided the rationale for testing them in humans (Parren
et al., 2001; Hessell et al., 2009; Gautam et al., 2016; Julg, Liu, et al., 2017). The results of the
two antibody-mediated protection (AMP) trials that are currently ongoing in Africa and the

Americas are expected at the end of 2020 or early 2021 (www.ampstudy.org.za). These trials

using VRCO1, a CD4bs antibody, are a proof of concept trial and will demonstrate whether
bNAbs can protect from HIV infection. Efficacy in the AMP trials will provide the much-needed
evidence that bNAbs are a correlate of protection for vaccines. Moreover, it will also indicate
that antibodies may successfully be employed for HIV prevention. In this context, a
combination of antibodies will provide superior protection against HIV infection by increasing
the coverage and potency to target the multi-clade viral diversity (Kong et al., 2015; Wagh et
al., 2016; Wagh, Seaman, et al., 2018; Schommers et al., 2020). It is for this reason that we
generated scFv of the broadly neutralizing antibodies targeting the major epitopes on the HIV
trimer that are currently undergoing clinical testing in this study. The MPER antibody 10E8 or
its re-engineered version 10E8v4 is currently being tested in combination with an anti-CD4
antibody as part of a multi-specific iMab (Huang et al., 2016; Wagh, Seaman, et al., 2018;
ClinicalTrials.gov, 2020a). Similarly, the CD4 antibody 3BNC117 was tested in multiple

treatment trials either alone or in combination with other antibodies such as the V3 antibody
128



10-1074 (Scheid et al., 2016; Mendoza et al., 2018). The V2 antibody CAP256.25, isolated from
a South African individual in the CAPRISA cohort is being tested in a combination with PGT121
and /or the CD4 antibody VRCO7 (Mahomed et al., 2020).

It is widely anticipated that the AMP trials will demonstrate efficacy and will stimulate the
rapid advancement of the antibody pipeline for HIV prevention (Corey et al., 2021). It will also
provide a benchmark for HIV vaccines by providing a titer required for prevention efficacy.
Lack of efficacy in the AMP trial will imply that a successful vaccine will need a more potent or
broaderimmune response that includes the elimination of infected cells via cellular immunity.
It could also indicate that alternative transmission routes such as cell-cell transmission play a
critical role during acquisition. Previous studies have shown that not all bNAbs are equally
capable of preventing cell-cell transmission (Malbec et al., 2013; Reh et al., 2015; Li et al.,
2017; Smith et al., 2017). Low efficacy may imply that a higher level of antibody is needed
which may be achieved with more potent antibodies or with antibody combinations.
Moreover, it may indicate that a vaccine will need to elicit multiple types of antibodies that

function in complementarity (Morris et al., 2017; Gruell et al., 2018; Julg et al., 2019).

6.1.4 The use of bNADbs for the treatment of HIV

Control of SHIV infection in non-human primate models demonstrated that bNAbs also hold
potential for the treatment of HIV (Shingai et al., 2013; Hessell et al., 2016; Gruell et al., 2018;
Wau et al., 2019; Shapiro et al., 2020). In the last 5 years, several clinical trials have shown that
bNAbs could achieve viral suppression. Antibodies targeting the CD4bs (3BNC117) and the
N332 supersite (10-1074, PGT121) were administered singly or in combination to patients
undergoing treatment interruption (Malbec et al., 2013; Caskey et al., 2017; Mendoza et al.,
2018; Niessl et al., 2020; Shapiro et al., 2020). These antibodies resulted in reductions of viral
load, however, rebound from single antibodies occurred rapidly and was associated with the
development of viral escape mutations, a limitation which could be overcome by combining
antibodies. Antibody combinations applied in a therapeutic setting resulted in an increase in
potency and breadth due to the complementary nature of these antibodies and a much lower
frequency of escape mutations. A phase 2 trial using 3BBNC117+10-1074 demonstrated a mean
reduction of 2 logs of viral load on average for 3 months. Escape was associated with the
infecting viruses being resistant to one of the antibodies in the mixture. Moreover, full viral
load suppression could be achieved in patients with controlled disease (up to 30 weeks) after

cessation of ART (Mendoza et al., 2018). Viral suppression waned as the antibody
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concentrations declined over time. This could be counteracted using antibodies engineered
to have a longer half-life or by the introduction of antibodies into a vector for long-term
expression. Despite the promise of antibody therapy, these products are still in the early
stages of development compared to anti-retroviral therapy (ART). It is highly likely that they
will need to be combined or used in conjunction with ART. In addition to having direct anti-
viral effects, the highly specific binding properties of antibodies can be exploited for treatment
optimization. For example, scFv have been used to make drug-scFv complexes to improve the
targeting of ART to HIV-infected cells and virus particles (Berger, 2011; Safdari et al., 2016).
This would significantly reduce off-target effects and improve the quality of life of patients on
lifelong ART. This approach has been successfully used in cancer settings linking scFv to
cytotoxic drugs, greatly reducing the side effects. Early antibody-drug complexes for cancer
are in late-stage trials and are likely to be applied clinically in the next few years (Safdari et al.,

2016; Woitok et al., 2016; Deonarain, 2018).

6.1.5 The use of bNAbs in HIV cure approaches

As we move from chronic treatment to a possible cure, bNAbs and their fragments could play
a large role, as they are uniquely suited to target latently infected cells. bNAbs facilitate the
clearance of infected cells through immune activation mediated by the Fc receptors and
therefore could target cells expressing HIV proteins on their surface (Bournazos et al., 2014;
Lu et al., 2016; Schoofs et al., 2016). However, they may need to be combined with latency
reversal agents, as latent cells do not express high levels of HIV antigens on their surface.
bNAbs will also need to be able to target cell-cell transmission which contributes to the
maintenance and establishment of the HIV reservoir (Rasmussen et al., 2016; Zerbato et al.,
2016; Clayton et al., 2017; Kumar et al., 2018; Rezaei et al., 2018; Liu et al., 2020). scFv of
bNAbs do not have Fc functions eliminating their cytotoxic effects but they may diffuse more
easily into reservoir sites and contribute by preventing reseeding of the viral reservoir. As
shown in this thesis, scFv were equally capable of targeting cell-cell transmission compared to
inhibiting free-virus transmission. Interrupting the re-establishment and maintenance of HIV
reservoirs will likely need a multifaceted approach with the potential use for bNAbs in
combination with latency reversal agents, drug-antibody approaches, and other strategies

(Grobben et al., 2019).
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6.1.6  Multi-specific antibodies and antibody fragments in HIV

As multiple antibody specificities are needed in both treatment and prevention and possibly
cure, bispecific or trispecific antibodies would provide a substantial benefit over single
paratope antibodies (Asokan et al., 2015; Steinhardt et al., 2018; Davis-Gardner et al., 2020).
Multi-specific antibodies with two or three modalities are in early phase clinical trials to assess
for safety. These antibodies combine broad and potent bNAbs using Fab or scFv based
proteins. For example, a trispecific antibody targeting the MPER (10E8v4), the CD4bs (VRCO1),
and the V2 apex (PGDM1400) is in a phase 1 trial (Xu et al., 2017). Moreover, the 10E8-iMab,
which targets both MPER and CD4 (targeting the T-cell) is an extremely potent and broad
antibody and is also in a phase 1 clinical trials (Huang et al., 2016; ClinicalTrials.gov, 2020a).
The small protein size of antibody fragments can be particularly useful for administration via
mucosal or nasal routes. For example, a heavy chain only small antibody fragment, targeting
the Receptor Binding Domain was very potent against SARS-CoV-2 and could be nebulized for
direct application in the lungs (Wrapp et al., 2020). Due to the small size, of such antibody
fragments, they would have a limited half-life, which can partially be overcome by PEGylating
the nanobodies. Some of them may also be immunogenic as they do not naturally occur in

humans.

6.1.7 The cost of antibody therapy

Current antibody therapy carries a considerable cost and the upscaling of production can be
limited by manufacturing costs, expression levels, and the expense of material, reagents, and
cell-lines. This cost can be partially mitigated by optimizing the expression levels of the
antibodies and antibody products. For example, the 10E8v4 scFv expressed very high levels
per litre of antibody whereas other antibodies such as 8ANC195 scFv needed extensive
optimization. Antibody therapy for cancer costs around $96,731 in the USA per patient per
year (between 1.5-2 million Rands). The high cost of current antibody therapies results in
economic inequality and potential under-use in regions where patients would highly benefit
from these therapies. Should antibody therapy become a reality for HIV treatment and/or
prevention, dealing with this issue would become imperative. One infectious disease where
antibodies were successfully used for prophylaxis is RSV, where palivizumab is injected
monthly into susceptible infants. However, this remains an expensive treatment for
developing nations where it would be most needed. Newer antibodies with 100x the potency
are in various stages of testing and clinical trials would dramatically improve this to one
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injection per season and significantly decrease cost (Fujita-Yamaguchi, 2014; Park et al., 2015;
Wau et al., 2017; Hooft van Huijsduijnen et al., 2020). In addition, there have been significant
improvements by optimizing half-life, and by using novel application methods. The
manufacturing cost of antibodies can thus be significantly decreased with some ranging
between $20-80/gram of antibody, which may make them a viable option for continued

development for use in infectious diseases.

6.1.8 Vectors for the expression of antibodies

Another way to significantly reduce the cost of antibody therapeutics is to make use of vectors
and the host cells’ machinery for continuous endogenous expression. There have been
significant advances in improving vectored-mediated immunoprophylaxis (VIP) with the
development of viral vectors and RNA based delivery systems (Van Hoecke et al., 2019). For
example, mRNA-based delivery of VRCO1 protected humanized mice from HIV infection (Pardi
et al., 2017). This strategy makes use of the patients’ cells, which produce the antibodies after
transfection (Amanat et al., 2020). Moreover, vectors such as Adeno-Associated Virus vectors
(AAV), allow for administration and continued expression of these antibodies from muscle
cells (Lin et al., 2018). This technique has already been tested in several clinical trials of non-
infectious diseases where AAV-based scFv expression was applied for Parkinson’s disease
targeting protein expression directly to the brain (Huang et al., 2013; Qu et al., 2019). Similarly,
it has been tested for protein and/or enzymatic deficiencies to treat Haemophilia (Naso et al.,
2017). Many of the therapies using AAV are currently in Phase | and Phase Il clinical trials, with
one phase Il trial using AAV-9 (NCT03505099) targeting spinal muscular atrophy (Qu et al.,
2019). Using AAV has the advantage that, in theory, long-term expression of antibodies or
proteins can be achieved. However, there are several challenges as anti-AAV and anti-
antibody form in patients, limiting the antibody half-life (Bivi et al., 2019). This can partially be
circumvented by using other non-immunogenic serotypes, which are not commonly present
in human populations. These serotypes of AAV also have specific cell preferences, which can
correspond with specific organ and or location preferences allowing for targeted antibody
expression, limiting side effects, and maximizing the effectiveness of the treatment (Blining et

al., 2003; Flotte, 2006; Lin et al., 2018; Martinez-Navio et al., 2019; Ronzitti et al., 2020).

AAV has been used to express the HIV bNAb PG9, which targets the V2 Apex. Unfortunately,
production of anti-AAV and anti-PG9 antibodies resulted in low levels of PG9 expression

(Priddy et al., 2019). More recently CAP256.25, which is a much more potent V2 Apex-directed
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antibody has also been expressed using AAV and tested in mice models (van den Berg et al.,
2019). Similarly, VRCO7 expressed in AAV-8 has been tested in humans (NCT03374202).
Preliminary results presented earlier this year showed that VRCO7 was expressed at higher
and at sustained levels over 36 weeks. This trial also demonstrated lower levels of anti-VRCO7
antibodies, compared to previous trials with PG9 administered through AAV-1 (Casazza et al.,
2020). These trials indicate that not all bNAbs may be suited to the AAV platform and that
much optimization in humans to prevent AAV or antibody-targeted immune response is

required before this becomes a reliable prevention method.

In addition to this challenge, AAV vectors have limited space to package genetic material,
restricting the number of antibodies that can be expressed from one vector. Recently some
developments have allowed an increase in total genetic size from 5kb to 8.9 kb (AAV-5) (Dong
et al., 2008; Z. Wu et al., 2010), however, vectors larger than 5kB resulted in truncated and
heterogeneous expression of the vectors. In addition, the expression levels of AAV vectors
decrease with larger genetic inserts, and self-complementary vectors, which generally have
improved expression levels, are more constrained for size (McCarty, 2008; Fuchs et al., 2016).
Therefore, small antibody fragments are ideally suited for AAV expression, as their genetic size
is smaller compared to IgG. With some engineering multiple scFv can be expressed from one
vector, increasing the viral epitope coverage (Liu et al., 2017). As scFv and other small

fragments generally have shorter half-lives, AAV will also ensure more long-term expression.

6.1.9 Contribution of the thesis to the scientific field

In this thesis, we have explored the neutralization potency of scFv to determine whether they
can be employed for passive immunization purposes. Only some scFv of HIV bNAbs have been
studied (such as VRCO1) but no in-depth analysis of the cause of the loss of potency had been
done (West et al., 2012). In chapter three of this thesis, we detailed the differential sensitivity
of the scFv compared to the IgG. We showed that CAP256.25 scFv is more sensitive to charge
differences in the C strand of the V2 loop. Moreover, both PGT121 and 3BNC117 scFv are
sensitive to glycan differences in their respective epitopes resulting in a small loss of potency
and some loss of neutralization coverage. We also found one scFv which did not show any
potency loss compared to the IgG even when compensated for the size difference with the
IgG, something which had not been demonstrated previously. This also indicated that each

scFv of an HIV bNAb showed unique changes in neutralization potential which may be related
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to their respective epitopes, requiring further investigation. Despite their potency losses, scFv

still retained significant potency and breadth.

When scFv were tested in combinations, they followed an additive model of potency, similarly
to 1gG (Kong et al., 2015; Wagh et al., 2016; Wagh, Seaman, et al., 2018). Using the Loewe
model we demonstrated that these scFv show significant potency and breadth when
combined in mixes of two or three antibodies. This is of particular importance as it is likely a
combination of antibodies will be required to cover the wide variability of the HIV viral
diversity. Moreover, high enough potency will also be required, and perhaps dual coverage of
each viral strain to provide sufficient protection from HIV infection (Corey et al., 2021). 1we
show that these scFv can fulfil these conditions. As scFv may be more readily expressed on

AAV compared to IgG, they could be applied for passive immunization purposes.

Lastly, we investigated the neutralization capacity of four IgG and scFv against cell-cell
transmission. Although the exact role of cell-to-cell transmission in HIV remains unclear, there
is evidence of its role in mother-to-child transmission (Milligan et al., 2014). It is therefore
imperative that bNAbs can protect from this mode of transmission but they have been shown
to lose potency against cell-associated virus. Here we show that scFv although losing potency
against the cell-free virus, can neutralize cell-associated virus with significant potency and in
some cases better than IgG. More study of scFv against the cell-associated virus may be
required using for example replicating virus and/or studying the different forms of cell-to-cell
transmission. scFv, however, show potential against cell-associated virus and warrant further

investigation in preventing this mode of HIV transmission

6.1.10 Final statement

The use of antibodies to prevent and treat infectious diseases will likely grow in the future as
has been demonstrated with Ebola and now COVID-19. The imminent results from the VRCO1
AMP trial are also expected to rapidly advance the testing of bNAbs for HIV prevention (Corey
et al., 2021). Although there is much to be discovered and understood about antibody
fragments, this work provides important guidance for their future use. We have demonstrated
that they not only retained much of their breadth and potency they also show potential
against cell-cell transmission. Moreover, high levels of potency and breadth were reached in

combinations of scFv, demonstrating promise for clinical applications such as passive
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immunization through vectored immune prophylaxis. Further research to exploit the

advantages afforded by scFv are therefore warranted.
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8 Appendices

8.1 1gG and scFv sequences
IgG Amino acid sequences
QVQLVESGGGVVQPGTSLRLSCAASQFRFDGYGMHWVRQAPGKGLEWVASISHDGIKK
CAP256.25 YHAEKVWGRFTISRDNSKNTLYLQMNSLRPEDTALYYCAKDLREDECEEWWSDYYDFGK
Heavy chain | QLPCAKSRGGLVGIADNWGQGTMVTVSS
QSVLTQPPSVSAAPGQKVTISCSGNTSNIGNNFVSWYQQRPGRAPQLLIYETDKRPSGIP
CAP256.25 DRFSASKSGTSGTLAITGLOQTGDEADYYCATWAASLSSARVFGTGTKVIVL
lambda Chain
QMQLQESGPGLVKPSETLSLTCSVSGASISDSYWSWIRRSPGKGLEWIGYVHKSGDTNYS
PGT121 PSLKSRVNLSLDTSKNQVSLSLVAATAADSGKYYCARTLHGRRIYGIVAFNEWFTYFYMDV
Heavy Chain LGN LA
DISVAPGETARISCGEKSLGSRAVQWYQHRAGQAPSLIIYNNQDRPSGIPERFSGSPDSPF
GTTATLTITSVEAGDEADYYCHIWDSRVPTKWVFGGGTTLTVL
PGT121
lambda Chain
QVQLLQSGAAVTKPGASVRVSCEASGYNIRDYFIHWWRQAPGQGLQWVGWINPKTGQ
3BNC117 PNNPRQFQGRVSLTRHASWDFDTFSFYMDLKALRSDDTAVYFCARQRSDYWDFDVWG
Heavy Chain SElONES
DIQMTQSPSSLSASVGDTVTITCQANGYLNWYQQRRGKAPKLLIYDGSKLERGVPSRFSG
RRWGQEYNLTINNLQPEDIATYFCQVYEFVVPGTRLDLK
3BNC117
kappa Chain
EVRLVESGGGLVKPGGSLRLSCSASGFDFDNAWMTWVRQPPGKGLEWVGRITGPGEG
10E8v4 WSVDYAESVKGRFTISRDNTKNTLYLEMNNVRTEDTGYYFCARTGKYYDFWSGYPPGEE
V
Heavy Chain YFQDWGQGTLVIVSS
ASELTQDPAVSVALKQTVTITCRGDSLRSHYASWYQKKPGQAPVLLFYGKNNRPSGIPDR
10E8v4 FSGSASGNRASLTITGAQAEDEADYYCSSRDKSGSRLSVFGGGTKLTVL
V
lambda Chain
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QIHLVQSGTEVKKPGSSVTVSCKAYGVNTFGLYAVNWVRQAPGQSLEYIGQIWRWKSSA
SHHFRGRVLISAVDLTGSSPPISSLEIKNLTSDDTAVYFCTTTSTYDKWSGLHHDGVMAFSS

8ANC195
Heavy Chain WGQGTLISVSA
DIQMTQSPSTLSASIGDTVRISCRASQSITGNWVAWYQQRPGKAPRLLIYRGAALLGGVP
SRFSGSAAGTDFTLTIGNLQAEDFGTFYCQQYDTYPGTFGQGTKVEVK
8ANC195
kappa Chain

ASTKGPSVFPLAPSSKSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSG

LYSLSSVVTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCP

Heavy constant | APELLGGPSVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKTK
region PREEQYNSTYRVVSVLTVLHODWLNGKEYKCKVSNKALPAPIEKTISKAK

GQPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTTPPVLDS

DGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPGK

Lambda SQPKAAPSVTLFPPSSEELQANKATLVCLISDFYPGAVTVAWKADSSPVKAGVETTTPSKQ
constant region | SNNKYAASSYLSLTPEQWKSHRSYSCQVTHEGSTVEKTVAPTECS

Kappa constant | RTVAAPSVFIFPPSDEQLKSGTASVVCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQD
region SKDSTYSLSSTLTLSKADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

All IgG were cloned in the CMV/R plasmid
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scFv construct Amino acid sequences

QVQLVESGGGVVQPGTSLRLSCAASQFRFDGYGMHWVRQAPGKGLEWVASISHDGIKK
YHAEKVWGRFTISRDNSKNTLYLQMNSLRPEDTALYYCAKDLREDECEEWWSDYYDFGK
QLPCAKSRGGLVGIADNWGQGTMVTVSS
AL GasSRSSSS66GS066T
L3 Vu-Vi

QSVLTQPPSVSAAPGQKVTISCSGNTSNIGNNFVSWYQQRPGRAPQLLIYETDKRPSGIP
DRFSASKSGTSGTLAITGLQTGDEADYYCATWAASLSSARVFGTGTKVIVL
GGLEVLFQGPHHHHHHHH
QMQLQESGPGLVKPSETLSLTCSVSGASISDSYWSWIRRSPGKGLEWIGYVHKSGDTNYS
PSLKSRVNLSLDTSKNQVSLSLVAATAADSGKYYCARTLHGRRIYGIVAFNEWFTYFYMDV
WGNGTQVTVSS
G2 666aS66ESGGESS
L1 Vy-Vi

DISVAPGETARISCGEKSLGSRAVQWYQHRAGQAPSLIIYNNQDRPSGIPERFSGSPDSPF
GTTATLTITSVEAGDEADYYCHIWDSRVPTKWVFGGGTTLTVL
GGLEVLFQGPHHHHHHHH
QVQLLQSGAAVTKPGASVRVSCEASGYNIRDYFIHWWRQAPGQGLAQWVGWINPKTGQ
PNNPRQFQGRVSLTRHASWDFDTFSFYMDLKALRSDDTAVYFCARQRSDYWDFDVWG
SGTQVTVSS
ST Gao656a065666sS
L1 Vy-Vi

DIQMTQSPSSLSASVGDTVTITCQANGYLNWYQQRRGKAPKLLIYDGSKLERGVPSRFSG
RRWGQEYNLTINNLQPEDIATYFCQVYEFVVPGTRLDLK
GGLEVLFQGPHHHHHHHH
EVRLVESGGGLVKPGGSLRLSCSASGFDFDNAWMTWVRQPPGKGLEWVGRITGPGEG
WSVDYAESVKGRFTISRDNTKNTLYLEMNNVRTEDTGYYFCARTGKYYDFWSGYPPGEE
YFQDWGQGTLVIVSS
058 GGas566GS66GS
L1 Vy-Vi

ASELTQDPAVSVALKQTVTITCRGDSLRSHYASWYQKKPGQAPVLLFYGKNNRPSGIPDR
FSGSASGNRASLTITGAQAEDEADYYCSSRDKSGSRLSVFGGGTKLTVL
GGLEVLFQGPHHHHHHHH
QIHLVQSGTEVKKPGSSVTVSCKAYGVNTFGLYAVNWVRQAPGQSLEYIGQIWRWKSSA
SHHFRGRVLISAVDLTGSSPPISSLEIKNLTSDDTAVYFCTTTSTYDKWSGLHHDGVMAFSS
WGQGTLISVSA
NG GaaS66aGS666EY
L1 Vy-Vi

DIQMTQSPSTLSASIGDTVRISCRASQSITGNWVAWYQQRPGKAPRLLIYRGAALLGGVP
SRFSGSAAGTDFTLTIGNLQAEDFGTFYCQQYDTYPGTFGQGTKVEVK
GGLEVLFQGPHHHHHHHH

All scFv were cloned into the CMV/R plasmid
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8.2  scFv protein purification curves

8.2.1 10E8v4 scFv on the 16/600 Superdex

10E8v4 scFv on the 16/600 Superdex

1500 - 150
29.3 kDa
10004 1.35kDaf| | 100 B
(1]
s 2 .
E H — Protein standard
)
— 5 — 10E8v4 scFv
500 670kDa - 50 E
-0
0 T T _l_ T T — T T T
40 60 80 100 120

Time after injection in minutes

Appendix 8.2.1: 10E8v4 scFv as measured and purified on the HiLoad 16/600 Superdex (200pg).
10E8v4 (purple) was run on the 16/600 HiLoad Superdex, which separates proteins up to 150kDa. The
molecular weight marker consists of Thyroglobulin (670kDa), y-globulin (158kDa), Ovalbumin (44kDa),

Mpyoglobin (17kDa) and Vitamin B12 (1.35kDa). The fractions corresponding to 10E8v4 were collected
and pooled.
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8.2.2  scFv proteins on the HiLoad 26/600 Superdex

A B

CAP256.25 scFv on the 26/600 Superdex 3BNC117 scFv on the 26/600 Superdex
150 150

31.35kDa

100 100

E
£ 44kDa
50 50
13.7kDa 13.7kDa
‘ . /\ 6.5kDa
o AN . \
40 60 80 100 120 120
Time after injection in minutes Time after |nject|on in minutes
C D
PGT121 scFv on the 26/600 Superdex 8ANC195 scFv on the 26/600 Superdex
150 150-
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— 8ANC195 scFv
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Appendix 8.2.2. scFv as measured and purified on the HiLoad 26/600 Superdex (200pg).

(A-D) ScFv of (A) CAP256.25 (pink), (B) 3BNC117 (orange), (C) PGT121 (blue) and (D) 8ANC195 (green)
run on the 26/600 Hi Load Superdex size exclusion column. This column separates proteins up to 75kDa
and is more accurate than the 16/600 for smaller proteins. A mixture of different sized proteins was
used to determine the fraction profile of the size exclusion column (black) made of a mixture of Carbonic
anhydrase (29kDa), Ribonuclease A (13.7kDa), Ovalbumin (43kDa) and Aprotinin (6.5kDa).
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8.3

8.3.1

Primers used in this thesis

Primers for mutagenesis of viruses

R-CAP239 A236T

ACATTA GTG CAT GGT CCCGTT CCATTG AAT GTCTTATTATTA CACTTT AGA

F-CAP239 A236T

TCT AAA GTG TAA TAA TAA GAC ATT CAA TGG AAC GGG ACC ATG CAC TAA
TGT

R-CAP239 L278T

AGC CTA GCA GAA GAG GAT ATA ATA ATT AGA TCT CAA AAT ATA ACG GAC
AAT ACC AAG ACAATAATAG

F-CAP239 L278T

CTATTATTG TCT TGG TAT TGT CCG TTA TAT TTT GAG ATC TAATTA TTA TAT
CCTCTTCTGCTAGGCT

F-Q842 1236T TCT TGC ATG GCC CCG TTC CAT TGA ACT CCT CAT CCTTACA

R-Q842 1236T TGT AAG GAT GAG GAG TTC AAT GGA ACG GGG CCATGC AAG A

R-WITO K236T GACATT TCT ACATGG TCC CGT TCC ATT GAATGT CTT ATT ATT ACACTT
F-WITO K236T AAG TGT AAT AAT AAG ACATTC AAT GGA ACG GGA CCATGT AGA AAT GTC

R-ZM197 D332N

ATT ACT TTT ACT AAG GTT ACAATG TGCCTG TCT TAT GTCTCCTATT

F-ZM197 D332N

ATT ACT TTT ACT AAG GTT ACAATG TGCCTG TCT TAT GTCTCCTATT

R-Q168 T332N
N334S

TAT TCC ATT CTG ATC CAC TGA CAT TAC AAT ATG CTT GTC TTA TAT CCC CTA
T

F-Q168 T332N
N334S

ATA GGG GAT ATA AGA CAA GCA TAT TGT AAT GTC AGT GGA TCA GAA TGG
AAT A

EE’S‘;ZSG SU AGT GCA TAT TCT TTC TGT TTC TTA TCT CTT AAT TCT GTG GTC GCA TT
E—;;%I;ZSGSU AAT GCG ACC ACA GAA TTA AGA GAT AAG AAA CAG AAA GAA TAT GCA CT

R-ZM53 K170Q

GCA ACC ACA GAA CTA AGA GAT AAG AAA CAG CAA GTG TAT GCA

F-ZM53 K170Q

TGCATACACTTGCTGTTT CTT ATCTCT TAGTTC TGT GGT TGC

R-Dul156 Q170K

AGT GCATACACTTTCTTT TTCTTATCT CTT AGT TCT GTG GTT GTATT

F-Du156 Q170K

AAT ACA ACC ACA GAA CTA AGA GAT AAG AAA AAG AAAGTGTATGCACT

F-Q23 R169K TTC AAT ATG ACC ACA GAA CTA AGG GAT AAG AAA AAG AAA GTA TAT TCA
Q170K CTTTTT TAT AGAC

R-Q23 R169K GTC TAT AAA AAA GTG AAT ATACTTTCT TTT TCT TAT CCCTTA GTT CTG TGG
Q170K TCATATTGA A

F-Q23 Q170K TGACCACAGAACTAAGGGATAAGAGAAAGAAAGTATATTCACTTTT

R-Q23 Q170K AAAAGTGAATATACTTTCTTTCTCTTATCCCTTAGTTCTGTGGTCA

F-Q23 R169K TATGACCACAGAACTAAGGGATAAGAAACAGAAAGTATATTCACTTT

R-Q23 R169K AAAGTGAATATACTTTCTGTTTCTTATCCCTTAGTTCTGTGGTCATA

F-AC10 Q170K

CACCACAAACATGAGAGATAAGATGAAGAAACAATATGCACTTTTTTATAA

R-AC10 Q170K

TTATAAAAAAGTGCATATTGTTTCTTCATCTTATCTCTCATGTTTGTGGTG

F-AC10 M169K

CACCACAAACATGAGAGATAAGAAGCAGAAACAATATGCAC

R-AC10 M169K

GTGCATATTGTTTCTGCTTCTTATCTCTCATGTTTGTGGTG

R-AC10 M169K
Q170K

GTT TAT AAA AAA GTG CAT ATT GTT TCT TCT TCT TAT CTCTCATGT TTG TGG
TGATATTGA A

F-AC10 M169K
Q170K

TTC AAT ATC ACC ACA AAC ATG AGA GAT AAG AAG AAG AAA CAA TAT GCA
CTTTTT TAT AAAC
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8.3.2  Primers for scFv cloning

CAP256.25 scFv cloning

F1 CAP256.25 scFv

GGTGGT ACCGGTGTACATTCC CAG GTG CAG TTG GTG GAG TCT GGG GGA

R1 CAP256.25 scFv

ATG GTG GGG TCC CTG GAA CAG CACTTC CAG CCCTCC TAG GAC GAT GAC
CTT GGT CCC AGT TCC GAA

R2 CAP256.25 scFv

ACCACCGGATCCTCAATG GTGATG GTG ATG GTG ATG GTG GGG TCC CTG
GAA CAG CAC

Linker changes and VL-VH reverse for CAP256.25

F-linkerl

CAP256.25_2VH

GGC TCA GGA GGC GGA GGC AGT CAGGTGCAGTTGGTGGAGTCTGGGGGA

2VH

CAP256 scFv R1_

ATG GTG GGG TCC CTG GAA CAG CACTTC CAG CCCTCC TGA AGA GAC GGT
GACCATTGT CCCTTG

CAP256.25 scFv
F1_2VL

GGTGGTACCGGTGTACAT TCC CAG TCT GTG CTG ACG CAG CCG

R-linkerl
CAP256.25 2VL

GCC TCC GCT GCCTCC GCCTCCTAG GAC GAT GACCTT GGT CCCAGT TCC
GAA

PGT121 scFv cloning and linker changes, and VL-VH reverse

F-PGT121 VL TCC GACATC TCG GTG GCT CCG GGA GAA

R-PGT121 VL CAA GAC AGT CAA GGT AGT TCC ACCTCC GAA

F-PGT121 VH CAG ATG CAG CTC CAA GAG TCG GGG

R-PGT121 VH CGA CGA CACCGT GACTTG CGT TCC ATT

PGT121 scFv F1 GGT GGT ACC GGT GTA CAT TCC CAG ATG CAG CTC CAA GAG TCG GGG
(VH)

PGT121 scFv R1
(VL)

ATG GTG GGG TCC CTG GAA CAG CACTTC CAG CCCTCC CAA GACAGT CAA
GGT AGT TCC ACC TCC GAA

F-linker GGC TCA GGA GGC GGA GGC AGT TCC GAC ATC TCG GTG GCT CCG GGA GAA
PGT121(VL)

R linker GCC TCC GCT GCC TCC GCC TCC CGA CGA CAC CGT GAC TTG CGT TCC
PGT121(VH)

PGT121 scFv R1
2VH

ATG GTG GGG TCC CTG GAA CAG CACTTC CAG CCCTCC CGA CGA CACCaGT
GACTTG CGT TCC ATT

PGT121 scFv F1
2VL

GGTGGTACCGGTGTACAT TCC TCC GAC ATC TCG GTG GCT CCG GGA GAA

R-linkerl
PGT121_2VL

GCC TCC GCT GCC TCC GCC TCC CAA GAC AGT CAA GGT AGT TCCACCTCC
GAA

Linker changes

Linker 2 mutagenesis

F linkerl ins GGAGGCGGAGGCTCAGGAGGCGGAGGCTCCGGAGGCGG
15nt_after_465
R linkerl ins CCGCCTCCGGAGCCTCCGCCTCCTGAGCCTCCGCCTCC

15nt_after_465
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Linker 1 cloning

R2-linker (GGGS)3

ACT GCCTCCGCC TCCTGA GCC TCC GCCTCC GCT GCCTCC GCCTCC

F2-linker (GGGS)3

GGA GGC GGA GGC AGC GGA GGC GGA GGC TCA GGA GGC GGA GGC AGT

F3 (GGGS)3

GGA GGC GGA GGC AGC GGA GGC

R3 (GGGS)3

ACT GCCTCC GCC TCC TGA GCC

VCRO1 cloning: (low

expression levels), replaced with 3BNC117

F-VRCO1 VL GAA ATT GTG TTG ACA CAG TCT CCA GGC ACC
R-VRCO1 VL ACG TTT AAT GTC GAC CTG GAC CTT GGT CCC
F-VRCO1 VH CAG GTG CAG CTG GTG CAG TCT GGA
R-VRCO1 VH TGA TGA GAC GAT GAC CGG GGT GCC

VRCO1 scFv F1
(VH)

GGT GGC ACC GGT GTA CAT TCC CAG GTG CAG CTG GTG CAG TCT GGA

VRCO1 scFv R1 (VL)

ATG GTG GGG TCC CTG GAA CAG CACTTC CAG CCCTCCACG TTT AAT GTC
GACCTG GACCTT GGT CCC

F-linker1.2 VRCO1
(VL)

GGC TCA GGA GGC GGA GGC AGT GAAATT GTG TTG ACA CAG TCT CCA GGC
ACC

R linker1.2 VRCO1
(VH)

GCCTCC GCT GCCTCC GCC TCC TGA TGA GAC GAT GAC CGG GGT GCC

VRCO1 scFvR1
2VH

ATG GTG GGG TCC CTG GAA CAG CACTTC CAG CCCTCC TGA TGA GAC GAT
GAC CGG GGT GCC

VRCO1 scFv F1 2VL

GGTGGCACCGGTGTACAT TCC GAA ATT GTG TTG ACA CAG TCT CCA GGC ACC

R linkerl
VRCO1 2VL

GCCTCC GCT GCCTCCGCCTCCACGTTT AAT GTC GACCTG GACCTT GGT
CCC

10ES8 cloning (replaced later with 10E8v4)

F-10E8 VH GAG GTG CAG CTG GTG GAG TCT GGG
R-10E8 VH TGA GGA GAC GGT GAC CAG GGT GCC
F-10E8 VL TCC TAT GAG CTG ACT CAG GAG ACT GGT

10E8 scFv F1 (VH)

GGT GGT ACC GGT GTA CAT TCC GAG GTG CAG CTG GTG GAG TCT GGG

10E8 scFv R1 (VL)

ATG GTG GGG TCC CTG GAA CAG CACTTC CAG CCC TCC GAG GAC GGT CAG
TTT GGT CCC

10E8 scFv R2 (VL)

ACC ACC AGA TCT TCA ATG GTG ATG GTG ATG GTG ATG GTG GGG TCC CTG
GAA CAG CAC

F-linker1.2 GGC TCA GGA GGC GGA GGC AGT TCC TAT GAG CTG ACT CAG GAG ACT GGT
10E8(VL)

R linker1.2 GCC TCC GCT GCC TCC GCC TCC TGA GGA GAC GGT GAC CAG GGT GCC
10E8(VH)

F-linkerl GGC TCA GGA GGC GGA GGC AGT GAG GTG CAG CTG GTG GAG TCT GGG
10E8_2VH

10E8 scFv R1 2VH

ATG GTG GGG TCC CTG GAA CAG CACTTC CAG CCC TCC TGA GGA GAC GGT
GAC CAG GGT GCC

10E8 scFv F1 2VL

GGTGGTACCGGTGTACAT TCC TCC TAT GAG CTG ACT CAG GAG ACT GGT

*3BNC117 L1 Vu-Vi, 8ANC195 L1 V-V and 10E8v4 L1 V-V, scFv were ordered from Genscript.
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ABSTRACT Passive administration of HIV-directed broadly neutralizing antibodies
(bNAbs) can prevent infection in animal models, and human efficacy trials are under
way. Single-chain variable fragments (scFv), comprised of only the variable regions
of antibody heavy and light chains, are smaller molecules that may offer advantages
over full-length 1gG. We designed and expressed scFv of HIV bNAbs prioritized for
clinical testing that target the V2-apex (CAP256-VRC26.25), V3-glycan supersite
(PGT121), CD4 binding site (3BNC117), and MPER (10E8v4). The use of either a 15- or
18-amino-acid glycine-serine linker between the heavy- and light-chain fragments
provided adequate levels of scFv expression. When tested against a 45-multisubtype
virus panel, all four scFv retained good neutralizing activity, although there was vari-
able loss offunction compared to the parental IgG antibodies. For CAP256-VR(26.25,
there was a significant 138-fold loss of potency that was in part related to differen-
tial interaction with charged amino acids at positions 169 and 170 in the V2
epitope. Potency was reduced for the 3BNC117 (13-fold) and PGT121 (4-fold) scFv
among viruses lacking the N276 and N332 glycans, respectively, and in viruses with

a longer V1 loop for PGT121. This suggested that scFv interacted with their epitopes Citation van Dorsten RT, Lambson BE,
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yroadly neutralizing antibodies (bNAbs) block infection of diverse HIV strains by
"targeting relatively conserved epitopes on the HIV envelope trimer (1-3). An HIV
vaccine will likely need to elicit these types of antibodies, but this has not yet been
achieved. However, some HIV-infected individuals naturally generate bNAb responses,
enabling the isolation of monoclonal antibodies with high potency and exceptional
breadth and creating the possibility of passive immunization for HIV prevention (4, 5).
Animal studies support this approach, with bNAbs such as CAP256-VRC26.25, PGT121,
3BNC117, 10-1074, PGDM1400, VRCO1, and VRCO7 shown to prevent simian-human
immunodeficiency virus infection in nonhuman primate models (6-9). In addition,
passively infused bNAbs 3BNC117, 10-1074, and VRCO1 substantially reduce viral levels
in viremic individuals, confirming their neutralization capacity in vivo (10-15). This has
led to the antibody-mediated prevention (AMP) trial, a proof-of-concept study in Africa,
Switzerland, and the Americas that is under way to assess whether the bNAb VRCO1 can
prevent HIV infection in humans (https://ampstudy.org.za/).

The promise of passive immunization opens up possibilities for using bNAbs in other
formats. Small antibody fragments such as single-chain variable fragments (scFv) may
offer advantages over IgG (16-18). scFv consist of the antibody variable heavy and
variable light chains and are substantially smaller than 1gG molecules (30 kDa versus
approximately 147 kDa) (19). This may enhance some of their pharmacokinetic prop-
erties and improve their distribution throughout the body and absorption into various
tissues. In the context of HIV, the smaller size may enhance diffusion into genital tract
mucosal tissues, where most HIV infections occur (5, 16, 20-22). Moreover, as scFv do
not have an Fc region, they are less likely to display nonspecific cytotoxicity through
cytokine release, although this reduces their half-life significantly and removes their
ability to perform Fc-mediated effector functions (16, 22). Antibody scFv have been
successfully used in clinical settings particularly for cancer therapy, where their en-
hanced tissue penetration aids in tumor targeting, and are also being developed for
neurological diseases, such as Parkinson’s disease, although some anti-drug antibody
responses were noted (16, 23, 24).

Antibody scFv targeting the HIV envelope have previously been isolated through
phage display, but their neutralization capacity was limited (25, 26). Initial attempts to
engineer scFv, immunoadhesins, or other antibody fragments from bNAbs VRCO1, PG9,
and PG16 showed poor expression and loss offunction compared to the IgG ( 18). The
availability of a larger number of broad and potent bNAbs has revived interest in this
area. We therefore made scFvs of bNAbs that target 4 distinct epitopes on the HIV
envelope trimer, focusing on those undergoing human clinical testing. These included
CAP256-VRC26.25 (which binds the V2 apex and is referred to here as CAP256.25) (28),
PGT121 (V3-glycan supersite) (29), 3BNC117 (CD4 binding site [CD4bs]) (30), and 10E8v4
(MPER) (31). We found that a reduction in neutralization breadth and/or potency of the
scFv compared to the IgG was due to differences in dependence on specific residues
in the epitopes. However, overall, scFv largely retained breadth and potency against
diverse global HIV isolates and may prove to be useful for future clinical development
to prevent HIV acquisition.

RESULTS

Construction and optimization of scFv derived from HIV bNAbs. We designed
scFv of bNAbs that target four major epitopes on the HIV-1 envelope (CAP256.25,
PGT121, 3BNC117, and 10E8v4) to determine if they retain neutralization breadth and
potency. These scFv consisted of the variable heavy chain and the variable light chain
of the parent IgG connected by a glycine-serine linker with a histidine tag for purifi-
cation (amino acid sequences of each construct used to generate scFv are shown in
Table 1). As linker length can be a major determinant of paratope formation, we tested
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TABLE 1 Amino acid sequences offour scFv constructs derived from HIV bNAbs @

scFv " .

Eonstivict Amino acid sequences

CAP256.25 —

L3 Vi-Vi QSVLTQPPSVSAAPGQKVTISCSGNTSNIGNNFVSWYQQRPGRAPQLLIYETDKRPSGI
PDRFSASKSGTSGTLAITGLQTGDEADYYCATWAASLSSARVFGTGTKVIVL
GGLEVLFQGPHHHHHHHH

PGT121

L1 VeV DISVAPGETARISCGEKSLGSRAVQWYQHRAGQAPSLIIYNNQDRPSGIPERFSGSPDS
PFGTTATLTITSVEAGDEADYYCHIWDSRVPTKWVFGGGTTLTVL
GGLEVLFQGPHHHHHHHH

3BNC117 l

L1 VirWt DIOMTQSPSSLSASVGDTVTITCQANGYLNWYQQRRGKAPKLLIYDGSKLERGVPSRFS
GRRWGQEYNLTINNLQPEDIATYFCQVYEFVVPGTRLDLK
GGLEVLFQGPHHHHHHHH

10E8v4 -

L1 ViV ASELTQDPAVSVALKQTVTITCRGDSLRSHYASWYQKKPGQAPVLLFYGKNNRPSGIPD
RFSGSASGNRASLTITGAQAEDEADYYCSSRDKSGSRLSVFGGGTKLTVL
GGLEVLFQGPHHHHHHHH

Journal of Virology

aThe variable heavy chain (light blue) and variable light chain (yellow) are indicated, as well as the glycine-serine linker (purple) and the 8 histidine tag (red), which

is preceded by an HRV3C site (italicized) and is separated from the light chain by a small GG spacer.

linkers of three different lengths. Heavy (V,,)- and light (V,)-chain orientation was also
tested for one of the linkers. CAP256.25 and PGT121 were used to first assess expression
and function of these different constructs (Fig. 1A). For CAP256.25 scFv, the 18-amino-
acid linker (termed L3) in both V-V, and V-V, orientations had the highest expression.
The 15-amino-acid (GGGGS), linker (L1) showed lower expression levels, and the
20-amino-acid (GGGGS), linker (L2) was poorly expressed. For PGT121, the highest
expression was observed for L1 in the V-V, orientation. We next tested whether the
different linkers affected neutralization breadth and potency using panels of sensitive
viruses tailored to each bNADb. Since scFv are roughly 5 times smaller than IgG, the 50%
inhibitory concentration (IC5,) values were multiplied by the molecular weight fold
difference between each scFv and its matched IgG (values shown in Fig. 1A and
explained in Materials and Methods).

For CAP256.25, all three linkers in the V,,-V, orientation showed similar neutralizing
activity against a panel of 36 viruses, while the V-V L3 (purple) had a 2-fold lower
geometric mean potency (Fig. 1B). We therefore used CAP256.25 scFv V-V, L3, which
showed the highest expression levels, to conduct further experiments. Similarly, no
significant differences were observed for the different PGT121 scFv constructs against
an 18-virus panel (Fig. 1A), and PGT121 V.-V, L1, which showed the highest expression
levels, was used. Based on this, 3BNC117 and 10E8v4 scFv were expressed in the V-V,
conformation with the L1 linker. Both expressed relatively well and showed good
neutralizing activity (Fig. 1A).

HIV bNAb scFv retain good neutralization breadth and potency. All four scFv
were tested for neutralizing activity against a larger multiclade panel of 45 viruses for
breadth and potency. Compared to their parental IgG proteins, all scFv retained
substantial neutralizing activity, although they showed some reduction in breadth
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A
Molecular :
N Geometric ;
Construct Molecular| weight fold E . M c % viruses
ONStTUCt | \Weight | difference for | —<Pression|tean Li“ neutralized*
IgG vs. scFv in pg/ml
L1 | V4V, | 30.96 kDa 4.86 1-2 mg/L 1.9 67%
CAP256.25 | L2 | V.-V |31.27kDa 4.82 <1 mg/L 14 67%
V2-Apex L3 | Vy-V, | 31.35kDa 4.81 >2 mg/L 19 67%
L3 | V,-Vu| 31.35kDa 4.81 >2 mg/L 38 53%
L1 | Vy-V, | 28.89 kDa 5.06 >2 mg/L 116 56%
PGT121 L2 | V4V | 29.20 kDa 5.00 <1mg/L 18.0 50%
V3Glycan | L3 |V,-V, |29.28 kDa 4.99 1-2 mg/L 18.0 50%
L3 | V,-Vu| 29.28 kDa 4.99 1-2 mg/L 115 56%
3BNC117
- . 0
CD4bs L1 | V4V, | 28.47 kDa 514 1-2mg/L 23 82%
10E8v4 o
MPER | L1 | VyVy | 29.30 kDa 5.03 | >2mg/L | 12 100%
*Geometric mean adjusted for molecular weight difference with IgG
*Smaller panel of viruses tested for CAP256.25 and PGT121
B 100-
S 80
-
i_& 60
g — L1 V-V
2 40+ — L2VyV,
2 20 — L3 V-V,
- L3V -Vy
o T T T T 1
0.001 0.01 0.1 1 10 100
ug/mL

FIG 1 Design, expression, and testing of scFv constructs of HIV bNAbs. (A) A total of 10 scFv constructs
were made, with different glycine-serine linkers for CAP256.25 and PGT121 and L1 (GGGGS),, L2
(GGGGS),, and L3 (GGSSRSSSSGGGGSGGGG) for V-V, and L3 for V,-Vy. For 3BNC117 and 10E8v4, only
L1 ViV, was made. The molecular weights and protein expression levels for each scFv are shown
together with the adjusted geometric mean neutralization potency. A selected panel of viruses was used
to assess CAP256.25 scFv (34 viruses) and PGT121 scFv (18 viruses), whereas the full 45-virus panel is
shown for 3BNC117 and 10E8v4. (B) Breadth-potency curves of CAP256.25 scFv made with 3 different
linkers in the V-V orientation and for L3 in the V|-V, orientation. (scFv is corrected for molecular weight
size difference by multiplying the IC., by the fold difference in molecular weight between the IgG and
the scFv, a value of ~5X).

and/or potency. CAP256.25 scFv maintained breadth of 64% equivalent to the full IgG,
but there was a significant (P < 0.0001) 138-fold decrease in geometric mean potency
compared to that of IgG (from 0.0071 to 1 pg/ml) (Fig. 2A). While all viruses in the panel
were less potently neutralized by CAP256.25 scFv, some viruses were more severely
affected, with >1,000-fold loss of potency for Q23.17, Q842.D12, and AC10.0.29 (Fig. 3).

The scFv of 3BNC117 and PGT121 showed an overall loss in both potency and
breadth of neutralization. For 3BNC117, the scFv was 13-fold less potent than the IgG
(P < 0.0001) and had slightly lower breadth of 82% compared to 91% for the IgG (Fig.
2B). PGT121 scFv had 4-fold reduced potency (P < 0.0001) and breadth of 73% com-
pared to 89% for the IgG (Fig. 2C). This was a result of the scFv losing activity against
viruses such as REJO.67 and QH0692.42 (Fig. 3). However, even in these cases, the scFv
showed low levels of maximum neutralization (>20% but <50%) at the highest
concentration tested, indicating that the scFv still bound to resistant viruses (high-
lighted in Fig. 3 with an asterisk). Despite the significant potency losses for some
viruses, there were a number of viruses that were neutralized equally well by the scFv
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FIG 2 Neutralization breadth and potency of scFv compared to those of IgG for 4 HIV bNAbs. (A to D)
Breadth-potency curves of scFv (red) and IgG (blue) of CAP256.25 (A), 3BNC117 (B), PGT121 (C), and 10E8v4 (D)
using data from a 45-virus multisubtype panel tested in the TZM-bl neutralization assay. The IC;, of viruses against
the percentage of viruses neutralized is given. Percent neutralization and geometric mean IC;, potency, in
micrograms per milliliter (corrected for molecular weight size difference by multiplying their IC;, by the fold
difference in molecular weight between IgG and scFv, ~5X), are shown in each plot. (E) Potency losses of scFv (red)
versus IgG (blue) against the same panel. Viruses resistant to both IgG and scFv were excluded. (F) Comparison of

breadth-potency curves for all 4 scFv bNAbs against the 45-virus panel.

and by the IgG of PGT121 and 3BNC117, a phenomenon that was not seen with
CAP256.25 scFv (Fig. 3).

The MPER antibody 10E8v4, when expressed as an scFv, showed no loss offunction.
It maintained 100% breadth of the panel with a minor 2-fold reduction in geometric
mean potency compared to the IgG version (Fig. 2D). A significant reduction in potency
was noted for only one virus, TRO.11, although it was still neutralized (Fig. 3).

Comparison of the potency of all four scFv relative to their IgG clearly demonstrates
the significant loss offunction for CAP256.25 scFv ( Fig. 2E). Nonetheless, the breadth-
potency curve of CAP256.25 scFv still overlapped that of the other scFv (Fig. 2F), a
consequence of the exceptional potency of the parental CAP256.25 IgG. The superior
neutralization breadth of the T0E8v4 scFv was also evident in these breadth-potency
curves. Overall, the median ICg, for all 4 scFv were in the range of 1 to 2 ug/ml, which
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IC5 of IgG and scFv in pg/mL

CAP256.25 3BNC117 PGT121 10E8v4

IgG scFv IgG scFv Fold IgG scFv Fold

Q23.17 21 2 23 1

< Q168.A2 0.62 36 7 25 3
g Q259.D2.17 34 13 5 04 57 1
2 Q461.E2 43 ~ 26 1
S Q769.022 200 | ~ 27 1
a Q842.D12 1.39 17 28 1
BG505.W6M 332N 1 0.95 2
CAAN5342.A2 034 8 49 1
AC10.0.29 0 . 0.20 3 054 1
RHPA4259.7 2 19 3
TRO.11 2 033 5 18 12

g PVO.4 023 0.66 3 34 1
o SC422661.8 ) 0.28 15 56 0.49 1
2 REJO.67 200 ’ 13 >132 0.90 1
@ TRJO4551.18 | 9.0 121 13 23 1
WITO.33 [ 073 >342 0.43 1
THRO4156.18 I ~ 0.80 2
QH0692.42 ‘ 0.56 >444 4

6535.3 [ 1 5

Du151.2 2 4
Du156.12 | 0190 | 7 2
Du172.17 [ 494 865 4

Du422.1 | 13 | 1.13 24 2
ZM53M.PB12 055 183 1
ZM109F.PB4 | 53 | 12 >20 4
ZM135M.PL10A 200 | 20 >125 3
ZM197M.PB7 X ] ~ 3
ZM214M.PL15 | 38 | 4 3
ZM233M.PB6 29 2
ZM249M.PL1 2 E ! 4

g CAP8.6F 3 0.88 0.42 05
2 | CAP45.2.00.G3 310 0.33 0.69 2
E’ CAP61.4.22.F10A 2 24 17 1
@ CAPG3.A9 6 0.52 27 5
CAP84.32 1 10 13 1
CAP85.9 2 0.40 0.43 1
CAP88.B5 228 2
CAP206.8 27 0.26 0.44 2
CAP210.2.00.E8 >9 1.0 18 2
CAP228.2.00.51J >9 50 5
CAP239.2.00.G3J 5 054 0.7 1
CAP244.D3 ~ 0.28 13 5
CAP255.2.00.16J 1 0.73 18 3
CAP256.SU 2 14 39 3

conC 2 14 1.0 1
Geometric mean (pg/mL) [ 0.0071 | 10 | 138 | [ 018 | 23 | 13 | | 020 | 075 | 37 | | 062 [ 12 2

Breadth | 64.4% | 64.4% | | | 91.1% | 82.2% | | | 88.9% | 73.3% | | | 100.0% | 100.0% |

FIG 3 Neutralization data for IgG and scFv of HIV bNAbs tested against the 45-virus panel. The IC;, values for both IgG and scFv against 7 subtype A, 12 subtype
B, and 26 subtype C viruses are shown in micrograms per milliliter. IgG was tested at a starting concentration of 50 ug/ml, whereas scFv started at 250 pug/ml.
Fold changes between IgG and scFv are shown. The colors indicate the potency at which the viruses were neutralized, with the warmer colors indicating higher
potency. Resistant viruses are colored in light blue. Maximum levels of neutralization for scFv and IgG of <50% but >20% are indicated with an asterisk.
Geometric mean titers, fold difference from IgG, and breadth against the 45-virus panel are shown at the bottom of the table. (scFv titers were corrected for
molecular weight size difference by multiplying their IC., by the fold difference in molecular weight between the IgG and the scFv, as noted in Fig. 1A).

is close to the therapeutic range for VRCO1 that is currently undergoing human efficacy
testing.

Loss of potency in CAP256.25 scFv linked to epitope charge. In order to probe
the loss of potency for CAP256.25 scFv, we tested the effect of point mutations in the
V2 epitope of the autologous virus CAP256_SU. Mutations L165V and K171N had no
effect on either the scFv or IgG (Fig. 4A). Similarly, a conservative K169R mutation did
not impact the neutralizing activity of either protein. The T162l mutation (which
removes the conserved glycan at position 160) and the K170Q mutations had a small
effect on the scFv (3- and 4-fold, respectively) but not on the IgG (below 3-fold).
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C strand of V2
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FIG 4 Charged amino acids in V2 reduced CAP256.25 scFv neutralization. (A) Spiderplot showing fold change in neutralization of V2 mutants
relative to CAP256_SU wild type (WT) by the CAP256.25 IgG (blue) and the scFv (red). A fold change of 1 indicates no difference from the WT
virus. Values closer to the center indicate resistance, whereas those on the outer bounds indicate a sensitivity. (B) Amino acid sequence alignment
of viruses neutralized by scFv and 1gG with similar potency (top) or more than 10-fold decrease in potency (bottom). The N160 glycan is denoted
by an O and is colored magenta. Negatively and positively charged residues are indicated by red and blue, respectively. (C) IgG and scFv
neutralization (ICg,) of three viruses with point mutations at positions 169 and 170. Fold changes relative to the wild type are indicated in
parentheses, and those greater than 5-fold are colored orange. scFv is corrected for the molecular weight size difference (multiplied ~5X). (D)
Structural representation of the V2 apex of the HIV envelope trimer of a CAP256.25 scFv-sensitive virus (CAP256_SU) and a less sensitive virus
(AC10.0.29). The apex of the trimer is shown on the left, and a close-up of positions 167 to 171 is shown on the right. Positive charges are colored
blue, whereas negative charges are colored red. (Model is based on 5V8L structure of BG505 SOSIP.664 [78] and was modified using PyMOL

software.)

However, the scFv was more affected by the K169I substitution (11-fold for the scFv
versus 3-fold for the 1gG), the K169Q (20- versus 6-fold), the K169T (35- versus 12-fold),
and the R166K (75- versus 4-fold) mutations. For both scFv and 1gG, a K169E mutation
resulted in complete neutralization resistance. Therefore, while neutralization by the
scFv and IgG were overall similarly influenced by mutations in the epitope, the
consequence ofindividual mutations was more pronounced for the scFv.

To further explore this, we partitioned CAP256.25-sensitive viruses into those with a
greater than 10-fold potency loss for the scFv compared to that of the IgG (24 viruses)
versus those with less than a 10-fold change (5 viruses) (Fig. 4B; glycans, N(X)T/S, are
indicated by a pink O in the logograms). Differences at residue 160 or 166 between
these two groups did not explain the general loss of potency by the scFv. Some
variation was noted at position 169, with 169M (2/24), 169N (1/24), 169V (1/24), and
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169R (3/24) found in viruses where the scFv lost potency. However, in 21/24 viruses
with a large potency loss, an uncharged glutamine (Q) was present at position 170
rather than a charged lysine (K) or arginine (R). We therefore introduced Q170K into
three viruses (AC10.0.29, Q23.17, and Du156.12) along with 169K in AC10.0.29 (M169K)
and Q23.17 (R169K). Individual 169K and 170K mutations significantly improved neu-
tralization by the scFv in both Du156.12 and Q23.17 (but not AC10.0.29) but had no
significant effect on the IgG (Fig. 4C). However, the combination of these mutations
significantly improved scFv neutralization in both Q23.17 (70-fold) and AC10.0.29
(86-fold) compared to a minimal effect (2- and 3-fold, respectively) for the IgG. These
data suggested that CAP256.25 scFv neutralization was more dependent on the charge
of the epitope than the matched IgG.

To visualize the effect of charge in the V2 apex of different envelopes, models of the
HIV Env of CAP256_SU and AC10.0.29 were generated (Fig. 4D). CAP256_SU, which is
similarly neutralized by both scFv and IgG, has charged lysine residues at positions 169
and 170 (Fig. 4D). These 169K and 170K residues formed a cluster of positive charges
at the apex of the trimer. In contrast, AC10 displayed a reduced charge in the epitope,
with neutral amino acids occupying these positions (M169 and Q170), possibly explain-
ing the observed virus-specific loss of potency.

PGT121 scFv neutralization affected by both the N332 glycan and V1 length.
The glycan at position N332 is a key part of the epitope of V3-directed bNAbs, such as
PGT121 (29, 32). To determine the dependence of the scFv on the N332 glycan, we
deleted this glycan in three viruses (Q23.17, Du156.12, and TRO.11) through an N332A
mutation. There was a significant loss of scFv potency for all 3 viruses, while for the 1gG,
this effect was seen in 2 of the 3 viruses (Fig. 5A, left). We also introduced this glycan
into resistant viruses Q168.A2, REJO.67, CAP45.2.00.G3, and ZM197M.PB7, which con-
ferred neutralization sensitivity to both the scFv and the IgG of PGT121 (Fig. 5A, right),
although not always to the same level as the IgG.

We next analyzed the sequences of the 45 viruses tested, dividing them into 3
groups: viruses equally sensitive to the IgG and scFv (Fig. 5B, upper, 21 viruses), viruses
with a 10-fold-reduced sensitivity to the scFv and/or ICs, of =200 ug/ml for the scFv
(Fig. 5B, middle, 19 viruses), and viruses resistant to both the IgG and the scFv (Fig. 5B,
lower, 5 viruses). There was no difference in the GDIR motif between the groups. As
expected, 21/21 viruses sensitive to PGT121 had a glycan at position N332 (indicated by
a pink O in the logograms). In contrast, viruses resistant to both scFv and IgG lacked the
N332 glycan, with 2 viruses showing a glycan shift to N334 and 3 lacking either glycan.
In viruses where the scFv lost potency (Fig. 5B, middle), only 7 out of 19 had either a
glycan shift to N334 or lacked a glycan at N332/N334. This suggested that while both
the PGT121 IgG and scFv were dependent on the N332 glycan, the reduced potency
and breadth of the scFv was only partly due to an increased dependence on this glycan.

V3-directed bNAbs are also affected by the length of the V1 region (33, 34), so we
assessed whether this contributed to the loss of scFv neutralization. We used two
related viruses isolated from the same individual, donor CAP177, that showed differ-
ential sensitivity to PGT121. The CAP177-4C virus contains a long V1 loop (dark pink)
(Fig. 5C, upper), while CAP177-5D has a short V1 loop (green) (Fig. 5C, lower). V1 swaps
between these 2 clones were made and tested for sensitivity to both scFv and IgG.
Inserting a short V1 in CAP177-4C (Fig. 5C, upper) increased the potency of PGT121 IgG
by 20-fold (from 0.94 ug/ml to 0.047 ug/ml) but had a substantially greater 91-fold
effect on the scFv (from 6.7 ug/ml to 0.074 pug/ml). Similarly, there was a 4-fold loss in
potency for the scFv when a long V1 was introduced into CAP177-5D (from 0.080 pg/ml
to 0.31 ug/ml), with no effect on the IgG (Fig. 5C, lower). The length of V1, therefore,
had a greater effect on the neutralization potency of the scFv than the IgG of PGT121.

Loss of potency for the 3BNC117 scFv more pronounced for subtype C viruses.
The N276 glycan is highly conserved and a major contact residue for CD4 binding site
antibodies, including 3BNC117 (30, 35). To interrogate the loss of potency for the
3BNC117 scFv, we introduced this glycan into a resistant virus or removed it from three
sensitive viruses (Fig. 6A). Insertion of the N276 glycan into CAP239.2.00.G3J (through
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FIG 5 PGT121 scFv neutralization was dependent on the N332 glycan and the V1 loop length. (A) IC;, of
IgG and scFv against 3 sensitive viruses (WT) with their N332 glycan knockouts (N332—) (left) and 4
resistant viruses (WT) with matched N332 glycan knockins (N332+) (right). (B) Noncontiguous amino acid
sequences of the V3 region (positions 324 to 327 and 332 to 334, encompassing the GDIR motif and the
N332/4 glycans). Viruses are divided into three groups: viruses neutralized equally well by IgG and scFv of
PGT121 (top), those with >10-fold difference and/or =200 ug/ml for scFv (middle), and viruses resistant to
both scFv and IgG (bottom). Glycans [N(X)T/S] are shown as a pink O. (C) Neutralization curves of IgG and
scFv (in micrograms per milliliter) against two CAP177 clones, 4C, which has a long V1 (dark pink, star), and
5D, with a short V1 (green, star), and their V1 mutant swaps (no stars). Fold differences between the
wild-type and mutant swaps are indicated. scFv is corrected for the molecular weight size difference
(multiplied ~5 times).

an L278T mutation) rendered this resistant virus highly sensitive to IgG, although the
effect on the scFv was marginal. However, removal of the N276 glycan in three viruses
had a more significant effect on the scFv than the IgG, with the N276A mutation
causing a 10-fold increase in resistance or a knockout effect (Fig. 6A). This indicated that
the scFv was more dependent on the 276 glycan for neutralization than the IgG.

CD4bs antibodies have been shown to have some subtype preference, often
exhibiting lower efficacy against subtype C viruses (36). To explore whether this also
impacted the scFv, we compared the loss of potency, relative to that of IgG, for subtype
A, B, and C viruses. There was a significant 9-fold difference in the IC5, between the scFv
and IgG for subtype B viruses (Fig. 6B). However, there was a 28-fold difference for
subtype C viruses, suggesting that the subtype-specific genetic differences have more
of an impact on the scFv than the IgG. For subtype A, only one virus, Q259.D2.17, which
lacked the N276 glycan (marked in green), showed more than a 10-fold difference (Fig.
6B). This glycan was also missing in the subtype C virus, CAP228.51, which was
significantly less well neutralized by the scFv.

We next analyzed the viral amino acid sequences in the CD4 binding site of subtype
C viruses to identify other residues that might contribute to the potency difference
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FIG 6 Loss of potency for the 3BNC117 scFv was more pronounced for subtype C viruses. (A) ICs, of IgG
and scFv neutralization of one virus that lacked the N276 glycan with a glycan knockin (CAP239) and 3
viruses in which the N276 glycan has been deleted (scFv corrected for molecular weight difference). Fold
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C. Viruses lacking an N276 glycan are colored green. IgG- and scFv-resistant viruses are excluded. Fold
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Logogram of amino acid sequences of the CD4 binding site of HIV-1 subtype C viruses neutralized at the
same level by scFv and IgG (<10-fold), those less well neutralized by scFv (>10-fold difference), or those
resistant to both IgG and scFv. The N276 glycan and sites 360, 362, and 429, which exhibit the most
variability, are indicated. Negatively and positively charged residues are colored red and blue, respectively.
(D) Structural representation of the interaction of 3BNC117 Fab (green) and HIV Env (gray) containing an
arginine (blue) or glycine (orange) at position 429. The aspartic acid at residue 113 in the HIV trimer is
colored red, whereas the arginine at position 30 in the Fab is colored blue. Polar bonds are indicated by
dotted lines (PDB entries 4JPV and 5V8L) (78, 79).

between IgG and scFv (Fig. 6C). Viruses were separated into 3 groups based on their
relative sensitivity to IgG and scFv. There was significant viral variation at positions 360,
362, and 429, all of which have been previously implicated in the binding of CD4bs
bNAbs (36, 37), although position 429 has not specifically been shown to impact
3BNC117.

To further explore the possibility that residue 429 impacted the scFv, we compared
crystal structures of the 3BNC117 Fab in complex with gp120 (PDB entries 4JPV and
5V8L). We found that a neutral or negative charge at residue 429 interacted with a
positively charged residue 30 (arginine) on the 3BNC117 Fab (Fig. 6D). In contrast, a
positive charge at position 429 in the HIV-1 trimer could prevent 3BNC117 binding to
this site by folding back and binding to an aspartic acid at position 113 in gp120,
occluding this residue. Therefore, the 3BNC117 scFv binding may in part be more
reliant on the neutral or negative charge at position 429 than its IgG counterpart. Thus,
virus-specific loss of potency for the 3BNC117 scFv was likely impacted by viral subtype,
the 276 glycan, and charged residues within the epitope.

DISCUSSION

We have designed and expressed scFv of HIV bNAbs that are undergoing human
clinical testing to assess whether they maintained neutralization capacity in this format.
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These bNAbs targeted one offour well-defined epitopes on the viral envelope, namely,
the V2 apex (CAP256.25), the V3 glycan (PGT121), the CD4bs (3BNC117), and the MPER
(10E8v4). Remarkably, these much smaller scFv, engineered from the variable regions of
the 1gG, retained substantial breadth and potency, and 10E8v4 was equivalent to the
full IgG molecule. While CAP256.25, 3BNC117, and PGT121 scFv lost potency, they were
nonetheless in the therapeutic range of VRCO1, a CD4bs antibody that is currently in
clinical efficacy testing.

Newly designed scFv showed good levels of expression with different linker lengths
of 15, 18, or 20 amino acids having minimal to no impact on neutralizing activity. This
suggested that the loss of activity relative to IgG was due to the inherent nature rather
than the design of the scFv, which at ~30 kDa are 5 times smaller than IgG. Antibody
scFv were more likely to lose neutralization potency rather than breadth, although for
3BNC117 and PGT121 the loss of potency often resulted in reduced breadth. Potency
loss was most severe for CAP256.25 and was evident against all viruses tested, while for
3BNC117 and PGT121 this occurred in a virus-specific manner. Epitope mapping studies
on selected viruses showed that scFv bound to their epitope in ways subtly different
from those of the matched IgG. Thus, charged residues at positions 169 and 170 in V2
affected CAP256.25 scFv neutralization more than the IgG. For PGT121, interactions
with the N332 glycan and the length of V1 impacted the scFv to a greater degree than
the IgG, and for 3BNC117, loss of binding to the N276 glycan was more detrimental to
the scFv than the IgG. Thus, while scFv retained the ability to interact with known
epitopes, they were more sensitive to variations at single residues within these
epitopes. Whether these potency losses are unique to each scFv or are dependent on
the epitopes being targeted would need to be determined by designing and testing a
larger number of scFv versions of bNAbs.

scFv have a single binding site compared to the 2 binding sites of IgG, which likely
reduces their affinity for the antigen. It is known that smaller proteins tend to have
higher off rates due to lower binding affinity (38-40). This was previously demonstrated
for scFv-based fragments of VRCO1 that had a 4-fold lower affinity than the IgG version
(18). Affinity is influenced by noncovalent intermolecular interactions between
proteins, such as electrostatic charge and hydrogen bonding. Our data suggest that
a charge change in the epitope had a greater effect than the loss of a glycan,
although both likely impacted the binding affinity of the scFv, accounting for the
potency losses. Loss of affinity could also be due to the inability of scFv with a single
binding site to effectively cross-link protomers on the trimer. Even though trimers
are present at low density on the HIV virion, polarization of trimers at the cell
contact site would allow the IgG but not the scFv to cross-link (41-45).

The constant region affects the angle at which the antibody paratope engages the viral
epitope and also helps to stabilize the heavy-light chain interactions (46). As a result, scFv
may have a somewhat less rigid paratope than IgG. Removal of the Fc region could,
therefore, alter these interactions, contributing to the scFv being more dependent on key
residues in the epitope. Structural studies in combination with affinity studies of scFv are
needed to further inform the molecular interactions with the HIV trimer and provide
insights into the stability of scFv paratopes. Others have shown that the lack of an Fc region
also significantly reduces the half-life of scFv and removes their ability to mediate effector
functions, which compromises their clinical development (16, 22). However, scFv may have
lower immunogenicity and off-target effects than IgG as a result of not having an antibody
Fc region to engage host Fc receptors (18, 47).

scFv may have better access to their epitopes than IgG due to their smaller size, as
has been reported using other antibody constructs. For example, antigen-binding
fragments (Fab) of antibodies targeting the CD4-induced (CD4i) epitope showed
significant improvement in potency over the IgG versions (48-50). Moreover, scFv
isolated from phage display libraries demonstrated good breadth and potency (25, 51).
A number of antibody epitopes on the HIV trimer are not readily accessible by IgG
molecules due to steric hindrance, including the MPER on gp41 (53-55). Remarkably,
the scFv of 10E8v4, an MPER antibody that targets an epitope close to the viral
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membrane, largely maintained potency similar to that of the IgG. The improved access
of the 10E8v4 scFv to this recessed site could offset the loss of affinity that results from
having only a single paratope. Alternatively, scFv targeting the MPER may be partially
buried in the lipid membrane, which could stabilize the interaction with the epitope
(54-56). scFv may also be important in preventing cell-cell transmission, where spatial
restrictions within the virological synapse limit antibody access (57).

scFv may be useful in the context of passive immunization; however, the caveats
associated with this format will need to be addressed, in particular their reduced
half-life. Adeno-associated virus (AAV) vectors, which are being developed for contin-
uous delivery of antibody-based products as vectored immunoprophylaxis against HIV
infection (58-61), may provide a solution. scFv, with their smaller gene inserts, may be
more suitable for expression in vectors, such as AAV-8, that have been previously
deployed for some of the IgG bNAbs described here (61). This approach could be
particularly important in the context of bNAb combinations needed to optimize the
coverage of global HIV strains (62-64). Since multiple scFv could be expressed from the
same vector, their use in combination treatments may be a distinct advantage (47, 58,
62, 65). scFv derived from other HIV bNAbs will need to be tested to determine which
combinations show optimal complementarity in their neutralization profiles given that
scFv neutralization cannot be predicted.

Overall, our data indicate that scFv retain considerable breadth and potency and
could perform better than IgG equivalents as combination therapeutics. In particular,
10E8v4 should be considered a leading candidate for human clinical testing, given that
it retains all its functional activity as an scFv. Although there are some challenges with
this format, there are also unique advantages of scFv over IgG. These smaller antibody
proteins, therefore, have considerable potential in passive immunization strategies to
prevent HIV infection.

MATERIALS AND METHODS

Construction of scFv. scFv containing the variable regions of various bNAbs were cloned by
overlapping PCR or ordered from GenScript (NJ, USA) (Table 1). For CAP256.25 and PGT121, 3 different
glycine-serine linkers, namely, a 15-amino-acid linker [linker 1, (GGGGS);], a 20-amino-acid linker [linker
2, (GGGGS),), and an 18-amino-acid linker (linker 3, GGSSRSSSSGGGGSGGGG) were tested in the V-V,
orientation. L3 was also tested for the V-V, orientation. We used an 8X-histidine tag for purification
purposes preceded by an HRV-3C site in case removal of the histidine tag was needed for future
experiments. Table 1 shows the scFv constructs in V-V, orientation with L3 for CAP256.25. All other scFv
(3BNC117 and 10E8v4) were expressed in the V -V, conformation with linker 1 as specified.

Protein expression. All constructs were cloned into the pCMVR vector (AIDS Reagent Program,
Division of AIDS, NIAID, NIH). For the lambda chain of PGT121, the pBR322-based IG-lambda expression
vector was used (AIDS Reagent Program, Division of AIDS, NIAID, NIH). The constructs were grown in
JM109 bacterial cells and extracted using a plasmid Maxiprep kit (Qiagen, Hilden Germany). Sequences
were confirmed using the Applied Biosystems 3500xL Genetic Analyzer. Constructs were expressed as
previously described (66). In short, HEK293F suspension cells at 1.5 X 106 to 2 X 106 cells/ml were
cotransfected with linear polyethylenimine hydrochloride (molecular weight, 40,000) at a 3:1 ratio with
1 ng of plasmid per 1 ml of culture. Supernatants were harvested after 6 days.

Purification of scFv. scFv were purified using Ni-Sepharose beads (GE Healthcare, Massachusetts USA).
Proteins were washed using a 30 mM imidazole-phosphate-buffered saline (PBS) solution and eluted using
400 mM imidazole in PBS. Glycerol was added to the elution at a final concentration of 5% to limit
aggregation. scFv were applied to hiload Superdex 75 or Superdex 200 columns (GE Healthcare) equilibrated
with PBS at pH 6.5 (5% glycerol with 0.02% sodium azide). The fractions corresponding to the size of the scFv
were collected, pooled, and concentrated using Vivaspin concentrators or Vivapore static concentrators (GE
Healthcare). The samples were dialyzed overnight at room temperature to remove sodium azide. Concen-
trations were measured on a NanoDrop device (Thermofisher, MA, USA), with extinction coefficients at 1%
calculated using Expasy ProtParam (69) and characterized by SDS-PAGE. Molar weight was determined by
using Expasy ProtParam (Fig. 1A). scFv proteins were stored at —75°C.

IgG production. IgG constructs were expressed in HEK293F cells as described previously (66).
Supernatants were harvested after 6 days and purified using a protein A affinity column. Proteins were
eluted using a 0.15 M glycine buffer at pH 2.5 in 1 M Tris, pH 8, and were concentrated and dialyzed into
PBS, pH 6.5, containing 5% glycerol. Concentrations were measured on a NanoDrop device using an
extinction coefficient of 13.7 and a 1% solution. The molecular weight of the IgG was calculated using
Expasy ProtParam (69) for CAP256.25 (150.71 kDa), 10E8v4 (147.29 kDa), 3BNC117 (146.24 kDa), and
PGT121 (146.2 kDa). 1gG and proteins were stored at —75°C.

Neutralization assay. Single-round infection pseudoviruses were grown and titers determined as
described previously (70-72). Briefly, plasmids were transfected with the pseudovirus backbone
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pSG3A=" into 293T cells at ratios of 1:3 PElI Max. Viruses were harvested after 48 h, filtered, frozen, and
titrated. A panel of 43 viruses (73) plus BG505 N332 and CAP256_SU (CAP256.3 mo.9C) (74, 75),
representing HIV-1 clades A, B, and C, was used to compare neutralization titers of 1gG and scFv.
Neutralization assays were performed in TZM-bl cells as described previously (76, 77). Proteins were
tested at 200 png/ml for the IgG (~146 kDa) and 50 pg/ml for the scFv (28 to 32 kDa). scFv neutralization
titers were recalculated by compensating for the fold difference in molecular weight (values for each scFv
are shown in Fig. 1A). (The ICg, data for scFv and IgG molar concentrations are available on request). All
assays were repeated at least twice. Geometric mean potency was calculated for both IgG and scFv using
sensitive viruses only. When comparing viruses mutated by site-directed mutagenesis, a fold change of
more than 3 compared to the parent virus was considered significant.

Site-directed mutagenesis. Mutations in the envelope gene of viruses were made using the
QuikChange Lightning site-directed mutagenesis kit (Agilent). Sequences were confirmed using the
Applied Biosystems 3500xL Genetic Analyzer. Pseudoviruses were grown as described above.

Statistics and sequence analysis. Wilcoxon matched-pair signed-rank test was used to assess
differences between IgG and scFv within a subtype.

Sequence alignments were made using the Analyze Align tool from the HIV LanL website (https://
www.hiv.lanl.gov/content/sequence/ANALYZEALIGN/analyze_align.html).

Structural modeling. We used the PyMOL Molecular Graphics System (version 2.1.1; Schrédinger,
LLC) to model a BG505 SOSIP.664 trimer (PDB entry 5V8L). Residues corresponding to the sequences in
the CATNAP LANL for CAP256_SU and AC10.0.29 were modeled and colored based on charge.

For 3BNC117, we used Fab structures, either in complex with a clade A gp120 from 93THO57 with
G429 (4JPV) or in complex with the clade A BG505 SOSIP.664 trimer with R429 (PDB entry 5V8L). We used
PyMOL to visualize the 429 residue and used the built-in software to predict polar bonds.
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