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ABSTRACT A novel fibronectin-based protein (Adnectin) HIV-1 inhibitor was gener-
ated using in vitro selection. This inhibitor binds to human CD4 with a high affinity
(3.9 nM) and inhibits viral entry at a step after CD4 engagement and preceding
membrane fusion. The progenitor sequence of this novel inhibitor was selected from
a library of trillions of Adnectin variants using mRNA display and then further opti-
mized for improved antiviral and physical properties. The final optimized inhibitor
exhibited full potency against a panel of 124 envelope (gp160) proteins spanning 11
subtypes, indicating broad-spectrum activity. Resistance profiling studies showed
that this inhibitor required 30 passages (151 days) in culture to acquire sufficient re-
sistance to result in viral titer breakthrough. Resistance mapped to the loss of multi-
ple potential N-linked glycosylation sites in gp120, suggesting that inhibition is due
to steric hindrance of CD4-binding-induced conformational changes.
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Due to the facility with which HIV mutates and develops resistance to antiviral
drugs, continued success in the treatment of HIV infection necessitates the devel-

opment of novel agents with unique mechanisms of action. As the armamentarium of
anti-HIV agents grows, one crucial avenue of study is the development of long-acting
agents to improve compliance and quality of life. To that end, small-molecule inhibitors
are currently being tested in advanced clinical trials as intramuscular depot injections
(1, 2). Biologics (proteins, peptides, aptamers, and the like) also provide the promise
of novel mechanisms of action, with the added advantage that they can often be
long-acting, either inherently, as with monoclonal antibodies (MAbs) (3–5), or through
the addition of a pharmacokinetic-enhancing protein or peptide (6–9). However, one
current limitation of biologics administered through conventional routes is typically
poor penetration through the plasma membrane of the cell, which constrains the
targets of such drugs to those located extracellularly.

CD4 has been an attractive therapeutic target since its discovery as the primary
receptor for HIV infection (10, 11), and its location on the T-cell surface makes it readily
accessible to biologics. One obvious approach for utilizing CD4-targeted biologics to
treat HIV infection is to block the binding of CD4 by the viral envelope protein gp160,
which is generally required for subsequent coreceptor engagement and eventual
fusion of the cell and viral membranes (12). However, due to the significant overlap of
the gp160 binding site and the major histocompatibility complex class II (MHC-II)
binding site on domain 1 (D1) of CD4 (13–16), the likelihood is high that a molecule that
binds CD4 and blocks gp160 would also block the essential immune functions that the
MHC-II/CD4 interaction affords.

Ibalizumab, an anti-CD4 antibody that is currently in phase 3 clinical trials, blocks HIV
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entry through an alternate mechanism that still allows gp160 (and, presumably, MHC-II)
to bind to CD4 (17). Ibalizumab binds to CD4 primarily through contacts with domain
2 and is thought to block HIV entry at an undefined step subsequent to coreceptor
engagement (18). As the loss of glycosylation in the V5 loop of gp160 confers resistance
to ibalizumab, a steric clash between gp120 and ibalizumab when in complex with CD4
is thought to play a role in the inhibitory mechanism (19). Although the mechanism of
ibalizumab inhibition of HIV entry is not completely understood, ibalizumab inhibition
of HIV entry illustrates that epitopes on CD4 other than the gp160 binding site can be
targeted safely and effectively for the treatment of HIV infection.

In an effort to identify novel anti-CD4 agents with broad-spectrum anti-HIV activity
that do not interfere with the essential immune functions of CD4, we utilized a versatile
fibronectin-based scaffold known as an Adnectin. Adnectins are small proteins (10 to 12
kDa) that are derived from the 10th type III domain of human fibronectin (10Fn3)
(20–23). Despite limited sequence homology, Adnectins exhibit strong structural sim-
ilarity to the VH domain of antibodies, with a stable �-sheet core supporting flexible
loops that tolerate significant variation, akin to antibody complementarity-determining
regions (CDRs) (24, 25). Adnectins with defined binding specificities can be readily
selected from libraries of trillions of variants utilizing various established in vitro
selection technologies, including mRNA display (26, 27), yeast surface display (28), and
phage display (29). Moreover, the lack of disulfides in typical Adnectins enables their
expression in high-throughput bacterial systems, facilitating rapid screening of the
selection output for leads with desired properties.

The versatility of Adnectins and their potential as therapeutics against a wide variety
of therapeutic targets, including vascular endothelial growth factor receptor 2 (VEGFR2)
(30–34), epidermal growth factor receptor (35–37), insulin-like growth factor 1 receptor
(34, 37), interleukin-23 (35, 38), proprotein convertase subtilisin/kexin type 9 (39), and
myostatin (40), have been previously demonstrated. Here, we report the application of
the mRNA display selection technology to the discovery and optimization of CD4-
binding Adnectins with potent, broad-spectrum anti-HIV-1 activity.

RESULTS
Selected CD4-binding Adnectins that exhibit anti-HIV activity. The native 10Fn3

domain from human fibronectin (20, 22) was used as the template for construction of
novel libraries of Adnectin variants. Two different libraries were created, and each
contained trillions of different members with invariant framework sequences and
patches of randomized sequence. Libraries differed in the location and number of
randomized amino acid residues (Fig. 1; in this publication, numbering and loop
definitions follow those described previously [35]). One library, called NP1, contains
randomized BC, DE, and FG loops, which are the same three loops used in earlier
Adnectin libraries (22, 26), but extends the randomization onto several of the neigh-
boring �-strand surface residues. In addition, the N-terminal segment is extended and
randomized. The other library, called WS1, contains randomized CD and FG loops,
which are on opposite ends of the 4-strand �-sheet, and also randomizes the inter-
vening surface residues on the C, D, F, and G �-strands.

Libraries were subjected to multiple rounds of selection using mRNA display (41) for
binding to the ectodomain of human CD4 fused to human IgG1-Fc. The entire selection
pathway is outlined in Fig. 2. After each round, the population of selected Adnectins
was amplified into a new sublibrary, which was then used in the next selection round.
Enrichment of binders from the randomized Adnectin population was monitored by
quantitative PCR (qPCR). As seen in Fig. 3, the percentage of the population binding in
early rounds was low and variable, while significant enrichment of CD4-binding Ad-
nectins was achieved by round 6 of the primary selection for both libraries, with up to
20% of the sublibrary binding to the target. Adnectin DNAs from rounds 5 and 6 from
each selection were cloned and sequenced. Over 800 unique sequences were identi-
fied; however, many of these clones exhibited some relatedness to each other and thus
could be grouped into a few dozen families. Cloned DNA sequences were expressed in
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Escherichia coli, and proteins were partially purified using a high-throughput immobilized-
metal ion affinity chromatography (IMAC) method similar to that described previously
(42). The partially purified Adnectins were first assessed by size exclusion chromatog-
raphy (SEC), and proteins that exhibited �50% aggregation progressed to an enzyme-
linked immunosorbent assay (ELISA) that detected binding of the molecules to the
CD4-Fc target. Adnectins that exhibited a signal greater than twice the background in
the ELISA were further screened for anti-HIV-1 activity using a cell-cell fusion assay (43).

Using this screening paradigm, two representatives from different Adnectin se-
quence families were chosen for further characterization. One of these clones,
2886_C08, was derived from the WS1 library, while the other, 3517_G01, was derived

FIG 2 Pathway of selection to an optimized anti-CD4 Adnectin. Each step used in the selection and optimization process is outlined
in the flowchart.

FIG 1 Adnectin library designs. (A) Depiction of randomized regions of the 10Fn3 domain within the
classic (left), NP1 (center), and WS1 (right) libraries. The classic and NP1 libraries have the BC loop in blue,
the DE loop in green, and the FG loop in red. Flanking and N-terminal randomized residues in the NP1
library are shown in purple. The WS1 structure is turned so that the B-C-F-G �-sheet is facing front. In the
WS1 structure, randomized residues in the CD strands and loop are green, while those in the FG strands
and loop are purple. The structure was taken from the protein with PDB accession number 1FNF. (B)
Comparison of the sequences of the WS1 and NP1 libraries with the sequence of the wild-type (WT)
10Fn3 domain. Highlighted sequences in wild-type 10Fn3 indicate the residues that are randomized in
the classic library. The color coding is as described in the legend to panel A. Highlighted X’s indicate
randomized residues in the new libraries. Dashes indicate sequence gaps to facilitate visual alignment
across the libraries.
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from the NP1 library (Table 1). These candidate molecules were further purified and
analyzed for their biophysical and antiviral properties. Antiviral potency against NL4-3
virus was examined in cell culture and in a cell-cell fusion assay. In addition, specific
binding to the CD4-Fc target and to CD4� T cells was measured, as were thermal
stability and the extent of monomers in the purified lot (Table 2). The last two
properties are important parameters for the developability of these polypeptides as
potential therapeutics. Both Adnectins demonstrated potent antiviral activity and
good physical stability. 3517_G01 demonstrated higher-affinity binding to CD4 than
2886_C08, using both recombinant soluble CD4-Fc (Biacore surface plasmon reso-
nance [SPR]) and CD4-expressing human peripheral blood mononuclear cells (PBMCs).
This stronger binding affinity correlated with a lower antiviral 50% effective concen-
tration (EC50) for 3517_G01. However, despite these advantages, 3517_G01 was ex-
pressed relatively poorly in the E. coli system and, in both antiviral assays, failed to reach
100% viral inhibition, achieving a maximum percent inhibition (MPI) of only 60% to 80%
(Table 2 and Fig. 4). 2886_C08, however, was expressed well in E. coli and was able to
achieve an MPI of 100% with increasing concentrations (Fig. 4).

Epitope mapping reveals distinct binding modes for the two Adnectin families.
To explore further the unique properties of these two Adnectins, an epitope mapping
experiment was performed. A panel of 5 commercial murine antibodies to human CD4
with known epitopes (see Table S2 in the supplemental material) was used to probe the
binding epitope of the Adnectins via a Biacore SPR sandwich approach. A Biacore chip
derivatized with protein A was used to capture the various anti-CD4 antibodies, which
were in turn used to capture soluble human CD4 (sCD4) consisting of all four ectodo-
mains. The two Adnectins were then flowed over these CD4-antibody complexes, and
binding was determined by an increase in the number of response units (RU) on the
active flow cell (with antibody plus CD4) compared to that in the reference flow cell
(with antibody alone). 2886_C08 was able to bind to CD4 already in complex with all
5 of the antibodies tested, achieving binding levels at or near the theoretical maximum
(Fig. 5). Therefore, this Adnectin does not share an epitope with any of the antibodies
tested. 3517_G01, however, bound to sCD4 in complex with only 4 of the 5 antibodies,
as binding was not detected when sCD4 was immobilized by antibody L120. This
antibody is known to bind to domain 4 of CD4, the most membrane-proximal ectodo-
main (44), and presumably blocks at least a major part of the binding site for 3517_G01.
Interestingly, although they appear to share an epitope on CD4, this Adnectin is potent
for inhibition of HIV-1 replication, whereas the L120 antibody has little or no antiviral
activity (17).

Optimization selections improve anti-CD4 Adnectin properties. While the initial
selections were successful, in that they yielded Adnectins with a strong affinity for CD4
and potent antiviral activity, further improvements in the functional and biophysical
properties of these Adnectins could be achieved through more stringent optimization

FIG 3 Enrichment of binding populations by mRNA display. Each bar represents one of the libraries that
was subjected to selections for binding to human CD4. The percentage of each population that bound
to CD4, as determined by quantitative PCR, is plotted as a function of the selection round. In many of
the rounds, the binding percentage was a small fraction of 1% and thus does not produce a visible bar
in the graph. By round 6, the binding populations derived from both the NP1 and WS1 libraries exceeded
20%.
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selections. These selections entailed making new libraries based on the 2886_C08 and
3517_G01 sequences by partially rerandomizing the originally randomized regions to
explore the sequence space in more depth. The resulting optimization libraries aver-
aged �50% amino acid sequence variation in the directed regions (the CD and FG
loops in the WS1 library and the BC, DE, and FG loops plus the N terminus in the NP1
library; see the supplemental material).

Selections were carried out essentially as described above. The concentration of the
CD4-Fc target used was decreased as the selection progressed to provide additional
stringency and to select for the strongest binders (Table 3). Beginning in round 5, to
select for clones with the slowest off-rates, a modified protocol was used, in which the
population was allowed to first bind to 10 nM biotinylated human CD4 (D1 to D4) for
30 min. An excess of CD4-Fc was then added, and incubation continued. As complexes
of mRNA-displayed Adnectin and biotinylated CD4 dissociate, released Adnectin would
be most likely to bind to the CD4-Fc in excess rather than the biotinylated CD4. At
various time points, intact Adnectin-biotinylated CD4 complexes were captured onto
streptavidin beads; thus, those tight-binding Adnectins with slower off-rates from CD4
were collected. These off-rate selections were repeated for two additional rounds, with
the incubation time with the excess CD4-Fc being increased in order to increase the

TABLE 2 Properties of anti-CD4 Adnectins

Adnectin
Origin
library

Cell-cell fusion
EC50 (nM)

Replicating virus
EC50 (nM)

Affinity at
37°C (nM)a

Cell-binding
EC50 (nM)b

Melting
temp (°C)c

Monomers
(%)d

2886_C08 WS1 105 48 12 7.9 49.5 97
4945_C06 WS1 21 7.8 1.3 2.2 63.0 97
4945_G05 WS1 36 11 4.0 4.4 51.3 93
4945_G06 WS1 7.1 4.9 2.0 2.3 55.8 98
6940_B01 WS1 6.9 8.5 � 2.5f 3.9 � 0.7f 2.1 77.7 96

3517_G01 NP1 12g 6g 0.3 0.7 NDe 96
4911_E03 NP1 0.7g �400g �0.01h 0.4 58.4 99
4911_A07 NP1 1.6g �5,500g �0.01h 1.0 46.5 86
4910_A08 NP1 0.7g 255 �0.01h 1.2 55.7 97

Ibalizumab None 0.2 0.2 � 0.1f 0.3 � 0.1f 0.1 ND 95
aAffinity (equilibrium dissociation constant) measurements made by Biacore SPR.
bBinding to CD4-expressing human PBMCs was determined by FACS; no binding to CD8�/CD4� PBMCs was detected for any Adnectin at concentrations up to 1 �M.
cDifferential scanning calorimetry (DSC) was used to determine the temperature at which the protein unfolds.
dSize exclusion chromatography was used to determine the percent monomers.
eND, not determined.
fn � 1 for most measurements made during screening; for the activity and affinity of the final lead Adnectin (6940_B01) and ibalizumab, the average of at least three
independent measurements � 1 standard deviation is reported.

gInhibition curves do not surpass 80%.
hOff-rates were too slow to measure as they were out of the range of the instrument.

FIG 4 Comparison of inhibition profiles. Overlay of representative inhibition curves for parental Adnec-
tins in the replicating virus assay, with ibalizumab being used as a comparator. The data shown are the
averages from 3 experiments � 1 standard deviation. Best-fit curves were generated with a 5-parameter
equation. 3517_G01 was more potent than 2886_C08 in terms of EC50, yet it did not achieve 100%
inhibition.
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stringency of selection. As before, populations from various rounds were selected for
cloning and sequencing on the basis of the observed increase in the degree of target
binding, as measured by qPCR (Table 3). Cloned Adnectins were then expressed in E.
coli and assessed for biophysical behavior, CD4 binding, and antiviral activity in a
cell-cell fusion assay.

For the 3517_G01 lineage, selection identified three progeny molecules (4911_E03,
4911_A07, and 4910_A08) that were then purified and characterized; their sequences
and properties are summarized in Tables 1 and 2, respectively. Compared to the
potency and the maximal percent inhibition of their 3517_G01 parent, these Adnectin
variants showed improved potency in the cell-cell fusion assay by a factor of 7 to 17,
but their maximal percent inhibition still did not surpass 80%. Unexpectedly, in contrast
to the cell-cell fusion assay results, their potency against fully replicating virus com-
pared to that of 3517_G01 became severely compromised (at least 40-fold). The reason
for this disparity in cell-cell fusion versus replicating virus potency is not understood at
this time. As optimization of 3517_G01 failed to produce variants with sufficiently
improved virological properties, further development of this lineage was terminated.

Optimization of the 2886_C08 lineage produced multiple variants of 2886_C08 with
improved potency in the cell-cell fusion assay and against NL4-3 replication-competent
virus. The sequences and properties of three of these Adnectins (4945_C06, 4945_G05,
and 4945_G06) are described in Tables 1 and 2, respectively. These variants exhibited
3- to 9-fold improvements in affinity for recombinant CD4 with concomitant 2- to 4-fold

FIG 5 Mapping epitopes of anti-CD4 Adnectins by SPR. Binding of anti-CD4 Adnectins to CD4-antibody
complexes. The indicated anti-CD4 antibodies (the domain [D] of CD4 to which the antibody binds is
given in parentheses) were captured onto the chip surface via protein A and used to capture soluble CD4.
Anti-CD4 Adnectins were flowed over the CD4-antibody complexes to detect cobinding. On the basis of
the number of response units (RU) of CD4 bound to each antibody, a theoretical maximum number of
RU for binding was calculated for each Adnectin. The actual level of Adnectin binding to CD4-antibody
complexes is presented as a percentage of this theoretical maximum. A high percentage of binding
denotes that the Adnectin binds an epitope distinct from that the epitope to which the indicated
antibody binds.

TABLE 3 Optimizing the two lead Adnectin families for stronger CD4 binding

Round
CD4 concn
(nM)

Off-rate selection
time point (min)

% of population bound to
CD4

2886_C08
library

3517_G01
library

1 100 NAa 0.1 0.1
2 100 NA 0.1 0.1
3 10 NA 0.5 1.2
4 1 NA 0.1 0.5
5 10 30 3.9 4.9
6 10 90 2.5 4.4
7 10 300 4.8 1.2
aNA, not applicable.
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improvements in cell binding and 4- to 10-fold improvements in antiviral potency,
while they retained good biophysical properties.

One of the optimized variants of 2886_C08, 4945_G06, was identified after the final
round of off-rate selection. The sequence of 4945_G06 differed from the sequence of
its parent by 6 amino acids in the presumed CD4-binding region, and it had length/
sequence differences at the N and C termini. These changes resulted in an approxi-
mately 10-fold enhancement of antiviral activity (EC50 � 4.9 nM), a 6-fold enhancement
of affinity for CD4 by SPR (equilibrium dissociation constant � 2 nM), and a 4-fold
enhancement of binding to cell-associated CD4 on PBMCs (EC50 � 2.2 nM). In addition,
the thermal stability of 4945_G06 increased by more than 6°C (55.8°C) compared to that
of the parent, 2886_C08. Because of its superior potency, 4945_G06 was chosen from
among all the optimized variants of 2886_C08 for additional characterization.

Additional epitope mapping indicates a distributed epitope for the 2886_C08
Adnectin family. As the previous epitope mapping experiment could not positively
identify the binding site for this family of related Adnectins, a competitive SPR assay
was designed. 4945_G06 was covalently coupled to a Biacore T-series CM5 chip and
used to capture the sCD4 protein. Then, gp120 or one of an expanded panel of various
anti-CD4 monoclonal antibodies with known binding epitopes was flowed over the
captured CD4 and analyzed for binding. If the binding site for 4945_G06 overlapped the
binding site for gp120 or a known MAb, binding to the captured CD4 would be
inhibited. Seven different MAbs covering binding sites on each of the 4 domains of CD4
were examined (Table S2). A positive control, 4945_G06 itself, was inhibited from
binding to CD4 in this assay, as expected, but none of the 7 MAbs were inhibited from
binding to CD4, and neither was gp120. Thus, this CD4 Adnectin family binds to a
unique site on CD4 not blocked by any of these 7 antibodies or by gp120. The ability
of gp120 to bind to CD4 already in complex with the Adnectin suggests that the
Adnectin exerts inhibitory activity by a mechanism other than blocking viral attach-
ment to CD4.

To gain additional insight into the binding epitope, experiments were conducted
with partial CD4 proteins. Fragments of CD4 containing only domains 1 and 2 (D1D2)
or only domains 3 and 4 (D3D4) were expressed and purified. A Biacore chip was
derivatized via amine coupling with 4945_G06, anti-CD4 antibody OKT4 (which binds
domain 3) (44), and ibalizumab (which binds domain 2) (18) on separate flow cells (Fig.
S2), and the CD4 fragments were then flowed over these surfaces. The observed
number of binding RU was then expressed as a percentage of the possible number of
RU by normalizing the responses of the D1D2 and D3D4 fragments to the response of
the D1D4 fragment, accounting for molecular weight differences (Table 4). As expected,
both the ibalizumab and OKT4 antibodies bound only to those CD4 fragments con-
taining their respective epitopes. 4945_G06 bound very poorly to the D1D2 and D3D4
fragments, suggesting that the high-affinity binding site for this Adnectin either is at
the junction of domains 2 and 3 or contains noncontiguous binding sites residing on
both D1D2 and D3D4. Additional work toward identifying and characterizing this
epitope is ongoing.

4945_G06 exhibits specificity for human CD4. Binding studies were performed to
determine the binding specificity of the 4945_G06 Adnectin. Flow cytometry analysis of
PBMCs from different species was used to determine the relative strength of 4945_G06
binding to these cells and, by inference, the CD4 protein from that species. Isolated

TABLE 4 Binding of anti-CD4 Adnectin to CD4 fragments

Immobilized ligand

% maximal bindinga

D1D4 D1D2 D3D4

4945_G06 100 1 9
OKT4 100 0 69
Ibalizumab 100 43 0
aBinding was normalized to that of D1D4.
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PBMCs were exposed to the 4945_G06 Adnectin (which contains a His6 tag) at various
concentrations, and Adnectin that was bound to cells was detected with a fluorescently
labeled anti-His tag antibody. The binding EC50 for human PBMCs was found to be
2.3 � 0.8 nM (Fig. 6), which agrees well with the affinity measured by SPR (Table 2).
Interestingly, 4945_G06 is highly specific for binding to human CD4, as binding to
PBMCs from a cynomolgus monkey was �500-fold weaker than that to human PBMCs,
while no significant binding to PBMCs from a marmoset, African green monkey, or
mouse was detected at concentrations up to 10 �M (Fig. 6). In each of these experi-
ments, no binding to CD8�/CD4� PBMCs was observed, indicating no nonspecific
interaction with other cell surface proteins (data not shown). Thus, 4945_G06 has a
stronger specificity for CD4 from humans than CD4 from other nonhuman primates.

Additional sequence adjustments further improve anti-CD4 Adnectin proper-
ties. Although 4945_G06 has improved antiviral and biophysical properties compared
to the parent 2886_C08, additional modifications were required. For instance,
4945_G06 contains a methionine residue at position 87, which poses an oxidation risk
and affects the developability of this Adnectin as a biologic inhibitor. Reversion of this
methionine to phenylalanine, the residue present at this position in the parent
2886_C08, was found to be well tolerated and was thus incorporated. In addition, the
His6 tag was moved to the N terminus, and slight adjustments to the N- and C-terminal
sequences that would allow linkage with other biologic molecules, if desired, were
made. Finally, an E97P substitution was made. This substitution has been found in other
instances to enhance Adnectin thermal stability (D. Lipovšek, personal communication).
When all these changes were incorporated into the final Adnectin, 6940_B01, the
thermal stability increased by almost 22°C to 77.7°C with a minimal loss of CD4-binding
and antiviral activity (Table 2).

The anti-CD4 Adnectin exhibits broad-spectrum activity. 6940_B01 was tested in
a cell-cell fusion assay against a panel of 124 envelopes (gp160) from clinical HIV-1
isolates spanning 11 subtypes (Table S3). Each of the cloned envelopes was transiently
expressed (45), and the EC50 for the activity of 6940_B01 against each envelope was
determined. A fold change (FC) in potency, defined as the ratio of the EC50 against that
envelope to the EC50 against a reference envelope derived from the LAI strain of HIV-1,
which was assessed in the same experiment, was then calculated for each envelope.
The result of this analysis is shown in Fig. 7. All the envelopes tested exhibited fold
changes in potency of less than 5, indicating that all 124 envelopes, regardless of
subtype, were susceptible to the anti-CD4 Adnectin 6940_B01. Additionally, 6940_B01
was tested against a panel of 6 clinical isolates of various subtypes and coreceptor
specificities (Table S4). EC50s ranged from 0.6 to 6.5 nM, indicating full susceptibility to
6940_B01.

FIG 6 Binding of 4945_G06 to CD4-expressing peripheral blood mononuclear cells (PBMCs) of various
species. PBMCs were obtained from whole blood from each of the indicated species. 4945_G06 was
incubated in a titration series with cells, and binding was detected with a fluorescently labeled anti-His
tag antibody by FACS. CD3�/CD8� cells (presumed to be CD4�) were gated using species-matched
antibodies (see Materials and Methods). Strong binding to human PBMCs and weak binding (�500-fold
less) to cynomolgus monkey PBMCs were observed, with no binding to marmoset, African Green
monkey, or murine PBMCs being observed. The average signal from duplicates is plotted, with
4-parameter best-fit curves being shown. MFI, mean fluorescence intensity.
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Resistance selection with 6940_B01. In an effort to select viruses resistant to
6940_B01 in cell culture, MT-2 cells were infected with NL4-3 virus in the initial presence
of a 2	 EC50 (�17 nM) of 6940_B01. Cell cultures were observed until they exhibited
signs of virus breakthrough (cytopathic effect [CPE] and/or syncytium formation), at
which time a sample of the supernatant was used to infect new MT-2 cells in the
presence of double the 6940_B01 concentration from the previous passage. The
process was continued with successive doublings until the concentration of drug
reached 10.7 �M, where it was then kept constant through multiple passages. NL4-3
virus was also passaged concurrently without 6940_B01 selection as a control arm.
Virus growth was observed to be slower in the 6940_B01 selection sample, and it was
not until passage 30 (151 days in culture) that virus seemed to grow fast enough to
warrant harvesting. Examination of the passage 30 virus population revealed an
11.5-fold reduced susceptibility to 6940_B01. Population sequencing of the virus stocks
identified 4 amino acid changes in gp160 compared to the sequence of the control
virus (Table 5). A recombinant NL4-3 virus containing a gp160 gene with all four of
these substitutions exhibited a 7-fold loss of susceptibility to 6940_B01. All of these
amino acid changes resided in gp120, and each resulted in the loss of a potential
N-linked glycosylation site (PNGS). For the anti-CD4 MAb and anti-HIV agent ibali-
zumab, resistance also mapped to the loss of PNGSs, and structural studies suggest that
the loss of these PNGSs removed a steric block that prevented the drug-bound
CD4-gp120 complex from undergoing the conformational change required for core-
ceptor binding (18, 46, 47). Our results identifying resistance through the loss of PNGSs
suggest that the mechanism of action of 6940_B01 may be similar to that of ibalizumab,
although the locations of the PNGSs that are lost differ (48), and the results described
above establish that the binding sites for the two molecules do not overlap.
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FIG 7 Broad-spectrum activity of 6940_B01 against clinical envelopes. The activity of 6940_B01 against
124 gp160 variants from 11 subtypes was evaluated in a transient-expression cell-cell fusion assay.
Potency is reported as the fold change in EC50 (log scale) relative to the EC50 against gp160 from LAI virus.
The solid line for each group indicates the median value. Values greater than 1 indicate a weaker potency
(a higher EC50) against a given strain than against LAI. Given the intrinsic assay variability, only fold
change values greater than 10 (dashed line) or less than 0.1 were considered significant. Actual fold
change values are listed in Table S3 in the supplemental material.

TABLE 5 Amino acid substitutions after prolonged selection in the presence of 6940_B01

Virus
Passage
no.

No. of days
in culture

Fold reduced
susceptibility

Amino acid at the following
positiona:

S143 N197 N301 S465

Control (no drug) 30 151 1 S N N S
Selected virus

population
30 151 11.5 Rb Db Kb Pb

Recombinant virus 7 R D K P
aThe amino acid sequence and the position numbering are based upon the HXB2 sequence starting with
gp120.

bResults in the loss of a potential N-linked glycosylation site.
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Retrospectively, virus populations from approximately every third passage were
sequenced and examined for susceptibility to 6940_B01. As can be seen from Fig. 8,
although the loss of 1 of the potential N-linked glycosylation sites occurred by passage
9, these viruses did not exhibit a significant change in susceptibility to 6940_B01. At
passage 18, various levels of the 3 additional lost PNGSs were mutated in a percentage
of the population, and the fold change in susceptibility to 6940_B01 increased to
�6-fold. At passage 27, all 4 PNGS mutations were fixed and susceptibility decreased
11.5- to 17-fold compared to that of the wild type. Thus, decreased susceptibility to
6940_B01 mapped to the loss of multiple potential glycosylation sites within gp120.

DISCUSSION

As emphasis on the development of longer-acting anti-HIV agents increases, bio-
logic molecules have gained greater interest for both their therapeutic and vaccine
potential. For instance, the anti-CCR5 antibody PRO 140 and the anti-CD4 antibody
ibalizumab are MAbs targeted for therapy (49), while broadly neutralizing antibodies to
gp120 are being developed for multiple uses (50, 51). In addition to antibodies, a
variety of peptides (52–54), aptamers (55–57), and alternative scaffolds (58) have also
been explored for HIV-1 inhibition. In this study, we report on the discovery of the
Adnectin 6940_B01 as a novel CD4-binding protein with potent and broad antiviral
properties. The selection and subsequent optimization of this Adnectin utilizing mRNA
display technology have resulted in a high-affinity, thermally stable, and highly specific
molecule.

Initially, multiple Adnectin library designs were utilized in the selection process, with
the goal that each might be capable of interacting with CD4 in a unique way, thus
providing a wide variety of epitopes and interaction modes and increasing the prob-
ability of finding an Adnectin with the desired therapeutic profile. This strategy resulted
in leads that showed antiviral activity and represented multiple sequence families.
Leads from two of these families, represented by 2886_C08 and 3517_G01, warranted
further characterization and optimization on the basis of their biophysical and antiviral
behavior.

These two Adnectin families displayed very different properties. First, they bound to
different epitopes on CD4, as determined by binding competition studies with anti-
bodies of known epitope. The 3517_G01 family likely binds to domain 4 (the most
membrane-proximal domain), on the basis of its competition with antibody L120 (59)

FIG 8 Selection of resistance to 6940_B01. NL4-3 virus was passaged in the presence of increasing
concentrations of 6940_B01 (dashed line). Breakthrough virus from every third passage was analyzed for
decreased susceptibility to 6940_B01 (solid line), and the gp160 gene was population sequenced to
identify selected changes. Percentages represent the estimated percentage of genes within the popu-
lation that contained the substitution. If there is no number next to a sequence, the prevalence of this
mutation is believed to be 100%.
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for binding to CD4, while the 2886_C08 family showed no competition with any of the
antibodies tested. Second, the 3517_G01 family failed to reach 100% inhibition of viral
replication, despite an EC50 more potent than that of the 2886_C08 family. It is possible
that inhibition of HIV-1 by both of these families is due to steric hindrance of
CD4-bound gp160 conformational changes, as suggested by a resistance profile similar
to that of the anti-CD4 antibody ibalizumab (at least for the 2886_C08 family). If so, the
3517_G01 family may exhibit suboptimal maximal percent inhibition (MPI) of HIV-1
inhibition by allowing more freedom of movement of the CD4-bound gp160 than the
2886_C08 family, as a result of either binding farther away from CD4-bound gp160 or
the particular geometry with which it binds, even though it has a greater affinity for
CD4. This suboptimal MPI phenotype has also been observed with ibalizumab for some
viral strains and could be mitigated through the addition of glycosylation sites to the
light chain of ibalizumab, which is thought to increase the steric clash between the
antibody and gp120 during the entry process (19). Lastly, the optimized variants of
3517_G01 showed a disconnect in the potency determined by the cell-cell fusion assay
from that determined by the replicating virus assay, while the potency of the 2886_C08
family showed good agreement in these systems. The cause of the potency disconnect
between the cell-cell fusion and replicating virus assays for the 3517_G01 family is
unclear but could relate to the different cell types used in the two assay systems or to
differences in the efficiency or kinetics of cell-cell fusion from that of virus-cell fusion.
Moreover, the behavior of the 3517_G01 family provides reason for caution against
reliance on a single in vitro measure of activity for characterization of entry inhibitors.

These distinctions in virologic profiles between the 3517_G01 and 2886_C08 Ad-
nectin families may indicate different mechanisms of action. However, both the dis-
connect in potency assay results and the inability to reach 100% inhibition of replica-
tion, which may increase the likelihood of resistance development in vivo, caused us to
halt further characterization work on the 3517_G01 family. Further optimization of the
2886_C08 family was performed through more stringent selections and site-specific
modifications to identify the final inhibitor candidate, 6940_B01. This optimized Ad-
nectin exhibits potent inhibitory activity against a broad array of HIV-1 envelopes and
has physical properties favorable for development (Table 2). Specifically, it possesses a
high affinity for CD4 (3.9 � 0.7 nM) that is similar in magnitude to its EC50 against NL4-3
virus (8.5 � 2.5 nM). In addition, it retains activity against 124 different envelopes
encompassing many different subtypes in a cell-cell fusion assay. The high thermal
stability (77.7°C) and monomericity (96%) of the protein are properties that should aid
in its manufacture and maintenance of its integrity during storage.

The Adnectin 6940_B01 could exert its anti-HIV activity through a variety of mech-
anisms, the most obvious of which would be to block the binding of gp120 to CD4. This
mechanism is unlikely, however, given that recombinant gp120 can cobind recombi-
nant CD4 that is already in complex with a progenitor Adnectin from this family. Also,
induction of CD4 downregulation from the cell surface is an unlikely mechanism, as
fluorescence-activated cell sorting (FACS) studies of MT-2 cells during prolonged
incubation with micromolar concentrations of Adnectin showed no change in the
staining intensity of anti-CD4 antibodies (data not shown). It remains possible that
the Adnectin could impair the binding of whole virions to cells or adversely impact
the kinetics of the gp120-CD4 interaction, but on the basis of the resistance
profiling data, the mechanism of action of 6940_B01 likely involves some steric
block to entry events after CD4 binding that can be alleviated by the loss of
glycosylation sites in gp120, akin to the mechanism of the anti-CD4 antibody
ibalizumab (19). Indeed, viruses selected for resistance to this Adnectin were also
resistant to ibalizumab (data not shown), although the converse was not necessarily
the case; this asymmetry in resistance may be due to different binding sites on CD4
or may indicate some other distinction in the mechanisms of these anti-CD4 entry
inhibitors. This distinction is further borne out by the locations of the lost potential
glycosylation sites. The lost glycosylation sites in gp120 during selection of resistance
to 6940_B01 were scattered throughout gp120 (S143 in the V1 loop, N197 in the V1-V2
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stem, N301 in the V3 loop, S465 in the V5 loop), while glycosylation sites in the V5 loop
appear to be primary determinants of ibalizumab resistance (48).

While no conclusive assignment of a binding epitope can be made on the basis of
the current data, members of the 2886_C08 Adnectin family, of which 6940_B01 is a
member, appear to bind CD4 via an epitope that is distinct from the ibalizumab epitope
in D2 (18, 60) and that either includes the D2-D3 junction or is distributed between the
D1D2 and D3D4 segments. Comparison of the amino acid sequences of the CD4
extracellular domains from binding and nonbinding species (see Fig. S3 in the supple-
mental material) reveals that amino acid substitutions in nonbinding species are
distributed throughout the 4 extracellular domains, including the region around the
D2-D3 junction, which provides little insight for distinguishing between these possi-
bilities. In either case, binding of the Adnectin has the potential to alter the flexibility
and spatial relationships among the CD4 ectodomains, which could in turn diminish the
ability of CD4 to interact productively with HIV-1 virions. Indeed, small-angle X-ray
scattering (SAXS) studies of CD4 in solution (61) have indicated that gp120 binding
induces a bifold collapse of the D1D2 half of CD4 against the D3D4 half by bending at
the D2-D3 junction, which could be important for allowing contact of CD4-bound
gp120 with the coreceptor. While the results of subsequent studies have contradicted
these results (18), it remains likely that some degree of flexibility in CD4 is required to
permit bound gp120 to undergo its own structural rearrangements prior to or even
after coreceptor contact, which may be precluded by binding of this Adnectin family.
Additional studies to define more precisely both the binding epitope and the mecha-
nism of viral inhibition are ongoing.

Regardless of the exact inhibition mechanism, virus exposed to the optimized lead
representative of this family, 6940_B01, required 30 passages (151 days) in culture and
the loss of multiple PNGSs to acquire sufficient resistance to result in titer break-
through. Additionally, a survey of 124 clinical envelopes indicated broad susceptibility
to 6940_B01 across major subtypes and recombinant strains. Importantly, 6940_B01
was able to achieve 100% inhibition of all strains within this diverse panel, unlike the
3517_G01 Adnectin family. Thus, the 6940_B01 anti-CD4 Adnectin represents a novel
HIV-1 biologic entry inhibitor with a high potency, a broad spectrum of activity, and
physical properties amenable to clinical development.

MATERIALS AND METHODS
Recombinant CD4 proteins. Two different recombinant human CD4 molecules were used as targets

during selection for a binding Adnectin. A version of CD4 that consisted of amino acids 26 to 390 of
the extracellular domain of human CD4 (R&D Systems) was biotinylated on free amines with
N-hydroxysulfosuccinimide-(polyethylene glycol)4-biotin (Pierce) according to the manufacturer’s speci-
fications. In addition, an Fc fusion (CD4-D1-D4-Fc) was designed by fusing the C terminus of extracellular
domains 1 to 4 (residues 26 to 389 of the human CD4 sequence) to the hinge of human IgG1-Fc at
position 232 (according to the numbering of Kabat et al. [62]) with an additional C233S mutation.
CD4-D1-D4-Fc was expressed via transient transfection of HEK293 cells and purified by standard protein
A chromatography.

Additional soluble recombinant fragments of human CD4 were purchased (D1D2; ectodomains 1 and
2 [catalog number 7002-2; ImmunoDX]) or expressed with C-terminal His6 tags in a baculovirus system
and purified by nickel affinity chromatography (D3D4 [amino acids 207 to 386] and D1D4 [amino acids
26 to 394]).

Adnectin library design and construction. Adnectin libraries were constructed via PCR using
overlapping oligonucleotides synthesized with phosphoramidite trimers encoding defined mixtures of
amino acids in specific locations, similar to methods described previously (26, 27, 63, 64). Two novel
libraries, details of which are provided in Fig. 1 and in the supplemental material, were employed for this
selection.

Primary selection of Adnectins binding human CD4 by mRNA display. The overall selection
strategy is outlined in Fig. 2. The first round of mRNA display selection was carried out essentially as
described elsewhere (26, 41, 65) with CD4-D1-D4-Fc as the target. Briefly, transcription of the library DNA
into mRNA was accomplished with T7 RNA polymerase (New England BioLabs). Two nanomoles of
purified library mRNA (RNeasy kit; Qiagen) was reacted with 3 nmol of the puromycin linker and then
translated in 2 ml of rabbit reticulocyte lysate (Ambion). mRNA-Adnectin fusions were purified with
oligo(dT) cellulose beads and then reverse transcribed (SuperScript II reverse transcriptase; Thermo Fisher
Scientific, Waltham, MA) to yield 5.4 pmol of mRNA-Adnectin fusions hybridized to their respective
cDNAs to eliminate the RNA secondary structure. Prior to selection, 0.4 ml of protein G-coated magnetic
beads (Invitrogen) was washed with buffer comprised of phosphate-buffered saline (PBS) with 1 mM

A Novel Anti-HIV Adnectin Targeting CD4 Antimicrobial Agents and Chemotherapy

August 2017 Volume 61 Issue 8 e00508-17 aac.asm.org 13

http://aac.asm.org


CaCl2, 0.5 mM MgCl2, and 0.025% Tween 20 and blocked overnight using a similar buffer with the
addition of 1 mg/ml bovine serum albumin (BSA) and 0.1 mg/ml sheared salmon sperm DNA (Ambion).
One-third of the library of mRNA-Adnectin fusions was allowed to equilibrate with 100 nM human
CD4-D1-D4-Fc for 45 min. This was followed by capture with protein G-coated magnetic beads for 30
min. The beads were washed, and cDNA encoding bound Adnectins was eluted with 100 mM KOH. The
eluted cDNA was then amplified by PCR with oligonucleotides 0 and 14 (see Table S1 in the supple-
mental material). The resulting PCR product after round 1 was then quantitated using qPCR. The fraction
of the library that bound CD4-D1-D4-Fc after one round was determined by comparing the qPCR
measurements of protein-mRNA fusion molecules before and after the selection step. cDNA from round
1 was then transcribed with T7 RNA polymerase to feed the next selection round.

Rounds 2 to 6 were carried out on a smaller scale. The protocol was similar to that described above,
except that 150 pmol of library mRNA was translated in 0.2 ml of rabbit reticulocyte lysate. In addition,
a negative selection (preclear) step was first carried out prior to each positive selection round by
exposing the library of mRNA-protein fusions to 100 nM an unrelated VEGFR2-Fc fusion protein
prebound to protein G-coated magnetic beads for 30 min. This step was intended to deplete any
Adnectins that bound to Fc or to the protein G beads. After carrying out the preclear three times, the
portion of the library that did not bind to the unrelated Fc-tagged protein was then allowed to proceed
into the positive selection round against CD4-D1-D4-Fc. The selection conditions were identical to those
described above for round 1, except that equilibration with 100 nM target occurred for 30 min during
these rounds.

The PCR products obtained after rounds 5 and 6 were amplified with cloning primers that added an
N-terminal NcoI restriction site and a C-terminal His6 tag and BamHI restriction site. The resulting PCR
product was cleaved with NcoI and BamHI and ligated into the NcoI and BamHI sites of pET9d (Novagen).
The ligated plasmids were transformed into E. coli strain BL21(DE3) pLysS and were plated on kanamycin-
and chloramphenicol-containing LB agar plates. E. coli colonies, each expressing a single Adnectin clone,
were grown in 96-well plates for sequencing, expression, and assays.

Optimization and off-rate selection methods. Once initial lead Adnectins with desirable antiviral
properties were identified, new libraries were produced on the basis of those sequences (see the
supplemental material) and subjected to more stringent selections aimed at finding variants with lower
off-rates. These optimization selections followed a streamlined version of the primary selection protocol
that substituted a combined in vitro transcription and translation system consisting of purified E. coli
components (PURExpress; New England BioLabs) for the previously separate transcription and translation
reactions. The first round of selection was carried out using 20 pmol of library DNA as the input
(approximately 1.2 	 1013 in library size) and 400 pmol of the puromycin linker in 80 �l of in vitro
transcription/translation volume. At this point, mRNA-protein fusions hybridized to their respective
cDNAs were selected against 100 nM CD4-D1-D4-Fc as described above for the primary selections. The
stringency was increased during rounds 2 to 4 by evaluating binding to 100 nM, 10 nM, and 1 nM
CD4-D1-D4-Fc, respectively.

For the 5th round, the protocol was further modified to focus selection on variants with lower
off-rates. The Adnectin libraries were bound to 10 nM CD4-D1-D4-biotin at room temperature for 30 min.
At that time, a 100-fold molar excess of CD4-D1-D4-Fc was added to the binding mixture. Adnectins that
dissociated from the biotinylated target would likely rebind to the nonbiotinylated target. After a 30-min
incubation with CD4-D1-D4-Fc, the Adnectins that remained bound to CD4-D1-D4-biotin (and which
presumably had lower off-rates) were captured with streptavidin-coated magnetic beads. These beads
were washed, eluted, and measured by qPCR as before. This eluted cDNA was also fed into the 6th round
of selection, wherein the time of incubation with CD4-D1-D4-Fc was increased to 90 min. In the 7th
round of selection, the time of incubation with CD4-D1-D4-Fc was further increased to 300 min.
Following amplification by PCR, the round 6 and 7 Adnectin variants were cloned, sequenced, and
expressed as described above for the primary selections. The complete selection pathway is summarized
in Fig. 2.

Expression and purification of Adnectins. A complete description of high-throughput Adnectin
expression and purification methods is provided in the supplemental material. Briefly, each clone was
transformed into E. coli BL21(DE3) pLysS and grown in cultures of MagicMedia expression medium (Life
Technologies). After centrifugation, bacterial pellets were chemically lysed. Lysates were clarified by
filtration, and Adnectins were purified via their His6 tags, using HisPur cobalt spin plates (Thermo Fisher
Scientific). Estimates of yield (typically, 10 to 200 �g in 100 �l) and purity (typically �80%) were obtained
using a LabChip 90 (Caliper) or LabChip GX (PerkinElmer) capillary electrophoresis system. For larger-
scale expression (5 to 10 mg), additional column chromatography steps, such as size exclusion chroma-
tography (SEC) or anion exchange chromatography, were utilized to achieve a purity of �95%.

Purified Adnectins were analyzed for monomericity by SEC using an Agilent high-performance liquid
chromatography instrument fitted with a Superdex 75 5/150 column (GE Healthcare) with 100 mM
sodium phosphate, 100 mM sodium sulfate, 150 mM sodium chloride, pH 6.8, as the mobile phase at a
flow rate of 0.3 ml/min. Melting point determinations by differential scanning calorimetry (DSC) were
conducted with a MicroCal VP-capillary DSC instrument (Malvern) with protein diluted to 0.5 mg/ml in
PBS and a scan rate of 1°C/min.

ELISA for identifying CD4-binding Adnectins. Nunc MaxiSorp 384-well plates were coated over-
night with 2 �g/ml of anti-His6 antibody mAb050 (R&D Systems) in PBS (20 �l per well). Coated plates
were blocked in 20 �l per well casein-PBS (Thermo Fisher Scientific) for 1 to 2 h at room temperature.
After the blocked plate was washed 3 times in PBS-Tween 20 (PBST), Adnectins were added (15 �l per
well semipurified Adnectin diluted 1:10 in casein-PBS) and the mixture was incubated for 1 h at room
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temperature. For initial screening, the concentration of each Adnectin varied but was generally in excess
of 1 �M. A nonbinding Adnectin (a 10Fn3 domain with the native RGD integrin-binding motif mutated
to SGE) was included as a negative control to determine the assay background signal. The plates were
washed 3 times in PBST, and then 10 nM CD4-D1-D4-Fc diluted in casein-PBS was added (15 �l per well). The
plates were incubated for 1 h at room temperature and washed 3 times in PBST, and then goat anti-human
IgG-Fc conjugated with horseradish peroxidase (Pierce), diluted 1:15,000 in casein, was added (15 �l per well).
After a further incubation for 1 h at room temperature, the plates were washed 3 times in PBST and developed
with 15 �l per well room temperature tetramethylbenzidine substrate (Invitrogen). The reaction was stopped
at 7 min or less with 15 �l per well 2 N sulfuric acid. The plates were read (by determination of the optical
density at 450 nm) in a SpectraMax plate reader (Molecular Devices).

Cells and viruses. MT-2 cells, HEK293T cells, CEM-NKR-CCR5-Luc cells, and the proviral DNA clone of
NL4-3 virus were obtained from the NIH AIDS Research and Reference Reagent Program. B6 cells, which
contain a long terminal repeat-driven luciferase reporter, were generated at the DuPont Pharmaceutical
Company (66). HeLa C14 cells expressing CD4, CXCR4, and CCR5 and containing an integrated copy of
a tetracycline-responsive inducible luciferase reporter gene were constructed at Bristol-Myers Squibb
(43). MT-2 cells were propagated in RPMI 1640 medium supplemented with 10% heat-inactivated fetal
bovine serum (FBS), 10 mM HEPES buffer (pH 7.55), and 2 mM L-glutamine. HEK293T cells were
propagated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% heat-inactivated
FBS, 10 mM HEPES buffer (pH 7.5), and 2 mM L-glutamine. Unless otherwise noted, all cell culture
reagents came from Gibco or Invitrogen, subsidiaries of Thermo Fisher Scientific (Waltham, MA). The
CEM-NKR-CCR5-Luc cells were maintained in medium containing RPMI 1640 medium supplemented with
10% heat-inactivated FBS, 100 units/ml penicillin (Pen), 0.1 mg/ml streptomycin (Strep), and 0.8 mg/ml
Geneticin. Recombinant B6 cells were propagated in RPMI 1640 medium plus 10% FBS, 1% Pen-Strep,
and 0.6 mg/ml Geneticin. HeLa C14 cells were cultured in DMEM plus 10% FBS (Sigma, St. Louis, MO), 0.1
mg/ml hygromycin B, 0.2 mg/ml Geneticin, 1.5 �g/ml puromycin (EMD Biochemical, Billerica, MA), and
0.4 mg/ml zeocin. NLRepRluc virus, in which a section of the nef gene from the proviral clone of NL4-3
virus was replaced with the Renilla luciferase gene, was constructed at Bristol-Myers Squibb (67). The
replication-competent virus or defined variants of this virus were harvested 3 days after transfection of
HEK293T cells with the modified proviral clones. Transfections were performed using the Lipofectamine
Plus reagent (Invitrogen), according to the manufacturer’s instruction. The titers of the recombinant
viruses in MT-2 cells were determined using luciferase enzyme activity as a marker.

Cell-cell fusion assay. Populations of envelope genes were obtained from previous studies of HIV
attachment inhibitors (45, 68). The envelope genes were cloned into the pCMV-HA expression vector
(Clontech) using the In-Fusion HD EcoDry technology (Clontech) and were used in the assay to evaluate
a wide spectrum of subtypes. Two populations of cells, designated effector and target cells, were used
in the cell-cell fusion assay. The effector cells (HeLa or HEK293T cells) were prepared by cotransfecting
cells with the envelope-expressing plasmid, along with the pTET-Off plasmid (Clontech), both at 50
ng/well in 6-well plates, for 1 day prior to the assay. HeLa C14 cells expressing CD4, CXCR4, and CCR5
and containing an integrated copy of a Tat-inducible luciferase reporter gene were used as target cells.
The effector and target cells were trypsinized, mixed at a ratio of 1:2, and seeded into a 96-well or
384-well plate in the presence of serial dilutions of the inhibitor protein. After 18 h of incubation,
luciferase signals were generated with the Steady-Glo luciferase reagent (Promega), allowing the extent
of cell fusion to be quantitated. Inhibition of cell fusion was determined by XLfit analysis of the
luciferase signals. The results from at least 2 experiments (each conducted in triplicate) were
averaged to establish the EC50s. Assay results for envelopes from clinical isolates were always
normalized against those for an LAI envelope and expressed as the fold change (FC). On the basis
of assay variability, a FC of �10 was considered significant in this assay. Statistical analysis was
performed using GraphPad Prism software.

Replicating virus assay. MT-2 cells were cultured in RPMI 1640 medium plus 10% FBS, 1% Pen-Strep,
1% HEPES, and 1% L-glutamine. Inhibitors were serially diluted 4- or 5-fold stepwise, and 10 concentra-
tions were plated in quadruplicate into a white 384-well assay plate with a clear bottom (catalog
number 3707; Corning). Recombinant viruses containing the luciferase reporter gene were used to
infect 8,000 MT-2 cells/well at a multiplicity of infection (MOI) of 0.002. After 3 to 4 days of
incubation in a tissue culture incubator (37°C, 5% CO2), cells were processed and quantitated for
virus growth by the amount of expressed luciferase as described previously (67). Data were analyzed
using a 5-parameter fitting method (XLfit).

Resistance selection. Two million MT-2 cells were infected with NL4-3 virus in the presence of 2	
the EC50 of the inhibitor at an MOI of 0.005 to 0.05. Syncytium formation was monitored as a marker for
viral infection. Typically, more than 10% syncytium formation occurred within 3 to 4 days. A 1/1,000 to
1/100 volume of the infectious supernatant was then transferred to fresh MT-2 cells in the presence of
the inhibitor at an increased concentration of twice the previous concentration, stepwise. When
consistent virus breakthrough was observed, the potency of the inhibitor was evaluated against the viral
supernatant in the B6 antiviral assay. A potency shift of more than 10-fold usually indicated the
appearance of resistant virus. The infected cells or the viral supernatants were used to obtain the
viral genomes by PCR or reverse transcription-PCR, followed by sequencing to identify the amino
acid changes. Amino acid changes were then introduced into the wild-type NL4-3 viral genome
using site-directed mutagenesis and cloning. The recombinant viruses were evaluated in a replicat-
ing virus assay for a shift in potency versus that against wild-type virus.

Potency of anti-CD4 Adnectin against viruses from resistance selections. B6 cells were cultured
in RPMI 1640 medium plus 10% FBS, 1% Pen-Strep, and 0.6 mg/ml Geneticin. Inhibitors were serially

A Novel Anti-HIV Adnectin Targeting CD4 Antimicrobial Agents and Chemotherapy

August 2017 Volume 61 Issue 8 e00508-17 aac.asm.org 15

http://aac.asm.org


diluted 4- or 5-fold stepwise, and 10 concentrations were plated in quadruplicate into white 384-well
assay plates with a clear bottom (Corning). HIV-1 NL4-3 isolates from various time points during
resistance selection were used to infect 6,000 B6 cells per well at an MOI of 0.02. After 1 to 2 days of
incubation in a tissue culture incubator (37°C, 5% CO2), cells were processed and virus growth was
quantitated by determination of the amount of luciferase expressed. Data were analyzed using a
5-parameter fitting method (XLfit).

Determination of kinetics of Adnectin binding to CD4 by SPR. A Biacore T-series CM5 chip (GE
Healthcare) was derivatized with protein A (Pierce) via a standard amine-coupling kit (GE Healthcare) to
a level of 2,600 response units (RU). CD4-D1-D4-Fc was diluted to 25 nM in running buffer consisting of
0.01 M HEPES, pH 7.4, 0.15 M NaCl, and 0.005% (vol/vol) Surfactant P20 (HBS-P�; GE Healthcare), and
flowed over the protein A surface until 950 RU was captured. Adnectins diluted to various concentrations
in running buffer were then flowed over the captured CD4-D1-D4-Fc surface at 37°C at a flow rate of 40
�l/min for 2 min. Dissociation was measured for 10 to 30 min. A surface consisting of only protein A
was used for reference subtraction, and buffer-only samples were included for background subtrac-
tion. The protein A surface was regenerated between cycles with two injections of 10 mM glycine,
pH 1.5. A 1:1 Langmuir binding model was fit to the double-referenced sensorgrams to determine
kinetic parameters using Biacore T100 evaluation software, version 2.0.1 (GE Healthcare).

Simultaneous cobinding of anti-CD4 Adnectin, anti-CD4 antibodies, and HIV gp120 to CD4. A
Biacore 3000 CM5 chip (GE Healthcare) was derivatized with 1,700 RU of protein A/G (Pierce) via a
standard amine-coupling kit (GE Healthcare). Antibodies to CD4 were captured onto this surface to
approximately 1,000 RU in HBS-P� running buffer (GE Healthcare). Soluble recombinant human CD4
containing amino acids 26 to 390 (R&D Systems) was diluted to 50 nM in running buffer and flowed over
the captured antibodies to levels of 75 to 700 RU. Adnectins were then flowed over the antibody-CD4
complexes at 0.2 to 1 �M in running buffer, and further increases in the numbers of RU relative to those
in flow cells without CD4 were measured.

In an alternative format, the anti-CD4 Adnectin 4945_G06 was diluted to 5 �M in 10 mM sodium
acetate, pH 5.5, and immobilized on a Biacore 3000 CM5 chip or T-series CM5 chip (GE Healthcare) via
a standard amine-coupling kit (GE Healthcare) to a level of approximately 2,000 RU on two flow cells.
Recombinant human CD4 consisting of the four ectodomains (amino acids 26 to 394) was diluted to 100
nM in running buffer consisting of 0.01 M HEPES, pH 7.4, 0.15 M NaCl, 3 mM EDTA, and 0.005% (vol/vol)
Surfactant P20 (HBS-EP; GE Healthcare) and flowed over the second (active) flow cell for 2 min at 5 �l/min
(�860 RU was captured). Then, anti-CD4 antibodies (Table S2) at 100 nM in running buffer or gp120 at
5 �g/ml was flowed successively over both flow cells for 3 min at 5 �l/min. Regeneration of the chip
surface between cycles was accomplished with two injections of 10 mM glycine, pH 2.1, at 30 �l/min for
15 s each time. Cobinding of antibodies or gp120 to CD4 captured by 4945_G06 was determined by the
accumulation of additional mass on the active flow cell (with CD4 plus 4945_G06) compared to that on
the reference flow cell (with 4945_G06 only).

SPR binding of CD4 fragments. A Biacore T-series CM5 chip (GE Healthcare) was derivatized via a
standard amine-coupling kit (GE Healthcare) as follows: flow cell 1 received 2,450 RU of a nonbinding
Adnectin negative control, flow cell 2 received 2,720 RU of 4945_G06, flow cell 3 received 5,270 RU of
antibody OKT4, and flow cell 4 received 11,060 RU of ibalizumab. See Table S2 for antibody information.

Soluble recombinant fragments of human CD4 consisting of ectodomains 1 and 2 (D1D2), ectodo-
mains 3 and 4 (D3D4), or ectodomains 1 to 4 (D1D4) were diluted to 1 �M in running buffer (HBS-EP; GE
Healthcare). Diluted fragments were flowed over the chip surfaces at 15 �l/min with 2 min of contact
time and 3 min of dissociation time. Fragment identity and integrity were confirmed by the binding
pattern observed for the two antibodies OKT4 and ibalizumab, whose epitopes are known to be
contained within domain 3 and domain 2, respectively (Fig. S2).

Binding to CD4-expressing cells. The cross-reactivity of the anti-CD4 Adnectin was assessed on
human, cynomolgus monkey, marmoset, and African green monkey peripheral blood mononuclear
cells (PBMCs) (all nonhuman primate tissues were sourced from BioReclamation) and murine PBMCs.
Cells (2 	 105 per condition) were incubated with a titration series of anti-CD4 Adnectin for 2 h at
4°C. Cells were washed and fixed with 2% formaldehyde for 10 min at 4°C. After two additional rounds
of washing, cells were stained with separate antibody mixes depending on their origin. Human cells were
stained with Alexa Fluor 488-labeled anti-human CD3 (clone SP34-2; Becton, Dickinson), phycoerythrin
(PE)-labeled anti-human CD8 (Becton, Dickinson), and Alexa Fluor 647-labeled anti-His antibody (pre-
pared at Bristol-Myers Squibb). Nonhuman primate cells were stained with PE-labeled anti-nonhuman
primate CD3 (Miltenyi), fluorescein isothiocyanate (FITC)-labeled anti-nonhuman primate CD8 (Becton,
Dickinson), and Alexa Fluor 647-labeled anti-His (prepared at Bristol-Myers Squibb). Murine cells were
stained with FITC-labeled anti-mouse CD3 (Becton, Dickinson), PE-labeled anti-mouse CD8 (Becton,
Dickinson), and Alexa Fluor 647-labeled anti-His (prepared at Bristol-Myers Squibb). Anti-CD4 antibodies
were not used in the experiment due to their potential to block Adnectin binding. Each cell-antibody mix
was prepared in a total volume of 100 �l of PBS plus 0.1% BSA. All samples were incubated for 45 min
at 4°C. Cells were washed twice and fixed in 2% formaldehyde (diluted in 1	 PBS), and data were
acquired on a BD FACSCanto II flow cytometer.
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