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ABSTRACT: With approximately 37 million people living
with HIV worldwide and an estimated 2 million new infections
reported each year, the need to derive novel strategies aimed at
eradicating HIV-1 infection remains a critical worldwide
challenge. One potential strategy would involve eliminating
infected cells via antibody-dependent cellular cytotoxicity
(ADCC). HIV-1 has evolved sophisticated mechanisms to
conceal epitopes located in its envelope glycoprotein (Env)
that are recognized by ADCC-mediating antibodies present in
sera from HIV-1 infected individuals. Our aim is to circumvent
this evasion via the development of small molecules that
expose relevant anti-Env epitopes and sensitize HIV-1 infected
cells to ADCC. Rapid elaboration of an initial screening hit
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using parallel synthesis and structure-based optimization has led to the development of potent small molecules that elicit this
humoral response. Efforts to increase the ADCC activity of this class of small molecules with the aim of increasing their
therapeutic potential was based on our recent cocrystal structures with gp120 core.

KEYWORDS: Antibody-dependent cellular cytotoxicity (ADCC), high throughput screen (HTS),
structure—activity relationships (SARs), small molecule CD4 mimetic compounds (CD4mc)

he global acquired immunodeficiency syndrome (AIDS)

pandemic caused by human immunodeficiency virus type
1 (HIV-1) represents one of the world’s leading health
problems. Approximately 37.9 million people are living with
HIV worldwide, with an additional 1.7 million new infections
reported last year." Current clinical management is not curative
and involves combinations of antiretrovirals (highly active
antiretroviral therapies, HAART) targeting viral proteins
involved in the intracellular replication or the viral entry
process.” Despite what currently appears to be a replete
armamentarium of treatment for HIV, the emergence of
multidrug resistance and issues of drug toxicity, intolerability,
and lack of compliance limit effective therapies. Importantly,
current therapies fail to deplete the latent HIV-1 viral reservoir
persisting mainly in CD4+ T cells. Therefore, therapy
interruption rapidly leads to the reemergence of viral
replication and disease progression.” This obstacle must be
overcome to achieve a complete curative effect. Thus,
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developing novel strategies aimed at eradicating HIV-1
infection remains a critical worldwide challenge.

Entry of HIV-1 into host cells is initiated by attachment of
the viral envelope glycoprotein (Env) trimer to the host cell
CD4 receptor. The mature, unliganded Env (gp120/gp41),
trimer adopts a “closed”, flexible, high energy conformation
State 1.”"
ments at the trimer apex, thus
prehairpin intermediate State 3 via a functional and obligate

CD4 engagement leads to conformational rearrange-
“opening” Env to form a

intermediate State 2. Binding of coreceptor (CCRS or
CXCR4) to State 3 then leads to viral entry.” ° In addition
to being expressed on the surface of viral particles, Env is the
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Figure 1. Structures of HTS hit 1, the active and inactive enantiomers (2 and 3), and the strategy for the SAR study. See the Supporting

Information for syntheses of 2 and 3.

Scheme 1. Synthesis of Region I Analogs
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only virus-specific antigen exposed at the surface of HIV-1 binds to “open” CD4i Env conformations. This is now

infected cells, and thus represents a major cellular target for
host antibodies (Ab).” Importantly, conserved epitopes on Env
that are recognized by Abs can elicit specific Fc-receptor-
mediated effector functions that might be important for viral
control, including antibody-dependent cellular cytotoxicity
(ADCC).*” For example, the partially successful RV144
vaccine clinical trial in Thailand (31.2% protected) identified
ADCC-mediating Abs, in the presence of low plasma
immunoglobulin A (IgA) Env-specific Abs, as a correlate of
protection.'” Conformational changes induced by Env:CD4
binding on the surface of infected cells leads to exposure of
conserved CD4-induced (CD4i) epitopes on Env that are
recognized by Abs able to mediate potent ADCC.”"'~" To
avoid exposure of the vulnerable CD4i epitopes, the virus has
evolved sophisticated mechanisms to downregulate CD4 and
prevent Env accumulation at the surface of infected cells, via
Nef and Vpu accessory protein activities, as well as Vpu-
mediated BST-2 antagonism.”'*'® Evidence suggests that due
to their size, small molecules might have an advantage over
soluble CD4 (sCD4) to modulate Env conformation at the
surface of cells infected with primary viruses, unmasking CD4i
epitopes that are recognized by antibodies present in HIV+
sera.' ™7 Specifically, sequential binding of small molecule
CD4 mimetic compounds (CD4mc) and coreceptor binding
site. Abs (CoRBS, e.g. 17b) to Env opens the trimer and
facilitates recognition by the ADCC-mediating anticluster A
family of Abs. This results in the stabilization of the ADCC-
vulnerable Env conformation State 2A.'%*'

In search for small molecules that promote the ADCC
immune response, we performed a high throughput screen
(HTS) to identify molecules that open the trimeric Env on the
surface of HIV-1 infected cells and expose anti-Env CD4i
epitopes. We screened an internal collection (~108,000
compounds) in a well-established cell-based ELISA (CBE)
assay that detects the conformation of trimeric Env at the
surface of transfected human osteosarcoma (HOS) cells, to
evaluate the impact of different small molecules on HIV-1 Env
conformation.”” More specifically, the CBE assay measures
recognition (i.e., binding) of trimeric HIV-1 Env by
monoclonal Abs, in this case anti-CoRBS Ab 17b, that only
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automated and the simpler CBE assay is a useful surrogate for
ADCC activity because anti-CoRBS Ab binding is a necessary
prerequisite for ADCC mediated by antibodies present in most
HIV-1-infected individuals. This effort identified a racemic hit
(1, Figure 1), which could stabilize HIV-1 Env in “open”
conformations.”® Further studies showed that while the activity
of 1 is limited, it specifically binds to gpl20 and sensitizes
infected cells to modest HIV+ serum-mediated ADCC in a
FACS-based assay (see Supporting Information).">'*** This
assay specifically measures ADCC activity against productively
infected cells and is not affected by the confounding effect of
uninfected bystander cells.”>*® Encouraged by the modest but
specific ADCC activity of 1, a series of parallel synthetic
libraries aimed at increasing their capacity to expose the
coreceptor binding site of Env was developed and compared by
cell-based ELISA to the potent BNM-III-170, which binds
within the same pocket'®*"*” and has been shown to protect
from immunodeficiency virus infection in vivo.”**’

Initially we focused on identifying the active conformer of
racemic hit 1. Both enantiomers of 1 were synthesized from
commercially available (R)- and (S)-4, via a two-step
mesylation and EDC-mediated amide coupling procedure.
The (S)-enantiomer 2 (MCG-II-153) proved to be the active
conformer, while the (R)-enantiomer 3 (MCG-II-156)
displayed no activity in the CBE assay. Having identified the
eutomer of 1, we looked to modify different regions of the
molecule through iterative parallel synthetic library develop-
ment and to assess the effect on antibody binding in our CBE
assay. Our strategy involved the design of libraries incorporat-
ing modifications of the following regions (Figure 1): (i) 4-
chloro substituted aromatic ring: Region I; (ii) amide linker:
Region II; (iii) piperidine core: Region III; and (iv)
sulfonamide substituent: Region IV. At the time the work
was conducted, no structural information on the compound’s
specific binding site on gpl20 was available. Therefore, we
looked to augment the structure activity relationship (SAR)
development via expedient syntheses that would produce
libraries of compounds incorporating different diversity
elements in Regions I to IV via late-stage diversification of
common intermediates.
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The initial library explored alternative functional groups
attached to the benzene ring of Region I in place of the para-
chlorine atom. This library was prepared by reaction of
common acid chloride intermediate 5 (R: Me) with a variety
of anilines (Scheme 1). The set chosen consisted of ortho-,
meta-, para-, and disubstituted anilines in order to assess the
tolerance for different functionality on the aromatic ring. While
the 4-Br analog (6a) from the initial library displayed
comparable activity to 2 (Table 1), the 4-chloro-3-fluoro-
substituted compound (61, MCG-III-027-D0S) displayed
enhanced 17b antibody binding. Based on this improved 17b
binding activity of 6], a library of 3,4-dihalo-substituted analogs
was prepared that also included methyl-, ethyl-, and phenyl
sulfonamides. The library was designed to test whether the 4-
Cl-3-F-substitution could be replaced with other combinations
of 3,4-dihalo-substituted analogs, as well as explore replace-
ment of the methyl substitution on the sulfonamide of Region
IV. To this end, common intermediates 5 (R: Me, Et, or Ph)
were reacted with various 3,4-dihaloanilines to afford analogs 6
(Scheme 1).

The 4-chloro-3-fluoro analogs (6, 6r, and 6x, Table 1), not
dissimilar to another structural class of small molecule CD4mc
exemplified by BNM-III-170,”” proved to be the most effective
in our CBE assay with alternate halogenation patterns proving
less active. Notably, however, the phenyl derivatives all
displayed poor aqueous solubility as evaluated by visual

Table 1. Structures and Activities of Select Analogs

entry R R’ 7 n ring 17b
2 Me 4-Cl 0.31
3 Me 4-Cl
6a Me 4-Br 0.36
61 Me 4-Cl-3-F 0.58
6r Et 4-Cl-3-F 0.35
6x Ph 4-Cl-3-F 0.45
7a Me 0.08
8a Me 0.07
9 - - - - 0.21
11a Me CH, 0 No 0.36
1le Me O 1 No 0.28
111 Me NH 1 No 0.10
11p Me CH, 1 Yes 0.24
11t Me CH, 1 No 0.42
13 0.48
(+)-13 0.58
(=)-13 0.28
16a Me 0.50
16b Et 0.53
16d nPr 0.51
16e iBu - 0.62
17d nPr H 0.55
17f (CH,),NH;* H 0.58
17g (CH,);NH;" H 0.25
18b nPr 0.85
20 (CH,),NH," 0.07
21a nPr 0.11
21b (CH,),NH;" 0.06
21c (CH,),NH;" 0.06

“17b binding measured by CBE assay normalized to BNM-III-170
(17b binding in the presence of BNM-III-170 = 1 and in the absence
of CD4mc is <0.05). See Supporting Information for assay details and
an extended Table containing all analogs.
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inspection. Efforts to improve the solubility and activity of 6x
via the addition of polar groups to the benzene ring or
replacement with heterocycles proved unsuccessful (see
Supporting Information). Following the results of the initial
compound libraries, our attention turned toward replacement
of other regions of 2, while maintaining the 4-chloro-3-fluoro
aromatic ring, to evaluate further the SAR of this class of
molecules.

In an effort to understand the basic pharmacophore of this
series of molecules, replacement of the amide linker in Region
II with inverse amide (7) and ester (8) linkages was examined
(Figure 2). Both replacements led to inactive analogs, as
illustrated by 7a and 8a (R: Me, Table 1). Overall, this
suggested that the original amide linker is important to expose
the coreceptor binding site (17b binding); therefore, Region II
modifications were deprioritized. In addition, the 4-position
regioisomer 9 was also prepared and tested. This analog also
exhibited lower 17b binding activity, thus validating the
importance of the regiochemistry of the amide substituent.

(o]
N N N
0=$=0 0=$=0 0-8-0
R R [
7 8 9

Figure 2. Structures of inverse amide (7) and ester (8) linked Region
IT analogs and regioisomeric analog 9. See the Supporting Information
for syntheses.

Based on the modest improvements in 17b binding activity
observed with the initial analogs (6—9), our attention turned
to replacement of the piperidine core (Region III) with other
nitrogen-based heterocycles (Scheme 2). Libraries of com-
pounds in which the piperidine core was replaced with
pyrrolidine, morpholine, piperazine, and tetrahydroquinoline
were prepared (Scheme 2). The pyrrolidine, morpholine, and
piperazine analogs all showed lower 17b binding activity
(exemplified by 11a, 11e, and 111, respectively, R:Me) to the
racemic piperidine matched pair (e.g, 11t), with the
tetrahydroquinoline analogs (e.g, 11p, R:Me) exhibiting
poor aqueous solubility. Overall, replacement of the piperidine
core with alternate N-heterocycles did not notably improve
17b binding activity.

Scheme 2. Synthesis of N-Heterocyclic Core Analogs

i. RSO,CI, EtzN /©E
DCM RT I
I ii. TFA DCM, RT
:O Z: CH,, O or NH
é n:0or1

10 1
4-91%, 1-2 steps

In addition to the nitrogen-based heterocycles, the
tetrahydropyran derivative (13, Scheme 3) was synthesized
to investigate the importance of the piperidine nitrogen atom.
Interestingly, racemic 13 exhibited promising biological
activity. Importantly, we were able to identify chiral HPLC
conditions to separate the enantiomers. Optical rotations were
recorded, and the (+)-enantiomer proved to be more active.
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Scheme 3. Synthesis of Tetrahydropyran Analog
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Scheme 4. Synthesis of N-Substituted Piperidine Analogs

|
e 0
(@]
OLH ¢ RSO

o ﬁ\ cl
RSO,CI
EGN O J\N - | EtN O N F
N
. DCM, RT DCM N
0=8=0 N 0°CtoRT |
R 15 (+)-14 O0” "OR 16
7-91% 23-61%
|
o} c o cl
L i. pNO,PhOC(O)CI | i. N-Cbz-N-R-thiourea I
O H F EtsN, DCM, RT, 48% | EDC, Et;N, DCM, RT O H F
N ii. amine-R,R’, EtzN ii. Pd-C, Hy, MeOH, RT N
A R 4-DMAP, DCM:MeOH R
o~ N iii. TFA, DCM, RT HNZ N
s H
17 18

7-98%, 2-3 steps

24-70%, 2 steps

Having explored modifications to Regions I-III and various
sulfonamide derivatives in Region IV with only minor
improvements in 17b binding activity, our iterative synthetic
library design strategy turned to introducing replacements of
the sulfonamide substituent on the piperidine core to assess
the impact on 17b antibody binding. The synthetic strategy
focused on late-stage derivatization of common intermediate
(+)-14, which was treated with various electrophiles to yield
analogs with alternately N-substituted piperidine cores
(Scheme 4). In particular, analogs in which the sulfonamide
(15) was replaced with carbamate (16), urea (17), and
guanidine (18) moieties were prepared. Gratifyingly, analogs
16—18 all exhibited improved activity. In particular, the
carbamate analogs (16a—e) displayed marked improvement in
17b binding activity (Table 1) compared to their direct
sulfonamide comparators, although the phenyl derivative (16¢)
exhibited poor aqueous solubility. The urea and guanidine
analogs also displayed good 17b binding activity, particularly
the n-propyl substituted analogs (17d and 18b, respectively).

Based on the literature precedent,’® a small library of analogs
in which the 4-chloro substituent was replaced with a
trifluoromethyl group was also prepared. From a common
intermediate similar to 14 (CF; in place of Cl), different N-
substitutions were explored. The trifluoromethyl analogs
displayed comparable, though slightly diminished, 17b binding
activity to their chloro-substituted matched pairs (see
Supporting Information). This suggests that, while the
trifluoromethyl substituent is a reasonable replacement for
the chlorine atom, the 4-chloro-3-fluoro substitution proved
superior.

Isothermal titration calorimetry (ITC) was next used to
evaluate the binding affinities of select analogs with monomeric
YU-2 gp120 (Figure 3). Compound 2, the (S)-enantiomer of
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the original HTS hit, exhibited poor binding affinity with an
estimated K4 value of >10 M. The addition of the 3-fluoro
substituent in analog 6l improved the binding affinity with a
measured Ky value of 2.8 yM. The carbamate analogs 16a and
16b also displayed higher binding affinities with Ky values of
1.8 and 0.77 uM, respectively. Importantly, the improved
binding affinity observed correlated with higher 17b Ab
binding.

5 e ]
L — .
| 2
— 10 uM
S K> 10
£ 5
X
| 16a
| =1.8uM
-10 | Ko "
‘ 6l 16b
| Ky=2.8uM Ky=0.77uM |
-15 L . i i § J

Figure 3. Binding thermodynamics as determined by ITC employing
YU-2 gp120.

Our approach to develop active compounds capable of
triggering the HIV Env trimer to expose ADCC vulnerable
epitopes was then coupled with structural analyses of our more
active molecules with gpl120 antigen. The structure-based
design was guided by the X-ray crystal structures of complexes
formed between compounds A, 6l; B, 16a; C, 16b; D, 17d and

DOI: 10.1021/acsmedchemlett.9b00445
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LM/HT gp120¢ggo; ag core (Figure 4, for data collection and
refinement statistics for the structures, see ref 23). As shown in
Figure 4 the small molecules bind in the previously disclosed
cavity of gp120 that binds the Phe43 of the CD4 receptor.””"
This result is perhaps unsurprising due to the similarity of the
4-chloro-3-fluoro substituted aromatic ring attached to an
amide (or oxalamide) linker observed in both families of small
molecule CD4mc (vide supra).”’

Figure 4. Protein—analog structures with LM/HT gp120cgro; ae
core: A, 61 (PDB code: 60NV); B, 16a (PDB code: 60NE); C,
16b (PDB code: 60NF); D, 17d (PDB code: 60NVH). Structures
were aligned based on gpl20, and the electrostatic potential is
displayed over the gp120 molecular surface colored red for negative,
blue for positive, and white for apolar. Analogs are shown in a ball—
stick representation, and residues lining the analogs binding cavities
(buried at the interface as calculated by PISA software) are shown as
sticks. There is one direct H-bond at the contact interface of each
analog formed between Thr*® O of gpl120 and amide N of the
compound. Key conserved residues in the Phe43 pocket: Asp®®,
Gly*”?, and Met** are labeled in blue.

Structural analyses indicated that in addition to hydrophobic
contacts of the 4-chloro-3-fluoro substituted aromatic ring
observed deeply within the Phe43 cavity, the compounds
interact with highly conserved gp120 residues of the Phe43
cavity rim, including Asp368, Gly472, and Met426. These
interactions are mediated mostly through residues of the
piperidine ring (Figures 4 and 5). Based on these analyses, we
hypothesized that the addition of an amino group at the
terminus of the carbamate or urea alkyl chain and/or at the 3-
position of the piperidine core could establish additional
hydrogen bonding interactions with Asp368, Gly472, and/or
Met426, key conserved residues in the Phe43 pocket rim.

Synthetic efforts thus turned toward identifying an
enantioselective synthesis of our designed analogs (Figure 6)
containing an additional amino group directly attached to the
piperidine core. Unfortunately, all of the analogs containing a
3-amino substituent proved inactive in our CBE assays (20a
and 21a—c, Table 1). Furthermore, crystallographic analysis of
21a with gpl20 monomer revealed that the compound
adopted a different conformation in the solvent exposed
vestibule of the Phe43 pocket than predicted computationally
(see Supporting Information for gpl20 cocrystal structure).
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Figure S. Design of new analogs with additional amino groups.

Thus, the desired hydrogen bonding interaction with Asp368
and the 3-amino substituent was not realized.

!
o cl o c
! I HaN’, RS
HN;, Ay . .. SN E
HO™ Y o — H H
- N
P N
N 2\ R O)\N’R
19 (o6} H
20 21

Figure 6. Designed analogs with additional amino group. See the
Supporting Information for syntheses.

Preparation of compounds with an amino group at the
terminus of the alkyl carbamate or urea was next achieved in a
similar fashion to that of the alkyl congeners (Scheme 4).
Excitingly, the amino-substituted compounds revealed im-
proved 17b binding activity compared to the direct alkyl
analogs. Compound 17f (MCG-IV-210, Figure 7) is therefore
currently the lead compound for this structural class of small
molecules that sensitize HIV-1 infected cells to ADCC (Figure
8). Structural analyses of 17f in complex with LM/HT
gp120cgeg; ag core reveal that 17f establishes an additional H-
bond with a main chain atom of Gly472 (Figure 7) and has the
highest buried surface area (BSA) at the interface, 692 A? (as
compared with other compounds with BSA in a range of 610—
683 A?).

To determine if there was a correlation between anti-CoRBS
Ab 17b binding and ADCC activity for this structural class of

ICG-11I-027-D05
C

S

S)-MCG-III-188-A01
S)-MCG-IIl-188-A02
g 1V-031-

-M
-M
-MCG-IV-031-A05
-MCG-IV-210

(S-MCG1V-210 (170

Figure 7. Structure of lead compound 17f in complex with LM/HT
gp120cppo; ap core (PDB code: 6P9N). (A) The 17f binding
interface. LM/HT gp120cgpo; ap core residues contributing to 17f
compound binding are shown as sticks. H-bonds are shown as blue
dashes. (B) Comparison of bound conformations of 17f to other
compounds. Structures were aligned based on gpl20 and the
electrostatic potential displayed over the gp120 molecular surface of
the 17£-LM/HT gp120crpo; ag core complex. Compounds are shown
as sticks and H-bonds formed by 17f shown as blue dashes.
Compound 17fis the only compound that establishes an H-bond with
the main chain atoms of Gly472.
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Figure 8. CD4mc sensitize HIV-1 infected cells to ADCC. Primary
CD4 T cells isolated from PBMC were infected with HIV-1cyss7g for
48 h. For cell surface staining, S ug/mL 17b (A) or 1:1000 diluted
HIV+ plasma (n = 5) (B) were used in the presence of S0 uM of the
different MCG analogs, (+)-BNM-III-170, or with equivalent volume
of vehicle (DMSO), and an Alexa Fluor 647-conjugated antihuman
IgG secondary Ab was then used for fluorescent labeling. For ADCC
(C), infected cells were used as target cells in a FACS-based ADCC
assay that measures the killing of infected (p24+ cells) to determine
their susceptibility to ADCC mediated by a 1:1000 dilution of plasma
from S HIV-1-infected individuals in the presence of S0 yM different
MCG analogs, (+)-BNM-III-170, or with equivalent volume of
vehicle (DMSO). Data shown are the mean + SD of three
independent experiments. Statistical significance was evaluated using
paired t test (*, P < 0.05; **, P < 0.01; ***, p < 0.001; ns, not
significant).
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small molecule CD4mc, we evaluated the ability of select active
analogs to sensitize primary CD4+ T cells infected with a
clinically relevant transmitted/founder virus (CHS8TF) to
HIV+ serum-mediated ADCC in our previously described flow
cytometry-based assay'* (Figure 8). Analogs 61 (MCG-II1-027-
D05), 16a (MCG-III-188-A01), 16b (MCG-III-188-A02), 17d
(MCG-IV-031-A05), and 17f (MCG-IV-210) all enhanced the
recognition of infected cells by the anti-CoRBS 17b antibody
(Figure 8A) and by sera from HIV-1 infected individuals
(Figure 8B). Importantly, these analogs displayed improved
ADCC activity (Figure 8C), thus revealing a correlation
between enhanced 17b/HIV+ sera Ab binding and ADCC
activity.

In summary, we have identified a new class of small
molecule CD4mc that “open-up” Env, thus allowing enhanced
recognition and binding by antibodies resulting in the
sensitization of HIV-1 infected cells to ADCC. Use of parallel
synthesis and purification enabled rapid access to libraries of
analogs of the original HTS hit. Addition of a fluorine atom
ortho to the chlorine atom of the original hit improved
binding, while other modifications to the aromatic ring were
poorly tolerated. Replacement of the piperidine core did not
improve 17b binding activity. The most substantial improve-
ment in Env opening and 17b Ab binding was observed upon
replacing the sulfonamide substituent attached to the
piperidine nitrogen with urea, carbamate, and guanidine
substituents. Addition of a terminal amino group on the
alkyl urea (e.g, 17f, MCG-IV-210) further improved the
capacity of the compound to expose the CoRBS. Importantly,
the most active analogs in our CBE assay displayed improved
ADCC activity over the HTS hit and were recently shown to
have some viral neutralization activity.”> With the specific
binding site on gp120 identified, current efforts are focused on
using computational modeling and structural data to augment
the rational design of more potent analogs.
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