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ABSTRACT: The chemokine receptor CXCR7 is an attractive target for a variety of diseases.
While several small molecule modulators of CXCR7 have been reported, peptidic macrocycles
may provide advantages in terms of potency, selectivity, and reduced off-target activity. We
produced a series of peptidic macrocycles that incorporate an N-linked peptoid functionality
where the peptoid group enabled us to explore side chain diversity well beyond that of natural
amino acids. At the same time, computational calculations and experimental assays were used to
track and reduce polarity while closely monitoring physicochemical properties. This strategy led
to the discovery of macrocyclic peptide-peptoid hybrids with high CXCR7 binding affinities (K;
< 100 nM) and measurable passive permeability (P, > 5 x 10 cm/sec). Moreover, bioactive
peptide 25 (K; = 9 nM) achieved oral bioavailability of 18% in rats, which was commensurate

with the observed plasma clearance values upon intravenous administration.

INTRODUCTION

The chemokine receptor CXCR7 is a member of the G-protein coupled receptor (GPCR)
family that binds to its chemokine ligands CXCL11 and CXCL12 with high affinity. CXCL12,
also known as SDF-1, has many physiological effects including acting as a stimulator of B cell
lymphopoiesis and bone marrow myelopoiesis."? The first identified CXCL12-binding
chemokine GPCR was CXCR4, which received a great deal of attention due to its role in the

HIV replication cycle, acting as a co-receptor for the entry of HIV into T cells.’ Further research
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has identified pathways activated by CXCR4 including extracellular signal-related kinase and
protein kinase B leading to pleiotropic effects.

Unlike CXCR4, CXCR7 signals solely through B-arrestin in response to CXCLI12 binding,
without noticeable activation of G-protein coupled pathways.* Nonetheless, the molecular
pharmacology of CXCR7 is complex as it is known to homodimerize as well as heterodimerize
with CXCR4, affecting its internalization.™® It has also been reported to act as a scavenging
receptor for CXCL12, resulting in the modulation of CXCR4 chemokine axis.’

CXCR?7 expression is tightly regulated and is enhanced during pathological processes such as
cancer and inflammation.® Tt has been shown that CXCR7 plays an essential role in the
CXCL12/CXCR4-mediated transendothelial migration of cancer cells.’ Recently it was reported
that CXCR7 modulation ameliorates atherosclerosis and promotes vascular remodeling through
increased cholesterol uptake in adipose tissue.'” CXCR?7 has also been shown to act as a decoy
receptor for adrenomedullin, a peptide hormone playing a key role in cardiovascular
development.'' A Phase II clinical study evaluated the safety and efficacy of CXCL12 gene
therapy in heart failure patients,'> providing further impetus for the delivery of orally
bioavailable CXCR7 ligands that can modulate levels of CXCL12, as an attractive therapeutic
drug target.

The identification and development of small molecules for CXCR7 have been described in

13-15

several publications and patent applications.m'27 Since CXCR4 and CXCR7 share the same

chemokine ligand CXCLI12, and peptide derivatives for CXCR4 have been successfully

28-31
d,

develope there is also strong interest in identifying peptides for modulating CXCR7

32,33

activity. Peptidic macrocycles in particular may provide advantages over small molecules in

terms of potency, selectivity, and reduced off-target activity.**
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RESULTS AND DISCUSSION

Compound Synthesis. All peptides were synthesized via standard Fmoc solid phase peptide
synthesis methods using the 2-chloro-tritylchloride (CTC) resin.’® After resin cleavage, the
resulting acyclic peptide-peptoid hybrids underwent macrolactamization under dilute solution
phase conditions to deliver either the cyclic side-chain protected peptide-peptoids or the final
cyclic peptide-peptoids.”” The cyclic side-chain protected peptide-peptoids were globally
deprotected to afford the target compounds. All final compounds were purified using reversed-
phase HPLC and analyzed to confirm > 95% purity.

CXCR7 Pharmacology. The binding affinity of peptides (given as K; value) against CXCR7
was determined by their ability to displace radiolabeled "*’I-CXCL12 from membranes obtained
from a cell line overexpressing the human CXCR?7 receptor.”® The functional agonist activity of
peptides (given as ECsy value) against CXCR7 was determined by their ability to induce -
arrestin recruitment in a cell line overexpressing the human CXCR7 receptor.*

Passive Cell Permeability and EPSA. The rate of peptides to passively diffuse through cell
membranes was determined in a permeability assay using a low-efflux Madin-Darby canine
kidney (MDCKII-LE) cell line.*’ To guide the improvement of passive permeability, the polarity
of peptides was measured by EPSA, a supercritical fluid chromatography method.*'*** EPSA
values are analogous to calculated polar surface area (e.g. TPSA) values in medicinal chemistry
programs. It has been shown that EPSA values of less than 90 are a necessary requirement for
peptides to achieve measurable passive permeability.* In contrast, while criteria for calculated
PSA to achieve oral bioavailability have been described in literature for small molecules (TPSA
< 140), consistent guidelines for the prospective design of peptides or macrocycles have not been

established.
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Macrocyclic hexapeptide 1 (Figure 1) has been reported as a CXCR7 modulator with
functional activity in the low nanomolar range.** Upon resynthesis its functional activity in the
CXCR?7 B-arrestin assay was confirmed (ECsy = 46 nM), however, the binding affinity against
CXCR7 was relatively moderate (K; = 2.1 pM). Furthermore, due to the presence of a basic
arginine moiety, the compound showed poor permeability (Pap, < 1 x 10 cm/s) in the MDCKII-
LE permeability assay. In this work, we synthesized novel macrocyclic peptide-peptoid hybrids
as an alternative to peptide 1, in order to identify compounds with improved binding affinity and
lower overall polarity, with the goal of increasing passive permeability toward the development

of orally bioavailable CXCR7 modulators.
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Figure 1. Structures of peptide 1 and peptoid 2.

To help guide the optimization of binding affinity, a homology model of CXCR7 was
developed based on the crystal structure of CXCR4 in complex with a macrocyclic peptide
ligand (see Experimental Section).*’ Induced fit docking of peptide 1 provided a hypothesis for
its bioactive conformation in the CXCR7 binding pocket (Figure 2) that suggested strategies to
improve binding affinity. The proposed docking model shows the tetrahydro-isoquinoline-3-

carboxylic acid (TIC) group residing in a large hydrophobic pocket formed by Trp100, Phel24,
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Leul28, Trp265, and Leu305, but without a tight contact for the TIC phenyl ring, indicating
additional space for enhancing hydrophobic complementarity and improving potency.

The implementation of peptoid residues offers the potential for modular diversification of
macrocyclic peptides due to broad availability of synthetic building blocks.***® Peptide to
peptoid substitutions have been also shown to improve both metabolic stability and cell
permeability.*’ Since the TIC group in 1 contains an N-benzyl substructure, we hypothesized that
it could be replaced by an N-linked peptoid residue, allowing the efficient exploration of peptoid
side chains at this position using primary amine reagents. This was confirmed by the synthesis of
peptide-peptoid hybrid 2 (Figure 1, Table 1) with a binding affinity (K; = 4.5 pM) comparable to

that of peptide 1 (K =2.1 uM).

Figure 2. Computational docking of peptide 1 in a homology model of the CXCR?7 receptor. The
TIC group is located in a large hydrophobic pocket (white) with room for further expansion. The
arginine side chain points into a pocket containing acidic residues, forming favorable hydrogen

bonding and electrostatic interactions with negatively charged regions (red).
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In order to test the hypothesis that the N-benzyl peptoid group binds in a hydrophobic pocket
with additional space, a series of analogs with larger side chains at the peptoid position were
synthesized, guided in part by docking a larger series of synthetically available building blocks
into the CXCR7 receptor homology model (Table 1). Analog 4 with an N-phenylpropyl side
chain (K; = 96 nM) showed a 50-fold improved binding affinity over the shorter N-benzyl (2)
and N-phenethyl (3) moieties. Further elongation of the side chain did not lead to additional
affinity gain (data not shown). Optimization of the side chain phenyl ring of 4 with F and CI
substituents further increased affinity by a factor of 15, culminating in 5 and 6 with single-digit
nanomolar binding affinities, approximately 750-fold more potent than the initial peptoid 2. The
relative docking scores, expressing free energy of binding, correlated well with the experimental
binding affinities (Table 1), which indicates an improved complementary fit of the side chain
into the hydrophobic pocket, resulting in an enhanced binding of the peptoids. Notably, one of
the most potent analogs (6) also showed the best relative docking score in our computational
modeling. Albeit not the most potent analog, peptoid 4 was selected as the reference compound
for the next set of structural modifications, knowing that the ring substitutions of 5 and 6 could
be reintroduced in the final design stage to regain binding affinity.

Table 1. Peptoid variations with improved binding affinity.
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Compd. R (peptoid) CXCR7K; [nM]* Docking Score” ClogP

2 v@ 4500 (5.340.3) 14.4 52

3 v\© 7700 (5.120.1) 14,1 5.7
4 v\/@ 96 (7.0+0.2) 153 6.1

Cl
5 V\j@ 6 (8.320.3) 162 6.8
F F

6 8 (8.1+0.2) -16.4 6.3

*

“Values were determined by a radioligand binding assay and are reported as geometric mean of
at least two independent experiments with pK; = SD in parentheses. bGlide XP docking score,
where more negative values indicate stronger binding affinity (see Experimental Section).

In order to evaluate whether the backbone conformation of the peptide-peptoid hybrid 4
remained unchanged compared to peptide 1, we employed NMR spectroscopy to gain
information on the compound conformation in DMSO. The resulting data showed that 1 and 4
have similar conformations, both with two backbone transannular hydrogen bonds between 1-
tryptophan and 4-arginine according to NMR temperature coefficient data (Table S1). The
slightly larger *Jup.o value of 4 at 4-arginine (9.1 Hz) indicated that the dihedral angle H-N-C,-
H is closer to 180 degrees. The overall backbone conformation is similar to that of previously
reported orally bioavailable macrocyclic peptides,”’®' indicating the potential for this scaffold to
provide reasonable passive cell membrane permeability and oral bioavailability when side chain
polarity is limited.

After obtaining peptoid analogs with good binding affinity, we shifted our attention towards
improving passive permeability. Our focus was on replacing the arginine side chain, which is
positively charged at physiological pH and likely contributes to the poor passive permeability of

parent peptide 1. The EPSA values for peptides 1-6 were determined to be in the range of 135
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and 150, and not surprisingly, they exhibited poor passive permeability (Pap, < 1 x 10 cm/s).
The docking model of peptide 1 in the CXCR7 receptor homology model indicated that the
arginine side chain points into a polar pocket containing aspartate and glutamate residues,
forming favorable hydrogen bonding and electrostatic interactions with Asp275 and Glu290
(Figure 2). We anticipated that replacement of the arginine side chain with non-basic or less
polar residues, while retaining binding affinity, would be challenging. Nevertheless, arginine
replacements with improved membrane permeability have been described in the literature,”*"
and we set out to explore the effects of unnatural amino acids containing heterocyclic ring

systems (Table 2).

Table 2. Arginine replacements with decreased polarity.

;_NH
Ho 9
N N
TE 0
o %¢LN5
o
Compd. R CXCR7K; [nM]* EPSA’ ClogP

96 (7.0+0.2) 145 6.1

H

7 \/[“} 30 (7.5+0.1) 127 6.7
N
N

8 i 410 (6.4+1.1) 120 6.8
*\/I:N/>

S
D=E0. .
9 *v[N/> 32 (7.5+0.3) 123 75

N/\
* N

10 63 (7.2£0.1) 120 76
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N
11 VEJ 71 (7.120.1) 116 76
*. N
2\
12 VQ 189 (6.7+03) 116 7.6
13 v@ 774 (6.1£03) 120 9.1

“Values were determined by a radioligand binding assay and are reported as geometric mean of
at least two independent experiments with pK; + SD in parentheses. "Values were measured by a
chromatographic method.*"*

Replacing the arginine side chain of 4 with various five- and six-membered heteroaryl rings
led to a pronounced decrease in polarity, with EPSA values ranging from 116 to 127 for peptoid
analogs 7-12, approximately 20-30 units lower than that of 4 (EPSA = 145). Encouragingly,
several arginine replacements (7, 9-11) were equipotent or showed an even greater binding
affinity compared to 4. To explore the lowest achievable polarity for this side chain we also
prepared a non-heteroaryl phenylalanine analog 13 which had an EPSA value similar to those of
analogs 7-12. However, presumably due to the lack of functional groups capable of hydrogen
bonding or electrostatic interactions with the negatively charged regions in the binding pocket
(Figure 2), its binding affinity decreased 8-fold compared to 4. Since peptoid 11 exhibited the
best balance of good potency, matching that of 4, and low polarity (EPSA = 116), it was selected
as a starting point for further structural optimization.

After successful replacement of the arginine side chain with heterocyclic ring systems, we
tested the effect of replacing the two tryptophan residues with alternate aryl side chains (Table
3). Substitution of one tryptophan residue in 11 by hhPhe resulted in 14 that showed an EPSA
decrease from 116 to 104, but permeability in the MDCKII-LE assay remained low (Pap, = 0.9 x
10 cm/s). Additional replacement of the second tryptophan residue with hhPhe (15) and hPhe
(16) further reduced EPSA below the aforementioned threshold of less than 90, resulting for the

first time in measurable passive permeability (Pap > 1 x 10 cm/s). Since 15 and 16 had slightly
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reduced binding affinity, we were particularly intrigued by peptoid 18 with a non-aromatic t-
butyl substitution, which retained the binding affinity of the tryptophan analog (14). With its
further reduced polarity (EPSA = 79), 18 also exhibited the highest passive permeability (P,pp =
4.8 x 10 cm/s) measured thus far in this series. Interestingly, a comparably low EPSA value for
the equipotent peptoid 17 did not translate to measurable permeability (P, = 0.7 x 10 cm/s).

Table 3. Tryptophan substitutions with reduced polarity and increased passive permeability.

j©

T 0

N
NL,
O =
Compd. R CXCR7 K; [nM]* EPSA” ClogP P,y [10° cm/s]
N
4 . v[@ 23 (7.6+0.2) 104 87 0.9
15 v\/@ 71 (7.2+0.2) 9 98 12

16 V\© 88 (7.120.3) 89 93 18

S,
17 . V[N/> 24 (7.6£0.1) 89 7.1 0.7

18 = 34 (7.5:0.1) 79 92 438

“Values were determined by a radioligand binding assay and are rei)orted as geometric mean of
at least two independent experiments with pK; + SD in parentheses. “Values were measured by a
chromatographic method.*"* “Values were determined by a permeability assay in a low-efflux
Madin-Darby canine kidney cell line.*’

O

H
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With 18 emerging as the most promising analog, we embarked on further optimization of
various side chains to obtain peptides with an improved balance between potency and passive
permeability (Table 4). First, at the original arginine position, we replaced the 3-pyridyl group
with a thiazole ring for which we expected a modest potency boost from known SAR (Table 2).
This was confirmed with peptide 19 (K; = 9 nM). The pyridyl to thiazole substitution resulted
only in a negligible change in EPSA and permeability. In the next step, shortening of the side
chain from hhPhe (19) to phenylalanine (20) improved permeability (Pap, = 6.6 x 10 cm/s) but
potency was decreased by 50-fold. Again taking advantage of existing SAR (Table 1), we
anticipated a potency boost by switching to a 2,4-difluoro-substituted N-phenylpropyl side chain
at the peptoid position. Indeed, 21 showed a 20-fold increase in potency (K; = 25 nM) in
comparison to 20. The introduction of an additional 4-fluoro substituent on the phenylalanine
side chain (22) further increased permeability (Pap, = 7.6 X 10 cm/s). In an attempt to eliminate
another aromatic group from the peptide, we also investigated aliphatic side chains (23, 24).
Interestingly, the introduction of a second t-butyl group in 24 showed the highest measured
permeability in this series (Pypp = 8.3 x 10" cm/s). Peptide 25, however, provided the best overall
balance between potency (K; = 9 nM) and passive permeability (Pay, = 6.2 x 10 cm/s), and was
progressed towards examination of its in vivo oral absorption potential in rats. Measured in the
CXCR7 B-arrestin functional assay, the activity of 25 (ECsp = 15 nM) showed a 3-fold

improvement over the initial peptide 1 (ECso = 46 nM).
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Table 4. Side chain optimization with improved balance between potency and permeability.

R o

Lol )

HN q'o 0O N\/\/Q
% N\:/U\N\E X
I :

s

S

Compd. R X CXCR7K;[nM]* EPSA’ ClogP Py, [10° cm/s]¢
19 V\/@ H  9(8.1%0.1) 80 9.0 4.0
20 v@ H 537 (6.3%0.1) 79 7.9 6.6
21 v@ F  25(7.6£0.1) 74 8.2 5.2

F
22 v@( F  42(7.4+0.1) 74 8.4 7.6
23 VO F  34(7.5+0.1) 74 9.5 3.8

24 " F 95(7.020.1) 70 8.7 8.3

25 OQ F 9(8.0£0.4) 77 83 6.2
~

“Values were determined by a radioligand binding assay and are rei)orted as geometric mean of
at least two independent experiments with pK; = SD in parentheses. “Values were measured by a
chromatographic method.*"* “Values were determined by a permeability assay in a low-efflux
Madin-Darby canine kidney cell line.*’

To summarize, our design strategy was to employ peptoids capable of probing a larger
diversity of side chains to efficiently explore a large hydrophobic pocket in the CXCR7 binding
site. Simultaneously, we monitored physicochemical properties such as polarity measured by
EPSA, with the aim of identifying peptide-peptoid hybrids that were both potent and passively
permeable across cell membranes. The overall progression of peptides synthesized in these

iterative design cycles is shown in Figure 3. The initial peptides showed only weak binding
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affinity and high polarity with no measurable permeability. In the first design step,
implementation of N-linked peptoids led to peptide-peptoid hybrids with improved binding
affinity, but relatively high EPSA values (Table 1). Next, replacement of the basic arginine side
chain yielded compounds with lower polarity while retaining moderate activity (Table 2).
Substitution of the two tryptophan residues yielded analogs with further reduced polarity (Table

3), and ultimately resulted in peptides with improved potency and passive permeability (Table

4).
150 A
o A A A
140
A
130 <>
120 QO <> <> Compound Table
O A1
110 O 2
< A 4 v 3
(C}L) 100 (: 4
L
90 v Pago [10° cmis]
@ <1
30 1-5
.* @ ® ® 5
@ ® nND.
70 .
4 10 40 100 400 1000 4000

CXCR7K; [nM]
Figure 3. Optimization of peptides 1-25 as measured by binding affinity (CXCR7 Kj), polarity
(EPSA), and in vitro passive permeability (P,p,). Compounds exemplified in Tables 1-4 are
grouped by shape. Permeability values of peptides were binned and are highlighted by color.

Peptide 25 (*) was selected for further characterization.
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The peptides described herein are only a subset of a larger collection of analogs that were
synthesized and tested during the iterative design cycle process. Having a large data set of related
analogs with experimental data in hand, we were interested to learn of any relationships between
physicochemical properties and experimental data to guide prospective peptide design efforts.
The correlation between passive permeability (P,pp), polarity (EPSA), and lipophilicity (ClogP)
is shown in Figure 4. In agreement with previous findings,* our data confirms that EPSA values
of less than 90 are indeed necessary for peptides to achieve measurable passive permeability.
However, satisfying this rule alone did not always result in permeable peptides (Figure 4, left).
Our data suggests that peptides also need to fulfill a certain lipophilicity requirement, and with
this particular scaffold they must have ClogP values between 7.5 and 10 in order to yield
measureable passive permeability. Peptides outside this ClogP range did not lead to substantial
permeability in the MDCKII-LE assay (Figure 4, right). Apparently, not only is high polarity
detrimental to passive permeability, but high lipophilicity seems to impede passive perfusion
through the membrane. Similar findings of a parabolic correlation between a variety of
calculated logP and experimental P,,, values were observed by other groups as well, claiming
‘islands of permeability’ where only peptides with the right balance of polarity, lipophilicity and

solubility are likely to have measurable permeability.’*"’

The equivalent analysis correlating
passive permeability with calculated PSA (TPSA) instead of EPSA revealed that the cutoff

criteria established in literature (TPSA < 140) would have not been applicable for this series of

macrocyclic peptides in a prospective design (Figure S1).
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22 Figure 4. Correlation between passive permeability (Pgpp), polarity (EPSA) and lipophilicity
24 (ClogP). Dashed lines indicate the EPSA threshold of less than 90 and a ClogP range from 7.5 to

27 10, necessary to achieve measurable permeability for peptides with this particular scaffold.

30 In addition to the optimization of side chains, N-methylation of backbone amide groups has
32 been shown to have a beneficial effect on permeability in cyclic peptide scaffolds.”’*% We
35 examined the effect of N-methylation on selected peptides developed in this study (Table 5). We
37 focused mainly on N-methylation of the R, and R; backbone amides since analogs methylated at
these positions are expected to have a similar low-dielectric backbone conformation compared to
42 cyclic peptides that were previously shown to have good permeability.”*>> We found that N-
44 methylation was generally beneficial to permeability when ClogP was in a favorable range, as
described above. For example, peptide 17 (Table 3) had shown poor permeability (Pa,p, = 0.7 x
49 10 cm/s) despite its low polarity value (EPSA = 89). The likely reason for that is the ClogP
51 value of 7.1 which is below the optimal range of 7.5 and 10 (Figure 4). N-methylation of the R;

(26) and R,/R; (27) backbone amides not only further decreased polarity (EPSA = 86 and 83,

56 respectively), but also slightly raised the ClogP values (ClogP = 7.8 and 8.5, respectively)
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towards the optimal range necessary to achieve passive permeability. As a result (Table 5), we
improved the low permeability of 17 with both its mono-N-methyl derivative 26 (P, > 2.7 x 10°

6 cm/s) and bis-N-methyl derivative 27 (Papp = 4.0 x 10 cm/s). Ultimately, we decided not to
pursue the N-methylation strategy further, because in most cases N-methylation at the R,
position also had a deleterious effect on CXCR7 binding affinity.

Table 5. N-methylation of cyclic peptide scaffold to improve permeability.

Compd. R, R; CXCR7K;[nM]* EPSA’ ClogP Py, [10° cm/s]‘

17 H H  24(7.6%0.1) 89 7.1 0.7
26 H Me 20(7.7£0.3) 86 7.8 2.7
27 Me Me 211 (6.740.2) 83 8.5 4.0

“Values were determined by a radioligand binding assay and are rei)orted as geometric mean of
at least two independent experiments with pK; + SD in parentheses. “Values were measured by a

chromatographic method.*"* “Values were determined by a permeability assay in a low-efflux

Madin-Darby canine kidney cell line.*’

To assess whether oral bioavailability can be achieved for peptides with measurable passive
permeability as determined in the MDCKII-LE assay, the pharmacokinetics of 25 was examined
in rats. The intravenous (IV) and oral (PO) pharmacokinetic results are shown in Table 6. After
IV dosing, peptide 25 exhibited a high plasma clearance (CL,) that exceeded the rat hepatic
blood flow value (70 mL/min/kg).®" Consistent with this observation, incubation of 25 (1 pM)

with NADPH-supplemented rat liver microsomes resulted in facile metabolic turnover leading to
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a short half-life (45 min) and a high apparent intrinsic clearance value (610 pL/min/mg). The
finding that 25 was resistant towards metabolism (half-life > 2 h) in rat liver microsomes lacking
NADPH cofactor strongly suggests a role for rat cytochrome P450 enzymes in the oxidative
metabolism of 25 as a cause of its metabolic instability, which leads to observed high in vivo
plasma clearance. The volume of distribution (V) for 25 was considerably above the total body
water volume (0.6 L/kg) indicating extensive distribution into tissues. The corresponding half-
life after IV administration was relatively short (< 1 h).

Table 6. Pharmacokinetic profile of compound 25 in rats®.

o CL,’ Vs t,” AUC? Cnax’ AUC® R
pa. [mL/min/kg] [L/kg] [h] [ng/mLxh] [ng/mL] [ng/mLxh] [%] s
25 136+9 4.4+0.3 0.95+0.01 12449 97+18 224430 18 0.011

“Pharmacokinetic parameters were calculated from plasma concentration-time data in male
Wistar Han rats (2 animals per route) and are reported as mean + SD values. bFollowing v
administration (1 mg/kg) formulated in DMSO: Cremophor: Saline (5:5:90 v/v). “Following PO
administration (10 mg/kg) as an emulsion in 10% Miglyol 812: Cremophor RH40: Capmul
MCM (30:40:30 v/v) and 90% water (SEDDS formulation).

Following PO administration of 25 in the lipophilic self-emulsifying drug delivery system
(SEDDS) formulation at 10 mg/kg, the systemic exposure measured by maximal plasma
concentrations (Cax) and area under the plasma concentration-time curve (AUC) was 97 ng/mL
and 224 ng/mL x h, respectively. The corresponding oral bioavailability (F) of 25 was 18%. The
reason for achieving oral systemic exposure despite the hepatic blood flow-limited intrinsic
clearance of 25 remains unclear at the present time. One possibility is the saturation of first-pass
metabolic extraction by rat cytochrome P450 enzymes in the small intestine and the liver®* due to
the 10-fold higher PO dose administered relative to the IV dose.

When normalized against the rat plasma unbound fraction (fu,p),63 the free Cyax value (~ 1.3

nM) of 25 after PO dosing was approximately 7-fold lower than the corresponding CXCR7
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binding affinity (9 nM). In order to probe in vivo CXCR7 pharmacology, sustained unbound
plasma concentrations several fold over the K; value are desired, which currently would be

unattainable with a reasonable PO dosing regimen of 25.

CONCLUSION

In this study, we demonstrated the successful optimization of low affinity, highly polar and
non-permeable peptides towards macrocyclic peptide-peptoid hybrids with improved CXCR7
binding affinity (K; < 100 nM) and in vitro passive permeability in the MDCKII-LE assay (Pgpp, >
5 x 10° cm/sec), thereby achieving our goal to identify potent and cell-permeable CXCR7
modulators. Moreover, bioactive peptide 25 (K; = 9 nM, ECsy = 15 nM) with measurable passive
permeability (Pyy, = 6.2 X 10 cm/sec) also demonstrated reasonable oral bioavailability in rats
(F = 18%). A pragmatic next step to further increase the oral absorption of 25 would be to
improve its metabolic stability whilst maintaining CXCR7 potency and the favorable passive

permeability characteristics.

EXPERIMENTAL SECTION

All procedures performed on animals in this study were in accordance with established
guidelines and regulations, and were reviewed and approved by Pfizer Institutional Animal Care
and Use Committee. Pfizer animal care facilities that supported this work are fully accredited by
AAALAC International.

Peptide Synthesis. Standard solid phase peptide synthesis (SPPS) was used to synthesize the
peptide-peptoid hybrids. Unless otherwise stated, the resin (100-200 mesh or 200-400 mesh,
cross linking degree: 1% DVB), Fmoc amino acids, and other starting materials were

commercially available and used without further purification. After cleaving from the resin, the
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resulting acyclic peptides were then cyclized under dilute solution phase conditions: (a) BOP,
HOBt, DIPEA, DCM ([substrate] ~6 mM), 16 h, and (b) EDC, HOAt, DIPEA, ACN:DCM (1:1,
0.5 mg of linear peptide-peptoid compound/mL), 16 h. Full synthetic details for individual
peptide-peptoid hybrids are provided in the Supporting Information.

Purification of Peptides. Crude material was dissolved in a minimal amount of water and
purified using multiple conditions: (a) Waters 4000 system connected to a Phenomenex Luna™
C18, reversed phase HPLC column (10 microns, 100 A, 25 mm x 200 mm) eluting with a solvent
gradient A:B where A = 0.1% TFA in water and B = 0.1% TFA in ACN:water (4:1), (b)
Shimadzu LC-8A preparative HPLC system coupled to a Higgins C18 analytical column (5
microns, 100 A, 20 mm x 250 mm) eluting with 0.1% TFA in water:0.1% TFA in ACN (40:60 to
0:100) over 30 min at a flow rate of 10 mL/min, (c) Shimadzu LC-8A preparative HPLC system
coupled to a Higgins C18 analytical column (5 micron, 100 A, 20 mm x 250 mm) eluting with
0.1% TFA in water:0.1% TFA in ACN (10:90 to 0:100) over 30 min at a flow rate of 10 mL/min,
and (d) Waters system coupled to a SunFire C18 column (5 microns, 100 A, 19 mm x 100 mm)
eluting with 0.05% TFA in water:0.05% TFA in ACN (90:10 to 50:50 for 10.5 min, then 50:50
to 0:100 for 0.5 min, then 5:95 for 1 min) at a flow rate of 25 mL/min. Specific conditions for
individual peptide-peptoid hybrids are provided in the Supporting Information.

Purity Analysis of Peptides. Purified material was analyzed to confirm > 95% purity under a
variety of conditions: (a) HP1090 system coupled to a Phenomenex C18 (2) (5 microns, 100 A,
4.6 mm x 150 mm) reversed phase HPLC column eluting with a solvent gradient of A:C, where
A =0.1% TFA in water and C = 0.09% TFA in ACN:water (4:1) over 20 minutes at a flow rate
of 1.0 mL/min, (b) Waters LC/MS/ELSD (single quad MS) system coupled to an Acquity HSS

T3 UPLC reversed phase column (1.8 microns, 100 A, 2.1 x 50 mm) eluting with 0.05% TFA in
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water: 0.05% TFA in ACN (95:5 to 0:100 over 5 min then 0:100 for 2.5 min) at flow rate of 0.7
mL/min, and (c) Pure peptides were analyzed using a Waters LC/MS/ELSD (single quad MS)
system coupled to a SunFire C18 column (5 microns, 100 A, 4.6 mm x 50 mm) reversed phase
column eluting with 0.05% TFA in water:0.05% TFA in ACN (90:10 to 50:50 for 3.75 min, then
50:50 to 5:95 for 0.5 min, then 5:95 for 0.5 min) at a flow rate of 2.0 mL/min. Specific
conditions, retention times, and UV purities (215 nm or 220 nm) for individual peptide-peptoid
hybrids are provided in the Supporting Information.

CXCRY?7 radiolabeled ligand binding assay. The binding affinity of test compounds for the
human CXCR7 chemokine receptor was determined by their ability to displace '*’I-CXCLI12
(Perkin Elmer) from membranes obtained from CHO-KI1 cells overexpressing the human
CXCRY7 receptor (DiscoveRx). K; values are reported as the geometric mean of at least two
independent experiments each of which was run in duplicate.

Test compounds were serialized in 100% DMSO and spotted into 96 well plates (NBS). Total
binding wells were spotted with diluent. Non-specific wells were defined by the addition of

potent CXCR7 agonist. 10 uL of '*’I-CXCLI12 with a final concentration of 100 pM was added

to each well of the plate, followed by the addition of 90 uL. of membranes. Both the membranes

and 125

[-CXCL12 were diluted to the appropriate concentration in assay buffer (HBSS containing
10 mM HEPES and 0.2% BSA). After the addition membranes plates were incubated at room
temperature for 2 h (shaking). Reactions were terminated by rapid filtration through
poly(ethyleneimine) (0.3%) treated 96 well GF/C Unifilter plates (Perkin Elmer). Unbound
ligand was removed by washing the filters with ice cold wash buffer. Filters were allowed to dry

thoroughly prior to the addition of Ready Safe scintillation fluid (Perkin Elmer). The amount of

bound '*I-CXCLI12 was quantitated by reading plates on the Trilux (Perkin Elmer).
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CXCR?7 B-arrestin functional assay. The agonist activity of test compounds was determined
by their ability to induce B-arrestin recruitment in CHO-K1 cells overexpressing the human
CXCR7 receptor (DiscoveRx). ECsy values are reported as the geometric mean of at least two
independent experiments each of which was run in duplicate.

The receptor is fused with the small enzyme fragment ProLink™ and co-expressed in the cells
stably expressing a fusion protein of B-arrestin and the larger, N-terminal deletion mutant of -
gal (called enzyme acceptor or EA). Agonist activation of the receptor by test compounds causes
binding of B-arrestin (EA) to the ProLink-tagged CXCR7 resulting in the formation of active 3-
gal enzyme. Enzyme activity is measured using chemiluminescent PathHunter® detection
reagents (DiscoveRx).

Prior to the assay, cells are removed from culture flasks and plated at a density of 6K viable
cells per well in white solid bottom 384 well plates. After the addition of cells, plates were
placed in humidified 37 °C 5% CO, incubator for 18-24 h. Test compounds were serialized in
100% DMSO and diluted in assay buffer (HBSS containing 10 mM HEPES and 0.1% BSA)
prior to their addition to the cell plates. Media was removed from the cell plates and 20 puL of
compound or diluent was added to the appropriate wells of the plate. Following compound
addition, cell plates were incubated at 37 °C in 5% CO; for 30 min. After incubation 20 uL of
PathHunter® detection reagents (DiscoveRx) were added to each well of the plate. Plates were
incubated at 23 °C in the dark for 1 h prior to reading on the Envision (Perkin Elmer).

MDCKII-LE Permeability Assay. Passive permeability was determined using a low-efflux
Madin-Darby canine kidney (MDCKII-LE) cell line (Pfizer, Groton, CT). Cells were grown in
minimum essential medium a-nucleosides (Life Technologies, Grand Island, NY') supplemented

with 10% fetal bovine serum, 1% minimum non-essential amino acids solution, 1%
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GlutaMAX™ and 1% penicillin-streptomycin prior to seeding into Millipore 96-well cell culture
insert plates (EMD Millipore Corporation). MDCKII-LE cells were cultured on the inserts with
100 pLL medium per well on the apical side and 36 mL for all 96 wells on the basolateral side.
Donor solutions were prepared from HBSS containing 20 mM HEPES, pH 6.5. Stock solutions
of test compounds, prepared at 5 mM in DMSO, were used to prepare donor solutions of 6 uM
compound. Receiver solutions were prepared from HBSS containing 20 mM HEPES and 0.4 %
BSA (w/v), pH 7.4. Prior to the assay, cell culture medium was removed and cells were pre-
incubated with HBSS for 10 min. To start the assay, 100 uL of donor solution and 300 pL of
receiver solution were added to the apical and basolateral chambers, respectively. After 90 min
incubations, aliquots were taken from the receiver chambers to determine the translocated
amount of compound. Samples were taken from the donor chambers before and after incubation
to determine the initial concentration (Cy) and recovery values. An internal standard solution,
0.5 pg/mL CP-628374 (MW =687) in 100% methanol, was added to the receiver and donor
samples. The samples were analyzed by LC-MS/MS to determine the peak area for test
compound and the internal standard. All incubations were conducted in triplicate.
Apparent permeability values (P,,,) were calculated according to the following equation:

Y
Papp = m

where dx is the amount of compound in the receiver compartment, df is the incubation time, Cy
is the initial concentration in the donor compartment, and A4 is the area of the filter of the
transwell plate.

Pharmacokinetics. Rat pharmacokinetics were determined in male Wistar Han rats sourced

from Charles River, weighing between 250-281 g, (n=2/route) following single IV bolus (1
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mg/kg) and PO (10 mg/kg) administration. For the IV dose, 25 was formulated in DMSO:
Cremophor: Saline (5:5:90 v/v) and administered at 2 mL/kg via the jugular vein cannula. In
order to avoid poor aqueous solubility confounding oral bioavailability determination, the PO
doses of 25 were administered in a self-emulsifying (SEDDS) formulation. Peptide 25 was
presented as an emulsion in 10% Miglyol 812: Cremophor RH40: Capmul MCM (30:40:30 v/v)
and 90% water (10 mL/kg). Doses were administered by gavage tube. At 2 min (IV only), 5 min,
15 min, 30 min, 1 h, 2 h, 4 h, 7 h and 24 h post dose, blood samples were taken from previously
implanted in-dwelling carotid artery catheters. Blood was centrifuged to produce plasma which
was stored frozen until bioanalysis. Bioanalysis of plasma samples was completed using specific
HPLC-MS/MS methods with lower limits of detection for 25 equal to or below 1 ng/mL.
Pharmacokinetic parameters were calculated using standard non-compartmental analysis.
Molecular Modeling. The crystal structure of CXCR4 in complex with the cyclic peptide
antagonist CVX15 (PDB code 30EQ) was used to develop a CXCR7 homology model. The
protein sequence of CXCR7 was aligned to the CXCR4 structure using ClustalW. The homology
model of CXCR7 was generated using Prime version 3.1 from Schrodinger. Conformational
modeling of cyclic peptides was performed using PLOP with robust backbone sampling, and the
predicted conformations were used as input for subsequent docking calculations. Docking of
compounds into the CXCR7 homology model was conducted using Glide XP from Schrédinger
(release 2016-2). The Induced Fit Docking (IFD) protocol, which uses Prime and Glide to induce
adjustments in the receptor structure, was employed to investigate binding models of key
compounds, such as peptide 1 as well as peptide-peptoid hybrids 2 and 4. To support
optimization of the peptoid position for CXCR7 binding, CombiGlide from Schrédinger was

utilized to enumerate virtual libraries of peptide-peptoid hybrids based on commercially

ACS Paragon Plus Environment

24



©CoO~NOUTA,WNPE

Journal of Medicinal Chemistry Page 26 of 37

available primary amines and to dock against the CXCR7 homology model to identify peptoid

substitutions favorable for binding.
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