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Abstract

The ability to restrict low molecular weight compounds to the gastrointestinal (Gl) tract may
enable an enhanced therapeutic index for molecular targets known to be associated with
systemic toxicity. Using a triazolopyrazine CSF1R inhibitor scaffold, a broad range of pro-
drugs were synthesized and evaluated for enhanced delivery to the colon in mice. Subse-
quently, the preferred cyclodextrin prodrug moiety was appended to a number of CSF1R
inhibitory active parent molecules, enabling Gl-restricted delivery. Evaluation of a cyclodex-
trin prodrug in a dextran sodium sulfate (DSS)-induced mouse colitis model resulted in
enhanced Gl tissue levels of active parent. At a dose where no significant depletion of sys-
temic monocytes were detected, the degree of pharmacodynamic effect—-measured as
reduction in macrophages in the colon—was inferior to that observed with a systemically
available positive control. This suggests that a suitable therapeutic index cannot be
achieved with CSF1R inhibition by using Gl-restricted delivery in mice. However, these
efforts provide a comprehensive frame-work in which to pursue additional gut-restricted
delivery strategies for future Gl targets.

Introduction

Colony-stimulating factor 1 receptor (CSFI1R), a tyrosine kinase that is highly expressed in
myeloid cells, including monocytes, macrophages and osteoclasts, regulates their differentia-
tion, proliferation, and survival. CSF1R serves as the receptor for two ligands: colony stimulat-
ing factor 1 (CSF1) and interleukin 34 (IL-34). Inhibition of CSF1R to deplete macrophages,
either via small molecule intervention or by using antibodies to the receptor or ligands, has
been targeted as a potential therapeutic in the field of oncology.[1] Oncologic agents have
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demonstrated efficacy in xenograft tumor models[2-5] and are advancing to clinical develop-
ment.[2, 6] Interest in CSFIR for immunological indications has grown[7] as activation of
macrophages is believed to play a role in diseases such as rheumatoid arthritis (RA), lupus, and
inflammatory bowel disease (IBD).[8-12] Notably, recent clinical data has cast doubts over
whether blocking the CSF1R pathway will be efficacious in arthritis. The CSF1R inhibitor JNJ-
40346527 (3, Fig 1) completed a Phase II trial in disease modifying anti-rheumatic drug
(DMARD)-refractory active RA but demonstrated a lack of efficacy in spite of sufficient expo-
sure and systemic target engagement.[13] An anti-CSFIR antibody, FPA-008, is advancing to
Phase II clinical trials for RA, and results of this study will help refute or support the role of
CSFIR in RA disease.

Analyses of diseased tissue from Crohn’s and ulcerative colitis patients have shown an accu-
mulation of pro-inflammatory macrophages, indicating a potentially pathologic role for this
cell type in IBD.[14-16] Human expression data supports a specific role for CSF1R in IBD as
CSFIR gene expression is significantly upregulated in the colon and colonic and ileal mucosa
of IBD patients (Fig 2).[17] Furthermore, preclinical data showing reduction in clinical and
histopathological disease readouts with 3 in a model of murine colitis provides additional evi-
dence supporting the utility of CSF1R inhibition for GI disease.[18]

Despite possible beneficial outcomes, systemic inhibition of CSFIR has the potential to
cause undesirable on-mechanism effects that would prevent a sufficient safety index for
Crohn’s Disease (CD). One anticipated on-target effect is the depletion of Kupffer cells (liver
macrophages). Kupffer cells are responsible for clearance of several short-lived serum enzymes
that are typically elevated as a result of liver or skeletal muscle injury. Significant increases in
alanine aminotransferase (ALT), aspartate aminotransferase (AST), and/or creatine kinase
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Fig 1. Structure of CSF1R inhibitor from Janssen.
https://doi.org/10.1371/journal.pone.0203567.g001
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Fig 2. Upregulation of CSFIR gene expression in IBD patients. Data is sized by P-value. The data was extracted from Omicsoft® ImmunoLand® 2015 Q4 release
[19].

https://doi.org/10.1371/journal.pone.0203567.9002

(CK) have been observed pre-clinically and clinically with anti-CSF1R and anti-CSF antibod-
ies[20-22] and small molecule CSF1R inhibitors.[23, 24] Typically, monitoring of these
enzymes is used in clinical practice to indicate liver damage, and this on-target effect of
increased serum enzymes would make clinical development challenging for chronically ill IBD
patients who may taking other concurrent medication.[25] Other on-target effects are pre-
dicted from CSF1R deficient mice, and include reduced fertility, abnormal bone metabolism,
and impact on brain development. [26-28] In humans, various mutations in the CSF1R pro-
tein kinase domain give rise to a predisposition to hereditary diffuse leukoencephalopathy
with neuroaxonal spheroids.[29]

In the context of inflammatory GI disease, systemic CSF1R inhibition would be expected to
deplete circulating monocytes and colonic macrophages, both involved in colitis disease pro-
cess To address the aforementioned on-mechanism safety concerns, we hypothesized that
minimizing systemic exposure to a CSF1R inhibitor would improve safety margins by avoiding
exposure to the liver, bone, reproductive tract, and brain. Colon-localized delivery of a CSFIR
inhibitor, defined as maintaining exposures over the CSF1R cellular ECsy in the colon and
remaining considerably below in the blood, should not deplete circulating monocytes but may
prevent monocytes that traffic into the colon from differentiating into macrophages, and
decrease survival and activation of existing tissue macrophages. Our goal was to explore
whether sufficient efficacy would be maintained with colon-localized CSFIR inhibition by
comparing the effect of local delivery of small molecule CSFIR inhibitors to that of a known
systemic CSFIR inhibitor in a preclinical mouse model of colitis.

Two broad strategies for GI-restriction were evaluated: (1) limit oral absorption in the
upper GI and (2) maximize hepatic and/or non-hepatic metabolism to inactive metabolites.

In terms of limiting oral absorption, two tactics were considered: design of compounds with
non-traditional drug-like properties-high molecular weight, hydrophilic compounds,[30] and
utilization of prodrugs that are metabolized to release active drug in the colon. For the high
metabolism approach, strategies exist to maximize metabolism to inactive metabolites includ-
ing engagement of intestinal or blood esterases and amidases. Consideration was given to
identifying compounds that are substrates of cytochrome P450 3A4 (CYP3A4). This drug
metabolizing enzyme is highly expressed along the GI tract in human and rodents.[31] Thus,
compounds known to undergo metabolism by CYP3A4 could be metabolized to inactive
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metabolites upon absorption into intestinal epithelial cells, resulting in minimized systemic
exposure of active parent compound. However, a key concern around this approach was the
potential for saturation of CYP3A4, as well as potential drug-drug interactions associated with
co-administered CYP3A4 substrates or inhibitors, and therefore this approach was
deprioritized.

The high expression of P-glycoprotein (P-gp or Multi-drug Resistance 1 (MDR1) protein)
efflux transporter along the GI tract[32, 33] suggested an additional potential tactic to restrict
systemic exposure. Following absorption across mucosal tissue, compounds that are P-gp sub-
strates could be actively transported back into the lumen of the small intestine thus reducing
systemic exposure. Although some compounds we studied were P-gp substrates, the effect on
absorption was not definitively assessed. In addition, P-gp is also expressed in distal colon
which could limit exposure to this target organ. As a result, P-gp inhibition was not selected as
a strategy of focus.

Restricted by the limitations of mouse physiology that preclude both the use of capsule-
based formulation (due to size) and pH-modulated release (due to lack of an appreciable pH
gradient in the mouse GI tract[34]), the prodrug approach to limit oral absorption in the
upper GI tract was selected. Several reviews have highlighted the assortment of prodrug
options that may be amenable to lower GI delivery, including dimethylglycine, valine, gluco-
side, glucuronide, cyclodextrin, and dextran adducts.[35-37] Typically, large, polar molecules
are poorly absorbed in the small intestine and arrive intact in the colon where active parent
may then be liberated by various cleavage mechanisms. In spite of this breadth of historical
prodrug work, a comprehensive comparison for different prodrugs conjugated to the same
active parent molecule has not been studied. An assessment of the relative effectiveness of each
prodrug to selectively deliver active compound to the GI tissue is therefore lacking. An encour-
aging precedent for colon-specific delivery of a cyclodextrin prodrug is seen with an orally
dosed prednisolone-cyclodextrin conjugate that demonstrated efficacy in a rat colitis model.
[38] The prodrug gave comparable effects to prednisolone on colonic disease score, and dem-
onstrated a significantly improved thymus:body weight ratio, a measure of side effects induced
by systemic exposure.

Results and discussion

To enable the preparation of prodrug derivatives, we selected four parent compounds (1, 4, 5,
6; CSF1R enzyme ICs5o < 0.010 uM). These CSF1R inhibitors afford a classical two-point hinge
binding arrangement with the NH and C = O of Cys666 as a consequence of the exocyclic NH
and the adjacent triazole N. In addition, a water-mediated interaction from the remaining
non-bridging triazole N to gatekeeper Thr663 is proposed (Fig 3). The pyrazole resides in a
water-accessible region that tolerates a variety of substituents, and the cyclohexyl group pro-
vides an optimal fit under the Gly-rich loop. Each compound exhibited good CSF1R cellular
potency (ECso = 0.104-0.245 uM) in a CSF-induced mouse macrophage differentiation assay,
and generally demonstrated at least 10x selectivity when CSF1R enzyme activity was assessed
against our internal kinome screening panel (Fig 4; see Methods for kinases tested). The four
compounds exhibited high PAMPA permeability, P-gp efflux ratios <2 (suggesting they are
not P-gp substrates), and low to moderate absorption (FaFg). This allowed for an assessment
of FaFg on penetration into colon tissue and access to the lamina propria where the majority
of inflammatory monocytes and macrophages accumulate in diseased GI tissue. The com-
pounds also exhibited low to high systemic clearance.

In order to evaluate colon exposure, the compound concentration in mouse distal colon
homogenate was compared to plasma levels, and a maximal ratio of unbound colon:plasma
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Fig 3. Model of compound 1 with CSF1R. Modeled using the Schrodinger Maestro Glide docking into a grid
generated from the CSFIR X-ray crystal structure (PDB Code: 210Y) followed by optimization with MM-GBSA [39].

https://doi.org/10.1371/journal.pone.0203567.9003

exposure was favored. Although we were most interested in the compound concentration in
the lamina propria region of the distal colon, current limitations in tissue isolation methods
with mouse colons and methods to quantify in this specific region led to reliance on whole
colon homogenate concentrations as a surrogate for concentrations in the lamina propria. To
reduce the possibility of fecal contamination impacting measured levels of drug in colon tissue
homogenate samples, the isolated colons were flushed thoroughly with PBS prior to snap freez-
ing. The necessity of using whole colon tissue concentrations as a surrogate has been described
in the literature. A recent report studying colon tissue concentrations of raltegravir in rats, elo-
quently described the challenges faced with total tissue measurements, where complete colon
tissue drug levels were used as a substitute measurement of gut-associated lymphoid tissue
(GALT) concentrations.[40] Moreover, exposure measurements from total tissue homogenate
have been used in the antiretroviral field to compare rectal tissue exposure with blood plasma
concentrations in human clinical trials.[41-45]

To simulate the release of active parent molecule in the colon after oral dosing of a prodrug,
active parent 1 was initially dosed per rectal (PR) and compared to oral dosing (PR versus PO,
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https://doi.org/10.1371/journal.pone.0203567.9004

30 mg/kg dose). Compound exposure was measured in colon and liver tissue homogenate,
and in plasma (Fig 5) at the estimated colon Cmax (1 h for PR dosing, 3 h for PO dosing) and
Clast (11 h). The unbound fraction (fu) was measured in each tissue compartment as this
value can vary substantially due to lipid and protein makeup. The fu was used to calculate
unbound tissue concentrations for all comparisons. Mean colon unbound Cmax was signifi-
cantly higher with PR than with PO dosing (67 ng/g and 9 ng/g, respectively) and the 1 h colon
exposure exceeded the cellular EC5, while the 1 h plasma exposure did not. The colon:plasma
and colon:liver ratios at 1 or 3 h were dramatically increased with PR dosing (colon:plasma -
22x versus 0.5x%; colon:liver - 7x versus 0.34x). Lack of compound detection in the colon at the
terminal time point after PR dosing was attributed to the challenge of maintaining a rectally-
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Fig 5. Unbound concentration (ng/mL for plasma; ng/g for colon and liver) of 1 over time after 30 mg/kg PO or PR
dosing. The cellular ECs corrected for binding in 10% FBS (22 ng/mL) is represented by the horizontal dotted blue line.
Tmax = plasma Tmax.

https://doi.org/10.1371/journal.pone.0203567.g005

dosed solution within the colon in active mice for sufficient time to enable the extended
absorption that would be anticipated with oral dosing. The ability to achieve high colon and
low systemic exposure with PR dosing confirmed that absorption from the colon is indeed less
than from the small intestine[30] and built confidence that prodrug delivery of compound to
the colon would give compelling colon levels of drug and low levels in circulation.

Multiple prodrugs can be prepared from a single active compound bearing an appropriate
synthetic attachment point. Given the favorable preliminary exposure data with PR dosing,
secondary alcohol 1 was selected as the prototype parent molecule from which a broad range
of prodrug conjugates (2, 7-14) were prepared (Fig 6). Each prodrug was evaluated for colon
and plasma exposure of active parent 1 at 3 and 11 h following oral administration of a dose
adjusted to equal a 30 mg/kg dose of 1. The simple dimethylglycine (7) and valine ester (8)
analogs afforded no advantage over dosing the active parent directly, resulting in significantly
higher plasma versus colon drug levels. These “drug-like” derivatives (molecular weight (MW)
466-480; total polar surface area (tPSA) 102-125) are likely absorbed in the small intestine
prior to intestinal or plasma esterase-mediated release of active parent. Prodrug 7 is not stable
in plasma and no prodrug levels were measurable in plasma after oral dosing. Prodrug 8 was
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Fig 6. Unbound concentration (ng/mL for plasma; ng/g for colon) of 1 at 3 and 11 h after PO dosing of a 30 mg/kg dose equivalent of prodrugs 2 and 7-14.

Compounds 2, 12, and 13 were dosed as mixtures of isomers (ratio of a:b = 82:18 for 2; 43:57 for 12; and 70:30 for 13). Cmpd 2 is reported as the mean of two separate
studies. *Dose = 35 mg/kg, ADose = 20 mg/kg. Cellular EC5, corrected for binding in 10% FBS (22 ng/mL) is represented by the horizontal blue line. Tmax = plasma
Tmax.

https://doi.org/10.1371/journal.pone.0203567.9006

detected, at ~10x lower plasma concentrations than active parent 1. Oral doses of glucoside
and glucuronide analogs 9-11 resulted in approximately equivalent amounts of active parent 1
in both colon and plasma. Plasma levels of prodrug 9 were ~100x less than active parent, while
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no measureable plasma levels of 10 and 11 were observed. The moderate increase in molecular
weight (543-557) and polarity (PSA 172-189) may account for reduced absorption of 9-11 in
the small intestine. For 8-11, relatively low levels of prodrug in feces were measured (3-30%
of active parent in feces) suggesting efficient conversion of the prodrug to parent drug. Supe-
rior colon:plasma ratios were obtained upon oral administration of succinate-linked cyclodex-
trin prodrugs 2, 12, and 13 (as inseparable mixtures of the 6-O and 2-0O regioisomers) in
which unbound colonic levels of 1 at 3 h were at or near the CSF1R cellular EC5, and colon:
plasma ratios of up to 260-fold and liver:colon ratios of 17-30x were achieved with the o- and
B-variants. The large, highly polar nature of these compounds (MW 1436-1760; tPSA 580-
738) should preclude absorption of prodrug in the small intestine whereas the low levels of
active parent 1 that are detectable in the plasma are ostensibly due to colonic absorption of 1
after microflora-mediated cyclodextrin cleavage. High levels of uncleaved cyclodextrin 2 were
detected in the feces (~2-fold higher than levels of active parent in feces). The dextran prodrug
(14), also attached via a succinate linker, gave low plasma levels of parent drug as expected due
to both large size (MW ~70,000) and high polarity (tPSA >> 800), however colonic levels
were also low and well below the CSFIR cellular ECs. The low colon levels may not be attrib-
uted to reduced conversion to active parent as ~20-300x higher levels of active parent 1 in the
feces than in the colon tissue homogenate were observed from 3-11 h. Overall, the cyclodex-
trin prodrugs were preferred for selective delivery of 1 to the colon, and as such were investi-
gated with further analogs.

The mechanism of cleavage of the cyclodextrin prodrugs is hypothesized to occur via a two-
step process (Fig 7). First, bacterial esterases cleave the ester linkage to the cyclodextrin, releas-
ing the hemi-succinate 15. Although able to inhibit CSF1R enzyme activity, 15 is not stable in
mouse plasma in vitro and a PK experiment dosing the hemi-succinate 15 IV or PO (1 mg/kg)
confirmed the degradation and release of 1 with no detectable plasma levels of 15 at any time
point evaluated (from 0.5 to 12 h). Thus it is unlikely that 15 would contribute meaningfully to
any in vivo efficacy. It is conceivable that the order of degradation steps could be reversed—
ester hydrolysis to give 1 directly and subsequent cleavage of succinic acid from the cyclodex-
trin. Alternatively, hydrolysis of the sugar moiety into smaller saccharide conjugates may
occur prior to linker cleavage as was reported from a study on n-butyric acid directly linked to
B-cyclodextrin.[46]

Cyclodextrin analogs of the primary alcohol 4, tertiary alcohol 5, and carboxylic acid 6 (Fig
8) were prepared and profiled to compare the utility of these alternative prodrug attachment
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Fig 7. Proposed mechanism of cyclodextrin prodrug cleavage.

https://doi.org/10.1371/journal.pone.0203567.9007
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linkers with that of secondary alcohol 1 (Fig 9). In several cases, an inseparable mixture of a-
and b-attached cyclodextrins were isolated (2, 12, 13, 16) and in other cases only one isomer
was observed (17, 20-23). In the case of the primary alcohol 4, both the a- and b-linked cyclo-
dextrins (18 and 19) were observed and separable, vide infra. The cyclodextrin derivatives 16—
19 of primary alcohol 4 all gave high colon:plasma exposure with coverage at or above the cel-
lular ECsq at 3 or 6 h, and 19 maintained levels of free drug close to the ECs, for an extended
duration. The relatively high levels of 4 in colon occurred despite its low FaFg (18%). The a-
cyclodextrin analog of tertiary alcohol 5 gave minimal colonic exposure, thus additional
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ADose = 32 mg/kg.

https://doi.org/10.1371/journal.pone.0203567.9g009

prodrug derivatives of the tertiary alcohol were not pursued. For prodrugs of the carboxylic
acid parent 6, the y-cyclodextrin 23 was favored, providing colonic exposure well above the
cellular ECs, while maintaining a preferred colon:plasma ratio (~30-70 from 3-11 h). The o-
and B-cyclodextrin comparators (21 and 22, respectively) gave substantially lower overall
exposures in the colon. Plasma concentrations of 6 were generally low despite its low systemic
clearance and plasma concentrations tended to increase with colon exposure.

From the first set of prodrugs prepared with secondary alcohol 1 (2, 12, 13), a-cyclodextrin
2 was chosen for in vivo profiling based on acceptable total colon concentration approaching
the total cellular ECsy, sufficient window of colon:plasma exposure, and relative ease of synthe-
sis to access multi-gram quantities as required to enable in vivo studies. A mouse dextran
sodium sulfate (DSS)-induced model of colitis was selected due to significant macrophage
component and up-regulation of the receptor (CSFIR) and its ligands (CSF1 and IL34) (inter-
nal data, not shown). Prodrug 2 was dosed orally twice a day from day 0 to day 14 (30, 100,
and 300 mg/kg dose equivalent, Fig 10). The reasoning for providing pro-drug 2 one week
prior to initiation of DSS administration was to enable CSF1R-mediated depletion of gut mac-
rophages prior to providing DSS and ensuing inflammatory insult, as the exact contribution
resident macrophages have to DSS-mediated disease is unknown. The systemic CSF1R
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Fig 10. Mouse DSS experimental design.
https://doi.org/10.1371/journal.pone.0203567.9010

inhibitor 3 was used as a positive control, administered at 100 mg/kg (QD) from day 7-14, as
it had historically shown robust efficacy in a mouse DSS model without the need for 1-week
pre-treatment dosing regimen. Disease effect on the colon was measured in two ways: a phar-
macodynamic readout of the change in macrophage numbers (% of the mucosa that was
IBA1+ (ionized calcium-binding adapter molecule 1)[47]) in the colon by image analysis, and
a functional readout measuring erosion length in the colon by histology. Systemic effects on
liver macrophages were measured by image analysis (% IBA1+ cells) of liver tissue, and on cir-
culating monocytes by fluorescence-activated cell sorting (FACS) to determine depletion of a
non-classical monocyte subtype (CD11b+ CD11c+ MHCII-) as well as a classical (CD11b+
CD11c- MHCII-) population. In addition to terminal exposures and PD/efficacy readouts,
exposure of 1 in colon, liver, and blood was measured in a separate study after a single dose
and after 7 days of BID dosing to evaluate whether drug accumulation occurred prior to DSS
administration.

Compared to exposures following a single dose, after 7 d of BID dosing of 2 in healthy ani-
mals no significant accumulation of 1 in the colon or liver was observed, while a modest accu-
mulation was noted in the blood (~3x) in the 300 mg/kg dose group (Fig 11). The data
suggests that maximal absorption of active parent is generally achieved at 30 mg/kg in the pres-
ence of intact GI epithelium and no benefit is gained with increased dose. Interestingly, in
mice subsequently exposed to DSS for 7 days with BID dosing of prodrug 2, dramatic increases
in colon and liver exposures of parent 1 were observed, presumably resulting from loss of epi-
thelial integrity and increased permeability of the GI barrier due to DSS-mediated chemically
induced damage. Although blood exposures were higher with DSS treatment than in naive ani-
mals, at 30 mg/kg the mean unbound colon exposure was at cellular ECsg, while unbound
blood exposure was 10x lower than ECs, (corresponding to a colon:blood ratio of 11 at this
dose) and the 100 mg/kg treated group maintained coverage of cellular ECs in the colon while
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remaining below in the blood. These results show colon-restricted exposure and therefore
allow for the determination of whether GI-restricted exposure of CSFIR inhibitor could enable
local depletion of colonic macrophages in the DSS study, while sparing systemic PD effects
such as liver macrophage and blood monocyte depletion.

At the lowest dose of prodrug tested (2, 30 mg/kg), a trend in reduction of IBA1+ cells was
observed in the colon and the liver; however, this was not statistically significant (Fig 12). At
higher doses, with concomitantly increasing systemic exposure, more substantial reductions in
colon macrophages were observed, as were significant depletion of IBA1+ cells in the liver.
The high dose (300 mg/kg) depleted colonic macrophages to a similar extent as systemic
CSF1R inhibitor 3 (66% versus 76%, respectively). The impact of prodrug on colonic erosions
was less significant, and a statistical decrease in erosion length with comparable effect to the
positive control 3 was observed only at the 300 mg/kg dose (Fig 13). No significant effect on
circulating CD11b+ CD11c- MHCII- monocytes nor on the more sensitive CD11b+ CD11c+
MHCII- monocytes was detected at the 30 or 100 mg/kg doses (Fig 14), which corresponded
to the blood exposures below cellular ECs at these doses. At the top dose (300 mg/kg), where
the largest decrease in colonic macrophages was observed, there was nearly complete depletion
of non-classical monocyte population to a level comparable to the effect with systemic inhibi-
tor 3 (97% and 94%, respectively).
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Opverall, although colon-restricted drug exposure at the 30mpk dose was demonstrated,
there was a lack of compelling efficacy on erosion length at this dose. Higher efficacy and more
significant pharmacodynamic effects of IBA1 reduction in the colon were seen only at 100 and
300 mg/kg doses where significant IBA1 reduction was also observed in liver, signifying lack of
a gut-restricted pharmacodynamic effect. If higher exposure in the colon could be achieved,
while maintaining similar (or improved) colon:plasma or colon:liver exposures, it may be
feasible to achieve a more substantial local effect, but the apparent sensitivity of circulating
monocytes and liver IBA1+ cells to CSFIR inhibition made this approach significantly less
attractive. Nonetheless, the ability to practically achieve high colonic and low systemic expo-
sure by utilizing cyclodextrin prodrugs could be a promising approach for other biological tar-
gets that would benefit from colon-restricted delivery.

Chemistry

The synthesis of primary alcohol CSF1R inhibitor 4 is shown in Fig 15. Displacement of bro-
mide 24 with 4-aminopyrazole occurred with excellent regioselectivity at C8. We explored
direct introduction of the cyclohexenyl substituent at C6 via Negishi coupling, however the
yields were generally moderate and scalability was poor. Better overall yields were typically
obtained by stepwise introduction of the cyclohexenyl substituent via Suzuki coupling and
hydrogenation. Using this approach, cyclohexene 25 was prepared in moderate yield from the
6-bromo-8-aminopyrazolo-triazolopyrazine intermediate. The subsequent alkylation of the
pyrazole with ethyl bromoacetate only partially went to completion but the product was readily
separated from starting material 25 and underwent reduction of the alkene and ester function-
alities to give primary alcohol 4.

An optimized route for the synthesis of secondary alcohol 1 is shown in Fig 16. We knew
from earlier studies that separating cis- and trans-1 alcohols at a late stage would be difficult.
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Fig 15. Synthesis of primary alcohol 4. Reagents and conditions: (a) 4-aminopyrazole hydrochloride, Et;N, DMF,
87%; (b) cyclohex-1-en-1-ylboronic acid, 2-(cyclohex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, PdClL,dppf,
K;PO,, dioxane/water, 90°C, 46%; (c) ethyl 2-bromoacetate, K,CO3, DMF, 90°C, 45% (+ 31% recovered 25); (d) 10%
Pd/C, H, (1 atm), MeOH/EtOAc, rt, 84%; (e) LiAlH,, THF, 0°C to rt, 75%.

https://doi.org/10.1371/journal.pone.0203567.g015

We therefore focused on a route that would allow for the relative stereochemistry to be set at
an early stage, targeting nitropyrazole 30 as a key intermediate. Following literature precedent
with the corresponding iodopyrazole,[48] 4-nitropyrazole smoothly displaced sulfonate 27 to
give acetal 28 which was deprotected using acidic conditions to provide ketone 29. Reduction
with sodium borohydride gave a 4:1 mix of trans:cis alcohols, which could be recrystallized
from toluene to furnish trans-alcohol 30 with greater than 99:1 trans:cis selectivity on greater
than 40 g scale. Reduction of the nitro group cleanly yielded primary amine 31 which under-
went regioselective SyAr displacement at the C8 position of dibromide 24 to give bromide 32.
Final introduction of the cyclohexyl group was achieved by Suzuki coupling and hydrogena-
tion of the resultant alkene to furnish secondary alcohol 1 in excellent yield.

Tertiary alcohol 5 was prepared from pyrazole intermediate 25 over three steps. Ketone
intermediate 33 was accessed via a straight-forward Michael addition of pyrazole 25 with but-
3-en-2-one. Addition of methylmagnesium bromide to the ketone moiety generated the ter-
tiary alcohol in moderate yield, along with recovered starting material. Subsequent hydrogena-
tion of the cyclohexene ring provided the desired tertiary alcohol 5 (Fig 17).

Carboxylic acid 6 was prepared without incident via a closely related sequence (Fig 18).
Conversion of commercially available cis-alcohol 34 to the corresponding tosylate followed
by displacement with 4-nitropyrazole gave pyrazole 35. Pd-catalyzed reduction of the
nitro substituent and addition of the resulting aminopyrazole to C8 of dibromide 24 gave
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Fig 16. Synthesis of secondary alcohol 1. Reagents and conditions: (a) 4-nitropyrazole, Cs;CO3, DMF, 77% (b) PPTS,
acetone/H,0, 88%; (c) NaBH,, EtOH, -5°C; recrystallization from toluene, 59%; (d) Pd/C, H, (1 atm), MeOH, rt, 98%; (e) 24,
DIPEA, DMF, rt, 97%; (f) cyclohex-1-en-1-ylboronic acid, Pd(PPh;),Cl,, Cs,COs3, 1,4-dioxane/water, 90°C, quant; (g) Pd
(OH),, H, (1 atm), THF/MeOH/AcOH, rt, 85%.

https://doi.org/10.1371/journal.pone.0203567.9016

triazolopyrazine 36 as the only regioisomer. Suzuki coupling and hydrogenation introduced
the cyclohexyl substituent, and a final saponification provided the desired acid 6.

Ester prodrugs 7 and 8 were prepared via straightforward coupling with EDC (Fig 19), fol-
lowed by Boc-deprotection in the case of ester 8. Preparation of glycosides 9 and 10 was ini-
tially attempted unsuccessfully via displacement of a tetrapivaloylglucopyranosyl bromide
without success. In an alternative approach, Lewis acid mediated displacement of a tetrabenzyl
trichloroacetimidate displacement proceeded to generate the protected glycosides excellent
yield. Pd-catalyzed deprotection afforded anomeric products 9 and 10 which were readily sep-
arated by HPLC. Glucuronide 11 was prepared in low yield via displacement of a triacetyl
2-bromotetrahydropyran followed by base-catalyzed acetate deprotection. The poor yield was
attributed to a competing acetyl transfer from the reagent to alcohol 2.

Cyclodextrin prodrugs of carboxylic acid 6 were obtained via saponification of ester 37, iso-
lation of the sodium salt 38 and displacement with commercially available 6-O-sulfonylcyclo-
dextrins (Fig 20). The reactions each proceeded to approximately 50% conversion by LCMS, at
which point the crude reaction mixtures were directly subjected to reverse-phase HPLC. The
desired prodrugs 21-23 were isolated as single regioisomers in modest yields.
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Fig 17. Synthesis of tertiary alcohol 5. Reagents and conditions: (a) but-3-en-2-one, Cs,CO3, DMF, rt, 73%; (b) MeMgBr,
THE, rt, 38% (+ 44% recovered 33); (c) PA(OH),, H, (1 atm), MeOH/EtOAc/AcOH, rt, 62%.

https://doi.org/10.1371/journal.pone.0203567.9017

Cyclodextrin conjugation of the primary alcohol was performed using a modification of the
literature procedure for prednisolone.[49] Formation of hemisuccinate ester 15 via reaction
with succinic anhydride (Fig 21) proceeded in excellent yield. In contrast to literature reports,
CDI coupling with cyclodextrins were ineffective. Instead, EDC coupling with an excess of o,
or y-cyclodextrin was used to provide the conjugates 2, 12 and 13. Precipitation with acetone
gave solids which could be purified via reverse-phase HPLC purification, albeit as inseparable
mixtures of 6-O and 2-O cyclodextrins. The poor yields were again attributable to incomplete
conversion. The ratio of products was quantitated by 'H-NMR, with the triazole proton being
the most clearly resolved peak despite being remote to the point of attachment. The regio-
chemistry was also determined by NMR, with a significant downfield shift observed for the
cyclodextrin C-H protons at each point of attachment. The cyclodextrin prodrugs of primary
alcohol 4 and tertiary alcohol 5 were prepared similarly (Fig 22 and Fig 23). The dextran con-
jugate of alcohol 1 was prepared using a protocol developed for dexamethasone.[50] Hemisuc-
cinate 15 was treated with CDI followed by dextran (MW ~70,000) from Leuconostoc spp (Fig
21). After trituration of the resultant solid which removed any unconjugated starting material,
the extent of substitution was determined via hydrolysis with aqueous NaOH and HPLC quan-
titation of the released parent. The solid was determined to contain 11.5 wt% 1.

Conclusions

Colon-restricted delivery has the potential to be a powerful tool for delivering efficacy for GI
targets while reducing on-target or off-target side effects resulting from systemic exposure
achieved by traditional oral delivery methods. Prodrugs could be of particular use as tools to
generate preclinical in vivo proof-of-concept in mouse models of GI disease. We described the
synthesis of a series of prodrugs appended to the same active parent molecule, and for each
evaluated colon versus systemic exposure of active parent upon oral dosing of prodrug. Of a
broad range of prodrugs evaluated, the cyclodextrin-conjugated analogs proved optimal for
GlI-restricted delivery when coupled to an active parent molecule with low-moderate absorp-
tion (FaFg). Carboxylic acids, primary alcohols, and secondary alcohols all serve as viable
synthetic attachments for cyclodextrin appendage points, enabling the demonstration of
restricted delivery to the colon, with up to >100x unbound colon:plasma exposure ratios.
Optimal synthetic routes to synthesize cyclodextrin prodrugs were developed and the
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Fig 18. Synthesis of carboxylic acid 6. Reagents and conditions: (a) TsCl, pyridine, 0°C to rt, 80%; (b) 4-nitropyrazole,
Cs,CO3, DMF, 77%; (c) 10% Pd/C, H, (1 atm), THF/EtOH, rt, 93%; (d) 24, Et;N, DMF, rt, 97%; (e) cyclohex-1-en-
1-ylboronic acid, Pd(PPh;),Cl,, Cs,CO3, 1,4-dioxane/water, 90°C, 89%; (f) PA(OH),, H, (1 atm), MeOH/THEF, rt, 87%;
(g) NaOH, MeOH/H,0, rt, 96%.

https://doi.org/10.1371/journal.pone.0203567.g018

secondary alcohol a-cyclodextrin derivative 2 was prepared on multi-gram scale to enable in
vivo proof-of-concept experiments. In a mouse colitis model, target colon exposures with min-
imal systemic exposure were successfully achieved with 2 when dosed at 30 mg/kg (active par-
ent-dose equivalent) BID, however only a moderate pharmacodynamic effect, measured as a
reduction of IBA1+ macrophages in the colon, was observed. Optimal depletion of colon mac-
rophages was achieved only at higher doses, and these doses resulted in attendant systemic
exposure, depletion of circulating monocytes, and reduction of liver macrophages.

Although an increased colon:systemic exposure margin was achieved, the DSS colitis model
results suggest a gut-restricted CSF1R inhibitor is only partially effective. This is likely tied to
the biology of monocyte recruitment from the blood to the gut both in healthy and inflamed
settings, suggesting that systemic CSF1R inhibition is required to elicit full colon macrophage
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Fig 19. Synthesis of ester, glucoside and glucuronide prodrugs. Reagents and conditions: (a) 2-(dimethylamino)acetic acid, EDC, DMAP, DCM, rt, 92%; (b) Boc-
(D)-valine, EDC, DMAP, DCM, rt, 72%; (c) TFA, DCM, 0°C to rt, 73% (d) 2,3,4,6-tetra-O-benzyl-alpha-D-glucopyranosyl trichloroacetimidate, BF;.OEt,, -78°C to rt,
DCM, 95%; (e) Pd/C, H, (10 bar), rt, 30% 9, 17% 10; (f) (2R,3R,4S,55,6S)-2-bromo-6-(methoxycarbonyl)tetrahydro-2H-pyran-3,4,5-triyl triacetate, AgOTf, DCM, 5°C
to rt, 7%; (g) LiOH, THF/H,0, 0°C, 50%.

https://doi.org/10.1371/journal.pone.0203567.9019

depletion and colitis disease reduction, and perhaps CSF1R was not an ideal target to test
proof-of-concept for gut-delivery strategies.

Although CSFIR protein expression is mainly discussed in literature as linked to myeloid
lineage cells, there are reports of receptor expression in gut epithelial cells.[51, 52] Upon inves-
tigation of CSF1R expression patterns by immunohistochemistry (IHC) in mouse and human
colon tissue, our group was unable to corroborate CSF1R epithelial staining patterns, observ-
ing only myeloid/macrophage cell staining with little to no epithelial cell staining. To note, the
differences in IHC expression observed by our group and others could be attributed to differ-
ent anti-CSF1R monoclonal antibody clones used for staining. A more comprehensive
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Fig 20. Synthesis of carboxylate-linked cyclodextrin prodrugs. Reagents and conditions: (a) NaOH, MeCN/H,O, quant; (b) Mono-6-O-(p-toluenesulfonyl)-a-
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https://doi.org/10.1371/journal.pone.0203567.9020

evaluation assessing CSFIR expression in multiple tissues and species would be needed to bet-
ter understand the role of CSFIR inhibition in modulating gut epithelium homeostatic

mechanisms.
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Fig 21. Synthesis of alcohol-linked cyclodextrin and dextran prodrugs. Reagents and conditions: (a) Et;N, succinic anhydride, DMAP, DCM, rt, 98%; (b) o
cyclodextrin, EDC, DMAP, rt, 32%, 82:18 mix of 2a:2b; (c) B-cyclodextrin, EDC, DMAP, rt, 11%, 42:58 mix of 12a:12b; (d) y-cyclodextrin, EDC, DMAP, rt, 21% 70:30
mix of 13a:13b; (e) CDI, Et;N, dextran (MW ~70,000) from Leuconostoc spp, DMSO, rt, 27%.

https://doi.org/10.1371/journal.pone.0203567.9021

PLOS ONE | https://doi.org/10.1371/journal.pone.0203567 September 7, 2018 21/40


https://doi.org/10.1371/journal.pone.0203567.g020
https://doi.org/10.1371/journal.pone.0203567.g021
https://doi.org/10.1371/journal.pone.0203567

@° PLOS | ONE

Prodrugs for colon-restricted delivery: Design, synthesis and in vivo evaluation of CSF1R inhibitors

On the whole, the pro-drug strategies and learnings employed herein may be better-suited
for alternative targets of GI-disease, and these efforts have at least provided a comprehensive
frame-work in which to pursue additional gut-restricted delivery strategies for future GI targets.

Materials and methods

General methods

All reagents and anhydrous solvents were obtained from commercial sources and used without
further purification unless noted otherwise. All reactions involving air- or moisture-sensitive
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Fig 22. Chemical Synthesis of primary alcohol-linked cyclodextrin prodrugs. Reagents and conditions: (a) Et;N,
succinic anhydride, DMAP, DCM, rt, 71%; (b) o-cyclodextrin, EDCI, DMAP, rt, 22%, 68:32 mix of 16a:16b; (c) p-
cyclodextrin, EDCI, DMAP, rt, 5.2% 17a only; (d) y-cyclodextrin, EDCI, DMAP, rt, 14% 18, 17% 19.

https://doi.org/10.1371/journal.pone.0203567.9022
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Fig 23. Chemical synthesis of tertiary alcohol-linked cyclodextrin prodrug. Reagents and conditions: (a) Et3N,
succinic anhydride, DMAP, N-hydroxysuccinimide, toluene, 120°C, 54%; (b) a-cyclodextrin, EDCI, DMAP, rt, 22%.

https://doi.org/10.1371/journal.pone.0203567.9023

reagents were performed under a nitrogen atmosphere. "H-NMR spectra were obtained on an
Agilent 400-MR DD2 with ONE_NMR probe actively shielded 400 MHz at 30°C. All final
compounds were purified to >95% purity unless otherwise noted, as determined by HPLC-MS
obtained on a Waters Acquity UPLC instrument using either [A] 2.1 x 30 mm Waters Cortecs
C18 column (1.6 um particles). [B] 2.1 x 30 mm Halo-2 C8 column (2um particles). [C] 4.6 x
50 mm MAC-MOD Halo C8 column (2.7 pm particles). [D] 4.6 x 50 mm MAC-MOD Halo
C18 column (2.7 pm particles). Detection methods were diode array (DAD) and evaporative
light scattering (ELSD) detection as well as positive/negative electrospray ionization. Prepara-
tive HPLC-MS was performed on a Waters AutoPurification system using either [A] Phenom-
enex: Synergi MaxRP Prep, 4 um particle size 19 x 150 mm column [B] Waters: Atlantis Prep
T3 OBD, 5 um particle size 50 x 100mm column [C] Phenomenex: Synergi Polar-RP 80A,
4 pm particle size 21.2 x 150 mm column.
6-(Cyclohex-1-en-1-yl)-N-(1H-pyrazol-4-yl)-[1,2,4]triazolo[1,5-a] pyrazin-8-amine
(25). 6,8-dibromo-[1,2,4]triazolo[1,5-a]pyrazine (22.1 g, 80 mmol) and 1H-pyrazol-4-amine
hydrochloride (10.0 g, 84 mmol) were combined in DMF (398 mL). Triethylamine (33.3 mL, 239
mmol) was added and the mixture was heated to 95°C for 18 h. The reaction mixture was then
cooled to ambient temperature and concentrated under reduced pressure. The residue was sus-
pended in water (300 mL) and sonicated and filtered. Trituration in ether provided 6-bromo-N-
(1H-pyrazol-4-yl)-[1,2,4]triazolo[1,5-a]pyrazin-8-amine (19.3 g, 68.9 mmol, 87%); 'H NMR (400
MHz, DMSO-dg) 8 12.67 (s, 1H), 10.65 (s, 1H), 8.54 (s, 1H), 8.10 (s, 1H), 7.82 (s, 1H).
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A flask was charged with 6-bromo-N-(1H-pyrazol-4-yl)-[1,2,4]triazolo[1,5-a]pyrazin-
8-amine (4.40 g, 15.7 mmol), 2-(cyclohex-1-en-1-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
(5.23 g, 25.1 mmol), PACL,(dppf) (1.149 g, 1.571 mmol) and potassium phosphate (8.34 g, 39.3
mmol). 1,4-dioxane (60 mL) and water (15 mL) were added. The mixture was sparged with
nitrogen for 5 min and heated at 90°C for 16 h. The reaction mixture was cooled and charged
with cyclohex-1-en-1-ylboronic acid (0.989 g, 7.85 mmol) and PdCl,(dppf) (0.575 g, 0.785
mmol). The flask was degassed and then stirred at 90°C overnight. The mixture was diluted with
water (200 mL) and filtered. The precipitate was stirred in MeOH and filtered again. The precip-
itate was kept aside. The filtrate was concentrated and the residue was suspended in MeOH and
filtered to give an additional batch of precipitate. The two batches were combined and triturated
with MeOH:AcOH:THF (4:1:1) to give the title compound (2.02 g, 46%); 'H NMR (400 MHz,
DMSO-dg) 6 10.13 (s, 1H), 8.49 (s, 1H), 8.15 (s, 1H), 8.01 (s, 2H), 6.85 (td, J = 3.9, 1.9 Hz, 1H),
241 (td,J=6.1,2.3 Hz, 2H), 2.26 (qd, ] = 5.8, 3.7, 3.3 Hz, 2H), 1.78-1.57 (m, 4H).

Ethyl 2-(4-((6-(cyclohex-1-en-1-yl)-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyra-
zol-1-yl)acetate (26). A suspension of 6-(cyclohex-1-en-1-yl)-N-(1H-pyrazol-4-yl)-[1,2,4]
triazolo[1,5-a]pyrazin-8-amine (2.27 g, 8.07 mmol) and potassium carbonate (1.67 g, 12.1
mmol) in DMF (40 mL) was heated at 90°C for 2 min. Ethyl-2-bromoacetate (0.982 mL, 8.88
mmol) was added and the mixture was heated at 90°C for 3.5 h. The reaction mixture was par-
titioned between water (60 mL) and EtOAc (80 mL). The organic layer was dried over MgSO,,
filtered, concentrated. The residue was washed with 10% MeOH/DCM. The precipitate was
discarded and the filtrate was concentrated under reduced pressure. The residue was purified
via flash chromatography (20-80% EtOAc/DCM) to give the title compound (1.34 g, 45%);
MS m/z: 368 (M+H)".

2-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-1-yl)ethanol
(4). A flask was charged with 10% Pd/C (1.51 g, 1.42 mmol) and ethyl 2-(4-((6-(cyclohex-
1-en-1-yl)-[1,2,4]triazolo[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)acetate (1.3 g, 3.54
mmol). The flask was maintained under vacuum and MeOH (20 mL) and EtOAc (20 mL)
were added. The suspension was then flushed with nitrogen, degassed, and stirred at ambient
temperature under an atmosphere of hydrogen for 16 h. The reaction mixture was filtered
through Celite® and the filtrate was concentrated under reduced pressure to give ethyl 2-(4-
((6-cyclohexyl-[1,2,4]triazolo[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)acetate (1.10 g,
84%); MS m/z: 370 (M+H)". "H NMR (400 MHz, DMSO-dq) 8 10.16 (s, 1H), 8.46 (s, 1H), 8.17
(d,J=0.6 Hz, 1H), 8.03 (d, J= 0.5 Hz, 1H), 7.87 (d, ] = 0.6 Hz, 1H), 5.05 (s, 2H), 4.13 (q, /= 7.1
Hz, 2H), 2.59 (tt, ] = 11.8, 3.6 Hz, 1H), 1.89 (d, J = 12.4 Hz, 2H), 1.79 (d, ] = 12.8 Hz, 2H), 1.70
(d,] = 12.4 Hz, 1H), 1.56 (qd, ] = 12.4, 3.2 Hz, 2H), 1.44-1.22 (m, 3H), 1.22-1.11 (m, 3H).

To a solution of ethyl 2-(4-((6-cyclohexyl-[1,2,4]triazolo[1,5-a]pyrazin-8-yl)amino)-1H-
pyrazol-1-yl)acetate (1.00 g, 2.71 mmol) in THF (2 mL) at 0°C, lithium aluminum hydride
(IM in THF, 5.41 mL, 5.41 mmol) was added dropwise. The reaction mixture was warmed to
ambient temperature and stirred for 3 h. The mixture was then cooled to 0°C and quenched
with a solution of saturated aqueous Rochelle’s salt (50 mL), diluted with water (40 mL) and
extracted with EtOAc (3 x 50 mL). The combined organic layers were dried over MgSOy, fil-
tered and concentrated under reduced pressure. The resultant solid was triturated with DCM
to give the title product. (0.664 g, 75%); MS m/z: 328 (M+H)". '"H NMR (400 MHz, DMSO-dy)
§10.10 (s, 1H), 8.45 (s, 1H), 8.17 (d, J = 0.8 Hz, 1H), 8.01 (d, = 0.5 Hz, 1H), 7.83 (d, = 0.7
Hz, 1H), 4.85 (t, ] = 5.3 Hz, 1H), 4.11 (t, ] = 5.6 Hz, 2H), 3.71 (q, ] = 5.5 Hz, 2H), 2.58 (tt,
J=11.7,3.4 Hz, 1H), 1.94-1.66 (m, 5H), 1.58 (qd, J = 12.3, 3.2 Hz, 2H), 1.43-1.18 (m, 3H).

4-Nitro-1-(1,4-dioxaspiro[4.5]decan-8-yl)-1H-pyrazole (28). A flask was charged with
1,4-dioxaspiro[4.5]decan-8-yl 4-methylbenzenesulfonate (176 g, 562 mmol) and DMF (700
mL). 4-Nitro-1H-pyrazole (60.5 g, 535 mmol) and Cs,CO3 (209 g, 642 mmol) were added and
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the mixture was heated to 100°C for 2 h. The reaction mixture was cooled to ambient tempera-
ture and poured into water (800 mL). The suspension was stirred at 0°C for 30 min and fil-
tered. The precipitate was washed with water (500 mL) and dried to give the title compound
(104 g, 77%); MS m/z: 254(M+H)". "H NMR (400 MHz, DMSO-d¢) & 8.92-8.82 (m, 1H), 8.24
(d,J=0.7 Hz, 1H), 4.42-4.27 (m, 1H), 3.92-3.79 (m, 4H), 2.00 (ddt, ] = 8.8, 5.1, 3.4 Hz, 4H),
1.76 (ddt, ] = 11.2, 3.8, 2.0 Hz, 2H), 1.72-1.58 (m, 2H).

4-(4-Nitro-1H-pyrazol-1-yl)cyclohexanone (29). A flask equipped with a mechanical
stirrer was charged with 4-nitro-1-(1,4-dioxaspiro[4.5]decan-8-yl)-1H-pyrazole (104 g, 411
mmol), acetone (1027 mL) and water (1027 mL). Pyridine 4-methylbenzenesulfonate (211 g,
838 mmol) was added. The reaction mixture was heated to 65°C and stirred for 16 h. The reac-
tion mixture was cooled to ambient temperature and concentrated to approximately half vol-
ume. A white solid precipitated and was collected via filtration. The collected solid was washed
with water (700 mL) and dried at 60°C to yield the title compound (76.0 g, 88%); 'H NMR
(400 MHz, DMSO-d,) 6 8.96 (d, ] = 0.7 Hz, 1H), 8.28 (d, J = 0.7 Hz, 1H), 4.79 (tt, ] = 10.5, 4.0
Hz, 1H), 2.67-2.52 (m, 2H), 2.37-2.16 (m, 6H).

(1r,4r)-4-(4-Nitro-1H-pyrazol-1-yl)cyclohexanol (30). A mixture of 4-(4-nitro-1H-pyra-
zol-1-yl)cyclohexanone (74.5 g, 356 mmol) in ethanol (1.2 L) was cooled to -10°C. NaBH,
(3.50 g, 93 mmol) was added portion-wise, maintaining the temperature below -3°C. The
reaction mixture was stirred for 40 min at -5°C then concentrated to 400 mL volume. To this
mixture was added EtOAc (400 mL) and water (500 mL). The combined mixture was concen-
trated under reduced pressure to ~400 mL volume. The solution obtained was diluted with
additional EtOAc (400 mL) and water (400 mL). The layers were separated. The aqueous layer
was re-extracted with 10% MeOH/EtOAc (3 x 150 mL). The combined organic layers were
dried over MgSO,, filtered and concentrated to give an off-white solid, (4:1 ratio of trans:cis;
72 g, 322 mmol, 96%). Recrystallization from hot toluene provided the title compound (44.5 g,
65%); "H NMR (400 MHz, DMSO-d) & 8.85 (d, J = 0.7 Hz, 1H), 8.22 (d, J = 0.7 Hz, 1H), 4.65
(d,J = 4.4 Hz, 1H), 421 (tt, J = 11.7, 4.0 Hz, 1H), 3.46 (tq, ] = 10.8, 4.3 Hz, 1H), 2.06-1.70 (m,
6H), 1.31 (tdd, J = 12.9, 10.7, 3.5 Hz, 2H).

(1r,4r)-4-(4-Amino-1H-pyrazol-1-yl)cyclohexanol (31). 10% Pd/C (9.96 g, 9.36 mmol)
was added to a flask under an atmosphere of nitrogen. To this flask was added a solution of
(1r,4r)-4-(4-nitro-1H-pyrazol-1-yl)cyclohexanol (49.4 g, 234 mmol) in MeOH (1 L) under vac-
uum. The reaction mixture was evacuated and purged with nitrogen 3 times then evacuated
and stirred under hydrogen (1 atm) for 4 h. The reaction mixture was then evacuated and
purged with nitrogen. The reaction mixture was filtered through Celite® and washed with
MeOH (4 L) and EtOAc (1 L). The filtrate was concentrated under reduced pressure to give
the title compound (41.7 g, 98%); "H NMR (400 MHz, DMSO-ds) & 6.99 (d, ] = 0.9 Hz, 1H),
6.85 (d, J=0.8 Hz, 1H), 4.56 (d, ] = 4.4 Hz, 1H), 3.87 (tt, J = 11.7, 3.7 Hz, 1H), 3.68 (s, 2H), 3.43
(tq, J = 10.8, 4.1 Hz, 1H), 1.94-1.79 (m, 4H), 1.73-1.57 (m, 2H), 1.27 (tdd, = 12.3, 10.8, 3.9
Hz, 2H). MS m/z: 182 (M+H)".

(1r,4r)-4-(4-((6-Bromo-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-1-yl)
cyclohexanol (32). A flask equipped with a mechanical stirrer was charged with 6,8-
dibromo-[1,2,4]triazolo[1,5-a]pyrazine (63.9 g, 230 mmol) and DMF (700 mL) followed by
(1r,4r)-4-(4-amino-1H-pyrazol-1-yl)cyclohexanol (41.7 g, 230 mmol) and N-ethyl-N-isopro-
pylpropan-2-amine (80 mL, 460 mmol). The reaction mixture was stirred at ambient tempera-
ture for 16 h. The reaction mixture was diluted with water (1.5 L) and filtered. The collected
solid was triturated with water to give the title compound (84.0 g, 97%); MS m/z: 378,380 (M
+H)"; "H NMR (400 MHz, DMSO-dg) § 10.63 (s, 1H), 8.54 (d, ] = 5.6 Hz, 1H), 8.07 (s, 1H),
7.76 (s, 1H), 4.61 (d, ] = 4.3 Hz, 1H), 4.20-4.05 (m, 1H), 3.48 (dq, J= 10.7, 5.6, 5.1 Hz, 1H),
2.08-1.85 (m, 4H), 1.85-1.64 (m, 2H), 1.43-1.19 (m, 2H).
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(1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-1-yl)
cyclohexanol (1). A flask equipped with a mechanical stirrer was charged with (1r,4r)-4-(4-
((6-bromo-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexanol (83.7 g,
221 mmol), cesium carbonate (159 g, 487 mmol) and cyclohex-1-en-1-ylboronic acid (29.8 g,
237 mmol). 1,4-Dioxane (506 mL) and water (126 mL) were added. PdCl,(PPhs), (6.37 g, 9.07
mmol) was added and the reaction mixture was degassed and purged with nitrogen. The reac-
tion mixture was heated to 90°C for 45 min and then cooled to ambient temperature over-
night. To the reaction mixture was added water (1.4 L). The resultant suspension was stirred
for 30 min, filtered, and washed with water (500 mL) and ethanol (1.2 L). The collected solid
was dried under vacuum to give the title compound (84.1 g, 100%); MS m/z: 380 (M+H)". 'H
NMR (400 MHz, DMSO-d) 6 10.12 (s, 1H), 8.49 (s, 1H), 8.21-8.09 (m, 2H), 7.82 (d, ] = 0.6
Hz, 1H), 6.84 (q, ] = 4.2, 3.5 Hz, 1H), 4.62 (d, ] = 4.3 Hz, 1H), 4.11 (tt, ] = 11.5, 3.9 Hz, 1H),
3.48 (tt, J = 10.8, 4.2 Hz, 1H), 2.41 (s, 2H), 2.26 (d, ] = 5.8 Hz, 2H), 2.07-1.85 (m, 4H), 1.84-
1.57 (m, 6H), 1.43-1.28 (m, 1H).

A 2 L stainless steel flask was charged with 20% Pd(OH),/C (3.71 g, 5.29 mmol). A suspen-
sion of (1r,4r)-4-(4-((6-(cyclohex-1-en-1-yl)-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-
pyrazol-1-yl)cyclohexanol (11.8 g, 31.1 mmol) in THF (244 mL), MeOH (122 mL) and acetic
acid (61 mL) was then added under nitrogen. The flask was charged with 50 psi hydrogen on a
Parr shaker at 50°C. Shaking was then continued for 12 h. The mixture was allowed to cool to
ambient temperature and purged with nitrogen. The suspension was filtered through Celite®
and washed with MeOH (1 L) and EtOAc (0.5 L). The filtrate was concentrated under vacuum
to ~70 mL volume. Water was added until a thick precipitate formed. The suspension was fil-
tered, washed with additional water and dried to give the title compound (10.1 g, 85%) as an
off-white solid; "H NMR (400 MHz, DMSO-d) 6 10.14 (s, 1H), 8.47 (s, 1H), 8.19 (s, 1H), 8.04
(s, 1H), 7.83 (d, J= 0.6 Hz, 1H), 4.64 (d, ] = 4.3 Hz, 1H), 4.10 (tt, J = 11.5, 3.9 Hz, 1H), 3.48
(ddt, J=14.7,10.6, 4.2 Hz, 1H), 2.61 (tt, J = 11.6, 3.5 Hz, 1H), 2.03 (d, ] = 12.3 Hz, 2H), 1.96-
1.50 (m, 11H), 1.49-1.15 (m, 5H); MS m/z: 382 (M+H)".

4-(4-((6-(Cyclohex-1-en-1-yl)-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-
1-yl)butan-2-one (33). But-3-en-2-one (0.721 mL, 8.89 mmol) was added to a solution of 6-
(cyclohex-1-en-1-yl)-N-(1H-pyrazol-4-yl)-[1,2,4]triazolo[1,5-a] pyrazin-8-amine (2.50 g, 8.89
mmol) in DMF (60 mL). Cesium carbonate (2.90 g, 8.89 mmol) was then added and the reac-
tion mixture was stirred at ambient temperature for 3 h. Additional but-3-en-2-one (0.020 mL,
0.243 mmol) was added and the reaction mixture was stirred an additional 1 h. Water (100
mL) and EtOAc (100 mL) were added and the organic layer was separated. The aqueous layer
was extracted with EtOAc (100 mL). The combined organic layers were then dried over
MgSO,, filtered, and concentrated to dryness. DCM (10 mL) was added and the suspension
was filtered. The filtrate was concentrated. Purification by flash column chromatography (0-
5% MeOH/DCM) gave the title compound (2.27 g, 73%) MS m/z: 352 (M+H)"; "H NMR (400
MHz, DMSO-dg) & 10.12 (s, 1H), 8.49 (s, 1H), 8.15 (s, 1H), 8.10-8.09 (m, 1H), 7.79-7.78 (m,
1H), 6.90-6.82 (m, 1H), 4.29 (t, ] = 6.5 Hz, 2H), 2.9 (t, ] = 6.5 Hz, 2H), 2.45-2.36 (m, 2H),
2.33-2.24 (m, 2H), 2.11 (s, 3H), 1.80-1.70 (m, 2H), 1.69-1.59 (m, 2H).

4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-1-yl)-
2-methylbutan-2-ol (5). 4-(4-((6-(Cyclohex-1-en-1-yl)-[1,2,4]triazolo[1,5-a]pyrazin-8-yl)
amino)-1H-pyrazol-1-yl)butan-2-one (0.345 g, 0.982 mmol) was dissolved in THF (6 mL).
Methylmagnesium bromide (3M solution in diethyl ether) (1.31 mL, 3.93 mmol) was added
dropwise at ambient temperature and the mixture was stirred overnight. Additional methyl-
magnesium bromide (3 M solution in diethyl ether) (0.491 mL, 1.47 mmol) was added drop-
wise to this solution and the reaction mixture was stirred an additional 20 min. Saturated
aqueous ammonium chloride (10 mL) was added and the mixture was extracted with EtOAc

PLOS ONE | https://doi.org/10.1371/journal.pone.0203567 September 7, 2018 26/40


https://doi.org/10.1371/journal.pone.0203567

@° PLOS | ONE

Prodrugs for colon-restricted delivery: Design, synthesis and in vivo evaluation of CSF1R inhibitors

(2 x 25 mL). The combined organic layers were dried over MgSO,, filtered, and concentrated.
The resultant residue was purified by flash column chromatography (100% EtOAc) to provide
4-(4-((6-(cyclohex-1-en-1-yl)-[1,2,4]triazolo[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)-
2-methylbutan-2-ol (0.136 g, 38%) MS m/z: 368 (M+H)". "H NMR (400 MHz, DMSO-d¢) 8
10.12 (s, 1H), 8.49 (s, 1H), 8.16 (s, 1H), 8.11-8.09 (m, 1H), 7.80-7.79 (m, 1H), 6.88-6.80 (m,
1H), 4.41 (s, 1H), 4.19-4.13 (m, 2H), 2.44-2.37 (m, 2H), 2.29-2.22 (m, 2H), 1.95-1.85 (m, 2H),
1.80-1.70 (m, 2H), 1.68-1.58 (m, 2H), 1.12 (s, 6H).

To 4-(4-((6-(cyclohex-1-en-1-yl)-[1,2,4]triazolo[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-
1-yl)-2-methylbutan-2-ol (1.21 g, 3.30 mmol) was added MeOH (20 mL), EtOAc (10 mL), and
acetic acid (8 mL). 20% Pd(OH),/C (0.810 g, 1.153 mmol) was added and the mixture stirred
under H, (1 atm) for 2 d. The mixture was filtered through Celite® and rinsed with MeOH
and EtOAc. The filtrate was concentrated and the residue was purified by flash column chro-
matography (50-100% EtOAc/DCM) to provide the title compound (0.75 g, 62%) MS m/z:
370 (M+H)"; "H NMR (400 MHz, DMSO-dg) § 10.12 (s, 1H), 8.47 (s, 1H), 8.15-8.13 (m, 1H),
8.04-8.02 (m, 1H), 7.82-7.79 (m, 1H), 4.19-4.13 (m, 2H), 2.66-2.56 (m, 1H), 1.95-1.86 (m,
4H), 1.85-1.78 (m, 2H), 1.77-1.69 (m, 1H), 1.65-1.52 (m, 2H), 1.45-1.32 (m, 2H), 1.31-1.21
(m, 1H), 1.12 (s, 6H).

(1r,4r)-Ethyl 4-(4-nitro-1H-pyrazol-1-yl)cyclohexanecarboxylate (35). (1s,4s)-Ethyl
4-hydroxycyclohexanecarboxylate (5.0 g, 29.0 mmol) was dissolved in pyridine (25 mL) and
the resultant solution was cooled to 0°C. 4-Methylbenzene-1-sulfonyl chloride (6.09 g, 31.9
mmol) was added. The reaction mixture was allowed to warm to ambient temperature and stir
for 17 h. The reaction mixture was added to water (150 mL) and extracted with EtOAc (100
mL). The organic layer was dried over MgSOy, filtered, and concentrated to give a colorless
oil. The residue was purified by flash column chromatography (0-50% EtOAc/DCM) to pro-
vide (1s,4s)-ethyl 4-(tosyloxy)cyclohexanecarboxylate (7.6 g, 80%). 'H NMR (400 MHz,
DMSO-d) §7.78 (d, ] = 8.3 Hz, 2H), 7.45 (d, ] = 8.1 Hz, 2H), 4.68-4.60 (m, 1H), 4.03 (q,
J=7.1 Hz, 2H), 2.40 (s, 3H), 2.39-2.30 (m, 1H), 1.69-1.50 (m, 8H), 1.15 (t, ] = 7.1 Hz, 3H).

(1s,4s)-Ethyl 4-(tosyloxy)cyclohexanecarboxylate (16.9 g, 51.8 mmol) was dissolved in DMF
(174 mL). 4-Nitro-1H-pyrazole (3.90 g, 34.5 mmol) and cesium carbonate (12.4 g, 38.0 mmol)
were added. The mixture was heated to 90°C for 5 h and then cooled to ambient temperature
and stirred for 17 h. The mixture was poured into 250 mL of ice water, sonicated and filtered.
The collected solids were rinsed with water (50 mL), then dried to provide the title compound
(6.93 g, 75%) as a white solid. "H NMR (400 MHz, DMSO-d,) § 8.88 (s, 1H), 8.25 (s, 1H), 4.28
(tt, J = 11.9, 3.9 Hz, 1H), 4.07 (q, ] = 7.1 Hz, 2H), 2.36 (tt, ] = 12.1, 3.6 Hz, 1H), 2.13-2.00 (m,
4H), 1.88-1.75 (m, 2H), 1.52 (qd, /= 13.1, 3.3 Hz, 2H), 1.19 (t, = 7.1 Hz, 3H).

(1r,4r)-Ethyl 4-(4-((6-bromo-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-
1-yl)cyclohexanecarboxylate (36). (1r,4r)-Ethyl 4-(4-nitro-1H-pyrazol-1-yl)cyclohexanecar-
boxylate (9.01 g, 33.7 mmol) was flushed with N, in a flask. 10% Pd/C (1.50 g, 1.410 mmol)
was added and the mixture was further flushed with N,. EtOH (150 mL) was added followed
by THF (24 mL). The mixture was stirred under H2 (1 atm) for 17 h. The mixture was filtered
through a pad of Celite® and rinsed with MeOH. The filtrate was concentrated to give
(1r,4r)-ethyl 4-(4-amino-1H-pyrazol-1-yl)cyclohexanecarboxylate (7.41 g, 93%) as a pink
solid. MS m/z: 238 (M+H)". "H NMR (400 MHz, DMSO-d) & 7.02 (s, 1H), 6.88 (s, 1H), 4.06
(q,J=7.1Hz,2H), 3.93 (tt, ] = 11.9, 3.5 Hz, 1H), 3.73 (br, 2H), 2.33 (tt, ] = 12.3, 3.4 Hz, 1H),
2.03-1.91 (m, 4H), 1.75-1.61 (m, 2H), 1.55-1.40 (m, 2H), 1.18 (t, J = 7.1 Hz, 3H).

6,8-Dibromo-[1,2,4]triazolo[1,5-a]pyrazine (8.68 g, 31.2 mmol) was dissolved in DMF (84
mL). To this was added (1r,4r)-ethyl 4-(4-amino-1H-pyrazol-1-yl)cyclohexanecarboxylate
(7.41 g, 31.2 mmol) and triethylamine (8.70 mL, 62.5 mmol). The reaction mixture was stirred
at ambient temperature for 17 h. The reaction mixture was then added to ice water (200 mL)
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and extracted with EtOAc (200 mL). The organic layer was dried over MgSO,, filtered, and
concentrated to provide the title compound (13.2 g, 97%). MS m/z: 436, 434 (M+H)". 'H
NMR (400 MHz, DMSO-dy) & 10.66 (s, 1H), 8.56 (d, ] = 6.2 Hz, 2H), 8.10 (s, 1H), 7.80 (s, 1H),
4.27-4.13 (m, 1H), 4.08 (q, J = 7.1 Hz, 2H), 2.40 (ddd, J = 12.3, 8.8, 3.4 Hz, 1H), 2.14-1.96 (m,
4H), 1.86-1.70 (m, 2H), 1.62-1.47 (m, 2H), 1.20 (t, J = 7.1 Hz, 3H).

(1r,4r)-Ethyl 4-(4-((6-cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-
1-yl)cyclohexanecarboxylate (37). To a flask was added (1r,4r)-ethyl 4-(4-((6-bromo-[1,2,4]
triazolo[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexanecarboxylate (13.2 g, 30.4
mmol), cyclohex-1-en-1-ylboronic acid (4.60 g, 36.5 mmol) and cesium carbonate (24.8 g, 76
mmol). 1,4-1,4-dioxane (80 mL) and water (20 mL) were added. The reaction mixture was
evacuated and purged with N,. PACl,(PPhs;), (1.07 g, 1.52 mmol) was then added and mixture
was heated to 90°C for 5 h and then stirred at ambient temperature for 17 h. Aqueous sodium
bicarbonate solution (200 mL) was added. The resultant mixture was extracted with DCM (2 x
200 mL). The combined organic layers were dried over MgSOy,, filtered, and concentrated. To
the resultant residue was added DCM (15 mL). The suspension was filtered and rinsed with
DCM. The collected solids were dried to provide 7.51 g of product. The filtrate was concen-
trated, then purified via flash column chromatography (0-3% MeOH/DCM) to give additional
product. The two lots of product were combined to give (1r,4r)-ethyl 4-(4-((6-bromo-[1,2,4]
triazolo[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexanecarboxylate (11.8 g, 89%).
MS m/z: 436 (M+H)*. "H NMR (400 MHz, DMSO-dg) & 10.13 (s, 1H), 8.14 (d, ] = 14.2 Hz,
2H), 7.84 (s, 1H), 6.84 (s, 1H), 4.15 (tt, = 11.6, 3.8 Hz, 1H), 4.11-4.01 (m, 2H), 2.44-2.32 (m,
3H), 2.32-2.21 (m, 2H), 2.10 (dd, J = 13.1, 3.6 Hz, 2H), 2.02 (dd, J = 14.0, 3.5 Hz, 2H), 1.83-
1.59 (m, 7H), 1.60-1.47 (m, 2H), 1.18 (t, ] = 7.1 Hz, 3H).

To (1r,4r)-ethyl 4-(4-((6-(cyclohex-1-en-1-yl)-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-
1H-pyrazol-1-yl)cyclohexanecarboxylate (11.8 g, 27.2 mmol) was added MeOH (136 mL) and
THF (136 mL). 20% Pd(OH),/C (2.86 g, 4.07 mmol) was added. The flask was charged with
hydrogen (55 psi) on a Parr shaker at 45°C. Shaking was then continued for 18 h. The mixture
was allowed to cool to ambient temperature and purged with nitrogen. The reaction mixture
was filtered through Celite® and flushed with methanol and THF. The filtrate was concen-
trated to provide the title compound (10.4 g, 87%). MS m/z: 438 (M+H)"; "H NMR (400 MHz,
DMSO-dg) 8 10.13 (s, 1H), 8.17 (s, 1H), 8.04 (s, 1H), 7.86 (s, 1H), 4.14 (tt, ] = 11.6, 3.8 Hz, 1H),
4.06 (t, ] = 7.1 Hz, 2H), 3.27 (s, 4H), 2.66-2.55 (m, 1H), 2.37 (ddd, ] = 12.0, 8.4, 3.6 Hz, 1H),
2.15-2.07 (m, 2H), 2.06-1.98 (m, 2H), 1.95-1.87 (m, 2H), 1.86-1.78 (m, 2H), 1.77-1.69 (m,
2H), 1.65-1.50 (m, 4H), 1.45-1.33 (m, 2H), 1.32-1.21 (m, 1H), 1.18 (t, J = 7.1 Hz, 3H).

((1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-1-yl)
cyclohexanecarboxylic acid (6). To (1r,4r)-ethyl 4-(4-((6-cyclohexyl-[1,2,4]triazolo[1,5-a]
pyrazin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexanecarboxylate (10.38 g, 23.72 mmol) was
added MeOH (65 mL). NaOH (2M in H,O 35.6 mL, 71.2 mmol) was added and the mixture
was stirred for 17 h. IN HCl was added until a precipitate formed. The resultant suspension
was filtered. The collected solid was rinsed with water and dried to provide the title compound
(9.36 g, 96%) as a white solid. MS m/z: 410 (M+H); '"H NMR (400 MHz, DMSO-dy) & 12.09
(s, 1H), 10.13 (s, 1H), 8.17 (s, 1H), 8.04 (s, 1H), 7.85 (s, 1H), 4.13 (tt, J = 11.6, 3.9 Hz, 1H), 2.61
(tt, J=11.6, 3.5 Hz, 1H), 2.27 (tt, J = 12.0, 3.6 Hz, 1H), 2.15-2.06 (m, 2H), 2.07-1.96 (m, 2H),
1.96-1.87 (m, 2H), 1.88-1.78 (m, 2H), 1.79-1.70 (m, 3H), 1.67-1.47 (m, 4H), 1.46-1.32 (m,
2H), 1.32-1.18 (m, 1H).

(1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-1-yl)
cyclohexyl 2-(dimethylamino)acetate (7). (1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a]
pyrazin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexanol (0.10 g, 0.26 mmol), 2-(dimethylamino)
acetic acid (0.054 g, 0.52 mmol), DMAP (0.0030 g, 0.026 mmol), EDC (0.101 g, 0.524 mmol)
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and DCM (5 mL) were combined to give a white suspension. The mixture was stirred at ambi-
ent temperature overnight. The resulting solution was washed with a saturated solution of
NaHCOj; (2x5 mL). The organic layer was dried over MgSOy, filtered and concentrated under
reduced pressure. The crude material was purified by flash column chromatography (0-10%
MeOH/DCM) to afford the title compound (0.12 g, 92%) as white solid: MS m/z 467 (M+H)";
'"H NMR (DMSO-d6) 6 10.13 (s, 1H), 8.47 (s, 1H), 8.18 (s, 1H), 8.04 (s, 1H), 7.87 (s, 1H), 4.75
(m, 1H), 4.21 (m, 1H), 3.27 (s, 1H), 3.13 (s, 2H), 2.61 (m, 1H), 2.23 (s, 6H), 2.10 (d, ] = 10.86
Hz, 2H), 2.01 (d, ] = 9.65 Hz, 2H), 1.95-1.78 (m, 6H), 1.74 (m, 1H), 1.66-1.51 (m, 4H), 1.47-
1.31 (m, 2H), 1.25 (m, 1H).

(R)-(1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-
1-yl)cyclohexyl 2-amino-3-methylbutanoate (8). (1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo
[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexanol (0.10 g, 0.262 mmol), (R)-2-((tert-
butoxycarbonyl)amino)-3-methylbutanoic acid (0.085 g, 0.393 mmol), DMAP (3.2 mg, 0.026
mmol) and EDC (0.101 g, 0.524 mmol), and DCM (5.24 mL) were combined. The mixture
was stirred at ambient temperature for 16 h. The reaction mixture was washed with saturated
aqueous NaHCOj; (10 mL), dried over Na,SO,, filtered and concentrated. The residue was
purified via flash column chromatography (0-10% MeOH/CH,Cl,) to afford (R)-(1r,4r)-4-(4-
((6-cyclohexyl-[1,2,4]triazolo[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexyl 2-((tert-
butoxycarbonyl)amino)-3-methylbutanoate (0.11 g, 72%) as a colorless wax.

(R)-(1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a]pyrazin-8-yl)amino)-1 H-pyrazol-1-yl)
cyclohexyl 2-((tert-butoxycarbonyl)amino)-3-methylbutanoate (0.11 g, 0.189 mmol) was dis-
solved in DCM (7.6 mL). The solution was cooled to 0°C. TFA (0.846 mL, 11.0 mmol) was
added dropwise. The mixture was allowed to warm to ambient temperature and stirred for 16
h. The solution was concentrated. The residue was dissolved in EtOAc (10 mL), washed with
saturated aqueous NaHCOj; (3x10 mL), brine (10 mL), dried over Na,SO,, filtered and con-
centrated to afford the title compound (0.068 g, 73%) as white solid. MS m/z: 481 (M+H)". 'H
NMR (400 MHz, DMSO-dy) & 10.14 (s, 1H), 8.47 (s, 1H), 8.19 (d, J = 0.50 Hz, 1H), 8.06-8.01
(m, 1H), 7.86 (d, J = 0.60 Hz, 1H), 4.74 (ddd, J = 4.23, 10.73, 14.87 Hz, 1H), 4.21 (tt, ] = 3.74,
10.96 Hz, 1H), 3.09 (d, ] = 5.31 Hz, 1H), 2.61 (tt, ] = 3.32, 11.66 Hz, 1H), 2.11 (d, ] = 10.61 Hz,
2H), 2.00 (d, J = 10.37 Hz, 2H), 1.95-1.66 (m, 8H), 1.65-1.49 (m, 4H), 1.39 (qt, ] = 3.15, 12.68
Hz, 2H), 1.32-1.19 (m, 1H), 0.85 (dd, J = 6.82, 18.78 Hz, 6H).

(2R,3R,4S,5S,6R)-2-(((1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)
amino)-1H-pyrazol-1-yl)cyclohexyl) oxy)-6-(hydroxymethyl) tetrahydro-2H-pyran-
3,4,5-triol and (2S,3R,4S,5S,6R)-2-(((1r,4s)-4-(4-((6-cyclohexyl-[1,2,4]triazolo[1,5-a] pyra-
zin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexyl) oxy)-6-(hydroxymethyl)tetrahydro-2H-
pyran-3,4,5-triol (9, 10). A solution of (1r,4r)-4-(4-((6-cyclohexyl-[1,2,4]triazolo[1,5-a]pyra-
zin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexanol (0.150 g, 0.393 mmol) and 2,3,4,6-tetra-O-ben-
zyl-alpha-D-glucopyranosyl trichloroacetimidate (0.323 g, 0.472 mmol) in DCM (8 mL) was
cooled to -78°C and (diethyloxonio)trifluoroborate (0.0097 mL, 0.079 mmol) was added. The
reaction mixture was allowed to warm to ambient temperature and stirred overnight. The
reaction mixture was recooled to -78°C. Additional (2R,3R,4S,5R,6R)-3,4,5-tris(benzyloxy)-6-
((benzyloxy)methyl)tetrahydro-2H-pyran-2-yl 2,2,2-trichloroacetimidate (0.269 g, 0.393
mmol) and (diethyloxonio)trifluoroborate (0.020 mL, 0.157 mmol) were added. The mixture
was allowed to warm to ambient temperature and stir for 8 h. The reaction mixture was con-
centrated. The residue was purified via flash column chromatography (0-3% MeOH/DCM) to
give 6-cyclohexyl-N-(1-((1r,4r)-4-(((2R,3R,4S,5R,6R)-3,4,5-tris(benzyloxy)-6-((benzyloxy)
methyl)tetrahydro-2H-pyran-2-yl)oxy)cyclohexyl)- 1 H-pyrazol-4-yl)-[1,2,4]triazolo[1,5-a] pyr-
azin-8-amine (0.336 g, 95%) as an off-white solid: MS m/z 904 (M+H)™; "H NMR (DMSO-d)
810.19s,1H),8.47 (s, 1 H), 8.18 (s, 1 H), 8.06 (s, 1 H), 7.86 (s, 1 H), 7.37-7.25 (m, 18 H), 7.17
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(d,J=8Hz,2H),4.88 (m, 1 H), 4.81 (m, 1 H), 4.71 (m, 2 H), 4.65 (m,2 H), 4.53-4.46 (m, 3 H),
4.19 (m, 1 H), 3.76 (m, 1H), 3.68 (m, 1 H), 3.62-3.53 (m, 4 H), 3.43 (m, 2 H), 2.61 (m, 2 H),
2.16 (m, 4 H), 1.91 (m, 2 H), 1.84-1.69 (m, 6 H), 1.64-1.51 (m, 4 H), 1.43-1.32 (m, 3 H), 1.29—
1.20 (m, 2 H).

A solution of 6-cyclohexyl-N-(1-((1r,4r)-4-(((2R,3R,4S,5R,6R)-3,4,5-tris(benzyloxy)-6-
((benzyloxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)cyclohexyl)-1H-pyrazol-4-yl)-[1,2,4]tria-
zolo[1,5-a]pyrazin-8-amine (0.336 g, 0.372 mmol) in DCM (5 mL) and MeOH (5 mL) was
passed through an H-cube (Pd/C, 10 bar H,, ambient temperature). The reaction mixture was
concentrated and the residue was purified via chiral chromatography (Waters Chiral Prep,
Daicel ID 20x250 mm column, 0.20% diethylamine in heptane/ethyl acetate) to give the title
compound 9 (0.060 g, 30%): "H NMR (DMSO-dg) & 10.1 (br s, 1 H), 8.47 (s, 1 H), 8.17 (s, 1 H),
8.04 (s, 1 H), 7.86 (s, 1 H),4.25(d, J=7.6 Hz, 1 H), 4.14 (m, 1 H), 3.69 (m, 1 H), 3.66 (dd,
J=11.8Hz,J=2.4Hz, 1H),3.42(dd, J=11.6 Hz, J= 9.6 Hz, 1 H), 3.15-3.03 (m, 2 H), 3.03-
3.01 (m, 2 H), 2.91 (m, 2 H), 2.61 (m, 2 H), 2.08 (m, 4 H), 1.91 (m, 2 H), 1.84-1.71 (m, 4 H),
1.63-1.52 (m, 3 H), 1.48-1.33 (m, 4 H), 1.28-1.21 (m, 2 H) and the title compound 10 (0.034
g, 16%): "H NMR (DMSO-dg) 8 10.1 (s, 1 H), 8.47 (s, 1 H), 8.18 (s, 1 H), 8.04 (s, 1 H), 7.86 (s,1
H),4.79 (m,2 H), 4.65(d, J=4.8 Hz, 1 H), 4.46 (d, J= 5.2 Hz, 1 H), 4.36 (m, 1 H), 4.16 (m, 1
H), 3.60 (m, 1 H), 3.45 (m, 2 H), 3.39 (m, 1 H), 3.16 (m, 1 H), 3.04 (m, 1 H), 2.61 (m, 2 H), 2.07
(m, 4 H), 1.91 (m, 2 H), 1.85-1.72, m, 4 H), 1.63-1.50 (m, 3 H), 1.47-1.34 (m, 3 H), 1.25 (m, 2
H).

(2S,3S,4S,5R,6R)-6-(((11,4r)-4-(4-((6-Cyclohexyl-[1,2,4] triazolo[1,5-a] pyrazin-8-yl)
amino)-1H-pyrazol-1-yl)cyclohexyl)oxy)-3,4,5-trihydroxytetrahydro-2 H-pyran-2-carbox-
ylicacid (11). A round bottom flask was charged with (1r,4r)-4-(4-((6-cyclohexyl-[1,2,4]tria-
zolo[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexanol (0.30 g, 0.79 mmol) and DCM
(4 mL) to give an off-white suspension. The reaction mixture was cooled to 5°C.
(2R,3R,45,58,68)-2-bromo-6-(methoxycarbonyl)tetrahydro-2 H-pyran-3,4,5-triyl triacetate
(0.38 g, 0.94 mmol) and silver(I) trifluoromethanesulfonate (0.20 g, 0.79 mmol) were added.
The cooling bath was removed and the reaction was stirred at ambient temperature overnight.
The reaction was then diluted with the DCM and water. The organic layer was separated,
dried over MgSO,, filtered and concentrated under reduced pressure. The crude material was
purified by flash column chromatography (0-100% EtOAc/DCM). The resultant material was
then purified by HPLC-MS to give (3R,4S,5S,65)-2-(((1r,4r)-4-(4-((6-cyclohexyl-[1,2,4]triazolo
[1,5-a]pyrazin-8-yl)amino)- 1 H-pyrazol-1-yl)cyclohexyl)oxy)-6-(methoxycarbonyl)tetrahy-
dro-2H-pyran-3,4,5-triyl triacetate (0.04 g, 7%) as a pale yellow solid: MS m/z 698 (M+H)"; 'H
NMR (DMSO-dy) 6 10.1 (s, 1 H), 8.47 (s, 1 H), 8.16 (s,1 H), 8.04 (s, 1 H), 7.85 (s, 1 H), 5.32 (t,
1H,J=9.6Hz),5.02(d, 1 H,J=8.0Hz),4.94 (t, 1 H,J=9.6 Hz), 4.75 (dd, 1 H, ] = 8 Hz,
J=7.6Hz),4.45(d, 1 H, J=9.6 Hz), 4.15 (m, 1 H), 3.67 (m, 1 H), 3.63 (s, 3 H), 2.61 (m, 1 H),
2.09-2.01 (m, 3 H), 2.01 (s, 3 H), 1.97 (s, 3 H), 1.95 (s, 3 H), 1.91 (m, 2 H), 1.86-1.78 (m, 3 H),
1.77-1.71 (m, 2 H), 1.64-1.51 (m, 2 H), 1.48-1.33 (m, 4 H), 1.25 (m, 2 H).

A round bottom flask was charged with (3R,4S,58,65)-2-(((1r,4r)-4-(4-((6-cyclohexyl-
[1,2,4]triazolo[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexyl)oxy)-6-(methoxycarbo-
nyl)tetrahydro-2H-pyran-3,4,5-triyl triacetate (0.040 g, 0.057 mmol), THF (2 mL) and water (1
mL). The resultant suspension was cooled to 0°C. Lithium hydroxide monohydrate (0.012 g,
0.29 mmol) was added and the reaction mixture was stirred at 0-10°C for 1 h. Water (20 mL)
was added and the mixture was extracted with a solution of 20% IPA/DCM (3x50 mL). The
aqueous and organic layers were combined and concentrated. The resultant residue was puri-
fied via HPLC-MS to give the title compound (0.017 g, 50%) as an off-white solid: MS m/z 558
(M+H)"; "H NMR (DMSO-d) 8 10.1 (s, 1 H), 8.47 (s, 1 H), 8.17 (s, 1 H), 8.04 (s, 1 H), 7.86 (s,
1H),4.95(d, 1 H,J=8Hz),4.33(d, 1 H,J=7.6 Hz),4.13 (m, 2 H), 4.01 (dd, 1 H, J= 7.2 Hz,

PLOS ONE | https://doi.org/10.1371/journal.pone.0203567 September 7, 2018 30/40


https://doi.org/10.1371/journal.pone.0203567

@° PLOS | ONE

Prodrugs for colon-restricted delivery: Design, synthesis and in vivo evaluation of CSF1R inhibitors

J=7.2Hz),3.68-3.61 (m, 2 H), 3.55 (m, 1 H), 3.18-3.12 (m, 1 H), 3.15(d, 1 H), J= 5.2 Hz),
2.95 (m, 1 H), 2.08 (m, 3 H), 1.91 (m, 2 H), 1.85-1.71 (m, 5 H), 1.65-1.49 (m, 3 H), 1.46-1.34
(m, 4 H), 1.26 (m 2 H).

a-cyclodextrin conjugate 21. (1r,4r)-Ethyl 4-(4-((6-cyclohexyl-[1,2,4]triazolo[1,5-a]pyra-
zin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexanecarboxylate (0.219 g, 0.5 mmol) was suspended
in acetonitrile (10 mL) and water (2 mL). NaOH (2.0 M in water, 0.250 mL, 0.500 mmol) was
added and the mixture was stirred at room temperature overnight. The mixture was lyophi-
lized. The resultant solid was suspended in DMA (2.5 mL). Mono-6-O-(p-toluenesulfonyl)-o-
cyclodextrin (0.564 g, 0.500 mmol) was added. The mixture was heated at 100°C overnight.
The mixture was cooled to ambient temperature and directly purified via HPLC-MS to give a-
cyclodextrin conjugate 21 (0.24 g, 33%) as a light brown solid. MS m/z: 1365 (M+H)". '"H
NMR (400 MHz, DMSO-dg) 6 10.12 (s, 1H), 8.47 (s, 1H), 8.14 (s, 1H), 8.04 (s, 1H), 7.89 (s,
1H), 5.62-5.34 (m, 12H), 4.89-4.71 (m, 6H), 4.58-4.39 (m, 4H), 4.37-4.26 (m, 2H), 4.24-4.41
(m, 2H), 3.93-3.87 (m, 1H), 3.83-3.73 (m, 6H), 3.72-3.51 (m, 15H), 3.46-3.29 (m, 12H), 2.69-
2.55 (m, 1H), 2.47-2.38 (m, 1H), 2.17-1.97 (m, 4H), 1.91 (d, J = 11.9 Hz, 2H), 1.87-1.67 (m,
5H), 1.67-1.48 (m, 4H), 1.39 (q, ] = 12.7 Hz, 2H), 1.32-1.17 (m, 1H).

B-cyclodextrin conjugate 22. (1r,4r)-Ethyl 4-(4-((6-cyclohexyl-[1,2,4]triazolo[1,5-a]pyra-
zin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexanecarboxylate (0.219 g, 0.501 mmol) was sus-
pended in acetonitrile (10 mL) and water (2 mL). NaOH (2.0 M in water, 0.250 mL, 0.501
mmol) was added and the mixture was stirred at room temperature overnight. The reaction
mixture was lyophilized. The residue was dissolved in DMA (2.5 mL). Mono-6-O-(p-toluene-
sulfonyl)-B-cyclodextrin (0.80 g, 0.621 mmol) was added. The mixture was heated to 100°C
overnight. The mixture was cooled to ambient temperature and filtered through a 0.4 micron
syringe filter. The resultant solution was directly purified via HPLC-MS to give B cyclodextrin
conjugate 22 (182 mg, 23%) as a white solid. MS m/z: 1527 (M+H)". '"H NMR (400 MHz,
DMSO-dq) 5 10.13 (s, 1H), 8.47 (s, 1H), 8.13 (s, 1H), 8.04 (s, 1H), 7.89 (s, 1H), 5.85-5.61 (m,
14H), 4.90-4.76 (m, 7H), 4.48 (t, ] = 5.8 Hz, 1H), 4.45-4.38 (m, 4H), 4.33-4.24 (m, 2H), 4.20—
4.09 (m, 2H), 3.90-3.83 (m, 1H), 3.71-3.49 (m, 25H), 3.43-3.30 (m, 14H), 2.67-2.55 (m, 1H),
2.47-2.38 (m, 1H), 2.15-1.97 (m, 4H), 1.91 (d, ] = 11.3 Hz, 2H), 1.82 (d, ] = 12.8 Hz, 2H),
1.78-1.69 (m, 3H), 1.65-1.49 (m, 4H), 1.39 (q, J = 12.5 Hz, 2H), 1.26 (t, ] = 12.4 Hz, 1H).

y-cyclodextrin conjugate 23. (1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a]pyrazin-
8-yl)amino)-1H-pyrazol-1-yl)cyclohexanecarboxylic acid (618 mg, 1.21 mmol) was suspended
in acetonitrile (32 mL). NaOH (2.0 M in water, 0.724 mL, 1.45 mmol) was added. The resultant
suspension was lyophilized. To the resultant residue was added mono-6-O-mesitylenesulfo-
nyl-y-cyclodextrin (3.57 g, 2.42 mmol). DMA (8 mL) was added. The reaction mixture was
heated to 100°C overnight. The reaction mixture was cooled to ambient temperature and puri-
fied via HPLC-MS to give the y-cyclodextrin conjugate 23 (0.588 g, 27%) as a white solid. MS
m/z: 1689 (M+H)". "H NMR (400 MHz, DMSO-d¢) & 10.12 (s, 1H), 8.47 (s, 1H), 8.14 (s, 1H),
8.04 (s, 1H), 7.89 (s, 1H), 5.90-5.63 (m, 16H), 4.95-4.82 (m, 8H), 4.59-4.39 (m, 6H), 4.38-4.24
(m, 2H), 4.20-4.07 (m, 2H), 3.86-3.77 (m, 1H), 3.74-3.46 (m, 29H), 3.46-3.30 (m, 16H), 2.61
(t,J=11.9 Hz, 1H), 2.42 (d, J = 11.9 Hz, 1H), 2.16-1.97 (m, 4H), 1.91 (d, J = 11.4 Hz, 2H), 1.83
(d,J=12.7 Hz, 2H), 1.78-1.68 (m, 3H), 1.68-1.48 (m, 4H), 1.39 (q, ] = 12.7 Hz, 2H), 1.31-1.20
(m, 1H). Starting material was also recovered from the HPLC-MS purification; obtained
(1r,4r)-4-(4-((6-cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-1-yl)cyclo-
hexanecarboxylic acid (0.115 g, 23%) as a white solid.

4-(((1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-
1-yl)cyclohexyl)oxy)-4-oxobutanoic acid (15). A 500 mL flask was charged with (1r,4r)-4-
(4-((6-cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexanol
(10.1 g, 26.5 mmol), DCM (265 mL) and triethylamine (11.1 mL, 79 mmol). Succinic
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anhydride (3.97 g, 39.7 mmol) and DMAP (0.323 g, 2.65 mmol) were then added. The reaction
mixture was stirred at ambient temperature overnight. Additional succinic anhydride (0.530 g,
5.30 mmol) was added and the reaction mixture was stirred for an additional 12 h. The reac-
tion mixture was diluted with 1N HCI (200 mL) and the resulting suspension was filtered. The
collected solid was washed with 10% MeOH/DCM (50 mL) and water (50 mL). The solid was
then dried under vacuum to give the title compound (12.5 g, 98%) as a white solid; MS m/z:
482 (M+H)*. 'H NMR (400 MHz, DMSO-d,) 6 12.18 (s, 1H), 10.15 (s, 1H), 8.47 (s, 1H), 8.19
(s, 1H), 8.04 (s, 1H), 7.86 (s, 1H), 4.71 (td, ] = 10.5, 5.2 Hz, 1H), 4.20 (ddt, J = 11.0, 7.6, 4.1 Hz,
1H), 2.68-2.55 (m, 1H), 2.18-1.10 (m, 19H).

a-cyclodextrin conjugate 2. A 1 L flask was charged with 4-(((1r,4r)-4-(4-((6-cyclohexyl-
[1,2,4]triazolo[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexyl)oxy)-4-oxobutanoic
acid (11.5 g, 23.9 mmol), a-cyclodextrin (46.5 g, 47.8 mmol) and DMAP (0.584 g, 4.78 mmol).
DMEF (239 mL) and EDC (6.87 g, 35.8 mmol) were added and the reaction mixture was stirred
at ambient temperature for 5 h. To the reaction mixture was added acetone (1 L). The resultant
suspension was allowed to settle overnight. The reaction mixture was then filtered and rinsed
with ether (200 mL). The precipitate was dried in a vacuum oven at 60°C for 3 h. The crude
material was purified via HPLC-MS and lyophilized to give a-cyclodextrin conjugate 2 (11.1 g,
32%) as a white solid; MS m/z: 1436 (M+H)". "H NMR (400 MHz, DMSO-d,) & 10.13 (s, 1H),
8.47 (s, 1H), 8.17 (s, 1H), 8.04 (s, 1H), 7.87 (s, 1H), 5.60-5.32 (m, 12H), 4.88-4.75 (m, 6H),
4.70 (dt, J = 10.6, 6.3 Hz, 1H), 4.59-4.37 (m, 5H), 4.35-4.15 (m, 3H), 3.83-3.72 (m, 6H), 3.72-
3.51 (m, 18 H), 3.44-3.30 (m, 10H), 2.67-2.51 (m, 5H), 2.10 (d, ] = 9.9 Hz, 2H), 2.00 (d, J = 9.3
Hz, 2H), 1.91 (d, J = 13.3 Hz, 2H), 1.87-1.78 (m, 4H), 1.74 (d, ] = 12.0 Hz, 1H), 1.66-1.49 (m,
4H), 1.39 (q, ] = 12.8 Hz, 2H), 1.25 (t, ] = 12.6 Hz, 1H).

B-cyclodextrin conjugate 12. 4-(((1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a]pyra-
zin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexyl)oxy)-4-oxobutanoic acid (0.240 g, 0.498 mmol), B-
cyclodextrin (1.13 g, 0.997 mmol), EDC (0.115 g, 0.598 mmol) and DMAP (12.2 mg, 0.100 mmol)
were combined. DMF (5 mL) was added and the reaction mixture was stirred at ambient temper-
ature for 18 h. Acetone (15 mL) was added and the resultant suspension was filtered, rinsing with
acetone (2 x 10 mL). The collected solid was purified via HPLC-MS to obtain B- cyclodextrin con-
jugate 12 (0.101 g, 11%) as a white solid. MS m/z: 1599 (M+H)™. 'H NMR (400 MHz, DMSO-dy)
610.13 (s, 1H), 8.47 (d, ] = 2.2 Hz, 1H), 8.17 (d, ] = 5.3 Hz, 1H), 8.04 (s, 1H), 7.87 (d, ] = 3.5 Hz,
1H), 5.84-5.59 (m, 14H), 4.83 (d, J = 13.3 Hz, 7H), 4.77-4.65 (m, 1H), 4.65-4.13 (m, 10H), 3.93—
3.80 (m, 2H), 3.75-3.45 (m, 25H), 3.45-3.30 (m, 13H), 2.78-2.51 (m, 5H), 2.10 (d, ] = 12.5 Hz,
2H), 2.00 (d, = 8.6 Hz, 2H), 1.91 (d, J = 13.7 Hz, 2H), 1.88-1.78 (m, 3H), 1.74 (d, = 12.6 Hz,
1H), 1.59 (d, J= 9.2 Hz, 3H), 1.51-1.32 (m, 2H), 1.32-1.15 (m, 2H).

y-cyclodextrin conjugate 13. 4-(((1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a]pyra-
zin-8-yl)amino)-1H-pyrazol-1-yl)cyclohexyl)oxy)-4-oxobutanoic acid (250 mg, 0.519 mmol),
EDC (139 mg, 0.727 mmol), y-cyclodextrin (1.35 g, 1.04 mmol) and DMAP (12.7 mg, 0.104
mmol) were combined. DMF (5.2 mL) was added and the reaction mixture was stirred at
ambient temperature for 4 h. Acetone (15 mL) was added. The resultant suspension was fil-
tered, rinsing with acetone (2 x 10 mL). The collected solid was purified via HPLC-MS obtain
y-cyclodextrin conjugate 13 (0.195 g, 21%) as a white solid. MS m/z: 1762 (M+H)". "H NMR
(400 MHz, DMSO-d,) 6 10.13 (s, 1H), 8.47 (s, 1H), 8.17 (s, 1H), 8.04 (s, 1H), 7.88 (s, 1H),
5.98-5.59 (m, 16H), 4.87 (s, 8H), 4.79-4.64 (m, 1H), 4.47 (s, 8H), 4.30 (d, J = 10.9 Hz, 2H),
4.27-4.07 (m, 2H), 3.79 (s, 2H), 3.75-3.45 (m, 27H), 3.45-3.22 (m, 17H), 2.73-2.51 (m, 5H),
2.10 (d, J = 9.9 Hz, 2H), 2.06-1.95 (m, 2H), 1.91 (d, ] = 12.8 Hz, 2H), 1.87-1.78 (m, 3H), 1.74
(d,J=11.8 Hz, 1H), 1.67-1.51 (m, 3H), 1.39 (q, ] = 12.6 Hz, 2H), 1.31-1.17 (m, 1H).

Dextran conjugate 14. 4-(((1r,4r)-4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a]pyrazin-8-yl)
amino)-1H-pyrazol-1-yl)cyclohexyl)oxy)-4-oxobutanoic acid (0.300 g, 0.623 mmol) and CDI

PLOS ONE | https://doi.org/10.1371/journal.pone.0203567 September 7, 2018 32/40


https://doi.org/10.1371/journal.pone.0203567

@° PLOS | ONE

Prodrugs for colon-restricted delivery: Design, synthesis and in vivo evaluation of CSF1R inhibitors

(0.177 g, 1.09 mmol) were dissolved in DMSO (1.56 mL). The reaction mixture was stirred for
90 min. ~70000 MW Dextran from Leuconostoc spp (5 wt% in DMSO, 18.6 mL, 0.623 mmol)
and triethylamine (1.86 mL, 13.3 mmol) were added. The mixture was stirred at ambient tem-
perature for 16 h. The mixture was diluted with 1:1 ethanol:ether (75 mL). The resultant sus-
pension was filtered. The resultant tacky solid was immediately suspended in methanol (100
mL) and sonicated for 10 min. The resultant suspension was filtered and the collected solid
was dried to give dextran conjugate 14 (0.710 g) as a white solid. A 10 mg/mL solution of the
product in 9:9:2 DMSO:MeOH:2N aqueous NaOH was prepared and stirred for 3 h. LCMS
quantitation of the resultant solution against a standard curve indicated a concentration of
1.15 mg/mL compound 1.

4-(2-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-1-yl)eth-
oxy)-4-oxobutanoic acid (39). To a suspension of 2-(4-((6-cyclohexyl-[1,2,4]triazolo[1,5-a]
pyrazin-8-yl)amino)-1H-pyrazol-1-yl)ethanol (497 mg, 1.52 mmol) in DCM (9.0 mL), triethy-
lamine (0.635 mL, 4.55 mmol) was added followed by succinic anhydride (190 mg, 1.90 mmol)
and DMAP (20.4 mg, 0.167 mmol). The reaction mixture was allowed to stir at ambient tem-
perature for 24 h. Additional succinic anhydride (45.6 mg, 0.455 mmol) was added and the
reaction mixture was stirred for 7 h. The resultant solution was diluted with 2 N HCI (15 mL)
and water (10 mL) and allowed to stir for 10 min. The resultant suspension was filtered and
the collected solid was dried to give the title product (460 mg, 71%); MS m/z: 428 (M+H)™ 'H
NMR (400 MHz, DMSO-d) 6 12.16 (s, 1H), 10.14 (s, 1H), 8.47 (s, 1H), 8.17 (d, J = 0.7 Hz,
1H), 8.04 (d, ] = 0.5 Hz, 1H), 7.88 (d, ] = 0.7 Hz, 1H), 4.35 (s, 3H), 3.07 (q, J = 7.3 Hz, 1H),
2.73-2.58 (m, 1H), 2.47-2.40 (m, 2H), 2.05-1.05 (m, 12H).

a-cyclodextrin conjugate 16. A vial was charged with 4-(2-(4-((6-cyclohexyl-[1,2,4]tria-
zolo[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)ethoxy)-4-oxobutanoic acid (180 mg, 0.421
mmol), EDC (97 mg, 0.51 mmol), a-cyclodextrin (819 mg, 0.842 mmol) and DMAP (10.3 mg,
0.084 mmol). DMF (4.2 mL) was added and the reaction mixture was stirred at ambient tem-
perature overnight. The reaction mixture was diluted with acetone (5 mL); a white precipitate
formed which was collected via filtration. The crude material was purified by HPLC-MS to
afford the o-cyclodextrin conjugate 16 as a white solid (130 mg, 22%). MS m/z: 1382 (M+H)".
'"H NMR (400 MHz, DMSO-d) 6 10.13 (s, 1H), 8.47 (s, 1H), 8.15 (s, 1H), 8.04 (s, 1H), 7.90 (s,
1H), 5.69-5.33 (m, 12H), 4.78 (s, 6H), 4.59-4.16 (m, 11H), 4.08-3.95 (m, 1H), 3.91-3.82 (m,
1H), 3.82-3.71 (m, 6H), 3.71-3.50 (m, 16H), 3.47-3.30 (m, 10H), 2.70-2.51 (m, 5H), & 1.92 (d,
J=11.9 Hz, 2H), 1.82 (d, J = 12.5 Hz, 2H), 1.73 (d, J = 11.5 Hz, 1H), 1.66-1.50 (m, 2H), 1.38 (d,
J=12.3 Hz, 2H), 1.32-1.18 (m, 1H).

B-cyclodextrin conjugate 17a. A vial was charged with 4-(2-(4-((6-cyclohexyl-[1,2,4]tria-
zolo[1,5-a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)ethoxy)-4-oxobutanoic acid (211 mg, 0.494
mmol), B-cyclodextrin (1.12 g, 0.987 mmol), DMAP (12.1 mg, 0.099 mmol) and EDC (114 mg,
0.592 mmol). DMF (4.9 mL) was added. The reaction mixture was stirred at ambient tempera-
ture overnight. To the mixture was added acetone (10 mL). A white precipitate formed which
was collected via filtration. Purification via prep-HPLC provided the title compound (40 mg,
5.2%); MS m/z: 1545 (M+H)"; '"H NMR (400 MHz, DMSO-d) 6 10.13 (s, 1H), 8.47 (s, 1H),
8.15 (s, 1H), 8.03 (s, 1H), 7.90 (s, 1H), 5.85-5.67 (m, 14H), 4.81 (s, 7H), 4.40 (br s, 7H), 4.35 (s,
4 H) 4.31-4.20 (m, 2H), 4.17-4.09 (m, 1 H), 3.85-3.78 (m, 1H), 3.71-3.50 (m, 25H), 3.40-3.30
(m, 12H), 2.66-2.48 (m, 5H), 1.92 (d, J = 12.4 Hz, 2H), 1.82 (d, ] = 12.8 Hz, 2H), 1.73 (d,
J=12.5Hz, 1H), 1.57 (q, ] = 12.6, 11.2 Hz, 2H), 1.38 (d, J = 12.7 Hz, 2H), 1.33-1.19 (m, 1H).

v-cyclodextrin conjugates 18 and 19. 4-(2-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a]pyra-
zin-8-yl)amino)-1H-pyrazol-1-yl)ethoxy)-4-oxobutanoic acid (460 mg, 1.08 mmol), EDC (289
mg, 1.51 mmol), y-cyclodextrin (2.79 g, 2.152 mmol) and DMAP (26.3 mg, 0.215 mmol) were
combined. DMF (3.0 mL) was added and the reaction mixture was stirred at ambient
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temperature overnight. Acetone (20 mL) was added to the reaction mixture and the resulting
suspension was filtered and rinsed with additional acetone (2 x 10 mL). The collected solid was
purified via HPLC-MS to yield two products as white solids, 2-O-y-cyclodextrin conjugate 18
(258 mg, 14%); MS m/z: 1707 (M+H)* "H NMR (400 MHz, DMSO-dg) & 10.14 (s, 1H), 8.47 (s,
1H), 8.15 (s, 1H), 8.04 (s, 1H), 7.92 (s, 1H), 6.06-5.36 (m, 16H), 5.13 (d, J = 3.8 Hz, 1H), 4.95-
4.78 (m, 7H), 4.74-4.39 (m, 8H), 4.36 (s, 4H), 3.84-3.75 (m, 1H), 3.70-3.43 (m, 30H), 3.44-
3.11 (m, 16H), 2.74-2.51 (m, 5H), 1.92 (d, J = 11.9 Hz, 2H), 1.82 (d, ] = 12.6 Hz, 2H), 1.73 (d,
J=12.1 Hz, 1H), 1.65-1.51 (m, 2H), 1.39 (q, ] = 12.5 Hz, 2H), 1.32-1.20 (m, 1H). 6-O-y-cyclo-
dextrin conjugate 19 (315 mg, 17%); MS m/z: 1707 (M+H)". "H NMR (400 MHz, DMSO-d¢) &
10.13 (s, 1H), 8.47 (s, 1H), 8.15 (s, 1H), 8.03 (s, 1H), 7.90 (s, 1H), 5.75 (br s, 16H), 4.89-4.84
(m, 8H), 4.46 (br s, 8H), 4.35 (s, 4H), 4.31-4.16 (m, 2H), 4.15-4.07 (m, 1H), 3.84-3.72 (m,
1H), 3.70-3.44 (m, 29H), 3.41-3.30 (m, 14H), 2.63-2.50 (m, 5H), 1.92 (d, ] = 12.0 Hz, 2H),
1.82 (d,J=12.8 Hz, 2H), 1.73 (d, ] = 12.4 Hz, 1H), 1.68-1.50 (m, 2H), 1.38 (q, ] = 12.6 Hz, 2H),
1.32-1.22 (m, 1H).

4-((4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)amino)-1H-pyrazol-1-yl)-
2-methylbutan-2-yl)oxy)-4-oxobutanoic acid (40). 4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-
a]pyrazin-8-yl)amino)-1H-pyrazol-1-yl)-2-methylbutan-2-ol (0.731 g, 1.98 mmol) and toluene
(12 mL) were combined. Succinic anhydride (0.990 g, 9.89 mmol), 1-hydroxypyrrolidine-
2,5-dione (0.455 g, 3.96 mmol), triethylamine (0.552 mL, 3.96 mmol) and DMAP (0.073 g,
0.59 mmol) were added. The suspension was heated to 120°C for 3 days in a sealed tube. The
reaction mixture was cooled to room temperature and then DCM (20 ml) water (10 mL) and
IN HCI (10 mL) were added. The organic layer was separated and the aqueous portion was
extracted with additional DCM (2 x 20 mL). The combined organic layers were dried over
MgSO, and concentrated. Purification by flash column chromatography (0-10% MeOH/
DCM) provided the title compound (0.500 g, 54%); MS m/z: 470 (M+H)™. 'H NMR (400
MHz, DMSO-dq) § 12.15 (s, 1H), 10.14 (s, 1), 8.47 (s, 1H), 8.16 (s, 1H), 8.04 (s, 1H), 7.81 (s,
1H), 4.20-4.13 (m, 2H), 2.66-2.56 (m, 1H), 2.41 (s, 4H), 2.31-2.22 (m, 2H), 1.94-1.87 (m, 2H),
1.86-1.77 (m, 2H), 1.75-1.69 (m, 1H), 1.65-1.52 (m, 2H), 1.39 (s, 6H), 1.38-1.20 (m, 2H).

a-cyclodextrin conjugate 20. 4-((4-(4-((6-Cyclohexyl-[1,2,4]triazolo[1,5-a] pyrazin-8-yl)
amino)-1H-pyrazol-1-yl)-2-methylbutan-2-yl)oxy)-4-oxobutanoic acid (0.200 g, 0.426 mmol),
o-cyclodextrin (0.829 g, 0.852 mmol) and N,N-dimethylpyridin-4-amine (10.4 mg, 0.085
mmol) were combined with DMF (4.0 mL). EDC (0.122 g, 0.639 mmol) was added and the
reaction mixture was stirred at ambient temperature for 17 h. Acetone (5 mL) was added and
the resultant precipitate was filtered. The collected solid was purified by HPLC-MS to provide
the a-cyclodextrin conjugate 20 (0.140 g, 23%); MS m/z: 1425 (M+H)™. '"H NMR (400 MHz,
DMSO-dg) 8 10.11 (s, 1H), 8.47 (s, 1H), 8.18 (s, 1H), 8.15 (s, 1H), 8.04 (s, 1H), 7.83 (s, 1H),
5.60-5.34 (m, 12H), 4.84-4.74 (m, 7H), 4.45 (br s, 5H), 4.34-4.27 (m, 1H), 4.25 (s, 1H), 4.21-
4.10 (m, 2H), 3.89-3.82 (m, 1H), 3.81-3.72 (m, 7H), 3.71-3.52 (m, 16H), 3.47-3.30 (m, 10H),
2.69-2.57 (m, 1H), 2.55-2.49 (d, ] = 6.7 Hz, 3H), 2.29-2.17 (m, 2H) & 1.91 (d, J = 10.9 Hz, 2H),
1.82 (d, J = 12.8 Hz, 2H), 1.73 (d, ] = 12.2 Hz, 1H), 1.59 (q, ] = 12.1, 10.9 Hz, 2H), 1.46-1.33
(m, 8H), 1.32-1.18 (m, 1H).

Biology methods

Cellular assays: Mouse macrophage differentiation assay. Mouse bone marrow derived
macrophages (BMDM) were isolated as previously described[53] from C57BL/6 female mice.
The isolated cells were washed using standard growth medium (RPMI (Gibco cat# 11875-093)
with 2 mM L-glutamine (Gibco cat# 25033), 1% Pen/Strep (Gibco cat# 15140), 10% heat inac-
tivated fetal bovine serum (HI-FBS, Gibco cat# 10438), and 0.1% beta-mercaptoethanol (BME,
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Gibco cat# 21985-023)), and filtered through a 100 pM cell strainer (Falcon cat# 352360).
Cells were counted, re-suspended in growth medium, and plated at 1x10° viable cells per well
in a 96 well plate (Corning cat# 3603). Inhibitors were added at various concentrations to the
cells, and incubated at 37°C/5% CO, for 30 minutes. Recombinant mouse macrophage colony
stimulating factor (M-CSF, R&D cat# 416-ML-010) was added to the plates at a final concen-
tration of 50 ng/pL. Plates were transferred to a 37°C/5% CO, incubator for 5 days. On the
fifth day, supernatant was removed from each well and Cell Titer Glo (Promega cat#G7571)
was added. Plates were covered from the light and incubated at room temperature for 10 min-
utes before reading the luminescence on an EnVision plate reader (PerkinElmer).

Broad kinase profiling method. TR-FRET-based binding displacement studies using
active site probes were used to assess kinome selectivity of inhibitor molecules.[54] The con-
centrations of components for each purified kinase were based on optimized conditions with
ranges as follows: kinases (1.25-12.5 nM), Oregon Green-labeled fluorescent probes (2x Kp, of
probe to the particular kinase; range of 1-200 nM; in-house), terbium anti-His or anti-GST
antibody (0.5-2 nM). The reaction buffer was diluted to 1x using ddH,O and contained 1 mM
DTT.

Compounds were typically tested from 0.0001 to 10 uM in 10x dilutions. Reactions were
carried out in a 20 pL volume in 384-well plates by combining kinase, probe, antibody, and
test compound and allowing the reaction to come to equilibrium (incubation of 2 h). TR-FRET
was then measured on a PerkinElmer Envision plate reader (excitation at 340 nm; emission at
520 and 495 nm). Competition by the test compound versus the fluorescent probe for the ATP
binding site of the kinase was quantified by calculating the IC5, value based on a four-parame-
ter logistic curve fit.

Kinases measured in the in-house panel of kinases with compounds 1 and 4-6.

ACVRI, ALK, Abl, Aktl, Auroral, Aurora2, BRAF, BTK, CAMK1D, CAMK2A, CAMKK2,
CDK2, CDK7, CDK8, CDK9, CDK11, CLK2, CSFIR, Ckl1 alphal, cMET, DDR1, DYRK1B,
DYRKI1A, EGFR, Erk2, FAK, FGFRI, Flt1, Fyn, GRKS5, Gsk3a, Gsk3b, IGF1R, IKKE, InsR,
JAK2, JAK3, JNK1, JNK2, Kdr, LTK, Lck, MAP2K3, MAP3K10, MAP4K1, MAP4K2,
MAP4K4, MEK1, MEK2, MST1, Nek2, p38 alpha, PAK4KD, PDGFRA V561D, PDGFRB,
PKA, PKCtheta, PKCzeta, PKGI1A, Pim1, Pim2, Plk3, Prkcn, RET, RIPK2, Rock1, Rock2,
Rsk2, SGK1, SIK1, STK16, STK33, Src, Syk, TAOK2, TBK1, TNK2, TYRO3, TrkA, TrkB,
TrkC, Weel, ZipK.

Per rectal (PR) dosing. Prior to dosing, mice were anaesthetized with Isoflurane and fecal
material was removed from colons by irrigating with 0.5 mL of PBS using a syringe fitted with
a 22 gauge flexible gavage needle. After a 20 min wake up period, mice were again anesthetized
and drug was administered in a volume of 0.1-0.2 mL using a syringe fitted with a 22 gauge
flexible gavage needle. Mice were then placed in the anesthesia chamber for 40 min in a supine
position with hind end elevated to ensure drug remained in colon. After 40 min, mice were
removed from the chamber and blood sampling over time (via tail nick) began.

Pharmacokinetic studies of active parent in mice. Male CD1 mice on Teklad Global
Diet 2014 (Envigo Teklad, Madison, WI) (n = 2-3 per study) received a single IV, oral or intra-
peritoneal (IP) administration of compounds 1, 4, 5 or 6 at 1 mg/kg in 2:5:20:73 (v/v) DMSO:
Tween 80:PEG-400:D5W dosed at 10 ml/kg. Serial blood samples were taken over 24h and fro-
zen at —20°C until analysis. Pharmacokinetic parameters after IP or PO dosing were calculated
by noncompartmental methods, while pharmacokinetic parameters after IV dosing were cal-
culated by compartmental methods using WinNonlin (version 5.2, Certara USA Inc.,

St. Louis, MO). Mean parameters were determined from 1-3 separate studies. FaFg was deter-
mined as F/Fy, (compound 6) or as the ratio of AUC after an oral dose to that after an IP dose
(AUC,a/AUC;p).
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Oral administration of active parent or prodrugs to mice. Active Parent-Male CD1
mice (N = 3) received a single oral administration of compound 1 at 30 mg/kg prepared as a
nanosuspension in 2% HPC-SL, 0.2% SDS in water and dosed at 10 ml/kg. Active Parent Pro-
drugs-Male CD1 mice or female C57BL/6 mice (N = 3) received a single oral adminstration of
prodrug at 30 mg/kg active parent equivalent in either 10% Cremophor EL + 90% 1% Na-
carboxymethylcellulose (NaCMC) at 10 ml/kg or as a nanosuspension in 2% HPC-SL, 0.2%
SDS in water at 10 ml/kg.Blood samples were taken over 11 hours, and colon samples were
taken at 3, 6 and/or 11 hours post dose. Mice received either Teklad Global Diet 2014 (Envigo
Teklad, Madison, WI or LabDiet #5010 (LabDiet, St. Louis, MO).

Colon tissue preparation for determination of drug exposure. Due to the inherent risk
of fecal or PR-dosed material contaminating true levels of colon tissue exposure, careful flush-
ing of colon tissue for drug analysis was required. Upon necropsy, a section of mouse colon
was removed, and flushed with PBS until no visible fecal material was observed. Subsequently,
a 1-2 cm section of colon was blotted dry, weighed and snap-frozen in liquid nitrogen.

Homogenization of colon tissue. Colon tissue (~50 mg) was diluted 10x in Veterinary
Sterile Water for Irrigation (USP by Abbott), then 1.4 mm zirconium oxide beads were added
and tissue was homogenized using an Omni Bead Ruptor 24 (Omni International, Kennesaw,
GA). Aliquots of colon homogenate samples and a set of colon standards were pipetted in
96-well plates and subjected to protein precipitation extraction (with acetonitrile + internal
standard) on a Microlab Star robot (Hamilton Robotics, Reno, NV). Plates were then mixed
on a MixMate (Eppendorf, Hamburg, Germany) for 1 min at 1600 rpm and centrifuging for 5
min at 4000 rpm in 5810 R Centrifuge (Eppendorf, Hamburg, Germany). Supernatant was
transferred into new plates and diluted with LC-MS/MS mobile phase.

Quantification of drug. Spiked standards were prepared in the appropriate matrices. All
unknown samples and spiked standards were combined with acetonitrile containing internal
standard, vortexed, and centrifuged to pellet the proteins. Supernatants were used for subse-
quent analysis by LC-MS/MS. The mobile phase consisted of acetonitrile with 0.1% formic
acid, and water with 0.1% formic acid at a flow rate of 0.8 mL/min. Analytes were separated
using reverse phase chromatography with a fast gradient on a 30 x 2.1 mm Fortis C18 Pace 5
mm column, prior to analysis on a Sciex API5500™ mass spectrometer. Peak areas were deter-
mined using Sciex Analyst™ 1.6 software. Actual concentrations were calculated by regression
analysis of the peak area ratio (parent / internal standard) of the spiked standards versus
concentration.

Chronic dosing study in healthy mice. On day 0, healthy C57BL/6 female mice (Taconic)
were dosed BID with compound 2 and continued dosing until Day 7. Compound 2 was
administered in a formulation of 10:90 (w/w) Cremophor EL: 1% sodium carboxymethyl cellu-
lose. On day 1, ~12 h after a single dose, a cohort of healthy mice was sacrificed for blood,
liver, and colon exposure. On Day 7, 12 h post last dose, the remaining cohort was sacrificed
for blood, liver, and colon exposure, representing 7 d BID dosing.

Mouse DSS model of colitis. On day 0, super prophylactic dosing of compound 2 began
on C57BL/6 female mice. On day 7 DSS was administered via 3% DSS (Dextran Sulfate
Sodium, MP Biomedicals cat# 160110) in drinking water. At this time compound 3 dosing ini-
tiated. On day 14, animals were sacrificed for PK and efficacy measurements (~11 h post-dose
for compound 2, 3 h post-dose for compound 3).

Statistical analysis

Statistical analyses of in-vivo pharmacodynamic and efficacy data were performed as follows.
D’Agostino & Pearson normality test was first used to test data for Gaussian distribution. If all
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groups passed normality test, a One-way ANOVA was used with Dunnett’s multiple compari-
sons test to compare treatment groups to Vehicle group. If not all groups passed normality
test, a Kruskal-Wallis nonparametric ANOVA was used, with Dunn’s multiple comparison
test to compare treatment groups to Vehicle group. Levels of significance compared to Vehicle
are annotated as follows: * = p<0.05, ** = p<0.01, *** = p<0.001, **** = p < 0.0001. Optimal
number of mice per group was determined using power analysis; N = 10 mice per group at
80% power predicts statistically significant detection of > ~40% reduction in colon IBA1+ and
> ~75% reduction in colon erosion length comparing treatment groups to Vehicle group.
Naive groups were omitted from statistical analyses.
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and Accreditation of Laboratory Animal Care. All animal studies were reviewed and approved
by AbbVie Bioresearch Center’s Institutional Animal Care and Use Committee.

Acknowledgments

The authors thank the following people from AbbVie: Kimberly Black, Lori Duggan, Doug
Fritz, Christian Goess, Kristie Grebe, Thomas Heighton, Mary Larsen, Kumar Sancheti, Chris
Stedman, Annette Sterman-Schwartz, and Jill Wetter.

Author Contributions

Conceptualization: Dawn M. George, Raymond J. Huntley, Kevin Cusack, David B. Duignan,
Michael Hoemann, Jacqueline Loud, Regina Mario, Kelly Mullen, Gagandeep Somal, Lu
Wang, Jeremy J. Edmunds.

Data curation: Dawn M. George, Raymond J. Huntley, Kevin Cusack, David B. Duignan,
Michael Hoemann, Jacqueline Loud, Regina Mario, Terry Melim, Kelly Mullen, Gagandeep
Somal, Lu Wang.

Formal analysis: Dawn M. George, Raymond J. Huntley, Kevin Cusack, David B. Duignan,
Michael Hoemann, Jacqueline Loud, Regina Mario, Terry Melim, Jeremy J. Edmunds.

Investigation: Dawn M. George, Raymond J. Huntley, Kevin Cusack, Michael Hoemann, Jac-
queline Loud, Regina Mario, Terry Melim, Kelly Mullen, Gagandeep Somal, Lu Wang.

Methodology: Dawn M. George, Raymond ]. Huntley, David B. Duignan, Jacqueline Loud,
Regina Mario, Terry Melim, Kelly Mullen, Gagandeep Somal, Lu Wang.

Project administration: Dawn M. George, Jeremy J. Edmunds.
Supervision: Dawn M. George, Jeremy J. Edmunds.

Writing - original draft: Dawn M. George, Raymond ]. Huntley, Kevin Cusack, David B.
Duignan, Michael Hoemann, Jacqueline Loud.

Writing - review & editing: Dawn M. George, Raymond J. Huntley, Kevin Cusack, David B.
Duignan, Michael Hoemann, Jacqueline Loud, Regina Mario, Terry Melim, Kelly Mullen,
Gagandeep Somal, Lu Wang, Jeremy J. Edmunds.

References

1. Cannarile MA, Weisser M, Jacob W, Jegg AM, Ries CH, Ruttinger D. Colony-stimulating factor 1 recep-
tor (CSF1R) inhibitors in cancer therapy. J Immunother Cancer. 2017; 5(1):53. https://doi.org/10.1186/
s40425-017-0257-y PMID: 28716061

PLOS ONE | https://doi.org/10.1371/journal.pone.0203567 September 7, 2018 37/40


https://doi.org/10.1186/s40425-017-0257-y
https://doi.org/10.1186/s40425-017-0257-y
http://www.ncbi.nlm.nih.gov/pubmed/28716061
https://doi.org/10.1371/journal.pone.0203567

@° PLOS | ONE

Prodrugs for colon-restricted delivery: Design, synthesis and in vivo evaluation of CSF1R inhibitors

10.

11.

12

13.

14.

15.

16.

17.

18.

19.
20.

21.

22,

Manthey CL, Johnson DL, lllig CR, Tuman RW, Zhou Z, Baker JF, et al. JNJ-28312141, a novel orally
active colony-stimulating factor-1 receptor/FMS-related receptor tyrosine kinase-3 receptor tyrosine
kinase inhibitor with potential utility in solid tumors, bone metastases, and acute myeloid leukemia. Mol
Cancer Ther. 2009; 8(11):3151-61. https://doi.org/10.1158/1535-7163.MCT-09-0255 PMID: 19887542

Patel S, Player MR. Colony-stimulating factor-1 receptor inhibitors for the treatment of cancer and
inflammatory disease. Curr Top Med Chem. 2009; 9(7):599-610. PMID: 19689368

Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RL, Sevenich L, Quail DF, et al. CSF-1R inhibition
alters macrophage polarization and blocks glioma progression. Nat Med. 2013; 19(10):1264—-72.
https://doi.org/10.1038/nm.3337 PMID: 24056773

Kubota Y, Takubo K, Shimizu T, Ohno H, Kishi K, Shibuya M, et al. M-CSF inhibition selectively targets
pathological angiogenesis and lymphangiogenesis. J Exp Med. 2009; 206(5):1089—102. https://doi.org/
10.1084/jem.20081605 PMID: 19398755

Ries CH, Hoves S, Cannarile MA, Ruttinger D. CSF-1/CSF-1R targeting agents in clinical development
for cancer therapy. Curr Opin Pharmacol. 2015; 23:45-51. https://doi.org/10.1016/j.coph.2015.05.008
PMID: 26051995

George DM, Hoemann M, Loud J. Recent advances in the discovery of CSF1R inhibitors for autoim-
mune diseases. Medicinal Chemistry Reviews. 2017; 52:165-78.

Fujiwara N, Kobayashi K. Macrophages in inflammation. Curr Drug Targets Inflamm Allergy. 2005; 4
(3):281-6. PMID: 16101534

Murray PJ, Wynn TA. Protective and pathogenic functions of macrophage subsets. Nat Rev Immunol.
2011; 11(11):723-37. https://doi.org/10.1038/nri3073 PMID: 21997792

Murphy CA, Langrish CL, Chen Y, Blumenschein W, McClanahan T, Kastelein RA, et al. Divergent pro-
and antiinflammatory roles for IL-23 and IL-12 in joint autoimmune inflammation. J Exp Med. 2003; 198
(12):1951—7. https://doi.org/10.1084/jem.20030896 PMID: 14662908

Smith AM, Rahman FZ, Hayee B, Graham SJ, Marks DJ, Sewell GW, et al. Disordered macrophage
cytokine secretion underlies impaired acute inflammation and bacterial clearance in Crohn’s disease. J
Exp Med. 2009; 206(9):1883-97. https://doi.org/10.1084/jem.20091233 PMID: 19652016

Kawane K, Ohtani M, Miwa K, Kizawa T, Kanbara Y, Yoshioka Y, et al. Chronic polyarthritis caused by
mammalian DNA that escapes from degradation in macrophages. Nature. 2006; 443(7114):998—-1002.
https://doi.org/10.1038/nature05245 PMID: 17066036

Genovese MC, Hsia E, Belkowski SM, Chien C, Masterson T, Thurmond RL, et al. Results from a
Phase IIA Parallel Group Study of JNJ-40346527, an Oral CSF-1R Inhibitor, in Patients with Active
Rheumatoid Arthritis despite Disease-modifying Antirheumatic Drug Therapy. J Rheumatol. 2015; 42
(10):1752—60. https://doi.org/10.3899/jrheum.141580 PMID: 26233509

Kamada N, Hisamatsu T, Okamoto S, Chinen H, Kobayashi T, Sato T, et al. Unique CD14 intestinal
macrophages contribute to the pathogenesis of Crohn disease via IL-23/IFN-gamma axis. J Clin Invest.
2008; 118(6):2269-80. https://doi.org/10.1172/JCI34610 PMID: 18497880

Thiesen S, Janciauskiene S, Uronen-Hansson H, Agace W, Hogerkorp CM, Spee P, et al. CD14(hi)
HLA-DR(dim) macrophages, with a resemblance to classical blood monocytes, dominate inflamed
mucosa in Crohn’s disease. J Leukoc Biol. 2014; 95(3):531-41. https://doi.org/10.1189/jlb.0113021
PMID: 24212097

Rugtveit J, Nilsen EM, Bakka A, Carlsen H, Brandtzaeg P, Scott H. Cytokine profiles differ in newly
recruited and resident subsets of mucosal macrophages from inflammatory bowel disease. Gastroen-
terology. 1997; 112(5):1493-505. PMID: 9136827

Zwicker S, Martinez GL, Bosma M, Gerling M, Clark R, Majster M, et al. Interleukin 34: a new modulator
of human and experimental inflammatory bowel disease. Clin Sci (Lond). 2015; 129(3):281-90.

Moore B, Liu H, Loza M, Raymond HA, Belkowski SM, Manthey C. Treatment with the CSF-1 Receptor
kinase (CSF-1R) Inhibitor JINJ40346527 Suppresses Murine Colitis. Gastroenterology. 2014; 146(5):
S900-S1.

OmicSoft(R) ArraySuite(R) software. In: Corporation O, editor. 2015.

Zhou L, Sikorski R, Rogers S, Costin S, Korkosz M, Jaraczewska-Baumann M, et al. A Phase 1 Study
of FPA008, an Anti-Colony Stimulating Factor 1 Receptor (anti-CSF1R) Antibody in Patients (pts) with
Rheumatoid Arthritis (RA): Preliminary Results. Arthritis Rheumatol. 2015; 67.

Sadis S, Dokmanovich M, Maher R, Cai C, Le V, Crawford M, et al. Safety, pharmacokinetics, and phar-
macodynamics of PD-0360324, a human monoclonal antibody to monocyte/macrophage colony stimu-
lating factor, in healthy volunteers. Arthritis Rheumatol. 2009; 60:408.

Radi ZA, Koza-Taylor PH, Bell RR, Obert LA, Runnels HA, Beebe JS, et al. Increased serum enzyme
levels associated with Kupffer cell reduction with no signs of hepatic or skeletal muscle injury. Am J
Pathol. 2011; 179(1):240-7. https://doi.org/10.1016/j.ajpath.2011.03.029 PMID: 21703406

PLOS ONE | https://doi.org/10.1371/journal.pone.0203567 September 7, 2018 38/40


https://doi.org/10.1158/1535-7163.MCT-09-0255
http://www.ncbi.nlm.nih.gov/pubmed/19887542
http://www.ncbi.nlm.nih.gov/pubmed/19689368
https://doi.org/10.1038/nm.3337
http://www.ncbi.nlm.nih.gov/pubmed/24056773
https://doi.org/10.1084/jem.20081605
https://doi.org/10.1084/jem.20081605
http://www.ncbi.nlm.nih.gov/pubmed/19398755
https://doi.org/10.1016/j.coph.2015.05.008
http://www.ncbi.nlm.nih.gov/pubmed/26051995
http://www.ncbi.nlm.nih.gov/pubmed/16101534
https://doi.org/10.1038/nri3073
http://www.ncbi.nlm.nih.gov/pubmed/21997792
https://doi.org/10.1084/jem.20030896
http://www.ncbi.nlm.nih.gov/pubmed/14662908
https://doi.org/10.1084/jem.20091233
http://www.ncbi.nlm.nih.gov/pubmed/19652016
https://doi.org/10.1038/nature05245
http://www.ncbi.nlm.nih.gov/pubmed/17066036
https://doi.org/10.3899/jrheum.141580
http://www.ncbi.nlm.nih.gov/pubmed/26233509
https://doi.org/10.1172/JCI34610
http://www.ncbi.nlm.nih.gov/pubmed/18497880
https://doi.org/10.1189/jlb.0113021
http://www.ncbi.nlm.nih.gov/pubmed/24212097
http://www.ncbi.nlm.nih.gov/pubmed/9136827
https://doi.org/10.1016/j.ajpath.2011.03.029
http://www.ncbi.nlm.nih.gov/pubmed/21703406
https://doi.org/10.1371/journal.pone.0203567

@° PLOS | ONE

Prodrugs for colon-restricted delivery: Design, synthesis and in vivo evaluation of CSF1R inhibitors

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42,

Bendell JC, Tolcher AW, Jones SF, Beeram M, Infante JR, Larsen P, et al. A phase 1 study of ARRY-
382, an oral inhibitor of colony-stimulating factor-1 receptor (CSF1R), in patients with advanced or met-
astatic cancers. Molecular Cancer Therapeutics. 2013; 12(11).

Wang T, Papoutsi M, Wiesmann M, DeCristofaro M, Keselica MC, Skuba E, et al. Investigation of corre-
lation among safety biomarkers in serum, histopathological examination, and toxicogenomics. Int J Tox-
icol. 2011; 30(3):300—12. https://doi.org/10.1177/1091581811401920 PMID: 21653914

Laharie D, Terrebonne E, Vergniol J, Chanteloup E, Chabrun E, Couzigou P, et al. [The liver and metho-
trexate]. Gastroenterol Clin Biol. 2008; 32(2):134—42. PMID: 18494155

Erblich B, Zhu L, Etgen AM, Dobrenis K, Pollard JW. Absence of colony stimulation factor-1 receptor
results in loss of microglia, disrupted brain development and olfactory deficits. PLoS One. 2011; 6(10):
€26317. https://doi.org/10.1371/journal.pone.0026317 PMID: 22046273

Dai XM, Ryan GR, Hapel AJ, Dominguez MG, Russell RG, Kapp S, et al. Targeted disruption of the
mouse colony-stimulating factor 1 receptor gene results in osteopetrosis, mononuclear phagocyte defi-
ciency, increased primitive progenitor cell frequencies, and reproductive defects. Blood. 2002; 99
(1):111-20. PMID: 11756160

Chen Z, Buki K, Vaaraniemi J, Gu G, Vaananen HK. The critical role of IL-34 in osteoclastogenesis.
PLoS One. 2011; 6(4):e18689. https://doi.org/10.1371/journal.pone.0018689 PMID: 21494622

Pridans C, Sauter KA, Baer K, Kissel H, Hume DA. CSF1R mutations in hereditary diffuse leukoence-
phalopathy with spheroids are loss of function. Sci Rep. 2013; 3:3013. https://doi.org/10.1038/
srep03013 PMID: 24145216

Kimura T, Sudo K, Kanzaki Y, Miki K, Takeichi Y, Kurosaki Y, et al. Drug absorption from large intestine:
physicochemical factors governing drug absorption. Biol Pharm Bull. 1994; 17(2):327-33. PMID:
8205133

Thorn M, Finnstrom N, Lundgren S, Rane A, Loof L. Cytochromes P450 and MDR1 mRNA expression
along the human gastrointestinal tract. Br J Clin Pharmacol. 2005; 60(1):54—60. https://doi.org/10.1111/
j.1365-2125.2005.02389.x PMID: 15963094

MacLean C, Moenning U, Reichel A, Fricker G. Closing the gaps: a full scan of the intestinal expression
of p-glycoprotein, breast cancer resistance protein, and multidrug resistance-associated protein 2 in
male and female rats. Drug Metab Dispos. 2008; 36(7):1249-54. https://doi.org/10.1124/dmd.108.
020859 PMID: 18378562

Kagan L, Dreifinger T, Mager DE, Hoffman A. Role of p-glycoprotein in region-specific gastrointestinal
absorption of talinolol in rats. Drug Metab Dispos. 2010; 38(9):1560-6. https://doi.org/10.1124/dmd.
110.033019 PMID: 20538723

McConnell EL, Basit AW, Murdan S. Measurements of rat and mouse gastrointestinal pH fluid and lym-
phoid tissue, and implications for in-vivo experiments. J Pharm Pharmacol. 2008; 60(1):63-70. https:/
doi.org/10.1211/jpp.60.1.0008 PMID: 18088506

Clas SD, Sanchez Rl, Nofsinger R. Chemistry-enabled drug delivery (prodrugs): recent progress and
challenges. Drug Discov Today. 2014; 19(1):79-87. https://doi.org/10.1016/j.drudis.2013.08.014
PMID: 23993918

Dhaneshwar SS, Vadnerkar G. Rational design and development of colon-specific prodrugs. Curr Top
Med Chem. 2011; 11(18):2318-45. PMID: 21671865

Landis MS. Physicochemical property trends of marketed prodrugs. Ther Deliv. 2013; 4(2):225-37.
https://doi.org/10.4155/tde.12.150 PMID: 23343161

Yano H, Hirayama F, Kamada M, Arima H, Uekama K. Colon-specific delivery of prednisolone-
appended alpha-cyclodextrin conjugate: alleviation of systemic side effect after oral administration. J
Control Release. 2002; 79(1-3):103—-12. PMID: 11853922

Schubert C, Schalk-Hihi C, Struble GT, Ma HC, Petronia IP, Brandt B, et al. Crystal structure of the tyro-
sine kinase domain of colony-stimulation factor-1 receptor (cFMS) in complex with two inhibitors. J.
Biol. Chem. 2007; 282(6): 4094—4101. https://doi.org/10.1074/jbc.M608183200 PMID: 17132624

Brown KC, Patterson KB, Jennings SH, Malone SA, Shaheen NJ, Asher Prince HM, et al. Single- and
multiple-dose pharmacokinetics of darunavir plus ritonavir and etravirine in semen and rectal tissue of
HIV-negative men. J Acquir Immune Defic Syndr. 2012; 61(2):138—44. https://doi.org/10.1097/QAl.
0b013e31825cb645 PMID: 22614898

Brown KC, Patterson KB, Malone SA, Shaheen NJ, Prince HM, Dumond JB, et al. Single and multiple
dose pharmacokinetics of maraviroc in saliva, semen, and rectal tissue of healthy HIV-negative men. J
Infect Dis. 2011; 203(10):1484—90. https://doi.org/10.1093/infdis/jir059 PMID: 21502084

Greener BN, Patterson KB, Prince HM, Sykes CS, Adams JL, Dumond JB, et al. Dolutegravir pharma-
cokinetics in the genital tract and colorectum of HIV-negative men after single and multiple dosing. J

PLOS ONE | https://doi.org/10.1371/journal.pone.0203567 September 7, 2018 39/40


https://doi.org/10.1177/1091581811401920
http://www.ncbi.nlm.nih.gov/pubmed/21653914
http://www.ncbi.nlm.nih.gov/pubmed/18494155
https://doi.org/10.1371/journal.pone.0026317
http://www.ncbi.nlm.nih.gov/pubmed/22046273
http://www.ncbi.nlm.nih.gov/pubmed/11756160
https://doi.org/10.1371/journal.pone.0018689
http://www.ncbi.nlm.nih.gov/pubmed/21494622
https://doi.org/10.1038/srep03013
https://doi.org/10.1038/srep03013
http://www.ncbi.nlm.nih.gov/pubmed/24145216
http://www.ncbi.nlm.nih.gov/pubmed/8205133
https://doi.org/10.1111/j.1365-2125.2005.02389.x
https://doi.org/10.1111/j.1365-2125.2005.02389.x
http://www.ncbi.nlm.nih.gov/pubmed/15963094
https://doi.org/10.1124/dmd.108.020859
https://doi.org/10.1124/dmd.108.020859
http://www.ncbi.nlm.nih.gov/pubmed/18378562
https://doi.org/10.1124/dmd.110.033019
https://doi.org/10.1124/dmd.110.033019
http://www.ncbi.nlm.nih.gov/pubmed/20538723
https://doi.org/10.1211/jpp.60.1.0008
https://doi.org/10.1211/jpp.60.1.0008
http://www.ncbi.nlm.nih.gov/pubmed/18088506
https://doi.org/10.1016/j.drudis.2013.08.014
http://www.ncbi.nlm.nih.gov/pubmed/23993918
http://www.ncbi.nlm.nih.gov/pubmed/21671865
https://doi.org/10.4155/tde.12.150
http://www.ncbi.nlm.nih.gov/pubmed/23343161
http://www.ncbi.nlm.nih.gov/pubmed/11853922
https://doi.org/10.1074/jbc.M608183200
http://www.ncbi.nlm.nih.gov/pubmed/17132624
https://doi.org/10.1097/QAI.0b013e31825cb645
https://doi.org/10.1097/QAI.0b013e31825cb645
http://www.ncbi.nlm.nih.gov/pubmed/22614898
https://doi.org/10.1093/infdis/jir059
http://www.ncbi.nlm.nih.gov/pubmed/21502084
https://doi.org/10.1371/journal.pone.0203567

@° PLOS | ONE

Prodrugs for colon-restricted delivery: Design, synthesis and in vivo evaluation of CSF1R inhibitors

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Acquir Immune Defic Syndr. 2013; 64(1):39-44. https://doi.org/10.1097/QAl.0b013e31829ed7a4
PMID: 23945251

Patterson KB, Prince HA, Kraft E, Jenkins AJ, Shaheen NJ, Rooney JF, et al. Penetration of tenofovir
and emtricitabine in mucosal tissues: implications for prevention of HIV-1 transmission. Sci Trans| Med.
2011; 3(112):112re4. hitps://doi.org/10.1126/scitransimed.3003174 PMID: 22158861

Patterson KB, Prince HA, Stevens T, Shaheen NJ, Dellon ES, Madanick RD, et al. Differential penetra-
tion of raltegravir throughout gastrointestinal tissue: implications for eradication and cure. AIDS. 2013;
27(9):1413-9. https://doi.org/10.1097/QAD.0b013e32835f2b49 PMID: 23945503

Moss DM, Curley P, Shone A, Siccardi M, Owen A. A multisystem investigation of raltegravir associa-
tion with intestinal tissue: implications for pre-exposure prophylaxis and eradication. J Antimicrob Che-
mother. 2014; 69(12):3275-81. https://doi.org/10.1093/jac/dku312 PMID: 25114168

Hirayama F, Ogata T, Yano H, Arima H, Udo K, Takano M, et al. Release characteristics of a short-
chain fatty acid, n-butyric acid, from its beta-cyclodextrin ester conjugate in rat biological media. J
Pharm Sci. 2000; 89(11):1486-95. PMID: 11015693

Tian Y, Kelemen SE, Autieri MV. Inhibition of AIF-1 expression by constitutive sSiRNA expression
reduces macrophage migration, proliferation, and signal transduction initiated by atherogenic stimuli.
Am J Physiol Cell Physiol. 2006; 290(4):C1083-91. https://doi.org/10.1152/ajpcell.00381.2005 PMID:
16291819

Mulvihill MJ, Steinig, AG, Crew AP, Jin M, Kleinberg A, Li, AH, et al. Fused bicyclic kinase inhibitors.
WO02011243645.

Yano H, Hirayama F, Arima H, Uekama K. Preparation of prednisolone-appended alpha-, beta- and
gamma-cyclodextrins: substitution at secondary hydroxyl groups and in vitro hydrolysis behavior. J
Pharm Sci. 2001; 90(4):493-503. PMID: 11170039

Mcleod AD, Friend DR, Tozer TN. Synthesis and Chemical-Stability of Glucocorticoid-Dextran Esters—
Potential Prodrugs for Colon-Specific Delivery. Int J Pharm. 1993; 92(1-3):105-14.

Huynh D, Akcora D, Malaterre J, Chan CK, Dai XM, Bertoncello |, et al. CSF-1 receptor-dependent
colon development, homeostasis and inflammatory stress response. PLoS One. 2013; 8(2):€56951.
https://doi.org/10.1371/journal.pone.0056951 PMID: 23451116

Ramsay RG, Micallef SJ, Williams B, Lightowler S, Vincan E, Heath JK; et al. Colony-stimulating factor-
1 promotes clonogenic growth of normal murine colonic crypt epithelial cells in vitro. J Interferon Cyto-
kine Res. 2004; 24(7):416-27. https://doi.org/10.1089/107999004 1535638 PMID: 15296653

Zhang X, Goncalves R, Mosser DM. The isolation and characterization of murine macrophages. Curr
Protoc Immunol. 2008;Chapter 14:Unit 14 1.

Lebakken CS, Riddle SM, Singh U, Frazee WJ, Eliason HC, Gao Y, et al. Development and applications
of a broad-coverage, TR-FRET-based kinase binding assay platform. J Biomol Screen. 2009; 14
(8):924-35. https://doi.org/10.1177/1087057109339207 PMID: 19564447

PLOS ONE | https://doi.org/10.1371/journal.pone.0203567 September 7, 2018 40/40


https://doi.org/10.1097/QAI.0b013e31829ed7a4
http://www.ncbi.nlm.nih.gov/pubmed/23945251
https://doi.org/10.1126/scitranslmed.3003174
http://www.ncbi.nlm.nih.gov/pubmed/22158861
https://doi.org/10.1097/QAD.0b013e32835f2b49
http://www.ncbi.nlm.nih.gov/pubmed/23945503
https://doi.org/10.1093/jac/dku312
http://www.ncbi.nlm.nih.gov/pubmed/25114168
http://www.ncbi.nlm.nih.gov/pubmed/11015693
https://doi.org/10.1152/ajpcell.00381.2005
http://www.ncbi.nlm.nih.gov/pubmed/16291819
http://www.ncbi.nlm.nih.gov/pubmed/11170039
https://doi.org/10.1371/journal.pone.0056951
http://www.ncbi.nlm.nih.gov/pubmed/23451116
https://doi.org/10.1089/1079990041535638
http://www.ncbi.nlm.nih.gov/pubmed/15296653
https://doi.org/10.1177/1087057109339207
http://www.ncbi.nlm.nih.gov/pubmed/19564447
https://doi.org/10.1371/journal.pone.0203567

