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ARTICLE INFO ABSTRACT

Article history: A high throughput phenotypic screening against M. smegmatis led us to the discovery of a new class of bacteriostatic, highly

Received hydrophobic antitubercular quinazolinones that potently inhibited the in vitro growth of either extracellular or intramacrophagic M.
Revised tuberculosis (Mtb), via modulation of an unidentified but yet novel target. Optimization of the initial hit compound culminated in
Accepted the identification of potent but poorly soluble Mtb growth inhibitors, three of which were progressed to in vivo efficacy studies.

Despite nanomolar in vitro potency and attractive PK properties, none of these compounds was convincingly potent in our in vivo

Auvailable online . . . . -
mouse tuberculosis models. This lack of efficacy may be linked to the poor drug-likeness of the test molecules and/or to the

properties of the target.
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Tuberculosis  (TB) is* an airborne infectious
disease caused by the . bacterium Mycobacterium
tuberculosis (Mth) and that mostly affects the lungs. It is a
complex disease caused by different bacterial populations
that are located within the host either intracellularly in
macrophages or. extracellularly within cavities or hypoxic
lesions. TB' represents one of the top public health
concerns worldwide. One-third of the world’s population is
infected with Mtb causing an estimated 9 million new
cases and 1.5 million deaths in 2013." The multidrug
treatment established in the 1970s and still recommended
today by the World Health Organization (WHQO) has not
been sufficient to eliminate TB due to the advent of
HIV/AIDS, failure of treatment programs and emergence
of drug-resistant TB In addition, poor compliance and
deficient health care systems have often resulted in
treatment interruptions, thereby causing or exacerbating
the emergence and spread of drug resistance’. The
currently recommended combination therapy for drug-
sensitive TB is lengthy and complex: 2 months, associating
Rifampicin, Isoniazid, Pyrazinamide and Ethambutol,
followed by 4 months with Rifampicin and Isoniazid® In
the case of multi- and extensive-drug resistant
(MDR/XDR) TB, treatments may even require daily

medication by multiple and unsafe drugs, for up to 24
months.As a consequence, there is an urgent need for the
discovery and development of new antitubercular agents
that would act by new mechanisms of action and hence
would be able to treat both the drug-sensitive and the
resistant forms of the disease. With this objective, several
paths in the TB drug discovery field have been followed in
recent years such as preparing new analogues of TB
drugs®, revisiting the targets of known anti-TB
compounds”, repositioning non-TB drugs, tapping into the
natural product pool®, harnessing target-based approaches’
and conducting traditional growth inhibition screenings®.

However, for various reasons, most of these
strategies have so far met with limited success, with the
notable exception of high-throughput (HTS) growth
inhibition screenings of small-molecule libraries against
Mtb (or more frequently against Mtb surrogates such as M.
smegmatis or M. bovis). Indeed, this latter approach has
delivered in recent years a variety of new anti-TB
scaffolds®. Along these lines, we conducted a few years
ago such a whole cell-based HTS, testing the Sanofi
chemical library (800K) against M. smegmatis.

* Corresponding authors. Tel.: +33(0)4.37.37.07.35; email
cedric.couturier@sanofi.com (C.C.).
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Following the screening step at 10uM, dose-
responses of compounds inhibiting more than 50% of the
bacterial growth were determined. Compounds displaying
MIC < 20 uM were then screened against M. tuberculosis
H37Rv. Confirmed actives were counter-screened vs the
human HepG2 cells to discard compounds with unspecific
antimycobacterial activities: only compounds with a
selectivity index (SI=TCs/MIC) > 10 were selected for
further analysis. Sorting and prioritization of the resulting
selective actives led to several series, of which
quinazolinone 1 emerged as a potential attractive starting
point due to its high potency (MIC = 38 nM against H37Rv
Mtb), an attractive SI (TCsp HepG2 = 13.4 uM), good
activity against the growth of Mth in mouse macrophages
(MIC = 163 nM) and promising activity against drug-
resistant Mtb. Indeed, when tested on Mth strains mono-
resistant to known TB drugs, no-cross-resistance was seen,
suggesting a new mechanism of action. Compound 1 was
also shown to exhibit bacteriostatic properties against Mtb
while antimycobacterial potency significantly decreased in
the presence of mouse, fetal calf or human sera (for
instance MIC shifted from 13 to 429 nM in the presence of
25% mouse serum) suggestive of high protein binding,
consistent with high hydrophobicity (see below).

/@fi ﬂ MIC Mtb = 38 nM

PSA =54, exp-logP = 4.08; MW = 344
ADME issues = metabolism, CYP inhibitior
Phys-chem issue = solubility

Figure 1: H|t Quinazolinone 1

There was no report (in the literature) of anti-Mtb
activity or anti-bacterial activity on the analogues of
compound 1 which exhibited a high.experimental logP
(logP = 4.08), significantly different from the calculated
value provided by the ACD9 software (clogP = 3). In line
with this high logP value, equilibrium aqueous solubility
was found to be low at pH 7.4 or 1 (respectively <1 and 11
pg/ml). High hydrophobicity; low polarity (PSA = 54) and
the polyaromatic nature of compound 1 all pointed to poor
overall drug-like properties, somewhat compensated by a
low molecular weight (MW=344). ADMET profiling
showed that compound 1 had strong potential for oral
absorption as suggested by its high permeability though
Caco2 cells (data not shown), moderately inhibited the
hERG channel (35% inhibition at 10 uM in an automatic
patch clamp assay, at 20°C) and was Ames-negative.
Furthermore, while being a weak inductor of CYP3A4, 1
potently inhibited cytochrome CYP3A4 (ICso < 1 uM for
the testosterone probe) and also displayed high metabolism
in the presence of mouse microsomes, incompatible with in
vivo efficacy in mouse models of TB. Metabolism was also
found high in the presence of human microsomes (see table
4) or human hepatocytes (data not shown). Demethylation
of the methoxy group and hydroxylations of the distal aryl
ring were identified as the main metabolism pathways.

At this point, we decided to embark on a program
aimed at exploring structure-activity relationship around
compound 1 while striving to solve the issues identified
during the profiling phase, namely high metabolism, CYP

inhibition, poor solubility and strong serum shifts. Herein,
we report the results of this optimization program that led
us to advanced analogues that were tested in mouse
infection models. We will discuss the in vitro activities as
well as the ADMET and drug-like properties across the
series. We will also present the in vivo antitubercular
activities of the best analogues and comment on the
reasons for their lack of efficacy.

Synthesis of compounds 1-45 followed the routes

described in scheme 1. Three different routes (A, B and C)
were used in order to synthesize the targeted compounds.
The main difference between these different routes was the
nature of the leaving group (thiomethyl or chloro) in
intermediates 47 and 50 that was designed to allow the
installation of the amino side chain by aromatic
nucleophilic ~ substitution.  Starting from  variously
substituted 2-aminobenzoic acids, the thioethers 47 were
obtained in two ~steps following cyclisation with
methylthioisocyanate ‘and subsequent methylation of the
thiono sulfur "atom™ of 46. Intermediates 46 were
alternatively-transformed into compounds 50 upon reaction
with sulfuryl chloride. In the cases of substituents such as
methoxy-or nitro on the aryl ring, compounds 49 were
obtained in a three-step sequence from 2-amino benzoic
acids: - conversion into 2-amino N-methyl amino
benzamides 48, cyclisation into compounds 49 in the
presence of carbonyl di-imidazole and treatment with
phosphoryl chloride. The targeted compounds 1-45 were
finally obtained by condensation of compounds 47 or 50
with various primary amines 51. In pathway A,
intermediates 46 were heated at 160°C with di-isopropyl
ethyl amine as the base, in N-methyl pyrrolidinone, to
afford compounds 1-8 and 12-45. Of note, these conditions
sometimes proved too drastic, resulting in the degradation
of the reaction mixtures and in side products. In these
cases, pathways B and C were favored though the chloro
intermediates 50 turned out to be quite unstable.
Consequently, these intermediates were not stored but
rather used directly in the last condensation step. In
general, microwave heating of compounds 50 and 51, in
the presence of triethylamine in methanol, during 30
minutes at 130°C, delivered compounds 9-11 in
satisfactory yields (40-60 %).
We started our exploration program by investigating the
impact on the activity of the length of the ethyl linker
between the quinazolinone ring and the distal aromatic
ring. A methylene and a propyl chain resulted in a 3-log
reduction of activity (see compounds 2 and 3 in table 1),
suggesting that the ethyl chain was optimal for activity.
Keeping this ethyl chain constant, we then moved our
attention toward the N-alkylation pattern of compound 1.
We found that the N-alkylation of compound 1 was
optimal: demethylation of the quinazolinone ring nitrogen
and methylation of the side nitrogen led to inactive
compounds (see 4 and 5). Likewise, extending the ring N-
Me group into N-Et resulted in a very significant drop of
activity (see 6). Regarding the substituents on the
quinazolinone moiety (see compounds 7-15 in table 1), the
7-chloro (as in compound 1) and 7-methyl (see compound
9) substituents were found to be optimal.
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The other 7-substituted analogues were less active

than 1 or even inactive (see the hydrogeno, fluoro,
methoxy, cyano, amino and dimethylamino analogues 7-
13). Shifting the chloro atom of compound 1 from position
7 to position 6 yielded compound 14 that was much less
active than 1. Introduction of a nitrogen atom at various
positions of the benzo ring of compound 4 proved to be
deleterious to potency as well (data not shown).
Fluorination of position 6 of the quinazolinone ring of
compound 1 was well tolerated and delivered a compound
of similar activity as 1 (see compound 15).
Across this first series of compounds, the serum shifts were
generally above ten (data not shown) with the exception of
12 for which the shift was around 5 (MIC : 198 vs 43 nM).
These results were in line with the logPs: above 2 or even 3
for all analogues except for 12. As for 1, cytotoxicity on
HepG2 cells was generally moderate, typically between 10
-> 30 uM: this was not considered a problem for this series
considering the high potencies vs Mtb. At this point, we
focused on the distal aromatic ring. We rapidly discovered
that there was little room here to reduce the hydrophobicity
of 1. Substituting the p-methoxy group by a hydrogeno
atom (see compound 16 in table-2) or by a more polar
moiety (compounds 17 and 18) resulted in a substantial
loss of activity and no gain.in terms of serum shifts.

Substituting the distal phenyl ring of 1 for a 2-pyridyl ring
(compound 19) yielded a similar result. On the other hand,
whereas a p-OCF; group resulted in a less potent
compound (20), increasing further hydrophobicity by
exchanging the methoxy group for an aromatic ring
generally resulted in-compounds (see compounds 21-23)
with similar or even better potency vs Mtb than 1, in a way
that was reminiscent of the optimization of PA-824".

Since these biaryl derivatives turned out to possess
improved -AADMET profiles (see below), we tried to
improve the drug-like properties of these derivatives.
Introduction of nitrogen(s) on the new terminal aromatic
ring was detrimental to activity ring activity (compare 23
with 27 and 28 or 22 with 25 and 30), unless substituted by
a hydrophobic group (compare respectively 24 with 25-28,
29 with 30-31 and 33 with 34). We also attempted to
disrupt the biaryl moiety by introducing a hydrophobic 4-
chloro phenoxy moiety instead of the methoxy group of
compound 1. The corresponding compound 35 proved to
retain similar activity compared to 1. Adding a nitrogen on
the aryloxy moiety of compound 34 was tolerated
(compound 36) but removing the chloro atom led clearly,
as expected on previous observations, to a less potent
compound (see 37).

(0]
experimental (e) or calculated MIC* Mth 1Cso HepG2
Cpd # R1 N/)\E:\( ) (c) LogP (LM) (HM)
R1 R2 R3 R4 S
1 Cl H Me H 1 4.08 (e)/3 () 0.04 13.4
2 Cl H Me H 0 2.6 (c) 19.90 15.7
3 Cl H Me H 2 3.4 (c) 5.80 16.8
4 Cl H H H 1 3.2 (c) 6.30 ND
5 Cl H Me | Me | 1 3(c) 11.20 >30
6 Cl H Et H 1 3.5(c) 1.10 21.0
7 H H Me H 1 2.4 (c) 0.24 >30
8 F H Me H 1 2.5 (c) 0.20 >30
9 Me H Me H 1 2.9 (c) 0.01 >30
10 OMe H Me H 1 3.1 (e)/2.3 (c) 0.03 >30
11 CN H Me H 1 1.8 (c) 0.48 12.7
12 NH; H Me H 1 1.94 (e)/ 1.1 (c) 0.04 ND
13 NMe, H Me H 1 1.94 (e)/2.5 (c) 0.11 ND
14 H Cl Me H 1 3.2 (c) 0.90 26.1
15 Cl F Me H 1 3.4 (c) 0.03 >30

Table 1: Structure Activity Relationships on the quinazolinone ring and the linker moiety
* MIC determined either by the BactTiter glow method (measure of intracellular ATP by luminescence)
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N (2 an R . MIC*
7 experimental (e) or 1Cs
Cpd # R1 N/)\N/\/\\X/XA calculated (c) MI(C :A';Atb htﬂr;[]g:-sze??m HepG2
l ’ LogP H (HM)
L (HM)
R1 R2 X1 X2
1 Cl OMe CH | CH 4.08 (e)/3(c) 0.04 0.43 134
16 Cl H CH | CH 4.24 (e)/3.1 (c) 0.06 2.79 15.2
17 Cl | OCH,CH,OMe | CH | CH 3.86 (€)/2.7 (c) 0.08 >10 >30
18 Cl j CH | CH 2.2 (c) 0.33 >10 >30
N
19 Cl OMe N CH 3.32 (e)/2.2 (c) 0.53 ND 27.0
20 Cl OCF; CH | CH 4.95 (e)/4 (c) 0.07 2.33 9.9
21 Cl ,J@ CH | CH 5.27 (e)/4.8 (c) 0.01 0.87 6.5
22 Cl Q CH | CH 5.28 (e)/4.8 (c) 0.01 0.29 22.0
23 Cl Q CH | CH 5.13 ()/3.3 (c) 0.01 1.47 >30
24 Cl ' CH | CH 4.06 (e)/3.5 (c) 0.03 25.16 16.5
25 Cl ' - CH | CH 4.5 (e)/3.4 (c) 0.02 3.14 19.0
26 Cl e CH | CH 5.04 (e)/4.3 (c) 0.01 0.25 >30
27 Cl ' o CH | CH 4.67 ()/3.7 (c) 0.06 ND 11.9
28 Cl .”; - CH | CH 4.68 (e)/4 (c) 0.09 ND 11.3
29 Cl M},\ﬁ CH | CH 3.83 (e)/3.2(c) 0.08 4.06 25.4
30 Cl J\j‘ CH | CH 4.46 (e)/3.2 (c) 0.01 0.39 >30
31 Cl ,J'\j CH | CH 5.02 (€)/3.8 (c) 0.02 0.11 >30
32 Cl J.\?f”e CH | CH 4.18 (e)/3.1(c) 0.02 3.52 >30
33 Cl N@ CH | CH 3.85(e)/3 (c) 0.02 8.56 17.3
34 Cl % CH"| CH 4.67 (e)/3.9 (c) 0.01 0.86 21.6
[/
35 Cl . ‘ CH | CH 5.66 (€)/5.7 (c) 0.04 1.90 10.9
36 Cl IC : CH | CH 4.94 (e)/4.1 (c) 0.02 1.76 13.0
37 Cl S CH | CH 3.3(c) 0.06 7.37 121
“uo =

38 NH, QF CH | CH 3.3(e)/2.9 (¢) 0.01 0.01 >30
39 Cl ,J@ N CH 3.5(c) 0.68 ND 18.3
40 Cl Q N CH 4.23 (e)/3.4 (¢) 0.06 4.02 13.9
41 Cl Q N CH 4.03 ()/3.3(c) 0.32 ND 147
42 Cl .”; N CH 2.7 (c) 0.31 >15 24.1
43 Cl ,J@ N N 3.2 (c) 1.12 ND 15.1
44 Cl @/” N N 4.67 ()/3.9 (¢) 0.03 3.32 >30
45 Cl Q°Me N N 3.3(c) 0.74 ND ND

Table 2: Structure Activity Relationships on the distal aromatic ring
* MIC determined either by the BactTiter glow method (measure by luminescence of intracellular ATP).

In a new effort to conciliate high potency and lower logP
in the bi-aryl sub-series, we combined the anilino moiety
of compound 12 (the compound from the first series with
the best compromise potency/logP) with the p-
fluorophenyl of compound 22 (the most potent compound
of the series). We were delighted to find that the resulting

compound 38 retained nanomolar potency. Finally, in a last
effort to decrease the logP of the biaryl analogues, we tried
to introduce nitrogen atoms on the first phenyl moiety. As
observed for compound 19, this extra polarity
systematically resulted in less potent compounds (39 to 45)
as well as no gain in serum shift (when measured).



For compounds 16 to 45, serum shifts ranged from
8 (for compound 19) to ~200 for compound 23. The
highest shifts were generally associated to the most potent
biaryl derivatives, thereby totally obliterating the benefit of
the high potencies observed without serum (see for
example, compounds 22 and 23). The few exceptions to
this rule were for the more polar, less hydrophobic,
compounds such as 26, 30, 31 and 38. In the latter case, the
serum effect was still important (~30; comparable to 1) but
deemed as acceptable considering the level of remaining
potency (MIC with serum = 84 nM). As previously noted,
cytotoxicity remained moderate to weak across this new set
of compounds (typically in the 10 to > 30uM range).

We also looked at the capacity of our best

compounds to inhibit growth inhibition of Mtb in
macrophages, a known compartment of Mtb in humans*.
Against mouse macrophages, activities were consistently
good (generally below the 200 nM bar) across the series
(see table 3) and generally well correlated with MICs vs
extracellular Mtb, with a few exceptions. The ratios
between the two types of MICs were typically between 1
and 10 and ranged from 0.6 (for 30) to almost 160 (for 31),
without clear structural rationale (compare 25, 30, 32 and
40 with 22 and 31). Hydrophobicity didn’t seem to play a
role here as demonstrated by the comparisons between the
less hydrophobic 1 and 38 with the highly hydrophobic 22
and 35 that all yielded similar good intramacrophagic
activities (MICs = from 60 to 163 nM).
In parallel to this SAR exploration exercise, we profiled
our best quinazolinones in a series of ADMET and
physico-chemical assays. We first checked that, across the
series, Caco2 permeability and hERG inhibition" were
generally acceptable (data not shown). Then, we
investigated the impact of structural variations‘on the main
issues of the hit compound, namely aqueous solubility,
metabolism and CYP3A4 inhibition (see table 4).
Replacement of the chloro substituent on the quinazolinone
ring of 1 generally resulted in increased metabolism in
microsomes and only slight improvements in solubility at
pH1 (see compounds 9 and 10 in table 3).Simple variations
on the distal aromatic- ring didn’t improve metabolic
stability but occasionally improved solubility when
polarity was introduced (see 16, 18 and 19).

In contrast, substituting the para-MeO group on
the distal aromatic ring of 1 by a phenyl or a
trifluoromethoxy moiety clearly dampened metabolism
though at the expense of solubility (see 20, 21 and 22).
Addition of nuclear nitrogens on either ring of the biaryl
moiety did significantly improve solubility while retaining
good metabolic stability (see 24, 29 and 33) but these gains
in solubility were rapidly lost upon attachment of the kind
of  hydrophobic  groups that provided high
antimycobacterial potency (see 23, 25, 26, 30, 31, 32 and
34). Likewise, attachment at the para position of the distal
aromatic of a chloro-substituted (hetero)aryloxy moiety
resulted in insoluble compounds with high metabolic
stability (see 35 and 36). Compound 38 that combined a p-
fluoro biaryl moiety with a polar 7-amino quinazoline
moiety displayed slightly better solubility compared to 22
and moderate metabolism.

Cpd Structure MIC (nM) | MIC (nM)
# without mouse
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1 38 163
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Table 3: Best compounds in mouse macrophages infected by Mtb

Regarding CYP3A4 inhibition, the 2-mono-aryl ethyl
amino derivatives (compounds 2 to 20) generally retained
potent inhibition (for example, see in table 4, compounds
9, 10 and 19) with a few exceptions such as 16 and a few
para-substituted aryl derivatives (see for representative
examples, 18 and 20) where inhibition was more moderate.
Along similar lines, the biaryl derivatives turned out to be
weak to moderate inhibitors of CYP3A4 (eg 21, 22, 25, 26,
30, 31 and 38) though the improvement was less marked
for the least hydrophobic analogues (see for instance 23,
24, 29 and 32). Biaryloxy derivatives behaved similarly
(see 35 and 36).

At the end of this exploration/optimization phase, it was
clear that we had been unable to find an acceptable
compromise  between  high  potency, = moderate
hydrophobicity and good ADMET profile. Compound 38
turned out to be the best balance we could reach: it
displayed potent antimycobacterial activities (with and
without serum), with high caco2 permeability, limited
metabolism (only 33% of which was mediated by
CYP3A4) and weak inhibition of CYP3A4 as well as of
the hERG channel (22% inhibition at 10uM), even if its
aqueous solubility was quite low.

Overall, we concluded that parallel optimization of
the ADMET properties and of the potency against Mtb had
led us into an unfavorable corner of the physico-chemical
space, an analysis already formulated by others®®°,




Cpd # Structure MIC (nM) Solubility® % of metabolic CYP3A4 1Cs
without serum pH1/7.4 (ug/ml) | lability (h/m/r)° (T/M)¢ (UM)

1 i o 38 157/1 51/68/18.5 43/<1
o

9 i o 11 221/<1 89/99/97 48/<1
Joo Ve

10 i o 26 734/4 90/86/52 10/<1

16 i 62 180/<1 65/66/27 18/11
Feo gl

18 3 % 332 1091/8 58/12/40 11/11

- S

SOy

19 Lo e 532 1138/9 41/47/17 74/<1

20 d _ ocr, 70 43/<1 9/32/0 >30/ 4
CI NJ\N/VQ/

21 R 9 8 5/<1 18/21/26 >30/>30
c\/©\)NE)N\N

22 p Yy 3 <1/<1 0/7/11 18 />30
Qﬁ

23 P s 7 26/<1 28/0/23 79/8

24 P 9 27 1107/<1 17/10/26 5.8/15

25 7 " 15 44/<1 0/16/15 9.3/41
SO

26 0 e 2 21/<1 3/9/20 8.41>30
CI/©£N€)N\N

29 7 0 79 246/<1 3/6/28 5.4/13
CI/©£!\JI:)N\N ’

30 i Y 3 11/<1 0/0/1 9.9/>30

31 7 o8 6 10/<1 7/12/18 16 />30
cl N/)N\N/VQ)\N

32 i Yy 16 37/<1 14/0/15 8.7/11
CI/(J\%NiJN\N ’

33 i ) 61 138/<1 19/27/35 8.3/27

34 B D 12 <1/<1 0/1/5 -116
O Y

35 P . 36 <1/<1 17/3/9 29 /14
FeoaUcael

36 P o 23 <1/<1 10/6/3 15/9.8
SO O,

38 4 13/<1 10/27/19 30/23

Table 4: Structure Property Relationship of selected quinazolinones
a: Equilibrium solubility at 20°C; b: % of metabolized compound (initial concentration: 5pM) after 20” incubation, in the presence of 1 mg/mL of
human/mouse or rat of microsomal proteins and of 1 mM of NADPH; c: testosterone (T) or midazolam (M) probes




At this point, we were ready to assess the in vivo
efficacy of our best derivatives in mouse model of highly
acute tuberculosis infection. We started with compound 35,
a typical representative of the series with high in vitro
potency (MIC = 36 nM), a serum effect was noted (MIC =
420/2100 nM in the presence of 25% of mouse/human
serum), in line with high protein binding in humans and
mouse (99.9%), good intramacrophagic activity (MIC =
133 nM) and poor aqueous solubility (< 1 pg/ml at pH 7).
Mouse PK of 35 indicated good oral bioavailability (90%,
iv 3 mg/kg) as a solution in NMP / Solutol HS15 / PBS
pH7.4 (5%/5%/90%) formulation. Similar exposures were
obtained using a Vitamin E TPGS /Water (50%/50%) or a
Lipidic wvehicle (Cremophor RH40/Capryol 90/Miglyol
812N (10%/20%/70%) half diluted in water (Pre-
emulsified formulation). The VitE formulation was first
used for in vivo activity evaluation. A lack of potency at
the higher tested dose was observed and in order to
improve exposure, we used the Pre-emulsified
(Lipidic/Water) formulation for the 600 mg/kg dose. In this
formulation, plasma AUCs were dose-proportional
between 10 and 100 mg/kg (21 to 290 pg.h/ml) and at 100
mg/kg, plasma and lung concentrations remained above the
MIC value in the presence of mouse serum for more than
96 hours. Despite these encouraging PK properties, when
tested in our TB infection model, compound 35 showed
only weak efficacy: the Minimum Effective Dose (MED)
was only approached at 600 mg/kg (see Figure 2).

CFU/ lung {log10)

Control Control 30 100 300 600
VitE/water Lip/water Compound 35 / Dose (mg/kg)
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Figure 2: In vivo mouse model of acute TB with compound 35:
mice were infected by H37Rv strain day 1 (D1).A daily oral gavage
started D2 for 2 weeks (4 days by week). Compound is formulated in
VitE/water or in Lipidic/water (for 600 mg/kg) and controls received the
vehicle @alone: Efficacy was assessed at D12 by the decline in lung CFU
counts.

Looking for a compound that would retain more
potency than 35 in the presence of serum, we then turned
our attention to compound 22. Since its MIC was 3 nM on
replicating Mtb following 5 days incubation and 34/250nM
with 25% of mouse/human serum. It was also highly active
intra-macrophages (MIC = 60 nM). Aqueous solubility of
this compound was low (< 1 pg/ml at pH 7); a new
PEG200/Vitamin E TPGS (90%/10%) formulation allowed
reasonable solubility (20 mg/ml) and exposures in mice. In
this formulation, oral bioavailability in mice was 73% and
plasma exposure reached 76 pg.h/ml at 100 mg/kg po.
Lung tropism was good (lung / plasma ratio= 14) and half-
life in plasma was long (8 h). Furthermore, time over the
MIC in the presence of mice serum was above 24 hours in

both plasma and lungs. Of note, higher doses than 100 or
200 mg/kg failed to significantly improve exposures due to
solubility limitations. When tested in the highly acute
model at doses ranging from 12.5 to 200 mg/kg, compound
22 showed a very disappointing flat in vivo response (see
figure 3) in line also with high protein binding in humans
and mouse (99.9%).
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4.0

Figure 3: In vivoo.mouse model of acute TB with compound 22: mice were
infected by H37Rv strain day 1 (D1).A daily oral gavage started D2 for 2
weeks (4 days by week). Compound is formulated in VitE TPGS/PEG
200 (10%/90%) and compared to Ethambutol (ETH)). Controls received
vehicle alone. Efficacy was assessed at D12 by the decline in lung CFU
counts.

As poor solubility was hypothesized to be a
limiting factor in the Gl tract due to potential risk of re-
precipitation  anticipated  with  co-solvent/surfactant
formulation, we decided to switch to an alternative
formulation strategy identifying a sulfate salt of 22 that
could be formulated in a 5% Soluplus/Acetate buffer
formulation between 10 to 300 mg/kg. In this formulation,
plasma concentrations at 300 mg/kg were above the MIC
with serum for more than 24 hours (AUC: 140 pg.h/ml at
300 mg/kg po) and lung exposure was clearly improved
(AUC at 300mg/kg: 980 pg.h/ml versus 55 in
VIitE/PEG200).

In the highly acute model, each 4 days dosing are
separated by a 2 days washout. Taking into account the
bacteriostatic effect of the series, we decided to modify the
model by treating mouse daily for 8 continuous days.
Following 8 consecutive daily doses, compound 22
demonstrated MED at 300 mg/kg (see figure 4). However,
efficacy was not confirmed when 2*4 day dosing periods
were separated by 2 days without treatment (0.78 log
reduction versus 1.5 log without dosing break). Due to the
large discrepancy between in vitro activity and the poor in
vivo activity obtained in our efficacy studies, despite good
in vivo exposures, we decided to stop with this compound.

Finally, we selected compound 38, the compound
that had emerged from the optimization phase as
displaying the best balance between potency (MIC= 4nM;
MIC with human/mice serum= 84/7 nM; intramacrophagic
MIC = 60 nM) and hydrophobicity (solubility at pH 1 =13
pg/ml; high protein binding in humans and mouse
(99.8%).). Though PK properties at 100 mg/kg (mice;
formulation VitE/PEG200/HPC  (19%/79%/2%); po)
looked in first analysis less attractive than those of 22 and
35 (AUC = 29 pg.h/ml; ty~ 6h, lung/plasma ratio = 4.5),
we nevertheless decided to assess the in vivo efficacy of 38



hoping that improved in vitro potency in the presence of
serum would compensate for diminished exposures.
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Figure 4: In vivo mouse model of acute TB with compound 22-sulfate. Mice were
infected by H37Rv strain day 1 (D1). A daily oral gavage started D2 for 2 weeks

(10 treatment in Soluplus/ acetate buffer formulation) and compared to Rifampycin
(RIF) at 10 mg/kg. Efficacy was assessed at D12 by the decline in lung CFU counts.

This expectation turned out not to be met: against
highly acute murine, a flat lung CFU reduction response
was observed over the dose range of 10-100 mg/kg (see
Figure 5). Furthermore, toxicity after one treatment at 300
mg/kg prevented any increase of doses.
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Figure 5: In vivo mouse model of acute TB with compound 38 mice were
infected by H37Rv strain day 1 (D1).A daily oral gavage started D2 for 2
weeks (4 days by week). Compound is formulated in VitE/PEG200/HPC
(19%/79%1/2%) and compared to Rifampycin (RIF) at 10 mg/kg.
Controls received vehicle alone. Efficacy was assessed at D12 by the
decline in lung CFU counts.

Overall, despite good in vitro potencies even in the
presence of serum (at least for compounds 22 and 38),
potent intra-macrophage activities and good PK properties
(eg time above the MICs in the presence of serum and
good exposures in lung), we have failed to demonstrate
convincing in vivo efficacy for any member of the
quinazolinone series. In the best cases, we only came close
to the MED at high doses (300 to 600 mg/kg with
optimized formulation).

Reasons for this lack of efficacy were not
elucidated. We could only speculate that part of the failure
was compound-related. Assays trying to generate
compound-resistant mutants with this bacteriostatic series,
revealed an unexpected profile: MICs were dependent of
inoculum concentration, not allowing us to obtain mutants
for target identification. MIC on agar medium for
compound 22 shifts from 0.016ug/ml to 2pg/ml for 1000
and 100 000 bacteria inoculated respectively on agar

plates. In the mouse model of highly acute TB, 1.10°
bacteria are inoculated to each mouse giving a lung burden
from 1.10° to 1.10° CFU at the end of the experiment.
Taking into account the MIC shift, the limited free fraction
available and the incapacity to increase doses due to poor
solubility, a too low compound concentration available in
lungs could explain the poor in vivo activity observed.
Another key point for in vivo activity is the compound
distribution in pulmonary lesions™* which is unknown for
this series. Failure could also be target-related due to their
bacteriostatic effect® , to a lack of in vivo vulnerability™
or linked to the already reported inherent difficulty to
correlate PK properties and in vivo. efficacy for anti-TB
compounds®.

As frequently observed for anti-tubercular series
stemming from phenotypic screenings, we had to face the
combined difficulties of not knowing the target (and hence
if it is a validated target in vivo) and of selecting a non-
lead-like hit compound that upon subsequent optimization
led us, because of the greasy membrane of Mtb, to potent
but highly hydrophobic compounds whose properties are
unfavorable to allow demonstration of in vivo efficacy at
reasonable doses®™ . Based on these disappointing results
and in the absence of evidence that we would be able to
improve the drug-like properties of the series upon further
optimization, the series was discontinued and we didn’t
attempt to identify the target.

The quinazolinone series has been identified as a
potential new class of anti-tubercular drugs following a
growth inhibition HTS against M. smegmatis used as a
surrogate of Mth. The attractive microbiological profile of
the hit compound, including its likely novel (and
unidentified) mechanism of action, prompted us to initiate
an optimization program aimed at delivering prototype
compounds able to rapidly achieve in vivo proof of concept
in the mouse model of highly acute Mtb infection and
hence demonstrate the potential of the series to afford a
development candidate. Our effort led us to compounds
with single-digit nanomolar in vitro potency against Mtb,
moderate serum effect, no CYP liabilities and dampened
metabolism. However, the best compounds still displayed
high hydrophobicity, low aqueous solubility, non-
proportional oral mice PK at high doses and overall poor
drug-likeness. Furthermore, we were unable to demonstrate
significant in vivo efficacy for three analogues, in the
highly acute mice tuberculosis infection model. Our work
illustrates the difficulties to establish in vivo proof of
concept for poorly drug-like anti-tubercular hit compounds
that usually stem from Mth growth inhibition screening.

On a more positive concluding note, unveiling the
unknown target of the quinazolinone series should deliver
a novel mycobacterial target, which in case of validation of
its in vivo interest, may help find, following a new target-
based screening, alternative and hopefully more attractive
chemical matter than the compounds of this work.
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Graphical Abstract

A high throughput phenotypic screening against M. smegmatis led us to the discovery of a new class of bacteriostatic, highly hydrophobic antitubercular
quinazolinones that potently inhibited the in vitro growth of either extracellular or intramacrophagic M. tuberculosis (Mtb), via modulation of an unidentified
but yet novel target. Optimization of the initial hit compound culminated in the identification of potent but poorly soluble Mth growth inhibitors, three of
which were progressed to in vivo efficacy studies. Despite nanomolar in vitro potency and attractive PK properties, none of these compounds was
convincingly potent in our in vivo mouse tuberculosis models. This lack of efficacy may be linked to the poor drug-likeness of the test molecules and/or to

the properties of the target. F
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HIT COMPOUND

MIC Mtb =38 nM
Issues = high metabolism, CYP3A4 inhibition
and poor aqueous solubility

OPTIMIZED COMPOUNDS

MIC Mtb 22/38 = 7/3 nM
No ADME issues but still poor solubility



