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We investigated the in vitro effects of nonsteroidal anti-inflammatory drug-carbonic anhydrase inhibitor hybrids
(NSAID-CAIs) on p-carbonic anhydrases 1-3 expressed by Mycobacterium tuberculosis, as well as their anti-
mycobacterial efficacy in a zebrafish infection model. The primary aims were to investigate whether these en-
zymes represent valid therapeutic targets and whether NSAID-CAIs constitute potential drug candidates for
tuberculosis. In vitro inhibition activity against the carbonic anhydrases was evaluated with a COy-hydration
assay. Antimycobacterial properties of the NSAID-CAIs were assessed via screening assays based on biolumi-
nescence and colony-forming units. Larval and adult zebrafish were used for in vivo experiments. NSAID-CAIs
strongly inhibited Mycobacterium tuberculosis p-carbonic anhydrase 2 and human carbonic anhydrases IX and
XII in vitro. They exhibited high efficacy against Mycobacterium marinum and attenuated Mycobacterium tuber-
culosis in biofilm environments, outperforming their coadministered constitutive fragments. Compounds 11, 19,
and 24 showed bactericidal properties against Mycobacterium marinum, and 12 was able to potentiate the effects
of rifampicin. The experimental data provides solid in vitro evidence for the use of NSAID-CAIs as anti-
mycobacterial agents by means of Mycobacterium tuberculosis f-carbonic anhydrase inhibition along with the
possible suppression of the host immune response through the induction of host-directed therapeutic effects.

antimicrobials and typically lasts for several months [2,3]. Promoted by
the suboptimal efficacy of the current treatment regime, over 400,000

1. Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) re-
mains one of the deadliest infectious diseases worldwide. According to
World Health Organization (WHO) reports, more than 10 million annual
TB cases were directly linked to 1.25 million deaths in 2023 [1].
Approximately a quarter of the global human population is estimated to
carry Mtb, and the associated risk of disease activation ranges between
5% and 10% [2]. The treatment of TB involves combinations of several

* Corresponding author.
** Corresponding author.

cases of multidrug-resistant TB (MDR-TB) arise annually, thus empha-
sizing the high demand for more robust alternative treatments [2,4].
Countries with moderate to high incidences of isoniazid- and
rifampicin-resistant TB are recommended to utilize the Bacillus Calm-
ette-Guérin (BCG) vaccine [5]. Among the mechanisms to persist the
effects of antimicrobial drugs is the formation of extracellular biofilms,
which provide physical cover and enable the growth of tolerant
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subpopulations [2,3,6]. Biofilms have long been overlooked in the
context of Mtb virulence and targeted drug development [2,7]. Another
radical change for tackling TB is represented by the host-directed ther-
apy (HDT) approach, which targets the host immune system rather than
the etiologic agent itself [8,9]. In TB, Mtb prevents the effective acti-
vation of host proinflammatory responses and adopts diverse immune
evasion mechanisms [10]. As a result of the hosts’ immune responses,
Mtb are encapsulated within granulomas that allow the pathogen to
survive for decades in a latent state and possibly then reactivate [11].
Granulomas efficiently shield mycobacteria from any xenobiotic,
including antimicrobial drugs [11]. The concept of mitigating excessive
host inflammatory responses as part of anti-TB strategies has led to the
inclusion of host-targeting NSAIDs, with clinical outcomes to date being
highly encouraging for further development [8,12]. These results agree
with the evidence on commercially available NSAIDs coupled with
prototypic inhibitors of human carbonic anhydrases (hCAs; EC 4.2.1.1),
such as primary sulfonamides and coumarins [13-17]. Overall,
NSAID-CA inhibitors (NSAID-CAIs) showed greater efficacy in attenu-
ating inflammatory responses in inflammation, lung fibrosis, and rheu-
matoid arthritis in vivo models than did the coadministration of their
individual NSAID and CAI components. These results were indicative of
a potential anti-inflammatory effect mediated by CA inhibition (i.e.,
tumor- and autoimmune-associated hCA IX and XII) [18]. Interestingly,
mycobacterial B-CAs are predicted to be involved in biofilm formation,
as the clinically used CAI ethoxzolamide reduces the transport of
extracellular DNA (eDNA), a key component of the biofilm matrix [19].
A library of eDNA-deficient mutants listed CAs as relevant hits, thus
linking them with biofilm formation processes [19]. Therefore, the
possible inhibitory effects of NSAID-CAIs on Mtb p-CAs, combined with
the potential HDT effect, may position them as promising candidates for
anti-TB therapy.

The first aim of this study was to investigate whether NSAID-CAIs
may be effective inhibitors of Mtb p-CAl (encoded by the Rv1284
gene), B-CA2 (Rv3588c), and B-CA3 (Rv3273) [20-22]. Second, we
investigated whether these NSAID-CAIs exhibit antimycobacterial ac-
tivity that surpasses that achieved by the coadministration of their in-
dividual NSAID and CAI components. In addition to their
antimycobacterial activity, we aimed to explore the biofilm-interfering
properties of the compounds. Specifically, we investigated tolerant
mycobacterial subpopulations, which are commonly overlooked in TB
preclinical studies, via a minimum duration for killing (MDK) method
developed in house by some authors. Instead of just focusing on the
growth-inhibiting properties of the compounds, we aimed to assess
whether they could inhibit antibiotic tolerance and thus improve the
efficacy of rifampicin against biofilms.
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In this study, NSAID-CAIs were assessed against attenuated H37Ra
Mtb and its closely related species Mycobacterium marinum (Mmr). Mmr
is a natural pathogen of zebrafish (Danio rerio), to which it causes a well-
characterized TB-like infection [23,24]. Mmr has orthologs for the three
Mtb B-CAs: MMAR 4135 (with 84.66% protein sequence identity)
orthologous to p-CAl, MMAR 5088 (86.34%) for p-CA2, and
MMAR_1266 (73.09%) for p-CA3.

2. Results

2.1. Design and synthesis of compounds

Compounds 1-5, 7-10, 12-16, 18-23, and 25-27 were synthesized
in accordance with the experimental procedures previously reported by
some of us (Fig. 1) [15].

The same approach was applied to the synthesis of (+)-fenoprofen
derivatives 6, 11, 17, and 24, which are reported here for the first time.
We used the carboxylic acid moiety present in the clinically used and
commercially available NSAID (+)-fenoprofen to efficiently install the
primary sulfonamide and CA-directed warhead by means of an amide
linkage (Fig. 2).

Like the derivatives previously reported [15], the connecting moi-
eties in 6, 11, 17, and 24 are thought to be cleaved when the compound
is exposed to a granulomatous environment rich in hydrolytic enzymes
[11]. All final compounds considered in this study were characterized by
means of 'H and '3C NMR spectroscopy and HRMS and were >96% pure
by elemental analysis (Supplementary Fig. S1).

2.2. Invitro carbonic anhydrase inhibition assay

Compounds 1-27 and the standard CAI acetazolamide (AAZ) were
assessed for their ability to inhibit Mtb -CAs 1-3 as well as hCA isoforms
IX and XII via a stopped-flow CO5 hydration assay [25]. The data are
reported in Table 1 as Ky values. Supplementary Table ST1 reports the Ky
data of 1-27 relative to the broadly expressed hCA isoforms I and II.
Based on the kinetic data reported in Table 1, the following structure—
activity relationships (SARs) for each enzymatic isoform can be drawn.

i) Mtb p-CAl: Among the sulfanilamide series (compounds 1-6),
(£)-naproxen 2 and diclofenac 5 derivatives were the most effi-
cient inhibitors, with Kis of 5.40 and 5.68 pM, followed by
(+)-flurbiprofen 4 (K; of 7.58 pM). CAls bearing (+)-ketoprofen 3
and (+)-ibuprofen 1 tails showed similar inhibition potencies (Kis
of 17.5 and 21.4 pM, respectively). Finally, (+)-fenoprofen 6 was
the least effective inhibitor of this isoform, with a Ky value of
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Fig. 1. Chemical structures of compounds 1-27 considered in this study [15].



J. Parkkinen et al. European Journal of Medicinal Chemistry 316 (2026) 119037

oY,

6

/@, SO,NH,
H,N

EDCI, HOAT
DIPEA, DMA

H:N\A©\
SO,NH, & I
DCC. NHS ©/ i \/\©\
DMF SO,NH,

1
o\©/%r01{
[©]
T oy
SO,NH,

o] -
. SO,NH,
(+) Fenoprofen /[k ) 2INHy
F,C” 0 N )
EDCI, HOAT ~"0
DIPEA, DMA o)
17

Hjl\'(g/\/()@\
SO,NH,

o]
M e
F¢” 0 o f o
EDCI, HOAT ©/ \©\
DIPEA. DMA N SO.NH,
24

Fig. 2. Synthesis of (+)-fenoprofen derivatives 6, 11, 17 and 24.

Table 1
Inhibition data of NSAID-CAIs 1-27 on Mtb p-CAs 1-3 and hCAs IX and XII by the stopped-flow CO, hydrase assay [25].
Ki (pM)°
Compound p-CA1 B-CA2 B-CA3 hCA IX hCA XII
1 21.4 (£0.02) 48.0 (£0.2) 2.18 (+0.05) 0.014 [15] 0.033 [15]
2 5.40 (£0.11) 0.083 (£0.03) 3.67 (£0.41) 0.019 [15] 0.029 [15]
3 17.5 (+0.32) 0.901 (+0.41) 0.972 (+0.03) 0.009 [15] 0.040 [15]
4 7.58 (£0.21) 4.6 (+£0.34) 3.69 (+£0.07) 0.061 [15] 0.027 [15]
5 5.68 (£0.42) 0.302 (£0.03) 0.95 (+£0.02) 0.005 [15] 0.007 [15]
6 43.4 (+£0.32) 3.4 (+0.02) 2.33 (+£0.03) 0.024 (+0.06) 0.010 (+0.01)
7 62.9 (£+0.09) 0.086 (+0.002) 5.43 (+£0.04) 0.072 [15] 0.094 [15]
8 60.4 (+£0.04) 0.083 (£+0.01) 0.971 (£0.02) 0.005 [15] 0.003 [15]
9 9.24 (£0.03) 0.078 (£0.02) 8.25 (+£0.01) 0.038 [15] 0.093 [15]
10 41.9 (+0.08) 0.343 (£0.02) 3.46 (+£0.01) 0.063 [15] 0.093 [15]
11 50.6 (+0.04) 0.865 (£+0.03) 4.19 (+£0.12) 0.030 (£+0.02) 0.007 (£0.03)
12 >100 0.162 (£0.02) 28.2 (+£0.14) 0.077 [15] 0.009 [15]
13 >100 0.085 (+0.03) 59.2 (+£0.12) 0.244 [15] 0.069 [15]
14 79.8 (+£0.21) 0.094 (£+0.01) 9.06 (+0.08) 0.103 [15] 0.065 [15]
15 89.2 (+0.07) 0.089 (£+0.02) 28.2 (+£0.09) 0.177 [15] 0.044 [15]
16 >100 0.081 (£0.02) 7.81 (£0.05) 0.144 [15] 0.058 [15]
17 >100 0.080 (+0.01) 6.73 (£0.11) 0.081 (+0.01) 0.052 (£0.03)
18 51.5 (+£0.2) 0.270 (£0.03) 24.2 (+0.08) 0.010 [15] 0.007 [15]
19 >100 0.210 (£0.01) 7.34 (£0.03) 0.010 [15] 0.005 [15]
20 78.5 (£0.09) 0.094 (£0.02) 7.98 (+£0.10) 0.018 [15] 0.007 [15]
21 >100 0.166 (+0.02) 55.0 (+£0.07) 0.141 [15] 0.035 [15]
22 >100 0.085 (£+0.03) 45.2 (+0.05) 0.202 [15] 0.084 [15]
23 >100 0.093 (£0.01) 40.5 (£0.08) 0.137 [15] 0.059 [15]
24 83.4 (£0.24) 0.170 (£0.06) 31.6 (£0.09) 0.018 (£0.01) 0.014 (£0.01)
25 >100 0.089 (£+0.03) 8.09 (+0.01) 0.046 [15] 0.094 [15]
26 48.8 (4+0.03) 0.091 (£0.01) 8.72 (+0.16) 0.008 [15] 0.064 [15]
27 >100 0.092 (£0.02) 7.55 (£0.18) 0.052 [15] 0.094 [15]
AAZ 0.480 (+0.02) 0.009 (£0.01) 0.104 (£0.02) 0.026 (+0.01) 0.006 (£0.01)

# Mean =+ SD from 3 different assays, by a stopped flow technique.

43.4 pM. Elongation of the linear tether up to two carbon atoms,
as for compounds 7-11, increased all associated Kj values, except
for the (+)-flurbiprofen derivative 9, which was 1.9-fold more
potent than its shorter progenitor compound 3. Further elonga-
tion of the tether by the insertion of an oxygen atom, as in de-
rivatives 12-17, greatly spoiled the inhibition potencies. The
sulindac 14 and indomethacin 15 derivatives were the only ones

that maintained discriminate K; values of 79.8 and 89.2 pM,
respectively. A similar kinetic trend was observed for long de-
rivatives 18-24. Among this series, (+)-ibuprofen 18,
(£)-ketorolac 20, and (+)-fenoprofen 24 showed inhibition
values of 51.5, 78.5, and 83.4 pM, respectively, whereas all the
other compounds were ineffective. Finally, among the longest
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i)

iif)

derivatives (25-27), indomethacin-CAI 26 was the only Mtb
$-CA1 inhibitor (K of 48.8 pM).

Overall, compounds 1-27 were more effective inhibitors of the
Mtb $-CA2 isoform than the p-CAl isoform mentioned above.
(£)-Ibuprofen-sulfanilamide derivative 1 was the least effective
among all the series considered, with a K; value of 48.0 pM.
Within the sulfanilamide series, compound 1 was followed by
sulindac 4 and (+)-fenoprofen 6 derivatives (Kis of 4.6 and
3.4 pM, respectively). (+)-Naproxen-sulfanilamide 2 was the
most potent inhibitor among the sulfanilamide series (1-6), with
a K of 0.083 pM. Substitution of the NSAID tail from (+)-flur-
biprofen 3 to diclofenac 5 resulted in a 3.0-fold increase in the
inhibition potency (Kjs of 0.901 and 0.302 pM, respectively). The
introduction of an ethyl linker decreased the K; values for the
(+)-ibuprofen 7, (£)-flurbiprofen 9, and (+)-fenoprofen 11 de-
rivatives compared with their shorter analogs 1, 3, and 6 (Kis of
0.086, 0.078, and 0.865 puM for 7, 9, and 11, respectively).
Interestingly, elongation of the tether did not affect the inhibitory
potency of the (+)-naproxen NSAID for Mtb p-CA2 (Kis of
0.083 pM for 2 and 8). Indomethacin-CAI 10 was a sub-
micromolar inhibitor with a K; of 0.343 pM. Among the phenoxy
series 12-17, (+-)-ketoprofen derivative 12 was the least effective
inhibitor of Mtb p-CA2, with a K value of 0.162 pM. All the other
compounds (13-17) were effective by up to 2.3-fold compared
with 12, with Kj values quite close to each other and ranging
between 0.080 and 0.094 pM. Among the elongated derivatives
18-24, (+)-ibuprofen 18 had the highest K; value within the se-
ries (Kj of 0.270 pM), followed by (+)-ketoprofen 19, which was
1.3-fold less potent (K of 0.210 pM). Sulindac 21 and (+)-feno-
profen 24 were almost equally potent inhibitors of the Mtb $-CA2
isoform (Kis of 0.166 and 0.170 pM, respectively). A similar trend
was observed for the (4)-ketorolac 20 and diclofenac 23 de-
rivatives, as they presented Kis of 0.094 and 0.093 pM, respec-
tively. Indomethacin 22 was the most effective inhibitor among
this series, as it had a K; value of 0.085 pM. The longest de-
rivatives 25-27 were submicromolar inhibitors with Ky values
ranging between 0.089 and 0.092 pM; thus, no appreciable dif-
ferences were observed in the extraction of proper SARs.

The NSAID-CAI derivatives 1-27 showed marked differences
when profiled on Mtb $-CA3. Compounds in the sulfanilamide
series (1-6) exhibit superimposable Ks as pairs. For example, the
(+)-naproxen 2 and sulindac 4 derivatives were equipotent in-
hibitors (Kis of 3.67 and 3.69 pM, respectively), followed by
(+)-ibuprofen 1 and (+)-fenoprofen 6 (Kis of 2.18 and 2.33 pM,
respectively), and then (+)-flurbiprofen 3 and diclofenac 5 (Kis of
0.972 and 0.950 pM, respectively), which were the most effective
pairs. Elongation of the sulfanilamide-containing series to afford
derivatives 7-11 strongly affected the kinetic trend. The com-
pounds (+)-ibuprofen 7, (£)-flurbiprofen 9 and (+)-fenoprofen
11 were 2.5-, 2.2-, and 1.8-fold less effective than their shorter
counterparts 1, 3, and 6 (K;s of 5.43, 8.25, and 4.19 pM for 7, 9,
and 11, respectively). Interestingly, elongation of the tether was
beneficial only for the (+)-naproxen-containing compounds, as 8
was 3.8-fold more potent than 2 (Kis of 3.67 and 0.971 pM for 2
and 8, respectively). Finally, indomethacin 10 was a low micro-
molar inhibitor of Mtb B-CA3 with a Kj of 3.46 pM. Wider dis-
tributions of the Kj values were obtained for phenoxy series
12-17 and 18-24, thus allowing us to decipher appropriate SARs.
Within the first series, diclofenac 16 and (+)-fenoprofen 17 were
the most effective inhibitors, with Ky values of 7.81 and 6.73 uM,
respectively, followed by sulindac 14, with a K; of 9.06 pM.
Interestingly, the increase in potency between pairs 16/17 and
14/17 were the same (1.16-fold). Both (+)-ibuprofen 12 and
indomethacin 15 derivatives were equipotent inhibitors (Kis of
28.2 uM), whereas (+)-flurbiprofen 13 was effective only at
medium micromolar concentrations (K; of 59.2 pM). Further

European Journal of Medicinal Chemistry 316 (2026) 119037

elongation of the alkyl tether, as in the compound series 18-24,
led to evident changes in the kinetic values. For example,
(+)-ketoprofen derivative 19 was 3.8-fold more effective in
inhibiting Mtb p-CA3 than its shorter analog 12 (Kis of 28.2 and
7.34 uM for 12 and 19, respectively). The other compounds,
21-24, presented markedly lower potencies than their shorter
analogs, 14-17. Specifically, sulindac 21 was 6.1-, indomethacin
22 1.6-, diclofenac 23 5.2-, and (+)-fenoprofen 24 4.7-fold less
effective than each shorter counterpart. (+)-Ibuprofen 18 and
ketorolac 20 had K; inhibition values of 24.2 and 7.98 uM,
respectively. Interestingly, the longest compounds considered in
this study (25-27) were low micromolar inhibitors of Mtb p-CA3,
and the K; values were very close to each other (7.55-8.72 pM);
thus, any consideration of the SAR was not feasible.

iv) The (4)-fenoprofen derivatives 6, 11, 17, and 24 were profiled in
vitro on hCAs I, II, IX, and XII, and the associated K; values agreed
with previously reported NSAID-CAIs [15]. The kinetic data
associated with hCAs I and II are reported in Supplementary
Table S1. The hCA isoforms IX and XII, which are implicated in
inflammation events, were effectively inhibited at low micro-
molar concentrations, with small differences among the com-
pounds. For example, hCA IX had K; values of 0.018-0.030 pM for
6, 11, and 24, whereas derivative 17 was a 0.081 pM inhibitor. A
similar kinetic trend, although with lower K;s, was reported for
the hCA XII isoform. In this case, compounds 6, 11, and 24 pre-
sented Kj values between 0.007 and 0.014 pM, and derivative 17
was effective at 0.052 pM. For the hCA I isoform, the K; values
ranged between 0.47 and 0.889 pM, except for 24, for which the
inhibition efficacy was 3.28 pM. Similarly, hCA II included
compounds 6, 11, and 17 as inhibitors in the low nanomolar
concentration range (Kis between 2.0 and 8.0 nM), except for 24,
which was effective at high nanomolar concentrations (K; of
332.0 nM).

During the writing of the manuscript, the authors predicted the
expression of an Mtb y-CA isoform via bioinformatic approaches [26].
Experimental evidence of such an isoform has yet to be reported,
including determination of its role in bacterial survival and infection
processes; thus, it is not included in this investigation.

2.3. NSAID-CAIs have antimycobacterial activity

The antimycobacterial assessment of NSAID-CAIs was conducted on
H37Ra Mtb along with Mmr, an ideal and reliable model organism for
conducting in vitro mycobacterial screenings, as Mmr grows faster than
does Mtb and is easier to handle in BSL2 laboratories. To assess whether
NSAID-CAIs and their constitutive single entities, NSAIDs and CAIs (i.e.,
(+)-ibuprofen, (+)-ketoprofen, (+)-flurbiprofen, (+)-fenoprofen, 4-(2-
aminoethyl)benzenesulfonamide, 4-(3-aminopropoxy)benzenesulfona-
mide, 4-(2-aminoethoxy)benzenesulfonamide, and 4-(4-aminobutoxy)
benzenesulfonamide), inhibit mycobacterial growth, we conducted
traditional MIC testing in both planktonic and biofilm culture environ-
ments [27,28]. To study the bacteriostatic properties, we treated cul-
tures before the start of the exponential growth phase. Mycobacterial
burdens were quantified before starting treatment and were
3.26 + 1.54 x 10° CFU/ml for Mmr and 2.17 + 0.49 x 10° CFU/ml for
H37Ra Mtb. NSAID-CAIs 7, 9, 11, 12, 13, 17, 18, 19, 24, and 25 and
their single fragments were used at concentrations ranging between 12.5
and 200 pM for the former and up to 400 pM for the latter.

The obtained data are shown in Supplementary Fig. S2, with the
MICs values for each NSAID-CAI shown in separate graphs. All ten
NSAID-CAIs had noticeable inhibitory efficacy. Among the three
experimental conditions, the best inhibition was achieved with H37Ra
Mtb biofilm medium, followed by Mmr biofilm medium and, finally,
planktonic Mmr cultures. In H37Ra Mtb biofilms, the top two com-
pounds with the lowest MICsy values were 25 (11.26 pM) and 24
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(11.55 pM). MICs( values below 100 pM were achieved with most
NSAID-CAIs (25, 24,13, 11, 19, 17, and 18). Testing was performed for
NSAID and CAI fragments accordingly, with MICs, values against Mmr
in biofilm medium shown in Supplementary Fig. S2. These fragments
performed poorly in comparison to hybrid compounds, with at least
doubled MICsps (excluding (+)-fenoprofen, with an MICsg of 151.5 pM).

Next, we screened the entire compound panel through an MDK assay,
which allows the survival of tolerant bacterial subpopulations to be
measured. The assay is based on ATP-coupled bioluminescence re-
porters, which enable high-throughput, noninvasive detection of live
mycobacteria expressing luciferase genes [2]. Unlike the MIC assay, the
starting point for the measurement is mycobacteria in the saturated
stationary growth phase. The MDK assay was performed at a fixed
concentration of bioluminescent Mmr and H37Ra Mtb. The AUCs of the
time-kill curves were compared to those of the untreated control and
are displayed as relative values on a logarithmic scale, as plotted in
Fig. 3. Ten compounds (7, 9, 11, 12, 13, 17, 18, 19, 24, and 25)
significantly reduced the Mmr biofilm AUC (p < 0.001) to less than
one-tenth of the AUC observed in untreated culture (Fig. 3 A).
Furthermore, derivatives 13 (p = 0.039), 18 (p = 0.011), 19 (p = 0.031)

A) NSAID-CAIs (200 pM)

European Journal of Medicinal Chemistry 316 (2026) 119037

and 24 (p = 0.015) had AUCs that were significantly smaller than those
of the rifampicin-treated (487 pM) control culture.

Luminescence reduction induced by the ten NSAID-CAIs evolved in a
dose-dependent manner in Mmr biofilms. The dose-dependent MDK
time-kill curves are shown in Supplementary Fig. S3. Four compounds
were able to surpass the MDKgg threshold (2-log;o-fold reduction), at
which less than 1% of the luminescence remained within the 7-day
follow-up period. At the highest concentration (200 pM), MDKgyg was
reached at 24 h by compound 24, at 72 h by compound 13, at 96 h by
compound 19, and at 144 h by compound 17. Notably, the reduction in
luminescence induced by compound 24 reached the MDKgg ¢ threshold
(3-logyo-fold reduction) at 120 h. At 100 pM, MDKgg was reached at 72 h
by compound 24, at 120 h by compound 19 and at 168 h by compound
17. Finally, treatment with either compound 19 or 24 at 50 pM sur-
passed the MDKgg threshold at 144 h.

The efficacy of these ten compounds against biofilm cultures was
greater than that against planktonic cultures (Fig. 3 A). Planktonic Mmr
cultures treated with equal doses of NSAID-CAIs retained more biolu-
minescence, as only compounds 12, 19, and 24 reduced the AUC to less
than one-tenth of the untreated control AUC (p < 0.001). Significance
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Fig. 3. NSAID-CAI hybrid molecules efficiently reduce mycobacterial bio!
NSAID-CAIs (200 pM) decrease mycobacterial metabolically coupled biolumine:

luminescence, but the same does not translate into precursor molecules. A)
scence in all three test environments. B) NSAID or CAI fragments (400 pM) do not

reach similar levels of reduction in Mmr biofilms. C) Several hybrids potentiate the effects of rifampicin. Bar graphs represent the time-kill curve (24-96 h post-
treatment) AUCs (mean + SD) on a log;o scale, normalized against the untreated mycobacterial AUC in A) and the B) or rifampicin (487 pM)-treated AUC in C).

The dotted line indicates a 99% reduction in A) and B) and a 90% reduction
planktonic Mmr, the gray Mmr biofilms and the white H37Ra Mtb biofilms. Eac

comparing samples to the rifampicin (487 pM) control via one-way ANOVA and Dunnett's post hoc tests. * Indicates p < 0.05, ** indicates p < 0.01 and ***

p < 0.001.

in C). Column color indicates the mycobacterial culture; the black bars indicate
h treatment was measured in biological triplicates. Significance was determined by

indicates
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against the rifampicin (487 pM) control was not observed, as the AUCs
remained larger than those of rifampicin. Importantly, the NSAID-CAIs
showed the greatest efficacy against H37Ra Mtb biofilms, as all ten
compounds had significantly (p < 0.001) reduced AUCs in comparison
with those of the untreated control (Fig. 3 A). All ten compounds had
AUCGs less than one-tenth of the untreated AUC, and compounds 11, 12,
17, 18 and 25 had AUCs less than one percent. Furthermore, the most
effective derivatives, 19 and 24, had AUCs less than 0.1% of the control
AUC. Compared with the rifampicin-treated (487 pM) H37Ra Mtb bio-
film, derivatives 11, 12, 13, 17, 18, 19, 24, and 25 had significantly
lower AUCs (p < 0.001).

Like Mmr, NSAID-CAI activity in H37Ra Mtb evolved in a dose-
dependent manner, as shown by the MDK time-kill curves displayed
in Supplementary Fig. S4. Nine out of the ten NSAID-CAIs surpassed the
MDKgg threshold during the measurement period. At 200 pM, MDKgyg
was 24 h for compounds 11, 12, 13, 17, 18, 19, 24, and 25, in addition
to 144 h for compound 7. At 100 pM, MDKgg was 24 h for compounds
17, 19, and 24; 48 h for compound 11; 72 h for compounds 12 and 25;
and 144 h for compound 13. Even more, compound 19 (50 pM) sur-
passed the MDKgg threshold at 144 h. Comparably to Mmr biofilms,
compound 24 at 200 pM reached the MDKgg g threshold by 168 h,
making this NSAID-CAI the most potent compound according to the
bioluminescence assessment. Overall, the MDK data revealed that
compounds 7, 9, 11, 12, 13, 17, 18, 19, 24, and 25 were far more
effective at decreasing the luminescence of the Mmr and H37Ra Mtb
biofilm cultures than the planktonic Mmr cultures. Notably, preferential
activity against H37Ra Mtb over Mmr was observed, with derivatives
11, 19, and 24 showing the highest efficacy among all the tested com-
pounds (Fig. 3 A).

The MDK screening of the NSAID and CAI fragments at 400 pM
revealed (+)-fenoprofen as the sole molecule to reduce the time-kill
curve AUC below one-tenth of the untreated control AUC (Fig. 3 B)
(p < 0.001). Compared with rifampicin treatment (487 uM), none of the
fragments had a significantly reduced AUC, nor did they reach the
MDKgg threshold during the seven-day measurement (Supplementary
Fig. S5). Individual fragments induce far less reduction in Mmr biolu-
minescence, indicating that the efficacy is derived from either the syn-
ergy or hybridization of these fragments.

Next, the Mmr biofilm MDK assay was carried out by combining each
of the ten NSAID-CAIs (400 pM) with rifampicin (487 pM). Compounds

B3 NSAID (100 uM)

A) Mmr biofilm

100+

ke

% of untreated AUC

B NSAID-CAI (100 uM)
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17, 19, and 24 were able to reduce the AUCs to less than one-tenth of the
rifampicin-treated AUCs (p < 0.001), thus potentiating its activity
(Fig. 3C). Significantly reduced AUCs were also found with rifampicin
combined with compounds 7, 9, 11, 13, 18, and 25 (p < 0.001).
Interestingly, two of the NSAID fragments, (+)-ketoprofen and
(+)-fenoprofen, significantly reduced the AUC (p < 0.001). The time-
kill curves revealed that rifampicin treatment (487 puM) reached the
MDKgg threshold at 96 h. NSAID-CAIs that reduced the time needed to
surpass this threshold were 9, 17, 19, and 24 (MDKgyg at 24 h); 11 (at
48 h); and 13, 18, and 25 (at 72 h) (Supplementary Fig. S6). The NSAID
(+)-fenoprofen reduced the time needed to reach MDKgg to 24 h.

To further evaluate whether the efficacy comes from fragment hy-
bridization, we coadministered MDK-assayed NSAIDs and CAls ata 1/1
ratio at a final concentration of 100 pM (Fig. 4). Compared with their
constitutive fragments individually or in combination, compounds 11,
19, and 24 had a significantly greater ability to reduce the biolumi-
nescence in both the Mmr (Fig. 4 A) and H37Ra Mtb (Fig. 4 B) biofilms
(p < 0.001). These experiments provide the first scientific evidence that
moderate dosages of dual-acting NSAID-CAIs are far more effective at
inhibiting mycobacterial metabolism and thus inducing cellular death
than combinations of their individual chemical components. Particu-
larly relevant for this study is the preferential activity of such com-
pounds for H37Ra Mtb over the Mmr biofilm, thus providing value for
their potential therapeutic application.

2.4. Toxicity assessment of NSAID-CAIs

The toxicity profiles of compounds 7, 9, 11, 12, 13,17, 18, 19, 24,
and 25 were assessed by immersing 1 dpf zebrafish embryos in
increasing concentrations of each compound (n = 20 embryos per
group). The corresponding LCsos and mortality percentages were
calculated after four days of exposure and are reported in
Supplementary Table ST2. Overall, NSAID-CAI concentrations >400 pM
were associated with high mortality. Hybrids containing (+)-fenoprofen
(11, 17, and 24) induced mortality at concentrations >100 pM. These
data, combined with the identification and characterization of any
observable developmental defects in the larvae, allowed us to determine
safely administrable dosages of NSAID-CAIs for further in vivo in-
vestigations. Fig. 5A-J shows representative phenotypic images of 5 dpf
larvae after exposure to NSAID-CAIs at sublethal concentrations, and

B) H37Ra Mtb biofilm
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Fig. 4. The combination of NSAIDs and CAls decreases luminescence less than NSAID-CAI hybrids do in both A) Mmr and B) H37Ra Mtb biofilms. Time-kill
curve analysis was performed for derivatives 11, 19, and 24 and their chemical components. For the analysis, a concentration of 100 pM was used. Bar graphs
represent the time-kill curve (24-96 h post-treatment) AUCs (mean + SD) on a log;( scale, normalized against untreated biofilm culture AUCs. The dotted line
indicates a 99% reduction in bioluminescence. The color of the columns indicates the treatment type; the black bars indicate hybrid molecules, the white with
horizontal lines NSAID precursors, the gray CAI precursors and the white NSAID and CAI precursors in combination treatment. Each treatment was measured in
biological triplicates. Significance was determined via two-way ANOVA and Tukey's post hoc test. *** Indicates p < 0.001.
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Fig. 5. Representative images of the phenotypes of 5 dpf zebrafish larvae after NSAID-CAI exposure. The images were taken at the highest concentration that

does not cause mortality and results in seemingly normal development.

Figure K and L show phenotypes for negative controls. Visual inspection
clearly revealed normal larval development with no visible defects, thus
suggesting that NSAID-CAIs are highly tolerable in vivo and have high
safety margins.

A similar toxicity assessment was subsequently performed for the
NSAID and CAI fragments. NSAIDs cause substantial toxicity, with
(+)-ibuprofen, (+)-ketoprofen, and (+)-flurbiprofen having LCs values
< 100 pM. (+)-Fenoprofen was the least toxic NSAID, with an LCsg of
141.6 pM. CAIs were better tolerated, with LCs( values ranging between
153.5 and 292 pM. The corresponding LCsos and mortality percentages
of the constitutive fragments are reported in Supplementary Table ST3.

2.5. Assessment of bactericidal antimycobacterial activity

The bactericidal activities of NSAID-CAIs 7,9,11,12,13,17, 18, 19,
24, and 25 were evaluated by daily quantification of changes in the
number of colony-forming units (CFUs) on the Mmr biofilm. We plotted
time-kill curves of treated Mmr biofilm samples and compared the
AUCGs as previously described in section 3.3, which were only based on
the bacterial load rather than the RLU. Each NSAID-CAI was tested at a
single dose of 100 pM (Fig. 6 A) in combination with 487 pM rifampicin
(Fig. 6 B), as this concentration was well tolerated in the toxicity
assessment (3.4.). Three compounds, 11 (p = 0.0044), 19 (p < 0.001),
and 24 (p < 0.001), were significantly bactericidal on their own. Similar
trends were observed for compounds 7, 9, 17, and 18, which had
reduced AUCs, although the differences were not statistically significant.
Compound 12 (p = 0.0163) was the only compound that significantly
potentiated the effects of rifampicin. Additionally, compounds 9,11, 12,
18, and 19 in combination with rifampicin had lower AUCs than
rifampicin alone.

A) NSAID-CAIs alone

— =
i T
1001 o = E e
L3
(&) L T
=2
<
T 104
®
£
c
=
-
o 14
2
01 1 1 L 1 1 1 1 1 1 1

A ON GO R P

2.6. Antibacterial assessment of NSAID-CAIs in an adult zebrafish TB
model

Finally, we aimed to study the antibacterial efficacy of NSAID-CAIs
in an in vivo adult zebrafish model. Among the ten selected NSAID-
CAls, derivatives 12 and 19 had great inhibitory effects in MDK as-
says, were safe for use with zebrafish larvae, and exhibited promising
bactericidal potential alone or when combined with rifampicin; thus,
these derivatives were selected as proof-of-concept candidates to assess
any in vivo antibacterial effects on an adult zebrafish infection model. A
total of 239 adult AB zebrafish aged 5-13 months were infected (i.p.)
with 56 + 12 CFUs of Mmr, and among them, 4 individuals were
euthanized at the humane endpoint prior to the daily oral administra-
tion of compound 12 (68 mg/kg) and rifampicin (32 mg/kg) or com-
pound 19 (70 mg/kg) and rifampicin (32 mg/kg). During the
experiment, 5 individuals from the rifampicin-treated group, 10 in-
dividuals from the compound 12 and rifampicin-treated groups and 7
individuals from the compound 19 and rifampicin-treated groups were
euthanized for infection symptoms. All zebrafish were assumed to be
male. During organ collection, 5 individuals across the groups were
found to be female. The difference between female and male zebrafish
bacterial burdens was assumed to be insignificant; thus, the results were
analyzed as one dataset. The median bacterial burden at 4 wpi, just
before starting treatment, was 389,167 (IQR 193,944-978,333) CFU/
fish (n = 20). During plating, all samples treated with compound 19 and
rifampicin at 6 wpi were incorrectly processed, and the results were thus
excluded from the study. The analysis of samples exposed to the com-
bination of compound 12 and rifampicin revealed a greater median
number of CFUs (p = 0.73) than samples treated only with rifampicin at
6 wpi, indicating that compound 12 does not add efficacy within the first

B) Rifampicin (487 pM) adjuvant
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Fig. 6. Some NSAID-CAIs have bactericidal effects on Mmr biofilm cultures. For the analysis, 100 pM NSAID-CAIs were used. Bar graphs represent the time—kill
curve (24 to 96 h post-treatment) AUCs (mean + SD) on a log scale, normalized against untreated Mmr biofilms in A) or rifampicin (487 pM)-treated biofilms in B).
Each treatment was measured in biological triplicates, and the dotted line indicates a 99% reduction in CFUs. Significance was determined with one-way ANOVA and
Dunnett's post hoc test; * indicates p < 0.05, ** indicates p < 0.01 and *** indicates p < 0.001.
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two weeks of treatment. After four weeks of treatment at 8 wpi, the
bacterial burden in the rifampicin-treated group was 578,333 (IQR
108,083-1,479,167) CFU/fish (Fig. 7) (n = 20). The median (IQR)
bacterial burden in the fish treated with compound 19 and rifampicin
was 916,667 (265,417-1,866,667) CFU/fish (p = 0.34, n = 20). Simi-
larly, the median bacterial burden in the fish treated with compound 12
and rifampicin was 570,833 (IQR 241,250-2,318,750) CFU/fish
(p = 0.70, n = 20). Two weeks later, at the experimental endpoint (10
wpi), the median bacterial burden in the rifampicin-treated group was
900,833 (IQR 563,333-4,708,333) CFU/fish (n = 24). The median
bacterial burden was 866,667 (IQR 368,750-2,641,667) CFU/fish
(p = 0.47) in fish treated with compound 19 and rifampicin (n = 24) and
852,917 (IQR 389,583-2,795,833) CFU/fish (p = 0.58) in fish treated
with compound 12 and rifampicin (n = 20).

Fig. 7 shows the distribution of individual bacterial burdens. Statis-
tical significance was assessed via Mann-Whitney tests; however, sig-
nificance was not achieved, as the results were largely skewed by high
variation between individuals. This heterogeneity is reasonably attrib-
uted to the lengthy experiments, which amplify the intrinsic variability
in infection progression among individuals, especially when animals of
different age are included. Additionally, as NSAID-CAIs and rifampicin
are mixed with fish food, a source of variation may arise from the un-
even distribution of compounds within the food particles and uneven
consumption of the food. The level of absorption from the fish gut re-
mains unknown and is likely relatively low. As statistical significance
was not reached, no conclusions regarding a reduction in bacterial
burden can be drawn.

3. Discussion

TB remains a health threat to millions each year. Moreover, drug
resistance is a problem for infection control, creating a demand for
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Fig. 7. Compared with rifampicin-treated zebrafish, combination therapy
with rifampicin and NSAID-CAIs does not result in reduced bacterial
burden. The infection was followed for 10 weeks, and the bacterial burden was
quantified at 4, 8 and 10 wpi. The horizontal line indicates the median bacterial
burden in untreated zebrafish at 4 wpi. Bar graphs represent the bacterial
burden (median + IQR) on a log; scale. Each black dot represents the absolute
Mmr-bacterial burden per individual fish. Statistical significance was deter-
mined with Mann-Whitney tests, p > 0.05 = not significant.
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treatment alternatives in addition to traditional drugs. Here, we assessed
the antimycobacterial activity of NSAID-CAI types 1-27 both in vitro and
in vivo in an adult zebrafish infection model, with the aim of providing
experimental evidence to validate the druggability of Mtb p-CAs 1-3,
which was further supported by applying principles of the HDT
approach. Compared with their single constitutive fragments, com-
pounds 1-27, which are endowed with enhanced host immune activity
[15], efficiently inhibited the target Mtb p-CAs 1-3 in vitro, with asso-
ciated K; values in the low micromolar range. Overall, the best in vitro
inhibition occurred against Mtb p-CA2, which has been predicted to be
essential for Mtb survival [29]. Additionally, recent knockdown studies
confirmed that p-CA2 has substantial effects on the growth and virulence
of Mtb [30,31].

The antimycobacterial activities of compounds 1-27 were assessed
via MDK time-kill curves since the measured ATP-mediated biolumi-
nescence is a marker of cellular viability and correlates with CFU values
[32,33]; thus, this method provides effective readouts of the activity of
the compounds against tolerant bacteria. Importantly, preclinical TB
research currently lacks studies targeting tolerant subpopulations. The
results revealed that compounds 7,9, 11,12, 13,17, 18, 19, 24, and 25
reached the MDKgyg threshold as early as the first day of treatment in
both the Mmr and H37Ra Mtb biofilms in a dose-dependent manner. As
a key finding, the efficacy in biofilms outperforms the moderate effects
such compounds had in Mmr planktonic cultures. Previous studies have
shown the presence and upregulation of -CA2 in biofilm-forming con-
ditions [2,6,22]. Thus, the inhibitory effect of NSAID-CAIs against f-CA2
could translate to interference in biofilm homeostasis.

In all cases, the in vitro antibacterial effect of each NSAID-CAI was far
superior to that of the single constitutive fragments coadministered at
the same concentration. We report, as another key finding, that the dual-
acting NSAID-CAIs, synthesized via molecular linking, have enhanced
inhibitory properties and safety profiles in comparison to their consti-
tutive fragments. Compounds 11, 19, and 24 exhibited significant
bactericidal properties, whereas compound 12 appeared to potentiate
the bactericidal effect of rifampicin. Compounds 12 and 19 showed the
best performance in terms of antimycobacterial efficacy and safety
profiles and were tested in Mmr-infected zebrafish coadministered
rifampicin orally, failing to reach statistically significant results. This is
likely due to the large variation between individual samples that can
arise from a variety of reasons, most probably being the difference be-
tween the infection progress of individuals of different ages. All in all,
we are confident that the present experimental data provides solid evi-
dence for the in vitro efficacy of NSAID-CAIs. This effect can be attrib-
uted to the inhibition of bacterial -CAs, particularly the f-CA2 isoform,
along with the possible suppression of the host immune response
through induction of the HDT effect.

4. Methods
4.1. Chemistry

All anhydrous solvents and reagents used in this study were pur-
chased from Alfa Aesar (MA, USA), TCI (Japan) and Sigma-Aldrich
(MO, USA). The synthetic reactions involving air- or moisture-sensitive
chemicals were carried out under a nitrogen atmosphere using dried
glassware and syringes to transfer the solutions. Nuclear magnetic
resonance (‘H NMR, '°C NMR and '°F NMR) spectra were recorded
using an Avance III 400 MHz spectrometer (Bruker, MA, USA) with
dimethyl sulfoxide (DMSO)-dg as the solvent. The chemical shifts are
reported in parts per million (ppm), and the coupling constants (J) are
expressed in Hertz (Hz). The splitting patterns are designated s, singlet;
d, doublet; t, triplet; q, quartet; m, multiplet; brs, broad singlet; dd,
doublet of doublets; and ddd, doublet of doublets of doublets. The cor-
rect assignment of exchangeable protons (i.e., OH and NH) was carried
out by means of D,O addition. Analytical thin-layer chromatography
(TLC) was performed on silica gel F-254 plates (Merck KGaA, Germany).
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Flash chromatography was performed on Merck silica gel 60 (230-400
mesh ASTM) as the stationary phase, and appropriate mixtures of ethyl
acetate/n-hexane were used as the eluents. Melting points (m.p.) were
measured in open capillary tubes with an MPD350.BM3.5 apparatus
(Gallenkamp Labs, UK) and are uncorrected. The solvents used in the MS
analyses were acetone, acetonitrile (Chromasolv grade), and mQ water
(18 MQ cm). High-resolution mass spectrometry (HRMS) analysis was
performed with a Finnigan LTQ Orbitrap mass spectrometer (Thermo
Fisher Scientific, MA, USA) coupled with an electrospray ionization
source (ESI). Analysis was carried out in positive ion mode [M + H],
and proper dwell time acquisition was used to achieve 60,000 units of
resolution at full width at half maximum. The elemental compositions of
the compounds were calculated based on their measured accurate
masses and only results with an attribution error of less than 2 ppm and a
not integer RDB (double bond/ring equivalents) value were obtained.
Stock solutions of analytes were prepared using acetone (1.0 mg mL ™)
and stored at 4 °C. The working solutions were diluted to mQ water/
acetonitrile 1/1 (v/v) up to a concentration of 1.0 pg mL~!. HRMS
analysis was performed by introducing the analyte via a syringe pump at
10 pL min~'. Sulfanilamide and 4-(2-aminoethyl)benzenesulfonamide
are commercially available from Sigma-Aldrich. The 3-(4-sulfamoyl-
phenoxy)-propyl-ammonium trifluoroacetic acid salt and 2-(4-sulfa-
moyl-phenoxy)-ethyl-ammonium trifluoroacetic acid salt were prepared
as previously described [15].

4.2. General procedure for the synthesis of 6, 11, 17 and 24

(+)-Fenoprofen (1.0 eq.), 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride salt (EDCI.HCI, 2.0 eq.) and 1-hydroxy-7-azaben-
zotriazole (HOAT, 2.0 eq.) were dissolved in dry dimethylformamide
(DMF) or dimethylacetamide (DMA) (3.0 ml) and stirred for 10 min at
room temperature, followed by the addition of corresponding amines [4-
(2-aminoethyl)benzenesulfonamide, sulfanilamide, 3-(4-sulfamoyl-
phenoxy)-propyl-ammonium trifluoroacetic acid salt or 2-(4-sulfamoyl-
phenoxy)-ethyl-ammonium trifluoroacetic acid salt (2.0 eq.)] and N,N-
diisopropylethylamine (DIPEA, 4.0 eq.) in the same solvent (1.5 ml). The
mixture was stirred until consumption of the starting materials (TLC
monitoring), quenched with an aqueous HCI solution (3.0 M) at 0-5 °C
and extracted with ethyl acetate (3 x 15 ml). The combined organic
layers were washed with an aqueous HCl solution (3.0 M), H»O
(3 x 20 ml), sat. aqueous NaHCOs3 (3 x 20 ml), dried over Na;SO4 and
evaporated under vacuum to yield a residue that was purified by silica
gel column chromatography, eluted with ethyl acetate/n-hexane, crys-
tallized from ethyl acetate/petroleum ether or triturated from
dichloromethane/petroleum ether to afford the title compounds.

4.3. 2-(+)-(3-Phenoxyphenyl)-N-(4-sulfamoylphenyl)propanamide 6

(+)-Fenoprofen (1.0 eq.), 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride salt (EDCI. HCl, 2.0 eq.) and 1-hydroxy-7-azaben-
zotriazole (HOAT, 2.0 eq.), sulfanilamide (2.0 eq.) and N,N-
diisopropylethylamine (DIPEA, 4.0 eq.) in dry DMF (4.5 ml) were
treated according to the general procedure previously reported in sec-
tion 2.1.1. The crude product was purified via silica gel column chro-
matography by elution with ethyl acetate/n-hexane 50% v/v and
crystallized from ethyl acetate/petroleum ether to afford title compound
6 as a white solid in 10% yield, silica gel TLC Ry 0.21 (ethyl acetate/n-
hexane 50% v/v); m.p. 138.8 °C; 5y (400 MHz, DMSO-dg) 1.46 (3H, d, J
7.0, -CHCHs), 3.87 (1H, g, J 6.9, -CHCH3), 6.88 (1H, ddd, J 0.9/4.7/8.1,
Ar-H), 7.01-7.04 (2H, m, 2 x Ar-H), 7.08-7.09 (1H, m, Ar-H), 7.13-7.18
(2H, m, 2 x Ar-H), 7.28 (2H, s, SOo2NHj, exchange with D;0), 7.33-7.41
(3H, m, 3 x Ar-H), 7.73-7.78 (4H, m, 4 x Ar-H), 10.39 (1H, s, -CONH,
exchange with D50); 6c (100 MHz, DMSO-dg) 173.4 (C=0), 157.7,
157.3, 144.6, 142.9, 139.4, 131.0 (2 xAr-C), 130.9, 127.6, 124.5, 123.2,
119.8, 119.7 (3 xAr-C), 119.6, 118.4, 117.7, 46.8 (-CHCH3), 19.5
(-CHCH3); (ESI-HRMS): m/z [M-+H]" caled for Co;H21N204S, 397.1217;
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Found, 397.1213; Elemental analysis calculated for Co;HooN204S: (%)
C, 63.62; H, 5.08; N, 7.07; Found, C, 63.65; H, 5.11; N, 7.05.

4.4. 2-(£)-(3-Phenoxyphenyl)-N-(4-sulfamoylphenethyl)propanamide
11

(+)-Fenoprofen (1.0 eq.), 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride salt (EDCI. HCl, 2.0 eq.) and 1-hydroxy-7-azaben-
zotriazole (HOAT, 2.0 eq.), 4-(2-aminoethyl)benzenesulfonamide (2.0
eq.) and N,N-diisopropylethylamine (DIPEA, 4.0 eq.) in dry DMF
(4.5 ml) were treated according to the general procedure previously
reported in section 2.1.1. The crude product was purified via silica gel
column chromatography by elution with ethyl acetate/n-hexane 50% v/
v and crystallized from ethyl acetate/petroleum ether to afford title
compound 11 as a white solid in 33% yield, silica gel TLC Ry 0.28 (ethyl
acetate/n-hexane 50% v/v); m.p. 104.5 °C; 5y (400 MHz, DMSO-dg) 1.29
(3H, d, J 7.0, -CHCH3), 2.71-2.75 (2H, m, -CONHCH,CH>), 3.19-3.31
(2H, m, -CONHCH»CH3), 3.56 (1H, q, J 7.0, -CHCH3), 6.99-7,00 (1H,
m, Ar-H), 7.01-7.07 (4H, m, 4 x Ar-H), 7.12-7.16 (1H, m, Ar-H), 7.26
(2H, s, SOoNH,, exchange with D;0), 7.28-7.34 (3H, m, 3 x Ar-H), 7.37-
7.42 (2H, m, 2 x Ar-H), 7.71 (2H, d, J 8.4, 2 x Ar-H), 8.06 (1H, t, J 5.6,
CONH, exchange with D0); §¢ (100 MHz, DMSO-dg) 173.8 (C=0),
157.5, 157.4, 145.4, 144.6, 142.9, 130.9 (2 x Ar-C), 130.7, 130.0 (2 x
Ar-C), 126.5 (2x Ar-C), 124.3,123.3,119.5 (2 x Ar-CH), 118.5, 117.5,
45.8 (-CHCH3), 40.9 (-CONHCH,CHj), 35.6 (-CONHCH,CH,), 19.3
(-CHCH3); (ESI-HRMS): m/z [M+H]™" caled for Co3HasN204S 425.1530;
Found, 425.1524; Elemental analysis calculated for CosH24N204S: (%)
C, 65.23; H, 5.47; N, 6.61; Found, C, 65.09; H, 5.56; N, 6.64.

4.5. 2-(£)-(3-Phenoxyphenyl)-N-(2-(4-sulfamoylphenoxy)ethyl)
propanamide 17

(+)-Fenoprofen (1.0 eq.), 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride salt (EDCI. HCl, 2.0 eq.) and 1-hydroxy-7-azaben-
zotriazole (HOAT, 2.0 eq.), 4-((3-hydroxyethyl)amino)
benzenesulfonamide (2.0 eq.) and N,N-diisopropylethylamine (DIPEA,
4.0 eq.) in dry DMA (4.5 ml) were treated according to the general
procedure previously reported in section 2.1.1. The crude product was
purified via silica gel column chromatography via ethyl acetate/n-hex-
ane 50% v/v and triturated with dichloromethane/petroleum ether to
afford title compound 17 as a white solid in 13% yield, silica gel TLC Ry
0.11 (ethyl acetate/n-hexane 50% v/v); m.p. 93.1 °C; §y (400 MHz,
DMSO-d¢) 1.34 (3H, d, J 7.0, -CHCHs), 3.43-3.45 (2H, m,
-CONHCH,CH»), 3.46-3.67 (1H, m, -CHCH3), 4.07 (2H, t, J 5.6,
—CONHCH,CH,), 6.86 (1H, ddd, J 0.9/2.5/8.1, Ar-H), 7.01-7.04 (3H,
m, 3 x Ar-H), 7.08 (2H, d, J 8.9, 2 x Ar-H), 7.12 (1H, d, J 7.8, Ar-H),
7.15-7.19 (1H, m, Ar-H), 7.23 (2H, s, SOoNHj, exchange with D50),
7.32(1H,t,J 7.9, Ar-H), 7.41 (2H, t,J 7.4, 2x Ar-H), 7.76 (2H, d, J 8.8,
2 x Ar-H), 8.3 (1H, t, J 5.6, -CONH, exchange with D,0); 174.3 (C=0),
161.7, 157.4, 157.3, 145.3, 137.3, 130.9 (2 x Ar-C), 130.7, 128.6 (2 x
Ar-Q), 124.3, 123.3, 119.5 (2 x Ar-C), 118.5, 117.5, 115.4 (2 x Ar-C),
67.5 (-CONHCH,CHjy), 45.7 (-CHCH3), 39.1 (-CONHCH,CH)), 19.4
(-CHCHy); (ESI-HRMS): m/z [M+H]™ caled for Co3HasNOsS, 441,1479;
Found, 441.1475; Elemental analysis calculated for Co3H24N20s5S: (%)
C, 62.71; H, 5.49; N, 6.36; Found: C, 62.75; H, 5.51; N, 6.34.

4.6. 2-(+)-(3-Phenoxyphenyl)-N-(3-(4-sulfamoylphenoxy)propyl)
propanamide 24

(+)-Fenoprofen (1.0 eq.), 1-ethyl-3-(3-dimethylaminopropyl)carbo-
diimide hydrochloride salt (EDCI. HC], 2.0 eq.) and 1-hydroxy-7-azaben-
zotriazole (HOAT, 2.0 eq.), 4-((3-hydroxy propyl)amino)
benzenesulfonamide (2.0 eq.) and N,N-diisopropylethylamine (DIPEA,
4.0 eq.) in dry DMA (4.5 ml) were treated according to the general
procedure previously reported in section 2.1.1. The crude product was
triturated with DCM/petroleum ether to afford title compound 24 as a



J. Parkkinen et al.

white solid with 20% yield, silica gel TLC Ry 0.20 (ethyl acetate/n-
hexane 50% v/v); m.p. 91.7 °C; éy (400 MHz, DMSO-dg) 1.33 (3H, d, J
7.0, -CHCHs), 1.85 (2H, p, J 6.5, -CONHCH2CH,CHy), 3.17-3.24 (2H, m,
-CONHCH,CH,CHy), 3.61 (1H, q, J 7.0, -CHCH3), 4.00 (2H, t, J 6.4,
—CONHCH,CH,CH»), 6.88 (1H, ddd, J 0.9/2.5/8.1, Ar-H), 7.01-7.05
(5H, m, 5 x Ar-H), 7.12 (1H, d, J 7.8, Ar-H), 7.17 (1H, tt, J 1.1/7.4,
Ar-H), 7.22 (2H, s, SOoNH,, exchange with D;0), 7.33 (1H, d, J 7.9,
Ar-H), 7.39-7.44 (2H, m, 2 x Ar-H), 7.76 (2H, d, J 8.8, 2 x Ar-H), 8.08
(1H, t, J 5.6, -CONH, exchange with D,0); ¢ (100 MHz, DMSO-dg)
174.0 (C=0), 161.9, 157.5, 157.4, 145.5, 137.0, 131.0 (2 x Ar-C),
130.7, 128.6 (2 x Ar-C), 124.3, 123.3, 119.5 (2 x Ar-C), 118.5, 117.6,
115.3 (2 x Ar-C), 66.5, 46.0 (-CHCH3), 36.4, 29.6, 19.4 (-CHCH3);
HRMS (ESI-MS): m/z [M+H]" caled for Co4Ho7N205S, 455,1635; Found,
455.1637; Elemental analysis calculated for Ca4HasN205S: (%) C, 63.42;
H, 5.77; N, 6.16; Found: C, 63.47; H, 5.81; N, 6.12.

4.7. Carbonic anhydrase inhibition

The CA-catalyzed CO. hydration activity was determined on a
stopped-flow instrument (Applied Photophysics Ltd., UK). For B-CAs,
bromothymol blue (0.2 mM) was used as a pH indicator, working at the
absorbance maximum of 620 nm with Tris buffer (10-20 mM, pH 8.3).
For hCAs, phenol red (0.2 mM) was used as a pH indicator with 20 mM
HEPES buffer (pH 7.5), working at the maximum absorbance of 557 nm.
NaySO4 (20 mM) was added to the system to maintain a constant ionic
strength. The initial rates of the CA-catalyzed CO, hydration reaction
were followed for a period of 10-100 s. The CO5 concentrations ranged
from 1.7 to 17 mM. The enzyme concentrations ranged from 5 to 12 nM.
For each compound, six traces of the initial 5-10% of the reaction were
used to determine the initial velocity. Uncatalyzed reaction rates were
determined in the same manner and subtracted from the total observed
rates. Inhibitor stock solutions (0.1 mM) were prepared in distilled
water, and dilutions up to 0.01 nM were prepared. Solutions containing
the inhibitor and enzyme were preincubated for 15 min at room tem-
perature prior to the assay to allow the formation of the enzyme-
—inhibitor complex. The inhibition constants (Kj) were obtained via
nonlinear least-squares protocols via GraphPad Prism (v8.3.0) and the
Cheng-Prusoff equation and are the means from three different mea-
surements [34]. All the recombinant CAs were obtained in house
[35-38].

4.8. Preparation of compounds and antibiotics

Lyophilized NSAIDs, CAls and NSAID-CAIs were dissolved in DMSO
(Sigma-Aldrich) prior to being added to mycobacterial cultures.
Rifampicin was diluted from a ready-made solution (TOKU-E, WA, USA)
to the desired concentrations prior to use. For the zebrafish infection
experiment, lyophilized NSAID-CAIs were mixed with rifampicin solu-
tion and melted gelatin (Sigma-Aldrich).

4.9. Preparation of bacteria

Wild-type (wt) and bioluminescent (pMV306hsp + LuxG13 plasmid,
Addgene #26161, a gift from Brian Robertson & Siouxsie Wiles) Mmr
(ATCC 927) and attenuated H37Ra Mtb (ATCC 25177) were used in the
experiments. The bacteria were cultured on Middlebrook 7H10 plates
(Merck Millipore, MA, USA) supplemented with 10% (v/v) oleic acid
dextrose catalase (BD BBL™ Middlebrook OADC Enrichment, Becton,
Dickinson and Company, NJ, USA) and 0.5% (v/v) glycerol (Sigma-
Aldrich) at 29 °C for one week for Mmr and at 37 °C and 5% CO, for
three weeks for H37Ra Mtb. For planktonic cultures, bacteria were
inoculated into BD Difco™ Middlebrook 7H9 broth (Becton, Dickinson
and Company) supplemented with 10% (v/v) albumin dextrose catalase
(BD BBL™ Middlebrook ADC Enrichment, Becton, Dickinson and
Company), 0.2% (v/v) glycerol and 0.2% (v/v) Tween® 80 (Sigma-
Aldrich). For biofilm medium, the broth was supplemented with only
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ADC, as excluding detergent allows biofilm formation [39].
4.10. Minimum duration for killing

Bioluminescent reporters were used to evaluate changes in myco-
bacterial drug tolerance as previously described [2]. Briefly, Mmr and
H37Ra Mtb were streaked from Middlebrook 7H10 plates into plank-
tonic or biofilm media until the ODggy reached 0.1. White, sterile
96-well plates (PerkinElmer, MA, USA) were filled with 192 pl of ho-
mogenous suspension, and the plates were sealed with Parafilm® M
(Sigma-Aldrich). Mmr plates were cultured for seven days in the dark at
29 °C, and H37Ra Mtb plates were cultured for ten days in the dark at
37 °Cand 5% COs. Upon initiating the assay, NSAID-CAIs and rifampicin
were added on top of the bacteria to a final volume of 200 pl. Each
treatment was tested in biological triplicates. To quantify luminescence,
the plates were measured with a 2014 EnVision Multilabel Reader
(PerkinElmer). Five horizontal and five vertical points 0.72 mm apart
were measured from each well daily for four to seven days, and the
results were analyzed with a Wallac EnVision Workstation 1.12 (Perki-
nElmer). The background signal from the medium wells was subtracted
from the sample values and normalized against the untreated values at
the experimental starting point. Data analysis was performed by
generating time-kill curves for relative light units (RLUs) to time in
GraphPad Prism (v8.3.0). Areas under the curves (AUCs) were calcu-
lated from time-kill curves 24 to 96 h post-exposure. Statistical signif-
icance was calculated between the AUCs via one-way ANOVA and
Dunnett's multiple comparisons test or two-way ANOVA and Tukey's
post hoc test in GraphPad Prism (v8.3.0).

To quantify changes in colony-forming units (CFUs), bioluminescent
Mmr biofilms were prepared, NSAID-CAIs and rifampicin were added,
and luminescence was measured as described for the bioluminescent
MDK assay. The cultures were transferred into clear U-shaped Nunc™
96-well plates (Thermo Fisher Scientific) daily from 0 to 96 h post-
exposure. The bacteria were pelleted at 800 x g for 10 min and resus-
pended in BD Difco™ Middlebrook 7H9 medium supplemented with
0.5% (v/v) Tween® 80 (100 pl). The plates were incubated on a shaker
(150 rpm) in the dark for 2 h at 29 °C before a 10-fold dilution series was
made in 1x phosphate-buffered saline (PBS, pH 7.4) (Medicago AB,
Sweden) with 0.5% (v/v) Tween® 80. A dilution series of three parallel
samples was plated onto Middlebrook 7H10 plates in triplicate. The
CFUs were counted after six days at 29 °C. The values were corrected
with the dilution factor, and the statistical significance of the time-kill
curve AUCs was calculated via one-way ANOVA and Dunnett's post hoc
test in GraphPad Prism (v8.3.0).

4.11. Minimum inhibitory concentration

A minimum inhibitory concentration (MIC) assay, modified from
Hall et al. [40], was used to assess the growth-inhibiting effects of
NSAID-CAIs on both Mmr and H37Ra Mtb. Briefly, the bacteria were
streaked into sterile 1x PBS (pH 7.4) with 0.2% (v/v) Tween® 80 until
the ODggg reached 0.1. The top 200 pl of the suspension was mixed with
11 ml of medium and further distributed (100 pl/well) on sterile, clear
Nunc™ 96-well plates (Thermo Fisher Scientific). NSAID-CAIs were
resuspended in medium and added on top of the bacteria to a total
volume of 200 pl. The control inoculums were streaked on Middlebrook
7H10 plates to quantify CFUs. Mmr plates were cultured for six days in
the dark at 29 °C, and H37Ra Mtb plates were cultured for 14 days in the
dark at 37 °C and 5% CO,. Final turbidity changes were measured with a
2014 Envision Multilabel Reader. The ODgo was measured at twelve
points per well, and values from the medium wells were subtracted from
the values of the treated samples. MIC 50% (MICsq) values were calcu-
lated from the trend lines of the ODgg to concentration curves.
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4.12. Maintenance of zebrafish and ethical statement

Wild-type AB line adult zebrafish were maintained at 28.5 °C under
standard conditions. Prior to infection, adult zebrafish were transferred
from flow-through tanks (Aquatic Habitats, FL, USA) to a flow-through
system (Aqua Schwarz GmbH, Germany) in a separate laboratory. For
toxicity evaluation, embryos were bred and collected as described pre-
viously [41]. Briefly, at 1 to 2 h post-fertilization, the embryos were
collected via a sieve, rinsed with embryonic medium [5.0 mM NaCl,
0.17 mM KCl, 0.33 mM CaCly, 0.33 mM MgSQOy4, and 0.1% w/v methy-
lene blue (Sigma-Aldrich)] and raised overnight at 28.5 °C. All the fish
experiments were performed at the zebrafish facility of Tampere Uni-
versity. The research was authorized by the National Animal Experiment
Board (ESAVI/10079/04.10.06/2015). Animal experiment permits
(ESAVI/17803/2019 and ESAVI/14286/2022) were granted by the
Animal Experiment Board of the Regional State Administrative Agency
of Southern Finland. All zebrafish experiments were carried out in
accordance with the Finnish Act on the Protection of Animals Used for
Scientific or Educational Purposes (497/2013) and the EU Directive on
the Protection of Animals Used for Scientific Purposes (2010/63/EU).
Care was taken to ameliorate suffering by anesthetizing or euthanizing
the zebrafish with 3-amino benzoic acid ethyl ester (tricaine, Sigma-
Aldrich). The fish were euthanized upon meeting any of the humane
endpoint criteria, such as abnormal swimming behavior, gasping,
swelling or infectious skin ulcers.

4.13. Determination of the LCsp and toxic phenotypes

Prior to treating adult zebrafish with NSAID-CAIs, toxicity evalua-
tion was performed in a larval model as described previously [41].
Twenty healthy embryos at 1 day post-fertilization (dpf) per group were
chosen randomly, and the embryos were raised in embryonic medium
supplemented with NSAID-CAIs in 1.6% v/v DMSO in clear 24-well
plates (VWR® International, PA, USA). Mortality was recorded daily
until 5 dpf, when the final resulting phenotype was also assessed. The
phenotypes were evaluated according to eight parameters: mortality,
hatching, presence of edema, swimming activity, yolk sack consump-
tion, active heartbeat, body shape and swim bladder development.
Representative larvae were embedded in 1.7% methylcellulose (Sigma-
Aldrich) and imaged with a digital camera (Axiocam 105, Carl Zeiss,
Germany) attached to a stereomicroscope (Stemi 2000-C, Carl Zeiss).
Dose-response curves were generated with GraphPad Prism (v8.3.0) to
evaluate the lethal concentration 50% (LCsg) values. Phenotype images
were analyzed with ZEN 2.3 Lite (Carl Zeiss).

4.14. Adult zebrafish infections

For adult zebrafish infections, the Mmr inoculum was cultured in
10 ml of planktonic medium in the dark at 29 °C. After three days, the
culture was diluted to an ODgg of 0.08 and cultured to the logarithmic
growth stage. The top 1 ml was pelleted at 10,000 x g for 3 min and
resuspended in 1x PBS with 0.3 mg/ml phenol red (Sigma-Aldrich) as a
tracer. The =zebrafish were infected intrachoelomically with
56 + 12 CFUs of Mmr in the abdominal cavity via a 30 G Omnican® 100
insulin needle (B. Braun AG, Germany), as previously described [23].
Infection doses were verified by plating onto Middlebrook 7H10 plates
every 15 min. The CFUs were counted after six days in the dark at 29 °C.
The zebrafish were allowed to recover in system water and placed
randomly back in tanks at a density of 15-20 zebrafish per tank.
Treatments were assigned per tank. Welfare was assessed daily, and
individuals with any symptoms were euthanized with a tricaine over-
dose. The fish were raised according to standard protocols until 4 weeks
post-infection (wpi), when treatment was initiated [23]. NSAID-CAIs,
rifampicin, and gelatin (Sigma-Aldrich) were manually powderized
into Gemma Micro 500 fish food (Skretting, Norway). The daily oral
doses used were 32 mg/kg rifampicin and 68 mg/kg compound 12 per
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fish or 32 mg/kg rifampicin and 70 mg/kg compound 19 per fish.

At 4, 6, 8, and 10 wpi, individual bacterial burdens were quantified
from the internal organs of the zebrafish. Briefly, the fish were eutha-
nized, and internal organ blocks were collected in homogenization tubes
(Omni International, GA, USA) with 100 pl of 1x PBS (pH 7.4) and six
ceramic beads (¢ 2.8 mm, Omni International). By keeping the samples
on ice, 300 pl of 6.66% sodium dodecyl sulfate (Sigma-Aldrich) in 1x
PBS was added, and the samples were homogenized twice on dry ice for
40 s at 6.5 s/m with a CoolPrep™ System (MP Biomedicals LCC, CA,
USA). The homogenates and a 1:1 volume of MycoPrep™ Reagent (BD
BBL™ MycoPrep™ Mycobacterial System Digestion/Decontamination
Kit) were incubated for 15 min with occasional gentle shaking. The
digestion mixture was deactivated with MycoPrep™ Phosphate Buffer,
and the samples were centrifuged for 20 min at 3000 x g. The pellets
were resuspended in 1x PBS to a final volume of 500 pl, and 10-fold
dilution series were plated on Middlebrook 7H10 plates in triplicate.
The CFUs were counted after six days at 29 °C. The values were cor-
rected with the dilution factor, and significant differences between
treatment groups at each time point were calculated with Mann-—
Whitney tests in GraphPad Prism (v8.3.0).

4.15. Statistics

MDK-assays utilized one-way ANOVA and Dunnett's post hoc tests to
test for statistical significance as the bacterial population was assumed
to be normally distributed and each treatment was compared against a
control treatment. Similarly, two-way ANOVA and Tukey's post hoc test
was used to test for statistical significance in MDK-assays comparing
multiple treatments against each other. Statistical significance of bac-
terial burden within adult zebrafish was assessed with non-parametric
Mann-Whitney U-tests as bacterial burden has high variability be-
tween individuals and the datasets are not normally distributed (Sha-
piro-Wilk).
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