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Mycobacterium abscessus is a rapidly growing nontuberculous Mycobacterium causing
severe pulmonary infections, especially in immunocompromised individuals and patients
with underlying lung conditions like cystic fibrosis (CF). While rifamycins are the pillar
of tuberculosis treatment, their efficacy against M. abscessus lung disease is severely
compromised by intrabacterial ADP-ribosylation. Additionally, rifamycins induce
cytochrome P450 3A4 (CYP3A4), a major human drug-metabolizing enzyme, further
limiting their use in patients with comorbidities that require treatment with CYP3A4
substrates such as CF and HIV coinfection. We chemically reengineered rifabutin to
enhance its potency against M. abscessus by blocking intrabacterial inactivation and elim-
inate drug—drug interactions by removing induction of CYP3A4 gene expression. We
have designed and profiled a series of C25-substituted derivatives resistant to intracellu-
lar inactivation and lacking CYP3A4 induction, while retaining excellent pharmacolog-
ical properties. Against Mycobacterium tuberculosis, devoid of ADP-ribosyltransferase,
the frontrunners are equipotent to rifabutin, suggesting superior clinical utility since
they no longer come with the drug interaction liability typical of rifamycins. Prioritized
compounds demonstrated superior antibacterial activity against a panel of M. abscessus
clinical isolates, were highly bactericidal against replicating and drug-tolerant nonrep-
licating bacteria in caseum surrogate and were active against intracellular bacteria. As
single agents, these rifamycins were as effective as a standard-of-care four-drug combi-
nation in a murine model of M. abscessus lung infection.
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Rifamycins, targeting the RNA polymerase, are the pillars of antituberculosis (TB) therapy.
‘They achieve potent sterilizing activity against heterogenous mycobacterial populations and
display favorable penetration to the site of disease (1, 2). They inhibit a clinically validated
target and have excellent oral bioavailability, tolerability, and efficacy history. When intro-
duced in the 1960s, rifampicin contributed to reducing therapy duration from 24 to 6 mo
(3). Rifabutin (RBT) is substituted for rifampicin in patients with comorbidities requiring
treatment with CYP3A4 substrates such as antiretroviral protease inhibitors because it is a
weaker inducer of CYP3A4 (4). Rifapentine is part of the first 4-mo drug regimen ever
shown to be noninferior to the 6-mo standard of care (5) and is included in the preferred
and shortest regimens for the prevention of latent TB reactivation as daily and once-weekly
combinations with isoniazid (6). Thus, three rifamycins are at the center stage of TB therapy
and treatment shortening. Yet, this has not translated into similar clinical utility against
pulmonary disease caused by Mycobacterium abscessus (Mab-PD), a related nontuberculous
mycobacterial infection intrinsically resistant to many antibiotic classes (7).

Rifamycins suffer from two intrinsic resistance pathways due to intrabacterial metabolism
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across mycobacteria: oxidation and ADP-ribosylation. We have shown that rifamycins con-
taining the less readily oxidizable naphthoquinone core such as RBT are more potent than
naphthohydroquinone-containing analogs such as rifampicin, because they cannot be inac-
tivated by mycobacterial monooxygenases (8, 9). All rifamycins inhibit and kill bacteria via
binding to DNA-dependent RNA polymerase (RNAP), primarily mediated by C1-, 8-,
21-, and 23-OH groups (10). Mab prevents this interaction by ADP-ribosylation of rifa-
mycins at C23. The responsible bacterial ADP-ribosyltransferase (Arr) is present in many
bacterial species (11) and transfers an ADP-ribosyl group from NAD" to C23-OH, thus
blocking rifamycin binding to RNAP. Deletion of the Arr-encoding gene overcomes intrinsic
rifamycin resistance of Mycobacterium smegmatis (12) and Mab (8, 13). We and others have
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shown that modifications at the C25 position with a carbamate
group on 3-morpholino rifamycin SV (14) or with a bulkier ester
group on RBT (15, 16) blocks enzymatic inactivation by Arry,,
while maintaining binding to the RNAP target, in line with our
screens of archived rifamycin collections against Mab (8). Following
this medicinal chemistry rationale, we have designed RBT analogs
that overcome intrabacterial ribosylation and generated molecules
with 20- to 100-fold increased potency against Mab (15).

The clinical utility of rifamycins for Mab-PD patients who suffer
from comorbidities critically depends on minimizing or suppressing
drug—drug interactions with CYP3A4 substrates. For instance, the
cystic fibrosis (CF) transmembrane conductance regulator (CEFTR)
modulators have changed the life of people with CF (17), but are
metabolized by CYP3A4 (18). Likewise, most protease inhibitors
and nonnucleoside reverse transcriptase inhibitors used in the treat-
ment of people with HIV are CYP3A4 substrates. This precludes
(in people with CF) or limits (in people with HIV) treatment of
bacterial infections with currently approved rifamycins, including
RBT despite its reduced potential for CYP3A4 induction compared
to rifampicin (19). Thus, removing the CYP3A4 induction liability
while maintaining potency and attractive pharmacokinetics (PK)
is critical for the treatment of Mab-PD (20).

Here, we describe the in vitro and in vivo PK, pharmacody-
namics (PD) and mouse efficacy of six frontrunners that have
emerged from a collaborative lead optimization program. Using
the GM-CSF knockout (KO) mouse model of acute Mab infec-
tion (21, 22), we show that reduction of bacterial burden in the
lungs correlates with standard PK-PD parameters. Selecting ana-
logs that ranked highest in a mouse model of acute Mab infection
and did not induce CYP3A4 mRNA expression more than twofold
at 1 pM delivered two preclinical development candidates (PDC)
that approach apparent sterilization of mouse lungs after 7 d of
daily oral administration.

Results

Screening and Progression Cascade for the Discovery of
Efficacious Rifamycins against Mab-PD. The preclinical and
clinical efficacy of rifamycins is driven by the ratio between the drug

concentration over time in plasma or area under the concentration-
time curve (AUC), and the minimum inhibitory concentration
(MIC). At the clinical dose of 300 mg daily, the AUC/MIC,,,
(MIC against M. tuberculosis Mitb) ratio of RBT is around 500 to
600 (23, 24). Using the MIC of RBT against the Mab ATCC19977
reference strain, the AUC/MIC,,, of RBT is approximately 2 to
3, thus >100-fold lower than its AUC/MIC,,,. Since RBT is
successfully used in the treatment of TB and replaces rifampicin
in patients coinfected with HIV, we reasoned that achieving Mtb-
like PK-PD parameters would deliver efficacious rifamycins against
Mab lung infections. We expanded structure-based optimization
efforts that had focused on the redesign of rifamycins to block
ADP-ribosylation while preserving on-target activity (15). Our
objectives were to maintain potency while further improving PK
properties and eliminating CYP3A4 induction. The progression
cascade started with a potency screen against wild type (WT)
Mab ATCC19977 and the isogenic Aarr mutant to ensure that
ADP-ribosylation was effectively blocked. Rifamycins that met the
predefined criteria of MICy,/MIC,,,, < 1.5 and MICy, < 0.05
UM were retained for plasma protein binding (PPB) determination,
mouse PK and macrophage uptake as an indicator of distribution
into cellular lung lesions. Among these, compounds that displayed
total and unbound AUC/MIC at least as attractive as RBT’s AUC/
MIC against Mtb were shortlisted and consideration was given
to macrophage uptake to select a subset with a diverse balance
of plasma versus tissue PK. Six rifamycins progressed to mouse
efficacy and CYP3A4 induction measurements, with RBT as the
comparator (Fig. 1).

Pharmacokinetic and Pharmacodynamic Filtering for Efficacy
Studies. The rifamycin analogs displayed a range of moderate
to high PPB, distributed above and below RBT’s PPB and
generally reflective of cLogP (Fig. 24 and Table 1). Among the
83 analogs that were profiled for PPB, 36 were chosen for mouse
PK evaluation, covering a range of acceptable fraction unbound
(/) with considerations of physicochemical properties and
chemical diversity. Remarkably, most analogs (31/36) achieved
oral exposure similar or greater than RBT. Only 5 rifamycins had
an oral AUC more than twofold lower than RBT, and this was
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Fig. 1. Rifamycin screening cascade and optimized leads. (A) Left: rifabutin scaffold showing the C23 position where ADP-ribosylation occurs and the C25 position
where substituents are introduced to block Arr-mediated ribosylation. Right: screening and compound profiling cascade including threshold metrics. PPB:
plasma protein binding, f,: fraction unbound; AUC: area under the concentration-time curve; PDCs: preclinical development candidates. (B) Potency and C25
substituents of the six selected leads that meet pharmacokinetic-pharmacodynamic criteria. MICs (concentrations that inhibit 90% growth) against the wild-type
Mab reference strain ATCC19977 (MIC,y;) and isogenic Aarr knockout strain (MIC,,,). UMN-22 and UMN-46 are referred to as 5m and 5n in ref. 15, respectively
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Fig. 2. Impact of cLogP on in vitro PK parameters and cytotoxicity. (A) cLogP versus unbound fraction (f,) in mouse and human plasma for the series of RBT
analogs. (B) Impact of cLogP on uptake into THP-1 macrophages and concentration that induces 50% HepG2 cell death (CCsp).

associated with high clearance, high volume of distribution and
high hydrophobicity (cLogP 5.06 to 6.77) (Dataset S1). Next,
we calculated PK-PD parameters to determine how these would
compare to PK-PD metrics of RBT for TB, and to prioritize the
most attractive compounds for in vivo efficacy studies. Excluding
the five compounds with poor oral exposure, the AUC/MIC at
10 mg/kg (the human equivalent dose of RBT) ranged from 100
to 2,400 (Dataset S1 and S/ Appendix, Fig. S1).

To account for PPB when calculating AUC/MIC, one may
either correct the AUC for the fraction unbound (fAUC) or meas-
ure the MIC in the presence of 50% human serum to generate
serum-shifted MIC (ssMIC). Depending on the compound class,
the two methods do not always deliver similar results. The discrep-
ancy has been attributed to differences between static and dynamic
free fractions (25, 26). Thus, we measured the ssMIC of com-
pounds that appeared promising by measure of AUC/MIC and
displayed a wide range of JAAUC/MIC. We found that the ssMIC
increased as f; decreased, but not proportionally so (Table 2) and
therefore fAUC/MIC provided a different compound ranking than
AUC/ssMIC (Table 1 and Dataset S1). Overall, the rifamycins’
MIC was markedly less serum-shifted than would have been pre-
dicted based on their plasma f;, as reflected by the inferred “active”
fraction consistently higher than the f; (Table 2). This suggests that
the dynamic free fraction (26) of rifamycins is higher than their ]
and that f/AUC/MIC may not be an adequate PK-PD index for
the rifamycin class. OPC-167832 [Quabodepistat, a drug candi-
date in clinical trial for TB (27)], which we used as control, exhib-
ited a serum shift of 147 proportional to its plasma f, of ~1% as
published previously (28), and consistent with its lack of efficacy
in a Mab mouse model (29).

As an indicator of penetration into cellular lung lesions where
Mab bacilli reside (30, 31), we measured rifamycin uptake into
THP-1 derived macrophages. This was accomplished for a subset
of compounds with attractive PK-PD parameters and covering
a representative range of cLogP. As expected, uptake into mac-
rophages was broadly correlated with cLogP (Fig. 2B). The
results were considered side-by-side with the three measures of
AUC/MIC (uncorrected, /AUC/MIC, and AUC/ssMIC) to
select seven rifamycins featured in Table 1 for further biological
profiling, in vitro metabolism and drug interaction assays, cyto-
toxicity, and mouse efficacy. Among these, five ranked highest
by AUC/MIC. UMN-34 and UMN-123 were included as ana-
logs with slightly inferior plasma PK-PD but high accumulation
in macrophages (Table 1 and Dataset S1), to determine whether
efficacy is primarily driven by plasma PK-PD (total or corrected
for nonspecific binding) or intracellular concentrations in
macrophages.

PNAS 2025 Vol. 122 No. 18 2423842122

Biological Profiling of Selected Leads. To gauge the bactericidal
and growth inhibitory activity of the selected leads against
bacterial subpopulations found at the site of disease, we subjected
them to four in vitro assays targeting extracellular, intracellular,
replicating, and nonreplicating Mab bacteria. For all compounds
tested, the minimum bactericidal activity (MBC,,, 1-log kill) in
replicating cultures was within twofold the MIC, as is commonly
observed for the rifamycin class and previously observed for RBT
(32). Concentration-kill curves against nonreplicating persisters
in caseum surrogate showed remarkable dose—response activity
given the profound drug tolerance of these bacteria (2) (Fig. 34
and SI Appendix, Fig. S2). UMN-34 was less potent than the
others, potentially due to its very high nonspecific binding to
macromolecules (Table 1). Against intracellular Mab ATCC19977
in THP-1 macrophages, the ICy;s were in the same range as
MICs. Compounds with higher partitioning into THP-1 cells
were slightly more potent (Table 1 and S Appendix, Fig. S3).
Finally, we measured the bactericidal activity of the rifamycins
against intracellular Mab in macrophages at 1 and 10 pM,
spanning the concentration range achieved in mouse plasma at
the projected efficacious dose. At these concentrations, RBT did
not inhibit intracellular growth of Mab. All UMN compounds
were bactericidal, significantly reducing the intracellular burden
compared to the start of treatment, even at the lower concentration
(Fig. 3B). Although bactericidal activity was not proportional to
uptake in THP-1 cells across the series (Table 1), the most potent
compound UMN-34 also exhibits the highest partitioning into
macrophages, indicating that high uptake may contribute to
superior activity but that other factors are at play.

In Vitro PK, Metabolism, and Cytotoxicity. To understand the
CYP3A4 induction potential of the series compared to RBT, a
subset of 15 analogs were selected and their impact on CYP3A4
mRNA  expression was quantified in human hepatocytes,
compared to RBT which induces mRNA expression by 33 and 43-
fold at 1 and 10 uM, respectively. All C25-substituted rifamycins
caused reduced CYP3A4 induction compared to RBT, ranging
from onefold to ninefold at 1 uM and 1 to 14-fold at 10 uM
(Table 1 and Dataset S1). These findings suggest that the chemical
modifications at C25 interfere with rifamycin binding to the human
pregnane X receptor (PXR) that activates CYP3A4 transcription.
Four of the selected leads induced CYP3A4 mRNA expression
by less than twofold at 1 uM, qualifying them as noninducers
according to FDA guidance (33). This prompted us to measure
their MIC against M. suberculosis to assess their potential utility for
TB patients receiving CYP3A4 substrates either as TB antibiotics
or to treat other indications such as HIV infection. We found
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Table 1. Pharmacokinetic and pharmacodynamic parameters of optimized leads

RBT UMN22 UMN34 UMN46 UMN120 UMN121 UMN123 UMN132
Potency”
WT Mab MIC (uM) 2.0 0.024 0.017 0.029 0.028 0.035 0.051 0.026
Aarr Mab MIC (uM) 0.04 0.026 0.015 0.033 0.024 0.031 0.032 0.021
ssMICs, Mab (uM) 2.5 0.15 0.15 0.048 0.045 0.26 0.14 0.05
MBCgq (uM) 3.5 0.05 n.d. n.d. 0.05 0.06 n.d. n.d.
Mtb MIC (uM) 0.006 0.007 0.005 0.010 0.009 0.007 0.010 0.007
MaclCsgq (UM) 0.7 0.03 0.01 n.d. 0.03 0.04 0.01 0.01
CasMBCqy, (uM) 72 2 20 0.7 1.3 0.5 1.0 0.5
Caseum f, (%) 0.94 0.39 0.006 1.18 0.66 0.96 0.05 0.17
In vivo pharmacokinetics and PK-PD
Vq (L/kg) 3.9 1.8 4.5 2.4 0.8 0.5 1.1 1.5
CL (mL/kg*h) 619 179 220 235 132 136 151 148
Elimination t,, (h) 43 6.7 14.1 7.2 4.0 25 5.2 6.8
Average AUC at 10 mg/kg 11,179 43,875 11,283 33,948 55,072 40,339 29,529 35,699
(ng*h/mL, n=3)
Bioavailability (%) 69.2 78.7 224 79.9 73.6 56.2 44.6 52.7
AUC/MIC @ 10 mg/kg 5.6 2,194 752 1,886 1,967 1,180 579 1,373
fAUC/MIC at 10 mg/kg 0.2 50 1 96 89 64 2 25
AUC/ssMIC @ 10 mg/kg 4.7 293 68 707 1224 125 211 714
AUC/ssMIC @ efficacious dose 65 984 292 n.d. 2,572 920 230 859
In vitro pharmacokinetics
MW 847.02 910.08 954.13 911.07 926.08 926.08 964.12 931.12
ClogP! 4.73 4.96 6.05 3.92 4.46 4.29 5.67 5.08
f. (%) mouse/human 3.8/3.6 2.1/3.9 0.1/0.4 4.7/9.4 4.2/5.6 6.8/10.3 0.3/0.5 1.7/1.8
THP-1 IC/EC 26 44 140 25 31 23 126 93
CYP3A4 induction @ 1 and 10 33.4/42.7  8.2/14.1 6.2/1.7 0.8/7.9 1.6/1.7 1.6/2.7 1.1/2.4 1.3/1.3
uM
Metabolite*/parent ratio in 1.3/0.5 Met.n.d. Met. n.d. n.d. Met.n.d. Met.n.d. Met.nd. Met. n.d./0.2
microsomes (without/with
NADPH)
HepG2 CCqyy/MIC 154 2,080 4,133 4,556 2,225 1,743 273 823

“M. abscessus subsp abscessus ATCC19977 was used in all potency assays unless specified otherwise.

’cLogP values were calculated using ChemDraw (version 22.2.0.3300).
*Product of deacylation or decarbamoylation at C25. n.d.: not detected.

ssMIC: serum-shifted MIC; Mtb: M. tuberculosis H37Rv; MaclCs,: concentration that inhibits growth of intracellular Mab in THP-1 macrophages by 50%; casMBC: minimum bactericidal

activity against nonreplicating Mab in caseum surrogate; f,: fraction unbound; V: volume of distribution; CL: clearance; MW: molecular weight; THP-1 IC/EC: intracellular to extracellular
concentration ratio in THP-1 derived macrophages; CCs,: cytotoxic concentration causing 50% cell death; n.d. not determined; Met. n.d.: metabolite not detected.

identical M. tuberculosis MICs for RBT and the prioritized leads
(Table 1). Thus, the C25-substituted rifamycins hold promise not
only for Mab-PD but also for TB by eliminating the drug—drug
interaction liability typical of rifamycins.

RBT undergoes extensive hepatic metabolism. One of its major
metabolites is the deacylation product at C25. To examine the
stability of the ester or carbamate groups appended at C25 in the
RBT analogs, we measured their metabolic stability in human
liver microsomes, contributing to clearance in humans. The assays
were set up with and without NADPH as cofactor, to probe phase
I metabolism as well as noncytochrome P450-mediated metab-
olism (esters are among functional groups susceptible to
non-NADPH-mediated metabolism). Deacylation and decarba-
moylation products were quantified at regular intervals up to 60
min. RBT was effectively deacetylated both in the absence and
presence of NADPH, reaching metabolite/parent ratios of 1.3
and 0.5 at 60 min, without and with NADPH, respectively. No
deacyl- or decarbamoyl-metabolites were detected for any of the
leads in the absence of NADPH. With NADPH, only UMN-132
released detectable amounts of decarbamoylation product, with

https://doi.org/10.1073/pnas.2423842122

a metabolite/parent ratio of 0.2 at 60 min (Table 1 and
SI Appendix, Table S1). Thus, the rifamycin leads are less meta-
bolically labile than RBT in human liver microsomes.

To further discriminate the lead compounds and identify poten-
tial determinants of cytotoxicity, we measured the CCs (concen-
trations causing 50% cell death) of the rifamycins in the
conventional HepG2 cell line, compared to RBT. We found CCi,
ranging from 14 to 175 uM, generally lower than RBT which has
a CCy; 0f 170 uM. As cLogP increased, CCs generally decreased,
and this was also correlated with higher partitioning into THP-1
macrophages (Fig. 2B). However, CC4/MIC ratios, an indirect
measure of selectivity, were higher than RBT for all compounds
tested, from 273 to 4,556 for the lead compounds, while the
measured CC,(/MIC of RBT was 154 (Table 1 and Dataset S1).

Efficacy of the Selected Leads in the GM-CSF Knockout
Mouse Model of Acute Infection. To differentiate the selected
lead compounds based on in vivo efficacy, we searched for a
mouse model that offers robust and reproducible growth, and
a wide dynamic range. We settled on the GM-CSF”~ model of

pnas.org
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Table 2. Impact of nonspecific binding to human serum on Mab growth inhibition by the rifamycins

ICqo in 1:1 CAMH-

IC5, serum shift “active” fraction plasma f,

compound IC5q in CAMHB (uM) B:hSerum (uM) (—fold) (%) (%, human)
OPC-167832 0.12 17.5 147.5 0.61 1.22
RBT 1.2 9.7 8.1 12.35 3.84
UMN-7 0.052 0.93 17.9 5.59 0.09
UMN-15 0.01 0.12 12.0 8.33 0.19
UMN-20 0.062 1.6 25.8 3.88 0.03
UMN-22 0.031 0.15 4.8 20.67 3.86
UMN-34 0.018 0.15 8.3 12.00 0.43
UMN-46 0.017 0.048 2.8 35.42 9.41
UMN-64 0.10 0.26 2.6 38.46 7.36
UMN-67 0.039 0.54 13.8 7.22 3.23
UMN-92 0.062 0.36 5.8 17.22 13.40
UMN-120 0.018 0.045 2.5 40.00 5.62
UMN-121 0.028 0.050 1.8 56.00 10.30
UMN-123 0.018 0.14 7.8 12.86 0.54
UMN-125 0.016 0.21 13.1 7.62 0.76
UMN-131 0.06 0.20 33 30.00 6.55
UMN-132 0.013 0.070 5.4 18.57 1.84
UMN-133 0.036 0.16 4.4 22.50 3.1

“The “active” fraction (f,) was inferred from the serum shift (ss) as follows: f, = (1/ss) x 100 in %.

IC5o: concentration that inhibits growth of Mab type strain ATCC19977 by 50%; CAMHB: cation adjusted Mueller-Hinton broth devoid of plasma proteins; hSerum: human serum; f,:

fraction unbound.

intratracheal infection (22) as the best available option (21). We
selected six rifamycins that combined either attractive AUC/MIC
(total and/or corrected for nonspecific binding) or high uptake
into macrophages, with low to no CYP3A4 induction.
GM-CSF”~ mice were infected via the intratracheal route for
2 d, after which therapy was initiated and administered daily for
7 d. To optimize the probability of observing an RBT effect even
if marginal, a dose of 25 mg/kg was selected, more than doubling
the human-equivalent dose of 300 mg or 10 mg/kg in mice. All
rifamycin analogs were dosed orally at 25 mg/kg except UMN-123
and UMN-132, which were given at 12.5 mg/kg to ensure optimal
tolerability given their relatively high plasma AUC, long half-life,
high partitioning into macrophages and slightly lower selectivity
index (CCy/MIC) (Table 1). At the selected doses, all analogs
achieved excellent AUC/(ss)MIC (Table 1 and Dataset S2). All
compounds were well tolerated with no weight loss or signs of
discomfort and were significantly more efficacious than RBT,
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which neither reduced lung burden nor prevented bacterial growth
over the 7-d therapy duration in this model, despite the
higher-than-standard dose. We observed a wide range of efficacy,
from approximately 2-log reduction in lung burden compared to
untreated mice at the end of therapy (UMN-22, UMN-34, and
UMN-123) to more than a 2-log reduction compared to the start
of treatment or pronounced bactericidal effect for UMN-120 and
UMN-121, which reduced the bacterial burden below the limit
of detection (Fig. 4A). Peak and trough plasma samples were col-
lected on the last day of treatment to measure rifamycin concen-
trations and ensure on-target exposure.

To put these promising results into perspective, we also meas-
ured the efficacy of a typical standard-of-care intensive drug reg-
imen (PATIENCE trial NCT02419989) composed of amikacin
and imipenem as injectables combined with oral clofazimine and
tedizolid, at the human equivalent doses of 50 mg/kg via subcu-
taneous (SC) injection once daily (QD), 50 mg/kg twice daily via

Fig. 3. Bactericidal activity of the frontrunners against nonreplicating Mab in caseum surrogate (A) and intracellular Mab ATCC19977 in THP-1-derived macrophages
(B). (A) The CFU/mL caseum are expressed in percent of starting burden, with MBC,, indicating 90% kill over a 5-d treatment duration. Clarithromycin (CLR) was
used as control and RBT as the rifamycin comparator. (B) Drug treatment was initiated 2 h post infection for 48 h, at 1 and 10 uM. Assays were carried out in
technical triplicates. In all 1- and 10-uM treatment groups with RBT analogs, intracellular bacterial burden was significantly lower than prior to treatment initiation
(2 h), indicating bactericidal activity (one-way ANOVA with Dunnett's posttest, all P values < 0.0001 **** not shown for clarity). Dose-response was queried by
comparing the 1- and 10-uM treatment groups using Student's ¢ test. ns: not significant, **: P < 0.01. UT: untreated; DMSO: vehicle only.
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Fig. 4. Efficacy of the selected rifamycin leads in the GM-CSF~ mouse model of acute Mab infection and PK-PD profiles of the preclinical development candidates.
(A) Reduction of lung CFU in GM-CSF™~ mice following seven oral daily doses administered between Day 2 and Day 9 (D2, D9) at 25 mg/kg except UMN-123 and
UMN-132 given at 12.5 mg/kg. LOD: limit of detection or 1.6 log CFU. (B) Efficacy of a typical intensive phase drug combination (amikacin AMK, imipenem IMP,
clofazimine CFZ, and tedizolid TED) administered for 7 d at human-equivalent doses. (C) Dose-response efficacy of the selected PDCs UMN-120 and UMN-121
from 2 to 25 mg/kg as indicated. D9 DF: Drug-free arm on D9 after seven daily doses. Numbers at the bottom of each column are mean Log CFU/mouse (n = 5).
(D) Plasma concentration-time profiles of RBT and the two preclinical development candidates in CD-1 mice following administration as indicated, compared
to key potency values; dotted red line: MIC against Mab ATCC19977, solid red line: serum-shifted MIC; green line: MICy, or minimum concentration that inhibits

growth of 90% of clinical isolates (n = 76).

SC injection, 12.5 mg/kg QD orally, and 10 mg/kg QD orally,
respectively. In this model, UMN-120 and UMN-121 at 25 mg/kg
were at least as effective as the four-drug regimen in reducing lung
bacterial burden over 7 d (Fig. 4B). To identify the minimum
efficacious dose for these two compounds, we treated M. abscessus—
infected GM-CSF™ mice with a range of daily doses and deter-
mined that 2 mg/kg UMN-120 and 5 mg/kg UMN-121 both
achieved a statistically significant >1 log CFU reduction of lung
burden. CFU reduction was generally proportional to dose
(Fig. 4C). We also performed pharmacokinetic studies in naive
mice at the same doses and observed that the area under the con-
centration—time curve (AUC) over the MIC was a consistent
driver of efficacy (SI Appendix, Fig. S4). Finally, we superimposed
key potency values onto the plasma concentration—time profiles
of RBT and the two best performing rifamycins, showing that
plasma concentrations of UMN-120 and UMN-121 following
an oral 25 mg/kg dose remain above the standard MIC and the
serum-shifted MIC for the entire dosing interval. In addition,
plasma concentrations were above the MIC,, (minimum concen-
tration that inhibits growth of 90% of clinical isolates, n = 76,
dataset S3) for most of the dosing interval (Fig. 4D). In contrast,
RBT at 25 mg/kg (approximately twofold the human equivalent
dose) did not achieve therapeutic concentrations.

https://doi.org/10.1073/pnas.2423842122

Considering these impressive efficacy results together with bac-
tericidal activity against nonreplicating persisters in caseum,
CYP3A4 induction data and selectivity indices (Table 1),
UMN-120 and UMN-121 were selected as preclinical develop-
ment candidates (PDCs) for in-depth biological profiling.

Extensive Biological Profiling of the Proposed PDCs. To quantify
the bactericidal activity of the two PDCs compared to RBT, we
generated time— and concentration—kill curves at multiples of their
respective MICs (0.5x to 8x), where MICs were 1.4 uM for RBT
and 0.03 uM for the PDCs. In the lower part of the concentration
range (0.5x to 2x MIC) we observed increased killing activity,
which gradually tapered off to reach a plateau of approximately
2-log kill at the highest concentration of 8x MIC. This was true
for RBT and the PDCs, proportional to the ~50-fold difference
in absolute MIC (Fig. 54 and SI Appendix, Fig. S5).

PAE is the delayed regrowth of bacteria following brief antibi-
otic exposure, and a strong PAE may contribute to effective sup-
pression of bacterial growth between clinical doses when plasma
concentrations fall below the MIC (34). Strong PAE is an attrac-
tive feature of rifamycins in M. tuberculosis (35, 36). M. abscessus
ATCC 19977 regrowth was measured over a period of 3 d, after
a brief exposure to RBT and the PDCs at 1 to 8x MIC, showing
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Fig. 5. Extensive microbiological profiling of the PDCs. (A) Dose-response
bactericidal activity in replicating cultures at multiples of the MIC against
the type strain ATCC19977, measured after 3 d (D3) of incubation. (B) Post-
antibiotic effect (PAE) of RBT and the PDCs at multiples of their respective MICs.
(C) MIC distributions of RBT and the PDCs against a panel of 76 M. abscessus
clinical isolates. The arrows indicate the position of the M. abscessus subsp.
abscessus type strain ATCC19977.

concentration-proportional PAE from 1 to 2 h at 1x MIC to 10
to 11 h at 8x MIC for the three compounds (Fig. 5B), twofold to
threefold the generation time of Mab (~4 h) thus confirming the
attractive PAE of the class.

To confirm on-target mechanism of action, we selected spon-
taneous resistant mutants to RBT, UMN-120, and UMN-121 on
solid medium containing 4x their respective MIC. The frequencg/
of resistance to the three compounds was similar, at 2.6 x 107,
7.7 x 107, and 1.3 x 10°%, respectively. We selected five mutants
resistant to each of UMN-120 and UMN-121 and subjected them
to targeted sequencing of the 7poB gene. All 10 mutants returned

PNAS 2025 Vol. 122 No. 18 2423842122

mutations commonly found in the rifampicin resistance deter-
mining region (RRDR): H447Y (n = 3) and S452L (n = 7).

Although the RpoB target is epidemiologically conserved, the
Mab complex presents extensive genomic diversity, as seen in all
nontuberculous mycobacteria. To gauge the clinical potential of the
series against a wide range of clinical isolates, we measured the MICs
of the PDCs against 76 strains covering the 3 Mab subspecies. We
found MICs; and MIC,, of 0.10 and 0.31 pM for UMN-120,
0.13 and 0.40 uM for UMN-121, and 4.7 and 9.1 uM for RBT,
respectively (Fig. 5C and Dataset S3). Overall, the MIC,, were
within 10-fold of the MIC against the Mab ATCC19977 type
strain and achieved in mice throughout the dosing interval at the
efficacious and tolerated dose of 25 mg/kg (Fig. 4D).

Discussion

We have found C25-substituted RBT analogs that block intra-
bacterial ADP ribosylation, exhibit much reduced CYP3A4 induc-
tion and improved metabolic stability compared to RBT. The lead
optimization campaign described here has delivered two preclin-
ical candidates that reduced the starting bacterial burden by more
than 3 log after only 7 d of daily oral therapy. In prior work, we
showed that this compound series is active in vitro against Arr-
positive rapid- and slow-growing Mycobacterium fortuitum,
Mycobacterium chelonae and Mycobacterium simiae, expanding the
spectrum of optimized rifabutin analogs beyond Mab (37).
Importantly, most analogs are as potent as RBT against (Arr-
negative) M. tuberculosis and may thus offer clinical utility for TB
patients with comorbidities requiring treatment with CYP3A4
substrates such as antiretroviral agents and CFTR modulators.

We previously described C25-substituted esters (15) that block
intrabacterial ribosylation. In this expanded lead optimization,
five of the seven prioritized candidates are carbamate derivatives
(Fig. 1) that offer several advantages over esters: lack of CYP3A4
induction, superior PK-PD properties and therefore best in vivo
efficacy.

While UMN-120 consistently showed highest AUC/MIC,
AUC/ssMIC, and fAUC/MIC resulting in highest reduction of
mouse lung burden, we did not identify a single PK-PD parameter
that correlates with efficacy across the series. It is likely that a
composite signature—integrating several potency parameters and
site-of-disease PK—drives efficacy and that this signature is mouse
model dependent. A limitation of the present work is the lack of
an assay that measures potency against Mab in biofilm-like struc-
tures. Many such assays have been described, featuring varying
growth conditions and readouts, and often delivering discrepant
potency values for individual antibiotics (38). Validation of a clin-
ically relevant and predictive assay is needed prior to integrating
activity against Mab in biofilms into the composite PK-PD sig-
nature mentioned above.

Our results are consistent with the concept of a sweet spot of
hydrophobicity for the class: too little may negatively affect tissue
distribution and uptake by infected cells, whereas too much
reduces the active fraction, and may lead to detrimental tissue
accumulation increasing the potential for toxicity. Surprisingly,
UMN-120 and UMN-121, the most efficacious analogs, display
alow volume of distribution following intravenous administration
to uninfected mice (Table 1). They do not significantly activate
the human PXR, which controls not only CYP3A4 expression but
also induces the host’s P-glycoprotein (Pgp) eflux pump and other
efflux effectors. Indeed, PXR was shown to modulate macrophage
drug-efflux transporter expression and activity, which compro-
mised the anti-TB efficacy of rifampicin in vitro and in mice (39).
Itis thus possible that UMN-120 and UMN-121 do not promote
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drug extrusion out of infected macrophages, unlike rifampicin
(40), and accumulate precisely where the pathogen resides.

The efficacy of RBT in Mab infected mice is model-dependent
(41), which likely extends to the analogs described here. Current
efforts focus on identifying the minimum efficacious dose to
investigate the reduction of lung burden in several models of
chronic Mab infection including models that feature necrotic
lesions. We have selected UMN-120 and UMN-121 as prom-
ising compounds across mouse models and in patients not only
on the basis of their excellent efficacy in the GM-CSF”~ model
but also for their strong bactericidal activity in replicating cul-
tures and against nonreplicating persisters in caseum surrogate
(Table 1). We anticipate that these properties will be key drivers
of efficacy in necrotic lesions.

Rifamycins, like p-lactams and fluoroquinolones, are a major
class of antibiotics with a long history of clinical use against a wide
range of bacterial infections. But unlike B-lactams and fluro-
quinolones for which 2nd, 3rd, and 4th generation derivatives
have been the focus of extensive discovery and development
efforts, redesign of rifamycins to better target select pathogens has
not met with much success. The present work constitutes a first
step towards the development of 2nd generation rifamycins with
improved efficacy against mycobacterial infections.

Methods

Impact of Human Serum on Potency. To calculate the Mab MIC corrected for
nonspecific binding to plasma proteins, MICs were measured in cation-adjusted
Mueller-Hinton broth (CAMHB, free of bovine serum albumin)and in CAMHB sup-
plemented with human serum in a 1:1 ratio. Concentrations that inhibit growth
by 50% (1C5,) are reported and were used to infer the MIC shift, as they are more
reproducible than I, due to the limited growth of Mab in CAMHB/human serum.
The assays were carried out twice and mean values are reported.

PAE. The PAE was determined as previously described with several modifications
(42). 14 mLvented round-bottom tubes containing the desired rifamycin concen-
tration in Middlebrook 7H9 broth were inoculated with exponentially growing M.
abscessus subsp. abscessus ATCC 19977 at a starting 0D, of 0.2. The tubes were
incubated at 37 °C for 4 h. Cultures were washed two times, via centrifugation and
resuspension of the cell pellets in Middlebrook 7H9, and incubated at 37 °C for 3
d, with shaking on an orbital shaker. At selected timepoints, aliquots were sampled
to monitor 0D, using a 96-well flat, clear bottom, Costar cell culture plate and the
Infinite 200 Pro plate reader. The duration of the PAE was calculated as the time taken
for the drug-treated culture to reach 50% of the maximum 0D, of the drug-free
culture minus the time taken for the drug-free control to reach the same point (43).
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