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ABSTRACT Chemotherapeutic drugs can cause harmful gastrointestinal side effects,
which may be modulated by naturally occurring members of our microbiome. We
constructed simplified gut-associated microbial communities to test the hypothesis
that bacteria-mediated detoxification of doxorubicin (i.e., a widely used chemothera-
peutic) confers protective effects on the human microbiota. Mock communities com-
posed of up to five specific members predicted by genomic analysis to be sensitive
to the drug or resistant via biotransformation and/or efflux were grown in vitro over
three generational stages to characterize community assembly, response to perturba-
tion (doxorubicin exposure), and resilience. Bacterial growth and drug concentrations
were monitored with spectrophotometric assays, and strain relative abundances
were evaluated with 16S rRNA gene sequencing. Bacteria with predicted resistance
involving biotransformation significantly lowered concentrations of doxorubicin in
culture media, permitting growth of drug-sensitive strains in monoculture. Such pro-
tective effects were not produced by strains with drug resistance conferred solely by
efflux. In the mixed communities, resilience of drug-sensitive members depended on
the presence and efficiency of transformers, as well as drug exposure concentration.
Fitness of bacteria that were resistant to doxorubicin via efflux, though not transfor-
mation, also improved when the transformers were present. Our simplified commu-
nity uncovered ecological relationships among a dynamic consortium and high-
lighted drug detoxification by a keystone species. This work may be extended to
advance probiotic development that may provide gut-specific protection to patients
undergoing cancer treatment.

IMPORTANCE While chemotherapy is an essential intervention for treating many
forms of cancer, gastrointestinal side effects may precede infections and risks for
additional health complications. We developed an in vitro model to characterize key
changes in bacterial community dynamics under chemotherapeutic stress and the
role of bacterial interactions in drug detoxification to promote microbiota resilience.
Our findings have implications for developing bio-based strategies to promote gut
health during cancer treatment.

KEYWORDS biotransformation, chemotherapeutic, doxorubicin, ecological resilience,
gut microbiota

ancer treatment often involves a wide range of medications and additional inten-
sive interventions. Chemotherapeutic agents lower mortality rates for many forms
of cancer (1) but often fail to specifically target the cancerous tissue leading to toxicity
to immune cells and the gut epithelium, among others. One major toxicity is mucositis
of the enteric tract, where the epithelial barrier and its critical functions deteriorate,
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leading to pain, reduced absorption, ready translocation of enteric organisms, and
associated inflammatory mediators (2, 3). Chemotherapeutics can further cause micro-
biome alterations that facilitate the emergence of antibiotic-resistant microorganisms
and, especially for pediatric patients, increase risks for dysbiosis-related health compli-
cations later in life (e.g., obesity, asthma, and diabetes) (4, 5). Developing new strat-
egies to mitigate the harmful consequences of chemotherapy on mucositis and dys-
biosis would have far-reaching implications for improving health and well-being.

The intestinal microbiome plays important roles in modulating therapeutic out-
comes through biotic and abiotic interactions (6, 7). For example, certain members of
the gut microbiota have been found to activate an undesirable immune response
linked to colorectal cancer chemoresistance (8). In contrast, disruption of commensal
gut microbiota in antibiotic-treated mouse models was reported to limit the produc-
tion of cytokines and reactive oxygen species that are critical for promoting tumor ne-
crosis and limiting cytotoxicity during immunotherapy and chemotherapy, respectively
(9). Moreover, natural bacterial enzymes can transform chemotherapeutics, antibiotics,
and other medicinal agents to metabolites with altered toxicity (10, 11). For example,
B-glucuronidase produced by microflora in the large intestine interacts with a metabo-
lite of antitumor agent irinotecan hydrochloride (CPT-11) to cause dose-limiting gastro-
intestinal side effects (12). Alternatively, Raoultella planticola (i.e., a low-abundance gut
commensal) was reported to deglycosylate the anticancer drug doxorubicin under an-
aerobic conditions (13). This biotransformation mechanism, which was also performed
by strains of Escherichia coli and Klebsiella pneumoniae that had encoded the same bio-
synthetic pathway, yielded metabolites with reduced toxicity to the model eukaryote
Caenorhabditis elegans (13). An additional aerobic NADH dehydrogenase-dependent
doxorubicin transformation pathway that generates these same products has been
described for Streptomyces sp. as well (14). Thus, while certain members of the human
gut microbiota may have adverse impacts on treatment outcomes via complex interac-
tions, preserving or promoting microbial diversity, among others, may be crucial for a
positive host response.

Leveraging bacteria-mediated drug transformations may offer promise for manag-
ing unintended health risks of chemotherapeutic drugs. Beyond contributing to drug
metabolism, biotransformations that limit chemical toxicity provide an ecological serv-
ice to neighboring microbial cells (15). While it is well established that antibiotics
impair gut microbiota diversity and enhance the dissemination of antibiotic resistance
genes (16), chemotherapeutic drugs are known to perturb the microbiome as well (5).
Potential effects of nonantibiotic compounds likely reflect their mechanism of action
(e.g., DNA intercalation by anthracycline chemotherapeutics may have broad-spectrum
toxicity to microbial cells in addition to targeted neoplastic tissue) and may select for
drug-resistant strains (e.g., capable of multidrug export). Distinguishing specific effects
of chemotherapy on the gut microbiome from prophylactic antibiotics is often con-
founded by usage together (5). Different mechanisms for antimicrobial resistance
within a microbiota (e.g., drug efflux versus drug transformation) may have unique
implications for responses among the broader community to perturbation. Whether re-
sistance mechanisms enhance ecological resilience (i.e., the rate of recovery following
a disturbance) (17) warrants investigation.

Modeling simplified mixed bacterial communities has enabled the characterization
of key microbial and microbe-chemical interactions that may impact drug detoxifica-
tion and/or host health (18-21). Cocultures can capture certain properties of more
complex, naturally occurring microbiomes that are often challenging to investigate
(19). Here, we constructed simplified human gut-associated microbial communities
with a reductionist approach to test the hypothesis that bacteria-mediated transforma-
tion of doxorubicin promotes microbiota resilience. Our objectives were to (i) distin-
guish ways by which bacteria may resist the chemotherapy, and (ii) determine how dif-
ferent mechanisms of antimicrobial resistance may affect a broader microbial
community. That is, while chemotherapeutic drugs may be toxic to the patient (e.g.,
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epithelial damage) and the microbiome (i.e., antimicrobial effects), our in vitro model
was designed to elucidate potential consequences to the latter that involve direct
toxicity.

RESULTS

Doxorubicin resistance reflected bacterial genotype. Clinical isolates representing
five bacterial taxa with unique predicted responses to doxorubicin based on genomic anal-
ysis (e.g., drug resistance involving efflux and/or transformation) were selected for study as
model members of the gut microbiota. The set included facultative and strict anaerobes
with different human health implications (i.e., Clostridium innocuum, Enterococcus faecium,
Escherichia coli, Klebsiella pneumoniae, and Lactobacillus rhamnosus) (Table 1). While some
multidrug export proteins were encoded across all of the facultative strains (e.g., yhel),
broader resistance profiles were encoded specifically by E. coli and K. pneumoniae (e.g.,
mtdD and emrK). The two latter strains also encoded a variety of molybdenum cofactor
biosynthesis genes (22), which have been described to be essential for anaerobic deglyco-
sylation of doxorubicin (13). E. faecium and the putative drug-sensitive strains C. innocuum
and L. rhamnosus largely lacked such doxorubicin detoxification components.

The predictions for bacterial drug resistance were validated with in vitro bacterial
growth (optical density at 600 nm [ODgy,]) and drug transformation assays (Fig. 1).
Bacteria were grown under anaerobic conditions in Gifu anaerobic broth media (GAM)
supplemented with doxorubicin (0 uM [control], 10 M, 100 wM, and 250 wM). K. pneu-
moniae and E. coli, the strains encoding putative doxorubicin transformation genes,
were resistant to the drug at all concentrations. Consistent with the genomic analysis,
both strains transformed the bioactive drug when exposed to 100 uM and 250 M.
Both strains did not appear to alter doxorubicin concentration when exposed to only
10 uM; the lack of detected change may be attributable to assay variation below
10uM (Fig. S1 in the supplemental material). Nevertheless, under the higher drug
exposures, concentration is positively associated with the onset time and rate of drug
transformation. K. pneumoniae significantly reduced 250 uM and 100 uM within 3 and
6 h, while E. coli completed the similar process within 6 and 24 h; i.e., a linear mixed-
effects model (LME) with fixed effects for treatment by time and a random effect for
treatment indicated that these were the initial time points where detected drug con-
centration had become significantly different from that at time zero (P < 0.05). The
area under the curve (AUQ) further demonstrated that K. pneumoniae was a more effi-
cient drug transformer than E. coli (100 uM P=0.001; 250 uM P =0.004).

E. faecium was also resistant to doxorubicin despite lacking the putative drug trans-
formation genes. The highest drug concentration limited (P < 0.05 for 250 uM at 6, 12,
and 24 h) but did not abrogate its growth (Fig. 1), suggesting some level of drug toler-
ance via another resistance mechanism. While E. faecium did not appear to drastically
lower drug concentrations like K. pneumoniae or E. coli, there was a detectable reduction of
100 wM doxorubicin by 24 h (P=0.005) and a small but nonsignificant reduction of 250 uM
doxorubicin by 24 h (P=0.121) (Table 1). We note that significant abiotic degradation does
not occur; the drug remains stable during incubation in GAM (Fig. S2).

The slower-growing C. innocuum and L. rhamnosus, which also lacked putative dox-
orubicin-transforming genes and contained different sets of efflux genes than the
other strains, were both drug sensitive (Fig. 1). Although C. innocuum had limited
growth during the 10 uM drug exposure, its optical density remained significantly
lower than that in the control media at 18 h (P=0.030) and 24 h (P=0.029).

In line with previous work (13), the doxorubicin transformation mechanism was de-
pendent on anaerobic conditions. We found limited transformation of the drug by
E. coli or K. pneumoniae when prepared and incubated for aerobic growth (Fig. S3).
Although doxorubicin concentrations were altered by drug-resistant strains that were
incubated aerobically in tryptic soy agar (TSA) by 24 h relative to controls (analysis of
variance [ANOVA] P=0.001 for 100 uM; ANOVA P=0.031 for 250 uM), such changes
were minimal compared to net reduction in drug concentration by the same strains in
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FIG 1 Bacterial resistance to and transformation of doxorubicin. Bacterial growth (circles and solid
lines) and detected changes in doxorubicin concentration (triangles and dotted lines) in GAM media
under anaerobic conditions. Superscript S, drug sensitive; R, drug resistant; *, drug transforming.
Color corresponds to treatment of doxorubicin start concentration.

GAM under anaerobic conditions as illustrated in Fig. 1. Moreover, drug efflux provided
protection against doxorubicin toxicity. The efflux pump inhibitor phenylalanine-argi-
nine B-naphthylamide (PABN) potentiated antimicrobial effects of the chemothera-
peutic for all drug-resistant strains (ANOVA P < 0.001; Fig. S4). Thus, efflux was the pri-
mary resistance mechanism for E. faecium, and the anaerobic process for doxorubicin
biotransformation (i.e., E. coli and K. pneumoniae) appeared dependent on initial ability
of the strain to resist chemical stress by effluxing the drug as well.

Bacteria-mediated detoxification restored growth of drug-sensitive strains. To
test if E. coli and K. pneumoniae would sufficiently detoxify doxorubicin to allow growth
of drug-sensitive community members, each was grown under anaerobic conditions
with and without drug. Filtration was employed to make cell-free spent media.
Doxorubicin-sensitive C. innocuum and L. rhamnosus were subcultured in the cell-free
spent media. Respective growth in filter-sterilized spent media of the drug-transform-
ing strains (i.e., K. pneumoniae and E. coli) that were previously grown with and without
doxorubicin was not significantly different (P> 0.05 for all respective comparisons)
(Fig. 2). In contrast, doxorubicin remained at a concentration in the cell-free spent
media of E. faecium grown with the drug that remained inhibitory to growth of C.
innocuum (P=0.002) and L. rhamnosus (P=0.035) relative to the respective controls
(Fig. 2).

Simplified bacterial community interactions with doxorubicin: overview. Model
consortia were constructed to test the hypothesis that community membership (and
associated functions) and chemotherapeutic exposure concentration impact drug
detoxification and associated community resilience (Fig. 3). The ODg,, was measured
as proxy for cumulative bacterial growth (Fig. 4); 16S rRNA gene amplicon sequencing
was used to determine changes in relative abundances of the specific strains within
the mock bacterial communities over time. A total of 611 samples (n=595 cocultures;
n=16 controls, including media control and positive and negative amplicon controls)
were processed, from which there were 3,459,042 reads with classified taxonomic
assignments. Of the classified reads, 99.6% matched the five target bacterial taxa, indi-
cating that the starting consortia were negligibly contaminated, if at all. Each amplicon
library contained 5,735 = 167 reads (mean = standard error). Counts per target taxon
(i.e., the five bacterial strains) were converted to relative abundances and combined
with the ODg,, data to estimate relative growth of each individual strain over the three
generations with respective doxorubicin treatments (Fig. 5; Fig. S5).
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strains (K. pneumoniae, E. coli, and E. faecium). The latter group had been grown with or without
(control) doxorubicin. Color corresponds to spent media source. *, Mann-Whitney P < 0.05.

Bacterial community baseline assembly and succession were stable. Under
baseline conditions with no doxorubicin treatment, community growth measured by
ODg, varied based on bacterial community membership and largely reflected the lag
time of the fastest-growing strain that was present (i.e., K. pneumoniae, E. coli, or E. fae-
cium) (Fig. 4). According to an LME model with fixed effects for time by community

C. innocuum® L. rhamnosus® E. faeciumR E. colif* K. pneumoniaefi*

Mock community % &
membership ) ﬁ%
o
“J'I e ,

G:netartibolm: &%O- %‘%%-
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Drug concentration (n=4)

FIG 3 Experimental design for testing the effects of microbial community membership and
doxorubicin concentration on drug transformation and resilience of the microbiota. Five taxa were
selected for study as model members of the gut microbiota, each with a unique response to
doxorubicin (see Fig. 1; superscript S, drug sensitive; R, drug resistant; *, drug transforming). Strains
were pregrown and inoculated to form five different microbial communities using a reductionist
approach (C1 to C5; community profile heatmaps indicate taxon presence/absence and response to
doxorubicin). Each community was grown over three 24-h generations to evaluate assembly,
perturbation, and resilience (e.g., the flowchart shows one replicate of C1 across three generations;
the image shows one replicate of C1 to C5 in generation 2). The full experiment was performed in
triplicate.
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FIG 4 Changes in cumulative bacterial community growth (OD,,) over time across three generations for the
five microbial communities, C1 to C5 (A to E). The community profiles in the top corner of each panel indicate
taxon presence/absence (top row) and response to doxorubicin (bottom row) as described in Fig. 3.

and a random effect for community within generation 1 (G1), the bacterial commun-
ities C1 to C4 entered an exponential growth within 3 h and followed similar growth
patterns (P> 0.05 at all time points), while the ODy,, of C5 remained lower at that time
(P=0.022). Similar trends were observed in each subsequent generation (G2 and G3),
though C5 still approached or reached stationary growth like the other communities
by 12 h. Thus, all communities reached a well-defined stationary growth stage within

the 24-h generation time (Fig. 4).

While the bacterial communities had been inoculated at relatively even strain con-
centrations in the range of 10° to 10° cells'mI~" (ANOVA P =0.422) yielding similar ini-
tial 16S rRNA gene proportions (Fig. S6), the relatively fast-growing facultative strains
consistently outcompeted C. innocuum and L. rhamnosus to establish a stable commu-
nity structure where the latter two persisted at low relative abundances (Fig. 5). K.
pneumoniae was generally the most successful strain under baseline conditions, fol-
lowed by E. faecium and/or E. coli. The proliferation of K. pneumoniae even associated
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FIG 5 Relative growth of individual bacterial taxa (i.e., relative abundance of the taxon x OD,, as proxy for overall community
density) within each microbial community, CI to C5 (A to E), over three generations (i.e., evaluating assembly, perturbation, resilience).
Community profiles in the top corner of each panel indicate taxon presence/absence (top row) and response to doxorubicin (bottom
row) as described in Fig. 3. Shape and line correspond to doxorubicin perturbation concentration. Data from the low treatment (Dox

10 uM) are presented in Fig. S5 in the supplemental material.
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FIG 6 Changes in doxorubicin concentration during perturbation (i.e, generation 2 of continuous batch culture) for
the five bacterial communities (C1 to C5). Ten micromolar (A), 100 M (B), and 250 uM (C) doxorubicin treatments are
shown. All values were normalized to the respective replicate control (community growth media with no doxorubicin).
Color corresponds to community. The community profiles in the legend indicate taxon presence/absence (top row)

and response to doxorubicin (bottom row) as described in Fig. 3.

with minor suppression of E. coli (i.e., in C1 and C2), though not that of E. faecium (i.e.,
in C1 and C3) under control conditions (Fig. 5).

Bacterial community membership affected transformation of doxorubicin
(generation 2). The simplified communities were perturbed by their respective doxor-
ubicin treatments in generation 2 (G2). While the C1 to C4 cocultures each contained
at least one drug transformer strain (i.e., K. pneumoniae, E. coli, or both), drug resistance
in C5 was putatively only conferred by efflux (i.e., E. faecium). As illustrated in Fig. 6,
the AUC for doxorubicin concentration over time in G2 differed between C5 and C1 to
C4 for the 100 uM treatment and between C5 and C1 to C3 for the 250 uM treatment
(Tukey's P < 0.05 for each pairwise comparison). Trends for minor differences in AUC
between C5 and C4 for the 250 M treatment were notable as well (Tukey’s P=0.061).
Likewise, LME models with fixed effects for treatment by time nested by repeated
measures and a random effect for treatment for each community indicated that C1 to
C3 and C1 to C4 significantly transformed 100 uM and 250 uM doxorubicin, respec-
tively (P < 0.001 for each respective treatment at 24 h). For C5, doxorubicin concentra-
tion did not change from 250 uM (P=0.319), though it was slightly but significantly
lower at 24 h of G2 (i.e., 48 h overall) for the 100 uM treatment (P=0.009) (Fig. 6). The
small but significant reduction of 100 M doxorubicin by C5 was similar to the obser-
vation for E. faecium in monoculture (see Fig. 1). Moreover, there were no detected
changes in doxorubicin concentration for the 10 uM treatment for any bacterial com-
munities (P> 0.05 for all time points), which may reflect assay sensitivity for measure-
ments below 10 uM (Fig. S1).

In line with expectations based on transformation previously observed in monocul-
ture (Fig. 1), the K. pneumoniae-containing communities (C1 to C3) detoxified doxoru-
bicin more rapidly than C4 in which E. coli was the only drug-transformer (Fig. 6). The
AUC for the 250 uM treatment was significantly lower in C1 to C3 than C4 (Tukey's
P < 0.05 for each pairwise comparison). In addition, comparing community-dependent
drug transformation through application of LME models for fixed effects of community
by time nested by repeated measures and a random effect for community indicated
that drug transformation never significantly differed across C1 to C3 (P> 0.05 at all
time points for each respective treatment), while that by C4 was relatively limited for the
100 wM treatment through 6 h of G2 (P << 0.001) and for 250 uM treatment through 12 h
of G2 (P<0.001) (i.e., P> 0.05 for each respective following time point). Moreover, the
concentration of doxorubicin remained significantly greater in the C5 culture, which lacked
drug-transforming strains, than all other communities throughout G2 (i.e., at 24 h, 100 uM
P=0.005 and 250 uM P < 0.001) (Fig. 6). Consistent with observations of monocultures of
K. pneumoniae and E. coli (Fig. 1), the rate of drug detoxification appeared to positively as-
sociate with starting drug concentration. Post hoc pairwise comparisons in the LME model
for estimated marginal means (EMM) indicated that C1 to C3 significantly reduced 250 uM
doxorubicin relative to the nondrug-transforming C5 within 6 h of G2 (Tukey-adjusted
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FIG 7 Ratios of the three drug-resistant bacteria (log-transformed average relative abundance
proportions) in their respective microbial communities over time. Superscript S, drug sensitive; R,
drug resistant; *, drug transforming. The community profiles indicate taxon presence/absence (top
row) and response to doxorubicin (bottom row) as described in Fig. 3. At 24 h, microbial communities
were serially transferred to new growth media containing the indicated concentration of doxorubicin
(OuM [control] to 250 uM). At 48h, those microbial communities were further transferred to new
growth media containing no drug.
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P < 0.001 for all pairwise comparisons). Alternatively, for the 100 uM treatment, only C1
demonstrated significant reduction compared to C5 within 6 h (Tukey-adjusted P=0.018),
while the same was not reached until 12 h of G2 for C2 (Tukey-adjusted P=0.017) and C3
(Tukey-adjusted P=0.017). Overall, presence of particular drug-transforming strains drove
the effects of bacterial community membership on doxorubicin detoxification. Since C1
(i.e, contained all strains) appeared to be slightly more efficient at drug transformation
than C2 (i.e,, all except E. faecium) or C3 (i.e., all except E. coli), at least for the 100 wM treat-
ment, increasing community diversity may have possible synergistic impacts in promoting
the primarily K. pneumoniae-mediated drug transformation.

Chemotherapeutic exposure perturbed bacterial community membership
(generation 2). Doxorubicin exposures had significant effects on bacterial community
growth, particularly suppressing C4 and C5 (Fig. 4). According to LME models with fixed
effects for treatment by time nested by repeated measures and a random effect for treat-
ment for each community, there were no significant effects of doxorubicin on the ODg,
of C1 or C2 (P> 0.05 for treatment across all time points), and the only difference for C3
was in the 10 uM treatment at 24 h of G2 (i.e., 48 h overall) (P=0.041). The 250 uM treat-
ment repressed growth of C4 through 6 h (P=0.003) and 12h (P < 0.001) of G2, though
the community rebounded by 24h (P=0.832). In contrast, the ODg,, of C5 was signifi-
cantly lower at 24 h of G2 when exposed to 100 uM (P =< 0.003) and 250 uM (P =< 0.003)
of doxorubicin. Such effects were attributable to the perturbation suppressing growth in
C4 (i.e., where the only transformer was E. coli) and C5 (i.e.,, where there were no trans-
former strains). Thus, chemotherapeutic-induced growth suppression was dependent on
both presence and efficacy of drug-detoxifying bacteria.

Combining the OD,, with the 16S rRNA gene relative abundances as proxy for rela-
tive growth demonstrated that perturbation selected for the drug-resistant bacteria,
especially the drug transformers. Both K. pneumoniae and E. coli experienced greater
fitness during drug exposures (i.e., in G2) than E. faecium, where drug resistance was
conferred by efflux. According to LME models, 250 uM doxorubicin had positive
impacts on the relative growth of K. pneumoniae in C1 and C3 (P <<0.05 at 6 to 24