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Collateral sensitivity (CS), which arises when resistance to one antibiotic increases sensi-
tivity toward other antibiotics, offers treatment opportunities to constrain or reverse the
evolution of antibiotic resistance. The applicability of CS-informed treatments remains
uncertain, in part because we lack an understanding of the generality of CS effects for
different resistance mutations, singly or in combination. Here, we address this issue in
the gram-positive pathogen Streptococcus pneumoniae by measuring collateral and fit-
ness effects of clinically relevant gyz4 and parC alleles and their combinations that con-
fer resistance to fluoroquinolones. We integrated these results in a mathematical model
that allowed us to evaluate how different in silico combination treatments impact the
dynamics of resistance evolution. We identified common and conserved CS effects of
different gyrA and parC alleles; however, the spectrum of collateral effects was unique
for each allele or allelic pair. This indicated that allelic identity can impact the evolu-
tionary dynamics of resistance evolution during monotreatment and combination treat-
ment. Our model simulations, which included the experimentally derived antibiotic
susceptibilities and fitness effects, and antibiotic-specific pharmacodynamics revealed
that both collateral and fitness effects impact the population dynamics of resistance evo-
lution. Overall, we provide evidence that allelic identity and interactions can have a pro-
nounced impact on collateral effects to different antibiotics and suggest that these need
to be considered in models examining CS-based therapies.

Antibiotics are a cornerstone of the prevention and treatment of bacterial infections;
however, their efficacy is rapidly declining due to the emergence and spread of antibi-
otic resistance (1). Advances in antibiotic discovery and design have not kept pace with
resistance evolution (2), necessitating experimentally validated treatment strategies (3).
Selection inversion, a strategy that aims to circumvent the emergence and dissemina-
tion of antibiotic resistance by combining existing antibiotics based on their physiologi-
cal and/or evolutionary interactions, has recently gained prominence (4). Among these,
collateral sensitivity (CS)-informed strategies are particularly promising (5).

CS occurs when mutations conferring resistance to one antibiotic increase sensitivity
toward other antibiotics in the same or different functional class (6). Because of this
effective trade-off, bacteria treated with a pair of drugs exhibiting reciprocal CS are
unable to simultaneously evolve resistance to both agents (4). Recent studies have
examined the frequency and mechanisms of CS, although these have been largely
restricted to laboratory strains of a small number of bacterial species (5, 7-14). In addi-
tion, none of these studies have examined if collateral effects are conserved for different
clinically circulating resistance alleles to the same antibiotics. This is especially relevant
given that resistance to any given antibiotic can arise from mutations in different genes
or at different sites within a gene (15). Because these resistance alleles cause distinct
phenotypic effects, both with respect to changes in minimum inhibitory concentration
(MIC) and bacterial fitness (16), they may also underlie a distinct spectrum of collat-
eral effects, only some of which would be suitable for CS-informed therapies. To
address this limitation, we examine collateral responses to distinct genes and alleles that
confer resistance to fluoroquinolones (FQs) in the Gram-positive pathogen Streprococcus
pneumoniae.

S. pneumoniae invasive infections are responsible for the most deaths among vaccine-
preventable diseases globally (17). FQs are a mainstay of treatment against invasive
pneumococcal disease (18), but successful FQ treatment is threatened by the emergence
of FQ-resistant strains, which have been reported to be as high as 10.5% (19). De
novo FQ resistance in S. pneumoniae arises predominantly via the stepwise accumula-
tion of chromosomal mutations in the quinolone resistance-determining regions
(QRDRs) of the DNA gyrase (gyrA) and/or topoisomerase IV (parC) genes (19). Muta-
tions in either gyrA or parC result in low-level FQ resistance, whereas the combination
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of mutations in both genes results in high-level resistance, often
affecting multiple agents within the class (18, 20). Alleles carry-
ing different mutations in QRDR regions, in pneumococci and
other species, have varying impacts on FQ resistance and on
the fitness of strains carrying them (21, 22); these effects are
believed to influence the population frequencies of different
alleles during monotherapy (23). If similar phenotypic hetero-
geneity exists for collateral responses, this could impact the effi-
cacy of CS-based combination therapies and the persistence
and spread of FQ resistance.

Here, we studied collateral effects of FQ resistance by gener-
ating S. pneumoniae mutant strains via allelic replacement that
encode clinically relevant FQ resistance mutations in gyr4 and
parC (19). These mutants were used to assess how different
alleles conferring resistance to the same antibiotic influence the
susceptibility to other antibiotics and whether interactions
between these alleles modulate their collateral effects. We then
developed and applied a mathematical model to quantitatively
study the population dynamics of resistance evolution during
different antibiotic combination treatment regimes.

Results

Extensive and Conserved Collateral Effects to FQ Resistance.
To investigate collateral effects to FQ resistance in S. pneumoniae,
we generated a panel of 16 D39 strains harboring mutations in
the QRDRs of gyrd and/or parC by natural transformation
(Fig. 1A). Specifically, we generated eight strains encoding alleles
with FQ resistance-associated amino acid mutations in either
oA (gx, with x = S81F, S81Y, E85G, or E85K) or parC (py,
with y = S79F, §79Y, D83N, or D83Y) and eight strains with
combinations of both alleles (gxpy). Each strain is hereafter
denoted based on its FQ resistance-related amino acid mutations.
All mutant strains had decreased susceptibility to ciprofloxacin,
where the gxpy showed the most pronounced MIC increase (32 to
64 mg/L), followed by py (16 to 32 mg/L), and lastly gx (8 mg/L)
(Fig. 1B). In addition, we observed significant fitness reductions
in transformed strains (Fig. 1C), with gxpy strains exhibiting the
lowest mean relative growth rate (0.56; with a range from 0.29 to
0.74), followed by gx (0.60; 0.41 to 0.77), and lastly py (0.85;
0.39 to 1.47) strains.
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Fig. 1. Experimental design and determined MIC and growth rates. (A) Overview of experimental workflow. Mutants of S. pneumoniae D39 strain encoding
gyrA (gx, yellow), parC (py, light blue), or double gyrA::parC (gxpy, red) alleles that confer FQ resistance were generated via transformation followed by allelic
replacement. Mutants were subjected to antimicrobial susceptibility testing for 12 clinically relevant antibiotics and ciprofloxacin (CIP). A decrease in MIC of
each mutant relatively to that of the WT D39 strain (WT; black) was determined as CS and an increase as CR. The growth rate of the WT and each mutant
was determined to estimate in vitro fitness. AB, antibiotic. (B) CIP MICs for the WT S. pneumoniae D39 (WT, black), gyrA mutants (gx, yellow), parC mutants
(py, light blue), and their corresponding gyrA::parC double-allele mutant (gxpy, red). (C) Relative growth rate of gyrA (gx, yellow), parC (py, light blue), and
gyrA:parC (gxpy, red) mutants compared to WT (black) using a two-sided t test. Significant differences are indicated by asterisks, as follows: *, P < 0.05;

** P <0.01; ***, P < 0.001; and **** P < 0.0001.
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Fig. 2. Collateral effect (CE) profiles for FQ-resistant S. pneumoniae, includ-
ing gyrA (gx) and parC (py) mutants, and gyrA::parC double mutants (gxpy).
Antibiotics are ranked based on the hierarchical clustering of their associ-
ated CEs. Color indicates the magnitude of the CE quantified as the mean
log2 relative change of MIC compared to the WT. Red indicates CR and
blue CS. CHL, chloramphenicol; CIP, ciprofloxacin; CLI, clindamycin; DAP,
daptomycin; ERY, erythromycin; FUS, fusidic acid; GEN, gentamicin; LNZ,
linezolid; PEN, penicillin; RIF, rifampicin; SXT, trimethoprim/sulfamethoxa-
zole; TET, tetracycline; VAN, vancomycin.

The collateral effects of these mutants were assessed against 12
antibiotics belonging to a broad range of classes, including com-
monly used antipneumococcal agents. Collateral effects were
observed in ~52% of the possible instances (100 out of 192)
against all tested antibiotics (Fig. 2). Among these, 87% were CS
and the remaining 13% were CR. For 7 of 12 antibiotics, collat-
eral effects were in the same direction for all mutants (CS),
whereas for the remaining antibiotics collateral effects were mixed
between CS and collateral resistance (CR). All mutants (100%)
exhibited CS to gentamicin, 81.3% to clindamycin, 75.0% to
tetracycline, 56.3% to trimethoprim/sulfamethoxazole, 43.8% to
penicillin and fusidic acid, and only 6.3% to vancomycin.

Single-allele strains, namely, gx and py, exhibited CS to a
median of four antibiotics with log-scale fold changes relative
to the isogenic wild type (WT) varying from —0.42 to —1.58,
and CR to a median of one antibiotic with a fold change of
0.42. Double gxpy strains exhibited CS to a median of seven
antibiotics with log-scale fold changes relative to the isogenic
WT varying from —0.42 to —2 and CR to a median of 0.5
antibiotic with fold changes of 0.42 to 1. Conserved CS effects
to gentamicin and clindamycin were pronounced, with a
median log-fold change in MICs of —1.2 and —1, respectively.

Hierarchical clustering revealed four antibiotic groups for
which resistant mutants exhibited similar collateral effects (57
Appendix, Fig. S1); only one of these groups consisted exclu-
sively of functionally similar antibiotics, including the protein
synthesis-inhibiting antibiotics gentamicin and clindamycin,
confirming that collateral effects cannot be simply predicted
based on the antibiotic target. Single- and double-allele mutants
did not cluster distinctively based on their effects within the
five strain clusters that we observed (S Appendix, Fig. S1); this
suggests that many of the collateral effects in double mutants
are potentially caused by the mutations of each single allele,
although the magnitude of these effects is altered in the double
mutants, as discussed below.

PNAS 2022 Vol.119 No.18 2121768119

Heterogeneity in Collateral Effects to FQ Resistance. Despite
the extensive and conserved collateral effects that we observed,
we found that the single-allele gy74 and parC strains exhibited
heterogeneity in their collateral effects even between strains car-
rying different resistant alleles of the same gene (Fig. 2). For
instance, strains carrying the gyrA alleles coding for S81F and
S81Y exhibited CS to three and eight antibiotics, respectively,
and a median fold decrease of —0.58 in MICs. Similarly, the
strain carrying the parC allele coding for S79Y exhibited CS to
three antibiotics with a median fold decrease of —1 in MICs,
whereas the strain carrying the S79F allele showed CS to five
antibiotics with a median fold decrease of —0.58. Interestingly,
the heterogeneity was not limited to the number or intensity
but also the direction of the effects. For example, strains carry-
ing the gyrA alleles coding for S81F and S81Y exhibited CR
and CS to linezolid, respectively; a similar difference was
observed with daptomycin for strains carrying the gyrA alleles
coding for E85G and E85K.

Collateral effects among double-allele gxpy strains (Fig. 2)
varied in their number, intensity, and/or direction as well. For
instance, the double-allele strain gS81FpS79F exhibited CS to
seven antibiotics with a median fold decrease of —0.58 in
MICs, whereas the strain gS81FpS79Y showed CS to three
antibiotics with a median fold decrease of —0.57. Heterogene-
ity in the direction of the collateral effects was observed for
erythromycin where several of the double-allele strains exhib-
ited either CS (gS81YpS79Y, gS81FpS79F, and gS81FpD83N)
or CR (gS81YpS79F, gS81FpD83Y, and gE85GpS79F). In
addition, collateral effects in double-allele strains appeared to
differ from those expected based on the strains carrying the
respective  single alleles, resulting in either lower (i.e.,
gS81YpS79Y for fusidic acid) or higher (i.e., gS81YpS79F for
gentamycin) MIC for the collaterally affected antibiotic.

Antibiotic Resistance-Linked Fitness Does Not Predict Collateral
Effects. All gyrA and parC alleles, aside from the parC coding
for S79F, caused significantly reduced growth rates compared
to the WT strain (Fig. 1C and S/ Appendix, Fig. S2). In addi-
tion, significant differences (ANOVA, P < 0.05) were observed
between strains carrying different FQ-resistant alleles of either
the gyrA (gS81F and gE85K absolute difference in growth
rate (JAKg|) = 0.0134 h™') or the parC (pS79F and
pD83N |AKg| = 0.0663 h™', pS79F and pD83Y |AK| =
0.0431 h™', pS79Y and pS79F |AKg| = 0.0461 h™"), but not
between the strains carrying resistant alleles of both genes (87
Appendix, Fig. S2). Our analysis indicated that there was no
clear overall correlation between the fitness of the generated
strains and their collateral effects (SI Appendix, Fig. S3). This
suggests that the fitness costs of resistance have only a limited
impact on observed CS effects overall, with this impact being
heterogeneous and antibiotic dependent.

Combination Treatment with Clinical Dosing Regimens Suppresses
De Novo Antibiotic Resistance Development. Given the distinct
collateral and fitness effects of FQ resistance alleles, we used
simulations to assess the emergence and fixation of resistant
strains based on eight evolutionary trajectories (ETs) leading
to high-level FQ-resistance (Fig. 34), where each ET included
one double-allele mutant and its corresponding single-allele
mutants. To this end, we developed a mathematical model
and studied the impact of these differences on treatment out-
comes (Fig. 3B) under a clinical dosing schedule for ciproflox-
acin monotreatment (500 mg twice daily [b.i.d.], average
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Fig. 3. Overview of treatment simulation workflow. (A) Trajectories leading to high-level FQ resistance (ETs) used for simulations, with each trajectory con-
sisting of four subpopulations representing the WT S. pneumoniae D39 (WT, black), a gyrA mutant (gx, yellow), a parC mutant (py, light blue), and their corre-
sponding gyrA:;parC double-allele mutant (gxpy, red). The experimentally determined MICs and relative growth rate (KG) for each specific strain were used
to inform the model. (B) Schematic of the stochastic hybrid ODE model use for simulations. The bacterial model comprised of ODEs describing the change
of bacterial density over time for each subpopulation. The subpopulation-specific net bacterial growth (knet,) Was modeled considering capacity limitation
(Gjim), subpopulation-specific growth rate (kg ), and total antibiotic effect (Exg,). The capacity limitation (Gj,) was implemented using a maximal carrying
capacity (Bmax)- Unidirectional mutations were implemented as a stochastic event using random sampling from a binomial distribution with a probability rep-
resenting the mutation frequency (x) and sample size equal to the density of each bacterial subpopulation. The bacterial model was linked to a pharmacoki-
netic model of CIP, i.e., ABq; and a pharmacokinetic model of erythromycin (ERY), linezolid (LNZ), or penicillin (PEN), i.e., AB,. ke, ki, and k»; are rate con-
stants and V. and V, are the volumes of the central and peripheral compartment (only relevant for ERY), respectively. Antibiotic effect for CIP (Exg,;) and the
second antibiotic (E4g7,,) were included on each subpopulation and were driven by the simulated plasma concentrations of the respective drugs. Pharmaco-
dynamic drug interactions (aag1+ag2) Were included for drug combinations for which significant nonadditivity was identified. (C) Treatments were simulated
500 times per ET. Pharmacokinetic profiles of an example combination treatment are depicted in the lower graph, while the n'" realization of the bacterial
dynamics corresponding to the example treatment are shown in the top graph. The probability of resistance (Pgm,) (mutants) or failure of eradication (WT)
was calculated for each trajectory and treatment by summarizing the number of simulations for which bacterial concentrations exceeded the resistance
cutoff (dashed line) at end of the treatment for each individual subpopulation.

unbound steady state concentration [Cg] 1.39 mg/L) and
in combination with erythromycin (600 mg b.id., Cg
0.48 mg/L), linezolid (600 mg b.id., C, 7.33 mg/L), and
penicillin (3000 mg b.i.d., C 6.95 mg/L). The model incor-
porated our experimentally derived antibiotic MICs, collateral
and fitness effects, and antibiotic-specific pharmacodynamic
relationships (details and estimated parameters can be found in
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SI Appendix, Antibiotic-specific pharmacodynamic parameters).
For the different simulation scenarios, we then computed the
probability of resistance evolution for each of the eight ET
leading to high-level FQ resistance shown in Fig. 3C. Resis-
tance was defined as the end of treatment fixation of the gx,
py, and/or gxpy subpopulation, which occurred when the
subpopulation-specific bacterial density exceeded the resistance
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cutoff. The resistance cutoff was set to 10% colony-forming
unit (CFU)/mL and represents an established infection (24).

Our simulations of clinical ciprofloxacin dosing schedules,
where Cg equates to 0.9-fold of WT MIC (1.5 mg/L), revealed
that monotreatment failed to eradicate the WT and promoted
resistance evolution (Fig. 4 A and B) for all ETs due to the
emergence of low-level FQ-resistant mutants (gx and/or py).
However, adding a second drug effectively eradicated the WT
(Fig. 40). Treatments using linezolid (1.5 mg/L, 4.9x WT
MIC) or penicillin (0.012 mg/L, 594X WT MIC) resulted in a
0% probability of resistance, whereas erythromycin treatment
(0.19 mg/L, 2.6x WT MIC) promoted the emergence of either
exclusively py (75.6 to 80.4%) or both py (75.6%) and gx
(77%) strains for all but one ET (ET 1). The emergence of
gxpy double-allele strains was only observed for a single trajec-
tory (ET 2), with a very low probability of resistance (0.2%).
Opverall, our findings support the idea that antibiotic combina-
tions can minimize the risk of de novo antibiotic resistance
evolution, but the benefit depends on the specific antibiotic
combination.

Probability of De Novo Resistance Evolution Varies between
Trajectories. Next, to examine the effects of CS-informed treat-
ments using lower antibiotic concentrations due to collateral
effects, we simulated combination treatments with C ranging
from 0.25 to 4x MIC (i.e., =2 to 2 log2 MIC) of the WT
population. Our simulations indicated that eradication of WT
bacteria was primarily observed for dosing schedules with C, of
at least one of the antibiotics being equal to or larger than the
MIC of the WT population (Fig. 5 A and B and SI Appendix,
Fig. S4 A and B). At these concentrations, a clear impact of col-
lateral effects was observed. Specifically, subpopulations with
CS were suppressed while subpopulations with CR were associ-
ated with a high probability of resistance evolution.

In addition, our simulations showed that the population
dynamics and treatment outcomes for ciprofloxacin mono- and
combination treatments with C around the MIC of the WT
population varied both within and between antibiotic treat-
ments and ETs (87 Appendix, Figs. S5 and S6). In particular,
the fixation of each specific gx and py strain in the population
varied between trajectories due to competition between these
two arising clonal lineages. For example, when comparing our
eight different ET's treated with 1X MIC for both ciprofloxacin
and linezolid (Fig. 5B), the fixation of specific gx, and therefore
the emergence of resistance, largely differed depending on the
concurrent py strain. The specific treatment schedule resulted
in high probabilities of fixation for at least one FQ-resistant
subpopulation (>95%) for six out the eight ETs. However, the
probability of fixation for different strains varied across these
trajectories, e.g., whereas the probability of fixation of pS794
was 0.032% when gS81F was the concurrent strain (ET 4), it
rose to 98.5% when gE85G was the concurrent strain (ET 3).
Opverall, these findings suggest that strain-specific collateral and
fitness effects as well as clonal competition have an impact on
the dynamics of FQ resistance evolution.

Collateral and Fitness Effects Determine the Outcome of
Antibiotic Combination Treatments. The heterogeneous fixation
of individual strains observed (Figs. 4 and 5 and SI Appendix,
Figs. S4-S6) prompted us to assess and disentangle the impact of
collateral and fitness effects on this phenomenon. To this end, we
simulated four different scenarios of treatment combinations with
ciprofloxacin (1X MIC) and linezolid (I1x MIC), ciprofloxacin
(1x MIC) and erythromycin (1x MIC), as well as ciprofloxacin
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(0.5x MIC) and penicillin (1x MIC), corresponding to the com-
binations associated with large between-trajectory variability in
our previous set of simulations. Specifically, the first scenario (sce-
nario 1) did not include the experimentally derived collateral or
fitness effects, while the remaining simulations included either the
fitness (scenario 2) or the collateral effect (scenario 3), or both
(scenario 4). The following two different model structures were
used for the simulations of each scenario: one was a simplified
structure where each ET was evaluated separately as described in
Fig. 34, allowing a low degree of clonal competition (approach A)
but high power to disentangle impact of collateral and fitness
effects, and the other was an adapted structure where all strains
used in our study were included simultaneously (free-for-all simu-
lation; approach B), allowing for a higher degree of clonal compe-
tition and capturing a more real-life scenario compared to our
eight-defined-trajectory approach.

When simulating each ET separately and in the absence of
both collateral and fitness effects (scenario 1A), the ciprofloxacin-
linezolid treatment (Fig. 64) resulted in a fixation probability of
47.4% for py strains for all ETs but ET 1, with a probability of
resistance of 89.0%. Notably, ET 1 is the only trajectory includ-
ing pD83N, which is the single-allele strain associated with the
highest ciprofloxacin MIC (32 mg/L) in our experiments. Both
the gx and gxpy strains were completely suppressed in these
simulations. For the two other simulated antibiotic combinations
(81 Appendix, Fig. S7), gx and py strains had a similar probability
of resistance (~80%), whereas the gxpy strains had a probability
lower than 1%. The latter suggests that due to the low antibiotic
pressure in our simulations by the time a double mutant emerges
via a two-step mutation, the single-mutant populations are large
enough to suppress its fixation. The outcome of these simulations
suggests that the majority of the heterogeneity observed in the pre-
vious simulations are due to the collateral and/or fitness effects,
and not differences in sensitivity toward ciprofloxacin. In the
free-for-all simulation (scenario 1B), we observed a similar high
probability of resistance development during both ciprofloxacin-
erythromycin (>80%) and ciprofloxacin-penicillin combination
treatments (>70%) for all the single-allele strains tested (Fig. 68
and ST Appendix, Fig. S8). During ciprofloxacin-linezolid combi-
nation treatment however, the highest probability of resistance
was due to the fixation of the pD83N strain (89.2%), followed by
that of other py strains (pS79F, pS79Y, and pD83Y) with resis-
tance probabilities close to 50%, while the other FQ-resistant
strains had a 0% probability of fixation (Fig. 6B).

Reintroducing fitness effects in the absence of collateral effects
and simulating each trajectory separately (Scenario 2A) revealed
that only the strain with a fitness advantage (pS79Y; ET 3, 4,
and 5) was fixed during the simulated ciprofloxacin-linezolid
treatment (probability of resistance 95.8%) (Fig. 6A4). This dif-
fered from the other two treatments simulated for this scenario,
where there was large variation between trajectories and specific
strains, e.g., under ciprofloxacin-penicillin treatment, gS81F
paired with pS79F (ET 4) was associated with a probability of
resistance of 16.2%, while when paired with pD83Y (ET 2) or
pS79Y (ET 7), the probability was 59.2% and 76.6% (S/
Appendix, Fig. S7), respectively. These intertrajectory differences
relating to specific strains again highlight the importance of
clonal competition in resistance evolution. During the free-for-
all simulation (scenario 2B), only the pS79F FQ-resistant strain,
which exhibited a fitness advantage, was associated with a high
probability of fixation (>75%). When treated with the
ciprofloxacin-linezolid combination (Fig. 6B), all other subpo-
pulations were fully suppressed, while the two other antibiotic
combinations resulted in low levels (<25%) of FQ resistance
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Fig. 4. Treatment outcomes of simulated clinical CIP mono- or combination therapies. Each simulation includes WT (black), a gyrA mutant gx (yellow), a
parC mutant py (light blue), and the double-allele mutant gxpy (red). (A) Treatment outcomes of simulated clinical CIP monotreatment (CIP, 500 mg b.i.d., Css
1.39 mg/L) vary between different trajectories (ETs). Solid line represents the median bacterial growth dynamics of 500 simulations where bacterial subpo-
pulations are indicated by the respective color. The shaded areas represent the 5th and 95th simulated percentiles. The black dashed line represents the
resistance cutoff, which is equal to the WT bacterial density at the start of treatment. Although the bacterial dynamics and resistance development differed
between the ETs, the simulated CIP treatment was ineffective for all scenarios. (B) End-of-treatment probability of resistance (mutants) and WT eradication
failure during CIP monotreatment were calculated for different ETs (panels) and subpopulations (x-axis) separately. (C) Treatment outcome for clinical dosing
regimens of CIP combination therapies. Simulation outcomes with clinically relevant dosing regimens of CIP in combination with ERY (600 mg b.i.d., Css 0.48
mg/L), LNZ (600 mg b.i.d., Css 7.33 mg/L), or PEN (3 g b.i.d., Css 6.95 mg/L). CIP as monotreatment had a high probability of resistance, foremost selecting for
strains encoding FQ-resistant parC alleles (py, light blue) and secondly gyrA alleles (gx, yellow). The addition either LNZ or PEN suppressed the probability of
resistance for all ETs, whereas that of ERY resulted in high probability of resistance (>75%) for at least one of the single-allele mutants for seven out of the
eight trajectories. All treatment combinations eradicated the WT (black) and suppressed the double-allele (gxpy, red) subpopulations.
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due to the fixation of a few specific subpopulations (pS79Y,
pD83Y, ¢S81F, and gS81Y) (SI Appendix, Fig. S7).

The ciprofloxacin-linezolid treatment simulations informed
solely by the collateral effects (scenario 3A) showed a decrease in
the emergence and fixation of pD83Y (ET 2) (Fig. 64), the only
py strain exhibiting CS toward linezolid, compared to the simu-
lations without any effects (scenario 1A). All gx and py strains
exhibiting CR were associated with a high probability of resis-
tance (86 to 97%). When such a gx strain was combined with a
py strain not showing any collateral effect (e.g., ET 4, gS81F
and pS79F), the py-associated probability of resistance was
decreased compared to when the same stain was paired with a gx
showing no CR (e.g., ET 3, gE85G and pS79F). Simulations of
the same scenario using a combination of ciprofloxacin and pen-
icillin showed that for all single-allele strains exhibiting CS to
penicillin, the probability of resistance was reduced compared to
scenario 1A. However, no ETs included a pair of single-allele
strains where both show CS. Therefore, we are unable to eluci-
date if reciprocal CS could suppress all resistance development.
During the free-for-all simulation, the fixation of specific
FQ-resistant subpopulations differed between the treatments
(Fig. 6B and SI Appendix, Fig. S8). However, the de novo emer-
gence of single-allele subpopulations exhibiting CR was associ-
ated with a high probability of resistance (>85%), while the
emergence of subpopulations exhibiting CS was associated with
resistance suppression for all three antibiotic combinations.

PNAS 2022 Vol.119 No.18 2121768119

Finally, when we compared the treatment outcome of sce-
narios 1 to 3 to scenario 4, with the latter taking into consider-
ation the fitness and the collateral effects, we showed that both
effects impact the probability of resistance (Fig. 64 and S/
Appendix, Fig. S7). However, for the single-allele strains, the
collateral effects seem to have a larger impact if present, as low
relative growth rate combined with CR would result in a high
probability of resistance. The probability of the double-allele
strains fixing during ciprofloxacin and erythromycin combina-
tion treatment was suppressed in the presence of CS while clearly
affected by both collateral and fitness effects in the presence of
CR (81 Appendix, Fig. S7). Overall, our findings suggest that
both collateral and fitness effects can impact resistance evolution.
In contrast, the simulation using the free-for-all model revealed
that the fitness effect was the main driver of the resistance devel-
opment during treatment with antibiotic combinations (Fig. 68
and S7 Appendix, Fig. S8). However, due to the strong fitness
advantage of pS79F observed here, which outcompete the other
subpopulations, the impact of the fitness cost might be masked
by the clonal suppression elicited by this subpopulation.

Discussion

Our aim in this study was to integrate experiments and simula-
tions to evaluate CS-informed multidrug treatment strategies to
prevent FQ resistance in S. pneumoniae. First, we characterized
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Fig. 6. Relationship between CE, relative growth rate, and probability of resistance under treatment with antibiotic combinations. (A) Simulation of the eight
defined S. pneumoniae ETs leading to high-level FQ resistance (indicated by number). (B) Free-for-all simulation of resistance evolution in S. pneumoniae
allowing for the simultaneous emergence of 16 different FQ-resistant subpopulations (4 gx, 4 py, and 8 gxpy). In both simulations, the treatment combina-
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the collateral and fitness effects of clinically relevant FQ resis-
tance alleles on S. preumoniae susceptibility to a wide range of
antibiotics (19). We observed extensive collateral effects toward
the majority of the antibiotics tested, especially antibiotics inhibit-
ing protein synthesis, consistent with earlier results derived from
laboratory-evolved strains of Enterococcus faecalis (7), Pseudomonas
aeruginosa (8, 9), Escherichia coli (5, 13), and Acinetobacter bau-
mannii (14). CS was much more predominant than CR and the
magnitude of both effects was moderate, with the exception of
clindamycin and gentamicin, which is in line with previous find-
ings in E. coli (13). Most FQ-resistant mutants also exhibited CS
toward tetracycline and chloramphenicol, consistent with results
in E. faecalis (7). FQ resistance mutations in gyrA and parC result
in three-dimensional structural changes of the DNA gyrase and
the topoisomerase IV that are associated with the modification of
DNA topology altering the global supercoiling of the bacterial
genome (25). In Salmonella enterica serovar Typhimurium (26),
this leads to an altered transcriptome and the subsequent global
reprogramming of gene expression (27, 28), which in turn leads
to collateral effects. We hypothesize that similar gene expression
reprogramming, involving, i.e., the altered expression of stress
response pathways, may also be responsible for the extensive col-
lateral effects we observed in S. pneumoniae, although this remains
to be elucidated in future studies.

In addition to consistent CS responses, we also observed signif-
icant heterogeneity in the CS responses of different gyrA and
parC genes and alleles, even for FQ-related substitutions at single
amino acids in the same gene. Most of these heterogenous effects
resulted in changes to the magnitude of CS effects, but in a few
cases, they also influenced the direction of the response. As yet,
the cause of these differences, and of collateral effects overall,
remain unclear. Because our design used the transformation of
gyrA and parC alleles from clinically resistant isolates of S. pneu-
moniae (19), our transformants include known QRDR mutations
plus a small number of secondary mutations that are not known
to be associated with FQ resistance (SI Appendix, Fig. S9).
Although this allelic diversity reflects the natural diversity at these
loci, we cannot fully exclude the influence of these non-QRDR
mutations; subsequent studies using single-site mutagenesis,
together with more detailed studies of transcriptional responses,
will be valuable to more fully disentangle these possible influen-
ces. Overall, although our experimental results suggest that
CS-informed combination treatments may be promising to limit
the evolution of FQ resistance, heterogeneous collateral effects
may necessitate systematic screening of allelic identity to establish
appropriate antibiotic combinations for the successful selection
inversion strategies.

Next, using a modeling approach, we combined our experi-
mental findings on collateral and fitness effects, with antibiotic
pharmacokinetics and pharmacodynamics in order to understand
multistep resistance evolution in S. preumoniae under different
treatment conditions. Despite heterogeneous collateral responses
for the antibiotics tested, our results simulating clinical dosing
schedules for ciprofloxacin monotreatment and in combination
with erythromycin, linezolid, and penicillin showed a clear bene-
fit of combination treatment over ciprofloxacin monotreatment,
often successfully suppressing the emergence of FQ resistance
and clearing the infection. However, given that the clinical dos-
ing regimens for the three antibiotics that were coadministered
here with ciprofloxacin generally resulted in a plasma concentra-
tion greater than the MIC of the WT (2.6 to 594x WT MIC)
and that the magnitude of the CS was generally moderate
(—0.58 median fold decrease in the MIC) for these specific anti-
biotics, the beneficial outcome is likely driven by not only the

PNAS 2022 Vol.119 No.18 2121768119

collateral effects but also the intrinsically increased bacterial kill-
ing associated with the addition of the second antibiotic.

In silico treatment combinations with Cg for each of the
coadministered antibiotics around the MIC of the WT strain
(Cg 0.25 to 2X MIC; far below the clinical dosing concentra-
tions) inhibited the fixation of FQ resistant subpopulations,
and further eradicated the infection, when FQ resistance con-
ferred CS to the one of the coadministered antibiotics. These
results indicate the potential effectiveness of CS-informed treat-
ment combinations even with lower dosages for each of the
coadministered antibiotics in eradicating infections while mini-
mizing the risk for resistance development. This, in turn, sug-
gests the exploitability of CS-informed treatment combinations
especially for antibiotics having a narrow window between their
effective doses and those doses at which they give rise to adverse
toxic effects, which is in line with previous research (29).

In addition to the collateral effects, our simulations using sub-
clinical dosing revealed that fitness effects had an impact on resis-
tance development during treatment. In fact, antibiotic-resistant
clonal variants encoding distinct mutations and exhibiting varying
collateral and fitness effects emerge during antibiotic treatment.
The clonal competition among these variants determined by their
collateral and fitness effects, in turn, shapes the population dynam-
ics and therefore the overall treatment outcome. This highlights
the need to consider fitness, in addition to collateral effects, when
attempting to design effective CS-informed treatments.

Translating a complex system into a simplified model requires a
number of assumptions, which should be taken into consideration
when interpreting our simulation results. Our pharmacodynamic
model includes parameters derived from early phase data from sev-
eral in vitro time-kill literature studies, using different S. pneumo-
niae strains (30-35). This approach allowed us to obtain typical
effect parameters of S. pneumoniae rather than strain-specific effects.
We assumed that the early phase data represent the antibiotic-
mediated killing of one homogenous population, thus ignoring the
possibility of the observed killing rate being affected by the growth
of less susceptible subpopulations. Furthermore, we assumed that
there were no pharmacokinetic interactions between the antibiotics
tested. Only FQ resistance was considered in the model while resis-
tance evolution and possible collateral effects of the second antibi-
otic were ignored. The model could be further expanded to include
such information, thus allowing us to investigate the impact of
reciprocal versus nonreciprocal collateral effects, as well as sequential
treatment regimens to exploit these reciprocal effects.

In conclusion, we showed that the FQ resistance allelic iden-
tity can have a pronounced impact on the fitness and collateral
effects to different antibiotics in S. preumoniae and that they
can strongly influence the multistep evolution of high-level FQ
resistance under antibiotic mixing regimens. Our results high-
light the importance of estimating CS for different resistance
mutations to the same antibiotic; just as different mutations
impart different fitness costs, so too can they drive distinct col-
lateral responses, in turn affecting their probability of fixation
during combination treatments. Despite heterogeneity in collat-
eral effects, our results suggest that conserved CS can be
exploited to develop CS-informed antibiotic treatment combi-
nations to successfully eradicate infections while suppressing
the de novo emergence of resistance during treatment.

Materials and Methods

Bacterial Strains, Growth Conditions, and Media. Six S. pneumoniae
strains encoding gyrA and/or parC alleles that confer FQ resistance were provided
by the CDC Streptococcus Laboratory and used as donors for all subsequent
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transformations with S. pneumoniae D39 strain as the WT recipient strain. S.
pneumoniae ATCC 49619 was used as a quality control for antimicrobial suscep-
tibility testing. All strains used in this study and their relevant characteristics are
listed in S/ Appendix, Table S1. Strains were routinely grown either on tryptic soy
agar (BD) supplemented with 0.5% wt/vol yeast extract (BD) and 5% vol/vol
sheep blood (Sanbio) (TSYA) or in tryptic soy broth (BD) supplemented with
0.5% wtfvol yeast extract (TSYB) at 37 °C under 5% CO, for 18 to 24 h, unless
otherwise mentioned. The 14 antibiotics used in this study were prepared from
powder stock according to manufacturers' recommendations, stored at —20°C
or —80°C, and are listed in S/ Appendix, Table S2.

Construction of FQ-Resistant Mutants. Amplified fragments from genomic
DNA of the FQ-resistant S. pneumoniae strains encoding each of the non-WT
gyrA or parC gene allele and 3 Kb of its flanking regions necessary for the inte-
gration by double crossover were used to transform the S. pneumoniae D39
strain. All the primer sequences used in this study are listed in S/ Appendix,
Table S3. Transformation was performed using a saturating concentration of
1 pg/mL of amplified DNA and 0.1 pg/mL synthetic competence stimulating
peptide 1 (CSP-1; GenScript), as previously described (36). Putative single-allele
gyrA (gx) and parC (py) mutants were selected on TSYA plates supplemented
with 0.5 mg/L sparfloxacin (Santa Cruz Biotechnology) or 4 mg/L ciprofloxacin
(Acros Organics), respectively. Double-allele (gxpy) mutants were generated by
transforming the generated parC mutants with the respective gyr4 non-WT
alleles and selecting on TSYA plates supplemented with 12 mg/L ciprofloxacin
(Acros Organics). GyrA and parC allelic replacements in the transformants were
confirmed by PCR and Sanger sequencing.

Whole-Genome Sequencing. Genomic DNA was extracted from the S. pneu-
moniae D39 WT and all FQ-resistant mutants using the DNeasy blood and tissue
kit (QIAGEN) according to the manufacturer's recommendations for Gram-positive
bacteria. Quality control of purified genomic DNA was performed using the
Quant-T double-stranded DNA broad-range assay kit (Thermo Scientific) and 1%
agarose gel electrophoresis. Genomic DNA was fragmented by ultrasound on
Covaris S/E210 according to the manufacturer's recommendations and was subse-
quently used for library preparation as previously described (37). Whole-genome
sequencing was commercially performed using 100-bp paired-end libraries on a
BGISEQ-500 platform at BGI Tech Solutions or on a NextSEq 2000 platform at
MiGS. High-quality filtered reads were mapped to the reference genome of
S. pneumoniae D39V available in GenBank (accession number NZ_CP027540.1)
in order to identify and annotate genetic differences found between our
FQ-resistant mutants and their parental D39 WT strain using the open-source
computational pipeline breseq with the default parameter settings (38).

Antimicrobial Susceptibility Testing. MICs of all isogenic strains for 12 clini-
cally relevant antibiotics and ciprofloxacin (S/ Appendix, Table S2) were determined
in triplicate by broth microdilution according to European Committee on Antimi-
crobial Susceptibility Testing (EUCAST; http://www.eucast.org) and International
Organization for Standardization (ISO) 20776-1:2006 guidelines with two minor
modifications. A 1.5-fold testing scale was used to include the standard twofold
antibiotic concentrations and their median values, and the cation-adjusted Muel-
ler-Hinton broth (CAMHB; BD) was supplemented with 100 U of catalase
(Worthington Biochemical Corporation) instead of 5% lysed horse blood. The lowest
antibiotic concentration where no turbidity was observed was scored as the MIC.

Static Time-Kill Assays. Static time-kill assays were performed in triflicate using
a starting inoculum of the parental D39 WT strain equating to ~10° CFU/mL in
15 mL of CAMHB supplemented with 5% lysed blood according to EUCAST and 1SO
20776-1:2006 guidelines. Antibioticfree cultures and cultures with either the addi-
tion of antibiotics as monotherapy or in combinations at final concentrations equal to
the Cg of each antibiotic were incubated at 37 °C under 5% CO, continuous agita-
tion (100 rpm). At set time points of 0, 3, and 6 h postinoculation, 100-uL samples
were collected, serially diluted, and plated on TSYA plates. After 48 h of incubation at
37 °Cand 5% CO,, colonies were counted for viable cell titer determination.

Collateral Effect Determination. Collateral effects were determined as the
decrease (CS) or increase (CR) in the MIC of each mutant relative to the isogenic
WT D39 strain, and their magnitude was determined as the log2-scaled fold
change in the MICs between each mutant and the WT D39 strain (Eqg. 1), as pre-
viously described (7).
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MICy
CEy = log2 (m> [1]
Where CEy, represents the collateral effect of a mutant (gx, py, or gxpy), MICy its
corresponding MIC, and MICyyr the MIC of the D39 WT strain.
The consenvation of the collateral effects was assessed based on the CSs5q and
CRsg thresholds, defined respectively as CS and CR effects occurring in more
than 50% of the mutants tested (13).

Growth Rate Measurements. The in vitro fitness of the WT and each mutant
was determined in triplicate using the Malthusian growth model (39). Bacterial
inocula of ~108 CFU/mL were diluted 100-fold into 3 mL of fresh prewarmed
TSYB medium. A total of 200 plL of each diluted culture was loaded in wells of a
100-well honeycomb plate and incubated at 37 °C. Subsequently, the optical
density at 600 nm was measured hourly using a Bioscreen C Reader (Thermo
Scientific), with 5 s of shaking before reads. Growth rates were calculated based
on the slope of the line that fitted points displaying log-linear growth. Relative
growth rates were calculated by dividing the generation time of each D39
mutant by that of the mean growth rate of the WT D39 strain.

Statistical Analysis. Statistical analyses were performed using R (version
3.6.3). We performed hierarchical clustering to identify relationships between
strains, and between antibiotics, relating to collateral effects using the complete
linkage method within the stats R package. We evaluated between- and within-
group differences in mean relative growth rate with a one-way ANOVA and a
post hoc Tukey pairwise comparison with multiple correction when significant
differences were identified (o = 0.05).

Mathematical Modeling. We performed mathematical modeling of bacterial
growth dynamics to evaluate the effect of different FQ mono- and combination
treatments (antibiotic mixing). We applied the model to eight different trajecto-
ries and evaluated treatment outcomes and the probability of resistance. The
model included clinical pharmacokinetics of antibiotics used in the treatment
schedule, bacterial growth rates, antibiotic-mediated killing, collateral effects,
and stepwise FQ resistance development (Fig. 3B). The treatment simulations
were conducted for ciprofloxacin monotreatment and in combination with eryth-
romycin, linezolid, and penicillin, which were chosen because of the availability
of literature-derived experimental data (30-35) needed for the estimation of
pharmacodynamic parameters. We incorporated the experimentally measured
relative fitness and collateral effects observed for the strains designed in
this study.

The bacterial model was comprised of a four-state stochastic hybrid ordinary
differential equation (ODE) model, where each state represents a bacterial sub-
population. Included S. pneumoniae subpopulations were the FQ-sensitive D39
WT (gyrAu::parCy), the resistant gyrd mutant (gx; gyrA.:parCy), the resistant
parC mutant (py; gyrAy.:parC,), and the resistant gyr4 and parC double mutant
(gxpy; gyrAx:parC,). Evolution of de novo resistance occurred in a stepwise man-
ner with the emergence of either of the low-level FQ-resistant single-allele
mutants (gx or py), followed by the emergence of their corresponding high-level
FQ-resistant double-allele mutant (gxpy). The mutation events were modeled by
a stochastic process calculating the specific number of bacteria mutated for each
time interval 7, which was converted to a transition- and interval-specific muta-
tion rate (k, ) using a z of 1 h. This mutation process was based on a binomial
distribution B with a mutation probability equal to the gyrA and parC mutation
frequency per hour () (40), as shown in Eq. 2, and was identically implemented
for each state transition.

B(”Z,‘n H)

e = 2

where n, is the integer number of bacteria of subpopulation z at start of = and
Vis the volume of the infection site.

Each bacterial state (2) included a logistic growth model for which the state-
specific maximal growth rate (kg,) was a composite parameter of the literature
derived growth rate of D39 (41) and our experimental growth rate ratio between
mutant and WT. The systems growth capacity limitation parameter (B,,.,) and
the bacterial concentration at the start of the infection were obtained from an
in vivo model of bacteremia (24). The volume available for infection represented
a human blood volume (42). All system specific parameters are stated in S/
Appendix, Table S4.
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Antibiotic-mediated killing was implemented for each state z (Eqs, ) accord-
ing to Eq. 3, which includes the subpopulation-specific antibiotic effect of AB;
(Ess,2), AB; (En, ), and a term describing the PD interaction between these
drugs (ay, .+, ) Where significant interactions were identified based on our

performed static time-kill assays.
Eags = Eap o+ Eagzt+ ey, b, [3]

The antibiotic-specific effects were described according to a previously described
model (43) where the effect of the /™ antibiotic on bacterial state z (Esp, ;) related
to the unbound concentration (Csg,) according to Eq. 4.

Ci HI‘NAB’
(1 — Giin, 28,/ KGmaxz) X (M/CAz;,,z)

Cas, Hills, — Grin, 23,
MICAE,, z kaax,z

[4]

Epg. =

Where Gpin, a5, represents the maximal killing rate, Hillag, the shape factor of
the concentration-effect relationship, kgmax, the state specific maximal growth
rate, and MICyg, , the state specific MIC.

Pharmacodynamic model parameter values were obtained by fitting the
model to digitized early phase S. pneumoniae experimental in vitro time-kill
data using the nlmixr package (version 1.1.1-7) within the statistical software R
(version 3.6.3). Growth in the absence of antibiotic and antibioticmediated bac-
terial killing were modeled sequentially. Initially, bacterial maximal growth rates
were obtained by fitting an exponential growth model for all the antibiotic-free
growth data. A log-normal random effect was included on maximal growth rate
to account for between-experiment variability. The estimated individual maximal
growth rates were included as a covariate in the subsequent fitting of the
antibiotic-mediated killing. Separate models were fitted for each antibiotic to
obtain the drug-specific parameters Epay, 4, and Hills,. Antibiotic-mediated kill-
ing was incorporated separately for each antibiotic on each individual bacterial
state with the corresponding experimentally determined MICs (MICyg, ,).

Data generated through the interaction study were fitted with nonlinear mod-
els including exponential bacterial growth and antibiotic-mediated killing imple-
mented according to Eq. 5.

B(t) = By X e(kGJr/fw><AB1Jr/szABZJr/}ABﬁAB2 XABy xAB, ) xt [5]

Where B represents the bacterial density, By the inoculum, kg the bacterial maxi-
mal growth rate, 3, the effect size of antibiotic 1 (AB+), 3, the effect size of anti-
biotic 2 (AB), and f3,.45, the effect size of the interaction between AB; and
AB,. Here, antibiotic AB; and AB, were binary variables indicating the presence
(1) or absence (0) of the respective drugs. To facilitate the translation of the inte-
gration to the PK-PD model framework, a relative interaction term (0s, .48,) was
derived according to Eq. 6.

B, 8
1 2 6
B+ e

The PD interaction was subsequently integrated to the framework according to
Eq.7.

O, 48, =

Y Ess, 2
QB +AB, = [ - X
max,ABy,z

3 X Ong 108, X (Emaxaiz + Emaxa,z) 171
max,AB; .z

Where Enay s, 1S given by Eq. 8.

G
Emax,AB,,z = - ( minB; - 1) [8]

k Gz

The subpopulation-specific rates of change for bacterial density are shown in the
Eqgs. 9-12. These rates are dependent on the bacterial density of the specific sub-
population, the subpopulation-specific net growth (k,;.), the antibiotic effect
(E4g), and the mutational transition(s) (k, -)-

dwr
T WT X knerwr X (1 — Engur) — kurgne — kurpye [9]
dgx
% =gxX knet,gx x (11— EAB,gx) + kWT,gx,z - kgx,gxpy,r [10]
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d
% =Py X knetpy X (1= Eapy) + kwtpye = kygupyic (1]

dgx,
% = gxPY X Knetguy X (1= Eaggy) + kougpye + Koygpye (121

Where ke is given by Eq. 13.

WT + gx + py + gx
knet,z = (1 - g g P}/) X kaax,z [13]

B max

The pharmacodynamic model was linked to a previously published pharmacoki-
netic model of ciprofloxacin (44, 45) and a pharmacokinetic model of the respec-
tive antibiotic selected for combination treatment (S/ Appendix, Table S5)
(46-49). The pharmacokinetic models were used to simulate pharmacokinetic
profiles of an individual with a body weight of 70 kg and a creatinine clearance
of 75 mU/min/1.73 m. The estimate of the 95th percentile of parameters related
to clearance and volume were used if the interindividual variability was reported.
The fraction unbound (f,) was used to obtain the unbound concentration of each
antibiotic.

The modeling framework was used to simulate two different sets of treatment
scenarios of S. pneumoniae bacteraemia, as follows: 1) using ciprofloxacin as
monotreatment (500 mg b.i.d.) or in combination with erythromycin (600 mg
b.i.d.), linezolid (600 mg b.i.d.), or penicillin (3 g b.i.d.); and 2) using a series of
nonclinical treatment scenarios where the C of each antibiotic was related to
the MIC of the WT (C; 0.25 to 2x MIC). A third set of simulations was performed
where we investigated and disentangled the impact of fitness and collateral
effect on resistance development by removing one or both of the experimentally
derived effects. For these simulations, we focused on the concentrations associ-
ated with large between-trajectory variability in the previous set of simulations.
The selection of the antipneumococcal antibiotics included in these treatment
scenarios was based on the availability of relevant time-kill data, and ciprofloxa-
cin was used as a representative agent of the FQ class. Each of the treatment sce-
narios was simulated 500 times. The treatment outcomes were evaluated by
assessing the probability of failure in eradicating the WT strain and/or the proba-
bility of resistance establishment. The failure in WT eradication and resistance
establishment were defined as a bacterial density of WT and FQ-resistant mutant
strains exceeding 10* CFU/mL at the end of treatment (2 wk), respectively, with
the particular density corresponding to both the initial inoculum and the density
of an established infection (24). The framework was used to simulate treatments
of eight defined trajectories, each depicting the de novo multistep emergence of
a particular high-level FQ-resistant double-allele mutant (gxpy), with either of its
corresponding low-level FQ-resistant single-allele mutants (gx or py) as an inter-
mediate step (Fig. 2).

The modeling framework was adapted to allow for a free-for-all simula-
tion, where all ETs were included simultaneously. Thus, the adapted model
constituted of four gx subpopulations, four py subpopulations, and eight
gxpy subpopulations. Appropriate state transitions were included on gx and
py, subsequently leading to the eight gxpy studied. This adapted model was
used to further investigate the role of the collateral and fitness effects in the
context of greater clonal competition.

Software and Model Code. All model simulations were conducted in R (ver-
sion 3.6.3), using the ODE solver package RxODE (version 1.0.0). The modeling
framework, the adapted free-for-all version, and the associated code are available
at Github (https://github.com/vanhasseltlab/PKPD-CSpneumo) (50).

Data Availability. All data needed to evaluate the conclusions of this paper
are Fresent in the paper and/or the S/ Appendix accompanying it. Raw data are
available at Dryad (DOI: 10.5061/dryad.c2fqz61b4). Whole-genome sequencing
data are available at the National Center for Biotechnology Information (BioPro-
ject PRINA827635). The modeling framework, the adapted free-for-all version,
and the associated code are available at Github (https:/github.com/
vanhasseltlab/PKPD-CSpneumo) (50) .
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