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ABSTRACT Heteroresistance corresponds to the presence, in a bacterial isolate, of an
initial small subpopulation of bacteria characterized by a significant reduction in their
sensitivity to a given antibiotic. Mechanisms of heteroresistance versus resistance are
poorly understood. The aim of this study was to explore heteroresistance in mcr-posi-
tive and mcr-negative Escherichia coli strains exposed to colistin by use of modeling
killing curves with a semimechanistic model. We quantify, for a range of phenotypi-
cally (susceptibility based on MIC) and genotypically (carriage of mcr-1 or mcr-3 or
mcr-negative) different bacteria, a maximum killing rate (E,,..,) of colistin and the corre-
sponding potency (ECs,), i.e, the colistin concentrations corresponding to E,,./2.
Heteroresistant subpopulations were identified in both mcr-negative and mcr-positive
E. coli as around 0.06% of the starting population. Minority heteroresistant bacteria,
both for mcr-negative and mcr-positive strains, differed from the corresponding domi-
nant populations only by the maximum killing rate of colistin (differences for E,,, by a
factor of 12.66 and 3.76 for mcr-negative and mcr-positive strains, respectively) and
without alteration of their EC5,s. On the other hand, the resistant mcr-positive strains
are distinguished from the mcr-negative strains by differences in their ECy,, which can
reach a factor of 44 for their dominant population and 22 for their heteroresistant
subpopulations. It is suggested that the underlying physiological mechanisms differ
between resistance and heteroresistance, with resistance being linked to a decrease in
the affinity of colistin for its site of action, whereas heteroresistance would, rather, be
linked to an alteration of the target, which will be more difficult to be further changed
or destroyed.
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eteroresistance is broadly defined by a heterogenous bacterial population com-

prising one or several subpopulations exhibiting decreased susceptibility to an
antimicrobial compared to the main population (1). This phenomenon has been
described for multiple antimicrobial drugs (AMDs) and is especially common for poly-
myxins (polymyxin B and colistin), where it has been reported against various species,
including Escherichia coli (2, 3). Heteroresistant subpopulations, when exposed to
AMD, may be enriched and result in a clinical challenge and treatment failure if con-
centrations in the biophase fail to reach inhibitory levels. Identifying and quantifying
heteroresistance are challenging, with various methods, such as population analysis
profiling (PAP), being labor intensive and limited based on MIC measurement (4).
Previous studies have explored the use of time-kill curve (TKC) analysis coupled with
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PAP to explore the nature of heteroresistance (5, 6), although more advanced model-
ing of TKC is required to truly characterize heteroresistance.

Colistin’s antimicrobial effect has been previously reported as being concentration
dependent against Acinetobacter baumannii (7, 8), Klebsiella pneumoniae (9), and
Pseudomonas aeruginosa (10, 11). These studies have also described a major initial kill-
ing rate against colistin-susceptible strains, with bacterial regrowth observed at clini-
cally relevant concentrations in static time-kill studies. The effect of colistin on E. coli has
been explored in several studies using fixed pharmacological concentrations achievable
in plasma (12) or urine (13), or in line with the epidemiological cutoff (ECOFF) of 2 mg/L
(14). While these studies demonstrate the bactericidal activity of colistin and the syner-
gistic effects of various drug combinations to potentiate the activity against resistant
isolates, they have not attempted to describe the underlying pharmacodynamic (PD) pa-
rameters that control this bactericidal activity. Furthermore, studies that have included
both susceptible and mcr-1-positive strains did not explore the influence of resistant
genes on these key PD parameters (15). As for all drugs, the PD activity of AMD, which is
generally reported by the measurement of MICs, can, in fact, be described in terms of its
primary PD parameters of efficacy, potency, and sensitivity (16). For an AMD tested in
vitro, efficacy will typically correspond to the maximal bactericidal effect. It is quantified
by a maximum killing rate (E,,.,; units per h). The potency is quantified by a concentra-
tion termed ECg, (unit mg/L), which is the AMD concentration for which a killing rate
equal to E,,,./2 is obtained. The sensitivity relates to the more or less shallow or steep
slope of the concentration versus effect response. It translates the more or less large
extent of the concentrations having an action on the bacterial population from a mini-
mal action to a maximal effect. This slope is measured by adding to the basic E,,., model
an additional parameter denoted here gamma (a scalar) to give the Hill model (17). In
this context of the identification and quantification of PD parameters, the MIC must
be viewed as a simple hybrid variable resulting from these parameters and which is
observable under some standardized test conditions and at a single time point fixed
between 18 and 20 h. TKC experiments, taking into account the time course of the
activity of the AMD on the dynamics of growth, mortality, and possible regrowth of
the tested bacterial population, provide essential information on underlying PD
parameters. They can even be quantified from these TKCs with models predicting the
temporal dynamics of the AMD effect, with these models being explicitly parameter-
ized in terms of E,,,, ECs,, and gamma. Several classes of models have been pro-
posed for this purpose, in particular, the so-called semimechanistic models (18),
which we have taken up in this article.

This investigation explores the antimicrobial effect of colistin against 7 different
strains of E. coli (3 mcr-negative with low MICs; 3 mcr-1 positive and 1 mcr-3 positive
with MICs at or above the ECOFF) by using static time-kill analysis with starting inocu-
lum size of 10° CFU/mL in cation-adjusted Mueller-Hinton broth (CAMHB). The aim was
to quantify and compare pharmacokinetic (PK)/PD parameters describing the time
course of growth and kill in these populations. The ultimate goal was to identify
whether the overall model would provide insight into (i) differences between colistin
efficacy and potency to different strains of E. coli, (ii) differences between mcr-negative
and mcr-positive isolates (for example, growth-related fitness costs), (iii) the extent to
which heteroresistance can explain the regrowth of bacteria with constant colistin concen-
tration, and (iv) if the mechanisms underlying heteroresistance and resistance are qualita-
tively different or, on the contrary, of the same nature, if their expression is quantitatively
different. We also present the first colistin time-kill assay, to our knowledge, performed with
mcr-3-positive E. coli strains.

RESULTS

Time-kill assays. Colistin time-kill curves for seven E. coli strains at an initial inocu-
lum of 5 x 10° CFU/mL were performed at multiples of the measured MICs (0x, 0.25x,
0.5%, 0.75x%, 1%, 1.5%, 2%, and 4x) (Mead et al. [19]) and are shown as the geometric
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mean of three replicates as follows: 12241, N100, 219, 13846, 73h_B6_2, 120h_B3_5, and
2013-5Q352 (https://rvc-repository.worktribe.com/output/1567805/supplementary-data-
quantitative-pharmacodynamic-characterization-of-resistance-vs-heteroresistance-of
-colistin-in-e-coli-using-a-semi-mechanistic-modelling-of-killing-curves).

Visual inspection of the curves showed that all strains were capable of exponential
growth in the absence of colistin, with a lag phase apparent in all replicates for isolates
12241, N100, and 219 and a single replicate for 13846. All strains reached a similar maximal
bacterial population (stationary phase) at a geometric mean density of 3.01 x 10'° CFU/mL
(range, 1.2 x 10" to 5.4 x 10'°). A rapid bactericidal (=3 log reduction) effect against all iso-
lates was observed, with bacterial kill as early as 10 min. The rate of kill was reduced in mcr-
positive isolates, with the rate being concentration dependent compared to mcr-negative
isolates. Regrowth was observed in all isolates at concentrations of =1x MIC.

(i) Sequential TKC experiments. Consecutive TKC experiments were performed
with mcr-negative isolate 12241 and mcr-positive isolate 13846. The purpose of these
sequential TKC experiments, with bacteria resulting from the regrowth of those previ-
ously exposed to different levels of colistin during day 1, was to explore a possible pre-
conditioning effect on their sensitivity to colistin at the end of day 1 and during day 2.
Rapid CFU decline followed by regrowth was observed for both isolates during the first
TKC, at colistin concentrations up to 0.25 mg/L (1x MIC) for 12241 and 1.5 mg/L
(0.75x MIC) for 13846 (Fig. 1). The second TKC experiment showed decreased suscepti-
bility to colistin with regrowth observable up to 1 mg/L (4x MIC at the end of day 1)
for 12241 and 4 mg/L (2x MIC at the end of day 1) for 13846, although with an initial
kill rate in line with the concentration of colistin exposure in the first TKC experiment.
The MICs increased for both isolates during the second TKC experiment, with isolate
12241 having a pre-TKC MIC (time zero h) of 0.25 mg/L and an MIC at 2 mg/L at time
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FIG 1 Sequential TKC experiments were performed and are presented as follows. (Top) NCTC reference E. coli strain 12241 (mcr-negative, MIC of 0.25 mg/L)
showing initial TKC (day 1; column 1), and sequential (day 2) TKCs following exposure to 0.25x MIC (0.0625 mg/L; column 2), 0.5x MIC (0.125 mg/L; column
3), and 0.75x (0.188 mg/L; column 4) of the initial MIC. (Bottom) NCTC reference E. coli strain 13846 (mcr-1-positive, MIC of 2 mg/L) showing initial TKC (day 1;
column 1), and sequential (day 2) TKC experiments following exposure to 0.25x MIC (0.5 mg/L; column 2), 0.5x MIC (1 mg/L; column 3), and 0.75x (1.5 mg/L;
column 4) of the initial MIC. Repeated measurement of the MIC showed an increase of the MIC from 0.25 mg/L to 2 mg/L for isolate 12241 and 2 mg/L to
4 mg/L for isolate 13846 following the preexposure to colistin in the initial TKC, and this increase was irrespective of the preexposure concentration in the

initial TKC.
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FIG 2 Population analysis profiling (PAP) of NCTC reference E. coli strains 13846 (mcr-1-positive, MIC of 2 mg/L) and
12241 (mcr-negative, MIC of 0.25 mg/L). Growth of colonies at greater than the MIC, including at concentrations =4-fold,
indicates the presence of less susceptible subpopulations that suggest heteroresistance within the total bacterial
population. Relevant frequencies that indicate heteroresistance are highlighted as defined by Andersson et al. (1).

24 h (after initial TKC experiment) and time 48 h (after secondary TKC); isolate 13846
had a pre-TKC MIC (time 0 h) of 2 mg/L and an MIC of 4 mg/L at time 24 h (after the ini-
tial TKC experiment) and at time 48 h (after the secondary TKC experiment). This indi-
cates that the populations of bacteria selected during the regrowth at the end of day 1
have a reduced sensitivity to colistin that is evidenced by the second TKC experiment.

PAP analysis. The two tested isolates, mcr-negative isolate 12241 and mcr-positive
isolate 13846, showed heteroresistant subpopulations recoverable up to 8 mg/L coli-
stin base. The frequency of heteroresistant subpopulations, as a proportion of the total
population determined in the absence of colistin, ranged from 1.02 x 1077 to 3.32 x 1077
in E. coli isolate 12241 (from 4 mg/L and 8 mg/L respectively) and 7.13 x 10~ for E. coli iso-
late 13846 at 8 mg/L (Fig. 2).

PD modeling of time-kill experiments. The selected model is an adaptation of a
generic semimechanistic model proposed by Nielsen et al. (20) (Fig. 3).

Goodness-of-fit plots (Fig. 4 and 5) indicate that the final selected model captured
properly the different TKC experiments.

Visual predictive checks (VPCs) for the mcr-negative strains and the mcr-positive
strains are shown in Fig. 6 and 7, respectively.

Model-estimated typical values (30 samples, stratified by MCR status) are reported
in text, with estimated bootstrap medians of parameters and their 95% confidence
intervals presented in Table 1. The fractionation of the starting inoculum (F1) between
S1 (the dominant and highly susceptible population) and S2 (the minority heterore-
sistant subpopulation) were slightly different between mcr-positive and mcr-negative
isolates; with a starting inoculum of 5 x 10> CFU/mL, estimates of numbers of hetero-
resistant bacteria were 269 and 363 for mcr-positive and mcr-negative isolates, respec-
tively, i.e., about 0.06% of bacteria would be in subpopulations S2 at time zero. The
maximal bacterial killing rate in the presence of colistin (E,,.,) was not significantly dif-
ferent for the final S2 subpopulations of mcr-negative and mcr-positive strains and was
estimated to be 2.69 h™', i.e,, a 15-fold increase compared to the death rate (fixed to
0.179 h™7).

The potentiation (F2) of the colistin effect on the highly susceptible subpopulation
(S1) compared to the corresponding S2 was estimated at 12.66 for mcr-negative iso-
lates, with a maximal killing rate of 34.12 per h for S1. In this condition, the time to
eradicate S1, i.e., to achieve the limit of quantification (LOQ) of 100 CFU, was 15 min.
For mcr-positive strains, the potentiation factor F2 was significantly lower at 3.76,
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FIG 3 PK/PD model for colistin time-kill analysis. All bacteria were assumed to be in a susceptible (S) growing population from initial
inoculation, with transfer to a nongrowing and nonsusceptible population. The starting susceptible bacterial population was
considered to be heterogenous with two subpopulations, representing a dominant population of highly susceptible bacteria (S1) and
a small population of less susceptible bacteria (S2) with a dynamic equilibrium between the two subpopulations driven by first-order
rate constants of K12 and K21. The same maximal growth rate (K,.) was considered for ST and S2, but the rate to achieve this
maximal growth rate (alpha) was different for ST and S2 (AlphaS1 for S1 and AlphaS2 for S2). The system was considered to be
already in equilibrium during the initial exposure to colistin, and it is the K12/K21 ratio that was estimated by directly evaluating a
distribution factor (F1) of the population between the population S1 (F1) and subpopulation S2 (1 — F1) with F1 = 1 — (K12/K21).
The irreversible transfer rates to a nongrowing state (Kg,) were considered identical for S1 and S2 All bacteria were subject to a
constant rate of natural cell death (K., fixed to 0.17 h™". The effect of colistin (K, having the same dimension as K., (h™"),
was described by a Hill model with three parameters (£, for efficacy, EC;, for potency, and gamma for the slope), with C being the
colistin concentration at which bacteria are exposed. K;,,, was considered additive to the natural cell death, with a potentiation
factor (F2) for the highly susceptible subpopulation S1. F2 increases K., by only increasing £, because in a preliminary analysis, it
was shown there was no difference in EC,ys for the two S1 and S2 subpopulations. A model script is given at https://rvc-repository
.worktribe.com/output/1567805/supplementary-data-quantitative-pharmacodynamic-characterization-of-resistance-vs-heteroresistance-of
-colistin-in-e-coli-using-a-semi-mechanistic-modelling-of-killing-curves.

giving a maximal killing rate for S1 of 10.13 per h. The eradication time of S1 for mcr-
positive strains was 51 min. Colistin concentrations achieving half of the maximal effect
(ECs,) of the final S2 population were 0.114 to 0.287 mg/L for mcr-negative bacteria
and 1.46 to 2.54 mg/L for mcr-positive bacteria, indicating a 10-fold-higher potency of
colistin for mcr-negative bacteria. Furthermore, the resistant mcr-positive strains are
distinguished from the mcr-negative strains by differences in their potency (ECs,),
which can reach a factor of 44 for their dominant population and 22 for their heterore-
sistant subpopulations. The maximal growth rates were not significantly different for the
mcr-positive and mcr-negative strains (2.44 per h). However, the half-life to maximal growth
rate constant (K outhma (time to reach 50% of K ,q.immad Was significantly longer for the S2
subpopulation (47 min) than for the S1 subpopulation (17 min).

MICs of the different subpopulations for each of the strains were computed as sec-
ondary parameters (Table 2). Model-calculated S2 MICs were very close to MICs meas-
ured by broth microdilution, suggesting that what is measured by the 24 h MIC is the
MIC of the heteroresistant subpopulation. The model-estimated MICs of ST and S2 sub-
populations (Fig. 8) show that the estimated S2 MIC and the corresponding measured
MIC show good agreement.

DISCUSSION

In this study, the objective was to describe the antibacterial effect of colistin on
strains of E. coli with different phenotypic and genetic susceptibility profiles, specifically
differences between those that are mcr negative and have MICs within the susceptible
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FIG 4 Plot of the observed natural logarithm of bacterial counts (CFU/mL; dependent variable [DV]) versus the log of individual predicted count values
(PRED) for each of the seven strains. Ideally, observed versus fitted values should fall close to the line of unity, where x = y.

wild-type population (ECOFF of 2 mg/L) and mcr-positive (mcr-1 or mcr-3) isolates with
MICs beyond the ECOFF.

A rapid bactericidal effect as early as 10 min following the introduction of colistin,
followed by bacterial regrowth in all but the highest colistin concentrations and across
all strains regardless of mcr status, was observed. Bacterial regrowth has been recog-
nized for a number of antibacterial drug classes, including in assays exploring the coli-
stin bactericidal effect (21). Several reasons have been considered with regard to this
phenomenon, including the loss of free colistin through binding to the assay system,
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log10
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FIG 5 Conditional weighted residual (CWRES) versus PRED, where PRED is the individual prediction
by the model (no random component in the model) indicating that the exponential residual error model
was reasonable. Red and blue curves are LOcally wEighted Scatterplot Smoothing (LOESS) regression
curves. The blue curve takes into account the sign of the residuals (positive or negative), while the red
curve and its reflection only consider absolute values of residuals. Ideally, the blue line should be at 0,
and the red line (with its negative reflection) should not show any fanning.

transient adaptive resistance arising from exposure to colistin, and heterogeneity of
susceptibility in the starting population (heteroresistance). The heteroresistance concept
postulates that in any given bacterial population, even when described as sensitive to a
given antibiotic, there will be a subpopulation that is less sensitive due to natural muta-
tion, adaptation, or expression (1, 4). To determine the presence of heteroresistance
within a population, two methods, population analysis profiling (PAP) and sequential
TKC experiments, can be used. PAP is considered the gold-standard method, allowing
the quantification of the frequency of less susceptible subpopulations through exposure
to increasing antimicrobial concentrations (22, 23). PAP analysis of E. coli in the presence
of colistin showed surviving bacterial colonies, for both mcr-negative and mcr-positive
isolates, above the measured MICs and at 4-fold higher than ECOFFs, clearly indicating
the presence of heteroresistance. This may be further supported by the sequential TKC
experiment where a reduced susceptibility was observed after 24 h colistin exposure, at
sub-MICs, and at subsequent increased MICs for both isolates. This may be indicative of
a partial or complete reduction in the susceptible population and selection of less sus-
ceptible subpopulations from an initial heterogenous population.

Nicoloff et al. (3) suggested that up to 27.5% of bacteria-drug combinations may
demonstrate heteroresistance, typically resulting from the duplication or amplification
of a gene, leading to lower susceptibility, but which are unstable and will be lost/
deleted, reverting to the normal wild type rapidly in the absence of any selective pres-
sures. Multiple bacterial species, including E. coli, have been shown to demonstrate
heteroresistance in the presence of colistin or polymyxin B (1, 24). Specifically, as coli-
stin targets the lipopolysaccharide (LPS) on the outer membrane, variable phenotypic
susceptibility is directly linked to heterogenicity in the phospholipid composition or as
the result of altered regulation in the LPS modification pathways (2, 25, 26). Although
not reported in this study, further clarification of heteroresistance may be possible
through the tolerance disk test (TD test), a modification of the disk diffusion assay, pro-
posed by Gefen et al. (27).

A semimechanistic model was developed for colistin as depicted in Fig. 3. A similar
model structure was previously reported by Nielsen et al. (28) and adapted here for
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describing an initial heterogenous bacterial population in which a proportion (subpo-
pulation, noted as S2) had a lower susceptibility than the dominant population, noted
as S1. A reversible equilibrium between ST and S2 was described by two first-order
rate constants, noted as K12 and K21 in the model (see Fig. 3). With K12 and K21 being
not separately identifiable, we assumed that the system was in an initial equilibrium
between S1 and S2, with the total population being apportioned immediately prior to
the onset of colistin exposure according to a factor noted as F1 that is actually the
identifiable ratio K21/K12. This type of model makes it possible to describe, for each
subpopulation, the temporal development of the response to the colistin exposure,
including an initial phase of rapid killing followed by regrowth. In addition, it allows
quantification of the basic pharmacodynamic parameters (efficacy, potency, and sensi-
tivity of the relation concentration versus effect), which collectively will determine the
MIC, which is measured at 24 h. In this perspective, it should be kept in mind that an
MIC is only a hybrid variable whose value depends not only on the underlying PD pa-
rameters of the antibiotic but also on the conditions under which it is measured (initial
inoculum load, test duration, bacterial growth rate). Our model estimated the initial
less susceptible subpopulation being of about a few hundred bacteria, i.e. largely the
minority, and that for both mcr-negative and mcr-positive populations, it demon-
strated that heteroresistance may still be present in isolates harboring resistance
genes. The reason why the least susceptible subpopulation, S2, remains very much in
the minority in the presence of the most sensitive S1 subpopulation is not explained
by the model. By considering our model with an equilibrium between the two subpo-
pulations governed by K12 and K21, we can only hypothesize that the presence of the
most sensitive subpopulation S1 exerts a double brake, on one hand, on K12, which
remains much lower than K21, and on the other hand, on the K., rate of the least
sensitive population, S2, that cannot replicate in the presence of the most sensitive
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one. However, the intrinsic growth rates of these two subpopulations (in the absence
and in the presence of colistin, respectively) are of the same order of magnitude, but
our model showed that the delay to achieve this maximal growth rate is shorter for S2
than S1 (as estimated by the parameter alpha), suggesting a lack of fitness cost regard-
ing the growth rate of the S2 heteroresistant subpopulation.
For both mcr-negative and mcr-positive isolates, the initial bactericidal effect of coli-
stin as estimated by the maximal killing rate was rather rapid (mcr positive) or very
rapid (mcr negative) with average maximal killing times (1/E,,,,) of 5.9 min and 1.8 min,
respectively. This means that for a very large colistin concentration, the mean time
required to kill a population of bacteria is only a few minutes for both mcr-negative
and mcr-positive strains. It is this initial rapid killing that ensures the eradication of
the most susceptible subpopulation, S1, that is rapidly replaced by the less susceptible
subpopulation, S2, a phenomenon that is described as a regrowth but that is actually
the growth of the initial S2 minority subpopulation. Finally, the MIC that is measured
at 24 h is not the MIC of the initial ST dominant subpopulation but the MIC of the S2
minority subpopulation.
The maximal killing rate is the pharmacological efficacy parameter, while ECy, is a
measure of colistin potency. Efficacy and potency are two different descriptors of coli-
stin effect. E,, reflects the property that enables colistin to produce a given response
on the bacteria (here, the bacterial death). E,,,, is a proportionality factor that is related
to some bacterial factor as the structure of cell wall or membrane integrity. Although
modeled here using the Hill model (as previously reported by Bergen et al. [10]), it has
been suggested that the self-uptake of colistin may also be described by a second-
order kill rate (29); in our model, we can identify a linear effect (at least between 20
and 80% of the response in the log domain), and the Hill model correctly describes
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TABLE 1 Typical value (tv) and median parameter estimates and 95% confidence intervals of the semimechanistic model describing TKC

%Cl (from bootstrap)

Median (bootstrap)

Parameter? Unit Tv estimate estimate 2.5 97.5

Bacterial growth system parameters
K gromthmax h 244 2.39 2.25 3.66
Kgeath h=! 0.179 (fixed)
B ax CFU/mL 1.43 x 10'° 1.49 x 10" 8.77 x 10° 1.98 x 10'°
AlphaSsi h™! 0.88 0.99 0.38 1.29
AlphaS2 h™! 3.74 343 3.04 4.34
F1, mcr negative (no. of bacteria in S1 vs S2) 0.9995 (499,731 vs 269; 0.9996 (499,760 vs 240; 0.9992 0.9997

0.05%) 0.05%)
F1, mcr positive (no. of bacteria in S1 vs S2) 0.9994 (499,637 vs 363; 0.9994 (499,692 vs 308; 0.9989 0.9997
0.07%) 0.06%)

Colistin pharmacodynamic parameters
EC,,_S1 (E. coli 219; mcr negative) mg/L 0.082 0.084 0.046 0.098
EC,,_ST1 (E. coli 12241; mcr negative) mg/L 0.150 0.156 0.079 0.183
ECs,_S1 (E. coli N100; mcr negative) mg/L 0.083 0.085 0.047 0.099
EC,,_S1 (E. coli 13486; mcr-1) mg/L 2.935 2.744 2.664 3.499
EC,,_S1 (E. coli 120h_B3_5; mcr-1) mg/L 2.760 2.624 2.340 3.408
EC,,_S1 (E. coli 73h_B6_2; mcr-1) mg/L 3.669 3.683 3.369 4.442
EC,,_S1 (E. coli 2013_SQ352; mcr-3) mg/L 3.370 3.150 2.908 4.069
EC,,_S2 (E. coli 219; mcr negative) mg/L 0.114 0.114 0.105 0.157
ECs,_S2 (E. coli 12241; mcr negative) mg/L 0.287 0.287 0.249 0.373
EC,,_S2 (E. coli N100; mcr negative) mg/L 0.115 0.115 0.106 0.158
EC,,_S2 (E. coli 13486; mcr-1) mg/L 1.462 1.500 1.255 1.751
EC,,_S2 (E. coli 120h_B3_5; mcr-1) mg/L 2.174 2.063 1.907 3.634
EC,,_S2 (E. coli 73h_B6_2; mcr-1) mg/L 2.540 2,530 2213 3.005
EC,,_S2 (E. coli 2013_SQ352; mcr-3) mg/L 2.063 2.017 1.907 2977
Gamma_S1 Scalar 4.09 3.91 337 8.84
Gamma_S2 Scalar 3.22 3.80 1.79 8.38
F2 (for mcr-negative isolates) Scalar 12.66 13.65 5.93 16.61
F2 (for mcr-positive isolates) Scalar 3.76° 3.93° 1.72 6.13
E...x (S2) for both mcr-negative and mcr- h=! 2.69 2.51 2.04 5.29

positive isolates

E,..x (S1) for mcr-negative isolates h=! 34.12¢ 34.44¢ 28.61 38.44
E.... (S1) for mcr-positive isolates h™! 10.13¢ 10.43¢ 7.58 13.66

UK growthman maximal growth rate constant; K., hatural death rate; B, ., maximum possible bacterial density; alpha, delay before reaching maximal growth rate; F1,

proportion of starting inoculum in subpopulation S1; EC, concentration required to achieve 50% of £, as calculated according to equation 7 in (https:/rvc-repository
.worktribe.com/output/1567805/supplementary-data-quantitative-pharmacodynamic-characterization-of-resistance-vs-heteroresistance-of-colistin-in-e-coli-using-a-semi
-mechanistic-modelling-of-killing-curves); y_S1, Hill coefficient for subpopulation S1;y_S2, Hill coefficient for subpopulation S2; F,, potentiation factor for K, in
subpopulation S1; F2,,c,, potentiation factor for K, in subpopulation S1 for mcr-positive strains; £, maximal increase in kill effect in addition to K, tv, typical value.
bF2,,cx calculated from covariate parameter (dF2,,.,) as F2y,cx = F2 x exp(dF2,cq,).
Erax (ST)=E_., (S2) x F2.

max max

log-linear dose responses before predicting a saturation, which, considering the rapid
kill effect, is unlikely to be reached. In contrast, ECs, which is always expressed as a
concentration, reflect the colistin affinity for its target. The model indicates a major dif-
ference of EC, between mcr-negative and mcr-positive strains but for a given mcr-neg-
ative or a mcr-positive strain, and subtle differences between subpopulations within a
given strain, but it is observed that the maximal killing rate is the principle component
that differentiated the two initial subpopulations. To estimate the effect of colistin on a
heteroresistant subpopulation, a potentiation factor (F2) was included in the model to
estimate the increase in E,,,,, i.e., the maximum killing rate against the highly suscepti-
ble ST subpopulation. For mcr-negative isolates, the colistin effect was 12.66 times
more for the high-susceptibility S1 subpopulation. The model indicates that this poten-
tiation factor was lower for mcr-harboring isolates, where the highest-susceptibility
subpopulation, S1, was only 3.76-fold more susceptible than the minority S2 mcr sub-
population. This suggests that it is the nature of the colistin’s target that differentiates
S1 from S2 and not the affinity of colistin for its site of action as a lower ECs, for S1
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TABLE 2 MICs as estimated by the model

Data for:
mcr-3-positive
mcr-negative E. coli isolates mcr-1-positive E. coli isolates E. coliisolates
Secondary parameter Unit 219 12241 N100 13846 120h_B3_5 73h_B6_2 2013_SQ352
MIC (as measured) mg/L 0.125 0.25 0.125 2 24 3.2 24
MIC for subpopulation S1 mg/L 0.041 0.076 0.042 2.096 1.940 2.566 2.304
(as calculated from the
model9)
MIC for subpopulation S2 mg/L 0.136 0.342 0.137 1.751 2.495 3.051 2430
(as calculated from the
model®)
Ratio of MICs of 1.09 1.37 1.10 0.88 1.04 0.95 1.01
subpopulation S2
(calculated/measured)
Calculated fold difference 3.32 45 2.98 0.86 1.29 1.19 1.05

of S2/51

aMIC calculated based on (https://rvc-repository.worktribe.com/output/1567805/supplementary-data-quantitative-pharmacodynamic-characterization-of-resistance-vs
-heteroresistance-of-colistin-in-e-coli-using-a-semi-mechanistic-modelling-of-killing-curves) (equation 13 or 14) with a standard inoculum of 5 x 10° CFU/mL (46).

bMIC, MIC calculated based on (https://rvc-repository.worktribe.com/output/1567805/supplementary-data-quantitative-pharmacodynamic-characterization-of-resistance-vs
-heteroresistance-of-colistin-in-e-coli-using-a-semi-mechanistic-modelling-of-killing-curves) (equation 12) with a standard inoculum of 5 x 10° CFU/mL (46).

than the S2 subpopulation would suggest. This supports the hypothesis that the bacte-
ricidal effect of colistin in S1 is easier to achieve than the one of S2 for a given colistin
concentration at the action site.

The potency (ECs,) was individually fitted between strains, significantly improving
the model fit compared to fitting a random distribution around a typical value for
grouped strains, with individualized values being in line with the measured MICs for
each isolate. Strain-specific potency has previously been illustrated by Nielsen et al.
(28) to allow for model adaptation to strain variability. In addition, thanks to the esti-
mation of EC,, and E,,,, specific to each subpopulation, it was possible to calculate, for
each subpopulation, the corresponding MIC, in particular, that of S1, while only that of
S2 is observable at 24 h. The MICs calculated for S2 were very similar to the MICs meas-
ured at 24 h (see Fig. 8), supporting the validity of the adopted model. In this respect,
the measured and observed MICs depend not only on E,, ., and ECs, as previously dis-
cussed but also on the growth rates, which have been estimated separately for mcr-
positive and mcr-negative bacteria. This allows discussion of a fitness cost that could
be associated with the presence of an mcr gene. Indeed, if AMR mechanisms confer an
advantage when in selective environments (here in the presence of colistin), this is of-
ten balanced by an inherent fitness cost (30, 31). The model did not indicate (through
the inclusion of an mcr-related covariate on Kj,,max OF alpha) a difference in maximal
growth rate or lag phase attributable to an underlying fitness cost of MCR. This is con-
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FIG 8 Estimated MIC for subpopulation S2 (as calculated from the PD model) shows good agreement
with the MIC as measured by broth microdilution. The coefficient of determination (R?) is 0.9912.
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sistent with the fact that estimations of the maximal bacterial population (B,.,,)
showed similar values across strains, although multiple studies have explored the
potential fitness cost of MCR, reporting a substantial reduction in fitness attributed to
the energetic cost of enzyme production and the cell membrane instability resulting
from LPS modification (32-34). This fitness cost may not be universal across all strains,
with some bacteria showing compensatory mutations (35). Without complete genetic
profiling or further studies to elucidate the relative fitness of the strains in this study,
the model did not indicate (through the inclusion of an mcr-related covariate on
Kyrowthmax) @ difference in maximal growth rate attributable to an underlying fitness
cost of MCR.

The main limit of our investigation is the possible confounding factor represented
by a possible gradual, time-dependent loss of colistin through adsorption to assay
materials, for example, the polystyrene assay plate, which may reduce the proportion
of free colistin and may no longer exhibit an antibacterial effect (36, 37). The rate and
extent of colistin adsorption are likely to be dependent on the specifics of the time-kill
assay setup (e.g., brand of assay plate, media, etc.) and can only be accurately deter-
mined if colistin concentration is measured throughout the assay. In this study, there
were no data on the possible binding rate of colistin. This may be partially mitigated
by the measurement of MIC, which, as it is performed at a fixed time point of 24 h and
in the same polystyrene microassay plate, already would take into consideration an
amount of colistin binding. Furthermore, regrowth related to colistin adsorption alone
would not account for the change in MIC recorded following colistin exposure (i.e., in
the absence of heteroresistance MIC would be expected to remain the same).

Conclusion. In conclusion, this study explores the bactericidal effect of colistin
against multiple strains of E. coli, and, through the development and implementation
of a semimechanistic model, it determines the PK/PD parameters. Investigation of
these parameters, when applied individually to strains harboring mobilized colistin re-
sistance genes, indicates that differences in colistin potency and potentiation of the
drug effect on the more susceptible proportion of a heteroresistant population are key
to understanding how colistin treatment impacts these low-susceptibility strains. Our
modeling approach suggests that heteroresistance (S1 versus S2) is related to the
structure of the target, which, for a given concentration of colistin, will be more diffi-
cult to alter by colistin, while resistance is, rather, related to the need for higher colistin
concentrations to act on a target which is of the same nature in sensitive (52) and re-
sistant bacteria (S2).

MATERIALS AND METHODS

Bacterial isolates. Seven E. coli isolates were selected to cover a range of phenotypic resistance pro-
files based on MICs and their genetic profile if harboring mobilized colistin resistance. The selected isolates
were (i) mcr-negative E. coli 12241 (NCTC reference strain), (i) mcr-negative E. coli 219, (iii) mcr-negative
E. coli N100, (iv) mcr-1-positive E. coli 13846 (NCTC reference strain), (v) mcr-1-positive E. coli 73h_B6_2, (vi)
mcr-1-positive E. coli 120h_B3_5, and (vii) mcr-3-positive E. coli 2013-SQ352 as previously reported by
Mead et al. (19).

Isolates were recovered from —80°C storage in MHB-glycerol stock, cultured on MacConkey agar
(Oxoid, Basingstoke, UK), and stored on agar at 4°C for up to 7 days prior to further analysis.

Colistin. Two batches of European Pharmacopoeia-compliant Meiji Seika Pharma'’s colistin sulfate
(ColiMeiji, here “colistin”) were used in this study with a potency, as supplied (and reported by certificate
of analysis), of (i) 23,558 IU/mg colistin sulfate supplied by Wyjolab (Chaillac, France), and (i) 24,458 IlU/mg
colistin sulfate supplied by Dopharma (Saint-Herblon, France). Batches were considered equivalent when
adjusted for colistin base equivalence. Colistin sulfate working solution was prepared immediately prior to
dosing at a stock concentration of 2 x 10° [U/mL colistin base.

MICs. MICs had previously been determined for each isolate using a 2-fold dilution series according
to the broth microdilution method described in the European Committee for Antimicrobial Testing
(EUCAST) guidelines and in accordance with ISO 20776 (38, 39). This method was adapted to 5-overlap-
ping 2-fold dilution series to increase accuracy to within 20% of the dilution (compared to standard 2-
fold dilution series) as previously described (40-42).

Bacterial suspensions were prepared from individual colonies suspended in phosphate-buffered sa-
line (PBS) with comparison to 3 McFarland standards using DensiCheck Plus (bioMérieux, Hampshire,
UK). Suspensions were diluted in CAMHB to achieve a final in-plate inoculum of 5 x 10° CFU/mL. The
MIC was recorded following overnight static incubation at 37°C. Two control isolates (mcr-1 negative
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[NCTC 12241] with an expected MIC of 0.5 or 1 mg/L and mcr-1 positive [NCTC 13846] with an expected
MIC of 4 mg/L) were included in each plate, with MICs accepted within one dilution of the expected
range.

In vitro antimicrobial growth (time-kill) experiments. Time-kill curve (TKC) assays were carried out at
a minimum of triplicate over 3 days at a starting inoculum 5 x 10° CFU/mL, with additional growth curves and
TKC assays performed at various inoculum sizes to optimize subsequent analysis as outlined in (https:/rvc
-repository.worktribe.com/output/1567805/supplementary-data-quantitative-pharmacodynamic-characterization
-of-resistance-vs-heteroresistance-of-colistin-in-e-coli-using-a-semi-mechanistic-modelling-of-killing-curves).

The bacterial isolates were cultured overnight on Mueller-Hinton (MH) agar. Up to 3 colonies were
transferred into 5 mL of CAMHB and incubated (orbital shaker, 37°C) for 2 h prior to performing the TKC
assay to promote optimal log-phase growth. The bacterial culture was diluted, using prewarmed CAMHB,
to achieve a density of approximately 1 x 108 CFU/mL compared to a 0.5 McFarland standard; this was
diluted to achieve final in-plate counts of 5 x 10° CFU/mL. Colistin was prepared at multiples of the MICs
for each respective isolate, and TKC assays were run in 96-well plates, with each row representing a differ-
ent concentration (0, 0.125, 0.25, 0.50, 0.75, 1, 1.5, 2, and 4x MIC) and each column a different time (0,
0.167,0.5,1, 2,4, 8,12, 16, 20, and 24 h postinoculation). Plates were incubated statically at 37°C.

As each well represents an individual sample point (time and MIC multiple), the entire contents (100 wlL)
were sampled and 10-fold serially diluted in PBS, covering the estimated range of the bacterial count. The
spot-plate method utilized 10-uL spots on MacConkey agar, followed by static overnight incubation at 37°C,
to allow for colony counts to be performed. Bacterial density (CFU/mL) was then back calculated using the
dilution factor and spot volume. The limit of quantification (LOQ) was 100 CFU/mL (1 colony from 10-uL
spot of undiluted sample).

Sequential TKC experiments. Consecutive TKC experiments were performed with mcr-negative iso-
late 12241 and mcr-positive isolate 13846. Initial TKC experiments were performed as previously
described (43); at 24 h, bacteria that regrew to a large visible pellet (approximately1 x 10® CFU/mL or
higher) were harvested by centrifugation and resuspended at 1 x 10° CFU/mL with 1 h growth before
the start of the secondary TKC experiment. MICs were measured at 24 h (after the initial TKC experiment)
and 48 h (after the secondary TKC experiment).

Population analysis profile. Analysis of colistin heteroresistant subpopulations of E. coli, mcr-nega-
tive isolate 12241 and mcr-positive isolate 13846, by population analysis profiles (PAPs) was conducted
in duplicate by spread-plating 100 uL of the starting bacterial cell suspension (overnight bacterial cul-
ture) and its serial PBS dilutions on Mueller-Hinton agar plates (Oxoid, UK) with various concentrations
(0, 0.25, 0.5, 1, 2, 4, and 8 mg/L) of base colistin. Colonies were counted after overnight incubation at
37°C. The frequency of less susceptible bacterial subpopulations was defined as the ratio of counts
obtained on colistin-containing agar versus the total bacterial population in the absence of colistin after
back calculation to density in undiluted (starting) culture.

PD modeling of in vitro TKC experiments. Pharmacodynamic data analyses were conducted using
Phoenix NLME v8.3.0.5005 (Pharsight Corporation, St. Louis, MO, USA). Determination of the PD parame-
ters from time-kill experiments of all 7 strains at starting target inoculums of 5 x 10 5 x 10% 5 x 10°,
and 5 x 10° CFU/mL (see https://rvc-repository.worktribe.com/output/1567805/supplementary-data
-quantitative-pharmacodynamic-characterization-of-resistance-vs-heteroresistance-of-colistin-in-e-coli
-using-a-semi-mechanistic-modelling-of-killing-curves) were analyzed simultaneously using a semime-
chanistic PD model adapted from Nielsen and Friberg (18). The full model approach is described in
(https://rvc-repository.worktribe.com/output/1567805/supplementary-data-quantitative
-pharmacodynamic-characterization-of-resistance-vs-heteroresistance-of-colistin-in-e-coli-using-a-semi
-mechanistic-modelling-of-killing-curves) and outlined below. A diagrammatic representation of the final
model is given in Fig. 3.

To allow for parameter variation related to the categorical mcr, a covariate for strains harboring mcr
(mcr-1 or mer-3) versus non-mcr was included in the PD parameters (E,,,,, 9amma, K;,q,.inma alPha, B
F1, and F2) of the model. A covariate search was run on the population model to evaluate all covariate
combinations using the shotgun Phoenix tool.

Values below the limit of quantification (BLQ; =100 CFU/mL; 12.63% of the complete data set) were
retained in the analysis by using a likelihood-based approach according to the M3 method (44).

Residual variability was modeled with an exponential error model (45). When a log-additive error
model is specified, and if there is only one error model, the predictions and observations are log trans-
formed by Phoenix and are fit into that space. Parameter estimates were based on minimizing an objec-
tive function value, using the Phoenix Naive pooled engine, that treats all observations as if they came
from a single individual in that it ignores interindividual variations (no random components are com-
puted), but the engine respects interindividual differences in initial conditions and covariate values. As
this engine was not able to return percent coefficient of variation (%CV) of estimates (precision), the esti-
mated median of fixed effect parameters (ECsy, E,,,,, alpha, gamma, Ky ouihmax Bmaw F1, F2, and all theta
values of covariates) are reported in Table 1 as typical values with confidence intervals determined using
a bootstrap method, while typical values of parameters obtained with the naive pool engine are
reported in the text.

Adequacy of model fit was determined through the different diagnostic goodness-of-fit plots,
including visual predictive check (VPC). VPCs were obtained by simulating 200 replicates to plot 20, 50,
and 80% predictive check quantiles with their 90% confidence intervals.

Additional secondary parameters were calculated directly from the model, including MIC and mini-
mal bactericidal concentrations (MBCs) as described by Mouton et al. (46).

max’

max’
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