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In brief

The clinical development of phage
therapy to treat antibiotic-resistant
bacterial infections requires
understanding the dose-effect
relationship. Delattre et al. use a murine
pneumonia model to longitudinally record
phage-bacteria interactions.
Mathematical modeling characterizes the
synergy between phages and the host
immune response. Predictions of
treatment outcome could guide
clinicians.
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SUMMARY

The clinical (re)development of bacteriophage (phage) therapy to treat antibiotic-resistant infections faces the
challenge of understanding the dynamics of phage-bacteriainteractions in the in vivo context. Here, we develop
a general strategy coupling in vitro and in vivo experiments with a mathematical model to characterize the inter-
play between phage and bacteria during pneumonia induced by a pathogenic strain of Escherichia coli. The
model allows the estimation of several key parameters for phage therapeutic efficacy. In particular, it quantifies
the impact of dose and route of phage administration as well as the synergism of phage and the innate immune
response on bacterial clearance. Simulations predict a limited impact of the intrinsic phage characteristics in
agreement with the current semi-empirical choices of phages for compassionate treatments. Model-based ap-

proaches will foster the deployment of future phage-therapy clinical trials.

INTRODUCTION

The pronounced slowdown in the discovery of new antibiotics to
treat bacterial infections caused by multidrug resistant (MDR)
pathogens has revived interest in bacteriophages (phages), vi-
ruses infecting bacteria (Gordillo Altamirano and Barr, 2019;
Kortright et al., 2019). Pre-clinical experiments and several clin-
ical case reports have demonstrated the potential of phages to
successfully treat infections caused by MDR bacteria (Aslam
et al.,, 2020; Bull et al., 2002; Corbellino et al., 2020; Jennes
etal., 2017; Melo et al., 2020; Schooley et al., 2017). These suc-
cesses are nonetheless balanced by unreported failures as well
as disappointing clinical studies (Jault et al., 2019; Leitner et al.,
2020; Sarker et al., 2016), showing that translation from experi-
mental results to clinical trials remains challenging.

A major milestone for the widespread use in human popula-
tions is the determination of the optimal dose, route of adminis-
tration, and treatment duration. This is a particularly complex
endeavor for phages, as standard assessments of clinical phar-
macology used to determine the processes of administration,
distribution, metabolism, and excretion (ADME) of drugs are
not adapted to phages. Indeed, phages massively replicate on
their target bacteria, with kinetic parameters governing this viral
amplification (receptor recognition, genome amplification, parti-
cles assembly, and bacterial lysis) being specific to each phage-
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bacteria pair (Dion et al., 2020). Furthermore, phages are
naturally present in human-associated microbiotas, and their
rate and route of elimination do not follow usual metabolic path-
ways of xenobiotic products through kidney or liver (Dabrowska
and Abedon, 2019).

Here, we coupled in vitro and in vivo experiments with mathe-
matical modeling to approach the key parameters of phage-bac-
teria-host interactions and guide treatment strategies. This
approach has been successful in drug development for various
chronic (HIV, hepatitis C virus and acute (Ebola, Zika, influenza)
viral infections (Friberg and Guedj, 2020; Perelson and Guedj,
2015). Unlike previous models that focused on specific aspects
of phage-bacteria, phage-host immune system, or bacteria-host
immune system interactions (Cairns et al., 2009; Roach et al.,
2017; Smith et al., 2011; Weld et al., 2004), here we aimed to
design a synthetic, semi-mechanistic model that could be
used to understand the tripartite phage-bacteria-host interac-
tions in vivo. We designed specific experiments (Figure 1) to es-
timate the key parameters of phage-bacteria interactions using a
previously characterized experimental model (Dufour et al.,
2015). The virulent phage 536_P1 (141,471 bp), a Myoviridae
belonging to the Phapecoctavirus genus, quickly (20 min) lyses
the hypervirulent Escherichia coli strain 536 in vitro. Moreover,
a single dose of phage 536_P1 administered intranasally to
mice 2 h post-infection by a lethal dose of strain 536 rescued
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Figure 1. Schematic representation of the experimental design of
the study

In vivo experiments were conducted in mice that were either (1) uninfected and
treated (green box, with phages administered either intratracheally [IT] or
intravenously [i.v.]), (2) infected and untreated (magenta box), or (3) infected
and IT- or i.v.-treated at various doses (yellow box). The intensity of light
emitted by E. coli strain 536-lux was recorded along all experiments and
translated to bacterial lung density, while phage 536_P1 density was
measured only once (upon sacrifice) in each animal at specific time points. A
mathematical compartmental model was developed to fit to these data, with S,
R, l4, and |, representing the susceptible, refractory, infected non-productive,
and productively infected bacteria, respectively, and V and V004 the phage
concentrations in lungs and blood, respectively. The arrows indicate the
processes affecting each compartment. Model parameters characterizing
these processes are indicated on these arrows, with « the bacterial growth
rate, oy the maximal immunity effect, Bsg the bacterial load leading to 50% of
o, B the infectivity rate, e the transition rate from latent to productive bacteria,
oy the bacterial lysis rate, b the burst size, F the phage relative bioavailability in
the lungs after i.v. compared with IT, k, the phage absorption rate from the
blood to the lungs and k. the phage elimination rate in the lungs.

100% of animals, while untreated animals died within 72 h,
demonstrating the efficacy of this phage to treat an acute pulmo-
nary infection (Dufour et al., 2015).

Here, dynamic and direct microbiological data were collected
from groups of animals that were either (bacterial) uninfected
and (phage) treated, infected and untreated, or infected and
treated, using different inoculum doses and routes of administra-
tion. These data led us to develop an original mathematical
model recapitulating the tripartite interactions over time. This
model identified key parameters affecting bacterial kinetics
in vivo. It was then exploited to test scenarios including variations
of phage intrinsic properties. The use of such a model will ratio-
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nalize the phage choice, the dose, and the route of administra-
tion in order to optimize the efficacy of phage therapy.

RESULTS

Biodistribution of phage in uninfected mice

Our investigations started by assessing two routes of phage
administration, intratracheal (IT) and intravenous (i.v.), in unin-
fected mice using a single dose of 8 logo plaque-forming units
(PFUs) of phage 536_P1 (Figure 2). The observed peak of median
(interquartile range) phage concentrations in the lungs was
reached 4 h post-administration by i.v. (5.1 [4.7, 5.5] logio
PFU/g) and was lower than the concentration observed post-
administration by IT at the same time point (7.2 [6.8, 7.8] log1g
PFU/g). The nearly 2-log difference showed that post-i.v. admin-
istration, only a fraction F of the phage, estimated to 0.02%, ul-
timately reached the lung compartment, leading to exposure
approximately 5,000 times lower than post IT administration,
and an estimation of the absorption rate into the lung compart-
ment, k., of 0.3 h™' (Equations 1 and 2). During the 48 h post-
phage administration, the kinetics of the phage elimination rate
in the lungs was slow following IT administration with an esti-
mated half-life value of 12 h (log(2)/ k¢ (IT)), while it was much
faster following i.v. administration, with an estimated value of
3 h (Table 1).

Bacterial kinetics in infected, untreated mice

IT administration of the E. coli strain 536 led to a large variability
in the lung bacterial load of untreated animals (N = 45), as
measured by emitted luminescence and colony-forming unit
(CFU)eq/g (see STAR Methods and Figure S1). Two h post-infec-
tion, bacterial load ranged between 5.0 and 9.9 log,o CFUeq/g
(Figure 3), allowing us to evaluate the impact of phage across
the large spectrum of values that can be observed in clinical con-
ditions (Jiang et al., 2014). The large range of effective inoculums
also informed on the threshold of bacterial density, above which
the immune response of the host cannot control the infection.
When the bacterial load was greater than 6.8 logiqg CFUeq/g at
2 h post-infection, the bacterial density increased continuously
and led to rapid death of all animals within 72 h. In contrast,
below this threshold, a reduction of the bacterial density was
generally observed, likely reflecting the effect of the immune
response in clearing the infection (Figures 3 and S2).

Bacterial and phage kinetics in infected, treated mice
Next, using the same infection procedure as above, mice (N =
138) were treated 2 h post-infection with various doses of phage
536_P1 (low dose: 5.6, medium dose: 6.6, high dose: 7.6 log+o
PFU), administered either by IT or i.v. route. The initial effective
median bacterial inoculum in the lungs 2 h post-infection was
similar across treatment groups, with levels of 6.9 (6.1, 8.0),
7.2 (6.3, 8.5), and 6.7 (6.3, 7.8) log1o CFUeqg/g in untreated and
IT- and i.v.-treated animals, respectively (Figure 3).

Globally, phage density in the lungs of IT- and i.v.-treated an-
imals reached values 2- to 3-logyo higher than in uninfected an-
imals, showing that phages rapidly encountered bacteria and
efficiently replicated (Figure 2). At 4 h post-phage administration
(6 h post-bacterial infection), the median titer of phage in the
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Figure 2. Distribution of phage 536_P1 in lungs following two routes of administration

(A and B) Lungs of uninfected (empty circles, N = 53) and E. coli-infected (filled circles, N = 76) mice were homogenized at 2, 4, 8, 24, or 48 h post-administration of
a single dose of phage 536_P1 (8 log1o PFU in uninfected mice and 5.6, 7.6, or 8.6 log1o PFU in infected mice), either by i.v. (A, red) or IT (B, blue) route. Lines
connect the median phage concentrations at each time point (dashed lines, uninfected; full lines, infected). The black dotted line represents the limit of quan-

tification (LOQ = 2 log4o PFU/Q).

lungs of IT-treated mice (N = 59) was 9.6 [9.3, 9.9] log4o PFU/g as
compared with 7.1 [7.1, 7.4] logio PFU/g in uninfected, i.t.-
treated mice (N = 16). A similar difference was also observed in
i.v.-treated animals (N = 79), with phage concentrations of 8.4
(7.0, 9.1) logio PFU/g as compared with 5.1 (4.7, 5.5) logqo
PFU/g in uninfected, i.v.-treated animals (N = 37) (Figure 2).

To illustrate the impact of the above phage amplification on
disease progression, bacterial kinetics and survival were re-
ported following the stratification of animals by the bacterial
load measured 2 h post-infection (Figure 4). Phage therapy
had no significant effect on bacterial kinetics and survival in an-
imals having a low bacterial load (<6.8 log1o CFUeq/g, N = 78),
reflecting the effective role of the immune response to clear
the pathogen. By contrast, in animals having a higher load
(=6.8log1p CFUeq/g, N = 99), treated animals showed a faster
kinetics of the bacterial control (p = 0.028).

Unraveling bacteria-phage interaction using a
mathematical model

Next, we used the data from both infected and uninfected ani-
mals together with parameters determined in vitro (see STAR
Methods) to build a mathematical model of phage-bacteria-
host interaction (Equations 4, 5, 6, 7, 8, 9, and 10; Data S1;
Figure 1).

Fitting the model to bacterial load data, we first determined
that a model accounting for the control of bacterial growth by
the innate immune response was needed to recapitulate the
threshold effect associated with the effective bacterial inoculum.
This phenomenon could be well captured using our model
(Equation 3), with estimates of ¢y, the maximal decay induced
by the immune response, of 6.8 log;o CFUeq/g/h and Bsg, the
bacterial load needed to reach dy/2, of 7.4 logy, CFUeq/g.
This corresponds to a threshold for bacterial control equal to
6.94 log,o CFUeqg/g. Thus, if the administered bacterial inoc-
ulum, By, was below this value, bacteria were rapidly eliminated
by the immune system with a rate of 6y/Bsg = 0.3 h™, corre-
sponding to a half-life of 2.3 h. However, when the bacterial inoc-

ulum was above this value, the model predicts a saturation of the
immune response, enabling bacterial growth with a bacterium
doubling time estimated at 3.5 h.

In vitro experiments allowed us to estimate two key parame-
ters of phage dynamics that could not be identified in vivo,
namely the median eclipse phase and the burst size (see STAR
Methods and Figure S3). Assuming that these parameters had
the same value in vivo, we could then estimate the in vivo infec-
tion rate of bacteria by phages, denoted as (8, to -6.9 logg
g/CFU/h and the in vivo elimination rate of phage-infected bac-
teria, 6y, to 0.09 h™' (e.g., a half-life of 7.7 h), which is slower
than in vitro estimation (1.39 h™).

Finally, we also used the model to assess the impact of bac-
terial kinetics on survival. Assuming a log-linear effect of bacte-
rial load on the instantaneous risk of death, h(t), the bacterial
load was found to be highly associated with death (y = 1.44,
p < 103, Wald test). This corresponds to a hazard ratio of
4.2; in other words, an increase of 2 log of the bacterial load
raised the instantaneous risk of death by ~18. The joint model
developed could simultaneously recapitulate bacterial kinetics,
phage counts, and survival rate (Figures 5, S4, and S5), despite
the heterogeneity of the individual profiles experimentally
observed (Figures 5 and S2).

Effects of phage dose and route of administration on the
bacterial kinetics

The model was then used to identify the key factors governing
bacterial kinetics. Unsurprisingly, the bacterial inoculum, By,
was the most important parameter. In animals with By <6 log+g
CFUeq/g, bacterial loads rapidly decreased below the limit of
quantification within 48 h regardless of treatment. In animals
with large bacterial inoculum By >8 log4o CFUeq/g, phage ther-
apy was not sufficient to control the continuous growth of bacte-
ria regardless of the route and administered phage dose (Fig-
ure 6). The benefit of phage therapy was apparent mostly for
animals having an intermediate effective inoculum size, e.g.,
6 < Bp < 8 logig CFUeg/g. In those animals, the larger ratio of
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Table 1. Parameter estimates of the phage-bacteria dynamics model

Fixed effect SD of random

Parameter Name Unit Fixed/estimated from (rse, %) effect (rse, %)
Bacterial growth rate « h untreated infected 0.21 (-) 0(-)
Initial number of bacteria Bo log 10CFU g™ untreated infected 71(1) 0.14 (6)
Bacterial-load plateau Bmax log 10CFU g™’ untreated infected 10.4 (-) 0(-)
Time for immunity activation t h untreated infected 3.0 (-) 0(-)
Maximal immunity effect om CFUg'h untreated infected 6.7 108 (-) 0.05 (-)
Bacterial load for 50% of éy Bso CFUg™ untreated infected 2.3107 () 0(-)
Infectivity rate B logso g CFU™" h™! treated infected -6.9 (7) 0.11 (43)
Transition rate e h in vitro 1.2(-) 0(-)
Lysis rate oy h treated infected 0.09 (25) 0(-)
Burst size b PFU CFU™’ in vitro 570 (-) 0(-)
Relative bioavaibility (i.v./IT) F - treated uninfected 0.0002 (-) 0(-)
Phage absorption rate ka h treated uninfected 0.3 (-) 0(-)
Phage elimination rate after IT Ke(IT) h treated uninfected 0.058 () 0(-)
Phage elimination rate after i.v. Ke(IV) h treated uninfected 0.23 (-) 0(-)
Phage distribution weight w g treated uninfected 1(-) 0(-)
Initial refractory proportion f - treated infected 0.105 (45) 2.8(19)
Weibull shape K - treated infected 1.8 (11) 0(-)
Weibull scale A h treated infected 2.410* (98) 0(-)
Impact of bacterial kinetics % g CFU™’ treated infected 1.44 (13) 0(-)
on death

Additive error on bacterial load B log 10CFU g™ treated infected - 0.47 (4)
Additive error on phage ay log 10PFU g™ treated infected - 2.6 (11)

concentration

SD, standard deviation; rse, relative standard error.

phage to bacteria led to a large number of bacteria being rapidly
infected by phages, which prevented bacterial growth and main-
tained the bacterial load under control by the immune response.
Bacterial-load decline was biphasic, with a rapid decline in the
first 4 h of treatment, mainly due to the decay of susceptible bac-
teria (S) by phages, followed by a slower decline afterward. This
slower second phase was attributed in our model to the unre-
stricted replication of a sub-population of bacteria that were
not eliminated by phages (V), representing both phage-resistant
and -inaccessible (spatially out of reach) bacteria (R).

The initial proportion of the phage-refractory population was
estimated to be 10% (Table 1) but could be variable across indi-
viduals (from 0.03% to 76%). The dynamics of refractory bacte-
ria was individual dependent, leading to either a slow but contin-
uous bacterial decline or a rebound of fully refractory bacteria
within 24-48 h (see individual examples in Figure 5). Importantly,
the need to incorporate a compartment of refractory bacteria in
the model was strongly supported by the data and led to a sig-
nificant improvement of the data fitting (p < 1073, likelihood ratio
test, data not shown).

The raw data did not allow us to observe a role of the route of
administration in the treatment outcome, except with a low bac-
terial inoculum (Bg = 6 log19 CFUeq/g) for which the rapid clear-
ance of bacteria limited the encounter rate with phage. With this
inoculum, relative to the kinetics in the untreated group, simula-
tions indicated that an IT or i.v. medium dose of phages halved

4 Cell Reports 39, 110825, May 17, 2022

the total bacterial load in 3.1 and 8.1 h after administration,
respectively. Our simulations also indicated that IT and i.v. treat-
ments otherwise led to similarly high phages concentrations (>7
log1o PFU/Q) in lungs (Figure 6). IT administration was, however,
associated with a substantially faster time to peak viral load, and
this difference was particularly apparent with a low or intermedi-
ate bacterial inoculum. For instance, with an intermediate bacte-
rial inoculum (By =7 log49 CFUeq/g), the time to peak viral load
varied between 1.6 (IT high dose) and 6.0 h (i.v. IV low dose).
As a consequence of this delay in phage maximal replication,
the i.v. route had a lower efficiency to stop bacterial growth,
with a time to peak bacterial load that could be as long as
4.0 h (i.v. low dose), to less than 1.1 h with the IT route (IT low
dose), and as low as 0.3 hiin the case of the IT high dose. Overall,
with this lethal intermediate inoculum, the bacteria grew expo-
nentially in untreated mice, whereas the bacterial load declined
in all phage-treated groups. Therefore, in any phage-treated
group, the median total bacterial load was increasingly lower
than that of the untreated group. For instance, 24 h after admin-
istration, the bacterial load in treated groups was more than 100
times lower than in the untreated group (Figure 6).

Effects of phage characteristics on the bacterial
kinetics

Finally, we also used the model to explore the effect of
intrinsic phage characteristics, namely burst size and lysis
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Figure 3. Kinetics of bacterial densities in untreated and phage-treated animals
CFU equivalent data from bioluminescent recordings of infected animals, which were either untreated (black) or treated with phage 536_P1 administered by i.v.
(low dose = 5.6 log1o PFU, yellow, or medium dose = 7.6 log+o PFU, red) or IT (low dose, cyan, medium dose, blue, or high dose = 8.6 log:o PFU, dark blue). The
dotted horizontal line at 6.8 logyg CFUeq/g corresponds to the threshold value of bacterial load at 2 h post-infection, below which all animals controlled the
infection. The dashed line represents the LOQ of bacterial load (LOQ = 4.7 log1, CFUeq/g).

rate, on the bacterial kinetics. A 10-fold reduction in burst size
(i.e., 57 PFU/CFU) predicted a larger impact of the route of
administration, with a time to bacterial peak of 10 h post-i.v.
compared with less than 3 h post-IT administration. Even
when using a low dose of phage, the time to bacterial peak
relative to untreated bacterial load was estimated at 12 h
post-IT compared with 20 h post-i.v. (Figure S6). However, a
higher lysis rate value counter-balanced the effects of a low
burst-size value (Figure S7), showing the sensitivity of the
model to phage characteristics.

DISCUSSION

Despite many encouraging data from both ancient literature and
recent compassionate treatments, phage therapy remains un-
derexploited, notably because of ambiguous results from clinical
trials (Luong et al., 2020). In fact, the translation from in vitro to
clinical conditions remains unmet, in particular since using
phages as a drug requires specific methods to elaborate a
rational scheme for safe and optimal administration. While
some studies performed in silico or in laboratory conditions
(Cairns et al., 2009; Kasman et al., 2002; Leung and Weitz,
2017; Payne and Jansen, 2001, 2003) led to the proposal of
several mathematical models of phage-bacteria interactions,
very few studies conducted in vivo incorporated the immune
response (Dabrowska and Abedon, 2019; Roach et al., 2017).

Our experimental approach was inspired from work per-
formed during the development of new drugs, where longitudi-
nal pharmacokinetic and pharmacodynamic data are collected
to understand the exposure-response relationship and opti-
mize the dosing regimen (Marshall et al., 2019). It is important
to acknowledge that bioluminescence is nonetheless a proxy
of bacterial load compared with CFU counts from lung sam-
ples, as reflected by the measurement error associated with
bioluminescent data (parameter og; Table 1). However, this lim-
itation is largely compensated by longitudinal recordings that
provide a unique insight on the determinants of bacterial ki-
netics for each animal.

The acute murine lung infection induced by bacterial patho-
gens that we used for this study imposed two constraints. First,
less than 1-log variation of the bacterial inoculum can lead to
contrasted outputs from rapid (24 h) mortality to no lethality
(B.G., L.D., and G. Nouailles-Kursar unpublished observations
with various strains of E. coli or Pseudomonas aeruginosa for
which preliminary experiments were performed to identify the
most appropriate bacterial inoculum). Second, the high pathoge-
nicity of pathogens necessitated a phage administration 2 h
post-infection to preserve a high survival rate of treated animals
(Debarbieux et al., 2010). It is worth noting that until the early
2000s, Enterobacteriaceae were not considered major patho-
gens responsible for ventilator-associated pneumonia (VAP)
(Chastre and Fagon, 2002). However, recent data have consis-
tently shown that Enterobacteriaceae are now frequent etiologic
agents of VAP, more frequently encountered than Pseudomonas
aeruginosa and Staphylococcus aureus (Fihman et al., 2015; Ha-
met et al., 2012; Kollef et al., 2017). In particular, several studies
have clearly identified specific traits of strains of E. coli respon-
sible for intensive care unit (ICU)-acquired pneumonia (La
Combe et al., 2019; Messika et al., 2012).

The heterogeneity of the initial bacterial loads observed 2 h
post-infection provided a large range of situations reflecting clin-
ical situations (Jiang et al., 2014). The variety of individual profiles
was captured by using non-linear mixed-effect models to esti-
mate phage-bacterial interaction, a statistical approach that bor-
rows strength from the between-subjects variability to increase
the precision of parameter estimation, and tease out the effects
of bacteria parameters, doses, and routes of administration. A
direct consequence of the above conditions was the precise
quantification of the threshold value (6.94 log1o CFUeq/g), above
which the immune response was overwhelmed in the absence of
phage therapy.

The modeling of phage-bacteria interactions in the host also
unraveled less-evident factors, such as the role of a refractory
bacterial population to capture bacterial-load kinetics. This
compartment could not be phenotypically characterized but en-
compasses bacteria that are escaping phage predation because
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Figure 4. Bacterial load and survival of infected animals stratified by the pulmonary bacterial load at 2 h post-infection

Infected animals were untreated (black) or phage treated (purple). (A-D) The left panels (A and B) show animals with a low bacterial load (N = 78: 15 untreated, 63
treated), while the right panels (C and D) show animals with a high bacterial load (N = 99: 28 untreated, 71 treated). Of note, 6 animals sacrificed at 2 h post
infection were not considered here. The top panels (A and C) show bacterial loads over time, with circles corresponding to live animals and triangles to animals
that died before the scheduled sacrifice time. The difference between untreated and treated groups was assessed using a linear mixed-effects model, where the
slope of bacterial change over time was adjusted on both the bacterial load value and the presence of treatment. The effect of treatment on bacterial kinetics was
significant (p = 0.028, likelihood ratio test). Solid lines represent the median bacterial load predictions obtained with this model. The bottom panels (B and D)
represent survival curves, with crosses indicating sacrifice time. The difference between untreated and treated groups was assessed using alog-rank tests (B, p =

0.53; D, p = 0.08).

they are phage resistant and/or they remain spatially inacces-
sible to phages (Leung and Weitz, 2017; Lourenco et al., 2020;
Sousa and Rocha, 2019). The inclusion of this compartment is
supported by both the emergence of phage resistance observed
in vitro after 10 h of incubation with phage 536_P1 (Figure S4)
and by previous studies showing that the spatial distribution of
bacteria in organs makes some of them inaccessible to phages
(Lourenco et al., 2020; Sousa and Rocha, 2019). This was also in
agreement with the modelling of phage therapy in immunocom-
promised hosts (Roach et al., 2017). Despite the large variation of
the bacterial loads that directly affect the initial density of this re-
fractory population, our model could appropriately recapitulate
the kinetics of phage-bacteria interactions for each individual
mouse, including the survival probability, testifying to its robust-
ness. In addition, simulations performed with larger or lower
burst sizes and lysis rates showed that the model predicts out-
puts that are in agreement with results from animal studies in
which different phages were used to treat bacterial infections
(Alemayehu et al., 2012; Carmody et al., 2010; Henry et al.,
2013; Morello et al., 2011).
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To ensure that the model recapitulates kinetics of phage-bacte-
riainteractions during therapy, it was necessary to use, asmuch as
possible, parameters deduced from animal experiments instead
of in vitro conditions. For instance, the growth rate of bacteria,
infectivity rate, and lysis rate were all deduced from experimental
data. Nevertheless, some parameters should be more deeply
investigated to improve the fidelity of the model. For instance,
growth of the refractory population was approximated as similar
to the susceptible bacteria, neglecting the possibility that the
fithess of mutants might be affected in the host. Indeed, such mu-
tants could be, either or both, less virulent and strongly affected in
their growth, allowing immune cells to eliminate them more effec-
tively (Oechslinetal., 2017; Pouillot et al., 2012; Smith et al., 1987).
The involvement of the immune response in the success of respi-
ratory phage therapy was previously demonstrated and modeled
but remains mechanistically poorly explored (Roach et al., 2017).
In this work, we chose to account for the immune response in a
synthetic way that encompasses mechanical factors, such as mu-
cins and surfactant proteins, as well as various cellular actors of
the innate immune system (Bergeron et al., 1998; Levin et al.,
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Figure 5. The mathematical model recapitulates the individual variations of the pulmonary bacterial loads and estimates the survival of

infected animals

Data and model predictions for three mice (lines) randomly chosen from each experimental group (columns) are shown. The circles correspond to the pulmonary
bacterial loads, the color lines correspond to the individual predictions from the model, and the green line represents the predicted survival probability. Lines are
solid between t = 0 and the last observation time point (death or pre-specified sacrifice) and are dotted after the pre-specified sacrifice. Interrupted lines indicate
the death of animals before the pre-specified time point. The horizontal dashed line represents the LOQ (LOQ = 4.7 log1o CFUeq/g).

2017; Marriott and Dockrell, 2007). However, the immune
response would have been more mechanistically characterized
if several markers (cytokines, immune cells) had been monitored.
Our model also considers the lung compartment homogeneous,
which ignores the complex structure of this organ that will most
likely affect phage-bacteria interactions.

Predictions from the mathematical model showed the impor-
tance of viral load, burst size, and lysis rate to fully capture bacte-
rial kinetics and animal outcomes. Therefore, for a suboptimal
couple phage bacteria, which may often take place in clinics, the
administration route, and to a lesser degree, the dose, will play a
role in the rate at which bacterial growth will be controlled. This
supports the determination of key parameters of phage-bacteria
interactions, such as the infectivity rate and the lysis rate, for opti-
mizing the phage-administration scheme. However, when the
dose and route of administration are appropriately chosen, the
model predicted that substantial variations of the intrinsic charac-
teristics of phages (burst size and lysis rate) were not jeopardizing
the treatment outcome, which fits with the current semi-empirical
choice of phages for compassionate treatments. Indeed,
currently, phages are chosen exclusively for their capacity to infect
bacteria on in vitro conditions where phage-bacteria interactions
are artificially optimized. To further evaluate the model, we per-
formed simulations (external visual predictive check) from previ-
ous data obtained several years apart with the same phage-bac-
teria couple (Dufour et al., 2015). Despite a different route of
administration (intranasal) for both the bacteria and the phage,
we found that the model predicted acceptable results compared
with the in vivo data, which argues in favor of its robustness and
its putative relevance for many other phages (Figure S8).

Limitations of the study
The use of bioluminescent data as a proxy for CFU counts is
limited by the accuracy of the correlation curve, which may be

improved by lowering the delay between recording the photon
emission from the animals and the actual plating of samples in se-
lective media. Inthe model, we compensated this limitation by tak-
ing into account the error measurements (parameter oB). Another
limitation is a lack of the phenotypic characterization of bacteria of
the refractory compartment. The initial dispersion of phages in the
lungs will not be sufficient to reach every single bacterial cell, but it
remains unknown whether their amplification over time will be high
enough and, at the same time, how it would influence the selection
of phage-resistant bacteria. The susceptibility to phages of bacte-
ria recovered from lung tissues collected should inform on the rate
at which phage-resistant bacteria grow over time.

To conclude, the model developed during this work could be
used to predict the efficacy of virtually any phage for which a
minimum set of in vitro and in vivo data must be obtained, which
will considerably lower the number of experiments needed to
validate such a phage during pre-clinical development. Beyond
phage therapy, the model could also be implemented to test
combined anti-infectious therapies such as the association of
phages with antibiotics (Lin et al., 2020).
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

Escherichia coli 536-lux Dufour et al. (2015) N/A
Bacteriophage 536_P1 Dufour et al. (2015) N/A
Experimental models: Organisms/strains

Mouse Balb/cJRj Janvier Labs N/A

Software and algorithms

Prism GraphPad Version 8
Monolix (algorithm SAEM) Lixoft Version 2018R2
R The R foundation Version 3.4.3.

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources, reagents and numerical codes should be directed to and will be fulfilled by the lead
contact, Laurent Debarbieux (laurent.debarbieux@pasteur.fr).

Materials availability
The bacterial strain 536-lux and the phage 536_P1 are available from the lead contact upon completion of a Materials Transfer Agree-
ment (MTA).

Data and code availability
o Data is available from the lead contact upon request.
® The original code of the phage-bacteria mathematical model is available as Data S1 in the supplemental information and soft-
ware used are reported in the key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Ethic statement

A total of 241 eight-week-old BALB/cJRj male mice (Janvier Labs, France) were housed in animal facility in accordance with French
and European regulations on the care and protection of laboratory animals. Food and drink were provided ad libitum. Protocol was
approved by the veterinary staff of the Institut Pasteur animal facility (approval number 20.173) and the National Ethics Committee
regulating animal experimentation (APAFIS#26874-2020081309052574 v1).

Phages and bacterial strains
The E coli strain 536 and phage 536_P1 were previously described as reported in the key resources table.

METHOD DETAILS

Purification of bacteriophages

Phage 536_P1 was amplified on strain 536 and purified by first, filtration of lysate to 0.1 um followed by tangential ultrafiltration (Viva-
flow™, Sartorius, 100 kDa), two ultracentrifugations on cesium chloride, dialysed against TN (Tris-HCI pH8, NaCl 150 mM), passed
three times through an endotoxin removal column (Endotrap Blue, Hyglos, Germany) and filtered-sterilized at 0.22 um.

Determination of in vitro infection parameters of phage 536_P1

Parameters of the interactions between strain 536 and phage 536_P1 have been determined in vitro, notably the rate of transition e
from infected non-productive bacteria to productively infected bacteria (eg, log(2)/e is the median eclipse phase duration), and the
burst size b, i.e. the number of virions released by a lysed bacteria. The median eclipse phase time and the burst size were estimated
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from non-linear mixed effect models performed with the SAEM algorithm implemented in Monolix software (version 2018R2) (Kuhn
and Lavielle, 2005) using data from one-step-growth experiments (see Supplemental information).

One-step-growth experiments

The one-step growth experiment was performed in triplicate, using Luria Bertani Broth (Lennox). As previously described (Hyman and
Abedon, 2009), an exponential-phase culture (9 mL) of strain 536 (optical density at 600 nm 0.25, ie 9 log;o CFU) was mixed with 1 mL
of 8log4o PFU of phage 536_P1 (MOI of 0.1). The mixture was placed under constant shaking (100 rpm) at 37°C. Duplicated samples
were collected at 2-min intervals during 30 min. Six minutes after mixing phages and bacteria, the mixture was 1000 fold diluted in LB
medium in order to lower bacterial concentration and avoid any reinfection. Out of the duplicated samples, one was immediately
diluted and plated for phage titration, while the second was treated with 10% (vol/vol) chloroform to release intracellular phages
in order to determine the eclipse period before phage titration.

Dynamic quantification of bacteria and phages over time

We first established the correlation between optical density and CFU for strain 536 by plating on LB agar dilutions of independent
aliquots of exponentially growing cells from which OD600 nm was recorded before dilutions. Then, an exponential bacterial culture
(50 mL of a total of 8.7 logq CFU) was mixed with 5.7 log1o PFU (ie MOI 1 x 10~3) and incubated under constant shaking (150 rpm,
37°C). Samples from this mixture were withdrawn at specific time points to measure optical density at 600 nm and count the number
of phages after serial dilutions and plating on LB agar covered with strain 536. Experiments were performed three times from inde-
pendent cultures.

Kinetic of lysis

To assess the behavior of strain 536 in presence of phage 536_P1 at different MOI, OD600 nm was recorded over time from microtiter
plates. In each well, 180 uL of an exponential culture of strain 536 (OD 0.1) was mixed with 20 uL of phage 536_P1 at different con-
centrations (each replicated six times) to reach MOI of 0.001; 0.01; 0.1; 1 and 10. Controls included wells with phage alone, or bac-
teria alone or LB alone. The microplates were incubated in a microplate reader (Tecan) set at 37°C during 12 h with orbital agitation.
Three independent experiments were performed.

In vitro data analysis

Models of in vitro data were built using similar methodology used for analyzing in vivo PK/PD data: parameters of mixed models were
estimated using SAEM algorithm and the model selection was based on BIC. Model of phage/bacteria interactions in vitro was built in
three steps.

First, one step growth experiments reproduced a single lysis cycle of the phage and therefore allowed to estimate the burst size (i.e.
the number of virions relased from each bacterium lysed) and the time of a cycle, including an eclipse period. The best fit of these one
step growth data was obtained using a multiple transit compartments model. The burst size (570 virions/CFU) was estimated with
acceptable precision of estimation (relative standard error < 30%). To confirm this burst size value which was higher than expected,

another estimation method was used. A nonlinear regression was performed (y(t) = EO+1+1E(;’(’4§'§,W with y(t) in log1o PFU/infected

cell, EO the baseline, Emax the plateau, log(T50) the time to reach W and y a shape parameter) on the mean data from the

three different experiments. A burst size (b = %7531050) of 554 virions/CFU was estimated from the estimates of this nonlinear

regression, which was close to the value obtained from the nonlinear mixed effect model. The median period for a phage to produce
and release new phages was estimated at 35 min. Second, bacterial growth was characterized from the above in vitro experiments
exploiting the condition MOI 0 (without any phage). The bacterial doubling time was estimated at 63 min from the model. Third, lysis
kinetics experiments (at MOI> 0) were modelled using a predator-prey model with similar structure to in vivo model (see equations
below and Table S1). The burst size and bacterial growth were fixed at values respectively obtained at the above first and second
steps. The lysis rate (corresponding to rate between infected latent and infected productive bacteria) was fixed from one step growth
experiments on 536_P1. The eclipse period was obtained by sensitivity analysis on the transition rate e. The proportion of phage-
resistant clones at baseline and their relative fitness (w) were characterized from this model.

as <1 _S+l1+lz+Ff

dat 108 >S - BVS

dl
F; = BVS — el
dl

F: = ely — oyl
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Presentation of the murine model of pulmonary phage therapy

The E. coli strain 536 is a virulent clinical strain belonging to the B2 phylogenetic group (Brzuszkiewicz et al., 2006). The E. coli strain
536-lux was obtained by the transformation of wild-type 536 strain with plasmid pCM17, which carries the luxCDABE operon from
Photorhabdus luminescens under OmpC promoter (Morin and Kaper, 2009). This plasmid is stable over 7 days without adding anti-
biotic in the medium (Dufour et al., 2015).

Phage 536_P1 (Dufour et al., 2015) is a virulent Myoviridae (149.4 Kb) that was amplified on strain 536 and purified according to
molecular biology protocols including an endotoxin removal step (Endotrap Blue, Hyglos, Germany). The stock solution of 8.2
logq1o PFU/mL has an endotoxin concentration of 2.15 EU/mL.

Pneumonia was induced by intratracheal (IT) administration of strain 536-lux in eight-week-old BALB/cJR]j anesthetized male mice
(mixture of Ketamine and Xylazine administered intraperitoneally, IP). IT was performed using elongated tips guided by the glottis
visualization with a cold light. The correct position of the tip was checked by the liquid movement inside the tip caused by the venti-
latory movement of the animal. The liquid was then expulsed from the tip with a pipette, and 100 pL of air was then pushed to aero-
solize the solution to the lower airways. Mice were maintained in prone position during at least 5 min. Exponentially growing bacteria
in Luria Bertani Broth (Lennox) at 37°C were centrifuged and washed twice and finally resuspended in PBS to obtain inoculums
ranging from 7.6 to 8.2 log1o CFU in 20uL. Previous work showed that a single intranasal dose of 7.6 log1o CFU led to a fatal outcome
at 72 h post-infection for 100% of mice. Moreover, mice similarly infected were successfully treated (100% survival 10 days post-
infection) when a single intranasal dose of 7.0 log4o PFU of phage 536_P1 was administered 2 h post-infection (Dufour et al., 2015).

Phage treatment was applied under general anesthesia (isoflurane, inspired fraction = 2%) using IT or intravenous (IV, retro-orbital
injection) administration two hours after infection. A volume of 20uL of phage 536_P1 was used, containing either a low (Lo; 6.6 logo
PFU), medium (Me; 7.6 logso PFU) or high (Hi; 8.6 log1o PFU) amount of phages.

At 2, 4, 8, 24 and 48 h after phage administration, mice were sacrificed, and blood (in heparin coated tubes) and lungs were recov-
ered and put on ice. Lungs were weighted, homogenized in PBS with protease inhibitor (EDTA free micro Tabs, SigmaAldrich). Lungs
and blood were then centrifuged (5000 g, 15 min, 4°C). The supernatant was collected, serially diluted and spotted (in triplicate) on
agar plates covered with strain 536 to titer phage 536_P1.

Bioluminescence and longitudinal follow up of bacterial load in lungs

In all our experiments photon emission of the luminescent bacteria was recorded at regular intervals under general anesthesia (iso-
flurane, inspired fraction = 2%) using IVIS Spectrum and analyzed with Living Image software (PerkinElmer, Richmond, CA) as pre-
viously described (Debarbieux et al., 2010). Photons emitted within the chest area of each mouse were collected as photon/s/cm?/
steradian.

To fully exploit the in vivo imaging tool we established the correlation between bioluminescence and CFU count in lungs using data
from 17 untreated animals that were euthanized at different time points and for which lung bacteria was quantified by plating (Fig-
ure S1). The relationship obtained allowed us to derive from the luminescence signal an equivalent counts of CFU per gram of
lung (noted CFUeq/g) that was used to obtain in all infected animals (untreated or treated by phages) the bacterial densities. The ac-
curacy of this correlation curve was tested against previously published mice lungs CFUs data obtained 6 h post-infection by the
bioluminescent strain 536 (Dufour et al., 2015). The corresponding amount of emitted light was retrieved for 8 animals and was con-
verted to obtain CFUeq/g. The median predicted value was 2.3 x 10” CFUeq/g (interquartile range: [1.9 x 107, 3.2 x 107]), which is
close to the observed value of 8.3 x 108 CFU/g (interquartile range: [5.2 x 10°, 1.0 x 107]) initially reported in the Table 1 of that studly.

Phage distribution

Adose of 8 log1o PFU of phage 536_P1 was administered in uninfected mice (N = 53) using IT (N =16) or IV (N = 37) route. At 2, 4, 8, 24
and 48 h after phage administration, mice were sacrificed, and blood (in heparin coated tubes) and lungs were recovered and put on
ice. Lungs were weighted, homogenized in PBS with protease inhibitor (EDTA free micro Tabs, SigmaAldrich). Lungs and blood were
then centrifuged (5000 g, 15 min, 4°C). The supernatant was collected, serially diluted and spotted (in triplicate) on agar plates
covered with strain 536 to titer phage 536_P1.

We used the following standard pharmacokinetic model to estimate phage biodistribution:
dVp

i k,Vs (Equation 1)
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Z—‘: = Fk,Vg — k.V (Equation 2)
where V and Vg denote phage quantity in lung and blood compartments, respectively, k. is the elimination rate from lungs, k; is the
transfer rate from blood to lungs, F is the bioavailability in lungs after IV administration. The initial condition of these equations are
Vg(0) = dose and V(0) = 0 in case of IV administration and V5(0) = 0 and V(0) = dose in case of IT administration. V is divided
by the phage distribution weight (W) to obtain the phage concentration in lung compartment. Before the modeling analysis, the me-
dian phage concentration at baseline (8 log;q PFU/g) was determined following the IT administration of a single dose of 8 logo PFU,
and F was obtained by performing the ratio of IV/IT area under the curves in the lungs. The parameter W was deduced from the phage
concentration at baseline. Estimations of the other parameters were performed by naive pooling of data (i.e. considering all the mea-
sures for each group (IV and IT) as if they came from a single individual and performing a nonlinear regression).

Bacterial kinetics in untreated mice

We characterize the natural bacterial kinetics (i.e., in absence of treatment) in animals infected with doses of 7.6 logo CFU (34 mice)
or 8.2 log4g CFU (12 mice) and the bacterial kinetics obtained by bioluminescence (see above) using the following model (one mouse
was not analyzed due to death during bacterial inoculation, i.e. N = 45):

Z—f = a<1 — BfaX>B — 5,\,,85:% (Equation 3)
Where « is the exponential growth rate of bacteria (eg, log(2)/« is the doubling time) and B, is the maximal carrying capacity, deter-
mined by sensitivity analysis. The initial condition of B was estimated by the parameter By (B(0) = 105¢). Consistent with previous
work (Dufour et al., 2019), we assumed that in the first 3 h of infection the immune system had no activity (eg, bacteria could grow
exponentially during this period). After this period the elimination of bacteria by the host was modeled by a non-linear saturable term,
given by oug> 5.

Phage-bacteria interaction in treated mice

We characterized phage-bacterial interactions using data obtained in 142 mice infected by 7.6 logo CFU and treated subsequently
(four mice were not analyzed due to death during bacterial inoculation, i.e. N = 138), using the protocol described above, with a single
dose (low, medium or high) of phages administered using IT or IV route (detail of the groups in Figure 1). Bacterial kinetics was derived
from bioluminescence (see above) and lungs were collected at 2, 4, 8, 24 or 48 h after phage administration to count PFU. We also
considered data in untreated mice (see previous section) for the analysis.

A linear mixed model of longitudinal bacterial load has been built using the Imer function of the Ime4 R package Imer. Two cova-
riates were considered: the treatment (untreated or treated) and the inoculum (<6.8 logo CFUeq/g) or (>6.8 logso CFUeqg/g). The
basis model included the intercept, the slope (time effect), the treatment and the inoculum effect on the intercept, the inoculum effect
on the slope and the interaction between the inoculum and the treatment. The final model included these parameters as well as the
treatment effect on the slope. To evaluate the phage treatment effect on the bacterial load evolution, a likelihood ratio test was per-
formed to compare the two nested model.

The model describing interactions between phage 536_P1 and strain 536 relied on a system of ordinary differential equations (ODE)
(Figure 1, Equations 4, 5, 6, 7, 8, 9, and 10, presented below). We combined standard model of viral (Perelson and Guedj, 2015) and
bacterial kinetics (Friberg and Guedj, 2020) to tease out the main parameters governing phage-bacteria interaction in mice. In lungs,
phages can infect susceptible bacteria (S) following a mass-action term, with rate 8. We also considered a population of refractory
bacteria (of initial proportion f), noted R, that includes both phage-resistant and phage-inaccessible bacteria.

as oL(178+I1+12+F1’)S S

dt g s 5.5 PV Equation 4
at Bimax MBoiS+hihiR PO (Equation 4)

dl; I

Do BvS—ely —y——
BVS — el —ovg s LR

ot (Equation 5)

di I |
ar = e Tk vy e LR (Equation 6)
dR S+li+lL+R R .
——=a(1-—F "R —uz————5 Equation 7
at a( Bmax ) 6MB50 +S+ I1 + I2 +R ( quation )
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ddits VA (Equation 8)
av .
S = — BVS+bovl+FlVs — kV (Equation 9)

We considered the following initial condition for this system: S(0) = 108 (1 — f),/1(0) = 0,/2(0) = 0,R(0) = 108 x f,Vg(0) =
0, V(0) = 0. The dose of phages is added to V or Vp at the phage administration time by IT or IV route, respectively.

Non-linear mixed effect model for phage-bacteria interactions

The model parameters in bold were estimated using data from all infected animals while all other parameters were fixed to the values
determined above, either in vitro (e, b), in uninfected treated mice (k,, F, ke) or in infected untreated mice (o, Bmax,m, Bso)- All infer-
ence procedures were performed in a non-linear mixed effect model framework using the SAEM algorithm implemented in Monolix
software (Kuhn and Lavielle, 2005) (see the phage-bacteria mathematical model reported in Data S1 and related to Figure 5). All infer-
ence procedures assumed an additive Gaussian error model on the log-transformed data, with og (resp. oy) representing the stan-
dard deviation of the measurement error associated with bacterial load (resp. phage concentration). All parameters along with their
estimated standard error are summarized in Table 1.

Impact of bacterial kinetics on survival
Finally, we aimed to consider the potential bias due to the fact that more severely infected animals died earlier, making the population
study less and less representative as time goes by. In this approach, called joint models (Desmee et al., 2015), the probability to sur-

t
vive up to time t, S(t), is modeled as: S(t) = e~ Jontoot where

k—1
h(t) = f(i) @Y X10g(S(t)+h (1) +12(t) + R(1)) (Equation 10)
A\A
h(t) is the instantaneous hazard function, x and 1 are scale parameters characterizing the risk of death in absence of infection and vy
quantifies the impact of bacterial load on mortality. Thus, in this model y = 0 is indicative of an absence of association between bac-
terial load and mortality, while v >0 indicates that increased bacterial load is associated with an increased risk of death.

Model evaluation

Individual fits were investigated to evaluate the different models. For the final model, we also evaluated the model predictions i) for the
bacterial kinetics by using prediction corrected-visual predictive checks (Bergstrand et al., 2011), accounting for the risk of death and
ii) visual predictive checks of the survival. Simulations for validation methods were made using mIxR package.

Model based simulations for the impact of treatment procedures and phage parameter values

Model based predictions were performed to investigate various scenarios as follows. For each simulation, the median profile of
different model compartments (S, R, /1, I» and V) was investigated using the parameters determined in Table 1 and different exper-
imental conditions regarding the route of administration (IV or IT), the dose of phage administered (Lo: 5.6, Med: 7.6 or Hi: 8.6 logo
PFU) and initial bacterial load (6, 7 or 8 log;o CFUeq/g). We also evaluated the effects of different burst size (10 fold lower, 10 fold
larger than the estimated value in vitro), using a single initial bacterial load of 7 logio CFUeq/g. Furthermore, when setting a burst
size 10 times lower than the estimated value (and a fixed initial bacterial load of 7 log1o CFUeq/g), we investigated the effect of three
different lysis rates values: the value estimated in vivo (0.09 h™"); a value three times higher (0.27 h™"); a value estimated in vitro
(1.39h77).

QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification and statistical analysis reported in this work are described in the corresponding Method details sections or figure leg-

ends. The statistical procedures were performed using R, except for those related to non-linear mixed effects models which were
performed with Monolix.
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