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A world first: Pherecydes Pharma launches multicenter 
clinical study of phage therapy in serious burn victims 

 
For the first time, an industry-standard clinical trial is evaluating the tolerance and 

effectiveness of phages in fighting sensitive antibiotic-resistant infections 
 
 
Romainville, France, September 9, 2015 – Pherecydes Pharma, a biotechnology company 
specialized in the research and development of therapeutic lytic bacteriophages, announces 
today the launch of the Phagoburn clinical trial. This randomized and monitored phase I/II 
single-blind trial aims to evaluate the tolerance and effectiveness of two anti-infection 
bacteriophage treatments in serious burn patients. The effect of the bacteriophages is 
compared to a reference treatment: silver sulfadiazine. 
 
Phage therapy is an innovative therapeutic method for treating bacterial infections, in 
particular hospital-acquired infections and/or antibiotic-resistant infections. This is the first 
international clinical study on phages in the world that meets international standards in clinical 
evaluation. It will involve 220 patients spread across two arms: 110 patients for each of the 
two bacteriophages cocktails developed by Pherecydes Pharma. One of the products targets 
bacterial infections caused by Escherichia coli, the other targets infections caused by 
Pseudomonas aeruginosa. Infections involving these germs are often very severe. These 
species frequently and rapidly attain high levels of resistance to antibiotics. This can be fatal if 
therapy fails. The trial began in July 2015. 
 
Phagoburn is coordinated by the Percy Military Hospital (France), a Service de Santé des 
Armées (SSA) Hospital within the French Ministry of Defence. It is being conducted in 11 major 
burns units in France, Switzerland and Belgium. Two other military hospitals are involved in 
the project – the Reine Astrid Hospital in Brussels (Belgium) and the Sainte-Anne Military 
Hospital in Toulon (France). Eight civilian hospitals are also taking part: the Liège teaching 
hospital (CHU) and the Grand-Hôpital of Charleroi-Loverval (Belgium), the Vaud CHU 
(Switzerland), the St. Joseph/St. Luc Hospital in Lyon, the Nantes and Bordeaux CHUs, the 
Metz-Thionville regional hospital and the Conception hospital in Marseille (France). 
 
Clean Cells, a French pharmaceutical company, carried out the bioproduction of the phages in 
line with current pharmaceutical good manufacturing practices (GMP). CRO Statitec (France), 
which is responsible for managing the trial data and statistical aspects, is also participating in 
the project. 
 
“Infections are the most common cause of mortality in burn patients,” said Dr. Patrick Jault, 
head of the anesthesia unit at the Percy Hospital and principal investigator for the trial. 
“Pherecydes’ approach, involving the use of phages, is an interesting one for us because it has 
the potential to open up a new avenue for therapy to counter antibiotic resistance through the 
use of a very rigorous procedure. This study is the result of a close collaboration between all of 
the stakeholders (SMEs, doctors, pharmacists, regulators, politicians etc.), with the goal of 
providing a common response to a public health issue.” 
 
“The launch of this clinical trial is a big step for Pherecydes Pharma. Phagoburn has received 
all the necessary authorizations in France, Switzerland and Belgium; a testament to the quality 
of our phage therapy method and the development work put into the products tested,” said 
Jérôme Gabard, CEO of Pherecydes Pharma. “Phage therapy is a promising solution to the 
problem of bacterial resistance. We see our therapy as both an alternative and a supplement 
to antibiotic treatment.”  
 

Pherecydes

September 9, 2015

EUROPEAN MEDICINES AGENCY 
WORKSHOP  THERAPEUTIC USE OF BACTERIOPHAGES

8 JUNE 2015
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A
s drug-resistant infections thwart 

even our last-resort antibiotics, a 

growing number of researchers see 

promise in a therapy long on the 

back burner: bacteria-killing viruses 

known as bacteriophages. Now, phage 

therapy is facing its first major trial under 

modern regulatory standards—and it’s prov-

ing challenging to test. The ambitious phase 

I/II clinical trial in Europe was expected to 

have its first results this summer. But the trial 

has faced a series of delays and shrunk in size 

and scope, hinting at some of the many barri-

ers phages will confront in getting 

to market.

First discovered more than a 

century ago, phages largely fell 

by the wayside in the West as 

big pharmaceutical companies 

pursued broad-spectrum anti-

biotic compounds. Anecdotal evi-

dence abounds that phages can 

sometimes defeat obstinate, life-

threatening infections, and they 

are already used to treat pa-

tients in Eastern Europe. But 

to date, most clinical studies 

have included only small groups 

of patients and have lacked 

rigorous oversight.

PhagoBurn was supposed to 

change that. In response to a 

2012 European Commission call 

for grant proposals on new anti-

bacterial products, the French 

Ministry of Defense partnered with pharma-

ceutical companies and military and civilian 

hospitals in France, Switzerland, and Bel-

gium to design a 3-year test of phage therapy 

in burn patients with infected wounds. In 

2013, the project launched with �3.8 million 

in European Commission support.

“The expectations are high,” says Sandra 

Morales, vice president of research at Ampli-

Phi Biosciences in Sydney, Australia, which 

earlier this year began two small phage ther-

apy clinical trials in Australia and the United 

States. “Almost scarily high!” 

Pherecydes Pharma, based in Romainville, 

France, was to develop two topical phage 

treatments for the trial, aimed at Escherichia 

coli and Pseudomonas aeruginosa infections, 

which are often antibiotic-resistant. Pher-

ecydes collected most of its phages from the 

bacteria-rich sewage flowing underground 

from Parisian hospitals, then grew and pu-

rified them into two cocktails of 12 and 

13 phages each to ensure multiple modes of 

action against ever-evolving bacterial strains.

Technically, that process is “not too tricky,” 

says Laurent Bretaudeau, director of research 

and development for Clean Cells in Boufféré, 

France, which handled PhagoBurn’s manu-

facturing. But the burden of validating and 

documenting the production steps grows ex-

ponentially with each new phage. The project 

budgeted 12 months to establish good manu-

facturing practice for the treatments, but 

ended up taking 20. 

The company then planned to enroll 

220 patients from 11 participating hospitals. 

Half would receive phages, and the other half 

silver sulfadiazine, an antibacterial cream 

routinely used on burn infections. That num-

ber seemed realistic based on the hospitals’ 

previous patient data, says Jérôme Gabard, 

CEO of Pherecydes. But in the 6 months af-

ter recruitment began last July, PhagoBurn 

found just 15 eligible patients with P. aeru-

ginosa infections and one with E. coli. “All of 

the clinicians in the trial are surprised” by 

the poor numbers, Gabard says. 

PhagoBurn’s recruitment effort struggled 

in part because phages’ attack mechanisms 

are highly targeted to one bacterial species. 

As a result, only patients with a single in-

fection were eligible, and yet most infected 

burn patients are colonized with more than 

one type of bacterium. Last month, the team 

decided to drop the E. coli study altogether, 

leaving just the intended 110-person P. aeru-

ginosa study. 

The project hit another snag when regu-

lators with France’s National Agency for the 

Safety of Medicines and Health Products 

asked Pherecydes to show that the concen-

trations of the various phage components 

were stable over time. Demonstrating stabil-

ity is usually straightforward for drugs with 

just one or a few active ingredients. But it’s 

a major hurdle for an elaborate cocktail 

made up of highly similar phages, Gabard 

explains. When the deadline for these data 

came up in January, Pherecydes put recruit-

ment for the trial on hold. 

This month, regulators ac-

cepted provisional measures 

showing that the product re-

mained sterile and retained its 

antibacterial activity, and the trial 

started back up. The company is 

now exploring ways to limit the 

formula to just a handful of dis-

tinct and potent strains, though 

Gabard notes that reducing the 

diversity of a cocktail too much 

could render it less effective as 

bacteria evolve resistance. 

PhagoBurn’s struggles come 

as little surprise to those who 

work with phages. “It’s not like 

there’s been some transforma-

tive development or technology 

that means that it’s open sea-

son on phage therapy,” says Paul 

Bollyky, a microbiologist and phy-

sician at the Stanford University 

Medical Center in Palo Alto, California. “It’s 

just the problems have gotten so extensive 

with drug resistance that people are willing 

to try to get around some of the regulatory 

and composition issues and give this a try.”

And despite the disappointments, many 

in the field have a certain reverence for 

PhagoBurn, which still plans to get as close 

as possible to its 110-patient goal by the end 

of the year and reveal efficacy data next 

February or March. At the very least, they 

say, the project will establish new manufac-

turing approaches and push regulators to 

clarify their policies for evaluating phages. 

“In some ways, it doesn’t matter at all if it 

works or not,” says Ry Young, a phage bio-

logist with the Center for Phage Technology 

at Texas A&M University, College Station. 

“The very fact that it’s being tried is a very 

positive step for the field.” j

 DRUG DEVELOPMENT

Beleaguered phage therapy trial presses on
Setbacks suggest difficult road for much-needed antibiotic alternatives

A big European trial is testing whether bacteria-killing viruses, like the 

bacteriophage above, could be an effective alternative to antibiotics.

By Kelly Servick

Published by AAAS
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“The expectations are high,” says Sandra 
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Phi Biosciences in Sydney, Australia, which 

earlier this year began two small phage ther-
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States. “Almost scarily high!” 
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France, was to develop two topical phage 

treatments for the trial, aimed at Escherichia 

coli and Pseudomonas aeruginosa infections, 
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“The trial has faced a series of delays and 
shrunk in size and scope, hinting at some of 
the many barriers phages will confront in 
getting to market…”

In practice, only recruited 15 of the 
220 intended patients.

One year later…
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“After being assured that no harmful effects 
attended the ingestion of the Shiga-
bacteriophage, this treatment was applied for 
therapeutic purposes to patients afflicted with 
[culture-confirmed] bacillary dysentery.”

- Dr. Felix d’Herelle, Bacteriophage and its 
Behavior, 1926

... 90 years before

Felix d’Herelle
wikipedia



“It’s not like there’s been some transformative 
development or technology that means that it’s open 
season on phage therapy.”
- Dr. Paul Bollyky, Stanford (in Servick, Science, 2016)

Paul Turner, Yale
Phage-Antibiotics Synergy
Chan et al., Sci. Rep, 2016, 10.1038/srep26717

Transformative Development 1 (Transformative) Development 2

Today’s talk
Phage-Immune Synergy
Leung & Weitz, J. Theor. Biol. (2017)
Roach, Leung…Weitz & Debarbieux, Cell Host Microbe (2017)
Leung & Weitz, Trends in Microbiology (2019)



From Models to Mice:
En Route to a Modern Immunophage Therapy

• The limits of virus-microbe ecology in 
dynamic elimination of hosts

• Theoretical principles underlying 
“immunophage synergy” 

• Curative treatment of otherwise fatal 
respiratory diseases using phage in 
immunomodulated mice
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Part 1:

The limits of virus-microbe ecology in 
dynamic elimination of hosts

14



Nonlinear model of phage-bacteria 
population dynamics

Interactions:
Resource inflow/outflow
Host growth and outflow
Viral lysis and outflow

(note: original model 
included time delays)
Similar model proposed by Campbell (1961) Evolution 15: 153
& adapted to phage-bacteria chemostats by Levin et al. (1977) Am. Nat. 111:3

Dynamic model

Counter-clockwise cycles
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dR

dt
=

media inflowz}|{
!R0 �

nutrient consumptionz }| {
f(R)N �

outflowz}|{
!R

dN

dt
=

cell divisionz }| {
✏f(R)N �

infection and lysisz }| {
�NV �

outflowz}|{
!N

dV

dt
=

lysisz }| {
��NV �

infectionz }| {
�NV �

outflowz}|{
!V



Lotka-Volterra like “counter-clockwise” cycles are 
robust to many viral interaction mechanisms

Models with an 
infected class
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The same types of cycles can be observed in 
virus-host population dynamics (in the lab)
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“Lotka-Volterra” like cycles 
between T4 and E. coli B

Data: Bohannan & Lenski, 
Ecology (1997)

Virus

HostTake-home message:

Original models of viral-host 
dynamics presuppose a “simple” 
one virus, one host relationship.

Further analysis of this and other cases in:
Weitz, Quantitative Viral Ecology: Dynamics of Viruses and 
Their Microbial Hosts, Princeton University Press, 2015.



Yet, virus-host dynamics also exhibit 
“cryptic” dynamics, when hosts evolve…
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“Lotka-Volterra” like 
cycles between T4 and E. 
coli B…

Until something happens 
at about 200 hrs.

Data: Bohannan & Lenski,
Am. Nat. (1999)
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Eco-evolutionary theory and experiments provide a 
counterpoint to standard phage therapy

1. Viruses can kill individual cells.

2. But, viral populations often coexist with host populations.

3. Evolution of resistance amongst bacteria can lead to the 
loss of “top-down” control.

Central methodological approach to respond to 
these challenges…
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Steven Liu, Cal Poly

Shawna McCallin et al., Virology, 
2013

Alex Betts, alexbetts.info, OTC phage 
cocktails from the Eliava institute

Article

Engineering Modular Viral Scaffolds for Targeted
Bacterial Population Editing

Graphical Abstract

Highlights
d A generalizable and efficient strategy for phage genome

engineering was established

d Synthetic phages with tunable host ranges were created

d Engineered phages enacted efficient killing of their new target

bacteria

d Phage cocktails with engineered host ranges edited mixed

bacterial populations

Authors

Hiroki Ando, Sebastien Lemire,

Diana P. Pires, Timothy K. Lu

Correspondence
timlu@mit.edu

In Brief
The establishment of a bacteriophage

genome-engineering platform and the

creation of synthetic phages with tunable

host ranges open the door for building

synthetic phage cocktails based on

common viral scaffolds. This approach

was used to enact efficient killing of

targeted bacteria and edit multi-species

communities and thus enables new

technologies for treating infectious

diseases and modulating microbial

consortia.

Ando et al., 2015, Cell Systems 1, 187–196
September 23, 2015 ª2015 Elsevier Inc.
http://dx.doi.org/10.1016/j.cels.2015.08.013

Ando et al., Cell Systems, 2015

Cocktails



Dynamic counterpoint to standard phage 
therapy still remain with cocktails

1. Viruses can kill individual cells. Cocktails may kill more, but 
not all, and there are trade-offs with coverage.

2. But, viral populations coexist with host populations, even 
when there are multiple populations in a community.

3. Evolution of resistance amongst bacteria can lead to the 
loss of “top-down” control. May be slowed, but resistance 
remains, just a more complex Luria-Delbruck experiment.
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Part 2:

Theoretical principles underlying 
“immunophage synergy” 

22



A starting point: In vivo examples of phage 
therapy efficacy in mice

Survival curves of mice infected with P. aeruginosa 
treated with diluent or phage at different dosages

Phage/bacteria ratio

L Debarbieux et al., J. Infect. Dis. 201, 1096 (2010).

Control Phage

Time-course bacterial load in the infected mice as 
measured by bioluminescence



Tripartite model of virus-microbe-immune interactions 
First proposed by Levin & Bull, Nat. Micro, 2004

Bacteria Phage

Immune
Response

dN

dt
=

cell divisionz }| {
✏f(R)N �

infectionz }| {
�NV �

immune killingz}|{
�IN

dV

dt
=

lysisz }| {
��N⌧V⌧ �

infectionz }| {
�NV �

viral decayz}|{
!V

dI

dt
=

immune stimulationz }| {

↵I

✓
N
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Tripartite model of virus-microbe-immune interactions 
First proposed by Levin & Bull, Nat. Micro, 2004

Some challenges: 
• Disease state is tied to crossing transient 

population threshold – rather than elimination.
• Immune system response can grow w/out bound.
• Crucially, phage are not needed to eliminate 

bacteria in the long-term.
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Proposed immunophage synergy model
Leung & Weitz, J. Theor. Biol (2017)

We begin with a modified Levin-Bull model and extend it in two key ways:

dB

dt
=

Growthz }| {

rB

✓
1� B

KC

◆
�

Lysisz }| {
�BP �

Immune killingz}|{
✏IB

dP

dt
=

Viral releasez }| {
��BP �

Decayz}|{
!P

dI

dt
=

Immune stimulationz }| {

↵I

✓
B

B +KN
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Proposed immunophage synergy model
Leung & Weitz, J. Theor. Biol (2017)

We begin with a modified Levin-Bull model and extend it in two key ways:

1. Immune stimulation has a biological “carrying capacity”
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Proposed immunophage synergy model
Leung & Weitz, J. Theor. Biol (2017)

We begin with a modified Levin-Bull model and extend it in two key ways:

1. Immune stimulation has a biological “carrying capacity”

2. Bacteria can initiate density-dependent defenses (e.g., 
biofilms) to evade the immune response

28
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Proposed immunophage synergy model
Leung & Weitz, J. Theor. Biol (2017)

Immunophage synergy model – dynamics w/out immune response
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Proposed immunophage synergy model
Leung & Weitz, J. Theor. Biol (2017)
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Proposed immunophage synergy model
Leung & Weitz, J. Theor. Biol (2017)
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Hypothesis: phage drive equilibrium microbial densities 
to levels controllable by the immune response
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Discrepancy: the model seems to work more robustly 
than fixed point comparison predicts (see Region II).



Stability of fixed points extends the predicted 
region of immunophage synergy 

0 20 40 60 80 100
104

106

108

1010

1012

Time (h)

D
en

si
ty

 (m
l 1

)
Phage
Bacteria
PBI

BP

Case B

0 20 40 60 80 100
104

106

108

1010

1012

Time (h)

D
en

si
ty

 (m
l 1

)

Phage
Bacteria
PBI

BP

Case A

IIA. Dynamic instability 
enables synergy

Ph
ag

e 
ad

so
rp

tio
n 

ra
te

 !
(m

l h
-1
)

Phage decay rate " (h-1)

#

##$

###

Log bacteria density

IIB. Dynamic stability 
enables coexistence

##%



Sufficient conditions for robust immunophage
synergy leading to bacterial elimination
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Synopsis of the Proposed Mechanism of 
Phage-Immune Synergy
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Synopsis of the Proposed Mechanism of 
Phage-Immune Synergy



Biofilm before phage treatment Biofilm after phage treatment

D Alemayehu et al., mBio 3, e00029-12 (2012)

Synopsis of the Proposed Mechanism of 
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Synopsis of the Proposed Mechanism of 
Phage-Immune Synergy



Part 3:

Curative treatment of otherwise fatal 
respiratory diseases using phage in 
immunomodulated mice

42





One of the first presenters on “phage 
therapy” focus session… Dwayne Roach

Dr. Dwayne Roach
Pasteur Institute

Bacteria:
Multi-drug resistant Pseudomonas aeruginosa, fatal acute 
pneumonia model

Phage: 
PAK_P1, shown to prevent fatal acute pneumonia in vivo

Focus: 
Phage therapy efficacy in immunomodulated mice.

Prof. Laurent Debarbieux
Pasteur Institute

Prof. James Di Santo
Pasteur Institute
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That moment when…



That moment when… 
one thinks this just might work.
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 624 
Fig. S8. Phage therapy is ineffective in the neutropenic and lymphocyte deficient host. Anti-625 
granulocyte receptor-1 (anti-Gr1) monoclonal antibody was used to deplete neutrophils in Rag2-/-626 
Il2rg-/- mice void of all innate lymphoid cells, B-cells and T-cells mice 24h before an intranasal 627 
inoculum of P. aeruginosa (107 CFU) (n=6 per group). After a 2h delay these mice received dose 628 
inhaled monophage therapy (MOI of 10), which was ineffective in preventing pneumonia. (B) 629 
Colonization pattern of the bioluminescent pathogen in the lungs of live mice plotted as mean 630 
radiance (p/s2/cm2/sr) over time shows no indication of phage antibacterial activity. Arrow marks 631 
treatment point; in vivo radiance limit of detection (LOD); error bars indicate SEM. [* p < 0.05]. 632 
 633 
 634 

 635 
 636 

  637 
 638 
Fig. S9. Phage prophylaxis in the innate and adaptive lymphocyte deficient host. (A) Rag2-/-639 
Il2rg-/- mice void of all innate lymphoid cells, B cells and T cells received a single inhaled 640 
monophage dose (109 PFU) which gave prophylaxis for 4d against P. aeruginosa (107 CFU) 641 
pneumonia (n=12 per group). (B) Bacterial luminescence plotted as mean radiance (p/s2/cm2/sr) 642 
in the lungs of animals over time demonstrates phages maintain antibacterial activity after 643 
residing in the mouse airways for 4d. (C) Comparison between saline mock-prophylactic and 644 
mock-curative treatment indicates no change in bacterial colonization pattern due to treatment 645 
intranasal instillation occurring before intranasal bacterial challenge. Arrow indicates treatment 646 
point; in vivo radiance limit of detection (LOD); error bars indicate SEM. [* p < 0.05; *** p < 647 
0.05] 648 
  649 



The challenge, bridging in vitro models 
to in vivo outcomes

24 
 

 549 

 550 
Fig. S2. Simulations of phage and bacteria densities for the linear phage lysis rate model. 551 
Effect of phage administration in (A) fully functioning host immune response and (B) in the 552 
absence of host innate immunity. The initial phage dose and timing correspond to the 553 
experimental curative phage therapy. Phage causes extremely rapid elimination of bacteria in this 554 
linear phage lysis model, which is inconsistent with our experimental bacterial infection profile 555 
in mouse lungs (Fig. 1C). 556 
 557 
 558 

 559 
 560 
 561 
 562 
 563 
 564 

 565 
 566 

Fig. S3. Phage lysis rate as function of phage density in the different mathematical 567 
simulations. (A) linear phage lysis model, as well as non-linear phage lysis: (B) heterogeneous 568 
mixing (HM) and (C) phage saturation (PS) models. Phage lysis rate depends sublinearly on 569 
phage density for both the HM and PS model. However, the PS model also sets an upper limit on 570 
the phage lysis rate. 571 
 572 
  573 

Challenge 1 – Theory
Direct scaling of in vitro model 
to lungs leads to nearly 
immediate mixing and bacterial 
elimination.

Challenge 2 - Immunology
Can we diagnose the basis for 
the failure of phage therapy given 
immunomodulated mice?

Effector 
cellsP.a.

PAK_P1



Alternative forms for the “attack” rates of 
phage in vivo 

Roach, Leung, …, Weitz & 
Debarbieux, CHM (2017)
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Supplementary Figures S9. Simulated time series phage and bacteria densities for the linear infection rate model F (P ) = φP
in (A) immunocompetent host and (B) in the absence of innate immunity. The initial phage dose corresponds to the curative
phage treatment. Model parameters in Supplementary Table S2.
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Supplementary Figures S10. Phage infection rates F (P ) of (A) the linear model F (P ) = φP , (B) the HM model [Eq. (S4)],
and (C) the PS model [Eq. (S5)]. Model parameters in Supplementary Table S2.
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Alternative forms for the “attack” rates of 
phage in vivo 

Roach, Leung, …, Weitz & 
Debarbieux, CHM (2017)
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Alternative forms for the “attack” rates of 
phage in vivo 

Roach, Leung, …, Weitz & 
Debarbieux, CHM (2017)
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18 
 

 448 

 449 
 450 

Fig. 2. Phage therapy eliminates bacteria in mathematical models of phage therapy in 451 
immunocompetent host. (A) Schematic diagram of host immunity (I), bacteria (B) and phages 452 
(P) interactions accounting for heterogeneous mixing (HM) and phage saturation (PS) models, 453 
which differ only in the phage lysis rate. Simulated bacteria, phage and immune densities with 454 
(B) HM or (C) PS parameters. (D) Schematic diagram of heterogeneous mixing-resistance (HM-455 
R) or phage saturation-resistance (PS-R) model with the addition of phage resistance emergence 456 
as a subpopulation of target bacteria. The dotted compartment denotes the total bacteria 457 
population, which is the sum of the sensitive (S) and resistant (R) subpopulations. Predicted 458 
population densities with (E) HM-R or (F) PS-R modelling. All simulations predict phage-459 
sensitive and phage-resistant bacterial elimination during phage therapy in hosts with a fully 460 
functioning innate immune response. 461 
 462 
  463 

without 
resistance

with
resistance
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which differ only in the phage lysis rate. Simulated bacteria, phage and immune densities with 454 
(B) HM or (C) PS parameters. (D) Schematic diagram of heterogeneous mixing-resistance (HM-455 
R) or phage saturation-resistance (PS-R) model with the addition of phage resistance emergence 456 
as a subpopulation of target bacteria. The dotted compartment denotes the total bacteria 457 
population, which is the sum of the sensitive (S) and resistant (R) subpopulations. Predicted 458 
population densities with (E) HM-R or (F) PS-R modelling. All simulations predict phage-459 
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Dwayne Roach



Phage therapy is inefficient in the innate 
immunity activation deficient host (Myd88-)

Roach, Leung, …, Weitz & Debarbieux, CHM

Innate 
effector cellsP.a.

Myd88

PAK_P1



Phage therapy is efficient in the innate and 
adaptive lymphocyte deficient host.

Roach, Leung, …, Weitz & Debarbieux, CHM.

Inhaled monophage therapy (MOI of 10) after a 2h delay provided 
Rag2-/-Il2rg-/- mice void of all innate lymphoid cells, B-cells and T-cells, 
exhibits a 90% survival probability from acute respiratory infection 
by P. aeruginosa (107 CFU) (n=6 per group). 

Conclusion: synergy is not with 
innate lymphoid, B-cells and T-cells

Neutrophils?P.a.

Myd88

PAK_P1



Phage-neutrophil alliance is required for 
effective therapy

Anti-granulocyte receptor-1 (Gr1) monoclonal antibody was 
used to deplete neutrophils in wild-type mice 24h before an 
intranasal inoculum of P. aeruginosa (n=4 per group).

Roach, Leung, …, Weitz & Debarbieux, CHM.

Neutrophils!P.a.

Myd88

PAK_P1



Efficient non-immune priming phage 
prophylaxis in the immunocompetent host

Roach, Leung, …, Weitz & Debarbieux, CHM.

Wild-type mice received a single inhaled monophage
dose (109 PFU) which gave prophylaxis for 4d against 
P. aeruginosa (107 CFU) pneumonia (n=6 per group). 

22 
 

 516 

 517 
Fig. 6. Efficient non-immune priming phage prophylaxis in the immunocompetent host. (A) 518 
Wild-type mice received a single inhaled monophage dose (109 PFU) which gave prophylaxis for 519 
4d against P. aeruginosa (107 CFU) pneumonia (n=6 per group). (B) Luminescence plotted as 520 
mean radiance (p/s2/cm2/sr) from bacteria over time demonstrates phages maintain antibacterial 521 
activity after residing in the mouse lungs for 4d. Arrow indicates treatment point; in vivo 522 
radiance limit of detection (LOD); error bars indicate SEM. [** p< 0.01; *** p< 0.001] (C) 523 
Heterogeneous mixing (HM-R) and (D) phage saturation (PS-R) model simulations of phage 524 
prophylaxis in immunocompetent hosts both predict that a slow decay of phage density would 525 
occur before the phage outgrowth following bacterial inoculation, which leads to bacterial 526 
burden elimination. (E) Differential production of cytokines in mouse lung tissues after exposure 527 
to 10 µg LPS, saline, or phages (109 PFU) suggests that significant priming of host immunity 528 
does not occur. However, INFγ and TNFα production was significantly lower in phage exposed 529 
compared to saline exposed lungs (p< 0.05). For values see Fig. S6. 530 
  531 
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Roach, Leung, …, Weitz & Debarbieux, CHM.

Wild-type mice received a single inhaled monophage
dose (109 PFU) which gave prophylaxis for 4d against 
P. aeruginosa (107 CFU) pneumonia (n=6 per group). 

Differential production of cytokines in mouse lung 
tissues after exposure to 10 μg LPS, saline, or phages 
(109 PFU).

Tentative conclusion:
Significant priming of host immunity 
does not occur.



Part 4:

New directions in combining phage 
and antibiotics for curative treatment 
of multi-drug resistant infections
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Caveat: phage treatment can fail if targets the wrong strain 
or if high levels of phage-resistance is present in the host
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The generalized model describes the
interactions between phage, bacteria,
antibiotic, and the host innate immunity.

A model of phage-antibiotic combination therapy

Rodriguez, Leung, … ,  Turner, Weitz (in prep)
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The limitations of antibiotic therapy

Antibiotic only Antibiotic + 
Immune

We vary the above initial conditions 
and run the model for 96 hours and 
compute the bacterial density.
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Antibiotic only Antibiotic + 
Immune

Antibiotic + Phage Antibiotic + Immune + 
Phage

We vary the above initial conditions 
and run the model for 96 hours and 
compute the bacterial density.
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Opinion

Not by (Good) Microbes Alone: Towards
Immunocommensal Therapies
Chung-Yin Leung1,2,* and Joshua S. Weitz1,2,*

Commensal bacteria have been identified as critical drivers of host resilience to
pathogen invasion. The resulting ‘competitive exclusion’ of pathogens by
commensals can arise via multiple mechanisms, including direct competition
for sites of colonization, production of metabolic products that inhibit pathogen
growth, and modulation of host immune responses (including differential
targeting of pathogens). Nonetheless, suppression of pathogens through the
combined action of commensals and host immunity is far from inevitable. Here,
we utilize a simple, within-host ecosystem model to explore the microbiological
and immunological conditions that govern the fate of pathogen colonization.
Model analysis leads to the hypothesis that robust elimination of pathogens
requires a synergy between host immune defense and commensal bacteria.
That is, pathogens can proliferate and establish persistent infections if either
the state of the microbiota or the host immune defense falls below critical
levels. Leveraging these findings, we advocate for improved integration of
nonlinear dynamic models in efforts to understand infection dynamics in an
immunological context. Doing so may provide new opportunities to establish
baseline indicators for healthy microbiomes and to develop improved
therapeutics through targeted modification of feedback amongst commensals
and between commensals and the immune system.

Tripartite Interactions between Pathogens, the Microbiota, and the Host
Immune System
In the human body, bacterial pathogens, host microbiota, and the immune system interact and
influence one another. For example, a healthy microbiota can suppress pathogen colonization
by competitive exclusion [1,2], production of inhibitory products [3,4], modification of virulence
expression in pathogens [5,6], and disruption of quorum sensing [7,8]. In addition, the
microbiota can stimulate and regulate host immunity to improve defenses against pathogens
and limit harmful inflammation [5,9,10]. The host immune system is hypothesized to maintain
homeostasis with the microbiota [11,12] and shape the composition of commensal microbial
communities [13,14].

The tripartite interactions between pathogen, commensal, and the host immune system
change the fate of pathogen colonization and infection. For example, immunosuppressed
patients may have disrupted microbiota that facilitate enhanced rates of pathogen colonization
and infection [14–16]. It has also been hypothesized that commensal bacteria may exploit
innate immune responses to inhibit microbial competitors [17]. However, the combined action
of commensals and the immune system is not always beneficial for the human host. For
example, probiotic therapies meant to augment baseline levels of commensal microbiota may
have strong, negative consequences given immunological context. There are multiple lines of

Highlights
The human microbiota is increasingly
recognized as essential for protecting
the host from pathogens.

The outcome of an infection is deter-
mined by the tripartite interactions
between pathogen, the host micro-
biota, and the host immune system.

Existing mathematical models of
human microbiota largely focus on
microbial community interactions while
the effects of the immune system are
represented implicitly.

A modeling framework that explicitly
considers immune responses is
needed to understand the emergent
system dynamics of pathogens,
microbiota, and immunity.

An understanding of the microbiota as
an integrated immunocommensal sys-
tem may help to elucidate the role of
the immunological context in opportu-
nistic infections and guide host-tar-
geted therapies for infections.
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Box 1. Modeling Commensal–Pathogen–Immune Dynamics
Model Description
The model describes the interactions between pathogenic bacteria (BP), commensal bacteria (BC) and host immunity (I)
targeting the pathogenic bacteria (see schematic in Figure I). In this model, the pathogenic and commensal bacterial
populations grow and inhibit each other through competition. Here the commensal bacteria are assumed to be well
tolerated by the host immune system, and the immune response primarily targets the pathogenic bacteria.

This model incorporates two key features of the host immune response. First, the immune response saturates at high
intensity as suggested by experimental evidence that the killing capacity of the immune response is finite and can be
saturated [37 –39]. Second, it is assumed that the bacteria can evade the immune response in a density-dependent
manner. For example, pathogenic bacteria can utilize quorum sensing to activate immune evasion strategies such as
biofilm formation and production of virulence factors at high population density [32,35,36]. It has been shown previously
that these two assumptions together can lead to dose-dependent alternative infection outcomes, including bacterial
elimination and long-term bacterial persistence [30], consistent with the empirical observation of an infectious dose
required to establish an infection [40].

_BP ¼ rPBP 1 " BP þ lPCBC

KP

! "

Competition

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Growth

" eIBP

1 þ BP=KD

zfflfflfflfflfflfflffl}|fflfflfflfflfflfflffl{Immune killing

; [I]

_BC ¼ rCBC 1 " lCPBP þ BC

KC

! "
; [II]

_I ¼ aI 1 " I
KI

! "
BP

BP þ KN

! "zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Immune stimulation

[III]

We propose a system of coupled differential equations (Equations I–III) comprising a Lotka-Volterra competition model
coupled to an immune component. Here, rP and rC are the maximum growth rates of strain BP and BC, respectively. KP

and KC are the respective carrying capacities of strain BP and BC in the absence of the competing strain. lPC is the
inhibitory strength of BC on BP due to competition, and lCP is the inhibitory strength of BP on BC. The pathogenic
bacteria are killed by the immune response with a rate parameter given by e. However, BP can overwhelm or evade the
immune response when it reaches a high population density, with a half-saturation density of KD. The immune response
is stimulated by the pathogenic bacteria at a maximum rate of a until it saturates at the maximum immune intensity KI. KN

is the bacterial density at which the rate of immune stimulation is half its maximum.

This model has three qualitatively distinct outcomes, including a commensal-dominated regime (in which pathogens are
eliminated), a pathogen-dominated regime (in which commensals are eliminated), and a coexistence regime.

Growth Growth

Ac!va!on
Inhibi!on

Immune
evasion

Immune
killing

Immune
satura!on

Immune
s!mula!on

Compe!!on

Figure I. Schematic and Equations of the Model with Interactions between Pathogenic Bacteria (BP),
Commensal Bacteria (BC), and Host Immunity Targeting the Pathogenic Bacteria (I).
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Figure 3. Population Dynamics and Regimes of Steady States from the Model at Different Levels of Host Immunity and Commensal Protection. (A)
Commensal competition and host immune response can synergistically eliminate the pathogen even when neither of them can do so alone. The figures show time series
of population densities of pathogen BP, commensal BC, and host immune effector I. The panels correspond to cases with the pathogen interacting with commensal
bacteria only, host immunity only, and a combination of commensal and host immunity. The bacterial competition parameters are given by lPC = 0.75 and lCP = 1.25.
(B1,B2) The combination of commensal competition and host immunity lowers the commensal inhibitory strength and immune killing rate required for pathogen
elimination. (B1) Different regimes of infection outcomes as functions of the competition parameters lCP and lPC at different levels of immune responses: no immunity,
low immune killing (eKI = 0.82 h!1), and high immune killing (eKI = 1.97 h!1). (B2) Different regimes of infection outcomes as functions of lCP and maximum immune
killing rate eKI at different levels of commensal inhibition: no commensal, low inhibition (lPC = 0.75), and high inhibition (lPC = 1.25). The black dashed line and dotted line
mark the thresholds of the different parameter regimes. The parameters for all simulations are given by rP = rC = 0.75 h!1, KP = KC = 1010 cell/g, e = 8.2 " 10!8 g/(h
cell), KD = 4.1 " 107 cell/g, a = 0.97 h!1, and KN = 107 cell/g. The initial conditions are BP0 = 3 " 107 (g!1), BC0 = 109 (g!1), and I0 = 2.7 " 106 (g–1).
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Conclusions

• Tripartite model of phage-immune-bacteria dynamics identifies mechanism for 
immunophage synergy to explain successful therapeutic clearance of pathogens.

• In vivo analysis shows curative success depends on phage and immune response.

• Immunomodulation points to a phage-neutrophil alliance necessary for therapy.

• Synergy resolves the resistance problem – the immune response eliminates 
susceptible and resistant pathogens.

• Generalized synergy ongoing to include commensals and antibiotics.
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