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In bacteriophage therapy, the combination of different phages

into a single cocktail is of critical importance to overcome the

narrow host range of single phage isolates. Today, the design

of therapeutic cocktails is often akin to a black box and relies

largely on intuition and (pre-)availability of isolates in local

collections. Here we show that straightforward host range

analysis can disclose design rules and we propose to apply/

translate a data mining approach, historically applied in the field

of marketing (‘shopping cart analysis’) to explore patterns in

phage combinations. The technique is broadly applicable to

host range datasets and can serve in combination with other

molecular-based approaches to propose rationales for phage

cocktail design.
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Introduction
The application of bacterial viruses (phages) to treat

bacterial infections came about at the beginning of the

20th century, shortly after the initial discovery of lytic

phages as natural predators of bacteria [1,2]. The first

documented phage therapy effort was led in 1919 by the

co-discoverer of phages, Félix d’Hérelle, for the treat-

ment of dysentery (See Ref. [3] for a historical review of

the field). One hundred years later, a number of phase I/II

clinical trials as well as multi-patients case series using
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phage products have been reported, but no trial has

reached phase III to date and broad implementation of

phage therapy in the West still eludes us [4��,5]. None-

theless, successful cases relevant to human health have

been reported, including (but not limited to) treatment of

ESKAPE pathogens [6]. In addition, protocols outside the

framework of clinical trials have been established to treat

individual patients using phages [7��,8�].

Phage isolates used in therapy are typically evaluated on

multiple characteristics, including safety parameters such

as the absence of virulence factors, lysogenic and trans-

duction potential, and their applicability to different

strains [9]. This last parameter, known as the host range,

is one of the key determinants for the therapeutic appli-

cations of a given phage, especially as inclusion criteria of

patients for phage therapy often depend on the sensitivity

of the infectious agents to the product [10]. Indeed,

contrary to the broad spectrum of antibiotics, phages have

a narrow host-range, typically infecting only a subset of

strains within a single species. In addition, depending on

the bacterial species targeted, phages having a broader

host-range may not be available [11��]. When considering

the ESKAPE pathogens, only Staphylococcus aureus
appears to be susceptible to phages targeting almost all

isolates of the population (>97% of MRSA strains for

wMR003 [12]).

Bacterial species have extensive pangenomes, meaning

that different strains within a species often have a unique

assortment of accessory genes. The diversity in gene

content together with strain-specific sequence reflect

the intra-species diversity strains that make up their

population [13]. Each strain within a species may be

infected by a different subset of phages. To illustrate

this last point, one may compare the phages that infect

Pseudomonas aeruginosa [14]. There we find divergent

phage clades, ranging from familiar Caudovirales isolates

such as N4-like, T7-like, or jumbo phages like PA5oct

and phiKZ [15,16] to filamentous phages and dsRNA

phages [17,18]. Importantly, although these phages share

the same host (P. aeruginosa), they are so diverse geneti-

cally that they represent disconnected viral kingdoms in

the current classification models of the viral universe [19].

To overcome the host range limitations of single phage

isolates, a common approach in phage therapy is to pool

together different phages into a single cocktail product
www.sciencedirect.com

mailto:cedric.lood@kuleuven.be
https://www.sciencedirect.com/journal/current-opinion-in-virology/special-issue/10FSG684HH4
https://www.sciencedirect.com/journal/current-opinion-in-virology/special-issue/10FSG684HH4
https://doi.org/10.1016/j.coviro.2021.12.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coviro.2021.12.011&domain=pdf
http://www.sciencedirect.com/science/journal/18796257


Uncovering design rules for therapeutic bacteriophage cocktails Lood et al. 237
[20]. To date, very few ground rules or analytical tech-

niques for the design of such cocktails have been estab-

lished [21]. As such, the choice of phages that will go in a

cocktail typically depend on the pre-availability of pro-

ducts available via phage therapy centers with private

collections of phage isolates, or at times recently isolated

phages available in the lab connected to the therapeutic

effort. With the increasing calls to establish centralized

libraries of well-characterized phages [22��], the field

could benefit from computational approaches that can

infer ground rules for the design of cocktails.

In this opinion piece, we review current design rationales

for phage cocktails that have been used in clinical trials

and case series reports, and we propose to use a data

mining technique, originally implemented in the field of

marketing known as ‘Association rules mining’ that could

be used to explore and unpack design rules. We illustrate

the potential of this technique to generate design rules on

a host range dataset of P. aeruginosa and its phages.

On the design of phage cocktails: current
host-range driven principles
We surveyed the literature of phage clinical trials and case

series reports for indications of phage cocktail products

used and any design rules documented in the related

publications and reports (Table 1) [4��,23]. Overall, out of

the fourteen phase I/II clinical trials and nine case series

selected, we can observe a few recurring products and

strategies.

On the one hand, we note the frequent use of phage

therapy products that have been in use in the Eastern

world. These products include the Pyophage and Coli-

Proteus cocktails from the Eliava Institute in Georgia and

Microgen in Russia. These products have been explored

using metagenomics and target multiple pathogen spe-

cies [24�,25]. Their designs likely aggregate long term

empirical experience and iterations of their composition,

but we lack details on their exact makeup and design

rules. This limits their implementation into Western

medical practices and its legislative frameworks to some

extent, including magistral preparations where individual

phages need to be assessed [8�].

Other phage cocktails do have precise compositions and

all their isolates have been characterized and sequenced

(except studies with Id #8 and #15 in Table 1). However,

they do not appear to be available commercially, except

for PreforPro. These cocktails can be divided in two

categories, i) single pathogen targeting (Biophage-PA,

T4-like coliphage, PP1131, AB-SA01, or ii) multiple-

species (WPP-201, BFC-1). In both cases, considerations

on host-range are usually briefly discussed in the related

(or adjunct) publications but the decisions pertaining to

the final choice of composition are often not available.

Notable exceptions are the BFC-1 cocktail, where
www.sciencedirect.com 
considerations were given to select a single S. aureus
phage with broad host range (possible in that species),

as well as two P. aeruginosa phages with different recep-

tors (LPS and type IV pili) to prevent resistance devel-

opment. The other exception is the T4-like cocktail used

in the Nestle/Bangladesh trial and that was designed to

comprise isolates from different sub-clades of the T4-like

phages.

Association rules mining: concept and
translation to phage-bacteria interactions
Association rules mining, also known as frequent itemset

mining [48] is a computational technique that enables the

analysis of customer transactions. The purpose of such

analysis is to extract rules that govern associations and

patterns between items (e.g., customers may often buy

both bread, butter, and jam together). The technique can

also be readily extended to discover negative associations,

that is, items that are mutually exclusive or never bought

together [49]. When we translate this approach to the

universe of interactions between phages and bacteria, the

associations one may try to detect are whether some

phage isolates tend to infect the same bacteria (positive

association). We can also mine for negative associations,

through which we may find phages that have mutually

exclusive host ranges.

One key advantage of the approach is that it does not

necessitate an a priori knowledge of the genomes of the

bacteria or the phages. Indeed, the only required infor-

mation are the labels of the host-range dataset and the

results of the interaction assays. Mining for rules is

essentially a combinatorial problem, and as such many

rules can be inferred using these algorithms. However,

not all rules are necessarily robust, and we typically

associate to each rule a computed score or quality metric.

The mining of rules stops by using criteria of computing

time (for very large datasets) or depth of associations. A

rule consists simply of one or more antecedents, and a

consequent, for example, A and B could be antecedents

and C a consequent and the rule could be ‘A and B imply

C’. After a set of rules has been inferred, it becomes

possible to sort them using quality metrics and retrieve

the top rules for closer inspection. For our application to

host range analysis, the main workflow consists of the

following steps (Figure 1):

1 A host range experiment is conducted in which a series

of phages is screened against a panel of bacteria to see

which ones can productively infect (plaque) the strains

of the panel.

2 The results of the host range are typically encoded in a

table, with each row representing a bacterial strain and

the columns represent the different phages. The values

that are encoded are converted to binary values (pro-

ductive infection or not).
Current Opinion in Virology 2022, 52:236–243
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Table 1

List of completed clinical trials studies augmented with multi patients case series reports (sorted by date). Information about the cocktail

product used is provided when available.

Id Study description Target Cocktail used, composition, and indication of design Ref.

1 Chronic otitis, Phase I/II (EUDRACT 2004-

001691-39)

P. aeruginosa Biophage-PA cocktail, composed of 6 phages (Pseudomonas

phage BC-BP-01 to 06). Patent US2007/0190033 describes the

combination as ‘maximizing host range on a panel of strains’.

[26]

2 Venous leg ulcers, Phase I/II (NCT00663091) S. aureus, P.

aeruginosa, E. coli

WPP-201, composed of 8 phages. No indication of design rules

beyond targeting multiple bacterial species in the related

publication.

[27]

3 Safety oral application (Nestle/Bangladesh

Trial), Phase I

E. coli T4-like coliphage cocktail composed of 9 phages, selected from a

collection of 98 coliphages to maximize clade diversity

(phylogeny).

[28]

4 Oral phage therapy diarrhea (Nestle/

Bangladesh trial), Phase I/II (NCT00937247)

E. coli T4-like coliphage cocktail composed of 9 phages (see above Id

#3) + ColiProteus cocktail (Microgen)

[29]

5 Safety oral application (Nestle/Bangladesh

Trial), Phase I

E. coli T4-like coliphage cocktail composed of 9 phages (see above Id

#3) + ColiProteus phage cocktail (Microgen)

[30]

6 Safety trial S. aureus carriers (Phase I) S. aureus Pyophage cocktails from Eliava and Microgen + Monophage

isolate with broad host range from Eliava collection.

[24�]

7 Gastrointestinal health safety, Phase I

(NCT03269617)

E. coli PreforPro commercial product composed of 4 coliphages

(Escherichia phage LH01, LL4, T4D, and LL12). Indication of

morphological diversity of the phages (Myoviridae and

Siphoviridae)

[31]

8 PhagoBurn, Phase I/II (NCT02116010) P. aeruginosa P1131 phage cocktail composed of 12 Pseudomonas phages.

Brief indications of morphological diversity (Podoviridae and

Myoviridae). No sequences available. The cocktail is also

discussed in Ref. [32] where they mention that it lyses 84% of their

panel of 33 P. aeruginosa strains.

[33]

9 Effects of supplemental phage intake on

inflammation and gut microbiota, Phase I

(NCT03269617)

E. coli PreforPro cocktail (see above Id #7) [34]

10 Chronic rhinosinusitis, Phase I

(ACTRN1261600000024)

S. aureus AB-SA01 phage cocktail, composed of three phages closely

related to Staphylococcus phage K. The cocktail is indicated to

have a broad host range, see also Ref. [35]

[36]

11 Safety in serious infections by S. aureus,

Phase I (NCT03395769)

S. aureus AB-SA01 phage cocktail (see above Id #10) [37�]

12 Gastrointestinal health, Phase I/II

(NCT04511221)

E. coli PreforPro cocktail (see above Id #7) [38]

13 UTI treatment, Phase I/II (NCT03140085) Enterococcus spp.,

E. coli,

Streptococcus spp.

Pyophage cocktail from Eliava Institute, extended with

Streptococcus phages (no indication of strain/origin).

[39�]

14 Chronic prostatitis, case series (3 patients) E. faecalis Phages from the IIET collection, no further indication or

sequencing available.

[40]

15 Safety trial oral coliphage, case series

(10 patients)

E. coli ColiProteus cocktail (Microgen). [25]

16 Burn wounds, case series (9 patients) S. aureus, P.

aeruginosa

BFC-1 phage cocktail. The cocktail contains one broad host range

Staphylococcus phage and two Pseudomonas phages with

different receptor.

[41]

17 Diabetic foot ulcer, case series (6 patients) S. aureus Sb-1 single phage with broad host range. [42]

18 UTI, case series (9 patients) Multiple species Pyophage cocktail [43]

19 Musculoskeletal infections, case series

(4 patients)

S. aureus, P.

aeruginosa, E.

faecalis

BFC-1 cocktail (see above Id #16) + Pyophage cocktail [44��]

20 Lung transplant, case series (3 patients) P. aeruginosa, B.

dolosa

AB-SA01 (see above Id #16) + Navy phage cocktail (Five different

Pseudomonas phages PaK1, PaSLWK17, PaSKWK22,

PaATFK1, and PaATFK3 – all sequenced, no explicit design rules

provided)

+ single Burkholderia phage BdPF16phi4281

[45]

21 Cardiothoracic surgery infections, case

series (8 patients)

Multiple species Multiple combinations of phages from the Gabrichevsky Institute.

All phage sequenced and previously studied. No explicit design

rules provided.

[46]

22 Prosthetic knee infection by S. aureus, case

series (3 patients)

S. aureus Three Staphylococcus phages (PP1493, PP1815, PP1957 from

Silviavirus and Rosenblumvirus). Indicated to have been selected

for their complementarity of host range.

[47]
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Principles of applying association rules mining to host-range data.

1) Host-range data is collected on a panel of strains and a collection of phages (e.g., spoting assay of phage dilution series). 2) Productive

infections are tabulated as binary values. 3) The host range data is converted into transactions, which converts each line in the host range dataset

into a list of phages for which a productive infection was observed. This list of transaction is fed to the datamining algorithm which infers the set

of rules observed in the dataset and attaches to each quality metrics such as confidence, support, and lift. 4) The rules can be sorted by the

quality metrics and visualized graphically. This enables the researcher to browse through the ‘top rules’ in terms of the quality metrics to explore

the dataset and underlying patterns.
3 Each row in the dataset is converted in a transaction

and we use a software package such as arules via

RStudio [50] to mine the set of rules (available software

reviewed in Ref. [51]).

4 Multiple visualization interfaces are available to

explore the set of rules. Typically, the rules can be

filtered and sorted by their quality metrics and finally

visualized as a network where one can see the rules

antecedents and consequents.

Two key metrics are typically consulted when filtering

and inspecting the rules, i) the support for the rule A -> B,

indicates how frequently the rule appears in the dataset,

and ii) the confidence for a given rule A -> B, which is the

frequency in which B is found with A relative to the

frequency of A. Taken together, support and confidence

relay how interesting rules are and one can set threshold

to these values in order to filter down the number of rules

to consider. Other common metrics are the so-called

coverage and lift values, which represent measure of

how often a rule can be applied, and how important

the rule is, respectively. Other techniques to cluster rules

and uncover unexpected patterns have also been pro-

posed [52�].

Example application of association rules
mining to P. aeruginosa and its phages
To illustrate the use of association rules mining, we

applied the technique to a dataset of 579 P. aeruginosa
www.sciencedirect.com 
strains of various environmental and clinical origins. All of

the strains were tested against eight distinct phages, and

we recorded whether individual plaques appeared in the

dilution series of the phage, indicating a productive phage

infection [53]. The other phenotypes, such a ‘lysis from

without’ were ignored for this analysis. The dataset and

the scripts used for the analysis are available in the

supplementary material.

The original host range data was recorded in a spread-

sheet software (579 lines by eight columns) and exported

as a list of transactions that could be further processed

using the R studio programming environment [54]. We

used the apriori and plot functions available in the R

package arules and arulesviz to generate the initial set of

rules and explore it interactively as a graph network

[50,55]. Multiple quality metrics are available for each

rule, and we opted to sort the rules by their confidence

and their support. Although no genomics information is

necessary for this analysis, knowledge of the phage iso-

lates from our previous work helped in the a posteriori
interpretation of the network of rules. Indeed, we saw that

Pseudomonas phage 14-1, PB1, LMA2, and LBL3

appeared together as antecedent and consequent of many

inferred rules, and similarly for Pseudomonas phages

LKD16 and LUZ19. Given that the phages from the first

cluster all belong to the Pbunavirus, and the phages from

the second cluster belong to the Phikmvvirus genus, we

interpreted this as a clear signal that taxonomy position is
Current Opinion in Virology 2022, 52:236–243
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Figure 2
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Application of association rules mining to a dataset of 550 Pseudomonas aeruginosa strains.

(a) Heatmap of the susceptibility of a subset of 50 bacteria to eight phages (in green = susceptible, in blue = no interactions). (b) Graphical

exploration of positive association rules, sorted by confidence. The phage isolates are indicated in blue. Each circle represents a rule, and has one

or more antecedent (incoming arrows) and a single consequent (outgoing arrow). (c) We look here at negative association rules, sorted by

confidence.
an important predictor of infectivity. A finding previously

highlighted in the study by Gencay et al. [56].

We extended the analysis by including a search for

negative association rules in the host range dataset (sup-

plementary material). One of the key results that we

observed was the existence of exclusions between Pbu-
navirus and Phikmvvirus members. This is of particular

interest as it indicates that these phages have comple-

mentary host ranges, and as such could be interesting to

pool together into a phage cocktail which would have an

expanded host range compared to both phages individu-

ally. Aside from that consideration, isolates from these

two genera are known to use different phage receptors

(LPS and Type IV pili respectively), meaning that this

approach could also be used during large screens to

selected phages on which to perform more in depth

molecular characterization techniques (including omics)

(Figure 2).

Potential, limitations, and outlook
There is a growing interest in applying phages to clear

bacterial infections and mitigate the growing concerns

and costs of antibiotic resistance. A recurrent work around

to the limited host range of phage isolates is to pool

together phages into cocktail products that have a larger

host range than its individual components. As such, one

may expect that some ground rules could be used to
Current Opinion in Virology 2022, 52:236–243 
decide which phages to combine. However, as our survey

of the literature of clinical trials and case series has

revealed, there is room to improve and guide design

decisions.

In this opinion piece, we proposed to implement a

datamining technique known as ‘association rules mining’

as a strategy to unpack rules for the design of phage

cocktails. The approach relies on the existence of host

range datasets and does not necessitate a priori genomics

data of either phages or bacteria. Using a dataset of P.
aeruginosa and its phages, we showed that two types of

questions relevant to cocktail design can be asked: i) do

some phages appear redundant in terms of their host

range and as such would not expand the cocktail’s host

range? and ii) are some phage isolates complementary in

host ranges? If that should be the case, then having these

phages in the cocktail could expand its host range.

As with other data-driven approaches, the quantity and

quality of the input data is critical to yield statistically

relevant insights. We look forward to the expansion of

therapeutic phage libraries and representative panels of

strains as a source of data to discover these patterns, but

also envision it could be implemented on top of existing

databases such as the Viral Host Range as a mean to

explore existing datasets [57��]. An obvious limitation of

the approach is that it is oblivious to the molecular details
www.sciencedirect.com
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about the phage and the bacteria, such as the receptors,

and focuses only on the outcome of the infection cycle.

Bacteria mutants can occur that have modified receptors

or even cross-sensitization to other phages [58,59], and

phages may also have activity against biofilms such as

those found in prosthetic infections or endocarditis [60].

However, these limitations are balanced by the broad

applicability of the method, going beyond the medical

setting strictly. In general, it can be used as a first step to

exploring host range data collected about new phage

isolates, potentially guiding the researcher in narrowing

down large collections of new phage isolates to character-

ize further. For instance, if the phages are candidate to

enter the composition of a therapeutic cocktail, then

genome sequencing would be critical in combination with

microbiological studies such as stability, receptors, and

detection of potential lysogenic behaviour. This approach

is also compatible and adjunct to other strategies, such as

the machine learning approach we have recently pro-

posed to generate digital phagograms [61], and it could

be extended in the future to include antibiotics-phage

synergies.
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