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Lower and middle-income countries seldom develop vaccines
and therapeutics for their own populations and are dependent on
supplies from industrialized countries, which are often hampered
by financial or supply chain limitations. This has resulted in major
delays in delivery with significant loss of life, as seen with the
coronavirus pandemic. Since the vast majority of deaths from the
antimicrobial resistance crisis are expected to occur in
developing countries, there is an urgent need for in-country
production of antibacterial therapies such as phages. Nationally
controlled phage banks might provide such a solution since
locally developed phage therapies tailored to endemic bacterial
strains could offer cost-effective antibiotic alternatives.
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Introduction

When global epidemics occur, developing countries
receive essential medicines much later than industrial-
ized nations do. For example, during the HIV/AIDS

crisis, death rates in the US started to plummet a full
decade before numbers in African countries began to
abate because it took that long for the poorer countries
to procure adequate supplies of antiretroviral drugs [1].
And while the US has more than enough coronavirus
vaccines to fully vaccinate its entire population, African
nations only have enough for an average of 5.8% of their
populations [2,3]. A similar delay in drug delivery from
industrialized countries will likely occur for the antimi-
crobial resistance (AMR) crisis, which by 2050 is expected
to kill five times more people annually than either HIV/
AIDS or COVID-19 have — with roughly 90% of the
AMR deaths occurring in Africa and Asia [4°°].

To avoid this catastrophe with AMR, developing coun-
tries must gain greater autonomy and capacity to develop
and manufacture antibiotic alternatives for their own
populations, rather than rely on receiving newly devel-
oped drugs from industrialized countries. This is a daunt-
ing task, but one that might be achieved by using natu-
rally occurring bacteriophages (phages), which are viruses
that can kill bacteria, including antibiotic-resistant strains.
Collections of locally isolated, pre-characterized phages
could be established as national or regional ‘phage banks’,
which could be quickly deployed to address outbreaks of
antibiotic-resistant infections. If such phage banks were
managed by national health agencies with support from a
network of local as well as international scientific institu-
tions, they could provide rapid, cost-effective, in-country
solutions for combating AMR. There is precedence for
using phage banks in this way — the former Soviet Union
did so for decades [5,6°°]. Numerous public and private
organizations in industrialized countries have already
begun establishing phage banks to prepare for AMR
[7,8°,9-11,12°,13,14]. It may be even more critical for
developing nations to do so.

Phage banks are already used in Eastern
Europe and beyond

Phages were used as antibacterial therapeutics even
before antibiotics were discovered, and with the growing
threat of AMR, interest in developing phage-based drugs
has increased rapidly worldwide [15]. As natural viral
predators of bacteria, phages work through different
molecular mechanisms than antibiotics and thus are able
to kill both antibiotic-resistant and antibiotic-sensitive
bacteria. Phages also kill bacterial species more
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specifically than broad-spectrum antibiotics do; as a
result, phages can protect patients’ microbiomes. Fur-
thermore, unlike conventional antibiotics, phage pro-
ducts can be designed to minimize future bacterial resis-
tance against them or even cause bacteria to become
resensitized to antibiotics [16°].

Over the past century, a number of institutions have
established large repositories of phages targeting a wide
range of bacterial species. Perhaps the best known are the
phage banks in the former Soviet Union, particularly at
the Eliava Institute of Bacteriophages, Microbiology and
Virology, now in the country of Georgia, which contains
more than 1000 phages, and the Hirszfeld Institute of
Immunology and Experimental Therapy in Poland,
which has more than 850 phages [17,18]. Tens of thou-
sands of patients have received phage treatment via these
two institutions, often with individually customized
phages selected for their ability to specifically kill each
patient’s infecting bacteria. In other cases, the broad
collections of phages have been screened against dis-
ease-causing bacteria found to be circulating in the gen-
eral population, then pre-set phage mixtures are made
available as over-the-counter treatments. Importantly,
those pre-set mixtures — typically called phage cocktails
— are screened twice a year to make sure they are still
active against the currently circulating bacteria; if not, the
cocktails are updated [6°°,19,20]. This approach of devel-
oping cocktails for the general population — rather than
employing personalized phage therapy for individuals —
might be particularly valuable for developing countries.

Other phage banks have been established largely to
provide resources for laboratory research. The longest-
standing of those include the Felix d’Herelle Reference
Center for Bacterial Viruses in Canada (>400 phages), the
American Type Culture Collection (ATCC) in the US
(~350 phages), the German Collection of Microorganisms
and Cell Cultures (also known as DSMZ; with ~450
phages), the National Collection of Type Cultures
(NCTC) in the UK (>100 phages), and the Bacteriophage
Bank of Korea (>1000 phages).

In the past few years, more banks have been set up
specifically to provide phage therapy for patients, with
funding primarily through governmental grants as well
as some private donations. These include banks at the
Queen Astrid Military Hospital in Belgium, both the U.
S. Navy Medical Research Center — Biological Defense
Research Directorate and the Walter Reed Army Insti-
tute of Research (with phages from each licensed to
Adaptive Phage Therapeutics), the Hebrew University
and Hadassah Medical Center in Israel, the Fagenbank
in the Netherlands, Baylor College of Medicine in the
US (called the Tailored Antibacterials and Innovative
Laboratories for Phage [®] Research or TAIL®R initia-
tive), and through the Australian Phage Biobanking

Network [7,8°,9-11,12°13,14]. These phage banks are
typically set up to provide treatment for individual
patients in situations when other treatment options have
been exhausted. The phages can be approved through
expanded access (often called ‘compassionate use’) reg-
ulatory pathways, which can apply to either emergency
or non-emergency clinical cases. Some of these banks
also use their phage collections to formulate phage
cocktails for clinical trials and product development
by more conventional regulatory pathways. In Belgium,
the magistral phage pathway has been established,
through which phage collections can be used for routine
therapy for individuals, and this system is being consid-
ered by other countries in Europe.

A number of academic research groups and companies
around the world have also established collections of
phages, with some of those containing more phages than
the formalized phage banks listed above and some banks
focused on a narrow set of pathogens. A notable example
is the SEA-PHAGES collection hosted at the University
of Pittsburgh, through which more than 19000 phages
have been isolated, mostly targeting soil dwelling non-
pathogenic mycobacteria, although including some
phages that target related pathogenic mycobacteria that
have been used for clinical phage therapy [21].

Phages are suitable for developing countries
Many aspects of phages make them particularly well-
suited for use in the developing world. Most importantly,
phages are able to Kkill antibiotic-resistant bacteria, a
crucial treatment need as antibiotics fail at alarmingly
high rates in developing countries. In addition, phages
can be isolated locally using laboratory equipment that is
readily available to scientists in developing countries. In
fact, it is often best to isolate phages in the region where
they will be used, since phages naturally adapt to target
strains of bacteria that have evolved locally.

It is also relatively inexpensive to isolate, characterize and
propagate phages. This aspect of phages could help
overcome a key problem in the worldwide antibacterial
drug market: conventional drug development is so expen-
sive that companies cannot recoup their development
costs by selling the antibiotics. In fact, several companies
that have developed effective new antibiotics have
recently gone bankrupt when sales revenues could not
cover operating costs [22]. Antibacterial drugs simply
cannot garner the same high prices as other drug classes.
The problem is exacerbated by the fact that public health
policies dictate that any new drugs that can successfully
kill antibiotic-resistant bacteria should be held in reserve
as last-line treatments — thereby minimizing any reim-
bursements that companies might be able to gain from
developing good drugs. This has prompted global policy-
makers to propose new financial incentives for antibacte-
rial drugs, with minimal success thus far.
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Ultimately, local phage banks could enable national or
regional control of phage-based drugs to help manage
antibiotic-resistant outbreaks, thereby decreasing depen-
dence on drug delivery from industrialized countries.
Furthermore, if phages could be manufactured locally,
this could decrease costs and logistics, since the phage
products would not need to be shipped from overseas
[23]. This might be accomplished through partnerships
with existing organizations such as GAVI or GALVmed,
which currently manufacture medicines for people as well
as livestock in developing countries. Realistically, pro-
ducing purified phages at scale would likely require
collaborations with experts in developed countries, at
least initially. But this technology transfer could be
achieved over time, with the added benefit of providing
new in-country jobs. Developing and manufacturing
phage products locally could also increase community
trust in the drugs, as long as safety and efficacy was
demonstrated and the product quality was certified. An
example of such "national pride" and associated social
acceptance seems to be observed with a traditional (non-
mRNA) COVID-19 vaccine that has recently been man-
ufactured in Vietnam, Thailand and Brazil for clinical
trials in those countries [24,25].

Phage banks should be national resources
that follow international standards
Theoretically, the ideal organization for phage banks
would be to have each bank managed by a central
authority within each country. We envision that such
banks would be hosted at government-funded universi-
ties or research institutions and supported with public and
philanthropic funds, such as the examples currently being
tested in Belgium, the US, Israel, the Netherlands and
Australia. Phage banks within neighboring countries
should be set up to coordinate rapid responses to regional
outbreaks. The phages best suited to fight the outbreak
should be used, regardless of the country where the phage
originated — acknowledging that bacteria and phages can
easily cross national boundaries. Thus, contracts and
licensing agreements would need to be in place to recog-
nize the phages as goods to be used for general public
benefit, rather than as products controlled exclusively by
private enterprise. Using in-country-derived phages in
this way would be consistent with the Nagoya Protocol, an
international agreement designed to ‘provide for the fair
and equitable sharing of benefits arising from the utiliza-
tion of genetic resources’ [26].

"This would be a drastic shift from traditional drug devel-
opment in which pharmaceutical companies drive the
development of new antibacterial products. Instead,
nationally appointed agencies would curate well-charac-
terized endemic phages — and ideally provide phage
products at cost or at supplemented rates. Realistically,
public-private partnerships would likely be needed for
some aspects of developing optimized phage cocktails,

then manufacturing and disseminating them. The exact
nature of such contractual details would undoubtedly be
country-specific and complex, but establishing such
agreements would be essential if phage banks are to be
used to save lives in developing countries.

For phages to be safely delivered through such a central-
ized system, phage bank facilities would need standard-
ized management systems following agreed-upon guide-
lines, such as those defined by the International
Organization of Standardization (ISO), the Minimum
Information About Biobank Data Sharing (MIABIS), or
the International Society for Biological and Environmen-
tal Repositories (ISBER). These include requirements
such as stable and secure databases, efficiently monitored
storage facilities with access controls, as well as robust
power supply backup systems. In addition, there would
need to be standardized protocols for each step of the
processing pipeline, including phage isolation, character-
ization, purification and routine quality control testing.
Requirements for genomic and phenotypic data should
also be standardized to allow easy phage selection, par-
ticularly in outbreak situations [27]. Ideally, well-charac-
terized bacterial host strains would also be available,
potentially secured through national AMR surveillance
programs. Recently isolated bacteria could then be
screened against the phage bank at regular intervals to
select phage cocktails that could kill the problem bacteria
— similar to the system that has been employed in the
former Soviet Union for decades. All of this would require
technically competent staffing, as well as oversight by
governmental regulatory bodies, institutional review
boards, and ethics committees relevant to each country.

Initial steps for phage banks in Africa are
underway

Over the past 5-10 years, research groups in at least
13 countries in Africa have begun isolating phages,
including in Eastern Africa (Ethiopia, Kenya, Tanzania,
Uganda), Western Africa (Benin, Burkina Faso, Cote
d’Ivoire, Ghana, Nigeria and Senegal), Northern Africa
(Egypt and Tunisia), and Southern Africa (South Africa).
In particular, scientists from institutions across Eastern
Africa have already isolated more than 450 phages, though
full characterization of most of those has yet to be
completed (Nagel, personal communication).

With a critical mass of isolated phages in Eastern Africa,
there has been interest from the local scientific commu-
nity in establishing centralized phage banks there. While
it might be ideal to eventually create an Eastern Africa
regional phage bank, it seems most realistic to begin with
country-specific phage banks, given that each nation has
its own regulatory framework. National phage banks
could be set up at institutions that already have the
appropriate infrastructures and internationally recognized
management systems in place. Some established
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biorepositories might fit those criteria, as they adhere to
rigorous regulations for storing isolated patient speci-
mens. For example, in Nairobi both the Kenya Medical
Research Institute (KEMRI) and the International Live-
stock Research Institute (ILRI) are ISO-certified institu-
tions that maintain repositories of various biological sam-
ples, with KEMRI being the nationally mandated
governmental research institute for human health and
ILRI focusing on safe use of livestock and associated food
products. In Uganda, the College of Health Sciences at
Makerere University recently established a biorepository
that handles specimens according to standard operating
procedures dictated by ISBER. Biorepositories such as
these might provide excellent settings for initial phage
bank storage. Also, the close proximity between aca-
demics and the biorepositories would facilitate easier
study of phages, allowing researchers to initiate projects
to unravel specific aspects of phage biology.

To our knowledge, East African institutions involved in
phage research have included:

e In Kenya — the Technical University of Kenya, the
University of Nairobi, Jomo Kenyatta University of
Agriculture and Technology, Kenyatta University,
the Institute of Primate Research, KEMRI, ILRI,
and the US Army Medical Research Directorate in
Africa

e In Uganda — Makerere University, Kampala Interna-
tional University, Kyambogo University, Clarke Uni-
versity and Muni University

e In Tanzania — Kilimanjaro Christian Medical Univer-
sity College

e In Ethiopia — Jimma University

Many of the collected phages target bacteria causing
infections in humans like antibiotic-resistant tuberculo-
sis, pneumonia, and diarrhea — some of the leading
causes of death in developing countries. Others Kill
bacteria carried by animals that can contaminate food
products such as meat, fish, dairy or agriculture crops,
which can subsequently cause illness in people. Thus,
these phages could be utilized through a One Health
approach, recognizing that bacteria can move between
people, animals and the environment. Given that more
antibiotics are used in livestock than in people worldwide,
the use of phages in animals could further help with the
AMR crisis by slowing the development of antibiotic
resistance in food sources.

A paradigm shift is needed in AMR drug
development to avoid huge death tolls

Past and current pandemics demonstrate that the devel-
oping world should not count on receiving needed medi-
cal supplies from abroad. The traditional strategy of

developing drugs in the commercial sector in industrial-
ized countries, then utilizing government support to
provide those drugs to developing countries has not
worked well to address public health needs with sufficient
speed and efficacy. This will be an even bigger issue for
antimicrobial drugs since, if nothing is done, the death toll
from AMR infections will be manyfold larger than any
previous infectious disease crises — including COVID-
19. Instead, there must be a paradigm shift in how
antibacterial drugs are developed and distributed to
underserved populations. Phages may constitute much-
needed antibiotic alternatives, and centrally organized
phage banks may provide cost-effective, local mecha-
nisms through which developing countries can effectively
respond to antibiotic-resistant outbreaks.
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