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Abstract

Despite progress in controlling microbial infections, the global burden of pathogenic bacteria remains
high. Moreover, the spread of antibiotic-resistant bacteria has increased and is likely to continue.
Consequently, recent research has focused on antibiotic alternatives to slow the proliferation of
resistance and improve patient outcomes. One promising approach is phage therapy, which uses lytic
viruses of bacteria to treat bacterial infections. However, an underexplored potential benefit is its
capacity to enhance health outcomes across the socioeconomic spectrum and improve healthcare
equity. Drawing on the history of phage therapy, recent clinical successes, and advancements in
research, we argue that phage therapy is well-suited to advance health and healthcare equity. This is
because it offers a comparatively greater potential to increase access and reduce disadvantages faced
by lower socioeconomic groups relative to conventional antibiotics. Based on these points, we
propose research objectives that aim to achieve these scientific and ethical goals.

Keywords: antimicrobial resistance; bacteriophage; bioethics; health equity; health services
accessibility; phage therapy

Introduction

Despite the significant biomedical advances of the 21st century, the global incidence and impact
of microbial infections remain high. Every year, microbial infections cause millions of human deaths
globally [1]. Simultaneously, pathogenic microbes have a significant economic impact on various
industries, including agriculture, farming, and food processing [2-5]. Amongst microbes, pathogenic
bacteria present unique challenges, and their burden is predicted to increase in the next few decades
for various reasons. For one, the human population is growing, and a significant portion of this
growth will occur in low and middle-income countries (LMICs) with limited medical and public
health infrastructure relative to high-income countries (HICs), leaving sizable portions of these
populations facing elevated risk [6,7]. Secondly, climate change and other human-induced
environmental changes, like encroachment on wildlife habitats, are expected to contribute to an
increasing prevalence of bacterial infections [8-10]. Lastly, the prevalence of antibiotic resistance is
spreading among various pathogenic bacterial species, while simultaneously, the speed of traditional
antibiotic discovery has slowed [11,12]. An estimated 1.1 million deaths were attributable to antibiotic
resistant bacteria in 2021, and recent studies estimate that by 2050, this could increase to as many as
1.9 million, while costing over $100 trillion in global economic output [13,14]. In turn, calls for
antibiotic stewardship across medicine and agriculture have begun [15], even though millions die
yearly in LMICs from lack of access to antibiotics [16]. These factors contribute to a growing concern
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about the potential burden of bacterial diseases in the future and how we should prepare for and deal
with them. One treatment option that has received increasing attention in the past decade is phage
therapy.

Bacteriophages are naturally occurring viruses that specifically infect bacteria and are the most
abundant biological entities on Earth [17]. Phage therapy is the therapeutic use of bacteriophages to
combat bacterial infections in patients, with the goal of improving their medical outcomes [18]. The
use of bacteriophages in medicine dates to the early 1900s, when researchers, soon after discovering
bacteriophages, hypothesized that they could be used to combat infections in humans. Despite the
early interest and promise, research into the therapeutic use of phages slowed following the
discovery of penicillin and broader advances in antibiotic production [19]. Nonetheless, the use of
phages continued primarily in the former Soviet Union and other Eastern Bloc nations, which
remained effectively isolated from the antibiotic advances of the Western world [20]. Indeed, routine
medical treatment with phages continues today in countries like Russia, Georgia, and Poland [21,22].
However, while the emerging antimicrobial resistance (AMR) crisis has reinvigorated scientific
interest in phage therapy, it is only one of the motivating factors for continued investment. Another
possible motivation for advancing research into phage therapy, in addition to or instead of traditional
antibiotics, may be the bioethical advantages associated with the method. As we will argue, these
advantages make phage therapy particularly well-suited to address healthcare inequities related to
the burden of pathogenic bacteria.

Equity is the absence of unfair differences amongst groups of people that are avoidable or
remediable, whether those groups are defined socially, economically, demographically, or
geographically [23]. To use a historical example, before women’s suffrage, voting rights were
inequitable, in that men but not women were eligible to vote. That political difference was both unfair
and avoidable. Healthcare equity is the absence of unfair differences in access to healthcare among
different groups of people that are avoidable or remediable. This is impeded by preventable
disparities linked to social determinants, including income inequality, healthcare accessibility,
differences in the physical built environment, workplace conditions, group-based discrimination,
and access to education [24-26]. We contend that phage therapy can play a unique and vital role in

promoting healthcare equity by directly addressing issues related to antimicrobial control that are

primarily driven by income and healthcare access inequalities. Importantly, it is also equipped to
address how these may be exacerbated by rising antibiotic resistance. This is because, compared to
traditional antibiotics, phage therapy products are more likely to have lenient storage requirements,
lower manufacturing costs, a lower barrier to entry for producers due to publicly available phage
manufacturing protocols, and the relative ease of isolating phage candidates from the environment

[27-29]. These contribute to more efficient patient accessibility and distribution, as well as a reduced
reliance on the existing commercial pharmaceutical industry for LMICs. These characteristics can
work cohesively to alleviate issues related to bacterial infections disproportionately faced by lower
socio-economic populations.

Here, we employ an interdisciplinary approach to examine how investment in bacteriophage
therapy can enhance healthcare equity in countries worldwide, ultimately enabling individuals to
reach a fuller potential for health and well-being (global health equity; Figure 1). We begin by briefly
discussing the history of phage therapy and its recent medical successes, before identifying
characteristics that may make it particularly well-suited to addressing some healthcare inequalities.
We then review the ethical and regulatory challenges associated with the broader use of phage
therapy in medicine and make suggestions to address them. Lastly, we identify the biological
obstacles associated with wider use and outline the lines of research inquiry that could resolve or
mitigate these issues. Importantly, these research recommendations are pertinent to both basic and
applied scientists in research fields related to phage therapy. They represent ways in which scientific
researchers can contribute not just to scientific progress but also progress towards greater healthcare
equity. Holistically, we aim to draw attention to the immense potential of phage therapy in improving
healthcare equity, while also identifying the research gaps that need to be addressed to realize a more
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comprehensive application of the method. We also emphasize that, while this review focuses on the
development of phage therapy for human bacterial infections, much of the ethical analysis and many
of the research suggestions apply to the use of bacteriophages in food production, agriculture, and

veterinary medicine [30-35].
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Figure 1. Overview of the Main Manuscript Themes. The realms of research related to phage therapy
development that would contribute to greater equity in how it is used or in who it would benefit, and the
advantages of phage therapy in creating greater equity. From left to right, Panel A shows realms of research that
could help optimize phage therapy for the most needy in collaboration with ongoing general development
(Panel B) of phage therapy. Together, these help recognize the equity-related benefits of phage therapy (Panel
C) and promote increased healthcare equity (Panel D).

The History and Promise of Phage Therapy

Phage therapy has a rich history, documented extensively in prior reviews and scholarly books
[19,20,36-38]. Bacteriophage research began in the early 1900s, starting with the independent
discovery of phages through the work of microbiologists Frederik Twort and Félix d'Hérelle.
Whereas Twort was the first to describe a ‘transparent material” that inhibited bacterial growth [39],
d’Hérelle conceived the idea of an obligate parasite of bacteria termed bacteriophage or “bacteria-
eater” [40]. Immediately, d'Hérelle established the field of phage therapy by recognizing these
microbes had therapeutic potential for treatment of bacterial diseases; in 1919, he successfully used
phage to treat chickens infected with Salmonella gallinarum [41,42]. Soon after, d’'Hérelle attempted to
treat human infections, demonstrating in 1921 that five patients with bacillary dysentery were
successfully treated with a phage that infects Shigella dysenteriae [41,43]. By 1927, clinical trials were
underway in India, which showed that mortality of cholera disease (caused by Vibrio cholerae)
decreased from 62.8% in control groups to 8.1% in phage-treated groups [44]. Relatedly, d'Hérelle
noted that anti-cholera phage could be introduced into drinking wells of rural villages during an
outbreak, to address epidemic spread and prevent additional infections from occurring [44].

Despite d’Hérelle’s early breakthroughs, other scientists pursued the therapeutic and
prophylactic potential of phage with varying success, for several reasons. First, phages tend to be
highly specific in killing only a subset of genotypes of a target bacterial pathogen, indicating that
prior characterization of phage susceptibility is warranted before attempting therapy. In 1923,
Beckerish and Hauduroy used phage successfully to reduce bacterial load in the blood of patients
with typhoid fever [45], whereas the following year, Smith [46] was unsuccessful in using phage on
a similar patient population; a failure likely stemming from unknowingly using phage with a narrow
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host range [45]. d’'Hérelle himself acknowledged this weakness, attributing the success of his early
trials to careful choice of phage capable of infecting the causative bacterial agent [41]. Second, early
methods for bulk-manufacturing therapeutic phage were likely contaminated with debris from lysed
bacteria. Due to insufficient purification, the potential benefits of phage therapy were difficult to
separate from the confounding effects of bacterial-antigen contaminants [47]. Third, early
pharmacokinetic experiments showed that phages were rapidly removed from the body via the
spleen, raising concerns about the sustained efficacy of phage treatment within the body [48]. Fourth,
pioneering molecular biology studies used lytic phage selection to estimate spontaneous mutation
rates of bacteria and demonstrated that bacteria were readily capable of evolving resistance to lytic
phage attack [49]. Lastly, early studies demonstrated that in vitro laboratory experiments involving
phage and bacteria did not always align with experimental outcomes observed in vivo [50-52].
Comprehensive evaluations of phage therapy by the American Medical Association in the 1930s and
1940s yielded mixed reviews but recognized its potential [53].

With these many perceived problems, Western medicine showed waning interest in phage
therapy relative to newly discovered antibiotics, trending away from phage technology by the 1970s.
In stark contrast, physicians and scientists in the then USSR, Poland, and elsewhere continued to
develop phage therapy in earnest; the legacy remains evident in locales such as the George Eliava
Institute of Bacteriophages in Tbilisi, Georgia, which has been operating since 1923. Fast forward to
the current day, when the World Health Organization has alerted that the rise of antibiotic-resistant
bacteria poses an increasing public health problem, threatening lives and economies throughout the
world [54]. Thus, as bacterial pathogens continue to evolve resistance against past and recently
approved antibiotics across all classes and compounds of these chemical agents, phage therapy is
experiencing a resurgence of interest and reconsideration by the West. Increasing numbers of
emergency and compassionate phage treatments are reported in countries where phage therapy is
not currently approved [55,56]. These are cases where patients are given otherwise unauthorized
therapies due to intractable illnesses that have failed to respond to authorized treatments [57]. Recent
reviews highlight the general safety and efficacy of personalized phage treatments [58,59]. In
countries like Belgium, legislation has been adopted that allows phage therapy to be routinely used
under magistral preparation. This enables physicians and pharmacists to prepare a combination of
pre-approved phages on a case-by-case basis for patients [60]. In other countries, such as the USA,
numerous clinical trials are underway that aim to demonstrate the safety and efficacy of phages for
specific infections [61], a necessary step in the approval of phage treatments as labeled drugs, which
would make these therapies widely available. Thus, as evidence mounts that phages can be safely
and effectively used as adjuvants alongside chemical antibiotics or as replacements for these failing
drugs, a growing concern is that personalized phage treatments offer possible life-saving
technologies, which, unfortunately, are not accessible to all who could benefit [62]. This demonstrates
that even medical interventions that clearly have utility to patient populations can raise ethical issues.

How Phage Therapy Can Advance Healthcare Equity

The formal principle of justice that is traditionally attributed to Aristotle is fundamental to our
understanding of equity. In ethics, a principle is a general guideline that assists us in deciding which
behaviors are right or wrong by specifying particular considerations as ethically relevant. The formal
principle of justice requires that equals should be treated equally and those who are unequal should
be treated unequally [63]. Equity can be understood as a narrower instantiation of the formal
principle of justice, in that when two parties are equal (in the respect relevant to the particular
opportunities under consideration), they should not have preventable or avoidable disparities
between them in their access to opportunities [64]. Importantly, healthcare equity does not dictate
that relevantly equal individuals ought to have precisely the same health outcomes, but rather that
they should have relevantly equal opportunity to access healthcare. Returning to the example of
women’s suffrage, adult men and adult women are not relevantly different (i.e., unequal) in respect
to their capacity for political participation. Both groups engage with and are represented by the
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government, and both possess the capacity for human logic and reason. It is also functionally and
logistically possible to permit both groups to vote. Thus, only permitting adult men (and not adult
women) to vote is a politically inequitable outcome. Furthermore, note that neither men nor women
need to actually vote in order for this to be equitable in this way; equity requires that there is no
unfair difference in their opportunity to vote that is avoidable or remediable. This same rationale
applies when evaluating whether access to healthcare is equitable for different groups.

Healthcare disparities arise from a combination of social, economic, political, and systemic
factors that both structural conditions and individual-level barriers can shape [65-67]. Healthcare
inequity manifests when these disparities appear amongst equals, and these inequalities are both
unfair and avoidable or remediable. For instance, people who reside in rural areas are not relevantly
different in an ethical sense from those who live in urban areas. However, urban areas tend to have
a higher relative abundance of healthcare services. This means that rural populations can often face
an inequitable shortage of healthcare resources when compared to urban populations [68]. On an
individual level, persons in rural communities often also have less access to health information,
which can lead to an increase in detrimental health behaviors and outcomes [69]. While some
disparities in healthcare access between these patient groups are not feasibly avoidable or remediable
(e.g., the distance to the nearest level 1 trauma center for an isolated rural community), we
nonetheless have ethical reasons to address disparities when feasible. Health outcomes are influenced
by both genetic factors and environmental exposure throughout our lifespans. While we have no
control over the genetics we receive at birth, a person’s environment is often influenced, at least in
part, by non-biological factors such as class status, geography, and the built environment [70,71].
These factors are avoidable in the sense that they are not inherent to the group and are societally
constructed and dictated. Thus, preventing or remedying these barriers enables individuals in the
group to pursue healthcare without facing additional hardship due to their status as group members.
Here, we highlight that while phage therapy development can promote healthcare equity and
facilitate the formal principle of justice, it can also promote other widely accepted core bioethical

rinciples (See Sidebar 1).

This targeted review focuses on the ways phage therapy can facilitate increased equity in
healthcare. As such, our ethical analysis primarily focuses on the principle of justice and how
phage therapy could promote it. However, phage therapy can also be ethically supported through
its promotion of other core bioethical principles: autonomy, beneficence, and non-maleficence. In
many instances, one action or policy can be supported by multiple principles.

Autonomy

Autonomy refers to a person’s rational capacity for self-determination and self-governance. In
medicine, the principle of respect for autonomy affirms a person with decision-making capacity’s
right to make informed and voluntary decisions about their healthcare and health information [63].
Providers should act in ways that support, protect, and promote this right. Generally, autonomous
individuals should be allowed to hold views, make choices, and take actions based on their
preferences and desires, unless there are morally relevant reasons to restrict them (such as the need
to isolate someone with a highly infectious and potentially fatal disease from others that are
vulnerable to infection). The principle of autonomy is impeded in healthcare and research by
several factors, including, but not limited to, socioeconomic disparities that limit freedom of choice,
as well as paternalistic medical care practices, cultural differences, and a lack of informed consent
[72-74]. Broadening access to phage therapy can help facilitate autonomy by promoting healthcare

access and increasing patients’ ability to make free decisions by mitigating the constraints of low

resources or access. Development of phage therapy infrastructure could also increase
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independence for LMICs, as moving away from the established pharmaceutical industry of the
HICs would allow for a greater degree of self-governance without foreign influence [75].
Beneficence

The principle of beneficence states that we ought to do good to others by advancing their well-
being and preventing or removing harm from them. In medicine, the principle of beneficence
affirms that providers should act in others’ (typically patients) best interests, to promote the
“good” (typically measured by health outcome) they receive, and to prevent or remove harm from
them [63]. Beneficence is also one of the primary motivators of biomedical research and plays a
significant role in determining which projects are funded [76]. It is impeded by resource
limitations, incentives that are not connected to patient well-being, biased research practices, and
biases in healthcare workers [77,78]. Improvements in health equity typically improves access for
underserved populations and are likely to have a net neutral impact on higher socioeconomic
classes. However, if equity requires redistribution, it can lead to a reduction in beneficence for (or
harm to) some individuals or groups [79]. Increased accessibility to phage therapy can improve
beneficence across all groups by creating more favorable health outcomes and serving as an

accessible and effective alternative to antibiotics.

Non-maleficence

The principle of non-maleficence states that we ought not inflict harm (intentionally or
unintentionally) [63]. In medicine, the principle of non-maleficence affirms that providers should
not cause pain, suffering, incapacitation, or death unless necessary for some important medical
goal. For example, inflicting temporary pain through an injection may be justified for a blood test
or vaccination. This principle is foundational to medicine and is arguably derived from the
Hippocratic Oath [80]. In research, clinical trials test for the absence of harm before the presence of
benefit, and institutional review boards (IRBs) work to balance benefits and harms in research
[81,82]. Future use of phage therapy can promote non-maleficence by providing an accessible
alternative to antibiotics that, in turn, reduces the harms associated with antimicrobial resistance

caused by excessive antibiotic use [83,84].

Sidebar 1. Phage Therapy and the Core Principles of Bioethics.

Lower socioeconomic groups face a disproportionate burden of infectious diseases [26,85]. This
is seen both in differences in disease risk for lower-income individuals compared to higher-income
residents of the same country and in differences in disease incidence between HICs and LMICs
around the world [86,87]. The spread of antibiotic resistance threatens to increase both the general
burden of pathogenic bacteria and the degree to which that burden is inequitably distributed across
the socioeconomic spectrum [83,88]. The burden of infectious disease is greater amongst lower
socioeconomic groups due to several interacting factors. These include, but are not limited to,
overcrowding, unsafe housing, poor sanitation, low water and food quality, proximity to pests and
disease vectors, less access to adequate medical care, food insecurity, high-risk employment, and
lower rates of health literacy [24-26]. The proliferation of antibiotic resistance may worsen the burden
of infectious disease (regardless of socioeconomic status) by creating greater scarcity of
therapeutically effective drugs and stressing already strained medical systems. For populations that
already struggle to access conventional antibiotics, which have been available for decades and are
more readily accessible to those from higher socioeconomic backgrounds, this may present a
particularly salient issue. Furthermore, as we attempt to blunt the evolution and spread of antibiotic
resistance by limiting societal use of antibiotics, those who already face an increased chance of
pathogen exposure will also be asked to limit their use of antibiotics [84]. This presents an equity
issue akin to that faced by LMICs seeking to further develop fossil fuel infrastructure in the era of
climate change [89,90]. While individuals in LMICs have not been the primary users or beneficiaries
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of antibiotics, and even though they are in arguably the greatest need of antibiotics, they will be asked
to sacrifice their use to achieve a broader societal goal (continued antibiotic efficacy).

Phage therapy can directly promote greater healthcare equity by improving access to
antimicrobials through the removal or alleviation of logistical and financial barriers that contribute
to these disparities. This is due to both the biological properties of bacteriophages and the current
state of the methods that exist for their isolation, purification, and therapeutic deployment. For one,
bacteriophages can be cheaper to isolate and produce compared to traditional antibiotics, with
estimated manufacturing costs often lower than those of antibiotics [28,29,91]. Phage therapy can also
use low dosages, because phages self-amplify on target bacteria [28,29]. These reduced production
costs and low dosage requirements could result in reduced consumer costs and directly respond to
calls from academia and the public for more research on less costly therapies that benefit vulnerable
populations [92]. Secondly, bacteriophages can have less stringent storage requirements compared
to antibiotics, and can be feasibly stored at room temperature [93-95]. This avoids the refrigeration
requirement of some antibiotics, and, in conjunction with the lowered production costs and dosage
requirements, can facilitate wider distribution compared to traditional methods.

Another benefit is that phages are naturally occurring and abundant, and methods for their
isolation and replication in the laboratory are widely available and reasonably accessible [28,91,96].
For example, there are numerous undergraduate and secondary school modules and courses focused
on phage discovery, characterization, and genomics [97-100]. This means that phages can be
continuously isolated from the environment and then trained to use against pathogen strains of
interest using laboratory evolution and engineering techniques [101-103]. This is particularly
advantageous for developing alternative therapies against pathogens of rising global concern due to
the spread of antibiotic resistance, like ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsielln pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter
spp.)[104]. Lastly, because these techniques are in the public domain and have a lower barrier to
entry, further development of phage therapy could also enable greater self-determination in LMICs
through a decreased reliance on the international pharmaceutical industry [75,105]. For example,
collections of locally isolated and pre-characterized phages could be used on a national or regional
level to treat infections. These “phage banks” are already present in multiple regions and could be
particularly beneficial for LMICs [106,107].

Challenges and Recommendations for Equity-Oriented Phage Therapy Research
and Development

For phage therapy to realize its full potential in addressing the burden of bacterial infections and
improving healthcare equity, efforts must be dedicated to addressing several outstanding biological
and ethical challenges. These generally relate to the development of therapeutic bacteriophages, the
optimal protocols for prescribing those bacteriophages, biases in the pathogens investigated for
bacteriophage therapy potential, difficulties in establishing regulations, issues with informed
consent, and representation in clinical trials and amongst those receiving benefits during
development. In addition to identifying challenges associated with phage therapy, we also
recommend lines of biological and ethical inquiry that will help address these challenges and
facilitate the desired outcomes.

Ethical and Regulatory Challenges and Recommendations

Because phage therapy and its research have been limited in recent decades, especially outside
of the Former Soviet Union and other Eastern Bloc nations, there is limited knowledge about phage
therapy amongst clinical researchers, healthcare providers, and potential research participants. These
shortcomings pose an ethical challenge regarding informed consent for patient treatment and
research, particularly in clinical trials. In this context, it is challenging to obtain informed consent
from research participants as they often have a limited understanding of phages, and clinical
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researchers are currently not well equipped to provide them with sufficient information. For example,
one issue found in research on public opinion on phage therapy is hesitancy inherently related to
being given active viral particles, stressing the importance of how therapies are framed to patients
[108]. Given this limitation, we recommend that clinical researchers develop informed consent
guidelines specifically designed to address this limitation by providing both general information
about phage therapy and how it is different from relevant alternatives (e.g., antibiotics) as well as
information specific to the trial itself. To further address this challenge, clinical researchers should
adopt evidence-based improvements to the informed consent process, such as interactive one-on-one
consent processes with feedback or teach-back components [109,110].

Most phage therapy use in the Western world has been limited to compassionate (expanded)
use clinical trials [55,56,61]. To widen the use of phage therapy beyond compassionate care access,
several regulatory and intellectual property issues must be sufficiently addressed [111-113]. Some of
these have already appeared during the process of approving phage therapy for compassionate use.
For instance, in the European Union (EU), there was substantial debate about whether phage therapy
should be considered as an advanced therapy medicinal product or a biological medicinal product
[114]. Relatively small categorical differences like this can cause significant differences in the
development and regulation process. Currently, phage therapy regulations vary considerably
between countries, even among those that have regularly used phage therapy [21]. This can introduce
barriers for researchers collaborating across countries, as well as for patients. Ethicists, legal experts,
health professionals, and phage researchers should be consulted to help regulatory bodies develop
equitable and safe guidelines. Similarly, establishing a standardized good manufacturing practice
(GMP) is of utmost importance before wider expansion [115]. Lastly, for increased investment from
private industry, intellectual property protections (IPP) and patenting laws must be clarified on a
country-by-country basis. For instance, judicial systems around the world have generally ruled that
naturally occurring forms of life, including their specific genetic code, cannot be patented [116].
However, laws remain undefined regarding the patenting of novel methods using naturally
occurring biological materials (e.g., phage cocktails, engineered phages, etc.). Ultimately, private
entities may be most likely to profit from phage therapy by patenting cocktail treatments or
bioengineered phage genomes, as has been successfully, and sometimes controversially, done with
domesticated crops in the agricultural industry [117]. To limit the marginalization of LMICs, HIC
patent laws should consider the social value of the technologies being considered or pursue incentive
programs for companies that develop socially valuable but unprofitable treatments [116].

While phage therapy presents unique opportunities to assist underserved populations, like most
new biomedical interventions, it is likely to be more available to the wealthy, urban, and well-
connected when first available. Despite this, the development and allocation of such interventions is
ethically defensible [118]. This disproportionate availability occurs because the wealthy and well-
connected are able to afford new and expensive medical interventions and are more likely to live near
(or be able to easily travel to) advanced medical facilities. Even initiatives designed explicitly to make
new interventions available to the most needy are subject to this effect. For example, setting up a
COVID-19 vaccination site in the initial rollout in a neighborhood that had the highest case rates in
Manhattan was undermined by the fact that the first recipients of that vaccine were those who were
able to travel from elsewhere in New York City and New York state [119]. While this was inequitable
insofar as there was an_unfair and avoidable or remediable difference between population groups, it
did not make the development of the COVID-19 vaccine (nor the setup of the vaccination site)
ethically indefensible. After all, the COVID-19 vaccine prevented significant death and disease, and
later became more widely available amongst different populations [120,121]. Analogously, even if
phage therapy is initially more available to the wealthy, urban, and well-connected during and after
its initial development, it does not make such development or its initial availability ethically wrong.
Instead, phage therapy researchers should pursue initiatives that minimize unfair and avoidable
differences between potential beneficiaries of phage therapy, both during development and after
initial availability. Furthermore, given the aforementioned lower production costs, low dosage
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requirements given phage ability to self-amplify on target bacteria, less stringent storage
requirements, and natural availability of phages, it is likely that phage therapy can be produced and
distributed more equitably than many other novel biomedical interventions.

Lastly, as with all research, biases exist in the allocation of funding and the selection of pathogens
for investigation. Inequalities in research funding can lead to inequities when they contribute to a
disproportionate burden of disease amongst a particular group that is no less deserving of healthcare
than another group. Inequity in research funding can worsen existing health disparities and lead to
populations facing dual marginalization of inadequate access to treatment and insufficient research
funding to create new therapies. To promote a more equitable distribution of research efforts
targeting bacteria for phage therapy, pathogens of disproportionate concern in LMICs must receive
attention commensurate with their burden. Several of the most problematic bacteria in terms of
antibiotic resistance are widely distributed globally, so advances in phage therapy for these
pathogens are likely to be beneficial across countries. However, there are several bacterial illnesses
associated with poverty that are unlikely to receive significant investment due to their low burden in
wealthy nations and thus would require direct attention. This includes less studied diseases like Yaws
(a chronic skin infection caused by Treponema pallidum), which receives relatively little funding, as
well as diseases like Tuberculosis (TB; caused by Mycobacterium tuberculosis), which receives
significant research funding but remains prevalent in many LMICs [122]. Investment in regional
phage banks and centers could address these concerns by focusing on bacteria of local importance.
Primary investigators in HICs can also support these efforts by prioritizing research into bacterial
pathogens that are important in LMICs and establishing international collaboration with researchers
based in LMICs. However, these relationships can present ethical challenges due to the power
imbalance between researchers and should be prepared for in advance [123,124]. Additionally,
funding agencies based in HICs can continue to provide capital to investigators from LMICs,
supporting basic and applied research [125].

Biological Challenges and Recommendations

Numerous challenges must be addressed for phage therapy to become generally useful and
available to patients worldwide. The longstanding practice of phage therapy, beginning roughly 100
years ago, shows overwhelming evidence that safety is not a major concern; for countries such as
Russia and Poland with a history of phages as approved therapies, as well as those like Canada and
the UK, where phage therapy is still experimental, very few significant adverse events are reported
[59,126,127]. Phages are natural members of human microbiomes and have been “generally
recognized as safe” for use in food production, receiving the designation by the US Food and Drug
Administration in 2006 [57]. However, characterization of phage therapy candidates is essential,
especially subjecting these viruses to whole-genome sequencing to confirm clinical findings and
ensure they do not harbor toxin or other genes that could threaten patient health. Examples of phage
production pipelines and their standardization are described in the literature [128,129]. It is
nevertheless advisable to continue conducting research on best practices for efficiently
manufacturing phages, to ensure that doses are prepared with minimal toxicity. This includes
essential steps like removing harmful bacterial debris that could prompt adverse physiological
responses in patients. Whereas these research efforts should benefit all patient communities, here we
focus on recommended research that addresses biological challenges pertinent to LMICs, where
phage therapy development has been slower or nonexistent to date.

Perhaps the foremost consideration is that hospital and clinical settings are highly variable
across different countries and communities. For example, interruptions in electricity may occur in
some locales, either spontaneously or because of planned power outages that help maintain stressed
electrical grids. Whether planned or not, intermittent supply of electricity makes equipment such as
refrigerators and freezers unreliable for storing phages and phage doses at low temperatures, and
some settings (e.g., rural communities) may lack electricity altogether. This challenge suggests that
further research efforts should focus on developing methods for preserving phages at ambient
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temperatures, as this may be beneficial or even necessary. Phage lyophilization could be a worthwhile
alternative. Lyophilization (or ‘freeze drying’) is a low temperature dehydration process that involves
freezing a product and lowering pressure, so that ice is removed by sublimation. Beyond its historical
use in food storage, the process is a relatively inexpensive and classic method for obtaining a “phage
powder’ that can be stored at ambient temperatures, and later reanimated via rehydration [130].
Other recently described methods are also useful for achieving phage powders, such as spray-drying
(concentrated liquid atomized and exposed to hot air to evaporate water) and hot-air-drying (pre-
treating sample with ethyl oleate and potassium carbonate solutions, then exposing to high
temperature for evaporation) [95]. The benefit is that these methods can preserve phages without
refrigeration, whereas the obvious cost is that production still relies on specialized electrical
equipment. Nevertheless, if phage powders can be produced at scale within a centralized location
with reliable electricity/equipment, these formulations can be distributed to various locations where
electrical service is weak or absent. The above considerations suggest many areas for basic research:
improved ways to bulk manufacture phage powders and efficiently distribute them; determining
which phages (strains, families) can be reanimated from powder form while preserving high titers;
identifying mutations responsible for increased phage stability under desiccation, or at elevated
temperatures, and the underlying mechanisms responsible [131,132].

Strategies for phage delivery to the site of infection vary. This is another benefit of phage therapy
compared to antibiotics, which can be limited to a single method of distribution, such as injection via
a needle [133]. For example, topical application of phages has shown promise for treating skin
wounds and burn injuries [134]. Intra-articular delivery appears to be effective for managing
prosthetic joint infections (independently or as part of debridement, antibiotics, and implant
retention (DAIR)) [135,136]. Alternatively, nebulizer delivery (inhalation of droplets using solutions
containing phages) may be advisable when addressing pulmonary infections of the lower respiratory
tract [56,137-140]. Intravenous (IV) delivery may be ideal following proper source control and if the
exact infection site is known. In principle, blood circulation may allow administered phages to travel
to areas where antibiotic concentration is unable to eradicate bacteria or penetrance is insufficient,
and introduction of a replicating phage may reduce burden [141]. An issue is that some of these
strategies rely on specialized equipment such as nebulizers, although evidence suggests that the exact
make/model may be irrelevant for ensuring efficient phage delivery to organs like the lung [142].
Conditions in resource-limited settings may necessitate the least expensive and most generalized
delivery strategy, such as IV, despite valid concerns that this approach may increase the likelihood
of stimulating immunity against phages, thereby reducing the future ability to re-administer them to
the same patient [141,143]. Here, we advocate for additional research on the interactions between
phages and human immunobiology to determine which phages, alone or in combination (cocktails),
are least stimulatory and elucidate the reasons why. Further, we call for more research into the
optimal phage delivery strategy for a range of bacterial illnesses and their pathologies.

These research efforts would ultimately benefit an improved understanding of phage therapy in
all clinical settings with a significant impact on LMICs. However, targeted research efforts could
specifically address infections relevant to patient communities in LMICs and help deal with these
issues more directly. For some bacterial threats that are endemic to these regions, a subset of the
population — such as young children, the elderly, individuals in displacement camps, those
experiencing severe poverty and malnutrition —experiences the highest disease burden. Here, it is
possible that phage interactions with human immunobiology can differ according to age and physical
condition. For example, in some LMICs, diarrheagenic bacterial pathogens pose greater mortality
threats for children under the age of five because of malnutrition and its effects on the immune system
[144]. If potable water is scarce and rehydration therapy is unavailable, phage therapy may provide
a temporary alternative until sufficient clean water is made available. While more studies
investigating phage therapy for diarrheagenic diseases are needed [145], Western scientists have
largely ignored phage therapy research targeting such bacteria in LMICs due to reduced prevalence
in HICs. This highlights a vital need to forge collaborations with physicians and scientists to develop
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these research efforts [27]. By the same logic, endemic bacterial diseases in LMICs and unequal
infection burdens across sexes suggest that we may benefit from increased research into phage
therapy for these illnesses and should examine how phages can interact with human immunobiology
in concerns pertaining to urology and women'’s health. For example, sexually transmitted infections
(STIs) can impact women more severely due to their relatively exposed reproductive and urological
systems, their increased risk of asymptomatic infection, and social stigmas related to women’s
sexuality, which leads to decreased testing [146]. Several bacterial STIs have seen a rise in the
prevalence of antibiotic resistance [147]. As it can with other bacteria, phage therapy could be used
to treat these diseases in patients [148]. This is also true of bacterial urinary tract infections (UTI),
which impact women in LMICs at a significantly higher rate than in HICs, with pregnant women
facing an even higher risk [149]. Relatedly, a historical problem with clinical trials is the under
enrollment (or exclusion) of female participants, causing sex-associated toxicity to be missed along
the paths of drug development and approval [150]. It is crucial to avoid these potential problems in
clinical trials for phage therapy development in countries like the USA, where personalized medicine
is currently the only option, to ensure that phage-based drugs are safe and effective for the general
public.

Conclusions

Phages have been used for medical treatment since shortly after their discovery, and have been
used routinely in some parts of the world for almost 100 years [19,20]. As antibiotic resistance spreads
around the globe, phage therapy has gained attention as a possible alternative to, or synergistic
therapy with, antibiotics. In this paper, we have employed an interdisciplinary approach to explore
how phage therapy might work to increase healthcare equity. This can be accomplished because of
the ability of phage therapy to increase access to antimicrobials by removing or alleviating many of
the logistical and financial barriers faced by disadvantaged populations. This can work to close
disparities experienced by citizens of different socioeconomic statuses within the same nation, as well
as the disparities that exist between HICs and LMICs. Biologically, we recommend research into the
human immunological response to phage, including differences in that response between the sexes
and during pregnancy, phage temperature stability, long-term storage stability, the development and
study of methods for deployment, pharmacological strategies for synergistic or combination therapy,
and increased investment in pathogens that specifically affect LMICs. Ethically, we recommend
implementation (and continued evaluation) of improved methods for ensuring informed consent
during clinical trials that address known deficiencies in knowledge about phage therapy, strategies
for equitable participation during development and access in the initial deployment, development of
a more robust intellectual property and regulatory framework, and greater investment in researching
bacteria that disproportionately impact LMICs. Investment in the equity-related areas of research
outlined in this manuscript (Figure 2) will elucidate pressing questions in phage biology, while
simultaneously addressing key questions necessary for phage therapy to reach its full potential.
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Figure 2. Summary of Equity Oriented Phage Therapy Research. Overview of research recommendations that
will work toward advancing phage therapy and its accessibility to low and middle-income families in High-
Income countries (HICs), and for Low and Middle-Income countries in general (LMICs). Some of these

recommendations relate to more than one field of research. $ represents “investment of capital”.

Summary Points

1. The global burden of bacterial infections is high and is expected to increase due to the
proliferation of antibiotic resistance.

2. Phage therapy, the use of lytic viruses of bacteria to treat bacterial infections, is one therapeutic
alternative that has been used to combat antibiotic resistant infections.

3. A potential benefit of the method is its capacity to enhance human health outcomes amongst
lower socioeconomic populations.

4. Phage therapy can accomplish this due to lower manufacturing costs, less stringent storage
requirements, and well-established and cost-effective methods for isolation and characterization.

5. Through these traits, phage therapy has the capability to increase healthcare equity (the
absence of unfair, and avoidable or remediable differences in access to healthcare among different
groups of people).

6. To facilitate these outcomes, researchers can focus on realms of research that are likely to
directly benefit patients in low and middle-income countries (LMICs) and low socioeconomic
populations in high-income countries (HICs).

7. These areas of research include topics in the natural and physical sciences, the medical
sciences, regulatory science, intellectual property, and bioethics.
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