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Editorial on the Research Topic
Immunotherapies against infectious diseases

Immunotherapy is employed to harness the body’s natural defense mechanisms to
treat/manage disease (1-3). The rise of emerging and re-emerging infectious diseases,
coupled with the potential cancer risks associated with oncogenic infectious agents
and the limited efficacy of existing treatments (4), has attracted attention of scientific
community toward immunotherapy. Advancement in immunotherapies comprising
vaccines, monoclonal antibodies, cytokines, T cells, and checkpoint inhibitors, holds
significant potential in addressing not only cancer but infectious diseases as well. This
Research Topic aimed to explore recent advancements in utilizing immunotherapy for
the treatment and management of infectious diseases. We strived to incorporate studies
that assess the efficacy of various immunotherapeutic approaches, including vaccines, in
preventing, treating, and managing infectious diseases.

This Research Topic elaborates the current research on immunotherapies (including
vaccines) against various infectious diseases. Among around 15 different types of
submissions received, we were able to collect a total of 9 articles that includes 4 Original
Research articles, 2 Brief Research reports, 1 Review article, 1 Minireview, and 1 Opinion
article. These articles presented diverse infectious diseases, including emerging and re-
emerging diseases. We were pleased to have original research articles exhibiting studies
in cell culture, mice as well as patients. This indicates that the findings of this Research
Topic range from pre-clinical to clinical studies and may likely benefit and be of interest
to a wider scientific community. Moreover, the studies included in the Research Topic are
focused on immunotherapies against various viruses, protozoa and bacteria. In the coming
paragraphs, we briefly discuss the published studies in this Research Topic.

Studies highlighting immunotherapies against viral
diseases

Immunotherapeutic efforts to enhance antiviral immunity have been applied for
quite some time (5-8), however, the present strategies need improvement to harness full
potential of immunotherapy. Langan et al. present a novel immunotherapy strategy for
against viral diseases, termed Artificial Immune Modulation Adoptive Cell Therapy (AIM
ACT). This innovative approach utilizes AIM nanoparticles and is applicable to patients
suffering from infections such as Epstein-Barr Virus (EBV), Human T-lymphotropic virus
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1 (HTLV-1), human papillomavirus (HPV), or human
immunodeficiency virus (HIV). In AIM ACT, the initial step
involves collecting leukapheresis material from the patient.
Subsequently, CD8™T T cells are enriched using paramagnetic AIM
nanoparticles, which serve as artificial antigen-presenting cells
(aAPCs) to amplify CD8" T cells targeting key viral antigens.
Following a 14-day expansion period, the AIM nanoparticles are
removed, and the AIM ACT therapy is prepared for infusion into
patients. Langan et al. present preclinical findings demonstrating
the efficacy of this approach in expanding CD8™ T cells targeting
viral antigens associated with Epstein-Barr Virus (EBV), Human
T-lymphotropic virus 1 (HTLV-1), as well as high-risk Human
Papillomavirus (HPV) types 16 and 18, utilizing healthy donor
cells. The final AIM ACT formulations consists of a mixture
of CD3+/CD4+ T cells, predominantly targeting various
antigens from EBV, HTLV-1, or HPV, with over 90% of these T cells
exhibiting the memory phenotype. Furthermore, EBV-specific AIM
ACT cells exhibit functional activity, showcasing antigen-specific
cytotoxicity and cytokine profile.

Immunocompromised individuals are highly vulnerable to
opportunistic infections and malignancies. Traditional antiviral
and antifungal medications often pose significant toxicity risks,
exhibit limited efficacy, and can lead to long-term resistance
development. The administration of pathogen-specific Cytotoxic
T-Lymphocytes (CTLs) has demonstrated minimal toxicity
and efficacy in combating infections such as Cytomegalovirus,
Adenovirus, Epstein-Barr virus, BK Virus, and Aspergillus.
However, this therapy faces significant limitations including
regulatory challenges, high cost, and the absence of public cell
banks. Conversely, CD45RA™ cells containing pathogen-specific
memory T-cells offer a less complicated manufacturing and
regulatory process, are more cost-effective, feasible, safe, and
hold potential effectiveness. Sanz et al. introduce a therapeutic
approach aimed at clearing viruses and particular fungi through
donor lymphocyte infusions (DLIs) comprising CD45RA™ cells
containing pathogen-specific memory T-cells from a healthy donor.
The goal is to bolster and enhance the patient’s cellular immunity
until their own immune system is restored. They report preliminary
findings from a study involving six immunocompromised patients;
four afflicted with severe infectious diseases and two with EBV
lymphoproliferative disease. Each patient underwent multiple
infusions of safe familial CD45RA T-cells as adoptive passive cell
therapy, comprising memory T-cells specific to Cytomegalovirus,
Epstein-Barr virus, BK virus, and Aspergillus. Results indicate that
utilizing familial CD45RA T-cells containing pathogen-specific
cytotoxic T-lymphocytes represents a viable, safe, and potentially
effective approach for treating severe pathogenic infections in
immunocompromised patients via third-party donor sources.

Yu et al’s report evaluates the status and pattern of antiviral
therapy among outpatient cases of herpes zoster in China. They
found that throughout the study duration, there was a progressive
rise in the prescription of antiviral medications. Valaciclovir
and famciclovir emerged as the primary prescribed antivirals,
although their usage varied significantly across different hospitals.
Conversely, prescriptions for acyclovir exhibited a declining
trend. Despite not being recommended, the utilization of topical
antivirals continued to increase. The annual expenditure remained
consistent, attributed to the diminishing daily drug costs (DDCs)
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of valaciclovir and famciclovir. Overall, antiviral treatments closely
align with contemporary recommendations, barring the utilization
of topical antivirals. The insights gained from this study hold
potential for optimizing healthcare resource allocation and herpes
zoster management among Chinese outpatient populations.

The other interesting report by Godinez et al. details
a descriptive analysis exploring user-generated social media
dialogues on Reddit pertaining to FDA-approved HIV pre-
exposure prophylaxis (PrEP) treatments. Examining thousands
of Reddit posts, they identified 315 posts coded for PrEP, with
105 posts (33.33%) focusing specifically on user conversations
regarding the transition of PrEP prevention. Notably, users
displayed a keen interest in switching to emtricitabine and tenofovir
alafenamide (Descovy), particularly citing concerns such as poorer
adherence or existing side effects associated with emtricitabine
and tenofovir disoproxil fumarate (Truvada). The analysis unveiled
major themes including discussions on the cost disparity between
Descovy and Truvada, apprehensions regarding side effects,
changes in insurance coverage, and conversations surrounding the
donation of Truvada to other users post-transition. These findings
underscore the significance of leveraging social media platforms
for digital pharmacovigilance, providing insights into emerging
challenges related to HIV prevention, treatment, and adherence as
experienced by patients.

In the opinion article by Alape-Girén et al, the authors
highlight that preclinical data, alongside findings from completed
clinical trials, warrant further exploration into the potential of
equine pAbs as a broad-spectrum, cost-effective, and scalable
treatment for COVID-19. They advocate for the comparability
to antivenoms, suggesting that these therapeutics could be
manufactured under Good Manufacturing Practices (GMPs) in
low- and middle-income countries equipped with the necessary
technology, and made available at prices feasible for economies
with limited resources.

Studies on immunotherapies against
non-viral diseases

In addition to studies on anti-viral immunotherapies, this
Research Topic also includes immunotherapeutic studies on
human protozoa, bacterial and fungal pathogenic microbes. Phares
et al. present findings on LD10, an active 18-amino acid derivative
derived from a previously reported peptide (9, 10). In vitro
experiments revealed that LD10 exhibited superior potency in
disrupting PD-1 receptor signaling compared to LDO1. Moreover,
when administered prophylactically alongside an adenovirus-based
malaria vaccine, LD10 treatment led to a greater expansion of
antigen-specific CD8+ T cells secreting IFN-y compared to LD01
treatment. Studies on dosing regimens established that a single
dose of LD10 at the time of immunization with AdPyCS, a
circumsporozoite (CS) protein of Plasmodium yoelii, was adequate
to enhance the quantity of vaccine-induced antigen-specific T cells
in vivo. Utilizing humanized mice with functional human CD8*
T cells, LD10-mediated modulation of human T cell responses
was demonstrated. Furthermore, it was shown that LD10 could
be expressed and secreted by a recombinant MVA vector, thereby
enhancing the expansion of antigen-specific CD8™ T cells. These
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findings collectively establish LD10 as a potent immunomodulator
that enhances T cell responses and supports the delivery of peptide-
based immunomodulators via a viral vector.

Tahir et al. elaborate a survey-based study conducted across
various countries to assess public acceptance of vaccines. They
focused on the general population of Pakistan, aiming to evaluate
their knowledge, attitudes, and practices regarding the Typhoid
Conjugate Vaccine (TCV) and their willingness to receive the
booster dose of TCV. Their findings revealed that while the
Pakistani population possessed general awareness about the
benefits of vaccination and the importance of booster doses,
there was a lack of understanding regarding the availability and
effectiveness of TCV provided by the government, particularly in
combating typhoid fever. Despite a favorable inclination toward
vaccination promotion, the study highlighted the persistence of
certain religious and national misconceptions, underscoring the
need for targeted intervention. However, the populace exhibited
willingness to comply with booster doses of TCV, indicating an
understanding of the importance of completing vaccine courses
for disease prevention. The study suggests collaborative efforts
among healthcare authorities, media outlets, and government
officials to organize seminars and campaigns at both local
and national levels, leveraging electronic and print media to
address misconceptions about immunization, raise awareness
about diseases, their consequences, modes of transmission, and the
critical role vaccines play in disease prevention and saving lives.

Cubillos-Angulo et al. provide a comprehensive review
examining the rationale and obstacles to the development
and implementation of host-directed therapies (HDTs) against
tuberculosis. Their analysis succinctly outlines medications that
have completed or are currently undergoing evaluation in ongoing
clinical trials. The study underscores the potential of combined
multi-drug treatment with HDT in enhancing therapy effectiveness
by reducing treatment duration, improving cure rates, and
minimizing residual tissue damage. Additionally, Qadri et al. delve
into recent advancements in immunotherapies targeting infectious
diseases. They explore various immunotherapeutic approaches and
their applicability in combating a wide range of infectious diseases
caused by various bacterial and fungal pathogens.

In summary, the articles within this Research Topic gather
insights from diverse experts in the fields of immunotherapy and
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INTRODUCTION

The emergence and dissemination of the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) and the resulting COVID-19 pandemic triggered a global public health crisis.
Although several SARS-CoV-2 vaccines have been developed, demand far exceeds supply, access
to them is inequitable, and thus, populations in low- and middle-income countries are unlikely to
be protected soon (1). Furthermore, there are no specific therapies available, which is a challenge
for COVID-19 patient care (2). Thus, the appearance of SARS-CoV-2 variants and reports of
reinfections associated with immune escape (3, 4) highlight the urgent need for effective and broad
coverage COVID-19 therapeutics.

Intravenous administration of human or heterologous antibodies is a therapy successfully used
in patients with viral respiratory diseases (5). Accordingly, formulations containing SARS-CoV-2
specific antibodies are an attractive therapeutic option for COVID-19 patients (6). SARS-CoV-2
specific antibodies could limit infection by direct virion neutralization and/or by targeting infected
cells for elimination via complement or antibody-mediated cytotoxicity (6).

Specific SARS-CoV-2 antibody-based therapeutics include convalescent plasma (CP),
monoclonal antibodies (mAbs), human polyclonal IgG formulations purified from CP or
transgenic animals, and heterologous hyperimmune polyclonal antibodies (pAbs) (6). Although
the window for using antibody-based therapeutics varies, clinical data show that they are mainly
effective if administered early after symptoms onset (6).
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CONVALESCENT PLASMA TRANSFUSION

CP transfusion contributes to viral clearance and improves
patient survival when administered promptly and has been
therapeutically used worldwide during the COVID-19 pandemic
in hospitalized patients (6, 7). However, it is worth mentioning
that in some developing countries CP transfusion may heighten
the risk of transmission of blood-borne pathogens if proper
donors screening and virus testing procedures are not applied
(8, 9). Furthermore, uncertainty remains about the therapeutic
efficacy of CP transfusion, as controlled clinical trials have
provided variable results in terms of mortality and need for
mechanical ventilation (7). The diversity among reported results
is likely due to the heterogeneity of trial designs, anti-SARS-CoV-
2 plasma titer variation, and differences in latency to product
administration (7). Therefore, more studies are required to
establish the optimal doses and timing for CP transfusion to
COVID-19 patients.

MONOCLONAL ANTIBODIES

Over 80 mAbs have been shown to block the interaction between
the SARS-CoV-2 S1 glycoprotein and its cellular receptor, thus
neutralizing virus infectivity in vitro (10). Some of those mAbs
demonstrate therapeutic efficacy to curtail viral burden and
lung inflammation in animal models (10). The neutralization
mechanisms of mAbs against SARS-CoV-2 in vivo are not fully
understood, but optimal protection correlates with Fc effector
functions (11).

Approximately 30 SARS-CoV-2 neutralizing mAbs are
undergoing clinical trials in COVID-19 patients (10). Some were
granted emergency authorization since they reduced viral load,
disease severity, and hospitalization in randomized, controlled
phase II clinical trials (10). However, mAbs are unaffordable for
healthcare systems in many developing countries due to their
high cost (> USD 1,500/vial), meaning that most infected people
would not have access to them (12).

Another obstacle for COVID-19 therapy with mAbs is the
emergence of viral variants harboring changes in the receptor-
binding domain (RBD) of the S1 glycoprotein (13). The variants
of concern (VoC) exhibit enhanced transmissibility or virulence,
circulate worldwide, and include those designated as alpha, beta,
epsilon, gamma, and delta, first detected in the UK, South Africa,
Brazil, USA, and India, respectively (13). Therapeutic mAbs,
and antibodies in the plasma of vaccinated or convalescent
individuals, fail to neutralize VoC efficiently (13-17).

HUMAN AND HETEROLOGOUS
HYPERIMMUNE POLYCLONAL ANTIBODY
FORMULATIONS

Intravenous IgG (IVIGs) formulations purified from CP pools
are a cheaper option (> USD 300/vial) than mAbs for therapy
of COVID-19 patients (18, 19), which furthermore could be
used prophylactically. Human IVIGs could be also purified from

the plasma of genetically modified transchromosomic bovines
hyperimmunized with SARS-CoV-2 antigens (20).

Preparation of IVIGs formulations from CP is feasible for
some developing countries. However, it requires strict donor
screening for high levels of SARS-CoV-2 neutralizing antibodies,
as well as the absence of blood-borne pathogens and antibodies
against human leucocyte or neutrophil antigens to limit the
risks of Transfusion Related Acute Lung Injury (21). Thus,
this therapy depends on rigorous blood bank systems that are
often scarce in low- and middle-income countries (22). Due to
these logistical hurdles and lack of infrastructure, it is difficult
for most developing countries to rapidly establish large-scale
manufacturing capacity to prepare IVIGs formulations against
SARS-CoV-2 (23).

Results were recently reported about a single-center, single-
blind, placebo-controlled phase I/1I clinical trial (NCT04521309)
with anti-SARS-CoV-2 IVIGs purified from CP in Pakistan
with 55 hospitalized severe or critical COVID-19 patients (24).
The data showed that this immunotherapy is safe, increases
survival, and reduces the disease progression risk (24). Similarly,
IVIGs purified from the plasma of transchromosomic bovines
hyperimmunized with the SARS-CoV-2 S1 glycoprotein are well-
tolerated by non-hospitalized COVID-19 patients according to a
phase Ib clinical trial (NCT0446917) performed in the USA (20).
This pAbs formulation will be evaluated in a phase II/III clinical
trial (NCT04518410) in non-hospitalized COVID-19 patients
ongoing in the USA.

Another promising therapy for COVID-19 patients is the
intravenous administration of heterologous pAbs, purified
from plasma of animals hyperimmunized with SARS-CoV-
2 proteins (23). Such formulations of intact or fragmented
hyperimmune equine/ovine pAbs are therapeutics with a proven
path to regulatory approval, which have been successfully
used worldwide for decades as therapies against rabies virus
infection or as antivenoms to treat patients bitten or stung by
venomous animals (25). Several manufacturers from developed
and developing countries regularly supply formulations of
heterologous pAbs as therapeutic antivenoms which comply with
Good Manufacturing Practices (GMPs) and show good safety and
efficacy profiles in the treatment of envenomings by animal bites
and stings (26-29). The early and late adverse reactions induced
by GMP-prepared formulations of heterologous pAbs are mainly
mild, and if occur can be monitored and pharmacologically
controlled (30, 31). Indeed, heterologous pAbs formulations are
approved by the Food and Drug Administration, as therapies
for envenoming by snakes, scorpions, and spiders, as well as for
digoxin poisoning, botulism, and as anti-thymocyte globulin in
immunosuppressive regimens (32). They are also approved by
the European Medicines Agency as therapies for avian influenza
and rabies virus infections, snakebite envenoming, hemolytic
uremic syndrome, and colchicine poisoning.

Formulations of equine pAbs against the SARS-CoV Sl
glycoprotein control coronavirus infectivity in cultured cells and
animal models (33). Similarly, IgG and F(ab’)2 formulations from
horses immunized with MERS-CoV virus-like particles exhibit
in vivo neutralization (33). Recently, three F(ab’)2 formulations
from plasma of horses hyperimmunized with recombinant
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SARS-CoV-2 S1 glycoprotein or its RBD were described (34—
37). These formulations are significantly more potent than
COVID-19 convalescent plasma at neutralizing SARS-CoV-
2 infectivity (35-37). Moreover, a multi-center, double-blind,
placebo-controlled phase II/III clinical trial (NCT04494984) with
RBD-specific equine F(ab’)2 fragments performed in Argentina
showed that this immunotherapy is well-tolerated and that
clinical improvement of hospitalized severe COVID-19 patients
is achieved (38). Five clinical trials are registered to test equine
F(ab’)2 formulations against SARS-CoV-2 that were produced
by anti-venom-manufacturing laboratories in India, Argentina,
Brazil (two trials), and Mexico (NCT04834908, NTC04913779,
NCT04834089, NCT04573855, NCT04514302), although patient
recruitment has only begun in India and Argentina.

In contrast to mAbs, equine pAbs against the SARS-CoV-
2 S1 glycoprotein recognize multiple epitopes, which reduces
the risk of viral escape. Long-term experience underscores that
equine pAbs can be produced on a large scale and at a much
lower cost (< USD 35/vial) than mAbs or IVIGs. The high
neutralization potency of equine pAbs (35-37), likely results from
a higher affinity than pAbs from CP because horses are exposed
to optimized hyperimmunization protocols using repeated doses
of viral antigens in the presence of adjuvants. Also, it is worth
mentioning that equine antibodies have a low risk of viral
contamination, considering that the horse plasma fractionation
technologies include viral removal/inactivation steps (39).

THE COSTA RICAN EXPERIENCE

Given the urgent need for affordable COVID-19 treatments,
two intact-IgG formulations were produced at the Clodomiro
Picado Institute (ICP) of the University of Costa Rica from
the plasma of horses hyperimmunized with either S1 (anti-
S1) or a mixture of SI, N, and SEM mosaic (anti-Mix) SARS-
CoV-2 recombinant proteins (37) (Figure 1). Pools of 25L of

hyperimmune plasma were used to prepare pilot batches of
500 vials of 10 mL, which were manufactured in 70 days, from
the start of horse immunization to the final quality control
tests of the products (37) (Figure 1). The fractionation process
included two steps with robust viral inactivation/removal activity
(caprylic acid precipitation and phenol addition) to ensure the
viral safety of the products, as required by the WHO (21).
The capacity of both formulations to neutralize virus infectivity
(USA-WA1/2020 isolate) in vitro is 80 times higher than that
of pooled human convalescent plasma (37). Additionally, the
equine IgGs in these formulations activate human FcyRIIIA in
vitro, suggesting downstream mediation of effector functions via
interaction with Fc receptors in immune cells (37).

We compared the clinical safety and efficacy of the anti-S1 and
anti-Mix pAbs formulations in a Bayesian pick-the-winner type
phase Ila clinical trial (NCT04610502) in 27 COVID-19 patients
with two or more risk factors. The single-dose immunotherapy
with 550 mg of equine pAbs was well-tolerated, as adverse
reactions were mild and resolved without sequelae. Most adverse
reactions were cutaneous and easily controlled with a standard
regimen of antihistamine drugs and steroids, as those induced by
horse-derived antivenoms produced at the ICP and used in the
therapy of snakebite envenomings (26, 27). Moreover, a decrease
in viral load following infusion of these formulations and the
good clinical recovery of most patients provide preliminary
support for the clinical rationale of this COVID-19 therapy.
A randomized, multi-center, double-blind, placebo-controlled,
dose-finding phase IIb/III clinical trial (NCT04838821) with
173 patients is underway at hospitals of the Costa Rican
Social Security Fund (Caja Costarricense del Seguro Social) to
conclusively establish safety and efficacy, and to determine the
optimal dose of the anti-S1 equine pAbs formulation (designated
“Anti-SARS-CoV-2 ICP”) to treat moderate and severe COVID-
19 cases. If the ongoing trial demonstrates the efficacy and
safety of this formulation, its clinical use would be therapeutic

Frontiers in Medicine | www.frontiersin.org 10

September 2021 | Volume 8 | Article 743325


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Alape-Girén et al.

Heterologous Hyperimmune Polyclonal Antibodies for COVID-19

and not prophylactic, owing to the heterologous nature of
equine antibodies.

Both formulations of equine pAbs prepared at the ICP
effectively inhibit the infectivity of two SARS-CoV-2 early
isolates (WA1/2020 and Gisaid_EPI_ISL_406862, from USA and
Germany, respectively) and five VoCs (alpha, beta, epsilon,
gamma, and delta) with similar neutralizing potencies (40). The
50% Inhibitory Concentration (IC50) range in a plaque reduction
neutralization assay was 0.146-1.078 pg/mL, which is much
lower than the antibody concentrations presumably circulating
in the patients’ blood in the ongoing phase IIb/III clinical trial,
given treatment doses of 12-56 mg/kg.

CONCLUDING REMARKS

The preclinical data, along with those obtained in completed
clinical trials, prompt further investigations regarding the
potential of equine pAbs targeting SARS-CoV-2 as a broad
coverage, low-cost, and scalable treatment for COVID-19.
Similar to antivenoms, those therapeutics can be readily
produced under GMPs in low- and middle-income countries that
have this technology in place and distributed at prices accessible
to resource-constrained economies. WHO standardized
guidelines are available to produce heterologous pAbs for
therapeutic use in humans (21), which should allow for the
worldwide production of SARS-CoV-2 specific formulations
within a relatively short time. Following the protocol described
in Leon et al. (37), after immunizing 20 horses with S1 protein
produced in insect cells, industrial batches of 5,000 vials of 10 mL
of Anti-SARS-CoV-2 ICP can be manufactured from 250L
of hyperimmune plasma pools every 2 months. Antivenom-
manufacturing laboratories operating in Argentina, Australia,
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Antiviral treatment in
outpatients with herps zoster in
six major areas of China,
2010-2019

Zhenwei Yu'!, Yuhua Zhao?, Jiayi Jin!, Jianping Zhu?,
Lingyan Yu** and Gang Han'*

Sir Run Run Shaw Hospital, School of Medicine, Zhejiang University, Hangzhou, China, ?Affiliated
Xiaoshan Hospital, Hangzhou Normal University, Hangzhou, China, *Second Affiliated Hospital,
School of Medicine, Zhejiang University, Hangzhou, China

Objective: The objective of this study was to assess the status and trends of
antiviral treatment in outpatients with herpes zoster in China.

Methods: Prescription data on antiviral drugs were extracted from the
database of the Hospital Prescription Analysis Program of China according to
the inclusion criteria. Yearly prescriptions and costs were calculated, and trends
were analyzed. The trends were further stratified by age, sex, and specific
drug use. The distribution of defined daily costs (DDCs) of valaciclovir and
famciclovir were analyzed, and trends in the median DDCs were identified.

Results: A total of 132,911 prescriptions from 49 hospitals located in six
major areas of China were included in the analysis. The yearly prescriptions
containing antivirals increased from 8,819 in 2010 to 16,361 in 2019.
The percentage of prescriptions for patients aged 65 years and above
also increased (27.7% in 2010 to 31.0% in 2019), and the number of
prescriptions for females was higher than those for males (P < 0.001). The
average cost of antivirals per prescription decreased; thus, the yearly cost
showed no increasing trend. The main prescribed antivirals were valaciclovir
and famciclovir, which progressively increased in prescriptions. The use
of acyclovir decreased during the study period. Prescriptions containing
topical formulations, acyclovir and penciclovir, both increased. The DDCs of
valaciclovir and famciclovir decreased dramatically.

Conclusion: The use of antivirals has increased over the decade, while the
cost has not. Antiviral treatments adhere well to recent recommendations,
except for the use of topical antivirals. The findings of this study may benefit
the healthcare source allocation and management of herpes zoster in China.

KEYWORDS

acyclovir, valaciclovir, famciclovir, prescription, cost

Introduction

Herpes zoster, also known as shingles, is an infection caused by latent varicella zoster
virus reactivation and is usually characterized by a prodromal period with burning pain
for two-three days, followed by a vesicular eruption in the dermatomal distribution
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of the infected ganglion (1). The global incidence of HZ ranges
between 3-5 per 1,000 person-years (2). The incidence rate in
China is similar, and it is estimated that at least 2.77 million cases
occur in China annually (3, 4). It is also estimated that persons
who live to 85 years of age have a 50% risk of herpes zoster in the
absence of the herpes zoster vaccine (5).

Although most cases of herpes zoster are self-limited and
will resolve within a few weeks, nearly all patients experience
pain, with impact their normal functioning, reduces quality
of life, and results in productivity losses. Herpes zoster is
also associated with certain complications, the most common
being post-herpetic neuralgia, a pain that persists long beyond
cutaneous healing (1). Herpes zoster and its complications have
been reported to cause approximately 67,000 quality-adjusted
life years (QALYs) and incur costs of $2.4 billion in direct
medical costs and productivity losses annually in the US (6).
Economic studies in other countries and in China have also
revealed that herpes zoster was associated with impaired quality
of life and substantial health care resource use (7-10). Thus,
attention should be paid to the management of herps zoster.

Antiviral therapy is recommended for all patients with
herpes zoster, especially in patients with severe infection, old age,
and immunocompromised status (1, 5, 11-13). The timely use
of antiviral drugs, usually within 72h of rash onset, can reduce
viral replication, shorten the duration of symptoms, and prevent
complications (1). Understanding the status of antiviral therapy
for patients with herpes zoster would be helpful for improving
disease management. However, little is known about this issue,
especially in China. Thus, we conducted this cross-sectional
study to assess the patterns and trends of antiviral therapy for
patients with herpes zoster over the past decade.

Methods
Study design and ethics

This study was designed as a database-based, cross-sectional
study. Ethical approval was obtained from the Ethics Committee
of Sir Run Run Shaw Hospital, College of Medicine, Zhejiang
University (Reference Number 20210924-33). Informed consent
was waived because of the retrospective nature of the study.

Data collection

Data on prescriptions were obtained from the Hospital
Prescription Analysis Cooperative Project of China, which
is widely used in pharmacoepidemiology studies (14-19).
Prescriptions that met the following criteria were included
for analysis: (1) Prescriptions from hospitals located in six
major area of China (Beijing, Shanghai, Guangzhou, Chengdu,
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Hangzhou and Tianjin); (2) Prescriptions from hospitals that
participated the program continuously, from 2010 to 2019; (3)
Prescriptions written during 2010 and 2019; (4) Prescriptions
written for adult outpatients (aged 18 years and above) with the
diagnosis of herps zoster; (5) Prescriptions containing at least
one antiviral drugs. The antiviral drugs were limited to acyclovir
(Jo5ABO1 and D06BB03), valacyclovir (JO5AB11), famciclovir
(JO5AB09), penciclovir (D06BB06) and ganciclovir (JO5AB06) in
this study.

Analysis

The yearly prescription numbers of antiviral drugs for
patients with herpes zoster were represented by the yearly
eligible prescription numbers. The corresponding yearly cost
was obtained by adding up the cost of all antiviral drugs in
that year. It should be noted that this study did not extrapolate
sampled data. Trends in yearly prescriptions and costs were
analyzed and further stratified by specific drugs.

The of
prescriptions were evaluated at the hospital level. They

percentages valaciclovir ~ (or  famciclovir)
were obtained by dividing the yearly prescriptions that
contained valaciclovir (or famciclovir) by the total yearly
eligible prescriptions in specific hospitals, and the yearly
distribution of percentages was represented by a violin plot.

The defined daily cost (DDC), also known as the cost of a
defined daily dose, was studied at the prescription level. DDCs
were calculated for specific prescriptions using the following

equation, and their distribution was also analyzed.

price of drug
strength of price unit /defined daily dose
1

Defined daily cost =

The trends in the identified values were tested using the
Mann-Kendal test, and the trends in percentages were tested
using a log-linear test. The differences in the percentages of
prescriptions for males and females were tested using the chi-
square test. Statistical analysis was performed using R software.
Statistical significance was set at p < 0.05.

Results

Demographic characteristics of
prescriptions and overall trends

A total of 132911 prescriptions from 49 hospitals
were included in this study. The vyearly prescriptions
and corresponding costs are shown in Figure 1A, Yearly
prescriptions increased progressively from 8,819 in 2010 to
16361 in 2019 (P < 0.001). The average cost per prescription
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FIGURE 1
Trends in the prescription of antiviral drugs for patients with herps zoster in six major areas of China. (A) Overall yearly prescriptions and cost; (B)
Yearly prescription of individual drugs; (C) Antiviral cost percentages. Percentage of cost means the percentage of overall yearly cost of specific
drug.

is shown in Table 1, which reveals a significant decreasing
trend over the study period (P = 0.012). Thus, the yearly cost
fluctuated over the decade and showed no significant trend
(P = 0.721). The demographic characteristics of patients with
antiviral prescriptions are shown in Table 1. The percentage of
prescriptions for females and males did not change over the
study period (P = 0.737). However, the number of prescriptions
for females was higher than those for males in each year (all P <
0.05). The majority of prescriptions were for patients aged 45-64
years, and, in this age range, the percentage of prescriptions
remained constant (P = 0.364). However, the percentage of
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prescriptions for patients aged 65 years and above increased
progressively (P = 0.019).

Trends in the prescriptions of specific
antiviral drugs

The yearly prescriptions of each antiviral drug are shown

in Figure 1. Valaciclovir and famciclovir were the major
prescribed antiviral drugs over all of the years. Both of

frontiersin.org


https://doi.org/10.3389/fpubh.2022.942377
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Yu et al.
—_ =
© = 39
N o~ -
2 88
(=3 <+ o
n o o>
SR8
<+ © un
— o~
N % 0
L —~
823
(=3 N O O
<t o o>
N w9 9
<+ O <
— o~ =
§ @ 9
L A
= 3833
(=3 — O I
N 0 0
a @m0
<+ O <
— o~
G
(<2 A T
S 1328
8 g8z
= a9 9
< O o
— o~
S o 0
[N o B o
= &8 &8
& 282
2
S o
<+ wn o
— o~
R
A o N
I 3g8
(=] ® o O
o =
A <G
NN N
IS D
(] (=2 B o
s = 8 %8
2 o
T 2 2 4
9 o % in
$ Yo N o)
o
[« %
.
[
o
- _ =~
2 < N
— = O
o 9 2% 8
g,c NN o~
(o] AN O N
i 5 S g
o N en
>
©
T
c
©
g D)
o v o o 0
';S a T d
Q <+ o o
= AN —~ & 0N
%} 2 T S
al/l) N N
s
©
=
= 2 B
=
c o [ S N
s = a o
< o un =
o
g 9 oo %
; Lo IR S o TN o |
w
2
[=
9
k-
aQ - S
e T 9 @
o oo@/\\
o *®
(%)
8
(%]
=
Q
8
[8)
©
s
(0]
<
()
=
o g
w
2 =
L
< oD
P <

Frontiersin Public Health

7,455 (45.6)

6,564 (45.8) 6,985 (46.2) 7,188 (45.3)
8,666 (54.7)
67.8 £92.1

6,170 (45.4)

5,882 (45.4)
7,065 (54.6)
100.9 + 95.5

6,020 (46.6)
6,900 (53.4)

4,957 (45.5) 5,647 (46.7)
5,935 (54.5) 6,436 (53.3)
114 + 144.6

3,992 (45.3)

Male

Sex

8,906 (54.4)

7,782 (54.2) 8,122 (53.8)

7,412 (54.6)

4,827 (54.7)

Female

73.4+103.9

92.6 £95.0 62.9 +87.2

107.3 £ 111.6

111 +91.2 1182 £ 117.7

112.1 £91.0

Average cost (CNY)

Data were presented as prescription numbers (percentage%). Average cost was presented as mean = standard deviation in CNY.

16

10.3389/fpubh.2022.942377

A
100
u\e '
2
e
c
2 50
o
G
0
o
o
- T T T T T T I 1 T T
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
B
100
=
K]
2
5
:g. 50
=
H
o
o
0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
FIGURE 2
Yearly distribution of antivirals prescriptions in individual
hospitals. (A) Valaciclovir; (B) Famciclovir. Prescription rate
means the yearly percentage of prescriptions containing specific
drug. Each column shows the distribution of prescription rate of
prescriptions containing specific drug, and the width of the
column represents the relative number of hospitals. The dotted
lines in column represent the first quartile and the third quartile
of the distribution, and the solid line in column represents the
median of the distribution.

their prescriptions increased progressively during the 10
years (both P < 0.001), while prescriptions that contained
acyclovir decreased over the study period (P = 0.002). The
percentages of prescriptions that contained valaciclovir and
famciclovir in individual hospitals were calculated, and their
yearly distributions are shown in Figure2. Our findings
indicate that the treatment patterns differed greatly among
hospitals. Some hospitals prescribe valaciclovir to most patients,
while others prescribe valacyclovir to a very small percentage
of patients.

Ganciclovir was rarely used, and its prescription was stable
(P =0.530). There were also two topical formulations, acyclovir
and penciclovir, both of which showed increasing trends in
prescription numbers over the study period (P = 0.020 and P
= 0.002, respectively).

Trends in cost of specific drugs
From a cost perspective, valaciclovir and famciclovir were
the major prescribed antiviral drugs (Figure 1C). However,

the cost shares showed no significant trends for either drug
(P = 0.447 and P = 0.345, respectively). The distribution
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of valaciclovir and famciclovir DDCs in each year is shown
in Figure 3. There were dramatic decreases in the DDCs of
valaciclovir and famciclovir (as shown by the trend in yearly
median DDC, P < 0.001 and P = 0.001, respectively). The
median DDC of valaciclovir in 2019 was approximately one-
tenth of that in 2010, and the median DDC of famciclovir
in 2019 was approximately half of that in 2010. The
percentage of the other four antiviral drugs was <10% of
the total cost and did not change during the study period
(Figure 1C, P = 0.340).

Discussion

To the best of our knowledge, this is the first study to
assess the patterns and trends of antiviral therapy in patients
with herpes zoster in China. The yearly prescriptions containing
antiviral drugs for patients with herpes zoster have been
increasing progressively. The main prescribed antiviral drugs
during our study period were valacyclovir and famciclovir. The
DDCs of valaciclovir and famciclovir decreased progressively
over the study period, and the yearly cost was stable.

The increase in yearly antiviral prescriptions may be due to
the increased incidence of herpes zoster. A temporal increase
in the incidence of herpes zoster has been reported over the
past several decades across several countries (2). A recent
study concluded that herpes zoster incidence rates in the US
population increased in all age groups from 1991 to 2016
(20). Data on trends in the incidence rate of herpes zoster
in China are limited. A recent study reported that the overall
incidence of herpes zoster in the population aged over 50
years in China was 6.64 per 1000 person-years (10). Another
possible reason for the increased prescription of antivirals
could be the increasing demand for better management of
herpes zoster in China. It has been reported that only 58%
of patients with herpes zoster received antivirals in the UK
(21). This may be due to a lack of confidence in antivirals
and delayed treatment. The population of outpatients receiving
oral antivirals in the US was also near 64%, (22) which is
similar to the percentage of Chinese patients receiving antivirals
(10). Oral antiviral medications were found to be effective
in reducing the duration of acute neuritis symptoms and
the risk of complications. Our findings indicate that efforts
should be made to increase the percentage of patients receiving
antiviral treatment.

Age is widely acknowledged as an independent risk factor
for herpes zoster (3, 10). In our study, prescriptions for patients
aged <45 years only accounted for a small proportion, and the
percentage of patients for this age range continues to decrease.
Notably, prescriptions for patients aged over 65 years increased
progressively during our study period. Routine vaccination for
individuals over 60 years has shown considerable effect in terms
of reducing the incidence of herpes zoster, but a recent study
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showed that the vaccination willingness was only 16.6% in
Chinese aged 50-69 years (23, 24). Elderly patients are more
likely to benefit from antiviral therapy, however, older adults are
also more likely to develop drug adverse events (25). Moreover,
the studied antivirals mainly undergo renal excretion and should
be closely monitored in patients with reduced renal clearance,
which is common in elderly patients (11, 26). The number of
prescriptions for females was greater than those for males, which
is in accordance with epidemiological findings of female sex
being more significantly associated with herpes zoster (3, 10).

As this study focused on outpatients, and only oral and
topical antivirals were analyzed. Certain novel antivirals, such
as brivudine, are not usually suggested or commonly supplied in
Chinese hospitals nor were they included in this study analysis.
In this study, the overall use of valaciclovir was greater than that
of famciclovir. Moreover, the use of these two agents differed
greatly among hospitals. A literature report on antiviral drug
use in the district of an eastern city of China during 2015 and
2017 found that acyclovir was the major antiviral drug (10).
When looking at the situation in other countries, the use of
antivirals also differed greatly. A study in the UK found that
major antiviral agent was acyclovir in a period of 2000-2011
(21). However, the major antiviral prescribed to US outpatients
was valaciclovir, followed by acyclovir and famciclovir (22). A
survey of German primary physicians revealed that famciclovir
and valaciclovir were the most commonly prescribed drugs (27).
Interestingly, acyclovir was found to be the only antiviral drug
prescribed to patients with herpes zoster in a New Zealand
study (28).

Oral valaciclovir, famciclovir, and acyclovir are all
recommended as they are proven to be superior to placebo in
reducing the amount of time to complete cessation of pain (1).
Valaciclovir is a prodrug of acyclovir with high bioavailability,
and famciclovir is the prodrug of penciclovir. There were
no differences in cutaneous and pain endpoints between
famciclovir and valaciclovir (1). A recent randomized trial
showed that famciclovir was not superior to acyclovir in the
efficacy of herpes zoster treatment in adults (29). Furthermore,
the three antivirals were found to have similar efficacy and safety
profiles (1, 29). Valacyclovir and famciclovir are preferable to
acyclovir because of their better pharmacokinetic profiles, easier
dosing schedules, and probable higher levels of antiviral drug
activity (5, 12). Given the prescription trends, it seems that
physicians in China follow the guidelines well.

We found that treatment patterns differed greatly among
hospitals. Some hospitals prescribe valaciclovir to most patients,
while others prescribe valacyclovir to a very small percentage
of patients. A similar situation was found with the use of
famciclovir. The choice of valaciclovir or famciclovir may be
affected by physician prescription habits, drug supply, and
accessibility; however, either is reasonable, especially at the end
of this study, when the DDCs of the two agents were found to
be similar.
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FIGURE 3
Defined daily cost of antivirals in each year. (A) Valaciclovir; (B) Famciclovir. The numbers represent the median defined daily cost for each year.

There is insufficient evidence to support the use of topical
treatment for acute herpes zoster, and topical antivirals are
not recommended in various expert opinions and guidelines
(1,11, 12). However, the prescription of the two topical antiviral
formulations is increasing.

Cost is another important factor that influences the choice
of antiviral therapy by physicians and patients. The health
insurance system can also be a concern, and it is interesting
to note that the overall cost of antivirals did not increase,
despite the progressive increase in prescriptions, during our
study period. The share in cost of valaciclovir or famciclovir
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did not change with their increasing use, which was due
to a dramatic decrease in the DDCs of valaciclovir and
famciclovir. Valaciclovir was expensive at the beginning of
the study, but the median DDC in 2019 was approximately
one-tenth of that in 2010. The reason for this was the
implementation of the volume-based purchasing program and
the national centralized drug purchasing pilot program in
China (30-32). Many countries are facing the challenge of
ever-increasing pharmaceutical expenditures, and it is common
practice worldwide that lowering drug prices and reducing
drug expenditures by volume-based drug procurement (31, 33,
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34). Our results indicated that these programs reduced drug
expenditure, increased the use of policy-related drugs, and may
increase drug accessibility.

This study has some limitations. First, the sampling hospitals
were located in six major areas of China, which may have
resulted in a sampling bias. Furthermore, the severity of herpes
zoster, as well as the clinical outcomes of antiviral treatment,
have not been well studied. Other commonly co-used drugs
for patients with herpes zoster, such as analgesics, should be
evaluated in future studies.

Conclusion

We assessed the status and trends of antiviral therapy
in outpatients with herpes zoster in China over a decade.
During the study period, the prescription of antiviral drugs
increased progressively. The main prescribed antivirals were
valaciclovir and famciclovir, but the use of these two differed
greatly among hospitals. Acyclovir showed a decreasing trend
in prescriptions. Topical antivirals are not recommended,
however, their use continues to increase. The yearly cost
remained stable, due to the decreasing DDCs of valaciclovir
and famciclovir. The antiviral treatments adhere well to recent
recommendations, except for the use of topical antivirals.
The findings of this study may benefit the healthcare
source allocation and management of herpes zoster in
Chinese outpatients.
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Tuberculosis (TB) is a lethal disease and remains one of the top ten causes of
mortality by an infectious disease worldwide. It can also result in significant
morbidity related to persistent inflammation and tissue damage. Pulmonary
TB treatment depends on the prolonged use of multiple drugs ranging from
6 months for drug-susceptible TB to 6-20 months in cases of multi-drug
resistant disease, with limited patient tolerance resulting from side effects.
Treatment success rates remain low and thus represent a barrier to TB
control. Adjunct host-directed therapy (HDT) is an emerging strategy in TB
treatment that aims to target the host immune response to Mycobacterium
tuberculosis in addition to antimycobacterial drugs. Combined multi-drug
treatment with HDT could potentially result in more effective therapies by
shortening treatment duration, improving cure success rates and reducing
residual tissue damage. This review explores the rationale and challenges
to the development and implementation of HDTs through a succinct report
of the medications that have completed or are currently being evaluated in
ongoing clinical trials.
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host-directed therapy, @ Mycobacterium, tuberculosis, adjunct therapy,
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Introduction

(TB) is with
Mpycobacterium tuberculosis (Mtb), and represents one of

Tuberculosis caused by infection
the most important infectious diseases worldwide (1). Until the
COVID-19 pandemic, TB was the leading cause of death from a
single infectious agent (2).

Throughout the past century, TB morbidity and mortality
have declined significantly as a result of a number of factors
including improved socioeconomic conditions, introduction of
intradermal Bacilli Calmette-Guerin vaccine (BCG), particularly
in children younger than 5 years old (3, 4) and most importantly
with the introduction of antimycobacterial treatment (5). The
use of highly effective therapy against HIV, a co-infection
primarily responsible for increased TB incidence and death over
the past decades, has also positively impacted TB control (4, 6).
Notably, widespread access to anti-TB medications resulted in
the closure of inpatient hospitals with a shift to outpatient-based
treatment (5).

While worldwide efforts to curb TB incidence and mortality
have been effective, the COVID-19 pandemic and subsequent
limited access to health services has reversed years of progress in
providing essential TB services and reducing TB disease burden
(1). In addition, new challenges to control TB include continued
insufficient treatment success rates, low treatment adherence
and the emergence of drug resistant TB infections (7). In 2020,
132,222 individuals were diagnosed with multidrug resistant
or rifampicin resistant TB (MDR/RR-TB) along with 25,681
subjects classified as extensively drug resistant TB (XDR-TB)
patient, a decrease in 22% compared with 2019 (201,997) that
reflects underdiagnosis of this condition (1).

Current TB treatment relies on a combination of multiple
antimicrobial drugs with treatment duration ranging from
6 months for drug-susceptible TB to 6-20 months for
MDR/RR-TB and even longer in cases of XDR-TB or poor
clinical response (8). Globally, the TB treatment success rate
is 85% for drug-susceptible TB and 57% for MDR/RR-TB
(1). Outcomes are affected by several factors ranging from
social determinants to the long duration and complexity of
medication regimens, which directly impact patient adherence
to the therapeutic protocol as well as drug toxicity (9).
While changing social factors to improve treatment success
is a complex, lengthy, and gradual process, development of
more effective, affordable, and well-tolerated medications may
shorten treatment duration and reduce collateral effects thereby
improving treatment outcomes.

Two different strategies have been adopted to develop novel
therapeutics: (1) traditional search for new antimycobacterial
drugs, (2) host directed therapy (HDT) capable of modulating
the immune response to TB as adjuvant therapy to current
anti-TB treatment. The development of new anti-TB drugs is a
lengthy and costly process (10), thus the study of HDT may offer
an effective alternative that is readily available.
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Host-directed therapy (HDT) has emerged as an attractive

adjuvant treatment option using repurposed approved

immune modulation therapy. It has become apparent
that the determinants of TB immunopathogenesis and the
mechanisms underlying successful infection control involve
the following domains: inflammation (Figures 1A-C) (11),
cellular metabolism (Figure 1D) (12), and the mechanisms
used by Mtb to evade the immune system (13; Figure 1E).
HDTs aim to modulate host factors to enhance favorable
responses and dampen host detrimental responses, which
contribute to tissue damage and perpetuation of mycobacterial
multiplication (14). If proven to be beneficial, HDT may aid in
resolving unmet needs in TB treatment, thereby resulting in
improved adherence, reduction of resistant strains, shortened
treatment duration and Mtb transmission in the community
with increased cure rates and fewer chronic sequelae caused by
excessive inflammatory response to TB (15).

Currently, there are many potential therapies with ongoing
research at different stages in the pipeline for HDT in TB. Most
are repurposed drugs in pre-clinical or clinical studies to be used
as adjuvants with anti-TB therapy. This review aims to describe
the rationale used in the development of HDTs, their potential
and main challenges as adjuvant therapy, as well as to provide
a succinct report of the medications that have completed or
are evaluated in ongoing clinical trials (CT), registered in the
ClinicalTrials.gov database.

Tuberculosis and the immune system

After infection with Mtb, the development of active disease
results from both pathogen and host factors (16). Immune
response against Mtb is a very complex and dynamic process,
involving different cell types, cytokines and chemokines (17).
Multiple inflammatory cells such as macrophages, monocytes,
dendritic cells, neutrophils, epithelioid cells, and multinucleated
giant cells, enclosed by B and T lymphocytes, accumulate
at the tissue level to form a granuloma (18). Myeloid cells
produce many cytokines and chemokines that are critical to
recruit additional leukocytes from capillary vessels (19, 20).
The interaction between differentially localized populations
of intracellular Mtb and the cellular organelles will dictate
whether Mtb replicates or restrict its growth through control
of intracellular bacilli (21). The majority of Mtb exposed
individuals contain primary infection with the formation of
granulomas. Nevertheless, it is possible that a small proportion
of bacilli survive, driving infection into a latent stage. The
other potential outcome is increased hypoxic necrotic centers,
rich in lipids and foamy macrophages that fail to control
bacterial replication, ultimately leading to granuloma caseation
(20). This process is responsible for the latter formation of
cavities and destruction of alveolar cells, vessels, and bronchi,
with consequent bacilli spread (19). The fate of granulomas is
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Main potential host therapeutic targets (HDT) improve outcome in Mycobacterium tuberculosis. (A) Lipid peroxidation inhibitors, Ibuprofen,
Aspirin, N-acetylcysteine, and Vitamin D suppress proinflammatory responses, which decrease inflammation and tissue damage during active
stage of the disease. (B) Doxycycline changes the integrity of granuloma and enhances drug accessibility. (C) Vitamin A reduces bacilli growth
by apoptosis or auto-phagolysosome. (D) Doxycycline, Statin, and Metformin regulate cell-mediated immune responses, including
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determined by a variety of host factors that involve a network of
inflammatory cytokines, eicosanoids, prostaglandins, and other
mediators contributing to disease exacerbation as well as tissue
necrosis (19, 20). Therefore, modulating host immune response
could potentially optimize TB treatment, although the ideal
target for HDTs remains unclear (22).

Currently, multiple therapies that act on different host
immune targets are under investigation including the following:
modulation of vascular endothelial growth factor (VEGEF)
potentially reduces central necrosis and improves drug delivery
(23); reduction of neutrophil-mediated inflammation (i.e.,
aspirin) to limit severe tissue damage (24); and modulation of
tumor necrosis factor alpha (TNFa), transforming growth factor
beta (TGF-B), and Interleukin-1 beta (IL-1B) may reduce lung
damage (25).

Potential advantages of host-directed
therapy in tuberculosis

Some medications studied as HDT in TB are used for
other conditions and offer a wealth of clinical experience
and research, such as acetylsalicylic acid or statins, to bypass
the need to explore the safety and toxicity properties in
prolonged use. Furthermore, most of the studied drugs are
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already available worldwide with accessible costs, facilitating,
and accelerating their incorporation into routine practice if
benefit in TB treatment is proven in robust CTs (26). The use of
HDTs may avoid the undesirable adverse effects with prolonged
use of repurposed antimicrobials such as oxazolidonones,
carbapenems, and fluorquinolones in TB treatment (27).
Among other adverse effects, long-term therapies employing
broad-spectrum antibiotics will contribute to the emergence of
antibiotic-resistant strains of Mtb as well as other opportunistic
pathogens (28). Lastly, anti-inflammatory effects offered by
some HDT agents may lead to potential benefits in the host
by reducing tissue damage and improving long-term quality of
life (14).

The challenge of finding effective
host-directed therapy

In vitro studies play an essential role in the screening
of potential drugs (29), while animal studies allow the
understanding of immunopathology, as well the confirmation
of mycobacterial infection control, as measured by the drug
impact in mycobacterial load, time to sterilization of lesions,
tissue damage size and overall survival (30). With the knowledge
obtained through both experimental models, clinical studies

frontiersin.org


https://doi.org/10.3389/fmed.2022.970408
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Cubillos-Angulo et al.

to validate these findings will be critical to address questions
beyond drug efficacy (31; Figure 2).

Safety and toxicity

Though many drugs re-purposed as HDTs have known
safety profiles, they must be evaluated in the context of
individuals with TB, given that factors such as malnutrition,
co-infection with HIV and inflammation tend to alter drug
metabolism (32, 33).

Drug-drug interactions

The concomitant use of HDT with anti-TB therapy needs
to be evaluated. For instance, mild risk of hepatotoxicity
of some drugs could be potentiated when used along with
anti-mycobacterial drugs. Additionally, it is important to
evaluate drug-drug interactions with antiretroviral therapy,
as co-infection with TB-HIV is common and of particular
concern (26).

Effectiveness in different populations

People living with HIV (PWH) and those with other types
of immunosuppression, children, and individuals with resistant
TB may have different immune responses to TB and thus could
respond differently to HDTs (34). Similarly, ethnic differences in

10.3389/fmed.2022.970408

TB immune response may also be reflected in different responses
to HDTs (35). It is critical that clinical studies include ethnically
diverse and clinically relevant populations.

Effectiveness in different clinical forms of
tuberculosis

While most studies focus on pulmonary TB, extra-
pulmonary TB has a high prevalence in some areas, particularly
in countries with a high burden of TB (36) with worse outcomes
when compared with pulmonary TB (37-39). For instance,
having tuberculous meningitis or disseminated TB is associated
with lower cure rates and higher mortality rates (37-39).

Determine the most effective protocol for
host-directed therapy

There may be an ideal time for use during disease course
depending on how the host immune response is modulated,
and administration in the wrong time frame may be deleterious
(31, 40).

Evaluation of the possibility of reducing total
treatment time

Earlier sterilization and control of inflammation may
result in shorter antimycobacterial treatment durations leading
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to improved patient adherence and increased likelihood of
cure (41).

Drugs targeting the anti-inflammatory
response

Aspirin

Aspirin is a drug based on acetylsalicylic acid that performs
antiplatelet (42), anti-inflammatory (43), and analgesic (44)
functions and is a potential adjuvant in the treatment of TB
(45, 46).

The anti-inflammatory role of aspirin has been increasingly
studied for modulating neutrophil-mediated inflammatory
responses. The effect of low-dose aspirin seems to enhance
control of bacillary load and improve survival in the late
stages of TB in C3HeB/Fe] murine model (45). A study in
C3HeB/Fe] mice found that low-dose aspirin had an anti-
inflammatory effect in the later stage of active TB by reducing
excess, non-productive inflammation, while enhancing Th1-cell
responses for the elimination of bacilli (47). In BALB/c mice,
aspirin administration enhanced the effect of pyrazinamide and
resulted in additional clearance of viable mycobacteria in the
lungs and spleen during the initial phase of TB treatment
(48). However, the combination of aspirin and Isoniazid-
like treatment of murine pulmonary TB was associated with
increased mycobacterial load in the spleen and lungs (48).
Together, these findings highlight the urgent need for additional
clinical studies to assess the impact of timing in disease course
and the efficacy of concomitant aspirin use with different anti-
TB drug combinations.

In addition to the anti-inflammatory effects, the antiplatelet
role of aspirin may also be beneficial in TB treatment given
that TB promotes a basal state of hypercoagulability that
favors thromboembolic events (49) and platelets have been
directly associated with pro-inflammatory status (50). A cohort
study of pulmonary TB patients from Taiwan found that low
doses of aspirin were associated with decreased morbidity and
increased survival of patients on anti-TB regimen, without
increasing the risk of bleeding (46). Similarly, a phase two CT in
HIV-unexposed adults with tuberculous meningitis found that
1,000 mg of aspirin reduced 3-month mortality rates for this
group of patients (51). A hypercoagulation state is present in
tuberculous meningitis, leading to vascular complications (49).
Using aspirin in this scenario has previously been shown to
reduce the incidence of strokes and mortality at 3 months (52).

The results of these preliminary studies are underpowered
and require additional robust CTs to prompt a change in current
treatment guidelines. Nevertheless, they suggest that aspirin
may aid TB treatment in all cases or in subgroups, in those with
pulmonary TB or tuberculous meningitis. Importantly, the use
of aspirin would be easily implemented given the low cost, high
availability and limited side effect profile.
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The ClinicalTrials.gov database lists one ongoing multi-
center, phase IIB, placebo controlled, randomized CT that aims
to evaluate the efficacy and safety of aspirin and ibuprofen as
adjunct drugs in TB treatment, as detailed in Table 1.

Ibuprofen

Ibuprofen is a non-steroidal anti-inflammatory drug that
inhibits both COX1 and COX2 cyclooxygenases. It is widely
used and has an excellent safety profile, even in children (76).
In a mouse model mimicking active TB in humans, the use of
ibuprofen reduced bacillary load and affected lung area, leading
to increased survival (77). These effects are mainly attributed to
inhibition of the synthesis of PGE2, which inhibits phagocytosis,
bacterial killing, production of nitrite (76) and T-helper 1
cytokines, and production of tumor necrosis factor a (TNF-a)
(78). Another study in a murine model noted that ibuprofen
enhanced the bactericidal effect of pyrazinamide during TB
treatment (48). As noted above, this approach is currently under
investigation in a phase II multi-center placebo-controlled trial
(Table 1).

Antioxidants: N-acetylcysteine and lipid
peroxidation inhibitors

N-acetylcysteine (NAC) is a potent antioxidant widely used
as a mucolytic agent in chronic obstructive pulmonary disease
(COPD) and cystic fibrosis (79). The role of NAC in TB therapy
remains under study. To date, prior studies have indicated that
NAC might reduce host oxidative responses (80), reduce pro-
inflammatory cytokines such as IL-1, IL-6, and TNF-a (81) and
have direct antimycobacterial properties (81, 82).

A study conducted in Brazil compared oxidative stress
status in plasma of patients with pulmonary TB, latent TB
infection, and healthy uninfected individuals (82). Pulmonary
TB patients exhibited higher levels of oxidation products and
a reduction of antioxidants compared with latent TB cases or
uninfected controls. Cultures were exposed to different doses
of NAC and the authors found decreased oxidative stress in
treated macrophages and reduced mycobacterial growth when
exposed to a high concentration of NAC (82). The capacity of
NAC to control Mtb infection was further tested in vivo in a
mouse (C57BL/6) model, resulting in a significant reduction of
mycobacterial loads in the lungs (82).

In a phase IT randomized CT that evaluated the adjuvant use
of NAC in hospitalized individuals with TB-HIV (RIPENACTB
study) (80), NAC-treated patients exhibited a significant
increase in glutathione levels and total antioxidant status along
with lowered levels of lipid peroxidation, a toxic process of
oxidative stress response. In this study, the adjuvant use of
NAC was not unsafe (80). Similarly, another randomized CT in
those with newly diagnosed pulmonary TB in India reported a
significant increase in glutathione peroxidase levels in patients
receiving NAC and conventional anti-TB therapy compared
to placebo group (patients under TB therapy only). Patients
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TABLE 1 Clinical trials investigating drugs for host directed therapy in pulmonary tuberculosis (TB).

10.3389/fmed.2022.970408

Adjunctive Principal Study Trial Type, dose References (PMID  Status Next step
HDT investigator setting registration and route of or clinical trials drug

and year (s) treatment website)

(last update (intervention)

posted)

Aspirin (53) South Africa NCT04575519 300 mg of Aspirin https://clinicaltrials.gov/ Recruiting Evaluate safety
ct2/show/NCT04575519? and efficacy of
term=aspirin&cond= the adjunctive
Tuberculosis&draw=2& use with TB
rank=4 therapy

Ibuprofen (53) Georgia and NCT04575519 400°mg Ibuprofen https: Recruiting Determine the

South Africa (twice daily /Iwww.clinicaltrials.gov/ impact of
during) ct2/show/NCT04575519? ibuprofen on
term=ibuprofen&cond= long-term
Pulmonary+ antituberculosis
Tuberculoses&draw=2& drugs and know
rank=1 the side effects
in humans.

N Acetyl (54) Tanzania NCT03702738 N-acetylcysteine https://clinicaltrials.gov/ Recruiting Evaluate the

Cysteine 1,200 mg ct2/show/NCT03702738? synergize with
term=N+Acetyl+ current
Cysteine&cond= therapies in TB
Tuberculosis&draw=2& and multi-drug-
rank=1 resistant

(MDR)-TB
treatment
(55) Brazil NCT03281226 N-acetylcysteine https://clinicaltrials.gov/ Unknown
1,200 mg (600°mg ct2/show/NCT03281226?
twice daily) term=N+Acetyl+
Cysteine&cond=
Tuberculosis&draw=2&
rank=3
Vitamin D (56) Indonesia NCT05073965 1000IU Vitamin D Completed Need to
standardize the
doses and
optimize the
schedule of
administration.
(57) Pakistan NCT01130311 Vitamin D Completed
(cholecalciferol)
600,000 IU
intramuscular
(58) Indonesia NCT00677339 Vitamin D3, Completed
“Calciferol
Strong®” 50,000
1U (1,250 mcg, 1
tablet)
(59) Pakistan NCT02169570 600,000 IU of https://clinicaltrials.gov/ Unknown
(I/M) Vitamin D ct2/show/NCT02169570?
term=Vitamin+D&
cond=Tuberculosis&
draw=2&rank=13
(60) Mexico NCT02464683 Vitamin D 200 TU https://clinicaltrials.gov/ Unknown
(oral dose) ct2/show/NCT02464683?
term=Vitamin+D&
cond=Tuberculosis&
draw=2&rank=2
(61) India NCT00366470 3.3°ml (100,000 Completed
1U) dose of
Vitamin D
(Continued)
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TABLE 1 (Continued)

10.3389/fmed.2022.970408

Adjunctive Principal Study Trial Type, dose References (PMID  Status Next step
HDT investigator  setting registration and route of or clinical trials drug
and year (s) treatment website)
(last update (intervention)
posted)
(62) Bangladesh, NCT01580007 500 mg orally Completed
(5,000 [U) Vitamin
D
(63) Ethiopia NCT01698476 5,000 IU of Completed
Vitamin D
(cholecalciferol
tablets)
(64) India NCT00507000 Vitamin D 60,000 https://clinicaltrials.gov/ Unknown
U ct2/show/NCT00507000?
term=Vitamin+D&
cond=Tuberculosis&
draw=2&rank=5
(65) South Africa NCT02968927 Vitamin D Unknown
(66) Tanzania NCT00311298 Vitamin D Completed
5 1g/200 IU
(67) United NCT03011580 9,600 IU/day Oral https://clinicaltrials.gov/ Completed
Kingdom Vitamin D ct2/show/NCT030115807?
term=Vitamin+D&
cond=Tuberculosis&
draw=2&rank=17
Doxycycline (68) Singapore NCT02774993 Doxycycline https://clinicaltrials.gov/ Completed Results from
100 mg ct2/show/NCT02774993 phase IT may
provide insights
regarding safety
and efficacy.
New CTs to be
performed,
including
greater sample
size and
different TB
clinical forms
besides
pulmonary TB.
Vitamin A (69) Malawi NCT00057434 Vitamins A 8,000 Completed Larger CTs
U looking at effects
of Vitamin A in
clinical
outcomes
(death/cure/
relapse)
(66) Tanzania NCT00311298 Vitamin A 5,000 Completed
U
(70) India NCT00801606 Vitamin A 250 mg Completed
Statin (31) South Africa NCT03882177 Pravastatin 40 mg, https://clinicaltrials.gov/ Recruiting Dose finding
80 mg, 100 mg and ct2/show/NCT03882177? studies. Phase II
160 mg term=Statin&cond= CTs are ongoing.
Tuberculosis%2C+ If promising
Pulmonary&draw=2& results, Phase I11
rank=2 trials.
(71) South Africa NCT04147286 Atorvastatin https://clinicaltrials.gov/ Recruiting
40°mg ct2/show/NCT04147286?
term=Statin&cond=
Tuberculosis%2C+
Pulmonary&draw=2&
rank=4
(Continued)
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TABLE1 (Continued)

10.3389/fmed.2022.970408

Adjunctive Principal Study Trial Type, dose References (PMID  Status Next step
HDT investigator  setting registration  and route of or clinical trials drug
and year (s) treatment website)
(last update (intervention)
posted)
(72) United NCT04721795 Atorvastatin oral https://clinicaltrials.gov/ Recruiting
Kingdom 30/40°mg ct2/show/NCT04721795?2
term=Statin&cond=
Tuberculosis%2C+
Pulmonary&draw=2&
rank=1
(73) Philippines, NCT04504851 Rosuvastatin https://clinicaltrials.gov/ Not yet
Singapore, 10°mg ct2/show/NCT045048512 recruiting
Uganda, term=Statin&cond=
Vietnam Tuberculosis%2C+
Pulmonary&draw=2&
rank=3
Metformin (74) Thailand NCT05215990 Metformin 500 Mg https://clinicaltrials.gov/ Recruiting Phase IT and
Oral ct2/show/NCT05215990? dose finding
term=Metformin&cond= studies
Tuberculosis%2C+
Pulmonary&draw=2&
rank=1
(75) South Africa NCT04930744 Metformin https://clinicaltrials.gov/ Recruiting
hydrochloride ct2/show/NCT04930744?
500 mg term=Metformin&cond=

Tuberculosis%2C+
Pulmonary&draw=2&
rank=2

HDT, host-directed therapy; IU, international unit; NCT, the National Clinical Trial.

receiving NAC-based adjunctive therapy exhibited significant
reduction of radiological lung infiltration, faster sputum
conversion and more regulated immunological response, when
compared to the group without NAC. A substantial body
weight gain and improved antioxidant status was noted in
the intervention group suggesting a potential promising role
for NAC as adjuvant anti-TB therapy (83). Moreover, NAC
may play a role in preventing hepatotoxicity of anti-TB usual
therapy. An Iranian randomized CT (84) evaluated the effect of
adjuvant NAC in those undergoing four drug anti-TB therapy
compared with those without NAC therapy. Liver enzyme levels
including aspartate aminotransferase, alanine aminotransferase
and bilirubin were significantly lower following 1 and 2 weeks of
NAC treatment. In this study NAC co-administration appeared
to reduce the risk of hepatotoxicity commonly associated with
anti-TB therapy.

N-acetylcysteine is a low-cost drug that seems to be safe for
use in pulmonary TB treatment. Nevertheless, its effectiveness is
still to be proven. One CT is currently in progress to clarify this
question (Table 1).

Autophagy induction
Vitamin D

Vitamin D (VITD) participates in the reabsorption of
calcium from the bone and intestine and has a fundamental

Frontiers in Medicine

role in bone constitution and remodeling (85). It also acts as
an immunomodulatory hormone and influences other processes
including central nervous system function and cardiovascular
health (86, 87).

In the presence of Mtb, VITD plays an essential role
in activated macrophages and monocytes in response to
antigen exposure by enhancing levels of 1,25(OH) 2D in
monocyte/macrophages from normal human hosts (88). The
increased levels of 1,25(OH) 2D induces the expression of
cathelicidin, an antimicrobial protein responsible for killing
infectious agents like Mtb (89). Some studies have reported
that VITD can down-regulate the expression of mTOR protein,
thus inducing autophagy (90). Importantly, VITD deficiency
has been associated with susceptibility to TB infection in
a comparative cross-sectional study that identified a high
prevalence of VITD deficiency among newly diagnosed TB
patients and in their household contacts (91). To date, 10
completed studies and four ongoing related to VITD and
pulmonary TB were identified in the ClinicalTrials.gov records
(Table 1).

The use of VITD as adjunctive therapy has had conflicting
results regarding improvement of sputum conversion. Faster
sputum conversion rates were found in TB patients receiving
adjunctive VITD supplementation in a randomized placebo-
controlled CT in Indonesia (92) and China (93). Another CT
from Bangladesh demonstrated enhanced intracellular killing
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of Mtb in macrophages ex vivo in combination with increased
sputum culture conversion at week 4 and at week 8 compared
to the placebo group (94). This effect, however, was unable to
be replicated in a number of CTs of VITD supplementation in
TB disease (93, 95-97). Two CTs with MDR/RR-TB patients
in Georgia (95) and Mongolia (96) identified higher sputum
culture conversion with high dose of VITD use, suggesting
a possible role in this subset of patients with MDR/RR TB.
Another randomized controlled trial found that daily VITD
administration in TB infected patients led to enhanced clinical
recovery, particularly those with lower levels of VITD and an
elevated TB score at enrollment (97).

Although lower levels of VITD are commonly observed
in individuals with pulmonary TB, clinical and bacteriological
results from randomized controlled trials of adjunctive VITD
supplementation have demonstrated limited clinical benefits.
A meta-analysis found that there is no evidence to support
the adjuvant use of VITD. Most studies are limited by small
sample sizes and include only HIV-uninfected adults with
pulmonary TB (98). Additional larger studies are needed to
investigate the effects of VITD and other micronutrients in
specific TB treatment subgroups that have worse prognosis,
immunosupression, MDR/RR-TB and individuals with diabetes.

Targeting the granuloma structure
disruption

Doxycycline

Matrix metalloproteinases (MMPs) are proteolytic enzymes
capable of degrading collagen and other structural proteins (99).
When highly expressed, as in inflammatory conditions, they
contribute to tissue damage (100). TB leads to upregulation of
MMPs and an imbalance between MMPs and tissue inhibitors
of metalloproteinases (TIMPs) (101, 102). This imbalance is
associated with TB severity and extent of TB lesions, as well as
formation of lung cavitation (103), which in turn is associated
with high bacillary burden, delayed sputum culture conversion,
emergence of drug resistance, and higher transmission of Mtb
(104). MMPs also play a role in the formation of granulomas
(105) and are responsible for the breakdown of the blood brain
barrier, leading to poor outcomes in cases of central nervous
system TB (106-108). In this context, inhibitors of MMPs may
be a particularly effective HDT for TB. Doxycycline is the only
FDA—approved MMP inhibitor (102). It is originally used as
a bacteriostatic antibiotic of the tetracycline class. It is also an
inhibitor of MMP1 and MMP?9 (102) which may be responsible
for reducing pulmonary cavity volume and loss of granuloma
size (68). Doxycycline has been shown to inhibit mycobacterial
growth in animal and in vitro models (109, 110). A pilot phase
2 CT (Doxy-TB) (68), comparing doxycycline plus standard TB
therapy to placebo plus standard TB therapy has been concluded
with results pending (Table 1). Doxycycline is a licensed, safe
and affordable drug, with significant potential to improve TB
outcomes (111). Future CTs are needed with larger sample sizes
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and different TB clinical forms besides pulmonary TB, such as
central nervous system TB.

Improving macrophage antimicrobial
responses

Vitamin A

Vitamin A deficiency is a serious and widespread public
health problem (112). It is more common during infection and
can increase the severity of infectious diseases and the risk of
death (112).

A recently systematic review/meta-analysis found that
supplementation with vitamin A associated with earlier sputum
conversion, decreased abnormalities in chest radiography, and
improved lung function in patients undergoing TB treatment
(113). A randomized controlled trial with a2 x 2 factorial design
in Qingdao, China determined that adjunctive supplementation
with vitamin A did not improve time to smear conversion
in pulmonary TB patients (93). Conversely, a double-blind,
placebo-controlled study in patients with newly diagnosed
TB found that vitamin A supplementation was associated
with earlier sputum smear conversion (114). Furthermore,
a randomized placebo-controlled, double-blind, two-by-two
factorial trial evaluated the use of multivitamin/mineral
supplementation with vitamin A and found a significant
decrease in mortality during treatment of sputum-positive TB
patients co-infected with HIV (66).

Three CTs registered with ClinicalTrials.gov with the status
of completed were identified for Vitamin A supplementation in
TB treatment (Table 1). The CT NCT00057434 conducted in
Malawi did not identify a survival benefit with micronutrient
supplementation with vitamin A in adults with HIV and
pulmonary TB (69). Another CT (NCT00311298) found that
multi-vitamin/mineral supplementation (Vitamin A) and zinc
decrease mortality during treatment in patients with HIV
and pulmonary TB (66). The remaining CT (NCT00801606)
observed that micronutrient supplementation (Vitamin A)
during treatment is associated with weight gain in children with
TB though did not impact the clearance of lesions by chest X-ray
(115).

These highlight though
significantly lack evaluation of impact on clinical relevant

studies conflicting results,

outcomes (cure/death/recurrence). Larger trials with clinical
important outcomes are needed to better evaluate the adjuvant
use of vitamin A in TB treatment.

Enhancing cell-mediated immune
response

Statins
Mycobacterium tuberculosis has been shown to thrive in
cholesterol rich environments, as cholesterol can improve both
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survival and growth of the pathogen in a host cell. Mtb uses
cholesterol in the macrophage membrane to bind and enter
the cell (116). Subsequently, after the infection, macrophage
accumulates lipid bodies forming foamy cells that utilize
cholesterol as the main source of nutrition for bacteria. The lipid
bodies have also been associated with Mtb growth restriction,
drug resistance and delayed phagosome maturation due to
enhanced IL-10 induction (117).

Statins are the most used cholesterol reducing drugs.
They are inhibitors of 3-hydroxy-3-methylglutaryl coenzyme
reductase (HMG-CoA), with both cholesterol lowering and
anti-inflammatory and immunomodulatory functions and offer
the most promising candidates for adjuvant HDT against
TB (15, 118). The mechanism of action of statins against
TB continue to be studied though research to date has
identified the following: restrict the generation of foamy
cells that otherwise support Mtb persistence by decreasing
cholesterol biosynthesis (119); promote phagosome maturation
and autophagy (120); increase percentages of Natural killer T
(NKT) cells within cultures and expression of co-stimulatory
molecules on monocytes, with higher secretion of IL-1b and IL-
12p70 (121, 122); inhibit TGF-B (123, 124). Animal studies have
found that simvastatin therapy in Mtb-infected mice reduces
dissemination of Mtb from the lungs (120), promotes killing of
intracellular Mtb by macrophages and enhances the bactericidal
activity of isoniazid (117) and rifampin (125). A study in mice
evaluated the treatment-shortening potential of therapy with
statins plus anti-TB drugs and found a reduced time required
to eradicate TB infection with no increased risk of relapse (126).

Some retrospective studies in Taiwan and South Korea have
evaluated the role of statin use in preventing TB finding that
chronic statin users had a lower risk of developing TB, compared
to non-statin users (118, 127). Though intriguing, these study
findings unfortunately have not been reproduced in different
populations distinct from those with COPD and diabetes and
lack adjustment for important confounding factors (128-132).
A meta-analysis of data from nine of these cohort studies
concluded that statin use was associated with reduced incidence
of active TB (133). To our knowledge no retrospective studies
have evaluated the impact of statins during TB treatment on
clinical outcomes.

Four ongoing CTs of statins in TB may offer further
clarity (Table 1): StAT-TB, a phase 2B dose finding study
using pravastatin = (NCT03882177); ATORTUB, using
atorvastatin (NCT04721795); ROSETTA, using rosuvastatin
(NCT04504851), and StatinTB (NCT04147286), a proof-of-
concept phase IT study testing the use of atorvastatin in reducing
lung inflammation after TB treatment.

Given the pre-clinical studies results and the number
of ongoing CTs, statins may represent one of the most
promising drugs in the pipeline for HDT. If proven beneficial
in clinical studies, its use in clinical practice can be easily
implemented, considering its low cost and wide availability
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though likely will need additional safety testing given the
possibility of hepatoxicity.

Metformin

Metformin is the first-line therapy in those with type 2
diabetes (134) and is a safe and widely used medication. Results
from multiple studies suggest that concurrent use of metformin
for TB may be beneficial even in non-diabetic individuals (135).

How metformin acts against TB remains unclear. Pre-
clinical studies have found that it facilitates phagosome-
lysosome fusion and promotes expression of 5’ adenosine
monophosphate-activated protein kinase (AMPK) (14), an
enzyme usually activated during metabolic stress that controls
energy homeostasis (136). As such, metformin may promote
increased production of reactive oxygen species (ROS) and
subsequent killing of intracellular Mtb (14).

A study performed by Singhal et al. in TB infected mice
revealed that metformin reduced intracellular growth of Mtb,
enhanced the efficacy of anti-TB drugs, and reduced lung
damage and inflammation (137). This study served as a proof-
of-concept demonstrating that metformin may be an option
as adjunctive therapy of TB. Another study evaluating the
sterilizing role of metformin found no differences in Mtb
burden in the metformin adjuvant group versus TB treatment
alone (138). Some possible reasons for the divergent results
are the different model mouses and the different TB drugs
used in both studies. Singhal et al. used a single anti-TB drug
(isoniazid or ethambutol), whereas Duta NK et al. employed
four drugs, which may have masked a possible role of metformin
in sterilization. The inclusion of rifampin may also have altered
the pharmacokinetics of metformin (138). Alternatively, it may
be that metformin acts in an immunomodulatory role that is
more clinically relevant than sterilization. Another study with
mice found that metformin enhanced the effectiveness of Mtb-
specific CD8 + T cell responses in local and systemic sites
during infection, with increased decreased mortality and anti-
mycobacterial properties and decreased inflammatory cytokine
production such as TNF (139). Furthermore, Bohme J. et al.
found that metformin enhances the immunogenicity and
protective efficacy of BCG in mice (140).

Prior retrospective studies in patients with type 2 diabetes
and TB suggest that metformin use was beneficial during TB
treatment with reduced risk of cavitary TB (137), more rapid
sputum conversion (141), lower mortality despite significantly
higher glycated hemoglobin values (137, 142) and lower risk of
recurrence (143) when compared to the use of other diabetes
treatment regimens during TB treatment.

Considering the evidence above, the drug safety profile,
wide availability, and low cost, there remains an important
role for CTs to evaluate the effectiveness of metformin as TB
adjunctive therapy. Currently, ClinicalTrials.gov reports two
CTs investigating Metformin use in individuals with pulmonary
TB that are currently recruiting participants in Thailand and
South Africa (Table 1).
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Conclusion

Novel TB interventions beyond antimicrobials are urgently
needed to improve treatment effectiveness with shorter duration
and without increased adverse effects. HDTs offer a promising
strategy through repurposing of pre-existing drugs, that often
are widely available with low cost, and therefore easily
implemented if efficacy and safety are proven in robust CTs.
Currently, HDT drugs are in different stages of research with
primarily pre-clinical studies with conflicting conclusions. New
CTs, ideally multicenter, are underway to answer questions
regarding HDT drugs in TB treatment, including all populations
of clinical relevance. The existent TB networks or consortia
that include standardized cohorts of patients with confirmed
TB represent an opportunity for harmonized CTs with
heterogenous populations and homogeneous protocols. We
suggest the use of these networks or consortia to expedite quality
research in this field.

Author contributions

JC-A, BN, and BB-D contributed to conception and design
of the study. JC-A, BN, CE CV, KV-S, VN, JM-P, MA-P, MA, and
EA also collected the information and organized the different
subsections. JC-A, BN, and BA wrote the first draft of the
manuscript. BA supervised the project execution. All authors
contributed to manuscript revision, read, and approved the
submitted version.

Funding

This study was supported by the Intramural Research
Program of the Fundagido Oswaldo Cruz, Brazil. The work of

References

1. WHO. Global Tuberculosis Report 2021. Geneva: WHO (2021).

2. Shariq M, Sheikh JA, Quadir N, Sharma N, Hasnain SE, Ehtesham
NZ. COVID-19 and tuberculosis: the double whammy of respiratory
pathogens. Eur Respir Rev. (2022) 31:210264. doi: 10.1183/16000617.0264
-2021

3. Antunes JL, Waldman EA. Tuberculosis in the twentieth century: time-series
mortality in Sao Paulo, Brazil, 1900-97. Cad Saude Publica. (1999) 15:463-76.
doi: 10.1590/50102-311x1999000300003

4. Jung RS, Bennion JR, Sorvillo E, Bellomy A. Trends in tuberculosis mortality
in the United States, 1990-2006: a population-based case-control study. Public
Health Rep. (2010) 125:389-97. doi: 10.1177/003335491012500307

5. Murray JF. A century of tuberculosis. Am ] Respir Crit Care Med. (2004)
169:1181-6. doi: 10.1164/rccm.200402-1400E

6. Albalak R, O’brien RJ, Kammerer JS, O’brien SM, Marks SM, Castro
KG, et al. Trends in tuberculosis/human immunodeficiency virus comorbidity,

Frontiers in Medicine

31

10.3389/fmed.2022.970408

BA was supported by grants from NIH (U01AI115940 and
U01AI069923). BA was a senior scientist from the Conselho
Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq).
JC-A was supported by the Organization of American
States-Partnerships Program for Education and Training
(OAS-PAEC) and his study was financed in part by the
Coordenagdo de Aperfeicoamento de Pessoal de Nivel
Superior-Brazil (CAPES)-Finance Code 001. BB-D and M-AP
also received fellowship from CAPES. JM-P reveived fellowship
from CNPq. MA, KV-S, and VN received research fellowships
from the Fundagdo de Amparo a Pesquisa da Bahia (FAPESB).

Acknowledgments

We thank the study participants and Dr. Kevan Akrami for
assistance with language and proofreading the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

United States, 1993-2004. Arch Intern Med. (2007) 167:2443-52. doi: 10.1001/
archinte.167.22.2443

7. Sakamoto H, Lee S, Ishizuka A, Hinoshita E, Hori H, Ishibashi N, et al.
Challenges and opportunities for eliminating tuberculosis - leveraging political
momentum of the UN high-level meeting on tuberculosis. BMC Public Health.
(2019) 19:76. doi: 10.1186/s12889-019-6399-8

8. Tiberi S, Munoz-Torrico M, Duarte R, Dalcolmo M, D’ambrosio L, Migliori
GB. New drugs and perspectives for new anti-tuberculosis regimens. Pulmonology.
(2018) 24:86-98. doi: 10.1016/j.rppnen.2017.10.009

9. De Maio E, Bianco DM, Delogu G. The dark side of the COVID-19 treatments
on Mycobacterium tuberculosis infection. Mediterr ] Hematol Infect Dis. (2022)
14:€2022021. doi: 10.4084/MJHID.2022.021

10. van den Boogaard J, Kibiki GS, Kisanga ER, Boeree MJ, Aarnoutse RE.
New drugs against tuberculosis: problems, progress, and evaluation of agents
in clinical development. Antimicrob Agents Chemother. (2009) 53:849-62. doi:
10.1128/AAC.00749-08

frontiersin.org


https://doi.org/10.3389/fmed.2022.970408
https://doi.org/10.1183/16000617.0264-2021
https://doi.org/10.1183/16000617.0264-2021
https://doi.org/10.1590/s0102-311x1999000300003
https://doi.org/10.1177/003335491012500307
https://doi.org/10.1164/rccm.200402-140OE
https://doi.org/10.1001/archinte.167.22.2443
https://doi.org/10.1001/archinte.167.22.2443
https://doi.org/10.1186/s12889-019-6399-8
https://doi.org/10.1016/j.rppnen.2017.10.009
https://doi.org/10.4084/MJHID.2022.021
https://doi.org/10.1128/AAC.00749-08
https://doi.org/10.1128/AAC.00749-08
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Cubillos-Angulo et al.

11. Zumla A, Rao M, Parida SK, Keshavjee S, Cassell G, Wallis R, et al.
Inflammation and tuberculosis: host-directed therapies. J Intern Med. (2015)
277:373-87. doi: 10.1111/joim.12256

12. Kim JS, Kim YR, Yang CS. Host-directed therapy in tuberculosis: targeting
host metabolism. Front Immunol. (2020) 11:1790. doi: 10.3389/fimmu.2020.01790

13. Ahmed S, Raqib R, Guethmundsson GH, Bergman P, Agerberth B, Rekha
RS. Host-directed therapy as a novel treatment strategy to overcome tuberculosis:
targeting immune modulation. Antibiotics (Basel). (2020) 9:21. doi: 10.3390/
antibiotics9010021

14. Kaufmann SHE, Dorhoi A, Hotchkiss RS, Bartenschlager R. Host-directed
therapies for bacterial and viral infections. Nat Rev Drug Discov. (2018) 17:35-56.
doi: 10.1038/nrd.2017.162

15. Wallis RS, Hafner R. Advancing host-directed therapy for tuberculosis. Nat
Rev Immunol. (2015) 15:255-63. doi: 10.1038/nri3813

16. Pai M, Behr MA, Dowdy D, Dheda K, Divangahi M, Boehme CC, et al.
Tuberculosis. Nat Rev Dis Primers. (2016) 2:16076. doi: 10.1038/nrdp.2016.76

17. Jee B. Understanding the early host immune response against Mycobacterium
tuberculosis. Cent Eur ] Immunol. (2020) 45:99-103. doi: 10.5114/ceji.2020.94711

18. de Martino M, Lodi L, Galli L, Chiappini E. Immune response to
Mycobacterium tuberculosis: a narrative review. Front Pediatr. (2019) 7:350. doi:
10.3389/fped.2019.00350

19. Abreu R, Giri P, Quinn F. Host-pathogen interaction as a novel target for
host-directed therapies in tuberculosis. Front Immunol. (2020) 11:1553. doi: 10.
3389/fimmu.2020.01553

20. Tsenova L, Singhal A. Effects of host-directed therapies on the pathology of
tuberculosis. J Pathol. (2020) 250:636-46. doi: 10.1002/path.5407

21. Silva Miranda M, Breiman A, Allain S, Deknuydt E, Altare F. The tuberculous
granuloma: an unsuccessful host defence mechanism providing a safety shelter for
the bacteria? Clin Dev Immunol. (2012) 2012:139127. doi: 10.1155/2012/139127

22. Kilinc G, Saris A, Ottenhofft THM, Haks MC. Host-directed therapy to
combat mycobacterial infections. Immunol Rev. (2021) 301:62-83. doi: 10.1111/
imr.12951

23. Rohrig E, Vorlova S, Hoffmann H, Wartenberg M, Escorcia FE, Keller S,
et al. VEGF-ablation therapy reduces drug delivery and therapeutic response in
ECM-dense tumors. Oncogene. (2017) 36:1-12. doi: 10.1038/0nc.2016.182

24. Schaible UE, Linnemann L, Redinger N, Patin EC, Dallenga T. Strategies to
improve vaccine efficacy against tuberculosis by targeting innate immunity. Front
Immunol. (2017) 8:1755. doi: 10.3389/fimmu.2017.01755

25. Torrado E, Cooper AM. IL-17 and Th17 cells in tuberculosis. Cytokine
Growth Factor Rev. (2010) 21:455-62. doi: 10.1016/j.cytogfr.2010.10.004

26. Kolloli A, Subbian S. Host-directed therapeutic strategies for tuberculosis.
Front Med (Lausanne). (2017) 4:171. doi: 10.3389/fmed.2017.00171

27. Young C, Walzl G, Du Plessis N. Therapeutic host-directed strategies to
improve outcome in tuberculosis. Mucosal Immunol. (2020) 13:190-204. doi:
10.1038/s41385-019-0226-5

28. Melander R], Zurawski DV, Melander C. Narrow-spectrum antibacterial
agents. Medchemcomm. (2018) 9:12-21. doi: 10.1039/C7MD00528H

29. Yang HJ, Wang D, Wen X, Weiner DM, Via LE. One size fits all? Not in in vivo
modeling of tuberculosis chemotherapeutics. Front Cell Infect Microbiol. (2021)
11:613149. doi: 10.3389/fcimb.2021.613149

30. Rojas-Caraballo J, Lopez-Aban J, Perez Del Villar L, Vizcaino C, Vicente B,
Fernandez-Soto P, et al. In vitro and in vivo studies for assessing the immune
response and protection-inducing ability conferred by Fasciola hepatica-derived
synthetic peptides containing B- and T-cell epitopes. PLoS One. (2014) 9:¢105323.
doi: 10.1371/journal.pone.0105323

31. Karakousis PC, Hafner R, Gennaro ML. Advances in Host-Directed Therapies
Against Tuberculosis. Berlin: Springer (2021). doi: 10.1007/978-3-030-56905- 1

32. Mehta S. Malnutrition and drugs: clinical implications. Dev Pharmacol Ther.
(1990) 15:159-65. doi: 10.1159/000457640

33. Morgan ET. Impact of infectious and inflammatory disease on cytochrome
P450-mediated drug metabolism and pharmacokinetics. Clin Pharmacol Ther.
(2009) 85:434-8. doi: 10.1038/clpt.2008.302

34. Frank DJ, Horne DJ, Dutta NK, Shaku MT, Madensein R, Hawn TR, et al.
Remembering the host in tuberculosis drug development. J Infect Dis. (2019)
219:1518-24. doi: 10.1093/infdis/jiy712

35. Coussens LM, Zitvogel L, Palucka AK. Neutralizing tumor-promoting
chronic inflammation: a magic bullet? Science. (2013) 39(6127):1522. doi: 10.1126/
science.1232227

36. Kulchavenya E. Extrapulmonary tuberculosis: are statistical reports accurate?
Ther Adv Infect Dis. (2014) 2:61-70. doi: 10.1177/2049936114528173

Frontiers in Medicine

32

10.3389/fmed.2022.970408

37. Khan AH, Sulaiman SAS, Laghari M, Hassali MA, Muttalif AR, Bhatti Z,
et al. Treatment outcomes and risk factors of extra-pulmonary tuberculosis in
patients with co-morbidities. BMC Infect Dis. (2019) 19:691. doi: 10.1186/s12879-
019-4312-9

38. Zurcher K, Ballif M, Kiertiburanakul S, Chenal H, Yotebieng M, Grinsztejn

B, et al. Diagnosis and clinical outcomes of extrapulmonary tuberculosis
in antiretroviral therapy programmes in low- and middle-income countries:
a multicohort study. J Int AIDS Soc. (2019) 22:e25392. doi: 10.1002/jia2.2
5392

39. Atif M, Fatima R, Ahmad N, Babar ZU. Treatment outcomes of
extrapulmonary tuberculosis in Bahawalpur, Pakistan; a record review. ] Pharm
Policy Pract. (2020) 13:35. doi: 10.1186/s40545-020-00227- 1

40. Mayer-Barber KD, Andrade BB, Oland SD, Amaral EP, Barber DL, Gonzales
J, et al. Host-directed therapy of tuberculosis based on interleukin-1 and type I
interferon crosstalk. Nature. (2014) 511:99-103. doi: 10.1038/nature13489

41. Palucci I, Delogu G. Host directed therapies for tuberculosis: futures
strategies for an ancient disease. Chemotherapy. (2018) 63:172-80. doi: 10.1159/
000490478

42. Schror K. Aspirin and platelets: the antiplatelet action of aspirin and its role in
thrombosis treatment and prophylaxis. Semin Thromb Hemost. (1997) 23:349-56.
doi: 10.1055/s-2007-996108

43. Koester MC. An overview of the physiology and pharmacology of aspirin and
nonsteroidal anti-inflammatory drugs. J Athl Train. (1993) 28:252-9.

44. Ornelas A, Zacharias-Millward N, Menter DG, Davis ]S, Lichtenberger L,
Hawke D, et al. Beyond COX-1: the effects of aspirin on platelet biology and
potential mechanisms of chemoprevention. Cancer Metastasis Rev. (2017) 36:289-
303. doi: 10.1007/s10555-017-9675-z

45. Marzo E, Vilaplana C, Tapia G, Diaz ], Garcia V, Cardona PJ. Damaging
role of neutrophilic infiltration in a mouse model of progressive tuberculosis.
Tuberculosis (Edinb). (2014) 94:55-64. doi: 10.1016/j.tube.2013.09.004

46. Lee MR, Lee MC, Chang CH, Liu CJ, Chang LY, Zhang JF, et al. Use of
antiplatelet agents and survival of tuberculosis patients: a population-based cohort
study. J Clin Med. (2019) 8:923. doi: 10.3390/jcm8070923

47. Kroesen VM, Rodriguez—Martinez P, Garcia E, Rosales Y, Diaz ], Martin-
Cespedes M, et al. A beneficial effect of low-dose aspirin in a murine model of
active tuberculosis. Front Immunol. (2018) 9:798. doi: 10.3389/fimmu.2018.00798

48. Byrne ST, Denkin SM, Zhang Y. Aspirin and ibuprofen enhance
pyrazinamide treatment of murine tuberculosis. ] Antimicrob Chemother. (2007)
59:313-6. doi: 10.1093/jac/dkl486

49. Schoeman J, Mansvelt E, Springer P, Van Rensburg AJ, Carlini S, Fourie E.
Coagulant and fibrinolytic status in tuberculous meningitis. Pediatr Infect Dis ]J.
(2007) 26:428-31. doi: 10.1097/01.inf.0000261126.60283.cf

50. Fox KA, Kirwan DE, Whittington AM, Krishnan N, Robertson BD, Gilman
RH, et al. Platelets regulate pulmonary inflammation and tissue destruction in
tuberculosis. Am ] Respir Crit Care Med. (2018) 198:245-55. doi: 10.1164/rccm.
201710-21020C

51. Mai NT, Dobbs N, Phu NH, Colas RA, Thao LT, Thuong NT, et al. A
randomised double blind placebo controlled phase 2 trial of adjunctive aspirin
for tuberculous meningitis in HIV-uninfected adults. Elife. (2018) 7:e33478. doi:
10.7554/eLife.33478

52. Misra UK, Kalita ], Nair PP. Role of aspirin in tuberculous meningitis: a
randomized open label placebo controlled trial. ] Neurol Sci. (2010) 293:12-7.
doi: 10.1016/.jns.2010.03.025

53. Fundacié Institut Germans Trias I Pujol. Phase 2b Randomized Double-
blind, Placebo-controlled Trial to Estimate the Potential Efficacy and Safety of Two
Repurposed Drugs, Acetylsalicylic Acid and Ibuprofen, for Use as Adjunct Therapy
Added to, and Compared With, the Standard WHO-recommended TB Regimen
(SMA-TB). [Clinical trial registration]. Clinicaltrials.Gov. (2021). Available online
at: https://clinicaltrials.gov/ct2/show/NCT04575519 (accessed August 28, 2022).

54. The Aurum Institute NPC. A Prospective Randomized Controlled Trial of
Adjunctive N-acetylcysteine (NAC) in Adult Patients With Pulmonary Tuberculosis:
A Sub-study of TB Sequel. [Clinical trial registration]. Clinicaltrials.Gov. (2021).
Available online at: https://clinicaltrials.gov/ct2/show/NCT03702738 (accessed
August 28, 2022).

55. Fundagdo de Medicina Tropical Dr. Heitor Vieira Dourado. An Open Label
Randomized Phase 2 Clinical Trial to Assess Safety and Tolerability of RIPE vs
RIPE Plus N-acetylcysteine in Patients With HIV/Aids and Pulmonary Tuberculosis.
[Clinical trial registration]. Clinicaltrials.Gov. (2019). Available online at: https:
//clinicaltrials.gov/ct2/show/NCT03281226 (accessed August 28, 2022).

56. Tamara L, Kartasasmita CB, Alam A, Gurnida DA. Effects of Vitamin D
supplementation on resolution of fever and cough in children with pulmonary
tuberculosis: A randomized double-blind controlled trial in Indonesia. | Glob
Health. (2022) 12:04015. doi: 10.7189/jogh.12.04015

frontiersin.org


https://doi.org/10.3389/fmed.2022.970408
https://doi.org/10.1111/joim.12256
https://doi.org/10.3389/fimmu.2020.01790
https://doi.org/10.3390/antibiotics9010021
https://doi.org/10.3390/antibiotics9010021
https://doi.org/10.1038/nrd.2017.162
https://doi.org/10.1038/nri3813
https://doi.org/10.1038/nrdp.2016.76
https://doi.org/10.5114/ceji.2020.94711
https://doi.org/10.3389/fped.2019.00350
https://doi.org/10.3389/fped.2019.00350
https://doi.org/10.3389/fimmu.2020.01553
https://doi.org/10.3389/fimmu.2020.01553
https://doi.org/10.1002/path.5407
https://doi.org/10.1155/2012/139127
https://doi.org/10.1111/imr.12951
https://doi.org/10.1111/imr.12951
https://doi.org/10.1038/onc.2016.182
https://doi.org/10.3389/fimmu.2017.01755
https://doi.org/10.1016/j.cytogfr.2010.10.004
https://doi.org/10.3389/fmed.2017.00171
https://doi.org/10.1038/s41385-019-0226-5
https://doi.org/10.1038/s41385-019-0226-5
https://doi.org/10.1039/C7MD00528H
https://doi.org/10.3389/fcimb.2021.613149
https://doi.org/10.1371/journal.pone.0105323
https://doi.org/10.1007/978-3-030-56905-1
https://doi.org/10.1159/000457640
https://doi.org/10.1038/clpt.2008.302
https://doi.org/10.1093/infdis/jiy712
https://doi.org/10.1126/science.1232227
https://doi.org/10.1126/science.1232227
https://doi.org/10.1177/2049936114528173
https://doi.org/10.1186/s12879-019-4312-9
https://doi.org/10.1186/s12879-019-4312-9
https://doi.org/10.1002/jia2.25392
https://doi.org/10.1002/jia2.25392
https://doi.org/10.1186/s40545-020-00227-1
https://doi.org/10.1038/nature13489
https://doi.org/10.1159/000490478
https://doi.org/10.1159/000490478
https://doi.org/10.1055/s-2007-996108
https://doi.org/10.1007/s10555-017-9675-z
https://doi.org/10.1016/j.tube.2013.09.004
https://doi.org/10.3390/jcm8070923
https://doi.org/10.3389/fimmu.2018.00798
https://doi.org/10.1093/jac/dkl486
https://doi.org/10.1097/01.inf.0000261126.60283.cf
https://doi.org/10.1164/rccm.201710-2102OC
https://doi.org/10.1164/rccm.201710-2102OC
https://doi.org/10.7554/eLife.33478
https://doi.org/10.7554/eLife.33478
https://doi.org/10.1016/j.jns.2010.03.025
https://clinicaltrials.gov/ct2/show/NCT04575519
https://clinicaltrials.gov/ct2/show/NCT03702738
https://clinicaltrials.gov/ct2/show/NCT03281226
https://clinicaltrials.gov/ct2/show/NCT03281226
https://doi.org/10.7189/jogh.12.04015
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Cubillos-Angulo et al.

57. Hasan Z, Salahuddin N, Rao N, Aqeel M, Mahmood E, Ali F, et al. Change
in serum CXCL10 levels during anti-tuberculosis treatment depends on vitamin
D status [Short communication]. Int ] Tuberc Lung Dis. (2014) 18:466-9. doi:
10.5588/ijtld.13.0460

58. Ralph AP, Waramori G, Pontororing GJ, Kenangalem E, Wiguna A, Tjitra E,
et al. L-arginine and vitamin D adjunctive therapies in pulmonary tuberculosis:
a randomised, double-blind, placebo-controlled trial. PLoS One. (2013) 8:€70032.
doi: 10.1371/journal.pone.0070032

59. Shafique K. Effect of Supplementary Vitamin D in Patients With Diabetes
Mellitus and Pulmonary Tuberculosis (EVIDENT Study): a Randomized, Double
Blind, Controlled Trial. [Clinical trial registration]. Clinicaltrials.Gov. (2014).
Available online at: https://clinicaltrials.gov/ct2/show/NCT02169570 (accessed
August 28, 2022).

60. Rojas MT. Effect of Vitamin D as Adjunctive Therapy in Patients With
Pulmonary Evolution Tuberculosis in the National Institute of Respiratory Diseases.
[Clinical trial registration]. Clinicaltrials.Gov. (2015). Available online at: https:
//clinicaltrials.gov/ct2/show/NCT02464683 (accessed August 28, 2022).

61. Daley P, Jagannathan V, John KR, Sarojini ], Latha A, Vieth R, et al. Adjunctive
vitamin D for treatment of active tuberculosis in India: a randomised, double-
blind, placebo-controlled trial. Lancet Infect Dis. (2015) 15:528-34. doi: 10.1016/
S1473-3099(15)70053-8

62. Rekha RS, Mily A, Sultana T, Haq A, Ahmed S, Mostafa Kamal SM, et al.
Immune responses in the treatment of drug-sensitive pulmonary tuberculosis with
phenylbutyrate and vitamin D3 as host directed therapy. BMC Infect Dis. (2018)
18:303. doi: 10.1186/s12879-018-3203-9

63. Bekele A, Gebreselassie N, Ashenafi S, Kassa E, Aseffa G, Amogne W, et al.
Daily adjunctive therapy with vitamin D3 and phenylbutyrate supports clinical
recovery from pulmonary tuberculosis: a randomized controlled trial in Ethiopia.
J Intern Med. (2018) 284:292-306. doi: 10.1111/joim.12767

64. Indian Council of Medical Research. Role of Oral Vitamin D as an
Adjunct Therapy in Category I Pulmonary Tuberculosis Along With Assessment
of Immunological Parameters. (Double-blind, Randomized, Placebo-Controlled,
Clinical Trial). [Clinical trial registration]. Clinicaltrials.Gov. (2011). Available
online at: https://clinicaltrials.gov/ct2/show/NCT00507000 (accessed August 28,
2022).

65. Wallis RS, Ginindza S, Beattie T, Arjun N, Likoti M, Edward VA, et al.
Adjunctive host-directed therapies for pulmonary tuberculosis: a prospective,
open-label, phase 2, randomised controlled trial. Lancet Respir Med. (2021)
9:897-908. doi: 10.1016/S2213-2600(20)30448-3

66. Range N, Changalucha J, Krarup H, Magnussen P, Andersen AB, Friis
H. The effect of multi-vitamin/mineral supplementation on mortality during
treatment of pulmonary tuberculosis: a randomised two-by-two factorial trial
in Mwanza, Tanzania. Br ] Nutr. (2006) 95:762-70. doi: 10.1079/bjn200
51684

67. Martineau AR, Jolliffe DA, Greenberg L, Aloia JE, Bergman P, Dubnov-Raz
G, et al. Vitamin D supplementation to prevent acute respiratory infections:
individual participant data meta-analysis. Health Technol Assess. (2019) 23:1-44.
doi: 10.3310/hta23020

68. Miow QH, Vallejo AE, Wang Y, Hong JM, Bai C, Teo FS, et al. Doxycycline
host-directed therapy in human pulmonary tuberculosis. J Clin Invest. (2021)
131:€141895. doi: 10.1172/JCI141895

69. Semba RD, Kumwenda J, Zijlstra E, Ricks MO, Van Lettow M, Whalen
C, et al. Micronutrient supplements and mortality of HIV-infected adults
with pulmonary TB: a controlled clinical trial. Int J Tuberc Lung Dis. (2007)
11:854-9.

70. Lodha R, Mukherjee A, Singh V, Singh S, Friis H, Faurholt-Jepsen D, et al.
Effect of micronutrient supplementation on treatment outcomes in children with
intrathoracic tuberculosis: a randomized controlled trial. Am J Clin Nutr. (2014)
100:1287-97. doi: 10.3945/ajcn.113.082255

71. Thienemann DF. Double-blind, Randomized, Placebo-controlled Trial to
Evaluate the Safety and Efficacy of Atorvastatin to Reduce Inflammation After
Tuberculosis Treatment Completion in HIV-infected and HIV-uninfected Adults
Measured by FDG-PET/CT. [Clinical trial registration]. Clinicaltrials.Gov. (2020).
Available online at: https://clinicaltrials.gov/ct2/show/NCT04147286 (accessed
August 28, 2022).

72. Olufemi A. Repurposing a Lipid Lowering Drug to Treat Tuberculosis:
Effectiveness of Statins as Adjuvant to Treatment of Pulmonary Tuberculosis in
Nigeria. [Clinical trial registration]. Clinicaltrials.Gov. (2021). Available online at:
https://clinicaltrials.gov/ct2/show/NCT04721795 (accessed August 28, 2022).

73. National University Hospital, Singapore. Rosuvastatin Evaluation as a
Tuberculosis Treatment Adjunct. [Clinical trial registration]. Clinicaltrials.Gov.
(2020). Available online at: https://clinicaltrials.gov/ct2/show/NCT04504851
(accessed August 28, 2022).

Frontiers in Medicine

33

10.3389/fmed.2022.970408

74. Phuphuakrat A. Efficacy of Metformin for Sputum Conversion in Patients With
Active Pulmonary Tuberculosis: A Randomized Controlled Trial. [Clinical trial
registration]. Clinicaltrials.Gov. (2022). Available online at: https://clinicaltrials.
gov/ct2/show/NCT05215990 (accessed August 28, 2022).

75. MD HK. A Prospective, Randomized Open-Label Phase II Study of the Safety

and Tolerability of Metformin in Combination With Standard Antimicrobial
Treatment of Pulmonary Tuberculosis in People With TB and Co-infected With
HIV. [Clinical trial registration]. Clinicaltrials.Gov. (2022). Available online at:
https://clinicaltrials.gov/ct2/show/NCT04930744 (accessed August 28, 2022).

76. Ivanyi J, Zumla A. Nonsteroidal antiinflammatory drugs for adjunctive
tuberculosis treatment. J Infect Dis. (2013) 208:185-8. doi: 10.1093/infdis/jit153

77. Vilaplana C, Marzo E, Tapia G, Diaz J, Garcia V, Cardona PJ. Ibuprofen
therapy resulted in significantly decreased tissue bacillary loads and increased
survival in a new murine experimental model of active tuberculosis. J Infect Dis.
(2013) 208:199-202. doi: 10.1093/infdis/jit152

78. Eisen DP, Mcbryde ES, Walduck A. Low-dose aspirin and ibuprofen’s
sterilizing effects on Mycobacterium tuberculosis suggest safe new adjuvant
therapies for tuberculosis. J Infect Dis. (2013) 208:1925-7. doi: 10.1093/infdis/
jit476

79. Sadowska AM. N-acetylcysteine mucolysis in the management of chronic
obstructive pulmonary disease. Ther Adv Respir Dis. (2012) 6:127-35. doi: 10.
1177/1753465812437563

80. Safe IP, Amaral EP, Araujo-Pereira M, Lacerda MVG, Printes VS, Souza
AB, et al. Adjunct N-acetylcysteine treatment in hospitalized patients with HIV-
associated tuberculosis dampens the oxidative stress in peripheral blood: results
from the RIPENACTB study trial. Front Immunol. (2020) 11:602589. doi: 10.3389/
fimmu.2020.602589

81. Ejigu DA, Abay SM. N-acetyl cysteine as an adjunct in the treatment of
tuberculosis. Tuberc Res Treat. (2020) 2020:5907839. doi: 10.1155/2020/5907839

82. Amaral EP, Conceicao EL, Costa DL, Rocha MS, Marinho JM, Cordeiro-
Santos M, et al. N-acetyl-cysteine exhibits potent anti-mycobacterial activity in
addition to its known anti-oxidative functions. BMC Microbiol. (2016) 16:251.
doi: 10.1186/s12866-016-0872-7

83. Mahakalkar SM, Nagrale D, Gaur S, Urade C, Murhar B, Turankar A.
N-acetylcysteine as an add-on to directly observed therapy short-I therapy in
fresh pulmonary tuberculosis patients: a randomized, placebo-controlled, double-
blinded study. Perspect Clin Res. (2017) 8:132-6. doi: 10.4103/2229-3485.210450

84. Baniasadi S, Eftekhari P, Tabarsi P, Fahimi F Raoufy MR, Masjedi MR,
et al. Protective effect of N-acetylcysteine on antituberculosis drug-induced
hepatotoxicity. Eur ] Gastroenterol Hepatol. (2010) 22:1235-8. doi: 10.1097/MEG.
0b013e32833aallb

85. Wei R, Christakos S. Mechanisms underlying the regulation of innate and
adaptive immunity by vitamin D. Nutrients. (2015) 7:8251-60. doi: 10.3390/
nu7105392

86. Selvaraj P, Harishankar M, Afsal K. Vitamin D: immuno-modulation and
tuberculosis treatment. Can J Physiol Pharmacol. (2015) 93:377-84. doi: 10.1139/
cjpp-2014-0386

87. Gil A, Plaza-Diaz J, Mesa MD. Vitamin D: classic and novel actions. Ann Nutr
Metab. (2018) 72:87-95. doi: 10.1159/000486536

88. Adams JS, Ren S, Liu PT, Chun RE, Lagishetty V, Gombart AF, et al. Vitamin
D-directed rheostatic regulation of monocyte antibacterial responses. J Immunol.
(2009) 182:4289-95. doi: 10.4049/jimmunol.0803736

89. Charoenngam N, Holick MF. Immunologic effects of vitamin D on human
health and disease. Nutrients. (2020) 9:12. doi: 10.3390/nu12072097

90. Wu S, Sun J. Vitamin D, vitamin D receptor, and macroautophagy in
inflammation and infection. Discov Med. (2011) 11:325-35.

91. Workineh M, Mathewos B, Moges B, Gize A, Getie S, Stendahl O, et al.
Vitamin D deficiency among newly diagnosed tuberculosis patients and their
household contacts: a comparative cross-sectional study. Arch Public Health.
(2017) 75:25. doi: 10.1186/s13690-017-0195-7

92. Nursyam EW, Amin Z, Rumende CM. The effect of vitamin D as
supplementary treatment in patients with moderately advanced pulmonary
tuberculous lesion. Acta Med Indones. (2006) 38:3-5.

93. Wang J, Xiong K, Wang Q, Zhao S, Liu Y, Ma A. Adjunctive vitamin A and D
during pulmonary tuberculosis treatment: a randomized controlled trial with a 2
x 2 factorial design. Food Funct. (2020) 11:4672-81. doi: 10.1039/c9f002751¢

94. Mily A, Rekha RS, Kamal SM, Arifuzzaman AS, Rahim Z, Khan L, et al.
Significant effects of oral phenylbutyrate and vitamin D3 adjunctive therapy
in pulmonary tuberculosis: a randomized controlled trial. PLoS One. (2015)
10:¢0138340. doi: 10.1371/journal.pone.0138340

95. Tukvadze N, Sanikidze E, Kipiani M, Hebbar G, Easley KA, Shenvi N, et al.
High-dose vitamin D3 in adults with pulmonary tuberculosis: a double-blind

frontiersin.org


https://doi.org/10.3389/fmed.2022.970408
https://doi.org/10.5588/ijtld.13.0460
https://doi.org/10.5588/ijtld.13.0460
https://doi.org/10.1371/journal.pone.0070032
https://clinicaltrials.gov/ct2/show/NCT02169570
https://clinicaltrials.gov/ct2/show/NCT02464683
https://clinicaltrials.gov/ct2/show/NCT02464683
https://doi.org/10.1016/S1473-3099(15)70053-8
https://doi.org/10.1016/S1473-3099(15)70053-8
https://doi.org/10.1186/s12879-018-3203-9
https://doi.org/10.1111/joim.12767
https://clinicaltrials.gov/ct2/show/NCT00507000
https://doi.org/10.1016/S2213-2600(20)30448-3
https://doi.org/10.1079/bjn20051684
https://doi.org/10.1079/bjn20051684
https://doi.org/10.3310/hta23020
https://doi.org/10.1172/JCI141895
https://doi.org/10.3945/ajcn.113.082255
https://clinicaltrials.gov/ct2/show/NCT04147286
https://clinicaltrials.gov/ct2/show/NCT04721795
https://clinicaltrials.gov/ct2/show/NCT04504851
https://clinicaltrials.gov/ct2/show/NCT05215990
https://clinicaltrials.gov/ct2/show/NCT05215990
https://clinicaltrials.gov/ct2/show/NCT04930744
https://doi.org/10.1093/infdis/jit153
https://doi.org/10.1093/infdis/jit152
https://doi.org/10.1093/infdis/jit476
https://doi.org/10.1093/infdis/jit476
https://doi.org/10.1177/1753465812437563
https://doi.org/10.1177/1753465812437563
https://doi.org/10.3389/fimmu.2020.602589
https://doi.org/10.3389/fimmu.2020.602589
https://doi.org/10.1155/2020/5907839
https://doi.org/10.1186/s12866-016-0872-7
https://doi.org/10.4103/2229-3485.210450
https://doi.org/10.1097/MEG.0b013e32833aa11b
https://doi.org/10.1097/MEG.0b013e32833aa11b
https://doi.org/10.3390/nu7105392
https://doi.org/10.3390/nu7105392
https://doi.org/10.1139/cjpp-2014-0386
https://doi.org/10.1139/cjpp-2014-0386
https://doi.org/10.1159/000486536
https://doi.org/10.4049/jimmunol.0803736
https://doi.org/10.3390/nu12072097
https://doi.org/10.1186/s13690-017-0195-7
https://doi.org/10.1039/c9fo02751c
https://doi.org/10.1371/journal.pone.0138340
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Cubillos-Angulo et al.

randomized controlled trial. Am J Clin Nutr. (2015) 102:1059-69. doi: 10.3945/
ajcn.115.113886

96. Ganmaa D, Munkhzul B, Fawzi W, Spiegelman D, Willett WC, Bayasgalan
P, et al. High-dose vitamin D3 during tuberculosis treatment in Mongolia.
A randomized controlled trial. Am J Respir Crit Care Med. (2017) 196:628-37.
doi: 10.1164/rccm.201705-09360C

97. Bekele A, Gebreselassie N, Ashenafi S, Kassa E, Aseffa G, Amogne W, et al.
Daily adjunctive therapy with vitamin D3 and phenylbutyrate supports clinical
recovery from pulmonary tuberculosis: a randomized controlled trial in Ethiopia.
J Intern Med. (2018) 284:292-306. doi: 10.1111/joim.12767

98. Grobler L, Nagpal S, Sudarsanam TD, Sinclair D. Nutritional supplements for
people being treated for active tuberculosis. Cochrane Database Syst Rev. (2016)
2016:CD006086. doi: 10.1002/14651858.CD006086.pub4

99. Parks WC, Shapiro SD. Matrix metalloproteinases in lung biology. Respir Res.
(2001) 2:10-9. doi: 10.1186/rr33

100. Parks WC, Wilson CL, Lopez-Boado YS. Matrix metalloproteinases as
modulators of inflammation and innate immunity. Nat Rev Immunol. (2004)
4:617-29. doi: 10.1038/nri1418

101. Rohlwink UK, Walker NE Ordonez AA, Li Y], Tucker EW, Elkington
PT, et al. Matrix metalloproteinases in pulmonary and central nervous system
tuberculosis-a review. Int ] Mol Sci. (2019) 20:1350. doi: 10.3390/ijms2006
1350

102. Sabir N, Hussain T, Mangi MH, Zhao D, Zhou X. Matrix metalloproteinases:
expression, regulation and role in the immunopathology of tuberculosis. Cell
Prolif. (2019) 52:¢12649. doi: 10.1111/cpr.12649

103. Kubler A, Luna B, Larsson C, Ammerman NC, Andrade BB, Orandle M,
et al. Mycobacterium tuberculosis dysregulates MMP/TIMP balance to drive rapid
cavitation and unrestrained bacterial proliferation. J Pathol. (2015) 235:431-44.
doi: 10.1002/path.4432

104. Ong CW, Elkington PT, Friedland JS. Tuberculosis, pulmonary cavitation,
and matrix metalloproteinases. Am ] Respir Crit Care Med. (2014) 190:9-18.
doi: 10.1164/rccm.201311-2106PP

105. Salgame P. MMPs in tuberculosis: granuloma creators and tissue destroyers.
J Clin Invest. (2011) 121:1686-8. doi: 10.1172/JCI57423

106. Matsuura E, Umehara F, Hashiguchi T, Fujimoto N, Okada Y, Osame M.
Marked increase of matrix metalloproteinase 9 in cerebrospinal fluid of patients
with fungal or tuberculous meningoencephalitis. ] Neurol Sci. (2000) 173:45-52.
doi: 10.1016/S0022-510X(99)00303-2

107. Price NM, Farrar J, Tran TT, Nguyen TH, Tran TH, Friedland JS.
Identification of a matrix-degrading phenotype in human tuberculosis in vitro and
in vivo. ] Immunol. (2001) 166:4223-30. doi: 10.4049/jimmunol.166.6.4223

108. Lee KY, Kim EH, Yang WS, Ryu H, Cho SN, Lee BI, et al. Persistent increase
of matrix metalloproteinases in cerebrospinal fluid of tuberculous meningitis. J
Neurol Sci. (2004) 220:73-8. doi: 10.1016/j.jns.2004.02.008

109. Walker NFE, Clark SO, Oni T, Andreu N, Tezera L, Singh S, et al. Doxycycline
and HIV infection suppress tuberculosis-induced matrix metalloproteinases. Am
] Respir Crit Care Med. (2012) 185:989-97. doi: 10.1164/rccm.201110-17690C

110. Ugarte-Gil CA, Elkington P, Gilman RH, Coronel J, Tezera LB, Bernabe-
Ortiz A, et al. Induced sputum MMP-1, -3 & -8 concentrations during treatment
of tuberculosis. PLoS One. (2013) 8:¢61333. doi: 10.1371/journal.pone.0061333

111. Alsaad N, Wilffert B, Van Altena R, De Lange WC, Van Der Werf TS,
Kosterink JG, et al. Potential antimicrobial agents for the treatment of multidrug-
resistant tuberculosis. Eur Respir J. (2014) 43:884-97. doi: 10.1183/09031936.
00113713

112. Wiseman EM, Bar-El Dadon S, Reifen R. The vicious cycle of vitamin a
deficiency: a review. Crit Rev Food Sci Nutr. (2017) 57:3703-14. doi: 10.1080/
10408398.2016.1160362

113. Cabrera Andrade BK, Garcia-Perdomo HA. Effectiveness of micronutrients
supplement in patients with active tuberculosis on treatment: systematic
review/meta-analysis. Complement Ther Med. (2020) 48:102268. doi: 10.1016/j.
ctim.2019.102268

114. Karyadi E, West CE, Schultink W, Nelwan RH, Gross R, Amin Z, et al. A
double-blind, placebo-controlled study of vitamin A and zinc supplementation in
persons with tuberculosis in Indonesia: effects on clinical response and nutritional
status. Am J Clin Nutr. (2002) 75:720-7. doi: 10.1093/ajcn/75.4.720

115. Lodha R, Mukherjee A, Singh V, Singh S, Friis H, Faurholt-Jepsen D, et al.
Effect of micronutrient supplementation on treatment outcomes in children with
intrathoracic tuberculosis: a randomized controlled trial. Am ] Clin Nutr. (2014)
100:1287-97. doi: 10.3945/ajcn.113.082255

116. Brzostek A, Pawelczyk ], Rumijowska-Galewicz A, Dziadek B, Dziadek
J. Mycobacterium tuberculosis is able to accumulate and utilize cholesterol. |
Bacteriol. (2009) 191:6584-91. doi: 10.1128/JB.00488-09

Frontiers in Medicine

34

10.3389/fmed.2022.970408

117. Skerry C, Pinn ML, Bruiners N, Pine R, Gennaro ML, Karakousis PC.
Simvastatin increases the in vivo activity of the first-line tuberculosis regimen. J
Antimicrob Chemother. (2014) 69:2453-7. doi: 10.1093/jac/dkul66

118. Tahir E Bin Arif T, Ahmed J, Shah SR, Khalid M. Anti-tuberculous effects of
statin therapy: a review of literature. Cureus. (2020) 12:€7404. doi: 10.7759/cureus.
7404

119. Shim D, Kim H, Shin SJ. Mycobacterium tuberculosis infection-driven
foamy macrophages and their implications in tuberculosis control as targets for
host-directed therapy. Front Immunol. (2020) 11:910. doi: 10.3389/fimmu.2020.0
0910

120. Parihar SP, Guler R, Khutlang R, Lang DM, Hurdayal R, Mhlanga MM,
et al. Statin therapy reduces the Mycobacterium tuberculosis burden in human
macrophages and in mice by enhancing autophagy and phagosome maturation.
J Infect Dis. (2014) 209:754-63. doi: 10.1093/infdis/jit550

121. Pandey AK, Sassetti CM. Mycobacterial persistence requires the utilization
of host cholesterol. Proc Natl Acad Sci U.S.A. (2008) 105:4376-80. doi: 10.1073/
pnas.0711159105

122. Guerra-De-Blas PDC, Bobadilla-Del-Valle M, Sada-Ovalle I, Estrada-Garcia
I, Torres-Gonzalez P, Lopez-Saavedra A, et al. Simvastatin enhances the immune
response against Mycobacterium tuberculosis. Front Microbiol. (2019) 10:2097.
doi: 10.3389/fmicb.2019.02097

123. Rodrigues Diez R, Rodrigues-Diez R, Lavoz C, Rayego-Mateos S, Civantos
E, Rodriguez-Vita J, et al. Statins inhibit angiotensin II/Smad pathway and related
vascular fibrosis, by a TGF-beta-independent process. PLoS One. (2010) 5:e14145.
doi: 10.1371/journal.pone.0014145

124. Ma YX, Li WH, Xie Q. Rosuvastatin inhibits TGF-betal expression and
alleviates myocardial fibrosis in diabetic rats. Pharmazie. (2013) 68:355-8.

125. Lobato LS, Rosa PS, Ferreira Jda S, Neumann Ada S, Da Silva MG,
Do Nascimento DC, et al. Statins increase rifampin mycobactericidal effect.
Antimicrob Agents Chemother. (2014) 58:5766-74. doi: 10.1128/AAC.01826-13

126. Dutta NK, Bruiners N, Pinn ML, Zimmerman MD, Prideaux B, Dartois V,
et al. Statin adjunctive therapy shortens the duration of TB treatment in mice. J
Antimicrob Chemother. (2016) 71:1570-7. doi: 10.1093/jac/dkw014

127. Su VY, Su WJ, Yen YE Pan SW, Chuang PH, Feng JY, et al. Statin use is
associated with a lower risk of TB. Chest. (2017) 152:598-606. doi: 10.1016/j.chest.
2017.04.170

128. Lai CC, Lee MT, Lee SH, Hsu W'T, Chang SS, Chen SC, et al. Statin treatment
is associated with a decreased risk of active tuberculosis: an analysis of a nationally
representative cohort. Thorax. (2016) 71:646-51. doi: 10.1136/thoraxjnl-2015-
207052

129. Liao KE Lin CL, Lai SW. Population-based case-control study assessing
the association between statins use and pulmonary tuberculosis in Taiwan. Front
Pharmacol. (2017) 8:597. doi: 10.3389/fphar.2017.00597

130. Lee MY, Lin KD, Hsu WH, Chang HL, Yang YH, Hsiao PJ, et al.
Statin, calcium channel blocker and beta blocker therapy may decrease
the incidence of tuberculosis infection in elderly Taiwanese patients with
type 2 diabetes. Int J Mol Sci. (2015) 16:11369-84. doi: 10.3390/ijms16051
1369

131. Yeh JJ, Lin CL, Hsu CY, Shae Z, Kao CH. Statin for tuberculosis
and pneumonia in patients with asthma(-)chronic pulmonary disease overlap
syndrome: a time-dependent population-based cohort study. J Clin Med. (2018)
7:381. doi: 10.3390/jcm7110381

132. Pan SW, Yen YE Feng JY, Chuang PH, Su VY, Kou YR, et al. Opposite
effects of statins on the risk of tuberculosis and herpes zoster in patients with
diabetes: a population-based cohort study. Br J Clin Pharmacol. (2020) 86:569-79.
doi: 10.1111/bcp.14142

133. Li X, Sheng L, Lou L. Statin use may be associated with reduced active
tuberculosis infection: a meta-analysis of observational studies. Front Med
(Lausanne). (2020) 7:121. doi: 10.3389/fmed.2020.00121

134. Salber GJ, Wang YB, Lynch JT, Pasquale KM, Rajan TV, Stevens RG, et al.
Metformin use in practice: compliance with guidelines for patients with diabetes
and preserved renal function. Clin Diabetes. (2017) 35:154-61. doi: 10.2337/cd15-
0045

135. Restrepo BI. Metformin: candidate host-directed therapy for tuberculosis
in diabetes and non-diabetes patients. Tuberculosis (Edinb). (2016) 101S:569-72.
doi: 10.1016/j.tube.2016.09.008

136. Viollet B, Andreelli F. AMP-activated protein kinase and metabolic control.
Handb Exp Pharmacol. (2011) 203:303-30. doi: 10.1007/978-3-642-17214-4_13

137. Singhal A, Jie L, Kumar P, Hong GS, Leow MK, Paleja B, et al. Metformin as
adjunct antituberculosis therapy. Sci Transl Med. (2014) 6:263ral159. doi: 10.1126/
scitranslmed.3009885

frontiersin.org


https://doi.org/10.3389/fmed.2022.970408
https://doi.org/10.3945/ajcn.115.113886
https://doi.org/10.3945/ajcn.115.113886
https://doi.org/10.1164/rccm.201705-0936OC
https://doi.org/10.1111/joim.12767
https://doi.org/10.1002/14651858.CD006086.pub4
https://doi.org/10.1186/rr33
https://doi.org/10.1038/nri1418
https://doi.org/10.3390/ijms20061350
https://doi.org/10.3390/ijms20061350
https://doi.org/10.1111/cpr.12649
https://doi.org/10.1002/path.4432
https://doi.org/10.1164/rccm.201311-2106PP
https://doi.org/10.1172/JCI57423
https://doi.org/10.1016/S0022-510X(99)00303-2
https://doi.org/10.4049/jimmunol.166.6.4223
https://doi.org/10.1016/j.jns.2004.02.008
https://doi.org/10.1164/rccm.201110-1769OC
https://doi.org/10.1371/journal.pone.0061333
https://doi.org/10.1183/09031936.00113713
https://doi.org/10.1183/09031936.00113713
https://doi.org/10.1080/10408398.2016.1160362
https://doi.org/10.1080/10408398.2016.1160362
https://doi.org/10.1016/j.ctim.2019.102268
https://doi.org/10.1016/j.ctim.2019.102268
https://doi.org/10.1093/ajcn/75.4.720
https://doi.org/10.3945/ajcn.113.082255
https://doi.org/10.1128/JB.00488-09
https://doi.org/10.1093/jac/dku166
https://doi.org/10.7759/cureus.7404
https://doi.org/10.7759/cureus.7404
https://doi.org/10.3389/fimmu.2020.00910
https://doi.org/10.3389/fimmu.2020.00910
https://doi.org/10.1093/infdis/jit550
https://doi.org/10.1073/pnas.0711159105
https://doi.org/10.1073/pnas.0711159105
https://doi.org/10.3389/fmicb.2019.02097
https://doi.org/10.1371/journal.pone.0014145
https://doi.org/10.1128/AAC.01826-13
https://doi.org/10.1093/jac/dkw014
https://doi.org/10.1016/j.chest.2017.04.170
https://doi.org/10.1016/j.chest.2017.04.170
https://doi.org/10.1136/thoraxjnl-2015-207052
https://doi.org/10.1136/thoraxjnl-2015-207052
https://doi.org/10.3389/fphar.2017.00597
https://doi.org/10.3390/ijms160511369
https://doi.org/10.3390/ijms160511369
https://doi.org/10.3390/jcm7110381
https://doi.org/10.1111/bcp.14142
https://doi.org/10.3389/fmed.2020.00121
https://doi.org/10.2337/cd15-0045
https://doi.org/10.2337/cd15-0045
https://doi.org/10.1016/j.tube.2016.09.008
https://doi.org/10.1007/978-3-642-17214-4_13
https://doi.org/10.1126/scitranslmed.3009885
https://doi.org/10.1126/scitranslmed.3009885
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

Cubillos-Angulo et al.

138. Dutta NK, Pinn ML, Karakousis PC. Metformin adjunctive therapy does not
improve the sterilizing activity of the first-line antitubercular regimen in mice.
Antimicrob Agents Chemother. (2017) 61:¢00652-17. doi: 10.1128/AAC.00652-17

139. Russell SL, Lamprecht DA, Mandizvo T, Jones T'T, Naidoo V, Addicott KW,
et al. Compromised metabolic reprogramming is an early indicator of CD8(+) T
cell dysfunction during chronic Mycobacterium tuberculosis infection. Cell Rep.
(2019) 29:3564-79.e3565. doi: 10.1016/j.celrep.2019.11.034

140. Bohme ], Martinez N, Li S, Lee A, Marzuki M, Tizazu AM, et al.
Metformin enhances anti-mycobacterial responses by educating CD8+ T-cell
immunometabolic circuits. Nat Commun. (2020) 11:5225. doi: 10.1038/s41467-
020-19095-z

Frontiers in Medicine

35

10.3389/fmed.2022.970408

141. Lee Y], Han SK, Park JH, Lee JK, Kim DK, Chung HS, et al. The
effect of metformin on culture conversion in tuberculosis patients with
diabetes mellitus. Korean J Intern Med. (2018) 33:933-40. doi: 10.3904/kjim.201
7.249

142. Degner NR, Wang JY, Golub JE, Karakousis PC. Metformin use reverses
the increased mortality associated with diabetes mellitus during tuberculosis
treatment. Clin Infect Dis. (2018) 66:198-205. doi: 10.1093/cid/cix819

143. Ma Y, Pang Y, Shu W, Liu YH, Ge QP, Du J, et al. Metformin reduces the
relapse rate of tuberculosis patients with diabetes mellitus: experiences from 3-
year follow-up. Eur ] Clin Microbiol Infect Dis. (2018) 37:1259-63. doi: 10.1007/
510096-018-3242-6

frontiersin.org


https://doi.org/10.3389/fmed.2022.970408
https://doi.org/10.1128/AAC.00652-17
https://doi.org/10.1016/j.celrep.2019.11.034
https://doi.org/10.1038/s41467-020-19095-z
https://doi.org/10.1038/s41467-020-19095-z
https://doi.org/10.3904/kjim.2017.249
https://doi.org/10.3904/kjim.2017.249
https://doi.org/10.1093/cid/cix819
https://doi.org/10.1007/s10096-018-3242-6
https://doi.org/10.1007/s10096-018-3242-6
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/

a' frontiers ‘ Frontiers in Pharmacology

@ Check for updates

OPEN ACCESS

EDITED BY
Lourdes Planelles,
Khalifa University, United Arab Emirates

REVIEWED BY

Manuela Zonca,

PsiOxus Therapeutics, United Kingdom
Gorjana Rackov,

BioMed X GmbH, Germany

*CORRESPONDENCE
Gabriel M. Gutierrez,
gabemgutierrez@gmail.com

These authors have contributed equally
to this work

SPECIALTY SECTION

This article was submitted to
Translational Pharmacology,
a section of the journal
Frontiers in Pharmacology

RECEIVED 30 August 2022
ACCEPTED 18 November 2022
PUBLISHED 13 December 2022

CITATION

Phares TW, Huang J, Kotraiah V,
Hauser MJ, Domi A, Oruganti S,
Browne CD, Buontempo P, Mansour M,
Pannucci J, Tsuji M and Gutierrez GM
(2022), Viral delivery of a peptide-based
immunomodulator enhances T cell
priming during vaccination.

Front. Pharmacol. 13:1029636.

doi: 10.3389/fphar.2022.1029636

COPYRIGHT

© 2022 Phares, Huang, Kotraiah,
Hauser, Domi, Oruganti, Browne,
Buontempo, Mansour, Pannucci, Tsuji
and Gutierrez. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Pharmacology

TyPE Original Research
PUBLISHED 13 December 2022
pol 10.3389/fphar.2022.1029636

Viral delivery of a peptide-based
Immunomodulator enhances
T cell priming during vaccination
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Modern, subunit-based vaccines have so far failed to induce significant T cell
responses, contributing to ineffective vaccination against many pathogens.
Importantly, while today’s adjuvants are designed to trigger innate and non-
specific immune responses, they fail to directly stimulate the adaptive immune
compartment. Programmed cell death 1 (PD-1) partly regulates naive-to-
antigen-specific effector T cell transition and differentiation by suppressing
the magnitude of activation. Indeed, we previously reported on a microbial-
derived, peptide-based PD-1 checkpoint inhibitor, LDO1, which showed potent
T cell-stimulating activity when combined with a vaccine. Here we sought to
improve the potency of LDO1 by designing and testing new LDO1 derivatives.
Accordingly, we found that a modified version of an 18-amino acid metabolite
of LDO1, LD10da, improved T cell activation capability in a malaria vaccine
model. Specifically, LD10da demonstrates improved antigen-specific CD8"
T cell expansion when combined prophylactically with an adenovirus-based
malaria vaccine. A single dose of LD10da at the time of vaccination is sufficient
to increase antigen-specific CD8" T cell expansion in wild-type mice. Further,
we show that LD10 can be encoded and delivered by a Modified Vaccinia Ankara
viral vector and can enhance antigen-specific CD8* T cell expansion
comparable to that of synthetic peptide administration. Therefore, LD10da
represents a promising biologic-based immunomodulator that can be
genetically encoded and delivered, along with the antigen, by viral or other
nucleic acid vectors to improve the efficacy and delivery of vaccines for
ineradicable and emerging infectious diseases.
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Introduction

The development of effective vaccines remains key to

eradicating pathogens worldwide. In order to develop

successful vaccines, a potent and sustained protective

immunity is needed, comprising humoral and cellular
immune responses as both are essential for effectively
eliminating pathogens. The inability to elicit strong, durable,
and protective T cell immunity, particularly CD8" T cell
responses, has posed a major obstacle for vaccines and
constitutes the primary reason that vaccine development
efforts fail, especially for intracellular pathogens (Seder and
Hill, 2000). Malaria is a classic example of a disease for which
a vaccine is challenging to develop due to lack of T cell immunity.

In an effort to overcome the limitations of current vaccines,
adjuvants that enhance T cell immunity are being developed
(Counoupas et al., 2017; Halbroth et al., 2018; Thakur et al.,
2019). Currently, the majority of adjuvants are designed to
generate innate inflammatory danger signals. While these
danger signals are essential for innate activation, including
antigen presentation and cytokine production, there is limited
direct effect on T cells (Petrovsky, 2015; Powell et al., 2015).
Thus, novel adjuvants or immunomodulators that directly
enhance the expansion and durability of vaccine-induced
antigen-specific T cells are needed. Further, novel adjuvants
could help decrease the vaccine dosage required to elicit
sufficient protective immunity, thereby reducing both toxicity
and cost, the latter being a crucial consideration for vaccines
intended for developing countries.

Programmed cell death 1 (PD-1) is the most well-
characterized checkpoint-inhibitory receptor, and its function
is to regulate the threshold, strength, and duration of T cell
responses to antigen presentation (Okazaki et al., 2013). PD-1 is
rapidly upregulated upon naive T cell activation, which is
required to minimize damage to the host from uncontrolled
inflammation during and after infection (Ahn et al., 2018). In
non-human primates, immunization with an SIV Gag
adenovirus-based vaccine in combination with an anti-PD-
1 monoclonal antibody (mAb) significantly elevated peak
Gag-specific T cell responses (Finnefrock et al., 2009). Further,
we recently showed that antagonizing the PD-1 receptor during
prophylactic immunization with an adenovirus-based or
radiation-attenuated ~ sporozoite-based =~ malaria  vaccine
significantly enhanced the number of antigen-specific CD8*
T cells (Kotraiah et al., 2020; Phares et al., 2020). These
observations suggest that PD-1 modulation may be a critical
T cell-focused immunomodulator capable of enhancing T cell
expansion and differentiation, resulting in increased numbers
and functionality of effector and memory T cells. Similar
strategies of combining PD-1 antagonists with a therapeutic
vaccine have been used experimentally in cancer therapy to
positive effect and are being explored clinically (Massarelli

et al, 2019; Verma et al, 2019; Kaumaya et al., 2020; Ott
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et al., 2020; Peng et al,, 2021). Importantly, adjuvant systems
such as alum increase the expansion and expression of PD-1 on
T cells and may limit their function and their maturation towards
effector- and memory-T cell status (MacLeod et al, 2011).
Therefore, combining a checkpoint modulator with a
traditional adjuvant system may help promote a more
balanced immune response in the host. Further, since delivery
of vaccine antigens by viral vectors, including Adenoviral and
Modified Vaccinia Ankara (MVA) vectors, is a proven strategy
for inducing antigen-specific T cell response (Fougeroux and
Holst, 2017; Vitelli et al., 2017; Coughlan et al., 2018; Rampling
etal, 2018; Folegatti et al., 2020; Forster et al., 2020), combining a
checkpoint antagonist with a viral vector-based vaccine may
prove advantageous.

While mAb-based checkpoint inhibitors developed to treat
cancer can effectively restore immune function, they do not
readily lend themselves to the field of infectious disease
vaccinology. Due to their long serum half-life, anti-PD-
1 mAbs can trigger severe immune-related adverse events
(irAEs) and precipitate autoimmune disease (Brahmer et al.,
2010; Topalian et al., 2012). Thus, administering such mAbs to a
healthy population as a prophylactic vaccine adjuvant poses an
unacceptable safety risk. Therefore, peptide-based biologics
could be a safer alternative modality to Abs, as peptides have
a shorter pharmacokinetic profile and thereby reduce the
likelihood of irAEs. Further, peptides offer greater formulation
and delivery options and rapid synthetic manufacturing
(AlDeghaither et al., 2015; Fosgerau and Hoffmann, 2015;
Marqus et al., 2017; Borrelli et al., 2018). Specifically, co-
delivery of an immunomodulator genetically encoded in a
viral vector would greatly reduce the costs of the vaccine’s
formulation. Therefore, we aimed to explore a peptide-based
immunomodulator that has potentially greater efficacy in a
malaria vaccine model and to demonstrate its delivery by a
viral vector platform.

In the current study, we report on LD10, an active, 18-amino
acid derivative of our previously reported peptide (Phares et al.,
2020). In vitro, LD10 demonstrated greater potency at impairing
PD-1 receptor signaling relative to LDOl. Further, when
combined prophylactically with an adenovirus-based malaria
vaccine, LD10 treatment resulted in greater expansion relative
to LDOI treatment of antigen-specific, IFN-y-secreting CD8"
T cells. Dosing regimen studies established that a single dose
of LD10 at the time of immunization with AdPyCS, a
circumsporozoite (CS) protein of Plasmodium yoelii, was
sufficient to enhance the number of vaccine-induced, antigen-
specific T cells in vivo. Using humanized mice that mimic the
human immune system (HIS) and possess functional human
CD8" T cells, we demonstrate LD10-mediated modulation of
human T cell responses. Moreover, we show that LD10 can be
expressed and secreted by a recombinant MVA vector that
enhances antigen-specific CD8" T cell expansion. Collectively,
these data establish that LD10 is a potent immunomodulator that
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FIGURE 1

PD-1 receptor signaling is inhibited by LD10. Jurkat cells
expressing PD-1 were incubated with LD12, LDO1, LD10, or
LD10da at 20 uM and 100 pM for 1 h. Programmed death-ligand 1
(PD-L1)-expressing cells were then added to the assay and
co-cultured for 2 h. Chemiluminescence was detected, and the
percent of inhibition for the peptides was calculated using the
formula described in the Materials and methods section. Data
represent 3—8 independent experiments and are expressed as the
mean + SEM percent inhibition. Significant differences between
LD12 and LDO1, LD10, or LD10da at 20 uM and 100 pM,
respectively, were determined using a two-tailed unpaired t-test
and denoted by * (p < 0.05), ** (p < 0.001) *** (p < 0.0005), and ****
(p < 0.0001). Significant differences between LD01 and LD10 or
LD10da at 20 pM and 100 uM, respectively, were determined
using a two-tailed unpaired t-test and denoted by #* (p < 0.01) and
#### (p < 0.0001).

enhances T cell responses and supports delivery of peptide-based
immunomodulators via a viral vector.

Results

LD10 reduces programmed cell death
1 receptor signaling in a functional cell-
based assay

In order to identify the pharmacophore of LDOI, our
previously reported 22-amino acid peptide-based PD-1
immunomodulator (Phares et al., 2020), we generated a series
of LDO1 variants. Analysis of these variants revealed that an 18-
mer, in which the first four amino acids of LDO1 are deleted,
exhibited increased activity in the human PathHunter” PD-1
Signaling Bioassay (Figure 1); we named this 18-mer LD10. In
addition, pharmacokinetic analysis via liquid chromatography

tandem mass spectrometry (LC-MS/MS) of plasma from naive
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mice treated intravenously (IV) with a single 200 pug dose of
LDO1 revealed that the intact peptide circulated for less than
5 min, with metabolites of LD01 detected up to 120 min after
administration (Phares et al., 2020). A major LD0O1 metabolite
that was identified in the mouse plasma was the 18-mer LD10 we
designed and tested in Figure 1.

These observations prompted us to investigate whether
LD10 represented the active metabolite of LDO1 in vivo. The
ability of LDO1 and LD10 to demonstrate inhibition in the
human PathHunter” PD-1 Signaling Bioassay are shown in
Figure 1. In addition to LDO1 and LD10, we also tested LD12,
a derivative of LDO1 that is mutated to severely diminish activity
in the PD-1 Signaling Bioassay (Phares et al, 2020) and
considered a negative control peptide. LD10da, in which the
first amino acid of LD10 was modified to a D-amino acid and the
C-terminus was capped with an amide group to protect against
terminal degradation by serum proteases was also tested.
Peptides were tested at 20 uM and 100 uM. Note, the ICs, of
a positive control anti-PD1 antibody ran in parallel with the
peptides was ~80nM. As reported (Phares et al, 2020),
incubation with 20 uM LDO1 showed minimal inhibition
(~8%) of PD-1 signaling (Figure 1). In contrast, treatment of
cells with 20 uM LD10 or LD10da resulted in a mean inhibition
of ~52% and ~48%, respectively (Figure 1). Moreover, while
LDO1 resulted in a mean inhibition of ~43% at 100 uM, LD10 and
LD10da each yielded a ~2-fold greater reduction in PD-1
of ~84% ~88%,
respectively (Figure 1). These results indicate that LD10 is an

signaling, with mean inhibitions and
active metabolite of LDO01 and that terminal modifications in
LD10da appear to have no impact on the activity in the PD-1
Signaling Bioassay. Further, the data indicate that LD10 and
LD10da have greater potency relative to LDO1 at impairing PD-1

receptor signaling in the current functional cell-based assay.

LD10da enhances antigen-specific CD8*
T cell expansion following adenovirus-
based vaccination

Recently, we demonstrated that LDO1, when administered in
combination with an adenovirus-based or irradiated sporozoite-
based prophylactic malaria vaccine, significantly enhances
antigen-specific CD8" T cell numbers (Phares et al.,, 2020). To
assess whether LD10 increases antigen-specific CD8" T cell
expansion following vaccination, we used as a model vaccine
the recombinant replication-defective adenovirus serotype
5 expressing the entire P. yoelii circumsporozoite protein
(AdPyCS) (Rodrigues et al, 1997; Phares et al, 2020). The
D-amino acid substitution at the N-terminus and the addition
of an amide group at the C-terminus of LD10 in LD10da had no
impact on its activity in vitro (Figure 1). Since these modifications
also have the potential to reduce degradation from serum
exopeptidases, LD10da was pursued in these in vivo studies.
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FIGURE 2

LD10da increases antigen-specific CD8* T cell numbers
following AdPyCS vaccination. At D12 post-AdPyCS immunization,
immunogenicity was assessed by measuring the number of splenic
PyCS-specific, IFN-y-secreting CD8* T cells using the

ELISpot assay after stimulation with the H-2kd restricted

CD8 epitope SYVPSAEQI. Data are expressed as the mean + SEM.
Data from one of two independent experiments are shown with
n =5 per group. Significant differences between AdPyCS alone and
treated mice were determined using a two-tailed unpaired t-test
and denoted by *** (p < 0.0005) and **** (p < 0.0001). Significant
differences between LD0O1 and LD10da were determined using a
two-tailed unpaired t-test and denoted by *## (p < 0.0005)

Firstly, mice were immunized with AdPyCS intramuscularly
(IM). Subsequently, they were treated intraperitoneally (IP)
with the a-PD-1 mAb, LD01 or LD10da on day 1 (D1), D3,
D5, and D7 (Figure 2). The doses of a-PD-1 mAb and peptides
delivered were 200 ug and 100 pg per injection per mouse,
respectively. The AdPyCS only group was treated with water,
the solvent used to dissolve the peptides, as a control. Splenocytes
were isolated from the spleen on D12, and the relative number of
PyCS-specific, IFN-y-secreting CD8" T cells was assessed using
an ELISpot assay. Of note, the number of spots seen with naive
splenocytes typically does not exceed five (data not shown). As
previously reported (Phares et al, 2020), a-PD-1 mAb and
LDO1 treatment significantly enhanced the number of PyCS-
specific, IFN-y-secreting CD8" T cells by ~2 and ~1.7-fold,
respectively, relative to that of mice immunized with AdPyCS
alone (Figure 2). Likewise, LD10da significantly increased the
number of PyCS-specific, IFN-y-secreting CD8" T cells
(Figure 2), with a ~2.6-fold change compared to that of mice
receiving AdPyCS immunization alone. Notably, LD10da
treatment resulted in greater expansion of PyCS-specific, IFN-
T cells relative to LDOIL
corroborating the proposition that LD10da may have greater

y-secreting CD8* treatment,

immuno-enhancer potency (Figure 1). Taken together, the data
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indicate that LD10da treatment significantly enhances the
expansion of vaccine antigen-specific T cells in vivo.

A single dose of LD10da at the time of
vaccination increases antigen-specific
CD8* T cell expansion

As described above, the initial dosing regimen for LD10da
comprised four administrations, one each on D1, D3, D5, and D7
(Figure 2). To determine whether a single dose of LD10da is
sufficient to enhance antigen-specific CD8" T cell numbers
following AdPyCS vaccination, mice were treated once on D1,
D3, D5, or D7 (Figure 3). Of note, delivering LD10da
subcutaneously (SC), relative to IP, does not significantly
impact its ability to enhance antigen-specific CD8" T cell
expansion (Supplementary Figure S1); therefore, SC delivery
was used in these studies. As shown in Figure 3A, treatment
with 100 uyg LD10da on D1, D3, D5, and D7 significantly
increased antigen-specific CD8" T cell numbers relative to
mice that were administered AdPyCS alone. Similarly,
antigen-specific CD8" T «cell expansion was significantly
enhanced when LD10da treatment was limited to D1 or D3
(Figure 3A). By contrast, a single administration of LD10da on
D5 or D7 following immunization had no effect on antigen-
specific CD8" T cell numbers (Figure 3A). Of note, the degree of
elevated numbers of antigen-specific CD8" T cells was
comparable between SC and IM administration with a single
LD10da dose on D1 post-immunization (Figure 3A).

Since a single LD10da dose on D1 following immunization
yielded an equivalent increase in antigen-specific CD8" T cell
expansion, we next evaluated whether a single LD10da dose
administered concurrently with AdPyCS vaccination (0h) is
efficacious (Figure 3B). Indeed, the numbers of antigen-
specific CD8" T cells were significantly increased (~3-fold)
when a single LD10da injection was given at the time of
to AdPyCS
(Figure 3B). The absence of increased CD8" T cell expansion
with a single administration of LD10da on D7 (Figure 3B)
corroborated our previous results (Figure 3A). Taken together,
the data indicate that a single SC or IM dose of LD10da at the
time of AdPyCS immunization is sufficient to enhance vaccine-

vaccination compared immunization alone

induced, antigen-specific T cells in vivo, thus indicating its
potential as a vaccine adjuvant.

LD10da promotes vaccine-induced,
antigen-specific CD8* T cell expansion in
human immune system mice

Reduced PD-1 receptor signaling by LD10da in a human

functional cell-based assay suggests that the peptide modulates
human T cell responses (Figure 1). To confirm this, we used
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A single dose of LD10da administered concurrently with AdPyCS vaccination increases antigen-specific CD8* T cell numbers. (A,B) At D12 post-
AdPyCS immunization, immunogenicity was assessed by measuring the number of splenic PyCS-specific, IFN-y-secreting CD8" T cells using the
ELISpot assay after stimulation with the H-2kd restricted CD8 epitope SYVPSAEQI. AdPyCS was administered IM. (A) A 100-pg dose of LD10da was
given SC either on D1, D3, D5, and D7, or only on D1, D3, D5, or D7 post-immunization. (B) A 100-ug dose of LD10da was given SC on D7 or
immediately (O h) post-immunization. Data are expressed as the mean + SEM. Data from one of two independent experiments are shown with n =
5 per group. Significant differences between AdPyCS alone and treated mice were determined using a two-tailed unpaired t-test and denoted by ****

(o < 0.0001).
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LD10da increases antigen-specific CD8" T cell expansion in AdPfCS-vaccinated HIS mice. At D12 post-AdPfCS immunization, immunogenicity

was assessed by measuring the number of splenic PfCS-specific, IFN-y-secreting CD8* T cells using the ELISpot assay after stimulation with the HLA-
A2.1-restricted CD8 epitope YLNKIQNSL (A), or splenocytes from mice were stained directly ex vivo for CD3, CD8, and YLNKIQNSL-specific tetramer
and analyzed by flow cytometry (B). Data are expressed as mean + SEM. Data are from a single experiment with n = 3 per group.

humanized mice that mimic the HIS and possess functional
human CD8"* T cells and dendritic cells (Huang et al., 2014; Li
et al.,, 2016; Coelho-Dos-Reis et al., 2020). As detailed in the
Materials and methods section, HIS mice were generated by
engrafting NOD/SCID/IL2Rgamma™" (NSG) mice with human
hematopoietic stem cells (HSCs) following the transduction of
genes encoding several human cytokines and human leukocyte
antigen (HLA)-A2.1 by adeno-associated virus serotype 9 vectors
(Huang et al., 2014). Flow cytometry analysis confirmed that
85%-95% of the peripheral blood mononuclear cells of HIS mice
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consist of human CD45" leukocytes, as previously published
(Huang et al., 2014). The HIS mice were treated with LD10da at
the time of vaccination with a recombinant replication-defective
adenovirus expressing the P. falciparum circamsporozoite
protein (AdPfCS). The dosing regimen for LD10da in the HIS
mice was 20 pg on D1, D3, D5, and D7. Of note, the percentages
of splenic PD-1* T cells in HIS mice increased following
vaccination with AdPfCS (data not shown). As shown in
Figure 4A, treatment with LD10da increased antigen-specific
CD8" T cell numbers—albeit not significantly—relative to
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FIGURE 5

MVA vector construction. Schematic of MVA-5X.LD01 and MVA-5X.LD10 vectors illustrating the design of peptide sequences inserted into the
MVA genome between two essential genes under control of an MVA-specific promoter. LDO1 and LD10 sequences are preceded by a signal
sequence-routing peptide for secretion and followed by a cleavage site to separate duplicated peptides. The secretion signal, peptide sequence, and
cleavage site are repeated five times, and transcription is terminated with a stop codon.

A MVA control MVA-5X.LD01 MVA-5X.LD10

£

FIGURE 6

LDO01 and LD10 are produced and secreted by MVA-infected cells. (A) DF-1 cells were infected with MVA-5X.LD01, MVA-5X.LD10 or parental
MVA. Two days post-infection, cells were fixed, permeabilized, and stained with an antibody (Ab) specific to LDO1 and LD10. Results show that the
peptides are detected intracellularly. Representative images are shown. LDO1- and LD10-positive cells are stained brown. Photomicrographs are
presented at a magnification of x20. (B) DF-1 cells were infected with MVA-5X.LD01, MVA-5X.LD10, or parental MVA. Two days following
infection, supernatant was harvested, concentrated, and dotted onto a membrane along with chemically synthesized peptide (LD0O1) and probed
with an Ab specific for LDO1 and LD10.

AdPfCS immunization alone without treatment. Similarly, the reducing the likelihood of irAEs. Furthermore, peptide-based
percentages of splenic HLA-A2.1/YLNKIQNSL-tetramer- biologics can offer a greater number of formulation and delivery
specific CD8" T «cells were increased following LD10da options, such as expression via a viral vector. To establish
treatment relative to AdPfCS alone (Figure 4B). This limited whether LD10 could be expressed by a viral vector, we
experiment provides supporting evidence that LD10da-mediated constructed a recombinant MVA virus that encodes five
enhancement of human T cell responses in this in vivo model is repeats of the LD10 sequence in polycistronic format (MVA-
consistent with its inhibitory activity in the cell-based human 5x.LD10) (Figure 5). In addition to the LD10 construct, a similar
PD-1 assay. recombinant MVA virus expressing five repeats of the

LDO01 sequence was constructed (MVA-5xLDO01) (Figure 5).
To facilitate peptide secretion, a signal sequence was added

Construction and characterization of an prior to LDO1 or LD10, and a dual cleavage site was added

modified vaccinia ankara virus expressing following the sequences in order to facilitate production of the
peptide-based immunomodulators monomer LDO1 or LD10 from the polycistronic design.

To determine whether the recombinant MV A vectors express

Peptide-based therapeutics offer an alternative modality to LD01 or LDI10, immunohistochemistry was performed on

mAbs and provide a shorter pharmacokinetic profile, thus infected cells using a mADb that recognize LDO1 and LD10. Of
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Delivery of LDO1 or LD10 via a viral vector enhances expansion of vaccine-induced, antigen-specific CD8" T cells. (A,B) At D12 post-AdPyCS
immunization, immunogenicity was assessed by measuring the number of splenic PyCS-specific, IFN-y-secreting CD8" T cells using the ELISpot
assay (A) and flow cytometry (B) after stimulation with the H-2kd-restricted CD8 epitope SYVPSAEQI. A 100-ug dose of LDO1 or LD10da was given SC
immediately following vaccination. For viral vectors, 10® TCIDsq of MVA-5X.LD01, MVA-5X.LD10, or parental MVA was injected SC following
vaccination. Data are expressed as mean + SEM. Data from one of two independent experiments are shown with n = 5 per group. Significant
differences between AdPyCS alone and treated mice were determined using a two-tailed unpaired t-test and denoted by ** (p < 0.001), *** (p <

0.0005), and **** (p < 0.0001).

note, cells were fixed and permeabilized with a 50:50 solution of
methanol/acetone. Cells infected with the parental MVA vector
showed no specific staining (Figure 6A). However, cells infected
with either MVA-5X.LD01 or MVA-5X.LD10 vectors showed
positive staining (Figure 6A), indicating intracellular expression
of the peptides. To confirm that LD01 or LD10 is being secreted
by the recombinant MVA vector, a dot blot was performed on
infected cell supernatants (see Materials and methods). As shown
in Figure 6B, the parental MVA vector showed negligible signal.
By contrast, both MVA-5X.LD01 and MVA-5X.LD10 vector
samples demonstrated positive staining, arguing for secretion
of LDO1 and LD10. Similarly, LC-MS/MS of the cell supernatants
identified LDOl and LDI10 fragments (data not shown),
corroborating the dot blot results. Taken together, these data
strongly suggest that LD0O1 and LD10 are expressed and secreted
by the recombinant MVA vectors.

Delivery of LDO1 or LD10 by modified
vaccinia ankara increases antigen-specific
CD8" T cell numbers following AdPyCS
vaccination

Having confirmed that LDO1 and LD10 are expressed in and
secreted from cells infected with peptide-encoding MVA
constructs (Figure 6), we then assessed whether vaccine-
induced, AdPyCS-specific CD8" T cell
observed following treatment with MVA-encoding LDO1 or

expansion was

LD10. A parental MVA vector was included as a negative
control, while synthetic LD01 and LD10da served as positive

Frontiers in Pharmacology

42

controls. As shown in Figure 7, treatment with 100 pg of LDO1 or
LD10da directly following vaccination significantly increased
antigen-specific CD8" T cell numbers relative to AdPyCS
alone. Similarly, injection of 10° TCIDs, of MVA-5X.LDO01 or
MVA-5X.LD10 CD8" T
expansion, which contrasted the treatment with the parental

enhanced antigen-specific cell
MVA vector (Figure 7). Taken together, these in vivo results
indicate that the delivery of LD01 or LD10 via the MVA vector
results in immunomodulatory activity that is likely due to their
expression in vivo. As such, these results corroborate that
immunomodulators can  be

peptide-based successfully

delivered by viral vector.

Discussion

Previously, we showed that peptides are a viable and
potentially favorable alternative to mAb-based checkpoint
inhibitors for use in infectious disease indications.
Improvements in the safety profile, manufacturing costs, and
delivery options are among the key advantages of peptide-based
biologics. Here we expand on the evidence in favor of peptide-
based checkpoint antagonists by generating derivatives of the
LDO1 peptide, which led to the identification of LD10, a major
metabolite whose application concurrent with a model vaccine
antigen yields a greater expansion of antigen-specific T cells. We
further modified the LD10 peptide by the addition of a
C-terminal D-amino acid and an N-terminal amide group
(LD10da) with the aim of improving stability. Indeed, we

were able to detect the 18-amino acid LD10da peptide for
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approximately 1 h by LC-MS/MS via a pharmacokinetic study in
mice treated SC with a single 200 pg dose (data not shown).
Therefore, enhanced durability of the LD10 derivative improves
the peptide’s immune-modulating properties.

Based on the increased stability of LD10da, we performed a
dose-sparing of the by
administering only a single dose at the time of vaccination.

evaluation immunomodulator
Remarkably, this single co-administered dose of LD10da was
sufficient to increase antigen-specific CD8" T cell expansion in
wild-type and HIS mice. Note that the number of HIS mice used
per group was limited due to challenges in breeding NSG mice,
availability of HLA-A*0201 matched HSCs, and a long duration
(>15 weeks) following HSCs engraftment to ensure human
lymphocyte expansion. Therefore, we were unable to obtain
another cohort of mice to repeat the experiment. We intend
to confirm the HIS mice results in future studies; therefore, the
results of this experiment should be interrupted with caution.
While the 2-3 fold increase in antigen-specific CD8" T cell
expansion following a single dose of LD10da demonstrates a
targeted biological effect, whether this improves vaccine efficacy
following parasite challenge has yet to be determined and are
warranted future studies.

The rationale underlying the remarkably rapid peptide
activation of the T cell compartment may be the rapid
upregulation of PD-1 in vivo upon activation of naive
CD8 T cells. This upregulation can occur 24h after
lymphocytic choriomeningitis virus (LCMV) infection and in
less than 4 h after viral peptide injection (Ahn et al, 2018).
Accordingly, our findings strongly suggest that modulation of
PD-1 signaling does indeed occur shortly after vaccination, and
LD10da likely acts on the early activated T cells. Further, it is
possible that LD10da binds to T cells constitutively expressing
PD-1, as is the case for regulatory CD4 T cells (Tregs) (Francisco
etal, 2010). In fact, the PD-1:PD-L1 (programmed death-ligand
1) axis has been shown to play a role in regulating Treg
development, expansion, and function (Cai et al,, 2019; Lin
et al, 2019). For example, PD-L1-deficient antigen-presenting
cells only minimally converted naive CD4 T cells to Tregs,
indicating an essential role of PD-1:PD-L1 engagement for
Treg induction (Francisco et al, 2009). Further, Francisco
et al. (2009) reported that PD-L1 enhances and sustains
FOXP3 expression and the suppressive function of Tregs.
Similarly, it was shown that dendritic cells overexpressing PD-
L1 when co-cultured with naive CD4 T cells promoted Treg
generation, with PD-L1 blockade resulting in reduced Treg
expansion (Lin et al, 2019). Thus, it is possible that LD10da
binds to the basal PD-1 on Tregs and thereby decreases
expansion or inhibitory function, allowing for a greater
number of vaccine-induced, antigen-specific CD8" T cells.
While we have yet to assess the Treg responses following
AdPyCS vaccination in the absence or presence of our
peptide-based immunomodulators, we recently reported that
LDO1 treatment of mice infected with a lethal malaria strain
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resulted in survival that was associated with lower numbers of
FOXP3"Tbet"CD4" Tregs (Phares et al, 2020). Tregs also
constitutively express cytotoxic T-lymphocyte antigen 4
(CTLA4), which is critical for their suppressive abilities. In
this regard, we have obtained preliminary data showing that
LD10da and LDO1 antagonize a novel allosteric site that is shared
by the CD28 family of checkpoint receptors (data not shown), of
which CTLA4 is a member. Therefore, these peptide-based
immunomodulators may be modulating Treg activity by
disrupting both PD-1 and CTLA4 signaling.

In addition to modifying T cell responses there is a growing
body of literature demonstrating PD-1 expression on myeloid
cells mediates cellular dysfunction (Huang et al., 2009; Strauss
etal., 2020; Phares et al., 2021). For example, we recently showed
in a cecal-ligation and puncture-induced murine polymicrobial
sepsis model that LDO1 treatment alleviated aspects of phagocyte
immune dysfunction (Phares et al, 2021) corroborating the
pathologic role of PDI1 in altering microbial clearance and
innate immunity in sepsis (Huang et al, 2009). Further,
ablation of myeloid cell-specific PD-1 in a tumor model
resulted in reduced tumor accumulation of myeloid-derived
suppressor cells and increased T effector memory cell function
enhancing overall antitumor protection (Strauss et al., 2020).
Interestingly, myeloid cell-specific PD-1 ablation also increased
cholesterol (Strauss et al., 2020), a molecule that drives myeloid
cell expansion and differentiation and promotes antigen
presenting function, which raises the possibility that the
improved T cell function is partially due to enhanced antigen
presentation in the tumor model. Similarly, in the AdPyCS
vaccine model the increased antigen-specific CD8" T cell
PD-1 blockade
consequence of enhanced antigen presentation by myeloid

expansion observed after may be a
cells, something we intend to assess in future studies.

While we opted to use the AdPyCS vaccine model to rapidly
test many LDO1 derivatives, including LD10, we recognize that
the dosing regimen of our peptides for traditional vaccines with a
prime/boost(s) regimen may differ. In fact, in a therapeutic
cancer vaccine model, the timing and order of vaccine and
anti-PD-1 treatment have been shown to be crucial in
determining optimal CD8" T cell responses and therapeutic
outcomes (Verma et al., 2019). Preliminary studies that we
conducted with soluble vaccine antigens in a 3-dose regimen
showed that the number of antigen-specific T cells generated in
mice treated with LDO1 following the second and third
immunization was greater than the numbers of these cells
generated with treatment after each immunization (data not
shown). Additionally, in a whole-cell vaccine model, we have
obtained data indicating that LD10da treatment following a
primary and booster vaccination reduces bacterial challenge
burdens in the nasal passage and lungs to a greater degree
than did administration of the LD10da only after the primary
immunization (data not shown). Accordingly, dosing regimens
to modulate PD-1 activity are likely dependent on an optimized
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schedule of priming and boosting relative to antigen stimulation,
a hypothesis that we intend to test in future studies.

Given that the more stable LD10 peptide has been proven to
be a potent immunomodulator in a vaccine formulation, we
aimed to establish proof of a potential delivery platform for
future vaccine development efforts by encoding the peptide in the
MVA platform. Following IM infection of mice with
recombinant MVA-expressing green fluorescent protein
(rMVA-GFP), GFP* cells were identified as myocytes and
interdigitating cells having a macrophage or dendritic cell
morphology (Altenburg et al.,, 2017). Further, GFP* cells were
detected in the draining lymph nodes as well as systemically in
white blood cells and splenocytes (Altenburg et al, 2017).
Additionally, in vitro human peripheral blood mononuclear
cell (PBMC) assays and ex vivo mouse lung explants showed
that rMVA-GFP predominately infects dendritic cells (Altenburg
et al, 2017). These data suggest that our peptide-based
immunomodulators are expressed by MVA at the site of
injection and/or within the lymphoid tissues. Of note, MVA is
also detected in lymphoid organs following SC injection
(Ramirez et al., 2003). Expression of LD10 or LDO1 within the
lymphoid tissues is ideal given that these tissues are the primary
site of T cell activation, differentiation, and expansion. Moreover,
our peptides are believed to be secreted locally during T cell
priming because MVA preferentially targets dendritic cells
(Altenburg et al, 2017) and because these professional
antigen-presenting cells directly interact with or are in close
proximity to T cells during immune responses. In future efforts,
we plan to identify the specific cell(s) that may be expressing the
peptide-based immunomodulators and to specify the duration of
expression and circulating levels. These data are important for
of the the
immunogenicity of MVA-based vaccines and for informing

advancing our understanding basis  for
effective vaccine designs and delivery strategies.

In addition to our reported efforts on MVA-based vaccine
development, we are currently developing chimeric antigen
(CAR) T cells,
engineered to express LD10. Here the secreted LD10 would
not only bind to the PD-1 expressed by the CAR T cell, but

also potentially engage and relieve dysfunction of endogenous

receptor which have been genetically

T cells. We have also proceeded with the development of
that
With
engineered to replicate selectively in tumor tissues, LD0O1 or
LD10 would be produced within the infected cell and released
into the tumor microenvironment following virus-induced lysis.

viruses express our  peptide-based

which can be

oncolytic

immunomodulators. such viruses,

Moreover, we are developing a dissolving microneedle patch that
facilitates a painless means of delivering our peptides into the
dermis, which easily accesses the lymphatic system. As
microneedle patches are a viable means of circumventing the
challenges associated with conventional vaccine delivery, we
envision combining our peptide-based immunomodulators
with vaccine antigens. In addition to the microneedle patch,
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we are currently testing other delivery platforms, including a
solid-dose implant that is needle-free and delivers the peptides
transcutaneously into the dermis. Akin to the microneedle patch,
our peptide-based immunomodulators could be combined with
vaccine antigens in a single implant. All of the aforementioned
efforts may allow us to develop potent T cell-stimulating
infectious disease vaccines that can be stably deployed and
easily administered in more austere environments.

Materials and methods
Ethics statement

All animal experiments were carried out in strict accordance
with the Policy on Humane Care and Use of Laboratory Animals
of the United States Public Health Service. The protocol was
approved by the Institutional Animal Care and Use Committee
(IACUC) at The Rockefeller University (Assurance No. A3081-
01). Mice were euthanized with CO,, with every effort made to
minimize suffering. Human fetal liver samples were obtained via
a non-profit partner (Advanced Bioscience Resources, Alameda,
CA, United States). As no information was obtained that would
identify the subjects from whom the samples were derived,
Institutional Review Board approval for their use was not
required, as previously described (Huang et al., 2014).

Programmed cell death 1:Programmed
death-ligand 1 cell-based reporter assay

For the PathHunter” PD-1 signaling assay (cat# 93-1104C19;
Eurofins DiscoverX; Fremont, CA, United States), Jurkat cells
expressing PD-1 and SHP1 proteins, each fused to a fragment of
DiscoverX’s enzyme fragment complementation (EFC) system,
were co-incubated with ligand-presenting cells. This led to PD-1
activation and SHP1 recruitment to the PD-1 receptors, bringing
together the EFC fragments and generating a
chemiluminescent signal. In this assay, LD01, LD10, LD10da,
and LD12 were assessed at 20 tM and 100 pM, whereas anti-PD-
1 mAb controls were assessed at 10 different concentrations. In

two

brief, PD-1-expressing Jurkat cells (20,000 cells/well) were seeded
in a total volume of 50 pl into white-walled, 96-well microplates
in assay buffer. Serial dilution of LDO01 stock was performed to
generate an x11 sample in assay buffer, and 10 pl of the x11 test
sample was added to PD-1 cells and incubated at 37°C for 1h
U20S cells expressing PD-L1 (50 pl, 30,000 cells/well in assay
buffer) were then added to the assay. Cells in co-culture were
incubated at room temperature (RT) for 2 h (PD-1 assay). The
assay signal was generated using the PathHunter” Bioassay
Detection Kit for both assays. Detection reagent 1 (10 ul) was
added to the assay and incubated at RT for 15 min. Detection
reagent 2 (40 pl) was added to the assay and incubated at RT for
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1 h. Microplates were read following signal generation with an
EnVision™  plate (PerkinElmer, Waltham, MA,
United ~ States) chemiluminescent signal detection.
LDOI activity and anti-PD-1 mAb activities were analyzed

reader
for

using the CBIS data analysis suite (ChemInnovation Software,
Inc., San Diego, CA, United States). For antagonist mode assays,
the percentage of inhibition by the peptides was calculated using
the
x [1- (mean RLU of test sample - mean RLU of vehicle control) /
(mean RLU of EC80 control — mean RLU of vehicle control)].

following  formula:  percentinhibition efficacy = 100%

Mice

Female BALB/c mice 6-8 weeks of age were purchased from
The Jackson Laboratory (Bar Harbor, ME, United States). NOD/
SCID/IL2Rgamma™" (NSG) mice exhibiting features of both
severe combined immunodeficiency mutations and interleukin
(IL)-2 receptor gamma-chain deficiency were also purchased
from The Jackson Laboratory and maintained under specific
pathogen-free conditions.

Generation of human immune system-
CD8 mice

Recombinant AAV9 (rAAV9) vectors encoding human IL-3,
IL-15, GM-CSF, and HLA-A*0201 were constructed as
previously described (Huang et al., 2014). Four-week-old NSG
mice were transduced with rAAV9 encoding HLA-A*0201 by
perithoracic injection and with rAAV9-encoding HLA-A*0201
and AAV9-encoding human IL-3, IL-15, and GM-CSF, by IV
injection, as previously described (Huang et al., 2014). Two weeks
later, mice were subjected to 150-Gy total body sub-lethal
irradiation for myeloablation, and several hours later, each
transduced, irradiated mouse was engrafted IV with 1 x 10°
HLA-A*0201*-matched, CD34* human HSCs. CD34" HSCs
among lymphocytes derived from HLA-A*0201" fetal liver
samples were isolated using a Human CD34 Positive Selection
Kit (STEMCELL Technologies, Vancouver, BC, United States)
(Lepus et al, 2009). At 14 weeks post-HSC engraftment, the
reconstitution status of human CD45" cells in the blood of HIS-
CD8 mice was determined by flow cytometry analysis, as
previously described (Huang et al., 2014).

AdPyCS and AdPfCS vaccines

A recombinant serotype 5 adenovirus that expressed P. yoelii
circumsporozoite protein (PyCS), AdPyCS, was constructed as
previously described (Rodrigues et al., 1997). A recombinant
adenovirus serotype 5 (Ad5) expressing a GFP alone in its
transgene, AdGFP, was previously constructed (Shiratsuchi

Frontiers in Pharmacology

45

10.3389/fphar.2022.1029636

et al, 2010). A recombinant Ad5 expressing P. falciparum
CSP (AdPfCS) was also previously constructed as described
(Altenburg et al., 2017). Briefly, a gene encoding a full-length
PfCSP was codon-optimized and synthesized, and then inserted
into pShuttle-CMV, which was used to make the recombinant
AdPfCS. Each BALB/c mouse was immunized IM with 5 x 10°
virus particles of AdPyCS, whereas each HIS-CD8 mouse was
immunized IM with 1 x 10'° virus particles of AdP{CS.

ELISpot assay and flow cytometry to
measure antigen-specific CD8* T cells

As previously described (Li et al., 2016), the relative
numbers of splenic PyCS-specific, IFN-y-secreting CD8*
T cells of AdPyCS-immunized mice were determined by
ELISpot assay using a mouse IFN-y ELISpot Kit (Abcam,
Cambridge, MA, United States) and a synthetic 9-mer peptide,
SYVPSAEQI (Peptide 2.0, Chantilly, VA, United States)
corresponding to the immunodominant CD8" T cell
epitope within PyCS (Li et al., 2016). In brief, after the
collection of splenocytes from mice 12 days after AdPyCS
immunization, 5 x 10° splenocytes were placed in each well of
the 96-well ELISpot plates pre-coated with IFN-y Ab and
incubated with the SYVPSAEQI peptide at 5 ug/ml for 24 h at
37°C in a CO, incubator. After the ELISpot plates were
washed, they were incubated with biotinylated anti-mouse
IFN-y AD for 2-3 h at RT, followed by incubation with avidin
conjugated to horseradish peroxidase for 45 min at RT in the
dark. Finally, the spots were developed after the addition of
the ELISpot substrate (Abcam).

To identify the number of IFN-y-secreting CD8" T cells in
each well, the mean number of spots (for duplicates) counted in
the wells incubated with splenocytes in the presence of the
peptide was subtracted by the mean number of spots (for
duplicates) counted in the wells that were incubated with
splenocytes only. The percentage of antigen-specific IFN-y*
T cells among splenocytes of immunized mice were also
cytokine
splenocytes harvested from vaccine-immunized animals were
stimulated for 6h by co-culture with 5ug/ml SYVPSAEQI
peptide at 37°C in the presence of Brefeldin A Solution (cat#
420601, BioLegend). Cells were then incubated for 15 min in the
presence of TruStain FcX™ PLUS (anti-mouse CD16/32) (cat#
101319, BioLegend) before surface staining for 30 min with a-
CD3e-PE/Cy7 (cat# 100220, BioLegend), a-CD8a-PE/Cy5 (cat#
100710, BioLegend), and a-CD4-AF700 (cat# 100536,
BioLegend). Permeabilization was performed using Fixation
Buffer (cat# 420801, BioLegend) followed by washing with
Intracellular Staining Perm Wash Buffer (cat# 421002,
BioLegend) according to the manufacturer’s instructions. Cells

determined by intracellular staining.  Briefly,

were stained intracellularly for 30 min with a-IFN-y-APC (cat#
505810, BioLegend). Flow cytometry analyses were performed
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using an LSRII (BD Biosciences, San Jose, CA), and data were
analyzed using FlowJo™ v10 (TreeStar, Ashland, OR).

Staining with HLA-A/0201 tetramer
loaded with YLNKIQNSL peptide

An allophycocyanin (APC)-labeled human HLA-A*0201
tetramer loaded with the peptide YLNKIQNSL, corresponding
to the PfCSP CD8" T cell epitope (Blum-Tirouvanziam et al.,
1995; Bonelo et al., 2000), was provided by the NIH Tetramer
Core Facility. Twelve days after immunization of HIS-CD8 mice
with AdPfCS, the spleens were harvested, and splenocytes were
stained with APC-labeled human HLA-A*0201 tetramer loaded
with  YLNKIQNSL and PE-labeled anti-human CD8 Ab
(BioLegend). The percentage of HLA-A*0201-restricted,
PfCSP-specific CD8" T cells among the total human CD8"
T cell population was determined using a BD™ LSR 1I flow
cytometer (Franklin Lakes, NJ), as previous performed (Li et al.,
2016).

Modified vaccinia ankara construction and
seed stock preparation

MVA-5xLD01 and MVA-
5x.LD10, were constructed that encode five repeats of

Two recombinant MVAs,

LDO01 or LDI10 sequences in polycistronic format. A tissue
plasminogen activator signal sequence was added prior to
LDO1 or LDI10 to route the peptides for secretion from the
cell, and a dual cleavage site composed of the porcine
teschovirus-1 2A sequence followed by a furin cleavage
peptide were added following the LD sequences to facilitate
production of monomer peptides from the polycistronic
The
production was parental MVA that had been harvested in
1974  before the
Encephalopathy/Transmissible ~Spongiform Encephalopathy
(BSE/TSE) and that had been plaque-purified three times
using certified reagents from sources free of BSE. A shuttle

design. starting material for recombinant virus

appearance of Bovine Spongiform

vector was used to insert the LDO1 or LD10 sequences (U.S.
Patent 10,799,581 and EP Patent 3512536) between two essential
genes of MVA by means of homologous recombination. The
chosen insertion site was previously identified as supporting high
expression and insertion stability. Genetic stability of the
transgene inserts was confirmed by PCR to ensure the correct
size. All inserted sequences were codon-optimized for MVA.
Silent mutations were introduced to interrupt homo-polymer
sequences (>4G/C and >4A/T), which reduce RNA polymerase
errors that possibly lead to frameshift mutations. All vaccine
inserts were placed under control of the modified H5 early/late
vaccinia promoter. Vectors, Research Seed Virus (RSV), and
Research Stocks (RS) were prepared in a dedicated room at
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GeoVax, with full traceability and complete documentation of all
steps using BSE/TSE-free raw materials and, therefore, can be
directly used for production of cGMP Master Seed Virus (MSV).

For production of RSV for animal studies, a chicken embryo
fibroblast cell line, DF-1 cells (ATCC, CRL-12203), were seeded
into sterile tissue culture flasks and infected with MVA-
5xLD01 or MVA-5xLD10 at an MOI of 0.01. Cells were
recovered 3 days post-infection, disrupted by sonication, and
bulk harvest material clarified by low-speed centrifugation. The
clarified viral harvest was purified twice using sucrose cushion
ultracentrifugation. The purified viruses were titrated by limiting
dilution in DF1 cells, diluted to 1 x 10® TCIDso/ml in sterile PBS
+ 7% sucrose, dispensed into sterile vials, and stored at —80°C.
For in vivo studies, mice were injected with 50 pl containing 5 x
107 TCIDs, of MV A into each hind footpad for a total dose of 1 x
10* TCIDs, MVA per mouse.

Production of anti-LD01/LD10 mAb

KLH-conjugated LDO01
Adjuvant System® (cat# S6322) was used to immunize SJL/J
mice IM. Following two similar IM boosts at 2-week intervals,

peptide formulated in Sigma

the mice were culled, and spleens and lymph nodes were
collected. Splenocytes and lymphocytes were isolated and
fused to HL-1 mouse myeloma cells and cultured for 13 days.
On D13, colonies were manually selected and transferred to
selection media. Culture supernatants were screened for
specificity by ELISA wusing plate-coated BSA-conjugated
peptides. Supernatants were screened against BSA-conjugated
LDO01 and LD10 peptides. Two clones (3F11 and 7G10) were
selected based on their high binding affinity to both peptides and
on the high concentration of supernatant Ab. Monoclonal
cultures of these two clones were expanded and the
supernatants were used to purify the Abs. Cell suspensions,
containing at least 8.0 x 107 cells in two T-75 flasks, were
aseptically transferred to 2ml x 50 ml centrifuge tubes and
centrifuged at 1,000 rpm for 5min. The resulting cell pellet
was resuspended in 25ml of HyClone™ HYQSFMMAB
media + 5% FBS and slowly added to a 250-ml bag
containing 225 ml of HyClone™ HYQSFMMAB media + 5%
FBS. The bag was placed in an incubator set at 5% CO,, 37°C for
10-14 days. After 10-14 days of growth, the contents of the
250 ml bag were transferred to a 250 ml centrifuge bottle, and
10 ml of Neutralization Buffer (1 M Tris, 1.5 M NaCl, pH 8.5)
was added to it; it was then centrifuged at 8,600 rpm for 10 min
using a Sorvall GSA rotor. The supernatant was filtered using a
0.45-um bottle top filter.

A 5-ml protein A column connected to a FPLC Purification
System was washed with 25 ml of ultra-pure water followed by
25 ml of 50 mM TRIS containing 250 mM NaCl (pH 8.0). The
filtered supernatant was loaded onto the column at a flow rate of
7 ml/min. The column was further washed with 15 ml of 50 mM
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TRIS, 250 mM NaCl, pH 8.0. Elution fractions were collected in
15-ml tubes containing 800 pl of Neutralization Buffer (1 M Tris,
1.5 M NaCl, pH 7.4). The Ab was eluted with 20 ml of 50 mM
glycine (pH 3.0) and dialyzed against 1-2 L of 1x PBS (pH 7.4;
depending on the volume of purified Ab) on a stirrer at 4°C
overnight. The dialyzed Ab was sterile-filtered and aliquoted for
storage.

Dot blot assay

DE-1 cells were infected at a multiplicity of infection of
MVA, MVA-5X.LDO01 MVA-
5X.LD10 and 48 h later supernatant was collected. In order

0.5 with parental or
to concentrate secreted peptide, supernatant was passed
through Pierce C-18 tips (cat# 87782, Thermo Fisher
Scientific). Twenty microliters from each sample and
125ng of synthetic LDO1 peptide were spotted onto a
PVDF membrane, allowed to dry at room temperature,
then blocked with Intercept blocking buffer (cat# 927-
70001, LI-COR Biosciences)
temperature. The membrane was incubated overnight at
4°C in primary Ab (Leidos, clone: 7G10) diluted in
blocking buffer at 1:1,000. Three washes with PBST (PBS
with 0.05% Tween-20) were performed, and the membrane
was probed for 1 h with anti-mouse-680RD (1:10,000; cat# A-
21058; Invitrogen). The membrane was then washed again

for 30 min at room

and imaged using Odyssey imager.

Immunocytochemistry assay

DEF-1 cells were infected at a multiplicity of infection of
0.5 with parental MVA, MVA-5X.LD01 or MVA-
5X.LD10 for 48h, subsequently cells were fixed in I:
1 methanol:acetone and washed with water. Cells were
then probed with a mouse anti-LDO1/LD10 Ab (Leidos,
clone: 3F11) at room temperature for 1h. Three washes
with water were performed and the cells were stained for
1 h with anti-mouse-IgG-HRP (1:1,000; VWR, cat# 10150-
400). The cells were then washed again and developed with
AEP substrate kit (cat#ab64252, Abcam). Images of stained
cells were captured at x20 magnification using light
microscopy.

Data analysis

Statistical analyses were performed using Prism (GraphPad
Software, Inc., La Jolla, CA, United States). The two-tailed
unpaired t-test was used to determine differences between
groups. Data are expressed as mean + SEM and p < 0.05 was
considered statistically significant.
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In addition to complications of acute diseases, chronic viral infections are
linked to both malignancies and autoimmune disorders. Lack of adequate
treatment options for Epstein-Barr virus (EBV), Human T-lymphotropic virus
type 1 (HTLV-1), and human papillomavirus (HPV) remains. The NexImmune
Artificial Immune Modulation (AIM) nanoparticle platform can be used to
direct T cell responses by mimicking the dendritic cell function. In one
application, AIM nanoparticles are used ex vivo to enrich and expand (E+E)
rare populations of multi-antigen-specific CD8* T cells for use of these cells
as an AIM adoptive cell therapy. This study has demonstrated using E+E
CD8* T cells, the functional relevance of targeting EBV, HTLV-1, and HPV.
Expanded T cells consist primarily of effector memory, central memory, and
self-renewing stem-like memory T cells directed at selected viral antigen
peptides presented by the AIM nanoparticle. T cells expanded against either
EBV- or HPV-antigens were highly polyfunctional and displayed substantial
in vitro cytotoxic activity against cell lines expressing the respective antigens.
Our initial work was in the context of exploring T cells expanded from healthy
donors and restricted to human leukocyte antigen (HLA)-A*02:01 serotype.
AIM Adoptive Cell Therapies (ACT) are also being developed for other HLA
class | serotypes. AIM adoptive cell therapies of autologous or allogeneic T
cells specific to antigens associated with acute myeloid leukemia and multiple
myeloma are currently in the clinic. The utility and flexibility of the AIM
nanoparticle platform will be expanded as we advance the second application,
an AIM injectable off-the-shelf nanoparticle, which targets multiple antigen-
specific T cell populations to either activate, tolerize, or destroy these targeted
CD8T T cells directly in vivo, leaving non-target cells alone. The AIM injectable
platform offers the potential to develop new multi-antigen specific therapies
for treating infectious diseases, cancer, and autoimmune diseases.

T cell, ACT, AIM, aAPC, Neximmune, viral, immunotherapy, hanoparticle
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Introduction

Many viral infections, if not cleared during the acute
stages, may become chronic. Chronic infections are often
associated with intermittent recrudescence, autoimmune
complications and/or malignancies (1-5). Both the innate
and acquired immune systems are involved. Antigen-
presenting cells (APCs), especially dendritic cells (DCs),
can modulate both types of immunity by displaying antigen
derived peptides and cytokine release to direct antigen-
specific T cell and other immune cells. In this report,
we will describe our work utilizing AIM nanoparticles as
artificial APCs (aAPCs), or synthetic DCs, designed to
present antigenic peptides in the context of class I human
leukocyte antigen (HLA) and simultaneously deliver a second
co-stimulation signal to expand antigen-specific T cells for
adoptive cell therapies (ACT). In a second application, the
AIM nanoparticle is the therapeutic. Injectable nanoparticles
with signal 1 (peptide loaded class I HLA) and signal 2
(co-stimulatory anti-CD28) proteins activate and expand
viral antigen-specific CD8' T cells without affecting non-
antigen-specific cells. Both the aAPC and AIM injectable
approaches simultaneously engage antigen-specific T cells
through their peptide loaded HLA molecule and a co-
stimulatory second signal that can up or down regulate the
function of the engaged T cell. As described below, these
approaches offer potential treatments of a broad range
of viral diseases.

Adoptive cell therapies has shown increasing promise for
treating Epstein-Barr virus (EBV) and Cytomegalovirus (CMV)
infections, specifically in immune compromised patients after
allogeneic stem cell transplantation (2, 6, 7). These patients may
benefit from virus-specific ACT used either prophylactically or
therapeutically (2). Additionally, both preclinical models and
clinical trials using ACT have supported its utility to treat virally
driven malignancies associated with human papillomavirus
(HPV) and EBV (2-4). EBV targeted ACT might further
elucidate links between EBV infection and multiple sclerosis (5).
Multiple challenges need to be addressed for ACTs to expand
on early successes. These challenges include addressing disease
escape mechanisms, increasing T cell persistence, antigenic
heterogeneity including emergence of neo-antigens, reducing
on-target off-tissue adverse events, reducing manufacturing
cost, and product inconsistency (8, 9).

With the Artificial Immune Modulation (AIM) ACT system,
NexImmune may overcome many of these challenges to develop
cellular therapies for patients with virally driven diseases
(Figure 1). Incorporation of magnetic based systems to generate
infectious disease specific ACT have shown promise (6, 7),
for reasons including the reduction in the manufacturing time
compared to other clinically tested methods (10, 11). The AIM
Enrichment and Expansion (E+E) system is a reproducible,
closed manufacturing process that consistently produces T cells
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for ACT comprised of non-genetically engineered multiple
antigen specific effector and long-lived memory T cells from
autologous or allogeneic donor leukopaks (12). Two AIM ACT
clinical trials are currently ongoing: one for relapsed/refractory
multiple myeloma (MM) [NCT04505813] and another for acute
myeloid leukemia (AML) [NCT04284228]. An additional trial
for HPV-related Head and Neck cancer will be initiated.

Here we provide an overview of the AIM E+E system used to
manufacture T cells for ACT, and report preclinical results from
using this system to expand CD8™ T cells directed against viral
antigens of Epstein-Barr virus (EBV), Human T-lymphotropic
virus type 1 (HTLV-1), or high-risk human papillomavirus
(HPV) types 16 and 18 from HLA-A*02:01 healthy donor cells.
Each of the final AIM ACT products consists of a mixture
of CD3%/CD4™ T cells that are mostly specific for multiple
antigens from EBV, HTLV-1 or HPV with greater than 90%
of these T cells being of the T cell memory phenotype [i.e.,
effector memory (Tem), central memory (Tcm), or stem cell-
like memory (Tscm)]. In addition, EBV-specific AIM ACT cells
demonstrate functional activity in terms of antigen-specific
cytotoxic killing and cytokine profile.

Materials and methods
Nanoparticles, reagents, and cell lines

Briefly, nanoparticles were manufactured by direct
conjugation of humanized HLA-Ig dimer and anti-CD28
antibody to MACS Microbeads (Miltenyi Biotec, Bergisch
Gladbach, Germany) as described previously (13). Antibodies
used for flow cytometry were purchased from Miltenyi Biotec
and are described in Supplementary Table 1. Cell lines were
originally purchased from American Type Culture Collection
(ATCC, Manassas, VA). To generate red fluorescence protein
(mKate2) expressing cell lines for Incucyte studies, cells
were transduced with Incucyte NucLight Red Lentivirus
(EFla, Puromycin) and selected under 2 pg/ml puromycin
(Sartorius, Goettingen, Germany). The amino acid sequence
of HLA-A*02:01 and beta-2-Microglobulin (£2M) (GenBank
AYV97550.1 and AAA51811.1) were codon optimized and
cloned downstream of separate EFla promoters in a PiggyBac
cDNA cloning vector (PB533A-2, System Biosciences, Palo
Alto, CA). The expression vector was co-transfected into HeLa
cells along with a PiggyBac transposase helper plasmid from
System Biosciences (PB210PA-1) to mediate transposition into
the host genome for stable cellular expression of membrane-
bound HLA-A*02:01 and $32M. Cells were passaged in 1 mg/ml
G418 for selection of stable expression from the cell lines
(Supplementary Figure 1). CellEvent Caspase-3/7 Green
Detection Reagent, CellTrace Far Red, and Sytox Blue Dead Cell
Stain were purchased from Thermo Fisher Scientific.
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FIGURE 1

Artificial Immune Modulation Adoptive Cell Therapy (AIM ACT). (1) Leukapheresis material is collected from a patient with infection (e.g., EBV,
HTLV-1, HPV, and HIV). (2) The CD8* T cells are enriched for using paramagnetic AIM nanoparticles that function as artificial APCs (aAPCs) to
expand CD8™ T cells specific for immunodominant viral antigens. (3) After 14 days expansion, AIM nanoparticles are washed out and the AIM

ACT is ready to be infused into patients.

Enrichment and expansion of T cells

Leukapheresis mononuclear cells from HLA-A*02:01
healthy donors were obtained from commercial vendors.
Donors were not tested for EBV, HTLV-1, or HPV. Cells were
processed according to the NexImmune AIM platform to
produce an ACT, as previously described (14). As previously
described, on day 0, after CD4™ T cell depletion, CD8" T cells
were enriched on a CliniMacs Prodigy (Miltenyi Biotec) using
AIM nanoparticles loaded with the peptides listed in Table 1
(12). The enriched cells were seeded into a G-Rex culture system
(Wilson-Wolf Manufacturing) and expanded for 14 days. The
E+E cells were collected on Day 14 to freeze and store in liquid
nitrogen until further testing.

Cell counting and flow cytometry
analysis

Donor cells were counted with the NucleoCounter NC-200
(Chemometec, Lillerod, Denmark). Dead cells were stained with
Zombie Aqua for 10 min in the dark. Surface staining of cells
was done at 4°C for 10 min with anti-human antibodies in
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PBS supplemented with 2% FBS and 0.01% sodium azide (FACS
Buffer). Cells were then washed once with FACS buffer before
analyzing. For the intracellular cytokine assay, cells were stained
with anti-CD107a overnight during the period of activation.
Then cells were washed once with PBS before staining with
Zombie Aqua (BioLegend, San Diego, CA) and washed again
with FACS buffer before surface staining as described above.
Next cells were fixed and permeabilized with 1X eBiosciences
Fixation/Permeabilization solution. Intracellular staining was
performed with antibodies in 1X eBioscience Permeabilization
Buffer. Cells were then washed twice with FACS Buffer
and analyzed. For the flow-based killing assay, nuclear RFP
expressed endogenously was used to detect tumor cells and
CellTrace Far Red was used to detect PBMCs. Cells were
analyzed on a MacsQuantl0 or MacsQuantl6 flow cytometer
(Miltenyi Biotec). Data was analyzed with FlowLogic software
(Inivai Technologies, Mentone, Australia).

Culturing tumor cell lines and E+E cells
Cell lines were cultured in RPMI supplemented with

10% fetal bovine serum (16140-071), 1 mM sodium pyruvate
(11360070), 1X MEM non-essential amino acids (11140-035),
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TABLE 1 HLA-A2 restricted peptides from viral driven diseases tested
in the AIM ACT system.

Protein |Sequence |Diseases

HTLV-1 | Tax LLF Tax LLFGYPVYV | Adult T-cell
(20) leukemia/Lymphoma
ATL),
HTLV-1 | Tax SFH Tax SFHSLHLLF ( ) X
(19) HTLV-1-associated
myelopathy
HTLV-1|GPP ALL | Pol ALLGEIQWV
(55)
HTLV-1 | GPP SLI Pol SLISHGLPV
(55)
HTLV-1 | GPP FMQ | Gag FMQTIRLAV

(55)

EBV LMP2 CLG | LMP2 CLGGLLTMV | Infectious

(56) mononucleosis, Multiple
sclerosis, chronic active
EBV LMP2 FLY |LMP2 FLYALALLL
7) EBV (CAEBV),
o
lymphoproliferative
EBV BMLF1 BMLF1 GLCTLVAML | disease, certain
(58) malignancies including
EBV  |BRLFI  |BRLFI | YVLDHLIyy | Ymphomasand
carcinomas
(59)
EBV EBNA3 EBNA3 LLDFVREMGV
(60)
EBV LMP1 LMP1 YLQQNWWTL
(61)
HPV-16 | HPV2 E7 YMLDLQPETT | Squamous cell

(62) carcinomas (e.g., head
and neck, cervical, anal,

HPV-16 | HPV21 E6 TIHDIILEC X
penile), warts
(63)
HPV-18 | HPV38 E6 LFVVYRDSI
HPV-18  HPV42 E7 FQQLFLNTL
(64)
N/A SVN1 Human QMFFCFKEL

/BIRC5 | (65)

1X 2-Mercapthoethanol (21985-023), and 1X MEM Vitamin
(11120052). These Gibco cell culture reagents were purchased
from Thermo Fisher Scientific (Waltham, MA). Human PBMCs
or E+E cells were thawed from cryopreservation the day before
in vitro assay testing and allowed to rest overnight in TexMACS
medium (Miltenyi Biotec) with cytokine supplements (14). The
following day, tumor cells, PBMCs, or E+E cells were prepared
in single suspension with fresh media before performing specific
assays as described below.

Intracellular cytokine staining (ICS)
assay
E+E cells were prepared in fresh TexMACS the day

after thawing and 1.0x10° cells/well were seeded into a
96-well round-bottom plate (Corning, Corning, NY). Either
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peptide loaded nanoparticles or phorbol 12-myristate 13-
acetate/Tonomycin in Invitrogens Cell Stimulation Cocktail
(plus protein transport inhibitors, 500X) (Thermo Fisher
Scientific) were used to stimulate cells. Cells alone with
Invitrogen’s eBioscience Protein Transport Inhibitor Cocktail
(Thermo Fisher Scientific) were used as the unstimulated
control and when stimulating cells with peptide loaded
nanoparticles. Cells were fixed, permeabilized, and stained
before analyzing as described above.

In vitro incucyte-based killing assay

Incucyte compatible tumor cell lines expressing red
fluorescence protein (mKate2) were generated by transducing
cells with Incucyte NucLight Red Lentivirus (EFla,
Puromycin) according to manufactures recommendation
(Sartorius). Tumor cells were seeded at 5.0%10° cells
per well in a clear 96-well flat-bottom plates (Corning)
the evening prior to starting a killing assay. The
following day E+E cells were added to wells to achieve
the desired effector to target ratio. For assessment of
antigen-specific killing by E+E cells, A375 tumor cells
were pulsed with an EBV peptide or irrelevant peptide
(10 pg/ml) 2-4 h prior to adding the E+E cells. For
negative controls no E+E cells were added. Phase-contrast
and fluorescent images were taken every 4 h using the
Incucyte S3 (Sartorius). IncuCyte S3 2019A software was
used to analyze images. From each image RFP- puncta
corresponding to tumor cell nuclei were enumerated
and reported as relative cell number normalized to the
starting cell number.

Flow cytometry caspase-3/7-based
killing assay

Autologous donor PBMCs were washed with non-
supplemented RPMI and stained at 37°C for 20 min with
CellTrace Far Red (0.1 pM). After staining, cells were washed
twice with supplemented RPMI. Tumor cells expressing
nuclear RFP were dissociated into single cell suspension
using Accutase solution (STEMCELL Technologies) and
washed with supplemented RPMI. Donor PBMCs or tumor
cells were then added to 96-well round-bottom plates
(Corning) at 5.0%10*. E+E cells were then added to wells
to achieve the indicated E:T ratio. Controls received no
E+E cells. CellEvent Caspase-3/7 Green was added to each
well (250 nM final). After culturing at 37°C for 4-7 h,
SYTOX Blue dead cell stain was added (0.5 wM final) and
plates were incubated in the dark for 5 min before flow
cytometry analysis.
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Calculations and statistical analysis

The percentage of antigen-specific killing in the incucyte
killing assays was calculated as follows:

% Antigen-specific killing

(Mean % tumor cell number in controls
—% tumor cell number with peptide pulsed)

(Mean % tumor cell number in controls)

The percentage of caspase 3/7 positive tumor or autologous
PBMC cells was calculated as follows:

% Caspase 3/7 positive

(% positive with E + E cells

— Mean % positive in controls)

- (100% — Mean % positive in controls)

Statistical difference between groups was tested by either
student T-test or ratio paired T test as indicated using GraphPad
Prism 9 software. Significant difference is reported where
p-values are < 0.5.

Results

HTLV-1 and EBV antigen specificity of
AIM E+E T cells

The list of HLA-A2 restricted EBV, HTLV-1, and HPV
peptides used in the AIM E+E manufacturing system are listed
in Table 1.

Using the AIM E+E system with EBV peptides, the final
expanded T cells included significant numbers of antigen-
specific CD8" T cells to both lytic (BMLF1 and BRLF1) and
latent (LMP1, LMP2, and EBNA3) EBV antigens. Six EBV
peptides from the following proteins LMP2, BMLF1, BRLFI,
EBNA3, and LMP1 were used to generate AIM ACT from
two healthy donors. The estimated frequency of the E+E
CD8" T cells to each EBV peptide ranged from 0.25% to
36.77% (Figure 2A). The total frequency of all cells to the six
EBV peptides was 95.45% for EBV Donor 1 and 69.23% for
EBV Donor 2. Among the E+E cells from both donors, the
frequencies to LMP2 FLY (36.77% and 19.0%), BMLF1 (18.29%
and 15.02%), and BRLF1 (22.6% and 15.95%) were the highest,
whereas the frequency to LMP2 CLG (2.56% and 0.25%) was
relatively low.

Using the AIM E+E system with HTLV-1 peptides, the
summed total frequency of E+E CD8T T cells to all five HTLV-1
peptides was 46.69% for Donor 1 and 17.64% for Donor 2. The
frequency to each antigen ranged from 0 to 34.06% (Figure 2B).
The frequencies to Tax LLF (33.06% and 9.62%), GPP FMQ
(8.55 and 6.56%), and Tax SFH (3.3% and 1.45%) were the
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highest among expanded cells from both donors, whereas CD8™
T cells showed a relatively low frequency to GPP ALL (0.34%
and 0.0%) and GPP SLI (0.44 and 0.01%).

Memory phenotype of AIM E+E T cells

For a T cell ACT to be potent and durable, it will
ideally consist of a heterogeneous population of memory T
cell phenotypes that can combine cytotoxic capacity with
long-term persistence and immunologic memory (12). We
define Memory T cells as those with the phenotype of either
Tem (CD62L~CD45RA ™), Tcm (CD62LTCD45RA ™), or Tscm
(CD62LTCD45RATCD95™).

The AIM platform consistently expanded clinically relevant
numbers of T cells containing greater than 90% Tscm, Tcm,
and Tem cells in 14-days. Figure 3 displays the memory
phenotypes of T cells post-enrichment from leukopaks from two
healthy donors and again on day 14 after expansion using EBV
peptide loaded nanoparticles. The Tem compartment was the
largest subset (58-59%) among the T cells immediately post-
enrichment. After expansion (Day 14), the Tem subset of total
cells was reduced to 30-44% with a shift in phenotype favoring
the Tem subtype from 12-13% to 47-66% of total cells. Tcm
cells are the primary reservoir of proliferating T cells and are
responsible for immunologic memory. Of the expanded total
T cells, expression of CD95 by some CD62LTCD45RAT T
cells showed that 4-5% were Tscm. Both naive T cells (Tn)
and terminally differentiated effector memory T cells expressing
CD45RA (Temra) cells constitute less than 5% of the total T cell
population.

Polyfunctional activity of EBV specific
AIM E+ET cells

EBV-specific AIM ACT cells from two healthy donors
were generated using AIM nanoparticles loaded with the 6
different EBV antigen-peptides described below and in Table 1.
Assessment by intracellular cytokine staining (ICS) showed that
most of the T cells responded to a peptide by expressing Typel
cytokines, IFNy and TNFa, and by displaying surface CD107a
(Figure 4). Although there was T cell specificity to LMP1 (5.47
and 20.07%), upon stimulation with LMP1 loaded nanoparticles
very few cells expressed cytokines. The total percentage of CD8™
T cells that responded to these EBV peptides ranged from 80
to 100%.

Antigen specific cytotoxicity of AIM
E+E cells

Adoptive cell therapies that targets multiple viral antigens
may help to overcome issues that arise from circulating T
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FIGURE 2

The frequency of antigen-specific CD8* T cells among cells enriched and expanded to target HLA-A2 restricted viral peptides. (A) EBV peptides
(6 total) or (B) HTLV-1 peptides (5 total) were used to generate E+E cells from two healthy donors. Reported is the frequency of CD8* T cells
that bind peptide-loaded HLA-A2-1g dimer. Also shown is the total frequency of CD8* T cells to each of the EBV or HTLV-1 peptides. Total

frequency is normalized using an irrelevant peptide, the negative control.

cell heterogeneity between donors and antigenic heterogeneity
of infected cells. This heterogeneous immune response is
illustrated by our observations made from leukopaks from two
health donors. EBV-specific expanded T cells were cocultured
with HLA-A2 positive target cells that were pulsed with one of
the six EBV peptides used for enrichment and expansion. The
expanded T cells from Donor 1 had antigen-specific cytotoxic
activity directed to all six peptides but the cells from Donor 2
were directed to only 4 peptides. The greatest cytotoxic activity
was directed against LMP2 FLY, BLMFI, and BRLF1 (Figure 5).
This corresponds to the same peptides for which the highest
frequencies (Figure 2) and polyfunctional activities (Figure 4)
were observed.

NEXI-003 is an ACT therapy targeting HPV-related cancers.
The HPV-16 and HPV-18 strains are targeted using peptides
from the immunodominant E6 and E7 antigens of these strains
and by adding a fifth peptide from the tumor-associated antigen
Survivin. In Table 2 and Figure 6, the numerical, phenotypic,
and functional characterization of the preclinical runs (n = 4)
for NEXI-003 are summarized. In Supplementary Figures 2, 3,
the gating strategy used to determine the frequencies of
these cell subsets are shown with representative FACS plots.
These expanded cells consisted of highly pure populations of
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CD31/CD4™ T cells, greater than 90% (96.82% = 2.89%). Cells
were 69% =+ 13% CD8™ T cells and these CD8" T cells showed
multi-antigen specificity to these HPV-related cancer antigens
with a total frequency ranging from 17.66% to 56.34%.

Preclinical validation of NEXI-003: An
AIM ACT to treat HPV-related cancer

The mean total memory phenotype of the T cells was 95%
(Figure 6B) which is consistent with what has been observed
with the EBV-antigen expanded AIM ACT (Figure 3), as well as
other AIM ACT against HTLV-1 and various tumor-associated
antigens (Data not shown). An average of 71% of T cells
produce 3-4 functional markers (i.e., CD107a, IL-2, IFNy, and
TNFa) upon non-specific stimulation with PMA/ionomycin
(Figure 6C). The AIM ACT cells consistently showed cytotoxic
activity directed at both HPV-16 and HPV-18 positive HLA-
A2 expressing tumor cells lines (Figures 6D, E). In vitro testing
of the HPV-related cancer specific T cells determined that no
significant cytotoxic activity was directed at autologous PBMCs
(Figure 6F). In Figure 6G, a representative killing assay with
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FIGURE 3
Phenotype of the T cells on day O, before expansion, and on day 14 after enrichment and expansion for EBV antigen specific T cells using the
AIM ACT system. (A,B) Results are shown from two healthy donors. After completion of expansion, T cells from each run were taken for
phenotyping memory cell populations by staining for CD62L vs CD45RA. The naive and stem cell-like memory cells were further distinguished
by CD95 expression. The pie charts show the distribution of memory T cell subsets at day 0 and day 14 of the process. Central memory T cells
(Tem), effector memory T cells (Tem), effector memory T cells re-expressing CD45RA (Temra), stem cell-like memory T cells (Tscm), naive T cell
(Tn).

HPV Donor 2 expanded cells shows sustained cytotoxic activity
in vitro over 72 h.

Discussion

Central to the AIM ACT application and used to
manufacture ACT products for virally driven diseases are
paramagnetic nanoparticles that are designed to display HLA-
Ig dimer molecules loaded with disease relevant peptides (signal
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1) as well as co-stimulatory anti-CD28 antibody (signal 2).
Antigen peptide loaded AIM nanoparticles selectively enrich,
activate, and expand populations of antigen-specific CD8"
T cells from the naive and memory repertoire (15). AIM
nanoparticles were previously shown to elicit T cell responses
to a dominant peptide from CMV, pp65 (NLVPMVATYV) (16).
Ongoing experiments to evaluate AIM nanoparticles loaded
with different viral peptides are focused on EBV, HTLV-1, and
HPV. The intention is to expand this work to other viruses
including HIV.
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FIGURE 4
AIM ACT cells selected on 6 EBV peptides produce a polyfunctional response upon antigen-specific restimulation. Intracellular cytokine staining
was run on EBV antigen-specific E+E cells from 2 healthy donors. Cells were left unstimulated or were restimulated with nanoparticles loaded
with one of the six EBV peptides. Representative plots show the expression of functional markers by CD8* T cells from EBV Donor 2 when (A)
left unstimulated or when (B) stimulated with BRLF1 loaded nanoparticles. The cumulative percentage of CD8* T cells from (C) EBV Donor 1
and (D) EBV Donor 2 that express each functional marker in response to stimulation with peptide loaded nanoparticles. Conditions were run in
duplicate wells.

Most adults have been infected with EBV at some time
during their life. Often adolescent and adult infections result in
mononucleosis. CD8™ T cell responses to both lytic and latent
antigens occur, but at a higher frequency for some lytic antigens
(17, 18). Our results are consistent with previous findings that
show the peptides we tested are immunodominant antigens
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in donors that are likely to have been previously infected
with EBV. Multiple experiments are ongoing to characterize
and compare the final T cells derived from EBV infected
patients with or without EBV-related disorders. HTLV-1 viral
infections are associated with adult T cell leukemia/lymphoma
(ATL) and a progressive neurological disorder known as
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Multi-antigen specific killing by EBV specific E+E cells from 2 healthy donors. A375 target cells were pulsed with peptides (10 ug/ml); one of six
peptides used to enrich and expand T cells, a control HLA-A2-restricted peptide, or no peptide. Then T cells were added to coculture for 72 h at
an effector to target ratio of 10:1. Target cells were enumerated by fluorescent microscopy to identify RFP expressing live A375 cells. (A,B)
Reported is the relative number of tumor cells compared just after adding E+E cells (0 h). (C) Reported is the percentage reduction in tumor cell
number at 72 h compared to when no effector cells were added. Statistical difference was determined by student T test comparing the relative
tumor cell number at 72 h for each condition with when the control peptide was pulsed (p > 0.05 = NS, *p < 0.05). Conditions were run in
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TABLE 2 With the AIM platform a highly pure population of T cells is
consistently generated for NEXI-003.

Donor | Viability | CD3* % | CD8* T |y§ Tcell| CD4~ T

cell % cell %
Donor 1 94.6 96.63 83.86 5.43 95.36
Donor 2 88.6 96.15 60.13 32.89 95.53
Donor 3 88.1 98.48 76.69 15.04 96.29
Donor 4 89.7 99.48 56.34 39.92 99.33

*CD3% %, CD8% T cell %, and CD4™ T cell % from identity staining panel.
*y3 T cells % taken from TCR staining panel.

HTLV-1 associated myelopathy or tropical spastic paraparesis
(HAM/TSP). Developing an AIM ACT against the HTLV-1
virally infected cells is showing promise. The antigen peptide
targets we used have been described and show that peptides from
the Tax 1 protein are immunodominant and predominant to
those of Gag and polymerase (Pol) (19, 20).

The AIM E+E clinical system employed in these
experiments is a two-step closed process that uses the CliniMacs
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Prodigy (Miltenyi) for the enrichment of antigen-specific CD8"
T cells and the GREX culture system for expansion of the
specific CD8™ T cells over a 14 day period (Figure 1). Since the
AIM nanoparticles present only HLA class I restricted peptides
and CD4™" T cells have been found to expand non-specifically
under these culture conditions eventually outgrowing the
antigen-specific CD8% T cells of interest, CD4™ T cells are
initially removed. This also removes potential regulatory T
cells from the culture and therefore from the final product,
which could impact the expansion of the antigen-specific T cells
as well as the functionality of the ACT. In murine models,
regulatory T cells have been shown to restrict CD8" T cell
memory and inhibit tumorigenic immunity elicited by CD8"
and CD37/CD4=CD8™ T cells (21, 22). AIM ACT consist
of > 90% CD3t/CD8% and CD31t/CD4~CD8~ T cells, the
latter being primarily gd T cells. Several recent reviews highlight
the increasing interest in using gd T cells for cancer treatment
and more recently for viral infections (23-26). In our AIM ACT
trials we have confirmed that E+E cells are well tolerated with
no induced graft-vs-host disease (GVHD) or other grade 3-4
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FIGURE 6

In the preclinical validation of NEXIO03, the AIM platform consistently generated high quality cytotoxic T cells for HPV-associated cancer
treatment. Results are reported from four independent runs for the validation of NEXI-003 (n = 4). (A) The percentage of peptide specific
(Dimer+) cells among CD8™" T cells (Mean = StdDev). (B) The memory phenotype of CD8* T cells. (C) The percentage of CD8* T cells that
express 0-4 total functional markers (i.e., CD107a, IL-2, IFNy, and TNFa) upon stimulation with PMA/lonomycin (Mean =+ StdDev). (D—F) The
percentage of live target cells that were caspase-3/7 positive after coculture with E+E cells at a 10:1 E:T ratio. Target cells that were HLA-A2
positive (i.e., CaSki or HelLa-A2) are directly compared to those that were HLA-A2 negative (i.e., SiHa or Hela) or were autologous PBMCs.
Statistical difference tested by ratio paired T test (*p < 0.05). (G) HPV-16™" or HPV-18" HLA-A2 expressing cell lines (i.e., CaSki or HeLa-A2,
respectively) were cultured for 72 h alone or with E+E cells from Donor 2 at E:T ratios of 2.5:1-10:1. Reported is the tumor cell number relative
to the 0 h (Mean &+ SEM; n = 3). Effector cell to target cell ratio (E:T ratio).

adverse events while observing clinical activity and persistence in the clinic with some clinical success (2-4, 6, 7). In a small
of our infused antigen-specific CD8" T cells (27). Different clinical trial with 10 HSCT patients, monocyte-derived DC
methods of generating ACT for viral diseases have been applied expanded allogeneic donor-derived T cells specific to 4 viruses
Frontiers in Medicine frontiersin.org
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were given a median of 63 days post-transplant. No reactivation
of EBV, adenovirus, or varicella zoster virus was observed and
6 of 10 patients showed CMV reactivation (28). Only 1 patient
required additional antiviral therapy after T cell infusion and no
patient died during the 12 months of follow-up (28). Patients
displayed anti-viral immunity against all 4 viruses after infusion.
Also, grade II-IV acute GVHD occurred in 3 of the patients
following T cell infusion. This supports the use of ACT for such
disease treatment and prevention.

While some ex vivo T cell expansion protocols produce large
numbers of T cells, in many cases these cells include more
Temra cells with short-lived clinical potency. It is believed that
terminally differentiated Temra are short-lived and die soon
after transfer and antigen exposure. Temra cells are a significant
proportion of the DC mediated T cell expanded products
and may not be able to control malignancies on a long-term
basis due to lack of persistence (29-31). This was also shown
with an ACT for viral infections. CMV-seropositive HSCT
patients infused with less differentiated CMV-specific memory
T cells were conferred prolonged protection from CMV-
reactivation compared to patients that received more terminally
differentiated memory cells (32). The less differentiated T cell
compartments (i.e., Tscm and Tcm) are capable of self-renewal
and replenish the Tem compartment cells. This is critical for
immunological memory and the persistence of ACT T cells
after infusion (32, 33). These less differentiated subsets of
T cells associated with long-term survival are among the T
cell populations that are enriched and expanded using the
AIM platform. In murine and non-human primate models,
CD8" T cells with a less differentiated memory phenotype
(similar to human Tscm) engraft more efficiently and persist
longer in vivo (33-36). Ichikawa et al. compared cell expansion
systems using anti-CD3/CD28 Dynabeads, autologous DCs, or
AIM nanoparticles to expand MART-1 antigen-specific CD8™
T cells from melanoma patients (14). MART1-specific CD8"
T cells demonstrated higher expansion using DCs and AIM
nanoparticles vs. Dynabeads, approximately 1,000-fold from
pre-enriched numbers. Expansion conditions with Dynabeads
may not have been optimal but may also perform better
when antigen-specific expansion is unnecessary such as with
genetically modified cell therapies, like CAR T cell systems (37).
The percentage of MART-1 specific expanded cells on day 14
was 10-times greater with AIM nanoparticles than either DCs
or Dynabeads. Not only did the AIM nanoparticle provide the
highest antigen-specific cell numbers, but these cells also had a
greater percentage of self-renewing Tscm, longer telomers, and
less terminally differentiated T cells than DC expanded cells
from the same donors. Noteworthy, the resulting phenotype
is the same whether the starting population comes from a
healthy donor or a donor with cancer (14). Similarly, the EBV-
antigen specific cells that are enriched at DO are likely to have a
predominance in memory phenotypes, as compared to antigen-
specific T cells for other AIM ACT indications, because greater
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than 90% of the general population has been exposed to EBV.
These results suggest that previous exposure to a virus may not
detract from the ability to generate AIM ACT with memory
T cells, including Tscm that are functional and capable of
eliminating infected cells.

In addition to therapeutic safety and persistence, a potent
anti-viral response is important to clinical success. The anti-
viral or anti-cancer activity of CD8% T cells is mediated by
a polyfunctional Typel cytokine response (e.g., IL-2, IFNYy,
and TNFa) (38, 39). Autologous IFNy signaling, for example,
increases CD8' T cell numbers and cytotoxic activity (40,
41). In a separate study comparing aAPCs and monocyte-
derived DC expanded viral antigen-specific T cells, aAPC
expanded T cells had a greater percentage of polyfunctional
cells expressing Typel cytokines (42). The T cell polyfunctional
response appeared to be regulated, in part, by the initial
method of expansion. Monocyte-derived DC expanded T
cells showed signs of senescence or exhaustion after multiple
rounds of stimulation whereas cells initially activated with
aAPC sustained their polyfunctional activity. To control latent
virus reemergence, a sustained polyfunctional anti-viral activity
is important for preventing disease recrudescence. The total
frequency of CD8™' T cells with a Typel cytokine response to
these EBV peptides was equivalent to or greater than the total
frequency of EBV peptide-specific cells estimated by multimer
staining. The observation from testing EBV Donor 2 E+E cells
suggests that some antigen-specific cells may not be detected
by peptide loaded multimer staining and that the frequency of
cells to some of these peptides may be higher than reported
in Figure 2. LMP1 specific T cells response to LMP1 loaded
nanoparticles was low. Recognition of peptide: HLA by CD8"
T cells can occur without inducing a strong functional response
and activation during expansion can lead to exhaustion. The
identification of clinically relevant CD8™ T cells targeting LMP1
as well as ACT specific to LMP1 has proven difficult (17,
18). LMP1 remains a promising clinical target because of its
expression alongside LMP2, for which we observed strong
functional responses from T cells, in tumors without EBV lytic
proteins expressed, such as type II latency tumors. In patients
with EBV-associated tumors that received an ACT of LMP1/2-
specific CD8+ T cell, 28 of 29 patients receiving this ACT as an
adjuvant therapy remained in remission at a median of 3.1 years
after CTL infusion and of 21 patients with relapsed or resistant
disease at the time of CTL infusion, 11 had complete responses
(43). Further characterization of the T cell responses to LMP1
and LMP2 by ELISPOT analysis showed that many patients had
fewer T cells respond to LMP1 than LMP2 and that the response
to LMP1 often waned relatively quickly after infusion.

Two AIM ACT clinical trials are ongoing, and the clinical
trial for HPV-related Head and Neck cancer will initiate
by year’s end. Chronic infection from oncogenic viruses is
estimated to contribute to 10% of cancers globally (44, 45). Of
the oncogenic viruses, HPV accounts for 4.6-5.2% of cancer,
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with HPV-16 and HPV-18 being the most prevalent strains
associated with cancers of the cervical, vulva, vagina, penis,
anus, and oropharynx. Although vaccines are highly effective
at preventing disease, HPV-related cancers have low cure rates
and relapsed patients have a poor prognosis (44, 46). The E6
and E7 oncogenic proteins of HPV are ubiquitously expressed
in tumor cells and as such are ideal targets for ACT. In current
therapeutic vaccination and immunotherapeutic strategies E6
and E7 are the primary target antigens (47, 48). A study looking
at predictive markers of cervical cancer concluded Survivin was
strongly correlated with HPV cervical cancer (49). The overall
cytotoxic activity of E+E cells directed at HPV-positive HLA-A2
expressing cell lines did not appear to be correlated to the y8
T cell percentages. Unlike for AIM ACT, y3 T cell expansion
protocols often incorporate phosphoantigens recognized by
the gammadelta T cell receptor (TCR) and IL-15 from the
common gamma-chain receptor family (50, 51). Most of the
CD3%/CD4~CD8™ T cells were y8 T cells which have been
shown by others to be clinically safe (23, 24), though potential
contribution to efficacy is unknown. In clinical trials with AIM
ACT for oncological diseases the y8 T cell percentages can
vary, and no adverse impact of y3 cells were observed. Also,
corroborating the safety of the yd T cell in ACT are the results
showing that high y8 T cell percentages did not contribute to
significant autologous PBMC killing (Figure 6F).

The AIM E+E manufacturing system incorporates off-the-
shelf nanoparticle technology capable of producing clinically
relevant numbers of EBV, HTLV-1, and HPV multi-antigen-
specific CD8T T cells from HLA-A*02:01 healthy donor
leukopaks. The consistent quantity and quality of final T cells
produced are sufficient to support dose escalation Phase I trials
for safety and efficacy (cell number data not shown). Multi-
antigen-specific CD8" T cells may be of benefit for treating
viral infections and their complications including autoimmune
diseases and cancers. Work to enrich and expand viral specific
CD8* T cells from infected patients is proceeding.

Exploiting the AIM platform E+E system also enables
of
peptides for other viral diseases. Four HPV peptides for
NEXI-003 were selected from the initial list of 44 HLA-
A2 restricted peptides in under 2 months (52). Each
peptide was tested using the AIM E+E screening system

high-throughput screening and selection relevant

and evaluated based on the ability to enrich and expand
HPV-specific CD8" T cells that can recognize and kill
HPV-antigen expressing target cells. These findings for EBV,
HTLV-1, and HPV and the previous findings described
highlight the potential for using the AIM platform to
develop immunotherapies for other viral infections. The
flexibility offered by the AIM platform enables substitution
of peptides with other viral protein targets and neo-
antigens. As a function of the platforms flexibility there
is the ability for an individualized immunotherapy that
is adapted to a patients specific antigen heterogeneity,
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including a shift in antigen expression over time because of
immune pressure.

The AIM platform allows for two types of therapies
using AIM nanoparticles: adoptive cell therapy (ACT) and
direct injectable therapy (INJ) (Supplementary Figure 4).
Due to their long-lived and self-renewing phenotype, once
infused into patients these cells (i.e., NEXI-001 and NEXI-
002) were found to expand, persist, and traffic to the
site of disease. T cell receptor-sequencing (TCR-Seq) with
a lower limit of detection of ~1 in 1 x 10° cells was
performed on the T cell products and patient samples
before and after lymphodepletion and ACT. The results
confirmed that the T cell product contained many dominant
T cell clones that were not detected in the patients’ blood
at baseline but rapidly expended and persisted after ACT.
In addition, multimer staining of the T cell product and
patient blood samples after ACT confirmed the presence
and expansion of the multimer positive T cells in vivo.
While the AIM ACT system expands T cells for infusion
ex vivo, the AIM INJ system is being developed for
direct injection into the patient. Vaccination with peptide
pulsed DCs can reconstitute a patient’s anti-viral immunity
and is a promising method to treat viral infections (53,
54). The AIM INJ is an off-the-shelf therapy that is
designed to directly engage the T cells while bypassing host
DC’s that may be compromised in the face of disease.
The INJ nanoparticle delivers simultaneous signaling that
enables precise engagement, activation, and expansion of
effector CD8" T cells to kill infected cells and eliminate
acute disease, while providing a memory response for
sustained clinical protection. We are currently creating
new AIM nanoparticles that incorporate other HLA class
I subtypes including *A01, *A03, *All, *A24, and *B7,
allowing for the targeting of a broader patient population.
In summary, AIM technology represents a new scalable and
cost-effective therapeutic platform that has the potential to
cure viral diseases.
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Background: Immunocompromised patients are susceptible to high-risk
opportunistic infections and malignant diseases. Most antiviral and antifungal
drugs are quite toxic, relatively ineffective, and induce resistance in the long
term. The transfer of pathogen-specific Cytotoxic T-Lymphocytes has shown a
minimal toxicity profile and effectiveness in treating Cytomegalovirus, Adenovirus,
Epstein - Barr virus, BK Virus and Aspergillus infections, but this therapy have the
main limitations of regulatory issues, high cost, and absence of public cell banks.
However, CD45RA™ cells containing pathogen-specific memory T-cells involve a
less complex manufacturing and regulatory process and are cheaper, feasible, safe,
and potentially effective.

Methods: We present preliminary data from six immunocompromised patients: four
who had severe infectious diseases and two who had EBV lymphoproliferative
disease. All of them underwent multiple safe familial CD45RA™ T-cell infusions as
adoptive passive cell therapy, containing Cytomegalovirus, Epstein - Barr virus, BK
virus, and Aspergillus-specific memory T-cells. We also present the method for
selecting the best donors for CD45RA™ cells in each case and the procedure to
isolate and store these cells.

Results: The infusions were safe, there was no case of graft-versus host disease,
and they showed a clear clinical benefit. The patients treated for BK virus nephritis,
Cytomegalovirus encephalitis, Cytomegalovirus reactivation, and disseminated
invasive aspergillosis experienced pathogen clearance, complete resolution of
symptoms in 4-6 weeks and a lymphocyte increase in 3 of 4 cases after 3-4 months.
Donor T cell transient microchimerism was detected in one patient. The two patients
treated for EBV lymphoproliferative disease underwent chemotherapy and several
infusions of CD45RA™ memory T-cells containing EBV cytotoxic lymphocytes.
Donor T-cell microchimerism was observed in both patients. The viremia cleared
in one of the patients, and in the other, despite the viremia not clearing, hepatic
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lymphoproliferative disease remained stable and was ultimately cured with EBV-
specific Cytotoxic T-Lymphocytes.

Conclusion: The use of familial CD45RA™ T-cells containing specific Cytotoxic
T-lymphocytes is a feasible, safe and potential effective approach for treating severe
pathogen infections in immunocompromised patients through a third party donor.
Furthermore, this approach might be of universal use with fewer institutional and

regulatory barriers.

CD45RA™ T cells, adoptive cell therapy (ACT), BK virus (BKV), Epstein-Barr virus (EBV),
Cytomegalovirus (HCMV), Aspergillus, mDLI

1. Introduction

Advances in supportive care continue to improve the outcomes of
immunocompromised patients. However, despite the improvements
in achieving early diagnosis, the use of prophylactic therapies
and the establishment of early treatment, infectious diseases
remain a significant cause of morbidity and mortality in patients
with immuno-deficiencies. These immunocompromised patients
are also susceptible to Epstein-Barr virus (EBV) infections or
reactivations, responsible in many cases for the post-transplantation
lymphoproliferative disease (PTLD) (1). These patients are more
susceptible to infection due to lack of pathogen-specific T-cell
immunity, which is essential for resolving several infectious diseases,
especially those caused by viruses (2, 3).

Drug therapies involve costly agents, are associated with side
effects and do not act on the main cause of the severity, latency and
recurrence of the infection, which is the absence or evasion of specific
cellular immunity (4). Cell therapies present a new paradigm in
treating both infectious and tumor diseases. Between approved T-cell
therapies we find Donor Lymphocyte Infusions (DLI) of Cytotoxic
T-Lymphocytes (CTLs) to reestablish the immune system after a
transplant or to treat Severe Combined Immunodeficiencies (5-9).
The infusion of specific CTLs has also been shown effective and safe
in treating refractory infections in immunocompromised patients,
especially those infections caused by Human Cytomegalovirus
(HCMV), Adenovirus (AdV), EBV and BK Virus (BKV) (4, 10,
11). For patients whose donor lacks virus-specific cellular immune
memory, the use of third party CTLs has been shown to have a
safe clinical effect and has been associated with long-term viral
control (10, 12). For these patients, a higher Human Leukocyte
Antigens (HLA)-match has been associated with better systemic
survival of the transferred cells (13). However, the generation of
CTLs is a costly process in both time and resources, requiring highly
skilled manufacturing technologists and the regulation issues can be
struggling (10, 14, 15).

A simpler and cheaper alternative to the use of CTLs is the
mDLI (memory donor lymphocyte infusion) of CD45RA™ T cells.
The CD45RA™ fraction is supposed to cause lethal graft-versus-
host disease (GvHD), but the mDLI of CD45RA™ depleted cells
has proven to be safe and effective, given that these cells are less
alloreactive. That is because of their lower proportion of naive-
T cells and greater proportion of memory T-cells (5, 7, 15-18).
CD45RA™ cells from a familiar donor or a third-party donor, which
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contains pathogen-specific memory T-cells, can be isolated from the
peripheral blood of a convalescent donor and infused directly into the
patient (6-8, 17, 19, 20).

Here we present a treatment focused on clearing virus and
specific fungus by mDLIs of CD45RA™ cells containing pathogen-
specific memory T-cells from a healthy donor. The objective is
providing and improving the cellular immunity of the patient until
he recovers its own one. This procedure might be effective in any
T-cell mediated infection, above all when immunocompromised
patients present sustained lymphopenia. However, we have tested
it only with viruses HCMV, EBV, BKV, and AdV, and the fungus
Aspergillus, which usually act as opportunistic or latent pathogens
that cause problems in immunocompromised patients, and that are
becoming increasingly resistant to anti-viral or anti-fungal drugs.
With emergent viruses such as SARS-CoV-2, this procedure is being
tested in a clinical trial with promising results (20), so we decided to
extend this procedure to other infectious diseases. We also present
the methodology to detect, isolate and infuse those CD45RA™ cells
containing pathogen-specific memory T-cells in a novel cell therapy,
with major potential for use in all hospitals in the near future.

2. Materials and methods

2.1. Patients characteristics and diseases

We conducted in the University Hospital La Paz a study
with immunosuppressed patients (five children and one adult)
who suffered with refractory and severe infectious disease or
lymphoproliferative disease associated with EBV that did not respond
to classical management. Table 1 lists the patients’ characteristics.
In all cases this therapy was applied when antivirals or antifungals
ineffective and/or organ toxicity. A general scheme of the whole
procedure is represented in Figure 1.

2.2. Donor selection, cell processing, and
detection of specific memory T-cells

The donors were family members in all cases, and the selection
was based on HLA genotype compatibility with the patients after
hematopoietic stem cell transplantation (HSCT) (it should be at least
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TABLE 1 Patient characteristics and pathogen-associated disease.
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Sex Age |Primary Immuno- Lympho- |Infectious |Viral copies | Standard Viral
(years) |disease suppression cytes at |disease or GMN at | therapy and | copies or
therapy time of diagnosis |duration GMN after
infection (copies/l) standard
therapy
(copies/l)
1 F 37 Kidney Prednisone 670/l BKYV nephritis 5.6 x 10° IS minimization, 7.5 x 10°
transplantation Everolimus leflunomide and
Tacrolimus IGs (4 months)
2 M 19 Chronic Methylprednisolone 50/l HCMV 3.69 x 107 in | Foscarnet (7 days), 2.3 x 10°
granulomatous (0.5 mg/kg/d) encephalitis LCR, ganciclovir and
disease and MUD Cyclosporin 4.97 x 10%in | specific HCMV
HSCT serum IGs (parenteral
and intrathecal)
(2 months)
3 M 7 Multivisceral Methylprednisolone 1.310/pl HCMV systemic 1.14 x 10° Ganciclovir < 1,000
transplantation (2 mg/kg/d) infection (2 months),
Sirolimus Foscarnet (1
month) and weekly
1Gs (2.5 months)
4 F 15 CTLA4 Methylprednisolone 870/l Lung 2.99 Micafungin. 0.52
haploinsufficiency 0.4 mg/kg/day disseminated Surgical resection
and MUD HSCT Abatacept invasive (x2).
aspergillosis Voriconazole and
amphotericin B
(2 years).
5 F 12 Multivisceral Methylprednisolone 230/pl Liver EBV PTLD 1.2 x 10° IS minimization, 1.07 x 10°
transplantation 0.3 mg/kg/day Rituximab and
Tacrolimus chemotherapy
Everolimus (2,5 years)
6 F 9 Primary None 340/pl EBV DLBCL 4.09 x 10° Rituximab and 0
Immunodefficiency chemotherapy
(8 months)

BKYV, BK virus; HCMYV, cytomegalovirus; DLBCL, diffuse large B-cell lymphoma; EBV, Epstein Barr virus; HSCT, hematopoietic stem cell transplantation; MUD, match unrelated donor; PTLD,

post-transplant lymphoproliferative disease; GMN, galactomannan; IG, immunoglobulin; IS, immunosuppression.

; » Patient with refractory infection
mRENcandiCats » No responder to conventional treatments

e Partial HLA match
DONOR available?

'« Written consent

INFUSION

1x109 of cells/kg * No side-effects

INFUSIONS
each 2-4 weeks
1x106 to 1x107 cells/kg

EVALUATION

of the patient

FIGURE 1

* CD45RA- cells isolation and storage

-+ If previous GVHD, dose-escalating
1x10%5 - 1x108 > 1x107 cells/kg

Scheme describing the general procedure followed in our center to treat immunocomprimised patients with infectious diseases.

¢ Detection of CD45RA- cells containing pathogen specific memory T- cells

Viral load/GMN levels, lymphocyte
recovery, other clinical parameters
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partial match) and the presence of specific memory T-cells against
the pathogen related to the patients’ disease. These data is included
in Table 2. After providing their informed consent, HLA typing of
the eligible donors was performed at the Community of Madrid
Transfusion Center (Madrid, Spain) on two independent samples by
sequence-specific oligonucleotide and next-generation sequencing.

The assay to check the presence of specific memory T-cells against
a particular pathogen was performed as previously described by
our group with certain modifications (19). Briefly, peripheral blood
mononuclear cells (PBMCs) samples were collected from potential
healthy donors and isolated using density gradient centrifugation
(Ficoll-Paque; GE Healthcare, Chicago, IL, USA). Cells were
resting overnight (O/N) in TexMACS medium (Miltenyi Biotec,
Germany) supplemented with 10% AB serum (Sigma-Aldrich, Saint
Louis, MO, USA) and 1% penicillin/streptomycin (Sigma-Aldrich).
Approximately 1 million cells were then stimulated with specific
peptides at a final concentration of 0.6 nmol/ml. Peptides are small
fragments measuring 8-12 amino acids in length that cover specific
epitopes of the virus. In this case the peptides used were PepTivator®
CMV pp65 (UniProt ID: P06725, Miltenyi Biotec) for HCMV; EBV-
PT consensus premium grade human (Miltenyi Biotec) for EBV;
BKV small T (ST) antigen (UniProt ID: P15000), BKV LT antigen
(UniProtKB Acc. no. P14999), BKV VP1 capsid protein (UniProt
ID: P14996) and BKV VP2 protein (UniProt ID: P14997) for BKV
(Miltenyi Biotec); and PepTivator® AdV Select for AdV, a peptide
pool of different proteins coming from virus serotypes 2 and 5
(Miltenyi Biotec). For Aspergillus fumigatus we used the MACS GMP
Aspergillus fumigatus Lysate 4 mg, (Miltenyi Biotec), with a final
concentration of 1 pg/ml.

To detect specific memory T- cells against BKV, AdV, or
Aspergillus, cells were rested O/N at 37°C in supplemented medium
After 5 h stimulation with pooled peptivators or the Aspergillus
lysate, depending on each case, interferon-gamma (IFN-y) was
caught and labeled (Human IFN-y Secretion Assay-Detection Kit,
Miltenyi Biotec). Basal IFN-y production by PBMCs was included
as a background control in the absence of stimulation. To consider
a sample positive it had to have 0.1% of IFN-y™ cells (0.01% for EBV)
out of the total cells with a minimum of 150,000 events analyzed. In
addition, the sample had to contain at least twice the number of IFN-
¥ cells than in the negative control, as well as positive control based
on plate-bound cells stimulated with mouse anti-human CD3 and co-
stimulated with purified CD28/CD49d. After incubation, cells where
stained using the following fluorochrome-conjugated anti-human
surface antibodies: CD45RA FITC, CD27 APC, CD3 VioGreen, CD4
PECy7, CD8 APC Cy7, L/D 7AAD, and IFN-y PE. Cell acquisition
was then performed using a Navios cytometer (Beckman Coulter),
acquiring a mean of 150,000 cells. To detect specific memory T-
cells against CMV and EBV, same process was performed, but

TABLE 2 Donor characteristics.

10.3389/fmed.2023.1083215

incubation was for 6 h and adding Brefeldin A (Sigma-Aldrich),
and IFN-y production capacity was analyzed by intracellular flow
cytometry staining. The antibodies used were the following: surface
antibodies 7-AAD PC5.5, CD45 KO, CD8 APC-AF700, and CD4
APC-AF750 (Beckman Coulter Inc.), and intracellular marker IFN-
v- PacificBlue (Beckman Coulter). The cell adquisition was made by
DxFlex cytometer (Beckman Coulter). The analysis was performed
using FlowJo 10.7.1 software (FlowJo LLC) in all cases.

2.3. Donor inclusion and CD45RA T-cell
depletion

After confirmation of HLA compatibility and a positive memory
T-cells response against the pathogen of interest, the donors’ clinical
history was reviewed and a physical examination was done. Non-
mobilized apheresis was then performed at the Bone Marrow
Transplantation and Cell Therapy Unit of University Hospital La
Paz (Madrid, Spain) using a CliniMACS Plus cell separation system
(Miltenyi Biotec).

2.4. CD45RA~ T cells infusion

Obtained allogenic CD45RA™ T cells were frozen as previously
described (20) and infused into the patients weekly and then monthly
depending on the cases and the patients’ state. Table 3 includes
number of cell infusions and cells dose administrated in each case.

In cases of leukemia, established doses of 1 x 10° escalating
to 1 x 107 cells/kg are infused. After transplantation, the doses
established for CTLs infusions are very variable, from 1 x 10° to
1 x 10° cells/kg (21). However, beyond the transplantation setting,
there are no established doses for these procedures, but there are a
number of examples that have proven to be safe (20). In this study,
when the patients were at risk of GvHD, the minimum dose infused
was 1 x 10° cells/kg of weight; however, the normal dose was usually
1 x 10° cells/kg. In all cases, subsequent doses were decided based on
the clinical evaluation, polymerase chain reaction (PCR) levels and
immunologic follow-up.

2.5. Lymphocyte reconstitution, viral load
and microchimerism

Lymphocytes levels were measured by a routine hemogram,
and viral load was defined by PCR. Microchimerism analysis
was performed in the Community of Madrid Transfusion Center

Familiar donor, specificity IFN- y+ T cells (%) HLA-matching

Brother (Match)
2 Brother (Mismatch related donor)
3 Mother (Haploidentical)
4 Father (Haploidentical)
5 Father (Haploidentical)
6 Mother (Haploidentical)
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A*24 B*44 B*45 C*02 C*16 DRB1*01 DRB1*10 DQB1*05

1.61 A*03, DRB1*07 DQB1*02

0.62 A*68 B*51 C*15 DRB1*08 DQB1*04

0.28 A*11 C*07 B*49 DRB1*13 DQB1*06

0.17 DRB1*07 DRB1*13 DRB1*02 DRB1*06
0.3 A*24 C*04 B*35 DRB1*11 DQB1*03 DPB1*04
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TABLE 3 Infusion characteristics, response and outcomes after therapy with familial CD45RA™ T cells containing pathogen-specific memory T cells (BAL, Broncho-alveolar lavage; GMN, galactomannan).

Patient

infusions

Number
of

Dose of
infusions

(CD45RA™ T

cells/kg)

Lymphocyte
count before
infusion
(x103/pl)

Best
lymphocyte
count after

infusion
(x103/pl)

Viral copies
or GMN
before
infusion

(copies/l)

Best
response
after
infusion
(copies/l)

Best T cell
donor
chimerism (%)

Concomitant
therapy
during
infusions

Duration of
concomitant
therapy
during
infusion

Outcome

1 14 10 x 107 /kg 0.53 1.12 7.5 x 10° <1,000 0.5-0.25 IS withdrawn. 2 months Alive with
IGs stabilization of
renal function
2 12 5.01 x 10°/kg 0.38 1.44 2.3 x 10° 0 Not performed Ganciclovir/ Ganciclovir/ Alive with
Valganciclovir then Valganciclovir encephalitis
replaced by (6 months). sequelae
Letermovir. Letermovir.
Specific HCMV IGs Specific HCMV IGs
(parenteral and (6 months).
intrathecal).
3 6 5.4 x 10° /kg 0.9 1.46 <1,000 0 Not detected Letermovir and 4 months Died of septic
weekly IGs shock (not
associated with
therapy)
4 11 1.2 x 10°/kg 0.89 1.03 0.52 Serum and BAL Not detected Posaconazole 1 year Alive and
5 x 10°/kg negative GMN Lansky score
1 x 10%/kg 100%
5 10 1.53 x 107/kg 0.02 0.54 1.07 x 10° <3,500 1 Chemotherapy. 1 month Alive in CR after
IS withdrawn. EBV CTLs
IGs
6 6 1 x 107/kg 0.04 0.18 0 0 1, <1 Rituximab. 1 month Alive in CR after
Third line MUD HSCT
chemotherapy.
IGs every 2 weeks
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(Madrid, Spain) as previously described (20). For each donor-
recipient pair, DNA was isolated using the QIAamp Blood Kit
(Qiagen, Germany). The microchimerism analysis was monitored
weekly for 3-4 consecutive weeks, and performed based on detecting
insertion/deletion polymorphism (INDELs) by qPCR technology
(sensitivity 0.01-0.05%). To this end, commercial reagents for
screening of informative alleles (Mentype DIPscreen, Biotype,
Dresden, Germany) and quantitative chimerism analysis (Mentype
DIPquant qPCR, Biotype) were employed. The percentage of
donor alleles was calculated based on the DDCt qPCR method
using Chimerism Monitor 2.1 software (Biotype), with b-globin as
the reference gene.

3. Results

3.1. Detection of pathogen-specific
CD45RA™ memory T-cells

Potential donors for adoptive cell therapy were tested to check
their response against different pathogens, namely HCMV, AdV, EBV,
BKV, and Aspergillus. The presence of CD45RA™ memory T cells
responsive to all pathogens was detected in all donors (Figure 2).
The donors therefore underwent apheresis and subsequent infusions
to patients were performed. However, the infection was resolving in
patient with AdV; thus, cells were stored for future use. This detection
process is effective and could be an accepted and extended diagnostic
procedure in the near future.

3.2. Adoptive cell therapy with CD45RA™
cells containing pathogen-specific
memory T-cells to treat infectious
diseases

Four of the six patients included in this study had severe
refractory infections that where not responding to classical therapies.
An adoptive cell therapy with CD45RA™ T cells containing
pathogen-specific memory T cells therefore appeared as the best
treatment option. The four cases are described below. Table 3
presents a summary of the response and treatment outcomes with
familial CD45RA™ T cells.

3.2.1. BKV nephritis (patient 1)

The first patient was a 37-year-old woman who underwent a
kidney transplantation due to chronic kidney failure secondary to
focal and segmental glomerulonephritis. The patient was prescribed
rejection prophylaxis (prednisone, tacrolimus and everolimus), and
as a result she developed lymphopenia, with lymphocytes counts of
670/ul. Approximately 9 months after transplantation, and despite
changing the medication, the patient showed a progressive worsening
of the renal function and a rise of both creatinine levels and plasmatic
BKYV copies. The patient was therefore diagnosed with BKV nephritis.

Given the situation, and after an ineffective immunosuppression-
therapy reduction, Leflunomide plus intravenous immunoglobulins
(IGs) were suggested. For 4 months the patient was not improving,
so cell therapy in combination with standard therapy was suggested.
One of the patients’ brother had identical HLA and 0.4% of CD3"
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cells that were IFN-y™ (Table 2 and Figure 2). Thus, weekly infusions
of 1 x 107 cells/kg of CD45RA™ T donors’ cells started. A week
after first infusion, T-cell donor chimerism was 0.5% and after the
second infusion it was 0.25%. Then it was undetectable. A month
later, the patient showed stable kidney function and viral replication
dropped to the minimum. After 2 months, lymphocyte counts
increased (Figure 3); therefore IGs were suspended and infusions
were performed every 2 weeks for 4 months and then monthly until
the present. The patient is currently undergoing monthly infusions,
and there are no signs of worsening renal function while the viral
replication continued under control, with rising lymphocytes levels.
The infusion of CD45RA~ T-cells showed no side effects, and there
was no GvHD. The total duration of the treatment remains uncertain.

3.2.2. HCMV encephalitis (patient 2)

Patient 2, a 19-year-old man with chronic granulomatous disease
who underwent HSCT from a haploidentical match unrelated donor,
was receiving DLIs every 2 weeks to promote immune reconstitution
in combination with GvHD prophylaxis (methylprednisolone and
cyclosporine). Two months after HSCT patient suffer a HCMV
reactivation, treated with valganciclovir, and 2 months later, the
patient developed an encephalitis caused by HCMV with high viral
copies in blood and cerebrospinal fluid (CSF). At this point the
immune reconstitution was incomplete and his total lymphocyte
count was 50/pl.

To treat HCMV encephalitis correctly, and since valganciclovir
was not effective, patient’s sensitivity to antivirals was tested and he
was sensitive to foscarnet, ganciclovir and cidofovir. Then, patient
received foscarnet and ganciclovir first, suspended because of their
high toxicity, followed by IGs weekly. After 2 weeks ganciclovir was
reintroduced, without side-effects this time, but without any improve
of the patient’s state. After 2 months with a progressive worsening
and with elevated viral copies in blood and CSF, adoptive cell therapy
with CD45RA™ T-cells was indicated. The patient’s brother shared
three HLA alleles and a total of 1.61% of CD3™ cells that were IFN-y™*
against HCMV (Table 2 and Figure 2). Infusions of 5 x 10° cells/kg
of CD45RA™ cells were combined with ganciclovir and IGs. Only
2 weeks after infusion the patient showed progressive neurological
improvement of his symptoms and a decrease of HCMYV viral copies
in CSF. Blood viral copies were undetectable 1 month after the
infusion and CSF viral copies were undetectable 2 months later. The
number of lymphocytes progressively increased and stood at 1,000/l
seven months later (Figure 3). Microchimerism was not performed in
this case.

To date, the patient has been clinically stable without new
neurologic symptoms or reactivation, but dealing with important
sequelae due to HCMV ventricle-encephalitis. He maintains
treatment with letermovir and monthly infusions of CD45RA™ T
cells to accelerate immune reconstitution. The CD45RA™ T-cells
infusions were safe and effective in this patient, showing no side
effects or GvHD and with a decrease of viral load and an increase
in lymphocyte number.

3.2.3. HCMV reactivation (patient 3)

The next patient was a 7-year-old boy with Trichohepatoenteric
Syndrome, who underwent multivisceral transplantation with spleen
preservation at 6 years of age. The patient developed GvHD
with skin and eye involvement 10 months post-transplantation
due to the intestinal graft resident lymphocytes. He therefore
started on methylprednisolone as immunosuppression therapy, and
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FIGURE 2
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peripheral blood mononuclear cells with the mixture of 4 BKV peptides (ST, LT, VP1, VP2), Aspergillus fumigatus Lysate at a final concentration of 1 pg/ml
for Aspergillus; PepTivator® AdV Select for Adenovirus; PepTivator® CMV pp65 for HCMV; and EBV-PT consensus premium grade human for EBV. In all
cases, the cell response was sufficient for use in cell therapy. Donor apheresis was therefore performed, and CD45RA™ T cells were isolated and infused.
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rejection and HCMV prophylaxis (sirolimus and valganciclovir
respectively). However, virus reactivation was detected and he
started on treatment with ganciclovir and intravenous IGs, reduced
immunosuppression dosage and, as the patients GvHD was also
worsening, he initiated treatment with ruxolitinib, resulting in a
decreasing lymphocyte count.

After one month, and despite changing medication several times
(foscarnet for one month and then ganciclovir for another month),
new rise in the viral copies was detected. Patients mother was
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HLA-haploidentical and has 0.62% of CD3™" cells that were IFN-y™
(Table 2 and Figure 2). Thus, the patient started weekly infusions
of donor’s CD45RA™ T cells at a dose of 5 x 10° cells/kg. After
two infusions, the viral copies were undetectable and remained so
throughout the treatment (Figure 3), although microchimerism was
not detected.

A total of 6 infusions were administered, with no side effects and
controlling HCMV infection. However, lymphocyte count did not
improve and GvHD was worsening despite an immunosuppression
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increase. The infusions were therefore suspended in case they were
contributing to the worsening of GvHD, even if this was not suspected
since we were not able to detect even microchimerism from the
mother (all the chimerism detected was from the intestinal graft
donor). Nevertheless, his clinical condition continued progressively
worsening until he finally died of septic shock.

3.2.4. Lung disseminated invasive aspergillosis
(patient 4)

The last patient was a 15-year-old girl with severe combined
immunodeficiency, specifically a cytotoxic T-lymphocyte antigen
4 (CTLA-4) haplo-insufficiency. She underwent HSCT from an
identical match unrelated donor and, despite being under fungal
prophylaxis with micafungin, a high level of galactomannan (GMN)
was detected 8 months after the HSCT. She initiated treatment with
voriconazole and 4 months later, it was changed by amphotericin B
because of an azole resistance. Infection was in that way controlled.

However, as an HSCT complication, the patient developed
steroid-refractory bronchiolitis obliterans syndrome 7 months later,
which required immunosuppression therapy with abatacept. As
a result, GMN levels rose again. In a PET-CT scan invasive
aspergillosis with some lung aspergillomas were detected. The
treatment, consisting in surgery and azoles, controlled the infection.
Same events happened one year later, however, this time GMN
levels remained high, despite the new aspergilloma-removing surgery
and the treatment with voriconazole and with amphotericin B.
A schematic representation of the evolution of the patient is
represented in Supplementary Figure 1. At this point, the HSCT
donor was studied and was found immunologically competent
against Aspergillus (Donor 1, Figure 2), but was not available for
apheresis. Therefore, patients father, who was HLA-haploidentical
and has 0.28% of CD3™ cells that were IFN-y* was chosen as a
donor (Donor 2, Figure 2). Patient get monthly infusions of 1 x 10°
cells/kg CD45RA ™ T-cells combined with posaconazole. Two months
later there was a significant reduction in GMN levels but with a few
rebounds (Figure 3), so the dose was increased to 5 x 10°/kg and the
infusions performed every 2 weeks.

Although in this case, we saw no significant changes in
lymphocyte counts (Figure 3) and no microchimerism was found,
GMN levels remained negative 4 months after the therapy, so the
infusions were changed to monthly with a higher dose of 1 x 10°/kg.
The patient maintains this therapy and is currently clinically stable
with no new rebounds in GMN levels more than one year and a half
after cell therapy start. No side effects were found associated with
the cell infusions, there were no signs of GYHD and we observed an
improvement in the lymphocyte recovery.

3.3. Adoptive cell therapy with CD45RA™ T
cells containing EBV-specific memory T
cells against EBV associated
lymphoproliferative syndromes

Two of the six patients involved in our study experienced PTLD
associated to EBV and were not responding to standard treatments.
The patients therefore required cellular therapy to control the viral
reactivation. The two cases are described below. Table 3 provides
a summary of the response and treatment outcomes with familial
CD45RA™ T-cells.
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3.3.1. PTLD after a multivisceral transplantation
(patient 5)

This patient is a 12-year-old girl with intestinal failure secondary
to postsurgical superior mesenteric vein thrombosis, who underwent
multivisceral transplantation. She developed acute skin GVHD three
months after the transplantation and was treated with high doses of
corticosteroids, ruxolitinib and photopheresis for a month. After that,
the patient get rejection prophylaxis; consequently, she developed
severe lymphopenia, with a total lymphocyte count of 230/l
At that moment, a blood reactivation of EBV was detected, so
immunosuppression was minimized and rituximab was initiated.
After a while, the patient developed a monomorphic PTLD, a
diffuse large B-cell lymphoma (DLBCL). A PET-CT showed supra-
diaphragmatic (cervical, axillary, and pleural effusion) and infra-
diaphragmatic (liver injury and doubtful renal) involvement (stage
III according to Murphy’s classification).

Immunosuppression therapy was minimized, rituximab was
maintained and the patient started chemotherapy following Inter-B-
NHL ritux 2010 protocol in the high-risk group B. She received one
COP cycle and two R-COPADM. There was an initial good response
of the DLBCL to chemotherapy, but viral copies of EBV remained
elevated in serum despite rituximab, and the patients’ lymphocytes
count was still very low.

In this context, patient’s father was studied as potential donor.
He presented a 0.17% of CD3™ IFN-y* cells and he was HLA-
haploidentical, so the patient initiated infusions of 1.53 x 107 cells/kg
of CD45RA™ T-cells twice a week. A 1% of T-cell microchimerism
was detected after the first two infusions and it get undetectable after
that. EBV copies initially decreased, but did not go negative, and the
patient still has lymphopenia (Figure 3). No side effects or GvHD
were observed after infusions.

After 3 months, the patient had a lymphoma in progression in
spite of first-line chemotherapy, and an EBV reactivation without
significant response to rituximab and familial CD45RA™ T-cells.
For this reason, chemotherapy and CD45RA™ T- cells infusions
were suspended, and infusions of specific CTLs against EBV twice
a week started. After two infusions of 5.7 x 107 cells/ml of specific
CTLs, the number of viral copies decreased significantly, lymphocyte
counts improved considerably and the patient showed good clinical
response. After 6 infusions, EBV copies in blood were undetectable,
the patient presented normal lymphocyte counts and a partial
response of PTLD was finally achieved. The treatment with specific
CTLs was then interrupted. To date, 14 months after the end of
treatment, the patient is still clinically stable without signs of disease
progression. No side effects related to the use of CD45RA™ T-cells or
CTLs were observed.

3.3.2. Diffuse large B-cell ymphoma and EBV
infection in a patient with primary
immunodeficiency (patient 6)

The last patient was a 9-year-old girl with a diagnosis of
unaffiliated primary congenital immunodeficiency. She had a history
of primary EBV infection when she was 5 years old, and since then
she maintained persistently positive viral copies in serum.

At 8 years of age, the patient was diagnosed with a DLBCL
(stage IIT according to Murphy’s classification). She started standard
therapy with rituximab and first line chemotherapy (prednisone
and cyclophosphamide). Three months later she started second line
therapy following Inter-B-NHL protocol as high-risk group Cl,
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receiving 2 COPADM cycles and one CYVE. Finally, 2 months later
she received a third line of treatment with a first R-ICE cycle as
rescue therapy. After rescue therapy, EBV copies became negative,
but infusions of CD45RA™ T-cells were performed in order to
prevent future reactivations. Her mother was HLA-haploidentical
and presented 0.3% of CD3™ IFN-y™ T-cells (Table 2 and Figure 2).
First, weekly infusions of 1 x 107 CD45RA~ cells/kg were performed,
without any side effects or GVHD. No microchimerism was detected.
A second R-ICE was administered during the infusions, and no
significant changes in the total lymphocyte count was observed,
probably due to concomitant treatment with chemotherapy. The
patient received a total of 6 infusions with no EBV reactivations,
which allow HSCT. More than one year after the HSCT, the patient is
still at complete remission, with no new EBV reactivation.

4. Discussion

Here we present a treatment focused on the ability to clear various
viruses (HCMV, AdV, BKV, EBV), and the fungi Aspergillus by mDLI
of CD45RA™ cells containing pathogen-specific memory T-cells of
a familial donor. We conducted a study with six patients, children
and adults who were immunosuppressed and who experienced
either an infection or reactivation of different viruses or EBV-
associated lymphoproliferative disease. Given that these patients did
not respond to classical treatments, this therapy provides a new, safe
and effective curative procedure. These mDLIs were used as well in a
preventive way to avoid reactivations, as in patient 6. We present as
well the methodology to detect, isolate and infuse CD45RA™ T cells
in this novel cell therapy.

Cell reconstitution therapies are routinely performed to recover
the immune system after HSCT (5-7, 22), a process that is essential
for patient survival. Cells from the HSCT donor are usually employed
to perform this recovery, but if the donor does not have memory
cells against a specific pathogen, the patient is at risk of infection or
reactivation of a latent virus. Thereby, cell therapy with CD45RA™
T cells appears to be the best option for avoiding and controlling
infections after HSCT. What is more, in immunocompromised
patients who have the same disease and progress with lymphopenia
or lack of memory cells against a specific virus, CD45RA™ T cells
are a life drug alternative to conventional treatments. In many cases,
there are more effective or are the only option when there is a lack
of appropriate drugs. Indeed, more and more resistances to anti-viral
or anti-fungal drugs urge to develop new solutions and treatments
for not only extreme but also common infections in healthy donors
without comorbidities or previous pathologies (23, 24).

Adoptive cell therapy with CD45RA™ T cells is as well
an alternative to CTLs, usually used to treat infections in
immunocompromised patients. Some examples employed to treat the
infections described in this article are the clinical trial by Muftuoglu
et al., for treating multifocal leukoencephalopathy caused by the John
Cunningham Virus (genetically similar to BKV) (10); or the use of
CTLs proposed by Bao et al., to treat HCMV infections in stem cell
transplantation patients (25). However, CTLs need to be isolated,
characterized and expanded in vitro, a costly and lengthy process that
our therapy is not subject to. The therapy that we propose is not
considered an advanced cell therapy and therefore does not require
substantial cell modification, making the process easier and cheaper,
without losing effectiveness.
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One essential factor to consider in our therapy is the presence
of a repertoire of memory lymphocytes with proven antiviral activity
in the donor’s CD45RA™ subpopulation. To confirm that activity
we used the IFN-y production in presence of small peptides or
a lysate that simulate the contact with a real pathogen. Previous
studies by our laboratory reported the presence of SARS-CoV-2-
specific T-cell subpopulations within CD45RA™ memory T cells in
the blood of convalescent donors that infused might clear virally
infected cells and confer T-cell immunity for subsequent reinfections,
representing an off-the-shelf living drug (19, 20). In this study, we are
applying the same technology to treat other infectious diseases, with
visible results.

The other essential factor to take in account when selecting
the best donor is the HLA compatibility, which must be at least
partial to permit TCR/HLA pathogen recognition. CD45RA™ T cells
are mainly CD4™ cells, with a less proportion of CD8" cells. In
the case of HCMV infections, it is known that deficiencies in the
response of class I HLA-restricted CD8V cytotoxic T lymphocytes are
important in the pathogenesis of the disease in immunocompromised
recipients of allogeneic transplants (26). However, in the two HCMV
patients that were infused in this study, a clearance of the virus
was achieved. Therefore, we can obtain a good response despite
the less proportion of CD8™ cells in our product. Moving on, EBV
presentation is mediated by HLA-class II alleles before the latent
phase of the infection; CD4™ T cells recognize particles presented by
MHC-class II in the surface of infected B lymphocytes and eliminate
them. In later stages of the infection, HLA class I alleles are the ones
that induce a strong specific cytotoxic CD8 + T cell response (27).
Therefore, CD45RA™ T cells might be more effective in early stages
of the infection or when there is not an active infection. On the
contrary, CTLs infusions would be more effective when the infection
is spread, as we observed in our study patients. Indeed, patient 5
needed CTLs infusions to contain the infection, while in patient
6, who was receiving the infusions in a prophylactic manner, the
CD45RA™ T-cells were effective avoiding viral load increase. It is
true that CTLs are more effective, but they are also more alloreactive,
what increases the risk of having GVHD or tissue inflammation. On
the other side, BKV immunity is associated with a multifunctional
population of CD4 + T cells with both T-helper and T-cytotoxic
properties (28). That might be the reason why CD45RA™ T cells
infusion in patient 1 was completely effective. Finally, immunology of
Aspergillus is complex and not completely defined, but T regulatory
cells (which were contained in CD45RA™ T-cells infused to the
patient 4) might have a crucial role in the responses against this
pathogen (29, 30).

In this study we performed weekly and monthly mDLI of
CD45RA™ T cells to patients who had HCMV, BKV, EBV, and
Aspergillus infections that progressed with lymphopenia and who did
not respond to standard therapies. We observed improvement in the
general symptoms for a number of the patients, as well as increased
lymphocyte counts and reduced viral and GMP loads, sometimes
to zero. When performed, microchimerism between donors and
patients cells was observed after the first and second infusion, and
then it was undetectable, coinciding with the reduction of viral loads
and the increase of lymphocyte counts. Therefore, when autologous
lymphocytes get recovered, donors lymphocytes are reduced to
minimum and are not detected. None of the patients experienced
adverse effects due to infusions or GvHD reactions, and the infusions
did not interfere with the treatments the patients were undergoing
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for other diseases. Thereby, this therapy can be combined with other
procedures like HSCT, CTLs infusions, and different antiviral and
antifungal drugs.

However, this study has some limitations. A larger patient cohort
would be useful for studying specific reactions and characteristics
of the infections. Obtaining more information and follow up of the
patients would be of use; for example, more data on microchimerism,
or donor’s CD45RA™ T cells function and interactions in the
patient is essential for future research. Also a study of how immune
lymphocyte reconstitution develops and a phenotyping of the
different immune system cells subsets would be very interesting for
future approaches Finally, as we propose, the possibility of generating
a biobank of living drugs accessible to all patients will be useful for
providing this treatment to those who might need it.

In conclusion, after this study we can affirm that the
use of familial multiple CD45RA™ T cells containing specific
memory T-cells of a third-party donor is a feasible, safe and
potential effective approach for treating severe pathogenic diseases
in immunocompromised patients non-responders to antiviral
treatments or with side effects due to their toxicity. This therapy
provides and improves the cellular immunity of the patient until
he recovers its own one and protects from opportunistic infections.
Furthermore, this approach might be of universal use with fewer
institutional and regulatory barriers, since Good Manufacturing
Practices are not required.
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Typhoid fever, a common enteric disease in Pakistan, caused by Salmonella typhi,
is becoming an extended drug-resistant organism and is preventable through
the typhoid conjugate vaccine (TCV). Public adherence to preventive measures is
influenced by knowledge and attitude toward the vaccine. This study investigates
the knowledge, attitudes, and practices of the general population of Pakistan
toward TCV. The differences in mean scores and factors associated with typhoid
conjugate vaccine knowledge, attitudes, and practices were investigated. A total
of 918 responses were received with a mean age of 25.949.6, 51% were women,
and 59.6% had graduation-level education. The majority of them responded
that vaccines prevent illness (85.3%) and decrease mortality and disability
(92.6%), and typhoid could be prevented by vaccination (86.7%). In total, 77.7 and
80.8% considered TCV safe and effective, respectively. Of 389 participants with
children, 53.47% had vaccinated children, according to the extended program
on immunization (EPI). Higher family income has a higher odds ratio (OR) for
willingness toward booster dose of TCV [crude odds ratio (COR)=4.920, p—value
<0.01; adjusted odds ratio (aOR)=2.853, value of p <0.001], and negative attitude
regarding the protective effect of TCV has less willingness toward the booster
dose with statistical significance (COR=0.388, value of p=0.017; aOR=0.198, value
of p=0.011). The general population of Pakistan had a good level of knowledge
about the benefits of TCV, and attitude and practices are in favor of the usage of
TCV. However, a few religious misconceptions are prevalent in public requiring
the efforts to overcome them to promote the usage of vaccines to prevent the
disease and antibiotic resistance.

typhoid fever, enteric fever, extended drug resistance, willingness, booster dose
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Introduction

Typhoid fever is a systemic infection characterized by fever,
vomiting, and diarrhea caused by Salmonella typhi (S. typhi) (1, 2).
The disease is transmitted by consuming fecal-contaminated water
and food (3). Annually, typhoid affects 11 to 20 million people with
128,000 to 161,000 deaths worldwide.! Underprivileged communities
and children are at higher risk for typhoid fever (4). Children younger
than 5years of age had the highest rates of morbidity and mortality
(12.6% of cases and 17% of deaths), followed by children aged 5 to
9years (56% of cases and 59% of deaths). Typhoid fever is also a
common disease in Pakistan, affecting 451.7 people per 100,000 each
year (5). The improvements in sanitary infrastructure significantly
control enteric fever in developed countries. The misusage of
antibiotics in lower-middle-income countries (LMICs) for the
treatment of S. typhi is growing antibiotic resistance, raising danger
to global public health (1, 6). The mortality rate due to S. typhi had
also increased, attributing to antibiotic resistance. S. typhi strains
resistant to antibiotics such as chloramphenicol, ampicillin,
trimethoprim-sulfamethoxazole, fluoroquinolones, and third-
generation cephalosporin are labeled as extended drug-resistant
(XDR) (7).

Pakistan had one of the highest rates of typhoid cases in South
Asia. The rising level of antibiotic resistance in the country is raising
global fear. The dire state of the sewage and water system along with
low vaccination rates, non-compliance to treatment, and overcrowding
are the major elements contributing to the spread of XDR typhoid
within Pakistan (8). Furthermore, in 2016, XDR typhoid outbreak
occurred in Sindh, Pakistan (9). The prevalence of positive cultures of
S. paratyphi A raised from 0.2% in 2017 to 0.3% in 2018, then up to
0.9% in 2019 and increasing the prevalence of XDR typhoid fever
across the country, indicating spread outside Sindh (9). Without active
and effective measures, the preexisting and increased burden of XDR
typhoid is expected to worsen, given the strain coronavirus disease
2019 (COVID-19) is putting on the healthcare system (10, 11). The
prevalence of diseases, disabilities, and deaths has been significantly
reduced because of vaccination (12).

Vaccines prevent 4-5 million people from dying from fatal
diseases each year (13). Numerous success stories against polio,
tetanus, influenza, hepatitis B, diphtheria, pertussis, measles, mumps,
and rubella (MMR) had been made possible by effective vaccination.
Typhoid vaccination had been proven effective for the prevention and
control of typhoid. Pakistan is the first country to introduce typhoid
conjugate vaccine (TCV) in the extended program on immunization
(EPI) and had vaccinated over 30 million children in the country with
an effectiveness of 95% against protection from typhoid (14). The first
single dose of TCV provides prolonged immunity and is effective and
safe for children between 6 months and 2 years of age (15).

The vaccine coverage gap does, however, exist between nations
and even within a nation (16). The World Health Organization
(WHO) identified vaccine reluctance as one of the threats to global
health (17). Vaccine hesitation had been caused by several factors,
including erroneous safety worries about immunization as a result of
measles, diphtheria, and pertussis outbreaks (12). Influential religious
and political figures and false religious beliefs greatly influenced
vaccine refusal (18, 19). Personal or philosophical convictions, such
as the idea that a healthy lifestyle will prevent sickness or that active
immunity obtained after natural infection is superior to that acquired
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by vaccination, are other factors contributing to vaccination refusal
(20) (Figures 1-3).

The vaccination rates of Pakistans population are below the
required levels worldwide (21). The vaccination rates for Bacillus
Calmette-Guérin (BCG), polio combined with DPT (Diptheria,
Pertussis, and Tetanus), and measles are each stated to be at 80, 65, and
67%, respectively (21). This is a result of logistical challenges,
inadequately qualified medical staff, inadequate parental education
and awareness, and political, religious, and commercial influences on
the promotion of vaccine products (21-23). Education and vaccines
are the most powerful tools, proven to be valuable, against preventable
diseases (24, 25). Previously, in Pakistan, the literature had been
published regarding awareness and attitudes toward TCV involving a
specific and localized population (26). We are conducting this study
among the general population of Pakistan to assess the knowledge,
attitude, and practices regarding TCV and willingness toward the
booster dose of TCV.

Materials and methods
Study design and study setting

A cross-sectional, web-based study was conducted among the
general population of Pakistan, involving participants from all
provinces, from 15 October 2021 to 30 November 2021.

Ethical considerations

Participation in this study was completely voluntary. Before
beginning the survey, each participant provided informed consent and
was given the option to withdraw from the study at any time before
submitting their response. The anonymity of the participants was
assured by not collecting any personal information such as name,
email, or any other contact information. The review committee of Pir
Abdul Qadir Shah Jeelani Institute of Medical Sciences, Gambat,
Pakistan, with reference number: IRB/22/13, approved ethical
approval for the study. Furthermore, the STROBE checklist is followed
to report this study.

Sample size

The population of Pakistan is 227.3 million with a median age of
23.2years and 51.5 and 48.5% being men and women, respectively,
with the literacy rate of 62.3% (27, 28). The online Rao soft calculator
[n="T ((N-1)E’+x)] was used to calculate the sample size of the
study (29). A minimum sample size of 846 was calculated with a 98%
confidence interval, 50% proportion of the population, and 4% margin
of error. A total of 918 responses were included with a 96%
response rate.

Data collection

A Google® form was used to collect the responses through a
convenient sampling method. The questionnaire link was circulated
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among friends and contacts in multiple social media groups such as
WhatsApp and Facebook. Individuals were unable to understand the
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language of the survey, and non-Pakistani nationals were excluded
from the study.

Questionnaire designing

The questionnaire was designed after a substantial literature
review (12, 16, 24, 30, 31). It was validated by medical education and
public health experts. To assess the relevancy and simplicity of the
questionnaire, a pilot study was conducted with 40 individuals from
the target population. The questionnaire was comprised of
demographic information and questions about knowledge, attitude,
and practices regarding TCV. The sociodemographic characteristics
include age, gender, education, occupation, residence, marital and
employment status, monthly family income, and the number of
household individuals. The knowledge section was comprised of
action, benefits, availability, cost, source of information, side effects
of TCV, and awareness about the TCV vaccination program
conducted by the Government of Pakistan. The attitude assessed
participants’ beliefs about safety, efficacy, recommendation, and
need for TCV for children. Furthermore, attitudes regarding
religious beliefs toward vaccines were also inquired. Regarding
practices of TCV, vaccination of own child, to comply with the
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booster dose, and family restrictions regarding vaccine

were inquired.

Statistical analysis

The statistical package for social sciences (SPSS) version 21 (IBM)
was used for data analysis. Mean and standard deviation were used to
present the numerical variables, and for categorical data, frequencies
and percentages were used. Depending upon the nature of the
variables, inferential analysis was applied. Univariate and multivariate
logistic regression analyses of sociodemographic, knowledge, and
attitude with willingness for a booster dose of TCV were conducted,
and a value of p of <0.05 was considered significant.

Results
Sample characteristics

A total of 918 responses were received with a response rate of 96%.
The mean age and number of family members were 25.9+9.6 and
5.9+3.7, respectively. Regarding sociodemographic information, 51%
(468) were women, 25.7% (236) were married, and 39.5% (363) were
employed. Among the majority of the people, 82.7% (759) belonged
to urban areas, 59.6% (547) had graduation-level education, and
60.2% (533) had a monthly family income of more than 50,000 PKR
(Table 1).

Assessment of knowledge in the
participants

The majority of the people (783) responded that vaccine is used to
prevent illness (85.3%), 834 (90.8%) reported that healthy child needs
vaccination, 850 (92.6%) reported that vaccine lowers disability and
mortality, and 796 (86.7%) reported that typhoid could be prevented
by vaccination. In total, 54.2% (498) were aware of TCV, and 52.1%
(478) of TCV vaccination programs conducted by the Government of
Pakistan. Mass media [35.1% (322)] and healthcare workers [16.2%
(149)] were major sources of information. Regarding side effects, fever
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TABLE 1 General characteristics and demographics of the study
participants (n=918).

Variables Characteristics Frequency/
percentage
Age (in years) Mean (SD) 25.9 (9.6)
Gender Female 468 (51.0%)
Male 450 (49.0%)
Marital status Unmarried 682 (74.3%)
Married 236 (25.7%)
Residence Rural 159 (17.3%)
Urban 759 (82.7%)
Monthly family income < 25,000 162 (17.6%)

(PKR)

25,000-50,000 203 (22.1%)

> 50,000 553 (60.2%)
Level of education No formal education 25 (2.7%)
Primary up to Matric 68 (7.4%)

Secondary/Intermediate 191 (20.8%)

Graduate 547 (59.6%)
Post-graduation 87 (9.5%)
Number of household Mean (SD) 5.9(3.7)
members
Employment status Unemployed 555 (60.5%)
Employed 363 (39.5%)

Occupation Healthcare workers 253 (27.6%)

Others/No occupation 665 (72.4%)

PKR, Pakistani Rupee; SD, standard deviation.

[462 (50.3%)] and injection site pain and swelling [453 (49.3%)] were
considered the most common reactions to TCV (Table 2).

Assessment of the attitude of participants

In total, 77.7% (713) and 80.8% (742) considered TCV safe and
effective, respectively, and 91.8% (843) were in favor of vaccination
programs designed by healthcare authorities. In total, 92.3% (847)
would advise TCV to family and friends, 617 (67.2%) would strongly
recommend others to vaccinate their children, and 53.3% (489)
followed expert advice for TCV vaccination. Only 21.6% (198) had
fear about TCV, and 13.1% (120) considered it a conspiracy theory
against Pakistan; however, 623 (67.9%) believed that it may contain
contents forbidden by Islamic law (Table 3).

Assessment of practices of participants

Only 389 (42%) participants had children, and 208 (22.7%) had
vaccinated their children according to EPI including TCV. In total,
763 (83.1%) would comply with the booster dose, and 829 (90.3%)
had family restrictions regarding vaccination. The majority would
consult with the doctor for side effects of vaccination [533 (58.1%)],
the missed dose of TCV [842 (91.7%)], and the next vaccination [845
(92.0%)] (Table 4).
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TABLE 2 Knowledge about typhoid as a disease and vaccination of the study participants (n=918).

Variables

What do you think vaccination do?

Characteristics

Frequency (%)

1 do not know 45 (4.9%)
It’s just an injection 22 (2.4%)
It’s used to cure disease 68 (7.4%)

Prevent illness

783 (85.3%)

Do you know that even healthy child needs No 84 (9.2%)

vaccination? Yes 834 (90.8%)
Do you know vaccination decreases the rates of mortality and No 68 (7.4%)

disabilities? Yes 850 (92.6%)
Do you know typhoid could be prevented by No 122 (13.3%)
vaccination? Yes 796 (86.7%)
Do you know about Typhoid Conjugate No 420 (45.8%)
Vaccine? Yes 498 (54.2%)

Do you know that the government of Pakistan had started typhoid = No

440 (47.9%)

vaccination in different districts of Pakistan? Yes

478 (52.1%)

How did you come to know about typhoid vaccination?

Doctors and Nurses

149 (16.2%)

Friends And Relatives

139 (15.1%)

Mass Media (TV/Newspaper)

322 (35.1%)

Personal knowledge

126 (13.7%)

1 do not know

182 (19.8%)

Do you know which age group children should get typhoid 0-5years

335 (36.5%)

AT
vaccination? 5-13years

246 (26.8%)

More than 13 years

98 (10.7%)

I do not know

239 (26.0%)

What do you know about booster dose?

Given to cover missed dose

71 (7.7%)

Gives more protection

667 (72.7%)

I do not know

180 (19.6%)

Is typhoid vaccine available free in Pakistan or patient bear its

Patient bear its price

208 (22.7%)

price? Typhoid vaccine available free in Pakistan 498 (54.2%)
1 do not know 212 (23.1%)

What side effects does TCV have? Fever 462 (50.3%)
Lightheadedness 187 (20.4%)
Nausea 173 (18.8%)
Vomiting 102 (11.1%)
Fainting 41 (4.5%)

Pain and swelling at injection site

453 (49.3%)

None

35 (3.8%)

I do not know

478 (52.1%)

TV, Television; TCV, Typhoid Conjugate Vaccine.

Regression analysis of factors associated
with willingness for a booster dose of
typhoid vaccine

Being married has a significant association with willingness for a

booster dose of TCV [crude odds ratio (COR)=0.285, value of
p <0.001; adjusted odds ratio (aOR)=0.562, value of p =0.038].

Frontiers in Public Health

Participants with a monthly family income of more than 50,000 PKR
have higher OR than those with lower income (COR =4.920, value of
p <0.01; aOR =2.853, value of p <0.001). Based on univariate and
multivariate analyses, a negative attitude regarding the protective
effect of TCV has less willingness toward the booster dose with
statistical significance (COR=0.388, value of p=0.017; aOR=0.198,
value of p=0.011) (Table 5).
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TABLE 3 Attitude of the study participants toward typhoid vaccination (n=918).

Variables Characteristics Frequency (%)
Are you in favor of obligatory vaccination No 75 (8.2%)
programs designed by the health authorities? Yes 843 (91.8%)
Will you advice your relatives and family No 71 (7.7%)
members to immunize their children? Yes 847 (92.3%)
Do you believe that typhoid conjugate vaccine is safe? No 36 (3.9%)

Yes 713 (77.7%)

1 do not know 169 (18.4%)

Do you believe that typhoid conjugate vaccine is effective for prevention of = No

34 (3.7%)

typhoid fever? Yes

742 (80.8%)

1 do not know

142 (15.5%)

Will you recommend vaccine to other children?

Discourage taking vaccine

31 (3.4%)

Only if they ask

142 (15.5%)

Strongly recommend

617 (67.2%)

No comments

128 (13.9%)

Will you vaccinate the child if he/she is already sick? No 536 (58.4%)
Yes 382 (41.6%)
Do you have any fears about this vaccination? No 720 (78.4%)
Yes 198 (21.6%)
What encourages you to get the child vaccinated with Typhoid Conjugate Advertisements 28 (3.1%)
Vaccine? Expert Advice 489 (53.3%)
Government Provides Vaccination 274 (29.8%)
Self-experience 98 (10.7%)
Will not vaccinate my child 29 (3.2%)
Would you support it if it is added in Govt. vaccination program? No 62 (6.8%)
Yes 856 (93.2%)
Do you think it is an international conspiracy against Pakistani children? No 798 (86.9%)
Yes 120 (13.1%)
Do you think it may contain contents forbidden by Islamic law? No 199 (21.7%)
Yes 623 (67.9%)
I do not know 96 (10.5%)
Discussion Mass media (35.1%) and doctors and nurses (16.1%) followed by

Typhoid conjugate vaccine (TCV) had been proven effective in
reducing the burden of S. typhi-induced morbidity and mortality,
especially in regions with XDR S. typhi. The routine TCV vaccination
prevents antimicrobial resistance and misusage of antibiotics. This
study assessed the knowledge, attitude, and practices of the general
population of Pakistan regarding TCV. In total, 85.3% of our study
population responded that vaccines prevent illnesses consistent with
the study by Sankar et al. that 91.86% responded as vaccines provide
prevention against illnesses (30). Only 54.2% of participants were
aware of TCV being lower than the study by Hanif et al. as 75% of the
sample population knew about TCV in Sindh, Pakistan (21). It can
be attributed to the possibility that Hanif et al. had conducted the
study in the vicinity of the vaccination center having the probability
of raising consciousness and awareness about the vaccines.
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friends and relatives are the major sources of information for TCV
while Debnath et al. had reported that healthcare workers (39.2%),
mass media (25.6%), and relatives (12.8%) are the sources of
knowledge for vaccines and vaccine-preventable diseases (31).
Humans are now living in the era of mass and social media, and
people depend on technological services even for basic daily needs
making it the major source of information (23, 32). Social media
campaigns had been proven effective in promoting awareness about
health information such as their appeal, broad coverage, rapid
provision, and cost-effectiveness (33).

The majority of the participants have a positive attitude toward
TCV, as it was considered safe and effective by 77.7 and 80.8%,
respectively. Memon et al. depicted that 75.7 and 87% believed that
TCV is safe and effective, respectively (26). However, participants
responded that TCV may contain contents forbidden by Islamic
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TABLE 4 Practice of study participants toward typhoid vaccination (n=918).

10.3389/fpubh.2023.1151936

Variables Characteristics Frequency
Have you given your children the obligatory vaccines including typhoid No 69 (7.5%)
vaccine?

Yes

208 (22.7%)

Given vaccines other than typhoid

112 (12.2%)

I have no children

529 (57.6%)

Was the vaccine from Government Campaign or taken privately?

Government Campaign

262 (28.5%)

Privately 87 (9.5%)
Not vaccinated 34 (3.7%)
Not applicable 535 (58.3%)
Would you comply with a booster dose? No 155 (16.9%)
Yes 763 (83.1%)
Do you have family restrictions regarding this vaccine? No 89 (9.7%)
Yes 829 (90.3%)
What side effects you think it has?* Fever 462 (50.3%)
Lightheadedness 187 (20.4%)
Nausea 173 (18.8%)
Vomiting 102 (11.1%)
Fainting 41 (4.5%)

Pain and swelling at injection site

453 (49.3%)

None

35(3.8%)

I do not know

478 (52.1%)

What would you do if the child experience any of the side effect following

Believe that vaccination is working

115 (12.5%)

vaccination?

Consult a doctor

533 (58.1%)

Give fever medication at home

197 (21.5%)

Stop giving the vaccination

26 (2.8%)

I do not know

187 (20.4%)

Who would you contact if the child missed the dose? Doctor 842 (91.7%)
Nurse 16 (1.7%)
Pharmacist 21 (2.3%)
Family or friends 14 (1.5%)
Handle myself 25 (2.7%)

Who will you contact for next vaccination? Doctor 845 (92.0%)
Nurse 23 (2.5%)
Pharmacist 28 (3.1%)
Family or friends 22 (2.4%)

*This question had multiple options to choose with.

law (67.9%), have fear about the vaccine (21.6%), and is an
international conspiracy against Pakistan (13.1%). Memon et al.
reported that TCV is an international conspiracy against Pakistani
children (73.5%), harmful (24.3%), and may have harmful contents
(11.4%), and 92% would accept the vaccine if their issues and
concerns were answered (26). Previously, religious leaders had
spread the idea that polio vaccination will cause vaccine-induced
infertility. Similarly, for the COVID-19 vaccine, people believed
that it will make the population sterile, or the person getting
vaccinated will die in 2 years (18). Similarly, the assumptions had
been made against the other vaccines as TCV being comprised of
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harmful contents and would have hazardous effects on human
health in the long run.

The advice from an expert (53.3%) and the provision of
vaccination by the government (29.8%) would encourage the
participants to vaccinate the children with TCV. Tahir et al. reported
that the compulsion of vaccination by the government (48.06%) and
the recommendation by the doctor (39.37%) are the reasons leading
to vaccination against COVID-19 (12).

Healthcare workers are the most significant and trustworthy
source of knowledge to the public for disease prevention and
treatment, especially immunization, educating about the benefits of
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TABLE 5 Regression analysis of factors associated with willingness for booster dose of typhoid vaccine.

10.3389/fpubh.2023.1151936

Variables Univariate p-value Multivariate p-value
Gender
Male 1.000 - 1.000 -
Female 1.652 (1.163-2.346) 0.005* 1.132 (0.735-1.744) 0.573
Age groups
<20years (n =199) 3.658 (1.738-7.702) 0.001* 0.875 (0.307-2.497) 0.803
21-30years (n =574) 5.236 (2.624-10.448) <0.001* 1.520 (0.606-3.815) 0.372
31-50years (n =107) 1.434 (0.672-3.063) 0.351 0.968 (0.402-2.331) 0.942
>50years (n =38) 1.000 - 1.000 -
Marital status
Unmarried 1.000 - 1.000 -
Married 0.285 (0.199-0.409) <0.001* 0.562 (0.326-0.969) 0.038*
Residence
Urban 1.000 - 1.000 -
Rural 0.255 (0.173-0.376) <0.001* 0.673 (0.403-1.124) 0.130
Monthly family income (PKR)
< 25,000 1.000 - 1.000 -
25,000-50,000 1.090 (0.694-1.710) 0.709 0.826 (0.496-1.374) 0.461
> 50,000 4.920 (3.138-7.714) <0.001* 2.853 (1.655-4.916) <0.001*
Number of household members
1-2 (n =56) 2.036 (0.874-4.740) 0.099 2.133 (0.850-5.354) 0.107
3-4 (n=195) 1.890 (1.138-3.140) 0.014% 1.414 (0.795-2.516) 0.239
5-6 (n=414) 1.561 (1.050-2.321) 0.028* 1.066 (0.675-1.684) 0.784
>6 (n=253) 1.000 - 1.000 -
Level of Education
No formal education 0.250 (0.099-0.634) 0.003* 0.692 (0.221-2.165) 0.526
Primary up to Matric 0.514 (0.257-1.028) 0.060 1.382 (0.618-3.093) 0.431
Secondary/Intermediate 2.214 (1.154-4.247) 0.017%* 2.013 (0.942-4.305) 0.071
Graduate 2.168 (1.249-3.763) 0.006* 1.370 (0.729-2.576) 0.328
Post-graduation 1.000 - 1.000 -
Employment status
Employed 0.589 (0.416-0.833) 0.003* 1.024 (0.634-1.653) 0.923
Unemployed 1.000 - 1.000 -
Occupation
Healthcare workers 3.635 (2.147-6.155) <0.001* 2.339 (1.314-4.163) 0.004%*
Others/No occupation 1.000 - 1.000 -
Do you know typhoid could be prevented by vaccination?
No 0.146 (0.097-0.222) <0.001* 0.337 (0.196-0.580) <0.001*
Yes 1.000 - 1.000 -
Do you know that Government of Pakistan have started typhoid vaccine drive?
No 0.505 (0.354-0.719) <0.001* 0.667 (0.421-1.056) 0.084
Yes 1.000 - 1.000 -
Do you believe that typhoid conjugate vaccine is safe?
No 0.790 (0.384-1.627) 0.523 1.595 (0.756-3.366) 0.267
Yes 6.707 (4.518-9.957) <0.001* 2.078 (0.571-7.566) 0.220
(Continued)
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TABLE 5 (Continued)

Univariate

Variables

10.3389/fpubh.2023.1151936

Multivariate

1 do not know 1.000

- 1.000 -

Do you believe that typhoid conjugate vaccine is effective for prevention of typhoid fever?

No 0.388 (0.178-0.845) 0.017* 0.198 (0.057-0.688) 0.011*
Yes 6.417 (4.254-9.680) <0.001* 1.379 (0.686-2.771) 0.367
T do not know 1.000 - 1.000 -
Do you have any fears about this vaccination?

No 2.965 (2.045-4.299) <0.001* 1.117 (0.672-1.856) 0.670
Yes 1.000 - 1.000 -
Do you think it is an international conspiracy against Pakistani children?

No 1.000 - 1.000 -
Yes 0.389 (0.252-0.601) <0.001* 0.979 (0.496-1.933) 0.952
Do you think it may contain contents forbidden by Islamic law?

No 6.642 (4.437-9.943) <0.001* 1.988 (1.060-3.728) 0.032%*
Yes 1.469 (0.869-2.484) 0.151 0.968 (0.427-2.196) 0.939
I do not know 1.000 - 1.000 -

PKR, Pakistani Rupee. Significant p-values are denoted by *. The dependent variable compliance with a booster dose of typhoid vaccine has been responded to as ‘Yes.

vaccination, and myths prevalent about the vaccine in society.
Therefore, good communication between HCWs and the general
population would promote vaccination and encourage them to
vaccinate themselves and others in society (26). Majority, would
consult a doctor for the missed dose of vaccine (58.1 %) and for side
effects of vaccine (91.7%), and for the next vaccination (92.0%)
corresponding with Sankar et al. as 70.2 and 29% would contact a
doctor and nurse, respectively, for a missed dose of vaccine (30).

The higher income, education level, and less number of
household members had more willingness for a booster dose of
TCV. The higher income level contributes more to the affordability of
medical treatments and utilizes available health facilities for healthy
living and protection against diseases (34). Similarly, a higher
education level raises awareness and knowledge regarding healthcare
and reduces false beliefs resulting in a positive attitude toward the
prevention and treatment of diseases and a willingness for
vaccination. Older age, higher level of the perceived threat from the
diseases, and positive attitude toward the vaccine are other factors
contributing to the willingness for vaccination (35). The
sociodemographic groups with low levels of education and income
had lower willingness toward vaccination suggesting the modification
in strategies to overcome the social inequalities to provide equal
opportunities to vaccinate (36).

Limitations of the study

This study, however, would have some limitations. First,
convenient sampling was utilized for which there would be chances
of selection bias. It was an online survey, and people with the facility
to the Internet had only participated in the study. Second, this study
would have recall bias. Third, compared to Pakistan’s overall
population, our sample size was more educated, wealthier, and more
urban. Finally, despite the fact that the replies were anonymous
because the study was self-reported, participants may have felt under
pressure to adopt the favorable attitudes and perceptions that were
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socially acceptable. This study calls for additional research focused
on the population residing in rural areas and with low education levels.

Conclusion

The general population of Pakistan had knowledge about the
benefits of vaccination and the role of booster doses but was found to
be lacking regarding the provision of TCV by the government in the
country and its effectiveness against typhoid fever. The attitude and
practices were reported to be in favor of promoting vaccination, but
some false religious and national beliefs are also prevalent demanding
the need to be addressed. People will also comply with the booster
dose of TCV, indicating the awareness of the general population
about the importance of completing a treatment course of vaccine for
disease prevention. Furthermore, healthcare authorities, media, and
government professionals should collaborate to conduct seminars
and campaigns on domestic and national levels and should utilize
electronic and print media to make an effort to address negative
views about immunization and raise awareness about the disease, its
adversities, mode of transmission, and the role of vaccines in the
prevention of diseases and saving human lives.
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Analysis of online user discussions
on Reddit associated with the
transition of use between HIV
PrEP therapy

Hector Godinez!, Qing Xu'?, Tiana J. McMann?3, Jiawei Li! and
Timothy Ken Mackey!23*

1S-3 Research, San Diego, CA, United States, 2Global Health Policy and Data Institute, San Diego, CA,
United States, *Global Health Program, Department of Anthropology, University of California, San Diego,
San Diego, CA, United States

In 2019, the U.S. Food and Drug Administration (FDA) approved emtricitabine
and tenofovir alafenamide (Descovy) as another option for HIV pre-exposure
prophylaxis (PrEP) prevention for high-risk adults and adolescents. With the
introduction of this new PrEP, millions of current users on emtricitabine and
tenofovir disoproxil fumarate (Truvada), another PrEP medication currently used
to prevent HIV transmission, have options of whether to continue their current
treatment regime or transition to new treatment options. The objective of this
study was to conduct a descriptive analysis to characterize user-generated social
media conversations on Reddit associated with FDA-approved PrEP prevention
treatment options. Key themes identified were associated with perceptions,
knowledge, and attitudes associated with the transition of use of different PrEP
medications. Data were collected retrospectively and prospectively from the
Reddit platform for posts with keywords filtered for HIV, PrEP, and FDA-approved
PrEP prevention treatment from October 2020 to December 2020. We chose the
Reddit platform based on prior studies that have identified PrEP user conversations
and insights on access challenges for specific AIDS communities, such as gays
and men who have sex with men (MSM). Reddit posts were then manually
annotated using an inductive content coding approach for key themes regarding
the transition of use and other emergent themes from user-generated content.
Formal coding of text data was conducted with refined codes, and sub-codes
created. A total of 3,120 posts were analyzed from Reddit resulting in 315 posts
that were coded for PrEP and 105 posts (33.33%) specific to user discussions
regarding the transition of PrEP prevention. Overall, users expressed interest in
drug switching to Descovy, particularly in the context of poorer adherence or
concerns about existing side effects associated with Truvada. Other major themes
included discussions about the cost of Descovy, apprehension about side effects
in comparison to Truvada, insurance coverage changes, and discussions about the
donation of Truvada to other users after transitioning. Among these discussions,
topics related to sexual minorities, including MSM, reported concerns when
considering a switch in their HIV prevention regime. Understanding the changing
public perception associated with the introduction of new HIV prevention is
important in the context of market access, patient safety, pharmacovigilance,
and health equity, particularly among high-risk populations such as MSM. Results
support the use of social media from a digital pharmacovigilance perspective to
better understand emerging HIV prevention, treatment, and adherence challenges
experienced by patients.

KEYWORDS

PrEP, HIV/AIDS, drug switching, pharmacovigilance, infoveillance, infodemiology,
minority health, social media
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1. Introduction

In 2020, ~37.7 million people were living with human
immunodeficiency virus (HIV) globally, and as of 2021, over
28.2 million people were accessing anti-retroviral therapy (ART),
representing an increase of more than 20 million people accessing
treatment since 2010 (1). This is in large part due to a large
reduction in anti-retroviral therapy (ART) prices as well as
increases in the availability of treatment options approved for HIV
(2, 3). In addition to ARTS, pre-exposure prophylaxis (PrEP) is a
highly effective medication, that when taken as prescribed, is highly
effective for preventing HIV infection, including for those at risk
through sex or injection drug use (4). Importantly, certain sexual
and gender minorities (SGMs), including men who have sex with
men (MSM) and transgender women, have been disproportionately
impacted by HIV infection and may have different attitudes
toward PrEP therapy that can impact uptake and adherence (5, 6).
Understanding the willingness to use PrEP therapy among these at-
risk SGM populations, including in the context of drug transition
and switching behavior, is critical to reducing HIV incidence.

In 2012, emtricitabine and tenofovir disoproxil fumarate
(brand name Truvada) was approved by the U.S. Food and Drug
Administration (FDA) for use in HIV-negative individuals to
reduce the likelihood of contracting HIV, in addition to its use to
treat active infections (7, 8). Since Truvada’s approval as the first
drug for HIV prevention using pre-exposure prophylaxis (PrEP),
other drugs have also received approval for a PrEP indication in
an oral formulation. In 2019, the FDA approved emtricitabine
and tenofovir alafenamide (brand name Descovy) for PrEP in at-
risk adults and adolescents (9). Truvada is a tenofovir disoproxil
fumarate (TDF), and Descovy is a tenofovir alafenamide (TAF).

Although the chemical composition of these therapies is
different, studies have found both formulations to be non-inferior
to each other (10). Descovy’s approval came with reports that
its safety profile might be more favorable, with early evidence of
fewer side effects compared to other PrEP options. This factor
was considered important, as clinicians cited concerns about side
effects when prescribing PrEP (11). However, evidence to date
does not support that one drug has better safety and efficacy over
the other, with a recent meta-analysis finding a difference in viral
suppression and bone and renal side effects only when using a
boosting agent with TAF (12). Apart from these considerations,
cost and access issues are an ongoing concern as these drugs lacked
generic treatment options at certain periods of time (e.g., the FDA
approved a generic version of Truvada in June 2017) (9, 13).
Hence, the potential benefits of increased competition and patent
expiry have also been discussed and anticipated (13). Additionally,
medical mistrust among SGMs and other minority populations
regarding the effectiveness of PrEP may also represent a critical
barrier to uptake and adherence (14-19).

Abbreviations: HIV, Human immunodeficiency virus; PrEP, Pre-exposure
prophylaxis; FDA, The U.S. Food and Drug Administration; MSM, Men have sex
with men; ART, Anti-retroviral therapy; TDF, Tenofovir disoproxil fumarate;
TAF, Tenofovir alafenamide; AIDS, Acquired immunodeficiency syndrome;
LGBTQ, Lesbian, gay, bisexual, transgender, queer; PEP, Post-exposure

prophylaxis; SGM, Sexual and gender minority.

Frontiersin Public Health

10.3389/fpubh.2023.1073813

Despite active conversation about the similarities, differences,
and possible benefits vs. risks of these different FDA-approved PrEP
therapy regimes among the HIV/AIDS community, few studies
have specifically examined perceptions, attitudes, and behaviors
associated with the transition of use for PrEP, though several
studies have been published assessing barriers and facilitators to
PrEP therapy as discussed on social media (20-23). Furthermore,
few studies have examined social media to characterize how
willingness to use PrEP may be impacted by perceptions and
attitudes about drug transitions, particularly among SGMs as a
specific population of interest. This study adds to this growing body
of literature on social media and PrEP by conducting a descriptive
analysis identifying and analyzing Reddit posts specific to users
reporting their lived experiences with transitions of use attitudes
for PrEP prevention therapy, while also examining whether these
conversations included users who discussed issues related to
or specifically self-identified as racial, ethnic, or sexual/gender-
identification minorities (e.g., LGBTQ).

2. Method

2.1. Data collection

We used the programming language Python™ to develop a
custom programming script to collect publicly available posts from
Reddit. Posts were collected from Reddit over a 60-day study
period (13 October 2020-11 December 2020) and allowed us to
collect both retrospective data from posts that occurred prior to
the date of collection and prospective data, posts collected starting
on the date of collection. This data collection method and time
period were chosen as it was deemed sufficient to collect both past
and recent conversations regarding PrEP. Specifically, data were
collected by retrieving posts from search results and sub-Reddits
filtered for common PrEP and HIV-associated keywords including
“HIV; “PrEP “Truvada,” and “Descovy.” These keywords led to
additional associated keywords and hashtags identified in Reddit
conversations relating to HIV prevention and PrEP that were used
for additional data collection. We chose the Reddit platform based
on prior studies that have identified PrEP user conversations and
insights on access challenges for specific AIDS communities, such
as gay and MSM.

2.2. Data analysis

To identify, characterize, and elucidate conversation associated
with the two approved PrEP medications, Truvada and Descovy,
we manually annotated all collected posts. First, we identified all
signal posts. Posts were deemed as “signal” if they were (a) user-
generated (i.e., not posted by organizations or media outlets);
and (b) conversation discussing topics relevant to Truvada and
Descovy accessibility, use and or transition of use, effectiveness,
insurance coverage, and associated barriers. Advertisements of the
drug, public announcements, and posts not related to Truvada
and Descovy were specifically excluded from analysis as the focus
of this study was to identify and characterize user-generated
posts regarding behavior associated with PrEP, and with a specific
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focus on drug transitions, not drug promotion or HIV health
education and promotion. To classify the content of Reddit posts,
a general inductive approach was utilized to code the textual
data for descriptive analysis (24). All identified signal posts were
reviewed by the first author (HG) and notes were taken on general
themes of posts. Formal coding of text data was conducted with
refined codes, and sub-codes were created. A final coded dataset
was reviewed by the second author (QX), and differences in
code definitions and applications were reconciled by the first and
second authors. Inductively derived codes (see Table 1) were then
included in the analysis if they included content discussing the
two FDA-approved PrEP drugs “Truvada” and “Descovy.” A final
coded dataset was reviewed by the first, second, and last authors
(TKM) to assess whether any differences in code definitions and
application occurred with any differences reconciled by consensus
on the correct classification. The first and second authors achieved
high inter-coder reliability for signal coding (kappa = 95.32).
Additionally, the text and metadata (e.g., gay label and rainbow
emoji) of Reddit posts associated with PrEP content that was
relevant to the themes generated for this study were also coded to
determine whether they included comments or discussions related
to SGM issues, or whether users specifically self-identified as gay,
lesbian, or bisexual (sexual minority status) or whether they self-
reported their expression of their gender identity as different from
their sex assigned at birth (gender minority status) (25). A visual
summary of the study methodology used is shown in Figure 1.

3. Results

3.1. Overview

We collected a total of 2,349 unique Reddit posts over the study
period. Descriptive analysis and manual annotation of all collected
posts identified 85 (4.47% or the entire dataset) signal posts. Posts
that did not meet our inclusion criteria for this study but were
nevertheless relevant to PrEP facilitators and barriers included
posts discussing differences between post-exposure prophylaxis
(PEP) and PrEP therapy, confusion regarding PrEP therapy,
experiences regarding healthcare providers’ lack of PrEP knowledge
and training, and comments believing that Descovy advertisements
only targeted certain minority populations were excluded. Based on
the publicly available text in Reddit posts, the largest representation
from a minority group were for members associated with the sexual
minority community (95.29%, n = 81), specifically gay and MSM.
A summary of parent and sub-code book results and corresponding
de-identified examples are reported in Table 1.

3.2. Data analysis

According to our data analysis, all signal posts were categorized
into two main parent-level topics: (i) pre-transition: posts regarding
users who currently take Truvada, users recognizing a new PrEP
medication has been approved, and users sharing or seeking
knowledge regarding the differences between Truvada and Descovy
and (ii) post-transition: sharing the experience of switching from
Truvada to Descovy, or asking questions associated with the
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transition experience. In the context of PrEP drug transition,
all discussions detected concerned a pathway of transition
or switching from Truvada (pre-transition) to Descovy (post-
transition).

Among all signal posts, 62 posts (72.94% of total signal posts)
were classified in the pre-transition parent topic (please see Figure 2
for the visual depiction of themes). We observed four main themes
among these posts: conversations sharing or seeking knowledge
on how to switch from Truvada to Descovy (A-3) that had the
highest number and percentage of posts of all topics (n = 24,
22.86%); followed by topic (A-1) associated with users sharing or
seeking knowledge on potential side effects from Descovy and also
discussing reasons why this influenced their decision of not to
engage in drug transition (n = 15, 17.65%); topic (A-4) included
posts in which users expressed interest in switching to Descovy
because of the purported side effects experienced from Truvada
(n = 12, 28.23%); and topic (A-2) focused on sharing or seeking
insurance coverage information associated with drug switching
to a new PrEP treatment and how this impacted their decision
to transition or not to transition to another PrEP treatment (n
= 11,12.94%).

Among posts classified in post-transition parent topics (n =
23, 27.06%), we also observed four main themes. A major theme
(B-3) that emerged was the discussion of side effect management
after switching to Descovy (n = 11, 12.94%). Another topic (B-
2) included discussions regarding mixing Truvada and Descovy
medications (i.e., primarily focused on questions by users regarding
how they should use (co-use) remaining Truvada medication after
switching to and initiating Descovy) (n = 6, 7.07%). Topic (B-4)
contained posts regarding users seeking information on how they
can donate their remaining Truvada to other people who might
benefit from prevention treatment access (n = 4, 4.71%). A final
sub-topic (B-1) included general discussion of the experience of
switching medications and why users switched to Descovy.

4. Discussion

Our study conducted a descriptive analysis of over 2,000
Reddit posts and found that just under 5% included specific
discussions about transitions of use between Truvada and
Descovy, with the vast majority of these posts originating
from user-generated comments or posts related to SGM issues
or from users self-identifying as members of the LGBTQ
community, specifically gay and MSM populations. Key insights
generated from these discussions include knowledge seeking and
information sharing by users to help navigate decisions about
transitioning to new PrEP therapy (pre-transition) and concerns
that arose after switching from Truvada to Descovy (post-
transition).

Our results add to insights generated by prior studies that
have examined social media for clues regarding barriers and
facilitators associated with PrEP, including specifically among gay
and MSM populations. For example, a 2018 systematic review
examined both peer-review studies and online posts to identify
barriers and facilitators to PrEP among MSM, detecting six
overarching categories that included online sources acting as
facilitators to PrEP uptake and concerns about perceived side
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TABLE 1 Inductive code list and identified sub-codes.

‘ Topic level Code num Description Examples Total ‘
Pre-Switch Level (72.38% of all A-1 Sharing or seeking knowledge “So I got prescribed descovy [sic] today. I haven’t taken it yet. Before I do, I just wanted to get everyone’s thoughts and opinions on it. 15 (17.65%)
signals) regarding potential side effects Should I expect any real side effects [sic] the first few days? I know it is and I feel stupid for asking but it's completely safe right? Thanks” “T

from Descovy and also just started PrEP on Truvada like LAST WEEK [sic] and now Descovy is FDA approved. I pinged my doc if I should switch when my
discussing reasons why this current supply of Truvada is gone and she responded by prescribing Descovy. I'm waiting for her to answer the question of [sic] ‘should I
influenced their decision not to switch now?’. I feel like the lower side effects are great but it’s also [sic] ‘bleeding edge’ for PrEP so I'm not sure how I feel about that. So
engage in drug transition guys who have been on PrEP longer than I have: Are you switching to Descovy?”
A-2 Sharing or seeking insurance “I'want to get on PrEP before I start having condomless sex with my fwb specifically Descovy since it has less [sic] side effects. However, my 11 (12.94%)
coverage information associated insurance company ... told me that I will have a co-pay [sic] around $200 for only a 30-day prescription! What should I do?”
with drug switching to a new
PrEP treatment and why this
impacted their decision to
transition or not to transition to
another PrEP treatment
A-3 Asking for or sharing knowledge | “What are your experiences with truvada and descovy [sic]? Did you tolerate one better? How did you start the conversation with your 24 (22.86%)
on the process of switching doctor? I'd appreciate any advice you can give me.”
medication
A-4 Interest in switching to Descovy “Last night I topped (i almost never have sex) and a guy and the condom broke. I didn’t notice until it was over so I don’t know how long it 12 (28.23%)
after having side effects from was broken for (but the whole thing only lasted like 7 min?)...T went to the doctor to ask about PEP today. She didn’t really seem to know
Truvada what it was (she was a physician’s assistant) and went and called the doctor and came back basically saying sure we'll give it to you. I didn’t
feel really assured by that. I went and got the prescriptions [truvada tivicay (sic)] and took them for the first day so far I feel okay. But I am
really afraid of the potential side effects I keep reading about online. Especially the severe shit like liver/kidney failure. Should I be taking
this given what my situation is?”
Total 62 (72.94%)
Post Switch Level (21.90% of all B-1 Sharing experience and reasons “I had bad long lasting [sic] side effects with Truvada for PreP so I thought I'd make this post to help others with the same experience with 2(2.35%)
signals) for switching from Truvada to Truvada. With Truvada, I had diarrhea and stomach cramping always 30 min after ingestion. Doctors told me to continue the medication
Descovy as it would get better with time. Went on for months and it was the same thing. A week ago, I switched over to Descovy, and it’s been
fantastic compared to Truvada. Only minimal diarrhea for the first 3 days and then nothing. Its [sic] been a week now and I'm not
experiencing any side effects. Doctor [sic] informed me it was most likely due to the fact that the tenofovir in Truvada is absorbed by your
body in lesser doses than the tenofovir in Descovy is which is absorbed [sic] a higher quantity. Whether this is true or not I have no idea. I
just know that I'm experiencing no side effects with Descovy besides the[sic] mild diarrhea the first few days. Hope this helps!”
B-2 Asking for advice on mix using “I've been trying to take both but pure for men says to take it 2 h after or before taking any other medication. What is your advice and does 6 (7.06%)
Truvada and Descovy pure for men lessen the protection and benefits of descovy [sic]”
B-3 Asking for advice on managing “Just started taking descovy [sic] about 2 weeks ago and have been experiencing the worst gas of my life. Has anyone had a similar 11 (12.94%)
side effects experience? Also, any advice on how to manage the side effects would be appreciated.” “Seems like I am having the same side effects with
my Descovy as I did with Truvada (sucks because I switched because of this). Side effects for me are stomach problems and not being able
to put on weight (for me being as thin as I am this is not necessarily a good thing before someone says you should be happy with this
side effect).”
B-4 Asking for advice on donating “My gay GP just switched me from Truvada to Descovy not because I've had any side effects but just because my plan would cover it and if 4 (4.71%)
leftover Truvada Descovy has a lower chance of side effects why not? When he switched me, I told him I'd just refilled my Truvada and he said I'd probably
have to wait until the Truvada ran out to go onto the Descovy. OH NO... He sent in the prescription for Descovy and it was ready at my
pharmacy the next morning. So now I have a sealed original packaging completely untouched 30-day bottle of Truvada that I will not [sic]
ever use. Last I heard these retail for ~$1,800. So, I don’t want to just flush it. I live in Los Angeles so 'm sure there’s someone in need who
could use it! Is there some way I can donate it? Is that even legal? If so, how would I find a place that would take it? If not... any ideas of how
I might be able to get it into the hands of someone in need? It is criminally expensive medication so I don’t just want to throw it away. All
advice welcome PM me if you’re more comfortable.”
Total 23 (27.06%)
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effects (20). A 2021 study specifically examined characteristics
of PrEP-related content on Instagram for Truvada, including
discussion by users about side effects (21). A recent 2022 study
analyzed user perceptions and attitudes toward PrEP across
multiple social media platforms (Twitter, YouTube, Instagram,
Tumblr, and Reddit) and identified specific barriers to PrEP
access including among minority online users (22). Finally,
another 2022 study specifically examined conversations from
Reddit users on PrEP from 2014 to 2019 and identified
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discussions about PrEP initiation and side effects as well as other
themes (23).

Adding to these prior studies that examined social media for
HIV and PrEP topics, this study was able to identify specific
lived experiences regarding transitions of use for PrEP therapy, a
topic subject to possible social stigma as it relates to HIV status,
sexual orientation, and HIV-related risk behavior. However, due
to Reddit’s relative anonymity as an online platform and the
ability to up and downvote content, it appears to be a platform
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(8-1) Sharing experience and reasons for switching from Truvada to Descovy

(A-4) Interest in switch to Descovy after having side effects from Truvada
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(A-1) Asking for or sharing knowledge on possible side effects
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FIGURE 2
Content breakdown into sub-topics.

10

where users may be more willing to discuss stigmatizing topics
(26). Specifically, we observed that Reddit users actively shared
their lived experiences with PrEP to aid in online peer-to-peer
decision-making about the benefits and risks of PrEP therapy,
including in the context of facilitating the transition of use or
initiation of new HIV therapy. Importantly, users who may lack
sufficient information to make informed decisions about PrEP
therapy options may utilize these online communities as primary
health information-seeking sources, even before or in the absence
of consulting with a healthcare professional.

Furthermore, discussion of the impact of perceived side effects
of different PrEP medications was prominent in the drug transition
of use decisions, along with the discussion of access (e.g., insurance
coverage) and cost. An additional consideration not specifically
detected in this study but likely influencing the transition of
use among users was the financial incentives associated with
switching PrEP therapy. Descovy’s regulatory approval for PrEP
therapy occurred in 2019, just over 1 year prior to the generic
availability of Truvada. At its introduction to the market, Descovy
was offered with large commercial discounts which resulted in it
launching at a 12% lower average net price than Truvada (27).
These financial incentives led to changes in PrEP use. Specifically,
within the first 9 months of it entering the market, nearly 30% of
patients switched from Truvada to Descovy (28). In addition to
the initial lower costs, patients may also prefer transitioning from
Truvada to Descovy due to early reports that Descovy was less
toxic and had fewer side effects, despite these claims since being
refuted (10, 29). New themes that emerged from this study also
included questions about the co-use of PrEP therapy and ways to
donate unused medicines to other patients, unique in the context
of examining behaviors associated with the transition of use for
HIV/AIDS drugs.
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Importantly, these findings provide insights that are important
to post-market surveillance and pharmacovigilance efforts
attempting to better understand perceptions of uptake, risk,
and safety for PrEP among a community of predominantly gay
and MSM users at higher risk for HIV. However, this study
may not provide an extensive list of barriers and facilitators to
accessing and adhering to PrEP therapy, as many people who
contemplate HIV prevention or treatment may not openly discuss
the unique complications they experience due to the stigmatization
associated with this topic whether online or offline. Results can
help inform how patients and specific gay and MSM populations
in English-speaking countries experience and react to perceived
adverse events and side effects and how it may impact the HIV care
continuum of initiating, adhering to, and potentially transitioning
between PrEP in preventing transmission (30). Importantly,
the HIV burden remains high among African, Asian, and other
non-English speaking countries. As such, most PrEP users were
reported as residing in Africa in 2020 (31).

Hence, future studies should adopt methodologies used in
this study for non-English language social media posts to
better understand the unique barriers and facilitators in regions
representing the largest HIV burden and greatest PrEP use, while
also examining topics not explored in this study, such as the
targeting of PrEP product advertising or outreach toward specific
SGM populations. Future studies should also further validate
results generated from social media with other sources of patient
experiences (e.g., real-world data, prescribing and reimbursement
information, and electronic health records) and integrate these
novel data sources into a more proactive system of interdisciplinary
pharmacovigilance to ensure better uptake and adherence to PrEP.
In particular, the use of digital mixed methods that combine
social listening approaches with in-depth qualitative data (e.g.,
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focus groups) and robust quantitative data (e.g., surveys) designed
specifically for at-risk SGM populations can better triangulate
insights into PrEP barriers that can inform the development of
future interventions and patient outreach.

5. Limitations

This study is primarily exploratory and descriptive in nature
and has certain limitations. First, we only collected data from
Reddit and limited our analysis to keywords and terms in the
English language. Hence, the findings are not generalizable to all
social media users who discuss transitioning between PrEP therapy,
including those in other countries with higher HIV burdens but
who are underrepresented in the population of Reddit users.
Additionally, this study may represent an underestimate of people’s
experience with PrEP therapy and may not provide an extensive list
of barriers to treatment due to the social stigma associated with HIV
and discussing HIV-related care, including via online communities.
Our collected and analyzed data sample size was also relatively
small, which could lead to sampling bias. Hence, future studies
should expand data collection and analysis approaches to different
phrases and keywords associated with an individual’'s HIV-related
risk behavior to obtain a more representative corpus of social media
conversations and increase the sample size of data that can be
analyzed. In addition, Reddit is a social media platform. There is
a potential bias in using social media data including population
biases, behavioral biases, content biases, and linking biases. Future
studies should consider triangulating results from social listening
approaches used in this study with other data sources (e.g., focus
groups and survey instruments). Future studies should also expand
data collection to additional platforms, languages, and specific
keywords associated with HIV exposure and risk behavior to
generate a more representative corpus of PrEP-related social media
conversations.
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