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Abstract

To gain a comprehensive overview of the landscape of clinical trials for the H;-receptor antagonists (H,R antagonists)
cetirizine, levocetirizine, loratadine, desloratadine, and fexofenadine and their potential use cases in drug repurposing (the
use of well-known drugs outside the scope of the original medical indication), we analyzed trials from clincialtrials.gov
using novel custom-coded software, which itself is also a key emphasis of this paper. To automate data acquisition from
clincialtrials.gov via its API, data processing, and storage, we created custom software by leveraging a variety of open-source
tools. Data were stored in a relational database and annotated facilitating a specially adapted web application. Through the
data analysis, we identified use cases for repurposing and reviewed backgrounds and results in the scientific literature. Even
though we found very few trials with published results for repurpose indications, extended literature research revealed some
prominent use cases: Cetirizine seems promising in mitigating infusion-associated reactions and is also more effective than
placebo in the treatment of androgenetic alopecia. Loratadine may be beneficial in the prophylaxis of G-CSF-related bone
pain. In COVID-19, H,R antagonists may be helpful, but placebo-controlled scientific evidence is needed. For asthma, the
effect of H;R antagonists only seems to be secondary by alleviating allergy symptoms. Our novel method to find potential use
cases for repurposing of H,R antagonists allows for high automation, reduces human error, and was successful in revealing
potential areas of interest. The software could be used for similar research questions and analyses in the future.
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Abbreviations Introduction

AGA  Androgenetic alopecia

API Application programming interface H,-receptor antagonists, such as cetirizine, loratadine, and
CNS Central nervous system fexofenadine, are widely used in the treatment of a variety
DDD  Defined daily dose of allergic conditions, including rhinitis, conjunctivitis, hay
G-CSF  Granulocyte colony-stimulating factor fever, and urticaria. These drugs are well-tolerated, exten-
H,R H, receptor sively tested, and cost-effective. Therefore, H,-receptor
JSON  JavaScript Object Notation (H;R) antagonists are promising candidates for drug
ORM  Object-relational mapping repurposing.

As suggested by the name, H;R antagonists act against
the H; receptor, one of four important G-protein coupled
receptors in the histaminergic system. Histamine itself is
a biogenic amine that functions as a neurotransmitter and
local mediator through the already mentioned H,_, recep-
tors. Being a biogenic amine, histamine is derived from
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The four histamine receptors can be found at different
locations, and they are responsible for various actions. For
H;R antagonists, of course, the H, receptor is of great impor-
tance and is involved in allergic reactions like pruritus, ery-
thema, and edema. Also, behavioral effects and modulation
of immune cells could be observed (Borriello et al. 2017).

Effects on immune cells were also associated with the
H, receptor, which also induces hydrochloric acid secretion
in gastric parietal cells. The H; receptor is mainly involved
in the central nervous system (CNS) for the regulation of
behavior and body temperature and reduction of norepineph-
rine release. Lastly, the H, receptor again plays a role in the
regulation of immune cells and is involved in allergic and
immunologic disorders like asthma (Borriello et al. 2017).

Cetirizine, levocetirizine, loratadine, desloratadine, and
fexofenadine are antihistamines, more precisely, H;R antag-
onists, and therefore inhibit the H, receptor and the effects
its activation has. They are primarily and classically used to
treat allergic conditions, including rhinitis, conjunctivitis,
hay fever, and urticaria (Seifert 2019, p. 96).

H;R antagonists can be divided into the first and second
generation. The first generation of H;R antagonists (e.g.,
diphenhydramine or dimetindene) is relatively unspecific
and, most notably, can pass through the blood—brain barrier
due to their more lipophilic nature. Here, they cause drowsi-
ness and other CNS adverse effects (Seifert 2019, p. 96).

The newer second-generation antagonists can also pass
through the barrier to the CNS; there are, however, trans-
porters that transport these newer compounds back into the
blood away from the CNS and therefore limit the adverse
CNS effects when used within reasonable dosages.

Widely known, cetirizine is a popular over-the-counter
drug to treat allergy symptoms. Levocetirizine is the R-enan-
tiomer of the racemic compound cetirizine. Similarly, lorata-
dine is an alternative to cetirizine, while desloratadine is the
active metabolite of loratadine. Fexofenadine is the active
metabolite of terfenadine. Terfenadine itself is no longer in
use because of potential cardiotoxicity (Panula et al. 2015).

Being well-studied, inexpensive, and widely available,
these second-generation H;R antagonists are promising can-
didates for drug repurposing. “Drug repurposing (also called
drug repositioning, reprofiling, or re-tasking) is a strategy for
identifying new uses for approved or investigational drugs
that are outside the scope of the original medical indica-
tion” (Pushpakom et al. 2019). The advantages are appar-
ent: the potentially repurposed drugs have already been suf-
ficiently tested and found to be safe in preclinical models
and humans. Therefore, the timeframe for development and
the associated costs are significantly reduced. A prominent
example for a repurposed drug is sildenafil. While originally
used in angina pectoris, it was then developed to be used
in treatment of erectile dysfunction through “retrospective
clinical experience” (Pushpakom et al. 2019).
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To gain a comprehensive overview of the state of repur-
posing of the H R antagonists cetirizine, levocetirizine,
loratadine, desloratadine, and fexofenadine, we turned to
clinicaltrials.gov as a starting point to answer the question
which indications are being studied in the context of repur-
posing of H R antagonists and what these findings could
entail for the future of these drugs. Additionally, with regard
to our method, we wanted to evaluate and test our novel
approach of systematical and semi-automated processing
and analysis of data from clinicaltrials.gov using custom-
coded software to see if it is viable and maybe even a trans-
ferable approach for similar analyses.

Methods

Clinicaltrials.gov is the US National Library of Medicine’s
publicly available database for clinical trials and studies
that went online in 2000 and, as of mid-2023, lists over 450
thousand trials. However, it is not only limited to studies
and trials conducted in the USA but also lists studies in over
200 countries. Sponsors and investigators are responsible
for submitting and updating information on their respective
trials, which can then be found by patients and research-
ers alike (https://clinicaltrials.gov/search, last accessed July
3, 2023; https://clinicaltrials.gov/about-site/about-ctg, last
accessed July 3, 2023).

For systematic and convenient access to the data stored by
clinicaltrials.gov, an API is provided in addition to various
export options through the front-end website (the part of the
website that is visible to every user and can be navigated
with a keyboard and mouse visually). AP is the abbreviation
for “application programming interface” (https://classic.clini
caltrials.gov/api/gui, last accessed July 3, 2023).

Those interfaces are common for websites and databases
and provide data access based on structured search terms and
queries. In the case of the clinicaltrials.gov API, results are
then formatted automatically in XML or JSON, which are
very specific notations so that they can easily be processed
by computer programs. We used the JSON (=JavaScript
Object Notation) format because it fits our technologies used
more efficiently. However, it needs to be noted that the data
provided by both formats is identical, and a conversion is
possible.

Figure 1 shows an overview of our method. The following
will explain the steps listed in detail, as well as an overview
from the technical side.

As a first step, we downloaded study data via the API
mentioned above (as of January 2023). Here, the API end-
point “https://clinicaltrials.gov/api/query/study_fields” was
used. This specific endpoint “returns values from selected
API fields for a large set of study records” (https://classic.
clinicaltrials.gov/api/gui/ref/api_urls, last accessed July 3,
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APl access

Search clincialtrials.gov for trials containing (levo)cetirizine,
fexofenadine or (des)loratadin via the official API

S Data processing

Combination of automatic and manual data processing,
annotation and cleaning of the downloaded data with custom
coded software

T

Analysis, compilation of the data with Pandas (Python) and
subsequent visualization with GraphPad Prism

s  REpUrposing?

Which indications do not correspond to the "classic" areas of
application?

e Literature research

What are the results of repurposing studies?

'  Discussion

Which new indication areas are promising? What does that mean
for the future?

Fig.1 This flowchart shows a high-level abstracted overview of our
method

2023). Relevant fields were identified and selected for down-
load, for example:

e NCTId (unique identifier for each study assigned by clini-
caltrials.gov)

e Basic information about the study, e.g., “OfficialTitle,”
“BriefTitle,” “BriefSummary,” “Conditions,” “Gender,”
“MaximumAge,” “MinimumAge”

e Information about study progress and other metadata:
“OverallStatus,” “StartDate,” “CompletionDate,” “Last-
UpdatePostDate,” etc.

A full list of the downloaded fields can be found in the
provided source code in the file “data/api_download.ts”. As
the search expression, “Cetirizine OR Levocetirizine OR
Fexofenadine OR Loratadine OR Desloratadine” was used,
which also includes synonyms or other drug names auto-
matically (e.g., Zyrtec® for cetirizine).

As mentioned, APIs are used to access data via program
code. Therefore, we leveraged custom-coded software to
download and process the study data. Because of the com-
patibility with web technologies, which will become impor-
tant for the next step of manual data annotation, TypeScript
was chosen as the primary programming language.

TypeScript is a language created initially by Microsoft
that builds on top of and extends JavaScript, the program-
ming language which mostly powers websites on the inter-
net. As the name suggests, TypeScript extends JavaScript
with types. To explain in simple terms, a variable is a “con-
tainer” to store data. In JavaScript, a variable can store any-
thing, regardless if it is a text (so-called strings), a number,
or a complex object. While this seems like an advantage at
first, it soon can become too complex and too flexible and is
prone to errors. TypeScript makes it possible to give these

containers specific types and therefore limits the data that
can be assigned (for example, only numbers can be stored
in a given variable) and thus eliminates errors that were pre-
viously easily made in JavaScript (https://www.typescript
lang.org/why-create-typescript, last accessed July 3, 2023).
NodelJS was used to run TypeScript locally on a computer
outside the context of a web browser (https://nodejs.org/, last
accessed July 3, 2023).

For the download, the script “data/api_download.ts” was
created, which essentially downloads study data through the
API with the selected fields and for the search expression
mentioned above and then stores the data locally in a file.
Because of API limitation, the maximum number of studies
that can be downloaded at once is 1000. This, however, is
sufficient for the given search expression because there are
only about 400-500 studies that match the expression of the
H;R antagonists (this can be checked beforehand by using
the normal website of clinicaltrials.gov with the same search
expression).

After downloading, the data needed to be processed,
annotated, and verified before analysis. First, we processed
the data automatically wherever reasonable, again using a
TypeScript script (“data/processing.ts”).

First and foremost, the previously downloaded data was
read from the temporary file storage. These data are then
checked for missing values and whether the format and result
provided by the API are as expected for further processing.

The API returns some fields as an array (a list of val-
ues), even though there is only one element in the list (like
the NCTId). These arrays are flattened and replaced by the
single value.

For these fields, some values need to be processed further,
like the ages and dates, because they have inconsistent for-
matting by default. Some ages are provided in months, most
in years; the dates sometimes miss the day and only include
month and year. For these cases, transformer functions were
created which detect these irregularities and return data with
uniform formatting.

As an example, the “ageTransformer” (data/processing.
ts, 11. 60ff) will be explained in detail to provide a high-level
overview.

Figure 2 shows the code of the ageTransformer functions
that expects a list of text as an input (“arr: string[],” line
1). This is because the API returns the age as a list of text,
for example (“11 Years”) or (“6 Months”). On the second
line, the first list item is extracted. If it exists (otherwise, it
would be “null”), it is transformed to lowercase letters (l.
4). Tt is checked if the age is provided in months (l. 5) or in
years (I. 8). Regardless of the unit, the number is extracted
via a so-called regular expression (l. 6, all characters which
are not a number are being deleted or rather replaced by an
empty string). If the age was provided in months, the result
is divided by 12 to get the age in years (1. 7).
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Fig.2 The “ageTransformer”
function formats a given array
of strings returned by the clini-
caltrials.gov API as a uniform
date string so it can be used
later in the analysis

export const ageTransformer = (arr: stringl[]l)
let age = returnFirstOrNull(arr)
if (age !'= null) {
age = age.
if (age.
let num = age.

()
("month")) {
(AN, )

return parseInt(num) / 12;

} else if (age.
let num = age.

("year")) {
CAYEy *™)a

return parseInt(num);

b
b

The dateTransformer function works similarly, format-
ting the data uniformly by setting the day to the first of the
month if it is not provided and returning the date as a string
of “YYYY-MM-DD,” e.g., “2000-08-06 for the 6th of
August 2000.

After processing single values, data fields containing a
list of values, like conditions (MeSH terms) or locations, are
scanned for unique values. This aims to eliminate duplicate
data in the next step when transferring the data for perma-
nent storage to a database. After finding the unique values,
each value is assigned a unique id (just a number increased
by 1 for each new term).

As a last step, the processed data are stored in a Post-
greSQL database (https://www.postgresql.org/, last accessed
July 3, 2023) through a translations layer called Prisma
(https://www.prisma.io, last accessed July 3, 2023) which is
an ORM specifically developed for the use with TypeScript.
ORM is the abbreviation for “object-relational mapping,”
which is necessary when transferring data from TypeScript,
which works with objects, to a relational database, like Post-
greSQL, which works more like a collection of connected
Excel tables. Here, data are stored in rows and columns, and
relations between data entries are established via ids and
references, which is another reason why the unique values
of list fields had to be extracted and assigned individual ids.

By leveraging SQL queries, the study data can be filtered,
connections (so-called unions) can be made, or database
entries can be modified.

Manual annotation and verification are necessary after
these steps of automatic data processing and storage. To
make this step as seamless and easy as possible, a custom
web application was created (we called “StudyEdit,” Fig. 3)
that uses the same technologies already described but with
bidirectional dataflow.

The now populated PostgreSQL database is again con-
nected through Prisma ORM to a local API run with Type-
Script, which can be accessed through a web frontend that
makes it easy to view the clinicaltrials.gov website for
the study on the right-hand side and to be able to edit and
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return null;
b

annotate the data on the left-hand side. The data editor is
custom-tailored to the data points and annotations of inter-
est. Also, “quality of life shortcuts” are integrated, like a
button to search for study results on the internet, should they
not have been provided by the study authors. The front-end
was built with Next]S, which uses React]S, and tRPC is used
for connectivity.

For manual data annotation, each study was assigned
additional fields. A value for the field “drug name” was
added manually based on the H;R antagonist(s) used in
the trial. Because the API results contained all studies for
every H;R antagonist of interest, an automatic association
was not possible. Furthermore, even earlier methods of
data downloading did not result in reliable assignment of
drug names (represented by the field legacy search term;
here, we downloaded data individually per H;R antagonist
on our list). Wherever there were multiple H;R antago-
nists included in the respective study, the “drug name”
was chosen by individual consideration and, if no clear
preference could be found, by the order they appeared
in the study. However, these additional H;R antagonists
were also noted in the field, but grouping and categori-
zation in the analysis were done with regard to the first
drug name.

A use case was also assigned manually based on the
role of the H|R antagonist in the study. This use case
did not necessarily match the primary condition of the
study. For example, in a study about multiple sclerosis,
an HR antagonist might have only been used in the
treatment of infusion-associated reaction, which was
consecutively assigned as the use case and not multiple
sclerosis.

Additionally, the role of the H;R antagonist in the study
was matched into one of the following categories:

e Combination: H;R antagonist is combined with some
other form of treatment.

e Comparison: H|R antagonist is compared to some other
drugs or forms of treatment.
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Fig.3 Web application for manual annotation with quick filter (1), link shortcuts (2), and simultaneous view of the study’s webpage (3). It can
be accessed via a regular web browser (here, Safari on macOS) but is only available in the local network and not via the internet

e Control: H|R antagonist is a control drug and not an
aspect of focus in the study.

e Main: H;R antagonist is the main focus of the study.

e Minimal: H,R antagonist has a very minimal role in the
study.

e Not included: H;R antagonists are not included in the
study (sometimes names of people also matched syno-
nyms of search terms).

¢ Premedication: H;R antagonist is used as a premedica-
tion and not evaluated further.

e Rescue medication: H;R antagonist is used as a rescue
medication.

Furthermore, a checkmark in the web interface could
be selected if the study fell into the general direction of
repurposing. In a second step, where not provided by study
authors, we tried to find publications of study results through
PubMed and Google for those studies marked as repurpos-
ing. All these annotations were directly written to the data-
base again, so it provided the only and single source of truth
for the data.

After manual annotation, an analysis was conducted of
the general study data using Python, another programming
language. Here, the Pandas library (https://pandas.pydata.

org/, last accessed July 22, 2023) was leveraged, which is
built specially for data analysis.

Data were imported from the PostgreSQL database into
memory in a pandas dataframe, and pivot tables were cre-
ated using the built-in functions “pivot_table” and “cross-
tab.” These transformed data were then saved as a CSV
file temporarily for import into GraphPad Prism for visu-
alization. Alternatively, a (preview) visualization is also
available in the corresponding Jupyter notebook using
Matplotlib.

Lastly, it is most notable that all this processing,
apart from visualization with GraphPad Prism, could
be performed for free using open-source tools and soft-
ware. A summary of the most important open-source
tools we used can be seen in Table 1. In addition to
those tools listed, we also used smaller tools and librar-
ies with specific tasks like HTTP requests (axios) or
plotting data (Matplotlib) separately from GraphPad
Prism.

Our source code is available on GitHub at https://
github.com/T-Specht/h1ra-repurpose/.

Additionally, an instructional video for the basic instal-
lation and usage of the software and its components can be
accessed at the link above.
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Table 1 Selection of the important open-source programming languages, tools, and software used as building blocks to create our custom soft-

ware
Name Link General use case What we used it for
TypeScript https://www.typescriptlang.org/ Programming language (extended version of Scripts for data download and processing,
JavaScript introduced by Microsoft) building web application
NodelS https://nodejs.org/ JavaScript runtime to use it outside the Running TypeScript scripts
context of a web browser
PostgreSQL https://www.postgresql.org/ Relational database for data storage Storing data after download and processing
Prisma https://www.prisma.io/ ORM system (object relational mapping) Writing data to the database after down-
for TypeScript for easy access to data loading and processing, reading, and writ-
stored in a relational database ing data through the web application
React]S https://react.dev/ Library to create user interfaces for the web Web application user interface

NextJS (T3 Stack) https://nextjs.org/

https://create.t3.gg/

Frameworks that incorporate ReactJS for
the creation of full stack (=front and back

‘Web application for study annotation and
viewing

end) web applications

Python
Pandas

https://www.python.org/
https://pandas.pydata.org/

Programming language
Data analysis library for Python

Data analysis, export to CSV
Data analysis, especially pivot tables

Results and discussion
Dataset analysis
To gain more insight into the general state of research

for the H;R antagonists of interest, we first conducted a
general analysis of the metadata of all studies we found.

Figure 4 shows the number of studies grouped by the drug
name. For each drug, there are between 70 (levocetirizine)
and 104 (cetirizine) studies that matched our search expres-
sion, the most for cetirizine. As already mentioned, it was
not always possible to assign only one drug to the study;
therefore, only the first drug name listed is considered in
Fig. 4. Apart from the categories “main,” “comparison,” and

number of studies for each drug

110

100

90—

80—

70

60—

50

number of studies

404

30

20

10

fexofenadine
drug

cetirizine desloratadine

Fig.4 The absolute number of studies grouped by drug name
with color-coded drug roles, which were assigned manually. This
is the only chart in which all drug roles, including “minimal,” “not
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included,” or “rescue medication” are visualized. In every other chart,
the mentioned categories were excluded
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“combination,” there were quite a few studies in which the
H;R antagonists of interest were not included at all. This
was most notably the case with fexofenadine, where this
phenomenon could be the case because of the trade name
“allegra” which came up in the study as the name of some
person involved.

To limit the following figures to relevant studies only,
studies in which the previously described drug role was
assigned as “minimal,” “not included,” or “rescue medica-
tion” were excluded.

Figure 5 shows the timeline of studies by study start date.
Unsurprisingly, there are very few studies that started before
2000, as clinical-trials.gov went online that year. Since 2002,
about 10 to 30 new studies started per year, with a subtle
downward trend towards 2022. Because the first data was
downloaded at the end of 2022, it is obvious that there are a
smaller number of studies for 2023 and 2024.

Comparing the start dates with the dates the study was
first posted on clinicaltrials.gov, we found that there were
significant differences illustrated in Fig. 6. Plotting the first
posted date in a similar manner to Fig. 5 (refer to Supple-
ment Fig. 1), we found a peak in 2008. Upon closer investi-
gation, the number of studies posted on clinical trials with
different years for the date of first post and study start date
peaked in 2008. Of course, sometimes these differences are
negligible, for example, if study posting and start are around
the end or start of the year but having a look at the average
number of years between those two dates, one can clearly
see a trend here as well from 2006 to 2013. The difference
in years peaks in 2009 at 6.1 years.

Literature research revealed the 7th revision of the Dec-
laration of Helsinki and the Food and Drug Administration
Amendments Act (FDAAA) of 2007 as possible factors for
this phenomenon (https://classic.clinicaltrials.gov/ct2/about-
site/history, last accessed July 11, 2023).

The Declaration of Helsinki was first devised in 1964
to establish ethical guidelines and principles for medical
research involving humans. In 2008, the 7th revision added
§19 “Every clinical trial must be registered in a publicly
accessible database before recruitment of the first subject,”
and thus potentially promoting trials (post)registration in
conjunction with stricter publication guidelines regarding
trial registration by other parties (Krleza-Jeri¢ and Lemmens
2009).

Earlier, in 2007 US Congress passed the Food and Drug
Administration Amendments Act of 2007 with Sect. 801
which required stricter and more extensive trial registration
in many cases and also included penalties for noncompliance
(Food and Drug Administration Amendments Act of 2007
2007; https://classic.clinicaltrials.gov/ct2/about-site/history,
last accessed July 11, 2023). It is plausible that trials were
post-registered after the trial start date to comply with these
new rules and legislations.

Next, we visualized the study status, which is assigned by
the study authors in Fig. 7. It is evident that the majority of
studies are “completed” (represented in blue); however, as
we see later, this is not necessarily the case for the studies
which are relevant for the topic of repurposing. Apart from
active studies with various statuses (active, not recruiting,
enrolling by invitation, not yet recruiting, recruiting), there

timeline of trials by study start date

50—

N w H
o o o
1 1 1

number of clinical trials

-
o
1

Il loratadine
I levocetirizine
[ fexofenadine
I desloratadine
3 cetirizine

o

1995 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 20122013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
year (trial start date)

Fig.5 This chart shows the absolute number of studies grouped by year based on the study start date field, color-coded by drug name. Also, refer
Supplement Fig. 1 for the same graph, but based on the date, the study was first posted on clinicaltrials.gov
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timeline of trials with posting lag
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E fields first posted and start date —10
S 30+ (left y-axis)
£ 3
© o
% @
3 20
2
£ —5
=3
c
10

2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2022
year

Fig.6 This chart shows the absolute number of clinical trials on the x-axis are based on the first posted year. On the right y-axis, the aver-
left y-axis, which had different years for the study start date and the age difference in years between the two dates for a given year on the
date the study was first posted on clinicaltrials.gov. The years on the x-axis is depicted

status

b 3 Active, not recruiting
E Completed

[ Enrolling by invitation
- = Not yet recruiting

7 Il Recruiting

Il Suspended

- I Terminated

k Il Unknown status

) [ Withdrawn

ratio

cetirizine desloratadine fexofenadine levocetirizine loratadine
drug

Fig.7 This chart shows the distribution of study status grouped by the drug name. For each drug, the distribution of categories was calculated
individually as a ratio between 0 and 1

are also quite a few studies that have been terminated (before Looking at the age groups in Fig. 8, we find that over 50%
completion, represented in dark green) or have a status of  of studies are adult-only studies (red and purple), whereas
“unknown” (represented in brown). This means that the  only about 5 to 20% of studies are limited to children only
study has “passed its completion date and the status has not ~ (green). Mostly, these studies include safety evaluations or
been last verified within the past 2 years.” (https://clinicaltr  evaluations of taste, form of delivery, or preference between
ials.gov/study-basics/glossary, last accessed July 9, 2023). products. As children, clinicaltrials.gov defines ages 0-17
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Fig. 8 This chart shows the distribution of age groups eligible for participation in a study grouped by the drug name. For each drug, the distribu-
tion was calculated individually as a ratio between 0 and 1. Groups: child (0-17), adult (18-64), older adult (65 +)

and 18-64 are classified as adults and everyone 65 + counts
as an older adult (https://clinicaltrials.gov/study-basics/gloss
ary, last accessed July 9, 2023).

Furthermore, analysis and visualization (refer to Sup-
plement Fig. 2) of the sex eligible to participate in a study
revealed that male- or female-only studies are far less com-
mon than studies for all. In 90-95% of studies, both female
and male candidates are eligible (of course, other eligibility
criteria are neglected). Female-only studies were the least
common, between 0 and 2%.

Moreover, we attempted to visualize the assigned use
cases for the H;R antagonists in conjunction with the infor-
mation on whether these studies were interesting for further
investigation regarding repurposing.

As depicted in Fig. 9, there were a lot of studies for the
conditions of allergic rhinitis, urticaria, and many studies
about bioequivalence. “Repurposing studies” only start to
appear in the topics with fewer numbers of trials and are
most prevalent with the topics that are only represented by
one study.

Lastly, the locations of studies were plotted on a map
using Matplotlib and GeoPandas. Here, we tried to rec-
reate the map view found on clinicaltrials.gov (the old
website version) with the downloaded data. To achieve
a similar result, the number of studies for a country was
only increased by one for each study, even if this study had

multiple locations in the given country. The result can be
seen in Fig. 10. The USA has the most studies with loca-
tion in the country (117), followed by Canada (35) and
Germany (33).

Coming back to the way of study aggregation for a coun-
try described above, the individual count of study locations
would have accumulated to about 700 for the USA, as an
example for illustration.

Publication und bias

In Fig. 9, we illustrated the number of repurposing studies
in red. However, not all of those studies were completed and
had results available.

In fact, Fig. 11 shows that only 10 out of 22 studies
with a status of “completed” were published as a paper
(about 45.5%, represented in yellow). Additionally, we
found two other studies that were published with a sta-
tus of “active, not recruiting” and “unknown.” Since
the data download, the “active, not recruiting” study
changed its status to “completed” and was subsequently
published. For about 58% of these studies, there were
“positive” results.

It is also noteworthy that a majority of terminated studies
had results submitted to clinicaltrials.gov without publica-
tion of a paper.
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Fig.9 This chart visualizes the absolute number of studies for the use
cases of HR antagonists we manually assigned, color- and pattern-
coded by drug name, and repurposing/classic use. Studies that may be

Fig. 10 This chart shows the absolute number of studies that have at
least one location in the given country. Countries that do not have any
study locations in our dataset are depicted in grey. For improved leg-

Repurposing studies: an overview

Given the challenges described in the previous section
regarding the low number of publications of studies with

@ Springer

interesting for repurposing are color-coded in red. Because there were
many studies for the first use cases, the y-axis is discontinuous with
different scaling for each part

100

-40

-20

ibility, text labels are only displayed for countries bigger than a cer-
tain threshold area

repurposing characteristics, we initially had very little lit-
erature to work with.

However, the systematic analysis of the trials still
revealed potential areas for repurposing, even though results
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Fig. 11 This chart depicts the distribution of publications as a paper, submission of study results on clinicaltrials.gov, or no publication of results
grouped by study status. Only the studies that were marked as repurposing were included here

were not or not yet published. This allowed us to identify
publications with similar or sometimes even identical topics
to the use case studied in the trials to gain an overview of
potential repurposing. Figure 12 illustrates the process as a
flow chart: Out of 425 studies that matched our search term,
roughly 50 were interesting for the topic of repurposing,
and for only 12 we were able to find published results (refer
to Table 2 for an overview of these 12 papers) but through
augmentation with similar topic publications on PubMed, a
final pool of literature was procured.

Repurposing use cases that presented themselves more
than once in our dataset and had published results of some
form were asthma, infusion-associated reactions (IARs),
G-CSF-associated bone pain, alopecia, and COVID-19.

There were other topics that warrant a closer look as well.
They, however, were not as prominent as those mentioned
above.

Asthma
Asthma and H;R antagonists are an old topic. Recent reviews

mention that H,R antagonists were first used in the treatment
of asthma in the 1940s, but nowadays, they are only believed

to be effective in subtypes of asthmatics with allergic charac-
teristics (Yamauchi and Ogasawara 2019). Historically, the
use of earlier-generation H;R antagonists resulted in airway
dilation, and therefore, the H, receptor was believed to be
clinically useful in asthma treatment. However, the newer
and more selective generation H;R antagonists revealed that
these earlier dilatory effects were most likely caused by M,R
antagonism of first-generation antagonists (Yamauchi and
Ogasawara 2019). Additionally, mast cells were believed to
be the primary mediator, while nowadays, asthma is “viewed
as a multifactorial chronic inflammatory condition” with
many contributing factors (Church 2017).

Trials in the clinicaltrials.gov database oftentimes dated
back 10 or even 20 years but very rarely could we match
published results to these studies. When we did, results were
mostly positive using a combination of both the cysteinyl
leukotriene receptor antagonist montelukast and H;R antag-
onists. For example, “Montelukast was non-significantly bet-
ter than desloratadine but not as effective as the combination.
There was a trend towards a decrease in airway responsive-
ness following montelukast and combination.” (reduction in
airways response for desloratadine 43%, montelukast 71%,
combination blocked the response completely, n=10) (Davis
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Search results on clinicaltrials.gov
Search Term: cetirizine OR Levocetirizine OR Fexofenadine OR
Loratadine OR Desloratadine

v

excluded trials
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drugs role: minimal, pre-
medication, control or rescue
(n=82)

drugs not included
(n=32)

\ 4

Bioequivalence, Bioavailability,

classic use case, other

Pharmacokinetics, Taste (n = 299)
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Screening for "repurposing"” trials
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trials with publication
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PubMed

v

Final pool of literature

Fig. 12 This flowchart shows the absolute number of clinical tri-
als for selected categories during our process of filtering for relevant
studies with regard to repurposing. Excluded trials include all tri-

et al. 2009). Another study found that the combination of
montelukast with loratadine was comparable to the com-
bination of montelukast and the glucocorticoid budesonide
(Wei et al. 2019), while yet another study found that the
combination of levocetirizine and montelukast had a positive
impact on patients with asthma and allergic rhinitis (reduc-
tion in mean daytime nasal symptom score —0.98 vs. —0.81
for montelukast alone; p=0.045) (Kim et al. 2018). It is not
surprising that a positive impact could be seen as allergic
rhinitis was involved. The effect of the H;R antagonists itself
on asthma remains questionable.

“The nose is the guardian of the lung,” and therefore,
treatment of allergic rhinitis with H;R antagonists might be
beneficial for asthma and its development (Church 2017);
however, in terms of repurposing of H;R antagonists against
asthma itself, there is little evidence nowadays.

Infusion-associated reactions

Infusion-associated reactions (IARs) are common but also
unpredictable for patients receiving chemotherapy. They
need to be minimized for the patient to receive the best
treatment possible. Potential improvement in preventing
IARs could be newer generations of H;R antagonists.
H, receptor antagonists are considered because of the
involvement of the H, receptor in urticaria, smooth muscle

@ Springer

als not marked as repurposing. “classic use case, other” includes all
excluded trials that were assigned use case other than bioequivalence,
bioavailability, pharmacokinetics or taste [form and preference]

contraction, and vasoconstriction. (ALMuhizi F et al.
2022). Currently, diphenhydramine intravenous injec-
tion (a first-generation H;R antagonist) seems to be the
standard as a premedication for IARs and the replacement
of diphenhydramine with cetirizine was a fairly popular
research topic on clinicaltrials.gov. While an earlier study
(NCT00240032, completed in 2006) looked at the effect
of oral cetirizine on the injection site of chemotherapy
with no statistically significant difference between placebo
and cetirizine (Pardo et al. 2010), more recent trials are
focused on the replacement of diphenhydramine.

In NCT04237090, the feasibility of a clinical trial was
tested and deemed acceptable. Here, cetirizine produced
less drowsiness and seemed to be a replacement worth
looking into further (Beaucage-Charron et al. 2022).

An earlier study already believed cetirizine to be a
“viable substitute” but saw the need for further explora-
tions due to limitations of the study, like a small sample
size, a short duration, or differences in infusion frequency.
Reports of adverse effects regarding the antihistamines
were given subjectively by the nursing staff; however, they
did not report any adverse effects while using cetirizine
(Durham et al. 2019).

Holmes et al. (2021) came to a similar conclusion:
Although they also had a small sample size, intravenous
cetirizine was shown to be as effective as diphenhydramine



3007

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:2995-3018

(PaAI9SqO Sem
ured quoq 19)Je AJuo pajIe)s
QUIPEBIRIO] )IM UOTIBAIISQO
“a19Y) S9[0Ad AdeIoyjowrayd

s aaoxdwr Aewr ured ouoq
‘az1s o[dures [[ews ‘[[esar
sJuaned ay) uo paseq os[e
SI yorym aareuuonsanb e uo
Qoueral ‘paptwrad sem sor
-Ja3[eue Jo 9s() :(sioyine Ay}

Aq pauonuaw se) uoneIwIy
Sursodindox
Jo proysaiyy 9y uo jsnf are
SAIPNJS ‘SISBI QUIOS UI SB UIIS
9q ueo sarpmys Sursodindar jo
uonI9as andlqns,, Jo uon
-BJIWI] 9y} ‘219H “paystiqnd
Sursodandar renuajod pue
BUWYISE SUIPILTDI SAIPNIS MIJ
9y} Jo auo s131Inq ‘ursod
-mdax 10§ Apn3s e Jo opdurexa

159q 9 2q Jou Y3 Sy [,

azrs opdwes [[ewg

Ao

Jo peasur uonosfur gejede
Joweane[3 oy) 0} Jorxd sioy
[BI0ADS UOYE) US9q PRy QUIZLI
-1J99 JI U99S U99q dAEY JyS1u
199J32 ue Jeyp) dqissod S 11

2

ured auoq paonpur
-umsed[ydad jueoyrusts jo
QOUQPIOUT Y} ASBAIIOP JOU
S90p 9SOp pIepue)s Je duIp
-BJRIO] QUIIE)STYIUE 9} JO
uonensurwpe onoejAydord

Jey) pajensuowap Apms siyJ,,

osuodsar ay} payoo[q
A19319[dw0d UOIIRUIqUIOD Y}
pue 91/ £q 31 paonpai Jsey
-npauowW ‘9% ¢t £q asuodsax
Y} poONpAI QUIPBILIO[SI(T,,

uonoafur 1oyye

urnw G Je SYSII Jo requinu

) Ul UONONPaI JULOYIUTIS

A[[eonsIie)s B ul 3nsal jou

PIp 9J€1008 IoweIe[s Jo

uonosfur-jjes 0 Jorxd juowr
-1eaq) QUIWRISIYIUR [RIQ),,

surre [oyrered yim
pajjonuod-oqaded ‘puriq
-o[dnipenb ‘pazruiopuey

SuLIe JOAOSSOId
PIm pafjonuod-oqaoed
‘puI[q-9[qnop ‘pazIopuEy

surre [o[rered
m pafjonuod-oqaoed
‘PUIQ-S[QNOP ‘pIzZIuopuTy

winseid[y3ad Aq pasned
ured uoq Jo uUoNUAAIJ

J3ug[reyo uadiaqe
I10)Je 9suodsar onewyIsy

uonoeal AIs uonodalur [eoo|

0-6l1¢

-910-0TS008/L00T 01/310
“1op//:sdny "¢60€-$80€ T
190ue)) e Jioddng
‘wmseid[y3ad £q pasned
ured auoq jo uonuaaaxd ay)
10J SuIpeIeIof Jo Apmis I
aseyd pazrwopuey (9107)
e 32 ‘1L eSeNIysy ‘Nd

(8w 1) surpeRIOISAq SweIqy ‘[ eAeSIEYNON

80069100

"9€61£060/€811°01/310

“Top//:sdny "80€ T-T0ET:€€

[ idsoy ang ‘sosuodsar

Aemre 9Je] paonpuI-ua3Io[e

pUE JSEN[oIUOW PUE UIP

-BJRIO[SOP 9SOP-9[3UIS

(6000) 'Te 19 ‘WD nealAnen

(3w ¢) aurpejeIO[Sa

LqQe1Ld
181€9€1090 uul/L601°01
/310°10p//:5dNY "9p—0t:Th
SINN 10SOINAN] [ “9)BJIR
JoWRINE[3 PAI)SIUIP.-J[OS
UM SUOT)ORAI 9)1S UOT3O[UT
[B90] UO QuIwe)SIYIuL [BI0
303297 (0102) 'Te R °f
(SBw o) QuIZILIIR)  IOUUO)) ‘D) [[eMINOg ‘D) opIed

‘O ewnaaduwre[] ‘gg staeq ¢

SYIRWAI [RUONIPPY

JNsoY

ugisop Apmg

uonesIpuy

sistuogeiue 'y

uoneoqnd  #

Sursodandai Jo 1x01u09 9y Ul JurISaIoIUI PAIAPISUOD dMm SAIPNIs paysiiqnd Jo MIIAIAQ T 3]qelL

pringer

a's


https://doi.org/10.1097/jnn.0b013e3181c71ab7
https://doi.org/10.1097/jnn.0b013e3181c71ab7
https://doi.org/10.1097/jnn.0b013e3181c71ab7
https://doi.org/10.1183/09031936.00169008
https://doi.org/10.1183/09031936.00169008
https://doi.org/10.1183/09031936.00169008
https://doi.org/10.1007/s00520-016-3119-0
https://doi.org/10.1007/s00520-016-3119-0
https://doi.org/10.1007/s00520-016-3119-0

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:2995-3018

89T WSI/Z001°01
/3107 10p//:8dNY "THL—8EL 61

Sourwe)sIynue PIIA 3ang siose ‘Aderoy)
JO asn Q) Aq pajddge Jou orwreuApojoyd proe orurna
A[Te[ruIs 91om UOTIOB)SIIES -o[ourwe-g [eordo) yum
103[qns pue ‘yuawroxdwr P9IBIOOSSE §109JJ2 ISIAAPE
o1oWsS0d ‘SUTBH SIS0} Jo uononpai ay) 10§ Aderayy
-BI9Y o1unoe Suronpar QUIWEISIYNUL JTWA)SAS
ur [ad-VIV Jo Aoeoyjo Jo 901 2y} SuneneAd
oy aredut Loy prp Jou [e11) [eSTUI[D PI[[OJIUOD
‘LAd-VTV 1o1e oouoriadxd SISOJRIY -0qaoe[d ‘purjq-ojqnop
sjuaned 30910 9sI0ApE A10) suLre [orered ounoe 1oy Aderay orwreu ‘pazrwopuel v (L107)
-BWIWRJUT 9Y) JeSNIW Jou )M pafjonuod-oqaoerd -Kpojoyd s pojeroosse dIN uewp[on ‘O N ‘LI
oz1s ordwes [ew  pIp SounwelSIYRUe [H [eIQ,,  ‘PUI[G-[QNOP ‘PIZIWOPURY  SIOAYS ISIGAPE JO UOHONPIY (Sw ) QUIZLINQD)  SAUO[ ‘[]A] UOS[IA\ UBWIBUBA  Q
10720°6102°030/L€0TT0T

/310°10p//:3dNY "0TH-C 1101
[09UQ) 1SAUIONSED) [ “TdUBD
[£30910]09 dTjR)SEIOW AI0)
-oe1ja1 ur sarderay) oruag

3008

pajensuo -OISUBNUE JO 9OURISISAI
jusuneoI) -wap 2q jou pnod Aderoy) SI90UBD U} QWODIAA0 0} qeWINZ
ur syurod ow} JUSIYIP Je oruagorSue-nue 0) odue [19910]09 J1)EISBIOW -19BAQq pUe duIqe)rdaded
INQq SUIZLIIIOI0AJ] PIPNOUL -1SIS2I QWODIAA0 03 KJI[Iqe K1ojoeajar ypim syuaned )M QUIZLITIAJ0AI] JO [BLD)
SuLIe joq ‘Jonuod oqadeld Ue Jnq poIeId[o] [[OM Sem sutre [orered ur aoue)sisar Aderoy) 11 9seyd (6702) Te 30
ou M [B11) [9qe[-Uad(  QUIZLIT}OO0AJ] JO UOIPPE oY, YIMm [oqe[-uado ‘paziwiopuey]  O1ua30ISuB-NULR SUTUOIIAQ (3w Q) QUIZLINAJ0AYT  SNEBYULIL, ‘A Teso ‘N Uly G
Jumseid[ydad
pue Aderoyiowrayd SUTATE0T 7-65S6€-L10-02S00S
syuanyed 10J poIopISUOD 9q /L001°01/310°10p//:8dNy
pInoys [surpererof] [*+] PECT—ETET:9T TeduR) alen
ured auoq pejiodar-juonjed y1oddng ‘wnsei3[yded pue
Ul SUONONPAI JUISISUOD Y} Kderoyiowrayd FUTATIX
puUE ‘UONeNSIUTWPE JO ISBI I90UBD ISBIq 93e)S-A[Ied
pajuawnoop Jnq SIT “‘KTIQRIST0) SIT UQALD),, Y sjuaned ur ured ouoq
pamoj[e a1om ured Joj SuoOIed JueoyIuIIs uo juauean snoejAydord
-IPAW JAYI0  YSIA OIUI[D ISB[ AJTeonsne)s jou AJsour 199 ou sA sulpejesof 1o uoxoideu
II97) 20uls paduariadxe pey -moy ¢, dnoi3 srxejAydoxd onoejAydoid jo 30050 oy
Aoy sgY Aue noqe syuaned ou ay) ut uey) sdnoi3 aurp arewns? 0 Apms g aseyd
Sunyse Aq parmdeo orom ured -ejeIo] pue uoxoideu oy} ‘pozrwiopuel & NV TON
Juoq Uo BJEP,, {[OINUO0D 0G0 ur 10Mo[ A[JuelsIsuod [sem]  (A[uo uowom) surre [o[fered winseid[y3ad Aq pasned (8102) 'Te 1@ ‘q IoInxy|
-e1d ou yyim ern [oqe[-uadg  ured suoq payiodar-juoned,, YIm [9qe[-uado ‘pazruopuey ured ouoq JO UONUAARIJ (Sw 1) suipeleIo[SOq  ‘DIN PIRUOOIN ‘[ JoUysIy mo
=
SYIBWAI [eUOIPPY Jnsoy uStsop Apmis uonesIpuy systuoSejue Y'H uonedrqng  # 5,
wv
(ponunuod) zajqer &l


https://doi.org/10.1007/s00520-017-3959-2
https://doi.org/10.1007/s00520-017-3959-2
https://doi.org/10.21037/jgo.2019.02.01
https://doi.org/10.21037/jgo.2019.02.01
https://doi.org/10.1002/lsm.22682
https://doi.org/10.1002/lsm.22682

3009

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:2995-3018

9[qrssod pue
pajuelIem ST [eLr) IoSIe[ & Ji
90s 0] Apnys KJI[IqIsea) © SI SIY],

azrs ordwes [[ewg

J1oS) [eLN [ROIUID
Q) 0) uONIppeE Ul sjuswLIddx
OI)IA UI UO SNO0J AABIY OS[Y

9z1s o[dwes [[ews ‘dnoi3
[onuod Jo e[ ‘feqe] uado
:IOPISUOD 03 suone | Auew

. PojueLIEM ST UISIRW
KJTIOLIOJUI-UOU PUTULINP
-o1d e 3uIsn [ern AjLIoLIOJUI
-Uuou I3Juad-n[nuw d3Ie] € 10§
UONRIOPISUOD ‘UOT)USAIIUT
[eo1pow Jurirnbar sjuoad
Q10A9s A[Teroads9 ‘Sumnies
INO ur punoj Y poarerer
-Toxelnjoed jo Aouanbarjur
Y} USAID) "oUTWEIPAY
-uoydrp uey) uonesrpawraid
SB PIsn UM SSAUISMOIP
sso[ peonpoid aurzima)),,

. SuoTnoBaI

uorsnjur AyanisuasiodAy jo
uonuaraxd oy ur (3w (G)

surwerpAquaydip AT 01 9AT)
-BUIS)[E 9JeS PUB JATIOY
ue ST (3w () UIZLIND AT,

«Z1D £q10d

-SueI} 9ATIOR [RUAI gD JO

uonIqIYuI Y} I0J pjoadxd

Jjey) woij uonoaIp aysoddo

A} Ul 2Ie suoneId[e

9say], 'uonenusye ured ur

pUE UONEIIUadUO0d Jg0

ewse[d ur uononpar e 03 pa|
Z1D Jo uonensuIupeoy,,

QUIZLINAD Jnoym Apnjs-axd
® 0} paredwoo Apueoyrudis
paddoup oyer asdefar pazie

are axoy) ‘Apmis jo11d € Surog  -nuue 9y} 1BY) UAIS 9q P[NOJ I

surre [o[fered
Im pafjonuod-oqased
‘PUIq-S[QnOP ‘pIZIuopuey

suLre [o[fered ym

Apms
K)1[1qISBaJ/SUOTIORAI PIJRID
-0SSB-UOISNJUI JO UOTUIAJIJ

SUOIIOBaI paJe

PUI[Q-9[qnOP ‘PIZIWOpULY -IO0SSE UOISNJUJ JO UOIIUIAIJ

SULIR IOAOSSOIO (1M
[9qe[-uado ‘pazIwopueI-uoN

we 9[3urs ‘[eqe[-uadQ

ured oryjedomau

Jo jusunjean oy unuadeqed

PUE QUIZLIT)AO UIIM]Oq UOT)
-oe1d)uI ay) jo uoneropdxyg

Kde1oy) uo-ppe s QUIZIITD
ym eondo snieAwoInau
Jo uonuaaaxd asdeoy

P€L90
-120-02$008/L001°01/310
“10p//:sdny "66£€-68€€:0€
190ue)) are)) 1oddng

“Apms 14-AHINTAd W
:SUOTIOBAI PAJR[AI-UOISNJUT
pajeroosse-faxelrjoed jo
uonuaadld 9y ul QurweIp
-Ayuaydip pue QuIZIIT}aD
Surredwod Apnys AJpIqisesy
pUI[q-9[qnOp paZitlopuel v
(2200 T8 10 °S ayrowreT T
(Te10 wr (1) QUIZLINRD

¥170000000000000°'NVN

/L601°01/310°10p//:8dNY

CCESIe Y SINN syuf [

‘Apnig 7 aseyq Aiojeropdxg

UE JO S)[NS9Y :SUONIBY

uorsnjuy AyanisussiodAy jo

UONUAIJ 9Y) J0J QUIWRIP

-Kyuoydi snousaenuy

SA QUIZLIT))) SNOUSABIIU]

(1200) T8 10 DY puelren

(AI 8w Q) suizLme)
€091
"qdolyz001°01/310°10p//:8dNY
"'9801—9L01:09 [odeuLIRYq
urp) [ ‘suone)) druesiQ Iof
s1o)10dsuel], Sni(q [eudy
JO 9[0Y :3991H pue suon
-BTJUQOUOD) BWISE[ UNJUD
-deqen) soonpay QUIZLINRYD
(0200) T8 10 gD maIne|

‘Vd ojowrewiex ‘HIV BISO)
[¥¥0000000000000'IXN
/21T1°01/310°10p//:sdny
‘THH9:¢ WWEFUIOINaN [oU
-NUIWIOINAN [0InaN “eondo
SIIOAWOINAU JOJ QUIZLINAD
JO Tern) uo-ppe ‘[eqe[-uadQ
(8100) Te 10 °g PIoJIAL

(8w () surzLma)

(S 1) surzLme)

jopnen ‘f uorrey)-egeoneag (f

‘Y[ o1ongod ‘df SSWOH 6

‘LN UBlqe ‘T pueS 718y L

SYIRWAI [BUONIPPY

JNsoy

uS1sop Apmg

uonesIpuy

sistuogerue 'y

uoneolqnd  #

(ponunuoo) zsjqey

pringer

a's


https://doi.org/10.1212/NXI.0000000000000441
https://doi.org/10.1212/NXI.0000000000000441
https://doi.org/10.1002/jcph.1603
https://doi.org/10.1002/jcph.1603
https://doi.org/10.1097/NAN.0000000000000444
https://doi.org/10.1097/NAN.0000000000000444
https://doi.org/10.1007/s00520-021-06734-4
https://doi.org/10.1007/s00520-021-06734-4
https://doi.org/10.1007/s00520-021-06734-4

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:2995-3018

3010

VOV ur

QuIZ1Imad [eo1do) jo Aoeoyjo

9y noqe 1oded auo A[uo sem

910U} payIe)s Apmis oy own

9y} AQ 9SNEBOIQ ULIE QUIZLITNAD

© JO 90UISqE 9} papnjoul
Apmjs SIY) JO suonejIwIT,,

KSororsAyd

-oyjed puejsiopun o) {00}

® Se Joyjel Jnq SuonedIpul

[eoTUI[O MaU J0f s)stuoSejue

'Y jo Sursodandar jo ased
® A[118SS200U JOU ST Apnys SIy [,

SUIIOUOD
Kyayes ou Surkerdsip orrym
(Juowssasse-J[os  syuanyed ur
Areroadsa) sjuawaaoiduur
JueOYIUSTS A[[ROT)STIRIS QWOS

PEY QUIZLIN9O JO UonIppe oy L,
.Juorsnjrad o[osnur
as1o19x%9-150d ewndo jo
uone[n3a1 o} paje[ar A[ren
-u9jod ‘suewny ur asuodsax
Sururen 9s10I9Xa 9ANRIZAUI
9y} Jo s1eonpsuel) jueitodwr
are s103dooar ZH/TH Qurwe)
-STY Jey) $3s233ns y1om IO
"pavoo[q Afreonneoeurreyd
arom s103dedar ZH/TH
UM PIINPAI A[2IOAIS
SeM 9STOIOXA [BAIQIUT 9N
19)Je uorsnyiad oposnw jo

UONBAQ[Q paurelsns ayJ,,

(ATuo uowom) surre [oqjered

IIm pa[jonuod-o0qaoed
‘PUIq-S[QNOP ‘pazIuopuey

SoTewoy
ur eroadore onouajoIpuy

sure [orrered uondepe
)M pa[jonuod-oqaoeld Sururen ur s103deoar
‘puIQ-9[qNOp ‘pozIuopuey  Ppue '[ ourwe)sIy Jo 901 Y],

C-CIST0-CC0-€01008
/LOOT"01/310°10p//:sdny
'soy [01BWLID YOIy Apnis
pajonuos-ogased ‘purjq
-9[qnop ‘pPIZIWOPURI B :BId
-odore onousoIpue ofewy
ul [Iprxourut yirm oqaoerd
[eordo} snsIoA [IpIxour
M QUIZLINRY [ed1do)
uaam)aq uostredwo)) (7Z07)
Te 30 ‘NN Isseqqy ‘IS Apno

(T 1
‘%) TpTXOUTUI [HIM (T
[ ‘%1 [eo1doy) auizLma)

9G8T7JqeApRIOS/9T [ [0 1/310

“1op//:sdny "968TIqed: L ApY

10§ "suewny ur asuodsax

Jururen 9s10I0Xa 9AT}RI3

-9JuI 9Y) JO SIednpsuer)

[enuassa are s1oydadar gH

pue TH sutwelstq (1207)

‘[€ 39 J uasse)§ “ 11oen

(Bw o) QuIpRUDJOXI]

SYIRWAI [BUONIPPY

Jnsoy

uSisop Apmg uonedIpuy

sistuogeiue 'y

(ponunuoo) zsjqey

-ueweS-[q ‘vg Aunorsseq 71

-bouerg ‘1 opaig Iop ueA 1

uoneoqnd  #


https://doi.org/10.1126/sciadv.abf2856
https://doi.org/10.1126/sciadv.abf2856
https://doi.org/10.1007/s00403-022-02512-2
https://doi.org/10.1007/s00403-022-02512-2

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:2995-3018

3011

while being associated with less adverse reaction and
drowsiness. It may also be even more beneficial for older
patients whose clearance of diphenhydramine may be
inadequate.

G-CSF-related bone pain

G-CSFs (granulocyte-colony stimulating factors), such as
filgrastim and pegfilgrastim, are used in chemotherapy to
treat secondary (adverse) effects, namely neutropenia, by
causing proliferation of myeloid cells in the bone marrow
and intervening in the bone metabolism. This, however,
can cause severe pain and is believed to be associated with
histamine release as one of the factors involved, although
the exact mechanism is still unclear (Moore and Pellegrino
2017). Higher histamine levels were associated with inflam-
matory reactions due to G-CSF, which may lead to neu-
ropathic pain or cause edema formation within the bone
(Lambertini et al. 2014).

Because of the connection to histamine, H;R antagonists
are being tested for treatment.

In a first case report from 2015 (Romeo et al. 2015), the
use of loratadine completely alleviated the bone pain that
was induced through pegfilgrastim in a 67-year-old female
patient with ovarian cancer. Most notably, the pain was
described as 10/10 on the Likert pain scale and was gone
completely after premedication with loratadine before peg-
filgrastim treatment.

Larger studies showed mixed results, oftentimes with
no statistical advantage of loratadine: Moukharskaya et al.
(2016) studied 213 patients and assessed the incidence of
bone pain with loratadine compared to placebo and found
no significant difference. Patients were permitted to use non-
steroidal anti-inflammatory drugs, however. The authors
discuss that patients with lower pain thresholds were also
included in the study.

Gavioli and Abrams (2017) used a combination of lorat-
adine and famotidine as a double histamine blockade and
reported positive results. Here, sample sizes also were small
(n=17), and the authors say that “determining the clinical
significance of [double histamine blockade] is challenging
based on the retrospective nature of the study,” but the bone
pain seemed to be alleviated (average difference of 1.21 in
pain score; p=0.019).

In a larger study on 600 patients (Kirshner et al. 2018),
the occurrence of bone pain in women with breast cancer
was investigated. In this open-label trial, patients received
either no treatment, naproxen, or loratadine to prevent
bone pain. While differences between treatment arms were
mostly not statistically significant at the 5% level, “patient
reported bone pain was consistently lower in the naproxen
and loratadine groups than in the no prophylaxis group by
every measure” (for example, mean patient-reported bone

pain on a scale of 1-10 in cycle 1 with no prophylaxis 3.9,
with naproxen 3.3, and with loratadine 3.0). Patients were
allowed to take additional medication, which was more often
the case in the no prophylaxis group. Kirshner et al. con-
clude that “given its tolerability, its ease of administration,
and the consistent reductions in patient-reported bone pain
observed in this study, treatment with five days of once daily
loratadine in each chemotherapy cycle should be considered
for patients receiving chemotherapy and pegfilgrastim.”

Alopecia

Androgenetic alopecia (AGA) is a common chronic disor-
der in men and women characterized by progressive hair
loss. The only FDA-approved treatment options are topical
minoxidil and oral finasteride or hair transplants (Chen et al.
2022). Additionally, the off-label use of dutasteride which,
similarly to finasteride, inhibits the 5-alpha-reductase that
converts testosterone to dihydrotestosterone (DHT) is a pos-
sible treatment option. Compared to finasteride, it seems to
display a higher efficacy (Bajoria et al. 2023).

The exact pathogenesis of AGA is unknown but high
DHT levels, increased androgen receptor expression,
and prostaglandins seem to play a role (prostaglandin D2
(PDG?2) inhibits growth, prostaglandin E2 (PGE2) does the
opposite). Cetirizine has been shown to inhibit PGD2 and
increase PGE2 (Chen et al. 2022). Therefore, cetirizine may
be an effective treatment option or alternative. In all studies
and trials, cetirizine was applied topically.

A study comparing cetirizine to minoxidil found that
cetirizine was a viable medication to treat AGA. However,
minoxidil showed bigger effects (physician assessment of
hair density after 16 weeks cetirizine vs. minoxidil: slight
increase 33% vs. 25%, no difference from baseline 50% vs.
75%, slight decrease 17% vs. 0%; n=30). Nonetheless, the
use of cetirizine showed potential, and no adverse reac-
tions were reported. The authors came to the conclusion
that considering cetirizine for AGA treatment seems like a
“useful idea” (Hossein Mostafa et al. 2021). The study was
limited to male participants and ages between 18 and 49
were included.

Another more recent placebo-controlled study showed
similar results with male participants in a similar age group
(22 to 55 years): The difference in improvement was signifi-
cant; however, photographic casement yielded mixed results.
Second to no improvement (n = 17), there was mild improve-
ment in n= 10 out of 30 cases. Placebo groups did not show
any improvement, though (Zaky et al. 2021).

In the published results of trial NCT04481412, female
patients aged 20 to 50 with AGA were investigated. Here,
however, cetirizine was used as an addition in treatment
in conjunction with minoxidil. The authors explain that
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“Limitations of this study included the absence of a ceti-
rizine arm because by the time the study started, there was
only one paper about the efficacy of topical cetirizine in
AGA,” and they therefore did not want to include a ceti-
rizine-only arm. The addition of cetirizine had some statisti-
cally significant improvements (especially in patients’ self-
assessment) while displaying no safety concerns (Bassiouny
et al. 2022).

A recent systematic review on the use of topical cetirizine
for AGA from 2022 came to the following conclusion: “In
comparison with topical minoxidil, topical cetirizine appears
to be less effective for improving total and vellus hair den-
sity, but it might have a longer-lasting effect. Furthermore,
cetirizine might be as effective as minoxidil in improving
hair diameter.” The authors also pointed out that cetirizine,
while maybe not as effective in some areas, may be a good
choice for patients who display negative responses to minox-
idil because of its low cost and its safety profile (Chen et al.
2022).

coviD-19

Whereas previous use cases seemed to be centered around
one of the investigated H;R antagonists, studies and trials for
coronavirus disease 2019 (COVID-19) included multiple. It
is possible that H1 receptor antagonists may be beneficial in
mitigating lung inflammation by mast cell stabilization and
cytokine inhibition through H;R (Qu et al. 2021).

NCT04836806 tried to study the effect of cetirizine in
combination with famotidine, but the study was withdrawn
due to a lack of enrollment and funding. Previously, there
had been a paper regarding this topic presenting a physician-
sponsored study. It was open-label and there was no pla-
cebo control. Comparisons to cohorts from other regions and
preliminary results from the same medical center seemed
to indicate that dual-histamine receptor blockade might
reduce severity (e.g., 16.4% vs. 41.7% intubations, 11 vs.
18 days of hospitalization; however “not deemed sufficient
for comparative statistical analysis™). Even though the study
is limited, the authors explain that due to the severity of the
COVID-19 pandemic, this attempt for a “rational repurpos-
ing” has been made to provide a proof-of-concept off-label
treatment which resulted in the implementation of dual his-
tamine blockade in the vast majority of severe COVID cases
in this study’s medical center (Hogan Ii et al. 2020).

A 2021 review asking whether the use of antihistamines
in the COVID-19 treatment paradigm is a “hype or [a] hope”
came to the conclusion that H; and H, blockade or even bet-
ter the combination of both may be beneficial for the man-
agement of COVID-19. Cetirizine may even be effective in
suppressing virus replication (Al-Kuraishy et al. 2021).

Another treatment approach was the combination of
levocetirizine and montelukast. Here, again, there was no
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placebo arm, and at first, cetirizine and levocetirizine were
“interchangeably” but the FDA accepted the data as a proof
of concept to justify further research using the combination
(e.g., symptom resolution within 7 days with levocetirizine
and montelukast vs. 10-14 days without) (May and Gallivan
2022).

In a more theoretical in vitro approach, the effect of
desloratadine and loratadine on the integral membrane pro-
tein angiotensin-converting enzyme-2 (ACE-2) was studied.
ACE-2 seems to be important for the virus to enter the cell.
By binding with ACE2, most notably desloratadine (stronger
bond than loratadine) may be able to prevent the virus from
entering the cells in the first place (viral entry ratio was
reduced from 1 to 0.68 +0.07 for loratadine and 0.23 +0.10
for desloratadine) (Hou et al. 2021).

While there were proof-of-concept studies to use H;R
antagonists to improve COVID-19 treatment paradigms,
all these studies were quite limited and lacked placebo
control. The addition of antihistamines seems reasonable
and may even have other beneficial effects like the ACE2
interaction of desloratadine. However, there seems to be
a lack of placebo-controlled studies, and current research
seems to be the result of small tests conducted during the
pandemic.

Other indications

As mentioned above, there were other topics and use cases
that were published but only appeared once in our clinical
trials dataset.

One published trial (NCT01722162) looked at levoce-
tirizine to enhance chemotherapy in patients with refrac-
tory colorectal cancer. The idea was that levocetirizine had
been shown to inhibit IL-8, which had been associated with
angiogenesis and resistance to antiangiogenic therapies.

Combined with capecitabine and bevacizumab, levoceti-
rizine was administered 7 days prior or 7 days after chemo-
therapy to have two different arms.

Results did show similar progression-free survival rates
than other treatment plans and IL-8 levels were lower in
patients with stable disease.

The addition of levocetirizine was well tolerated, but an
ability to overcome resistance to anti-angiogenic therapy
could not be demonstrated (Amin et al. 2019).

Neuromyelitis Optica (NMO) is an inflammatory disease
of the CNS. A pilot study (NCT02865018) incorporated
daily cetirizine into the treatment regimen of patients who
had previously suffered from an NMO episode. Cetirizine
was selected as a potential treatment option because of its
properties as an eosinophil stabilizer which, other studies
had shown, seems to be of importance for local inflamma-
tory events of NMO.
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It could be seen that the annualized relapse rate dropped
significantly compared to a pre-study without cetirizine
(0.4 £0.80 before cetirizine, 0.1 +£0.24 after cetirizine;
p=0.047). However, this being a pilot study, there are many
limitations to consider: open label, lack of control group, and
small sample size.

In general, cetirizine seems like a promising treatment
option for NMO but further and more extensive trials are
needed (Katz Sand et al. 2018).

A study (NCTO03047278) tried to evaluate the inter-
action between gabapentin (GBP) and cetirizine in
patients with neuropathic pain. GBP is an organic cation
drug used to treat neuropathic pain and it is eliminated
renally. This study tried to find a connection between
the inhibition of transporters potentially responsible
for GBP renal secretion by cetirizine with the hypoth-
esis that cetirizine might decrease GBP renal secretion
by OCT2 inhibition and therefore may result in higher
pain attenuation. They, however, found that clinically,
the coadministration of cetirizine led to a reduced
plasma concertation of GBP, which is the opposite they
expected (Costa et al. 2020).

There were multiple studies (NCT05095311,
NCT03192488, NCT04450134, NCT05131555) that had the
general topic of histamine and exercise and training perfor-
mance. The one published study on the effect of histamine
1 and 2 receptors on exercise training suggests that they are
essential for the adaptions associated with it. Blockage of
histamine receptors reduced muscle perfusion and vascular
function (Van der Stede et al. 2021). While this may not be
a use case for drug repurposing in the traditional sense to
provide new treatment options, it shows that the use of H;R
antagonists can also be helpful in revealing pathophysiologi-
cal insights.

In a small case report of five patients, antihistamines
seemed to have an effect on irritable bowel syndrome (IBS)
with diarrhea (Hassoun et al. 2019), which inspired the
authors to start a larger clinical trial (NCT04612803) which
yet has to yield results.

There has also been a report about the combination of
cetirizine with famotidine (also mentioned in the publica-
tion of the COVID-19 treatment paradigm using these two
antihistamines (Hogan Ii et al. 2020)) which came to the
conclusion that the combination of H;R and H,R antago-
nists may be an effective treatment (Mohammadi et al. 2018
[abstract only]).

There is an ongoing study on the effects of loratadine
on lymphangioleiomyomatosis (LAM), a rare disease char-
acterized by progressive cystic lung destruction. Previous
studies suggested that the combination of loratadine with
SOC (rapamycin) may prove to be beneficial as LAM is

associated with high levels of histamine and VEGF (Her-
ranz et al. 2021).

Non clinicaltrials.gov related topics

During literature research, we found publications with topics
that did not come up in our clinicaltrials dataset, but which
are relevant for repurposing. To give a comprehensive over-
view, we will present these papers briefly.

Fritz et al. found that (des)loratadine seemed to have a
positive impact on cancer survival. In one study (2020b), the
authors analyzed a nationwide register in Sweden regarding
prescribed antihistamine use and breast cancer diagnoses
(61,627 women). They found that the usage of loratadine
(hazard ratio (HR)=0.80) and desloratadine (HR =0.67)
correlated with an improved survival rate. They could not
find this correlation with four other H;R antagonists (includ-
ing cetirizine (HR =1.07) and fexofenadine (HR =0.89)).
Ebastine showed effects as well, although less than (des)
loratadine.

Similarly, they found that loratadine (HR =0.50) and
desloratadine (HR =0.46) were associated with improved
survival in comparison to non-use or other H;R antagonists
for melanoma (Fritz et al. 2020a).

In a study with rats, loratadine did not show a signifi-
cant effect on the skeletal system at lower doses (Folwarc-
zna et al. 2019). Lu et al. (2021) used desloratadine as an
antagonist to the SHT,, receptor in mice which might have
potential for Alzheimer’s treatment. In another trial with
mice, loratadine was shown to inhibit staphylococcus aureus
biofilm formation (Zheng et al. 2022).

Similarly, there were trials with cetirizine on the influ-
ence on the bone. Cetirizine decreased tooth movement and
decreased osteoclast volume density during orthodontic
tooth movement in rats, therefore influencing tooth move-
ment by inhibiting bone resorption (Meh et al. 2011). A
study on bone remodeling after calvarial suture expansion
in rats came to similar conclusions: by inhibiting osteoclast
activity, cetirizine facilitated bone formation (Hwang et al.
2020).

Another study was able to test that cetirizine showed
antimicrobial activity against 51 strains of bacteria in vitro.
In vivo experiments on mice showed potential of cetirizine
against Salmonella typhimurium (Maji et al. 2017).

Cetirizine may also have a beneficial effect on viral myo-
carditis by decreasing inflammation and fibrosis in mice
(Matsumori et al. 2010).

Fexofenadine was shown to have a positive impact in
tumor necrosis factor-o mediated intervertebral disc degen-
eration and, therefore, also may be an option for other
inflammatory-related diseases (Liu et al. 2021).

@ Springer



3014

Naunyn-Schmiedeberg's Archives of Pharmacology (2024) 397:2995-3018

Limitations

Due to the way clinicaltrials.gov works as a platform, we
needed to rely on the information provided by the study
authors. Even though one expects high standards for the
documentation and information regarding clinical studies
provided on the platform, especially given the strict regula-
tions and legislation described in an earlier section, there is
no easy way to verify the data provided by the authors. Data
may be incorrect, incomplete, or not up to date. Especially,
the latter is a frustrating problem because it makes working
with the dataset harder than it should be: For example, in a
lot of cases, we were able to match publications to studies
only through PubMed and Google search which would not
have been necessary if study authors would have updated
the information on clinicaltrials.gov after publication.
Regarding the actuality of data, the opposite comes with
challenges as well: Our dataset is not retrospective and defi-
nite but rather undergoes changes on a regular basis when
study authors update information about their trials which in
itself is positive and desired to mitigate wrong and old data.
However, because of this phenomenon, an analysis of clini-
caltrials.gov is always somewhat outdated as soon as studies
are updated and only represents a snapshot of the landscape
of trials the way it was when data was downloaded. To gain
a better understanding of the updates on clinicaltrials.gov,
we created another script (“data/checkForUpdates.ts”) which
scans for new and updated studies. From the start of January
2023 to the start of August 2023, 32 studies were updated,
and 12 new entries were found that match the previously
described search expression.

Even with correct and up-to-date information provided on
clinicaltrials.gov, we still faced the challenge of trials not hav-
ing published results (yet) and the reference to similar publica-
tions during literature research may have been sufficient to gain
understanding about potential indications and background but
is not optimal. Ideally, we would have liked to refer to a cor-
responding publication for each trial and use case.

As we have also seen, the strategy to use clinicaltrials.gov
as a starting point for our analysis and data acquisition is a
limitation in itself. While we may have found use cases that
have been tested and validated to the point that trials are being
conducted on humans, some interesting or more theoretical
indications and revelations were only found during literature
research (refer to section “Non clinicaltrials.gov related top-
ics”). It is evident that while clinicaltrials.gov may provide a
solid starting point, its exclusive use does not suffice to gain an
all-comprehensive overview regarding repurposing especially.

Also, the manual annotation of the data comes with its
own challenges as well. While in some cases, the use case of
the H;R antagonists is evident, in other cases, it is less clear
and the assignment is more subjective. Similarly, as already
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described in the Methods section, in some cases, it was not
possible to find a clear focus on one of the H;R antagonists.
While we documented the use of multiple drugs, the analysis
was based only on the one first mentioned. Furthermore, the
categorization into “repurpose” and “classic indication” was
difficult for some studies as well. When in doubt, we mostly
categorized it as repurpose.

Lastly, even though we reviewed the literature thoroughly,
we still cannot guarantee that we included all relevant topics
as we mainly focused on clinicaltrials.gov and PubMed as
databases. Additionally, we limited ourselves to publications
in English and German. Here, the approach to use clinicaltri-
als.gov may be beneficial as, due to its international nature,
we included studies from all around the world, and every
study included in the dataset could be analyzed because all
data is provided in the English language by clinicaltrials.gov.

Future studies on repurposing of H,R
antagonists

H,R antagonists like (levo)cetirizine and (des)loratadine
seem to be viable candidates for drug repurposing in some
areas. All these findings had in common that H;R antag-
onists have a very good safety profile and thus very little
adverse effects. Therefore, it is easy and safe to test these
drugs for new use cases. Additionally, they are very cheap:
the cost of defined daily dose (= DDD =“The assumed aver-
age maintenance dose per day for a drug used for its main
indication in adults” (https://www.who.int/tools/atc-ddd-
toolkit/about-ddd, last accessed September 28, 2023)) in
Germany varies between 0,10€ and 0,81€ before taxes in
2021 (Ludwig et al. 2022, p. 712).

With asthma, the effect of H;R antagonists only seems
to be secondary by alleviating symptoms of allergy and
consecutively improving asthma symptoms, especially in
allergic subtypes (Yamauchi and Ogasawara 2019). Thus,
according to our findings and general consensus, the use
of H,R antagonists in the primary and only treatment for
asthma does not seem to be a promising field for research
regarding drug repurposing (Church 2017).

In the case of infusion-associated reactions, the literature
suggests cetirizine to be a viable substitute for diphenhy-
dramine with the advantages of less adverse reactions and
less drowsiness (Durham et al. 2019; Holmes et al. 2021;
Beaucage-Charron et al. 2022). Although this is not surpris-
ing, as both diphenhydramine and cetirizine are H;R antago-
nists, the use of the newer generation antagonist cetirizine
seems to be a good alternative and replacement for the future.

The use of loratadine to mitigate G-CSF-related bone
pain is not as definite. While we could find case reports of
complete pain elimination (Romeo et al. 2015) and positive
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results with a combination of famotidine and loratadine
(Gavioli and Abrams 2017), other studies found no statistical
differences (Moukharskaya et al. 2016; Kirshner et al. 2018).
However, we are inclined to agree with Kirshner et al. (2018)
that because of its safety and ease of administration, the
addition of loratadine could be considered in cases of bone
pain. We still see the need for more thorough and placebo-
controlled trials, though.

Similarly, the use of cetirizine for the treatment of alo-
pecia (AGA) seems promising but warrants more research.
While positive effects were documented, minoxidil still
showed bigger effects (Hossein Mostafa et al. 2021). Chen
et al. (2022) concluded in their systematic review on the use
of cetirizine for AGA that it was effective and safe. They
advised future clinical trials with bigger sample sizes and
other factors like the evaluation of different concentrations.
Another focus of research could also be the difference in
effectiveness between topical and oral cetirizine.

For COVID-19, the use of H;R antagonists was tested
but studies and trials have either been terminated (possibly
due to the lack of interest now that the pandemic has abated
slowly) or publications are a documentation of “experimen-
tation” during the pandemic. Although results and the gen-
eral consensus for the use of antihistamines in the treatment
of COVID-19 seem to be positive (Hogan Ii et al. 2020;
Al-Kuraishy et al. 2021; May and Gallivan 2022), placebo-
controlled scientific evidence is difficult to find. Given that
the peak of the COVID-19 pandemic is in the past, the use
of H,R antagonists as a case for drug repurposing will most
likely remain a somewhat successful experiment during a
time of crisis, but at the current time, we are inclined to
argue that further trials may be warranted but difficult to
execute. The fact that most studies regarding COVID-19 and
H,R antagonists have been withdrawn reinforces this point.

Although there is only one trial regarding the use of
cetirizine to prevent neuromyelitis optica episodes (Katz
Sand et al. 2018), this does seem like a field that warrants
future possibilities and should be followed up in larger
placebo-controlled clinical trials.

Similarly, the effects of (des)loratadine on breast cancer
and melanoma should be correlated and researched clinically
after the findings by Fritz et al. in Sweden (2020a, b).

Implications of this study for future
analysis of drug repurposing in the broader
perspective

The clincialtrials.gov API provided us with a straightforward
and structured way to access study data in a predictable manner,
and the use of custom software made data processing, validation,
and manual annotation more accessible and less error-prone.

Although our method and software were sufficient for our
goals and research points of interest, it may need adjustment
for different research questions and is not a one-fits-all solu-
tion but rather an example of using such tools.

The time it took for the initial development may not have
been faster than a more conventional approach, but the usage
of the now-created tools would yield a much faster and more
efficient download, processing, verification, annotation, and
analysis because necessary steps are encapsulated into the
software for automation.

Also, while our method may require more technical
knowledge and programming abilities to set up, the use of
a custom-created web application with a specially tailored
interface is even more accessible and easier to use than data
annotation and verification in, for example, Excel.

Currently, the biggest time factor is the manual verifi-
cation and annotation of trials. While the former is neces-
sary for every analysis and cannot be fully automated, in
the future, our method of analysis could be augmented even
further by, for example, incorporating artificial intelligence
to reduce the need for manual data annotation. One possi-
bility could be the automatic assignment of a use case with
regard to drugs of interest as we described in our Methods
section by a large language model (LLM), like GPT-4 by
OpenAl (https://openai.com/gpt-4, last accessed July 20,
2023). Results of automatic assignment would still need to
be checked and verified, but such integrations seem to be the
next logical step in automation.

While our method may be beneficial for reducing human
errors during editing and annotation of data through pur-
pose-build user interfaces and automation, software bugs,
which are flaws in the code of the software and may lead to
unexpected behavior, still need to be considered as a pos-
sible limitation.

The use of PostgreSQL as a relational database in the
context of our novel methodology in combination with our
other tools proved to be beneficial, but there are also chal-
lenges that may need to be considered for altered use cases.
In comparison to an Excel spreadsheet, a database is (in
most cases, exceptions like SQLite exist) not a single file
that can be transferred easily via email, for example, but
rather more of a program itself that needs to be installed.
However, it is wrong to assume that a database and an Excel
sheet should be used in the same way and a central data-
base does provide many advantages as well. In a scenario
where collaboration is needed and multiple people work
with the same dataset, a central database could provide the
only source of truth for the data and could be hosted on
a computer in a network or in the cloud. All the people
working on the project could access the same data simul-
taneously and edit and annotate using the web application,
eliminating multiple versions of the same file distributed
over many computers.

@ Springer
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Fig. 13 This diagram shows an overview of our software stack and potential enhancements, which are marked in yellow. Refer to the full text for

more detail

Because the database is the only place where data is
stored, backups of the data are straightforward as well. In
our case, we executed a so-called SQL dump (create-backup.
ts), which writes all the data contained in the database to
a single file and also includes the instructions to recreate
the whole database structure if necessary. Furthermore, one
could even leverage version control (e.g., “git”) to keep track
of changes to the code files and backup files.

It may also be useful to include other APIs into the soft-
ware for improved ways of data access but at the cost of
needing to adapt the software. There is, for example, an API
for PubMed which could be used to search for publications
or similar literature when incorporated into the web applica-
tion. Also, with the transition to a newly refreshed website
in June 2023 (https://clinicaltrials.gov/about-site/new, last
accessed July 20, 2023), clinicaltrials.gov introduced a new
API version that, at the time of writing, is still in a beta
phase but will be the replacement for the old API that we
used. However, clinicaltrials.gov states that “The classic [...]
API will remain available for some time.” (https://clinicaltr
ials.gov/data-about-studies/learn-about-api, last accessed
July 20, 2023).

Additionally, the script that checks for updates (men-
tioned in the “Limitations” section) could be expanded
further so that it is able to update and augment the data-
base entries accordingly. For the time being, we, however,
decided against such functionality because we preferred to
work with one single version of the data that did not change
and reflected the state of trials at a specific date and time.

@ Springer

Lastly, it is again important to mention that most of the
tools used to create our software can be used free of charge
because of open-source licenses.

Figure 13 summarizes the components of our software
and highlights the discussed but not yet implemented
enhancements in yellow.

To conclude, we would like to highlight the following
take-home messages:

e Repurposing of well-known drugs like H;R antagonists
is an important strategy for the future of pharmacology.

e  With our custom-coded software, we were able to iden-
tify relevant repurposing indications (including, for
example, G-CSF-related bone pain, AGA, or IARs) on
clinicaltrials.gov; however, only a small number of stud-
ies had published results. More potential areas were elu-
cidated during literature review.

e Qur software can be used to support similar research on
drug repurposing in the future.
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