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ABSTRACT

Infection is a dynamic process characterized by the invasion and proliferation
of a pathogen within a host. RNA-seq is an effective method for quantifying the
full spectrum of transcripts during infection. Instead of physically separating
the interacting organisms, analyzing their relationship now requires less inva-
sive experimental protocols. This is facilitated through dual RNA-seq, wherein
the entire RNA of the host-pathogen system is extracted, and their respective
transcriptomes are separated in silico, allowing for the concurrent examination
of gene expression in these organisms as well as their direct interaction analy-
sis during infection.

This study demonstrates the application of dual RNA-seq to investigate the
processes involved in the infection of human THP-1 macrophages by Borde-
tella pertussis Tohama I (B. pertussis). Despite having both whole-cell and acel-
lular vaccines, pertussis keeps re-emerging. The recent resurgence of pertussis
underscores the imperative to broaden our comprehension of the molecular
mechanisms that underlie the pathogenicity of B. pertussis. As part of my doc-
toral research, I conducted a comprehensive analysis of dual RNA-seq data us-
ing advanced bioinformatics techniques to elucidate the biological mechanisms
of this obligate extracellular pathogen and to characterize the host immune re-
sponse to infection. Our research identified: (i) despite being an extracellular
pathogen, B. pertussis can survive inside macrophages; (ii) gene expression in
THP-1 macrophages was extensively rewired; (iii) genes in THP-1 that encode
cytokines, chemokines, and transcription regulators involved in initiating the
M1 and M2 macrophage polarization pathways were highly expressed; (iv)
THP-1 genes involved in controlling apoptosis and inflammation pathways
frequently exploited by bacterial pathogens utilizing the Bvg- phase were over-
expressed; (v) changes in expression of specific THP-1 gene subsets involved
in signaling and metabolism pathways; (vi) a large number of genes involved
in sulfur metabolism were significantly modulated within macrophages; (vii)
and decreased expression of most virulence factors, along with increased activ-
ity of several transcriptional regulators of B. pertussis, during infection. These
findings indicated that B. pertussis transitions from a Bvg+ (virulent) to a Bvg-
(avirulent) phase to adapt to the intramacrophage environment and respond to
antimicrobial activities triggered by THP-1 cells, a phenomenon not previously
observed on such a scale.

To provide further insights into the complex interplay of THP-1 macrophages
and B. pertussis, during the study, we developed a novel software tool, MSF
using Java, to detect concertedly modulated sub-graphs in the THP-1 and B.
pertussis to support our findings and identify genes that may strongly associate
between the two species.
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ZUSAMMENFASSUNG

Eine Infektion ist ein dynamischer Prozess, der durch das Eindringen und die
Vermehrung eines Krankheitserregers in einem Wirt gekennzeichnet ist. RNA-
seq ist eine effektive Methode zur Quantifizierung des gesamten Spektrums
an Transkripten wihrend einer Infektion. Anstatt die interagierenden Organis-
men physisch zu trennen, erfordert die Analyse ihrer Beziehung nun weniger
invasive Versuchsprotokolle. Dies wird durch Dual-RNA-seq erleichtert, bei
dem die gesamte RNA des Wirt-Erreger-Systems extrahiert und ihre jeweili-
gen Transkriptome in silico getrennt werden. Dieser Ansatz ermoglicht die gle-
ichzeitige Profilerstellung der Genexpression in diesen Organismen und die
Analyse ihrer direkten Interaktionen wahrend der Infektion.

Diese Studie demonstriert die Anwendung von dualem RNA-Seq zur Unter-
suchung der Prozesse, die bei der Infektion menschlicher THP-1-Makrophagen
durch Bordetella pertussis Tohama I (B. pertussis) eine Rolle spielen. Trotz
der Verfiigbarkeit von Ganzzell- und azelluliren Impfstoffen tritt Pertussis
immer wieder auf. Das jlingste Wiederauftreten von Pertussis unterstreicht
die Notwendigkeit, unser Verstandnis der molekularen Mechanismen, die der
Pathogenitét von B. pertussis zugrunde liegen, zu erweitern. Im Rahmen meiner
Doktorarbeit habe ich eine umfassende Analyse von Dual-RNA-Seq-Daten
unter Verwendung fortschrittlicher Bioinformatiktechniken durchgefiihrt, um
die biologischen Mechanismen dieses obligat extrazelluldren Erregers aufzuk-
laren und die Immunantwort des Wirts auf die Infektion zu charakterisieren.
Unsere Forschung ergab: (i) Obwohl es sich um einen extrazelluldren Erreger
handelt, kann B. pertussis in Makrophagen tiberleben; (ii) die Genexpression in
THP-1-Makrophagen wurde umfassend umgestaltet; (iii) Gene in THP-1, die
tiir Zytokine, Chemokine und Transkriptionsregulatoren kodieren, die an der
Initiierung der M1- und M2-Makrophagen-Polarisationswege beteiligt sind,
wurden stark exprimiert; (iv) THP-1-Gene, die an der Steuerung von Apoptose-
und Entziindungswegen beteiligt sind, die hdufig von bakteriellen Pathogenen
unter Ausnutzung der Bvg-Phase genutzt werden, wurden {iberexprimiert;
(v) Verdnderungen in der Expression spezifischer THP-1-Genuntergruppen,
die an Signal- und Stoffwechselwegen beteiligt sind; (vi) eine grofle Anzahl
von Genen, die am Schwefelstoffwechsel beteiligt sind, wurden innerhalb der
Makrophagen signifikant moduliert; (vii) und eine verminderte Expression der
meisten Virulenzfaktoren, zusammen mit einer erhohten Aktivitit mehrerer
Transkriptionsregulatoren von B. pertussis wahrend der Infektion. Diese Ergeb-
nisse deuteten darauf hin, dass B. pertussis von einer Bvg+ (virulenten) zu einer
Bvg- (avirulenten) Phase iibergeht, um sich an die intramakrophagale Umge-
bung anzupassen und auf die durch THP-1-Zellen ausgelosten antimikrobiellen
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Aktivitdten zu reagieren, ein Phdnomen, das bisher in diesem Ausmaf nicht
beobachtet wurde.

Um weitere Einblicke in das komplexe Zusammenspiel von THP-1-Makroph-
agen und B. pertussis zu gewinnen, haben wir im Rahmen der Studie ein neuar-
tiges Software-Tool namens MSF unter Verwendung von Java entwickelt, um
gemeinsam modulierte Teilgraphen in THP-1 und B. pertussis zu erkennen,
unsere Ergebnisse zu untermauern und Gene zu identifizieren, die moglicher-
weise in engem Zusammenhang zwischen den beiden Spezies stehen.
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PREAMBLE

Since the inception of my research trajectory, I have have been deeply fasci-
nated by the intricate interplay between pathogens and their human hosts. The
capacity of microbes to invade, adapt, and manipulate host biological systems,
juxtaposed with the remarkable resilience and defense mechanisms of the hu-
man body, has consistently fueled my scientific curiosity. Upon engaging with
the field of bioinformatics, I recognized that these host-pathogen interactions
could be elucidated not solely through experimental laboratory methods but
also via sophisticated computational techniques. This realization underscored
the immense potential of integrative approaches, such as dual RNA sequenc-
ing, to dissect the molecular dialogue between host and pathogen with un-
precedented resolution. This realization highlighted the immense potential of
integrative strategies, such as dual RNA sequencing, to dissect the molecular
dialogue between host and pathogen with unprecedented resolution, and it
ultimately shaped the direction of this thesis.

As part of this project, we had two aims. The first was to conduct a dual
RNA-seq experiment to investigate and gain a deeper understanding of the
alterations in gene expression patterns of human THP-1 macrophages and B.
pertussis during the progression of infection. Throughout my PhD research, I
utilized a variety of bioinformatics methods and tools. I developed customized
pipelines to analyze the dual RNA-seq data (produced in close collaboration
with Dr. Branislav Vecerek and Dr. Denisa Petrd¢kova from the Czech Academy
of Sciences, Prague, Czech Republic), which provided significant and valu-
able insights of the defense mechanism of the human THP-1 macrophages and
the survival and infection mechanism of B. pertussis detailed in the pilot and
comprehensive study. The project’s second aim was to create coexpression net-
works between THP-1 and B. pertussis genes. We found that no existing tools
were available for this purpose. Consequently, we developed a novel tool called
Modulated Sub-graph Finder (MSF), which resulted in the first publication of
my PhD. MSF uniquely identifies coordinated sub-graphs in an organism’s
overall cell signaling network. This tool was employed to generate the global
signaling networks for humans. Subsequently, correlation methods were used
to link these coexpression networks of THP-1 generated by MSF to B. pertussis
genes.

The pilot investigation of dual RNA-seq preceded the comprehensive dual
RNA-seq to assess the infection protocol and dual RNA-seq design for poten-
tial issues and to estimate the required time and resources. The pilot study
was instrumental in shaping the comprehensive study by identifying critical
parameters such as the multiplicity of infection (MOI), rRNA depletion, and



PREAMBLE

exclusion of RNA enrichment for B. pertussis, sequencing depth necessary to
yield sufficient reads, the number of infection time points, specific hours post-
infection to consider, the number of controls, and the required number of bio-
logical replicates. These details were integral in developing a successful dual
RNA-seq data set for our comprehensive study.

This thesis is divided into five primary sections. Chapter 1 presents an
overview of essential background information regarding Bordetella Pertussis
Tohama I. The chapter commences with a general introduction to B. pertussis,
followed by detailed information on available vaccines against B. pertussis, its
resurgence, clinical features of pertussis, and its pathogenesis. In Chapter 2, we
explain next-generation sequencing and compare conventional RNA-seq with
dual RNA-seq. We also describe the pipeline used to analyze our time-course
dual RNA-seq data and the challenges encountered during the analysis. Chap-
ter 3 provides a brief overview of MSF software tool, detailing its development,
implementation, and the packages used. In Chapter 4, the scientific contribu-
tions to the project are outlined, referencing three distinct publications. The
first publication concerns the software tool MSF that we developed. The sec-
ond publication presents the pilot study’s findings, while the third details the
comprehensive study conducted. These publications are arranged in chrono-
logical order according to their respective publication dates.

In conclusion, Chapter 5 provides a comprehensive overview of the accom-
plishments attained within the scope of this thesis and delineates their impli-
cations for prospective research endeavors.



BORDETELLA PERTUSSIS TOHAMA 1

Bordetella pertussis Tohama I (B. pertussis) is a Gram-negative bacterial agent
causing highly contagious respiratory disease leading to pertussis or whoop-
ing cough in humans. The name "'whooping cough” was derived from the in-
tense coughing fits that restrict airflow to the lungs, producing a distinctive
"'whoop” sound. It was first isolated and implicated as the cause of the disease
in 1906 by Bordet and Gengou [17].

Historically, pertussis has been a significant cause of illness and mortality
worldwide, especially among infants. The widespread use of vaccinations has
led to a substantial decrease in the number of cases among vaccinated pop-
ulations. However, pertussis remains a leading cause of death from bacterial
vaccine-preventable diseases. A recent assessment released by the European
Centre for Disease Prevention and Control (ECDC) in May 2024 indicates a
significant increase in pertussis cases within Europe. After a period of limited
circulation, notably during the COVID-19 pandemic, the reported cases sur-
passed 25,000 in 2023 and exceeded 32,000 between January and March 2024.
These figures are comparable to the incidences recorded in 2016 (41,026) and
2019 (34,468) [148].

2.1 BORDETELLA
2.1.1 Genus of Bordetella

To date, nine species of Bordetella have been identified, Bordetella avium, Bor-
detella bronchiseptica, Bordetella hinzii, Bordetella holmesii, Bordetella parapertussis,
Bordetella pertussis, Bordetella petrii, Bordetella pseudohinzii and Bordetella trema-
tum. Among these species, Bordetella bronchiseptica, Bordetella parapertussis, and
Bordetella pertussis are the most well-known and studied due to their common
ancestor and association with human disease [166]. Although it has evolved
from a common ancestor shared with other Bordetella species, such as Borde-
tella bronchiseptica, which infects a broader range of hosts, primarily mammals.
Bordetella pertussis is a pathogen that exclusively affects humans. One of the pri-
mary distinctions between these two species is that B. pertussis has undergone
extensive gene loss as a result of its specialization for infecting humans [107].
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2.1.2  Genome of Bordetella Pertussis Tohama I

Bordetella pertussis Tohama I genome was first published in 2003 [124]. It was
isolated in Japan in the 1950s. It has a genome of approximately 4.1 Megabase
pairs (Mpb), which consists of 3,981 annotated genes with average gene size of
978 base pairs (bp). The Guanine-Cytosine (GC) content is 67.72%. There are
three ribosomal RNA (rRNA) operons, 51 transfer ribonucleic acid (tRNAs),
and 261 insertion (IS) elements, of which 238 belong to the family 1S481.

B. pertussis, the bacterium responsible for whooping cough, exhibits genome
plasticity, allowing it to undergo various mechanisms such as deoxyribonucleic
acid (DNA) inversion, rearrangements, deletion, duplication, and acquisition
of additional genetic information. This genetic adaptability contributes to B.
pertussis’s ability to evade the host immune response and develop resistance to
antibiotics [37].

2.1.3 Vaccines against B. pertussis

Vaccination against B. pertussis plays a central role in controlling the spread of
the disease by reducing the severity of symptoms and limiting bacterial trans-
mission. The primary vaccines used to immunize against B. pertussis include
whole-cell and acellular vaccines.

2.1.3.1 Whole-cell Vaccine

The first complete whole-cell vaccine targeting combined pertussis, diphthe-
ria, and tetanus (DTP) was developed in the 1930s and subsequently adopted
by most developed nations during the 1940s and 1950s [25]. These vaccines
comprised inactivated bacterial cells, chemically killed for safety. Following
the implementation of vaccination programs, a significant decline in disease
incidence was observed shown in Figure 1, showing that whole-cell vaccina-
tion effectively protected infants and children from classic pertussis, commonly
called whooping cough. During that era, this was the main and most well-
known type of B. pertussis infection. [157].

However, whole-cell vaccinations were traditionally viewed as ‘reactogenic’,
leading to side effects such as fussiness, soreness, and swelling at the injection
site. More serious adverse events linked to the whole-cell pertussis (wP) vac-
cine include seizures, neurological issues, and, in rare cases, sudden death in
infants [25].

2.1.3.2  Acellular Vaccine

An acellular pertussis vaccine (aP) was designed as DTaP (diphtheria, Tetanus,
and pertussis) due to the adverse reactions associated with the whole-cell vac-
cine [112] and was introduced in 1996 and as tdap booster in 2005. Acellular
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pertussis vaccines are made up of isolated antigens from B. pertussis. The cur-
rent acellular pertussis vaccines contain up to five B. pertussis components: PT,
FHA, FIM2 and FIM3, and Pertactin (PRN) [41]. The efficacy to prevent pertus-
sis in aP vaccines appears to be slightly lower than that of whole-cell vaccines,
but they have better safety profiles than a whole-cell vaccine in terms of caus-
ing adverse reactions [55].

DTP 50,000

Number of cases

Figure 1: Introduction of DTP, DTap and Tdap vaccines in United States of America.
The whole cell vaccine, labeled DTP here, was made widely available from
1948 and was replaced by the acellular vaccine, labeled DTaP, in 1996 and
tdap in 2005. A sharp drop in pertussis cases is seen with the introduction
of the DTP. The recent resurgence is seen in the inlay [157].

2.1.4 Effectiveness of Pertussis Vaccines

A distinction has been noted in the type of immunity triggered by acellular
versus whole-cell vaccines. Nonetheless, both vaccine types stimulate T-cells,
which are crucial for defending against B. pertussis. The whole-cell vaccine in-
duces a T-helper 1 (Th1) response due to the secretion of IFN-y. The acellular
vaccine, on the other hand, has a mixed Th1 and T-helper 2 (Th2) response due
to secretion of IFN-y and IL-5 [161]. Th1 cells support cell-mediated immunity,
which is essential for defending against intracellular pathogens such as viruses
and certain bacteria. The cytokine IFN-y activates macrophages and enhances
the elimination of pathogens by infected cells. Conversely, Th2 cells drive hu-
moral immunity by stimulating B cells to produce antibodies, particularly in
response to extracellular pathogens like helminths. Additionally, IL-5 plays a
role in activating and recruiting eosinophils, which are crucial in combatting
parasitic infections. Compared to the acellular vaccine, the whole-cell vaccine
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more closely resembled a naturally occurring infection. It was observed that
the Th1l immune response played a vital role in stimulating the destruction of
B. pertussis; At the same time, it was suggested that the Th2 response play a cru-
cial role in triggering the production of antibodies by activating B cells. They
achieve this by releasing cytokines such as IL-4, IL-5, and IL-13, which facilitate
the differentiation of B cells into plasma cells. Subsequently, these plasma cells
generate antibodies like IgG and IgE. These antibodies then coat the surface of
bacteria through a process called opsonization. Once opsonized, phagocytes
such as macrophages and neutrophils recognize the bound IgG through their
Fc receptors, thereby aiding in the engulfment of the bacteria and leading to
their destruction. The active toxin, Pertussis toxin (PT) and lipopolysaccharide
of B. pertussis provoke Thl response; these antigens are included in the whole-
cell vaccine but are absent from the acellular vaccine [94].

The different responses of the two vaccines were tested, showing that indi-
viduals vaccinated with the whole-cell pertussis vaccine demonstrated greater
protection against the disease compared to those who received the acellular
vaccine [167]. The problem with the current vaccines is the short-lived immu-
nity against the infection. The whole-cell vaccine offers effective protection
against infection but can cause adverse side effects. In contrast, an acellular
vaccine elicits a different immune response with fewer side effects, but de-
clines faster than the whole-cell vaccine due to having fewer antigens [8]. Even
though the whole-cell vaccine provides a more prolonged duration of immu-
nity, unfortunately, the whole-cell vaccine and the acellular vaccine are unsuc-
cessful in inducing sterilizing immunity [90, 160, 168].

2.1.5 Resurgence

The resurgence of pertussis has been noted worldwide despite the implemen-
tation of widespread vaccination programs (Figure 2). Following several years
of limited circulation, particularly during the COVID-19 pandemic when mea-
sures such as lock downs and social distancing restricted the transmission of
various infectious diseases, concerning trend has emerged. Between 2023 and
April 2024, European countries collectively recorded nearly 60,000 cases of per-
tussis, representing more than a tenfold increase compared to both 2021 and
2022. This rise in cases is reminiscent of previous years, with 41,026 cases re-
ported in 2016 and 34,468 in 2019 [127]. Notably, infants (those under one year
of age) accounted for the highest incidence in 17 European countries. Con-
versely, in six countries, the highest incidence was reported among adolescents
aged 10 to 19. In France, a significant outbreak occurred in 2024, marking the
largest resurgence in 25 years. As of mid-2024, over 5,600 cases were reported,
with a notable increase in severe cases, especially among unvaccinated infants,
leading to 35 deaths by September 2024. Austria had the highest rates of cases
per 100,000 population in infants, with 180.4 reported cases. Tragically, the ma-
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jority of pertussis-related deaths occurred in infants. Across all age groups, the
number of female notifications was higher than that of males [127].
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Figure 2: Reported pertussis cases from 2000 to 2024 are shown in European region,

and in Austria. The top graph shows European region data, and the bottom
on Austria [157]. Purple bars indicate case numbers, while blue lines show
incidence rates per million

The resurgence of B. pertussis can be attributed to a variety of factors, in-
cluding vaccine coverage gaps, immune responses, pathogen evolution, and
waning immunity over time, among others. Understanding these contributing
elements is crucial for developing effective strategies to control and prevent
pertussis outbreaks.
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2151 Waning Immunity

Despite high vaccine coverage, cyclic epidemics of pertussis have been ob-
served. Emerging reports suggests that the resurgence of pertussis could be
because of replacement of the whole-cell vaccine with the acellular pertussis
vaccine, though the exact reasons are still unclear. While the aP vaccine is less
reactogenic, it may result in sub-optimal and waning immunity [92, 137].

Similar to immunization, contracting B. pertussis naturally does not nec-
essarily guarantee lifelong immunity to pertussis [45]. Various studies have
recorded instances of individuals experiencing a second episode of pertussis
several years after the initial one. Currently, the length of protection provided
by natural infection is estimated to be anywhere from 7 to 10 years [21] up
to 20 years [83], though there are studies suggesting it can be as brief as 3.5
years [162].

Immunization with wP vaccine provides a similar or slightly reduced pro-
tection duration. In a 1962 study conducted by Lambert [84] in Kent County,
Michigan, USA, it was observed that the frequency of pertussis cases among
vaccinated people increased with the amount of time since their previous im-
munization with the whole-cell pertussis vaccine. Among the 210 individuals
vaccinated against pertussis, the observed attack rates were 21% for those vac-
cinated within the past 4 years, 47% for those vaccinated 4 to 7 years ago, and
65% for those vaccinated 8 to 11 years prior. Jenkinson [72] carried out a re-
search study in the UK spanning a decade, which found that the protection
offered by the whole-cell pertussis vaccine remained effective in 85% of chil-
dren four years post-immunization. However, this effectiveness decreased to
50% over the next three years. These studies indicate that wP vaccine does not
confer permanent immunity and wanes over time. This underscores the chal-
lenge of achieving long-term immunity and underscores the significance of
sustained immunization strategies in the management of pertussis outbreaks.

In comparison to wP vaccine, the immunity duration provided by aP vaccine
seems to be shorter. Reports have also suggested that subjects who were fully
vaccinated with aP vaccine had a higher risk of contracting pertussis earlier
than those vaccinated with wP vaccine [27, 155]. Clark et al. [27] found in 2012
that children who received an acellular pertussis vaccine during infancy faced
a higher risk of pertussis early in their school years, while those vaccinated
with a whole-cell pertussis vaccine were more susceptible later, predominantly
during adolescence. Similarly, Vickers et al. [155] observed that children vacci-
nated with an aP vaccine in infancy were at risk of pertussis within the first
four years of life, whereas children who received the wP vaccine did not de-
velop pertussis until ages 5 to 9.
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2.1.5.2 Immune Responses to Pertussis Vaccines

Studies have shown that immune responses following natural B. pertussis in-
fection differ from those induced by both whole-cell pertussis vaccines (WPVs)
and acellular pertussis vaccines (aPVs). They reveal that the immune activa-
tion caused by aPVs is distinct from that resulting from natural infection and
wDPVs [43, 44]. The wP vaccine is typically administered via intramuscular in-
jection as part of combination vaccines, such as DTP (diphtheria, tetanus, per-
tussis). This type of vaccine has been shown to elicit a robust mucosal immune
response by stimulating both Thl and Th17 pathways. These pathways are
essential for producing secretory IgA, the primary antibody type present in
mucosal surfaces, such as the respiratory tract. IgA plays a key role in neu-
tralizing pathogens at mucosal surfaces before they can invade the body. In
contrast, aP vaccine is also administered intramuscular, often in combination
with other antigens like DTaP or Tdap, but it generally induces a Th2-dominant
immune response, resulting in a strong systemic immune response but less ef-
fective mucosal immunity. This is primarily due to its induction of a systemic
humoral response dominated by IgG rather than IgA [45].

2.1.5.3 B. pertussis Genetic Modifications

Over the past two decades, the incidence of the disease has shifted from in-
fants to adolescents and adults [6, 63]. This might be due to the reason that B.
pertussis is evolving in response to vaccination or as a consequence of B. per-
tussis adaption to aP vaccine use [20]. Alternatively, this could be attributed to
advancements in screening programs and diagnostic tools.

Genes encoding antigens in aP vaccines evolved rapidly after introduction to
pediatric immunization [141]. Studies have shown that the use of pertactin con-
taining vaccines has led to the evolution of PRN-negative B. pertussis strains.
Although there have been some exceptions, it has been demonstrated that the
emergence of PRN-deficient strains is a direct result of the selective pressure
induced by aP vaccination [10, 19]. No PRN-deficient isolates have been de-
tected in Denmark, where an aP vaccine without PRN is used [171]. The data
from Japan clearly indicates that the prevalence of PRN-negative strains has
remained consistent over time, 41% from 2005 to 2007, 35% from 2008 to 2010
and 25% from 2011 to 2013, due to the administration of aPVs with PRN [110,
121, 171]. Another study that was carried out in the Netherlands showed vari-
ations in antigens between circulating strains and strains used in making the
vaccines [112].

Recent studies have revealed that B. pertussis undergoes antigenic drift [109],
which alters its infection mechanism and enables the bacterium to evade the
host immune system. This particularly impacts vaccinated individuals, dimin-
ishing the effectiveness of the pertussis vaccine and leading to reduced immu-
nity and increased susceptibility to pertussis. Consequently, there is an urgent
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need for comprehensive research on the antigenic drift of B. pertussis and the
resurgence of pertussis, ultimately paving the way for improved preventive
and therapeutic strategies.

2.2 PERTUSSIS: THE DISEASE
2.2.1 Clinical Features

Clinical pertussis has a natural history consisting of three distinct stages. The
tirst stage, known as Catarrhal, usually occurs when an individual contracts B.
pertussis from infected droplets transmitted by other hosts. The bacteria have a
strong attraction to the cilia found in the respiratory mucosa, which is where
the infection primarily occurs [122]. The bacteria then multiply on the ciliated
mucosal surface causing damage to the respiratory epithelium and resulting
in ciliostasis, mucus release, and an inflammatory response in the respiratory
tract. During the first stage of infection, mild symptoms, similar to those of a
common cold, can be experienced such as sneezing, mild cough, and runny
nose.

This stage is followed by the "Paroxysmal phase," where severe paroxysmal
coughing, one of the classic symptoms of pertussis, can be experienced. During
pertussis, individuals may experience frequent and intense coughing fits that
can occur multiple times per hour for several weeks. These episodes can leave
the person exhausted and struggling to catch their breath. The coughing often
leads to a distinct "whoop" sound when inhaling. Despite ongoing research,
the exact cause of these paroxysmal coughing fits remains unknown. It was
once believed that pertussis only affected infants and children, but now it is
understood that people of all ages are at risk of infection [136]. However, in-
fants are particularly vulnerable to severe complications, such as seizures and
choking, which can be life-threatening [98, 136]. Breathing difficulties known
as apnoea are more common in newborn babies [136]. Unfortunately, this can
result in pulmonary hypertension, leading to cardiac failure and death, particu-
larly in previously healthy infants. This happens when pneumonia and apnoea
work together to cause hypoxemia, which leads to pulmonary vasoconstriction.
Severe pertussis is often characterized by pronounced leukocytosis, increasing
vascular resistance. All these factors can result in pulmonary hypertension,
cardiac failure, and even shock [122]. Older children and adolescents can also
suffer from pertussis, but it is generally milder than infants. However, a sys-
tematic study by Cherry and Paddock [26] reveals that pertussis in adults and
adolescents is not always like classic whooping cough. The burden of the dis-
ease in adults is unknown due to misdiagnosis [97].

As the patient recuperates during the final phase, coughing diminishes grad-
ually, and the adaptive immune system helps eliminate bacteria from the res-
piratory system.
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2.2.2  Pathogenesis of B. pertussis

Understanding the pathogenesis of B. pertussis is crucial for developing ef-
fective prevention strategies and vaccines. The pathogenesis of B. pertussis in-
volves a series of steps that allow the bacteria to colonize and persist in the
respiratory tract, evade the host immune response, and cause the characteris-
tic symptoms of the disease. Before that, we should understand the different
components of B. pertussis that it uses to get into the host and then prevail
inside. A diagram illustrating the different components of B. pertussis involved
in its infection is shown in Figure 3.

Pertussis toxin

Pertactin

Dermonecrotic toxin

Fimbriae
(type 2 & 3)

AN

TCF

Figure 3: Diagram of B. pertussis organism. A schematic diagram illustrating B. per-
tussis, along with the antigens and structures crucial to its ability to cause
whooping cough. The antigens included in acellular whooping cough vac-
cines are highlighted in bold.

2.2.2.1 Adhesion Factors

B. pertussis colonizes in the host’s respiratory tract when the bacteria are in-
haled [175]. Filamentous hemagglutinin (FHA), coded for by fhaB, is a protein
produced by B. pertussis. It has multiple binding sites; an Arg-Gly-Asp triplet
in the middle of the protein helps B. pertussis bind to macrophages, monocytes,
ciliated respiratory cells, and nonciliated epithelial cells [60, 103]. FHA is a po-
tent immunogen; due to its role in attachment and immunogenicity, it is one
of the major virulence factors.

Fimbriae are filamentous structures composed of polymeric proteins found
on the cell surface, encoded by the genes fim2, fim3, and fimX. These structures
are responsible for binding to host cells [111]. A common component of fim-
briae is FimD, which is located at the tip of the fimbriae [52]. These fimbriae
are known to help B. pertussis in colonization, specifically binding to the mono-
cytes and sugars in the epithelium [53, 61]. During the Bvg+ growth phase,
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these genes are also active and, like other virulence-associated genes, have
been found to have a significant role in the pathogenesis of B. pertussis and its
ability to attach to host cells [165]. FIM proteins are also involved in bacterial
agglutination [87].

Pertactin is a protein with the identical Arg-Gly-Asp triplet as FHA; it is
an autotransporter. It is thought to be involved in attachment [42]. Antibodies
are activated when PRN is detected. These antibodies prevent its attachment
and encourage phagocytosis [65, 144]. Other autotransporters thought to play
a role in colonization, adherence, and resistance include tracheal colonization
factor (TcfA), BrkA, and Vag8 [47].

2.2.2.2 BugAS System

The BvgAS system, a two-component regulatory mechanism in Bordetella per-
tussis, is responsible for numerous virulence factors. Activation of the sensor
protein kinase BvgS and subsequent phosphorylation of the response regu-
lator BvgA regulate the BvgAS genes. Upon entering the host, BvgS within
the bugAS locus is activated by an as-yet-unidentified signal, leading to the
Bvg+ phase [60]. This phase initiates the transcription of genes encoding ad-
hesins, toxins, and other virulence factors, collectively referred to as virulence-
activated genes (vags) [31]. Understanding this system is paramount, as it sig-
nificantly influences the pathogen’s infectivity and disease-causing potential
in the host.

2.2.2.3 Pertussis Toxin

The PT toxin is produced and released only by B. pertussis. The role of PT is
adhering to ciliated respiratory cells [119]. Then, PT inhibits the chemotaxis of
phagocytic cells to the site of inflammation [40]. PT binds to the glycoproteins
on the cell surface of the host cell and then phagocytosis the whole holotoxin.
The S1 subunit in the endoplasmic reticulum is released into the cytoplasm.
Once in the cytoplasm, the S1 subunit is responsible for ADP-ribosylating the
alpha subunit of heterotrimeric Gi proteins [24]. This process leads to increased
cyclic adenosine monophosphate (CAMP) in the cytoplasm and dysregulation
of the Gi protein-coupled signaling pathway. It is known that PT can specif-
ically prevent the recruitment of macrophages and neutrophils to the site of
infection [30]. Numerous studies have shown that neutralizing PT would re-
sult in vaccine-induced protection [18].

2.2.2.4 Adenylate Cyclase Toxin

Adenylate cyclase toxin (ACT) is a single-chain protein composed of five dis-
tinct regions: an N-terminal adenylate cyclase (AC) domain, a central hydropho-
bic segment, a modification region that facilitates the acylation of the protein,
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a repeat-in-toxin (RTX) domain responsible for hemolysin binding, and a C-
terminal secretion signal [40]. Type I secretion system exports ACT, which
then passes through a channel formed by the CyaBDE protein complex [156];
the ACT is modified by acylation and then successfully secreted.

During secretion, ACT undergoes acylation, a modification that is essential
for its activity. This acylation enhances its ability to bind to the complement re-
ceptor 3. In the host cell’s cytoplasm, calmodulin increases the catalytic activity
of ACT, leading to elevated cellular cAMP levels. These high cAMP concentra-
tions can inhibit the activation of antigen-presenting cells (APCs) and promote
apoptosis, contributing to the toxin’s pathogenic effects [40].

2.2.2.5 Other virulence factors

Although B. pertussis possesses numerous genes associated with the type-III se-
cretion system (T3SS), these genes do not cause cytotoxic effects in mammalian
cells, unlike other Bordetella species, suggesting that B. pertussis may not utilize
T3SS [99]. The conclusion was later rejected, showing that B. pertussis does use
the T3SS, secreting effectors important for colonization and immune invasion.
T3SS suppresses the innate immune response, the Th1 and Th17 response, and
antibody responses. On the other hand, T3SS enhances the binding of the ef-
fectors to the macrophages, and the respiratory tract [46].

The lipopolysaccharides (LPS) produced by B. pertussis are toxic to host cells.
These LPS lack an O-antigen in comparison to other Bordetella species. This lack
of O-antigen helps B. pertussis to resist the killing by complement [23, 128].

2.3 THP-1 & BORDETELLA PERTUSSIS INTERPLAY
2.3.1 Intracelullar Life of B. pertussis

Sensing and responding to changes in the surroundings is crucial for organ-
isms to adapt to different environments. Bordetella species have evolved mech-
anisms to adjust transcription to respond to such changes quickly. The bugAS
two-component system, which includes a sensor protein named BvgS, a tran-
scriptional activator known as BvgA, and a transcriptional repressor called
BvgR, primarily governs the activation of virulence in Bordetella. When grow-
ing in the presence of millimolar concentrations of nicotinate or magnesium
sulfate, the BvgS sensor protein is inactive and unphosphorylated, and the bac-
teria are in the Bvg minus (Bvg-) phase, where the transcription of virulence
genes is turned off and virulence repressed genes including genes that are
required for flagella synthesis and motility are maximally expressed. When
bacteria detect certain inducing signals, such as a rise in temperature to 37°C,
similar to levels inside a mammalian host, the BvgS sensor protein undergoes
autophosphorylation. This triggers a phosphorylation cascade, resulting in the
transfer of a phosphate group to BvgA. Phosphorylated BvgA then binds to
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the promoter regions of Bvg-activated genes, initiating the transcription of
virulence-related genes in response to temperature changes. Consequently, this
activates the production of virulence factors, including the type three secretion
system (T3SS), PRN, FHA, ACT, PTX, and others [36, 66, 115].

BvgAS is not the only regulatory system involved in promoting bacterial per-
sistence inside macrophages. Another two-component regulatory system was
identified, named RisAS, which plays a crucial role in the persistence of Bor-
detella [75]. A study of a RisA mutant strain showed that the RisAS regulon is
responsible for bolstering resistance to oxidative stress, facilitating acid phos-
phatase production, and promoting in vivo persistence. It was found that RisA
is most effectively expressed when the bacteria are contained within eukaryotic
phagocytes at a temperature of 37°C [75].

In vitro studies using a human alveolar epithelial cell line A549 have shown
that a significant number of intracellular B. pertussis bacteria can avoid fusion
with phagolysosomes. During this process, B. pertussis releases various pro-
teins that facilitate its survival and persistence inside host cells. These proteins
play roles in stress management, iron acquisition, and metabolic functions [85].

Another study on B. bronchiseptica showed that the avirulent Bvg- phase is
essential for the bacterium’s survival, persistence, and replication [150]. It is
possible that, unlike other harmful bacteria that enhance their virulence under
stress, Bordetella species rely on an age-old stress response to adapt to the
intracellular environment they encounter. This indicates that the Bvg- phase
plays a crucial role in regulating gene expression when these bacteria interact
with host phagocytes. At the messenger RNA (mRNA) level, some studies have
indicated that virulence is suppressed upon internalization in macrophages.
However, when analyzing the B. pertussis proteome, it was observed that the
levels of the virulence proteins PTX and ACT did not change in intracellular B.
pertussis when compared to in vitro growth conditions under Bvg+ [85, 153].

While some research findings provide support for the existence of an intra-
cellular phase in pertussis, the exact nature of its involvement in the pathogen-
esis of the disease and its implications for vaccine effectiveness are currently
under intense scrutiny and debate within the scientific community.

2.3.2 Host Immune Response to B. pertussis

The immune response to B. pertussis encompasses both innate and adaptive ele-
ments. The innate response primarily functions to contain the bacteria through
the activity of macrophages, neutrophils, and dendritic cells. Following the
attachment of B. pertussis to ciliated cells within the trachea and bronchi of
the infected host, resident alveolar macrophages and neutrophils phagocytose
and eradicate bacteria, although their efficacy is diminished due to the im-
pact of toxins. Incidences of pertussis surviving intracellularly within certain
macrophages [48, 64] have been documented, indicating the potential for intra-
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cellular survival, thereby extending the infectious period and facilitating dis-
ease transmission. Research has demonstrated that IFN-y and IL-17 enhance
macrophage killing of pertussis, with IFN-y established as a critical cytokine,
as evidenced by studies involving IFN-y receptor knockout mouse models [9,
94]. IFN-y prompts the production of Nitric Oxide (NO) by macrophages,
whereas IL-17 does not. Additionally, TNF-« is identified as another cytokine
that contributes to controlling B. pertussis infection. Notably, a TNF knockout
mouse model exhibited elevated leukocyte levels in the lungs and a higher
bacterial load [169].

Dendritic cells (DCs) have the primary role of presenting antigens to T-cells,
thereby eliciting cytokine production and inducing T-cell differentiation into
helper subsets. DCs situated in the respiratory tract are responsible for detect-
ing pathogen-associated molecular patterns (PAMPS) and various virulence
factors in pertussis. This detection triggers the activation of host T-cell re-
sponses, contributing to the adaptive immune response. The binding of LPS
to TLR4 results in the secretion of IFN-y and IL-12, both of which drive Th1
differentiation [67]. Meanwhile, ACT activates Nod-like receptor 3 (NLRP3),
leading to the cleavage of pro IL-1b into its active form. This, in combination
with IL-12, induces the generation of Th17 cells [38]. Notably, certain DC sub-
types have been observed to play a pivotal role in the immune response to
B. pertussis. Experimental depletion of CD103a+ DC cells resulted in reduced
bacterial clearance and a diminished Th1 response [39].

Neutrophils typically migrate into the lungs approximately five days fol-
lowing infection, peaking around day 10 [101]. Recruitment of neutrophils
is dependent on the presence of IL-6 and macrophage inflammatory protein
2 (MIP-2) [172]. Early neutrophil recruitment is hindered by pertussis toxin,
while adenylate cyclase toxin suppresses their bactericidal functions by reduc-
ing phagocytosis, chemotaxis, and superoxide production [29]. Neutrophils ex-
ert intracellular killing mechanisms subsequent to bacterial uptake facilitated
by opsonizing antibodies, crucial for infection control in immune mice.

Natural Killer cells (NK) traditionally associated with viral infections, have
been observed to initiate IFN-y release, aiding bacterial clearance through
macrophage activation and Thl differentiation and response [94]. Depletion
of NK cells in pertussis has been shown to lead to bacterial dissemination,
intensified Th2 response, and diminished Thl response, underscoring their
significance [108].

The complement system plays a critical role in the innate immune response,
contributing to pathogen opsonization, the release of chemo attractants, and
direct bactericidal activity. It serves as a crucial link between the innate and
adaptive immune systems. B. pertussis exhibits resistance to the classical com-
plement pathway through the Bordetella resistance to killing A (BrkA) protein,
which impedes neutrophil phagocytosis by preventing complement compo-
nent aggregation on the bacterial surface [11]. Moreover, pertussis inhibits the
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recruitment of the C4b binding protein (C4BP) and the C1 esterase inhibitor,
thereby influencing the function of complement components [12, 14].

2.3.2.1 Adaptive Immune Response

The adaptive immune system is essential in clearing B. pertussis infection and
providing immunity against future infections. It starts with dendritic cells pre-
senting antigens to naive T-cells and producing pro-inflammatory cytokines
and chemokines. This leads to the generation of B and T-cells with antigen
specificity for B. pertussis.

Helper T-cell responses are typically observed approximately three weeks
after infection. It is noteworthy that Th2 cells are not significant responders to
infections, as their induction following B. pertussis infection is minimal. Fur-
thermore, studies have shown that IL-4 knockout mice exhibit the capability
of bacterial clearance similar to that of wild type mice [102]. In various in-
vestigations, both Thl and Th17 immunity have been identified as essential
components of the adaptive response [3, 68]. The differentiation of Th1 cells is
initiated by IL-12 signals stimulated by B. pertussis from innate immune cells.
Notably, Th1 cells play a critical role in producing IFN-y, which is vital for pre-
venting lethal disseminated infection, as evidenced in receptor and cytokine
knockout mice. The production of IFN-y is essential for the NO responses by
macrophages to effectively combat B. pertussis [95]. On the other hand, Th17
cells serve as producers of IL-6, TNF-«, and IL-17, which are pro-inflammatory
cytokines that contribute to the eradication of extracellular pathogens. The
differentiation of Th17 cells is driven by IL-1/23. These cells function to re-
cruit neutrophils via chemokines and cytokines, while also activating innate
immune cells, including macrophages and neutrophils, to mediate the elimi-
nation of B. pertussis [172]. It should be noted that Th17 responses have been
associated with negative aspects, such as their link to conditions like asthma,
cystic fibrosis, and other lung disorders.
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Over the last decades, our understanding of the building blocks of life DNA
and RNA has advanced significantly, thanks to the combined efforts of physics,
chemistry, biology, and computer science. This progress has generated an enor-
mous amount of data, which data scientists analyze and interpret to uncover
meaningful insights. The advent of next-generation sequencing (NGS) has fur-
ther revolutionized the field by greatly increasing access to genetic information
and producing genomic and transcriptomic data more efficiently in terms of
cost and time. However, despite these advancements, managing and process-
ing this vast wealth of data remains a major challenge. To effectively address
research questions in this domain, it is essential to design appropriate proto-
cols with optimal parameters tailored to each study, ensuring that sequencing
efforts yield accurate and useful results.

The first Human Genome Project was launched in 1990 to identify the com-
plete nucleotide base pair sequence that makes up the human DNA [1]. The
project was completed, covering about 92% of the total human reference genome
in 2003 with an accuracy of 99.99% [140] costing about $3 billion [138]. Unlike
before, sequencing a complete human genome today would take only a few
days and cost less than a thousand dollars with the emerging NGS technolo-
gies [173]. Due to the parallel, fast, and low-cost sequencing of whole genomes
and transcriptomes, NGS technologies are now known as high-throughput se-
quencing technologies [54].

NGS is a vital tool for research across disciplines, from basic biology to clin-
ical diagnostics [54]. It has revolutionized the field of genomics by enabling
comprehensive genome sequencing, transcriptomics, epigenomics, meta-genomics,
and other omics studies [86]. These approaches play an important role in elu-
cidating the current physiological state and responses generated by external
stimuli in a cell [117].

3.1 TRANSCRIPTOMICS: THEN AND NOW

A transcriptome is the complete set of all RNA molecules that are expressed in
a cell, tissue, or organism at a specific time and under specific conditions. It re-
flects the genes that are actively being transcribed into RNA, providing a snap-
shot of gene activity and expression levels. The information gained from tran-
scriptomics can provide a platform for researchers to understand better how
individual genes or a group of genes are involved in biological processes. Tra-
ditionally, the cellular expression of transcripts was measured based on gene-
specific DNA probes, detection by hybridization (Northern blot), or amplifi-
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cation (polymerase chain reaction (PCR) or quantitative real-time PCR (qRT-
PCR)). Nevertheless, these approaches could only analyze a small portion of
predefined target genes. The era of traditional transcriptomics changed when
microarrays were developed. Microarrays use glass slides or membranes with
parallel immobilized DNA probes on them [139]. Fluorescence was used to
label the complementary DNA (cDNA) before hybridizing it to the microchip;
this assisted in inferring the abundance of a respective transcript depending
on the intensity of the fluorescent signal. Although multiple genes could be
studied simultaneously with microarrays, only known RNA molecules could
be studied. To overcome the limitation of discovering novel transcripts, high-
resolution tiling arrays were introduced [142]. Microarrays and tiling arrays
helped in the revelation of the very first gene expression patterns of several
bacteria such as Vibrio cholera [104], Chlamydia trachomatis [13] and C. pneu-
monia [114].

Sequencing technologies have revolutionized biology. The first NGS tech-
nologies introduced were Illumina/Solexa, Roche/454, or ABI/SOLiD. These
technologies can sequence the entire genome in a couple of hours [105]. NGS
technologies were used for genomics initially but later adapted to coding
DNA sequence (CDS), now known as RNA sequencing (RNA-seq) [159]. RNA-
seq has many advantages over micro-array; firstly, prior information on the
genome or genomic features is unnecessary. This approach is appealing for
non-model organisms that lack existing knowledge, as it is organism-independ-
ent and capable of identifying all cellular transcripts, both coding and non-
coding. Secondly, RNA-seq has large dynamic ranges of expression levels, in-
creasing the sensitivity for genes expressed at very low or very high levels.
RNA-seq also shows very high levels of reproducibility for technical replicates.
Lastly, RNA-seq requires only a small input amount; for single-cell RNA-seq,
a few picograms (pg) suffice [117, 159].

The RNA-seq approach has a few drawbacks when compared to microar-
rays. One of the main disadvantages is the size of RNA-seq files, which are
significantly larger than microarrays files. Furthermore, RNA-seq involves sev-
eral processing steps, including library preparation, alignhment to a reference
genome, normalization, and addressing sequence-specific biases and mapping.
These factors contribute to longer analysis times. Also RNA-seq tends to be
more expensive than microarrays [50, 151]. Nonetheless, RN A-seq has become
more prevalent due to decreasing sequencing costs and technological advance-
ments.

3.2 RNA-SEQ
RNA sequencing is a widely utilized technique for comprehensive analysis

of the transcriptome, encompassing the full array of RNA molecules within a
cell or tissue at a given moment [132]. This includes messenger RNA (mRNA),
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non-coding RNAs, and small RNAs. The process involves reverse transcrip-
tion of RNA molecules into complementary DNA (cDNA), followed by high-
throughput sequencing, commonly performed using platforms such as Illu-
mina. RNA-seq provides valuable insights into gene expression quantifica-
tion, alternative splicing events, RNA editing, and the profiling of non-coding
RNAs. It is extensively employed in studies of gene expression regulation, no-
tably in differential gene expression analysis (DGEA), facilitating the discovery
of novel transcripts, untranslated regions (UTRs), processing sites, bacterial
operon architectures, and splice isoforms in eukaryotic organisms. Due to its
versatility and depth, RNA-seq has become the method of choice for transcrip-
tomic investigations across a wide range of biological systems.

3.3 DUAL RNA-SEQ

Dual RNA-seq is an advanced extension of traditional RNA sequencing method-
ologies that enables the concurrent analysis of host and pathogen transcrip-
tomes within a single mixed infection system. This technique involves the ex-
traction and simultaneous sequencing of RNA molecules derived from both
the host organism such as humans or plants and the infectious agent, including
bacteria, viruses, or fungi. The application of dual RNA-seq facilitates a com-
prehensive examination of transcriptional responses during host-pathogen in-
teractions, thereby illuminating mechanisms underpinning immune responses,
microbial pathogenicity, and the temporal dynamics of infection [163]. Its util-
ity is particularly pronounced in the study of infectious diseases, microbial
ecology, and the molecular pathways influencing disease progression and host
defense. In essence, while conventional RNA-seq provides insights into the
transcriptome of a single organism, dual RNA-seq broadens this scope to en-
compass the simultaneous analysis of both host and pathogen transcriptomes,
yielding a more integrated understanding of molecular interactions. Despite
similarities between RNA-seq and dual RNA-seq in their capacity to analyze
gene expression profiles, their applications diverge markedly, as illustrated in
Figure 4.

Although dual RNA-seq presents promising opportunities, it also faces cer-
tain obstacles. Quantitatively and qualitatively, differences are evident: a mam-
malian cell contains roughly ~10-20 pg of total RNA, which exceeds the amount
in a prokaryotic cell—about ~100 femtogram (fg) by more than a hundredfold.
Practically, this implies that to detect gene expression changes in both organ-
isms, the sample should have an appropriate ratio of bacterial to host cells. For
dual RNA-seq to be practical, an estimated number of bacteria per infected
host cell has been suggested, with the bacterial transcripts in a mixed host-
pathogen RNA sample expected to constitute approximately 5% [163].
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Figure 4: Comparison between RNA-seq and dual RNA-seq pipeline. The figure
depicts two distinct methodologies employed in RNA-seq analysis. On the
left, the traditional approach is illustrated, wherein total RNA is indepen-
dently isolated from both host and pathogen cells within the infected sam-
ple. Subsequent processes include sequencing and read alignment, enabling
the quantification of gene expression levels for each organism separately. On
the right side, the dual RNA-seq technique is depicted, where total RNA is
extracted from the infected cells and subjected to sequencing analysis before
separating the mixed sequence reads for the original genomes.

20



3.4 DUAL RNA-SEQ EXPERIMENT DESIGN

3.4 DUAL RNA-SEQ EXPERIMENT DESIGN

The meticulous planning and coordination required for designing a dual RNA-
seq experiment are essential to ensure the acquisition of high-quality data. This
data, in turn, can yield valuable insights into host-pathogen interactions and
the underlying molecular mechanisms of infection. Therefore, we decided to
conduct a pilot study to address key questions pertinent to the dual RNA-
seq design. These inquiries encompassed the assessment of the infection as-
say’s efficacy, determination of the optimal number and timing of infection
time points, identification of the suitable quantity of controls and replicates for
each sample, and the establishment of the requisite sequencing depth for each
infection time point. Before designing the dual RNA-seq setup, we carefully
considered several factors, as listed below.

3.4.1 Multiplicity of Infection

In formulating the infection assay, our initial consideration was the multiplic-
ity of infection (MOI). The pilot study employed an MOI of 100 bacteria per
macrophage, which was subsequently reduced to 10 bacteria per macrophage
in the comprehensive study. The adjustment of the MOI from 100 to 10 for
the comprehensive study was necessitated by the utilization of a fresh batch
of THP-1 cells which were more sensitive to infection. This alteration was im-
plemented to maintain cell viability while replicating more realistic biological
conditions, with the aim of ensuring that the experiment provides a more ac-
curate reflection of natural in vivo conditions.

3.4.2 Infection Time points

The pilot study facilitated the selection of appropriate infection time points
to ensure comprehensive coverage of gene expression changes during the in-
fection process. Specifically, three time points were chosen: 2, 6, and 24 hours
post-infection (hpi), with controls only at 6 hpi to validate temporal changes
in gene expression profiles. The majority of infection dynamics observed be-
tween THP-1 cells and B. pertussis occurred during the earlier time points. To
better capture these dynamics, the subsequent comprehensive investigation
expanded the number of time points to five: 1, 2, 4, 8, and 12 hpi. Addition-
ally, the decision to exclude the final time point of the pilot study (24 hpi) in
the comprehensive investigation was based on the limited bacterial read abun-
dance at that stage, which hindered the acquisition of meaningful insights.
This expansion and adjustment enhanced the understanding of the infection
dynamics and critical events. Notably, all infection time points in the compre-
hensive study were accompanied by controls.
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3.4.3 Sample Replicates

It is crucial to thoughtfully determine the number of biological replicates in
any study, as they greatly enhance the statistical power and reliability of the
results while reducing the influence of variation on experimental outcomes. In
both of our studies, each sample consisted of three biological replicates. This
strategy ensured robust statistical assessments of gene expression variances,
allowing us to differentiate genuine biological changes from random noise
and technical artifacts.

3.44 RNA Depletion

RNA enrichment and depletion techniques are employed in RNA sequencing
to selectively isolate or remove specific RNA molecules from a sample, allow-
ing researchers to target specific RNA subsets or eliminate unwanted RNA to
enhance the precision and accuracy of their analyses. Ribo-depletion methods
are utilized to eliminate ribosomal RNA (rRNA) from the sample, as TRNA
constitutes a substantial portion of total RNA and may not be pertinent to the
conducted experiment. Following Ribo-depletion, other RNA species, such as
mRNA or non-coding RNA, remain for further analysis. This approach serves
to minimize the sequencing of undesired transcripts and optimize the sequenc-
ing of more relevant RNA classes. Depletion and enrichment can be performed
at the RNA or cDNA levels. Commercially available kits, such as RiboMinus,
Ribo-Zero, and MICROBExpress [146], utilize DNA oligonucleotides with a
sequence complementary to rRNA to deplete rRNAs from RNA samples. Con-
versely, RNA enrichment for eukaryotic mRNA can be performed using kits
that employ oligo(dT) to capture mRNAs. These techniques effectively reduce
the required sequencing depth, thus lowering sequencing costs [33].

In our studies the enrichment step for bacterial RNA was skipped to avoid
delaying of RNA isolation. Instead we focused on RNA depletion utilizing the
Ribo-Zero Gold rRNA Removal Kit from Illumina to eradicate rRNA from total
RNA samples.

3.4.5 Library Preparation

Different library preparation kits and protocols are offered by various manu-
facturers, each with distinct features and advantages tailored to the specific
requirements of sequencing applications (e.g., DNA-seq, RNA-seq, ChIP-seq)
and sequencing platforms (e.g., [llumina, Ion Torrent, PacBio). The NEBNext®
Ultra™ II DNA Library Prep Kit was utilized for this investigation. This kit is
designed to produce high-quality libraries suitable for sequencing on Illumina
platforms. The sequencing for both the studies was performed on an Illumina
HiSeq 2500 platform using HiSeqV4 chemistry.
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3.4.6 Transcript Length

Both studies utilized single-end RNA-seq to balance cost and coverage. In the
comprehensive study, the RNA-seq read length was increased from 50 base
pairs (bp) in the pilot study to 100 bp, improving read specificity, mapping ac-
curacy, and the resolution of transcriptional profiling. This adjustment in RNA-
seq design allowed more precise detection of gene expression changes during
B. pertussis infection, particularly for low-abundance transcripts, thereby en-
hancing the overall quality and interpretability of the RNA-seq data.

3.4.7 Depth Requirements

The initial RNA-seq research in mammals focused on the polyadenylated por-
tion of cellular transcripts, with a sequencing depth of ~10-50 M reads [113,
146]. The first RNA-seq studies on prokaryotes yielded ~1-7 M reads after
rRNA depletion [118, 126]. These depths were sufficient to deduce the differ-
ential mRNA expression, but more sequencing depth is required to provide
information on low abundant RNAs, transcript boundaries, splice isoforms,
and operon structures. The ideal depth suggested to deduce both quantitative
and qualitative RNA-seq expression of bacteria and mammals is 1-10 M or
~100 M reads/library, respectively [57].

In our research, it was imperative to ensure the acquisition of a sufficient
number of B. pertussis reads for each time point while also considering the
sequencing cost. Our primary obstacle was to establish the sequencing depth
required to obtain an ample number of reads for B. pertussis, given its reduction
over the infection course in THP-1 cells. In the comprehensive study, we uti-
lized the reads generated for B. pertussis at each time point in the pilot studies
to design and calculate the sequencing depth and number of reads. We initi-
ated with a low sequencing depth for the initial time points and incremented
it for the later time points to ensure the acquisition of sufficient bacterial reads.
For the initial time points, the sequencing depth was maintained at a lower
level, and the anticipated reads to be retrieved for B. pertussis at 1 hpi and 2
hpi was 100k. For 4 hpi and 8 hpi, the sequencing depth was doubled, and
the expected reads were estimated to be between 78k to 62k. For the final time
point, 12 hpi, the sequencing depth was quadrupled, and the calculated reads
to be retrieved amounted to 100k. Although the number of B. pertussis reads
was lower than what the literature suggests, this was primarily due to the omis-
sion of enrichment steps, which resulted in fewer viable intracellular bacteria.
However, the read counts at each time point were sufficient, even in the later
stages of the study, and we successfully balanced the desired coverage with
our budget constraints.
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3.5 DUAL RNA-SEQ ANALYSIS PIPELINE

Analyzing dual RNA-seq data involves several key steps, and here’s an overview
of the downstream workflow used in our studies shown in Figure 5.

3.5.1 Quality control

High-throughput sequencers generate vast amounts of data in a single run;
therefore, evaluating the library quality and sequencing performance is neces-
sary before starting the analysis with the acquired sequences. Quality Control
(QC) usually considers duplication rate, rRNA abundance, strand specificity,
coverage continuity, the content of bases, the number of bases N, GC content,
and adapter sequences.

For both of our studies, FastQC [4] was used to perform quality control
checks on raw Illumina reads. Bedtools [129] was used to convert the raw bam
files to fastq format. All the adapter sequences at the end of the reads were
removed using the tool Cutadapt [96] before they can be further processed.
The aim was to improve the quality and reliability of the raw sequencing data
before downstream analysis as the read quality declines towards the 3" end of
the read.

3.5.2  Transcript Quantification

Transcript quantification is used to estimate the abundance or expression levels
of individual transcripts (mMRNAs or non-coding RNAs) in a biological sample,
based on the number of reads that map to each transcript. This approach re-
quires a gene annotation, e.g. in the form of a gene transfer format (GTF) file,
which stores the genes and exons coordinates. This GTF file is used to map
reads to transcripts. Tools commonly used to quantify transcript are HTseq-
count [2], feature-count [88], and salmon [125].

Salmon employs the quasi-mapping algorithm to assign reads to transcripts
by identifying a series of exact, unique matches between the read and the
transcript that cannot be extended further in either direction. These matches
are based on a distinctive sequence fragment that sets them apart from other
matches, allowing reads that might otherwise align to multiple locations to be
accurately assigned to a single transcript, thereby enabling precise quantifica-
tion of transcripts [125]. Salmon quantifier was used for both our studies by
utilizing a single transcriptome generated by combining the humans transcrip-
tome from Ensembl GRCh38 and Bordetella pertussis Tohama I transcript from
NCBI Assembly GCF000195715.1. The bordetella transcriptome was generated
using the gffread tool, which converted the GFF (General Feature Format) file
format to GTF (Gene Transfer Format).
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Figure 5: Pipeline for dual RNA-seq analysis. The figure illustrates the steps we used
in our study for dual RNA-seq. Firstly, we lysed the infected cells and ex-
tracted the total RNA, followed by rRNA depletion. We then prepared li-
braries and performed sequencing on mixed RNA. The dual RNA-seq reads
were filtered for quality before aligning to host and pathogen transcripts
in parallel. Separated reads for host or pathogen were used for quantifica-
tion and downstream bioinformatics analysis, such as differential expression,
pathways, and network analysis.
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After running the quantification process using Salmon, the human and B.
pertussis reads were sorted to be used for further analysis of differential ex-
pression. All the genes with an Ensemble ID were found to belong to human
macrophages, while the IDs that started with BP were assigned to B. pertussis.

3.5.3 Principal component analysis

Principal Component Analysis (PCA) is frequently applied in dual RNA-seq
data analysis to explore patterns of gene expression variation across samples,
detecting outliers, and visualizing relationships between samples [73].

In our studies, after obtaining the read counts per gene from salmon quan-
tification, the regularized log transformation using the rlog function of DE-
Seq2 [91] was applied for each time point to normalize the data. The PCA
plots for visualizations were produced using the ggfortify package [149] and
the ggplot2 package [164] in R [130]. The PCA plots from both studies of-
fered valuable insights into how the samples clustered. The analysis showed
that samples from uninfected macrophages were clearly separated from those
taken from infected cells. Additionally, the samples from infected macrophages
at different time points also formed distinct clusters, indicating differences in
their gene expression profiles. The replicates of the same samples clustered
closely together, demonstrating the consistency of the experimental results.

3.5.4 Differential Gene Expression Analysis

Differential Gene Expression Analysis highlights the genes that have changed
significantly in abundance according to phenotype, disease, or experimental
condition (e.g. disease and control). Effective use of gene expression analy-
sis is time-series gene expression data [49], knowing that biological processes
are often dynamic. Differentially expressed genes (DEG) are identified using a
combination of expression level thresholds and expression score cut-offs, often
determined by p-values obtained through statistical models. A gene’s expres-
sion is quantified by the number of sequenced fragments that align with its
transcript. The results of DGEA can be influenced by factors such as library
preparation methods and quality, mapping settings, and transcript counting
techniques [131].

The differential gene expression analysis, for both host and pathogen for
both our studies was performed with edgeR [135] package in R using the
read counts from salmon. Before conducting differential gene expression anal-
ysis, we removed any unwanted variation caused by batch effects or library
preparation from the samples. This was achieved by using the RUVs correc-
tion method from the RUVseq [133] package in R. In edgeR, the normalization
process employed involved the weighted trimmed mean of M-values (TMM)
approach. This method adjusts for variations in sequencing depth across sam-
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ples, thereby enhancing the accuracy of DGEA. TMM normalization is widely
regarded for its robustness compared to alternative normalization techniques,
especially when applied to datasets with large number of genes [158].

3.5.5 Volcano Plots

A volcano plot is a widely used graphical technique in the analysis of dual
RNA-seq datasets, employed to concurrently represent the statistical signifi-
cance and the fold change of gene expression changes between two experi-
mental conditions or groups. It helps identify genes that are both significantly
differentially expressed and exhibit large fold changes [100].

For our studies, volcano plots were generated between the control samples
and treated samples for each time point and each species. The volcano plots
were generated using the ggplot package in R. These plots helped our study
in identifying and prioritizing significantly differentially expressed genes with
high fold-change and very low p-value for further investigation.

3.5.6 Gene Ontology

After conducting DGEA, the first step is to perform Gene Ontology (GO)
analysis. This helps uncover and identify key molecular functions, biological
processes, and cellular components associated with differentially expressed
genes under experimental conditions or treatments [7, 32]. GO annotations
are associated with specific genes or gene products, and these annotations are
based on experimental evidence, computational predictions, or manual cura-
tion from published literature. The annotations can be accessed through vari-
ous databases and resources [7, 69], such as the Gene Ontology website [32],
UniProt [93], and NCBI Gene [22].

For both our studies, pilot and comprehensive, the GO analysis for B. pertus-
sis was performed using blast2go [28], we determined the gene ontology terms
associated with more than one gene in the gene set for enrichment compared
to the entire transcriptome using the Fisher Exact test. Revigo tool [147] was
then used to condense, summarize, and visualize the GO term lists. The GO
analysis helped observe that several important GO terms have been found to
be dis-regulated and so we delved deeper into these GO terms. Heatmaps were
generated for each of these GO terms using the ggplot2 package in the R.

For the host part the GO analysis was performed in R using the package
GSEABase [134]. To perform this analysis, we first separated the complete list
of significant differentially expressed genes based on their adjusted p-value,
which was less than 0.05. These genes were then divided into two groups - one
group with genes having a positive log fold change (log2FC > 0) and the other
group with genes having a negative fold change (log2FC < 0).
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3.5.7 Pathway Analysis

Pathway analysis is a methodological approach employed to elucidate the com-
plex biological pathways and networks influenced by specific experimental
conditions or genetic variations. In biological systems, genes, proteins, and
metabolites frequently operate within interconnected pathways, collaborating
to execute particular physiological functions or adapt responses to environ-
mental stimuli [51, 116]. Pathway analysis aims to identify these sets of genes,
proteins, or metabolites that are coordinately regulated and contribute to a par-
ticular biological process or disease. There are curated databases and tools that
contain information about known biological pathways and their interactions
for example, KEGG [76] Reactome [154] and the ingenuity pathway analysis
(IPA) (QIAGEN Inc., https:/ /www.qiagenbioinformatics.com).

In the pilot study, which was more focused on the host response upon infec-
tion, we performed GSEA to identify the enriched KEGG (Kyoto Encyclopedia
of Genes and Genomes) terms in humans using the R package ‘GSEABase’.
To perform this analysis, we first separated the complete list of significant dif-
ferentially expressed genes based on their adjusted p-value, which was less
than 0.05. These genes were then divided into two groups - one group with
genes having a positive log fold change (log2FC>0) and the other group with
genes having a negative fold change (log2FC<0). The plots for GO and KEGG
analysis were generated using the ggplot in R.

3.5.8 Gene Regulatory Networks

Gene regulatory networks (GRNs), are complex networks of interactions that
govern the regulation of gene expression in a cell or an organism [59]. These
networks play a fundamental role in controlling various cellular processes,
including development, differentiation, response to environmental cues, and
maintaining cellular homeostasis. GRN commonly shown as a Boolean net-
work model. The model has nodes corresponding to genes and gene products
(RNAs and proteins) with directed edges corresponding to the interaction type
between the genes. The interaction of the nodes has different modes, including
activation (upregulation), inhibition (downregulation), or regulation. Correct
prediction of the GRNs would help elucidate the dynamics of a specific gene
under a condition or disease. Hence, GRNs would assist in identifying dis-
regulated genes, the dis-regulated signal transduction downstream of the gene,
and develop new methods to test drugs for the genes [123]. A simple graphical
representation of a gene regulatory network is illustrated in Figure 6.
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Figure 6: A representation of a simple GRN. With three nodes as genes and three
edges as interactions between the genes. The graph shows gene A activating
gene B, while gene A and gene C show an example of bi-regulation. On the
contrary, gene C is inhibiting gene B.

We developed a novel tool called Modulated Sub-graph Finder (MSF) to dis-
cover networks of genes that function together in biological networks. Unlike
other approaches that rely on pre-defined gene sets, MSF uses the network
of interacting genes and individual gene p-values generated from differential
gene expression analysis. The p-value indicates the probability that the ex-
pression of a specific gene has not changed in a statistical model. To detect
significantly modulated sub-graphs, MSF combines the individual p-values
of interacting genes into a single combined p-value of the network using the
inverse of the standard normal distribution method. This method takes into
account the dependent nature of the gene p-values. MSF can also identify pos-
sible trigger points or points of perturbation in these networks, which are the
spots where the stimulus leads to downstream effects. The impact score of the
trigger points is determined by the number of downstream genes within the
corresponding network.

MSF was used to generate the gene regulatory networks for human genes
in the pilot study. In pilot study, a significantly regulated gene network was
identified by MSF. The identified network highlighted some critical role of cy-
tokine and chemokine signaling in regulating immune cells and shaping the
adaptive immune response. In our comprehensive study, we employed MSF
to develop gene regulatory networks. However, due to the substantial size of
our dataset and the incorporation of five time points of infection, the resultant
gene networks became too extensive for effective visualization. Furthermore,
interpreting these increasingly complex networks over the duration of the in-
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fection was quite challenging. As a result, we opted not to include the MSF
analysis in the final study.

Despite the potential benefits of analyzing the gene regulatory networks of
B. pertussis, previous attempts to perform this analysis using MSF or any other
tool have been unsuccessful. This is primarily due to the lack of an annotation
file and gene interaction data available for B. pertussis.

3.5.9 Inter-species Gene Coexpression Analysis

Inter-species gene coexpression analysis is a computational approach com-
monly employed in bioinformatics to investigate and compare gene expression
patterns across diverse species. This methodology facilitates a deeper under-
standing of the functional relationships among genes and elucidates the ex-
tent of their conservation or divergence throughout evolutionary processes [15,
145].

After completing all the necessary downstream analysis of dual RNA-seq,
we planned to perform inter-species gene coexpression analysis between hu-
man and B. pertussis genes. To achieve this, we utilized the cor.test function in
R, using both the Pearson and Spearman correlation methods. Additionally, we
employed an online tool called LeMoNe [106] for correlation analysis. To en-
sure the accuracy of our findings, we further investigated the gene correlations
that appeared in both the Pearson and Spearman correlation analysis in R, as
well as the online tool analysis. Using the correlation analysis we identified a
number of THP-1 gene showing strong correlation with B. pertussis genes.
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41 OVERVIEW OF NETWORK MODELS

Biological processes consist of interconnected interactions among proteins, nu-
cleic acids, metabolites, and various other ligands. Emerging high-throughput
techniques can measure the gene expression of proteins, genes, regulatory
RNAs, signaling agents, and other small ligands under different perturba-
tions [77]. Studies in systems biology employ network models to determine
protein interactions within a specific species [170]; identify conserved path-
ways across various species [145]; pinpoint protein groups implicated in dis-
eases [71]; forecast protein functions [174]; explore the chemical mechanisms
behind metabolic reactions [80]; and analyze topological features and other
properties of biological networks [79, 82].

There are different classes of network models used to explore the available
data, which vary in quantity, quality, and granularity:

Undirected graphs: These graphs feature nodes representing genes or pro-
teins, with connections illustrating their interactions. Such gene-gene or protein-
protein networks can aid in detecting potential functional groups, analyzing
network structures, and pinpointing key nodes. Comparative studies of net-
works across different species can reveal conserved functional modules. Ad-
ditionally, undirected graphs can depict various interactions among proteins,
RNA, DNA, and other biological entities [143].

Undirected weighted graphs: In these graphs, the nodes represent genes,
and the links represent the interaction. The interactions are given weight which
models the similarity of expression patterns between genes. This type of graph
is used in gene expression correlation networks to identify clusters of genes
that show similar expression patterns. It can also be used for comparative
analysis of networks from different tissues of the same species to distinguish
gene coexpression patterns. Functional similarities between genes from differ-
ent species could also be identified [145].

Directed graphs: The nodes represent genes, and directed links between
nodes denote the regulatory interactions. Examples of good annotated directed
graphs are pathway databases such as KEGG [78] and Reactome [35]. The di-
rection in such graphs gives an insight into the regulatory events and regu-
latory mechanisms. Comparison of pathways can reveal common sub-graphs
and putative evolutionary relations.

Undirected or directed multi-graphs: These graphs have each node, and
each link is associated with a set of labels (e.g., nodes have GO term with it)
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and weights. These weights can be further used in modular algorithms and
system biology [145].

4.2 MSF

As part of our research objectives, we aimed to construct interspecies coex-
pression networks. To achieve this, multiple network models were systemat-
ically evaluated, including STRING App, SPIA, IntAct, and BioGRID. How-
ever, none of these tools fulfilled our specific requirements; consequently, we
planned to develop an in-house tool to precisely perform the desired analyses.
Ultimately, the MSF tool was implemented using a heuristic methodology in
Java. This approach utilizes undirected, weighted graph constructs to identify
co-modulated subgraphs within complex biological interaction networks. The
degree of modulation within each subgraph is quantified by aggregating the in-
dividual p-values associated with nodes, employing a statistical technique for
combining dependent p-values as described by Hartung [58] and elaborated
below.

421 Method of Combining Dependent Tests of Significance

There has been a long tradition of combining several test statistics for clinical
trials. These test statistics are often different, and the direct combination of the
test statistics is impossible. In such cases, the p-values arising from test statis-
tics are combined. This helps to test the overall effect of the outcome of several
experiments in a meta-analysis. The traditional methods to combine p-values
assume that the test statistics are independent of each other. Examples of such
methods are by Birnbaum [16], Hedges and Olkin [62], Liptak (1958) [89], and
Fisher [56].

Dependency allowed in the original test statistics, in the quasi means of
the p-values characterized by Liptak (1958), is now termed the inverse normal
method. The dependency, in this case, becomes equivalent to correlation. The
modification of the inverse normal method suggested by Hartung with the
incorporation of dependent test statistics is given below.

Let t; be one-sided test statistics for testing null hypotheses H; o : 9; = dio
for i = 1; . . . ; n; for the real-valued parameters ¥;, against the one-sided
alternatives Hjj : 91 > ¥i0 , where large values of t; may lead to a rejection
of Hi . The results from these test statistics are combined using a function of
T1;...; T to test the combined null hypothesis.

Considering T; has a continuous distribution function Fjp under the null
hypothesis. Then using the inverse normal cumulative distribution function
@', individual p-values are transformed to their corresponding normal score
ti = @ 1(Fio —Ty) that is uniformly distributed on (0,1)
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The dependency in the original test statistics Ty; ...; T, now becomes a depen-
dency in the probits tj;...;tn, which is equivalent to the correlation of the t;’s.
Using the normal scores, the correlation between the test statistics is calculated
Cov(ty, tj) =pfori#jand i;j=1;...;n.

Letting the weights be Ay;..; A, with i ; A; # 0. Now applying the nor-
mal scores, correlations, and weights of the test statistics, the weighted inverse
normal method to calculate the combined p-value t(p) to test the combined
null hypothesis is

_ > g Aty
t(p) =
(p) V—p) T A2 4p(E1 A2

42.2 Implementation

4221 Java

In the era of structured programming, object-oriented languages like Java and
C++ have become standard. Java, a class-based language built on C and C++,
is compiled into machine language using a ‘Compiler’. It runs in a virtual
machine, with the core written in C and C++. [34]. As a result of being run on a
virtual machine, Java can only access native platform functionality through the
use of the Java Native Interface. Java Platform, Standard Edition (Java SE) refers
to the basic version of Java, intended for developing and executing applications
for personal use. Java Platform, Enterprise Edition (Java EE) provides an API
and runtime environment tailored for enterprise application development and
deployment.

In technical terms, the Java SE platform is also built upon two distinct levels:

1. Java Runtime Environment (JRE) consists of a Java Virtual Machine along
with standard class libraries.

2. Java Development Kit (JDK) is a set of programming tools used for Java
software development. It contains the Java compiler (javac), standard
class libraries, examples, documentation, and the Java Runtime Environ-
ment (JRE).

42.2.2 Prerequisites

¢ Java Development Kit (JDK)

¢ Eclipse IDE

42.2.3 Libraries

The Java libraries utilized in the development of MSF were:
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Commons CLI: The Apache Commons CLI [5]. The library provides an
API designed to interpret command line options supplied to programs. Ad-
ditionally, it can generate help messages that list the available options for a
command-line interface.

4224 Special Classes

A special package used in the development of MSF was java.math [120]. This
package in Java provides classes for performing arbitrary-precision arithmetic
operations. It is beneficial when dealing with huge numbers that might exceed
the limits of primitive data types like ‘int” or ‘long’, for example combining the
p-values in our case, which generated exact and big decimal values.

Class BigIntegerMath: This class provides utility methods and mathematical
operations on BigInteger values.

Class BigInteger: The BigInteger provides mathematical operations on integer
numbers. This class handles very precisely very large and very small integer
numbers.

Class BigDecimal: The BigDecimal provides mathematical operations on dou-
ble numbers. This class handles very precisely very large and very small float-
ing numbers.

Class BigSurd: The BigSurd class represents numbers of the type rv/d, where r
is a signed rational number and d is a non-negative rational number belonging
to the Rational class.

Class BigSurdVec: The sums and differences of two BigSurd are represented
as a BigSurdVec.

Class BigComplex: This class represents a complex number that uses BigDec-
imal for storing values with arbitrary precision. It not only supports accurate
numeric calculations but also aids in DataType conversions with minimal data
loss. Note that some methods may round values to a precision of 50 decimal
places.

4.3 FUNCTIONALITY OF MSF

The functionality and application of MSF have been comprehensively exam-
ined in the initial publication.
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;57573 Amendments from Version 2

Version 3 of our manuscript addresses the points from the peer-
reviewers, whom we thank for their constructive feedback. We
have updated the manuscript and published a new version on
MSF (GitHub and Zenodo).
1. Human genes names are in upper-case for all output files
of MSF.
2. For source reliability the t-test is performed on log
transformed p-values.
Furthermore, we corrected typos, improved the documentation,
and rephrased some sentences. The project number in the
funding section has been corrected from ‘I 1988-B22’ to ‘| 2353-
B22'. Figure 2 nodes label size have been increased.

See referee reports

Introduction

High throughput sequencing techniques have been widely
used to yield differentially expressed genes (DEG)'. The
changes in transcript abundance are measured, e.g. by next gen-
eration sequencing techniques and interpreted as an indicator of
differential expression of genes. DEGs can be used to gain
insights into the mechanisms underlying differences between
conditions of samples, such as healthy versus infected. Dif-
ferential gene expression analysis (DGEA) informs about the
magnitude of expression changes, which are often expressed as
log-fold change. The sign of log-fold change and the confi-
dence level of observing an authentic change, often expressed as
p-value. The information from DEGs is further interpreted to
extract meaningful biological insights. For example, genes that
could be involved in the response to a particular stimulus. To this
end, pathway-based analysis has become an important tool to
further interpret the results of a DGEA and to acquire under-
standings of the perturbations in a biological system. These
pathway-based methods use predefined pathways or networks
which are sets of genes with their interactions forming a func-
tional unit. DEGs help to identify pathways or networks that
may be altered during an infection, providing important infor-
mation about diseases and its treatment process’. The expression
measurements of the genes obtained from DGEA in combina-
tion with statistical methods and the predefined pathways are
used to identify specifically modulated pathways and processes’.

Well established resources for pathway annotations are KEGG
(Kyoto Encyclopedia of Genes and Genomes)! and Reactome’.
KEGG pathways is a branch of KEGG database that hosts
a collection of manually drawn pathway maps representing the
molecular interaction, reaction and relation networks of cellu-
lar functions. Similarly, Reactome is an open-source, manually
curated, peer-reviewed database for signaling and metabolic
molecules with their interactions formed into different biologi-
cal pathways’. Both provide predefined pathways which are sets
of genes and their interactions categorized into functional units.

Existing pathway-based analysis approaches use different
research designs, which can be categorized into ORA (Over-
representation analysis), FCS (Functional class scoring) and
pathway topology based methods. All of which aim to find a
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subset of genes, e.g., significantly differentially expressed
genes, genes associated with a certain pathway more often than
expected given the total set of examined genes, e.g. the whole
genome background. ORA is the first and the most basic method
of pathway analysis’. It uses a DEG list with user defined cut-
off for the log-fold change and p-value (most commonly using
absolute log-fold change > 2 and p-value < 0.05). Subsequently,
sets of genes associated with annotated pathways are tested for
being over-represented in the set of DEGs. To this end, hyper-
geometric distribution, chi-square tests, binomial probability or
the Fisher’s exact test are used, whereas, the information of the
topology of genes in the pathways is neglected®. Furthermore,
ORA assumes that the biological pathways are independent of
each other and ignores the fact that they cross-talk and overlap™’.

Unlike ORA, FCS has no artificial cut-off to define a DEG list.
FCS works in three steps. First it calculates the gene-level sta-
tistics including correlation of molecular measurements using
differential expression of individual genes, ANOVA, t-test and
Z-test. In the second step the statistics of individual genes in a
pathway are transformed to an individual pathway-level statistic
commonly using Kolmogorov-Smirnov statistic, mean or median.
Finally the statistical significance of the pathway-level statistics is
assessed. Although FCS overcomes some of the limitations from
ORA, it still ignores the topology of genes in a pathway, cross-
talk and overlap of the pathways™’. Pathway topology based
methods are similar to FCS except that they consider the
topology of each gene during the gene-level statistics but still
lacks to link the different functional pathways”’.

From another perspective, network based approaches do not cat-
egorize sets of genes into functional pathways, but they consider
all interactions to be equal. Thereby, they avoid distinguishing
arbitrarily between interactions within a pathway and interactions
between pathways (i.e., cross-talk). With this they aim to iden-
tify subnetworks that show modulation between two conditions
or upon a stimuli’. To find these active modules heuristics solu-
tions like simulated annealing (SA), greedy methods, genetic
algorithms (GA), network propagation and co-clustering methods
are used’. jActiveModules has been the first of this kind using
simulated annealing to find modulated sub-networks®. The bene-
fit of omitting pathways is brought by reduced interpretability of
the results due to the lack of functional labels on the networks.

On these grounds we propose a novel approach to make use of
the rich gene and protein interaction annotation resources avail-
able and combining it to functional pathway annotations to gain
additional insights from basic DGEA. To this, we start with the
presupposition that expression of neighboring genes within a
functional pathway are not independent from each other. Rather,
they are often regulating each other’s expression or are part of
the same regulon’. We understand that the categorization of links
between genes into labeled pathways is often an arbitrary one,
given the extensive cross talk between different pathways. Although
these categories have proven to be useful in many situations, they
force a certain perspective onto the interpretation of novel data.
Based on these two principles, we aim to find sub-graphs of
connected genes within cell signaling network, which exhibit as
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a whole significant differential expression changes. This approach
differs in two main aspects from common pathway analysis tools.
First, it does not aim to identify functional pathways enriched
in differentially expressed genes, but detects sub-graphs or
branches in a network graph (potentially spanning more than
one functionally grouped pathway) which is coherently modu-
lated. Second, it aims to improve the DGEA on the gene level, by
collecting the information of neighboring genes, which as
a whole might exhibit prominent enough signal to be called
significantly modulated. All of this can be helpful to understand
the cause and effect of a stimulus and might inform about
potential points of intervention.

As input, information on functional links between genes pro-
vided by e.g. KEGG or Reactome and information on the
differential expression status of single genes resulting from a
DGEA, are required. As a result the analysis returns sub-graphs
and their joint confidence scores, reflecting how the perturbation
migrates through the network. Furthermore, the entry points of
perturbation in the networks and overlap with conventional path-
way categories are returned. To facilitate prioritization of the
perturbation entry points, to each an impact score and a meas-
ure of its reliability are assigned. The impact score expresses
the fraction of the sub-module being downstream of the entry
point. The reliability is measured using a t-test on log trans-
formed p-values of the immediate upstream and downstream
genes. The output is prepared in a directed adjacency matrix file,
convenient for visualization, e.g., with StringApp'’, available
as a Cytoscape plug-in''.

The proposed algorithm is named Modulated Sub-graph
Finder (abbreviated MSF). MSF can help transform the infor-
mation obtained from DGEA into comprehensible knowledge
of signal transduction of genes, hence being a valuable comple-
ment to existing pathway based methods. MSF is freely accessible
on GitHub under the terms of the Creative Commons Attribution
4.0 International License.

Methods

MSF was implemented as a Java program. It is developed as a
novel heuristic approach to find concertedly modulated sub-graphs
in networks of biological interactions. MSF does not use prede-
fined gene sets grouped into functional units, but rather relies
purely on the network of interacting genes. The input network
consists of nodes corresponding to genes and edges representing
interactions. Furthermore it utilizes comprehensive results from a
differential gene expression analysis to discover the sub-graphs,
or modules, which are as a whole modulated.

MSF uses the individual gene’s p-values generated from the
DGEA. The p-value expresses the probability that the null hypoth-
esis of unmodified gene expression can’t be rejected for a given
statistical model. To find significantly modulated sub-graphs
individual p-values of the vicinal genes in the global network are
combined into a single combined p-value, using a statistical
method for combining dependent p-values described by Hartung'”.
Hartung’s method uses the inverse of standard normal distribu-
tion function. Using the inverse normal cumulative distribution
function @', individual gene p-values T, are transformed to their
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corresponding normal score ¢, = ®'(1 = 7, ) that is uniformly
distributed on (0,1). Then using these normal scores, the correla-
tion between genes is calculated Cov(z, 1, ) = p. The normal scores
and correlation are applied to the weighted inverse normal
function to calculate the combined p-value #(p) for all genes
examined, namely the examined sub-graph

H(p)= nzizz'liti =
\/(1—/3)2,.=1L- +p(Q A

Lambda 1 be the weights for each gene, currently all genes have
equal weight, i.e. 1. The combined p-value #(p) of a sub-graph
will express the significance of all genes in the sub-graph being
modulated together. The information from the different genes are
used as, although not independent, replicated measurement of
the behavior of the whole sub-graph. This potentially increases
the power to detect also significant sub-graphs consisting of
genes which are not significant on there own.

Overview of our method

To reduce the complexity to score all possible connected
sub-graphs MSF applies a four step heuristic as described in the
following. The proceeding identification of modulated sub-graphs
from a network by MSF is presented as a flowchart diagram
(Figure 1).

Initializing modulated sub-graphs. MSF constructs the first sub-
graph starting with the genes associated with the lowest (most
significant) p-value deduced from the DGEA. From this seed
it tries to extend the sub-graph by adding directly neighbor-
ing genes, starting with the next most significant one. A sin-
gle combined p-value is calculated for the extended sub-graph.
If the combined p-value is smaller than the p-value of the origi-
nal sub-graph, the extended sub-graph is accepted. This step is
iteratively repeated until no further extension is accepted. In this
case the process starts over with all remaining genes not yet in
the significantly modulated sub-graph. This step identifies all
simple sub-graphs that are modulated in the whole network.

Extending modulated sub-graphs. In the next step, we check if
any of the initial modulated sub-graphs could further be extended
beyond the immediate neighboring genes. Instead of testing
single genes and their compatibility to be added, groups of genes
are considered. If the combined p-value of the initial modulated
sub-graph and the extension genes is smaller than the p-value
of the initial sub-graph the extension is accepted. All possi-
ble extension paths up to 3 (default 2) genes at all nodes in the
sub-graph are tested. Again, this step is iteratively repeated
until no further genes are added to the significant differentially
expressed sub-graphs. This step bridges small gaps of genes
without a clear differential signal in the DGEA.

Merging modulated sub-graphs. After detection and extension
of the modulated sub-graphs, each pair of so far identified sub-
graphs is tested if its combination scores better than each on its
own. The merging of the sub-graphs is done by depth first search
traversal from one sub-graph to the other sub-graph. If the two
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Figure 1. Graphical representation of the MSF heuristic approach to detect modulated sub-graphs in a global gene regulatory

network.

sub-graphs merge with the connector of at most 3 genes (default
2 genes) and the combined p-value of the merged sub-graph
including the bridging genes in between is less than the individual
p-values of the two sub-graphs, the two sub-graphs are
merged together to one bigger modulated sub-graph. This
step is repeated iteratively until no sub-graphs can be merged
anymore.

Finding sources & sinks. In a last post processing step MSF
identifies the trigger points of the modulated sub-graphs. These
trigger genes are the sources of the sub-graphs with only outgo-
ing edges. These genes can be interpreted as the possible entry
points of perturbation from where the stimulus causes down-
stream effects. Each individual source is given an impact score,
expressing the relative number of downstream genes within the
corresponding sub-graph directly connected by directed links.
This score can be interpreted as an upper limit of how much of
the sub-graphs’ perturbation could have been introduced by the
respective source, and thereby could be helpful to prioritize

different identified sources for larger sub-graphs. In the same
spirit as sources, the most downstream genes of the modulated
sub-graphs are identified and defined as sinks. Due to loops not
all sub-graphs are guaranteed to have sources or sinks. The reli-
ability of each source is inspected using a t-test on log transformed
p-values. The significant difference between the two groups,
genes downstream the source and the genes upstream of the
source is determined. This would help to assess if the source
identified is reliable and indeed marks the border between two
different regulation regimes.

MSF output. MSF generates a directed network file as an output,
containing complete directed interactions of all modulated sub-
graphs identified. This file could be imported into Cytoscape''
for visualization. Additionally, a file containing details on all
sources and sinks for all modulated sub-graphs is reported.
Furthermore, for facilitated visualization in Cytoscape, a node
attribute file is provided, containing the source weightage and
the log-fold changes of all considered genes.
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Operation. The only system requirements to run MSF are Java
version 8 and JDK 1.8 or above. The few package dependen-
cies are already been added to the release. The runtime of MSF
is less than 10 minutes. To run MSF, the user must provide
two text files, one containing the DGEA and the second one
containing directed interactions in an adjacency matrix format
file. Example files and a detailed tutorial to use MSF has been
provided on GitHub https://github.com/Modulated-Subgraph-
Finder/MSF.

Results

Case study

To demonstrate its usefulness, MSF is applied to RNA-seq data
set of primary human monocyte derived macrophages (MDMs)
infected with Ebola virus (GSE84188)"“. Ebola Virus (EBOV)
belongs to the Filoviridea family: filamentous, enveloped and single
stranded RNA viruses. EBOV causes hemorrhagic fever in
humans, inducing the host innate and adaptive immune response to
be unable to control virus infection’. Currently, there are
no approved antiviral drugs for the treatment of Ebola virus
infection'>'®. The initial targets of EBOV are the macrophages
and dendritic immune cells'®"”. EBOV inhibits the critical innate
immune response of the host, which includes inhibiting the activa-
tion of alpha/beta interferon (IFN-¢o/f)'“'>'%. It has been proposed
that IFN-o/f3 should be tested against Ebola for its antiviral activ-
ity through clinical trials’>. Ebola infection data was selected to
test the approach because it has been well recognized for the
last several decades, and vast literature is available for the patho-
genesis of Ebola, hence facilitating the verification of the results
of MSF with the vast literature present on Ebola infection.
Especially, the detection of IFN-o/f as point of action for the
virus could be considered as a basic indicator of the correctness
and usefulness of the approach.

EBOV infection sequenced reads count data was downloaded
from GEO (GSE84188), it describes the course of infection at
three time-points 6, 24 and 48 hour post infection (hpi). Differ-
ential gene expression analysis was performed on the count data
with edgeR package (version 3.4.2)" using an upper-quartile
normalization. The DEG analysis results generated by edgeR
were used as input for MSF. Cell signaling interactions were
filtered from Reactome Functional interactions (FIs) Version
2016” for only direct interactions, which was used as a second
input for MSF.

For the earliest time point at 6 hpi, three large modulated sub-
graphs were identified with 42, 139, and 69 genes. The modulated
sub-graphs consist predominantly of cytokines and chemokines
(CXCL10, CCL8, CXCL9, CXCL11, CXCR4, CCR7, CCLA4LL,
CCL3L1, CCL4, CCL8, CCL20, CCL3, CCL19, IL6, IL27, IL23).
IFNB1 and IFNA1 were both identified as two of the possible
sources in the most significantly modulated sub-graph identified
with 42 genes. IFNB1 has the highest impact score of 14.5. IFNAT1
has an impact score of 8.7, in top 5 highest impact scores in the
sub-graph it belongs to. Most of the sources identified by MSF
were type I interferon induced genes (Supplement material). At
24 hpi seven modulated sub-graphs were identified with four main
sub-graphs consisting of 61, 222, 130 and 242 genes, others being
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smaller than 6 genes. Again, IFNB1 and IFNA1 were identified
as two sources out of the total sources with 3.9 and 1.6 impact
score. IFNB1 was one of the top 5 impact score sources for
the corresponding sub-graph. For the last time-point 48 hpi, six
modulated sub-graphs were identified. Three of the sub-graphs
were less than ten genes and main sub-graphs had 217, 224 and
276 genes. IFNB1 and IFNA1 were identified as sources in the
most significantly modulated sub-graph with an impact score
of 2.8 and 3.7, but not among the highest ranked sources
(Supplement material).

As stated earlier IFN-o/f8 was reported to be one of the target
genes of Ebola infection. We were able to successfully identify
IFNA1 and IFNBI as sources in all three Ebola infection time-
points. Although IFNA1 and IFNB1 were already among the
most significant genes in the DGEA during the later time points,
MSF was also able to detect them as a source in the very early
time-point when the genes were not significant based on the indi-
vidual DGEA alone. Identifying the possible sources will reduce
the search space for potential target genes and can help the
biologist as the starting point of clinical testing for drugs and
vaccines against an infection.

Table 1 compares the results of MSF, namely the number of
detected sub-modules and their total genes numbers, to a simple
analysis of mapping significantly modulated genes from the
DGEA to the network and joining neighbors to modules. The
numbers indicate that MSF detects less but larger and easier inter-
pretable submodules, applying its statistical test. Furthermore, the

Table 1. Comparison of connected sub-graphs of modulated
genes in the global network identified after the analysis with
MSF and applying different p-value cut-offs from edgeR to
genes in MSF identified modulated sub-graphs.

Number of connected
sub-graphs in network

Total number of
genes in networks

6hpi

edgeR + MSF 250 3
p-value 0.1 166 87
p-value < 0.05 152 89
p-value £0.01 125 76
24hpi

edgeR + MSF 656 7
p-value < 0.1 457 183
p-value £ 0.05 418 198
p-value < 0.01 332 216
48hpi

edgeR + MSF 744 6
p-value 0.1 514 189
p-value < 0.05 468 206
p-value £ 0.01 363 241
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dependency of the results from the p-value cutoff choice is dem-
onstrated for the DGEA, which is avoided for MSF altogether.
It showcases how applying different cut-offs to the p-value of
genes from edgeR to the sub-graphs identified by MSF breaks the
larger sub-graphs to many smaller unconnected sub-graphs, many
of which are single genes.

Modulated sub-graphs at 6 hpi

Three main modulated sub-graphs identified by MSF at
6 hpi are shown in Figure 2. The graphs represent the immedi-
ate output of the MSF analysis, visualized by StringApp'’
Cytoscape''. Each node represents a gene part of a modulated
sub-graph, whereby the associated colors code the functional
annotation deduced from KEGG Pathways. The cross-talk
between the pathways and also the multiple employment of many
genes is evident. The flow of information between the sensors and
effectors can be perceived given the directionality of each inter-
action, indicated by arrows. In more detail, sub-graph 1 (bottom)
shows how the activation of Toll-like receptor, Cytokine,
Chemokine activating Jak-STAT and MAPK genes, together
with TNF leads into apoptosis. The next significant sub-graph
(sub-graph 2: top right) reveals how information from the Extra-
cellular matrix (ECM) receptor, which are reported to interact
with Ebola glycoprotein (GP)’', Chemokines, Cytokines, and
Cytosolic DNA sensing are directly or indirectly controlling cell
growth, differentiation, proliferation and apoptosis. It suggests
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that dysregulation of these pathways is responsible for modula-
tion of apoptosis. Eventually, sub-graph 3 (top left) demonstrates
how IFNA1 and IFNB1 modulates once more, via only a few
intermediate steps, the apoptotic response of the cell. On the
other side cAMP signaling genes activates platelet genes.

This display case might advertise with how little effort
complex data can be processed and prepared for interpretation
by the domain expert, to apprehend the dynamics of the underly-
ing processes and suggest testable hypothesis and potential points
of intervention.

Robustness

A potential concern is how noise in the gene expression measure-
ments affects our analysis. To assess the robustness and stability
of our method, we therefore added Poisson distributed noise to
the read counts of the three time-points data set, used above.
Then DGEA was carried out on the disturbed data with the same
parameters as for the native data using edgeR, followed by
analysis with MSF. This procedure was carried out 100 times.
Every time the genes from the modulated sub-graphs identified
from noisy data were compared to the genes of sub-graphs iden-
tified from the native data. The robustness of MSF analysis for
the time-point 6, 24, and 48 hpi is shown in Figure 3. The
procedure how data noise was modeled can be considered as
rather stringent as MSF is sensitive to p-value changes across the
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Figure 3. Recall rates for genes in MSF identified sub-graph for the three different time points of EBOV infection data for 100 simulations
where Poisson distributed noise was added to the experimentally deduced reads per gene.

whole range of possible values. The observed median recall
rates lay between 71 % (6 hpi) and 84 % (48 hpi).

Benchmark

The purpose of the comparisons to existing tools is to show
the overall capabilities of MSF. MSF was compared to
jActiveModules® since it uses similar approaches to find and
score modules. For comparison to classical pathway enrichment
analysis Reactome’ and gene set enrichment analysis (GSEA)*
was chosen since both are widely used and the latter does not rely
on p-value cut-off.

JActiveModules. jActiveModules® is a plugin in Cytoscape that
searches for molecular interaction network to find expression
activated sub-networks. The method used to score the expres-
sion activated sub-networks is close to the method used in MSF.
The difference is in how these sub-networks are identified.
MSF starts building the sub-graphs from one gene, incorporating
and combining the p-value of the next gene, with the check that
the combined p-value of new sub-graph should be better than
the original. On the other hand jActiveModules first transforms

all the gene’s p-values p, to z-scores using z, = ®7'(1-p),
where @' is the inverse normal CDF and tries to find con-
nected sets of genes with unexpectedly high levels of differential
expression, in this case high z-scores. The overall score of the
sub-network is calculated by combining the z-scores of the
genes. Next using their extended simulated annealing method
jActiveModules toggles multiple nodes to merge additional
components.

The first time-point of Ebola infection data was analyzed
using jActiveModules (Version 3.2.1) to compare the modulated
sub-graphs identified by MSF and jActiveModules. The input
files were same for both tools. From the modules identified by
jActiveModules, the module with the highest pathScore was
selected for comparison with MSF identified modulated sub-
graphs. The module consists of a single graph with 314 genes.
While MSF identified three directed modulated sub-graphs
with 42, 69 and 139 genes. The overlap of the common genes
identified between MSF and jActiveModules is shown in
Figure 4. The sub-graphs identified by MSF are more frag-
mented than jActiveModules. Unfortunately there is no golden
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Figure 4. The Venn diagram shows the common genes identified as modulated from MSF identified sub-graphs and jActiveModules

identified module.

standard example data that could help benchmark the method.
MSF provides directionality, with the identification of possible
perturbation sources of the sub-graphs. The predefined pathway
labels could also be seen in MSF identified sub-graph with
little effort using StringApp'’.

Reactome pathway analysis. Gene enrichment analysis was
performed using Reactome analyze data tool® (version 67) on
the different time-points of Ebola infection data. Reactome’s
over-representation analysis tool tests whether certain Reac-
tome pathways are enriched for the lists of genes submitted to
it. Genes from MSF identified sub-graphs for each time-point
were analyzed for gene enrichment using this tool. For com-
parison the DEG results from edgeR for the three time-points
were filtered using the cut-off of adjusted p-value < 0.05. These
DEG lists were used for gene enrichment analysis. The com-
pression of MSF identified sub-graphs gene lists and the DEG
lists analysis is shown in Figure 5

All enriched pathways with a cut-off of p-value <0.05 for
MSF and DEG lists for the three time-points were selected.
The comparison shows most of the pathways known from lit-
erature to be dis-regulated by Ebola infection are enriched in
both the enrichment analysis. EBOV glycoprotein (GP) inter-
acts with the Toll-like recpetor signaling pathway, it triggers
the activation of cytokines'’. Toll-like receptor pathway is expected
to be dis-regulated in the early stage of infection, this pathway
was not identified as significantly dis-regulated when p-value
cut off DEG lists were analyzed for enrichment. Nine Toll-like
receptor cascades TLR10, TLR2, TLR3, TLR4, TLRS, TLR7/S8,
TLR9, TLRI:TLR2 and TLR6:TLR2 were identified as
dis-regulated from gene enrichment analysis of MSF identified
sub-graph genes, not a single one of these cascade was shown
to be dis-regulated in pathway enrichment analysis from DEG
cut-off lists. Since MSF considers the complete DEG results,

even the weak signal at the earliest time-point was detected; for
example Toll-like receptor signaling. While MSF is able to
catch weak signals, it does not provide information about the
functional relationships among genes like Reactome tool.

Gene set enrichment analysis. Gene set enrichment analy-
sis (GSEA)” is a method to identify classes of genes or pro-
teins that are overrepresented in a large set of genes or proteins.
GSEA uses statistical approaches to identify significantly enriched
or depleted groups of genes. The complete DEG list from DGEA
of the first time-point 6 hpi was analyzed using bioconductor
package GSEABase (version 1.44.0). GSEA was able to iden-
tify Toll-like receptor, chemokine signaling pathway, cytosolic
DNA-sensing pathway, Jak-STAT signaling pathway, RIG-I-like
receptor signaling pathway and apoptosis as the highest ranked
pathways. Although GSEA identified the important pathways
for Ebola infection, it did not show the topology of the genes in
the different pathways identified and how they cross-talk. MSF
and GSEA uses complete DEG list without any cut-off, that is
why pathways important for Ebola infection showed up even with
weak signal genes in it.

Discussion

Classic pathway analysis tools aim to detect in lists of signifi-
cantly deregulated genes enriched associations with pathway genes
categorized by their biological function and their interactions.
Depending on the tool, the internal pathway topology is con-
sidered or neglected all together. Here presented tool, MSF,
employs a different approach, by aiming to detect sub-graphs in
whole gene regulatory networks which are significantly deregu-
lated in a concerted manner. To this end, neighboring genes in the
user provided network are tested for jointly common regulation.
Exploiting that each gene’s abundance, although not independent
from its neighbors, is measured on its own, sensitiv-
ity can be increased by our applied p-value meta-analysis,
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Figure 5. The Upset plot shows the number of shared pathways between MSF identified sub-graph gene list and DEG cut-off list
for the three time-points. All 10 different Toll-like receptor cascades are in the set of 164 shared pathways only between MSF at different

time-points.

namely Hartung’s method. This potentially enables to call not
just significant modulated genes based on the DGEA to be
convincingly called to be part of a deregulated gene group.
Furthermore, it allows to identify connected sub-graphs, represent-
ing the propagation of gene regulation perturbation in the input
network. A better understanding of this propagation, especially
the critical spots such as sensors, effectors, and hubs, facilitates
the projection of potential intervention points, e.g., for drug
development. Since MSF only uses interaction information in
gene regulation network, but not the functional grouping of the
genes into functional pathways, it is especially adapted to
discover so called cross-talk between such pathways.

Conclusions
MSF is a fast and easy to use tool to find concertedly modulated
sub-graphs in a given network. Its implementation in Java enables

its use across many operating systems e.g. linux and windows.
So far the raw output from edgeR'’ and DESeq2” are supported.

Data availability

The Ebola infection RNA-seq data set analyzed during the cur-
rent study are available in the GEO repository (GSE84188)".
The cell signaling network file used is from Reactome Functional
interactions (FIs) Version 2016*

Software availability
Source code is available from GitHub: https://github.com/Modu-
lated-Subgraph-Finder/ MSF

Archived source code at time of publication: https://doi.org/
10.5281/zenodo.2632973%*
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ABSTRACT ARTICLE HISTORY
Bordetella pertussis, a strictly human re-emerging pathogen and the causative agent of whooping cough, Received 11 December 2019
exploits a broad variety of virulence factors to establish efficient infection. Here, we used RNA sequen- Accepted 12 December 2019
cing to analyse the changes in gene expression profiles of human THP-1 macrophages resulting from KEYWORDS

B. pertussis infection. In parallel, we attempted to determine the changes in intracellular B. pertussis- Bordetella pertussis;
specific transcriptomic profiles resulting from interaction with macrophages. Our analysis revealed that infection; macrophage;

global gene expression profiles in THP-1 macrophages are extensively rewired 6 h post-infection. Among intracellular survival;

the highly expressed genes, we identified those encoding cytokines, chemokines, and transcription host-pathogen interaction
regulators involved in the induction of the M1 and M2 macrophage polarization programmes. Notably,

several host genes involved in the control of apoptosis and inflammation which are known to be

hijacked by intracellular bacterial pathogens were overexpressed upon infection. Furthermore, in silico

analyses identified large temporal changes in expression of specific gene subsets involved in signalling

and metabolic pathways. Despite limited numbers of the bacterial reads, we observed reduced expres-

sion of majority of virulence factors and upregulation of several transcriptional regulators during

infection suggesting that intracellular B. pertussis cells switch from virulent to avirulent phase and

actively adapt to intracellular environment, respectively.

Introduction modulation of the immune system and thereby facilitate the
survival of bacteria in the respiratory tract [9]. B. pertussis was
historically described as an extracellular pathogen, which, in the
presence of specific antibodies, can be internalized and killed by
phagocytic cells [10]. Nevertheless, some early reports suggested
that in the absence of opsonization this pathogen stimulates its
own attachment to immune cells resulting in inefficient killing
by phagocytes and increased intracellular survival [11-15].
Importantly, B. pertussis cells were found also within human,
rabbit, and mouse alveolar macrophages in vivo [16-18]. Within
the last decade, Rodriguez and her team presented data indicat-
ing that B. pertussis can survive in primary macrophages [19].
They have shown that the majority of B. pertussis cells are killed
within acidic compartments; however, some residual cells evade
this killing and survive and replicate inside a non-acidic early
endosome-like compartment [20,21]. Indeed, B. pertussis uses
several mechanisms to avoid phagocytic killing. For example,
immune evasion mediated by both pertussis and adenylate
cyclase toxins results in subversion of cellular signalling, repres-
sion of phagocytic activity and, eventually, in induction of apop-
tosis [22-25]. Collectively, these data led to speculations that
B. pertussis could use macrophages as an intracellular niche and

Bordetella pertussis is a Gram-negative strictly human patho-
gen of the respiratory tract and the aetiological agent of
whooping cough [1]. Despite vaccination programmes, per-
tussis remains one of the 10 most common causes of vaccine-
preventable deaths [2]. Furthermore, pertussis incidence is
currently on the rise in industrialized countries with highly
vaccinated populations [3,4]. The re-emergence of pertussis
strongly suggests that we need to widen our understanding of
the molecular mechanisms underlying the pathogenicity of B.
pertussis [5,6].

Upon infection, B. pertussis cells are challenged by the host
innate immune system. While ciliated epithelial cells secrete
mucus that mechanically eliminates the bacteria, resident as
well as attracted phagocytic cells interact with the pathogen in
order to clear the infection [7]. Successful infection, therefore,
depends on activities of a great variety of virulence factors
produced by B. pertussis cells [8]. In particular, adhesins such
as filamentous haemagglutinin and fimbriae and toxins such as
pertussis toxin and adenylate cyclase toxin contribute to efficient
adhesion and colonization of the epithelium as well as to
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that the intramacrophage phase of infection could play
a significant role in survival and persistence of bacteria within
the host [12,17,18]. In support, gene expression profiling and
proteomic analysis of infected monocyte-derived THP-1 macro-
phages revealed that intracellular B. pertussis cells modulate
expression of several genes involved in response to the host
immune system and reshape production of dozens of proteins
implicated in virulence [20,21].

In this study, representing the first attempt to assess the
global response of human phagocytes to B. pertussis infection,
we aimed at RNA-seq analysis of transcriptomic profiles in
monocyte-derived THP-1 macrophages infected with
B. pertussis. In addition, we were tempted to decipher whether
we can also monitor the pathogen gene expression profiles
during the infection to gain insight into its response and
adaptation to the intracellular environment.

Results

Global transcriptomic profile of THP-1 macrophages
infected with B. pertussis

THP-1 monocyte-derived macrophages were infected with
B. pertussis reference strain Tohama I. Samples of uninfected
macrophages (C; control) were collected 6 h post-infection (pi)
while infected macrophages were collected at three time points
(T1-T3) corresponding to 2, 6 and 24 h pi with the objective of a)
elucidation of the general macrophage response triggered by
B. pertussis (6 h pi) and b) monitoring the time-dependent
changes in gene expression profiles resulting from the host-
pathogen interaction within the early phase of infection (T2 versus
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T1) and within the late phase of infection (T3 versus T2). We did
not use the uninfected controls for T1 and T3 time points as the
changes in gene expression profiles of THP-1 macrophages incu-
bated for 24 h in RPMI medium are not substantial [26] and in
particular, expression of several cytokines and chemokines
remains unchanged during 24 h incubation in RPMI medium
[27,28]. RNA-seq analysis of samples from infected cells and
uninfected control yielded on average 16 million reads which
were mapped to human and B. pertussis genomes (Fig S1).
Principal component analysis (PCA) of RNA-seq data revealed
that samples from uninfected macrophages clustered separately
from infected cells and that also samples of infected macrophages
collected at 2 h, 6 h and 24 h pi clustered apart from each other
(Fig. 1A). Thus, PCA indicated temporal changes in gene expres-
sion profiles resulting from B. pertussis infection. To identify these
alterations, differential expression (DE) analysis was performed.
First, we compared global gene expression profiles in infected cells
and control uninfected cells harvested 6 h pi (T2 versus C). For the
host, DE analysis identified 679 macrophage genes as significantly
modulated (| longCl > 1; adjusted p-value < 0.05) upon infec-
tion (Table S1). Expression of hundreds of genes was strongly
upregulated upon infection including those encoding cytokines,
chemokines, cell receptors and transcription factors (Fig. 1B).
Many of the highly expressed genes encode important factors
of the innate immunity such as IL-1A, IL-6, IL-23A, TNF super-
family proteins, CCL and CXCL chemokine families and NFxB
and STAT4 regulators and belong to common expression pattern
mounted by host cells upon bacterial infection [29]. Of note,
among the significantly upregulated genes were also anti-inflam-
matory cytokines IL-13 and IL-10 and ADORA2A gene encoding
the adenosine receptor A,, which senses adenosine levels and

ADORAZA
1L23A
1A
20-
« CCR?
»  SERPINB4
LAMP3 o .
* coso
15- elnca\
} 1001
£ marcks’ b oo
o S8 ceLt
= LTt - FDR<0.05
® * Not Sig
- ceLs
5 e
2 10- o e e
! .\./ 5o |0

Figure 1. (A) Principal component analysis was applied to transcriptomic profiles of the uninfected THP-1 macrophages (C; red circles) and B. pertussis-infected THP-1
macrophages harvested 2 h (T1, green circles), 6 h (T2, blue circles) and 24 h (T3, cyan circles) pi. Each dot represents an independent biological replicate. (B) Volcano
plot showing the global transcriptional changes in the infected THP-1 cells 6 h pi. The red dots represent significantly differentially expressed genes, labelled genes
are discussed in this work. The black dots represent nonsignificantly modulated genes.



triggers the anti-inflammatory signalling [30]. On the other side,
among the highly downregulated genes were BMP4 and BRD2.
BMP4 belongs to the TGF-p superfamily of proteins and was
reported to induce M2 polarization in macrophages [31], while
transcriptional regulator BRD2 interacts with chromatin and
plays important role in inflammatory response in mice [32].
Collectively, these results suggest that both pro-inflammatory
and anti-inflammatory programmes that presumably result
from host-pathogen interplay are active in infected cells.

To obtain a deeper insight into the functional clustering of
up- and downregulated DE genes, we performed GO term and
KEGG pathway enrichment analyses. As shown in Fig. 2, the
Gene Set Enrichment Analysis (GSEA) revealed that genes upre-
gulated upon infection were significantly and selectively
enriched within GO terms such as ‘Response to external stimu-
lus’, ‘Immune response’, ‘Leukocyte activation’, ‘Locomotion’
and ‘Regulation of immune system process’, while downregu-
lated genes were enriched predominantly within ‘Respiratory
chain’ and ‘Mitochondrial membrane part’ terms. KEGG path-
way analysis presented in Fig. 3 identified several regulatory
circuits to be selectively enriched for upregulated genes such as
‘NOD-like receptor signalling pathway’, ‘Chemokine signalling
pathway’or ‘Antigen processing and presentation’. On the other
side, ‘mTOR signalling pathway’ and several metabolic pathways
were enriched for downregulated genes.

Finally, to identify coherently modulated genes within the
global cell signalling network we used the Modulated Sub-
graph Finder (MSF) tool. MSF combines the whole cell sig-
nalling network with data from DE analysis to identify the
modulated networks. The networks identified by MSF help to
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reveal the flow and cross-talk between different KEGG path-
ways. As presented in Fig. 4, the selected network shows the
signalling between cytokine and chemokines affecting Thl,
Th2 and Thl17 profiling and apoptosis in immune cells. For
example, the graph depicts activation of STAT4 by IL-23 and
IL-18R1 or activation of CXCR4 receptor by members of CCL
and CXCL chemokine families.

Temporal changes in global transcriptomic profiles of
infected THP-1 macrophages

Next, we focused on time-dependent changes in transcrip-
tomic profiles of infected macrophages. We compared the
gene expression profiles in cells harvested 6 h and 2 h pi
(T2 versus T1) and in cells harvested 24 h and 6 h pi (T3
versus T2). DE analysis identified 561 and 553 of significantly
(| longC| > 1; adjusted p-value < 0.05) modulated genes
between T2-T1 and T3-T2 time points, respectively (Table
S2). Significantly up- and downregulated genes were used
for GSEA to identify enriched GO terms between T2-T1 and
T3-T2 time points (Fig. S2). Apparently, most of the GO
terms were not selectively enriched for either up- or down-
regulated genes. Nevertheless, as shown in Fig. S3a, when we
compared DE genes modulated between T2 and T1 time
points, KEGG pathway analysis unravelled several pathways
consistently enriched for upregulated (e.g. ‘Phagosome’, ‘Cell
adhesion molecules’ and ‘Antigen processing and presenta-
tion’) or downregulated (e.g. ‘DNA replication’, ‘Ubiquitin
mediated proteolysis’ and ‘Insulin signalling pathway’) genes.
Of note, several pathways such as ‘MAPK signalling pathway’,
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Figure 2. Gene Set Enrichment Analysis (GSEA) of GO terms enriched for differentially expressed genes 6 h pi. GSEA was applied to identify enriched GO terms within
either downregulated (log,FC < 0) or upregulated (log,FC > 0) gene sets. The bars depict the percentage of DE genes associated with the specific GO term and
shades of blue indicate positive log;, of FDR range. Grey bars indicate that this GO term was not significantly enriched within the corresponding gene set. Top 20

enriched gene sets were selected for visualization.
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Figure 3. Enrichment analysis of KEGG pathways enriched for DE genes 6 h pi. Analysis was applied to identify pathways enriched for either downregulated (log,FC
< 0) or upregulated (log,FC > 0) DE genes. Top 20 enriched KEGG pathways for each subset of genes were selected for visualization. The legend shows the positive
logqo of FDR range (shades of blue) and the number of DE genes in each KEGG pathway expressed by the size of the dots.

‘Toll-like receptor pathway and ‘Hedgehog signalling path-
way’ were highly enriched for genes whose expression was
upregulated between 6 h and 24 h pi (Fig. S3b).

Validation of the RNA-seq data by quantitative PCR

To validate the gene expression profiles obtained from RNA-
seq analysis, the expression of selected THP-1 genes was
assayed by RT-qPCR method. Comparative RT-qPCR analysis
of infected and uninfected cells performed at all three time
points allowed us also to confirm temporal changes in gene
expression profiles deduced from RNA-seq results. As shown
in Fig. 5A, results of quantitative PCR analysis of eight
selected genes of different functional categories were in very
good agreement with RNA-seq data. Moreover, temporal
changes in the gene expression deduced from RNA-seq results
are also concordant with the outcome of quantitative PCR
analysis. We could, for example, verify that expression of IL10
or SOCS3 genes is reduced during the infection or that
expression of STAT4, LAMP3, ADORA2A and BIRC3 genes
peaks 6 h pi.

Changes in gene expression profiles of intracellular
B. pertussis cells

Additionally, as an important part of this project, we tested
the suitability of our infection protocol for parallel monitoring

of the pathogen gene expression responses. Therefore, at this
stage we did not fully focus on DE analysis of intracellular
B. pertussis cells, nevertheless, we quantified abundant bacter-
ial transcripts in samples of infected macrophages to monitor
their expression profiles in the course of infection. Expectedly,
more than 99% of the reads could be mapped to the human
genome while the number of Bordetella-specific informative
reads (those mapping to protein-coding genes) in samples
harvested 6 h (= 10 000 reads/sample) and 24 h pi (= 6 500
reads/sample) decreased when compared to samples harvested
2 h pi (= 38 000 reads/sample; Fig. S1) and thereby mirrored
reduced numbers of viable intracellular Bordetella cells recov-
ered from macrophages in the course of infection (from 2.1
x 10°/well at 2 h pi to 1.0 x 10%well at 6 h pi and 1.5 x 10°/
well at 24 h pi). In spite of low sequencing yield (see Table S3
for numbers of mapped reads), we asked whether we could
compare the gene expression profiles of intracellular bacteria
between time points T2 and T1 and between time points T3
and T2. This analysis identified 281 and 55 significantly
(| log,FC| > 1; adjusted p-value < 0.1) differentially
expressed B. pertussis genes, respectively (Table S4). Among
the genes strongly induced during infection were ferrous iron
transporter ftrA, several genes implicated in sulphur metabo-
lism including transcriptional factor iscR, cysteine desulfurase
iscS, and cysteine dioxygenase BP2871 and genes involved in
vitamin B6 metabolism and homoeostasis (BP1920 and
BP1921) (Table 1). Of note, large number of genes encoding
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Figure 4. MSF identification of modulated interacting networks. Networks were generated using data from DE analysis. The network file created by MSF was used to
visualize the modulated networks in Cytoscape. The nodes represent the genes and the edges show the direction of interaction. The enrichment within different
KEGG pathways (see legend) is shown by the colours around the nodes. The colouring inside the node depicts the range of log fold change for upregulated (shades

of red) and downregulated genes (shades of blue).

transcriptional regulators including BP0135, BP0823, BP1319,
BP2216, sigma factors rpoE and rpoH and RNA chaperone hfg
were overexpressed during the infection.

On the other side, expression of several virulence genes
such as cyaDE, tcfA, prn, vag8, brkA and genes within fim,
ptx/ptl and T3SS-specific bsc/btr operons was significantly
reduced in the course of infection (Table 2).

In support, the expression of bvgR regulatory gene which is
required for expression of virulence genes was also reduced
upon infection while the expression of virulence repressed
gene vrg6 was increased in the course of infection.
Importantly, the outcome of quantitative PCR analysis of
vag8, prn, vrg6 and BP2871 genes was fully in agreement
with DE analysis of B. pertussis-specific reads determined in
samples of infected macrophages (Fig. 5B). Indeed, as inferred
from RNA-seq data (Tables 1 and 2), the expression of vag8
and prn virulence genes was decreased in the course of infec-
tion while the expression of vrg6 and BP2871 genes was
increased and these trends were clearly confirmed by RT-
gPCR analysis. Notably, when compared to unexposed con-
trol, the expression of cysteine dioxygenase gene BP2871 was
increased more than 70-fold already 2 hours pi.

GO term enrichment analysis of genes significantly modulated
between time points T2 and T1 revealed several affected cellular
processes. As shown in Fig. 6A, within the set of genes which were
significantly upregulated, processes such as ‘Cell redox
homoeostasis’, “Transmembrane transport, ‘Phosphorylation’
and ‘Oxidation-reduction process’ were highly enriched. On the
other side, genes belonging to ‘Ribosome bioge
nesis’, ‘Dephosphorylation’, ‘Oxidation-reduction  process’,

‘Pathogenesis’ and ‘ATP synthesis coupled proton transport’
terms were enriched among the transcripts which were signifi-
cantly downregulated (Fig. 6B). Although only very limited num-
ber of genes displayed differential expression levels between time
points T3 and T2, biological processes such as ‘Phosphorelay
signal transduction’ and ‘Regulation of transcription’ were
enriched for upregulated genes while ‘Pathogenesis’, ‘Proteolysis’
and‘Cell adhesion’ terms were among the processes enriched for
downregulated genes (data not shown).

Discussion

This study represents the first RNA-seq-based attempt to
assess the global transcriptomic response of human phago-
cytes triggered by infection with B. pertussis cells. So far the
transcriptional profiling of B. pertussis interactions with host
cells was studied predominantly in mouse model and was
focused either on the host [33,34] or the pathogen [35,36].
Nevertheless, mouse is not a natural host of B. pertussis and in
our study we were interested in specific interaction with
human macrophages rather than with complex mouse
immune system. To avoid donor-to-donor variation observed
in experiments with primary macrophages, we used the THP-
1 monocyte-derived cells, a popular cell model for immune
modulations studies [37] which has also been shown to be
a good surrogate for primary cells in experiments with
B. pertussis [21]. Profiling of human respiratory epithelial
cells [38] and THP-1 macrophages [21] following
B. pertussis infection was studied using DNA microarrays
and quantitative PCR, respectively, however, global RNA-seq
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Figure 5. Validation of the RNA-seq results with quantitative PCR. (A) RT-qPCR analysis was performed to assay the relative expression profiles of IL70, IL23, SOCS3,
NFKB1, STAT4, LAMP3, ADORA2A and BIRC3 genes in infected THP-1 macrophages. Relative gene expression was compared between infected and uninfected
macrophages harvested 2, 6 and 24 h post-infection (pi). (B) RT-qPCR analysis was performed to assay the relative expression profiles of vag8, prn, vrgé6 and BP2871
genes in intracellular B. pertussis cells. Relative gene expression was compared between intracellular and unexposed bacteria 2, 6 and 24 h post-infection (pi). Fold
change (FC) values are means (bars) + standard deviations (error bars) from three biological replicate experiments. Values depicted between the bars denote the fold
changes in expression of the specific gene between corresponding time points deduced from RNA-seq results determined 2, 6 and 24 h pi. ND, not determined in the

corresponding analysis.

Table 1. List of selected B. pertussis genes upregulated in the course of

infection®
log,FC log,FC

Gene ID T2/T1 T3/12 Name Function
BP0135 ND 3.68 BP0135  LysR transcriptional regulator
BP0726 4.02 0.95 BP0726  ABC transporter
BP0823 ND 334 BP0823 transcriptional regulator
BP1152 2.09 4.01 ftrA ferrous iron transport
BP1319 2.75 ND BP1379  GntR transcriptional regulator
BP1320 2.67 1.76 BP1320 pyridoxal homoeostasis protein
BP1321 2.05 1.66 pdxK pyridoxine kinase
BP1736 ND 2.55 BP1736 ~ OsmY-like protein
BP1798 1.18 2.96 iscR Fe-S transcriptional regulator
BP1799 1.69 2.73 iscS cysteine desulfurase
BP2193 1.13 135 hfq RNA chaperon
BP2216 3.12 1.80 BP2216 MarR transcriptional regulator
BP2437 1.16 1.56 sigk sigma factor RpoE
BP2468 ND 2.90 vrg6 virulence repressed gene
BP2871 2.72 0.90 BP2871 cysteine dioxygenase
BP2782 ND 241 BP2782 lipoprotein
BP3213 1.49 1.46 gloB glyoxalase Il
BP3748 2.33 1.71 BP3748 sigma factor RpoH

Values which did not pass the statistical significance but showed similar trend
are shown in italics. ND, not determined in the respective analysis.

analysis of transcriptional responses of human phagocytic
cells to B. pertussis cells has not been performed as yet. We
have applied the dual RNA-seq approach allowing for analysis

of transcriptomic profiles in both host and pathogen [39];
however, the major focus was set on the host side. To mini-
mize the possible bias coming from additional treatment of
samples delaying the RNA isolation (enrichment of the sam-
ple for bacterial RNA, time-consuming separation of infected
and uninfected macrophages by flow cytometry), the macro-
phages were instantly lysed and used for isolation of the total
RNA. This approach, however, brought some possible limita-
tion to our study. First, as expected from previously published
data [19] and our preliminary results, the numbers of viable
intracellular bacteria dropped during infection and conse-
quently, reduced relative amounts of isolated bacterial RNA
combined with only a moderate sequencing depth limited the
statistical power to call significantly differentially expressed
genes for all but highly expressed bacterial genes. Second, we
were analysing rather heterogeneous population of phagocytes
composed of infected cells and cells which were either not
infected or were infected but already cleared the pathogen.
We accepted these limitations in order to develop an easy to
control and reproducible model of infection. Indeed, obtained
results clearly indicate that macrophages underwent substan-
tial reprogramming of their transcriptome upon infection.
Macrophages, like other immune cells, react to bacterial



Table 2. List of selected B. pertussis genes downregulated in the course of
infection™

log,FC  log,FC
Gene ID T2/T1  T3/T2  Name Function
BPO0O15 -1.77 -1.68 rpoB sigma factor RpoB
BPO016  —-1.45 -2.10 rpoC sigma factor RpoC
BP0762  —1.62 ND cyaD transport protein CyaD
BP0763  —1.65 ND cyak transport protein CyakE
BP1054 -148 -1.18 pm pertactin
BP1119  -2.46 ND fim2 fimbriae Fim2
BP1201 -0.75 =327 tcfA tracheal colonization factor TcfA
BP1251  -1.75 ND BP1251  aerolysin
BP1876 ND -1.72  bvgR regulator of virulence BvgR
BP2241 —5.99 ND bscC type Ill secretion protein BscC
BP2244 541 ND bscF type Ill secretion protein
BP2248  -535 ND bscl type Il secretion protein
BP2256  —5.79 ND bscU putative secreted protein Bsp22
BP2262  -1.81 ND bopD type Il secretion protein
BP2315  -1.39 ND vag8 autotransporter Vag8
BP3282  -7.08 ND atpB ATP synthase subunit A
BP3494  -1.17 144 brkA autotransporter BrkA
BP3785 ND -3.28 ptxD pertussis toxin subunit 4 precursor
BP3786 ND -3.28 ptxE pertussis toxin subunit 5 precursor
BP3787 ND -353  ptxC pertussis toxin subunit 3 precursor
BP3790 ND -2.71  ptlC pertussis toxin transport protein PtIC
BP3791 ND -1.85 ptlD pertussis toxin transport protein PtID

Values which did not pass the statistical significance but showed similar trend
are shown in italics. ND, not determined in the respective analysis.

infection with common gene expression programmes [29,40].
One of the important roles of immune cells encountering the
pathogen is to attract and activate other immune cells by
secretion of cytokines and chemokines. Interestingly, we
observed induction of both pro- and anti-inflammatory cyto-
kines which is in line with previous reports demonstrating
that TLR4-dependent recognition of B. pertussis-associated
products triggers mixed immune response in the host
[41,42]. For example, the highly expressed IL-23, IL-1A, IL-
6, CCR7, CCL2, CCL3, CXCL8, CD80 and CD86 genes belong
to set of genes characteristic for induction of M1 macrophage
polarization and promoting pro-inflammatory Thl and Th17
immune responses [43,44]. On the other side, increased
expression of IL-13 and IL-10 cytokine genes inducing M2
programme in macrophages suggests that Th2 response is also
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mounted in infected macrophages. Notably, such a mixed
immune response was also detected in mouse lungs after
primary B. pertussis infection [34] and also in primary macro-
phages infected with several other pathogens [45-47].
Nevertheless, while the expression of IL-23 remained highly
increased in infected cells during the infection, expression of
IL-10 culminated at 2 h pi and then it gradually dropped.
Importantly, these expression profiles of IL23, IL10 and sev-
eral other genes were clearly confirmed by quantitative PCR
analysis. Of note, our results are in line with already docu-
mented observation that B. pertussis-infected monocyte-
derived dendritic cells promote synthesis of IL-23 but not of
IL-12 [48]. IL-23 is an IL-12-like heterodimer sharing the p40
subunit with IL-12 and was shown to play different roles in
shaping of the immune response [49]. Besides its role in
mounting of Thl response, it is one of the essential factors
required for the expansion of a memory T cell population,
which is characterized by the production of IL-17 (Th17) [44].
Importantly, both Thl and Th17 cells contribute to natural
immunity induced by infection with B. pertussis in mice [50].
Also baboons, previously infected with B. pertussis, possess
strong specific Th1 and Th17 memory [51]. Interestingly, IL-
23/IL-17 axis plays a substantial role also in the development
of chronic inflammations causing a variety of allergic and
autoimmune diseases such as rheumatoid arthrosis, inflam-
matory bowel disease and asthma [52]. Based on environ-
mental observations, Rubin and Glazer proposed
a hypothesis that subclinical B. pertussis colonization is an
important cause of asthma and diseases of allergic sensitiza-
tion [53]. Therefore, it is tempting to speculate whether the
paroxysmal cough, a hallmark of pertussis disease, could also
result from strong pro-inflammatory IL-23 production and
expansion of Th17 cells.

To prevent phagocytic killing, extracellular B. pertussis cells
produce a very potent adenylate cyclase toxin which can
disrupt cell signalling in macrophages and eventually induce
apoptosis [24,25,54]. Nevertheless, our data suggest that upon
internalization of B. pertussis cells, the expression of several
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Figure 6. GO term enrichment analysis of B. pertussis genes modulated during infection. Significantly enriched terms from the domain ‘Biological processes’ were
identified within gene sets either upregulated (A) or downregulated (B) between the time points T2 and T1. Results were summarized and visualized by REVIGO as
a scatter plot. Circle size encodes number of genes associated with respective category, colours encode the significance level of the enrichment.
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genes involved in apoptotic programme is modulated which
may result in prevention of cell death and permitting the
pathogen to persist within the immune cells. Interestingly,
antiapoptotic signalling was observed also in human respira-
tory epithelial cells infected with B. pertussis and seems to be
a molecular signature of B. pertussis infections [38]. Indeed,
majority of serpins, a group of serine protease inhibitors
which are known to control an array of biological processes
including inflammation [55], was significantly upregulated
upon infection. Among them, SERPINB3 and SERPINB4
were reported to inhibit apoptosis in THP-1 macrophages
infected with T. gondii [56]. Likewise, the expression of
BIRC3 (cIAP2) gene was highly increased in infected cells.
BIRC3 is a member of the inhibitor of apoptosis family of
proteins that inhibit cell death by interfering with the activa-
tion of caspases [57] and, of note, its expression was found to
be increased upon B. pertussis infection of human bronchial
cells [38].

Remarkably, within the genes strongly induced upon infec-
tion we also identified set of factors which were reported to be
hijacked by several intracellular pathogens to escape from host
immunity. For example, suppressors of cytokine signalling
(SOCSs) proteins SOCS3 and SOCS2 belonging to important
family of inflammatory response regulators [58] were shown
to augment the infection with M. tuberculosis and S. enterica
[59,60]. Highly induced expression of SOCS3 in infected
macrophages is also in line with previous experiments, show-
ing increased expression of SOCS3 gene in B. pertussis-
infected THP-1 macrophages [21]. Similarly, increased
expression of IDOI1, LAMP3 and MARCKS genes in infected
cells may correlate with attenuation of innate immune
response and increased intracellular survival as it was shown
for Mycobacterium leprae infection of monocytes [61],
S. typhimurium infection of HeLa cells [62] and
Burkholderia thailandensis infection of THP-1 macrophages
and epithelial A549 cells [63], respectively.

GO term and KEGG pathway enrichment analyses were
applied to identify molecular signatures of macrophage
response to B. pertussis infection. Our results showed that
several signalling and metabolic pathways were significantly
modulated during the infection. Challenge with B. pertussis
(6 h pi) led among others to downregulation of mTOR and
insulin signalling pathways, fatty acid metabolism, TCA cycle
and oxidative phosphorylation while NOD-like receptor and
chemokine signalling pathways were induced. Of note,
downregulation of insulin signalling pathway may correlate
with reported B. pertussis-induced hyperinsulinemia in
human and mice [64]. Interestingly, apoptosis, Toll-like
receptor and Jak-STAT signalling pathways were concomi-
tantly up- and downregulated. These data suggest that
besides modulation of signalling pathways controlling the
immune response, B. pertussis has also profound effect on
host metabolism [65].

One of the important outcomes of our study was the
finding that a significant number of bacterial reads can be
obtained from infected macrophage cells without enrichment
steps. Yet, we are aware that our data must be interpreted with
caution and corroborated in larger study yielding substantially
increased number of mapped reads. Nevertheless, in this

study, we could identify several Bordetella genes which were
differentially expressed between 2 and 6 h pi and/or between 6
and 24 h pi and validate observed effects for selected genes by
quantitative PCR. Among those induced during infection
were genes involved in iron transport and iron-sulphur cluster
assembly indicating that intracellular B. pertussis cells face
iron scarcity and oxidative stress. These results are in line
with previous reports showing that iron acquisition and trans-
port systems and iron-sulphur cluster sensors contribute to
fitness of B. pertussis cells during in vivo infections
[35,36,66,67]. Within the genes displaying reduced expression
during infection were also those involved in pathogenesis. The
expression of bvgR regulator of virulence was reduced during
the infection and, consequently, the expression of several
virulence factors was also downregulated. This is in contrast
with in vivo data obtained previously in mouse model of
respiratory tract infection where expression of majority of
virulence factors was increased during the infection of lungs
[35,36,68]. Our observations indicate that opposed to
B. pertussis cells isolated from mouse organs and facing sys-
temic immune response, the intracellular B. pertussis cells
switch from Bvg" to Bvg™ phase during the intramacrophage
phase. We assume that the Bvg" phase plays a less significant
role in the intracellular survival of B. pertussis and that aviru-
lent Bvg™ phase can be beneficial to the pathogen as it was
shown for closely related B. bronchiseptica [69,70].
Interestingly, Bvg™ mutants have been shown to accumulate
among persistent B. pertussis cells within the upper respira-
tory tract of experimentally infected rhesus monkeys [71].
Furthermore, multiple metabolic pathways are upregulated
in the Bvg™ phase and potentially help to overcome the
environmental and nutritional stress [72]. Recently, we have
shown that Bvg-repressed small regulatory RNA RgtA is
involved in control of transport of glutamate, a key metabolite
in B. pertussis physiology [73]. In line with these observations,
the expression of virulence repressed gene vrg6 was induced
during the infection. Of note, increased expression of vrg6
gene was observed also in B. pertussis cells recovered from
lungs of intranasally infected mice [74]. While this gene was
one of the first described virulence repressed genes in
B. pertussis [75], its cellular function remained unclear. We
suggest that Vrg6 protein belongs to family of PXP(V) pro-
teins forming potassium channels [76,77] as it contains five
PXP(V) motifs and two transmembrane domains (Fig. S4).
These proteins control the activity of the pores in response to
different stimuli such as changes in pH or membrane poten-
tial [78]. Considering the possible effects of harsh macrophage
environment on bacterial cell wall integrity, the increased
expression of the vrg6 gene seems to be biologically relevant.

Collectively, observed changes in the gene expression pro-
files suggest that intracellular B. pertussis cells actively adapt
to intramacrophage environment and respond to bactericidal
activities triggered by THP-1 cells. As mentioned above, large
number of host genes involved in macrophage polarization,
signalling, immunosuppression and apoptosis were overex-
pressed upon infection. It seems that interplay between
macrophages and intracellular B. pertussis cells may result in
alternative polarization of macrophages and induction of the
processes that augment survival of the bacteria within



phagocytic cells. Nevertheless, strongly modulated expression
of dozens of cytokines and chemokines suggests that some of
the observed effects result from cell-to-cell signalling within
the population of infected macrophages. Importantly, this
study indicates that in vitro expressions profiles of several
genes and pathways in both human host cells and pathogen
are in line with in vivo data obtained with mouse model of
infection [34-36,66], although our data suggest higher impor-
tance of avirulent phase in intramacrophage infection than
previously thought. Nevertheless, we are aware of certain
limitations of our study and it is evident that we need to
perform additional experiments to delineate the B. pertussis-
specific activities modulating the host immune response and
macrophage-specific responses induced by B. pertussis infec-
tion in order to clarify the importance of the intracellular
phase for the infectious cycle of B. pertussis.

Materials and methods
Growth and differentiation of THP-1 cells

Monocytic THP-1 cells (obtained from ATCC) were grown in
suspension in 75 cm? flasks in Roswell Park Memorial Institute
(RPMI) 1640 medium (Sigma) supplemented with 10% heat-
inactivated foetal bovine serum (FBS, Sigma) at 37°C in
a humidified incubator (5% CO,). For differentiation into macro-
phages, the THP-1 cells were seeded in 6-well plates (4 x 10°
per well) and stimulated by the addition of 10 nM phorbol 12-
myristate 13-acetate (PMA, Sigma) for 72 h followed by resting for
24 h in RPMI medium without PMA.

Cultivation of the B. pertussis cells

Bordetella pertussis reference strain Tohama I was grown on
Bordet-Gengou (BG) agar plates (Difco) supplemented with
15% sheep blood for 3 to 4 days at 37°C. For liquid cultures,
bacteria were grown in Stainer-Scholte (SS) medium supple-
mented with 0.1% cyclodextrin (Sigma) and 0.5% casamino
acids (Difco) at 37°C. For infection assays, the B. pertussis
cells were grown overnight in SS medium to mid-exponential
phase of growth (ODgy = 1.0) and diluted in RPMI medium
to appropriate cell density.

Infection of THP-1-derived macrophages

Differentiated THP-1 macrophages were infected with
B. pertussis cells diluted in RPMI medium at multiplicity of
infection of 100 bacteria per macrophage (4 x 10° per well).
The plates were then centrifuged for 3 min at 600 g to
facilitate the interaction of bacteria with macrophages. After
1 h of incubation (37°C; 5% CQO,), nonadherent bacteria were
removed by washing and remaining extracellular bacteria
were killed by incubation in RPMI medium containing
100 pg/ml of polymyxin B sulphate (Sigma) for 1 h (37°C; 5%
CO,). No viable bacteria were detected by direct plating of cell
culture supernatants on BG agar. From this time point (T1),
corresponding to 2 hours pi (1 h of co-incubation of
B. pertussis cells with macrophages and 1 h of polymyxin
B treatment), the concentration of the antibiotic was kept at
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20 pg/ml which was sufficient to prevent the repopulation of
RPMI medium with released intracellular bacteria (data not
shown). At indicated times (2, 6 and 24 h pi; time points T1-
T3), the infected cells were intensely washed with prewarmed
phosphate-buffered saline (PBS) and directly lysed. In parallel,
samples of uninfected cells were treated in the same way and
served as controls. In addition, at each time point, the infected
macrophages from separate well were lysed with sterile water
containing 0.01% Triton X-100 and the lysates were plated
onto BG agars to assess the numbers of viable intracellular
bacteria. At each time point, three biological replicates of
infected and uninfected macrophages as well as of unexposed
bacteria cultivated in RPMI medium were harvested for tran-
scriptomic and quantitative PCR analyses.

RNA isolation

Macrophages were lysed with 0.5 ml of TRI reagent (Sigma)
and total RNA was isolated from lysates according to the
manufacturer’s protocol. Removal of DNA was achieved by
treatment of samples with TURBO DNA-free kit (Thermo
Fisher Scientific). RNA quality and quantity were determined
by agarose gel electrophoresis and using the Nanodrop 2000
device (Thermo Fisher Scientific). Furthermore, the RNA
quality was assessed at sequencing facility (Vienna Biocenter
Core Facility, NGS unit) on an Agilent 2100 Bioanalyzer. All
samples displayed RNA integrity numbers higher than 9.

Library preparation, sequencing and read mapping

Ribosomal RNAs of the host and pathogen were simulta-
neously depleted with the Ribo-Zero Gold rRNA Removal
Kit from Illumina. Libraries were prepared using NEBNext®
Ultra™ II DNA Library Prep Kit for Illumina and sequenced
on an Illumina HiSeq 2500 platform using HiSeqV4 chem-
istry with single-end 50-base-pair reads. FastQC (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc; version
0.11.8) was used to perform quality control checks on raw
[lumina reads in FASTQ format. A single transcriptome
generated by combining human transcriptome (Ensembl
GRCh38) and B. pertussis Tohama I transcriptome was
used to map and quantify the reads using Salmon quantifier
(version 0.11.3) [79]. B. pertussis transcriptome was pro-
duced from NCBI Assembly GCF 000195715.1 using gtfread
(https://github.com/gpertea/gffread). After quantification
with Salmon, human and bacterial read counts per gene
were separated for subsequent differential expression analy-
sis. RNA-seq data from the sequencing runs were deposited
at the European Nucleotide Archive under project accession
number PRJEB33395.

Differential expression (DE) analysis

Prior to DE analysis, unwanted variation caused by batch
effects or library preparation was removed from the samples
using RUVs correction method from RUVseq (version
1.16.0) [80]. DE was assessed using gene read counts as
inputs and analysis was performed by EdgeR package (ver-
sion 3.24.1) [81]. Human genes with at least five uniquely
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mapped reads in at least two replicates were considered with
default k = 1 using the upper-quartile normalization.
Bacterial genes with at least 10 uniquely mapped reads
(average of the triplicate) at least at one time point were
considered with default k = 1, using a weighted trimmed
mean of M-values (TMM) normalization. DE analysis for
samples collected at time point T2 versus control was eval-
uated only for human genes, DE analysis of samples col-
lected at time points T2 versus T1 and T3 versus T2 was
determined for both human and B. pertussis genes.

MSF analysis

The DE analysis results generated by edgeR were used to
identify modulated sub-graphs using Modulated Sub-graph
Finder (MSF). Cell signalling interactions were filtered from
Reactome functional interactions version 2016 (https://reac
tome.org/download-data) for only direct interactions, which
was used as a second input for MSF tool [82]. The parameters
used for MSF were extension 2 and merging 2. The network
file containing the identified interactions produced by MSF
was imported and visualized by Cytoscape (version 3.6.1).
KEGG pathway enrichment was generated using StringApp
(version 1.4.2).

GSEA analysis

The Gene Set Enrichment Analysis was done for GO and
KEGG term enrichment using R package ‘GSEABase’ (version
1.44.0). For each comparison, the complete list of significant
DE genes (adjusted p-value < 0.05) was separated into two
groups, one composed of genes with positive log fold change
(log,FC > 0) and the second composed of genes with negative
fold change (log,FC < 0). Top 20 enriched ‘Upregulated’ and
‘Downregulated’ gene sets were selected for the visualization.

GO term enrichment for B. pertussis

The gene ontology (GO) terms per gene were deduced using
blast2go [83]. Each GO term which was associated with more
than one gene in the gene set was tested for enrichment
compared to the whole transcriptome by applying the Fisher
Exact test. Afterwards, determined p-values were corrected for
multiple testing by the method of Benjamini and Hochberg
[84]. The GO term lists were condensed, summarized and
visualized using the Revigo tool [85].

Quantitative PCR

To validate gene expression profiles of infected THP-1
macrophages and intracellular B. pertussis cells, total RNA
isolated for RNA-seq analysis from triplicate samples of
infected macrophages 2, 6 and 24 h pi was used. As con-
trols, total RNA was isolated from triplicates of uninfected
macrophages and unexposed bacteria cultivated in parallel
in RPMI medium. RT-qPCR analysis of both host and
pathogen transcript levels was performed as described ear-
lier [86]. Briefly, duplicates of 1 ug of total isolated RNA
treated with TURBO DNA-free kit (Thermo Fisher

Scientific) were reverse transcribed into cDNA following
the manufacturer’s instructions in a 25-ul reaction using
the MMLV Reverse Transcriptase (Promega). Quantitative
PCR  (RT-qPCR) was performed on  Bio-Rad
CFX384 Touch™ instrument using HOT FIREPol®
Eva®Green qPCR Mix Plus™ (Solis Biodyne), 200 nmoles of
each primer and 40 ng of reverse transcribed RNA in a 12-
ul qPCR reaction with an initial step at 95°C for 12 min,
followed by 40 cycles of 95°C for 15 s, 60°C for 25 s, 72°C
for 30 s. For THP-1 macrophages, the ACTB gene was used
as the reference gene to assess relative gene expression levels
in infected and uninfected cells. For B. pertussis, the rbfA
gene was used as the reference gene to assay the relative
gene expression levels in intracellular and unexposed bac-
teria. Primers used to quantify THP-1 and B. pertussis genes
(Table S5) were analysed for secondary structures and for
cross-dimers in primer pairs. Relative expression levels were
quantified using amplification efficiency values [87]. To
validate RNA-seq data, relative expression levels of selected
genes were compared between infected and uninfected
THP-1 cells and between intracellular and unexposed bac-
teria at each time point.
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ABSTRACT

Bordetella pertussis, the causative agent of whooping cough, is an extracellular, strictly human pathogen. However, it has
been shown that B. pertussis cells can escape phagocytic killing and survive in macrophages upon internalization. Our
time-resolved RNA-seq data suggest that B. pertussis efficiently adapts to the intramacrophage environment and
responds to host bactericidal activities. We show that this adaptive response is multifaceted and, surprisingly, related
to the BvgAS two-component system, a master regulator of virulence. Our results show that the expression of this
regulatory circuit is downregulated upon internalization. Moreover, we demonstrate that the switch to the avirulent
Bvg™ phase augments a very complex process based on the adjustment of central and energy metabolism, cell wall
reinforcement, maintenance of appropriate redox and metal homeostasis, and repair of damaged macromolecules.
Nevertheless, not all observed effects could be simply attributed to the transition to Bvg~ phase, suggesting that
additional regulators are involved in the adaptation to the intramacrophage environment. Interestingly, a large
number of genes required for the metabolism of sulphur were strongly modulated within macrophages. In particular,
the mutant lacking two genes encoding cysteine dioxygenases displayed strongly attenuated cytotoxicity toward
THP-1 cells. Collectively, our results suggest that intracellular B. pertussis cells have adopted the Bvg~ mode to
acclimate to the intramacrophage environment and respond to antimicrobial activities elicited by THP-1 cells.
Therefore, we hypothesize that the avirulent phase represents an authentic phenotype of internalized B. pertussis cells.
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KEYWORDS Bordetella pertussis; BvgAS; intramacrophage environment; adaptation to stress; cysteine toxicity; avirulent phase

Introduction

Bordetella pertussis is a strictly human reemergent
pathogen of the respiratory tract and the etiologic
agent of whooping cough [1]. This highly contagious
disease is particularly severe in infants and remains a
major cause of infant mortality worldwide, especially
in developing countries [2].

B. pertussis has been traditionally described and
viewed as an extracellular pathogen that colonizes
the epithelium of the upper respiratory tract (recently
reviewed in [3]). While ciliated epithelial cells secrete
mucus that mechanically eliminates the bacteria,
both resident and attracted phagocytic cells interact
with the pathogen to clear the infection [4]. Successful
infection, therefore, depends on the activities of a var-
iety of virulence factors produced by B. pertussis cells
[3]. In particular, adhesins such as filamentous hae-
magglutinin and fimbriae contribute to efficient
adhesion and colonization of the epithelium, while

toxins such as pertussis toxin and adenylate cyclase
toxin disrupt the epithelium and modulate the activity
of the immune system, thereby facilitating the survival of
bacteria in the respiratory tract [3,5,6]. The expression of
most virulence factors is controlled by the two-com-
ponent system BvgAS, which consists of the sensor
kinase BvgS and the response regulator BvgA, which
upon phosphorylation with BvgS promotes expression
of virulence-activated genes [7]. Basically, three different
phenotypes can be distinguished based on the BvgA
phosphorylation status: Bvg" (virulent), Bvg™ (avirulent)
and Bvg' (intermediate). However, the exact role of the
avirulent phase in the infection cycle of B. pertussis
remains enigmatic [8-10].

In the presence of specific antibodies, opsonized
B. pertussis cells are internalized and killed by phago-
cytic cells [11,12]. However, some early reports
suggested that in the absence of opsonizing antibodies,
this pathogen stimulates its own attachment to
immune cells, resulting in inefficient killing by
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phagocytes and increased intracellular survival [12-
16]. Importantly, B. pertussis cells have also been
found in vivo in human, rabbit and mouse alveolar
macrophages [17-19]. In the last decade, Rodriguez
and her team have presented data showing that
B. pertussis can survive in primary macrophages [20]
as well as in monocyte-derived THP-1 macrophages
[21,22]. They have shown that most B. pertussis cells
are killed within acidic compartments, but some
residual cells escape this killing and proliferate in a
nonacidic, early endosomal compartment. These
data led to speculation that B. pertussis may utilize
macrophages as an intracellular niche and that the
intramacrophage phase of infection may play a signifi-
cant role in the B. pertussis infection cycle [14,18,19].
In support of this hypothesis, gene expression profil-
ing and proteomic analysis of infected monocyte-
derived THP-1 macrophages revealed that intracellu-
lar B. pertussis cells modulate the expression of several
genes involved in the host immune response and
reshape the production of dozens of proteins impli-
cated in virulence [21-23]. Furthermore, Harvill and
colleagues have demonstrated that the closely related
pathogens B. bronchiseptica and B. parapertussis sur-
vive intracellularly in amoebae [24] and primary
macrophages [25], respectively. These observations
suggest that the ability for intracellular survival has
an ancestral origin and is widespread among patho-
genic Bordetella species [26,27].

To date, transcriptional profiling of B. pertussis
interactions with host cells has been studied primarily
in mouse models and has focused on either the host
[28,29] or the pathogen [30,31]. Moreover, these
studies did not address the importance of the intra-
cellular phase in the infection cycle of B. pertussis.
Therefore, we recently engaged the dual RNA-seq
method to analyze parallel transcriptomic profiles of
human macrophages infected with B. pertussis to elu-
cidate the nature of the interactions between the
pathogen and the immune cell [23]. To avoid the
donor-to-donor variation observed in experiments
with primary macrophages, we used THP-1 mono-
cyte-derived cells, a popular cell model for immune
modulations studies [32] that has been shown to be
a good surrogate for primary cells in experiments
with B. pertussis [22]. In the pilot experiment, which
focused primarily on host cells, we demonstrated
that in response to B. pertussis infection, the global
gene expression profiles of THP-1 macrophages were
extensively rewired during the course of infection
[23]. Importantly, we have also shown that significant
numbers of bacterial reads can be obtained from
infected macrophage cells, provided we focus on the
early stages of infection and substantially increase
the sequencing depth.

In this manuscript, we focused on determining
temporal changes in gene expression profiles of

intracellular B. pertussis cells using time-resolved
dual RNA-seq analysis. Our results indicate that intra-
cellular B. pertussis cells switch from a virulent to an
avirulent phenotype, which appears to be beneficial
for intramacrophage survival and persistence, and
support the emerging hypothesis that the avirulent
phase represents an authentic phenotype of intracellu-
lar B. pertussis cells.

Materials and methods
Cultivation of B. pertussis cells

The Bordetella pertussis reference strain Tohama I and
its derivatives (Table S3) were grown on Bordet-Gen-
gou (BG) agar plates (Difco) supplemented with 15%
sheep blood for 3 days at 37°C. For liquid cultures, cul-
tures were inoculated from agar plates and grown in
Stainer-Scholte (SS) medium [33] supplemented with
0.1% cyclodextrin (Sigma) and 0.5% casamino acids
(Difco) at 37°C. For infection assays, the B. pertussis
cells were grown overnight in SS medium to the
mid-exponential phase of growth (ODgy & 1) and
diluted to the appropriate cell density in RPMI
medium.

Construction of B. pertussis mutants

The deletions were introduced into the chromosome
of the B. pertussis Tohama I strain as described pre-
viously [34]. To construct the ABP2871 deletion
mutant, two DNA fragments of approximately 750
bp flanking the corresponding gene were amplified
from the upstream region (which ends with the ATG
codon of the ABP2871 gene and the Spel site) and
the downstream region (which begins with the Spel
site and the TGA stop codon of the ABP2871 gene).
The resulting PCR products were ligated via a Spel
site, and the ligation mixture was used as a template
to generate a PCR product of approximately 1.5 kb
containing the intended deletion. In the resulting pro-
duct, the start and stop codons of the corresponding
gene separated by the Spel restriction site formed a
markerless in-frame deletion. The ABP3011 deletion
was constructed in the same manner, but the Nhel
site was used instead of Spel to ligate both DNA frag-
ments. In all cases, the final PCR products were ligated
into the allelic exchange plasmid pSS4245 and cloned
into the E. coli strain XL1-Blue. Finally, the resulting
recombinant plasmid was transformed into the
E. coli SM10 strain (donor strain) and transferred to
B. pertussis Tohama I (recipient strain) by conju-
gation, as described elsewhere [35]. After two recom-
bination events, the strain with the desired deletion
was obtained. To create ABP2871ABP3011 double
mutant, the ABP2871 mutant was conjugated with
pSS4245 derivative carrying the ABP3011 allele. All



mutations were confirmed by sequencing the
amplified PCR product covering the regions adjacent
to the deletion. The plasmids and primers used in
this study are listed in Table S2 and Table 3,
respectively.

Growth and differentiation of THP-1 cells

Monocytic THP-1 cells (ATCC; TIB-202) were grown
in suspension in tissue culture-treated dishes (100
mm; Corning) in Roswell Park Memorial Institute
(RPMI) 1640 medium (Sigma, R8758) supplemented
with 10% heat-inactivated fetal bovine serum
(Sigma) at 37°C in a humidified incubator (5%
CO,). For differentiation into macrophages, THP-1
monocytes were seeded in 6-well plates (4 x 10° cells
per well) and stimulated by the addition of 100 nM
phorbol 12-myristate 13-acetate (Sigma) for 72 h, fol-
lowed by a 24-h resting period in plain RPMI medium.

Infection of THP-1-derived macrophages

Differentiated THP-1 macrophages were infected with
B. pertussis cells diluted in RPMI medium at a multi-
plicity of infection of 10 bacteria per macrophage (4 x
107 per well). The plates were then centrifuged at 600 g
for 3 min to facilitate the interaction of bacteria with
macrophages. After 1 h of incubation (37°C; 5%
CO,), extracellular bacteria were removed by washing
with RPMI medium, and the remaining bacteria were
killed by incubation in RPMI medium containing 100
pg/ml of polymyxin B sulphate (Sigma) for 1 h (37°C;
5% CO,). No viable bacteria were detected by direct
plating of cell culture supernatants on BG agar (data
not shown). From this time point (T2), corresponding
to 2 h pi (1 h of co-incubation of macrophages with
B. pertussis cells and 1 h of polymyxin B treatment),
the concentration of antibiotic was maintained at 25
pg/ml which was sufficient to prevent repopulation
of the RPMI medium with released intracellular bac-
teria. To obtain samples of infected macrophages 1 h
pi (T1), both co-incubation of B. pertussis with
THP-1 cells and treatment with polymyxin B were
performed for 30 min each. Again, no viable bacteria
were detected by direct plating of cell culture super-
natants on BG agar. At the indicated time points (1,
2, 4, 8 and 12 h pi; corresponding to time points
T1-T5), infected cells were washed intensely with pre-
warmed phosphate-buffered saline (PBS) and directly
lysed. In parallel, samples of uninfected macrophages
treated in the same manner and samples of intact bac-
teria incubated in RPMI at 37°C served as controls. In
addition, at each time point infected macrophages
from a separate well were lysed with sterile water con-
taining 0.01% Triton X-100, and the lysates were pla-
ted onto BG agars to determine the numbers of viable
intracellular bacteria. At each time point, three
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biological replicates of infected and uninfected macro-
phages and unexposed bacteria were harvested for
RNA isolation.

RNA isolation

Samples of biological triplicates of infected and unin-
fected macrophages were lysed at each time point with
0.5 ml of TRI reagent (Sigma), and the lysates were
stored at —80°C. Total RNA was isolated from the
lysates according to the manufacturefs protocol. Cul-
tures of B. pertussis cells grown in biological triplicates
in RPMI medium (controls) were mixed 4:1 with stop
solution (95% ethanol, 5% phenol), pelleted, and
stored at —80°C. Bacterial pellets were suspended in
TE buffer (10 mM Tris, 1 mM EDTA; pH 8.0) contain-
ing 1 mg/ml lysozyme (Sigma) and total RNA was iso-
lated from lysed cells using TRI reagent (Sigma)
according to the manufacturer’s protocol. DNA was
removed by treatment of all samples with the
TURBO DNA-free kit (Thermo Fisher Scientific).
Quality and quantity of RNA were determined by
agarose gel electrophoresis and using the Nanodrop
2000 instrument (Thermo Fisher Scientific). In
addition, RNA quality was assessed at the sequencing
facility (Vienna Biocenter Core Facility, NGS unit) on
an Agilent 2100 Bioanalyzer. All samples displayed
RNA integrity numbers greater than 9.

Library preparation, sequencing, read mapping
and DE analysis

Host and pathogen ribosomal RNAs were simul-
taneously depleted using the Ribo-Zero Gold rRNA
Removal Kit (Ilumina). Libraries were prepared using
the NEBNext® Ultra™ II DNA Library Prep Kit
for Illumina and sequenced on an Illumina HiSeq
2500 platform using HiSeqV4 chemistry with single-
end 100-base-pair reads. FastQC (https://www.
bioinformatics.babraham.ac.uk/projects/fastqc; version
0.11.9) was used to perform quality control checks on
raw [llumina reads in FASTQ format. A single reference
transcriptome generated by combining the human tran-
scriptome (Ensembl GRCh38) and B. pertussis Tohama
I transcriptome was used to map and quantify reads
with Salmon quantifier (version 1.1.0) [36]. The
B. pertussis reference transcriptome sequence file was
generated using the gffread tool (https://github.com/
gpertea/gftread), the Tohama I reference sequence
(GCF 000195715.1) from the NCBI assembly, and the
corresponding Tohama I gene annotation in GFF
file format (GCF_000195715.1_ASM19571v1_gen-
omic.gft). After quantification performed with Salmon
and the reference transcriptome file, the human and
bacterial read counts per gene were separated for sub-
sequent differential expression analysis. Unwanted vari-
ations caused by batch effects or library preparation
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were removed from the samples prior to DE analysis
using the RUVs correction method of RUVseq (version
1.24.0) [37] in R (version 4.0.5). DE analysis was per-
formed with the EdgeR package (version 3.32.1) [38]
using the gene read counts as inputs. To normalize
for sequencing depth, we calculated library size normal-
ization factors for each library using the weighted
Trimmed Mean of M-values method implemented in
the EdgeR by means of calcNormFactors function.

Bioinformatics analyzes

To perform principal component analysis (PCA) for
THP-1 macrophages and B. pertussis samples, read
counts per gene were first normalized by regularized
log transformation implemented in the rlog function
of DESeq2 [39] for each time point. The plots were
generated using the ggfortify (https://github.com/
sinhrks/ggfortify; version 0.4.14) and ggplot2 (version
3.3.5) [40] packages in R. GO term enrichment analy-
sis for B. pertussis genes was deduced using blast2go
[41]. The log fold changes obtained from DE analysis
were used for each gene and sample for the corre-
sponding term. Each GO term associated with more
than one gene was tested for enrichment compared
to the whole transcriptome using Fisher’s exact test.
Subsequently, the determined p-values were corrected
for multiple testing by the method of Benjamini and
Hochberg [42]. The 20 most enriched “Upregulated”
and “Downregulated” gene sets for each time point
were selected for visualization. The package ggplot2
was used in R to generate heatmaps for the selected
terms and corresponding genes for the five infection
time points.

Validation of the RNA-seq data by quantitative
PCR

To validate the gene expression profiles obtained from
RNA-seq analysis, the expression of selected
B. pertussis genes was examined by RT-qPCR method
using the same RNA samples previously used for
RNA-seq analysis. Isolated RNA (600 ng) was reverse
transcribed into cDNA using random hexamers and
M-MLYV reverse transcriptase (Promega) at 37°C in a
25-pl reaction according to the manufacturer’s
instructions. RT-qPCR reactions were performed in
at least three technical replicates per sample on the
Bio-Rad CFX96 instrument using SYBR® Green Jump-
Start™ Taq ReadyMix™ (Sigma), 4 pmoles of each
primer, and 2 ul of fiftyfold diluted cDNA in a 20-pl
reaction. Each reaction consisted of an initial step at
95°C for 2 min, 40 cycles of 95°C for 15 s, 65°C for
30 s, and 72°C for 30 s, followed by a melting curve
recording. The sequences of primers used for gene
expression analysis of THP-1 and B. pertussis have
been published previously [23,34,43] or are listed in

Table S3. The rbfA gene was used as a reference
gene to determine relative gene expression in intra-
cellular and unexposed bacteria. Relative gene
expression was determined using the delta-delta C,
method [44].

THP-1 cells viability assay

The viability of infected THP-1 macrophages was
determined spectrophotometrically as the capacity of
mitochondrial dehydrogenase to induce cleavage of
the tetrazolium salt to formazan using the WST-1
assay kit (Roche) according to the manufacturer’s pro-
tocol. THP-1 monocytes were seeded in 48-well plates
(4.6 x 10 cells per well) and differentiated into macro-
phages. Macrophages were infected with B. pertussis
cells at different MOIs as described above. Briefly,
after 1 h of co-incubation, nonadherent bacteria
were removed by washing, and remaining extracellu-
lar bacteria were killed by incubation in RPMI med-
ium containing 100 pg/ml of polymyxin B sulphate
(Sigma) for 1 h. At this time point, corresponding to
2 h pi, infected cells were washed intensely with pre-
warmed RPMI medium and then incubated in 200
ul of RPMI and 20 ul of WST-1 substrate for 40 min
at 37°C. In parallel, uninfected cells were treated in
the same manner and served as controls (100% viabi-
lity). The absorbance of formazan dye measured at 450
nm correlates directly with the number of viable cells
and was measured with a scanning multi-well spectro-
photometer Epoch (BioTek).

Cytotoxicity toward THP-1 cells was determined
using the CellTox™ Green Cytotoxicity Assay (Pro-
mega), which measures changes in membrane integ-
rity that occur as a result of cell death. The
fluorescent signal generated by binding of the dye to
the dead-cell DNA is proportional to cytotoxicity.
THP-1 monocytes grown in colorless RPMI medium
(R7509, Sigma) supplemented with L-glutamine
(0.03%) were seeded in 96-well plates (1 x 10° cells
per well) and differentiated into macrophages. The
differentiated macrophages were infected by adding
100 pl of a B. pertussis cell suspension (containing
5% 10° cells; MOI 50). After 30 min of co-incubation,
nonadherent bacteria were removed by washing, and
the remaining extracellular bacteria were killed by
incubation in RPMI medium containing 100 pg/ml
of polymyxin B sulphate (Sigma) for 30 min. At this
time, the infected cells were washed intensely with
prewarmed RPMI medium, and the assay was started
by adding of CellTox™ reagent according to the man-
ufacturer’s protocol. Uninfected cells were treated in
the same manner and served as controls. Next, the
macrophages were incubated in a Tecan Spark multi-
mode microplate reader (37°C, 5% CO2), and the
fluorescent signal was measured at Ex/Em =490 +
10/520 + 10 nm for 12 h after addition of reagent.



Results

Parallel transcriptomic profiling of infected
macrophages

Monocyte-derived THP-1 macrophages were infected
in triplicate with 4.0x 107 cells per well of the
B. pertussis reference strain Tohama I. Samples of
infected macrophages were collected at 1, 2, 4, 8,
and 12 h (time points T1-T5) post-infection (pi).
Control samples (C1-C5) of uninfected macrophages
and intact bacteria cultivated in triplicate in RPMI
medium were incubated and harvested simul-
taneously. In parallel with RNA isolation, plating of
lysed infected macrophages revealed that the macro-
phages contained approximately 4.1 x 10°, 4.8 x 10°,
4.0 x 105 4.4 x 10°% and 3.3 x 10° viable bacteria per
well at time points T1, T2, T3, T4, and T5, respectively.

RNA-seq analysis of samples isolated from infected
cells yielded between 50 and 120 million reads,
whereas control samples (uninfected macrophages
and bacteria incubated in RPMI medium) yielded an
average of 20 million reads (Figure S1). Reads were
mapped to human and B. pertussis genomes and all
samples were clustered by principal component analy-
sis (PCA). PCA revealed that samples of infected
macrophages clustered separately from uninfected
cells (Figure 1(a)). Similarly, samples of intracellular
bacteria clustered apart of control samples along prin-
cipal component 1 (PC1), which accounted for nearly
42% of the observed variance (Figure 1(b)). The con-
trol samples also exhibited some degree of variability
along PC2 (~ 12%), although the samples of intra-
cellular bacteria displayed a similar trend toward
PC2, but to a lesser extent. Therefore, we cannot
exclude the possibility that some variance in the con-
trol samples was due to RPMI medium-specific effects.
Importantly, samples of both infected macrophages
and intracellular bacteria collected at each time point
clustered separately, indicating significant time-
dependent changes in gene expression profiles during
infection in both the host and the pathogen as early as
1 h pi.

Global changes in transcriptional profiles of
internalized B. pertussis cells

Next, we focused on samples of B. pertussis to monitor
temporal changes in gene expression profiles of intra-
cellular bacteria during the course of infection. To this
end, we performed pairwise differential expression
(DE) analysis to compare the transcriptomic profiles
of intracellular and control bacteria at each of the
five time points. The DE analysis identified 455, 708,
1112, 1255, and 1243 significantly modulated
([log,FC| > 1; adjusted p-value < 0.05) genes at time
points T1 to T5, respectively (Table S1). Similarly,
86, 137, 160, 130, and 110 non-coding RNAs,
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including rRNAs, tRNAs, and previously identified
candidate non-coding RNAs [45], were significantly
modulated at the corresponding time points. Detailed
analysis of protein-coding genes revealed that 1368
genes were modulated at least at two time points
and 148 genes were modulated at all five time points
(Figure S2). To validate the RNA-seq data, we ana-
lyzed the expression profiles of randomly selected sig-
nificantly modulated genes by quantitative PCR. This
experiment revealed that, in agreement with the RNA-
seq data, the expression of the virulence genes fhaB,
prn, vag8, bsp22, brkA, and tcfA was decreased in
internalized cells and the expression of BP2871, vrg6
and vrg24 genes was increased (Figure S3).

To gain deeper insight into the functional cluster-
ing of upregulated and downregulated genes at each
time point, we performed gene ontology (GO) term
enrichment analyzes. This analysis focused on biologi-
cal processes and revealed the GO terms enriched for
genes that displayed either increased or decreased
expression during the intramacrophage phase (Figure
2). Among the biological processes enriched in upre-
gulated genes, we identified those related to the “Phos-
phorelay signal transduction system,” “Regulation of
transcription,” “Cell redox homeostasis,” and “Protein
repair” (Figure 2(a)). On the other hand, processes
such as “Pathogenesis,” “Siderophore transport,”
“Intracellular protein membrane transport” and sev-
eral processes linked to the energy metabolism and
biosynthesis of amino acids were significantly
enriched in downregulated genes (Figure 2(b)).

Adaptation of B. pertussis to the
intramacrophage environment

GO enrichment analysis revealed that several impor-
tant biological processes are enriched in significantly
modulated genes. Therefore, we examined these pro-
cesses in more detail (Figure 3).

Pathogenicity

Consistent with our previous report [23], the
expression of majority of virulence factors was signifi-
cantly reduced within macrophages. As can be seen
from Figure 3(a), this effect occurred mainly after 2
h pi and was due to reduced expression of the bvgA
(BP1877) and bvgS (BP1878) genes, the main regula-
tors of virulence. Among the downregulated genes,
we identified those encoding adenylate cyclase toxin
(BP0760), dermonecrotic toxin (BP3439), adhesins
such as filamentous haemagglutinin (BP1879), sero-
type 2 fimbriae (BPI119), and pertactin (BP1054),
autotransporters Vag8 (BP2315) and BrkA (BP3494),
tracheal colonization factor A (BPI1201), and the
nearly complete bsc locus encoding the type 3
secretion system (BP2225-BP2264).
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Figure 1. (a) Principal component analysis was performed with transcriptomic profiles of uninfected (C1-C5) and infected (T1-T5)
THP-1 macrophages harvested 1 h (T1), 2 h (T2), 4 h (T3), 8 h (T4), and 12 h (T5) pi. (b) Principal component analysis was performed
with transcriptomic profiles of control B. pertussis cells incubated in RPMI medium (C1-C5) and intracellular B. pertussis cells (T1-
T5) harvested 1 h (T1), 2 h (T2), 4 h (T3), 8 h (T4), and 12 h (T5) pi. Each dot in both panels represents an independent biological

replicate.

Membrane composition and envelope stress

Internalized bacteria are subjected to various stresses
resulting from harsh conditions within macrophages.
Low pH, and the activity of reactive oxide species
and antimicrobial peptides exert strong effects on
cell wall integrity. Our results indicate that intracellu-
lar B. pertussis cells actively adapted their membranes
to macrophage-induced stress, as the expression of
several genes and operons involved in fortifying the
cell wall was increased, especially at later time points
(Figure 3(b)). For example, the expression of the
BP0396-0399 cluster, which affects LPS composition
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and lipid A remodelling, was strongly upregulated.
Similarly, the BP0769 gene, encoding the D-amino
acid transferase required for the synthesis of the pep-
tidoglycan components D-alanine and D-glutamate,
and the dra locus (BP2987-BP2991), required for the
incorporation of D-alanine into outer membrane,
were incessantly upregulated during infection. In
addition, the locus BP2434-BP2437, which contains
the mucD, mucB, rseA, and rpoE genes that encode
factors involved in the response to outer membrane
stress, was highly overexpressed. The expression of
the lipid A palmitoyltransferase gene pagP (BP3006)

Downregulated

protein peptidyl-prolyl isomerization o
glycolytic process 4
tricarboxylic acid cycle A
DNA topological change 4
transcription, DNA-templated A
translation 0.04
protein folding
cellular amino acid metabolic process 4
protein targeting
ion transport 4
drug transmembrane transport
cell adhesion o
methionine/threonine biosynthetic process 4
lysine biosynthetic process via diaminopimelate
isoleucine/leucine biosynthetic process
valine biosynthetic process 4
lipid A biosynthetic process 4
peptidoglycan catabolic process 4
protein secretion 0.02

pathogenesis

protein transport

siderophore transport

ATP synthesis coupled proton transport
electron transport chain 4
protein secretion by the type Ill secretion system <
ATP synthesis coupled electron transport
G -bacterium-type cell outer
protein transport by the Sec complex
intracellular protein transmembrane transport
rRNA base methylation
coupled k transport

1003

ATP hydrolysi

T1T2T3 T4 T5

Figure 2. GO enrichment analysis of processes modulated in intracellular B. pertussis cells. Analysis was applied to identify GO
terms from the domain “Biological processes” enriched for either upregulated (panel a; log,FC > 0) or downregulated (panel b;
log,FC < 0) DE genes at all experimental time points (T1-T5). The processes that were significantly enriched at least at one
time point were selected for visualization. The vertical bars show the adjusted p-values (shades of blue) for both sets of genes.
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Figure 3. Adaptation of B. pertussis to the intramacrophage environment. Heat maps depicting log, fold changes in the expression
of B. pertussis genes (intracellular/intact bacteria) during infection (T1-T5). Shown are genes involved in pathogenesis (a),
response to membrane stress (b), response to oxidative stress (c), sulphur metabolism (d), and iron transport (e).

was increased at later time points. On the other hand,
the expression of porin genes such as BP0840, BP0943
(ompA), BP3405 (ompQ), and BP3755 (omp W), which
enable the transport of small molecules including anti-
microbial peptides, was downregulated (Table S1).
The expression of Ilpx (BP1429-BP1432) and bpl
(BP0089-BP0093) operons, which are responsible for
lipooligosaccharide biosynthesis, was also significantly
decreased (Table S1).

Oxidative stress and redox homeostasis

During infection, the production of reactive oxygen
species resulting from bacterial metabolism and
from the activity of immune cells can substantially
damage bacterial macromolecules. Our data suggest
that intracellular B. pertussis cells responded to oxi-
dative stress (Figure 3(c)). Indeed, the expression of
the dps (BP1616) gene encoding the DNA-binding
protein that confers resistance to hydrogen peroxide
by absorbing the oxidative damage in place of the
DNA [46] was increased throughout the experiment.
The expression of the redox-sensitive regulator gene
soxR (BP2837) and the Mn-dependent superoxide dis-
mutase sodA (BP0193) was significantly increased,
though only at later time points. In addition, the
expression of paraquat-inducible genes pqiA
(BP2751) and pqiB (BP2752) and glutathione peroxi-
dase gene (BP1301) was also increased during

infection. Moreover, our analysis revealed several
highly expressed genes involved in the repair of
damaged proteins. Indeed, the sulphur-containing
amino acids methionine and cysteine are particularly
sensitive to oxidative stress because of their electron-
rich sulphur atom. During infection, genes encoding
cytosolic MsrB (BP3564) and periplasmic MsrP
(BP0479) and MsrQ (BP0480) methionine reductases
were significantly upregulated. Our data also showed
that the locus encoding the putative ATP-binding cas-
sette transporter (BP2394-BP2397) with specificity for
di- and tripeptides (e.g. glutathione) was strongly
overexpressed during the course of infection. In con-
trast, the entire pha locus (BP1691-BP1696), which
encodes the potassium efflux system involved in pH
adjustment, was downregulated (Table S1).

Sulphur metabolism

Transcriptomic analysis revealed that the expression
of a variety of genes controlling sulphur metabolism
was strongly modulated (Figure 3(d)). The reductive
sulphate assimilation pathway, which is required for
sulphate transport and cysteine biosynthesis, was atte-
nuated during infection. In particular, the sbp
(BP0966), cysD (BP0970), cysG (BP1055), cys]
(BP1209), sulphate permease BP2049, cysI (BP3432),
and adenosylhomocysteinase BP3068 genes were sig-
nificantly downregulated. The BP2816-BP2818 locus,
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which encodes the putative methionine importer, was
also downregulated. On the other hand, the expression
of genes involved in cysteine export and catabolism
was strongly increased. For example, the genes
BP2026 and BP2027 genes, encoding a probable
cysteine exporter and a sulphite exporter, respectively,
and the two putative cysteine dioxygenase genes
BP2871 and BP3011 were strongly upregulated.

Metal homeostasis

During infection, bacterial pathogens enter a hostile
and variable environment that contains limited
amounts of essential nutrients, including metals.
Therefore, we were surprised to see that several iron
transport genes and systems were downregulated
during infection, predominantly within the first 4 h
pi (Figure 3(e)). For example, the expression of the
fecI and fecR genes, which control the transport of fer-
ric citrate, and the firABCD operon (BP1152-BP1155),
which facilitates the transport of ferrous iron, was
strongly downregulated within the first four hours
after infection. Similarly, expression of the haem
transport system encoded by the bhuRSTUV locus
(BP0343-BP0347) and adjacent regulatory genes
hurR (BP0348) and hurl (BP0349) was significantly
downregulated during infection. The expression of
BP3531-BP3533 cluster, which consists of the tonB,
exbB, and exbD genes involved in iron binding and
transport, was also strongly reduced. In contrast, the
expression of the alc operon (BP2456-BP2461),
which is responsible for the biosynthesis of alcaligin
siderophores, increased significantly 8 h after infec-
tion. Genes responsible for the binding (BP2901I)
and release (BP2902) of enterobactin siderophores
were also overexpressed.

The expression of several genes involved in the
homeostasis of other essential metals was modulated
as well. For example, the magnesium importer gene
mgtC (BP0414), the putative manganese importer
locus BP3080-82, and the putative nickel/cobalt trans-
porter gene BP3078 were strongly upregulated (Table
S1).

Central and energy metabolism

Our data indicate that intracellular cells extensively
rewired their metabolic activity and energy pro-
duction upon entry into host macrophages (Table
S1). Most strikingly, the large nuo, sdh and atp oper-
ons, encoding the electron transfer chain complexes
of NADH:ubiquinone oxidoreductase, succinate
dehydrogenase, and ATP synthase, respectively, were
strongly downregulated from the beginning of infec-
tion. Furthermore, expression of the cyo and cyd oper-
ons encoding terminal ubiquinol oxidases and genes
encoding terminal cytochrome cbb3 oxidase were
also significantly downregulated.

In addition, several important metabolic processes
were substantially modulated in internalized bacteria
(Table S1). Among others, several genes involved in
glycolysis, such as gap, pgk, and Idh, were downregu-
lated. On the other hand, the expression of glcDEF
genes involved in glycolate/glyoxylate metabolism
(BP2903-BP2905) and the glyoxalase gene BP2863
was strongly upregulated. Similarly, the expression
of genes responsible for the biosynthesis (acetolactate
synthase BP0467) and transport (ABC transporters
BP0619-BP0622 and BP3573-BP3577) of branched-
chain amino acids, required for the metabolism of
fatty acids (acetyl-CoA synthetase BP0661, enoyl-
CoA hydratases BP0627 and BP0662, and long-chain
fatty acid ligase fadD), and for phenylacetic acid cata-
bolic pathway (BP2675-BP2684), was significantly
increased.

Large part of the BvgAS regulon is modulated in
internalized cells

The greatly reduced expression of virulence genes
suggested that intramacrophage environment induces
an avirulent phenotype in internalized B. pertussis
cells. We noticed that in addition to a large number
of virulence genes, a great variety of other genes
belonging to the BvgAS regulon were identified
among the DE genes. Therefore, we determined the
extent to which the BvgAS regulon overlaps with the
set of genes found in our DE analysis which we
named “intracellular adaptome”. In this analysis, we
considered all bvg-dependent genes published by
Moon et al. [47]. The rationale behind this was that
when internalized cells develop the Bvg™ phase, then
all genes that are downregulated by the BvgAS system
(virulence-repressed genes) should be upregulated and
vice versa, genes that are activated by the BvgAS sys-
tem (virulence-activated genes), should be downregu-
lated upon phagocytosis. Interestingly, 207 of 322
virulence-repressed genes (64.2%) were significantly
upregulated at least at one time point in internalized
cells and 172 of 237 virulence-activated genes
(72.5%) were significantly downregulated in intra-
cellular bacteria (Figure 4(a)). A large proportion of
the DE genes do not overlap with the BvgAS regulon.

Expression of at least some of the virulence-
repressed genes in B. pertussis is induced by the
RisAK two-component system [48]. Therefore, we
compared the intracellular adaptome with the list of
genes shown to be transcriptionally regulated by the
RisA factor (Figure 4(b)). Analogously to BvgA, we
determined whether genes activated by RisA were
upregulated and genes repressed by RisA were down-
regulated in intracellular bacteria. This analysis
showed that among the genes activated by RisA, 8 of
21 (38.0%) were upregulated, including vrg6 and sev-
eral genes encoding putative lipoproteins and small
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intracellular adaptome intracellular adaptome

Figure 4. Comparison of the intracellular adaptome with
BvgAS and RisAK regulons. (a) Venn diagrams showing the
number of genes differentially expressed in intracellular
B. pertussis cells at least at one time point (intracellular adap-
tome), the number of B. pertussis genes repressed (BvgA—) or
activated (BvgA+) by the BvgAS system (reference [9] in the
manuscript), and the overlap between each dataset. (b)
Venn diagrams showing the number of genes differentially
expressed in intracellular B. pertussis cells at least at one
time point (intracellular adaptome), the number of
B. pertussis genes repressed (RisA—) or activated (RisA+) by
the RisAK system (reference [48] in the manuscript), and the
overlap between each dataset.

membrane proteins. Of the genes repressed by RisA,
11 of 26 (42.3%) were downregulated in intracellular
bacteria, including several flagellar genes. Similar to
BvgA, a large part of the DE genes do not overlap
with the RisA regulon.

Cysteine dioxygenases impact on pathogenesis
of B. pertussis

DE analysis revealed that a large number of genes
responsible for the transport and metabolism of
cysteine were modulated in intracellular B. pertussis
cells. Among them, two putative cysteine dioxygenases
(CDO) genes, BP2871 and BP3011, were highly upre-
gulated upon internalization, and BP2871 in particular
was among the most deregulated genes in the DE
analysis (log,FC > 7). Consistent with their annota-
tion, alignment of the two enzyme sequences with
the Uniprot database identified several domains
characteristic of the CDO protein family (Figure 5
(a)). Given the extent of upregulation, we wondered
whether the cdo genes play a significant role in intra-
cellular B. pertussis cells. Therefore, macrophages were
infected at three different multiplicity of infection
(MOI) doses of 10, 20, and 50 bacteria per macrophage
and viability was tested 2 h pi (Figure 5(b)). First, we
tested a single ABP2871 mutant and determined its
cytotoxicity, i.e. its capacity to reduce the viability of
THP-1 macrophages, however, we found no signifi-
cant difference compared to wt strain. The viability
of macrophages infected with the ABP3011 mutant
lacking the other cdo gene was slightly but significantly
increased at all MOIs, however, the viability of
infected cells was still substantially reduced compared
with uninfected macrophages, especially at the highest
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MOIL. We hypothesized that the two cdo genes might
complement each other and therefore, we constructed
a double ABP2871ABP3011 mutant lacking both cdo
genes. The viability of THP-1 cells infected with the
double mutant was significantly higher than that of
cells infected with the wt strain and both single cdo
mutants at all MOIs tested (Figure 5(b)). To confirm
these results, we examined the cytotoxic effects of all
strains toward macrophages in real time using an
assay that measures changes in membrane integrity
resulting from cell death (Figure 5(c)). Consistent
with the cell viability assays, the cytotoxic effects
toward THP-1 cells caused by the double mutant
were strongly reduced compared with the wt strain
and the two single cdo mutants (Figure 5(c)).

Discussion

Although B. pertussis is classified as an extracellular
pathogen, it has been reported that these bacteria
can also survive and persist within host cells, including
both professional and nonprofessional phagocytes
[20,49]. It has been hypothesized that the ability for
intracellular persistence is conserved among mamma-
lian pathogens of Bordetella species and that the intra-
cellular phase contributes to infection [26,27,50]. In
this regard, our data indicate that after the initial elim-
ination of extracellular bacteria, viable intracellular
B. pertussis cells repopulate the antibiotic-free RPMI
medium during infection. Approximately 10*
B. pertussis cells per well (= 1% of intracellular bac-
teria) are found in the extramacrophage environment
(data not shown), a number very similar to that of
B. pertussis cells released from human epithelial
A549 cells [49]. This observation suggests that bacteria
that survive in macrophages may contribute to disease
transmission.

The conservation of intracellular persistence
would imply that Bordetella species have evolved a
specific expression programme to adapt to the intra-
macrophage environment. Therefore, we have
employed time-resolved RNA-seq approach to
specifically monitor and describe the adaptation of
B. pertussis to the intramacrophage environment to
elucidate the capacity of this reemerging pathogen
to persist within this niche. Our data clearly demon-
strate that B. pertussis cells actively adapt to the
harsh environment within macrophages early after
internalization. The changes in global gene
expression profiles were enormous, with more than
30% of genes differentially expressed at least at two
time points during the course of infection. Neverthe-
less, we are aware that part of the observed effect
could be due to RPMlI-specific effects on the
expression of control bacteria, especially at the last
two time points. In our pilot experiment we ident-
ified 310 bacterial genes that were induced 6 h
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Figure 5. Impact of cdo genes on B. pertussis pathogenicity. (a) Conservation of functional residues in CDO enzymes between
B. pertussis and other organisms. The grey rectangles show important residues that are either part of the CDO active site (arrows)
or involved in iron binding (asterisks). The extent of cupin motifs 1 and 2 is depicted with solid lines. Uniprot query numbers are as
follows: Homo sapiens, (Q16878); Rattus norvegicus, (P21816); Bordetella pertussis BP3011, (Q7VURS); Bordetella pertussis BP2871,
(Q7VV35); Burkholderia cenocepacia, (AOA142PCQ1); Bacillus anthracis, (AOA1T3V1L5); Streptomyces coelicolor, (AOA6MIXRZ5);
Mycobacterium tuberculosis, (AOA045INO1); Vibrio splendidus, (AOAOP6ZFX5); Pseudomonas aeruginosa, (AOAOF7QLY4); Klebsiella
pneumoniae (AOA086IHWS3). (b) Viability of THP-1 macrophages infected with cdo mutants of B. pertussis. Macrophages were
infected in triplicate with the B. pertussis wt strain and ABP2871, ABP3011, and ABP2871ABP3011 mutants at MOls of 10, 20,
and 50 bacteria per macrophage and incubated for 2 h at 37°C. Next, macrophages were washed with fresh RPMI and finally incu-
bated in 200 pl RPMI and 20 pl WST-1 reagent for 40 min. After incubation, the absorbance of the samples, which is proportional to
cell viability, was measured at 450 nm using a multi-well spectrophotometer. The absorbance of uninfected cells treated in parallel
in the same manner was arbitrarily set to 100%. The bars represent mean values + standard deviation, the labels above the bars
indicate the mean values of cell viability (%). Statistical analysis was performed using a two-way ANOVA test for multiple com-
parisons (Dunnett’s test); ns, p-value > 0.05, *, p-value < 0.05, **, p-value < 0.005, ****, p-value < 0.00005. The result is represen-
tative of three independent experiments. (c) Cytotoxicity of cdo mutants of B. pertussis toward THP-1 macrophages. Macrophages
were infected in triplicate with the B. pertussis wt strain and the ABP2871, ABP3011, and ABP2871ABP3011 mutants (MOI of 50).
Uninfected cells served as controls. Immediately after addition of the fluorescent dye, THP-1 cells were incubated for 12 h (37°C,
5% CO,) in the microplate reader. During incubation, the fluorescence of the samples, which is proportional to cytotoxicity, was
measured every 30 min. The graph shows mean values and the standard errors of the means. The result is representative of two
independent experiments.

post-infection [23]. Compared to here presented  with the switch from the Bvg" to Bvg™ phase. Yet,

study, 79.3% of these genes displayed identical
expression patterns (data not shown). In addition,
we compared the results of our study with proteo-
mic analysis of intracellular B. pertussis cells isolated
from THP-1 macrophages. This study differed in
some important details (e.g. MOI) that could affect
the dynamics of infection and gene/protein
expression, nevertheless, of the 203 proteins modu-
lated 3 h pi we found 82 genes (40%) that displayed
similar trends in expression/production.
Remarkably, this global rewiring of gene expression
profiles in intracellular cells was closely associated

the magnitude of the “intracellular adaptome”
exceeded more than twice the extent reported for the
BvgAS regulon [9], suggesting that the adaptation of
B. pertussis to the intramacrophage environment is
orchestrated also by additional regulators. Of note,
100% of B. pertussis colonies obtained by direct plating
of lysed macrophages (containing viable intracellular
bacteria) produced adenylate cyclase toxin, as demon-
strated by clear zones on BG agar supplemented with
blood (data not shown). This result suggests that the
BvgAS system remained functional and was only tem-
porarily silenced in macrophages.



In agreement with previous observations [23,26],
our data indicated that the transcriptomic profiles of
intracellular Bordetella cells differ substantially from
those of bacteria isolated from the respiratory tract
of mice [30,31,43]. Hallmark of this difference, similar
to B. bronchiseptica [26], was the expression of viru-
lence factors, which was strongly downregulated in
intracellular cells. After host infection, extracellular
bacteria express virulence genes to successfully colo-
nize epithelial layers and manipulate immune cells
to evade phagocytic clearance. Most likely, these “con-
tact weapons” such as adhesins, toxins, autotranspor-
ters, and T3SS are required for colonization and
immune system evasion in the host tissues, but are
not required after internalization. We presume that
intracellular B. pertussis cells have evolved an alterna-
tive strategy which appears to be based in part on a
rapid shift from virulent to avirulent mode resulting
from downregulation of the bvgAS two-component
system, a key regulator of Bordetella virulence. Our
data indicate that activation of the Bvg™ phase aug-
ments a very complex adaptive process based on adap-
tation of central and energy metabolism, fortification
of the cell wall, maintenance of appropriate redox
and metal homeostasis, and repair of damaged
macromolecules.

Internalized B. pertussis cells are exposed to various
stress factors such as reactive oxidative species, nutri-
ent limitation, antimicrobial peptides, and low pH.
Our results indicate that the adaptation of intracellular
B. pertussis cells is multifaceted to integrate the
response to multiple stressors. Maintenance of the
cell envelope is one of these crucial processes, and
our results suggest that B. pertussis copes with outer
and inner membrane stresses induced by a hostile
environment. For example, several genes that have
been shown to be involved in membrane integrity pro-
tection (pqiA and pqiB) [51] or resistance to hydrogen
peroxide (dps, glutathione peroxidase gene) [46,52]
were upregulated. We also noticed that as a common
theme, the mechanisms controlling cell envelope
modifications were strongly upregulated, whereas the
processes leading to de novo synthesis of the cell wall
components were attenuated. Indeed, several factors
involved in the modification of already transported
lipooligosaccharide and peptidoglycan required for
cell wall integrity of bacterial pathogens were strongly
overexpressed. For example, lipid A modifications by
glucosamine and palmitate [53,54] and peptidoglycan
or outer membrane modification by D-alanine [55,56]
have been shown to be required for resistance to anti-
microbial peptides. In contrast, genes involved in the
biosynthesis of lipid A and lipooligosaccharide were
attenuated. We also observed downregulation of the
nuo, cyo and atp operons, which encode large respirat-
ory protein complexes in the cytoplasmic membrane.
Remarkably, downregulation of these complexes has
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also been observed in bacteria responding to mem-
brane stress by activation of the two-component regu-
latory system CpxAR [57]. Indeed, stressors such as
low pH and the presence of misfolded proteins trigger
the Cpx stress response, which mediates adaptation to
cell envelope stresses by downregulation of nonessen-
tial protein trafficking between the cytosol and the
inner membrane [58]. Although we did not identify
plausible homologs of cpxAR genes in B. pertussis,
we speculate that the observed reduced de novo bio-
synthesis of membrane components and decreased
expression of large membrane complexes in intra-
cellular B. pertussis cells also contributes to the main-
tenance of envelope integrity. Of note, the expression
of several genes encoding outer membrane proteins
was decreased. A similar pattern was observed in Sal-
monella and reduced outer membrane permeability
was found to provide protection against toxic mol-
ecules [59]. Furthermore, to escape the antimicrobial
effects of acidic pH, B. pertussis cells modulated the
expression of several genes involved in the mainten-
ance of pH homeostasis. For example, in agreement
with a previous report [60], the expression of the mag-
nesium importer mgtC homolog (BP0414) was
increased during infection. MgtC has been shown to
be an important adaptive factor for intramacrophage
survival of bacterial pathogens [61], as it inhibits
ATP synthase activity and consequently, hinders the
proton influx and acidification of the environment
[62]. Also, the strong repression of the pha locus,
which encodes the potassium efflux pump, may have
contributed to the neutralization of the intramacroph-
age milieu as the accumulation of potassium has been
shown to be essential for pH homeostasis under acidic
conditions [63].

The phagosome represents a hostile, nutrient-poor
environment, and therefore, intracellular pathogens
must adjust their metabolic activities. Our study
revealed that internalized B. pertussis cells have exten-
sively remodelled their metabolism to take advantage
of the nutrients available within the phagosome.
Importantly, most of the upregulated metabolic pro-
cesses were facilitated by genes previously shown to
be repressed by the BvgAS system [9]. This metabolic
shift was highlighted by the induction of genes
involved in the B-oxidation of fatty acids and the
glycolate/glyoxylate pathway, which allow cells to
utilize fatty acids-derived metabolites and convert
them into simple carbon molecules [64]. These
genes have also been upregulated in intracellular
B. bronchiseptica cells [26], and glyoxylate production
has been shown to be important for intramacrophage
survival of M. tuberculosis [65]. In addition, genes
associated with the tricarboxylic acid cycle, lipid
metabolism, and branched amino acid transport
were strongly upregulated. Of note, gene encoding
glyoxalase, an enzyme that detoxifies methylglyoxal,
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was also intensely induced. Methylglyoxal is a reactive
electrophilic byproduct of metabolism and its removal
has been reported to contribute to the survival of the
intracellular pathogen Listeria monocytogenes [66].
The remodelling of metabolic fluxes in intracellular
cells was also illustrated by extensive changes in the
expression of Bordetella uptake genes (bugs). This
group of genes encodes periplasmic solute-binding
proteins that bind and deliver their specific cargo,
such as amino acids and citrate, to their cognate mem-
brane components [67,68]. B. pertussis contains more
than 70 Bug proteins [69], and we found that about
73% of them were significantly modulated at least at
one time point during infection.

One of the most interesting observations in our
study was the large number of strongly and signifi-
cantly modulated genes required for sulphur metab-
olism. Among the significantly downregulated genes
were those involved in the sulphate assimilation path-
way. Intriguingly, speciation of B. pertussis was
accompanied by the loss of function of several genes
required for sulphate uptake, such as cysT, cysW,
and cysH [70]. Furthermore, our data indicate that
most of the functional genes within the cys operon
and genes involved in the biosynthesis and transport
of sulphur-containing compounds such as cysteine
and methionine were downregulated. Apparently,
intracellular B. pertussis cells diminished the biosyn-
thesis and uptake of cysteine and other sulphur-con-
taining compounds in several steps. Cysteine is an
important amino acid and nutrient, however, due to
its highly reactive thiol group, elevated cytosolic
cysteine levels are toxic [71]. Cysteine homeostasis is
therefore maintained by several mechanisms includ-
ing metabolic redistribution to non-reactive thiols
(e.g. glutathione), cysteine efflux, and cysteine degra-
dation, all of which ensure the removal of excess
cysteine [72,73]. This is likely also true for
B. pertussis, as several genes required for cysteine
catabolism and export have been strongly upregu-
lated including the cysteine exporter and two
CDOs. The biology and function of CDO enzymes
are best studied in eukaryotic cells [74], yet, CDOs
have also been identified in Dbacterial cells [73].
These enzymes, which belong to the cupin family
of proteins, play an important role in cysteine
homeostasis by initiating the conversion of cysteine
into beneficial products such as pyruvate [73,74].
The human pathogenic yeast Candida albicans lack-
ing the CDO gene induced delayed mortality in a
mouse model [75]. Our experiments revealed that
the cytotoxicity of the B. pertussis double CDO
mutant toward human macrophages was strongly
reduced and thereby highlighted the importance of
cysteine homeostasis for B. pertussis adaptation and
survival. Though we provide only preliminary evi-
dence, we speculate that CDO activity plays an

important role in the physiological fitness of other
bacterial pathogens.

The intramacrophage environment is deprived of
essential metals, and therefore pathogens need to sca-
venge metals using high-affinity acquisition systems.
After infection, the expression of iron utilization sys-
tems of B. pertussis was differentially phased within
macrophages. A similar phenomenon was observed
in B. pertussis cells during colonization of the mouse
respiratory tract [76]. Especially within the first 4 h
pi, several iron transport systems and iron star-
vation-inducible  genes  were  downregulated,
suggesting that intracellular B. pertussis cells were
not limited by iron during the early phase of infection.
On the other hand, expression of loci involved in the
utilization of enterobactin and alcaligin siderophore
systems was increased at later time points. These
results suggest that siderophores became an essential
and preferential system for iron acquisition in intra-
cellular bacteria during the course of infection. We
hypothesize that B. pertussis cells adapt to the iron
resources available within the intracellular niche
(lack of free iron) and use the siderophores to acquire
iron from host iron-loaded molecules such as ferritin.

Remarkably, expression of the BP3077-BP3082
operon increased strongly and steadily during infec-
tion. This operon encodes a TonB-dependent receptor
(BP3077), a putative nickel/cobalt transporter
(BP3078), a DUF1007 family protein (BP3079), and
an ABC transporter (BP3080-BP3082) that shares a
substantial homology with the manganese importer
SitABCD of Salmonella enterica subsp. Typhimurium
[77]. We have previously shown that, as an evolution-
ary adaptation to “nutritional immunity” evolved by
immune cells [78], B. pertussis has decayed its manga-
nese exporter to accumulate this important metal
within the cytosol, thereby enhancing its survival
under oxidative stress [79]. Furthermore, a neighbour-
ing BP3083 gene transcribed opposite to this operon
encodes a Fur family transcriptional regulator. In con-
trast to adjacent operon, the expression of the regulat-
ory gene was not affected upon internalization. It will
be of utmost importance to decipher the role of this
locus in the adaptation of B. pertussis to the intrama-
crophage environment.

Transcriptomic analysis also revealed several sig-
nificantly modulated non-coding RNAs previously
identified in B. pertussis [45]. Among the strongly
downregulated candidate transcripts, we identified
CT_433 and CT_233, whereas the expression of
CT_347, CT_481, CT_483, and CT_531 was signifi-
cantly increased during infection (see Table S1). Of
particular note, the CT_433 transcript was recently
identified also by bioinformatics (referred to as the
S17 transcript) and subsequent analyzes showed that
this sSRNA represents a Bvg-activated gene [47]. In
support, expression of the CT _433 sRNA gene was



among the most downregulated genes in our analysis
(log,FC < —10), providing further evidence that the
intramacrophage environment is inducible for Bvg™
mode.

Importantly, our results may well explain the pres-
ervation of the seemingly superfluous Bvg™ phase in
the infection cycle of B. pertussis. The Bvg system in
the  closely related ~mammalian  pathogen
B. bronchiseptica has been shown to contribute to sur-
vival in nutrient-poor environments outside the host,
as well as to intracellular survival and replication
within amoebae [24,80]. B. pertussis represents a
strictly human pathogen that does not survive outside
its host, and thus it has been hypothesized that the
Bvg™ phase represents an evolutionary remnant that
is otherwise useless in the infection cycle of this patho-
gen [8,10]. Alternatively, it has been speculated that
the avirulent phase may play a role in either the trans-
mission of the disease (aerosol route) associated with
the temperature drop [9,81] or the survival and per-
sistence of the bacterium in the host [27]. Regarding
the first alternative, we have shown that, unlike
B. bronchiseptica, the activity of the bvg system in
B. pertussis is only partially reduced at low tempera-
tures, allowing the production of virulence factors at
temperatures below 25°C [82]. We hypothesized that
B. pertussis cells do not switch to Bvg™ mode during
host-to-host transmission, and maintain production
of virulence factors required for reinfection. Thus,
we speculate that similar to B. bronchiseptica, the
Bvg™ mode serves B. pertussis cells to adapt to and sur-
vive in a hostile and nutrient-poor niche such as the
intramacrophage environment. This concept is also
congruent with other observations showing that
Bvg™ mutants accumulate among persistent
B. pertussis cells within the upper respiratory tract of
experimentally infected rhesus monkeys [83] and
that a spontaneous mutant of B. pertussis producing
highly reduced levels of virulence factors was not atte-
nuated in survival in primary human macrophages
[84]. Moreover, several Bvg-activated genes were
downregulated and, vice versa, several Bvg-repressed
genes were induced during B. pertussis infection of
the respiratory tract of mice [30,31].

Nevertheless, not all effects observed in intracellu-
lar cells can be simply explained by the shift to Bvg~
phase. First, we identified a large number of genes
that were strongly modulated in internalized cells
but were not reported as Bvg-dependent. Among
these, we found genes encoding electron transport
chain complexes, transport systems, ribosomal pro-
teins, and various transcriptional regulators. Second,
for some previously described Bvg-dependent genes,
we observed either negligible change in expression
or even opposite changes than expected. For example,
the btrS gene encodes a transcription factor respon-
sible for expression of the T3SS locus, which is highly
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upregulated in Bvg" cells [9]. However, the expression
of btrS was not affected at all in internalized cells,
whereas the expression of almost the entire T3SS
locus was strongly downregulated, as expected for
Bvg-activated genes. Most strikingly, the operon
required for lipid A remodelling (BP0396-0399) con-
sists of Bvg-activated genes [9] and therefore, should
be downregulated in the Bvg™ mode. Nevertheless,
the expression of this locus was greatly increased in
intracellular B. pertussis cells. Altogether, these obser-
vations indicate that other regulators besides the
BvgAS system are involved in adaptation to the intra-
macrophage environment.

Overall, the data presented here demonstrate that
B. pertussis cells actively adapt to the intramacrophage
environment; suggest that the intracellularity of
B. pertussis is in the context of its lifestyle; and expose
the avirulent phase as an authentic phenotype of inter-
nalized B. pertussis cells.
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SUMMARY AND OUTLOOK

Pertussis is reemerging as a significant public health concern in many regions
worldwide despite the widespread use of vaccines. While considerable re-
search has been conducted on this pathogen, and much is understood, the
resurgence of pertussis highlights existing gaps in our knowledge regarding
the fundamental aspects of B. pertussis virulence and infection, host immune
responses, and the pathogenesis of pertussis disease. Recent studies on B. per-
tussis have predominantly aimed to elucidate the complex interactions between
the pathogen and the host during infection. This involves characterizing bac-
terial surface structures, determining host specificity, and analyzing host im-
mune responses throughout the disease progression. For this, we need to study
the interaction between hosts and pathogens by analyzing their transcriptomes
simultaneously, which has been a challenging task in infection biology. This
was mainly due to the limitations of array-based techniques, which cannot si-
multaneously capture and analyze prokaryotic and eukaryotic transcripts from
model systems due to the finite dynamic range. However, the development of
RNA-seq methodology in recent years has enabled the simultaneous profiling
of RNA from various host-pathogen systems. This has led to new insights into
our understanding of infection processes [70, 74].

Our research is the first to utilize dual RNA-seq analysis to create detailed
transcriptome profiles of B. pertussis inside human macrophages. This simul-
taneous profiling helped us understand how each organism responds to the
presence of the other in real-time, providing valuable insights into the dy-
namic interaction between THP-1 and B. pertussis. Our study reveals the ability
to detect THP-1 and B. pertussis transcriptomes simultaneously, allowing us to
profile gene expression in both organisms accurately. We obtained a signifi-
cant number of bacterial reads from infected macrophage cells without using
enrichment steps and without incurring excessive sequencing costs. The infec-
tion protocol and the dual RNA-seq pipeline are easy to control and highly
reproducible, making them a valuable baseline for other research groups.

We aimed to elucidate the nature of the interactions of B. pertussis within
its natural host. To date, studies investigating the transcriptional profiling of
B. pertussis interactions with host cells have primarily utilized murine mod-
els, which do not accurately represent the natural host of B. pertussis. While
these studies have provided valuable insights into the interaction of B. per-
tussis with the respiratory mucosa, the use of animal models may be limited
due to inter-species disparities [81]. This issue holds particular significance as
animal models may not faithfully replicate the human immune response and
disease progression. Hence, it was imperative to examine B. pertussis within
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its natural host to gain insights into the dynamics of natural infection and the
potential evolution or adaptation of B. pertussis in response to human immune
pressures. To determine whether the intracellular phase of B. pertussis was a
lab-induced artifact; our objective was to investigate the infection process of
B. pertussis in its natural host, with a particular emphasis on its intracellular
phase. Rodriguez and team proposed that B. pertussis uses macrophages as a
cell-internal environment, suggesting that the intracellular stage of infection
could be essential for the bacteria’s survival and enduring presence in the
host. [152, 153].

To fully understand how the reemerging pathogen B. pertussis can survive
in this particular environment; we used a time-resolved dual RNA-seq method
to monitor its activity. In our initial investigation, we observed significant
changes in the gene expression of human macrophages after infection. The
results indicated that the induction of pro- and anti-inflammatory cytokines,
along with heightened expression of genes associated with the polarization of
M1 macrophages, promotion of pro-inflammatory Thl and Th17 immune re-
sponses, i.e., IL-23, IL-1A, IL6, CCR7, CCL2, CCL3, CXCLS, CD80, and CDS86,
as well as the M2 program in macrophages and the corresponding Th2 re-
sponse including genes IL-13 and IL-10. Furthermore, the study identified a
notable upregulation of suppressors of cytokine signaling proteins such as
SOCS3 and SOCS2 by B. pertussis as an evasion strategy against the host’s im-
mune system. While the investigation focused on a specific time point (6hpi), it
revealed reduced expression of several pathogenesis-associated genes during
infection. Notably, the study highlighted the manipulation of apoptosis-related
genes by B. pertussis within macrophages, inhibiting cell death and facilitating
pathogen survival. This distinctive mechanism was also observed in human
respiratory epithelial cells infected with B. pertussis [85], underscoring its po-
tential as a characteristic molecular response to such infections. Notably, the
expression of serpins, proteins that regulate various biological processes, in-
cluding inflammation, increased substantially upon infection. Specifically, the
upregulation of SERPINB3, SERPINB4, and BIRC3 (cIAP2) was identified, in-
dicating their role in inhibiting apoptosis and cell death. It was also seen that
various metabolic and signaling pathways are significantly impaired during in-
fection with B. pertussis i.e., the decrease in mTOR and insulin signaling path-
ways, fatty acid metabolism, TCA cycle, and oxidative phosphorylation. On
the other hand, NOD-like receptor and chemokine signaling pathways were
stimulated. In addition, our studies showed that the apoptosis, Toll-like recep-
tor, and Jak-STAT signaling pathways were simultaneously upregulated and
downregulated. These results suggest that B. pertussis not only alters signaling
pathways that control the immune response but also has profound effects on
host metabolism. The observations above sparked speculation that B. pertussis
utilizes macrophages as an intracellular niche for its survival and persistence
within the host achieved through a transition from the Bvg+ to the Bvg- phase.
Consequently, we recognized the need for further experiments encompassing
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a broader spectrum of infection time points and enhanced sequencing depth
to elucidate the specific activities of B. pertussis that influence the host immune
response and the responses of macrophages to B. pertussis infection. Thus, a
comprehensive investigation was undertaken to elucidate the significance of
the intracellular phase in the infectious cycle of B. pertussis.

To further investigate B. pertussis’s adaptation to the intramacrophage envi-
ronment, we conducted a comprehensive dual RNA-seq experiment focusing
on the intracellular escape and survival of the bacterium. Although Borde-
tella pertussis is typically categorized as an extracellular pathogen, our inves-
tigation has demonstrated the ability of intracellular B. pertussis to survive
and repopulate in an antibiotic-free medium during infection. The intracellu-
lar persistence suggests that the evolutionary development of a specific gene
expression mechanism within Bordetella species has enabled adaptation to the
environment within macrophages. We speculated that this adaptation is asso-
ciated with the transition from the Bvg+ to the Bvg- phase, where the genes
that are typically downregulated by the BvgAS system (Bvg-) are expected to
be upregulated, while conversely, genes activated by the BvgAS system (Bvg+)
should be downregulated. This phenomenon formed the focus of our inquiry.
Interestingly, we found that from the 322 of the Bvg- genes, 207 (64.2%) ex-
hibited significant upregulation in at least one time point within internalized
cells. In contrast, 172 out of 237 Bvg+ genes (72.5%) demonstrated significant
downregulation within intracellular bacteria. We observed consistent downreg-
ulation of PTX components used by B. pertussis in the Bvg+ phase, specifically
ptxA, ptxB, ptxC, ptxD, and ptxE, throughout the differential gene expression
analysis at various infection time points. Similarly, the gene encoding adenylyl
cyclase toxin (ACT), cyaA, crucial for toxin activity, decreased during infection,
as indicated by the DGEA. This signifies the prompt adaptability of B. pertussis
cells post-internalization and suggests that upon internalization within a host
cell, B. pertussis undergoes a transition to the avirulent Bvg- phase.

The Bvg- phase is essential for the bacterium’s survival, persistence, and
replication [150]. Once inside the challenging macrophage environment, B. per-
tussis adapts a strategic survival mechanism. Our observations indicated that
RisA, essential for B. pertussis persistence significantly influences gene expres-
sion. Research revealed that 38% of the genes activated by RisA exhibited in-
creased expression levels, while 42% of the genes repressed by RisA showed
decreased expression levels. Although our data did not show RisA as being
dysregulated, it is reasonable to assume that its phosphorylation status, which
affects its activity, cannot be directly inferred from RNA-seq data, as RNA-seq
measures transcript levels rather than post-translational modifications such as
phosphorylation. Additionally, genes related to oxidative stress, iron ion trans-
port, membrane stress, and sulfur metabolism were mostly upregulated, while
genes associated with pH homeostasis were suppressed by B. pertussis. This
indicates that the Bvg+ phase plays a limited role in B. pertussis’s intracellular
survival, while the avirulent Bvg- phase seems advantageous.
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Our research findings, as detailed in the two studies, provide compelling ev-
idence that B. pertussis cells have the ability to actively modify their behavior in
response to the environment within macrophages, characterized by a switch
from a virulent to an avirulent phase, which is accompanied by significant
changes in the cell’s metabolic and energy production processes. These intra-
cellular survival strategies may facilitate the persistence of B. pertussis in vac-
cinated populations, pertussis enables the bacterium to adapt its behavior to
evade immune clearance, thus contributing to its resurgence. In summary, the
study suggests the ongoing evolution of B. pertussis cells could have a signifi-
cant impact on the management of pertussis and may require the development
of new strategies to control the disease.

In this specific study, one of the objectives was to construct inter-species gene
coexpression networks between the host THP-1 and B. pertussis genes utilizing
the novel MSF tool developed during my doctoral studies. MSF uses the ap-
proach of using p-values of individual genes obtained from the DGEA. These
individual gene p-values are combined to form a combined p-value for the
sub-graph. We successfully constructed coexpression networks for host THP1
genes using the MSF software and biological pathways and interactions from
Reactome. The next step involved creating a correlation matrix using the read
counts of THP1 and B. pertussis genes. This correlation matrix would connect
the dis-regulated sub-graphs from THP-1 and B. pertussis. Establishing coex-
pression networks between different species proved to be quite challenging.
Initially, we acknowledged the absence of pathway annotations for B. pertussis,
which hindered our ability to generate modulated sub-graphs for this organ-
ism. Furthermore, we constructed a correlation matrix for THP1 and B. pertus-
sis genes, we did not identify any significant or confirmed targets. This may
be attributed to the complexity of pertussis as a disease, which is influenced
by multiple factors rather than a single gene or target. We found that several
human genes strongly correlate with B. pertussis genes. However, we faced a
considerable challenge: many B. pertussis genes lacked functional annotations
and were classified as hypothetical proteins.

Our comprehensive study found that one of the bacterioferritin genes in B.
pertussis BP0546, exhibited a strong positive correlation with several innate im-
mune response cytokines and chemokines, specifically IL23A, IL15, and IL11.
This observation indicates that these cytokines also increase as bacterioferritin
levels rise to acquire iron. Macrophages are vital for defending the host and
regulating iron levels by phagocytosing aging red blood cells and recycling
their iron content. Hepcidin (HAMP) serves as the main hormone manag-
ing iron balance, reducing iron absorption from the diet and controlling its
release from macrophages. However, we noted that HAMP was downregu-
lated by less than onefold at the first two and last two time points, although it
showed a slight upregulation at time point 3. Additionally, we observed that
several Transposase elements associated with 15481, including BP3311, BP3203,
BP2087, and BP0871, demonstrated a strong positive correlation with IL23A
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and IL6. Unfortunately, we were unable to derive any significant conclusions
from this correlation.

Furthermore, BP1178, a drug/metabolite transporter, revealed a strong neg-
ative correlation with CAMKIG, IL1A, CXCL2, CXCL3, and IL10. Regrettably,
we were unable to further test these correlations in the lab further due to time
and resource limitations. Our collaborator compiled the Bordetella annotation
file used in our analysis through a literature review, which helps to explain
why many of the dysregulated genes could not be verified and why their func-
tion remained unknown.

Another key function of MSF is its ability to identify critical components
within biological pathways, such as sensors, effectors, and hubs, as well as po-
tential points for intervention. MSF pinpointed several candidate genes from
the human biological system; these candidate genes hold promise for further
investigation. This helpful functionality of MSF has the potential to benefit
researchers significantly by identifying possible target areas for potential ther-
apeutic intervention within the biological pathway. Doing so paves the way for
more focused testing and development of targeted pharmaceutical interven-
tions.

We applied the dual RNAseq methodology to investigate the interaction
between THP-1 macrophages and B. pertussis, which has yielded favorable out-
comes. Our approach’s meticulous planning facilitated the extraction of RNA
from both the host organism and the bacterium while minimizing sequencing
expenses. As a result, we identified subtle and substantial alterations in gene
expression within THP-1 macrophages and B. pertussis throughout the infec-
tion process. Using the dual RNAseq method, this research could provide a
framework for other investigators seeking to study their respective bacteria
within the host.
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ACRONYMS

Mbp Megabase pairs

bp Base pairs

GC Guanine-Cytosine

rRNA ribosomal Ribonucleic Acid
tRNA transfer Ribonucleic Acid
IS Insertion

DNA Deoxyribonucleic Acid

Fim Fimbriae

FHA Filamentous Haemagglutinin
wP Whole-cell Pertussis

aP Acellular Pertussis

Thl T-helper 1

Th2 T-helper 2

vags Virulence-activated genes
PT Pertussis Toxin

T4SS Type-IV Secretory System

G-proteins Guanine nucleotide-binding proteins
ADP Adenosine Diphosphate
cAMP Cyclic Adenosine Monophosphate

ACT Adenylyl Cyclase Toxin

AC Adenylate Cyclase

RTX Repeat in Toxin

APC Antigen-presenting Cells
T3SS Type-III Secretion System
LPS Lipopolysaccharide

PAMP Pathogen-associated Molecular Patterns

DC Dendritic Cells
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ACRONYMS

DTP Diphtheria, Tetanus, Pertussis
Prn Pertactin

TefA Tracheal colonization factor A
NK Natural Killer Cells

BrkA Bordetella resistance to killing A
NGS Next-generation Sequencing
PCR Polymerase Chain Reaction

gRT-PCR  Quantitative Real-time PCR
cDNA Complementary DNA

CDA Coding DNA Sequence
RNA-seq RNA sequencing

UTR Untranslated Region

mRNA  Messenger RNA

NO Nitric Oxide

Pg Picograms

fg Femtograms

QC Quality Control

poly-A  Polyadenylic acid
GTF Gene Transfer File

DGEA Differential Gene Expression Analysis

GO Gene Ontology
IPA Ingenuity Pathway Analysis
GRN Gene Regulatory Network

p-values  Probability Values

hpi Hours Post Infection
MOI Multiplicity of Infection
TMM Trimmed Mean of M-values

MSF Modulated Sub-graph Finder
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