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ABBREVIATIONS

1-MT- 1-methyl-DL-tryptophan
3NLT- 3-nitro L-tyrosine
ACV- acyclovir
CCL- chemokine C-C motif ligand
CD - cluster of differentiation
C. muridarum- Chlamydia muridarum
C. pneumoniae- Chlamydia pneumoniae
C. trachomatis- Chlamydia trachomatis
Compound 1- 6,9-dihydroxy-1-ox-14-noreudesm-5,7,9 triene
Compound 2- 2-hydroxy-7-isopropyl-1-methoxy-4-methyl-1,4-naphthoquinone
Compound 3- methoxy-substituted phenylpropane dimer
Compound 4- caulexin C
Compound 5- musizin
Compound 6- musizin-8-O-glucoside
Compound 7- torachrysone-8-O-glucoside
Compound 8- 2-methoxystipandron
CPE- cytopathic effect
Ct- cycle threshold
CXC- C-X-C motif
DC- dendritic cell
DMSO- dimethyl sulfoxide
DNA- deoxyribonucleic acid
EB- elementary body
E. rhamnoides- Elaeagnus rhamnoides
FBS- fetal bovine serum
HEC- hydroxyethyl cellulose
HPLC- high-performance liquid chromatography
HSPs- heat shock proteins
HSV- herpes simplex virus
iBALT- inducible bronchus associated lymphatic tissue
IDO-indoleamine 2,3-dioxygenase
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ICAM- intercellular adhesion molecule
IDU- iododeoxyuridine
IFN-γ- interferon-gamma
IFU- inclusion forming unit
IHC-immunohistochemistry
IIGP- interferon inducible GTPase
IL- interleukin
iNOS- inducible nitric oxide synthase
IRF- interferon regulatory factor
IRG- immune-responsive gene
KEGG- Kyoto Encyclopedia of Genes and Genomes
KLRA- natural killer cell lectin-like receptors
KYNU-kynurenine
LGV- lymphogranuloma venereum
LPS- lipopolysaccharide
MCP- monocyte chemoattractant protein
MEM- minimal essential medium
MHC- major histocompatibility complex
MIG- monokine induced by gamma-interferon
MOMP- major outer membrane protein
MOI- multiplicity of infection
MQ- Milli-Q water
mRNA- messenger ribonucleic acid
MTT- 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
NK- natural killer
NO- nitrogen-monoxide
NOD- nucleotide-binding oligomerization domain
PAMPs- pathogen-associated molecular patterns
PBS- phosphate buffer saline
PCV- penciclovir
qPCR- quantitative polymerase chain reaction
QTL- quantitative trait locus
R. aquaticus- Rumex aquaticus
RB- reticulate body
RIG- retinoic acid-inducible gene
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RNA-Seq- RNA-sequencing
TCID50 -Tissue Culture Infectious Dose
s.c.- subcutaneous
SPG- sucrose-phosphate-glutamic acid buffer
STAT- signal transducer and activator of transcription
STDs- sexually transmitted diseases
TK- thymidine kinase
TLR- toll-like receptor
TNFα- tumor necrosis factor-alpha
VCAM-1 vascular cell adhesion molecule 1
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1. INTRODUCTION

Sexually transmitted diseases (STDs) are a persistent and significant problem globally.
Worldwide more than 1 million STDs are acquired every day and the incidence is increasing [1].
Chlamydia trachomatis (C. trachomatis) infections are one of the most prevalent STDs [2]. In
2016 1.589.354 C. trachomatis infections were reported in the United States and the number of
reported infections steadily increased from 2000 to 2016, reaching 497.3 cases per 100.000
population [3]. The less common C. trachomatis L1-3 serovars cause lymphogranuloma
venereum (LGV). 1 416 LGV cases were reported in 21 countries and the number of cases
increased from 2013 to 2014 by 32% [4]. The age difference between menarche and marriage is
continuously rising leading to an increase of the sexually active and potentially more promiscuous
population [5] [6]. Many STDs have no symptoms or have only mild symptoms that may not be
sufficient to recognize and treat the disease. The lack of eradication leads to the uncontrolled
spread of STDs. Persistent and latent-reactivating infections also make eradication hard or
impossible. Chlamydia and different herpesvirus species prefer an intracellular lifestyle where the
infection persists for months-years to lifetime. Latent-reactivating herpes virus simplex (HSV)
infections, the causative agent of herpes genitalis affects more than 500 million people worldwide
[1].
My thesis focuses on the Chlamydia and HSV-2 growth-altering effects of various compounds,
and also aims to identify murine defense genes involved in the elimination of Chlamydia strains.

1.1. Taxonomy and microbiology of the Chlamydia genus

The order Chlamydiales contains several species, including the human pathogens C. trachomatis
and C. pneumoniae [7]. Based on biological characteristics C. trachomatis species can be grouped
into 2 biovars which can be further divided into various serovars [8]. The trachoma biovar includes
the ocular serovars: A, B, Ba, C and the genital serovars D, E, F, G, H, I, J, K. LGV biovar consists
of serovars L1, L2, L2a, L2b and L3 [9] [10]. Infections related to the urogenital serovars D-K
include urethritis, cervicitis and pelvic inflammatory disease in adults. Perinatal transmission of
the genital serovars leads to conjunctivitis, pharyngitis and pneumonia in the newborns [11].
Prevalence of LGV biovars is lower, but can be high in certain geographical areas such as regions
in Africa, Southeast Asia, India, the Caribbean, and South America [12]. In the last 10 years, LGV
prevalence increased in North America and Europe causing outbreaks among
9

men who have sex with men [13]. C. pneumoniae is a respiratory pathogen associated with acute
and chronic inflammatory diseases such as respiratory tract infections, asthma and atherosclerosis
[14]. C. muridarum is the closely related murine strain of C. trachomatis and a causative agent of
mouse pneumonitis [15].
Chlamydiae are obligate intracellular bacteria that propagate prominently in the epithelial cells of
the respiratory and urogenital tract [16] [17]. They exist in two morphological forms, the
infectious elementary body (EB) and the non-infectious, but metabolically active reticulate body
(RB) [18]. The EB attaches to cell surface components of mucosal epithelial cells such as heparin
sulfate proteoglycan and enters the host cell by various ways. Following the entry, the EBs are
transported to the perinuclear area of the cell [17], where they are located in a large membrane
bound compartment, the so-called inclusion [19]. During this process, certain chlamydial proteins,
such as inclusion membrane proteins interact with different membrane sorting proteins of the host
cell inhibiting the fusion with lysosomes [20]. Inclusion membrane proteins also interact with
nutrient-rich host compartments such as Golgi derived vesicles. During primary differentiation
the EBs transform into RBs [21], and the RBs replicate by binary fission. Depending on the
Chlamydia strain, after 24-72 hours the second differentiation takes place, where the replicated
RBs re-differentiate to EBs. At the end of the developmental cycle, infectious EBs are released
by exocytosis or extrusion, ready to infect other cells [22].

1.2. Pathogenesis of Chlamydia trachomatis infection and the host response

Epithelial cells, the main targets of the Chlamydia infections are not professional immune cells,
although they possess a so-called autonomous cell immunity. Toll-like receptors (TLR) expressed
on the innate immune cells and the epithelial cells are able to recognize pathogen-associated
molecular patterns (PAMPs) of the Chlamydia [23]. Chlamydiae have several components that
may serve as PAMPs. TLR2 and TLR4 has been described as a receptor for chlamydial ligands,
such as lipopolysaccharide (LPS) and heat shock proteins (HSPs) [24]. The ligation of the TLRs
by PAMPs of infected epithelial cells, induces the production of pro-inflammatory cytokines [25].
Pro-inflammatory cytokines attract leukocytes including neutrophil granulocytes, monocytes and
dendritic cells (DCs). These locally activated leukocytes, especially neutrophils and macrophages
produce a second wave of cytokines [24]. attracting other cells such as T lymphocytes, B
lymphocytes and natural killer (NK) cells [26]. Infected epithelial cells, DCs, macrophages and
neutrophils present chlamydial antigens on their major histocompatibility complex (MHC)
receptors. These antigen presenting cells are able to activate T lymphocytes, initiating a cell10

mediated and humoral adaptive immune response. Antigen presenting cells, including epithelial
cells presenting the antigen by MHC-I receptors activate CD8+ T cytotoxic cells, while
professional antigen presenting immune cells activate the CD4+ T helper cells by their MHC-II
receptors. CD8+ T cells induce death of infected cells. CD4+ cells based on their profile of
cytokine production are divided further to Th1 and Th2 cells [27]. Th1 response is directed against
intracellular pathogens [28], Th1 cells produce interferon-gamma (IFN-γ), inducing cellular
immunity and activating innate immune cells which participates in chlamydial infection related
inflammation [29]. Another part of the adaptive immunity is the B lymphocyte response. B
lymphocytes differentiate to plasma cells producing antibody and accomplish immunological
memory against the pathogen [30]. In the genital mucosa, specific local antibodies are secreted
for the resolution of primary and secondary infections [31]. These antibodies include monoclonal
immunoglobulin A (IgA) and immunoglobulin G (IgG) [32] [33]. Antibodies recognizes specific
epitopes in MOMPs and HSP proteins of Chlamydia [34] [35]. MOMP specific monoclonal
antibodies neutralize the extracellular form of Chlamydia and enhances the cellular immune
responses during reinfection [36] [37]. The HSP specific antibodies in serum shows elevated level
in case of serious infections [38] [39]. Innate immunity is the first line of defense against
Chlamydia infections, while the adaptive immune response is involved in final elimination of the
bacterium and provides protection against recurrent infections by creating immunological
memory. At the tissue level, the adaptive and innate immunity are strongly linked, the
communication and coordination of its elements are accomplished by cytokines. The proinflammatory cytokines produced first by the infected epithelial cells, include interleukin-1-alpha
and interleukin-1-beta (IL-1α, IL-1β), tumor necrosis factor-alpha (TNFα), IL-8 and IL-6 [40].
IL-8 attracts of leukocytes to the site of the infection and enhances the expression of adhesion
molecules ICAM-1 and VCAM-1 [41] [42] [43] [44]. Several other cytokines such as IL-10, IL12, IL-15 are implicated in the infections with different activating or regulatory roles [45] [46]
[47]. IFN-γ, a key cytokine in chlamydial infections is produced by NK and Th1 cells [48]. Among
the diverse effects of IFN-γ, it induces the expression of the host enzyme indoleamine 2,3dioxygenase (IDO) in infected cells influencing tryptophan availability in these cells [49] [50]
[51]. Tryptophan degradation occurs via the kynurenine pathway, where the IDO catalysis first
step of the catabolism, the oxidation of L-tryptophan to N-formylkynurenine [52]. Since
Chlamydia is a tryptophan auxotroph, the limitation of tryptophan availability is an effective
defense strategy of the host cell [53]. IFN-γ also upregulates other host defense genes, such as the
inducible nitric oxide synthase (iNOS) enzyme, which catalyzes the production of reactive
nitrogen intermediates, most notably nitric oxide (NO) [54]. IFN-γ also downregulates host
transferrin receptors on the infected cells, resulting in intracellular iron deficiency and limitation
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of the pathogen’s replication [55]. Besides orchestrating anti-chlamydial defense responses, IFNγ and the other locally produced cytokines have a complex effect on tissue-level gene/protein
expression and metabolism, including the production of reactive oxygen species, matrix
metalloproteases, elastases, collagenases, cathepsins. The production of these proteins during
acute and chronic inflammation eventually leads to tissue remodeling, fibroblast proliferation and
extracellular matrix production [56][57].
Despite the significant Chlamydia-induced inflammation, the majority of the infections caused by
C. trachomatis are asymptomatic and therefore remain untreated [57]. In the male population the
infections remain asymptomatic in 75% of cases, while in female populations it may reach up to
76.7% [58]. The symptomatic cases of men could manifest non-gonococcal urethritis involving
mucopurulent discharge, painful urination, epididymitis, epididymo-orchitis, prostatitis and
proctitis. The symptoms in females include mucopurulent cervicitis, urethritis in the lower
urogenital tract, and by ascending to the upper genital tract, the infection may induce chronic
inflammation resulting in pelvic inflammatory disease, endometritis, and salpingitis [59] [24]
[60]. The major clinical problem is that untreated C. trachomatis infections can eventually lead
to oviduct obstruction with infertility or ectopic pregnancy [61].
C. trachomatis LGV strains causes invasive, ulcerative urogenital and anorectal infections [20].
The pathogen enters through skin breaks or abrasions, infect the epithelial layers of the mucosal
membranes and local macrophages and travels to the regional lymph nodes leading a necrosis
heading and abscess formation [62]. The clinical manifestation of the disease involves three major
stages [63]. Following the incubation period, the primary stage lasts 3-30 days and may remain
undetected. Painless papule, pustule and ulceration appears at the entry site of the infections. The
second stage begins within 2-6 weeks after the onset of the primary stage. During the second
stage,

systemic

symptoms

(fever/arthritis/pneumonitis/perihepatitis)

occur

alongside

lymphadenitis (intra-abdominal or retroperitoneal lymphadenopathy, inguinal and/or femoral
lymphadenopathy) followed by bubo formation (fluctuant and suppurative lymph nodes that may
rupture) [64]. Without proper treatment the infection can be chronic and the lymphadenopathy
can persist for years. In the third stage the chronic infection leads to chronic proctitis, fistulae,
strictures, stenosis of the rectum genital lymphedema, elephantiasis in men, and proctitis,
rectovaginal fistulas and urethral destruction and elephantiasis of the vulva (esthiomene) in
women [65].
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1.3. Impact of vaginal gels on Chlamydia trachomatis infection

When the initial infection is symptomatic, treatment with antimicrobial agents is usually efficient
by resolving the infection and consequently the inflammation as well [66]. C. trachomatis is
susceptible to antibiotics such as macrolides, tetracyclines, quinolones and sulfonamides [67].
However, most infections caused by C. trachomatis remain undetected and untreated, persist from
weeks to months leading to the serious sequalae described previously [68]. The high prevalence of
repeated infections with the same or different serovars of C. trachomatis may also contribute to
the severe outcome [59].
Since the effective treatment is not available in the majority of the infections, prevention of
transmission would be an important strategy to limit the complications of Chlamydia infections.
The Chlamydia transmission is greatly influenced by components of the cervico-vaginal
microenvironment including vaginal lactobacilli and indole-positive bacteria [69]. Vaginal gels
also can be introduced into this microenvironment as lubricants or therapeutic gels. Vaginal gels
are present during sexual intercourse and therefore may have a significant impact on the
acquisition of Chlamydia infection and other STDs. A major component of vaginal gels is the
gelling agent itself, therefore we can assume that they have an effective concentration to inhibit
or support chlamydial propagation. A variety of gelling agent are used in the commercially
available products including the commonly used hydroxyethyl cellulose (HEC) that can be found
both in lubricants and in therapeutic gels [70]. Despite their potential importance in transmission,
the impact of gelling agents including HEC on the propagation of C. trachomatis is not welldescribed.

1.4. In vivo models of Chlamydia infections

The prevention of Chlamydia infections by vaccination would be an effective solution to limit
infection transmission, but effective vaccines have not yet been developed. Mouse models are the
most frequently used ones for vaccine development, but the differences between the human and
murine immune systems, including the so-called cell-autonomous immunity makes the mouse
models difficult to compare with humans [71]. Cell-autonomous immunity is an intrinsic feature
of the host cells, which launches defense mechanisms that interfere with the growth of
intracellular pathogens. Typically, these defense genes are inducible and IFN-γ is a prominent
inducer cytokine. It has been described earlier that the major intracellular anti-chlamydial defense
13

mechanism in human cells is the IFN-γ induced IDO expression, which leads to the degradation
of the intracellular tryptophan pool and eventually the death of the tryptophan-auxotroph C.
trachomatis [72]. This elimination mechanism is effective in vitro for both the human C.
trachomatis and the genetically closely related murine Chlamydia species C. muridarum [73].
Nevertheless, in vitro data showed that IDO is not induced by Chlamydia infection and/or IFN-γ
in mouse epithelial cells [73]. Instead, microarray analysis of IFN-γ treated and Chlamydia
infected murine epithelial cells revealed that the IFN-inducible GTPases are the suspected host
genes that interfere with the developmental cycle of human Chlamydia strains [74]. The murine
Chlamydia strain developed mechanism(s) to deactivate the GTPase response and render this
elimination mechanism ineffective [74][75]. Despite this, the C. muridarum strain is rapidly
eliminated from the murine cervicovaginal tract [74], hence yet unknown elimination mechanisms
exist in mice that are effective against the murine Chlamydia strain in vivo.

1.5. Herpes simplex virus

The herpes simplex virus belongs to the family of Herpesviridae, comprising two species: HSV1, which principally causes herpes labialis and HSV-2, the major causative agent of herpes
genitalis. Surveys show that more than 3.7 billion people under the age of 50 are infected with
HSV-1 and 417 million people between 17 and 49 years of age are infected with HSV-2 [76].
Both HSV-1 and HSV-2 cause herpes genitalis and while the majority of cases is caused by HSV2, the prevalence of HSV-1 related herpes genitalis is increasing due to the practice of oral sex
[77] [78]. HSV-1 and HSV-2 share many common biological features including infection of
mucosal epithelial cells and latent infection in ganglions. HSV-1 accomplishes lifetime latency in
the trigeminal ganglion while HSV-2 remains in sacral ganglia [79] [80].

1.6. Microbiology and pathology of herpes simplex virus-2

The HSV virions are relatively large enveloped viruses consisting of double stranded linear DNA
surrounded by an icosahedral capsid and a protein layer, the tegument. The glycoproteins of the
envelope are good antigens and are the bases of serological differentiation between HSV types
[81]. The primary transmission of HSV-2 occurs through direct contact and is usually
asymptomatic [82]. The virion attacks the epithelial cells and neurons and in serious cases the
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infection can also affects the perivascular tissues [83]. Macular or papular skin and mucous
membrane lesions occur 4–7 days after sexual contact; these progress to vesicles, pustules and
ulcers which can last from 3 to 6 weeks [84]. When healing occurs, no residual scarring or
ulceration is left. The lesions are frequently extensive, involving the labia majora, labia minora,
perianal skin, vestibule of the vulva, as well as the vaginal and ectocervical mucosa [85]. Typical
symptoms also include pain, especially painful inflammatory swelling of the vulva in women,
burning pain and dysuria. Lymphadenopathy, fever and cervicitis (in women) or proctitis (in men)
are relatively common associated symptoms. The HSV virion is transported through retrograde
axonal transport to the sacral ganglia and establishes latency there [86] [87]. The immune system
may control the latent infection and recurrence is not observable in these patients. Temporary or
sustained suppression of the immune system could be caused by numerous physiological and
environmental factors such as fever, emotional influences, hormonal changes, trauma, stress,
exhaustion, immunosuppression or other infection. HSV reactivation can be frequent and in the
majority of the cases is characterized by asymptomatic genital viral shedding [88].
Both people with symptomatic herpes genitalis and asymptomatic shedding can transmit the virus
to their sexual partners. This almost always occurs via direct contact during sexual intercourse.
Intrauterine and perinatal viral transmission are also a clinical possibility [89]. Both primary and
recurrent HSV infections in pregnant women can result in intrauterine viral transmission causing
congenital HSV infections in newborns. The clinical consequences of fetal infection include
abortion, stillbirth or other congenital manifestations usually involving skin and eye lesions and
neurological symptoms [90] [91] [92] [93]. HSV transmission during labor is regarded as the most
common source of neonatal HSV infection [94].

1.7. Antiviral therapy of herpes simplex virus

Inhibiting viral DNA synthesis is an effective strategy to counter viral replication. The first
antivirals developed against HSV were the halogenated nucleoside analogs idoxuridine and
trifluridine [95]. They incorporate into the nascent viral DNA strand but due to the halogens in
their bases inhibit base pairing. The DNA synthesis of the host cell is also influenced due to the
non-selectivity of these drugs, leading to high toxicity when they are systemically administered
[78].
HSV encodes a viral thymidine kinase, which could be utilized to increase selective toxicity in
only in the infected cells. Acyclovir (ACV), valacyclovir, penciclovir (PCV) and famciclovir have
15

selective mechanisms of action since they are about a hundred times more likely phosphorylated
by the virus TKs than the host cells TKs [96] [97]. After the first phosphorylation, the subsequent
phosphorylations are performed by host kinases resulting the triphosphate form that can
incorporate to the newly synthesized DNA strand. Once these nucleoside analogs are
incorporated, they terminate the DNA synthesis due to their modified sugar constituents [82].
Currently these nucleoside analogs are standard first-line drugs against HSV infections. ACV is
the first of choice therapeutic agent, administered topically in case of herpes labialis and mildly
symptomatic herpes genitalis [98]. Its use is not licensed in pregnancy [99]. In case of oral use
ACV bioavailability is very low, about 15-30% [82]. Valacyclovir is a prodrug ester form of ACV,
with significantly better oral bioavailability [100]. It has a standard use for herpes genitalis with
an efficient repressor effect for recurrent infections, but not licensed in treatment for
immunosuppressed patients and children [100].
Penciclovir and famciclovir has a similar action than ACV. Famciclovir is an inactive diacetyl
ester prodrug of PCV. In oral use famcyclovir transform to PCV [101]. A major advantage of
these drugs compared to ACV is that their elimination time is much longer [102]. They can be
used to treat herpes genitalis, along with ACV and valacyclovir [103].

1.8. Drug-resistance of herpes simplex virus

Several antiviral agents can be used for the treatment of HSV infections, however the emerging
of drug-resistant HSV mutants poses a constant treatment concern, especially in the immunecompromised population [104]. Resistance can be acquired by at least four mechanisms. The
resistant strain could (1) lack TK activity or has decreased activity, (2) down-regulate the
expression of the viral TK, (3) alter the substrate specificity of the viral TK protein and (4) alter
the substrate specificity of the viral DNA polymerase [105] [106]. As an example, it was shown
that a single amino acid change in HSV-2 TK has significantly increased ACV/PCV resistance
[107]. The global prevalence of ACV-resistant HSV infections was reported between 2.5% and
10% for immune-compromised patients [108]. Strains resistant to ACV are almost always crossresistant to other TK-dependent drugs such as PCV and famciclovir [105]. The management of
ACV- or PCV-resistant HSV infections includes the use of the pyrophosphate analogue foscarnet
and the nucleotide analogue cidofovir [96] [109]. Cidofovir is a monophosphate nucleotide analog
and was the first approved nucleotide analog for clinical use against ACV resistant HSV. The
viral TK is not required for the first phosphorylation, therefore its action is not selective.
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Interestingly, acyclovir-resistant strains became sensitive to acyclovir following cidofovir therapy
[109]. At present, only the intravenous formulation of cidofovir is commercially available,
causing nephrotoxicity manifested as proteinuria (12%), and increased serum creatinine level (5%)
and neutropenia (15%) [110].

1.9. Novel antiviral treatments of herpes simplex virus

A broad spectrum of antiviral compounds such as rhodanine and thiobarbituric derivatives display
antiviral activity against different enveloped viruses including the HSV-2 acyclovir resistant
strains [111] [112]. Extracts of medical plants and their natural products could offer a library of
chemical compounds with potential antiviral properties. In vitro screening of the ethanol extracts
of Veronica persica Poir showed a dose-dependent antiviral activity against intracellular and
extracellular HSV [113]. Moreover, the extracts synergistic antiviral activity in combination with
ACV was also promising [113]. Essential oils from various aromatic medicinal plants are highly
active against some viral infections, as an example: balm oil, tea tree oil and peppermint oil
demonstrated a significant anti-HSV-activity in vitro [114]. These essential oils are also highly
active against ACV-resistant HSV strains [114]. In clinical studies, tea tree oil has been shown to
possess anti-HSV, anti-inflammatory and pain-relieving properties, as well as accelerated the
healing process [114]. Besides plant extracts, various other studies identified promising extracts,
fractions and pure compounds as potential anti-herpetic agents derived from microorganisms,
marine organisms, fungi and animals [115]. Griffithsin is a marine algal lectin that exhibits broadspectrum antiviral activity. There are promising studies on the novel drug class, which are
targeting the helicase–primase complex [116]. These viral DNA helicase blockers are still
undergoing testing and development [116] [117] [118]. There are also trials for anti HSV vaccines,
but an effective vaccine has not been developed yet [119] [120].
We should also remember that the current antiviral drugs do not cure HSV infections. Antiviral
treatment decreases the severity and length of the outbreaks and helps the sores heal faster, keeps
new sores from forming and decreases pain. HSV accomplishes latency between reactivations and
an ideal novel anti-HSV drug also should interfere with the latent state of viral replication.
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2. AIMS OF THIS STUDY

AIM 1:
In vitro and in vivo monitoring of the effect of hydroxyethyl cellulose a major gelling agent of
vaginal gels on C. trachomatis growth.

AIM 2:
Identification of murine defense genes that could be involved in the elimination of the murine
Chlamydia strain and murine genes that could be effective against the human Chlamydia strains.

AIM 3:
To identify novel antiviral compounds extracted from the berry of sea buckthorn, Elaeagnus
rhamnoides (E. rhamnoides) and from Rumex aquaticus (R. aquaticus).
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3. MATERIALS AND METHODS

3.1. Cell lines

In this study HeLa 229 (ATCC, Manassas, VA, USA), McCoy (ECACC, London, UK) and Vero
cells (ATCC) were used. The cells were cultivated on 96-well plates (Sarstedt, Nümbrecht,
Germany) chamber slides (Thermo ScientificTM Nunc™ Lab-Tek™, Waltham, MA, USA) and
round cover glass (Thermo Scientific™ VWRTM Menzel- Gläser, Magna Park, England).

3.2. Chlamydia strains

C. trachomatis (serovar D, UW3/CX reference strain, and serovar E strain DK20; ATCC) and C.
muridarum strain Nigg [74] were propagated in McCoy cells. C. pneumoniae CWL029 strain
ATCC was propagated in HEp-2 cells (ATCC), as described earlier [121]. After partial
purification and concentration the EBs were aliquoted in sucrose-phosphate-glutamic acid buffer
(SPG) and stored at -80 °C until use [122]. McCoy cell monolayer were infected with the different
Chlamydia strain and their titers was determined by indirect immunofluorescence test.

3.3. Extracted compounds from Elaeagnus rhamnoides and Rumex aquaticus

The extracted compounds were provided by our cooperation partner, Judit Hohmann
(Interdisciplinary Centre of Natural Products, University of Szeged, 6720 Szeged, Hungary).
Compound 1 (6,9-dihydroxy-1-ox-14-noreudesm-5,7,9 triene), compound 2 (2-hydroxy-7isopropyl-1-methoxy-4-methyl-1,4-naphthoquinone),

compound

3

(methoxy-substituted

phenylpropane dimer) and compound 4 (caulexin C) were extracted from the berry of E.
rhamnoides. Compound 5 (musizin), compound 6 (musizin-8-O-glucoside) compound 7
(torachrysone-8-O-glucoside) and compound 8 (2-methoxystipandron) are substituted
naphtalenes, extracted from R. aquaticus.
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3.4. Preparation of hydroxyethyl cellulose solution in vaginal simulant buffer

The aqueous solution of HEC (European Pharmacopoeia 9.0 [123] quality, Molar Chemicals,
Halásztelek, Hungary) were made by dissolving 30 mg of the HEC polymers in 1 ml of
physiological salt solution (0.9% w/v NaCl), following, an 2-fold dilutions in the vaginal simulant.
The applied HEC concentration range was between 1.5 – 0.023% w/v. The compound for 1 L
vaginal simulant buffer were of NaCl 3.51 g/l; KOH 1.40 g/l; Ca(OH)2 0.222 g/l; bovine serum
albumin 0.018 g/l; lactic acid 2.00 g/l; acetic acid 1.00 g/l; glycerol 0.16 g/l; urea 0.4 g/l; glucose
5.0 g/l which were dissolved in distilled water [124]. The pH of the vaginal simulant was adjusted
to a pH 4.2 or pH 7.0, with NaOH and HCl solutions.

3.5. Investigation of impact of hydroxyethyl cellulose on Chlamydia trachomatis serovars
D and E growth in HeLa cells

HeLa 229 cells were placed into 96-well plates at a density of 4 x 104 cells/well in 100 µl of
minimal essential medium (MEM) with Earle’s salts supplemented with 10% heat-inactivated
fetal bovine serum, 2 mmol/l L-glutamine, 1x MEM vitamins, 1x non-essential amino acids,
0.005% Na-pyruvate, 25 µg/ml gentamycin, 1 g/ml fungizone. The next day at 90% confluence
of the cells were subjected to the infection after twice washing with 100 μl/ well with phosphate
buffer saline (PBS) pH 7.4. Before the infection, the inoculum of EBs was pre-incubated in HEC
2-fold dilution (concentration range 1.5-0.023 % w/v) with C. trachomatis D and E strains at pH
4.2 and pH 7.0. In the control group vaginal simulant buffer at pH 4.2 and pH 7.0 was alone preincubated with EBs for 1h 37°C, 5% CO2 as well. The pre-incubated inoculum of all groups were
suspended in 0.5% (w/v) glucose medium and added to the cell layers. The infection was
accomplished by incubating for 60 min at 37oC, 5% CO2 without centrifugation. Following the
infection, the cells were washed twice with PBS, and a culture medium containing 0.1 μg/ml
cycloheximide was added. After the 48 hour incubation, the medium was removed from the cell
monolayer, washed twice with PBS and 100 μl Milli-Q (MQ) (Millipore, Billerica, MA, USA)
water was added to the cells. The cell lysis were accomplished by two freeze-thaw cycles; cells
with the supernatant were subjected to quick freezing (-80oC, 15 min) and a quick thawing on a
plate shaker. The cell lysates with the supernatant were thoroughly mixed including the edges of
the wells using a multichannel pipette. The mixed lysates were used as a template for the qPCR
analysis.
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3.6. Monitoring the growth of Chlamydia trachomatis serovars D and E by direct
quantitative PCR

After the accomplished cell lysis, the mixed lysates were used as a template in the qPCR [125].
The quantitative PCR (qPCR) was performed using the Bio-Rad CFX96 real time system. The
SsoFast EvaGreen qPCR Supermix (Bio-Rad, Hercules, CA, USA) master mix and C.
trachomatis pykF gene specific primer pair were used [79]. The primer sequences were the
following:

pykF-F:

5′-GTTGCCAACGCCATTTACGATGGA-3′,

and

pykF-R:

5′-

TGCATGTACAGGATGGGCTCCTAA-3′. 5 μl SsoFast EvaGreen supermix, 1–1 μl forward and
reverse primers (10 pmol each), 1 μl template and 2 µl MQ water was the consistent of the PCR
mixture with a 10 µl final volume. 40 PCR cycles of 20 s at 95 °C and 1 min at 64 °C were
performed with a 10 min at 95 °C polymerase activation for the first step. The fluorescence
intensity was measured at the end of the annealing-extension step. The melting curve analysis was
used to get the specificity of amplification. For each PCR, the cycle threshold (Ct) corresponding
to the cycle where the amplification curve crossed the base line was determined. To evaluate the
statistical differences between the samples (3 biological replicates for each condition) Student's ttest was used.

3.7. Monitoring the growth of Chlamydia trachomatis strains D and E by chamber slide
method

Chamber slides with 16 wells consisting of a removable, plastic chamber attached to a specially
treated standard glass slide were used to culture HeLa cells for infection with Chlamydia. The
slides were treated with 100µl/well 0.01% poly-L-lysine (Pharmacia LKB, Biotechnology AB,
Uppsala, Sweden) at room temperature (RT) for 15-20 min in order to optimize cell attachment.
The cells were transferred into the wells of the chamber slides at a density of 4 × 104 cells/well in
100 µl of MEM culture medium (see above). The slides were incubated for 1 h at room
temperature in order to reduce the edge effect [126] [127] and then overnight at 37 °C under a 5%
CO2 atmosphere to obtain a 90% confluent cell layer. The infections were accomplished in way
as was it described above (Investigation of impact of HEC on Chlamydia strains D and E growth
in HeLa cells) except in this case were used only the highest concentrations for all groups. Briefly
the pre-incubated EBs with HEC at pH 4.2 and 7.0 and with vaginal simulant at pH 4.2 and pH
7.0 were added to the cells. The infection was cultivated by incubating for 60 min at 37 °C, 5%
CO2 without centrifugation. Following the infection, the cells were washed twice with PBS, and
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a culture medium containing 0.1 μg/ml cycloheximide was added. After the 48 hour incubation
cells were fixed for immunofluorescence staining. After removing the culture medium from the
slides, the cells were washed twice with PBS (100 µl/well). Then, the chamber structure was
detached from the slides and the cells were fixed with precooled 100% acetone for 10 min at -20
°C. Anti-chlamydia LPS antibody (AbD Serotec, Oxford, United Kingdom) was labeled with
Alexa-647, and a 1:200 dilution was used for the detection of chlamydial inclusions. After
incubation for 1 h at 37 °C, the cells were washed three times with PBS for 7 min each time and
finally with distilled water. Fluorescence signals were analyzed with an Axon GenePix Personal
4100A DNA chip scanner and GenePix Pro (version 6.1) software (Molecular Devices,
Sunnyvale, CA) as published earlier [128]. In this investigation 4 biological replicates for each
condition were evaluated.

3.8. Investigating the in vivo effect of hydroxyethyl cellulose on growth of Chlamydia
trachomatis serovar D

To monitor the effect of HEC in vivo, 6-8 week old female BALB/c mice were treated s.c. with
2.5 mg medroxyprogesterone acetate (Pfizer, Budapest, Hungary) 1 week before infection. Mice
were inoculated intra-vaginally with 1x105 inclusion forming units (IFU) of C. trachomatis
serovar D mixed with HEC (1.5% w/v) and as a control group without HEC. After 3 day post
infection cervicovaginal microenvironment was subjected for investigation by harvesting
cervicovaginal washes from mice. The mice were intra-vaginally washed with 100 µl SPG.
Afterward the samples were subjected to two freeze-thaw cycles, freezing at -80°C, 45 min and
thawing on a plate shaker at the room temperature. Following the last thaw step the recoverable
IFU from samples was evaluated by using traditional immunofluorescence microscopy [129].
McCoy cells were seeded on glass slips in 24-well plate day before the infection. 100µl of each
sample was suspended in 1mL 0.5% (w/v) glucose medium added to the McCoy cell monolayer.
Infection was accomplished by centrifugation for 1 hour with 600g. Following the infection, the
cells were washed twice with PBS, and a culture medium containing 0.1 μg/ml cycloheximide
was added. After the 48 hour incubation cells were fixed by removing the culture medium,
washing twice with PBS (1 mL/well) and adding precooled 100% acetone for 10 min at -20 °C.
Following the fixation, inclusions were stained with monoclonal anti-Chlamydia LPS antibody
(AbD Serotec, Oxford, UK) and FITC-labeled anti-mouse IgG (Sigma). The number of the
recoverable Chlamydia inclusions was evaluated by using traditional immunofluorescence
microscopy [129].
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3.9. Infection of BALB/c and C57BL/6 mice with Chlamydia pneumoniae and Chlamydia
muridarum and processing of the lung tissues

Pathogen-free 6-week-old female BALB/c mice were obtained from the Charles River
Laboratories (Hungary), C57BL/6 mice obtained from BRC Animal House (Szeged, Hungary).
The mice were maintained under standard husbandry conditions at the animal facility of the
Department of Medical Microbiology and Immunobiology, University of Szeged, and were
provided with food and water ad libitum. Before infection, the mice were mildly sedated with an
intraperitoneal injection of 200 μl of sodium pentobarbital (7.5 mg/ml); they were then infected
intra-nasally with 4 x 105 IFU C. pneumoniae (BALB/c) or 1 × 103 IFU of C. muridarum (BALB/c
and C57BL/6) in 20 l SPG buffer. Control mice were treated with 20 l SPG buffer only. The
mice were anaesthetized and sacrificed 7 days after infection. The lungs were removed and
homogenized with acid-purified sea sand (Sigma, St.Louis, MO, USA). Half of each homogenized
lung was processed for total RNA extraction, and the other half was suspended in 1 ml of SPG
for the detection of viable Chlamydia and to test the quantity of the tryptophan derivates. The
lungs of three mice from both groups were fixed in 10% neutral buffered formalin solution
(Sigma) for histopathological evaluation. All experiments were approved by the Animal Welfare
Committee of the University of Szeged and conform to the Directive 2010/63/EU of the European
Parliament.

3.10.

Culturing of Chlamydia pneumoniae and Chlamydia muridarum from BALB/c

mouse lungs

Homogenized lungs from individual mice were centrifuged (10 min, 400g), serial dilutions of the
supernatants were inoculated onto McCoy cell monolayers and centrifuged (1 h, 800g). After 48h incubation the cells were fixed with acetone and stained with monoclonal anti-Chlamydia LPS
antibody (AbD Serotec,) and FITC-labeled anti-mouse IgG (Sigma). The number of the
recoverable Chlamydia inclusions was counted under a UV microscope and expressed as
IFU/lung.
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3.11.

Inhibition of indoleamine 2,3-dioxygenase by 1-methyl-DL-tryptophan in

BALB/c mice

Seven days before infection with C. muridarum the drinking water of 8-weeks-old female mice
(n=4) was changed to that containing 2 mg/ml IDO inhibitor 1-methyl-DL-tryptophan (1-MT)
(Sigma), dissolved in 10 mmol/l NaOH supplemented with Stevia sweetener. Control mice (n=4)
received the Stevia-sweetened drinking water with 10 mmol/l NaOH without 1-MT. The solution
was delivered in autoclaved water bottles, protected from light, and changed every other day. The
infection of mice and the estimation of recoverable viable C. muridarum from the lungs at 7 day
post infection were carried out as described previously.

3.12.

Total RNA extraction and cDNA synthesis from Chlamydia infected and

uninfected BALB/c and C57BL/6 mouse lungs

Total RNA was extracted from homogenized lung tissues of C. muridarum infected mice BALB/c
(n=3) and C57BL/6 mice (n=5), C. pneumoniae infected BALB/c mice (n=3) and uninfected
controls (n=3) with Tri Reagent according to the manufacturer’s protocol (Sigma). Total RNA
quantity (OD260) and purity (OD260/280) were measured by a NanoDrop spectrophotometer
(Thermo Scientific, Waltham, MA, USA).

3.13.

cDNA library preparation and sequencing

cDNA library for RNA-Seq was generated from 1 g total BALB/c lung RNA using TruSeq RNA
Sample Preparation Kit (Illumina, San Diego, CA, USA) according to the manufacturer’s
protocol. Single read 50bp sequencing run was performed on Illumina HiScan SQ instrument
(Illumina). CASAVA software was used for pass filtering and demultiplexing process. Sequenced
reads were aligned to Mus musculus mm10 genome version using TopHat and Cufflinks
algorithms and bam files were generated. The RNA sequencing, identification of differentially
expressed genes, collection and comparison of IDO1 and IDO2 raw data were performed by
Szilárd Poliska (University of Debrecen, Biochemistry and Molecular Biology).
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3.14.

Statistical and functional analysis of RNA-sequencing data

StrandNGS software (Agilent, Santa Clara, CA, USA) was used for the statistical analysis of
RNA-sequencing (RNA-Seq) data. The aligned bam files were imported and DESeq algorithm
was used in the quantification step to generate normalized gene expression data. Differentially
expressed genes between C. muridarum infected lung samples (n=3) and controls (n=3) were
determined using the Student’s t-test combined with Benjamini-Hochberg FDR for multiple
testing correction. Statistical significance was defined as PBenjamini-Hochberg < 0.05. Library
preparations, sequencing and data analysis were performed by UD-GenoMed Kft. and the
Genomic Medicine and Bioinformatics Core Facility of University of Debrecen, Debrecen,
Hungary. Large scale functional analysis of differentially expressed genes were performed by the
Voronto software [130]. The Voronto method identifies the Gene Ontology terms and KEGG
pathways that contain significantly enriched differentially expressed genes. Voronto software uses
the so-called Voronoi tessallation to map ontology terms or pathways into a map-like structure.
The cells of the map are the ontology terms, the closer terms being located closer to each other.
Terms with a common ancestor are surrounded by a thicker line.

3.15.

Quantitative PCR validation of the IDO1 and IDO2 RNA-Seq data

For quantitative PCR (qPCR) 1 g of total RNA was reverse transcribed using the Maxima
Reverse Transcriptase according to the manufacturer’s protocol with random hexamer priming
(Thermo Fisher Scientific Inc. Waltham, MA, USA). qPCR was performed in a Bio-Rad CFX96
real-time system. The qPCR was performed with the SsoFast EvaGreen qPCR Supermix (BioRad, Hercules, CA, USA) master mix and the murine specific primer pairs IDO1: 5’GCTTCTTCCTCGTCTCTCTATTG-3’, 5’-TCTCCAGACTGGTAGCTATGT-3’; IDO2: 5’CCTGGACTGCAGATTCCTAAAG-3’; 5’-CCAAGTTCCTGGATACCTCAAC-3’; beta-actin:
5’-TGGAATCCTGTGGCATCCATGAAAC-3’, 5’-TAAAACGCAGCTCAGTAACAGTCCG3’. To check the amplification specificity, the qPCR was followed by a melting curve analysis.
Threshold cycles (Ct) were calculated for IDO1, IDO2 and beta-actin genes, and the normalized
gene expressions were calculated by the Ct method (CtIDO1-Ctactin or CtIDO2-Ctactin). Statistical
comparison of qPCR data was performed by comparing the Ct values of uninfected and infected
lung samples (n=3) by using the Student’s t-test as described earlier [131].
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3.16.

IDO1 and IDO2 immunohistochemistry of Chlamydia pneumoniae and

Chlamydia muridarum infected and uninfected BALB/c mouse lungs

IDO1 and IDO2 immunohistochemistry was performed on the lungs that were used in the gene
expression studies. Macroscopically inflamed lung sections and control lungs were cut and fixed
in 10% formalin (Sigma). Fixed samples were cut into 4 m sections. Tissue sections were first
deparaffinized, followed by antigen retrieval and inhibition of endogen peroxidases using the
EnVision FLEX Peroxidase-blocking reagent (Dako, Carpinteria, CA, USA). IDO
immunohistochemistry was performed with a goat polyclonal anti-IDO1 antibody (Sigma) and a
rabbit polyclonal anti-IDO2 antibody (Bioss, Woburn, MA, USA) followed by HRP-conjugated
anti-goat rabbit (Dako) and anti-rabbit goat secondary antibodies (Dako) respectively. The
histology and IDO1-2 immunohistochemistry were performed by László Tiszlavicz (University
of Szeged, Department of Phatology)

3.17.

Measurement of tryptophan and kynurenine concentrations in Chlamydia

pneumoniae and Chlamydia muridarum infected and uninfected BALB/c and
C57BL/6 mouse lung tissues

Infected and control BALB/c and C57BL/6 mouse lung tissues were homogenized with sterile
sand (Sigma), and dissolved in 700 l 1xPBS. The samples were sonicated 2x1 min, vortexed and
centrifuged at 500g for 5 minutes. 20 l of internal standard (3-nitro L-tyrosine (3NLT) (2 µM)
in 2.5 w/w% perchloric acid was added to 480 l supernatant and mixed with 500 l perchloric
acid. The samples were subsequently centrifuged at 12000g for 10 min at 4 °C, and the
supernatants were collected for measurement. The tryptophan and kynurenine concentrations of
the samples were quantified as described previously with slight modifications [132]. In the highperformance liquid chromatography (HPLC) analysis, the peak area responses were plotted
against the corresponding concentration, and the linear regression computations were carried out
using the least squares method with the R software package [133]. The kynurenine and tryptophan
HPLC measurements were performed by László Vécsei and Gábor Veres (University of Szeged,
Department of Neurology).
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3.18.

Herpes simplex virus-2 strains

The HSV-2 strain (donated by Dr. Ilona Mucsi, University of Szeged, Szeged, Hungary) was
grown in Vero cells and the titer was determined in the same cell line by using the plaque titration
method [134].

3.19.

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay

MTT assay was carried out to identify the highest non-toxic concentration of compounds 1-3 and
5-8 with potential anti-viral activity. Vero cells were transferred into the wells of the 96-well plate
(Sarstedt, Nümbrecht, Germany) at a density of 6 x 104 cells/well in 100 µl of MEM with Earle
salts supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Gibco; Germany), 2
mmol/l L-glutamine, 1x MEM vitamins, 1x non-essential amino acids, 0.005% Na-pyruvate, 25
µg/ml gentamycin, 1 µg/ml amphotericin-B (SIGMA, St. Louis, MO, USA). The plates were
incubated for 1 h at room temperature (RT) and then overnight at 37 °C, 5% CO2. Following day,
the medium was removed and fresh medium complemented with 2-fold serial dilutions of all
compounds was added to three parallel wells for each concentration. After 24 h the 10 µl of the
MTT (SIGMA) labelling reagent (final concentration 0.5 mg/ml) was added to each well and the
plate was incubated for 4 h at 37 °C, 5% CO2. After the incubation, 100 µl of the lysis solution
(10% SDS in 1 N HCl) was added to each well and the plate was allowed to stand overnight in
the incubator at 37 °C, 5% CO2. The next day, the optical density of the wells was measured by a
microtiter plate reader (Labsystems Multiskan Ex 355, Thermo Fisher Scientific, Waltham, MA
USA). The absorbance of the formazan product was measured at 540 nm [135].

3.20.

Assays for testing antiviral activity

The antiviral activity of sea buckthorn compounds was investigated in Vero cells. Cells were
seeded in 96-well plates and were infected with HSV-2 at MOI of 0.01. After a 1 h adsorption
period, the inoculum was removed, the cultures were washed twice, and culture medium
containing the plant compounds in different concentrations was added. After a 24-hour incubation
period, the cultures were washed with PBS, and finally 100 mL MQ was added to the cells. After,
two quick freeze-thaw cycle, the cells were subjected to lysis.
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3.21.

Measuring antiviral activity by direct quantitative PCR

DNA release from the infected cells was achieved by two freeze-thaw cycles. 1 mL of the lysates
were used directly in a qPCR assay. Each antiviral test was performed in 3 parallel wells. The
qPCR assay was performed using a Bio-Rad CFX96 real time system, as described earlier [136].
Briefly, a HSV-2 gD2 gene specific primer pair was applied during the qPCR process. The primer
sequences were the following: gD2: 50-TCA GCG AGG ATA ACC TGG GA-30, 50-GGG AGA
GCG TAC TTG CAG GA-3’. The qPCR mixture consisted of 5 mL SsoFast™ EvaGreen®
Supermix (Bio-Rad, Hercules, CA, USA), 1-1 mL of forward and reverse primers (10 pmol/mL
each) and 1 mL template, and 2 mL MQ water was added to get a final volume of 10 mL. After a
10-min polymerase activation step at 95 °C, 40 PCR cycles of 20 s at 95 °C and 1 min at 64 °C
were performed. Fluorescence intensity was detected at the end of the annealing-extension step.
The specificity of amplification was confirmed by melting curve analysis. For each PCR, the cycle
threshold (Ct) corresponding to the cycle where the amplification curve crossed the base-line was
determined.

3.22.

Determination of TCID50 by the virus yield reduction technique

The virus yield in the supernatants of infected and plant compound-treated Vero cells was
determined by the traditional dilution method. Vero cells (60,000 cells/well) were seeded onto
96-well flat-bottomed plates and cultivated for 24 h at 37 C at 5% CO2 to produce a semi-confluent
monolayer. Then the growth medium was removed and 10-fold dilutions of HSV-2 in the absence
of the test compound (virus control), as well as compound-treated HSV-2-infected cell
supernatants were added in quadruplicate, and plates were incubated at 37 C until typical
cytopathic effect (CPE) was visible. After 48 h, the CPE of the virus was examined using an
inverted microscope, and virus titers were estimated according to the Reed-Muench method,
expressed as TCID50/mL. The test compounds' antiviral activity was measured as the reduction of
viral titer (log10) in the presence of each compound, compared to the virus titer of the control
sample.
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4. RESULTS

AIM 1: In vitro and in vivo monitoring of the effect of hydroxyethyl cellulose a major gelling
agent of vaginal gels on C. trachomatis growth.

4.1. Monitoring the impact of hydroxyethyl cellulose on the growth of Chlamydia
trachomatis serovar D and E by quantitative PCR

To better mimic the cervicovaginal environment, we used the vaginal simulant to dilute HEC and
incubate C. trachomatis EBs. The pH of the vaginal simulant was adjusted to a pH 4.2 or pH 7.0
to mimic the normal and elevated pH of the cervicovaginal tract. Figure 1A shows a HEC
concentration-dependent enhancement of chlamydial growth after the pre-incubation of C.
trachomatis EBs in pH 4.2 vaginal fluid measured by qPCR 48 hours post infection. The C.
trachomatis serovar D maximum growth increase was 23.7 fold at the maximal 1.5% w/v HEC
concentration, and a noticeable, but non-significant growth enhancement tendency could be
detected up to a concentration of 0.188% w/v HEC. HEC at pH 7.0 enhanced the chlamydial
growth significantly with a 13.8 fold growth increase at a concentration of 1.5% w/v (Figure 1B).
Interestingly, in the case of C. trachomatis serovar E, the maximum growth increase (22.25 and
26.1 fold at pH 4.2 and pH 7.0 respectively) was observed at the second highest HEC
concentration (0.75% w/v) at both pH 4.2 and pH 7.0 indicating a different HEC-EB interaction
between the serovars (Figure 1A-B).

4.2. Monitoring the impact of hydroxyethyl cellulose on the growth of Chlamydia
trachomatis strains D and E by chamber slide method

To validate the qPCR results, we performed the automatic Chlamydia inclusion counting using
the ChlamyCount measuring system, at pH 4.2 or pH 7.0 at 1.5% w/v and 0.75% w/v HEC
concentrations for serovar D and serovar E, respectively. Inclusion counts showed similar, albeit
lower growth enhancement than the chlamydial genome measurements by qPCR with a 5.9-6.5
fold increase for serovar D and 5.95-6.05 fold increase for serovar E (Figure 1C). This difference
is likely due to the fact, that ChlamyCount measures the chlamydial inclusion number, while
qPCR measures the bacterial genome content of the inclusions.
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FIGURE 1. Impact of HEC on the growth of C. trachomatis serovars D and E in HeLa 229 cells in vitro at pH
4.2 (A) and pH 7 (B). Bacterial genome copy numbers were measured by direct qPCR (n = 3). The qPCR data
were validated by the ChlamyCount immunoﬂuorescent automatic inclusion counting system (n = 4). (C) The
images of the ChlamyCount-processed wells and the counted inclusion numbers. (D) Recoverable C. trachomatis
serovar D IFU in cervicovaginal swab samples 3 days postinfection. Mice were infected intra-vaginally with C.
trachomatis serovar D mixed with HEC (1.5% wt/vol) (n = 7) or without HEC (n = 5). Data are means ±
standard deviations. *, P < 0.05; **, P < 0.01, according to Student’s t -test.

4.3. Investigating the in vivo effect of hydroxyethyl cellulose on growth of Chlamydia
trachomatis serovar D

The in vivo data also showed that HEC significantly increased the growth of C. trachomatis
serovar D in the mouse genital tract, with a 2.57 fold enhancement 3 days post infection. It is
important to note, that the chlamydial EBs were not pre-incubated with HEC before the infection,
indicating an immediate growth enhancing effect of HEC in vivo.
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AIM 2: Identification of murine defense genes that could be involved in the elimination of
the murine Chlamydia strain and murine genes that could be effective against the human
Chlamydia strains.

4.4. Chlamydia infection and Chlamydia-induced histopathology in BALB/c mouse lung
tissues

In our animal model different doses of the two Chlamydia strains were used (4 x 105 IFU of C.
pneumoniae and 1 × 103 IFU of C. muridarum), based on the results of our former experiments
[137][138] where the lower dose of the murine pathogen C. muridarum induced similar growth
and histopathology than the human pathogen C. pneumoniae. Indeed, recoverable IFUs from the
C. muridarum and C. pneumoniae infected BALB/c lungs were similar at 7 days post infection
(Figure 2A). Both infections induced a lymphoid hyperplasia, with the interstitial accumulation
of lymphoid, plasmocytoid cells and macrophages in the widened bronchus walls. The histology
picture was consistent with the formation of inducible bronchus associated lymphatic tissue
(iBALT). At this time of the infection, the presence of neutrophils were marginal, the major
leukocyte populations were lymphocytes and macrophages (Figure 2B-C). Control lung tissue
showed thin alveolar septa without the clear presence of inflammatory cells, but a small number
of pulmonary macrophages could be detected (Figure 2D).

FIGURE 2. Chlamydia infection and Chlamydia-induced histopathology in BALB/c mouse lung tissues.
Recoverable IFUs from C. muridarum infected and C. pneumoniae infected mouse lungs at 7 days post infection (A).
Haematoxylin-eosin staining of C. muridarum infected (B), C. pneumoniae infected (C) and uninfected (D) lung
tissues. Bar is 50 µm.
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4.5. Impact of Chlamydia muridarum infection on the global gene expression of BALB/c
mouse lung tissues

To explore the global gene expression changes induced at the tissue level by the murine
Chlamydia strain we performed an Illumina next generation RNA sequencing of mouse lung
tissues infected with C. muridarum 7 days post infection. RNA-seq analysis revealed that 755
murine genes had a higher expression and 251 genes had a lower expression than the uninfected
control. The extent of up-regulation and the number of up-regulated genes was higher (1.48-345
fold), than in the case of the down-regulated genes (1.5-14.36 fold). The most highly up-regulated
gene was the CXCL11 (I-TAC), and several cytokines/ chemokines were among the highly
upregulated genes including CXCL9 (MIG), CXCL10 (IP-10), CCL8 (MCP2), CCL2 (MCP1),
IFNG, IL21, IL10, as well as already described defense genes IRG1, IIGP and IDO1. The most
highly down-regulated gene was cDNA sequence BC023719 with a 14.36 fold of downregulation, and the functions of the most highly down-regulated genes were diverse.
Functional analysis of the differentially expressed genes using the Voronto method revealed
several KEGG pathways that are related to Chlamydia-induced inflammation and anti-chlamydial
innate and adaptive defense responses (Figure 3A). Several up-regulated genes rendered to celltype specific KEGG pathways such as T-cell, B-cell, NK-cell and hematopoietic cells-specific
pathways indicating the influx of these leukocytes into the infected lung tissues. Indeed, increased
expressions of various cell-specific genes and CD markers were detected such as T-cell markers
CD3, CD4, CD5, CD6, CD7, CD226, B cells markers CD5, CD7, dendritic cell marker CD4, NKcell markers CD4, CD7, natural killer cell lectin-like receptors (KLRA2, KLRB1F, KLRK1,
KLRI2, KLRC2, KLRD1) and macrophage-specific genes CD4, MSR1 and MPEG1, indicating the
influx and/or local proliferation of these cells in the infected lung tissue. Interestingly, when the
upregulated genes were compared to the Mouse Gene Atlas gene expression database [139], the
most significant overlap was detected with the LPS treated macrophage gene expression (data not
shown), indicating the active involvement of activated macrophages in the Chlamydia-induced
gene expression changes. We detected several highly upregulated chemokines, that could induce
the cellular influx, including the lymphocyte chemokines CCL2 (MCP1), CCL5 (RANTES), CCL8
(MCP2), CXCL9 (MIG), CXCL10 (IP10), CXCL11 (I-TAC), the monocyte chemokines CCL2,
CCL4 (MIP1B), CCL7 (MCP3), CCL8 (MCP2), CXCL10 and the neutrophil granulocyte
chemokine CXCL5 (ENA78). Enhancing the effects of chemokines, various chemokine receptors
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FIGURE 3. Functional analysis of the C. muridarum infection altered genes by the Voronto method. (A) Analysis
of significantly enriched KEGG pathways containing differentially expressed genes. (B) Gene Ontology analysis of
significantly enriched molecular function terms containing differentially expressed genes. The differentially
expressed IFN-inducible GTPases are grouped based on their amino acid sequences shown separately with their fold
of up-regulation. Chlamydia induced inflammation, immunity and antichlamydial defense related Gene Ontology
terms and KEGG pathways and the corresponding genes are shown separately. Cell colors of the Voronto diagrams
show the mean fold change (log2) of the differentially expressed genes related to the particular Voronto cells. Both
for the Voronto cells and the genes, the log2 fold changes are color coded according to the scales. Note that the colors
of the up-regulated genes ranging from light blue to red, while the down-regulated genes are dark blue.
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were also up-regulated including the MCP1 receptor CCR2, the MCP1-MIP1-RANTES receptor
CCR4, the MIP1B receptor CCR5 and the MIG-IP10-I-TAC receptor CXCR3.
Gene Ontology molecular function analysis supported the KEGG pathway analysis (Figure 3B).
The fact that various “cell cycle” pathway related genes were found to be up-regulated indicates
the accelerated division of activated cells including the induction of BALT. The cellular activation
is induced by ligand-receptor interactions in both adaptive and innate immunity. Indeed, among
the largest functional groups identified were “cytokine activity”, “transmembrane signaling” and
“protein kinase activity” containing prominently upregulated and highly upregulated cytokines,
cytokine receptors and downstream signaling genes. Several adaptive immunity related genes,
mainly MHC-I antigen presentation related genes were upregulated. The pathogen recognition/
pro-inflammation pathways such as the toll-like receptor (TLR1, TLR6, TLR7, TLR12), cytosolic
DNA sensing, NOD-like, RIG-I-like pathways contained up-regulated genes showing that the
extra and intracellular forms of the pathogen could be recognized and could induce an
inflammatory response. Among the cytokine signaling pathways, IFN-related signaling pathways
and IFN-induced gene expressions were particularly noticeable, including up-regulated genes
IFNG, STAT1, STAT2, IRF7, IRF9 and IFN-induced genes such as several histocompatibility
complex genes, IFN-inducible GTPases and tryptophan catabolism genes IDO1 and KYNU.

4.6. Antimicrobial genes induced by Chlamydia muridarum infection in BALB/c mouse
lung tissue

A prominent identified Gene Ontology molecular functional category was “GTP binding”. Most
of the GTPases in this category are involved in defense responses against intracellular pathogens
(Figure 3B). Essentially all four classes of murine IFN-inducible GTPases were found to be upregulated including various guanylate-binding proteins (GBP2-9, GBP11), the myxovirus
resistance protein-1 (MX1), immunity-related GTPases IRGM1 (LRG47), IRGM2 (GTPI), IRGA6
(IIGP), IRGM3 (IGTP), IRGB6 (TGTP1-2), IRGB10 (Gm12250) and a very large IFN-inducible
GTPase GVIN1. It is worth to note, that three predicted genes with a sequence homology to IIGP
(Gm4841, Gm4951, F830016B08Rik) and three similar to TGTP (Gm12185, Gm5431,
9930111J21Rik1) were found to be up-regulated or highly up-regulated in the infected lungs
(Figure 3B). Interestingly, Gm12185, Gm5431 and 9930111J21Rik are localized on chromosome
11, close to the region where potential defense genes against C. trachomatis were found by QTL
mapping [140] [141]. Besides the IFN-inducible GTPases genes, other genes such as CXCL9,
iNOS and IDO1 with known anti-chlamydial activity against human and murine Chlamydia
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strains were highly upregulated (127 fold, 14 fold and 24.7 fold, respectively). Additional genes
with known antimicrobial activity, but unknown anti-chlamydial activity were found to be upregulated including CXCL11 (345 fold), IRG1 (252.7 fold), lipocalin-2 (11 fold), mucin-5 (8.7
fold) and solute carrier family 11 (5.5 fold).

4.7. qPCR validation of IDO1 and IDO2 RNA-sequencing data

FIGURE 4. IDO1 and IDO2 mRNA expression measurements by RNA-Seq and qPCR. Integrative Genomics
Viewer [142] images showing the coverage of IDO1 (A) and IDO2 (B) genes by sequencing reads in a representative
C. muridarum infected and an uninfected control samples. IDO1 and IDO2 gene expression inductions measured by
qPCR in C. muridarum and C. pneumoniae infected lung tissues (n=3) (C). IDO1 and IDO2 gene expression fold
changes in each infected mice (n=3) were calculated by comparing the average IDO1 and IDO2 expressions in the
uninfected controls (n=3). IDO1 and IDO2 gene expressions were normalized by the beta-actin gene expressions.
Ct values (CtIDO-Ctactin) of the infected and uninfected samples was compared by Student’s t-test. **: P<0.01 *: P
< 0.05.

The fact that the IDO1 gene was highly upregulated (24.76 fold) in the infected lungs was an
unexpected finding since the IDO1 was found to be non-inducible by C. trachomatis or C.
muridarum infection in vitro in murine epithelial and other cells [121] [143] [144]. IDO1 was
detected as a significantly changed gene (P=0.037) between the C. muridarum infected and
uninfected samples, while the IDO2 was detected non-significant. However, as Figure 4A-B
shows, both IDO1 and IDO2 genes had more sequence reads in the infected samples than
uninfected ones.
Yet, in the case of IDO2, the read numbers were not high enough to be detected as a significantly
changed gene. We used qPCR as an independent method to validate RNA-Seq data for IDO1 and
IDO2. Also, in order to test whether the IDO1-2 induction is unique to the murine Chlamydia
strain, we measured the IDO1-2 gene expressions in C. pneumoniae infected lung samples. qPCR
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data supported the RNA-Seq data in the case of C. muridarum infection with a 20.38 +/- 11.3 fold
and 38.2 +/- 25.2 fold of upregulation of IDO1 and IDO2, respectively. qPCR also showed a
similar extent of up-regulation 15.5 +/- 14.1 fold and 88.9 +/- 73.9 fold for IDO1 and IDO2,
respectively in the C. pneumoniae infected lung tissues (Figure 4C).

4.8. IDO1-2 protein expression in Chlamydia muridarum and Chlamydia pneumoniae
infected BALB/c mouse lung tissues

To prove that the observed IDO1 and IDO2 mRNA changes translated to protein expression
changes, and to localize the cell type(s) that express these proteins, we performed an
immunohistochemistry of C. muridarum and C. pneumoniae infected lung sections and uninfected
controls.

FIGURE 5. Detection of IDO1-2 protein expressions in Chlamydia infected and uninfected BALB/c mouse lungs.
IDO1 protein and IDO2 protein expressions detected by immunohistochemistry in C. muridarum infected, C.
pneumoniae infected (7 days post infection) and uninfected control lung tissues. The IDO positive epithelial cells are
shown by grey triangles, the IDO positive macrophages are shown by black triangles. Bars: 50 µm. The characteristic
IDO stainings of epithelial cells and macrophages are shown in brackets. Bars: 5 µm.
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Moderate IDO1-2 positivity could be detected in the cytoplasm of bronchial and occasionally
alveolar epithelial cells and moderate/strong positivity was detected frequently in macrophages in
the C. pneumoniae and C. muridarum infected mouse lung tissues (Figure 5). C. pneumoniae and
C. muridarum infections lead to similar IDO1-2 positivity in these cells. The control, uninfected
lung tissues were also contained IDO1-2 positive bronchial epithelial cells, and a small number of
IDO1-2 positive macrophages.
4.9. IDO 1-2 activity in Chlamydia muridarum and Chlamydia pneumoniae infected
BALB/c mouse lung tissues

To determine whether the expressed IDO1 and IDO2 proteins were functional, we performed a
HPLC analysis of the infected and control lung tissues of mice included in the gene expression
and immunohistochemistry measurements. We measured IDO1-2 activity by measuring the total
tryptophan level, and the level of the tryptophan degradation metabolite kynurenine.

FIGURE 6. Measurement of tryptophan degradation in the Chlamydia infected BALB/c lung tissues and the effect
of IDO1-2 inhibition on C. muridarum growth. A, C. muridarum infected, C. pneumoniae infected and uninfected
lung tissues (n=3) were processed as described in the Materials and Methods for kynurenine and tryptophan
concentration measurements at 7 days post infection. Tryptophan degradation was described by measuring the
kynurenine/ tryptophan ratio. Kynurenine/ tryptophan ratios of each of the lungs analyzed are shown. Kynurenine
concentrations of the uninfected samples were below the limit of detection. B, untreated (n=4) and 1-MT treated
(n=4) BALB/c mice were infected with C. muridarum and the recoverable IFUs were measured at 7 days post
infection. Recoverable IFUs from each of the analyzed lungs are shown. Recoverable IFUs from untreated and 1-MT
treated samples were compared by Student’s t-test. *: P < 0.05.

The applied HPLC method could not detect kynurenine in the uninfected lungs, while the C.
muridarum and C. pneumoniae infected lungs contained 369.6 +/- 199.8 nM and 508.7 +/- 176.6
nM. The tryptophan levels were comparable in the infected samples, 2757.2 +/- 201.5 nM and
3054.1 +/- 418.1 nM in the C. muridarum and C. pneumoniae infected lungs, respectively. The
tryptophan levels in the uninfected mice’s lungs were slightly lower, 1569.1 +/- 246.9 nM.
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Since we could not control the cell numbers in the infected and control tissues, we normalized the
samples by using the kynurenine/tryptophan ratios as described previously [132].
The kynurenine/tryptophan ratios ranged from 0.12-0.22 in the C. muridarum infected samples,
0.13-0.20 in the C. pneumoniae infected samples and it was 0 in the control samples (Figure 6A).
To assess the impact of IDO activity on C. muridarum growth we inhibited IDO1-2 by 1-MT
treatment starting from seven days before infection to seven days post infection. 1-MT treatment
lead to a moderate but significant, 1.98 fold increase in C. muridarum recoverable IFU at 7 days
post infection (Figure 6B).

4.10.

IDO 1-2 mRNA expression and activity in Chlamydia muridarum infected

C57BL/6 mouse lung tissues

To explore whether the Chlamydia-induced IDO1-2 activity could be observed in another mouse
strain, we performed qPCR and HPLC analyses of C. muridarum infected and control lung tissues
of C57BL/6 mice. qPCR data showed a significant increase of IDO1 mRNA level in the C.
muridarum infected lungs (fold of up-regulation range: 8.14-13.88), and while the IDO2 mRNA
up-regulation was not significant, an up-regulation tendency could be observed (fold of upregulation range: 1.71-21.49) (Figure 7A).

FIGURE 7. qPCR measurement of IDO1 and IDO2 gene expressions in the C. muridarum infected C57BL/6 lung
tissues (A). IDO1 and IDO2 gene expression fold changes in each infected mice (n=5) were calculated by comparing
the average IDO1 and IDO2 expressions in the uninfected controls (n=5). IDO1 and IDO2 gene expressions were
normalized by the beta-actin gene expressions. Ct values (CtIDO-Ctactin) of the infected and uninfected samples was
compared by Student’s t-test. **: P<0.01. N/A: IDO2 mRNA expression could not be detected. (B) Measurement of
tryptophan degradation in the C. muridarum infected C57BL/6 lung tissues. C. muridarum infected and uninfected
lung tissues (n=5) were processed as described previously at 7 days post infection. Kynurenine/ tryptophan
concentration ratios of each of the lungs analyzed are shown. Kynurenine/ tryptophan concentration ratios of C.
muridarum infected and uninfected samples were compared by Student’s t-test. **: P < 0.01.
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HPLC analysis of tryptophan and kynurenine contents showed that uninfected C57BL/6 mice
lungs contained a small amount of kynurenine (0.045-0.075 kynurenine/ tryptophan concentration
ratios), and the C. muridarum infection significantly increased the IDO activity (0.185-0.773
kynurenine/ tryptophan concentration ratios) (Figure 7B).

AIM 3: To identify novel antiviral compounds extracted from the berry of sea buckthorn,
Elaeagnus rhamnoides and from Rumex aquaticus.

4.11.

Antiviral activity of compounds 1-3 and 5-8

We were investigated the antiviral activity of the isolated compounds 1-3 and a structurally close
to the naphtoquinone and substituted naphtalenes 5-8 [145]. First, the cytotoxicity of compounds
1-3 and 5-8 was tested at a concentration of 100-0.78 µM.

FIGURE 8. Antiviral effect of compounds 1-3 and 5-7. Vero cells were infected with HSV-2 MOI (0.01) in the
presence of various concentrations of the test compounds and were incubated for 24 h (n=4). At 24 h post-infection,
the cells were lysed and the virus yield reduction induced by the test compounds was evaluated by comparing the
yield to that seen in untreated Vero cells. (Data represent the geometric means of virus yield reduction and standard
deviations) (Fig. A, C). The HSV-2 DNA concentration in the lysates was measured by direct qPCR (Fig. B, D).
(Data represent the average –Ct values standard deviation)
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All the compounds were dissolved in DMSO and diluted in culture medium. The maximum
concentration of DMSO showed no cytotoxicity for Vero cells. After 24 h of incubation, cell
viability was determined by the MTT test. The compounds showed a CC50 value higher than 100
µM, except for compound 8, which was rather toxic for Vero cells with a CC50 value of 6.25 µM
(data not shown).
Applying traditional virus yield reduction assay, compounds 1 and 3 was found to cause a 2 log10
and 3.49 log10 reduction of HSV-2 yield, respectively, at a concentration of 12.5 µM, compared
to the virus titer of untreated control samples (Figure 8A). This finding is in line with literature
data, which demonstrate that acyclovir, the gold standard of anti-HSV therapy, produces a 1-5.06
log10 reduction of HSV-2 yield at a concentration of 6.25 µM [134]. Compound 2 exerted antiviral
activity at concentrations of 50 µM or higher only. Musizin (5) has antiviral activity at a
concentration of 12.5 µM, causing a 2.33 log10 reduction in virus yield (Figure 8C). The antiHSV-2 effect of musizin (5) demonstrated in our experiments is concordant with the result of
Gescher et al. who reported the anti-HSV-1 activity of this compound [146].
To validate our results, the direct qPCR method was used [136] to determine the level of HSV-2
growth inhibition induced by serial dilutions of the compounds in the virus-infected cells.
Similarly, to our findings from the yield reduction assay, inhibition curves based on the qPCR
results showed that the most potent compounds against HSV-2 were compounds 1 and 3 (Figure
8B). The maximum HSV-2 growth corresponded to a DNA concentration of Ct ~15 in the direct
qPCR assay. The compound concentration that decreased HSV-2 growth and corresponding DNA
content by 50% (IC50), increased the qPCR Ct value by approximately one cycle. Also, the
compound concentration that inhibited HSV-2 growth by 90% (IC90), raised the Ct value by ~3.32
cycles. In case of compounds 1 and 3 the IC50 and IC90 values were between 6.25 and 12.5 µM,
while the IC50 value for compound 2 was ~25 µM and the IC90 value for compound 2 was between
25 and 50 µM (Fig. 8B). Musizin (5) also exerted a high antiviral activity with an IC50 of ~12.5
µM and IC90 of 25-50 µM (Figure 8D). Torachrysone-8-O-glucoside (7) had no effect on HSV-2
growth in the concentration range applied, while the IC50 value for musizin-8-O-glucoside (6) was
~25 µM and the IC90 value was between 50 and 100 µM. 2-methoxystipandron (8) did not show
any antiviral effect at the non-toxic concentration of 6.25 µM (data not shown).
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5. DISCUSSION

AIM 1: In vitro and in vivo monitoring of the effect of hydroxyethyl cellulose a major gelling
agent of vaginal gels on C. trachomatis growth.

Interestingly, our results are different from those of Sater et al. [147], who used the
lymphogranuloma venereum strain C. trachomatis L2 and showed a concentration- and pHdependent inhibitory effect of HEC on chlamydial growth in vitro. However, there are important
differences between the two studies, including the fact that we used a complex buffer which may
mimic better the physicochemical properties of the vaginal fluid than the phosphate and acetate
buffers used by Sater et al.. Moreover, we observed the growth enhancing effect at 1.5-0.75% w/v
(15000-7500 g/ml) HEC concentrations, the concentrations that are common in the vaginal gels
[70] [148], while Sater et al. used significantly lower HEC concentrations (2-200 g/ml). Instead
of serovar L2, we also used the more prevalent urogenital serovars D and E. While C. trachomatis
D and L2 have minor genetic differences [149], there are several phenotypic differences between
the two serotypes. Previous studies showed that their early interactions with epithelial cells are
different [150] [151], including the fact, that the centrifugation and dextrane pretreatment of host
epithelial cells increased the infection efficacy of urogenital C. trachomatis serovars but had no
impact on serovar L2. In addition, serovar E infection is heparin independent while serovar L2
infection exhibits a strong heparin dependency [152]. Since probably HEC influences the early
interactions between the EBs and the host cells, this effect may be different between the LGV and
urogenital serovars.
Altogether, our study shows that vaginal gel components, such as the gelling agent HEC have a
significant growth enhancing effect on two prevalent C. trachomatis urogenital serovars. This
enhancing effect was observed in vitro over a wide pH range, at lower concentrations, and also in
vivo. Since the growth enhancement can theoretically lower the minimal number of bacteria
required for infection transmission, these results suggest the need for testing current and future
vaginal gels to determine their growth enhancing effects on C. trachomatis and on other sexually
transmitted pathogens.
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AIM 2: Identification of murine defense genes that could be involved in the elimination of
the murine Chlamydia strain and murine genes that could be effective against the human
Chlamydia strains.

RNA sequencing analysis of the C. muridarum infected lungs revealed that the expression of a
wide variety of host genes were altered, and several up-regulated genes could contribute in the
Chlamydia-induced inflammation and anti-chlamydial defense of the murine host. Genes related
to both the innate and adaptive immunity were found to be induced in the C. muridarum infected
lung tissue. The major functional groups were related to cytokine/chemokine expression,
chemotaxis, signal transduction, antigen presentation, cell division and innate antimicrobial
defense. According to the cellular theory of chlamydial pathogenesis, non-immune cells trigger
the inflammation by secreting pro-inflammatory cytokines and chemokines [153]. While the
cellular source of the cytokines/chemokines cannot be identified by a tissue-level gene expression
analysis, in toto the strong gene expression imprint of chemotaxis induction and cellular influx
could be identified in the C. muridarum infected mouse lungs. The autocrine-paracrine effects of
the secreted cytokines and the cell-to-cell interactions between resident and novel cells could
result a milieu that induced a complex gene expression including the induction of certain antichlamydial genes.
Several members of the IFN-inducible GTPase family were found to be highly induced. Although
we did not measure the gene expression changes induced by the C. pneumoniae, previous studies
showed that both the murine and human Chlamydia strains were able to induce IFN-inducible
GTPases [143] [154]. GTPases IRGM1 (LRG47), IRGM3 (IGTP), IRGA6 (IIGP) and IRGB10
were found to be upregulated or highly-upregulated, and have been shown to be involved in the
clearance of the human C. trachomatis strain [140] [143] [155], but likely not effective against
the murine Chlamydia [69] [81]. Novel GTPase genes were also found to be highly up-regulated
after C. muridarum infection, and could be involved in the anti-chlamydial defense. Three of these
genes (Gm12185, Gm5431, 9930111J21Rik1) show a sequence similarity to IRGB10, a known
murine defense gene against [140]. Interestingly, Coers et. al showed that C. muridarum was
capable of evading the anti-chlamydial effect of IRGB10 [155]. Altogether, the differential
sensitivity to the IFN-inducible GTPases could explain the fact that despite using 400 fold more
C. pneumoniae IFU than C. muridarum, we recovered comparable IFUs from the infected lungs.
The other known anti-chlamydial gene iNOS was also up-regulated (14 fold). iNOS induction has
been shown to be an important mechanism in the later phase elimination of C. muridarum
infection from the mouse genital tract [156] and also in RAW 264.7 murine macrophages [157].
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IRG1, another IFN-inducible gene [158] [159] was found to be highly up-regulated (252.7 fold)
after C. muridarum infection. IRG1 was shown to be expressed in macrophages [160], associated
with Legionella pneumophila vacuoles in macrophages and possessed antimicrobial activity by
increasing reactive oxygen species production [160] and by the direct bactericidal effect of
itaconic acid production [159]. A CXC chemokine, MIG was also highly up-regulated (127 fold)
after C. muridarum infection. Interestingly, the size, the cationic charge and amphipathic nature
of CXC chemokines are similar to certain antimicrobial peptides [161]. We showed previously
that MIG had a concentration-dependent direct toxicity to the elementary bodies of C. muridarum,
C. trachomatis [154] and C. pneumoniae [162].
RNA sequencing and qPCR revealed that the IDO1 and IDO2 genes were also highly induced in
the infected lungs. To identify the source of IDO activity, we performed IDO1-2 IHC in infected
and control lung tissues. We found that lung bronchial epithelial cells had a moderate level of
IDO1-2 positivity both in the control and infected tissues, indicating a lower-level, steady-state
expression. A higher level of IDO1-2 positivity was detected in leukocytes, prominently in
macrophages, in both the uninfected and infected tissues, but the number of positive cells was
higher in the Chlamydia-infected tissues. The higher number of IDO1-2 positive macrophages
might be a result of in situ IDO1-2 induction and/or the influx of already IDO1-2 positive
monocytes into the inflamed tissue. It is also possible that the IDO1-2 positive macrophages were
activated locally resulting a higher IDO1-2 activity. Previous in vivo studies showed a tissue level
IDO induction in various murine tissues infected by Escherichia coli [163], Plasmodium berghei
[164], and Toxoplasma gondii [165]. Interestingly, C. pneumoniae induced lung IDO1 expression
was also shown in RAG -/- mice, but not in the wild type C57BL/6 controls [166]. Cellular level
IDO induction in vivo was detected in murine intestinal epithelial cells after Eimeria falciformis
infection [167], in lung epithelial cells after influenza A virus infection [168] and in lung epithelial
cells, endothelial cells and macrophages/dendritic cells after Mycobacterium tuberculosis
infection [169]. Knockout studies showed that - similarly to humans - one of the major inducers
of IDO expression is IFN-γ and IFN-α/β in murine tissues in vivo [163] [168]. According our gene
expression data one of the prominent networks induced by C. muridarum infection was the IFN
signaling pathway, therefore the IFN impact of IDO1-2 gene induction was clearly present in the
Chlamydia-infected tissues. HPLC detection of the tryptophan degradation product kynurenine
demonstrated that i, in the uninfected murine lung tissues IDO activity was not detectable, hence
the low level IDO1-2 protein positivity detected in uninfected epithelial cells and macrophages
did not yield significant tryptophan catabolism ii, IDO1-2 enzymes were induced and functionally
active in both the murine and human Chlamydia infected lung tissues. A quantitative IHC was not
performed, but the observation of similar level of IDO1-2 IHC positivity
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in epithelial cells before and after infection indicates that the IDO1-2 was not induced and IDO12 activity might not be involved in the elimination of Chlamydia from the murine lung epithelial
cells. Further quantitative studies needed to clarify the exact role of murine epithelial IDO
expression. The fact that C57BL/6 mouse lungs also showed Chlamydia infection induced IDO
activity, supports the possibility that the observed IDO induction is not a mouse strain-specific
response.
The role of murine IDO in the clearance of Chlamydia in vivo is not well defined. IDO1 knockout
mice cleared C. muridarum from the urogenital tract with similar - but not identical - kinetics to
the wild types [157], but it should be noted that IDO2 gene was intact in these animals [170]
[171]. To clarify the antimicrobial role of IDO1-2 activity we treated BALB/c mice with 1-MT, a
previously described inhibitor of IDO1 [172] and IDO2 [173]. IDO inhibition showed that there
was a moderate but significant, ~2 fold increase in C. muridarum recoverable IFU in 1-MT treated
mice indicating that IDO activity influenced the C. muridarum replication in vivo.
Both the C. muridarum and C. pneumoniae infections clearly lead to the presence of IDO1-2
positive macrophages, and this leukocyte influx/activation was a major factor in the observed
increase in IDO1-2 activity. The high upregulation of various monocyte chemokines MCP1-2-3,
MIP1B, IP-10 and monocyte chemokine receptors CCR2-4-5, CXCR3 support the monocyte
influx-mediated IDO1-2 expression increase. Monocytes have been implicated in the spread of
C. pneumoniae from the primary site of infections [174], but human monocytes were able to
suppress C. trachomatis growth via IDO-dependent [175] and IDO-independent mechanisms
[176] [177] [178]. Whether the IDO activity of murine macrophages contributes to the control of
C. muridarum and C. trachomatis growth, needs further investigation.
There are limitations of our study that need further investigations. We could not detect IDO 1-2
inducibility in epithelial cells, but the applied IHC was not a quantitative method. Since epithelial
cells are the sites of chlamydial replication, the isolation of lung epithelial cells and the
measurement of their steady state and infection-induced IDO activity are critical points and a goal
we are currently pursuing. The other obvious targets to assess IDO activity are the isolated
epithelial cells of the uninfected and infected murine urogenital tract. The role of IDO2 is not
defined. The lung IDO2 mRNA was clearly induced by Chlamydia infection, but its RNA-seq
read numbers were significantly lower than IDO1 reads. In order to assess the potential role of
IDO2, the IDO2 protein concentrations in isolated lung epithelial cells and macrophages has to
be measured and compared to IDO1. Also, chemical inhibition of IDO showed a significant, albeit
limited phenotypic effect. This could be due to the limited defensive role of IDO1-2 or the
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incomplete inhibition of the enzymes. Further studies with optimized IDO inhibition protocol and
more time points post infection are needed.
Chlamydia can avoid intracellular defense responses by using metabolic shunt [69], inactivating
cellular effector proteins such as IFN-inducible GTPases [143] [155], or avoiding the induction
of the intracellular effectors [178]. Our, in vivo study showed that -at the tissue level- various
antibacterial mechanisms are switched on and IDO1-2 could be related to this effector repertoire.

AIM 3: To identify novel antiviral compounds extracted from the berry of sea buckthorn,
Elaeagnus rhamnoides and from Rumex aquaticus.

The dose dependent inhibitory effect of certain sesquiterpenes (1, 2), phenylpropane dimer (3),
naphthalenes (5-7), and 14-naphthoquinone (8) derivatives isolated from E. rhamnoides (1-3) and
R. aquaticus (5-8) were investigated against HSV-2 virus infected Vero cells, by applying the
traditional virus yield reduction test and the qPCR method. Compounds 1 and 3, as well as musizin
(5) were demonstrated to have a potent anti-HSV-2 activity. In case of glucosides, such as
musizin-8-O-glucoside (6), only a moderate anti-HSV-2 activity was observed. Isolating two new
14-noreudesmane sesquiterpenes (1, 2) from sea buckthorn, and demonstrating the antiviral
properties of several compounds present in the fruit peel of the plant are significant novelties of
our study. Based on our results, sea buckthorn is worth being further studied, as it could be a
potential source of agents with considerable anti-HSV-2 activity, and thus it might provide
alternative drug candidates for the treatment of patient populations infected with acyclovir- and
penciclovir-resistant strains of the virus.

45

6. THE FOLLOWING ARE CONSIDERED NOVEL

AIM 1:
The gelling agent, HEC have a significant growth-enhancing effect on the two prevalent C.
trachomatis urogenital serovars. This enhancing effect was observed in vitro over a wide pH
range, even at 0,375% concentrations, and also in vivo. Since the growth enhancement can
theoretically lower the minimal number of bacteria required for infection transmission, these
results suggest the need for testing current and future vaginal gels to determine their growth
enhancing effects on
C. trachomatis and on other sexually transmitted pathogens.
AIM 2:
Infection with two different Chlamydia strains in BALB/c murine lungs, showed highly expressed
IDO 1-2 amongst other host defense genes. It is a novel finding, since IDO was considered as a
unique human anti-chlamydial defense gene.
IDO 1-2 activity were also increased in C. muridarum infected C57BL/6 lung tissues, indicating
that this phenomenon is not mouse strain specific.
AIM 3:
Out of three extracted compounds from E. rahmnoides two had a potent anti-HSV-2 activity,
compound 1 (a sesquiterpen) and compound 3 (a phenylpropane heterodimer). Among the
derivatives isolated from R. aquaticus compound 5 (musizin) showed a very potent anti-HSV-2
activity while compound 6 (musizin-8-O-glicoside) has a moderate anti-HSV-2 activity.
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7. SUMMARY

STDs are a persistent problem globally, worldwide more than 1 million STDs are acquired every
day, and these numbers tend to increase. Amongst bacterial STDs C. trachomatis infections are
the most prevalent.
The transmission of the urogenital serovars of C. trachomatis can be significantly influenced by
vaginal gels. HEC is a commonly used gelling agent that can be found in various vaginal gels.
We investigated the effect of HEC on the C. trachomatis serovar D growth and found that it had
a growth-enhancing effect, both in vitro and in vivo. In addition, in vitro investigation of the
impact of HEC on C. trachomatis serovar E growth also showed enhancing effect.
The prevention of the Chlamydia infections with vaccination, would be a potent option to decrease
the prevalence of chlamydial infections. Mouse models are generally used for vaccine
development, to study the immune response and histopathology associated with Chlamydia
infection. An important question, regarding murine models is the in vivo identification of murine
host genes responsible for the elimination of the murine and human Chlamydia strains. C.
muridarum infected BALB/c lung transcriptome revealed that several genes with direct antichlamydial functions were induced at the tissue level, various members of the IFN-inducible
GTPase family, the CXCL chemokines CXCL9, CXCL11, immunoresponsive gene 1, iNOS and
lipocalin-2. IDO1-2, the previously described potent anti-chlamydial host enzymes were also
highly expressed in the infected murine lungs. This finding was novel, since IDO was considered
as a unique human anti-chlamydial defense gene. Besides a lower level of epithelial cell positivity,
immunohistochemistry showed that IDO1-2 proteins were expressed prominently in
macrophages. Detection of the tryptophan degradation product kynurenine and the impact of IDO
inhibition on C. muridarum growth proved that the IDO1-2 proteins were functionally active.
IDO1-2 activity also increased in C. muridarum infected C57BL/6 lung tissues, indicating that
this phenomenon was not mouse strain specific.
Another prevalent, sexually transmitted intracellular pathogen is HSV-2. Various therapeutic
agents can be used for the treatment of HSV-2 infections, however, infections by drug resistant
HSV represent a persisting treatment concern, especially in the immune-compromised population.
To identify a possibly novel antiviral compound extracted from the berry of sea buckthorn, we
investigated the in vitro antiviral effects of these compounds against HSV-2. Applying the
traditional virus yield reduction test and qPCR methods, we found, that two extracted compounds
from E. rahmnoides have a potent anti-HSV-2 activity, compound 1 (sesquiterpen) and 3
(phenylpropane heterodimer). Derivatives isolated from R. aquaticus compound 5 (musizin)
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showed a very potent anti-HSV-2 activity as well, while compound 6 (musizin-8-O-glicoside) had
a moderate anti-HSV-2 activity.

8. ÖSSZEGZÉS

A szexuális úton terjedő betegségek folyamatos problémát jelentenek világszerte. Naponta több
mint egymillió ember fertőződik meg valamilyen szexuális úton terjedő kórokozóval, és ezeknek
a megbetegedéseknek az incidenciája többségében növekvő tendenciát mutat. A szexuális úton
terjedő kórokozók közül a C. trachomatis az egyik leggyakoribb.
A C. trachomatis urogenitális szerovariánsainak fertőzőképességét jelentősen befolyásolhatják a
vaginális gélek. A HEC az egyik leggyakrabban használt gélképző ágens a vaginális gélekben. In
vivo és in vitro környezetben is megvizsgáltuk a HEC C. trachomatis D szerovariánsára gyakorolt
hatását. Szignifikáns növekedést serkentő hatást tapasztaltunk, mind az in vitro és in vivo
kísérleteink esetében. Ezt megerősítve, a C. trachomatis E szerovariánsát is megvizsgáltuk in vitro
kísérletben és ezen szerovariáns esetében is szignifikáns növekedést serkentő hatást tapasztaltunk.
A Chlamydia fertőzések védőoltásokkal történő megelőzése hatékonyan csökkenthetné a a
fertőzések

előfordulását.

A

Chlamydia-ellenes

védőoltások

kifejlesztésénél

többnyire

egérmodelleket használnak a fertőzéssel kapcsolatos immunválasz és a hisztopathológia
tanulmányozása céljából. Ezért fontos kérdés, mind az egér és emberi Chlamydia szerotipusok
esetében, az eliminálásukban szerepet játszó egér gének in vivo azonosítása. A C. muridarum által
megfertőzött BALB/c tüdő transzkriptom analízise azt mutatta, hogy számos közvetlen
Chlamydia-ellenes gén szövetszinten nagymértékben kifejeződik, mint például az interferonindukált GTPáz család, a CXCL kemokinek közül a CXCL9 és CXCL11, az immunoreszponzív
gén-1, iNOS2 és lipocalin-2. Az IDO1-2, melyeket korábban hatékony Chlamydia-ellenes
gazdasejti enzimekként írtak le, szintén nagymértékben kifejeződtek a fertőzött egértüdőkben. Ez
egy új megfigyelés, mivel az IDO korábban kizárólag humán Chlamydia-ellenes génnek
számított. Az alacsonyabb hámsejti pozitivitás mellett az immunohisztokémia azt mutatta, hogy
az IDO1-2 fehérjék nagymértékben jelentek meg a makrofágokban. Az IDO működésének jele a
triptofán bomlástermék kinurenin megjelenése. A kinurenin szint növekedése azt igazolta, hogy
az IDO1-2 proteinek nemcsak fokozott mértékben termelődtek, hanem funkcionálisan aktívak is
voltak. Az IDO1-2 génexpresszió és aktivitás szintén megnövekedett a C. muridarum által
fertőzött C56BL/6 tüdőszövetekben, mely arra utal, hogy ez a jelenség nem egértörzsre
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specifikus. Végezetül, az IDO gátlás hatására a C. muridarum szaporodása szignifikánsan
megnövekedett BALB/c egértüdőben azt bizonyítva, hogy aktív szerepük lehet a Chlamydia
fertőzés eliminálásában.
A HSV-2 egy másik jelentős, szexuális úton terjedő kórokozó. Több terápiás szer is használatban
van a HSV-2 fertőzések kezelésére, de a gyógyszer-rezisztens mutánsok megjelenése miatt
további fejlesztések szükségesek. Potenciálisan új antivirális vegyületek azonosítása céljából
megvizsgáltuk a homoktövis terméséből kivont vegyületek in vitro antivirális hatását a HSV-2
ellen. A tradicionális vírushozam reduckiós teszt és qPCR módszerek alkalmazásával azt az
eredményt kaptuk, hogy E. rahmniodes-ból kivont két vegyület is hatékony HSV-2-ellenes
aktivitással bír: az 1. számú vegyület (sesquiterpén) és a 3. számú vegyület (fenilpropán
heterodimer). Az R. aquaticus-ból kivont 5. számú vegyület (musizin) nagyon hatékony HSV- 2ellenes aktivitással bírt, míg a 8. számú vegyület (musizin-8-O-glicoside) közepes HSV-2- ellenes
aktivitással rendelkezett.
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The transmission of the urogenital serovars of Chlamydia trachomatis
can be signiﬁcantly inﬂuenced by vaginal gels. Hydroxyethyl cellulose is a commonly
used gelling agent that can be found in vaginal gels. Hydroxyethyl cellulose showed
a concentration-dependent growth-enhancing effect on C. trachomatis serovars D
and E, with a 26.1-fold maximal increase in vitro and a 2.57-fold increase in vivo.

ABSTRACT
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C

hlamydia trachomatis urogenital serovars D-K-related infections cause diseases
such as urethritis, cervicitis, and pelvic inﬂammatory disease, while serovars L1 and
L2 are at the background of the less common disease lymphogranuloma venereum, a
sexually transmitted infection with systemic rather than local manifestations. Among
urogenital Chlamydia, serovars D and E are highly prevalent (1–3). C. trachomatis
urogenital infections are globally among the most common sexually transmitted
infections. For example, in 2016, 1,598,354 C. trachomatis infections were reported in
the United States, and the number of reported infections steadily increased from 2000
to 2016, reaching 497.3 cases per 100,000 people (4). The risk of Chlamydia transmission
is greatly inﬂuenced by components of the cervicovaginal microenvironment, including
vaginal lactobacilli and indole-positive bacteria (5). Vaginal gels can be introduced into
this microenvironment as lubricants or therapeutic gels. Vaginal gels are present during
sexual intercourse, and due to their spatial and temporal presence, these gels may have
a signiﬁcant impact on the acquisition of Chlamydia infection and other sexually
transmitted diseases. A major component of vaginal gels is the gelling agent itself.
Hydroxyethyl cellulose (HEC) is a commonly used gelling agent that can be found in
lubricants and in therapeutic gels (6, 7). To elucidate the potential impact of HEC on
chlamydial transmission, we tested the effect of HEC on the growth of C. trachomatis
serovars D and E.
HeLa 229 cells (ATCC) were placed into 96-well plates at a density of 4 ⫻ 104
cells/well in 100 l of minimal essential medium (MEM) with Earle’s salts supplemented
with 10% heat-inactivated fetal bovine serum, 2 mmol/liter L-glutamine, 1⫻ MEM
vitamins, 1⫻ nonessential amino acids, 0.005% Na-pyruvate, 25 g/ml gentamicin, and
1 g/ml Fungizone. The next day, the 90% conﬂuent cells were infected with C.
trachomatis serovar D strain UW-3/CX (ATCC) and C. trachomatis serovar E strain DK20
(8). Before the infection, the chlamydial elementary bodies (EBs) were preincubated in
HEC (European Pharmacopoeia 9.0 quality [9], Molar Chemicals, Halásztelek, Hungary)
dissolved in vaginal simulant buffer [NaCl 3.51 g/liter, KOH 1.40 g/liter, Ca(OH)2 0.222 g/
liter, bovine serum albumin 0.018 g/liter, lactic acid 2.00 g/liter, acetic acid 1.00 g/liter,
glycerol 0.16 g/liter, urea 0.4 g/liter, glucose 5.0 g/liter] and vaginal simulant buffer
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alone as a control, for 1 h at 37°C, 5% CO2 (10). The HEC solutions were prepared by
dissolving 30 mg of the HEC polymers in 1 ml vaginal simulant, followed by 2-fold
dilutions (the applied HEC concentration range was 1.5– 0.023% wt/vol). The pH of the
vaginal simulant was adjusted to a pH of 4.2 or 7.0. The preincubated inocula were
suspended in MEM supplemented with 0.5% wt/vol glucose, and the cells were infected
at a multiplicity of infection of 8 for 60 min at 37°C, 5% CO2, without centrifugation.
After infection, the cells were washed twice with phosphate-buffered saline, and a
culture medium containing 0.1 g/ml cycloheximide was added. After 48 h incubation,
the chlamydial genomic content was measured by quantitative PCR (qPCR) as described previously (11), and the chlamydial inclusion count was measured by standard
manual or automatic ChlamyCount immunoﬂuorescent inclusion counting, as published earlier (12). Statistical evaluation of qPCR data was performed as described
previously (11). All reagents were purchased from Sigma *St. Louis, MO), unless
otherwise indicated.
To better mimic the cervicovaginal environment, we used the vaginal simulant to
dilute HEC and incubate C. trachomatis EBs. The pH of the vaginal simulant was
adjusted to 4.2 or 7 to mimic the normal and elevated pHs of the cervicovaginal tract.
Figure 1A shows HEC concentration-dependent enhancement of chlamydial growth
after the preincubation of C. trachomatis EBs in pH 4.2 vaginal ﬂuid measured by qPCR
48 h postinfection. The C. trachomatis serovar D maximum growth increase was
23.7-fold at the maximal 1.5% wt/vol HEC concentration, and a noticeable but nonsigJanuary 2019 Volume 63 Issue 1 e02034-18
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FIG 1 Impact of HEC on the growth of C. trachomatis serovars D and E in HeLa 229 cells in vitro at pH 4.2 (A) and pH 7 (B). Bacterial genome copy numbers
were measured by direct qPCR (n ⫽ 3). The qPCR data were validated by the ChlamyCount immunoﬂuorescent automatic inclusion counting system (n ⫽ 4).
(C) The images of the ChlamyCount-processed wells and the counted inclusion numbers. (D) Recoverable C. trachomatis serovar D IFU in cervicovaginal swab
samples 3 days postinfection. Mice were infected intravaginally with C. trachomatis serovar D mixed with HEC (1.5% wt/vol) (n ⫽ 7) or without HEC (n ⫽ 5).
Data are means ⫾ standard deviations. *, P ⬍ 0.05; **, P ⬍ 0.01, according to Student’s t test.
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niﬁcant growth enhancement tendency could be detected up to a concentration of
0.188% wt/vol HEC. HEC at pH 7 enhanced the chlamydial growth signiﬁcantly, with a
13.8-fold growth increase at a concentration of 1.5% wt/vol (Fig. 1B). Interestingly, in
the case of C. trachomatis serovar E, the maximum growth increase (22.25- and
26.1-fold at pH 4.2 and 7, respectively) was observed at the second-highest HEC
concentration (0.75% wt/vol) at pH 4.2 and 7, indicating a different HEC-EB interaction
between the serovars (Fig. 1A and B). To validate the qPCR results, we performed the
automatic Chlamydia inclusion counting using the ChlamyCount measuring system, at
pH 4.2 or 7 at 1.5% wt/vol and 0.75% wt/vol HEC concentrations for serovar D and
serovar E, respectively. Inclusion counts showed similar albeit less growth enhancement
than the chlamydial genome measurements by qPCR, with a 5.9- to 6.5-fold increase for
serovar D and a 5.95- to 6.05-fold increase for serovar E (Fig. 1C). This difference is likely
due to the fact that ChlamyCount measures the chlamydial inclusion number, whereas
qPCR measures the bacterial genome content of the inclusions.
To monitor the effect of HEC in vivo, 6- to 8-week-old female BALB/c mice were
treated subcutaneously with 2.5 mg medroxyprogesterone acetate (Pﬁzer, Budapest,
Hungary) 1 week before infection. Mice were inoculated intravaginally with 1 ⫻ 105
inclusion forming units (IFUs) of C. trachomatis serovar D mixed with HEC (1.5% wt/vol)
or without HEC, and recoverable IFUs in cervicovaginal washing 3 days postinfection
were counted by using traditional immunoﬂuorescence microscopy (12) (Fig. 1D). All
experiments were approved by the Animal Welfare Committee of the University of
Szeged and conformed to directive 2010/63/EU of the European Parliament. The in vivo
data also showed that HEC signiﬁcantly increased the growth of C. trachomatis serovar
D in the mouse genital tract, with a 2.57-fold enhancement 3 days postinfection. It is
important to note that the chlamydial EBs were not preincubated with HEC before
infection, indicating an immediate growth-enhancing effect of HEC in vivo.
Interestingly, our results differ from those of Sater et al. (13), who used the
lymphogranuloma venereum strain C. trachomatis L2 and showed concentration- and
pH-dependent inhibitory effects of HEC on chlamydial growth in vitro. However, there are
important differences between the two studies, including the fact that we used a complex
buffer that may better mimic the physicochemical properties of the vaginal ﬂuid than the
phosphate and acetate buffers used by Sater et al. Moreover, we observed the growthenhancing effect at 0.75% to 1.5% wt/vol (7,500 –15,000 g/ml) HEC concentrations, which
are common in the vaginal gels (7, 14), whereas Sater et al. used signiﬁcantly lower HEC
concentrations (2–200 g/ml). Instead of serovar L2, we also used the more prevalent
urogenital serovars D and E. While C. trachomatis D and L2 have minor genetic differences
(15), there are several phenotypic differences between the two serotypes. Previous studies
showed that their early interactions with epithelial cells are different (16, 17), including the
fact that centrifugation and dextran pretreatment of host epithelial cells increased the
infection efﬁcacy of urogenital C. trachomatis serovars but had no impact on serovar L2. In
addition, serovar E infection is heparin independent, whereas serovar L2 infection exhibits
a strong heparin dependency (18). Because HEC probably inﬂuences the early interactions
between the EBs and the host cells, this effect may be different between the lymphogranuloma venereum and urogenital serovars.
Altogether, our study shows that vaginal gel components, such as the gelling agent
HEC, have a signiﬁcant growth-enhancing effect on two prevalent C. trachomatis
urogenital serovars. This enhancing effect was observed in vitro over a wide range of pHs,
at lower concentrations, and in vivo. Because the growth enhancement can theoretically
lower the minimal number of bacteria required for infection transmission, these results
suggest the need for testing current and future vaginal gels to determine their growthenhancing effects on C. trachomatis and on other sexually transmitted pathogens.
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Chlamydia trachomatis infections are the most prevalent sexually transmitted infections
with potentially debilitating sequelae, such as infertility. Mouse models are generally used
for vaccine development, to study the immune response and histopathology associated
with Chlamydia infection. An important question regarding murine models is the in
vivo identification of murine host genes responsible for the elimination of the murine
and human Chlamydia strains. RNA sequencing of the Chlamydia muridarum infected
BALB/c lung transcriptome revealed that several genes with direct antichlamydial
functions were induced at the tissue level, including the already described and novel
members of the murine interferon-inducible GTPase family, the CXCL chemokines
CXCL9, CXCL11, immunoresponsive gene 1, nitric oxide synthase-2 (iNOS), and
lipocalin-2. Indoleamine 2,3-dioxygenase 1-2 (IDO1-2) previously described potent
antichlamydial host enzymes were also highly expressed in the infected murine lungs.
This finding was novel, since IDO was considered as a unique human antichlamydial
defense gene. Besides a lower level of epithelial cell positivity, immunohistochemistry
showed that IDO1-2 proteins were expressed prominently in macrophages. Detection
of the tryptophan degradation product kynurenine and the impact of IDO inhibition
on Chlamydia muridarum growth proved that the IDO1-2 proteins were functionally
active. IDO1-2 activity also increased in Chlamydia muridarum infected C57BL/6 lung
tissues, indicating that this phenomenon is not mouse strain specific. Our study
shows that the murine antichlamydial response includes a variety of highly up-regulated
defense genes in vivo. Among these genes the antichlamydial effectors IDO1-2 were
identified. The potential impact of murine IDO1-2 expression on Chlamydia propagation
needs further investigation.
Keywords: IDO, iNOS, nitric oxide, Chlamydia, mouse, lung, interferon, interferon-inducible GTPases
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INTRODUCTION

murine genes by screening the global gene expressions of the C.
muridarum infected murine lungs.

Chlamydiae are obligate intracellular bacteria that propagate
prominently in the epithelial cells of the respiratory and
urogenital tract. The socioeconomic impact of C. trachomatis
infection is significant. In developing countries, the
ocular serovars of the species cause trachoma, the chronic
infection/inflammation of the conjunctiva. Trachoma is the most
important cause of preventable, infection-related blindness and
in 2008 about 40 million people had active trachoma infection
(Mariotti et al., 2009). Urogenital serotypes of Chlamydia
trachomatis (C. trachomatis) are the most prevalent bacteria
related to sexually transmitted infections (Centers for Disease
Control Prevention, 2014), frequently leading to chronic
infections with debilitating sequelae such as ectopic pregnancy
and infertility. C. trachomatis infections can be treated effectively
with macrolides and doxycycline (Kong et al., 2014), but the
symptoms of urogenital infections are frequently mild and
therefore the infection may be left untreated (Lallemand et al.,
2016). Though the prevention of the infection with vaccination
would be important, an effective vaccine has not yet been
developed. Mouse models are the most frequently used ones
for vaccine development, but the differences between the
human and murine immune systems, including the so-called
cell-autonomous immunity makes the mouse models difficult
to compare with humans (Finethy and Coers, 2016). Cell
autonomous immunity is an intrinsic feature of the host cells,
which launches defense mechanisms that interfere with the
growth of intracellular pathogens. Typically these defense genes
are inducible, and interferon-gamma (IFNG) is a prominent
inducer cytokine. It has been described previously that the
major intracellular antichlamydial defense mechanism in human
cells is the IFNG-induced IDO expression, which leads to the
degradation of the intracellular tryptophan pool and eventually
the death of the tryptophan-auxotroph C. trachomatis (Byrne
et al., 1986). This elimination mechanism is effective in vitro for
both the human C. trachomatis and the genetically closely related
murine Chlamydia species C. muridarum (Roshick et al., 2006).
Nevertheless in vitro data showed that IDO is not inducible
by Chlamydia infection and/or IFNG in mouse epithelial cells
(Roshick et al., 2006). Instead, microarray analysis of IFNG
treated and Chlamydia infected murine epithelial cells revealed
that the IFN-inducible GTPases are the suspected host genes
that interfere with the developmental cycle of human Chlamydia
strains (Nelson et al., 2005). Murine Chlamydia strain developed
mechanism(s) to inactivate the GTPase response and render this
elimination mechanism ineffective (Nelson et al., 2005; Coers
et al., 2008). Despite this, the C. muridarum strain is rapidly
eliminated from the murine cervicovaginal tract (Nelson et al.,
2005), hence yet unknown elimination mechanisms exist in mice
that are effective against the murine Chlamydia strain in vivo.
The aim of our experiments was to find murine defense
genes that could be involved in the elimination of the murine
Chlamydia strain. We chose a murine lung infection model,
where the complexity of the in vivo environment—including
the impact of a variety of cytokines and cell-cell interactions—
could induce the expression of a diverse set of host genes. We
performed an unbiased study, where we explored the inducible
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

METHODS
Propagation of Chlamydia pneumoniae
and C. muridarum
Chlamydia pneumoniae (C. pneumoniae) CWL029 strain from
American Type Culture Collection (ATCC, Manassas, VA, USA)
was propagated in HEp-2 cells (ATCC), as described earlier
(Burián et al., 2003). C. muridarum strain Nigg (Nelson et al.,
2005) was grown in McCoy cells (ECACC, London, UK). After
partial purification and concentration the elementary bodies
(EBs) were aliquoted in sucrose-phosphate-glutamic acid buffer
(SPG) and stored at −80◦ C until use (Caldwell et al., 1981).

Mice and Infection Conditions
Pathogen-free 6-week-old female BALB/c mice were obtained
from the Charles River Laboratories (Hungary), C57BL/6 mice
were obtained from BRC Animal House (Szeged, Hungary). The
mice were maintained under standard husbandry conditions at
the animal facility of the Department of Medical Microbiology
and Immunobiology, University of Szeged, and were provided
with food and water ad libitum. Before infection, the mice
were mildly sedated with an intraperitoneal injection of 200 µl
of sodium pentobarbital (7.5 mg/ml); they were then infected
intranasally with 4 × 105 IFU C. pneumoniae (BALB/c) or 1
× 103 IFU of C. muridarum (BALB/c and C57BL/6) in 20
µl SPG buffer. Control mice were treated with 20 µl SPG
buffer only. The mice were anesthetized and sacrificed 7 days
after infection. The lungs were removed and homogenized with
acid-purified sea sand (Sigma, St. Louis, MO, USA). Half of
each homogenized lung was processed for total RNA extraction,
and the other half was suspended in 1 ml of SPG for the
detection of viable Chlamydia and to test the quantity of
kynurenine and tryptophan. The lungs of three mice from both
groups were fixed in 10% neutral buffered formalin solution
(Sigma) for histopathological evaluation. The experiments were
approved by the Animal Welfare Committee of the University
of Szeged and conform to the Directive 2010/63/EU of the
European Parliament.

Culturing of Chlamydia From Mouse Lungs
Homogenized lungs from individual mice were centrifuged
(10 min, 400 g), serial dilutions of the supernatants were
inoculated onto McCoy cell monolayers and centrifuged (1 h,
800 g), and after a 48-h culture the cells were fixed with
acetone and stained with monoclonal anti-Chlamydia LPS
antibody (AbD Serotec, Oxford, UK) and FITC-labeled antimouse IgG (Sigma). The number of the recoverable Chlamydia
inclusions was counted under a UV microscope and expressed
as IFU/lung.

In vivo IDO Inhibition by
1-Methyl-DL-Tryptophan
Seven days before infection with C. muridarum the drinking
water of 8 weeks old female BALB/c mice (n = 4) was changed to
that containing 2 mg/ml IDO inhibitor 1-methyl-DL-tryptophan
2
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to the manufacturer’s protocol with random hexamer priming
(Thermo Fisher Scientific Inc. Waltham, MA, USA). qPCR was
performed in a Bio-Rad CFX96 real-time system. The qPCR
was performed with the SsoFast EvaGreen qPCR Supermix
(Bio-Rad, Hercules, CA, USA) master mix and the murine
specific primer pairs IDO1: 5′ -GCTTCTTCCTCGTCTCTCT
ATTG-3′ , 5′ -TCTCCAGACTGGTAGCTATGT-3′ ; IDO2: 5′ CCTGGACTGCAGATTCCTAAAG-3′ , 5′ -CCAAGTTCCTGG
ATACCTCAAC-3′ ; beta-actin: 5′ -TGGAATCCTGTGGCATCC
ATGAAAC-3′ , 5′ -TAAAACGCAGCTCAGTAACAGTCCG-3′ .
To check the amplification specificity, the qPCR was followed by
a melting curve analysis. Threshold cycles (Ct) were calculated
for IDO1, IDO2 and beta-actin genes, and the normalized gene
expressions were calculated by the 1Ct method (CtIDO1 -Ctactin
or CtIDO2 -Ctactin ). Statistical comparison of qPCR data was
performed by comparing the 1Ct values of uninfected and
infected lung samples (n = 3) by using the Student’s t-test as
described earlier (Yuan et al., 2006).

(1-MT; Sigma), dissolved in 10 mmol/l NaOH supplemented
with Stevia sweetener. Control mice (n = 4) received the Steviasweetened drinking water with 10 mmol/l NaOH without 1MT. The solution was delivered in autoclaved water bottles,
protected from light, and changed every other day. The infection
of mice and the estimation of recoverable viable C. muridarum
from the lungs at 7 days post infection were carried out as
described previously.

Total RNA Extraction and cDNA Synthesis
Total RNA was extracted from homogenized lung tissues of C.
muridarum infected BALB/c (n = 3) and C57BL/6 mice (n =
5), C. pneumoniae infected BALB/c mice and uninfected controls
with Tri Reagent according to the manufacturer’s protocol
(Sigma). Total RNA quantity (OD260) and purity (OD260/280)
were measured by a NanoDrop spectrophotometer (Thermo
Scientific, Waltham, MA, USA).

cDNA Library Preparation and Sequencing
cDNA library for RNA-Seq was generated from 1 µg total BALB/c
lung RNA using TruSeq RNA Sample Preparation Kit (Illumina,
San Diego, CA, USA) according to the manufacturer’s protocol.
Single read 50 bp sequencing run was performed on Illumina
HiScan SQ instrument (Illumina). CASAVA software was used
for pass filtering and demultiplexing process. Sequenced reads
were aligned to Mus musculus mm10 genome version using
TopHat and Cufflinks algorithms and bam files were generated.

IDO1 and IDO2 Immunohistochemistry of
Chlamydia Infected and Uninfected Mouse
Lungs
IDO1 and IDO2 immunohistochemistry was performed on
the BALB/c lungs that were used in the gene expression
studies. Macroscopically inflamed lung sections and control
lungs were cut and fixed in 10% formalin (Sigma). Fixed
samples were cut into 4 µm sections. Tissue sections
were first deparaffinized, followed by antigen retrieval and
inhibition of endogen peroxidases using the EnVision FLEX
Peroxidase-blocking reagent (Dako, Carpinteria, CA, USA).
IDO immunohistochemistry was performed with a goat
polyclonal anti-IDO1 antibody (Sigma) and a rabbit polyclonal
anti-IDO2 antibody (Bioss, Woburn, MA, USA) followed by
HRP-conjugated anti-goat rabbit (Dako) and anti-rabbit goat
secondary antibodies (Dako), respectively.

Statistical and Functional Analysis of
RNA-Sequencing Data
StrandNGS software (Agilent, Santa Clara, CA, USA) was used
for the statistical analysis of RNA-sequencing (RNA-Seq) data.
The aligned bam files were imported and DESeq algorithm
was used in the quantification step to generate normalized
gene expression data. Differentially expressed genes between
C. muridarum infected lung samples (n = 3) and controls
(n = 3) were determined using the Student’s t-test combined
with Benjamini-Hochberg FDR for multiple testing correction.
Statistical significance was defined as PBenjamini−Hochberg <
0.05. Library preparations, sequencing and data analysis
were performed by UD-GenoMed Kft. and the Genomic
Medicine and Bioinformatics Core Facility of University of
Debrecen, Debrecen, Hungary. Large scale functional analysis of
differentially expressed genes were performed by the Voronto
software (Santamaría and Pierre, 2012). The Voronto method
identifies the Gene Ontology terms and KEGG pathways that
contain significantly enriched differentially expressed genes.
Voronto software uses the so-called Voronoi tessellation to map
ontology terms or pathways into a map-like structure. The cells
of the map are the ontology terms, the closer terms being
located closer to each other. Terms with a common ancestor are
surrounded by a thicker line.

Detection of Tryptophan and Kynurenine
Concentrations in Lung Tissues
Infected and control BALB/c and C57BL/6 mouse lung tissues
were homogenized with sterile sand (Sigma), and dissolved
in 700 µl 1 × PBS. The samples were sonicated 2 × 1 min,
vortexed and centrifuged at 500 g for 5 min. Twenty microliters
of internal standard (3-nitro L-tyrosine (3NLT, Sigma), 2 µM
final concentration in the sample) in 2.5 w/w% perchloric acid
was added to 480 µl supernatant and mixed with 500 µl
perchloric acid (2.5 w/w%). The samples were subsequently
centrifuged at 12,000 g for 10 min at 4◦ C, and the supernatants
were collected for measurement. The tryptophan and kynurenine
concentrations of the samples were quantified based on the
work of Hervé et al. (1996) with slight modifications (Veres
et al., 2015). In the high-performance liquid chromatography
(HPLC) analysis, the peak area responses were plotted against
the corresponding concentration, and the linear regression
computations were carried out using the least squares method
with the R software package (R Core Team, 2014).

Quantitative PCR Validation of the IDO1
and IDO2 RNA-Seq Data
For quantitative PCR (qPCR) 1 µg of total RNA was reverse
transcribed using the Maxima Reverse Transcriptase according
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RESULTS

CD4, CD7, natural killer cell lectin-like receptors (KLRA2,
KLRB1F, KLRK1, KLRI2, KLRC2, KLRD1) and macrophagespecific genes CD4, MSR1, and MPEG1, indicating the influx
and/or local proliferation of these cells in the infected lung
tissue. Interestingly, when the up-regulated genes were compared
to the Mouse Gene Atlas gene expression database (Kuleshov
et al., 2016), the most significant overlap was detected with
the LPS treated macrophage gene expression (data not shown),
indicating the active involvement of activated macrophages in
the Chlamydia-induced gene expression changes. We detected
several highly upregulated chemokines, that could induce the
cellular influx, including the lymphocyte chemokines CCL2
(MCP1), CCL5 (RANTES), CCL8 (MCP2), CXCL9 (MIG),
CXCL10 (IP10), CXCL11 (I-TAC), the monocyte chemokines
CCL2, CCL4 (MIP1B), CCL7 (MCP3), CCL8 (MCP2), CXCL10
and the neutrophil granulocyte chemokine CXCL5 (ENA78).
Enhancing the effects of chemokines, various chemokine
receptors were also up-regulated including the MCP1 receptor
CCR2, the MCP1-MIP1-RANTES receptor CCR4, the MIP1B
receptor CCR5 and the MIG-IP10-I-TAC receptor CXCR3.
Gene Ontology molecular function analysis supported the
KEGG pathway analysis (Figure 2B). The fact that various “cell
cycle” pathway related genes were found to be up-regulated
indicates the accelerated division of activated cells including the
induction of BALT. The cellular activation is induced by ligandreceptor interactions in both adaptive and innate immunity.
Indeed, among the largest functional groups identified were
“cytokine activity,” “transmembrane signaling” and “protein
kinase activity” containing prominently up-regulated and highly
up-regulated cytokines, cytokine receptors and downstream
signaling genes. Several adaptive immunity related genes, mainly
MHC-I antigen presentation related genes were up-regulated.
The pathogen recognition/proinflammation pathways such as
the toll-like receptor (TLR1, TLR6, TLR7, TLR12), cytosolic DNA
sensing, NOD-like, RIG-I-like pathways contained up-regulated
genes showing that the extra and intracellular forms of the
pathogen could be recognized and could induce an inflammatory
response. Among the cytokine signaling pathways, IFN-related
signaling pathways and IFN-induced gene expressions were
particularly noticeable, including up-regulated genes IFNG,
STAT1, STAT2, IRF7, IRF9, and IFN-induced genes such
as several histocompatibility complex genes, IFN-inducible
GTPases and tryptophan catabolism genes IDO1 and KYNU.

Chlamydia Infection and
Chlamydia-Induced Histopathology
In our animal model different doses of the two Chlamydia
strains were used (4 × 105 IFU of C. pneumoniae and 1 ×
103 IFU of C. muridarum), based on the results of our former
experiments (Burián et al., 2003; Kis et al., 2008) where the
lower dose of the murine pathogen C. muridarum induced
similar growth and histopathology than the human pathogen C.
pneumoniae. Indeed, recoverable IFUs from the C. muridarum
and C. pneumoniae infected BALB/c lungs were similar at 7 days
post infection (Figure 1A). Both infections induced a lymphoid
hyperplasia, with the interstitial accumulation of lymphoid,
plasmocytoid cells, and macrophages in the widened bronchus
walls. The histology picture was consistent with the formation
of inducible bronchus associated lymphatic tissue (iBALT). At
this time of the infection, the presence of neutrophils were
marginal, the major leukocyte populations were lymphocytes and
macrophages (Figures 1B,C). Control lung tissue showed thin
alveolar septa without the clear presence of inflammatory cells,
but a small number of pulmonary macrophages could be detected
(Figure 1D).

Global Gene Expression Changes in the
C. muridarum Infected Mouse Lung
Tissues
To explore the global gene expression changes induced at the
tissue level by the murine Chlamydia strain we performed an
Illumina next generation RNA sequencing of BALB/c mouse
lung tissues infected with C. muridarum 7 days post infection.
RNA-seq analysis revealed that 755 murine genes had a higher
expression and 251 genes had a lower expression than the
uninfected control. The extent of up-regulation and the number
of up-regulated genes was higher (1.48–345 fold), than in the
case of the down-regulated genes (1.5–14.36 fold). The most
highly up-regulated gene was the CXCL11 (I-TAC), and several
cytokines/ chemokines were among the highly upregulated genes
including CXCL9 (MIG), CXCL10 (IP-10), CCL8 (MCP2), CCL2
(MCP1), IFNG, IL21, IL10, as well as already described defense
genes IRG1, IIGP and IDO1. The most highly down-regulated
gene was cDNA sequence BC023719 with a 14.36 fold of downregulation, and the functions of the most highly down-regulated
genes were diverse. The list of differentially expressed genes can
be found in the Supplementary Table 1.
Functional analysis of the differentially expressed genes using
the Voronto method revealed several KEGG pathways that are
related to Chlamydia-induced inflammation and antichlamydial
innate and adaptive defense responses (Figure 2A). Several upregulated genes rendered to cell-type specific KEGG pathways
such as T-cell, B-cell, NK-cell and hematopoietic cells-specific
pathways indicating the influx of these leukocytes into the
infected lung tissues. Indeed, increased expressions of various
cell-specific genes and CD markers were detected such as
T-cell markers CD3, CD4, CD5, CD6, CD7, CD226, B cells
markers CD5, CD7, dendritic cell marker CD4, NK-cell markers
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Antimicrobial Genes Induced by
C. muridarum Infection
A prominent identified Gene Ontology molecular functional
category was “GTP binding.” Most of the GTPases in this
category are involved in defense responses against intracellular
pathogens (Figure 2B). Essentially all four classes of murine
IFN-inducible GTPases were found to be up-regulated including
various guanylate-binding proteins (GBP2-9, GBP11), the
myxovirus resistance protein-1 (MX1), immunity-related
GTPases IRGM1 (LRG47), IRGM2 (GTPI), IRGA6 (IIGP),
IRGM3 (IGTP), IRGB6 (TGTP1-2), IRGB10 (Gm12250), and a
very large IFN-inducible GTPase GVIN1. It is worth to note,
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FIGURE 1 | Chlamydia infection and Chlamydia-induced histopathology in BALB/c mouse lung tissues. Recoverable IFUs from C. muridarum infected and C.
pneumoniae infected mouse lungs at 7 days post infection (A). Haematoxylin-eosin staining of C. muridarum infected (B), C. pneumoniae infected (C) and uninfected
(D) lung tissues. Bar is 50 µm.

that three predicted genes with a sequence homology to IIGP
(Gm4841, Gm4951, F830016B08Rik) and three with a sequence
homology to TGTP (Gm12185, Gm5431, 9930111J21Rik1)
were found to be up-regulated or highly up-regulated in the
infected lungs (Figure 2B). Interestingly, Gm12185, Gm5431,
and 9930111J21Rik are localized on chromosome 11, close to
the region where potential defense genes against C. trachomatis
were found by QTL mapping (Bernstein-Hanley et al., 2006a,b).
Besides the IFN-inducible GTPases genes, other genes such as
CXCL9, iNOS, and IDO1 with known antichlamydial activity
against human and murine Chlamydia strains were highly
up-regulated (127 fold, 14 fold, and 24.7 fold, respectively).
Additional genes with known antimicrobial activity, but
unknown antichlamydial activity were found to be up-regulated
including CXCL11 (345 fold), IRG1 (252.7 fold), lipocalin-2 (11
fold), mucin-5 (8.7 fold) and solute carrier family 11 (5.5 fold).

data in the case of C. muridarum infection with a 20.38 ±
11.3 fold and 38.2 ± 25.2 fold of upregulation of IDO1 and
IDO2, respectively. qPCR also showed a similar extent of upregulation 15.5 ± 14.1 fold and 88.9 ± 73.9 fold for IDO1
and IDO2, respectively in the C. pneumoniae infected lung
tissues (Figure 3C).

IDO1-2 Protein Expression in C. muridarum
and C. pneumoniae BALB/c Infected
Mouse Lung Tissues
To prove that the observed IDO1 and IDO2 mRNA changes
translated to protein expression changes, and to localize the
cell type(s) that express these proteins, we performed an
immunohistochemistry of C. muridarum and C. pneumoniae
infected lung sections and uninfected controls. Moderate IDO12 positivity could be detected in the cytoplasm of bronchial
and occasionally alveolar epithelial cells and moderate/strong
positivity was detected frequently in macrophages in the C.
pneumoniae and C. muridarum infected mouse lung tissues
(Figure 4). C. pneumoniae and C. muridarum infections
lead to similar IDO1-2 positivity in these cells. The control,
uninfected lung tissues also contained IDO1-2 positive
bronchial epithelial cells, and a small number of IDO1-2
positive macrophages.

qPCR Validation of IDO1 and IDO2
RNA-Seq Data
The fact that the IDO1 gene was highly upregulated (24.76
fold) in the infected lungs was an unexpected finding since the
IDO1 was found to be non-inducible by C. trachomatis or C.
muridarum infection in vitro in murine epithelial and other
cells (Nelson et al., 2005; Roshick et al., 2006; Burian et al.,
2010). IDO1 was detected as a significantly changed gene (P
= 0.037) between the C. muridarum infected and uninfected
samples, while the IDO2 was detected non-significant. However,
as Figures 3A,B shows, both IDO1 and IDO2 genes had more
sequence reads in the infected samples than the uninfected
ones. Yet, in the case of IDO2, the read numbers were not
high enough to be detected as a significantly changed gene.
We used qPCR as an independent method to validate RNASeq data for IDO1 and IDO2. Also, in order to test whether
the IDO1-2 induction is unique to the murine Chlamydia strain,
we measured the IDO1-2 gene expressions in C. pneumoniae
infected lung samples. qPCR data supported the RNA-Seq
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IDO 1-2 Activity in C. muridarum and C.
pneumoniae Infected BALB/c Mouse Lung
Tissues
To determine whether the expressed IDO1 and IDO2 proteins
were functional, we performed a HPLC analysis of the
infected and control lung tissues of mice included in the
gene expression and immunohistochemistry measurements. We
measured IDO1-2 activity by measuring the total tryptophan
level, and the level of the tryptophan degradation metabolite
kynurenine. The applied HPLC method could not detect
kynurenine in the uninfected lungs, while the C. muridarum
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FIGURE 2 | Functional analysis of the C. muridarum infection altered genes by the Voronto method. (A) Analysis of significantly enriched KEGG pathways containing
differentially expressed genes. (B) Gene Ontology analysis of significantly enriched molecular function terms containing differentially expressed genes. The differentially
expressed IFN-inducible GTPases are grouped based on their amino acid sequences shown separately with their fold of up-regulation. Chlamydia induced
inflammation, immunity and antichlamydial defense related Gene Ontology terms and KEGG pathways and the corresponding genes are shown separately. Cell colors
of the Voronto diagrams show the mean fold change (log2) of the differentially expressed genes related to the particular Voronto cells. Both for the Voronto cells and
the genes, the log2 fold changes are color coded according to the scales. Note that the colors of the up-regulated genes ranging from light blue to red, while the
down-regulated genes are dark blue.
Frontiers in Cellular and Infection Microbiology | www.frontiersin.org
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FIGURE 3 | IDO1 and IDO2 mRNA expression measurements by RNA-Seq and qPCR. Integrative Genomics Viewer (Thorvaldsdóttir et al., 2013) images showing the
coverage of IDO1 (A) and IDO2 (B) genes by sequencing reads in a representative C. muridarum infected and uninfected control samples. IDO1 and IDO2 gene
expression inductions measured by qPCR in C. muridarum and C. pneumoniae infected lung tissues (n = 3) (C). IDO1 and IDO2 gene expression fold changes in
each infected mice (n = 3) were calculated by comparing the average IDO1 and IDO2 expressions in the uninfected controls (n = 3). IDO1 and IDO2 gene expressions
were normalized by the beta-actin gene expressions. 1Ct values (CtIDO -Ctactin ) of the infected and uninfected samples was compared by Student’s t-test. **P < 0.01
*P < 0.05.

FIGURE 4 | Detection of IDO1-2 protein expressions in Chlamydia infected and uninfected BALB/c mouse lungs. IDO1 protein and IDO2 protein expressions
detected by immunohistochemistry in C. muridarum infected, C. pneumoniae infected (7 days post infection) and uninfected control lung tissues. The IDO positive
epithelial cells are shown by gray triangles, the IDO positive macrophages are shown by black triangles. Bars: 50 µm. The characteristic IDO stainings of epithelial cells
and macrophages are shown in brackets. Bars: 5 µm.

samples, 0.13–0.20 in the C. pneumoniae infected samples
and it was 0 in the control samples (Figure 5A). To assess
the impact of IDO activity on C. muridarum growth we
inhibited IDO1-2 by 1-MT treatment starting from seven
days before infection to seven days post infection (Figure 5B).
1-MT treatment lead to a moderate but significant, 1.98

and C. pneumoniae infected lungs contained 369.6 ± 199.8 nM
and 508.7 ± 176.6 nM. Since we could not control the cell
numbers in the infected and control tissues, we normalized the
samples by using the kynurenine/tryptophan ratios as described
previously (Veres et al., 2015). The kynurenine/tryptophan
ratios ranged from 0.12 to 0.22 in the C. muridarum infected
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FIGURE 5 | Measurement of tryptophan degradation in the Chlamydia infected BALB/c lung tissues and the effect of IDO1-2 inhibition on C. muridarum growth. (A)
C. muridarum infected, C. pneumoniae infected and uninfected lung tissues (n = 3) were processed as described in the Materials and Methods for kynurenine and
tryptophan concentration measurements at 7 days post infection. Tryptophan degradation was described by measuring the kynurenine/tryptophan ratio.
Kynurenine/tryptophan ratios of each of the lungs analyzed are shown. Kynurenine concentrations of the uninfected samples were below the limit of detection. (B)
untreated (n = 4) and 1-MT treated (n = 4) BALB/c mice were infected with C. muridarum and the recoverable IFUs were measured at 7 days post infection.
Recoverable IFUs from each of the analyzed lungs are shown. Recoverable IFUs from untreated and 1-MT treated samples were compared by Student’s t-test.
*P < 0.05.

of chlamydial pathogenesis, non-immune cells trigger the
inflammation by secreting proinflammatory cytokines and
chemokines (Stephens, 2003). While the cellular source of the
cytokines/chemokines cannot be identified by a tissue-level gene
expression analysis, in toto the strong gene expression imprint
of chemotaxis induction and cellular influx could be identified in
the C. muridarum infected mouse lungs. The autocrine-paracrine
effects of the secreted cytokines and the cell-to-cell interactions
between resident and novel cells could result in a milieu that
induced a complex gene expression including the induction of
certain antichlamydial genes.
Several members of the IFN-inducible GTPase family were
found to be highly induced. Although we did not measure the
gene expression changes induced by the C. pneumoniae, previous
studies showed that both the murine and human Chlamydia
strains were able to induce IFN-inducible GTPases (Nelson et al.,
2005; Burian et al., 2010). GTPases IRGM1 (LRG47), IRGM3
(IGTP), IRGA6 (IIGP), and IRGB10 were found to be upregulated
or highly-upregulated, and have been shown to be involved in
the clearance of the human C. trachomatis strain (Nelson et al.,
2005; Bernstein-Hanley et al., 2006b; Coers et al., 2008), but
likely not effective against the murine Chlamydia (Nelson et al.,
2005; Coers et al., 2008). Novel GTPase genes were also found
to be highly up-regulated after C. muridarum infection, and
could be involved in the antichlamydial defense. Three of these
genes (Gm12185, Gm5431, 9930111J21Rik1) show a sequence
similarity to IRGB10, a known murine defense gene against C.
trachomatis (Bernstein-Hanley et al., 2006b). Interestingly, Coers
et al. showed that C. muridarum was capable of evading the
antichlamydial effect of IRGB10 (Coers et al., 2008). Altogether,
the differential sensitivity to the IFN-inducible GTPases could
explain the fact that despite using 400 fold more C. pneumoniae
IFU than C. muridarum, we recovered comparable IFUs from the
infected lungs. The other known antichlamydial gene iNOS was
also up-regulated (14 fold). iNOS induction has been shown to

fold increase in C. muridarum recoverable IFU at 7 days
post infection.

IDO 1-2 mRNA Expression and Activity in
C. muridarum Infected C57BL/6 Mouse
Lung Tissues
To explore whether the Chlamydia-induced IDO1-2 activity
could be observed in another mouse strain, we performed
qPCR and HPLC analyses of C. muridarum infected and
control lung tissues of C57BL/6 mice. qPCR data showed a
significant increase of IDO1 mRNA level in the C. muridarum
infected lungs (fold of up-regulation range: 8.14–13.88), and
while the IDO2 mRNA up-regulation was not significant, an
up-regulation tendency could be observed (fold of up-regulation
range: 1.71–21.49) (Figure 6A). HPLC analysis of tryptophan
and kynurenine contents showed that uninfected C57BL/6
mice lungs contained a small amount of kynurenine (0.045–
0.075 kynurenine/tryptophan concentration ratios), and the
C. muridarum infection significantly increased the IDO
activity (0.185–0.773 kynurenine/tryptophan concentration
ratios) (Figure 6B).

DISCUSSION
RNA sequencing analysis of the C. muridarum infected lungs
revealed that the expression of a wide variety of host genes
were altered, and several up-regulated genes could contribute
in the Chlamydia-induced inflammation and antichlamydial
defense of the murine host. Genes related to both the innate
and adaptive immunity were found to be induced in the C.
muridarum infected lung tissue. The major functional “themes”
were related to cytokine/chemokine expression, chemotaxis,
signal transduction, antigen presentation, cell division and
innate antimicrobial defense. According to the cellular theory
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FIGURE 6 | qPCR measurement of IDO1 and IDO2 gene expressions in the C. muridarum infected C57BL/6 lung tissues (A). IDO1 and IDO2 gene expression fold
changes in each infected mice (n = 5) were calculated by comparing the average IDO1 and IDO2 expressions in the uninfected controls (n = 5). IDO1 and IDO2 gene
expressions were normalized by the beta-actin gene expressions. 1Ct values (CtIDO -Ctactin ) of the infected and uninfected samples was compared by Student’s
t-test. **P < 0.01. N/A: IDO2 mRNA expression could not be detected. (B) Measurement of tryptophan degradation in the C. muridarum infected C57BL/6 lung
tissues. C. muridarum infected and uninfected lung tissues (n = 5) were processed as described previously at 7 days post infection. Kynurenine/tryptophan
concentration ratios of each of the lungs analyzed are shown. Kynurenine/tryptophan concentration ratios of C. muridarum infected and uninfected samples were
compared by Student’s t-test. **P < 0.01.

be an important mechanism in the later phase elimination of C.
muridarum infection from the mouse genital tract (Johnson et al.,
2012) and also in RAW 264.7 murine macrophages (Rajaram
and Nelson, 2015). IRG1, another IFN-inducible gene (Tallam
et al., 2016) (Naujoks et al., 2016) was found to be highly
up-regulated (252.7 fold) after C. muridarum infection. IRG1
was shown to be expressed in macrophages (Hall et al., 2013;
Naujoks et al., 2016), associated with Legionella pneumophila
vacuoles in macrophages and possessed antimicrobial activity
by increasing reactive oxygen species production (Hall et al.,
2013) and by the direct bactericidal effect of itaconic acid
production (Naujoks et al., 2016). A CXC chemokine, MIG was
also highly up-regulated (127 fold) after C. muridarum infection.
We showed previously that MIG had a concentration-dependent
direct toxicity to the elementary bodies of C. muridarum,
C. trachomatis (Burian et al., 2010) and C. pneumoniae
(Balogh et al., 2011).
RNA sequencing and qPCR revealed that the IDO1 and
IDO2 genes were also highly induced in the infected lungs. To
identify the source of IDO activity, we performed IDO1-2 IHC in
infected and control lung tissues. We found that lung bronchial
epithelial cells had a moderate level of IDO1-2 positivity both
in the control and infected tissues, indicating a lower-level,
steady-state expression. A higher level of IDO1-2 positivity was
detected in leukocytes, prominently in macrophages, in both
the uninfected and infected tissues, but the number of positive
cells was higher in the Chlamydia-infected tissues. The higher
number of IDO1-2 positive macrophages might be a result of
in situ IDO1-2 induction and/or the influx of already IDO1-2
positive monocytes into the inflamed tissue. It is also possible that
the IDO1-2 positive macrophages were activated locally resulting
in a higher IDO1-2 activity. Previous in vivo studies showed a
tissue level IDO induction in various murine tissues infected by
Escherichia coli (Loughman and Hunstad, 2012), Plasmodium
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berghei (Sanni et al., 1998), and Toxoplasma gondii (Fujigaki
et al., 2002). Interestingly, C. pneumoniae induced lung IDO1
expression was also shown in RAG−/− mice, but not in the wild
type C57BL/6 controls (Rottenberg et al., 2000). Cellular level
IDO induction in vivo was detected in murine intestinal epithelial
cells after Eimeria falciformis infection (Schmid et al., 2012),
in lung epithelial cells after influenza A virus infection (Huang
et al., 2013) and in lung epithelial cells, endothelial cells and
macrophages/dendritic cells after Mycobacterium tuberculosis
infection (Desvignes and Ernst, 2009). Knockout studies showed
that—similarly to humans—one of the major inducers of IDO
expression is IFNG and IFNA/B in murine tissues in vivo
(Loughman and Hunstad, 2012; Huang et al., 2013). According
to our gene expression data one of the prominent networks
induced by C. muridarum infection was the IFN signaling
pathway, therefore the IFN impact of IDO1-2 gene induction
was clearly present in the Chlamydia-infected tissues. HPLC
detection of the tryptophan degradation product kynurenine in
BALB/c lungs demonstrated that i, in the uninfected murine
lung tissues IDO activity was not detectable, hence the low level
IDO1-2 protein positivity detected in uninfected epithelial cells
and macrophages did not yield significant tryptophan catabolism
ii, IDO1-2 enzymes were induced and functionally active in
both the murine and human Chlamydia infected lung tissues.
A quantitative IHC was not performed, but the observation of
similar level of IDO1-2 IHC positivity in epithelial cells before
and after infection indicates that the IDO1-2 were not induced
and IDO1-2 activity might not be involved in the elimination
of Chlamydia from the murine lung epithelial cells. Further
quantitative studies needed to clarify the exact role of murine
epithelial IDO expression. The fact that the C57BL/6 mouse
lungs also showed Chlamydia infection induced IDO activity
supports that the observed IDO induction is not a mouse strainspecific response.
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The role of murine IDO in the clearance of Chlamydia
in vivo is not well-defined. IDO1 knockout mice cleared C.
muridarum from the urogenital tract with similar—but not
identical—kinetics to the wild types (Nelson et al., 2005), but
it should be noted that IDO2 gene was intact in these animals
(Mellor et al., 2003; Blumenthal et al., 2012). To clarify the
antimicrobial role of IDO1-2 activity we treated BALB/c mice
with 1-MT, a previously described inhibitor of IDO1 (Cady
and Sono, 1991) and IDO2 (Metz et al., 2007). IDO inhibition
showed that there was a moderate but significant, ∼2 fold
increase in C. muridarum recoverable IFU in 1-MT treated
mice indicating that IDO activity influenced the C. muridarum
replication in vivo.
Both the C. muridarum and C. pneumoniae infections
clearly lead to the presence of IDO1-2 positive macrophages,
and this leukocyte influx/activation was a major factor in
the observed increase in IDO1-2 activity. Monocytes have
been implicated in the spread of C. pneumoniae from
the primary site of infections (Beagley et al., 2009), but
human monocytes were able to suppress C. trachomatis
growth via IDO-dependent (Carlin and Weller, 1995)
and IDO-independent mechanisms (Koehler et al., 1997;
Nettelnbreker et al., 1998; Marangoni et al., 2014). Whether
the IDO activity of murine macrophages contributes to the
control of C. muridarum and C. trachomatis growth, needs
further investigation.
There are limitations of our study that need further
investigations. We could not detect IDO 1-2 inducibility in
epithelial cells, but the applied IHC was not a quantitative
method. Since epithelial cells are the sites of chlamydial
replication, the isolation of lung epithelial cells and the
measurement of their steady state and infection-induced IDO
activity are critical points and a goal we are currently
pursuing. The other obvious targets to assess IDO activity
are the isolated epithelial cells of the uninfected and infected
murine urogenital tract. The role of IDO2 is not defined.
The lung IDO2 mRNA was clearly induced by Chlamydia
infection, but its RNA-seq read numbers were significantly
lower than IDO1 reads. In order to assess the potential role
of IDO2, the IDO2 protein concentrations in isolated lung
epithelial cells and macrophages has to be measured and
compared to IDO1. Also, chemical inhibition of IDO showed a
significant, albeit limited phenotypic effect. This could be due
to the limited defensive role of IDO 1-2 or the incomplete
inhibition of the enzymes. Further studies with optimized
IDO inhibition protocol and more time points post infection
are needed.
Chlamydia can avoid intracellular defense responses
by using metabolic shunt (Aiyar et al., 2014), inactivating
cellular effector proteins such as IFN-inducible GTPases

(Nelson et al., 2005; Coers et al., 2008), or avoiding the induction
of the intracellular effectors (Marangoni et al., 2014). Our in
vivo study showed that –at the tissue level- various antibacterial
mechanisms are switched on and IDO1-2 could be part of this
effector repertoire.
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Two new 14-noreudesmane sesquiterpenes, one new phenylpropane heterodimer, caulilexin C, and
uvaol were isolated from the 70% MeOH extract of the fruit peel of Elaeagnus rhamnoides. The structures
of the compounds were elucidated by HRESIMS and advanced NMR methods. The absolute conﬁguration
of (R)-6,9-dihydroxy-1-oxo-14-noreudesm-5,7,9-triene was determined by the TDDFT-ECD method. The
new compounds, together with structurally similar naphthalenes (musizin, musizin-8-O-glucoside,
torachrysone-8-O-glucoside) and 1,4-naphthoquinone (2-methylstipandrone), isolated previously from
Rumex aquaticus, were investigated for their antiviral activity against Herpes simplex virus type 2 (HSV-2)
using two different methods. Applying the traditional virus yield reduction test, (R)-6,9-dihydroxy-1oxo-14-noreudesm-5,7,9-triene, 1-[3-methoxy-4-(2-methoxy-4-(1E)-propenyl-phenoxy)-phenyl]-propane-1,2-diol, and musizin caused a 2.00 log10, 3.49 log10, and 2.33 log10 reduction of HSV-2 yield,
respectively, at a concentration of 12.5 mM. 2-Hydroxy-1-methoxy-6,9-dioxo-14-noreudesm-1,3,5(10),7tetraene exhibited an antiviral effect at concentration of 50 mM only. Similar results were obtained when
the qPCR method was used to test the antiviral activity of the compounds.
© 2019 Published by Elsevier Ltd.
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1. Introduction
Sea buckthorn [Elaeagnus rhamnoides (L.) A.Nelson, syn. Hippophae rhamnoides L.] belonging to the Elaeagnaceae family, is native
to many European and Asian countries, and is cultivated on a
production scale in several countries, including Russia, China,
Sweden, Finland, Norway, Estonia, Germany, and Hungary. The
berries of sea buckthorn have gained attention worldwide, mainly
for their nutritional and medicinal values. The fruit of E. rhamnoides
is well-known for its antioxidant activity that can be attributed to
its high ascorbic acid, ﬂavonoid, proanthocyanidin, and carotenoid
content [1,2]. Further important nutritive constituents include vitamins (A, E, K, riboﬂavin, pyridoxine, thiamine, folic acid), fatty oil,
unsaturated fatty acids, organic acids, amino acids, proteins, and
minerals [1,3]. Furthermore, many bioactive compounds have also

* Corresponding author. Department of Pharmacognosy, Interdisciplinary Excellence Centre, University of Szeged, 6720 Szeged, Hungary.
E-mail address: hohmann@pharm.u-szeged.hu (J. Hohmann).
https://doi.org/10.1016/j.tet.2019.01.050
0040-4020/© 2019 Published by Elsevier Ltd.

been isolated and identiﬁed from the berries, such as triterpenoids,
phytosterols, essential oil, cerebrosides, 5-hydroxytryptamine,
lignans, and phenylcarboxylic acids [4,5].
In our previous study on sea buckthorn, the fruit peel was
analysed for anti-inﬂammatory compounds by an activity-guided
isolation procedure using the 48/80 assay. Ursolic and oleanolic
acids were identiﬁed as the agents responsible for the antiinﬂammatory activity of the lipophilic peel extract, and the presence of 2,6-bis-aryl-tetrahydrofuran-type stereoisomeric lignans
was also conﬁrmed [6]. As an extension of this series of experiment,
further compounds were isolated from the CHCl3 soluble fraction of
the MeOH extract of the fruit peel. The present paper reports the
isolation of two new sesquiterpenes (1, 2) with a 14-noreudesmane
skeleton, one new phenylpropane heterodimer (3), as well as
caulilexin C (4), and uvaol. The new compounds (1e3) were
investigated for their antiviral activity against HSV-2 by the traditional virus yield reduction assay and also by the direct qPCR
method. Some structurally related naphthalenes [musizin (5),
musizin-8-O-glucoside (6), torachrysone-8-O-glucoside (7)] and a
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naphthoquinone (2-methylstipandrone, 8) isolated from Rumex
aquaticus [7] were also involved in the antiviral evaluation in order
to gain a broader insight into the relative biological activities of the
compounds.

Table 1
1
H and 13C NMR spectroscopic data of compounds 1 and 2 [CDCl3, d (ppm), (J ¼ Hz)].
Position

3

2.1. Structure elucidation of the isolated compounds
Combining different chromatographic methods, including column chromatography (CC), vacuum liquid chromatography (VLC),
centrifugal planar chromatography (CPC), and preparative thinlayer chromatography (TLC), two nor-sesquiterpenes (1, 2), a phenylpropane dimer (3), caulilexin C (4), and uvaol were isolated from
the CHCl3-soluble phase of the MeOH extract prepared from the
fruit peel of E. rhamnoides (Fig. 1). Structure elucidation was carried
out by extensive spectroscopic analysis, including 1D and 2D NMR
(1H-1H COSY, HSQC, HMBC and NOESY) and HRESIMS experiments.
The absolute conﬁguration of 1 was determined by ECD
spectroscopy.
Compound 1 was isolated as an amorphous solid with [a]26
D 18
(c 0.2, MeOH). The HRESIMS measurement revealed that it had the
molecular formula C14H18O3 compatible with the pseudomolecular
ion peak at m/z 235.1329 [MþH]þ (calcd for C14H19O3 235.1329).
The 1HNMR, JMOD and HSQC spectra of 1 revealed the presence of
three methyl groups, two methylenes, three methines, six nonprotonated carbons including a keto moiety (dC 203.8), and two
hydroxy groups (dH 4.66 s, 12.24 s), as listed in Table 1. The 1H-1H
COSY spectrum deﬁned two structural fragments with correlated
protons: an isopropyl group [dH 3.17 sept (1H), 2  1.23 d (6H)] and
the structural part eCH2eCH2eCH(CH3)e [dH 2.56 ddd, 2.85 ddd,
2.25 m, 1.97 app dt, 3.37 ddq (each 1H), and 1.33 d (3H)], [C-2C3C-4(C-15)] (Fig. 2). The four-carbon fragment, together with the
keto group and the nonprotonated sp2 carbons at dC 133.4 (C-5) and
113.4 (C-10) form a six-membered ring as indicated by the HMBC
correlations between C-5 and H-3b, H-4, and H-15, C-10 and H-4,
and between C-1, H-2a,b, and H-3b. Three further nonprotonated

1a

4
5
6
7
8
9
10
11
12
13
15
1-OCH3
6-OH
9-OH
a
b

2b

1

13

C

1

13

e
2.56 ddd (15.4, 4.3, 2.1)
2.85 ddd (15.4, 5.4, 2.1)
2.25 m
1.97 app dt (13.5, 2.2)
3.37 ddq (6.7, 2.2, 7.1)
e
e
e
6.70 s
e
e
3.17 sept (6.9)
1.23 d (6.9)
1.23 d (6.9)
1.33 d (7.1)
e
4.66 s
12.24 s

203.8
32.6

e
e

144.8
153.8

28.1

7.01 s

123.2

26.3
133.4
141.1
145.4
112.1
157.0
113.4
27.5
21.7
21.8
17.8
e
e
e

e
e
e
e
6.52 s
e
e
3.14 sept (7.0)
1.10 d (7.0)
1.10 d (7.0)
2.60 s
3.85 s
e
e

140.2
124.2
185.8
157.7
131.9
185.7
125.2
26.8
21.6
21.6
23.6
62.1
e
e

H

1
2

2. Results and discussion
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H

C

500 (1H), 125 (13C) MHz.
600 (1H), 150 (13C) MHz.

Fig. 2. Key 2D NMR correlations of compound 1; bold line: 1H-1H COSY; arrows: HMBC
(H / C).

Fig. 1. Structures of compounds 1e8.
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carbons (dC 141.1, 145.4 and 157.0) and an aromatic methine group
(dH 6.70 s, dC 112.1), together with C-5 and C-10 construct a benzene
ring, substituted with two hydroxy and one isopropyl groups, as
supported by the two- and three-bond heteronuclear correlations
between C-10 and H-8, C-6 and H-8, and C-9 and H-8. The HMBC
cross-peaks between C-10 and H-8, C-6 and H-4, C-7 and H-11, C-6
and H-11, and C-11 and H-8 established the position of the isopropyl group at C-7. The hydroxy group at dH 12.24 ppm should be
in the peri position in relation to the keto group at C-1, while the
hydroxy resonating at dH 4.66 ppm was of necessity placed to C-6.
All of these data conﬁrmed the structure of this compound as 6,9dihydroxy-1-oxo-14-noreudesm-5,7,9-triene (1).
For chiral non-racemic 1-tetralone derivatives, the n-p* transition appearing usually above 300 nm can be used to determine the
absolute conﬁguration from the measured ECD spectrum by
applying the helicity rule of 1-tetralone. According to this rule, P
helicity of the condensed carbocyclic ring results in a positive n-p*
Cotton effect (CE) [8e10]. P or M helicity of the condensed ring is
governed by the preferred equatorial or axial orientation of the
substituent(s), and thus the central chirality. When there is a hydroxy group chelating to the peri carbonyl oxygen (9-OH in 1) and
the benzene ring contains other auxochrome substituents such as
an alkoxy or hydroxy group, the n-p* ECD transition shifts to the
blue, and overlaps with other p-p* transitions, which makes the
application of the helicity rule ambiguous [10,11]. Similarly, when
there is no clear preference for the equatorial/axial orientation of
the substituents, the semi-empirical ECD approach needs support
from the TDDFT-ECD calculation [12]. Since compound 1 contained
a chelating 9-OH group and an additional auxochrome 6-OH, and
the equatorial/axial orientation of the 15-CH3 group was not
evident from the NMR data, the solution TDDFT-ECD approach was
utilized to determine the absolute conﬁguration [13,14].
The initial Merck Molecular Force Field (MMFF) conformational
search of (R)-1 resulted in 10 conformers in a 21 kJ/mol energy
window. These conformers were reoptimized at three different
levels; the B3LYP/6-31G(d), the B97D/TZVP PCM/MeCN and the
CAM-B3LYP/TZVP PCM/MeCN levels, each yielding 5 low-energy
conformers over 1% Boltzmann populations (Fig. S1). These lowenergy conformers differed in the orientation of the 6-OH and
isopropyl groups, and the C-4 methyl group had an axial orientation
with P helicity of the fused cyclohexenone ring in all of them
[15,16]. P helicity is deﬁned by the positive value of dihedral angle
uC5,C4,C3,C2, which had þ52.8 value for the lowest-energy
conformer optimized at the CAM-B3LYP/TZVP PCM/MeCN level.
ECD calculations for all sets of conformers at various levels of
theory (B3LYP/TZVP, BH&HLYP/TZVP, CAM-B3LYP/TZVP and PBE0/
TZVP) gave acceptable agreement with the experimental spectrum
by reproducing the major transitions but failing for the sign of two
weak transitions at around 225 and 280 nm (Fig. 3 and Fig. S3). This
may result from the underestimation of conformers C and E (CAMB3LYP optimization) which gave a better agreement with the
experimental ECD as compared to other highly-populated conformers (Fig. S2). The consistent results obtained at all the applied
combinations of methods allowed the unambiguous elucidation of
the absolute conﬁguration of 1 as (R). The analysis of computed
orbitals revealed that the highest wavelength positive ECD transition at around 350 nm is of p-p* origin, while the n-p* ECD transition appeared as an overlapping positive one at about 310 nm.
Compound 2 was obtained as a white amorphous solid. Its
molecular formula was determined to be C15H16O4 as supported by
the presence of a peak at m/z 261.1124 [MþH]þ (calcd for 261.1121)
in the HRESIMS spectrum. From the 1HNMR, JMOD, and HSQC
spectra three methines (dH 7.01 s, 6.52 s, 3.14 sept; dC 123.2, 131.9,
26.8), three methyls (dH 2  1.10 d, 2.60 s; dC 2  21.6, 23.6), eight
nonprotonated carbons (dC 185.8, 185.7, 157.7, 153.8, 144.8, 140.2,

Fig. 3. Experimental ECD spectrum of 1 in MeCN (black line) compared with the
Boltzmann-weighted PBE0/TZVP ECD spectrum of (R)-1 (Boltzmann average of 5
conformers, purple line) computed for the CAM-B3LYP/TZVP PCM/MeCN conformers.

125.2, and 124.2) and one methoxy group (dH 3.85 s; dC 62.1) were
identiﬁed (Table 1). After the 1H and 13C NMR data of 2 had been
assigned by analysis of its 1H-1H COSY, HSQC, and HMBC spectra, it
was obvious that compounds 1 and 2 have the same 14noreudesmane skeleton. The 1H-1H COSY spectrum of 2 deﬁned
an isopropyl group with correlated protons (CH3)2eCHe [dH 1.10 d
(6H), 3.14 sept (1H)]. The carbon chemical shifts at dC 185.8 and
185.7 ppm (C-6, C-9) were indicative of a quinone structure which,
together with further carbons (C-1C-5, C-7, C-8, C-10), form a 1,4naphthoquinone skeleton. The isopropyl group can be located at C7 with regard to the HMBC correlations of H-11 (isopropyl methine)
with C-7, C-8, and C-6, and correlation between H-12, H-13 and C-7.
The tertiary methyl group (C-15) is attached to C-4 as demonstrated
by heteronuclear long-range correlations of H-15 with C-3, C-4, C-5,
and correlations between H-3/C-15. The position of the methoxy
group at C-1 was suggested by the three-bond correlation between
the methoxy protons at dH 3.85 and C-1 (dC 144.8). The hydroxy
group is located at C-2, as suggested by the molecular composition
and the carbon resonance at dC 153.8. The alternative 1-OH and 2OCH3 structure was excluded because of the absence of a chelated
hydroxy signal at lower ﬁeld. Moreover, the HMBC correlations
between C-6 and H-8, C-10 and H-8, C-5 and H-3, C-1 and H-3, and
C-2 and H-3 were highly informative to elucidate the whole
structure of 2 as 2-hydroxy-7-isopropyl-1-methoxy-4-methyl-1,4naphthoquinone. This compound can be regarded as a paraquinoid 14-noreudesmane, structurally related to compound 1. 14Noreudesmane sesquiterpenes comprise a rare group of natural
compounds; such sesquiterpenes were isolated previously from
Nicotiana tabacum (Solanaceae) [17], Alpinia oxyphylla (Zingiberaceae) [18], from the ascomycete Hypoxylon rickii [19], and from the
edible mushroom Flammulina velutipes. [20].
Compound 3 was obtained as an amorphous solid with [a]D þ19
(c 0.1, MeOH), and its molecular formula was determined by HRESIMS as C20H24O5 with the sodium adduct ion at m/z 367.1516
[MþNa]þ (calcd m/z 367.1516 for C20H24O5Na). The 1H NMR spectrum revealed the presence of six aromatic protons [dH 6.92 (2H),
6.85 (2H), 6.93 (1H) and 6.87 (1H)], four methines (dH 6.35 dd, 6.15
dq, 4.61 d and 4.08 dq, each 1H), two methyls (dH 1.87 dd and 1.16 d,
each 3H), and two methoxy groups (dH 3.88 s and 3.91 s, each 3H)
(Table 2). The 1H-1H COSY spectrum provided four sequences of
correlated protons: eCH]CHeCH3 (dH 6.35 d, 6.15 dd, 1.87 dd)
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Table 2
1
H and 13C NMR spectroscopic data of compound 3 [500 MHz (1H), 125 MHz (13C),
CDCl3, d (ppm) (J ¼ Hz)].
Position

1

1
2
3
4
5
6
7
8
9
10
20
30
40
50
60
70
80
90
2-OCH3
20 -OCH3

e
e
6.92 brs
e
6.85 m
6.93 m
6.35 app dd (15.7, 1.2)
6.15 dq (15.7, 6.7)
1.87 dd (6.7, 1.2)
e
e
6.92 brs
e
6.85 m
6.87 m
4.61 d (8.4)
4.08 dq (8.4, 7.0)
1.16 d (7.0)
3.91 s
3.88 s

H NMR

13

C NMR

145.7
151.1
109.5
133.7
119.0
119.3
130.7
125.1
18.6
147.0
146.8
109.6
132.2
121.0
114.3
78.7
84.5
17.3
56.0
56.2

(propenyl group) and eCH(OH)eCH(OH)eCH3 (dH 4.61 d, 4.08 dq,
1.16 d), and 2  3 protons representing two aromatic rings. After the
13
C NMR assignments were made on the basis of the JMOD and
HSQC spectra, it was evident that compound 3 is a methoxysubstituted phenylpropane dimer. The heteronuclear long-range
correlations detected in the HMBC spectrum were used to determine the position of the substituents on the aromatic rings. The
location of the propenyl group at C-4 was deduced from the
observed HMBC correlations between H-7 and C-3, C-4, and C-5,
while the position of unit eCH(OH)eCH(OH)eCH3 at C-40 was
established by the HMBC cross-peaks of H-70 with C-30 , C-40 , and C50 . The methoxy groups (dH 3.91 and 3.88) were determined to be
located at C-2 and C-20 , respectively, with regard to their threebond correlations with the corresponding carbons. The molecular
composition of 3 and chemical shifts of C-1, C-10 at dC 145.7 and
147.0 proved the connection of the phenylpropane units through an
O atom in position C-1C-10. The oleﬁn bond of propenyl group (C7, C-8) must have E geometry, as indicated by the coupling constant
of J7,8 ¼ 15.7 Hz. The threo structure was elucidated for H-70 /H-80
from the coupling constant of J70,8’ ¼ 8.4 Hz (for the erythro form J70,80
is usually 5 Hz) [21]. The absolute conﬁguration of compound 3 was
not determined.
Compound 4 was identiﬁed as caulilexin C after evaluation of its
APCIMS and 1D and 2D NMR spectra. This compound belongs to the
group of phytoanticipins, which are produced by some crucifers, for
example by Brassica oleraceae or Brassica rapa cultivars infected
with Albugo candida or elicited by UV light [22]. Caulilexins are
derived from tryptophan, and therefore contain an indole moiety
attached to different functional groups; indol glucosinolates are
regarded as their biosynthetic precursors [23].
Uvaol was also isolated and identiﬁed by comparison of its NMR
chemical shifts with published data [24,25]. This compound was
previously isolated from the seeds of E. rhamnoides [26].
2.2. Antiviral activity of compounds 1e3 and 5-8
The isolated compounds 1e3 and a structurally close naphtoquinone and substituted naphtalenes 5e8, obtained from
R. aquaticus by our group were investigated for antiviral activity [7].
First, the cytotoxicity of compounds 1e3 and 5e8 was tested at a
concentration of 100e0.78 mM. All the compounds were dissolved
in DMSO and diluted in culture medium. The maximum
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concentration of DMSO showed no cytotoxicity for Vero cells. After
24 h of incubation, cell viability was determined by the MTT test.
The compounds showed a CC50 value higher than 100 mM, except
for compound 8, which was rather toxic for Vero cells with a CC50
value of 6.25 mM (data not shown).
To evaluate the possible antiviral effect of sea buckthorn compounds, HSV-2 infected (MOI: 0.01) Vero cells were treated with a
series of 2-fold diluted (100e0.78 mM) compounds. After one day of
incubation the supernatants from the wells were harvested, and
viral yield was titrated. Applying this traditional virus yield
reduction assay, compounds 1 and 3 was found to cause a 2 log10
and 3.49 log10 reduction of HSV-2 yield, respectively, at a concentration of 12.5 mM, compared to the virus titre of untreated control
samples (Fig. 4A). This ﬁnding is in line with literature data, which
demonstrate that acyclovir, the gold standard of anti-HSV therapy,
produces a 1e5.06 log10 reduction of HSV-2 yield at a concentration
of 6.25 mM [27]. Compound 2 exerted antiviral activity at concentrations of 50 mM or higher only. Musizin (5) has antiviral activity at
a concentration of 12.5 mM, causing a 2.33 log10 reduction in virus
yield (Fig. 4C). The anti-HSV-2 effect of musizin (5) demonstrated in
our experiments is concordant with the result of Gescher et al. who
reported the anti-HSV-1 activity of this compound [28].
To validate our results, the direct qPCR method was used [29] to
determine the level of HSV-2 growth inhibition induced by serial
dilutions of the compounds in the virus-infected cells. Similarly to
our ﬁndings from the yield reduction assay, inhibition curves based
on the qPCR results showed that the most potent compounds
against HSV-2 were compounds 1 and 3 (Fig. 4B). The maximum
HSV-2 growth corresponded to a DNA concentration of Ct ~15 in the
direct qPCR assay. The compound concentration that decreased
HSV-2 growth and corresponding DNA content by 50% (IC50),
increased the qPCR Ct value by approximately one cycle. Also, the
compound concentration that inhibited HSV-2 growth by 90%
(IC90), raised the Ct value by ~3.32 cycles. In case of compounds 1
and 3 the IC50 and IC90 values were between 6.25 and 12.5 mM,
while the IC50 value for compound 2 was ~25 mM and the IC90 value
for compound 2 was between 25 and 50 mM (Fig. 4B). Musizin (5)
also exerted a high antiviral activity with an IC50 of ~12.5 mM and
IC90 of 25e50 mM (Fig. 4D). Torachrysone-8-O-glucoside (7) had no
effect on HSV-2 growth in the concentration range applied, while
the IC50 value for musizin-8-O-glucoside (6) was ~25 mM and the
IC90 value was between 50 and 100 mM. 2-methoxystipandron (8)
did not show any antiviral effect at the non-toxic concentration of
6.25 mM (data not shown).
3. Conclusions
The present paper reports the occurrence of sesquiterpenes (1,
2), a phenylpropane heterodimer (3), and caulilexin C (4) in
E. rhamnoides for the ﬁrst time. Sesquiterpenes 1 and 2 are based on
the rare 14-noreudesmane skeleton. Compound 1 was identiﬁed as
6,9-dihydroxy-1-oxo-14-noreudesm-5,7,9-triene,
its
absolute
conﬁguration was determined by the TDDFT-ECD method. In
addition, uvaol was isolated from the fruit peel; this compound was
isolated previously from the seed of the plant [26].
The dose dependent inhibitory effect of certain sesquiterpenes
(1, 2), phenylpropane dimer (3), naphthalenes (5e7), and 1,4naphthoquinone (8) derivatives isolated from E. rhamnoides (1e3)
and R. aquaticus (5e8) were investigated against HSV-2 virus
infected Vero cells, by applying the traditional virus yield reduction
test and the qPCR method. Compounds 1 and 3, as well as musizin
(5) were demonstrated to have a potent anti-HSV-2 activity. In case
of glucosides, such as musizin-8-O-glucoside (6), only a moderate
anti-HSV-2 activity was observed.
Isolating two new 14-noreudesmane sesquiterpenes (1, 2) from
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Fig. 4. Antiviral effect of compounds 1e3 and 5e7. Vero cells were infected with HSV-2 (MOI 0.01) in the presence of various concentrations of the test compounds and were
incubated for 24 h (n ¼ 4). At 24 h post-infection, the cells were lysed and the virus yield reduction induced by the test compounds was evaluated by comparing the yield to that
seen in untreated Vero cells. (Data represent the geometric means of virus yield reduction and standard deviations) (Fig. A, C). The HSV-2 DNA concentration in the lysates was
measured by direct qPCR (Fig. B, D). (Data represent the average Ct values ± standard deviations).

sea buckthorn, and demonstrating the antiviral properties of
several compounds present in the fruit peel of the plant are signiﬁcant novelties of our study. Based on our results, sea buckthorn
is worth being further studied, as it could be a potential source of
agents with considerable anti-HSV-2 activity, and thus it might
provide alternative drug candidates for the treatment of patient
populations infected with acyclovir- and penciclovir-resistant
strains of the virus.
4. Experimental
4.1. General procedures
Optical rotations were measured in MeOH by using a PerkinElmer 341 polarimeter. NMR spectra were recorded in CDCl3 on a
Bruker Avance DRX 500 spectrometer at 500 MHz (1H) and
125 MHz (13C), and on a Bruker Ultrashield Plus 600 spectrometer
at 600 MHz (1H) and 150 MHz (13C). The peak of the residual solvent (dH 7.26, dC 77.2) was taken as reference. In the 1H-1HCOSY,
HSQC, and HMBC experiments, gradient-enhanced versions were
employed. Data were recorded and processed with the MestReNova
v6.0.2e5475 software. Chemical shifts are expressed in parts per
million, and coupling constant (J) values are reported in Hz. Lowresolution ESI mass spectra were recorded on an API 2000 triple
quadrupole mass spectrometer equipped with an electrospray
interface. High-resolution MS data were recorded on a Thermo Q
Exactive mass spectrometer equipped with an ESI electrospray
source. The resolution was above 40,000. Data were recorded and
processed with the Thermo Xcalibur software. ECD spectra were
recorded on a JASCO J-810 spectropolarimeter.
For vacuum-liquid chromatography (VLC) silica gel (60 GF₂₅₄,
15 mm, Merck) and reversed phase silica gel (LiChroprep RP-18,
40e63 mm, Merck) were used. Pre-coated normal phase silica gel
plates (60 F254, 0.25 mm, Merck) and reversed phase silica gel plates
(60 RP-18 F₂₅₄s, Merck) were used for thin-layer chromatography
(TLC) analyses and preparative TLC. Spots were visualized by
heating (105  C) after spraying the plates with concentrated H2SO4.

Centrifugal planar chromatography (CPC) was performed on selfcoated silica gel (60 GF₂₅₄, 15 mm, Merck) and aluminium oxide
(60G neutral, type E) plates using a Chromatotron instrument
(Harrison Research).
4.2. Plant material
E. rhamnoides was organically cultivated and harvested in Fajsz,
Hungary. Dried peel were donated by Bio-Drog-Berta Ltd., Kalocsa,
Hungary. The plant was identiﬁed by Zolt
an Berta. A voucher
specimen has been deposited at the herbarium of the Institute of
Pharmacognosy, University of Szeged (voucher no. 878).
4.3. Extraction and isolation
Dried peel (3 kg) was percolated at room temperature with 70%
MeOH (30 L). The crude extract was concentrated (2 L) and partitioned with CHCl3 (6  1.5 L). The CHCl3 fraction (27 g) was submitted to VLC on silica gel column (A) using a step gradient of nhexaneacetone 9:1 (600 mL), 8:2 (500 mL), 7:3 (500 mL), 6:4
(500 mL), 4:6 (500 mL), 3:7 (500 mL) and acetone 300 mL to yield
68 fractions. Fractions of 50 mL were collected and monitored by
TLC. Fractions A1e20 (2.4 g), A21e31 (2.7 g), A32e41 (2.7 g),
A42e49 (2.1 g), A50e55 (3.8 g), A56e61 (1.1 g) and A62e68 (3.5 g)
were combined. Fractions A21e31 was fractionated by VLC on silica
gel column (B) with cyclohexaneeCH2Cl2eMeOH mixtures
(20:60:0, 20:60:1, 20:60:1.2, 20:60:1.6, 20:60:2) as eluent, collecting 66 fractions. Fractions B18e27 (12.0 mg) were puriﬁed by
preparative RP TLC using acetonitrileeH2O 7:3 as mobile phase and
afforded compound 1 (10.3 mg). Fractions B40-60 (1.15 g) were
submitted to CPC on silica gel plate (C) using a step gradient of nhexaneeCH2Cl2eMeOH to yield 45 fractions. Fractions C20-29
were chromatographed by CPC on Al2O3 plate using a step
gradient of n-hexaneeacetone, and pure compounds 2 (2.8 mg), 4
(1.5 mg), and 5 (5.8 mg) were isolated. VLC fractions B58e70
(35.0 mg) were fractionated by VLC on RP silica gel column (D) with
acetonitrileeH2O mixtures (3:7, 4:6, 1:1, 6:4, 7:3, 8:2) as eluent,

D. Redei et al. / Tetrahedron 75 (2019) 1364e1370

collecting 60 fractions. Fractions D28e33 were puriﬁed by preparative TLC using cyclohexaneeCH2Cl2eMeOH 5:15:1 as mobile
phase and afforded compound 3 (12.3 mg).
4.3.1. (R)-6,9-Dihydroxy-1-oxo-14-noreudesm-5,7,9-triene (1)
1
Amorphous solid; [a]26
D e18 (c 0.2, MeOH); H NMR (500 MHz,
13
CDCl3) and C NMR (125 MHz, CDCl3) data, see in Table 1; ECD
(MeCN, l [nm] (Dε), c 5.34  104 M): 325 (þ1.22), 312sh (þ1.08),
280 (0.33), 261 (þ0.60), 232sh (0.80), 202 (5.77); HRESIMS m/z
235.1329 [MþH]þ calcd for 235.1329 C14H19O3; ESIMS positive
mode m/z 235 [MþH]þ, 220 [MþHCH3]þ, 205 [MþH2  CH3]þ,
192, 174, 147, 128.
4.3.2. 2-Hydroxy-1-methoxy-6,9-dioxo-14-noreudesm-1,3,5(10),7tetraene (2)
Amorphous solid; 1H NMR (600 MHz, CDCl3) and 13C NMR
(150 MHz, CDCl3) data, see in Table 1; HRESIMS m/z 261.1124
[MþH]þ calcd for 261.1121 C15H17O4; ESIMS positive mode m/z 261
[MþH]þ, 243 [MþHH2O]þ, 219, 207.
4.3.3. 1-[3-Methoxy-4-(2-methoxy-4-(1E)-propenyl-phenoxy)phenyl]-propane-1,2-diol (3)
Amorphous solid; [a]D þ19 (c 0.1, MeOH); 1H NMR (500 MHz,
CDCl3) and 13C NMR (125 MHz, CDCl3) data, see in Table 2; HRESIMS
m/z 367.1516 [MþNa]þ calcd for 367.1516 C20H24O5Na, 327.1592
[MþHH2O]þ calcd for 327.1596.
4.3.4. Caulilexin C (4)
Yellow liquid; 1H NMR (600 MHz, CDCl3) d ppm 7.26 (1H, s, H-2),
7.50 (1H, d, J ¼ 8.0 Hz, H-4), 7.11 (1H, dt, J ¼ 7.5, 0.5 Hz, H-5), 7.25
(1H, dt, J ¼ 7.5, 0.5 Hz, H-6), 7.39 (1H, d, J ¼ 8.0 Hz, H-7), 3.75 (2H, d,
J ¼ 0.7 Hz, H-10), 4.03 (3H, s, OCH3); 13C NMR (150 MHz, CDCl3)
d ppm 121.7 (C-2), 117.9 (C-3), 118.4 (C-4), 120.5 (C-5), 123.3 (C-6),
108.7 (C-7), 132.3 (C-8), 122.4 (C-9), 14.3 (C-10), 100.3 (C-11), 66.2
(OCH3). APCIMS m/z 187 [MþH]þ, 204 [MþHþNH3]þ, 251
[MþHþ2✕MeOH]þ.
4.4. Computational methods
Mixed torsional/low-frequency mode conformational searches
were carried out by means of the Macromodel 10.8.011 software
using the Merck Molecular Force Field (MMFF) with an implicit
solvent model for CHCl3 [30]. Geometry reoptimizations were
carried out at the B3LYP/6-31G(d) level in vacuo, and at the B97D/
TZVP [31,32] and the CAMB3LYP/TZVP [33] levels with the PCM
solvent model for MeCN. TDDFT ECD calculations were run with
various functionals (B3LYP, BH&HLYP, CAM-B3LYP, PBE0), and the
TZVP basis was set as implemented in the Gaussian 09 package
with the same or no solvent model, as in the preceding DFT optimization step [34]. ECD spectra were generated as sums of Gaussians with 3000 cm1 widths at half-height (corresponding to ca.
27 nm at 300 nm), using dipole-velocity-computed rotational
strength values [35]. Boltzmann distributions were estimated from
the ZPVE-corrected B3LYP/6-31G(d) energies in the gas-phase calculations and from the B97D/TZVP and CAM-B3LYP/TZVP energies
in the solvated ones. The MOLEKEL software package was used for
visualization of the results [36].
4.5. Cultivation and quantiﬁcation of herpes viruses
The HSV-2 strain (donated by Dr. Ilona Mucsi, University of
Szeged, Szeged, Hungary) was grown in Vero cells (ATCC) and
infectivity was measured in the same cell line by using the plaque
titration method [27].
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4.6. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay
MTT assay was carried out to identify the highest non-toxic
concentration of compounds 1e3 and 5e8 with potential antiviral activity. The medium was removed from Vero cells after an
overnight period of growing, and fresh medium complemented
with serial 2-fold dilutions of all compounds was added to three
parallel wells for each concentration. After 24 h the MTT assay was
performed as described earlier [37].
4.7. Assays for testing antiviral activity
The antiviral activity of sea buckthorn compounds was investigated in Vero cells. Cells were seeded in 96-well plates and were
infected with HSV-2 at a multiplicity of infection (MOI) of 0.01.
After a 1 h adsorption period, the inoculum was removed, the cultures were washed twice, and culture medium containing the plant
compounds in different concentrations was added. After a 24-hour
incubation period, the cultures were washed with phosphate
buffered saline, and ﬁnally 100 mL Milli-Q water (MQ) (Millipore,
Billerica, MA, USA) was added to the cells, and the cultures in the
plate were frozen.
4.7.1. Measuring antiviral activity using a qPCR method
DNA release from the infected cells was achieved by two
freezeethaw cycles. 1 mL of the lysates were used directly in a qPCR
assay. Each antiviral test was performed in 3 parallel wells. The
qPCR assay was performed using a Bio-Rad CFX96 real time system,
as described earlier [29]. Brieﬂy, a HSV-2 gD2 gene speciﬁc primer
pair was applied during the qPCR process. The primer sequences
were the following: gD2: 50 -TCA GCG AGG ATA ACC TGG GA-30 , 50 GGG AGA GCG TAC TTG CAG GA-3’. The qPCR mixture consisted of
5 mL SsoFast™ EvaGreen® Supermix (Bio-Rad, Hercules, CA, USA), 11 mL of forward and reverse primers (10 pmol/mL each) and 1 mL
template, and 2 mL MQ water was added to get a ﬁnal volume of
10 mL. After a 10-min polymerase activation step at 95  C, 40 PCR
cycles of 20 s at 95  C and 1 min at 64  C were performed. Fluorescence intensity was detected at the end of the annealingextension step. The speciﬁcity of ampliﬁcation was conﬁrmed by
melting curve analysis. For each PCR, the cycle threshold (Ct) corresponding to the cycle where the ampliﬁcation curve crossed the
base-line was determined.
4.7.2. Determination of TCID50 by the virus yield reduction
technique
The virus yield in the supernatants of infected and plant
compound-treated Vero cells was determined by the traditional
dilution method. Vero cells (60,000 cells/well) were seeded onto
96-well ﬂat-bottomed plates and cultivated for 24 h at 37  C at 5%
CO2 to produce a semi-conﬂuent monolayer. Then the growth
medium was removed and 10-fold dilutions of HSV-2 in the
absence of the test compound (virus control), as well as compoundtreated HSV-2-infected cell supernatants were added in quadruplicate, and plates were incubated at 37  C until typical cytopathic
effect (CPE) was visible. After 48 h, the CPE of the virus was
examined using an inverted microscope, and virus titres were
estimated according to the Reed-Muench method, expressed as
TCID50/mL. The test compounds' antiviral activity was measured as
the reduction of viral titre (log10) in the presence of each compound, compared to the virus titre of the control sample.
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