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Genital herpes disease caused by HSV-2 infections is a worldwide public health 

epidemic with a global prevalence estimated at 500 million. These individuals serve as a 

reservoir for transmission of the virus to naïve individuals resulting in a global increase of 

26 million new infections per year. Complications associated with first-episode infections 

acquired from horizontal transmission can include aseptic meningitis and psychosocial 

morbidity and neonates can be infected by virus shed into the vagina during birth leading 

to the development of severe sequelae or even death. Infection with HSV-2 also increases 

the susceptibility to HIV-1 infection more than five-fold. Antiviral chemoprophylaxis 

exists capable of reducing or abrogating clinical signs of primary or recurrent disease 

outbreaks, however long-term antiviral suppression does not clear the latent infection and 

cannot completely prevent transmission to the uninfected. There is currently no licensed 

vaccine to prevent HSV-2 infection and failures in recent clinical trials highlight the need 

for improved vaccine formulations containing multiple antigenic targets in order to 

stimulate a robust humoral and cellular immune response.  

The most widely used animal model for the study of genital herpes is the mouse, 

however studies in this animal are limited to acute infection only. The guinea pig, a more 
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robust model that closely mimics human disease, can be used to study both primary and 

recurrent disease, however this animal model is limited due to the lack of immune reagents 

for this species. Development of new reagents to elucidate the immune response to 

infection and disease in the guinea pig would therefore benefit the field of genital herpes 

and other diseases for which the guinea pig is the better animal model.  
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CHAPTER I 

Herpes Simplex Virus Type 2 and Genital Herpes 

TAXONOMY AND STRUCTURE  

Eight viruses belonging to the family Herpesviridae have been identified that are 

adapted to humans as their primary host: Herpes simplex viruses types 1 and 2 (HSV-1 and 

HSV-2), human cytomegalovirus (HCMV), varicella-zoster virus (VZV), Epstein-Barr 

virus (EBV) and Human herpesviruses 6, 7, and 8 (HHV-6, HHV-7, HHV-8) [1]. These 

viruses share four common biological properties [1]: 

1. The viral genome encodes a large array of enzymes for nucleic acid 

metabolism, DNA synthesis and protein processing. 

2. Viral DNA synthesis and capsid assembly is restricted to the nucleus 

(although final virion processing/assembly occurs in the cytoplasm). 

3. Production of infectious progeny virus results in the destruction of the 

infected host cell. 

4. The ability to remain latent in their respective hosts. 

The eight viruses have been further divided into three subfamilies based on their 

biological properties: the neurotropic Alphaherpesvirinae (HSV-1, HSV-2, and VSV), the 

lymphotropic Betaherpesvirinae (HCMV, HHV-6 and HHV-7), and Gammaherpesvirinae 

(EBV and HHV-8) [1].  

HSV-2 is one of the most common sexually transmitted infections worldwide and 

represents a major public health concern [2, 3]. The majority of the dissertation work 

described herein will focus on this Alphaherpesvirus, and so the remainder of this chapter 

will focus on describing HSV-2 and its viral-host interactions. 
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The HSV virion is comprised of four structural elements: the core; the capsid; the 

tegument; and an outer envelope [4]. 

The core is comprised of a double-stranded DNA (dsDNA) genome that is 

approximately 152 kilo base pair (kbp) in length and contains a guanine and cytosine 

content of approximately 70% [5]. The genome may be viewed as two regions designated 

as Long (L) and Short (S) segments, that are flanked on each end by a pair of inverted 

repeat elements (Figure 1.1) [5, 6]. Repeat elements for the L segment are designated ab 

and a’b’ ; S segment repeats are designated as a’c’  and ca [4]. The unique (U) segments, 

designated UL and US (Figure 1.1) after their respective components, contain a total of 74 

genes that encode distinct proteins and these genes correspond closely to the gene set for 

HSV-1 [5]. 

 
Figure 1.1. Structural organization of the HSV-2 genome. 
The two covalently linked regions of the HSV-2 genome are denoted as L (long) and Short 
(S). Each region is bounded by a pair of inverted repeats that are denoted ab and a’b’  for 
L and a’c’  and ca for S. The unique sequences, denoted UL and US, code for the viral 
proteins. Adapted from: Roizman, B., D.M. Knipe, and R.J. Whitley, Herpes Simplex 
Viruses, in Fields Virology, B.N. Fields, D.M. Knipe, and P.M. Howley, Editors. 2007, 
Wolters Kluwer Health/Lippincott Williams & Wilkins: Philadelphia. p. 2502-2601. 
Reproduced with permission.   

The viral capsid surrounds the core and is arranged in a T=16 icosahedral 

symmetry. It is contains 162 capsomers that form an outer and intermediate layer each 

composed of the viral proteins (VP) VP5, VP26, VP23, and VP19C [4]. 

The tegument fills the space between the undersurface of the lipid envelope and the 

capsid surface. It is an unstructured, proteinaceous layer composed of at least 20 viral 

proteins [4, 7]. These proteins are released into the host cell upon virion entry and mediate 

a number of essential functions including immune evasion, regulation of host and virion 

protein expression, and assembly of virions during egress from the host cell [7]. A number 

a a’b’b ac’ cUL US

L segment S segment
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of these tegument proteins have also been found to contain important T-cell epitopes that 

may have potential for use in vaccine development [8, 9]. 

The viral envelope is an outer lipid bilayer with approximately 11 different viral 

glycoproteins (g) embedded in its structure. These glycoproteins are designated gB, gC, 

gD, gE, gG, gH, gI, gL, and gM; with two additional glycoproteins, gJ and gN, that are 

believed to associate with the envelope although this has not been confirmed [4]. gG is the 

source of antigenic specificity between HSV-1 and HSV-2 and the antibody response to 

this glycoprotein allows the distinction between the two virus serotypes that otherwise 

share 83% genome sequence homology between the protein-coding regions [10]. 

Additionally, due to their exposure on the surface of the virion, the HSV membrane 

glycoproteins elicit a robust antibody response from the host. In this regard gB, the gH/gL 

complex and gD are particularly important with gD being one of the most potent inducers 

of neutralizing antibodies for either HSV serotype [11]. These four glycoproteins, gB, gD, 

gH and gL, are necessary for virus attachment and entry into a host cell [12] and will be 

discussed in more detail below. 

EPIDEMIOLOGY OF GENITAL HERPES 

HSV-2 is the primary cause of genital herpes infecting >500 million people 

worldwide and causes an estimated 23 million new infections annually [2]. Recently 

analysis of data collected through the National Health and Nutrition Examination Surveys 

(NHANES) estimated HSV-2 seroprevalence in persons aged 14-49 years in the United 

States to be 16.2% [3]. Data obtained from NHANES have been used to stratify HSV-2 

prevalence estimates by race/ethnicity, sex and age. These analyses show that HSV-2 

seroprevalence increases with age from 1.4% in persons aged 14-19 to 26.1% in persons 

aged 40-49 [3], likely a result of the chronic nature of HSV-2 [13]. These studies also found 

that persons who did not have a stable partnership had higher HSV-2 prevalence. Both 

observations regarding age- and relationship-related patterns were similar across race 
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groups; however, higher HSV-2 prevalence was found for Black men and women 

compared to White, Hispanic or other racial groups across ages [13]. These estimates found 

that Black, non-Hispanic populations had three times greater HSV-2 seroprevalence than 

White, non-Hispanic or Mexican Americans [3].  

As with other STIs [14, 15], women bear a higher burden of genital HSV-2 

infection (Figure 1.2), with estimates of HSV-2 seroprevalence in the United States 

reaching nearly 21% in  women compared to  only 11.5% in men [3]. While the disparity  

 

Figure 1.2. Wordwide HSV-2 seroprevalence in women. 
Global HSV-2 infection in women based on serological data compiled from studies 
published within the last 15 years. Areas where no data were available are indicated by 
white. Adapted from: Schiffer, J.T. and L. Corey, Rapid host immune response and viral 
dynamics in herpes simplex virus-2 infection. Nat Med, 2013. 19(3): p. 280-90. Reproduced 
with permission. 

is not as pronounced globally, Looker et al. found high HSV-2 seroprevalence for women 

(ages 15-49 years; 12.8%) compared to men (10.8%) across the same age range [2]. The 

reasons for the increased HSV-2 burden in women are not entirely clear. It has been 

postulated that anatomical differences between men and women increase the efficiency of 
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transmission in the male-to-female direction [2]. Additionally, it has been suggested that 

changes in sexual contact patterns between different age classes of women and men may 

account for the observed discrepancy [16]. This is supported by NHANES data that shows 

HSV-2 incidence increases with age, thus young women having contact with older men 

could be at a higher risk of acquiring the virus during sexual contact. 

NATURAL HISTORY  

Genital herpes infection normally occurs when the virus comes into contact with a 

susceptible mucosal surface or areas of epithelial disruption often as a result of sexual 

contact [17, 18]. The virus undergoes cytolytic replication at the site of inoculation that 

results in a primary infection in susceptible individuals (i.e. individuals without preexisting 

antibodies to HSV due to a previous exposure to this virus) [19].   

Primary genital herpes infection can be accompanied by the development of painful 

lesions on the external genitalia and mucous membranes. These normally develop 

approximately 4-7 days after sexual exposure (Figure 1.3) [20]. These lesions may present 

in a number of forms progressing from macules and papules to vesicles and finally pustules 

or ulcers [21, 22]. The primary infection is normally self-limiting resolving within a few 

weeks in immunocompetent individuals [23]. However, it can be accompanied by 

complications including most severely autonomic dysfunction and aseptic meningitis [20, 

24]. Less severe complications can include malaise, headache, myalgia and fever [25]. 

Additionally in women there is a chance for vertical transmission from the mother to the 

neonate [26]. Incidence of vertical transmission have been reported to be an estimated 31 

out of 100,000 live births [27] and often results from the infant being exposed to HSV 

during delivery [28, 29]. Neonatal herpes disease can be mild particularly if it is confined 

to the skin and mucous membranes. However, it can also present as neurologic disease 

including encephalitis and as a disseminated infection in which case the infection can be 
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fulminating with severe sequelae including cognitive impairment, organ dysfunction, 

neurological  disease  and even death [20, 23, 30]. Importantly,  although  neonatal herpes  

 

Figure 1.3. Pathogenesis of primary HSV-2 infection and latent reactivation. 
Initial HSV-2 infection occurs through sexual contact or perinatal transmission and results 
in viral entry and replication within epithelial cells. During primary infection, the virus 
enters the axonal termini of neurons innervating the dermis, translocates to the nucleus in 
the ganglion and establishes a life-long latent infection. During latency, the virus can 
reactivate and produce new infectious virions that are transported back down the axon to 
the initial site of infection where a new round of replication can begin. Viral shedding in 
the presence (clinical reactivation) or absence (subclinical reactivation) of genital lesions 
can then occur and lead to transmission to other sexual partners. Adapted from: Gupta, R., 
T. Warren, and A. Wald, Genital herpes. Lancet, 2007. 370(9605): p. 2127-37. Reproduced 
with permission. 
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infection is most often associated with a maternal primary infection at the time of delivery 

or also may occur during viral reactivation that results in shedding of the virus into the 

genital tract. 

It is important to note that many individuals that are or become infected with HSV 

do not experience clinical signs of disease, leaving many people unaware of their HSV 

infection status. In fact, between 60-80% of all HSV infections are asymptomatic or 

unrecognized [3, 31]. 

During a primary HSV infection, virus spreads from infected epithelial cells to 

sensory neurons innervating the site of infection through the axonal termini within the 

tissue (Figure 1.3) [32]. Once within the axon, the virus undergoes retrograde transport to 

the neuronal cell body where the viral DNA becomes circularized to form an episome and 

establishes a latent viral state and lifelong infection [33, 34]. During latency the virus can 

reactivate through stress or other unknown factors [35]. Reactivation leads to the 

production of new virions that undergo anterograde transport from the neuronal cell body 

back down the axon to the site of initial infection [32].  

These episodes of virus reactivation may result in the development of recurrent 

genital lesions or ulcers but can also involve viral shedding into the genital tract in the 

absence of clinically recognized symptoms [20]. A study conducted on a group of HSV 

seropositive women showed that virus shed in the absence of symptoms, called 

asymptomatic shedding, occurred on over 30% of the total days sampled and over 50% of 

the women sampled experienced at least one asymptomatic shedding event during the 60+ 

days of sampling [36]. Additional studies have shown that half of HSV reactivations last 

≤12 hours and over 80% of genital mucosal HSV reactivations were asymptomatic [37], a 

finding that was further supported by the results of mathematical modeling studies 

conducted by Schiffer et al. suggesting a near constant release of virus from the neurons 

innervating the genital tract [38]. Asymptomatic shedding is believed to be a major source 
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of virus transmission to uninfected individuals and represents a major public health concern 

for the control of genital herpes worldwide [39, 40]. 

HSV-2 ENTRY AND REPLICATION  

The process by which HSV-2 gains entry into a host cell is complex and involves 

several distinct steps. Briefly, the virus must first make contact with and attach to the cell 

surface. Next, viral glycoproteins must encounter their specific entry receptors to proceed 

with internalization of the virion into the host cell. Finally, membrane fusion must occur 

to release the capsid into the host cell cytoplasm [41].  

The first step to viral entry is the reversible binding of either of gB or gC to cell-

surface heparan sulfate and chondroitin sulfate proteoglycans [41]. gC is not considered 

essential for this binding as gB may provide this function in the absence of gC. Next, gD 

must bind to one of its specific receptors, nectin-1, herpesvirus entry mediator (HVEM), 

or a form of heparan sulfate modified by 3-O-sulfotransferases (3-OS HS) [4]. 

Displacement of the C-terminus of gD triggered by receptor binding exposes a previously 

hidden region of gD that interacts with the viral gH/gL complex resulting in a 

conformational change of the complex [12]. The changed gH/gL complex then interacts 

with gB, up-regulating it into a fusogenic state that allows gB to extend fusion loops into 

the cell plasma membrane. Interactions between the ectodomains of gB and gH/gL then 

convert gB into a post-fusion state that leads to a successful fusion of the viral envelope 

with the cell membrane [12]. The virion nucleocapsid is then delivered into the cell 

cytoplasm and viral replication can begin. Additionally, release of the tegument proteins 

occurs coincident with the release of the nucleocapsid. These virus proteins migrate to 

locations within the host cell and prepare the infected cell for virus replication [4].  

While the majority of HSV-2 cellular entry is believed to occur by the method 

described above, a second auxiliary pathway has also been described. This pathway 

requires endocytosis of the virion followed by receptor-dependent fusion of the endocytic 
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vesicle membrane with the virion envelope, resulting in the release of the capsid into the 

cell [4].  

HSV replication, including transcription of the viral genome, DNA replication, and 

new capsid assembly, takes place in the cell nucleus [4]. The process begins with the 

transcription of viral DNA using the host cell RNA polymerase II in conjunction with viral 

factors that vary depending on the stage(s) of replication. Viral gene products are 

synthesized in a tightly regulated and sequentially ordered fashion as shown in Figure 1.4 

[4]. The immediate early, or alpha (α), genes are expressed first and are transcribed in the 

absence of de novo viral protein synthesis. Expression of the delayed early, or beta (β) 

genes, is initiated by the α gene products [4]. The products of β gene activation are 

comprised of DNA-binding proteins and enzymes necessary for viral DNA replication, 

which is accomplished by a rolling circle mechanism. Finally, the late (gamma, γ) genes 

are then expressed following viral DNA replication and are primarily involved in progeny 

virion assembly [4]. The virions are packaged and can then exit the cell either through 

fusion of transport vesicles with the plasma membrane or through lytic release into the 

extracellular space.  

IMMUNE RESPONSE TO INFECTION  

The immune response to HSV-2 infection involves a complex interplay between 

both the innate and adaptive arms of the host immune system. The initial response is the 

activation of innate immunity that is crucial in the early control of viral replication and 

dissemination [42]. Further, the innate response plays an essential role in priming the 

acquired immune responses necessary for controlling viral replication and resolution of 

disease [43]. Adaptive immunity is necessary for resolving the infection; however the 

acquired immune responses are insufficient without the aid of early innate immune 

mechanisms [44].  
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Figure 1.4. HSV-2 entry and replication cycle. 
1) The virion binds to the cell membrane and initiates a series of conformational changes 
in gD, the gH/gL complex and gB to fuse with the cell envelope and release the capsid and 
tegument proteins into the cytoplasm. 2) Transport of the capsid to the nuclear pore results 
in the release of viral DNA into the cell nucleus. 3) Host mRNA is degraded by the virion 
shut-off (vhs) protein. 4) VP16 is localized to the cell nucleus. 5) The viral DNA 
circularizes. (6) VP16 stimulates virus α gene transcription by host RNA polymerase II. 
Nuclear viral gene expression is further mediated by 5 of the 6 immediate early (IE) virion 
proteins. (7) β gene transcription is transactivated by α proteins. 8) The viral DNA molecule 
is replicated with the help of β proteins. 9) The synthesis of virion DNA results in the 
stimulation of γ gene expression. 10) New virus capsids are assembled in the nucleus with 
the help of γ proteins. The γ proteins also modify the nuclear and cellular membranes for 
use in final virion assembly. 11) The viral DNA is placed into the capsid. 12) The capsid 
containing viral DNA buds through the inner nuclear membrane forming an enveloped 
virion that then exits the cell. Adapted from: Roizman, B., D.M. Knipe, and R.J. Whitley, 
Herpes Simplex Viruses, in Fields Virology, B.N. Fields, D.M. Knipe, and P.M. Howley, 
Editors. 2007, Wolters Kluwer Health/Lippincott Williams & Wilkins: Philadelphia. p. 
2502-2601. Reproduced with permission. 

HSV-2 infects cells at the mucosal epithelial surface and is detected by toll-like 

receptors (TLRs) found on epithelial cells, antigen-presenting cells (APCs), natural killer 

cells (NKs) and plasmacytoid dendritic cells (pDCs) [44]. As shown in Figure 1.5, this 

results in activation of Type I interferons (IFNs) that initiate a positive feedback-production 
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loop in both an autocrine and paracrine manner [42, 45]. The protective benefits of this 

IFN production have been highlighted in studies conducted using TLR ligands to prime the  

 

Figure 1.5. The immune response to HSV-2 infection. 
A) HSV-2 infection of epithelial cells is detected by TLRs that induce Type I IFN 
production in a positive feedback loop. This initializes an antiviral state in the surrounding 
epithelial cells and drives DC maturation, IL-15 production and promotes NK proliferation 
and survival. B) The release of IFNγ by NK cells aids in the antiviral response; NK release 
of perforin/granzyme can induce apoptosis to kill virally infected cells. (C) APCs recruit 
and activate CD4+ T-cells. D) Activated CD4+ T-cells secrete IFNγ and induce epithelial 
cells to secrete chemokines to attract CD8+ T-cells. E) HSV-2 specific CD8+ T-cells 
additionally secrete IFNγ and utilize the fas-mediated or perforin pathways to kill infected 
cells. F) CD4+ T-cells activate recruited B-cells to produce antibodies; however HSV-2 
can evade antibody-mediated protection. G) Treg cells have been found at sites of infection 
but their role in the response to HSV-2 infection is unclear. Adapted from: Chan, T., et al., 
Innate and adaptive immunity against herpes simplex virus type 2 in the genital mucosa. J 
Reprod Immunol, 2011. 88(2): p. 210-8. Reproduced with permission. 
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immune response in animal models of genital herpes. These studies showed that pre-

stimulation of the immune response using TLR-3 or TLR-9 agonists to initiate this 

signaling process prior to an HSV-2 infection could protect from disease and lessen viral 

replication [46-48]. Activation of Type I IFNs induces anti-viral gene expression to aid in 

the initial control of viral replication. Additionally, Type I IFNs activate innate effector 

cells critical in the response to HSV-2 infection, including macrophages, DCs, pDCs and 

NK cells (Figure 1.5). Once activated, DCs and macrophages process antigens for 

presentation to effector T-cells to prime the adaptive immune response while pDCs and 

NK cells can produce additional cytokines to help limit the spread of the virus [43]. Thus, 

while the innate immune system controls initial viral replication the antigen-specific 

adaptive response is critical to mediating the clearance of HSV-2 from the local site of 

infection [44].  

Humoral immunity is an important component of the adaptive immune response. 

HSV-2 infection stimulates a robust antibody response that can control infection by binding 

to HSV-2 envelope glycoproteins responsible for entry, potentially limiting infection of the 

mucosae and thereby limiting the spread of virus to the dorsal root ganglia [49]. This may 

be accomplished by the production of non-specific natural antibodies secreted by B-cells 

early during the infection [50] or as a result of targeted, HSV-2 specific immunoglobulins 

G (IgG) and A (IgA) [44].  

During a primary HSV-2 infection, T-cells are an important component of viral 

clearance (as demonstrated in mouse and human models of disease) and the resolution of 

genital herpes lesions (shown in human models of disease) [51, 52]. Further, viral 

containment is enhanced by T-cell responses at sites of infection [53]. IFNγ is an important 

cytokine secreted by both CD4+ and CD8+ T-cells and has been shown to be a crucial factor 

in these mechanisms of viral containment and control. The significance of IFNγ in this 

capacity has been demonstrated by the impaired resolution of HSV-2 disease seen when 

IFNγ was depleted prior to virus challenge in the mouse model of genital herpes [54]. CD8+ 
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T-cells have been considered the primary source of this important effector molecule and 

are considered the dominant adaptive immune cell that contributes to local protection 

against HSV-2 replication in the vaginal mucosa [43]. However, studies have shown that 

depletion of CD8+ T-cells does not abrogate viral clearance, suggesting a compensatory 

role of CD4+ T-cells in resolution of HSV-2 infection [43, 52]. In addition, CD4+ T-cells 

have been shown to be the primary source of early IFNγ production during acute HSV-2 

infection [55] and it is this cytokine that stimulates the secretion of two chemokines, 

CXCL9 and CXCL10, that are important for the recruitment of CD8+ T-cells to sites of 

infection necessary for viral clearance [56, 57]. Taken together, these results strongly 

suggest that an effective immune response includes an early role for CD4+ T-cells that is 

augmented by CD8+ T-cells later during the course of the infection and highlight the 

delicate balance between both of these T-cell subsets that are required for control of a 

primary HSV-2 infection [44]. 

In addition to their importance during a primary HSV-2 infection, T-cells also play 

a major role in preventing HSV-2 reactivation from latency and controlling recurrent 

disease. In mouse studies of HSV-1 latency, both CD4+ and CD8+ T-cells are recruited to 

the ganglion for the life of the animal. Further, the CD8+ cells were found to be in close 

apposition to the neuronal cell bodies, selectively associating with neurons that harbored 

latent HSV-1 [58]. Other studies confirmed these findings and further suggested a role for 

IFNγ secretion by an activated CD8+ effector phenotype in the maintenance of HSV latency 

[59, 60]. Additionally, analysis of samples collected from human biopsies of genital skin 

showed that CD8+ T-cells accumulated at the dermal-epidermal junction near sensory 

nerve endings, suggesting a similar role for T-cells in preventing HSV-2 reactivations [61]. 

These studies also suggest a potential mechanism for the rapid elimination of virus 

by the local immune system should a reactivation occur. Likewise, HSV-2 specific CD4+ 

and CD8+ T-cells accumulate in sites of recurrent lesions during recurrences where they 

persist for months after wound healing, providing surveillance to quickly contain 
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reactivated virus and prevent extensive replication [49, 62]. Collectively, these data support 

an important role for T-cells in the control of HSV-2 reactivations and showed that both 

CD4+ and CD8+ T-cells are necessary to limiting replication of HSV-2 in the vaginal 

mucosa and genital skin during recurrent genital herpes disease. 

ASSOCIATION BETWEEN GENITAL HERPES AND HIV-1  INFECTION  

In addition to the impact on public health caused by genital herpes morbidity, there 

is an increasing body of epidemiological data that supports a close link between genital 

HSV-2 infection and human immunodeficiency virus type 1 (HIV-1) infection [63, 64]. In 

fact, studies have shown that prior infection with HSV-2 increases the risk of HIV-1 

infection between 2- to 4-fold [65, 66].  

A number of factors are believed to contribute to increased HIV-1 infection in 

HSV-2 positive individuals. Of these, the primary contributing factor is suggested to be the 

lytic replication of HSV-2 in the genital epithelium that causes damage leading to breaks 

in the mucosal barrier, reducing its effectiveness and increasing the potential for HIV-1 

infection [67]. Immune cell recruitment to sites of HSV-2 infection also increases the 

numbers of HIV-1 target cells, including CD4+ T-cells expressing CCR5 (an HIV-1 co-

receptor) and/or myeloid dendritic cells (DCs) expressing DC-SIGN or CD123 (both HIV-

1 co-receptors) [68, 69]. In HSV-2 infected individuals these cells have been found to be 

10-fold higher than at similar sites in non-HSV-2 infected persons [70]. These cells can 

persist at sites of previous HSV-2 reactivations for months and are not impacted by 

antiviral therapy [61, 69].  

It also bears mentioning that prior HIV-1 infection can similarly impact the 

susceptibility to HSV-2 acquisition. It has been shown that HIV-1 positive women have an 

impaired ability to respond to a primary HSV-2 infection, exhibiting diminished anti-HSV 

activity in cervico-vaginal secretions [71]. Further, women infected with HIV-1 have been 

shown to shed more HSV-2 during viral reactivations [70, 72]. Thus, there exists a clear 
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synergistic relationship between HSV-2 and HIV-1 that promotes the acquisition and 

transmission of these two important human pathogens.  

ANIMAL MODELS 

Herpes simplex virus has been shown to infect and produce disease in a number of 

small animal species allowing the development of models that can used for the study of 

genital herpes disease. These include the mouse, the cotton rat and the guinea pig. Of these 

models, the mouse and the guinea pig are currently the most commonly used. 

One major reason for the use of the mouse to study HSV-2 infection and disease 

pathogenesis is the availability of specific immune knockout strains, a variety of inbred 

and transgenic strains, and a well-developed catalog of immunological reagents for this 

species. The mouse can by inoculated intravaginally (IVAG), but progesterone pre-

treatment is required to induce diestrous which thins the vaginal epithelium allowing 

uniform infection [73]. The mouse model can be used to study primary infection including 

virus replication in the vaginal mucosa and the onset of genital disease; however, the 

disease quickly progresses to include CNS involvement with encephalitis and results in 

high mortality in naïve animals [74]. Despite this high mortality, the mouse is an excellent 

model for studying the effects of antivirals on acute HSV-2 infection of the genital mucosa 

and virus replication in the genital tract. Unfortunately, even in animals that survive a 

primary HSV-2 infection, spontaneous recurrences do not occur making the murine model 

unsuitable for studying reactivation from latent infection and recurrent disease and 

evaluating therapeutic interventions that reduce recurrent viral shedding and disease [75]. 

The hormonal pre-treatment necessary to establish a productive infection may also alter 

the immune responses to the virus [76, 77]. Additionally, mice do not develop vesicular 

lesions as seen in humans and are therefore not the most ideal model for studying disease 

pathogenesis. Even with these limitations, the murine model of genital herpes has been an 

invaluable resource for studying the immune response to both HSV-1 and HSV-2 primary 
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infections and remains a widely used model for preclinical studies to evaluate putative 

HSV-2 vaccines. 

In contrast to the mouse, primary genital herpes disease in the cotton rat closely 

mimics an HSV-2 infection in humans. The cotton rat may be inoculated IVAG without 

the need for hormonal pre-treatment and the primary infection results in viral spread to 

multiple organs known to be targets of HSV dissemination in humans[78]. A primary HSV-

2 infection in this animal model is self-limiting and leads to the establishment of viral 

latency in the ganglia. Thus, this animal model may be used to study HSV-2 recurrences 

and reactivation from latency. Yim et al. found that animals undergo spontaneous clinical 

recurrences with accompanying virus shedding into the genital tract that could be detected 

by PCR or cell culture methodologies [78]. In addition, HSV-2 reactivations may be 

induced in this animal model, making it an ideal model for the study of therapeutic 

interventions for the reduction of recurrent genital herpes disease. A wide variety of 

reagents, including PCR primers and probes, recombinant proteins, antibodies, and assays 

to detect cytokine abundance, have been developed and are available for the study of the 

immune response in this animal [78-80]. However, despite these advantages, the cotton rat 

has to date failed to become widely used model for the study of genital herpes at this time. 

The guinea pig is an excellent model of genital herpes due to its similarity to human 

disease [81, 82] and is considered a gold standard for evaluating therapeutic vaccine and 

antiviral candidates [75]. Guinea pigs can be inoculated IVAG without the need for 

hormonal pre-treatment and develop a self-limiting vesiculo-ulcerative primary disease 

with many of the clinical and pathologic features observed during human HSV-2 infection 

[74, 75]. Primary HSV-2 infection results in the development of vesicular lesions similar 

to humans and these clinical disease manifestations can be evaluated for severity and 

duration. Additionally, virus replication in the genital mucosa can be quantified by cell 

culture or PCR methodologies using this animal model. As seen in humans, primary 

infection results in the virus establishing latency in the dorsal root ganglia (DRG) that 
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persists for the life of the animal. This latent virus undergoes spontaneous reactivations 

that can lead to virus being shed into the genital tract and can also lead to the development 

of recurrent skin lesions [81, 83]. These important similarities to human disease make the 

guinea pig an ideal animal for studying both prophylactic and therapeutic HSV-2 vaccine 

candidates, although there are limited reagents currently available to provide a detailed 

characterization of the immune responses during either a primary or recurrent infection in 

this animal.  

ANTIVIRAL SUPPRESSIVE THERAPY AND VACCINE DEVELOPMENT  

Antiviral treatment for genital herpes has been available since the 1980s with the 

discovery of acyclovir (ACV), a deoxyguanosine analog that competitively inhibits the 

viral DNA polymerase to prevent elongation of the viral genome during replication [84, 

85]. ACV and its derivatives, valacyclovir (VACV) and famciclovir (FCV), all share this 

common mechanism of action that is highly specific to the viral thymidine kinase. Briefly, 

these drugs are phosphorylated by the viral thymidine kinase and then undergo additional 

phosphorylations by host cell kinases to produce a triphosphate that serves as a substrate 

for the viral DNA polymerase during replication of the viral genome [85]. Incorporation 

into the replicating viral DNA strand leads to a dead-end complex and prevents further 

elongation of the DNA molecule. Due to the specificity of this mechanism of action these 

drugs have a remarkable safety profile and have become the first line antivirals for 

prophylaxis and treatment of genital and oral herpes [86, 87].  

HSV antivirals were initially used episodically to reduce disease symptoms and 

prevent complications associated with primary HSV-2 infections, however more recently 

ACV and its derivatives have been employed as a suppressive treatment for genital herpes. 

These drugs have proven highly effective for reducing the duration of recurrent disease and 

for preventing reactivations and reducing episodes of clinical (associated with disease) and 

subclinical (no overt disease symptoms) viral shedding [86, 88]. Additionally, studies using 
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discordant heterosexual couples have shown that VACV taken once-daily could reduce the 

transmission of HSV-2 by about 50% [89]. However, suppressive therapy does not clear 

the latent infection and long-term treatment may lead to the development of drug 

resistance, particularly in immune-compromised individuals [85]. Further, more recent 

studies undertaken to investigate the impact of high-dose regimens of ACV and VACV on 

short duration subclinical shedding contrast the previous findings of Wald et al. In these 

studies, high-doses of ACV and VACV eliminated clinical recurrences and reduced the 

frequency of high copy number shedding episodes but did not affect the frequency of 

subclinical breakthrough episodes of viral shedding into the genital tract [90]. These results 

suggest that daily suppressive therapy, even at high doses, cannot completely abrogate 

transmission of HSV-2 and further support the need for development of an effective 

vaccine. 

Currently there is no licensed vaccine available for the prevention or treatment of 

genital herpes. Although there have been many candidate vaccines that have proven 

efficacious in animal models (reviewed in [91]) and some of these have moved forward 

into human clinical trials (reviewed in [92]), to date none have successfully progressed to 

licensure. The most successful vaccine candidate to date, a glycoprotein D (gD) subunit 

vaccine adjuvanted with AS04, the trade name for a combination of aluminum hydroxide 

and 3-O-deacylated monophosphoryl lipid A (MPL), showed promise in an initial Phase 

III trial but subsequently failed to protect from HSV-2 infection in HSV seronegative 

women in a large follow up phase III clinical trial [93].  

Traditionally, the primary goal for development of an HSV-2 vaccine has focused 

on a prophylactic vaccine capable of inducing a robust mucosal and systemic immunity 

that could prevent infection [94]. This putative vaccine would rely heavily on neutralizing 

antibodies for the prevention of infection and targeted two viral glycoproteins, gB and gD, 

involved in viral entry into the cell [94]. While this strategy proved unsuccessful at 

preventing infection (sterilizing immunity has been difficult to achieve for HSV-2 [95]) 
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many putative vaccines utilizing glycoproteins have shown promise in preventing or 

reducing disease severity [91, 92, 96]. Thus, more realistic goals for a prophylactic 

vaccination may be to prevent or reduce disease associated with a primary infection and 

reduce or prevent virus shedding into the genital tract and virus transmission [94]. There 

has also been increasing recognition of the need for development of a therapeutic vaccine 

that could prevent recurrent symptoms and/or transmission of the virus by infected 

individuals [91]. 

Vaccine development for HSV-2 has become a complex field but can be broadly 

divided into two general categories of vaccines: live or inactive [95]. These groups can be 

further stratified into 3 sub-categories each as shown in Table 1.1. Thus, live vaccines may 

be attenuated, replication-limited/incompetent, or vectored and inactive vaccines may 

contain inactivated virus, HSV subunits or components, or plasmids [95].  

Table 1.1. Generalized categories of herpes simplex virus vaccines. 

Vaccine type, category Advantage(s) Disadvantage(s) 
Live   
      Attenuated Induces broad, durable immunity Safety/stability concerns 
      Replication-limited May have advantages of live-

attenuated w/ better safety profile 
May not be as immunogenic as 
live-attenuated; potential safety 
concerns 

      Vectored May have advantages of live-
attenuated w/ better safety profile 

Due to limited HSV gene 
products expressed may be less 
immunogenic as live-attenuated  

Inactive   
      Inactivated virus Easily prepared; cannot cause 

HSV disease 
Not as immunogenic as 
replicating vaccines; adjuvants 
necessary to bolster 
immunogenicity 

      Subunit Excellent safety profile; 
recombinant subunits ensure 
consistent product 

Limited number of epiptopes 
leads to narrow immunity; 
adjuvants required to induce 
cellular responses 

      Nucleic acid Induces both humoral and cellular 
immunity 

Limited number of epiptopes 
leads to narrow immunity; 
potential safety concerns 

Adapted with permission from: Stanberry et al. Prospects for Control of Herpes Simplex 
Virus Disease through Immunization. Clin Infect Dis, 2000. 30: p. 549-66. 
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Typically, live virus vaccines generate a robust immune response that is durable, 

however these vaccines also present concerns for the stability and safety of the formulation 

[94, 95]. A number of approaches to live-attenuated vaccines have been tried, however it 

has proven difficult to develop candidates that are sufficiently attenuated to be safe for use 

while retaining the replicative capacity to generate a robust and durable immune response. 

Attenuated viruses have been genetically engineered, but this approach has resulted in a 

minimally immunogenic vaccine, although further development is ongoing [95]. Molecular 

methods have been used to develop a replication-incompetent virus containing single or 

multiple gene deletions. These defective viruses, known as DISC (disabled infectious 

single cycle) viruses, are grown in the presence of a complementing cell line that supplies 

the necessary genes in trans, resulting in a virus that is incapable of infecting a secondary 

cell [94, 97]. A final strategy that retains the live virus advantages without the safety 

concerns has also been developed. This involves the use of replicating vectors (viral or 

bacterial) that contain HSV genes to encode immunogenic proteins that can be produced 

and stimulate an immune response in the host [95]. 

Killed-virus vaccines do not offer the immunogenicity observed with live virus 

preparations but have improved safety profiles [95], although early killed-virus vaccines 

only showed short-term benefits [97]. Recombinant DNA technology has made possible 

the development of subunit vaccines. These vaccines offer the advantage of being free from 

infectious virus or viral DNA and can present a more complex antigen to the host immune 

system for stimulation of CD4+, CD8+ and B cell responses [95, 97]. Unfortunately, due to 

the limited number of viral epitopes that can be contained in subunit vaccines, the immune 

response that is elicited is less broad and may not be long-lasting [95]. The newest strategy 

for developing HSV-2 vaccines is the use of plasmids. These vaccine formulations contain 

plasmids that encode one or more viral gene targets (or host cytokines) that are produced 

in vivo by host cells [91, 98], and induce both cell mediated and humoral immunity [95].  
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Despite these and other advances, HSV-2 vaccine development has proven 

difficult. Initial strategies revolving around the robust antibody response elicited by HSV-

2 infection were unsuccessful and the importance of neutralizing antibodies in the control 

of disease pathogenesis and virus dissemination remains controversial. Many studies using 

the murine model of genital herpes have demonstrated the protective effects of anti-HSV 

antibodies with regards to reduction of viral titers, the frequency of clinical disease and 

reductions in virus transmission [99-101]. More recent studies supported these earlier 

findings with similar data indicating that administration of gD-specific antibody reduced 

viral loads in the vaginal epithelium and protected from disease onset [102]. However, in 

all of these studies HSV-2 specific antibodies did not prevent infection. Further, studies in 

B-cell deficient mice showed that resistance to lethal HSV-2 challenge was not B-cell 

dependent [50] and that the protection from HSV-2 specific antibodies could be 

compromised by T-cell depletion [103], suggesting the contribution of humoral immunity 

to HSV-2 control is limited and requires the cellular component of the adaptive response.  

Thus, while HSV-2 vaccine formulations have typically included one of the outer 

membrane glycoproteins necessary for virus entry into host cells, typically gD or gB, as 

the major antigenic component, there is a need for additional antigenic targets to stimulate 

both T- and B-cell responses. These targets stimulate a vigorous humoral response but lack 

a cellular component that has been shown to be crucial for protection [97]. Additionally, 

the lack of successes with vaccine formulations focusing solely on neutralizing antibody 

epitopes further suggests a vaccine formulation containing limited HSV antigenic targets 

does not have the “antigenic breadth” necessary for immunogenic stimulation of both the 

humoral and cellular immune responses capable of maintaining protection from infection 

or viral reactivations [104]. It has been argued that for novel vaccine formulations to be 

effective, they must include multiple antigenic targets for innate immunity and/or 

stimulation of both a B- and T-cell specific immune response [92] while others proposed 
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vaccines containing live attenuated or replication-deficient virus to increase the antigenic 

payload presented to the immune system [105].  

This leaves a clear need for a novel HSV-2 vaccine formulation that can elicit both 

a robust and durable humoral and cellular immune response. Such a vaccine could be used 

prophylactically to provide protection from primary disease symptoms while limiting the 

amount of virus capable of establishing latent infection. Additionally, it could be used in a 

therapeutic setting to reduce recurrent disease manifestations and virus shedding, thereby 

reducing the potential for transmission of the virus to uninfected individuals.  
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CHAPTER II § 

A Vaxfectin®-Adjuvanted HSV-2 Plasmid DNA Vaccine is Effective for 

Prophylactic and Therapeutic Use in the Guinea Pig Model of Genital 

Herpes 

INTRODUCTION  

As discussed in the previous Chapter, genital herpes is a sexually transmitted 

infection of global importance [3, 106]. Initial infection can be asymptomatic or can result 

in painful skin or mucosal lesions [22]. In addition, a lifelong latent infection is established 

[26]. Periodic reactivations of latent virus can result in recurrent lesions or more frequently 

asymptomatic genital tract shedding that is a major source of virus transmission [39]. 

Genital herpes infection also increases the risk for HIV acquisition [107] and thus 

represents a worldwide public health problem with significant attendant economic burden 

[108].  

Unfortunately, there are no licensed vaccines against genital herpes and recent 

clinical trials with subunit vaccines containing viral glycoproteins B and/or D have proven 

disappointing, including the recent failure of a Herpes simplex virus type 2 (HSV-2) 

glycoprotein D (gD2) vaccine developed by GlaxoSmithKline [93]. Evidence suggests that 

successful vaccines must generate a robust T-cell response in addition to the humoral 

immunity elicited to viral glycoproteins [106, 108]. 

Plasmid DNA (pDNA) vaccines can elicit both cellular and humoral immune 

responses [98, 109-111]. We have previously shown that a non-adjuvanted gD2 pDNA  
 
§Chapter II previously published and taken from: Veselenak, R.L., et al., A Vaxfectin®-adjuvanted HSV-2 
plasmid DNA vaccine is effective for prophylactic and therapeutic use in the guinea pig model of genital 
herpes. Vaccine, 2012. 30(49): p. 7046-51. doi: 10.1016/j.vaccine.2012.09.057. Epub 2012 Oct 4. PMID: 
23041125. Used with permission.  
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vaccine provided partial protection against genital herpes in the guinea pig model [112]. 

The cationic lipid-based adjuvant Vaxfectin® increased the immunity of pDNA vaccines 

Chapter II taken from: in Phase 1 clinical trials [113-115]. Recently, we showed that 

Vaxfectin® improved protection provided by a codon-optimized gD2 pDNA vaccine in a 

murine model of genital herpes [116]. While we were interested in evaluating the protective 

efficacy of the Vaxfectin®-gD2 pDNA vaccine in the guinea pig model, we also believe 

that a successful genital herpes vaccine will require additional antigens and will need to 

elicit cell-mediated as well as humoral immunity. Accordingly, we included pDNAs 

containing HSV-2 UL46 and UL47 genes encoding the VP11/12 and VP13/14 tegument 

proteins, respectively, both known to be potent inducers of CD8+ T-cells [8, 9] in our lead 

vaccine candidate, Vaxfectin®-gD2/UL46/UL47.  

Here we describe studies in the guinea pig showing that prophylactic immunization 

with both Vaxfectin®-gD2 and Vaxfectin®-gD2/UL46/UL47 provided protection against 

primary and recurrent disease, with Vaxfectin®-gD2/UL46/UL47 being superior in 

reducing latent viral load. Further, we explored the efficacy of Vaxfectin®-

gD2/UL46/UL47 as a therapeutic vaccine in infected animals and showed that it was able 

to reduce both recurrent disease and viral shedding into the genital tract.  

METHODS 

Guinea Pigs 

Female Hartley guinea pigs (Charles River Breeding Laboratories, Wilmington, 

MA) were housed in AAALAC-approved facilities. All animal studies were approved by 

the UTMB IACUC.   

Plasmid DNAs and Vaccine Formulation 

HSV-2 genes were codon-optimized using proprietary algorithms (Vical; San 

Diego, CA) and DNA synthesized by GeneArt (Regensburg, Germany). Sequences coding 
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full length gD2 and genes UL46 and UL47 were individually sub-cloned into plasmid 

VR1012 containing the hCMV immediate early promoter as described previously [9, 117], 

creating plasmids VR2149, VR2144 and VR2145. pDNAs were formulated with 

Vaxfectin® adjuvant as described previously [116]. Briefly, on the day of immunization, 

vials containing Vaxfectin® were reconstituted with 1 mL 0.9% saline. At the same time, 

pDNA was prepared in 0.9% saline, 20 mM sodium phosphate, pH 7.2. The Vaxfectin® 

was then streamed into the pDNA at a 1:1 volume dilution yielding 1 mg/mL pDNA and 

1.09 mg/mL Vaxfectin® with a final pDNA nucleotide: cationic lipid molar ratio of 4:1 

[116]. 

Guinea Pig Model of Genital HSV-2 Infection 

For all studies, guinea pigs were inoculated intravaginally with 6.0 log10 plaque 

forming units (pfu) HSV-2 strain MS as described previously [96]. The animals were 

evaluated daily and primary genital skin disease quantified. The resultant cumulative lesion 

score was used to measure primary genital skin disease severity [96]. Following resolution 

of primary disease, animals were examined daily for spontaneous recurrent lesions and the 

number of lesion days was used to determine the frequency of recurrent disease [96]. 

Prophylactic Vaccination Studies 

Forty-five guinea pigs were assigned to three groups (n=15/group). Animals were 

immunized intramuscularly in each rear leg. Group 1 received 300 µg Vaxfectin®-gD2 in 

one leg and 150 µg each of Vaxfectin®-UL46 and Vaxfectin®-UL47 in the other. Group 2 

received 300 µg Vaxfectin®-gD2 in one leg and 300 µg of Vaxfectin®-VR1012 in the other. 

Group 3 received saline in both legs. The animals were immunized three times at two week 

intervals. Serum was collected after the second and third immunizations. Two weeks after 

the final immunization, animals were virus challenged as described above. Vaginal swabs 

were collected on days 1, 2, 3 and 5 and stored (-80°C) to determine viral load by 
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quantitative real-time PCR (qPCR) [118, 119]. After recovering from primary infection, 

animals were monitored from days 15-63 for recurrent herpetic lesions. Vaginal swab 

samples were collected from days 21-41 and stored (-80°C) to determine viral shedding 

into the genital tract by qPCR. At the conclusion of the study, animals were humanely 

sacrificed, the dorsal root ganglia (DRG) harvested, and the magnitude of latent viral 

infection determined by qPCR. 

Therapeutic Vaccination Studies 

Guinea pigs were inoculated with HSV-2 and primary genital skin disease 

quantified as described above. After recovery from primary infection, animals that had 

experienced symptomatic disease and with genital skin that could be evaluated for 

recurrent disease were randomized to groups based on primary genital skin scores. Animals 

were immunized on days 15, 29 and 43 post-challenge intramuscularly in the rear legs. In 

Study 1, Group 1 (n=18) received 300 µg Vaxfectin®-gD2 in one leg and 150 µg each of 

Vaxfectin®-UL46 and Vaxfectin®-UL47 in the other. Group 2 (n=18) received 300 µg 

Vaxfectin®-VR1012 in one leg and 150 µg each of Vaxfectin®-UL46 and Vaxfectin®-

UL47 in the other. Group 3 (n=18) were saline controls. In Study 2, Group 1 (n=17) were 

immunized as for Study 1 while Group 2 (n=16) were saline controls. In both studies, 

animals were monitored from days 15-63 for recurrent disease. Daily vaginal swabs were 

taken and stored (-80°C) to determine viral shedding into the genital tract by qPCR. Over 

the course of the experimental period for Study 2, several animals developed secondary 

infections of the perineum and could not be evaluated for recurrent disease. As such, these 

animals were not included in subsequent viral shedding comparisons. This resulted in final 

group numbers for Study 2 of: Group 1 (n=14) and Group 2 (n=14). 
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Neutralization Assays 

Neutralizing antibody titers were determined by a modification of our previous 

methods [119]. Briefly, serum from all animals in each group was pooled and heat 

inactivated (15 minutes, 56°C). Serial two-fold dilutions were prepared using titration 

medium (Dulbecco’s modified Eagle medium, 2% newborn calf serum, 2% 

penicillin/streptomycin and 2% amphotericin B) and Low Tox M rabbit complement 

(CedarLane, Ontario, Canada). A known titer HSV-2 strain MS stock was added to each 

dilution and the serum/virus mixture incubated (37°C, 60 minutes). Aliquots of each 

sample dilution were plated in duplicate on Vero cell monolayers and incubated (3 days, 

37°C). Plates were stained with crystal violet and viral plaques enumerated. Counts were 

compared to those from the control group. The neutralizing titer was defined at the log10 

of the final serum dilution that reduced plaque number by 50% [119]. 

HSV-2 DNA Isolation and Quantification 

DNA was isolated from swab samples (DNeasy 96 Blood and Tissue Kit; Qiagen, 

Valencia, CA) and from DRG using an automated sample disruption system (TissueLyser 

II; Qiagen) followed by spin-column extraction (DNeasy Blood and Tissue Kit; Qiagen) as 

previously described [119]. All extracted DNA was eluted in carbon-free water and stored 

at -20°C until analyzed. 

qPCR utilized the CFX optical platform (Bio-Rad, Hercules, CA) and associated 

chemistries. HSV-2 DNA was quantified in 25 µl reactions as described previously [119]. 

qPCR mixtures for all samples contained 1x iQ Supermix (Bio-Rad), 5 pmol each forward 

and reverse primers, 2.5 pmol gB HSV-2 specific TaqMan probe, and 5 µl template DNA 

(2.5% of total DNA sample). A second, parallel qPCR was conducted using guinea pig 

housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to ensure 

sample integrity and extraction efficiency. This second PCR run controlled for cellular load 

in each PCR and was used to normalize HSV-2 copies for each sample to more accurately 
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compare results. Cloned amplimers were included on each plate as a 10-fold dilution series 

as quantitation standards. Negative template controls and water-only samples were 

included on each run to ensure integrity. PCR run efficiencies were between 80-120% with 

correlation coefficients >0.96. Assay sensitivity for these reactions allowed for 100 

genome equivalents (GE) per reaction to be detected 100% of the time. 

Statistical Analysis 

Comparisons between two groups were analyzed by Student’s t-test. Analysis of 

primary viral replication during the prophylactic immunization study was conducted using 

a mixed model ANOVA on group by day. Comparisons among multiple groups in the 

therapeutic vaccination studies were made by one-way analysis of variance with 

Bonferroni correction. Incidence data was compared using Fisher’s exact test. All 

comparisons were two-tailed. 

RESULTS 

Prophylactic Immunization Study 

VACCINE IMMUNOGENICITY 

Both Vaxfectin®-gD2 and Vaxfectin®-gD2/UL46/UL47 elicited detectable 

neutralizing antibodies after the second immunization (titers 2560 and 1280, respectively). 

Titers increased following the third immunization (Vaxfectin®-gD2 10240; Vaxfectin®-

gD2/UL46/UL47 5120) indicating that both vaccines elicited robust and comparable 

functional humoral immune responses.  

GENITAL TRACT INFECTION AND INITIAL VAGINAL HSV-2 REPLICATION  

Vaginal HSV-2 DNA was detected in all animals in each group on multiple days 

after viral challenge, indicating that neither vaccine prevented vaginal virus infection. 

Virus load in both vaccine groups was significantly lower than controls on all days 
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(p<0.0001, mixed model ANOVA on group by day; Figure 2.1). Although the viral load 

was consistently lower in animals immunized with Vaxfectin®-gD2/UL46/UL47 than 

those receiving Vaxfectin®-gD2 on all days the differences did not reach significance. 

 

Figure 2.1. Effect of prophylactic vaccination on primary vaginal HSV-2 titers. 
Vaginal virus titers were determined by qPCR on days 1-5 after intravaginal HSV-2 
challenge in guinea pigs immunized three times with Vaxfectin®-gD2, Vaxfectin®-
gD2/UL46/UL47 or saline controls. Titer values are mean ± SD genome equivalents/ml. 
Effect of vaccination was compared using a mixed model ANOVA on group by day.  
* p<0.0001 compared to saline controls for both vaccinated groups. 
Reproduced with permission. 

GENITAL SKIN DISEASE 

Table 2.1 shows that all control animals developed primary vesiculo-ulcerative 

disease and subsequently 10/11 control animals experienced spontaneous recurrent disease 

(4 control animals were lost to analysis of recurrent disease due to the severity of primary 

infection). In contrast, both vaccine formulations provided complete protection against 

both primary (p<0.001 each, Fisher’s exact test) and recurrent (p<0.001 each, Fisher’s 

exact test) genital skin disease.  
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Table 2.1. Prophylactic vaccination with Vaxfectin® pDNA prevents primary and 
recurrent disease in the guinea pig model. 

Group Primary disease Recurrent disease 
 Incidence Severitya Incidence Frequencyb 

Naïve 15/15 9.3 ± 4.7 10/11 5.5 ± 3.9 
Vaxfectin®-gD2 0/15c 0 ± 0 0/15c 0 ± 0 
Vaxfectin®-gD2/UL46/UL47 0/15c 0 ± 0 0/15c 0 ± 0 

a Primary disease severity defined as cumulative daily lesion score, mean ± SD. 
b Recurrent disease frequency defined as recurrent lesion days between days 15-63 post-
inoculation, mean ± SD. 
c p<0.001 compared to control, Fisher’s exact test. 
Reproduced with permission. 

QPCR DETERMINATION OF VIRUS SHEDDING AND LATENT VIRAL LOAD 

To further evaluate the protection provided by the two vaccines, vaginal swabs 

collected from days 21-41 post-challenge were evaluated by qPCR to determine the 

number of animals shedding HSV-2. Immunization with either Vaxfectin®-gD2 or 

Vaxfectin®-gD2/UL46/UL47 reduced the number of animals that shed virus, with 6/15 in 

each vaccine group, compared to 9/11 control animals (p=0.05 for both vaccine groups, 

Fisher’s exact test). 

At the conclusion of the study, DRG were harvested and latent viral DNA load 

determined. It should be noted that one animal in the control group died as a result of 

unrelated complications prior to DRG harvest, resulting in 10 animals for this group. 

Figure 2.2 shows that HSV-2 DNA was detected in all control animals (mean 3.3±0.5 log10 

GE/mL). In contrast, immunization with Vaxfectin®-gD2 reduced both the number of 

animals in which viral DNA was detected (5/15 vs 10/10; p<0.001, Fisher’s exact test) and 

the amount of virus in those animals (mean 1.9±0.6 log10 GE/mL; p<0.001 Student’s t-

test). The impact of immunization with Vaxfectin®-gD2/UL46/UL47 was even greater 

with HSV-2 DNA being detected in only one animal (p<0.0001, Fisher’s exact test; viral 

load 1.6 log10 GE/mL); the remaining 14 animals were below the limit of detection of our 

assay.  
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Figure 2.2. Effect of prophylactic vaccination on latent HSV-2 burden in the dorsal 
root ganglia. 
Following determination of the effect of vaccination on recurrent disease, dorsal root 
ganglia were harvested from guinea pigs vaccinated with Vaxfectin®-gD2, Vaxfectin®-
gD2/UL46/UL47 or saline controls. Dorsal root ganglia were collected from surviving 
animals (10 control and 15 in each vaccine group) on Day 67 and stored -80C until the 
latent HSV-2 burden was determined by qPCR. Viral load data for individual animals is 
shown. Horizontal lines indicate group averages. Animals below the dotted line were below 
the level of detection for our assay and were not included in group means for HSV-2 DNA 
load. As only one animal in the Vaxfectin®-gD2/UL46/UL47 had a detectable level of 
HSV-2 DNA in the DRG, no statistical comparison could be made between this group and 
the Vaxfectin®-gD2 or saline controls.  * indicates p<0.001 compared to saline controls, 
Student’s t-test. Reproduced with permission. 

Therapeutic Vaccine Studies 

STUDY 1 

We first examined the ability of Vaxfectin®-gD2/UL46/UL47 and Vaxfectin®-

UL46/UL47 to impact recurrent disease when administered following resolution of 

primary disease. Figure 2.3A shows that the frequency of recurrent disease in animals 

immunized with Vaxfectin®-UL46/UL47 was comparable to controls (8.7±4.6 vs 8.1±4.7 
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mean ± SD recurrent lesion days) between days 15-63 post viral challenge. However, 

animals immunized with Vaxfectin®-gD2/UL46/UL47 experienced significantly less 

recurrent disease (5.1±4.6 recurrent lesion days; p<0.05, ANOVA with Bonferroni 

correction).  

STUDY 2 

A second study was undertaken to confirm the therapeutic efficacy of Vaxfectin®-

gD2/UL46/UL47 on recurrent disease. Figure 2.3B shows that the vaccine again 

significantly reduced recurrent disease compared to controls (6.07±4.7 vs 11.4±6.6 

recurrent lesion days, p<0.05, ANOVA with Bonferroni correction). In addition, we 

examined the impact of therapeutic immunization on vaginal viral shedding between days 

46-59 post challenge by qPCR (Table 2.2). As with the impact on recurrent disease, 

immunization significantly reduced the number of days on which shed virus was detected 

compared to controls (p<0.05, Student’s t-test), but not the amount of virus shed per 

episode. 

 

Table 2.2. Therapeutic vaccination with Vaxfectin®-pDNA vaccine decreases days of 
viral shedding. 

Group 
Animals 

shedding virus 
Days of virus 

shedding a 
Amount of virus 

shed (log10 GE/mL)b 
Naïve 12/14 2.29 ± 0.41 2.91 ± 0.19 
Vaxfectin®-gD2/UL46/UL47 9/14 1.07 ± 0.27c 2.45 ± 0.20 

a Mean (± SE) number of shedding days/animal over the 14 day period. 
b Mean (± SE) HSV-2 genome copies per shedding event. 
c p<0.05 compared to controls, Student’s t-test. 
Reproduced with permission. 

 
  



 

33 
 

 

Figure 2.3. Effect of therapeutic vaccination on the frequency of recurrent genital 
skin disease. 
Results are cumulative frequency of recurrent genital skin lesions over time.  Arrows 
indicate days of vaccination relative to intravaginal HSV-2 challenge.  A) Study 1: animals 
were vaccinated with Vaxfectin®-gD2/UL46/UL47, Vaxfectin®-UL46/UL47 or were 
saline controls. Statistical comparisons were made using the cumulative mean lesion day 
values at Day 63 for each of the three tested groups using ANOVA with Bonferroni 
correction. B) Study 2: animals were vaccinated with Vaxfectin®-gD2/UL46/UL47 or were 
saline controls.  * indicates p<0.05 compared to saline controls, Student’s t-test. 
Reproduced with permission. 
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DISCUSSION 

Recent studies showed that addition of Vaxfectin® to a full length codon-optimized 

gD2 pDNA vaccine (Vaxfectin®-gD2) increased survival in a mouse genital herpes model 

compared to a gD2 pDNA vaccine alone. Further, Vaxfectin®-gD2 immunized mice had 

reduced vaginal viral replication and surviving animals had less latent viral DNA in the 

DRG than animals immunized with gD2 pDNA only [116]. Further, we found that addition 

of the adjuvant Vaxfectin® to our vaccine formulation (Vaxfectin®-gD2) was sufficient to 

completely abrogate HSV-2 disease during primary HSV-2 infection in the guinea pig 

model of genital herpes. This contrasts with a study by Strasser et al. where a gD2 pDNA 

vaccine was not able to completely protect animals from acute HSV-2 disease [120]. It 

should be noted that while both the gD2 construct and the amount of pDNA used for 

immunization in the studies of Strasser et al. differed from our studies, we believe that our 

data shows that the adjuvant Vaxfectin® will be an important tool for developing more 

effective herpes vaccines.  

We and others have shown that prophylactic immunization with HSV-2 gD pDNA 

vaccines without adjuvants provides some protection against genital herpes in the guinea 

pig model [112, 120]. Given the results in murine studies with Vaxfectin®-adjuvanted 

pDNA, we examined the protection afforded by prophylactic immunization with 

Vaxfectin®-gD2 in the guinea pig, which allows the impact of immunization on 

spontaneous recurrent disease to be evaluated. Because optimal protection against genital 

herpes will likely require a vaccine containing multiple antigens, we included a Vaxfectin®-

gD2 vaccine with plasmid DNAs for genes UL46 and UL47 that encode viral tegument 

proteins VP11/12 and VP13/14, respectively [8, 9]. Both proteins contain epitopes 

important in CD4+ and CD8+ T-cell responses in humans [121], making them good 

candidates for a more broadly immunogenic vaccine. It should also be mentioned that 

VP11/12 can activate Lck signaling in T-cells [122]. This activation does not globally alter 
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all Lck-dependent signaling events and the HSV-induced signaling blockade of the T-cell 

receptor does not require this protein [122], therefore incorporation of the UL46 plasmid 

should not affect the immunogenicity of this vaccine. In our study, neither vaccine 

prevented genital infection following a high titer viral challenge. It is worth noting that a 

number of other prophylactic vaccines evaluated in the guinea pig have also failed to elicit 

sterilizing immunity [112, 123]. Further, guinea pigs latently infected with HSV-2 and 

rechallenged intravaginally are not protected against vaginal viral replication [124]. 

Together, these data indicate that it is extremely difficult to elicit immune responses that 

provide complete protection of the genital mucosa against large viral inocula.  

Although neither vaccine provided sterilizing immunity, both significantly reduced 

viral replication in the genital tract during primary infection. While the vaginal viral load 

in animals immunized with the two vaccines did not differ significantly, it was consistently 

lower in Vaxfectin®-gD2/UL46/UL47 than Vaxfectin®-gD2 animals.  

All controls developed primary genital skin disease and subsequently all but one of 

the animals that could be evaluated developed spontaneous recurrences. In contrast, both 

vaccines provided complete protection against primary and recurrent genital disease. We 

also examined the impact of immunization on the number of animals in which vaginal viral 

shedding was detected. The incidence of shedding was high among controls (9/11) and 

both vaccines produced a comparable reduction (6/15 each; p=0.05, Fisher’s exact test). At 

the conclusion of the study we examined the latent viral load in the DRG. HSV-2 DNA 

was detected in all controls. Immunization with Vaxfectin®-gD2 significantly reduced both 

the number of animals with detectable HSV-2 DNA and the viral load in those animals. 

Immunization with Vaxfectin®-gD2/UL46/UL47 produced an even greater effect, reducing 

the burden of latent virus below the limit of detection of the qPCR assay in all but one 

animal.  

While the development of an effective prophylactic vaccine to control genital 

herpes is important, it will not benefit those already infected with HSV-2. A number of 
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therapeutic vaccine strategies have been evaluated in the guinea pig model. In early studies, 

glycoprotein-based vaccines reduced recurrent disease; however, results were variable and 

highly dependent on both the antigen and adjuvant selected [120, 125]. Interestingly, in 

one study therapeutic immunization also reduced vaginal HSV-2 shedding measured by 

the number of days that infectious virus was recovered by culture from vaginal swabs 

[126]. The efficacy of glycoprotein vaccines used therapeutically in these studies resulted 

in a number of clinical efficacy trials. In the first of these, two immunizations with a 

vaccine containing 100 µg gD2 protein with alum reduced recurrent disease [127]. 

However, a second study using 4 immunizations with a vaccine containing 10 µg each of 

gD2 and gB2 proteins with MF59 failed to significantly reduce recurrent disease resulting 

in discontinuation of this candidate [128]. Recently there has been a resurgence of interest 

in therapeutic immunization for genital herpes due in part to the potential not only to reduce 

recurrent disease, but also asymptomatic shedding, a major source of virus transmission [8, 

129]. Both short-term clinical trials with suppressive antiviral therapy and mathematical 

modeling for prophylactic vaccines strongly suggest that decreased shedding is critical in 

reducing genital herpes transmission [89, 130, 131]. One advantage of therapeutic 

immunization over suppressive antiviral therapy in this regard would be that it would not 

be dependent on long-term compliance to a daily treatment regimen.  

Consequently, we examined the impact of therapeutic immunization with 

Vaxfectin®-gD2/UL46/UL47 beginning after primary genital skin disease resolution. 

Because CD8+ T-cell responses are known to be important in the control of recurrent 

lesions in humans [51], we also included a group of animals immunized with Vaxfectin®-

UL46/UL47 alone. Vaxfectin®-gD2/UL46/UL47, but not Vaxfectin®-UL46/UL47, 

significantly reduced recurrent disease. The different activities of the two vaccine 

formulations in this therapeutic setting strongly suggests that the efficacy of Vaxfectin®-

gD2/UL46/UL47 resulted from the combined antigen  formulation rather than non-specific 

pDNA effects. To confirm the observed therapeutic immunization impact, a second study 
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was undertaken with Vaxfectin®-gD2/UL46/UL47. Here, immunization again significantly 

reduced recurrent disease with the impact in both studies being similar (41% and 47%). 

The reduction in recurrent disease seen with Vaxfectin®-gD2/UL46/UL47 contrasts results 

reported for bupivacaine-formulated gD2 pDNA which failed to significantly reduce 

recurrent disease [119]. This strongly suggests that the combination of Vaxfectin® adjuvant 

and the addition of UL46/UL47 pDNAs to the vaccine are important for its therapeutic 

efficacy. Further, in the second study we examined the impact of immunization on vaginal 

virus shedding over 14 days and showed that the number of shedding events in immunized 

animals was reduced by >53% compared to that in controls (p<0.05, Student’s t-test). The 

amount of viral DNA detected during shedding events was comparable in immunized and 

control animals. To our knowledge this is the first demonstration that a therapeutic vaccine 

can impact the frequency of shedding into the genital tract as well as the frequency of 

recurrent disease. Studies to further the development of the therapeutic vaccine are 

currently in the planning stages.  These studies will include additional controls, including 

irrelevant plasmid formulated with Vaxfectin®. 

These studies show that prophylactic immunization with Vaxfectin®-

gD2/UL46/UL47 afforded excellent protection against genital herpes disease. Importantly, 

the vaccine also reduced recurrent disease when used therapeutically. An intervention that 

could be used periodically to provide an extended period of reduced recurrent disease 

would be an important addition to treatment options for genital herpes. Further, the 

observation that therapeutic immunization with Vaxfectin®-gD2/UL46/UL47 significantly 

reduced the frequency of virus shedding has public health implications given that this is 

thought to be a major source of transmission. It is important to note that while 

immunization reduced the potential for transmission of the virus due to a reduction in the 

frequency of genital tract shedding, the potential for infection by exposure during a 

shedding event is not decreased. However, these promising results strongly suggest that 

Vaxfectin®-gD2/UL46/UL47 warrants further development as a therapeutic vaccine and if 
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the results of our studies can be replicated in clinical trials, this vaccine would provide an 

excellent alternative to suppressive antiviral therapy. 

However, it must be noted that we are currently limited in our ability to evaluate 

the subtleties of the immune response in the guinea pig due to limitations in available 

immune reagents for this species. Thus, while our studies would suggest the importance of 

including the T-cell targets UL46 and UL47 to the efficacy of this vaccine formulation, we 

do not currently have sufficient means to fully explore this hypothesis. Our future research 

efforts will therefore be directed at the development and optimization of guinea pig-

specific immune assays that will greatly expand our ability to evaluate the immune 

response in this important research species. 
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CHAPTER  III § 

Development and utilization of a custom PCR array workflow: analysis 

of gene expression in Mycoplasma genitalium and guinea pig (Cavia 

porcellus) 

INTRODUCTION  

In the previous Chapter we discussed the lack of guinea pig-specific immune 

reagents that hinders the characterization of the immune response in this important research 

species. Our goal was to therefore create a cost-efficient and reproducible method that 

would allow a more detailed examination of immune events in the guinea pig. This would 

provide a means to better evaluate the inclusion of the two T-cell antigens in the vaccine 

initially tested and discussed in Chapter II. 

However, for many novel, emerging or under-studied organisms the lack of assays 

to quantify and characterize proteins and phenotype necessitate the evaluation of nucleic 

acids. While partial or complete genomic sequence may be available for many of these 

organisms, the expertise and cost required for de novo sequencing or to develop assays for 

measuring transcription level changes can be a significant deterrent to the development of 

custom in-house reagents. The lack of demand for niche products to address under-studied 

or emerging organisms further diminishes the likelihood of commercial production of 

reagents. 

Transcriptional analysis can yield important information about expression patterns 

for developmental processes, evolving gene regulation, and for highlighting differences  
 
§Chapter III previously published and taken from: Veselenak, R.L., et al., Development and utilization of a 
custom PCR array workflow: analysis of gene expression in mycoplasma genitalium and guinea pig (Cavia 
porcellus). Mol Biotechnol, 2015. 57(2): p. 172-83. doi: 10.1007/s12033-014-9813-6. PMID: 25358686. 
Used with permission.  
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between healthy and diseased states [132]. For the last few decades, gene expression 

analysis has been dominated by the use of microarrays. Recently, new approaches using 

next-generation sequencing (NGS) have led to the development of improved 

transcriptomic techniques such as RNA-seq [133, 134]. However, transcriptome analysis 

by either microarray or RNA-seq are currently widely utilized in a discovery role for large-

scale gene expression studies [134] and transcript-level analyses made possible by both 

technologies have revolutionized molecular biology [133, 135]. Microarrays are especially 

useful to explore gene expression of multiple cellular pathways in parallel and these assays 

are widely available for a number of model organisms [134]. The newer RNA-seq 

technologies can also fill this role and additionally offer lower background signal over 

microarray techniques [134]. Coupled with the detection of transcripts that may be at very 

high or very low abundance levels [134], RNA-seq is quickly displacing microarrays as 

the preferential tool for gene expression analysis [136, 137]. While these methods have 

undoubtedly increased our understanding of transcriptomics, they require specialized 

equipment and expensive reagents, particularly with respect to RNA-seq, leading to 

increased costs per sample interrogated. An additional concern surrounding RNA-seq is 

the introduction of bias at many steps during the process associated with technical 

inexperience, leading to unwanted variation across samples [132, 136, 138, 139].   

Real-time reverse transcription PCR (RT-PCR) has been a widely used 

methodology for detecting transcriptional changes in mRNA [140, 141] and is the preferred 

method for validating both microarray and RNA-seq gene expression studies [134, 142]. 

Recently, this technique has been used to create PCR arrays for use in high-throughput 

gene profiling. These arrays combine ease of use, reliability, and reproducibility of RT-

PCR into a more cost-effective method for screening large numbers of genes 

simultaneously [134] and so provide an attractive alternative to microarray or NGS 

methodologies. However, their utility is currently limited due to the availability of arrays 

for only a few of the more widely used research species. The restricted number of genes 
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that may be analyzed simultaneously also presents another disadvantage to this 

methodology [134]. 

Optimal screening of broad transcriptional changes by RT-PCR requires a design 

approach that allows for up to 96 targets to be processed through a single set of PCR 

parameters. PCR primer design has been described previously for single target and 

multiplex designs [143] but required some enhancement to address the needs created by 

the transcriptional array. Our goal was to create a highly adaptable and cost-effective 

workflow with enhanced primer design, a broadly useful PCR program and algorithms for 

data analysis to facilitate gene expression analysis in under-studied organisms. As a result 

we present a flexible PCR array development and validation method that creates adaptable 

screening tools to study changes in the transcriptome of any species with adequate genomic 

sequence. As proof of concept, we present the successful development and validation of 

two disparate arrays targeting the bacterial pathogen Mycoplasma genitalium (MG) and the 

commonly utilized guinea pig (Cavia porcellus), both of which currently lack 

commercially available assays for transcriptome analysis.  

MATERIALS AND METHODS 

Optimized Thermocycling Protocol 

To identify a thermocycling protocol central to the functionality of our array 

platform, we first tested four established protocols using primer pairs from our first-

generation designs. These first evaluations targeted RNA species produced by the sexually-

transmitted bacterial pathogen MG. Specifically, type strain MG G37 genomic sequence 

(GenBank Accession: L43967) was used as a template to design 11 sets of forward and 

reverse primers for highly conserved genes within the bacterium using generic primer 

selection parameters. Each primer pair was used to amplify three distinct concentrations of 

purified MG genomic DNA covering a range of 105-107 copies per reaction. The resulting 

quantification cycle (Cq) values [143], generated during SYBR green-based real-time PCR 
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amplification, provided the opportunity to calculate the amplification efficiency of the 11 

primer pairs using each of the four PCR thermocycling protocols. These preliminary 

studies identified a protocol that produced the most consistent PCR efficiencies across the 

11 primer pairs. In addition, a melt temperature (Tm) analysis was performed to provide 

information on the identity of the amplimer created in each reaction.  

The optimal protocol identified by this initial evaluation was repeatedly modified 

by empirical testing of additional primer pairs to refine the thermocycling conditions. This 

resulted in a stable set of parameters to serve as the fundamental PCR protocol for our array 

system. The resultant protocol, designated “KS,” was established as our standard and 

subsequently used to evaluate and refine primer design methods to maximize successful 

targeting of selected genes.  

Primer Design and Optimization 

Primers were designed using Beacon Designer v7.91 (PREMIER Biosoft; Palo 

Alto, CA, USA) and regions of each gene were selected by prescreening to identify areas 

that were highly conserved based on alignments of all available sequences. Initial 

observations from data obtained during our thermocycling protocol validation studies 

suggested that primers composed of less than 40% guanine/cytosine (G/C) content were 

more efficient with the optimized KS protocol, a finding that was confirmed through 

subsequent primer design and testing studies. Thus, for maximum compatibility with the 

array platform, the optimal primer should incorporate ≤40% G/C content. Our results also 

correlated PCR amplimer length with overall primer efficiency success rates. The data from 

almost 200 primer pairs led us to conclude that optimal amplimer length should be between 

70 and 200 base pairs (bp) and led to the primer design specifications described below. All 

subsequent primer design was undertaken using these parameters. 

Forward and reverse oligonucleotide primers were designed with custom settings 

in Beacon Designer v7.91. Previously reported primer design approaches [143] provided 
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the basis for the initial parameters that were then empirically optimized. Primer length was 

18-24 nucleotides and PCR amplimers were selected to be between 70 – 200 bp with 

primers designed to contain ≤40% GC where possible. Primers were purchased as 

desalting-purified lyophilized material from Sigma-Aldrich (St. Louis, MO) and 

reconstituted with sterile Tris-EDTA (TE) buffer (10 mM Tris-HCl, 1 mM EDTA Na2, pH 

8.0, Promega, Madison, WI) to a concentration of 500 µM. Aliquots of each forward and 

reverse primer were made by dilution to a concentration of 5 µM in TE buffer. All primer 

stocks were stored frozen at -20°C until plated for array assembly. Genomic sequence for 

the guinea pig (Cavia porcellus) was downloaded from the e!Ensembl database 

(http://useast.ensembl.org/Cavia_porcellus/Info/Index); sequence for Mycoplasma 

genitalium (prototypic laboratory strain G37) was obtained from GenBank 

(http://www.ncbi.nlm.nih.gov/genbank/). 

Primer Validation 

Primer pair candidates were required to pass two validation criteria before being 

considered for inclusion onto an array assembly. A generalized flow chart of this primer 

pair validation process is shown in Figure 3.1. 

Equivalent PCR efficiency is an essential aspect to the effective development of a 

multi-target system to be used on one sample to produce semi-quantitative data. Based 

upon extensive experience designing and implementing quantitative PCR (qPCR) assays 

(13-18), efficiencies between 80-120% with associated correlation coefficients ≥0.95 are 

required to provide optimal data for comparing transcription levels of selected genes within 

a sample and to ensure correct normalization across comparator samples. To determine the 

PCR efficiencies of newly designed primer pairs, a PCR master mix was made (see section 

“PCR”) for each primer pair set and a series of three, 10-fold dilutions of DNA (for 

Mycoplasma genitalium primers) or cDNA (for Cavia porcellus primers) was prepared and 

used as the template for the PCR. This series of dilutions served as a calibration curve that 
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provided an accurate assessment of efficiency for each putative gene target. Additionally, 

a negative template control (NTC) was included on all validation runs to identify primer 

pairs that formed primer-dimers in reactions with little or no target sequence. Amplification 

of a  primer  pair that  results in a  PCR  product from primer-dimer formation may still be 

 

Figure 3.1. Generalized workflow for primer validation.  
Primers first met PCR efficiency criteria (80-120%). Secondary evaluation of target 
specificity used high resolution melt temperature analysis to confirm the presence of a 
single melt peak. Final confirmation of primer specificity utilized electrophoresis through 
agarose to ensure only one product was produced, validating the primer pair and 
establishing the expected Tm for each corresponding amplimer. Approximately 40% of all 
amplimers were sequenced with 100% confirmation of their identities. Reproduced with 
permission. 
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considered for inclusion on an array build provided that the Tm obtained varies by at least 

5°C from the Tm of the expected product (Figure 3.2C). If a primer pair results in a PCR 

efficiency of 80-120%, primer pair specificity is next confirmed to ensure the fidelity of 

the reaction.  

Primer specificity was a second and equally important consideration during the 

validation process. Confirmation of the identity of each amplimer was completed by melt 

temperature analysis at the end of the amplification cycles to create a specific Tm for each 

of the amplified products. A single Tm suggested that only one PCR product was produced. 

In cases of a single Tm (Figure 3.2A), agarose gel electrophoresis confirmed the product 

size. Successful amplification was indicated by a single band that corresponded to the 

predicted amplimer size. During optimization, if multiple Tm’s (Figure 3.2B) or a band of 

an unexpected size was observed, the primer pair was considered sub-optimal and was 

subjected to redesign and re-validation. Sanger sequencing of randomly selected PCR 

products (to date approximately 40% of the total targets) showed 100% specificity was 

achieved using our validation approach. The Tm established for each successful primer pair 

was used as a subsequent quality control evaluation for experimental runs prior to analyses 

of gene expression differences. This workflow, using the optimized KS protocol and 

refined PCR primer pair design parameters, created an overall success rate of 80% for over 

400 first round primer pairs tested to date.  Second round re-design led to success for the 

majority of the targets, although 5% required a third round of design, suggesting that a 

small subset of target genes may fail our array approach. 
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Figure 3.2. Secondary primer pair validation. 
Target specificity was confirmed by melt temperature (Tm) analysis for all putative primer 
pairs of an array. All reactions were carried out as three, 10-fold dilutions analyzed in 
duplicate. A) A single melt peak indicated production of one product and a passed 
secondary evaluation. B) Multiple melt peaks were indicative of off-target primer binding 
or primer-dimer formation, resulting in multiple amplification products. The lower panel 
primer pair did not pass validation and was re-designed. C) An example of a primer pair 
that produced a primer-dimer in the no template control well. This primer pair passed 
validation as the Tm of the primer-dimer was ≥5°C from the expected Tm. All panels: the 
dotted line indicates the baseline threshold. Reproduced with permission. 



 

47 
 

Assembly of Array Plates 

Validated, optimized primer pairs were robotically plated into 96-well skirted PCR 

plates. Use of a 12-channel pipet for distribution of primers to array plates was confirmed 

to be a viable, although laborious, alternative to robotic plating. After array plating, 

multiple array plates were chosen at random and tested to address quality and 

contamination concerns. Water only control PCR confirmed that no contamination 

occurred during the plating process. Assembled array plates were tested using target 

nucleic acid to confirm primer activity conformed to results obtained during optimization 

and validation studies.  

For the guinea pig host immune response transcription array (gpArray), two 

additional quality controls were conducted after array plates were produced. Purified Vero 

and human DNA were tested in the gpArray to determine if the guinea pig primer pairs 

would recognize homologies in those genomes. These DNAs were specifically selected to 

identify possible sources of contamination that could be introduced at the time of sampling 

or during downstream sample manipulation: human DNA from laboratory personnel 

collecting and preparing the samples and Vero cell DNA to control for extraneous genetic 

material present in virus stocks grown in Vero cells and introduced during inoculation of 

test animals. Interestingly, both Vero and human DNA were recognized by the guinea pig 

primers (data not shown) and resulted in successful amplification of gene targets. Melt 

temperature analysis of the corresponding PCR amplimers showed that 82% of the 

resulting Vero Tms and 85% of the human Tms were sufficiently different (±0.8°C) to be 

distinguished by our standard quality assessment prior to data analysis. Of those targets 

that were ≤0.8°C, only 7 Vero and 7 human DNA amplimers produced Tms that were 

indistinguishable from their guinea pig counterparts.
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RNA Extraction and cDNA Synthesis 

Template RNAs were extracted using the Aurum Total RNA 96 kit (Bio-Rad) 

following the manufacturer’s instructions and included an on-column DNase I digestion to 

remove genomic DNA contamination. Prior to reverse-transcription of the RNA using the 

iScript cDNA Synthesis kit (Bio-Rad), lack of DNA contamination was confirmed using a 

Taqman qPCR targeting the housekeeping gene glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH). cDNA synthesis reactions were carried out in a final volume of 

60 µl per sample and contained the following reaction components: 12 µl 5x iScript 

Reaction Mix, 3 µl iScript Reverse Transcriptase (225 units), and 45 µl template RNA 

(~600 ng). cDNA synthesis was carried out using a three-step PCR protocol of 25°C for 5 

minutes followed by 30 minutes at 42°C and a final 5 minute incubation at 85°C to stop 

the reaction. Resulting cDNAs were stored frozen at -20°C until assayed. 

Production of Arrays 

For array plating, a fresh 1 ml primer stock containing both forward and reverse 

primers for each gene target was prepared in a sterile 1.8 mL cryovial at a final 

concentration of 434.8 nM in TE. This concentration of primer stock was used to ensure a 

final 0.2 µM concentration for both forward and reverse primers upon addition of reaction 

mix (see next section “PCR”) to all wells of the array plate. The aliquots were stored on 

ice until primer mixes were produced for all targets on a given array. The cryotubes were 

briefly centrifuged (300 RCF, ~30 seconds) before being pipetted into 96-well skirted PCR 

plates (Thermo Fisher Scientific, Waltham, MA) at a volume of 11.5 µl per well using 

sterile, RNase/DNase-free filter tips (Mettler-Toledo, Columbus, OH). Initial plating was 

accomplished using a 12-channel pipet (Mettler-Toledo), however subsequent plating 

utilized a Tecan Evo 200 robotics platform (Tecan US, Inc., Morrisville, NC) to increase 

the throughput, efficiency and accuracy of primer distribution. Finished array plates were 
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covered with sterile foil sealing tape (Thermo Fisher Scientific) and centrifuged briefly 

(300 RCF, ~30 seconds) to collect the liquid in the bottom of the wells. Array plates were 

stably archived at -20°C for long-term storage until used for sample screening. Validated 

gpArray and MG Array plates can be obtained from our lab group under MTA or through 

collaboration. 

PCR 

All PCR array reactions were completed in 96-well plates in a total volume of 25 

µl. Prior to assembling the reaction mix, template cDNA was diluted 1:5 in sterile 

DNase/RNase-free water. The final volume for the PCR and dilution of starting material is 

a best practice suggestion based on our experience with PCR development [144-149]. The 

final reaction volume and/or cDNA dilution may be adjusted as determined by the end user 

through experimental in-house validation. The reaction mix was assembled using 12.5 µl 

of 2x iQ SYBR Green Supermix (Bio-Rad) and 1 µl of diluted cDNA for each well to be 

tested. A volume of 13.5 µl of the SYBR-cDNA reaction mix was then added to each well 

of an assembled array plate containing primers (0.2 µM final primer concentration) using 

a 12-channel pipet and low-retention, RNase/DNase-free, filtered pipet tips (Mettler-

Toledo) . Plates were then sealed with optical tape and briefly centrifuged (6000 RCF, ~30 

seconds) to collect the liquid at the bottom of the wells prior to PCR. Reactions were carried 

out on either CFX or CFX Connect Real-Time PCR detection systems (Bio-Rad) using the 

optimized KS protocol consisting of an 8 cycle amplification of 95°C for 30 seconds, 48°C 

for 30 seconds, and 72°C for 30 seconds followed by a 40 cycle amplification of 95°C for 

15 seconds, 56°C for 20 seconds and 72°C for 20 seconds during which real time data were 

acquired at the annealing step. Cq analysis was completed by the Bio-Rad CFX Manager 

software with a constant baseline adjustment to 50 relative fluorescent units for all array 

runs to provide for accurate comparisons of Cq values across gene targets. 
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A high resolution melt temperature analysis was included in the thermocycling 

program following the second amplification step. Starting at 65°C, the temperature was 

raised incrementally by 0.2°C every 5 seconds, followed by data acquisition to an ending 

temperature of 95°C. Tm values for all amplicons were evaluated by comparing each 

corresponding Tm to established historical values with an acceptable range of ± 0.8°C prior 

to data analysis.  

Reference genes were needed to ensure reliable normalization across samples. 

However, the expression of many widely used reference genes can vary due to the tissue 

or cell type from which the sample is collected [141]. It has been shown that multiple 

reference genes should be used for normalization to avoid unintentional biasing of the 

results [150]. Thus, for all array runs, gene expression levels were normalized using the 

mean of four reference genes included on each plate using ∆∆Cq [150, 151]. Fold change 

was calculated by the normalized gene expression of the test sample divided by the 

normalized gene expression of the control sample. Values greater than one represented an 

up-regulation and were considered equal to the fold change. Fold change values less than 

one were down-regulation and were represented by the negative inverse of the fold change. 

Cloning of PCR Amplimers 

Selected PCR amplimers (~40% of targets) of the proper size created by initial array 

runs were purified (QIAquick PCR Purification kit; Qiagen, Valencia, CA) and then cloned 

using the TOPO TA Cloning kit (Life Technologies, Carlsbad, CA). Selected clones that 

were within 0.2°C of their corresponding control were sequenced using an ABI Prism 

3130XL Genetic Analyzer (Carlsbad, CA). Positive clones were also used to confirm Tm 

values and were archived for use in future single target qPCR assays. 
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qPCR Validation of Array Results 

Each qPCR mix contained 1X iQ SYBR Green Supermix, 0.2 µM of each forward 

and reverse primer, and 1 µl template cDNA. Cloned amplimers for each gene target were 

included on each plate as a series of 10-fold dilutions (106 – 102) as quantitation standards 

to provide a means of calculating the quantities of each target gene. Two additional qPCRs 

were conducted in parallel using the housekeeping genes hypoxanthine 

phosphoribosyltransferase 1 (HPRT1) and beta actin to control for cDNA quality and 

quantity. Negative template controls were included to ensure PCR integrity and indicate 

potential contamination. All reaction efficiencies were between 80-120% with correlation 

coefficients of >0.95. Assay sensitivity for these reactions allowed for 100 copies to be 

detected 100% of the time. Tm analysis was used to confirm primer specificity and 

amplimer identity as described above. Target gene expression levels were normalized using 

the geometric mean of the housekeeping genes HPRT1 and beta actin prior to analyses. 

The mean of normalized test sample values for each target gene were divided by 

normalized control sample values to indicate the fold change for comparisons to array 

results. Values greater than one represented an up-regulation and were considered equal to 

the fold change. Fold change values less than one were down-regulation and were 

represented by the negative inverse of the fold change. 

Guinea Pig Splenocyte Cell Culture 

Female Hartley guinea pigs (250-350 g) were obtained from Charles River 

Breeding Laboratories (Wilmington, MA) and housed in American Association for the 

Accreditation of Laboratory Animal Care-certified facilities. Animal studies were 

approved by the Institutional Animal Care and Use Committee (IACUC) at the University 

of Texas Medical Branch (UTMB) and all animals were humanely euthanized following 

UTMB IACUC-approved procedures. Guinea pig spleens were then harvested using sterile 
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technique and placed into Hank’s Balanced Salt Solution (HBSS; Corning Life Sciences-

Mediatech, Inc., Manassas, VA) supplemented with 5% (vol/vol) newborn calf serum (Life 

Technologies Incorporated, Carlsbad, CA) and 1% penicillin/streptomycin (10,000 U/ml 

penicillin/10,000 µg/ml streptomycin stock; Sigma-Aldrich). All manipulations of the 

tissues were conducted at room temperature. Spleens were minced and pushed through a 

metal mesh sieve to produce single-cell suspensions as described previously [152]. Cells 

were pelleted and washed with HBSS a total of 3 times. Erythrocytes were lysed by 

exposure to acetic acid prior to splenocyte enumeration. Cells (1x106 cells/well) were 

seeded into 24-well plates in medium containing RPMI 1640 (Corning Life Sciences-

Mediatech, Inc.), 10% (vol/vol) fetal bovine serum (FBS; Corning Life Sciences-

Mediatech, Inc.), 1% penicillin/streptomycin, 1% L-glutamine (Sigma-Aldrich), 1% 

sodium pyruvate (Sigma-Aldrich), 1% non-essential amino acids (Sigma-Aldrich) and 50 

µM β-mercaptoethanol (Sigma-Aldrich). Half of the wells were further supplemented with 

50 ng/ml phorbol 12-myristate 13-acetate (PMA) and 1 mM ionomycin to stimulate the 

cells. Cells were incubated (37°C, 5% CO2) for 24 hours and then re-suspended in 0.2 ml 

Aurum Total RNA Lysis Solution (Bio-Rad, Hercules, CA) containing 1% BME, vortexed 

and stored at -80°C until used for RNA isolation and cDNA preparation.  

Statistical Analysis 

Comparisons to detect significant variations in expression for each target gene were 

carried out using a two-tailed Student’s t-test after 2-∆Cq conversion of individual Cq data 

to a linear form [151]. Comparisons between gene expression levels from qPCR assays 

were made using a two-tailed Student’s t-test after log conversion of the qPCR results for 

each target with Prism software (v6.0; GraphPad, La Jolla, CA). For all comparisons a P 

value of 0.05 was used to designate significance. 
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RESULTS 

Development of the RT-PCR arrays first required the selection and optimization of 

a permissive thermocycling protocol that would allow multiple, diverse primer pairs of 

differing annealing temperatures to amplify targets with similar PCR efficiencies. After 

optimizing a PCR thermocycling protocol, we refined sequence target selection parameters 

to create an optimal primer design paradigm that increased the success rate for selecting 

array-compatible primer pairs. Additionally, we established target quality control and 

validation methodologies to ensure adequate PCR efficiency and to confirm primer 

specificity. Finally, using optimized methods two disparate example array assemblies were 

completed and tested to confirm the flexibility and utility of our approach. 

Assembled Transcription Arrays 

Several genetically distinct target sets have been successfully evaluated using our 

optimized array design and assembly methods. As proof of concept we offer results for two 

distinct types of biological target sets with disparate goals and outcomes. 

MG ARRAY. Our initial efforts to develop an array platform were driven by our 

research into the under-studied bacterial pathogen MG [147, 153]. This bacterium is 

responsible for genital tract infection and can develop an intracellular niche leading to 

persistent colonization of an infected individual [154]. MG provides a unique opportunity 

for studying the genes associated with infection and the establishment of persistence as it 

contains one of the smallest genomes capable of self-replication. To better understand the 

pathogenesis of this bacterium we designed primers to target 188 conserved genes 

representing ~40% of the known genes of this organism. Using the optimized workflow, 

the success rate for first-round primer design was 83% with an 80% success rate for the re-

design of suboptimal primer pairs.  

The assembled two 96-well plated array (see [155]) was utilized to study 

transcription profiles of two similarly cultured clinical isolates, MG 2300 and MG 2341 
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[156], under normal growth conditions. Array profiling of these two cultures showed 13 

genes that were significantly up-regulated in MG 2300 compared to MG 2341 under similar 

conditions (Figure 3.3). Additionally, 27 significantly down-regulated genes were 

identified in the MG 2300 culture compared to that of cultures containing isolate MG 2341. 

 
Figure 3.3. MG array comparisons between MG 2300 and MG 234. 
Comparisons made between the two MG strains showed significant transcription level 
changes in 42% of genes evaluated. A plot comparing MG 2300 to MG 2341 showed that 
significant up-regulation was detected for 13 genes (upper right quadrant). Additionally, 
27 genes were significantly down-regulated (upper left quadrant). The grey rectangle 
indicates a 3-fold up- or down-regulation. Approximately 58% of observed gene 
transcription levels were found to fall within this range and were considered unchanged. 
Selected genes were evaluated by qPCR and both their magnitude and direction of change 
were in agreement with the data obtained from the array. The dotted line indicates a P value 
of 0.05. Reproduced with permission. 

GUINEA PIG ARRAY (GPARRAY). Due to its similarity to humans, the guinea pig is 

often used to study human infection and disease but currently suffers from a dearth of 

associated immunologic reagents [157, 158]. To increase our understanding of the immune 

response in these animals, we utilized the flexibility of our platform to develop an array 
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capable of characterizing transcription changes in the guinea pig. First-round primer design 

success rates for the gpArray were 73% with an associated 50% success rate for primer re-

design, consistent with the greater complexity of this genome compared to that of MG. 

Appendix I provides a summary of primer pair sequences and associated Tms for the 

gpArray. Final array assessment was conducted using guinea pig splenic cells cultured with 

phorbol myristate acetate (PMA) plus ionomycin, an immunostimulatory cocktail known 

to activate lymphocyte proliferation and cytokine production. These samples were studied 

for known shifts in transcription levels associated with PMA/ionomycin stimulation. 

We first compared gpArray data from 2 sets of duplicate cultures of unstimulated 

splenocytes (1x106 cells/sample). A scatterplot (Figure 3.4A) of this comparison showed 

that no genes were up- or down-regulated more than 3-fold, indicating that there were no 

meaningful differences in transcription between these unstimulated samples. This method 

also helped to establish the level of biologic and technical noise in the PCR array. 

Comparison of array data from stimulated splenocytes with the untreated control values 

identified a number of genes that were differentially expressed (Figure 3.4B). When these 

results were statistically analyzed, transcription levels of 15 genes were significantly up-

regulated and the transcription levels of an additional 55 genes were significantly down-

regulated (Figure 3.4C). 

Confirmation of identified differential gene expression 

Sampling error and limits of detection can be serious confounders for generalized array 

approaches. To address these concerns, we utilized subsequent qPCR that included 10-fold 

dilution series of cloned amplimers from the gpArray as standard curves. Single target 

qPCR allowed for larger sample size with increased statistical power to confirm array 

indicated shifts in the transcriptome of the stimulated cell population. To establish this 

method and effectively define confidence in meaningful array-based differences, we 

selected qPCR targets representing the highest up- and down-regulated differences as well 

as differences representing mid- and minimally different fold changes established in the 
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arrays. Most of these targets were deemed as significantly different in treated guinea pig 

splenocytes. 

 
Figure 3.4. Initial validation of the gpArray. 
Primary gpArray evaluations were undertaken using guinea pig splenocytes treated with 
medium only for 24 hr (unstimulated) or PMA/ionomycin (stimulated). Both A) and B): 
The solid line indicates baseline expression; the dotted lines indicated 3-fold up or down 
expression differences. A) Replicates of unstimulated splenocytes showed no differences 
validating the reproducibility of the array and establishing the level of biological and 
technical noise. B) When stimulated splenocytes were compared to unstimulated samples, 
16% of genes were found to be up-regulated, 60% were down-regulated and the remaining 
genes showed no change. Both C) and D): The dotted line indicates P value of 0.05. The 
light grey rectangle indicates a 3-fold up or down change in expression levels. Gene 
transcription levels within this range were considered unchanged. C) Statistical 
significance of expression level differences from stimulated splenocytes compared to 
unstimulated; 15 genes were significantly up-regulated (upper right quadrant) and 55 were 
significantly down-regulated (upper left quadrant). D) qPCR results were concordant for 
direction of change and P value for 54% of genes evaluated (indicated by ★). Genes that 
were discordant with respect to direction, P value or both were found within a 5-fold up- 
or down-regulation and are denoted by (x). The dark grey rectangles indicate ±5-fold 
change in expression levels with all genes that showed >5-fold change corresponding to 
100% concordance with array data as confirmed by qPCR. Reproduced with permission. 
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Initial evaluation of the array results suggested ±3-fold change would likely be 

meaningful but in pilot studies that were intentionally underpowered we discovered ±5-

fold to be more accurate. Comparison of the array and qPCR data (Table 3.1) confirmed 

that all fold changes >5-fold were concordant and significant comparing triplicate 

stimulated samples to unstimulated controls (P<0.05). Of eight targets tested by qPCR with 

<5-fold difference indicated by the array, 2 matched both direction and P value; 3 matched 

direction only and the remaining 3 were discordant for both direction and significance 

(Figure 3.4D). gpArray results found to be ≤5-fold change therefore should be confirmed 

by an alternative method. Importantly, all values of >5-fold change are expected to be 

solidly concordant. 

 

Table 3.1. qPCR validation of expression level changes from PMA/ionomycin-
stimulated guinea pig splenocytes compared to unstimulated cells. 

Gene Array Indicated 
Fold Change 

Array 
P value <0.05 

qPCR Fold 
Change 

qPCR 
P value <0.05 

IFNγ 522.5 ↑ Y 2.3 ↑ Y 
TLR-3 89.9 ↓ Y 1.4 ↓ Y 
CD8α 15.4 ↓ Y 1.1 ↓ Y 
CXCL10 12.8 ↑ Y 1.6 ↑ Y 
OX40L 6.5 ↑ Y 4.7 ↑ Y 
CD107b 4.7 ↓ Y 1.0 ↓ N 
CD107a 4.4 ↓ Y 1.0 ↓ N 
IL-21 3.9 ↑ Y 1.8 ↑ Y 
B2M 3.0 ↓ N 1.0 ↓ N 
IFNAR1 2.3 ↑ N 1.2 ↑ Y 
CXCR3 2.1 ↓ Y 1.3 ↑ Y 
TGFβ 1.3 ↓ N 1.2 ↑ Y 
CD28 1.2 ↓ N 1.0 ↑ N 

Y: Yes, indicates a P value <0.05 
N: No, indicates a P value >0.05 
↑: indicates up-regulation 
↓: indicates down-regulation 
Reproduced with permission. 
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DISCUSSION 

The work described here illustrates the utility of our array platform by providing 

two new resources for the evaluation of transcriptional profiling for organisms that 

currently suffer from a lack of commercially available assays. By utilizing the reliability 

of SYBR green-based chemistries [159], we have developed a cost-efficient, highly 

specific and reproducible methodology that can be adapted to any target species for which 

whole or partial annotation of its genome is available. Our enhanced array system builds 

on previous primer design and PCR parameters [143] to create a system compatible with 

standard molecular biology laboratories. Our array platform can accommodate any number 

of genes spanning multiple 96-well plates, making it feasible to screen one sample across 

many genes or narrowing the focus to evaluate only a few important genes using a “mini 

array.” In this manner, multiple samples may be assayed per plate, reducing costs while 

increasing throughput. Thus, the platform is an ideal screening tool for detecting 

transcription changes from individual or biologically pooled samples to identify relevant, 

differentially-expressed genes for subsequent evaluations. Additionally, the targets 

included on each array can be converted easily to specific, sensitive qPCR assays using the 

primer sets already incorporated on the platform. Such assays enable efficient confirmation 

of the transcriptional changes detected by an array for many individual samples. Finally, 

our approach allows for the construction of a secondary array using only those genes 

identified and confirmed by qPCRs, further reducing overall costs and increasing the 

efficiency of array screens.  

There has been intense development in the area of transcriptomics and associated 

technologies in recent years [136], resulting in several options for gene expression analysis. 

RNA-seq can provide de novo evaluation of gene expression in the absence of a reference 

genome [136], making this an attractive option for researchers working with an uncommon 

research species. However, this technology can be cost-prohibitive and requires a multi-



 

59 
 

step sample preparation that can introduce unwanted bias into the results [138, 139]. In 

contrast, PCR arrays are relatively inexpensive on a per sample basis and can provide a 

more user-friendly approach to transcription analysis. Unfortunately, while many signaling 

pathways and disease states may be interrogated using commercially available PCR arrays, 

the limited number of target species prevents study of many important animal models.  

Initial development of the array platform was driven by our research into the 

emergence of MG as a sexually transmitted pathogen [160, 161]. With the availability of 

commercial reagents lacking for such an under-studied organism, our goal was to provide 

an important tool for understanding the transcriptome of this bacterium. Thus, the MG 

array was developed to include individual genes that are crucial to motility [162, 163], 

important in regulating responses to environmental changes [164] and other potential 

pathogenicity cues [165].  

Utilizing the MG array, we investigated the variability in gene transcription 

between different clinical isolates to identify genes important to survival or adaptation to 

the host environment. Screening detected transcriptional changes that could be associated 

with drug resistance or immune evasion. These observations resulted in a more refined list 

of gene targets and the flexibility of our platform provided the ability to easily re-configure 

a more specific, focused version of the MG array. This refined array will be used to identify 

new targets for therapeutic interventions and vaccine development.  

As evidence of success with a more complex genome, we developed an array for 

the guinea pig because it is an excellent model for the study of infectious diseases [81, 158, 

166-168]. The guinea pig boasts immune and pathophysiologic similarities to humans that 

make it a preferred animal for studying disease pathogenesis (38-40) and for evaluating 

new vaccines [119, 169]. Despite the value of this small animal model, full utilization of 

possible outcomes has been hampered by a lack of commercially available immunological 

assays. Independent researchers have attempted to overcome these limitations, however 
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the resulting assays are often specific for only a single target [157, 170, 171], restricting 

their utility to a smaller subset of research applications. 

Using the validated gpArray, pilot studies were completed to compare 

PMA/ionomycin-stimulated splenocytes to unstimulated cells to identify changes in 

expression levels associated with this non-specific immune activator cocktail. This 

approach also helped validate the sensitivity of the gpArray providing defined cutoffs for 

meaningful differences identified by the array. As expected, the expression levels of 

interferon gamma (IFNγ) increased significantly compared to unstimulated controls. Not 

surprisingly, additional interferon-stimulated genes (CXCL10 and CXCL11) were also 

found to be up-regulated along with several interferon-induced lymphocyte activation 

markers (CD69 and CD223). These results were in agreement with known lymphocyte 

activation [172-174] and confirmed the gpArray could detect transcriptional changes and 

could be useful as a screening tool. 

The changes in expression levels that were observed were confirmed by subsequent 

single target qPCR to validate initial array results. The qPCR of selected targets evaluated 

both large- and small-fold changes in up- and down-regulated genes and showed that 

transcription level changes of ±3-fold were less meaningful than suggested by initial array 

evaluations. Importantly, qPCR evaluations showed 100% concordance for expression 

changes of >5-fold and indicated that changes <5-fold should be confirmed by alternate 

approaches or increased sample size. Single target qPCR adapted from the existing primers 

on the array proved an efficient and straightforward means of addressing both statistical 

confirmation and increased numbers of samples analyzed in cost effective fashion.  

Collectively, the presented data showed that our array development platform was a 

reproducible and highly adaptable resource for examining changes at the transcriptional 

level in disparate organisms that lack optimal assays for research. Importantly, the system 

can be used with only partial genomic sequence from pathogens and commensal organisms 

that are not yet cultured in a laboratory as well as from more complex species currently 
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lacking a fully annotated genome. To our knowledge, the MG array created by our method 

represents the first resource for evaluating large-scale expression level changes in this 

emerging, sexually transmitted pathogen. Additionally, while microarray technologies 

have been used to study the guinea pig previously [175, 176], restrictions inherent to these 

technologies (e.g. increased costs, diminished throughput that can reduce statistical power) 

can be overcome using RT-PCR arrays. With real time PCR instruments increasingly 

common in research laboratories, we believe RT-PCR arrays to be more approachable and 

easily adopted by scientists studying emerging organisms or species lacking available 

assays. In addition, this developmental platform has the potential to create tools to study 

multiple organisms present in a single sample, i.e. pathogen in the context of host, 

providing a simple and accurate new screening tool for gene expression analysis. 
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CHAPTER IV 

Transcriptional Analysis of the Guinea Pig Mucosal Immune Response 

to Intravaginal Infection with Herpes Simplex Virus Type 2  

INTRODUCTION  

As we have detailed in previous Chapters, Herpes simplex virus type 2 (HSV-2) is 

the most common cause of genital herpes, one of the most prevalent sexually transmitted 

infections in the world [2, 3]. Infection is frequently asymptomatic, leaving many 

individuals unaware of their infection, but it can also be accompanied by painful skin or 

mucosal lesions. Replication at the mucosal site of infection is followed by virus movement 

to the ganglia of innervating neurons where a lifelong latent infection is established [22, 

32]. Periodic reactivation from this latent virus pool produces recurrent lesions and more 

frequently virus shedding which is frequently asymptomatic [38, 39] and is regarded as a 

major source of virus transmission to susceptible partners [39, 177], complicating efforts 

to control the spread of this disease. As mentioned previously, HSV-2 infection has also 

been shown to increase the risk of HIV acquisition by over three-fold in both men and 

women [64] making HSV-2 a significant worldwide public health concern. 

While suppressive antiviral therapies exist for the treatment of genital herpes, 

studies have shown that not even high-dose regimens are completely effective in 

abrogating HSV-2 transmission [90]. In addition, there are currently no licensed vaccines 

against genital herpes and recent clinical efficacy trials conducted to evaluate a promising 

vaccine candidate have proven unsuccessful [93]. A better understanding of viral 

pathogenesis and virus-host interactions is clearly needed to optimize strategies to control 

this important disease. 
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The mouse and guinea pig are the two small animal models most commonly used 

in the study of genital herpes pathogenesis and for evaluating novel interventions [74]. 

Although the murine model allows the application of a wide variety of immunologic 

reagents, it is not the most representative model for studying human disease [75]. Vaginal 

HSV-2 infection produces high lethality in mice and surviving animals do not experience 

spontaneous recurrent disease. Consequently, the model is not well suited for the study of 

latent infection or the recurrent disease and viral shedding associated with HSV-2 

transmission in humans. In contrast, the guinea pig provides a more clinically relevant 

model of human genital herpes, with animals experiencing a self-limiting primary infection 

that closely resembles HSV-2 disease in humans that results in a latent infection in sensory 

neurons. This remarkable similarity to human disease has made the guinea pig the “gold 

standard” for the study of both primary and recurrent genital herpes disease for a number 

of years [75, 81, 83]. However, as discussed previously in Chapters I-III, the model has 

suffered from the paucity of immunologic reagents available for the guinea pig [157], 

hindering disease pathogenesis studies and limiting the characterization of the immune 

response while evaluating putative vaccines [178]. In an attempt to address this deficiency, 

as described in Chapter III, we recently developed a guinea pig PCR array (gpArray) that 

includes gene targets for cytokines, chemokines, and cell-specific surface markers to 

provide a means of examining the immune response in these important research animals 

[155].  

The primary objective of the studies described here was to utilize this array to 

characterize the local alterations in immune gene expression levels temporally throughout 

vaginal primary genital herpes infection in the guinea pig. While there has been limited 

work using microarray assays to evaluate changes in gene expression during a bacterial 

infection in guinea pigs [175], to our knowledge this is the first time that a temporal 

characterization of the immune transcriptome has been undertaken for the guinea pig 

vaginal mucosa during primary genital herpes infection. 
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METHODS 

Guinea Pig Model of Primary Genital Herpes 

Female Hartley guinea pigs (Charles River Breeding Laboratories, Wilmington, 

MA) were housed in AAALAC-approved vivarium and allowed to acclimate prior to use. 

All animal studies were approved by the UTMB Institutional Animal Care and Use 

Committee. Animals were inoculated intravaginally with 6.0 log10 plaque forming units 

(pfu) HSV-2 strain MS as described previously [96]. Following HSV-2 inoculation, 

animals were evaluated daily through resolution of the primary infection (d10 post 

inoculation; p.i.) and the severity of genital vesiculo-ulcerative disease quantified as 

described [74].  

Vaginal swabs were collected from each guinea pig immediately prior to HSV-2 

inoculation and on days 1, 2, 3, 5, 7, and 10 p.i. Swabs were placed into 1 ml of Dulbecco’s 

Modified Eagle Medium (Corning Life Sciences-Mediatech, Inc., Manassas, VA) 

supplemented with 2% (vol/vol) newborn calf serum (Life Technologies Incorporated, 

Carlsbad, CA) and 1% penicillin/streptomycin (10,000 U/ml penicillin/10,000 µg/ml 

streptomycin stock; Sigma-Aldrich, St. Louis, MO). The samples were vortexed and 100 

µl removed and added to 100 µl Total RNA lysis buffer (Bio-Rad, Hercules, CA) 

containing 1% β-mercaptoethanol (BME; Sigma-Aldrich). Both this sample and the 

original vaginal swab sample were stored at -80°C until used for RNA isolation and cDNA 

preparation or virus titration.   

For the IFNγ reporter assay, vaginal lavages were collected by washing the vaginal 

vault three times with 200 µl of Hank’s Balanced Salt Solution supplemented with 5% 

(vol/vol) newborn calf serum and 2% penicillin/streptomycin (20,000 U/ml 

penicillin/20,000 µg/ml streptomycin stock). Immediately following collection, samples 

were centrifuged (16000 x g, 5 min) to pellet cellular material and the supernatant 

transferred to a new, sterile tube. Collected cellular material was preserved by addition of 
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Total RNA lysis buffer containing 1% BME and stored at -80°C for RNA isolation and 

cDNA preparation.  

RNA Extraction and cDNA Synthesis 

RNAs were extracted using the Aurum Total RNA 96 kit (Bio-Rad) following the 

manufacturer’s instructions and reverse-transcribed using the iScript cDNA Synthesis kit 

(Bio-Rad) as previously described [155]. Briefly, each reaction contained: 45 µl RNA 

template, 3 µl iScript Reverse Transcriptase and 12 µl 5x iScript Reaction Mix. A three-

step protocol consisting of 25°C for 5 minutes, 30 minutes at 42°C and 5 minute at 85°C 

to stop the reaction was utilized for cDNA synthesis and the resulting cDNAs were stored 

at -20°C until assayed. 

gpArray Transcription Analysis 

cDNAs were assayed using a guinea pig immune response array. Individual cDNA 

samples were prepared and PCR array reactions completed in 96-well plates in a total 

volume of 25 µl using previously described methods [155]. PCR array reactions were 

carried out on CFX or CFX Connect Real-Time PCR detection systems (Bio-Rad) using a 

protocol that consisted of an 8 cycle amplification of 95°C for 30 seconds, 48°C for 30 

seconds, and 72°C for 30 seconds followed by a 40 cycle amplification of 95°C for 15 

seconds, 56°C for 20 seconds and 72°C for 20 seconds during which real time data were 

acquired at the annealing step. Bio-Rad CFX Manager software was used to complete Cq 

analysis with a constant baseline adjustment of 50 relative fluorescent units for all array 

runs.   

For quality control, the identities of each PCR array product were confirmed using 

a high resolution melt temperature analysis included in the thermocycling protocol 

following the second amplification step [155]. Melt temperatures (Tm) for each amplicon 

were compared to historical values with an acceptable range of ±0.8°C prior to data 
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analysis. For gene targets that had Tms >0.8°C, corresponding Cq values were considered 

“40” (the maximum number of amplification cycles included in the PCR) during analysis 

to indicate the lack of a successful amplification of the target gene in the reaction. Finally, 

the Cq values obtained from gpArray runs were quantile normalized using the HTqPCR 

package for the R/Bioconductor framework [179]. Comparisons to identify statistically 

significant changes in gene expression levels between uninfected controls and samples 

from each time point post-inoculation were calculated using the R/Bioconductor limma 

package [180, 181] with a P value cutoff of 0.05. 

Gene Ontology (GO) Analysis 

Genes found by gpArray analysis to have significantly altered expression levels 

(P<0.05, Student’s t test) compared to  pre-challenge values for the same animal were 

analyzed using the Enrichr application [182] to rank enriched terms from each day of 

sampling throughout the primary HSV-2 infection study. GO biological processes were 

assigned by Enrichr for these individual gene lists identified from gpArray analysis. 

Calculations to determine the statistical relevance of the results were conducted by the 

Enrichr application and used Fisher’s exact test as described [182]. 

Additionally, the INTERFEROME (http://www.interferome.org) database [183] 

was used to identify the members of the gene sets analyzed by GO that had known 

associations to IFNγ or IFNγ-mediated immunity. 

Confirmatory qRT-PCR  

PCR primers used for confirmatory qRT-PCR assay have been previously 

described [155]. Cloned amplimers of selected gene targets were produced and included as 

a series of duplicate 10-fold dilutions (106 - 102) as quantitation standards. All reactions 

were conducted in a total volume of 25 µl and utilized the CFX or CFX Connect optical 

platforms (Bio-Rad). Reaction mix contained 1X iQ SYBR Green Supermix, 0.2 µM of 



 

67 
 

each forward and reverse primer, and 1 µl template cDNA. To control for cellular load and 

normalize IFNγ copies for each sample, parallel qPCRs were conducted using the 

housekeeping genes glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and beta actin. 

Negative template controls were included to ensure PCR integrity and all reaction 

efficiencies were between 80-120% with correlation coefficients of >0.96. The sensitivity 

of these reactions allowed for 100 copies to be detected 100% of the time. Confirmation of 

primer specificity and amplimer identity was undertaken using Tm analysis. IFNγ 

expression levels were normalized using beta actin or the geometric mean of the 

housekeeping genes GAPDH and beta actin prior to analyses.  

Guinea Pig IFNγ Reporter Assay 

Vaginal lavage samples were diluted (1:3, 1:12, 1:48) in Hank’s Balanced Salt 

Solution supplemented with 5% (vol/vol) newborn calf serum and 2% 

penicillin/streptomycin and a 100 µl aliquot added to duplicate wells of a 96-well plate 

containing guinea pig fibroblast cells (a kind gift of Dr Hubert Schafer, Robert Koch 

Institute, Berlin, Germany) stably transfected with a luciferase reporter under the control 

of the interferon stimulated response element (ISRE) [184]. Cells were incubated (37°C, 5 

hrs), lysed by addition of ONE-Glo reagent (Promega, Madison, WI) and luciferase activity 

quantified using a Centro XS3 LB 960 luminometer (Berthold Technologies, Oak Ridge, 

TN) with reads of 1 sec/well. The luciferase activity in lavage samples was defined as the 

fold difference compared to that seen in samples from cells treated with medium alone. 

Virus Titer 

HSV-2 titers were determined from daily vaginal swab or lavage samples by plaque 

assay [74]. Briefly, 24-well plates with confluent Vero cell monolayers were inoculated 

with serially diluted samples in duplicate. Plates were incubated for 1 hour at room 

temperature and then an agarose overlay added. The plates were incubated (37°C, 5% CO2) 
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for 2 days. The supernatant was aspirated, monolayers stained with crystal violet solution 

(Sigma-Aldrich) and viral plaques enumerated to determine the titer. . 

Statistical Analysis 

For all groups, data were analyzed for mean and standard deviation (SD). 

Comparisons between multiple groups were made by one-way ANOVA with Bonferroni 

correction and correlation coefficients were calculated using Spearman nonparametric 

correlation using Prism software (v6.0; GraphPad, La Jolla, CA). Comparisons of IFNγ 

gene expression levels were made using a two-tailed ANOVA after log conversion of the 

qPCR results with Prism software. For all comparisons a P value of 0.05 was used to 

designate significance.  

RESULTS 

HSV-2 Infection and Overview of Gene Expression Following Virus Challenge 

Eighteen outbred Hartley guinea pigs were intravaginally (IVAG) inoculated with 

HSV-2. Subsequently 15/18 animals developed vesiculo-ulcerative primary genital skin 

disease. Vaginal swabs were collected from animals on days 1 and 2 p.i. and used to 

confirm successful inoculation of animals with HSV-2. Replicating virus was recovered 

from vaginal swabs of all animals confirming that all 18 animals were infected. Vaginal 

virus titers were highest on day 1 p.i. (5.96 ± 1.2 log10 pfu/ml) and showed a significant 

reduction by day 2 p.i. (5.05 ± 0.9 log10 pfu/ml; P<0.05, Student’s t test). Genital skin 

lesions were detected beginning on day 4 p.i. with peak disease severity on day 6 p.i. and 

resolution of genital herpes disease by day 10 p.i. (Figure 4.1). 
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Figure 4.1. Graphical representation of disease scoring for animals inoculated with 
HSV-2.  
Genital lesions appeared between day 3 and 4 p.i. with peak disease severity peaked 
observed on day 6 p.i. Genital lesions healed and were undetected by day 10 p.i. 

To characterize the temporal host immune response to HSV-2 infection at the 

vaginal epithelium we evaluated samples obtained on days 1, 3, 5, 7, and 10 p.i. using the 

gpArray and compared them to those obtained from the guinea pigs prior to virus infection 

with each animal serving as its own control. In these analyses we identified a total of 193 

genes with significantly altered expression (P<0.05, Student’s t test). The highest number 

of differentially expressed genes were found day 1 p.i. with 45 genes showing significant 

changes in expression levels. Subsequently, the number of differentially expressed genes 

decreased on days 3 (39 genes) and 5 p.i. (36 genes) and then increased on day 7 (43 genes) 

before decreasing again on day 10 (30 genes). Figure 4.2 provides a summary of the 

temporal expression of the differentially altered genes grouped by fold change for each day 

of sampling. Moreover, the individual fold changes for the top 25 differentially expressed 
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genes (both up- and down-regulated) for each day of sampling are summarized in Table 

4.1.  

For nine genes expression was significantly altered on all of the days. Of these, 

three (IFNγ, CXCL10 and CXCL11) were up-regulated throughout the course of the 

infection while six (SOD1, CCL20, TLR-6, IFNAR1, BPI, and IL-16) were down-

regulated. 

 
Figure 4.2. Temporal expression of differentially expressed genes by time point 
following HSV-2 inoculation.  
Genes are arranged into groups by fold change and indicate the number of up- and down-
regulated genes for each day of sampling. The total of up- and down-regulated genes is 
indicated at the top and bottom of each column for each day sampled. 

Gene Ontology (GO) Analysis 

To provide more information about the temporal immune response to HSV-2 

infection, GO analysis was undertaken to identify the biological processes associated with 
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the gene expression patterns elucidated by the gpArray studies. We previously showed that 

significantly altered genes with a ±3-fold alteration to their expression levels are more 

likely to indicate significant alterations in transcription levels when measured by more 

sensitive methodologies such as qPCR [155, 185], thus only genes meeting this criteria 

were included in the GO analysis studies. 

Table 4.1. The top 10 differentially expressed genes for each day of sampling. 

Gene 
Fold Change 

Day 1 p.i. 
 

Gene 
Fold Change 

Day 3 p.i. 
IFNG 3405.6  CXCL11 997.7 
CXCL11 1052.9  IFNG 285.6 
CXCL10 422.5  CXCL10 218.4 
IL27 203.8  CCL7 172.9 
IL12B 147.8  CCL5 36.9 
CCL7 118.1  KLRD1 17.2 
IL12A 52.0  CD96 13.6 
CXCL12 15.7  IL27 10.7 
TNFSF4 14.0  CD2 9.8 
IL2RA 13.6  IL2RA 8.8 
CD69 11.1  LAG3 8.0 
TNF 6.9  CD69 6.5 
TLR6 -97.6  TLR7 4.7 
CCR6 -63.3  CCL2 4.3 
SOD1 -47.6  CCL20 -172.9 
ENTPD1 -28.6  CCR4 -72.1 
CD36 -26.8  BPI -42.9 
CCL20 -20.7  CD19 -27.7 
LAMP1 -15.0  CD93 -21.5 
IL23R -13.6  TLR6 -19.4 
IL16 -13.5  CCR3 -12.5 
HPRT1 -10.3  SOD1 -12.3 
BPI -9.2  IL23R -11.4 
CD19 -9.1  TLR9 -11.3 
TGFB1 -7.4  TGFB1 -10.2 

Gene Fold Change 
Day 5 p.i. 

 Gene Fold Change 
Day 7 p.i. 

CXCL11 385.9  CXCL11 613.7 
CXCL10 172.5  IFNG 352.6 
IFNG 111.9  CXCL10 150.6 
KLRD1 23.1  CCL5 46.9 
CCL5 22.7  KLRD1 24.3 
IL2RA 19.0  CD2 21.2 
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IL21 17.5  CD96 20.4 
CXCR3 17.2  IL21 20.3 
CTLA4 15.1  CXCR3 16.8 
CD2 12.3  LAG3 16.5 
LAG3 11.7  CTLA4 12.7 
IL27 11.1  CCL7 12.5 
CD96 9.8  IL2RA 12.0 
CCL20 -840.2  CD28 6.2 
BPI -197.5  CCL20 -469.6 
CD19 -45.7  BPI -81.7 
SELL -33.3  TGFB1 -67.7 
FCER2 -21.5  CD19 -39.4 
TNFRSF8 -20.2  SOD1 -16.8 
IL12A -18.7  FCER2 -15.9 
SOD1 -18.4  IL7 -14.7 
IL16 -13.0  IL16 -14.6 
CSF2 -12.7  SELL -11.6 
IL15 -10.3  CSF2 -11.3 
CTSG -10.1  IL23R -11.3 

Gene Fold Change 
Day 10 p.i. 

 
  

CXCL11 33.9    
CCL5 30.4    
CD79A 20.0    
CXCL10 12.9    
CD2 11.9    
CXCR3 11.2    
IFNG 10.2    
KLRD1 9.6    
CD96 9.1    
IL27 7.9    
IL27RA 7.3    
CD28 5.3    
IL1B 4.0    
CCL20 -241.5    
BPI -189.4    
CSF2 -60.1    
SOD1 -22.8    
IL15 -22.4    
IL7 -14.9    
IL23R -13.3    
TLR6 -12.8    
IL16 -11.4    
FCER2 -8.7    
TLR3 -5.0    
IL6ST -4.4    
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Results from GO analysis showed that on day 1 p.i most of the differentially 

expressed genes were associated with the broad categories of signal transduction, immune 

response, defense response and immune system process (Table 4.2). These processes 

involve many functions related to the presence of a foreign body and the response to 

potential damage due to an invasive threat. Signal transduction was one of the most 

significant processes identified and was associated with nearly half of the significantly 

altered genes found at this time point. The processes of regulation of cytokine production 

and the regulation of lymphocyte activation were also indicated and included several of the 

most highly up-regulated genes (IFNγ, IL-27, IL-12A, IL-12B) on day 1.  

By day 3 p.i. GO analysis showed changes in the categories represented by the 

altered genes with more genes belonging to the general category response to chemical 

stimulus. This broad category includes a more specific biological process, chemotaxis, that 

was indicated for this day of sampling. Five of the most up-regulated genes at this time 

point (CCL2, CCL5, CCL7, CXCL10, and CXCL11; Table 4.1) were chemotaxins that 

overlap within these related GO processes. 

On day 5 p.i. many of the differential altered genes were identified by GO as being 

associated with positive regulation of metabolic process and the regulation of cell 

proliferation, and the regulation of lymphocyte and T-cell activation (Table 4.2), likely 

due to up-regulation of CD2, CD28, CTLA4, and IL-21 as these genes are common to both 

processes. 

Day 7 gene expression patterns indicated a more generalized set of processes 

(Table 4.2) such as defense response, immune response, and immune system process. 

Additionally response to chemical stimulus and chemotaxis were again prominent due to a 

resurgence in increased expression of the chemotactic genes CCL2, CCL5, CCL7, 

CXCL10 and CXCL11 (Table 4.1). The processes regulation of lymphocyte activation and 

regulation of T-cell activation were also identified, likely due to increased expression of 

several markers of T-cell populations (CD2, CD28, CD96, and LAG3) at this time point.  
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Table 4.2. The top ten GO terms from each time point sorted by increasing P value 
(Fisher’s exact test).  
The table also lists the number of genes identified from gpArray analysis that are 
associated with each corresponding GO term.  

Day 1 p.i. GO Terms P value Number of 
Genes 

regulation of cytokine production (GO:0001817) 4.90E-11 11 
immune response (GO:0006955) 3.25E-07 13 
regulation of immune response (GO:0050776) 3.25E-07 8 
regulation of lymphocyte activation (GO:0051249) 3.25E-07 7 
immune system process (GO:0002376) 3.34E-07 14 
positive regulation of cytokine production (GO:0001819) 4.27E-07 6 
regulation of cytokine biosynthetic process (GO:0042035) 1.43E-06 6 
defense response (GO:0006952) 7.02E-06 10 
chemotaxis (GO:0006935) 8.04E-06 7 
signal transduction (GO:0007165) 9.27E-06 20 

Day 3 p.i. GO Terms P value Number of 
Genes 

chemotaxis (GO:0006935) 2.40E-09 10 
locomotory behavior (GO:0007626) 2.69E-09 10 
regulation of cytokine production (GO:0001817) 1.24E-08 9 
defense response (GO:0006952) 4.08E-08 12 
behavior (GO:0007610) 5.45E-08 10 
response to chemical stimulus (GO:0042221) 1.92E-07 14 
immune system process (GO:0002376) 1.34E-06 13 
regulation of lymphocyte activation (GO:0051249) 3.89E-06 6 
immune response (GO:0006955) 6.21E-06 11 
positive regulation of cytokine production (GO:0001819) 8.46E-06 5 

Day 5 p.i. GO Terms P value 
Number of 

Genes 
regulation of cytokine production (GO:0001817) 1.35E-09 10 
regulation of lymphocyte activation (GO:0051249) 1.20E-08 8 
regulation of T cell activation (GO:0050863) 7.48E-08 7 
immune response (GO:0006955) 1.34E-07 13 
immune system process (GO:0002376) 2.46E-07 14 
positive regulation of metabolic process (GO:0009893) 1.68E-06 12 
regulation of T cell differentiation (GO:0045580) 1.77E-05 4 
regulation of cytokine biosynthetic process (GO:0042035) 2.96E-05 5 
positive regulation of tyrosine phosphorylation of STAT 
protein (GO:0042531) 

2.96E-05 4 

regulation of cell proliferation (GO:0042127) 3.34E-05 10 

Day 7 p.i. GO Terms P value Number of 
Genes 

regulation of cytokine production (GO:0001817) 1.08E-09 10 
regulation of lymphocyte activation (GO:0051249) 1.05E-08 8 
regulation of T cell activation (GO:0050863) 2.96E-06 6 
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defense response (GO:0006952) 8.50E-06 10 
immune response (GO:0006955) 9.28E-06 11 
chemotaxis (GO:0006935) 9.28E-06 7 
immune system process (GO:0002376) 1.02E-05 12 
locomotory behavior (GO:0007626) 1.02E-05 7 
positive regulation of cytokine production (GO:0001819) 1.02E-05 5 
response to chemical stimulus (GO:0042221) 1.20E-05 12 

Day 10 p.i. GO Terms P value Number of 
Genes 

regulation of cytokine production (GO:0001817) 1.44E-09 9 
regulation of T cell activation (GO:0050863) 8.35E-09 7 
regulation of lymphocyte activation (GO:0051249) 2.40E-08 7 
regulation of T cell differentiation (GO:0045580) 7.10E-06 4 
regulation of cell differentiation (GO:0045595) 7.24E-06 7 
regulation of cytokine biosynthetic process (GO:0042035) 7.24E-06 5 
immune response (GO:0006955) 3.00E-05 9 
immune system process (GO:0002376) 3.00E-05 10 
positive regulation of metabolic process (GO:0009893) 3.69E-05 9 
regulation of protein amino acid phosphorylation 
(GO:0001932) 

1.09E-04 5 

Finally, day 10 expression patterns indicated roles for regulation of cytokine 

production and the regulation of T-cell activation and differentiation (Table 4.2). Sampling 

at this time point showed the least amount of significantly altered genes of any day 

throughout primary infection (Figure 4.2) and those genes that were significantly altered 

showed less differential expression compared to naïve controls. 

Interferome Analysis 

In addition to GO analyses, the significantly altered genes on each day were 

interrogated against the INTERFEROME database (http://www.interferome.org) to 

determine genes were associated with IFNγ antiviral host responses. Of the 45 genes 

identified from 1 day p.i. samples, 51% were associated with IFNγ. Likewise, 17 of the 41 

genes (41%) with altered expression on day 3 p.i., 17 of 39 (44%) on day 5 p.i., 19 of 41 

(46%) on day 7 p.i., and 15 of 31 (48%) on day 10 had known associations to IFNγ-related 

immune responses as identified by the database. 
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Confirmatory Quantitative RT-PCR 

Because both gpArray studies and INTERFEROME analysis indicated the 

importance of IFNγ in the response to HSV-2 infection. We undertook a series of 

quantitative RT-PCR (qRT-PCR) to provide additional information about IFNγ RNA 

levels for each animal over the course of the study. The RNA samples used were the same 

as were assayed on the gpArray. As shown in Figure 4.3, qRT-PCR results confirmed that 

IFNγ RNA was expressed at significantly higher levels on days 1-7 p.i. (P<0.05, ANOVA) 

showing good agreement with the results obtained from gpArray screening. The levels of 

IFNγ in day 10 p.i. samples were also increased compared to those seen pre-challenge but 

the increase did not reach significance (1.39 ± 1.0 vs 1.15 ± 0.7 log10 copies). 

IFNγ Reporter Assay 

Having confirmed that IFNγ mRNA was increased on each day sampled, we next 

examined whether these increased levels of mRNA were indicative of corresponding 

increased IFNγ protein levels. In a second series of studies the amount of biologically 

active IFNγ protein in vaginal lavages collected from guinea pigs prior to and at different 

times following HSV-2 inoculation and were quantified using an in vitro reporter assay 

[184]. 

Samples collected from HSV-2 infected animals showed significantly increased 

luciferase activity, indicating increased IFNγ protein levels on all days tested with the 

increase being significant on days 2 and 5 p.i. (P<0.05 each compared to naïve controls; 

Figure 4.4A). Peak luciferase activity was seen on day 2 p.i., subsequently decreasing 

significantly by day 5 p.i. with a further reduction between days 5 and 7 p.i. Figure 4.4B  
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Figure 4.3. Confirmatory IFNγ qPCR results from gpArray samples.  
IFNγ mRNA expression was found to be significantly up-regulated compared to naive 
controls on days 1-7 p.i. correlating well with gpArray screening results. Analysis of day 
10 p.i. samples showed increased expression levels of IFNγ mRNA compared to naïve 
controls but this difference did not reach significance. 

shows that IFNγ mRNA isolated from cellular material recovered from the vaginal lavages 

in this study was significantly increased on all days of sampling compared to controls 

(P<0.05, ANOVA) however there was no significant difference in IFNγ mRNA between 

days. 

A portion of vaginal lavage from this IFNγ protein study was also used to determine 

the amount of replicating virus in the vagina on each day of sample collection. The highest 

titers were observed on day 2 (4.93 ± 0.8 log10 pfu/ml) with a significant reduction in the 

amount of HSV-2 detected by day 5 (2.93 ± 0.8 log10 pfu/ml; P<0.05 ANOVA). Virus 

titers were again reduced on day 7 (2.53 ± 0.8 log10 pfu/ml) compared to day 5 but this 

reduction was not significant. Additionally, a strong positive correlation was found 
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between HSV-2 titers and IFNγ protein levels as measured by luciferase activity (r=0.788, 

P<0.01; Spearman correlation).  

 

Figure 4.4. Relationship between IFNγ protein abundance and mRNA levels. 
Vaginal lavages were collected from animals prior to and after HSV-2 inoculation to 
determine the relationship between IFNγ mRNA and protein production. A) The mean fold 
increase in luciferase activity indicated significantly increased levels of IFNγ protein on 
days 2 and 5 compared to naïve controls. In addition, Day 5 expression levels indicated a 
significant reduction from day 2. Day 7 IFNγ protein levels were similar to day 5. B) IFNγ 
mRNA levels were found to be significantly up-regulated on all days of sample collection 
compared to naïve controls with no difference in expression levels between individual days 
of sample collection. * p<0.05, ANOVA with Bonferonni correction. 
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DISCUSSION 

Using a custom PCR-based transcription array we undertook a series of studies to 

evaluate the temporal maturation of the immune response of the vaginal mucosa throughout 

a primary genital herpes infection in the guinea pig. These studies demonstrated a major 

role for IFNγ in response to acute HSV-2 infection, a finding that is in good agreement 

with the importance of IFNγ in the control of genital herpes in mice [55, 73, 186]. 

Additionally, we showed that approximately 40% of the gene targets included on the array 

showed significant alterations in expression levels and were linked to IFNγ-mediated 

antiviral immunity, further highlighting the important role of this inflammatory cytokine 

in the control of HSV-2 infection.   

Using criteria that we had developed in previous studies we undertook GO analysis 

to provide a biological context to the gpArray screening results. Thus, the biological 

processes identified using GO analysis provided us with a means to infer the temporal 

maturation of the mucosal immune response in the guinea pig to an acute genital herpes 

infection.  

Transcriptome analysis showed that the highest number of differentially expressed 

genes was found 24 hours p.i, corresponding temporally with the peak of viral replication 

within the vaginal mucosa, the greatest level of IFNγ mRNA expression and most IFNγ-

related immune response genes. Unsurprisingly, GO analysis of these altered genes 

confirmed a general immune defense response with lymphocyte activation and cytokine 

production indicative of a robust immune response to viral challenge. Further, early up-

regulation of CCL2 (+3.4 fold) and CCL7 (Table 4.1) at this time suggested monocyte-

derived antigen presenting cell recruitment into the infected epithelium [186]. These results 

are consistent with the initiation of a vigorous Th1 response to HSV-2 infection and, taken 

together, show good agreement with previous findings regarding the early events in the 

response to intravaginal HSV-2 infection in mice [73, 186].  
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The chemotaxins CCL2, CCL5, CCL7, CXCL10 and CXCL11 were all highly up-

regulated on day 3 p.i. These chemokines have previously been reported to be critical to 

host resistance following HSV-2 infection [56, 186-188]. These results are consistent with 

the recruitment of lymphocytes to the vagina in response to an inflammatory environment, 

likely stimulated by the Th1 response observed on day 1 p.i. and are supported by GO 

analysis of day 3 p.i. gene expression in which the top processes identified had shifted to 

chemotaxis and cellular locomotion. In addition, the INTERFEROME database indicated 

that these chemokines are all associated with IFNγ-mediated antiviral responses, either 

directly by IFNγ-stimulated target cell production or through IFNγ-induced up-regulation 

of cell adhesion molecules. Interestingly, our findings are in good agreement with those 

reported recently by Cherpes et al. who described strong indications of interferon-mediated 

immunity and increases in the levels of CCL5, CCL7 and CXCL10 3 days following 

intravaginal HSV-2 challenge in mice using an oligonucleotide microarrray [189].  

Transcription data in our studies showed that CXCR3 was one of the most up-

regulated genes on day 5 p.i., suggesting vaginal infiltration by a mixed population of 

activated T-cells [190]. This finding was supported by GO analysis of day 5 gene 

expression patterns which indicated an increase to the processes of lymphocyte and T-cell 

activation that would be expected with the arrival of T-cells at the vaginal mucosa. It is 

also possible that increased expression of CXCR3 is a specific indicator of CD4+-mediated 

T-cell recruitment of an effector CD8+ population to the mucosal site of infection [57]. 

Coupled with the effect of IL-21 for the promotion of CD8+ T-cell proliferation and effector 

functions [191], these results strongly support the appearance and maturation of an adaptive 

immune response that corresponds with a significant reduction in replicating virus titers 

compared to those seen on day 2 p.i. Further, the timing of this apparent influx of T-cells 

into the vagina is similar to the previous reports of the first appearance of IFNγ-secreting 

lymphocytes into the genital tract of mice on day 5 after HSV-2 challenge [152].  
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Gene expression data from Day 7 p.i. showed continued up-regulation of a number 

of potent chemotaxins, including CXCL10, CXCL11, CCL5, CCL7, as well as increased 

expression of T-cell activation markers (CD2, CD28, CTLA4). Taken together with the 

results of GO analysis, these results suggested continued lymphocyte and T-cell activation 

and would be compatible with continued influx and expansion of a CD8+ population at the 

vaginal epithelium. As IFNγ mRNA expression was also found to be up-regulated with a 

concomitant increase in the number of IFNγ-associated immune genes, it is likely that day 

7 is the peak of CD8+ activity associated with mucosal clearance of replicating virus [43, 

54] in the guinea pig. Vaginal virus titers on day 7 p.i. were lower than those in day 5 

samples and further support this hypothesis. Additionally, a recent study by Xia et al. [192] 

reported the recovery of large numbers of HSV-specific IFNγ-secreting T-cells from the 

vaginal mucosa of guinea pigs on day 7 p.i., further supporting our interpretation of the 

gpArray results.  

Analysis of gene expression levels day 10 p.i. samples was similar to day 7, with a 

further increase in the number of genes associated with IFNγ antiviral immunity. 

Interestingly, at this time although the amount of IFNγ mRNA detected by qRT-PCR was 

higher than in uninfected animals this increase did not reach significance. However, the 

amount of IFNγ mRNA on day 10 p.i. was significantly reduced compared to that seen on 

day 1 p.i. Coupled with the reduction in the total number of genes with significantly altered 

expression levels, this data suggests that the vaginal transcriptome was returning to its 

normal non-perturbed state as the initial virus infection at the genital epithelium was 

cleared.  

Of the six genes that were significantly down-regulated on all days, BPI functions 

as an innate anti-infective defense molecule recently found to be expressed on the surface 

of epithelial cells [193] and IL-16 is a CD4+ chemotactic cytokine linked to IFNγ 

stimulation. To our knowledge, down-regulation of these genes has not previously been 

associated with HSV-2 infection and consequently these genes may represent novel targets 



 

82 
 

for future studies. IFNAR1 is the alpha chain of the type I interferon receptor and 

production of this protein has been reported to be down-regulated during both HCV and 

HSV infections [194, 195], however no studies have previously shown transcriptional 

alterations for this gene during viral or bacterial infections. TLR-6, is a pattern recognition 

receptor that detects bacterial lipoproteins at the cell surface, it is expressed at high levels 

on the epithelial cells of the lower genital tract [145]. Transcriptional down-regulation of 

TLR-6 has been reported in lung epithelial cells treated with TLR-2 agonists [196]. These 

studies also showed that increased levels of IFNγ and TNFα had a suppressive effect on 

TLR-6 mRNA expression [196]. HSV-2 is known to be recognized by TLR-2 [43, 197] 

and the levels of TLR-6 mRNA in our studies were lowest when IFNγ and TNFα mRNA 

expression were increased suggesting that the decreased transcription of TLR-6 may have 

been due to a similar mechanism.  

SOD1 mRNA expression has also been reported to be reduced during viral 

infections with a direct correlation to viral gene expression [198]. In addition, TNFα has 

been shown to reduce SOD1 transcription [199, 200] and in our studies the highest level 

of down-regulation of SOD1 was coincident with the greatest up-regulation of TNFα 

transcription.  

Finally, CCL20, a highly potent chemokine constitutively expressed by vaginal 

epithelial cells [201], has been shown to be up-regulated during periods of inflammatory 

stimulation [201] and results in a rapid recruitment of lymphocytes to the site of 

perturbation [202]. In contrast, our analysis of CCL20 transcription levels showed 

significant reductions during the primary HSV-2 infection. While this was unexpected, 

Sperling et al. recently showed that human papillomavirus type 8, another DNA virus that 

can establish a persistent infection, encodes a novel viral protein that directly interferes 

with CCL20 promoter activation, thereby reducing transcription and expression and potent 

suppression in the ability of the cells to attract Langerhans cells to the site of infection 
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[203]. Our results could therefore be suggestive that HSV-2 employs a similar mechanism 

of transcriptional suppression of this molecule. 

Of the genes found to be significantly up-regulated across the entire sampling 

period, IFNγ is known to be an important effector molecule against genital herpes in mice, 

including functions for the recruitment of lymphocytes to the vaginal epithelium [73] and 

resolution of a HSV-2 infection [55]. CXCL10 and CXCL11 are potent chemotactic 

interferon-stimulated genes [204, 205] and it is not surprising that the expression of these 

three genes was found to be highly up-regulated throughout the course of the HSV-2 

infection. In addition, evaluation of alterations in gene expression levels following HSV-2 

infection showed that over 40% of the genes with significantly altered expression had a 

connection to IFNγ based on INTERFEROME database analysis for each day sampled. 

IFNγ is known to be important in the resolution of genital herpes in mice and our results 

suggested similar importance in the guinea pig. Utilizing qRT-PCR, we confirmed 

increased expression of IFNγ throughout primary HSV-2 infection. These results suggest 

that IFNγ is also crucial to the control of a vaginal HSV-2 infection in the guinea pig.  

mRNA expression levels do not always correlate well with protein levels [206, 

207]. Thus, to evaluate the relationship between IFNγ transcription and protein levels, a 

second series of experiments was undertaken to quantify the amount of biologically active 

IFNγ protein present in the vagina during primary HSV-2 infection. These studies showed 

that on days 2 and 3 after HSV-2 infection there was increased IFNγ protein production. 

The results were in good agreement with the IFNγ mRNA levels detected by the gpArray 

and confirmed by qRT-PCR. Further, levels of IFNγ mRNA recovered from cellular 

material collected from vaginal lavages also correlated well with IFNγ protein levels in the 

lavage supernatant. Concordant with our previous study, we observed a significant increase 

in luciferase activity suggestive of high levels of IFNγ protein on day 2 p.i. and found that 

IFNγ mRNA expression was also significantly increased at this time point. Interestingly, 

IFNγ protein levels subsequently decreased over the course of the study, however the 



 

84 
 

expression levels of IFNγ mRNA remained up-regulated compared to uninfected on all 

days of sample collection. This phenomenon has been reported previously for enriched 

populations of T-cells and represents a general uncoupling of transcription from 

translational processing to prepare and maintain potent cytokines for memory responses 

while protecting from an improper release of inflammatory molecules [208, 209]. These 

findings proved that increased mRNA expression for IFNγ was indicative of a greater 

abundance of IFNγ protein, however they also highlighted potential differences in post-

transcriptional regulation or post-translational modifications that prevent a direct linear 

relationship for correlating mRNA expression levels to protein production under certain 

conditions [210]. 

Our comparative analysis studies utilized a PCR-based array to characterize 

changes in the host immune transcriptome in the guinea pig model of genital herpes. To 

our knowledge this is the first evaluation of its kind in this animal model. While we 

acknowledge that limitations exist in our analyses due to the limited number of gene targets 

available for interrogation using the gpArray, GO analysis of the genes with significantly 

altered expression patterns identified by this system were still successful in providing a 

temporal examination of the biological processes associated with the host immune response 

to HSV-2 infection. These results were in line with the known vaginal immune response 

observed in mice and have allowed a more detailed examination of the host response to 

genital herpes in an animal model that more closely resembles human disease. The gpArray 

also expands the capabilities for studying the vaginal immune response during recurrent 

disease for which there is no good murine model. Additionally, a key finding of our array 

studies was the crucial role for IFNγ in the resolution of an HSV-2 infection and these 

results were confirmed using an in vitro reporter assay to measure the abundance of 

biologically active IFNγ protein at the vaginal mucosa. These findings indicated the 

importance of IFNγ in stimulating an exuberant antiviral immunity against HSV-2 and 
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show good agreement with studies conducted in the murine model of genital herpes [55, 

73, 189].   

The gpArray has proven to be a useful new tool for understanding immune 

responses in the guinea pig model of genital herpes. Importantly, it has extended our 

understanding of the host response to a primary HSV-2 infection by allowing us to 

characterize the immune response throughout the entire acute infection, a feat that is not 

possible in mice due to the mortality associated with genital herpes infection. However, 

further exploration of the immune response, including the contribution of different 

lymphocyte cell populations, will be necessary to fully delineate host immunity to this 

important sexually transmitted infection, especially with regard to recurrent disease and 

virus transmission.   
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CHAPTER V§ 

Use of a Guinea Pig-Specific Transcriptome Array for Evaluation of 

Protective Immunity against Genital Chlamydial Infection following 

Intranasal Vaccination in Guinea Pigs 

INTRODUCTION  

Because we could not evaluate the HSV-2 vaccine originally tested in follow-up 

studies using the gpArray we instead undertook a series of studies to characterize the 

effects of a genital infection with the bacterial pathogen Chlamydia caviae on the immune 

response in the guinea pig. We further compared the protective effects of intranasal C. 

caviae vaccination on differences in the mucosal immune responses between naïve and 

vaccinated animals.  

Urogenital infection with Chlamydia trachomatis is one of the most common 

bacterial sexually transmitted infections (STIs) worldwide [211]. Recent surveys have 

shown that over 105 million new cases were reported in 2008 and that more than two-thirds 

of these occurred in developing countries [211, 212]. The prevalence of chlamydial 

infections have been found to be similar in both women and men [213], however it is a 

greater public health concern for women due to the major clinical sequelae that can result 

from infection, including ectopic pregnancy, infertility and pelvic inflammatory disease 

(PID) [214, 215]. Infection is asymptomatic (i.e. subclinical) in 70-90% of women but 

these individuals are capable of transmitting the infection to others [214, 216]. 

Additionally, despite many decades of sexual health programs [217] incidence rates are  
 

§Chapter V previously published and taken from: Wali, S., et al., Use of a Guinea pig-specific transcriptome 
array for evaluation of protective immunity against genital chlamydial infection following intranasal 
vaccination in Guinea pigs. PLoS One, 2014. 9(12): p. e114261. Reproduced with permission. 
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still increasing in many countries including the United States and Canada [216]. 

C. trachomatis is an obligate intracellular bacterium that normally infects the 

cervical (women) or urethral (men) epithelia [218]. In untreated women, the bacteria can 

produce an ascending infection that spreads along the endometrial epithelium to the 

fallopian tubes [216]. Here, the bacteria can establish a persistent infection that can result 

in a chronic host inflammatory immune response and the development of PID [216]. 

Chlamydia exists in two distinct forms: a small, infectious, nonreplicating, 

extracellular elementary body (EB) and a larger, intracellular, noninfectious, replicating 

reticulate body (RB). EBs are internalized by epithelial cells into an endocytic vesicle 

wherein they subvert lysosomal processing by the cell [219]. The EBs then modify the 

endosomal compartment and undergo transformation into the metabolically active RBs 

[218, 219]. As RBs undergo cellular division, the endosome expands to accommodate the 

increased numbers of progeny and becomes an inclusion [219]. After continued 

logarithmic growth, the RBs’ depletion of host cell nutrients triggers a return to the 

infectious EB form. The new EBs are released to infect neighboring cells through extrusion 

of the inclusion or lysis of the host cell [219].  

The immune response to chlamydial infection in humans results from a myriad of 

host responses that include both innate and adaptive components [220]. TLR recognition 

of the bacteria results in the production of interferon gamma (IFNγ) and other inflammatory 

cytokines that stimulate dendritic and natural killer cell activation [221]. The resulting 

cytokine milieu favors the development of a T helper 1 (Th1) response necessary for 

effective bacterial clearance. Specifically, it is the CD4+ component of the Th1 T cell 

response that is the critical element in resolution of a chlamydial infection [221-223]. CD8+ 

T-cells play a more controversial role in resolution of infection, but can contribute as a 

secondary source of IFNγ production or through killing of infected cells [218, 221-223]. 

Additionally, while antibodies are important contributors to a successful immune response 

in both the human [224-227] and mouse [228, 229], an antibody response by itself is not 
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capable of resolving the infection. Rather, the major role of antibodies in clearance of a 

chlamydial infection is to further enhance Th1 activation, providing increased levels of 

IFNγ secretion by CD4+ effector T-cells [218, 220].  

A number of animal models have been reported for the study of chlamydial genital 

infection [230-234]. While there is currently no ideal animal model, the guinea pig model 

offers distinct advantages over the others for evaluating chlamydial infection of the genital 

tract [231, 234]. The causative agent of guinea pig inclusion conjunctivitis (GPIC or C. 

caviae) produces a genital tract infection remarkably similar to human C. trachomatis 

genital infection with regard to pathogenesis, immunity, and the ability to be transmitted 

sexually [231, 235]. In addition, C. caviae is a natural pathogen of the guinea pig that can 

infect superficial epithelial cells of the ectocervix and endocervix [236], producing an 

ascending infection to the endometrium and oviducts [235]. Further, the female 

reproductive system of the guinea pig is also closely related to that of the human with 

regard to histological features and physiology including an estrous cycle with active 

hormone secretion from a corpus luteum, thus eliminating the need for hormonal pre-

conditioning necessary for infection, colonization and pathogen ascension in other animal 

models [231, 235]. However, as described for herpes simplex virus (HSV) vaccine studies 

conducted in the guinea pig (see Chapter II; [169]), the lack of guinea pig-specific reagents 

has limited the use of this animal model for evaluating the efficacy of putative chlamydial 

vaccine candidates.  

In the current studies we determined protective immunity against intravaginal 

(IVAG) infection in guinea pigs vaccinated with chlamydial EBs that are known to provide 

robust protection against genital challenge(s) [237, 238]. Here we immunized female 

guinea pigs intranasally (IN) with C. caviae EBs or delivered PBS to controls (mock 

vaccinated) and then challenged the animals IVAG with C. caviae. Further, as the major 

sequelae from chlamydial infections result from the ascending nature of the infection that 

can lead to chronic inflammation [220, 221], we examined the tissues from both the lower 
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and upper genital tracts early (3 days post-challenge) and later in the course of the infection 

(9 days post-challenge). These studies provided an excellent opportunity to utilize the 

guinea pig array (gpArray) described in Chapter III [155] to analyze differences in the 

regulation of genes that may contribute to innate responses, Th1-cellular/inflammatory, 

and Th2-humoral immunity in vaccinated animals compared to mock controls. gpArray 

data revealed increased Th1- and Th2-associated gene expression in vaccinated guinea pigs 

by day 3 post challenge. Further, vaccinated guinea pigs cleared IVAG infection by day 3 

post challenge and displayed significantly less upper genital pathological damage 

compared to mock vaccinated controls. 

MATERIALS AND METHODS 

Bacteria 

Chlamydial stocks (obtained from Dr. Harlan Caldwell at the Rocky Mountain 

Laboratory, NIAID/NIH) were prepared as described previously [239]. EB (infectious 

form) of C. caviae were harvested from infected HeLa cell monolayers and stored at -80°C 

in sucrose-phosphate-glutamine (SPG) buffer. C. caviae stock titers were determined as 

previously described [240] and diluted appropriately in PBS for both IN immunization and 

IVAG challenge.  

Guinea Pigs 

Dunkin Hartley strain guinea pigs (350-450g) were purchased from Charles River 

Laboratories (Massachusetts, USA) and housed, infected and processed by our 

collaborators in AAALAC-accredited vivarium at the University of Texas at San Antonio. 

Food and water were supplied ad libitum and all experimental studies were completed 

humanely and followed the recommendations in the Guide for the Care and Use of 

Laboratory Animals of the National Institutes of Health. The protocol was approved and 
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overseen by the Institutional Animal Care and Use Committee (IACUC) of the University 

of Texas at San Antonio.  

Immunization and Challenge 

Guinea pigs were immunized IN with 1 x 105 C. caviae EB. Immunized guinea pigs 

were rested for one month and then challenged IVAG with 1 x 105 EB of C. caviae. 

Following challenge, vaginal swabs were collected every 3 days and used to inoculate 

HeLa cell monolayers to determine infection status. Chlamydial inclusions were detected 

in the infected cells after 30h incubation using an anti-Chlamydia genus specific rabbit 

monoclonal primary antibody and goat anti-rabbit IgG secondary antibody conjugated to 

FITC plus Hoescht nuclear stain.  

Guinea Pig Transcriptome Analysis  

To prepare guinea pig nucleic acids for gpArray analysis, RNA was extracted from 

genital tract tissues harvested from three humanely euthanized guinea pigs from each group 

at the indicated times post challenge using the Aurum RNA extraction system (Bio-Rad; 

Hercules CA). Briefly, small (<3mm3) tissue pieces collected from  the vagina and cervix 

representing the lower genital tract (LGT) and uterine horns and oviducts representing the 

upper genital tract (UGT)s of individual guinea pigs were homogenized in kit-provided 

lysis solution supplemented with 1% beta-mercaptoethanol. Following the kit instructions, 

total RNA (~2ug per sample) was collected in a 96 well format and then immediately 

converted into cDNA using the iScript cDNA synthesis kit (Bio-Rad). The resulting cDNA 

was analyzed by PCR array (~2ng of RNA per well) immediately or stored at -20°C until 

analysis [155]. Gene expression data were normalized using quantile transformation to 

provide a more uniform distribution of intensities as described by Bolstad et al. [241]. This 

approach normalized each gene expression level and each sample to the others to account 

for differences in RNA quality and quantity. Comparisons of the transcription profiles 
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among the lower and upper genital tracts of naïve, mock vaccinated challenged, and 

vaccinated challenged animals at days 3 and 9 post-challenge were performed using delta 

delta Cq analyses [151] within the HTqPCR package for the R/Bioconductor framework 

[179-181]. This allowed us to establish fold change (FC) values for subsequent 

comparisons of individual genes between test groups. The FC values were then evaluated 

by Student’s t-test (Prism v6.0; GraphPad) to identify significantly differentially regulated 

genes (p<0.05). In addition, the HTqPCR package provided us with a means to conduct 

hierarchical clustering analysis on selected genes for comparisons between groups and time 

points.  

Selected genes that were expressed differently between groups were subsequently 

analyzed by qRT-PCR with single target assessment under optimal conditions established 

for each specific target using the same RNA analyzed in the array. Single target expression 

data were normalized against the averaged housekeeper expression levels for HPRT1 and 

eEF1a1. Expression profiles for these two housekeepers were indistinguishable across all 

the samples in the study (correlation coefficient R2=1.0, n=36).  This approach confirmed 

the data from the quantile normalized Cq values generated by the array and provided 

accurate quantified outcomes to compliment FC calculations. For each qPCR run, a 10-

fold dilution series of known copy number was processed in parallel as described 

previously [149] to provide a means of extrapolation of Cq value to actual copy number in 

a given sample. All PCR analyses were completed in CFX real time instruments (Bio-Rad) 

using optimized thermocycling conditions. 

Determination of C. caviae Loads in Infected Genital Tracts by qPCR 

DNA was collected from each tissue [147] and subjected to qPCR assays. Primers 

targeting the tryptophan synthase gene beta subunit of C. caviae were used to quantify 

bacterial  load   in  the  lower   and  upper  genital  tract  of  infected  guinea  pigs.   These  

evaluations     utilized      forward   ( 5’  -    AGAGGATCTTCTACATACAG   -  3’  )    and  
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reverse (5’- CCATGAAAATCACACATTC-3’) primers with a corresponding melting 

temperature analysis to identify and confirm all qPCR products with a resulting 84°C Tm 

for the C. caviae product. Guinea pig GAPDH served as a DNA quality and quantity 

indicator and was used to normalize the C. caviae loads in individual samples. Guinea pig 

GAPDH qPCR utilized forward (5’-AAT GGG AAG CTC ACA GGT ATG G-3’) and 

reverse (5’-ATG TCA TCG TAT TTG GCC GGT-3’) primers and a TET-labeled TaqMan 

probe (5’-TET-TCC AGG CGG CAG GTC AGA TCC ACA-BHQ1-3’). The lower limit 

of detection for the assays was 50 copies. Comparisons between bacterial loads in tissues 

at day 3 and day 9 post-inoculation were made using Student’s t-test with a P value of 0.05. 

Genital Tract Pathology  

Genital tract tissues of all surviving animals were harvested on day 80 post-

challenge as previous extensive analyses demonstrated the suitability of this time period to 

evaluate upper genital tract sequelae following IVAG Chlamydia challenge [242-244]. 

Tissues were fixed in 10% formalin, embedded in paraffin, sectioned, and stained with 

hematoxylin-eosin (H&E). Histological images were recorded at ×200 or ×400 

magnifications under an Olympus AX80 light microscope (Olympus, Center Valley, PA) 

and evaluated in a blinded manner for pathological damage. The microscopic findings were 

either graded as none/minimal (0), slight (1), moderate (2), or severe (3) histological 

alteration. Histological scores were obtained by examining 5 consecutive sections (2mm-

interval) of cervix, oviducts, and uterus from every animal. Scores assigned to individual 

guinea pigs were used to calculate the pathology scores for each group of animals and 

presented as mean ± standard deviation. 
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RESULTS  

Intranasally Vaccinated Guinea Pigs are Protected Against Intravaginal C. caviae 
Infection 

IN vaccination of mice with C. muridarum EBs has been shown to provide robust 

protection against genital C. muridarum infection [240, 243]. To evaluate a similar 

vaccination regimen against IVAG C. caviae infection in guinea pigs, we immunized 

guinea pigs IN with 1 x 105 C. caviae EBs. Guinea pigs administrated PBS IN were used 

as a mock vaccination control, similar to previously reported studies in mice that were 

found to be comparable to an adjuvant-alone control group [242]. As shown in Figure 5.1, 

C. caviae EB-vaccinated animals cleared subsequent IVAG C. caviae challenge at day 3 

whereas mock vaccinated guinea pigs shed C. caviae (1x106 inclusion forming units; IFU) 

for 6 days post challenge, followed by reduced bacterial loads from days 9-18, and no 

recoverable bacteria by day 21 post challenge. 

Evaluation of C. caviae Bacterial Burden by Genomic Analysis 

In order to increase the sensitivity of detection and measure C. caviae that was no 

longer infectious because of host inactivation, bacterial genomic burdens in lower and 

upper genital tract of guinea pigs at days 3 and 9 post challenge were estimated using qRT-

PCR. Although C. caviae loads were comparable at day 3 post challenge in the lower 

genital tract (LGT) and upper genital tract (UGT) of vaccinated and mock vaccinated 

guinea pigs (Figure 5.2), C. caviae EB-vaccinated guinea pigs displayed 4-6 logs fewer 

bacterial genomes in lower and upper genital tracts by day 9 post challenge. Additionally, 

of the twelve tissues from C. caviae EB-vaccinated animals, three had no detectable 

bacterial genomes. 
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Figure 5.1. Vaccination of guinea pigs with C. caviae protects against genital 
chlamydial infection.  
Groups (5 per group) of guinea pigs were immunized IN with 1 x 105 IFU C. caviae or 
treated with PBS as mock vaccination controls. All animals were rested for 30d and 
challenged IVAG with 1 x 105 IFU C. caviae. Chlamydial shedding in vaginal swab 
samples was monitored every third day after challenge for a month. Data are presented as 
mean ± SD for each group at each time point. Adapted from: Wali, S., et al., Use of a 
Guinea pig-specific transcriptome array for evaluation of protective immunity against 
genital chlamydial infection following intranasal vaccination in Guinea pigs. PLoS One, 
2014. 9(12): p. e114261. Reproduced with permission. 
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Figure 5.2. Quantitative PCR assessment of bacterial genomic burdens in lower and 
upper genital tracts from C. caviae mock (PBS) or vaccinated guinea pigs.  
Groups of three animals were euthanized on days 3 and 9 after C. caviae IVAG challenge 
and tissues representing the lower or upper genital tract were aseptically collected. 
Extracted DNA was subjected to qPCR for single copy guinea pig GAPDH (used for 
normalization) and the single copy C. caviae tryptophan synthase gene (quantification of 
bacterial genomic load). The average bacterial burdens for each tissue are depicted as grey 
(mock-vaccinated) or black (vaccinated) bars for each tissue and time point. LGT: lower 
genital tract. UGT: upper genital tract. * p < 0.05, ** p < 0.01, Student’s t test. Adapted 
from: Wali, S., et al., Use of a Guinea pig-specific transcriptome array for evaluation of 
protective immunity against genital chlamydial infection following intranasal vaccination 
in Guinea pigs. PLoS One, 2014. 9(12): p. e114261.  Reproduced with permission. 
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C. caviae EB-vaccinated Guinea Pigs are Protected Against Development of 
Reproductive Tract Pathology Following Intravaginal Challenge  

To evaluate the effect of C. caviae EB vaccination on the development of 

pathological lesions in the genital tract, tissue sections were obtained from challenged 

guinea pigs at day 80 after challenge [242-244]. Histological analysis of the uterus of 

mock-vaccinated animals revealed pathological damage that was characterized by the 

presence of a severe inflammatory cell infiltration (the majority of the inflammatory cells 

were lymphocytes and macrophages) with moderate superficial layer exfoliation and 

hemorrhage [185]. In contrast, C. caviae EB-vaccinated animals had an intact endometrial 

epithelium that exhibited reduced inflammation and hemorrhage in the uterus [185]. The 

mean histopathology severity scores for the uterus demonstrated significantly (p<0.05) 

reduced inflammatory cell infiltration, superficial layer exfoliation and hemorrhage upon 

C. caviae EB vaccination compared to controls [185]. In addition, congestion and edema 

were also found to be reduced in vaccinated animals but the associated scores were not 

statistically different from the mock-vaccinated guinea pigs.  

Host Responses are Increased Following C. caviae EB Vaccination in Guinea Pigs  

We next utilized the guinea pig-specific PCR array [155] to elucidate the impact of 

vaccination with C. caviae EB on gene expression in both the upper and lower genital tract 

following intravaginal challenge. As expected, comparisons of gpArray results between 

vaccinated and mock-vaccinated groups revealed modulation of a number of genes. From 

these, 19 genes were selected for more extensive qRT-PCR analyses based on their 

involvement in either innate, Th1 or Th2-humoral immune pathways. In addition, the 

gpArray results for these genes were subjected to hierarchical clustering analyses for 

probable co-regulation of immune components in C. caviae EB-vaccinated or mock 

vaccinated guinea pigs. As shown in Figure 3, hierarchical clustering of the data indicated 

3 major groups including innate (NK), Th2-humoral (including CD93, CD39, IL-4R, β2-
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microglobulin) and Th1-cellular/inflammatory responses that was in agreement with the 

known immune functions of the selected genes, further validating the gpArray results. 

Interestingly, when the gpArray screening results of tissues from C. caviae EB-

vaccinated animals were compared to those of mock vaccinated controls at day 3 after 

chlamydial challenge (Figure 5.3), we observed decreased innate gene transcription and a 

 

Figure 5.3. Comparative heatmap depiction of differential gene expression using 
RT-PCR array screening.  
Groups of mock vaccinated and challenged (PBS/C) were compared to C. caviae EB-
vaccinated and challenged (EB/C) animals to evaluate differences in gene transcription. 
Each group contained three animals. Tissues from both upper and lower genital tracts (U 
and L, respectively) from the respective groups of animals were collected at days 3 and 9 
after challenge. Red and blue shading indicate increased or decreased expression of the 
indicated genes, respectively. Lighter shades, including white, indicate similar levels of 
expression. Functional gene clustering is indicated by the brackets on the left that show 3 
major groups consisting of innate, Th2 and Th1/inflammatory related genes. Adapted from 
Wali, S., et al., Use of a Guinea pig-specific transcriptome array for evaluation of 
protective immunity against genital chlamydial infection following intranasal vaccination 
in Guinea pigs. PLoS One, 2014. 9(12): p. e114261.  Reproduced with permission. 
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concomitant increase in the transcription of genes associated with both Th1 and Th2 

immune  responses  in  the  LGT  of  the  vaccinated  animals.  For  these  selected  genes, 

transcription in the UGT of vaccinated animals was generally up-regulated compared to 

the controls. By day 9 the gpArray indicated that innate gene transcription was still reduced 

in both the LGT and UGT of vaccinated animals. But Th2-associated gene transcription 

was up-regulated in both the LGT and UGT of vaccinated animals. Finally day 9 Th1-

associated gene transcription had waned in both tissues of vaccinated animals, although 

CD8α and RANTES were found to be highly transcribed at this time.   

Next, to confirm the results of the gpArray screening, single qPCR assays were 

performed for the selected genes associated with both innate and acquired immunity. The 

data are summarized in Tables 5.1 (LGT) and 5.2 (UGT) and provided an overall 

confirmation of the array results depicted in Figure 5.3.  

Table 5.1. Fold change between groups from qPCR assays of selected immune 
response genes from the guinea pig lower genital tract. 

 
Arrows indicate direction of fold change. 

* indicates p<0.05; ** indicates p<0.01 
aPBS/C: mock vaccinated and challenged; EB/C: C. caviae vaccinated and challenged; 
Naïve: non-vaccinated and not challenged. 

Adapted from: Wali, S., et al., Use of a Guinea pig-specific transcriptome array for 
evaluation of protective immunity against genital chlamydial infection following intranasal 
vaccination in Guinea pigs. PLoS One, 2014. 9(12): p. e114261. Reproduced with 
permission. 

  

aComparison
Between Groups

CXCL10 CXCL11 CXCR3 CD8α CD107a CD107b IL-21 IFNAR1 RANTES
β2-

µglobulin
OX40L IFN γ

D3

PBS/C vs 
Naive

6.3↑ 3.3*↑ 1.4↑ 1.6↑ 2.3↑ 1.6↑ 1.3↓ 1.6↑ 1.7↑ 2.9*↑ 1.2↑ 1.4↑

EB/C vs 
Naive

9.5*↑ 6.7**↑ 2.5↓ 1.1↑ 5.6*↑ 3.0*↑ >10↓ 6.1*↑ 5.6↑ 6.8**↑ >10↓ 5.0↓

EB/C vs 
PBS/C

1.4↑ 2.0**↑ 3.5↓ 1.4↓ 2.5↑ 2.0↑ 6.0↓ 3.3↑ 3.3↑ 2.5**↑ >10↓ 6.7↓

D9

PBS/C vs 
Naive

>10*↑ >10↑ 1.0↑ 1.6↑ 1.7↓ 1.4↓ 1.1↓ 2.5↓ 7.4*↑ 1.3↑ 1.0↓ 2.8↑

EB/C vs 
Naive

1.7↑ 1.0↑ 5.0↓ 1.4↓ 1.2↑ 1.7↑ 5.0↓ 3.1**↑ 1.7↑ 2.4**↑ >10↓ >10↓

EB/C vs 
PBS/C

9.5*↓ >10↓ 4.2*↓ 2.3*↓ 2.0**↑ 2.5**↑ 4.8*↓ >10**↑ 4.5*↓ 1.7**↑ >10↓ >10↓
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The qPCR data from day 3 post-challenge LGT samples confirmed increased 

expression of CXCL10, CD107a, CD107b, and IFNAR1 in C. caviae EB-vaccinated 

animals compared to mock controls with significantly higher transcription levels for 

CXCL11 and β2-microglobulin (p<0.01, Student’s t test). CXCL10, CXCL11, CXCR3, 

CD8α, IL-21, and IFNγ were similarly found to be up-regulated in EB-vaccinated animals 

for samples collected from UGT tissues at day 3 post-challenge although the expression of 

these genes was not significantly increased  from the mock controls.  

Table 5.2. Fold change between groups from qPCR assays of selected immune 
response genes from the guinea pig upper genital tract. 

 
Arrows indicate direction of fold change. 

* indicates p<0.05; ** indicates p<0.01 
aPBS/C: mock vaccinated and challenged; EB/C: C. caviae vaccinated and challenged; 
Naïve: non-vaccinated and not challenged. 

Adapted from: Wali, S., et al., Use of a Guinea pig-specific transcriptome array for 
evaluation of protective immunity against genital chlamydial infection following intranasal 
vaccination in Guinea pigs. PLoS One, 2014. 9(12): p. e114261. Reproduced with 
permission. 

In addition, analysis of day 9 post-challenge qPCR data confirmed a decrease in 

transcription of CXCL11 with significantly reduced expression levels of IL-21, OX40L, 

CXCL10, and IFNγ (p<0.05) in LGT tissues. There was also agreement between gpArray 

screening results and qPCR data for the UGT samples. Here, qPCR confirmed increased 

transcription of CD8α and RANTES with associated down-regulation of CXCL10, 

CXCL11 and IFNγ. Further, the Th2-associated genes CD107a, CD107b, IFNAR1 and β2-

aComparison
Between Groups

CXCL10 CXCL11 CXCR3 CD8α CD107a CD107b IL-21 IFNAR1 RANTES
β2-

µglobulin
OX40L IFN γ

D3

PBS/C vs 
Naive

1.1↓ 3.3↓ 3.3↓ 1.4↓ 1.2↑ 2.3↑ 1.4↓ 2.1↑ 1.4↑ 2.3↑ 1.3↓ 1.1↓

EB/C vs 
Naive

1.2↑ 1.1↓ 2.0↓ 1.3↑ 3.3**↓ 1.4↓ 1.7↑ 1.5↑ 3.3↓ 1.3↓ 2.0↓ 1.9↑

EB/C vs 
PBS/C

1.3↑ 3.3↑ 1.7↑ 2.0↑ 4.5**↓ 3.2↓ 2.5↑ 1.4↓ 4.4*↓ 3.0*↓ 1.5↓ 2.0↑

D9

PBS/C vs 
Naive

>10↑ >10↑ 2.0↑ 2.8↑ >10*↓ >10*↓ 5.2↑ >10**↓ 1.2↑ 5.0↓ 3.9* >10↑

EB/C vs 
Naive

4.2↑ 7.0↑ 3.4↑ 5.4↑ 1.9*↑ 1.9*↑ 5.4↑ 5.9**↑ 5.9*↑ 3.8**↑ 4.4↑ 3.9↑

EB/C vs 
PBS/C

2.5↓ 7.1↓ 1.7↑ 2.0↑ >10**↑ >10**↑ 1.0↑ >10**↑ 5.0↑ >10**↑ 1.1↑ 2.8↓
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microglobulin were shown to be significantly increased in the UGT at this time point 

(p<0.01; Student’s t test). 

DISCUSSION 

This study showed that intranasal immunization with C. caviae EB provides robust 

protection against IVAG C. caviae challenge through the induction mucosal Th1 and Th2 

humoral immune responses within the genital compartment in the guinea pig model. 

Biologically, immunization reduced reproductive tract pathological sequelae in the guinea 

pig that are similar to those in human vaginal infections associated with reduced fertility 

and increased susceptibility to other infections including HIV. Importantly, our study is the 

first to carefully interrogate the gene expression patterns in immunized animals after 

challenge with this important bacterial STI.  

The utilization of guinea pigs as an alternate and complimentary animal model to 

mice is important because (1), despite a number of vaccine studies in murine models no 

anti-chlamydial vaccine as yet been licensed [240, 243, 245-249]; (2), the use of the guinea 

pig to provide additional data is cost effective compared to non-human primates and bovine 

models [230, 233, 249, 250]; (3), the guinea pig model is remarkably similar to human C. 

trachomatis infection with regards to bacterial ascension, colonization and related 

pathogenesis [236, 251, 252]; and, (4), the ability to study transmission dynamics of 

chlamydial infections following sex between males and females provides the potential to 

evaluate the ability of a vaccine to interrupt sexual transmission [253]. However, in spite 

of being one of the oldest animal models used for immunological studies [166] and in 

research related to several pathogens (Chlamydia sp. [231, 234], Mycobacterium sp. [254, 

255], Legionella sp. [256], Francisella sp. [257] and, Neisseria sp. [258]) the limited 

availability of guinea pig-specific reagents [166] has led to it being an animal model with 

limited or constrained utility. The application of a novel guinea pig gene expression qRT-
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PCR array both advances the utility of the animal model and helps to increase our 

understanding of the immune outcomes of IN vaccination against Chlamydia. 

Screening with the gpArray revealed significant modulation in several immunity 

markers associated with NK cells and Th1/Th2-specific cytokines and chemokines in 

immunized guinea pigs. Increased NK cell activation markers, such as CD94, CD233 and 

IL-21, with concomitant down-regulation of Th2/humoral responses and increased Th1 

responses, were observed and are consistent with a previous report that described an 

important role for NK cells early following genital Chlamydia infection [259]. These 

studies showed that the production of IFNγ by NK cells was essential in the development 

of Th1 CD4+ T cell responses and facilitated the subsequent clearance of infection.  

Array screening also demonstrated that C. caviae EB-vaccinated animals exhibited 

increased Th1- and Th2-related gene transcription at day 3 compared to mock vaccinated 

guinea pigs and suggested that the vaccinated animals mounted a quicker response to the 

infection following challenge. Specifically, gene expression data suggested an early, robust 

cellular response as indicated by increased expression of three potent T-cell chemokines: 

RANTES, CXCL10 and CXCL11. Up-regulation of these genes in vaccinated animals 

correlated with the abrogation of bacterial shedding by day 3 post challenge (Figure 5.1) 

and significantly reduced numbers of bacterial genomes in both lower and upper genital 

tract tissues by day 9 post chlamydial challenge (Figure 5.2). Taken together, diminished 

bacterial burden, undetectable levels of bacterial shedding (Figure 5.1) and the analyses of 

immune responses (Figure 5.3, Tables 5.1 and 5.2) strongly support the generation 

effective Chlamydia-specific immune responses in C. caviae EB-vaccinated guinea pigs 

compared to mock vaccinated controls.  

In contrast, mock vaccinated animals did not exhibit marked transcription of 

essential Th1 or Th2/humoral genes until 9 days post challenge. Specifically, the 

expression pattern of the T-cell chemokine RANTES was consistent with the kinetics of 

bacterial clearance from the infected genital tract. Further, this pattern of RANTES gene 
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regulation has been reported in a male guinea pig genital chlamydial infection model where 

elevated levels of this chemokine were associated with T-cell influx into the urethra 

following C. caviae challenge [260]. Additionally, as reported by Sakthivel et al. [261], 

inhibition of RANTES in mice led to reduced antigen-specific activation (IL-12 and IFNγ 

production) of CD4+ T cells isolated from lymphoid tissues and genital tract and was 

associated with prolonged C. muridarum shedding. These previous studies support the data 

obtained from gpArray screening and further suggest an important role for priming T-cells 

in early immune responses and control of a genital chlamydia infection and that RANTES 

may serve as a marker for optimal vaccine selection. 

Additionally, the diminished need for elevated cellular response(s) at day 9 post 

challenge in C. caviae EB-vaccinated animals (clearance of bacterial shedding was 

observed by day 3; Figure 5.1) was consistent with significantly lower expression of 

inflammatory- and T-cell-associated genes, including CXCL10, CXCR3, CD8α, IL-21, 

RANTES, OX40L and IFNγ, relative to mock vaccination (Table 5.1).Importantly, these 

data strongly suggested that IN vaccination reduced the expression of these inflammatory 

immune genes at day 9 post challenge in the UGT with this reduction corresponding to 

significantly decreased pathology in the genital tract of vaccinated animals compared to 

mock controls. Histopathology results showed less inflammatory cell infiltrate and reduced 

damage in UGT tissue samples and were in good agreement with the array screening 

results. In contrast, mock vaccinated guinea pigs exhibited high levels of inflammatory 

gene expression at this time point, including IFNγ and its associated chemokines (e.g. 

CXCL10, CXCL11), compared to their C. caviae EB vaccinated counterparts. This 

expression correlated with an active/ongoing infection that can exacerbate tissue damage 

and is believed to be a major factor in the sequelae associated with chronic infection [220, 

221]. 

Other differentially expressed immune genes revealed by the array, including IFNγ, 

CXCL10, IFNAR1 and OX40L, have previously been established to be associated with 
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genital chlamydial infection in the murine model [262-264] but have not previously been 

examined in guinea pigs. As such, the prior data sets help to validate our findings and the 

gpArray approach to vaccine evaluations. The array also identified modulation of genes 

which have not been previously reported in chlamydial infections. CD36 was up-regulated 

in both the LGT and UGT on day 9. CD81 and CD130 were found to be up-regulated, and 

IL-21 and CD96 were down-regulated, in the UGT on day 9. CD36 is expressed on 

monocytes/macrophages and has been shown to be critical in atherosclerotic lesions [265] 

although its contribution to the resolution of a genital chlamydial infection has not been 

previously reported. CD81 is expressed on B-cells, T-cells and dendritic cells and has been 

shown to co-stimulate T-cell activation and is required for induction of Th2 biased immune 

responses [266, 267]. In contrast, the role of IL-21 (an NK and T-cell activator; upregulated 

in non-protected guinea pigs, Table 5.1) is believed to be important in HIV-1 induced 

CD8+ T cell activation and poorer disease outcomes [268] but has not been previously 

investigated in Chlamydia-induced pathology. These data provide additional support for 

the idea that the guinea pig may be a more useful model to study chlamydial pathogenesis 

than previously utilized mouse models. 

Although our immune gene-specific qRT-PCR array provided additional insights 

into the regulation of selected immune pathways following vaccination and C. caviae 

genital infection in the guinea pig model, we analyzed whole genital tract tissue and thus 

the identification of the specific cell types responsible for particular gene expression could 

not be identified. Subsequent studies using cell sorting techniques would be required to 

better appreciate the sources and locations of the differently expressed genes. Similarly, 

the multi-cell type nature of the tissues led to an averaging effect of the gene expression 

differences common to all methods of whole tissue analysis. Here, such averaging likely 

masked cell type-specific responses in the minor cell populations within the tissue(s). 

Despite such limitations, these novel analyses provided an extensive view of immune gene 

expression within the genital compartment of guinea pigs following IN vaccination and C. 
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caviae challenge. These results extend our current understanding of the immune responses 

in this animal model of chlamydial infection of the genital tract and extend the utility of 

the guinea pig model for the study of chlamydial pathogenesis. 
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CHAPTER VI 

Summary and Future Directions 

Genital herpes is a significant worldwide public health concern. Infection with 

HSV-2, the virus that causes most genital herpes disease, is accompanied by lifelong 

latency in the neuronal tissues where the virus lays dormant undergoing periodic 

reactivations that may be accompanied by recurrent disease symptomology on external 

genitalia or the mucous membranes or may be asymptomatic with shedding of virus into 

the genital tract. Both outcomes of reactivation can lead to virus transmission to susceptible 

partners. Current estimates show that over 550 million people worldwide are infected with 

this virus and that as many as 27 million new infections occur each year, most of which are 

likely due to asymptomatic transmission from individuals that may not even know they are 

infected. Additionally, the virus can be transmitted to neonates during delivery where it 

can cause neonatal herpes, a devastating disease that can produce severe lifelong 

complications or even death. Current antiviral treatments can reduce disease symptoms 

and, when used suppressively, have shown the ability to reduce transmission, at least in the 

short-term, but such treatments do not clear the virus. Additionally, many people who are 

infected and can transmit the virus are asymptomatic and so unlikely to take suppressive 

antiviral therapy. Thus a prophylactic vaccine that could prevent infection or interrupt the 

establishment of latency or a therapeutic vaccine capable of reducing viral reactivations 

and/or viral shedding into the genital tract would appear to be urgently needed to reduce 

the spread of this global STI. Unfortunately, despite multiple clinical trials to date no such 

vaccine has reached licensure. 

Following promising results obtained in murine models of genital herpes [116] we 

used an outbred guinea pig genital herpes model to evaluate the efficacy of an HSV-2 

pDNA vaccine that included plasmids encoding antigenic targets to prime both humoral 
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(gD2) and T-cell (UL46 and UL47) adaptive responses formulated with the novel adjuvant 

Vaxfectin® [169]. Prophylactic vaccination with this vaccine was successful at completely 

abrogating primary genital skin disease and eliminating the appearance of recurrent genital 

herpes disease in all vaccinated animals. The vaccine also reduced the latent HSV-2 load 

in the neuronal ganglia compared to mock-vaccinated controls or animals receiving 

adjuvant and gD2 alone. Importantly, therapeutic usage of this vaccine formulation reduced 

the frequency of recurrent genital herpes disease and, notably, this was the first time that a 

therapeutic vaccine was shown to reduce the number of days on which virus was shed into 

the genital tract. Thus, this vaccine could provide a means to prophylactically reduce 

disease in uninfected persons and additionally reduce the risk of transmission when used 

as a therapeutic measure. 

Overall, these vaccine efficacy studies suggested that the inclusion of the T-cell 

targets UL46 and UL47 provided enhanced protection compared to guinea pigs that were 

vaccinated with the same formulation containing only gD2 (Chapter II). We therefore 

hypothesized that the improved efficacy was due to increased cell-mediated responses 

elicited by inclusion of the T-cell targets UL46 and UL47. However testing this hypothesis 

was hindered by the lack of available immune reagents for the guinea pig. The dearth of 

such important tools hampered our ability to accurately and efficiently characterize the 

contribution of these antigens and assess their individual impacts on the protection 

observed with this vaccine. Consequently, we focused our efforts on the development and 

optimization of a platform that would allow a more detailed characterization of the guinea 

pig immune response to both vaccination and disease (Chapter IV). Our goal was to provide 

a means both to better evaluate vaccine candidates for HSV-2 and more generally to allow 

more detailed evaluation of immune responses in the guinea pig, a commonly used animal 

model for a number of medically important diseases. 

Concomitant with our studies to evaluate the Vaxfectin®-adjuvanted HSV-2 

vaccine, we developed a PCR-based platform to characterize gene expression in 
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understudied pathogens. Incorporating newly published genome sequence for the guinea 

pig, we adapted these successful methodologies to develop a PCR array that would provide 

a reproducible and inexpensive assay to characterize changes in gene transcription in this 

important research animal [155].  

Following preliminary evaluations of ~120 individual primer pairs targeting 

various immune-specific genes, we undertook confirmatory studies using identical 

populations of guinea pig splenocytes cultured with or without PMA/ionomycin to 

determine the most reproducible primers for inclusion in our array. From these secondary 

studies we identified 92 target and 4 reference genes that were used to populate our array 

assembly. Additionally, these studies allowed us to establish a level of both biological and 

technical noise associated with gpArray screening results. Finally, using cloned amplimers 

from the gpArray, we developed single-target qPCR assays that allowed quantitative 

confirmation of the indicated changes in the transcriptome of the stimulated cell 

population. These additional validation assays allowed us to better define the meaningful 

limits of transcriptional changes suggested by gpArray evaluations and provided a metric 

for future gpArray-based comparisons between experimental groups. 

Next, we utilized the newly developed gpArray to undertake studies that would for 

the first time provide a temporal evaluation of the mucosal immune response to primary 

vaginal HSV-2 infection in the guinea pig model of genital herpes. These studies allowed 

a comparison of the response to genital herpes in the guinea pig with those seen in the 

extensively used murine model of genital herpes and also a more direct comparison to 

immune responses known to be associated with genital herpes infection in humans. 

To better establish a biological context for the changes in gene expression identified 

by the gpArray, we took advantage of the growing number of available gene ontology 

databases to assist in the determination of the specific immune pathways involved in the 

host immune response to HSV-2 infection indicated by our screening assays. Analyses 

showed that the highest number of differentially expressed genes were found 24 hours p.i. 
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and included IFNγ and the IFNγ-stimulated chemokines CXCL10 and CXCL11. 

Additionally, up-regulation of the chemokines CCL2 and CCL7 suggested early monocyte-

derived antigen presenting cell recruitment to the epithelium [186]. Together these results 

indicated a robust Th1 response to the viral infection at the vaginal mucosal surface and 

were in good agreement with results reported previously in murine studies. Further 

analyses of early transcription changes showed a continued up-regulation of chemotaxins 

that was in good agreement with known recruitment of lymphocytes in response to an 

inflammatory environment [56, 186-188] and was comparable to a recent transcriptome 

study undertaken with an oligonucleotide array in mice [189]. As the primary vaginal 

infection progressed, evaluations from day 5 p.i. strongly suggested a shift to adaptive 

immunity with increased expression of CXCR3 (indicating infiltration of activated T-cells 

to the vagina) that were in good agreement with T-cell influx described by others at this 

time point for the murine model [152]. Because the genital herpes infection in mice is 

accompanied by rapid progressive neurologic disease and death by encephalitis, data about 

the temporal immune response in the vaginal epithelium at later times are difficult to 

obtain. Our analyses of transcription changes in the guinea pig from days 7-10 p.i. showed 

continued increases of T-cell activation markers (CD2, CD28 and CTLA4) that indicated 

a likely peak for CD8+ activity on day 7 in the guinea pig based on decreasing viral titers 

that correlated to the increases observed for T-cell marker transcription. Further supporting 

these findings, Xia et al. found increased numbers of HSV-specific T-cells in the vaginal 

mucosa at day 7 p.i. in guinea pigs inoculated with HSV-2 [192].  

The collective findings from the temporal gpArray screening studies showed good 

agreement with previously reported data from the mouse model of genital herpes and, most 

importantly, are the first evaluation of its kind in the guinea pig, providing a detailed 

description of the host response to genital herpes in a model where the primary vaginal 

infection is self-limiting and so more closely resembles human disease. Specifically, our 

evaluation of gene expression levels showed IFNγ mRNA transcription was significantly 
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up-regulated following IVAG HSV-2 inoculation and that over 40% of the genes with 

significantly altered expression levels on each day sampled were associated with IFNγ 

signaling. IFNγ has been shown to be important against genital herpes in mice [55, 73] and 

is suggested to be important in humans [43, 269], however we were aware that the 

increased IFNγ mRNA expression observed in our screening studies might not correlate 

with similar increases in protein expression levels [206, 207]. Thus, we utilized a stably 

transfected guinea pig fibroblast cell line with a reporter under the control of an IFNγ 

response element to determine the relationship between IFNγ transcription and protein 

levels during an acute genital herpes infection. 

In these studies we used vaginal lavages collected following IVAG HSV-2 

infection to determine both IFNγ protein levels in addition to IFNγ mRNA expression. Our 

results showed both increased IFNγ protein in the day 2 and day 3 p.i. samples and similarly 

increased expression of IFNγ mRNA that correlated well with the original gpArray 

screening results. Further samples collected on days 5 and 7 p.i. indicated levels of IFNγ 

protein that were elevated compared to naïve controls, however IFNγ protein levels 

decreased steadily from day 2 to day 5 and from day 5 to day 7. Of interest, we found that 

while IFNγ protein levels experienced a general decline from the apparent peak at day 2 

p.i. the corresponding IFNγ mRNA expression levels remained significantly elevated 

compared to those of uninfected animals. While this phenomenon was not altogether 

unexpected [208, 209], it did highlight the importance of post-transcriptional or post-

translational modifications that prevent a direct linear relationship between mRNA 

expression and protein production that must be taken into account when evaluating 

gpArray screening results. 

While both gpArray screening and the IFNγ protein/mRNA studies allowed us to 

conduct more detailed analysis of the host immune responses to genital herpes infection in 

the guinea pig than had previously been possible, there were limiting factors that similarly 

affected each study. Chiefly, both the vaginal swab samples used for the gpArray screening 
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and the vaginal lavages collected to evaluate IFNγ protein and mRNA levels produced 

samples that contained mixed cellular populations. The analyses of these studies were 

therefore resultant of an averaging effect of the gene expression differences that such multi-

cell samples inherently produce making it difficult to define the role of individual cell types 

responsible for particular gene or gene pattern expressions. Additionally, sample collection 

was undertaken every 24h during the temporal gpArray HSV-2 study. This provided an 

overview of the day-to-day changes in the immune response but limited our ability to more 

accurately dissect the kinetics that define the immune response with respect to not only cell 

types but also to individual immune pathway activations. Finally, as these studies utilized 

either vaginal lavages or swab samples there is a concern that the samples were limited to 

cellular material on the luminal side of the vaginal mucosa and may not have accurately or 

fully represented the immune cell populations within the epithelial layer. Thus, additional 

studies will therefore be necessary to fill in the gaps left by these preliminary studies. 

As more reagents become available for the guinea pig, particularly antibodies that 

either feature cross-reactivity with this species or, of greater value, are guinea pig-specific, 

it would be very useful to conduct a series of experiments that examine the gene expression 

of discrete cellular populations over the course of an acute HSV-2 infection. For these 

studies groups of animals would need to be euthanized and the vaginal epithelium of both 

the lower and upper genital tracts as well as the inguinal and iliac lymph nodes harvested. 

From these tissues, cellular populations, with emphasis on early responders such as NK 

cells, macrophages and DCs and later with CD4+ and CD8+ T-cells, could be quantified 

and then screened using the gpArray to determine the associated gene expression patterns 

for each cell type. Such studies would not only produce data with regard to the types of 

cells present during each time point but also the timing of immune cell migrations to the 

vaginal mucosa throughout the course of the infection. This would more accurately reflect 

the immune response occurring within the epithelial tissue and provide a more detailed 

accounting of the host response to genital herpes.  



 

111 
 

To better examine the contribution of the epithelial cell layer to the immune 

response, particularly with respect to early innate antiviral and chemotactic immune cell 

signaling, a more controllable environment would be required. Producing an immortalized 

cell line using guinea pig vaginal epithelial cells would be a major advantage in this regard. 

Our group has had success with immortalizing vaginal epithelial cells from human donors 

and also at developing a transwell culture system that produces an in vitro multilayer cell 

culture closely mimicking the natural vaginal epithelium [270]. If a similar culture system 

could be developed for the guinea pig, it would allow a more efficient and inexpensive 

means to observe and define the kinetics of the immune response by providing an 

opportunity to sample more often than can be achieved with live animals. Vaginal swab 

samples collected from animals once every 24h do not by themselves elicit an immune 

response, however to obtain a more detailed overview of immune events samples would 

ideally need to be collected with much higher frequency, possibly every 5 to 10 minutes. 

Not only would the logistics of such sampling prove to be problematic but over the course 

of a primary genital herpes infection this would most certainly influence the immune 

response in animals thus sampled, possibly even increasing the severity of disease. With a 

cell culture system, the samples could be much more efficiently collected with far less 

effort. Additionally, as more reagents become available for the sorting of guinea pig 

immune cell populations, studies could be conducted with the addition of these cells to 

better simulate the normal epithelial environment. Taken further, such studies could 

potentially identify target cell types or specific immune pathways that are more pertinent 

to controlling or resolving the infection and may provide new targets for vaccine 

development. 

During the planning of this dissertation project we envisioned that after the 

development and optimization of the gpArray we would return “full circle” and re-evaluate 

the vaccine that initially spurred my interest in the production of new guinea pig-specific 

reagents. Unfortunately, there were unforeseen complications that precluded additional 
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studies with this vaccine formulation. Had it been possible, our plan was to conduct a series 

of experiments to evaluate the immune response in animals with and without vaccination 

using gpArray screening to determine the effects of both prophylactic and then therapeutic 

vaccination on activation of immune pathways. Additionally, as we discussed in Chapter 

II and more recently in this Summary, this vaccine contained two antigenic targets that 

were included specifically to boost the T-cell response to HSV-2. Using the methods 

perfected by Xia et al. [192] we had also intended on harvesting vaginal epithelium from 

both vaccinated and mock vaccinated animals 30d following the completion of the vaccine 

dosing regimen to determine whether there was a vaccine-induced increase in the number 

of resident T-cells present in these tissues. A second group of animals would be similarly 

evaluated to determine whether T-cells migrated to the tissues quicker and/or in greater 

numbers in vaccinated animals following HSV-2 challenge. Finally, we planned to culture 

these T-cells in the presence of feeder B-cells that were infected with an adenovirus 

producing UL46 and UL47 to confirm that vaccination with these antigens induced an 

immune-specific response. 

Because we could not evaluate the HSV-2 vaccine originally tested we instead 

evaluated the protective effects of intranasal (IN) Chlamydia caviae vaccination on the 

mucosal immune response to genital C. caviae inoculation. These studies showed that the 

IN vaccination successfully primed the immune response in animals receiving vaccination 

as those animals exhibited enhanced Th1 inflammatory and Th humoral responses sooner 

following challenge than mock-vaccinated controls. Further, vaccinated animals were 

shown to clear the bacteria earlier and, most importantly, experienced less genital tract 

inflammation and had reduced reproductive tract sequelae than mock-vaccinated controls. 

This is particularly important due to the often chronic nature of a Chlamydial infection that 

can lead to severe complications such as ectopic pregnancy or pelvic inflammatory disease 

due to the inflammatory environment stimulated by the chronic infection. As with our 

HSV-2 studies, the samples evaluated here represented mixed cellular populations and 
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therefore it is difficult to accurately determine the types of immune cells responsible for 

particular gene expression patterns. Additionally, the number of animals used per 

experimental group was limited to reduce costs for these preliminary studies. It would 

therefore be interesting to undertake subsequent studies with an increased number of 

animals per group to better define the effects produced by IN vaccination and to determine 

the cellular populations responsible for the enhanced protection observed in our initial 

studies. 

Our work has produced a valuable research tool for characterizing the host immune 

response in the guinea pig, a widely used research animal. Through a variety of studies we 

have proven its utility, particularly with respect to sexually transmitted infections, and 

believe that this reagent will be of great use to not only infectious disease research but to 

all areas of study that utilize the guinea pig model, particularly allergy and high-

containment disease research. While the number of genes represented on our gpArray is 

currently limited to 96 individual genes, the array was designed to be flexible and may 

easily be tailored to include more or less targets as desired by the end user. Until such time 

as a reliable and cost-efficient commercial replacement becomes available we believe that 

this array will provide invaluable information to researchers using the guinea pig animal 

model. 
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Appendix I 

List of Primers on the gpArray 

 

 
 
 
 
 



 

115 
 

 
 
 
 
 
 
 



 

116 
 

 
 
 
 
 
 



 

117 
 

 
 
 
 
 
 



 

118 
 

 
 
 
 
 
 
 



 

119 
 

 
 
 
 
 
 
 



 

120 
 

 
 
 



 

121 
 

REFERENCES 

 

1. Pellett, P.E. and B. Roizman, The Family Herpesviridae: A Brief Introduction, in 

Fields Virology, B.N. Fields, D.M. Knipe, and P.M. Howley, Editors. 2007, 

Wolters Kluwer Health/Lippincott Williams & Wilkins: Philadelphia. p. 2479-

2499. 

2. Looker, K.J., G.P. Garnett, and G.P. Schmid, An estimate of the global prevalence 

and incidence of herpes simplex virus type 2 infection. Bull World Health Organ, 

2008. 86(10): p. 805-12, A. 

3. Prevention, C.f.D.C.a., Seroprevalence of herpes simplex virus type 2 among 

persons aged 14-49 years--United States, 2005-2008. MMWR Morb Mortal Wkly 

Rep, 2010. 59(15): p. 456-9. 

4. Roizman, B., D.M. Knipe, and R.J. Whitley, Herpes Simplex Viruses, in Fields 

Virology, B.N. Fields, D.M. Knipe, and P.M. Howley, Editors. 2007, Wolters 

Kluwer Health/Lippincott Williams & Wilkins: Philadelphia. p. 2502-2601. 

5. Dolan, A., et al., The genome sequence of herpes simplex virus type 2. J Virol, 

1998. 72(3): p. 2010-21. 

6. Wadsworth, S., G.S. Hayward, and B. Roizman, Anatomy of herpes simplex virus 

DNA. V. Terminally repetitive sequences. J Virol, 1976. 17(2): p. 503-12. 

7. Kelly, B.J., et al., Functional roles of the tegument proteins of herpes simplex 

virus type 1. Virus Res, 2009. 145(2): p. 173-86. 

8. Koelle, D.M., et al., Immunodominance among herpes simplex virus-specific CD8 

T cells expressing a tissue-specific homing receptor. Proc Natl Acad Sci U S A, 

2003. 100(22): p. 12899-904. 



 

122 
 

9. Muller, W.J., et al., Herpes simplex virus type 2 tegument proteins contain 

subdominant T-cell epitopes detectable in BALB/c mice after DNA immunization 

and infection. J Gen Virol, 2009. 90(Pt 5): p. 1153-63. 

10. Wald, A. and R. Ashley-Morrow, Serological testing for herpes simplex virus 

(HSV)-1 and HSV-2 infection. Clin Infect Dis, 2002. 35(Suppl 2): p. S173-82. 

11. Para, M.F., et al., Potent neutralizing activity associated with anti-glycoprotein D 

specificity among monoclonal antibodies selected for binding to herpes simplex 

virions. J Virol, 1985. 55(2): p. 483-8. 

12. Eisenberg, R.J., et al., Herpes virus fusion and entry: a story with many 

characters. Viruses, 2012. 4(5): p. 800-32. 

13. Bauer, G.R., N. Khobzi, and T.A. Coleman, Herpes simplex virus type 2 

seropositivity and relationship status among U.S. adults age 20 to 49: a 

population-based analysis. BMC Infect Dis, 2010. 10: p. 359. 

14. Glynn, J.R., et al., Why do young women have a much higher prevalence of HIV 

than young men? A study in Kisumu, Kenya and Ndola, Zambia. AIDS, 2001. 15 

Suppl 4: p. S51-60. 

15. Prevention, C.f.D.C.a. Chlamydia. 2012 Sexually Transmitted Diseases 

Surveillance  [cited 2014 July 28]; Available from: 

http://www.cdc.gov/std/stats12/chlamydia.htm. 

16. Anderson, R.M., et al., Age-dependent choice of sexual partners and the 

transmission dynamics of HIV in Sub-Saharan Africa. Philos Trans R Soc Lond B 

Biol Sci, 1992. 336(1277): p. 135-55. 

17. Mertz, G.J., et al., Frequency of acquisition of first-episode genital infection with 

herpes simplex virus from symptomatic and asymptomatic source contacts. Sex 

Transm Dis, 1985. 12(1): p. 33-9. 



 

123 
 

18. Corey, L., First-episode, recurrent, and asymptomatic herpes simplex infections. J 

Am Acad Dermatol, 1988. 18(1 Pt 2): p. 169-72. 

19. Whitley, R.J., D.W. Kimberlin, and B. Roizman, Herpes simplex viruses. Clin 

Infect Dis, 1998. 26(3): p. 541-53; quiz 554-5. 

20. Gupta, R., T. Warren, and A. Wald, Genital herpes. Lancet, 2007. 370(9605): p. 

2127-37. 

21. Corey, L., The diagnosis and treatment of genital herpes. JAMA, 1982. 248(9): p. 

1041-9. 

22. Whitley, R.J. and B. Roizman, Herpes simplex virus infections. Lancet, 2001. 

357(9267): p. 1513-8. 

23. Samuelson, J., Infectious Diseases, in Robbins Pathologic Basis of Disease, R.S. 

Cotran, et al., Editors. 1999, Saunders: Philadelphia. p. 329-402. 

24. Berger, J.R. and S. Houff, Neurological complications of herpes simplex virus 

type 2 infection. Arch Neurol, 2008. 65(5): p. 596-600. 

25. Corey, L., et al., Genital herpes simplex virus infections: clinical manifestations, 

course, and complications. Ann Intern Med, 1983. 98(6): p. 958-72. 

26. Brugha, R., et al., Genital herpes infection: a review. Int J Epidemiol, 1997. 

26(4): p. 698-709. 

27. Wolfert, S.I., et al., Diagnostic and therapeutic management for suspected 

neonatal herpes simplex virus infection. J Clin Virol, 2011. 51(1): p. 8-11. 

28. Kimberlin, D.W., Neonatal herpes simplex infection. Clin Microbiol Rev, 2004. 

17(1): p. 1-13. 

29. Anzivino, E., et al., Herpes simplex virus infection in pregnancy and in neonate: 

status of art of epidemiology, diagnosis, therapy and prevention. Virol J, 2009. 6: 

p. 40. 



 

124 
 

30. Corey, L. and A. Wald, Maternal and neonatal herpes simplex virus infections. N 

Engl J Med, 2009. 361(14): p. 1376-85. 

31. Bernstein, D.I., et al., Epidemiology, clinical presentation, and antibody response 

to primary infection with herpes simplex virus type 1 and type 2 in young women. 

Clin Infect Dis, 2013. 56(3): p. 344-51. 

32. Shin, H. and A. Iwasaki, Generating protective immunity against genital herpes. 

Trends Immunol, 2013. 34(10): p. 487-94. 

33. Knipe, D.M. and A. Cliffe, Chromatin control of herpes simplex virus lytic and 

latent infection. Nat Rev Microbiol, 2008. 6(3): p. 211-21. 

34. Smith, G., Herpesvirus transport to the nervous system and back again. Annu 

Rev Microbiol, 2012. 66: p. 153-76. 

35. Wilson, A.C. and I. Mohr, A cultured affair: HSV latency and reactivation in 

neurons. Trends Microbiol, 2012. 20(12): p. 604-11. 

36. Wald, A., et al., Virologic characteristics of subclinical and symptomatic genital 

herpes infections. N Engl J Med, 1995. 333(12): p. 770-5. 

37. Mark, K.E., et al., Rapidly cleared episodes of herpes simplex virus reactivation 

in immunocompetent adults. J Infect Dis, 2008. 198(8): p. 1141-9. 

38. Schiffer, J.T., et al., Frequent release of low amounts of herpes simplex virus from 

neurons: results of a mathematical model. Sci Transl Med, 2009. 1(7): p. 7ra16. 

39. Tronstein, E., et al., Genital shedding of herpes simplex virus among symptomatic 

and asymptomatic persons with HSV-2 infection. JAMA, 2011. 305(14): p. 1441-

9. 

40. Mertz, G.J., Asymptomatic shedding of herpes simplex virus 1 and 2: implications 

for prevention of transmission. J Infect Dis, 2008. 198(8): p. 1098-100. 



 

125 
 

41. Krummenacher, C., et al., Entry of herpesviruses into cells: the enigma 

variations. Adv Exp Med Biol, 2013. 790: p. 178-95. 

42. Ellermann-Eriksen, S., Macrophages and cytokines in the early defence against 

herpes simplex virus. Virol J, 2005. 2: p. 59. 

43. Chew, T., K.E. Taylor, and K.L. Mossman, Innate and adaptive immune 

responses to herpes simplex virus. Viruses, 2009. 1(3): p. 979-1002. 

44. Chan, T., et al., Innate and adaptive immunity against herpes simplex virus type 2 

in the genital mucosa. J Reprod Immunol, 2011. 88(2): p. 210-8. 

45. Akira, S. and K. Takeda, Toll-like receptor signalling. Nat Rev Immunol, 2004. 

4(7): p. 499-511. 

46. Pyles, R.B., et al., Use of immunostimulatory sequence-containing 

oligonucleotides as topical therapy for genital herpes simplex virus type 2 

infection. J Virol, 2002. 76(22): p. 11387-96. 

47. Gill, N., et al., Induction of innate immunity against herpes simplex virus type 2 

infection via local delivery of Toll-like receptor ligands correlates with beta 

interferon production. J Virol, 2006. 80(20): p. 9943-50. 

48. Herbst-Kralovetz, M.M. and R.B. Pyles, Quantification of poly(I:C)-mediated 

protection against genital herpes simplex virus type 2 infection. J Virol, 2006. 

80(20): p. 9988-97. 

49. Schiffer, J.T. and L. Corey, Rapid host immune response and viral dynamics in 

herpes simplex virus-2 infection. Nat Med, 2013. 19(3): p. 280-90. 

50. Harandi, A.M., et al., Differential roles of B cells and IFN-gamma-secreting 

CD4(+) T cells in innate and adaptive immune control of genital herpes simplex 

virus type 2 infection in mice. J Gen Virol, 2001. 82(Pt 4): p. 845-53. 



 

126 
 

51. Koelle, D.M., et al., Clearance of HSV-2 from recurrent genital lesions correlates 

with infiltration of HSV-specific cytotoxic T lymphocytes. J Clin Invest, 1998. 

101(7): p. 1500-8. 

52. Milligan, G.N., D.I. Bernstein, and N. Bourne, T lymphocytes are required for 

protection of the vaginal mucosae and sensory ganglia of immune mice against 

reinfection with herpes simplex virus type 2. J Immunol, 1998. 160(12): p. 6093-

100. 

53. Gebhardt, T., et al., Memory T cells in nonlymphoid tissue that provide enhanced 

local immunity during infection with herpes simplex virus. Nat Immunol, 2009. 

10(5): p. 524-30. 

54. Dobbs, M.E., et al., Clearance of herpes simplex virus type 2 by CD8+ T cells 

requires gamma interferon and either perforin- or Fas-mediated cytolytic 

mechanisms. J Virol, 2005. 79(23): p. 14546-54. 

55. Milligan, G.N. and D.I. Bernstein, Interferon-gamma enhances resolution of 

herpes simplex virus type 2 infection of the murine genital tract. Virology, 1997. 

229(1): p. 259-68. 

56. Thapa, M., et al., CXCL9 and CXCL10 expression are critical for control of 

genital herpes simplex virus type 2 infection through mobilization of HSV-specific 

CTL and NK cells to the nervous system. J Immunol, 2008. 180(2): p. 1098-106. 

57. Nakanishi, Y., et al., CD8(+) T lymphocyte mobilization to virus-infected tissue 

requires CD4(+) T-cell help. Nature, 2009. 462(7272): p. 510-3. 

58. Khanna, K.M., et al., Immune control of herpes simplex virus during latency. Curr 

Opin Immunol, 2004. 16(4): p. 463-9. 

59. Halford, W.P., B.M. Gebhardt, and D.J. Carr, Persistent cytokine expression in 

trigeminal ganglion latently infected with herpes simplex virus type 1. J Immunol, 

1996. 157(8): p. 3542-9. 



 

127 
 

60. Khanna, K.M., et al., Herpes simplex virus-specific memory CD8+ T cells are 

selectively activated and retained in latently infected sensory ganglia. Immunity, 

2003. 18(5): p. 593-603. 

61. Zhu, J., et al., Virus-specific CD8+ T cells accumulate near sensory nerve 

endings in genital skin during subclinical HSV-2 reactivation. J Exp Med, 2007. 

204(3): p. 595-603. 

62. Peng, T., et al., An effector phenotype of CD8+ T cells at the junction epithelium 

during clinical quiescence of herpes simplex virus 2 infection. J Virol, 2012. 

86(19): p. 10587-96. 

63. Blower, S. and L. Ma, Calculating the contribution of herpes simplex virus type 2 

epidemics to increasing HIV incidence: treatment implications. Clin Infect Dis, 

2004. 39 Suppl 5: p. S240-7. 

64. Freeman, E.E., et al., Herpes simplex virus 2 infection increases HIV acquisition 

in men and women: systematic review and meta-analysis of longitudinal studies. 

AIDS, 2006. 20(1): p. 73-83. 

65. Wald, A. and L. Corey, How does herpes simplex virus type 2 influence human 

immunodeficiency virus infection and pathogenesis? J Infect Dis, 2003. 187(10): 

p. 1509-12. 

66. Corey, L., et al., The effects of herpes simplex virus-2 on HIV-1 acquisition and 

transmission: a review of two overlapping epidemics. J Acquir Immune Defic 

Syndr, 2004. 35(5): p. 435-45. 

67. Van de Perre, P., et al., Herpes simplex virus and HIV-1: deciphering viral 

synergy. Lancet Infect Dis, 2008. 8(8): p. 490-7. 

68. Clapham, P.R. and A. McKnight, HIV-1 receptors and cell tropism. Br Med Bull, 

2001. 58: p. 43-59. 



 

128 
 

69. Zhu, J., et al., Persistence of HIV-1 receptor-positive cells after HSV-2 

reactivation is a potential mechanism for increased HIV-1 acquisition. Nat Med, 

2009. 15(8): p. 886-92. 

70. Rebbapragada, A., et al., Negative mucosal synergy between Herpes simplex type 

2 and HIV in the female genital tract. AIDS, 2007. 21(5): p. 589-98. 

71. John, M., et al., Cervicovaginal secretions contribute to innate resistance to 

herpes simplex virus infection. J Infect Dis, 2005. 192(10): p. 1731-40. 

72. Thurman, A.R. and G.F. Doncel, Herpes simplex virus and HIV: genital infection 

synergy and novel approaches to dual prevention. Int J STD AIDS, 2012. 23(9): 

p. 613-9. 

73. Parr, M.B. and E.L. Parr, Vaginal immunity in the HSV-2 mouse model. Int Rev 

Immunol, 2003. 22(1): p. 43-63. 

74. Valencia, F., R.L. Veselenak, and N. Bourne, In vivo evaluation of antiviral 

efficacy against genital herpes using mouse and guinea pig models. Methods Mol 

Biol, 2013. 1030: p. 315-26. 

75. Dasgupta, G. and L. BenMohamed, Of mice and not humans: how reliable are 

animal models for evaluation of herpes CD8(+)-T cell-epitopes-based 

immunotherapeutic vaccine candidates? Vaccine, 2011. 29(35): p. 5824-36. 

76. Gillgrass, A.E., et al., Prolonged exposure to progesterone prevents induction of 

protective mucosal responses following intravaginal immunization with 

attenuated herpes simplex virus type 2. J Virol, 2003. 77(18): p. 9845-51. 

77. Gillgrass, A.E., et al., Estradiol regulates susceptibility following primary 

exposure to genital herpes simplex virus type 2, while progesterone induces 

inflammation. J Virol, 2005. 79(5): p. 3107-16. 

78. Yim, K.C., et al., The cotton rat provides a novel model to study genital herpes 

infection and to evaluate preventive strategies. J Virol, 2005. 79(23): p. 14632-9. 



 

129 
 

79. Blanco, J.C., et al., Cytokine and chemokine gene expression after primary and 

secondary respiratory syncytial virus infection in cotton rats. J Infect Dis, 2002. 

185(12): p. 1780-5. 

80. Blanco, J.C., et al., The cotton rat: an underutilized animal model for human 

infectious diseases can now be exploited using specific reagents to cytokines, 

chemokines, and interferons. J Interferon Cytokine Res, 2004. 24(1): p. 21-8. 

81. Stanberry, L.R., et al., Genital herpes in guinea pigs: pathogenesis of the primary 

infection and description of recurrent disease. J Infect Dis, 1982. 146(3): p. 397-

404. 

82. Stanberry, L.R., Pathogenesis of herpes simplex virus infection and animal 

models for its study. Curr Top Microbiol Immunol, 1992. 179: p. 15-30. 

83. Stanberry, L.R., et al., Recurrent genital herpes simplex virus infection in guinea 

pigs. Intervirology, 1985. 24(4): p. 226-31. 

84. Elion, G.B., et al., Selectivity of action of an antiherpetic agent, 9-(2-

hydroxyethoxymethyl) guanine. Proc Natl Acad Sci U S A, 1977. 74(12): p. 5716-

20. 

85. Piret, J. and G. Boivin, Resistance of herpes simplex viruses to nucleoside 

analogues: mechanisms, prevalence, and management. Antimicrob Agents 

Chemother, 2011. 55(2): p. 459-72. 

86. Corey, L., Challenges in genital herpes simplex virus management. J Infect Dis, 

2002. 186 Suppl 1: p. S29-33. 

87. James, S.H. and M.N. Prichard, Current and future therapies for herpes simplex 

virus infections: mechanism of action and drug resistance. Curr Opin Virol, 2014. 

8C: p. 54-61. 

88. Wald, A., et al., Suppression of subclinical shedding of herpes simplex virus type 

2 with acyclovir. Ann Intern Med, 1996. 124(1 Pt 1): p. 8-15. 



 

130 
 

89. Corey, L., et al., Once-daily valacyclovir to reduce the risk of transmission of 

genital herpes. N Engl J Med, 2004. 350(1): p. 11-20. 

90. Johnston, C., et al., Standard-dose and high-dose daily antiviral therapy for short 

episodes of genital HSV-2 reactivation: three randomised, open-label, cross-over 

trials. Lancet, 2012. 379(9816): p. 641-7. 

91. Coleman, J.L. and D. Shukla, Recent advances in vaccine development for herpes 

simplex virus types I and II. Hum Vaccin Immunother, 2013. 9(4): p. 729-35. 

92. Lee, A.J. and A.A. Ashkar, Herpes simplex virus-2 in the genital mucosa: insights 

into the mucosal host response and vaccine development. Curr Opin Infect Dis, 

2012. 25(1): p. 92-9. 

93. Belshe, R.B., et al., Efficacy results of a trial of a herpes simplex vaccine. N Engl 

J Med, 2012. 366(1): p. 34-43. 

94. Aurelian, L., Herpes simplex virus type 2 vaccines: new ground for optimism? 

Clin Diagn Lab Immunol, 2004. 11(3): p. 437-45. 

95. Stanberry, L.R., et al., Prospects for control of herpes simplex virus disease 

through immunization. Clin Infect Dis, 2000. 30(3): p. 549-66. 

96. Bourne, N., et al., Herpes simplex virus (HSV) type 2 glycoprotein D subunit 

vaccines and protection against genital HSV-1 or HSV-2 disease in guinea pigs. J 

Infect Dis, 2003. 187(4): p. 542-9. 

97. Koelle, D.M. and L. Corey, Recent progress in herpes simplex virus 

immunobiology and vaccine research. Clin Microbiol Rev, 2003. 16(1): p. 96-

113. 

98. Sasaki, S., K. Inamura, and K. Okuda, Genes that induce immunity--DNA 

vaccines. Microbiol Immunol, 1999. 43(3): p. 191-200. 



 

131 
 

99. Sherwood, J.K., et al., Controlled release of antibodies for long-term topical 

passive immunoprotection of female mice against genital herpes. Nat Biotechnol, 

1996. 14(4): p. 468-71. 

100. Zeitlin, L., et al., Topically applied human recombinant monoclonal IgG1 

antibody and its Fab and F(ab')2 fragments protect mice from vaginal 

transmission of HSV-2. Virology, 1996. 225(1): p. 213-5. 

101. Parr, E.L. and M.B. Parr, Immunoglobulin G is the main protective antibody in 

mouse vaginal secretions after vaginal immunization with attenuated herpes 

simplex virus type 2. J Virol, 1997. 71(11): p. 8109-15. 

102. Chu, C.F., et al., Antibody-mediated protection against genital herpes simplex 

virus type 2 disease in mice by Fc gamma receptor-dependent and -independent 

mechanisms. J Reprod Immunol, 2008. 78(1): p. 58-67. 

103. Dudley, K.L., N. Bourne, and G.N. Milligan, Immune protection against HSV-2 in 

B-cell-deficient mice. Virology, 2000. 270(2): p. 454-63. 

104. Halford, W.P., Antigenic breadth: a missing ingredient in HSV-2 subunit 

vaccines? Expert Rev Vaccines, 2014. 13(6): p. 691-710. 

105. Dropulic, L.K. and J.I. Cohen, The challenge of developing a herpes simplex virus 

2 vaccine. Expert Rev Vaccines, 2012. 11(12): p. 1429-40. 

106. Koelle, D.M. and L. Corey, Herpes simplex: insights on pathogenesis and 

possible vaccines. Annu Rev Med, 2008. 59: p. 381-95. 

107. Hoshino, Y., et al., Comparative efficacy and immunogenicity of replication-

defective, recombinant glycoprotein, and DNA vaccines for herpes simplex virus 2 

infections in mice and guinea pigs. J Virol, 2005. 79(1): p. 410-8. 

108. Cunningham, A.L. and Z. Mikloska, The Holy Grail: immune control of human 

herpes simplex virus infection and disease. Herpes, 2001. 8 Suppl 1: p. 6A-10A. 



 

132 
 

109. Cattamanchi, A., et al., Phase I study of a herpes simplex virus type 2 (HSV-2) 

DNA vaccine administered to healthy, HSV-2-seronegative adults by a needle-free 

injection system. Clin Vaccine Immunol, 2008. 15(11): p. 1638-43. 

110. Montgomery, D.L., et al., DNA vaccines. Pharmacol Ther, 1997. 74(2): p. 195-

205. 

111. Higgins, T.J., et al., Plasmid DNA-expressed secreted and nonsecreted forms of 

herpes simplex virus glycoprotein D2 induce different types of immune responses. 

J Infect Dis, 2000. 182(5): p. 1311-20. 

112. Bourne, N., et al., DNA immunization against experimental genital herpes simplex 

virus infection. J Infect Dis, 1996. 173(4): p. 800-7. 

113. Hartikka, J., et al., Vaxfectin enhances the humoral immune response to plasmid 

DNA-encoded antigens. Vaccine, 2001. 19(15-16): p. 1911-23. 

114. Reyes, L., et al., Vaxfectin enhances antigen specific antibody titers and 

maintains Th1 type immune responses to plasmid DNA immunization. Vaccine, 

2001. 19(27): p. 3778-86. 

115. Sullivan, S.M., et al., Vaxfectin: a versatile adjuvant for plasmid DNA- and 

protein-based vaccines. Expert Opin Drug Deliv, 2010. 7(12): p. 1433-46. 

116. Shlapobersky, M., et al., Vaxfectin-adjuvanted plasmid DNA vaccine improves 

protection and immunogenicity in a murine model of genital herpes infection. J 

Gen Virol, 2012. 93(Pt 6): p. 1305-15. 

117. Hartikka, J., et al., An improved plasmid DNA expression vector for direct 

injection into skeletal muscle. Hum Gene Ther, 1996. 7(10): p. 1205-17. 

118. Corey, L., et al., Differentiation of herpes simplex virus types 1 and 2 in clinical 

samples by a real-time taqman PCR assay. J Med Virol, 2005. 76(3): p. 350-5. 



 

133 
 

119. Bourne, N., et al., Impact of immunization with glycoprotein D2/AS04 on herpes 

simplex virus type 2 shedding into the genital tract in guinea pigs that become 

infected. J Infect Dis, 2005. 192(12): p. 2117-23. 

120. Strasser, J.E., et al., Herpes simplex virus DNA vaccine efficacy: effect of 

glycoprotein D plasmid constructs. J Infect Dis, 2000. 182(5): p. 1304-10. 

121. Hosken, N., et al., Diversity of the CD8+ T-cell response to herpes simplex virus 

type 2 proteins among persons with genital herpes. J Virol, 2006. 80(11): p. 5509-

15. 

122. Wagner, M.J. and J.R. Smiley, Herpes simplex virus requires VP11/12 to induce 

phosphorylation of the activation loop tyrosine (Y394) of the Src family kinase 

Lck in T lymphocytes. J Virol, 2009. 83(23): p. 12452-61. 

123. Stanberry, L.R., et al., Preinfection prophylaxis with herpes simplex virus 

glycoprotein immunogens: factors influencing efficacy. J Gen Virol, 1989. 70 ( Pt 

12): p. 3177-85. 

124. Stanberry, L.R., et al., Genital reinfection after recovery from initial genital 

infection with herpes simplex virus type 2 in guinea pigs. J Infect Dis, 1986. 

153(6): p. 1055-61. 

125. Burke, R.L., et al., The influence of adjuvant on the therapeutic efficacy of a 

recombinant genital herpes vaccine. J Infect Dis, 1994. 170(5): p. 1110-9. 

126. Myers, M.G., et al., Herpes simplex virus glycoprotein treatment of recurrent 

genital herpes reduces cervicovaginal virus shedding in guinea pigs. Antiviral 

Res, 1988. 10(1-3): p. 83-8. 

127. Straus, S.E., et al., Placebo-controlled trial of vaccination with recombinant 

glycoprotein D of herpes simplex virus type 2 for immunotherapy of genital 

herpes. Lancet, 1994. 343(8911): p. 1460-3. 



 

134 
 

128. Straus, S.E., et al., Immunotherapy of recurrent genital herpes with recombinant 

herpes simplex virus type 2 glycoproteins D and B: results of a placebo-

controlled vaccine trial. J Infect Dis, 1997. 176(5): p. 1129-34. 

129. Wald, A., Herpes simplex virus type 2 transmission: risk factors and virus 

shedding. Herpes, 2004. 11 Suppl 3: p. 130A-137A. 

130. Alsallaq, R.A., et al., Population level impact of an imperfect prophylactic 

vaccine for herpes simplex virus-2. Sex Transm Dis, 2010. 37(5): p. 290-7. 

131. Garnett, G.P., et al., The potential epidemiological impact of a genital herpes 

vaccine for women. Sex Transm Infect, 2004. 80(1): p. 24-9. 

132. Marioni, J.C., et al., RNA-seq: an assessment of technical reproducibility and 

comparison with gene expression arrays. Genome Res, 2008. 18(9): p. 1509-17. 

133. Ozsolak, F. and P.M. Milos, RNA sequencing: advances, challenges and 

opportunities. Nat Rev Genet, 2011. 12(2): p. 87-98. 

134. Fassbinder-Orth, C.A., Methods for quantifying gene expression in 

ecoimmunology: from qPCR to RNA-Seq. Integr Comp Biol, 2014. 54(3): p. 396-

406. 

135. Hoheisel, J.D., Microarray technology: beyond transcript profiling and genotype 

analysis. Nat Rev Genet, 2006. 7(3): p. 200-10. 

136. McGettigan, P.A., Transcriptomics in the RNA-seq era. Curr Opin Chem Biol, 

2013. 17(1): p. 4-11. 

137. Finotello, F. and B. Di Camillo, Measuring differential gene expression with 

RNA-seq: challenges and strategies for data analysis. Brief Funct Genomics, 

2015. 14(2): p. 130-142. 



 

135 
 

138. van Dijk, E.L., Y. Jaszczyszyn, and C. Thermes, Library preparation methods for 

next-generation sequencing: tone down the bias. Exp Cell Res, 2014. 322(1): p. 

12-20. 

139. van Dijk, E.L., et al., Ten years of next-generation sequencing technology. Trends 

Genet, 2014. 30(9): p. 418-26. 

140. Overbergh, L., et al., The use of real-time reverse transcriptase PCR for the 

quantification of cytokine gene expression. J Biomol Tech, 2003. 14(1): p. 33-43. 

141. Wang, Y., W. Zhu, and D.E. Levy, Nuclear and cytoplasmic mRNA quantification 

by SYBR green based real-time RT-PCR. Methods, 2006. 39(4): p. 356-62. 

142. Provenzano, M. and S. Mocellin, Complementary techniques: validation of gene 

expression data by quantitative real time PCR. Adv Exp Med Biol, 2007. 593: p. 

66-73. 

143. Bustin, S.A., et al., The MIQE guidelines: minimum information for publication of 

quantitative real-time PCR experiments. Clin Chem, 2009. 55(4): p. 611-22. 

144. Bourne, N., et al., Screening for hepatitis C virus antiviral activity with a cell-

based secreted alkaline phosphatase reporter replicon system. Antiviral Res, 

2005. 67(2): p. 76-82. 

145. Herbst-Kralovetz, M.M., et al., Quantification and comparison of toll-like 

receptor expression and responsiveness in primary and immortalized human 

female lower genital tract epithelia. Am J Reprod Immunol, 2008. 59(3): p. 212-

24. 

146. McGowin, C.L., G.C. Whitlock, and R.B. Pyles, High-throughput multistrain 

polymerase chain reaction quantification of Chlamydia trachomatis from clinical 

and preclinical urogenital specimens. Diagn Microbiol Infect Dis, 2009. 64(2): p. 

117-23. 



 

136 
 

147. McGowin, C.L., R.A. Spagnuolo, and R.B. Pyles, Mycoplasma genitalium rapidly 

disseminates to the upper reproductive tracts and knees of female mice following 

vaginal inoculation. Infect Immun, 2010. 78(2): p. 726-36. 

148. Loeffelholz, M.J., et al., Comparison of the FilmArray Respiratory Panel and 

Prodesse real-time PCR assays for detection of respiratory pathogens. J Clin 

Microbiol, 2011. 49(12): p. 4083-8. 

149. Enderle, J.L., A.L. Miller, and R.B. Pyles, Quantification of bacterial 

uropathogens in preclinical samples using real-time PCR assays. Curr Microbiol, 

2014. 68(2): p. 220-6. 

150. Vandesompele, J., et al., Accurate normalization of real-time quantitative RT-

PCR data by geometric averaging of multiple internal control genes. Genome 

Biol, 2002. 3(7): p. RESEARCH0034. 

151. Livak, K.J. and T.D. Schmittgen, Analysis of relative gene expression data using 

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods, 2001. 

25(4): p. 402-8. 

152. Milligan, G.N. and D.I. Bernstein, Analysis of herpes simplex virus-specific T 

cells in the murine female genital tract following genital infection with herpes 

simplex virus type 2. Virology, 1995. 212(2): p. 481-9. 

153. Grover, R.K., et al., A structurally distinct human mycoplasma protein that 

generically blocks antigen-antibody union. Science, 2014. 343(6171): p. 656-61. 

154. McGowin, C.L. and C. Anderson-Smits, Mycoplasma genitalium: an emerging 

cause of sexually transmitted disease in women. PLoS Pathog, 2011. 7(5): p. 

e1001324. 

155. Veselenak, R.L., et al., Development and utilization of a custom PCR array 

workflow: analysis of gene expression in mycoplasma genitalium and guinea pig 

(Cavia porcellus). Mol Biotechnol, 2015. 57(2): p. 172-83. 



 

137 
 

156. Jensen, J.S., H.T. Hansen, and K. Lind, Isolation of Mycoplasma genitalium 

strains from the male urethra. J Clin Microbiol, 1996. 34(2): p. 286-91. 

157. Schafer, H. and R. Burger, Tools for cellular immunology and vaccine research 

the in the guinea pig: monoclonal antibodies to cell surface antigens and cell 

lines. Vaccine, 2012. 30(40): p. 5804-11. 

158. Hickey, A.J., Guinea pig model of infectious disease - viral infections. Curr Drug 

Targets, 2011. 12(7): p. 1018-23. 

159. Arikawa, E., et al., Cross-platform comparison of SYBR Green real-time PCR 

with TaqMan PCR, microarrays and other gene expression measurement 

technologies evaluated in the MicroArray Quality Control (MAQC) study. BMC 

Genomics, 2008. 9: p. 328. 

160. McGowin, C.L., V.L. Popov, and R.B. Pyles, Intracellular Mycoplasma 

genitalium infection of human vaginal and cervical epithelial cells elicits distinct 

patterns of inflammatory cytokine secretion and provides a possible survival 

niche against macrophage-mediated killing. BMC Microbiol, 2009. 9: p. 139. 

161. McGowin, C.L., et al., Mycoplasma genitalium-encoded MG309 activates NF-

kappaB via Toll-like receptors 2 and 6 to elicit proinflammatory cytokine 

secretion from human genital epithelial cells. Infect Immun, 2009. 77(3): p. 1175-

81. 

162. Calisto, B.M., et al., The EAGR box structure: a motif involved in mycoplasma 

motility. Mol Microbiol, 2012. 86(2): p. 382-93. 

163. Pich, O.Q., et al., Role of Mycoplasma genitalium MG218 and MG317 

cytoskeletal proteins in terminal organelle organization, gliding motility and 

cytadherence. Microbiology, 2008. 154(Pt 10): p. 3188-98. 

164. Zhang, W. and J.B. Baseman, Transcriptional response of Mycoplasma 

genitalium to osmotic stress. Microbiology, 2011. 157(Pt 2): p. 548-56. 



 

138 
 

165. Zhang, W. and J.B. Baseman, Functional characterization of osmotically 

inducible protein C (MG_427) from Mycoplasma genitalium. J Bacteriol, 2014. 

196(5): p. 1012-9. 

166. Padilla-Carlin, D.J., D.N. McMurray, and A.J. Hickey, The guinea pig as a model 

of infectious diseases. Comp Med, 2008. 58(4): p. 324-40. 

167. Rank, R.G. and J.A. Whittum-Hudson, Protective immunity to chlamydial genital 

infection: evidence from animal studies. J Infect Dis, 2010. 201 Suppl 2: p. S168-

77. 

168. Gowen, B.B. and M.R. Holbrook, Animal models of highly pathogenic RNA viral 

infections: hemorrhagic fever viruses. Antiviral Res, 2008. 78(1): p. 79-90. 

169. Veselenak, R.L., et al., A Vaxfectin((R))-adjuvanted HSV-2 plasmid DNA vaccine 

is effective for prophylactic and therapeutic use in the guinea pig model of genital 

herpes. Vaccine, 2012. 30(49): p. 7046-51. 

170. Yamada, H., et al., Newly designed primer sets available for evaluating various 

cytokines and iNOS mRNA expression in guinea pig lung tissues by RT-PCR. Exp 

Anim, 2005. 54(2): p. 163-72. 

171. Adachi, S., et al., Development of a monoclonal antibody-based sandwich ELISA 

for detection of guinea pig interleukin-2. J Vet Med Sci, 2006. 68(12): p. 1281-7. 

172. Kaplan, B.L., et al., 2-Arachidonoyl-glycerol suppresses interferon-gamma 

production in phorbol ester/ionomycin-activated mouse splenocytes independent 

of CB1 or CB2. J Leukoc Biol, 2005. 77(6): p. 966-74. 

173. Triebel, F., et al., LAG-3, a novel lymphocyte activation gene closely related to 

CD4. J Exp Med, 1990. 171(5): p. 1393-405. 

174. Marzio, R., et al., Expression and function of the early activation antigen CD69 in 

murine macrophages. J Leukoc Biol, 1997. 62(3): p. 349-55. 



 

139 
 

175. Tree, J.A., et al., Development of a guinea pig immune response-related 

microarray and its use to define the host response following Mycobacterium bovis 

BCG vaccination. Infect Immun, 2006. 74(2): p. 1436-41. 

176. Jain, R., B. Dey, and A.K. Tyagi, Development of the first oligonucleotide 

microarray for global gene expression profiling in guinea pigs: defining the 

transcription signature of infectious diseases. BMC Genomics, 2012. 13: p. 520. 

177. Schiffer, J.T., et al., Herpes simplex virus-2 transmission probability estimates 

based on quantity of viral shedding. J R Soc Interface, 2014. 11(95): p. 20140160. 

178. Gillis, P.A., et al., Development of a novel, guinea pig-specific IFN-gamma 

ELISPOT assay and characterization of guinea pig cytomegalovirus GP83-

specific cellular immune responses following immunization with a modified 

vaccinia virus Ankara (MVA)-vectored GP83 vaccine. Vaccine, 2014. 

179. Dvinge, H. and P. Bertone, HTqPCR: high-throughput analysis and visualization 

of quantitative real-time PCR data in R. Bioinformatics, 2009. 25(24): p. 3325-6. 

180. Smyth, G.K., Linear models and empirical bayes methods for assessing 

differential expression in microarray experiments. Stat Appl Genet Mol Biol, 

2004. 3: p. Article3. 

181. Smyth, G.K., Limma: linear models for microarray data, in Bioinformatics and 

Computational Biology Solutions using R and Bioconductor. 2005, Springer: New 

York. p. 397-420. 

182. Chen, E.Y., et al., Enrichr: interactive and collaborative HTML5 gene list 

enrichment analysis tool. BMC Bioinformatics, 2013. 14: p. 128. 

183. Samarajiwa, S.A., et al., INTERFEROME: the database of interferon regulated 

genes. Nucleic Acids Res, 2009. 37(Database issue): p. D852-7. 

184. Schafer, H., et al., Biologic activity of guinea pig IFN-gamma in vitro. J 

Interferon Cytokine Res, 2007. 27(4): p. 305-15. 



 

140 
 

185. Wali, S., et al., Use of a Guinea pig-specific transcriptome array for evaluation of 

protective immunity against genital chlamydial infection following intranasal 

vaccination in Guinea pigs. PLoS One, 2014. 9(12): p. e114261. 

186. Iijima, N., L.M. Mattei, and A. Iwasaki, Recruited inflammatory monocytes 

stimulate antiviral Th1 immunity in infected tissue. Proc Natl Acad Sci U S A, 

2011. 108(1): p. 284-9. 

187. Thapa, M. and D.J. Carr, Chemokines and Chemokine Receptors Critical to Host 

Resistance following Genital Herpes Simplex Virus Type 2 (HSV-2) Infection. 

Open Immunol J, 2008. 1: p. 33-41. 

188. Lillard, J.W., Jr., et al., RANTES potentiates antigen-specific mucosal immune 

responses. J Immunol, 2001. 166(1): p. 162-9. 

189. Cherpes, T.L., et al., Use of transcriptional profiling to delineate the initial 

response of mice to intravaginal herpes simplex virus type 2 infection. Viral 

Immunol, 2013. 26(3): p. 172-9. 

190. Groom, J.R. and A.D. Luster, CXCR3 ligands: redundant, collaborative and 

antagonistic functions. Immunol Cell Biol, 2011. 89(2): p. 207-15. 

191. Rodrigues, L., et al., IL-21 and IL-15 cytokine DNA augments HSV specific 

effector and memory CD8+ T cell response. Mol Immunol, 2009. 46(7): p. 1494-

504. 

192. Xia, J., et al., Virus-specific immune memory at peripheral sites of herpes simplex 

virus type 2 (HSV-2) infection in guinea pigs. PLoS One, 2014. 9(12): p. e114652. 

193. Canny, G.O., et al., Expression and function of bactericidal/permeability-

increasing protein in human genital tract epithelial cells. J Infect Dis, 2006. 

194(4): p. 498-502. 



 

141 
 

194. Liu, J., et al., Virus-induced unfolded protein response attenuates antiviral 

defenses via phosphorylation-dependent degradation of the type I interferon 

receptor. Cell Host Microbe, 2009. 5(1): p. 72-83. 

195. Qian, J., et al., Pathogen recognition receptor signaling accelerates 

phosphorylation-dependent degradation of IFNAR1. PLoS Pathog, 2011. 7(6): p. 

e1002065. 

196. Ritter, M., et al., Characterization of Toll-like receptors in primary lung epithelial 

cells: strong impact of the TLR3 ligand poly(I:C) on the regulation of Toll-like 

receptors, adaptor proteins and inflammatory response. J Inflamm (Lond), 2005. 

2: p. 16. 

197. Kurt-Jones, E.A., et al., Herpes simplex virus 1 interaction with Toll-like receptor 

2 contributes to lethal encephalitis. Proc Natl Acad Sci U S A, 2004. 101(5): p. 

1315-20. 

198. Pyo, C.W., et al., Alteration of copper-zinc superoxide dismutase 1 expression by 

influenza A virus is correlated with virus replication. Biochem Biophys Res 

Commun, 2014. 450(1): p. 711-6. 

199. Afonso, V., et al., Tumor necrosis factor-alpha down-regulates human Cu/Zn 

superoxide dismutase 1 promoter via JNK/AP-1 signaling pathway. Free Radic 

Biol Med, 2006. 41(5): p. 709-21. 

200. Narayanan, A., et al., Alteration in superoxide dismutase 1 causes oxidative stress 

and p38 MAPK activation following RVFV infection. PLoS One, 2011. 6(5): p. 

e20354. 

201. Cremel, M., et al., Characterization of CCL20 secretion by human epithelial 

vaginal cells: involvement in Langerhans cell precursor attraction. J Leukoc Biol, 

2005. 78(1): p. 158-66. 



 

142 
 

202. Le Borgne, M., et al., Dendritic cells rapidly recruited into epithelial tissues via 

CCR6/CCL20 are responsible for CD8+ T cell crosspriming in vivo. Immunity, 

2006. 24(2): p. 191-201. 

203. Sperling, T., et al., Human papillomavirus type 8 interferes with a novel C/EBPβ-

mediated mechanism of keratinocyte CCL20 chemokine expression and 

Langerhans cell migration. PLoS Pathog, 2012. 8(7): p. e1002833. 

204. Majumder, S., et al., p48/STAT-1alpha-containing complexes play a predominant 

role in induction of IFN-gamma-inducible protein, 10 kDa (IP-10) by IFN-gamma 

alone or in synergy with TNF-alpha. J Immunol, 1998. 161(9): p. 4736-44. 

205. Tensen, C.P., et al., Genomic organization, sequence and transcriptional 

regulation of the human CXCL 11(1) gene. Biochim Biophys Acta, 1999. 1446(1-

2): p. 167-72. 

206. Gygi, S.P., et al., Correlation between protein and mRNA abundance in yeast. 

Mol Cell Biol, 1999. 19(3): p. 1720-30. 

207. Greenbaum, D., et al., Comparing protein abundance and mRNA expression 

levels on a genomic scale. Genome Biol, 2003. 4(9): p. 117. 

208. Veiga-Fernandes, H., et al., Response of naïve and memory CD8+ T cells to 

antigen stimulation in vivo. Nat Immunol, 2000. 1(1): p. 47-53. 

209. Grayson, J.M., et al., Gene expression in antigen-specific CD8+ T cells during 

viral infection. J Immunol, 2001. 166(2): p. 795-9. 

210. Maier, T., M. Güell, and L. Serrano, Correlation of mRNA and protein in complex 

biological samples. FEBS Lett, 2009. 583(24): p. 3966-73. 

211. Organization, W.H., Global incidence and prevalence of selected curable sexually 

transmitted infections – 2008. 2012. 



 

143 
 

212. Belland, R., D.M. Ojcius, and G.I. Byrne, Chlamydia. Nat Rev Microbiol, 2004. 

2(7): p. 530-1. 

213. Dielissen, P.W., D.A. Teunissen, and A.L. Lagro-Janssen, Chlamydia prevalence 

in the general population: is there a sex difference? a systematic review. BMC 

Infect Dis, 2013. 13: p. 534. 

214. Peipert, J.F., Clinical practice. Genital chlamydial infections. N Engl J Med, 

2003. 349(25): p. 2424-30. 

215. Brunham, R.C. and J. Rey-Ladino, Immunology of Chlamydia infection: 

implications for a Chlamydia trachomatis vaccine. Nat Rev Immunol, 2005. 5(2): 

p. 149-61. 

216. Rey-Ladino, J., A.G. Ross, and A.W. Cripps, Immunity, immunopathology, and 

human vaccine development against sexually transmitted Chlamydia trachomatis. 

Hum Vaccin Immunother, 2014. 10(9): p. 2664-73. 

217. Rekart, M.L., et al., Chlamydia public health programs and the epidemiology of 

pelvic inflammatory disease and ectopic pregnancy. J Infect Dis, 2013. 207(1): p. 

30-8. 

218. Vasilevsky, S., et al., Genital Chlamydia trachomatis: understanding the roles of 

innate and adaptive immunity in vaccine research. Clin Microbiol Rev, 2014. 

27(2): p. 346-70. 

219. Wyrick, P.B., Chlamydia trachomatis persistence in vitro: an overview. J Infect 

Dis, 2010. 201 Suppl 2: p. S88-95. 

220. Hafner, L.M., D.P. Wilson, and P. Timms, Development status and future 

prospects for a vaccine against Chlamydia trachomatis infection. Vaccine, 2014. 

32(14): p. 1563-71. 



 

144 
 

221. Hafner, L., K. Beagley, and P. Timms, Chlamydia trachomatis infection: host 

immune responses and potential vaccines. Mucosal Immunol, 2008. 1(2): p. 116-

30. 

222. Roan, N.R. and M.N. Starnbach, Antigen-specific CD8+ T cells respond to 

Chlamydia trachomatis in the genital mucosa. J Immunol, 2006. 177(11): p. 

7974-9. 

223. Roan, N.R., et al., Monitoring the T cell response to genital tract infection. Proc 

Natl Acad Sci U S A, 2006. 103(32): p. 12069-74. 

224. Agrawal, T., et al., Cervical cytokine responses in women with primary or 

recurrent chlamydial infection. J Interferon Cytokine Res, 2007. 27(3): p. 221-6. 

225. Agrawal, T., et al., Local markers for prediction of women at higher risk of 

developing sequelae to Chlamydia trachomatis infection. Am J Reprod Immunol, 

2007. 57(2): p. 153-9. 

226. Agrawal, T., et al., Mucosal and peripheral immune responses to chlamydial heat 

shock proteins in women infected with Chlamydia trachomatis. Clin Exp 

Immunol, 2007. 148(3): p. 461-8. 

227. Geisler, W.M., et al., Immunoglobulin-specific responses to Chlamydia 

elementary bodies in individuals with and at risk for genital chlamydial infection. 

J Infect Dis, 2012. 206(12): p. 1836-43. 

228. Moore, T., et al., Fc receptor-mediated antibody regulation of T cell immunity 

against intracellular pathogens. J Infect Dis, 2003. 188(4): p. 617-24. 

229. Morrison, S.G. and R.P. Morrison, A predominant role for antibody in acquired 

immunity to chlamydial genital tract reinfection. J Immunol, 2005. 175(11): p. 

7536-42. 



 

145 
 

230. De Clercq, E., I. Kalmar, and D. Vanrompay, Animal models for studying female 

genital tract infection with Chlamydia trachomatis. Infect Immun, 2013. 81(9): p. 

3060-7. 

231. Rank, R.G., Animal models for urogenital infections. Methods Enzymol, 1994. 

235: p. 83-93. 

232. Barron, A.L., et al., A new animal model for the study of Chlamydia trachomatis 

genital infections: infection of mice with the agent of mouse pneumonitis. J Infect 

Dis, 1981. 143(1): p. 63-6. 

233. Bell, J.D., et al., Nonhuman primate models used to study pelvic inflammatory 

disease caused by Chlamydia trachomatis. Infect Dis Obstet Gynecol, 2011. 

2011: p. 675360. 

234. Vanrompay, D., J.M. Lyons, and S.A. Morré, Animal models for the study of 

Chlamydia trachomatis infections in the female genital infection. Drugs Today 

(Barc), 2006. 42 Suppl A: p. 55-63. 

235. Rank, R.G. and M.M. Sanders, Pathogenesis of endometritis and salpingitis in a 

guinea pig model of chlamydial genital infection. Am J Pathol, 1992. 140(4): p. 

927-36. 

236. Miyairi, I., K.H. Ramsey, and D.L. Patton, Duration of untreated chlamydial 

genital infection and factors associated with clearance: review of animal studies. 

J Infect Dis, 2010. 201 Suppl 2: p. S96-103. 

237. Patterson, T.L. and R.G. Rank, Immunity to reinfection and immunization of male 

guinea pigs against urethral infection with the agent of guinea pig inclusion 

conjunctivitis. Sex Transm Dis, 1996. 23(2): p. 145-50. 

238. Rank, R.G., B.E. Batteiger, and L.S. Soderberg, Immunization against chlamydial 

genital infection in guinea pigs with UV-inactivated and viable chlamydiae 

administered by different routes. Infect Immun, 1990. 58(8): p. 2599-605. 



 

146 
 

239. Murthy, A.K., et al., Chlamydia trachomatis pulmonary infection induces greater 

inflammatory pathology in immunoglobulin A deficient mice. Cell Immunol, 2004. 

230(1): p. 56-64. 

240. Cong, Y., et al., Intranasal immunization with chlamydial protease-like activity 

factor and CpG deoxynucleotides enhances protective immunity against genital 

Chlamydia muridarum infection. Vaccine, 2007. 25(19): p. 3773-80. 

241. Bolstad, B.M., et al., A comparison of normalization methods for high density 

oligonucleotide array data based on variance and bias. Bioinformatics, 2003. 

19(2): p. 185-93. 

242. Murthy, A.K., et al., Chlamydial protease-like activity factor induces protective 

immunity against genital chlamydial infection in transgenic mice that express the 

human HLA-DR4 allele. Infect Immun, 2006. 74(12): p. 6722-9. 

243. Murthy, A.K., et al., Intranasal vaccination with a secreted chlamydial protein 

enhances resolution of genital Chlamydia muridarum infection, protects against 

oviduct pathology, and is highly dependent upon endogenous gamma interferon 

production. Infect Immun, 2007. 75(2): p. 666-76. 

244. Murthy, A.K., et al., A limited role for antibody in protective immunity induced by 

rCPAF and CpG vaccination against primary genital Chlamydia muridarum 

challenge. FEMS Immunol Med Microbiol, 2009. 55(2): p. 271-9. 

245. Li, W., et al., Antigen-specific CD4+ T cells produce sufficient IFN-gamma to 

mediate robust protective immunity against genital Chlamydia muridarum 

infection. J Immunol, 2008. 180(5): p. 3375-82. 

246. Tifrea, D.F., et al., Vaccination with the recombinant major outer membrane 

protein elicits antibodies to the constant domains and induces cross-serovar 

protection against intranasal challenge with Chlamydia trachomatis. Infect 

Immun, 2013. 81(5): p. 1741-50. 



 

147 
 

247. Skelding, K.A., et al., Comparison of intranasal and transcutaneous 

immunization for induction of protective immunity against Chlamydia muridarum 

respiratory tract infection. Vaccine, 2006. 24(3): p. 355-66. 

248. Yu, H., et al., Chlamydia muridarum T cell antigens and adjuvants that induce 

protective immunity in mice. Infect Immun, 2012. 80(4): p. 1510-8. 

249. Bannantine, J.P. and D.D. Rockey, Use of primate model system to identify 

Chlamydia trachomatis protein antigens recognized uniquely in the context of 

infection. Microbiology, 1999. 145 ( Pt 8): p. 2077-85. 

250. Johnson, A.P. and D. Taylor-Robinson, Chlamydial genital tract infections. 

Experimental infection of the primate genital tract with Chlamydia trachomatis. 

Am J Pathol, 1982. 106(1): p. 132-5. 

251. Barron, A.L., et al., Chlamydial salpingitis in female guinea pigs receiving oral 

contraceptives. Sex Transm Dis, 1988. 15(3): p. 169-73. 

252. White, H.J., et al., Experimental chlamydial salpingitis in immunosuppressed 

guinea pigs infected in the genital tract with the agent of guinea pig inclusion 

conjunctivitis. Infect Immun, 1979. 26(2): p. 728-35. 

253. Rank, R.G., et al., Characterization of chlamydial genital infection resulting from 

sexual transmission from male to female guinea pigs and determination of 

infectious dose. Infect Immun, 2003. 71(11): p. 6148-54. 

254. Kashino, S.S., et al., Guinea pig model of Mycobacterium tuberculosis 

latent/dormant infection. Microbes Infect, 2008. 10(14-15): p. 1469-76. 

255. Smith, D.W., V. Balasubramanian, and E. Wiegeshaus, A guinea pig model of 

experimental airborne tuberculosis for evaluation of the response to 

chemotherapy: the effect on bacilli in the initial phase of treatment. Tubercle, 

1991. 72(3): p. 223-31. 



 

148 
 

256. Edelstein, P.H., The Guinea pig model of legionnaires' disease. Methods Mol 

Biol, 2013. 954: p. 521-40. 

257. Popescu, C., et al., Modulation of the immune response by aerodin. II. Influence 

on the antiinfectious resistance in rabbits and guinea pigs experimentally infected 

by Francisella tularensis and Pseudomonas aeruginosa. Arch Roum Pathol Exp 

Microbiol, 1981. 40(3): p. 241-52. 

258. Penn, C.W., et al., Immunization of guinea pigs with Neisseria gonorrhoeae: 

strain specificity and mechanisms of immunity. J Gen Microbiol, 1977. 100(1): p. 

159-66. 

259. Tseng, C.T. and R.G. Rank, Role of NK cells in early host response to chlamydial 

genital infection. Infect Immun, 1998. 66(12): p. 5867-75. 

260. Wang, Y., et al., Local host response to chlamydial urethral infection in male 

guinea pigs. Infect Immun, 2010. 78(4): p. 1670-81. 

261. Sakthivel, S.K., et al., CCL5 regulation of mucosal chlamydial immunity and 

infection. BMC Microbiol, 2008. 8: p. 136. 

262. Maxion, H.K. and K.A. Kelly, Chemokine expression patterns differ within 

anatomically distinct regions of the genital tract during Chlamydia trachomatis 

infection. Infect Immun, 2002. 70(3): p. 1538-46. 

263. Fung, K.Y., et al., Interferon-ε protects the female reproductive tract from viral 

and bacterial infection. Science, 2013. 339(6123): p. 1088-92. 

264. Rottenberg, M.E., A. Gigliotti-Rothfuchs, and H. Wigzell, The role of IFN-

gamma in the outcome of chlamydial infection. Curr Opin Immunol, 2002. 14(4): 

p. 444-51. 

265. Collot-Teixeira, S., et al., CD36 and macrophages in atherosclerosis. Cardiovasc 

Res, 2007. 75(3): p. 468-77. 



 

149 
 

266. Deng, J., et al., Critical role of CD81 in cognate T-B cell interactions leading to 

Th2 responses. Int Immunol, 2002. 14(5): p. 513-23. 

267. Witherden, D.A., R. Boismenu, and W.L. Havran, CD81 and CD28 costimulate T 

cells through distinct pathways. J Immunol, 2000. 165(4): p. 1902-9. 

268. Zhou, H.Y., et al., Interleukin-21 plays an important role in CD8 T-cell activation 

and poor outcome in HIV infection. J Interferon Cytokine Res, 2013. 33(3): p. 

115-20. 

269. Dalloul, A., et al., Severe herpes virus (HSV-2) infection in two patients with 

myelodysplasia and undetectable NK cells and plasmacytoid dendritic cells in the 

blood. J Clin Virol, 2004. 30(4): p. 329-36. 

270. Rose, W.A., et al., Commensal bacteria modulate innate immune responses of 

vaginal epithelial cell multilayer cultures. PLoS One, 2012. 7(3): p. e32728. 

 

 

  



 

150 
 

VITA  

Ronald Lee Veselenak II was born in Cambridge, Ohio on November 23, 1973 to 

Ronald L and Patty Jo Veselenak. Ronald earned a double B.S. in Marine Biology and 

Marine Fisheries from Texas A&M University in 1997 after which he became employed 

by the University of Texas Medical Branch at Galveston. Here he acquired new research 

skills until accepting an offer to take part in an HCV antiviral screening project under the 

direction of Dr Nigel Bourne. Finally, Ronald worked with Drs Bourne and Pyles to 

establish the Assay Development Service Division (ADSD) within the Galveston National 

Laboratory. It was during his tenure in the ADSD that Ronald became interested in vaccine 

studies and designing and optimizing new assays to aid the research community. 

During Ronald’s graduate career he was honored with the McLaughlin Travel 

Award, the Arthur V Simmang Scholarship award and multiple travel awards from the 

Sealy Center for Vaccine Development.  

Ronald had been successfully employed as a Field Application Specialist with 

Tecan U.S. since October 2014. 

 
HONORS and AWARDS 

 

Arthur V. Simmang Scholarship Fund 2013 Award Recipient 

Sealy Center for Vaccine Development Graduate Student Award 2013 Recipient 

Sealy Center for Vaccine Development Travel Award Recipient. 2013 

McLaughlin Travel Award Recipient. 2012 

Sealy Center for Vaccine Development Travel Award Recipient. 2012 

Sealy Center for Vaccine Development Travel Award Recipient. 2011 

Hosted University of Texas Medical Branch President Dr David Callendar during an “In 
Your Shoes” program visit. 2010 



 

151 
 

Hosted Scientific Advisory Board tour of the Assay Development Service Division, 
Galveston National Laboratory. 2010 

Hosted Community Advisory Board tour of the Assay Development Service Division, 
Galveston National Laboratory. 2010 

 

ARTICLES IN PEER REVIEWED JOURNALS  

 

Wali S, Gupta R, Veselenak RL, Li Y, Yu JJ, Murthy AK, Cap AP, Guentzel MN, 
Chambers JP, Zhong G, Rank RG, Pyles RB, Arulanandam BP. Use of a Guinea pig-
specific transcriptome array for evaluation of protective immunity against genital 
chlamydial infection following intranasal vaccination in Guinea pigs. PLoS One. 2014 Dec 
11;9(12):e114261. doi: 10.1371/journal.pone.0114261. eCollection 2014. PMID: 
25502875. 

Xia J, Veselenak RL, Gorder SR, Bourne N, Milligan GN. Virus-specific immune memory 
at peripheral sites of herpes simplex virus type 2 (HSV-2) infection in guinea pigs. PLoS 
One. 2014 Dec 8;9(12):e114652. doi: 10.1371/journal.pone.0114652. eCollection 2014. 
PMID: 25485971. 

Veselenak RL, Miller AL, Milligan GN, Bourne N, Pyles RB. Development and utilization 
of a custom PCR array workflow: analysis of gene expression in mycoplasma genitalium 
and guinea pig (Cavia porcellus).Mol Biotechnol. 2015 Feb;57(2):172-83. doi: 
10.1007/s12033-014-9813-6. PMID: 25358686. 

Yi M, Joyce M, Saxena V, Welsch C, Chavez D, Guerra B, Yamane D, Veselenak R, Pyles 
R, Walker CM, Tyrrell L, Bourne N, Lanford RE, Lemon SM. Evolution of a cell culture-
derived genotype 1a hepatitis C virus (H77S.2) during persistent infection with chronic 
hepatitis in a chimpanzee. J Virol. 15 Jan 2014. PMID: 24429362. 

Valencia F, Veselenak RL, Bourne N. In Vivo Evaluation of Antiviral Efficacy against 
Genital Herpes Using Mouse and Guinea Pig Models. Methods Mol Biol. 2013; 1030:315-
26. PMID: 23821278. 

Shavkunov AS, Wildburger NC, Nenoy MN, James TF, Buzhdygan TP, Panova-
Elektronova NI, Green TA, Veselenak RL, Bourne N, Laezza, F. The fibroblast growth 
factor 14 (FGF14)/Voltage-Gated Sodium Channel Complex is a new target of glycogen 
synthase kinase 3 (GSK3). J Biol Chem. 2013 Jul5; 288(27):19370-85. PMID: 23640885. 

Veselenak RL, Shlapobersky M, Pyles RB, Wei Q, Sullivan S, Bourne N. A Vaxfectin®-
adjuvanted HSV-2 plasmid DNA vaccine is effective for prophylactic and therapeutic use 
in the guinea pig model of genital herpes. Vaccine. 2012 Nov 19;30(49):7046-51. PMID: 
23041125. 



 

152 
 

Shavkunov A, Panova N, Prasai A, Veselenak R, Bourne N, Stoilova-McPhie S, Laezza, 
F. Bioluminescence methodology for the detection of protein-protein interactions within 
the voltage-gated sodium channel macromolecular complex. Assay Drug Dev Technol. 
2012 April;10(2):148-60. PMID: 22364545. 

Furman PA, Murakami E, Niu C, Lam AM, Espiritu C, Bansal S, Bao H, Tolstykh T, 
Micolochick Steuer H, Keilman, M, Zennou V, Bourne N, Veselenak RL, Chang W, Ross 
BS, Du J, Otto MJ, Sofia MJ. Activity and the metabolic activation pathway of the potent 
and selective hepatitis C virus pronucleotide inhibitor PSI-353661. Antiviral Res. 2011 
May;91(2):120-132. PMID: 21600932. 

Lam AM, Espiritu C, Murakami E, Zennou V, Bansal S, Micolochick Steuer HM, Niu C, 
Keilman M, Bao H, Bourne N, Veselenak RL, Reddy PG, Chang W, Du J, Nagarathnam 
D, Sofia MJ, Otto MJ, Furman PA. Inhibition of hepatitis C virus replicon RNA synthesis 
by PSI-352938, a cyclic phosphate prodrug of {beta}-D-2’-Deoxy-2’-{alpha}-Fluoro-2’-
{beta}-C-Methylguanosine. Antimicrob Agents Chemother. 2011 Jun;55(6):2566-75. 
PMID: 21444700. 

Yi M, Tong X, Skelton A, Chase R, Chen T, Prongay A, Bogen SL, Saksena AK, Njoroge 
FG, Veselenak RL, Pyles RB, Bourne N, Malcolm BA, Lemon SM.  Mutations conferring 
resistance to SCH6, a novel hepatitis C virus NS3/4A protease inhibitor. Reduced RNA 
replication fitness and partial rescue by second-site mutations.  J Biol Chem. 2006 Mar 
24;281(12):8205-15. PMID: 16352601 

Bourne N, Pyles RB, Yi M, Veselenak RL, Davis MM, Lemon SM.  Screening for 
hepatitis C virus antiviral activity with a cell-based secreted alkaline phosphatase reporter 
replicon system. Antiviral Res. 2005 Aug;67(2):76-82. PMID: 15927278 

 

 

MANUSCRIPTS IN PREPARATION 

 

Veselenak RL, Milligan GN, Pyles RB, Bourne N. Characterization of the Guinea Pig 
Mucosal Immune Response to Intravaginal Infection with Herpes Simplex Virus Type 2. 

 

ABSTRACTS 

 

RL Veselenak, AL Miller, GN Milligan, RB Pyles, N Bourne. Temporal Characterization 
of the Mucosal Immune Response to Primary Genital Herpes Infection in the Guinea Pig. 
2014 IHII/McLaughlin Colloquium on Infectious Diseases & Immunity. Galveston, TX. 
April 2014. 



 

153 
 

RL Veselenak, AL Miller, GN Milligan, N Bourne, RB Pyles. Development of an 
enhanced next generation sequencing methodology to characterize the mixed bacterial 
population of the vaginal microbiota in a healthy and dysbiotic state. 2nd Annual Clinical 
& Translational Research Forum. Galveston, TX. February 2014. 

RL Veselenak, AL Miller, RB Pyles, N Bourne. Development of a PCR Array to 
Characterize the Host Immune Response in the Guinea Pig. 2nd Annual Conference of the 
San Antonio Vaccine Development Center. San Antonio, TX. November 2013. 

RL Veselenak, AL Miller, RB Pyles, N Bourne. CD28 and OX40L are important in the 
control of genital herpes during primary infection of the vaginal epithelium in the guinea 
pig. 2013 IHII/McLaughlin Colloquium on Infectious Diseases & Immunity. Galveston, 
TX. April 2013. 

RL Veselenak, AL Miller, RB Pyles, N Bourne. Evaluation of the guinea pig vaginal 
immune response to HSV-2 using a novel, PCR-based array. 6th Vaccine & ISV Congress. 
Shanghai, China. October 2012. 

RL Veselenak, AL Miller, RB Pyles, N Bourne. Evaluation of the guinea pig vaginal 
immune response to HSV-2 using a novel, PCR-based array. 112th General Meeting of the 
American Society for Microbiology. San Francisco, CA. June 2012. 

RL Veselenak, AL Miller, RB Pyles, N Bourne. Evaluation of the guinea pig vaginal 
immune response to HSV-2 using a novel, PCR-based array. 2012 IHII/McLaughlin 
Colloquium on Infectious Diseases & Immunity. Galveston, TX. April 2012. 

R. Veselenak, S. Sullivan, M. Shlapobersky, Q. Wei, R. Pyles, N. Bourne. An Adjuvanted 
HSV-2 Plasmid DNA Vaccine Is Effective for Prophylactic and Therapeutic Use in the 
Guinea Pig Model of Genital Herpes. The Changing Landscape of Vaccine Development: 
Vaccines for Chronic Diseases. Galveston, TX. February 2012. 

R. Veselenak, S. Sullivan, M. Shlapobersky, Q. Wei, R. Pyles, N. Bourne. An Adjuvanted 
HSV-2 Plasmid DNA Vaccine Is Effective for Prophylactic and Therapeutic Use in the 
Guinea Pig Model of Genital Herpes. 5th Vaccine and ISV Annual Global Congress. 
Seattle, WA. October 2011. 

Cunningham, K.A., Laezza, F., McGinnis, A.G., Seitz, P.K., Shavkunov, A., Agarov, A., 
Panova, N., Anastasio, N.C., Fink, L.H., Watson, C.S., Natarajan, A., Veselenak, R.L., 
Bourne, N., and Gilbertson, S.R. Peptide disruption of the interaction between the serotonin 
(5-HT) 5-HT2C receptor (5-HT2CR) and protein phosphatase and tensin homologue 
deleted on chromosome 10 (PTEN) is functionally important to the 5-HT2CR signalosome. 
American College of Neuropsychopharmacology. Miami Beach, FL. December 2010. 

Shavkunov SA, Panova-Elektronova NI, Buzhdygan T, Williams J, Veselenak R, Bourne 
N and Laezza F. Real-time detection of the FGF14:Nav channel complex in live cells. 
Society for Neuroscience. San Diego, CA. November 2010. 



 

154 
 

Andrew S. Beck, Aaron L. Miller A, Rae Ann Spagnuolo, Ron L. Veselenak, Miriam 
Alter, James W. LeDuc and Richard B. Pyles. Molecular Surveillance of Circulating H1N1 
Influenza strains by High Throughput Electro-Spray Ionizing Mass Spectrometry and 
Pyrosequencing. Controlling Infectious Diseases in the 21st Century. Galveston, TX. 
February 2010. 

Yi, M, Bourne, N, Ma, Y, Yates, J, Veselenak, R, Pyles, R, Lanford, R, Lemon, S. 
Molecular Evolution of HCV in a Chimpanzee with Chronic Hepatitis C Following 
Inoculation with Cell Culture-Derived Genotype 1a (H77S.2) Virus. HepDART frontiers 
in drug development for viral hepatitis. Kohala Coast, HI. December 2009. 

Bourne, N., Yi, M., Lanford R., Veselenak R., Lemon S. Evaluation of in vivo replication 
fitness of a tissue culture derived infectious HCV genotype 1a/2a chimeric virus. 14th 
International symposium on hepatitis c virus and related viruses. Glasgow, United 
Kingdom. September 2007.  

N Bourne, RL Veselenak, RB Pyles, MK Yi, and SM Lemon. Comparison of the Antiviral 
Activity of Amantadine Against Hepatitis C Virus of Different Genotypes in Cell-Based 
Replicon and Infectious Virus Assays. 19th International Conference on Antiviral 
Research. San Juan, Puerto Rico. May 2006. 

N Bourne, RB Pyles, RL Veselenak, G Whitlock, MK Yi, L Hollecker, MJ Otto and S 
Lemon. Activity of 2’-C-Me-Cytidine against Hepatitis C Virus Subgenomic Replicons of 
Different Genotypes. 18th International Conference on Antiviral Research. Barcelona, 
Spain. April 2005. 

N Bourne, RL Veselenak, RB Pyles, MK Yi and SM Lemon.  Amantadine Reduces 
Infectious Hepatitis C Virus (HCV) Focus Formation but not Replication of RNA from 
Different HCV Genotypes in Cell-Based Assays. HepDART frontiers in drug development 
for viral hepatitis. Kohala Coast, HI. December 2005. 

Bourne N, Pyles RB, Yi M, Veselenak R, Davis M, Lemon S. Screening for hepatitis C 
virus antiviral activity with a cell-based secreted alkaline phosphatase reporter replicon 
system. 17th International Conference on Antiviral Research. Tucson, AZ. April 2004. 

MM Mallen, RL Veselenak, TC Pappas, C Oates, C Ballas, RB Pollard. Effects of time 
and temperature on plasma HIV-1 RNA in Vacutainer brand PPT™ tubes using the Roche 
Amplicor HIV-1 Monitor™ and Ultra Sensitive assays. 100th General Meeting of the 
American Society for Microbiology. Los Angeles, CA. May 2000. 

MM Mallen, RL Veselenak II, CW Oates, TC Pappas, C Ballas, L Rainen, RB Pollard. 
Comparison of Vacutainer Brand PPT tubes with standard EDTA tubes using the Roche 
Amplicor HIV-1 Monitor™ standard and Ultrasensitive procedures. 52nd Annual Meeting 
of the American Association of Blood Banks. San Francisco, CA. November 1999. 

  



 

155 
 

RL Veselenak II, MM Mallen, C Oates, TC Pappas, C Ballas, RB Pollard. Comparison of 
Vacutainer Brand PPT™ versus Vacutainer EDTA tubes using the Roche Amplicor HIV-
1 Monitor™ and HIV-1 Ultra Sensitive assays. Association for Molecular Pathology 
Annual Meeting. St Louis, MO. November 1999. 

MM Mallen, RL Veselenak, CW Oates, TC Pappas, C Ballas, L Rainen, RB Pollard, 
Comparison of VACUTAINER Brand™ PPT tubes with standard EDTA tubes using the 
Roche Amplicor HIV-1 Monitor™ standard and ultrasensitive procedures. Proceedings of 
the 39th Interscience Conference of Antimicrobial Agents and Chemotherapy. San 
Francisco, CA. September 1999. 

 

Permanent address: 2922 Avenue K, Galveston, TX 77550 

This dissertation was typed by Ronald L Veselenak II. 
 


