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This investigation was aimed at dissecting the mechanisms of C. pneumoniae
pathogenesis by multivariate analysis of challenge experiments in a mouse model of C.
pneumoniae lung infection. To facilitate these analyses, a platform method for real-time,
single-step, duplex reverse transcriptase quantitative PCR (RT-qPCR) for quantification
of mRNA was established on the LightCycler® platform as the first part of this study.
This method allows simultaneous reverse transcription and real-time PCR amplification
of analyte genes and mRNA of reference genes in a single-tube reaction. Twenty-minute
RT reactions at 55°C followed by 18 high-stringency step-down thermal cycles and 25
relaxed-stringency fluorescence acquisition cycles produced sensitive and accurate RT-

PCR results.



C. pneumoniae is an agent of community-acquired respiratory infection, and is
strongly associated with atherosclerotic coronary heart disease. In the second part of this
study, a balanced multivariate experimental design investigated the major factors that
influence disease (measured as lung weight increase), chlamydial lung burden, and
transcript levels of 25 genes. The influence of the categorical factors i) host genetic
background, ii) pre-challenge immunity against C. pneumoniae, iii) time after challenge
infection, iv) dietary protein content, and v) dietary antioxidant content was investigated.
The combined effects of the main factors mouse strain, immune status, and time after
challenge inoculation resulted in opposite outcomes for lung disease and elimination of
C. pneumoniae, while dietary protein and antioxidant content had little overall influence.
A/J mice prioritized minimizing disease at the cost of low pathogen elimination while
C57BL/6 mice prioritized elimination of C. pneumoniae at the cost of high disease.
C57BL/6 mice had generally higher transcript levels than A/J for most cellular markers
except for T cell maturation markers. Most cytokines, inflammatory modulators, and
cellular markers were significantly lower in naive than in immune mice and significantly
higher on day-3 than on day-10 post inoculation. The high disease outcome in C57BL/6
mice correlated with lower GATA3 and higher arginase 2 transcripts than in A/J, while
low C. pneumoniae load correlated with high Tim3 and arginase 2 transcripts.

A simple best-fit partial least square regression model using day-3 Tim3, GATA3,
and arginase 2 transcript concentrations predicted 85% of the day-10 disease and 72% of
the day-10 C. pneumoniae lung load. Thus, host-dependent levels of early Thl and Th2
responses, and their balance, significantly correlated with late disease and pathogen load
of C. pneumoniae lung infection.
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CHAPTER 1: LITERATURE REVIEW

BIOLOGY OF CHLAMYDIACEAE
Pathogen characteristics

Bacteria of the order Chlamydiales are obligate intracellular parasites of
eukaryotic cells. They have a distinctive developmental cycle with two distinct
morphological forms: the elementary body (EB) and the reticulate body (RB). The
chlamydial EB is close to the limit of light microscopic visibility with approximately 0.3
pum in diameter and is round or occasionally pear-shaped, and contains electron-dense
structures. It is the infectious stage of the chlamydial developmental cycle, and functions
as a tough "spore-like" body whose purpose is to permit chlamydial survival in the non-
supportive environment outside the host cell. The ultra-structure of the EB has been
extensively studied (25, 82, 90, 91, 119, 128).

The RB is the chlamydial developmental stage during intracellular replication,
and it is non-infectious. Typically, the RB has a diameter of approximately 1 um. The
RB is metabolically active, and the cytoplasm is rich in ribosomes, which are required for
protein synthesis. As the RB begins to differentiate into an elementary body, sites of re-
condensation of nucleic acid appear in its cytoplasm. In the maturing inclusion,
chlamydial particles appear to be packed tightly in the inclusion membrane.

Development of chlamydiae is highly dependent on nutrient supply and metabolic status



of host cells. Nutrient deficiencies such as low glucose levels lead to delayed

development and to few, aberrant chlamydial organisms within the inclusions.

Microbiological culture

Classically, chlamydial agents have been propagated in the yolk sacs of chicken
embryos (132). Cultivation in cell culture is now preferred, and the use of appropriate
techniques is important for high-yield culture (79). Buffalo Green Monkey Kidney
(BGMK) cells support chlamydial replication effectively, particularly when cultivated in
Iscove’s Modified Dulbecco’s Medium. EBs are purified by sedimentation, separated
from cellular nuclei by low-speed centrifugation, and separated from cell debris by step-
gradient centrifugation in a 30% RenoCal-76 - 50% sucrose step-gradient. Extensive

sonication increases yield and infectivity of chlamydial EBs (79).

Taxonomy of Chlamydiales

Based on phylogenetic trees using 16S and 23S rRNA sequence similarities of
Chlamydiales strains, isolates showing more than 90% sequence identity with prototype
strains are categorized as members of the Chlamydiaceae family. Isolates showing 80 ~
90% sequence identity to the Chlamydiaceae type strains are classified into three more
families termed Parachlamydiaceae, Simkaniaceae, and Waddliaceae. The
Chlamydiaceae family has two genera, Chlamydia and Chlamydophila, with a total of
nine species. The genus Chlamydophila (C.) consists of 6 species. C. psittaci in birds had

been recognized since the 1870s as causative agent of a disease termed psittacosis (96).
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Abortion in sheep caused by C. abortus was first described in Scotland in 1936 (130,
132). C. felis was isolated from cat pneumonia in 1944 and is associated with pneumonia
and conjunctivitis in cats (8; 16, 127), and C. caviae was originally isolated from
conjunctival scrapings of guinea pigs (101). C. pecorum, a relatively new species, is
associated with polyarthritis, enteritis, pneumonia, and urogenital infections in cattle,
sheep, goats, koala, and swine (6, 32, 37, 68). C. pneumoniae is mainly a human
pathogen, but infects also koalas, horses, and frogs (69, 116)

Chlamydia (C.), the second genus of the family Chlamydiaceae, consists of 3
species: C. trachomatis is the classic human pathogen causing ocular and urogenital
disease. Chlamydia muridarum had long been known as the mouse pneumonitis biovar
of C. trachomatis (104). C. suis has been identified only recently as a common pathogen

in swine associated with fertility disorders and perinatal mortality (69, 124, 149).

Hosts

Chlamydia is one of the microorganisms with the widest range of host species,
affecting animal species from Amoeba and Hydra through arthropods, insects, molluscs,
marsupials, birds, reptiles, amphibians and mammals including humans. Among
mammals, Chlamydophila spp. have been isolated from ruminants, pigs, horses, koalas,
dogs, rabbits, ferrets and opossums (133). Chlamydia spp. have been found in rodents
(26) and swine (70). There are a number of reports of chlamydial infections in buffaloes
(24, 46, 122).

Serological examinations show that chlamydial infections exist also in other
mammals including monkeys, wild boar, hedgehogs (133), deer (36, 138), reindeer (102),
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fur seals (26), and birds (96). In four species of wild ruminants (fallow deer, mouflon,
red deer and Spanish ibex) from a nature reserve in Spain chlamydial infections were
reported, which might act as reservoirs of chlamydial infection (20). Serological surveys
also suggest the evidence of chlamydial infection in antelope (86), captive Arabian oryx
(43), and snowshoe hares and muskrats in Saskatchewan, Canada (129).

Chlamydial infection and disease was also confirmed in reptiles such as
chameleon, lizard, sea turtles, and crocodiles (58; 62). A pneumonia and anaemia disease
syndrome in giant barred frogs of Australia is probably caused by the koala biovar of C.
pneumoniae. Chlamydial infections have also been confirmed in another amphibian
species, the African clawed frog (59, 103, 116). Chlamydial infection were reported to
cause chronic gill disease in Connecticut striped bass and white perch (148), and high
mortality in cultured pacu, a tropical fish species in Brazil (137).

Chlamydial infections occur also in invertebrates such as in ticks and fleas (26,
145), and lice (94). Chlamydia-like organisms, now classified as Parachlamydiaceae,
have been isolated from amoebae (5), were detected in the ovaries of the spider, Segestrai
senoculata (141), and caused fatal disease in the spider Pisaura mirabilis (99).
Harshbarger et al. (51) found Chlamydia agents in the digestive systems of hard clams
and oysters from the Chesapeake Bay area of the USA. Similar organisms were detected
in the digestive cells of approximately 5% of mussels from the Basque coast (15). Over a
one-year period, Svardh (136) examined the prevalence of disease-associated organisms
in blue mussel populations in Denmark, and among bacterial agents only chlamydiae

were detected.



Epidemiology

Chlamydial diseases of animals have been described in all continents, and 21.7%
of countries and regions around the world have reported incidences of animal chlamydial
infections. This number is probably a substantial underestimate of the true incidence.
All data suggest that chlamydial infections of animals are actually ubiquitous. Most
likely, the difficulty in detecting this intracellular pathogen, and the inconsistent use of
high-sensitivity detection methods have combined to underdiagnose chlamydial infection
in animals. In humans, 72.6% of all countries and regions worldwide report chlamydial
infections, predominantly with C. trachomatis, associated with sexually transmitted
diseases and blindness (84, 118).

Chlamydial infections cause a wide variety of clinical diseases in animals, which
are often clinically inapparent and asymptomatic. ~Chlamydial infections become
clinically manifest as disease syndrome called ornithosis or psittacosis in birds, and that
includes pneumonia, air sac inflammation, and enteritis in mammals. Other distinct
chlamydial disease manifestations include abortion and conjunctivitis, encephalomyelitis
and polyarthritis in mammals. When activated by stress factors, chlamydial infection
may take a severe, systemic and sometimes fatal course of disease. Classification of
chlamydiae had traditionally been based on host and/or disease association.

Avian chlamydiosis. Psittacosis is the term for chlamydial infection of psittacine
birds or man, and ornithosis is the term for the same infection in birds other than
psittacines (132). Infections with chlamydial agents have been described in 130 species
of birds (12, 96), and infections of C. psittaci in birds are important because they cause

economic loss to the poultry production and represent a biological hazard to human
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health. Ornithosis in birds involves mainly the gastrointestinal tract, and the pathogen is
shed in faeces or via infectious discharges from the respiratory tract. C. psittaci has been
isolated from symptomatic and apparently healthy birds. Clinically asymptomatic and
latent infections may be the predominant state for C. psittaci infection. Stress factors
such as overcrowding, poor nutrition, viral and other bacterial infections, and
transportation can precipitate overt clinical disease and mortality. Infectious chlamydiae
in respiratory secretions or faeces may remain viable for several months. Transmission
of disease is mainly through aerosols of faecal or feather dust. Vertical transmission
through eggs has been found in chickens, ducks, seagulls and psittacine birds (126).
Young birds tend to be more susceptible to infection than older birds, and some species
seem to be more susceptible than others. It is also possible that feral birds might act as
natural reservoirs of the agent and introduce chlamydiae into farmed bird populations
such as turkeys and ducks. Wild and racing pigeons, the bird trade, and migrations of
wild birds such as seagulls, finches, sparrows and waterfowl may all contribute to the
dissemination and transmission of C. psittaci throughout avian populations (142).
Ruminant chlamydial abortion and infertility. C. abortus strains have been
isolated in cases of abortion predominantly in sheep, goats, and cattle, but occasionally
also in horses, swine, rabbits, guinea pig, and mice around the world (7, 28, 64, 93, 125).
In general, chlamydial abortion is most common in lowland sheep flocks, mainly where
sheep are closely confined. Usually, herds become affected after the introduction of
asymptomatic carrier animals with chlamydial infection. Infection most likely occurs in
uninfected sheep at lambing time by ingestion of C. abortus, which is excreted by

infected and aborting ewes in diseased placentas, uterine discharges, and feces. In sheep,
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the infection remains present at a subclinical level until the last four weeks of the next
pregnancy. The major outbreak of disease in a flock tends to occur in the second lambing
season after C. abortus infection was contracted. It has also been reported that sheep can
acquire C. abortus infection and abort in one lambing season (131). Most affected sheep
abort in the last month of gestation, and the majority of aborting ewes are young animals
although sheep of all ages are susceptible to infection (154). In a flock with first-time C.
abortus infection, up to 30% of pregnant ewes may abort. In subsequent years, as the
infection becomes established as an enzootic disease, between 5-10% of pregnant ewes
abort annually. C. abortus infection resulting in abortion leads to effective immunity in
affected ewes. Chlamydial abortion in cattle and other species is similar to enzootic
abortion in sheep, but much more sporadic and less common than the disease in sheep
and goats. Transmission of the disease in cattle occurs similar to that in sheep, mostly by
ingestion of infected tissues. However, C. abortus has been shown to cause seminal
vesiculitis in bulls and rams, may reduce semen quality, and may be transmitted in semen
(134).

C. pecorum also causes disease of the reproductive tract of cattle and pigs. This
might be analogous to the insidious progress of C. trachomatis genital tract infection in
humans (55), in which symptoms may go unnoticed for a considerable period but may
lead to chronic sequelae such as pelvic inflammatory disease and infertility. In the USA,
a 53% prevalence of vaginal C. abortus or C. pecorum infection has been detected in
virgin heifers by quantitative PCR, suggesting that transmission is predominantly
extragenital (22, 23, 65). Although C. abortus is primarily associated with spontaneous
abortion in cattle and sheep, there is evidence that C. pecorum causes pregnancy wastage
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(66). C. pecorum infection was reported to cause a severe metritis which would have
resulted in at least temporary infertility (66, 83). Fertility problems have occurred in
dairy cows following abortions (117), and it is possible that sporadic C. pecorum
abortions are either undiagnosed or have been misdiagnosed as C. abortus abortions.

Ruminant chlamydial enteritis, pneumonia, polyarthritis, and sporadic
bovine encephalomyelitis. C. pecorum infections are both endemic and chronic in the
intestinal tract of sheep and cattle populations around the world (19, 44, 45; 67, 87).
Intestinal carriage and fecal excretion onto pasture probably plays a major role in the
maintenance of C. pecorum infection. These infections occasionally result in acute
enteritis. Respiratory tract infection with C. pecorum may lead to severe pneumonia
associated with lung consolidation. Animal diseases caused uniquely by C. pecorum are
polyarthritis in calves and lambs, and presumably also in piglets (69, 132). Bovine
encephalitis was one of the first chlamydial diseases in cattle identified by McNutt (95).
This disease occurs worldwide, and C. pecorum has been identified as the etiologic agent
of the disease termed sporadic bovine encephalomyelitis (SBE) (132).

Feline chlamydial infection. C. felis is endemic among domestic cats
worldwide, primarily leading to conjunctivitis and rhinitis in young acts (33). The
disease is transmitted through infected aerosols and secretions. Since chlamydial strains
from mammals tend to be of relatively low infectivity for humans, conjunctival infection
in cats is not usually considered as a major cause of symptomatic human infection.

However, zoonotic infection of humans with C. felis has been described.



Diagnosis of chlamydial infections

Chlamydial infections in animals are usually asymptomatic and inapparent,
therefore diagnosis based on clinical symptoms, and pathological lesions and differential
diagnosis are of minor importance. However, if abortion in mammals or conjunctivitis in
birds is observed, chlamydial infection should be suspected. Confirmation of chlamydial
infection usually requires collecting an appropriate clinical sample from the animal
followed by the direct detection of the organism using a suitable laboratory-based
diagnostic test, which includes direct impressions smears and cytological staining; cell
culture isolation of the agent; immunofluorescence tests; enzyme immunoassays; and
nucleic acid amplification based tests such as nucleic acid direct hybridization or
amplification assays.

Culture. For many years, the optimum method of confirming the presence of
chlamydial infection had been the propagation of the infecting organism in cell culture
and the demonstration of characteristic chlamydial inclusions. However, this method
requires adequate transport and cold-storage facilities in order to maintain the viability of
the organism prior to inoculation. Moreover, growth and isolation of the organisms in
cell culture is relatively tedious, and it is difficult to maintain high quality laboratory
methods consistently.

Serological tests. Serological detection is generally only suitable for prevalence
surveys, less for the retrospective diagnosis of chlamydial infection. Most chlamydial
infections do not elicit sufficiently high changes in antibody levels to allow for
unambiguous diagnosis of a recent infection. The exception is the diagnosis of

chlamydial abortion in ruminants, in which the high exposure to C. abortus elicits an
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increase in antibody levels that is high enough to allow for unambiguous diagnosis (45,
111).

The standard method for detection of antibodies against Chlamydiaceae spp. in
animals is the complement fixation test (CFT) using crude or partially purified
preparations of Chlamydiaceae-specific lipopolysaccharide, but numerous ELISA
methods have also been introduced. The CFT depends on the binding of anti-
Chlamydiaceae antibodies of the host species to guinea pig complement, and has highly
variable sensitivity depending on the host species and antibody isotype (70, 111). In a
random survey of 40 sera from Alabama cattle herds with abortion problems, ELISAs
against peptides of the C. abortus major outer membrane protein or against recombinant
chlamydial LPS invariably detected very high antibody levels. In fact, immunoglobulin-
rich sera from gnotobiotic calves challenged with bovine coronavirus had to be used as
negative controls because it was impossible to find any other Chlamydia-negative bovine
sera. In comparison, the CFT titers of all but one serum sample were negative. The
single positive serum had a low titer of 1:10 (70). The high seroprevalence of chlamydial
infections poses a problem of defining truly negative control sera that allow for a reliable
serological cut-off in ELISA assays of antichlamydial antibodies. In cattle it was
necessary to obtain sera from gnotobiotic calves as negative controls.

Chlamydial antigen detection. A key advance in the laboratory diagnosis of
chlamydial infections has been the development of tests that are not dependent on the
viability of the agent and are less demanding with respect to specimen transport. The
initial tests were chlamydial antigen detection tests, which relied either on the direct

detection of chlamydial elementary bodies in clinical material using fluorochrome-
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labeled Chlamydia-specific monoclonal antibodies, or on the capture and detection of
chlamydial antigen in an extract of clinical material using enzyme immunoassay-based
procedures. These methods are still appropriate and remain in widespread use. Since the
1960s immunofluorescence using polyclonal antibodies, and since the 1980s monoclonal
antibodies have been used for the detection of chlamydial antigen, both in cell culture and
in clinical material. The Pathfinder® EIA (Sanofi/Kallestad) and the Boots-Celltech
IDEIA® both use Chlamydiaceae family-specific monoclonal antibodies against the
chlamydial lipopolysaccharide, and have therefore a wide diagnostic spectrum suited for
use in animal diagnostics.

Nucleic acid amplification-based diagnosis. Direct antigen detection tests are
gradually being superseded by newer methods based on the detection of chlamydial
nucleic acid, either by direct hybridization or preferably by nucleic acid amplification.
The latter use a variety of amplification reactions, including the polymerase chain
reaction (PCR), ligase chain reaction (LCR), and strand displacement amplification or
transcription mediated amplification. Nucleic acid-based methods generally offer
superior sensitivity and specificity to the antigen detection tests, but at greater cost and a
greater requirement for trained staff. However, depending on the prevalence of infection
in the test population, costs may be reduced by combining different specimens. Nucleic
acid amplification-based methods are now of prime importance for the diagnosis of
chlamydial infections (61, 68, 81). Indeed, the development of chlamydial tests based on
nucleic acid amplification technology (NAAT) has been considered the most important
advance for the detection of chlamydial infections since cell culture (131). These tests
amplify the target nucleic acid, DNA or RNA; or the probe after it has annealed to target
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nucleic acid. Such tests are generally more sensitive than liquid or solid phase
hybridization tests which do not embody an amplification process (18), and are
considerably more sensitive than culture or antigen detection methods (106).

Most of the NAAT platform technologies have been specifically marketed for
detection of C. trachomatis, but general considerations about sensitivity and specificity
equally apply to the detection of the other Chlamydiaceae spp. Allowing for the
problems of discrepant analysis, the true sensitivity of PCR and LCR is of the order of 90
to 97% (17). An integrated nucleic acid isolation and real-time PCR platform was
developed to specifically detect, differentiate, and quantify all Chlamydiaceae spp. by
fluorescence resonance energy transfer real-time PCR with high sensitivity (61, 22, 23).
In this approach, step-down thermal cycling and an excess of hot-start Taq polymerase
vastly improved the robustness and sensitivity of the real-time PCR while essentially
maintaining 100% specificity. The amplification of Chlamydiaceae 23S rRNA allowed
for the differentiation of chlamydial species and was more robust at low target numbers
than amplification of the ompA gene. Target specific reverse transcription prior to the
PCR can potentially also detect ongoing bacterial transcriptional activity (11) and
increase sensitivity of the PCR. Ribosomal RNA is stable and is particularly useful for
diagnosis as there may be several thousand copies per bacterial cell.

The main advantage of the nucleic acid amplification-based diagnosis for
chlamydiae is that such methods combine unsurpassed sensitivity with high specificity.
However, the greater sensitivity of these assays means that accidental contamination with
amplified product is a problem of major importance for kit design, laboratory workflow,

and personnel. Nucleic acid amplification tests tend to be more expensive than other
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laboratory methods of testing for chlamydial infection. The clinic or laboratory
contemplating adopting such tests therefore needs to consider not just sensitivity,
specificity and the clinical requirements, but also the suitability of the test for the
facilities and human resources available. Fortunately, for high throughput testing, kit
manufacturers can provide instrumentation to achieve at least partial automation.
Alternatively, with a little ingenuity it may be possible to adapt other programmable

laboratory dispensing / assay equipment.

CHLAMYDIA PNEUMONIAE DISEASE

Chlamydia pneumoniae was only recognized in 1984 as separate chlamydial
species infecting humans by nonsexual transmission (39). Since then very high
prevalences of the infection have been found worldwide in the human population (112),
and C. pneumoniae infection has been associated with several chronic inflammatory
diseases. These associations have prompted intensive research efforts to separate causal

involvement of the organisms with these diseases from non-causal association (73).

Disease manifestations

Respiratory infections. Pneumonia and bronchitis are the most frequently
recognized illnesses associated with C. pneumoniae, although asymptomatic infection or
unrecognized, mildly symptomatic illnesses are the most common result of infection. In
a series of studies, 10% of cases of pneumonia and approximately 5% of bronchitis and

sinusitis cases in adults have been attributed to the organism (41).
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No set of symptoms or signs is unique to pulmonary infections with C.
pneumoniae; however, several characteristics of the clinical presentation may help
distinguish it from other causes (38, 41, 139). A subacute onset is common. Pharyngitis,
sometimes with hoarseness, is often present early in the course of the illness. There may
be a biphasic pattern to the illness, with resolution of pharyngitis prior to development of
a more typical bronchitis or pneumonia syndrome. Cough is very common and is often
prolonged. Fever is often not present at examination, but there may be a history of fever.
The period from onset to clinic visit is longer for C. pneumoniae infections than for other
acute respiratory infections. Symptoms of sinus infection commonly occur in association
with C. pneumoniae respiratory infections.

Although the patient’s leukocyte count is usually normal, the erythrocyte
sedimentation rate is often elevated. A chest radiograph usually demonstrates a single
subsegmental pneumonitis in milder, nonhospitalized cases. More extensive or bilateral
pneumonitis may be seen in hospitalized patients. Pleural effusions have also been
demonstrated in persons with more severe disease. Most cases of pneumonia are
relatively mild and do not require hospitalization. Even in mild cases, however, complete
recovery is slow, despite appropriate antibiotic therapy, and cough and malaise may
persist for many weeks after the acute illness. Older adults appear to have, on average, a
more severe clinical course than do young adults. The available evidence also suggests
that underlying illnesses and concurrent infection with other bacteria, such as the
pneumococci, are associated with more severe disease. Studies of patients hospitalized
with C. pneumoniae pneumonia have found that the majority had one or more underlying
illnesses (40, 89). In addition, most of the fatalities associated with C. pneumoniae
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infection have been in persons with underlying illness and complications such as
pneumococcal bacteremia (34, 40, 72).

The role of C. pneumoniae as an opportunistic pathogen among
immunocompromised persons is not well defined. The organism has been isolated from
the lungs of patients infected with the human immunodeficiency virus and has been
detected by PCR in bronchoalveolar lavage specimens from human immunodeficiency
virus-infected and other immunocompromised patients (34). However, whether
immunocompromised persons are at increased risk of infection with C. pneumoniae, or
more severe disease as a consequence of infection, has not been determined. It has also
been suggested that C. pneumoniae infection may be more common among persons with
chronic obstructive pulmonary disease on the basis of a study which found a higher
prevalence of C. pneumoniae antibody among persons with that condition (9).

Severe systemic infection. Severe systemic infections with C. pneumoniae,
while uncommon, do occur. C. pneumoniae has also been identified in autopsy tissue by
PCR, suggesting that the organism played at least a part in the infectious process prior to
death. A febrile illness in a 10-year-old boy with pneumonia, pericarditis, pleuritis, and
hepatosplenomegaly has been reported (42). A commercial laboratory found very high
C. pneumoniae IgG serum antibody, which led to further studies that resulted in a PCR
demonstration of C. pneumoniae in stored lymph node and liver biopsy specimens.

Other syndromes. C. pneumoniae has also been associated with other acute
illnesses. It has been isolated from patients with purulent sinusitis (52) and otitis media
with effusion (105). Primary pharyngitis due to C. pneumoniae has been reported;
however, the frequency of this infection is unclear. While C. pneumoniae infection has
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been reported in as high as 8% of adults with pharyngitis in Finland (63), it appears to be
uncommon (less than 2% of cases) in studies of young adults in the United States (50,
139).  Other reported clinical syndromes include endocarditis and lumbosacral
meningoradiculitis (88).

Several chronic diseases have also been presumptively associated with C.
pneumoniae infection. Patients with C. pneumoniae respiratory infection have been
shown to be more likely to develop asthmatic bronchitis following their respiratory
illness, suggesting that C. pneumoniae may be a factor in the development of asthma or
asthma exacerbations (47). C. pneumoniae has also been associated with sarcoidosis by
serologic studies (114) and with erythema nodosum (27, 135). A case of Guillain-Barre’
syndrome following infection with C. pneumoniae has been reported (48). C.
pneumoniae has also been implicated in reactive arthritis or Reiter’s syndrome (13).

C. pneumoniae and atherosclerosis. A major surprise was the association of
elevated C. pneumoniae antibody levels with coronary atherosclerosis and heart disease
(123). This association has been confirmed in numerous studies, and the organism has
been detected with high frequency in atherosclerotic lesions (56). These findings have
prompted major research efforts at unraveling mechanisms of disease association, and at
prophylaxis and therapy of potential enhancement of coronary heart disease by C.
pneumoniae (60).

Several pathways were proposed to explain the possibility that C. pneumoniae-
enhanced atherosclerosis (31, 54, 113). These mechanisms include (1) direct stimulation
of monocyte migration to the atheromas (92); (2) direct interference with intracellular

metabolism within the plaque, as C. pneumoniae was able to infect all cell types present
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in a plaque in vitro, thereby inducing atherogenic processes such as foam cell formation
and LDL oxidation (76); (3) the lesions could be complicated by an immunopathogenic
role of C. pneumoniae, attracting inflammatory cells causing tissue damage. T cell
infiltration was demonstrated both in murine and human atherosclerotic plaques (98); (4)
triggering of an autoimmune reaction to human Hsp60 by antigenic mimicry could be
interfering with atherogenesis (76); and (5) apart from the atherogenic properties, C.
pneumoniae could complicate atherosclerotic disease further by destabilizing plaques by
reducing the fibrous cap area and stimulating matrix degrading metalloproteinases (29),
or by enhancing thrombogenicity by stimulating coagulation factors and tissue factor
expression (21).

Antibiotics were successful for the treatment of the acute pulmonary infection, but
had no effect on the atherogenic properties of C. pneumoniae when they were
administered 2 weeks after infection (121). In addition, in rabbits, antibiotics inhibited
atherogenesis only slightly when they were administered 2 weeks after infection, but they
were much more effective when they were administered within 5 days after infection (31,
100). Furthermore, antibiotics failed to completely eradicate C. pneumoniae from the
organ tissues (35, 85). These findings may help to explain the conflicting outcomes seen
in animal models and human trials in using antibiotics treatment.

In conclusion, the evidence for a pathogenic role of C. pneumoniae in
atherosclerosis in mouse models seems convincing, because the results were reproducible
and confirmed by different research groups. However, the precise mechanisms of this
relationship remain unclear, although many hypotheses exist. Attempts to eradicate C.
pneumoniae from the body, both by the immune system and by antibiotic treatment,
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generally encountered many difficulties which could be related to the unusual gram-
negative, obligate intracellular characteristics of the bacterium. The value of the
currently available antibiotics should not be overestimated, because they were only
effective in preventing the long-term atherogenic effects of C. pneumoniae infection
when they were given during the acute infection, which is often asymptomatic or
aspecific in humans. Therefore, the focus of future research should merely shift back to
basic research. The precise mechanisms by which C. pneumoniae is interfering with
atherogenesis should be further elucidated to enable more specific strategies to interfere
with this process, e.g. by immunosuppressive agents. In addition, the role of other
infectious pathogens should be further examined, and especially the impact of the
pathogen burden as a whole. The development of an effective vaccine would be the final
strategy to prevent chlamydial disease and its complications, but not to prevent the

impact of the pathogen burden.

PATHOGENESIS

It has been well known that host immune responses against infection are different
depending on the type of pathogen. In 1995, Ferrick et al. (30) reported two different
types of CD4" T-helper cells in C3H/He] mice. Intraperitoneal infection with
intracellularly replicating Listeria monocytogenes bacteria made one fraction of
peritoneal CD4" T-helper cells produce IFN-y. At peak production on day 5, the number
of IFN-y producing cells was 10 fold higher than of CD4" T-helper cells producing IL-4.
Conversely, infection with the extracellular parasite Nippostrongylus brasiliensis

prompted CD4" T-helper cells to produce IL-4 at about 10-fold excess over IFN-y on day
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10. These experiments differentiated CD4" T-helper cells into two types designated as
Thl or Th2 cells. Thl cells generate cellular immunity against intracellular pathogens,
and Th2 cells promote humoral immunity against extracellular pathogens. Thl and Th2
cells are not derived from distinct lineages but develop from the same T helper cell
precursors in dependence on the cytokine milieu (120). The Thl response is defined by
the production of IL-2 and IFN-y, while the cytokine profile of the Th2 response is IL-4,
IL-5, IL-6, IL-10, and IL-13. Both types of cells produce IL-3, TNF-a and granulocyte-
macrophage colony stimulating factor (GM-CSF) (74).

Like for other intracellular pathogens, the main protective immune response
against infection with Chlamydiaeceae spp. is cellular Th1 immunity, although there are
contradictory reports about the effect of the Th2 response against chlamydial infection.
Yang et al. (153) reported that B cell-deficient C57BL/6 mice generated by knocking out
the transmembrane portion of the B-chain gene showed three-fold higher mortality and
higher chlamydial lung burden over 30 days after lung infection with C. muridarum (C.
trachomatis mouse pneumonitis biovar MoPn). Interestingly, the knockout mice also
showed a two-fold reduced DTH response, determined by footpad swelling 13 days after
infection, as compared to wild type mice. In vitro re-stimulated splenic T cells from
knockout mice completely or partially failed to produce cytokines such as IFN-y, IL-6,
and IL-10. The results show that B cells are necessary not only for producing antibody
against C. muridarum but also for the initiation of efficient T cell responses (DTH)
against pulmonary chlamydial infection, and this is related to impaired cytokine
production. Hawkins et al. (53) produced a C. trachomatic-specific CD4" Th2 cell clone
(Th2-MoPn) and a CD4" Thl cell clone (Th1-MoPn) for use in a MoPn genital tract

19



infection model. They transferred these cells into C. muridarum-susceptible BALB/c
mice that had been infected with C. muridarum 10 days earlier. Mice that received Th1-
MoPn cells cleared the infection to a basal level within 50 days after infection, while
mice that received Th2-MoPn cells, non-specific Thl-cells, or control mice showed
continuous high levels of MoPn in their genital tracts for up to 80 days after infection,
even in the presence of significantly higher anti- C. muridarum IgG and IgA levels than
the Th1-MoPn recipient mice. To track cell migration patterns, they labeled T cells with
fluorescent dye and transferred them to BALB/c mice on day 7 after vaginal infection.
Eighteen hours later, they found significantly fewer Th2-MoPn cells than Th1-MoPn
cells in the genital tract, but similar numbers of cells were in mesenteric lymph nodes and
iliac lymph nodes.

It is difficult to know whether immune responses to chlamydial antigens are
linked to the immunopathological mechanism that operates in chlamydial-chronic
diseases. Halme et al. (49) measured IgM level and in vitro proliferative response against
C. pneumoniae of peripheral blood lymphocytes from 291 patients who had consulted a
doctor because of respiratory tract symptoms and acute fever. Among them, only 16
patients were diagnosed as C. pneumoniae-specific IgM positive and nine of the 16 were
in the positive range of cell-mediated immune responses. This implies that our
understanding of immune mechanisms in natural human chlamydial infection is
incomplete.

Experimental infection models offer advantages over epidemiological studies in
the analysis of the host immune response against chlamydial infection. Penttila et al.

(110) reported on the immune response of BALB/c mice against lung infection of C.
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pneumoniae. Although BALB/c mice is a mouse strain susceptible to intracellular
infection, primary infection in their model peaked during the first 2 weeks then gradually
decreased over 27 days after infection. Mice with secondary infection showed a 100-fold
lower bacterial burden in their lungs than mice with primary infection. The expression
level of IFN-y in cells from secondary infected lung tissues increased significantly, while
IL-4 and IL-10 level were low. After secondary infection, the influx of immune cells was
significantly increased.

Genetic factors are known to affect the immune response by modulating either
resistance or susceptibility against various diseases such as malaria, leprosy, tuberculosis,
AIDS, mucocutaneous leishmaniasis, and hepatitis B. Several human case-control
studies in Africa showed that polymorphisms in the promoter region of the TNF-a gene
and the IL-10 1082G allele are associated with trachomatous scarring. In addition,
various HLA genes, class 1 allele HLA-A31, HLA class II DQAO0102, DQA1010,
DQBO0501, DQAq0401, and DQB10402 allele have been linked to differential outcomes
of C. trachomatis genital disease sequelae (Mahdi, 2002). Yang et al. (150) showed
different immune responses of the C57BL/6 and BALB/c mouse strains against C.
muridarum. C57BL/6 mice showed lower weight loss with faster weight recovery, lower
mortality, and faster clearance rate of C. muridarum than BALB/c mice. Twenty-five
days after intranasal infection with 10° IFU of MoPn, C57BL/6 mice completely cleared
the organism, while BALB/c mice still had a titer of about 10* IFU/lung. C57BL/6 mice
showed stronger delayed-type hypersensitivity reaction (DTH) to footpad injection of C.

muridarum antigens than BALB/c mice, but the IgGlantibody titer was higher in
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BALB/c mice. The IFN-y and IL-10 ratio of the two strains showed exactly opposite
patterns, with a Th1 response in C57BL/6 mice and Th2 response in BALB/c mice.

In summary, complex mechanisms underlie the disease outcome of chlamydial
infection, and we need to consider host genetic factors as well as the bacteria to
understand the mechanisms of ubiquitously present chlamydial infections in animals as

well as the human population.

Models of disease

Three animal models of C. pneumoniae infection, mouse, rabbit, and monkey,
have been evaluated. The most susceptible animals are mice, which are susceptible to
inoculation by intranasal (71; 77, 152, 153), intravenous (77, 153), subcutaneous (77,
153), and intracerebral (77) routes. Lung infection induced by intranasal inoculation runs
a prolonged course. Organisms are recoverable from lungs for 42 days, and the lung
pathology persists for over 60 days (152).

The lung pathology in mice is characterized by patchy interstitial pneumonitis,
with polymorphonuclear leukocyte infiltration in the early stage and with mononuclear
cell infiltration in the late stage (152). Ultrastructural examination revealed C.
pneumoniae inclusions in ciliated bronchial epithelial cells and interstitial macrophages
(151). This is similar to pneumonitis induced in mice with C. trachomatis, except
infection with C. trachomatis is cleared in 14 days. A striking pathologic feature is the
accumulation of lymphoid cells in the perivascular and peribronchial areas, which appear
on day 11 and persist through day 60 following the primary infection. For C.
trachomatis, formation of lymphoid cell foci is observed only in chronic or repeated
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ocular and salpingeal reinfection in both humans (140) and monkeys (107, 108, 109).
Human lung pathology in C. pneumoniae infection has not been well described, and
whether the pathology is similar to that in mice develops in humans is unknown.

C. pneumoniae has been shown to spread systemically in mice following
intranasal inoculation (153). Isolation of C. pneumoniae from spleen and peritoneal
macrophages is as frequent as from lungs in intranasally inoculated mice. This finding
that C. pneumoniae infection in mice is a systemic disease suggests that it may be a
systemic infection in humans.

C. pneumoniae has been shown to be of low virulence in baboons (Papio
cynocephalus anubus) and rhesus (Macaca cyclopid) and cynomolgus monkeys.
Nasopharyngeal, oropharyngeal, or intratracheal inoculation of baby baboons (10) and
cynomolgus monkeys (57) with C. pneumoniae resulted in no disease attributable to the
experimental infection, although the organisms were recoverable from the nasopharynx.
Unlike that of C. trachomatis, inoculation of C. pneumoniae into conjunctiva results in
only mild inflammation (77).

New Zealand White rabbits are susceptible to intranasal and intratracheal
inoculation with C. pneumoniae (97). Respiratory disease in the rabbit model is
characterized by moderate multifocal interstitial pneumonia with bronchiolitis and
vasculitis. Single inoculation results in a self-resolving pneumonitis, 3 weeks in duration,
composed of heterophils initially and then changing to predominately mononuclear cells.
With repeated inoculations, scattered microgranulomas consisting of a central core of
macrophages surrounded by activated lymphocytes develop and persist through day 42 of
infection. Organisms could be cultured from the upper respiratory tract during the early
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stages of the disease but never from lung tissue. However, lung tissue was intermittently
positive by PCR through day 42. Chlamydial DNA was also detected by PCR in spleen
tissue and peripheral blood mononuclear cells, indicating systemic disease similar to that

in the mouse model.

ANALYTICAL PROBLEMS IN CHLAMYDIAL RESEARCH
Pathogen detection

A general problem in Chlamydia research and evaluation of clinical samples is the
sensitive, quantitative, and reproducible detection of low numbers of chlamydial
organisms typically associated with the chronic and subclinical infections. Real-time
quantitative PCR approach is the most sensitive and specific way to quantify chlamydia
in specimens. General rules for real-time PCR apply also to the performance of real-time
PCR for detection of chlamydiae.

A major challenge in successful routine use of real-time PCR is the consistent
output of high quality results. Vaerman et al. (144) conclude that it is today’s challenge
“to design experimental protocols that are rigorously validated. Each step of any real-
time PCR based assay must be controlled, from sampling to PCR, including
manipulations like extraction and reverse transcription. The evaluation of analytical
parameters such as linearity, precision, accuracy, specificity, recovery, limit of detection,
robustness, reference interval (and so on) helps us to achieve this goal. Statistical tools
such as control charts allow us to study, in the real-time PCR process, the impact of

various factors that change over time.”
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In order to obtain consistent and contamination-free real-time PCR results,
separate laboratories should be designated for sample processing and nucleic acid
extraction, for assembly of real-time PCRs, for the real-time PCR instrument, and for
contamination-free disposal of closed PCR vessels.

Specimen collection and processing for real-time PCR falls largely into 2
categories: 1) specimens for high sensitivity real-time PCR of low-copy targets such as
chlamydiae, for which specimen quantity may be limiting, or ii) specimens for genetic
typing for which specimen quantity is not limiting. Specimens for low-copy targets
require careful preservation of nucleic acids, removal of PCR inhibitors, and highest
recovery during nucleic acid extraction (4). Frequently, the limiting factor in detection of
low-copy targets is target preservation and recovery in nucleic acid extraction, not the
real-time PCR assay (22). For genetic typing of high-copy targets, it is important that
PCR inhibitors are quantitatively removed during nucleic acid extraction while sample
preservation and recovery rates are of less concern.

It is a misconception that immediate freezing is the best approach for nucleic acid
preservation. In fact, nucleic acids in frozen samples become exposed to nucleases
during thawing, and low-copy targets may easily be lost. It is imperative to collect low-
copy samples specifically for PCR analysis in nucleic acid preservatives such as
guanidinium isothiocyanate buffer before freezing (22). In most cases, it will make good
sense to collect any sample specifically for real-time PCR. This requires good
communication and clear instructions between laboratory and clinical personnel (57).
Other factors that affect the stability and property of samples should also be considered.
This may include anticoagulants, stabilizing agents, temperature, timing before initial
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processing, sterility, and even the endogenous degrading properties of specific sample
types (57).

In real-time PCR assays, optimal extraction of nucleic acids from a wide range of
clinical samples is one of the most underappreciated, but nevertheless challenging and
important steps. Proper extraction must efficiently release nucleic acids from samples,
remove PCR inhibitors, avert the degradation of nucleic acids, and ensure adequate
concentration of the nucleic acids after extraction. In some cases, concentration of target
organisms by physical means increases assays sensitivity, but it is important to ascertain
the enrichment effect (22). Such methods include immunomagnetic, centrifugal, or filter
concentration (3, 80, 115).

The presence of inhibitory substances in the samples may strongly influence PCR
performance and detection sensitivity. PCR inhibitors typically interfere with the action
of DNA polymerase (3), but may also degrade nucleic acids, or interfere with the cell
lysis procedure (147). Bile salts and complex polysaccharides in feces (78), heme,
immunoglobin G, and lactoferrin in blood (1, 2), collagen in food samples (75), and
humic substances in soil (143) have been identified as PCR-inhibitors.

Nucleic acid preparations used as samples in real-time PCR assays include total
nucleic acids, purified DNA, total RNA, and poly (A)" RNA. An abundance of quality-
assured commercial kits are available for extraction of nucleic acids, and it is strongly
advisable to use such Kkits in the clinical laboratory. It is imperative, however, to validate
recovery and removal of PCR inhibitors of any nucleic acid extraction method prior to

routine use (115). Also, compatibility of the nucleic acid storage buffer with the real-
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time PCR, and reproducibility of results after freeze-thaw cycles of extracted nucleic
acids should be evaluated (146).

Huang et al (61) reported a hot-start quantitative PCR in the glass capillary
quantitative PCR format of the Light-Cycler”, which could detect as few as single copies
of DNA of Chlamydia spp. by SYBR" Green fluorescence of the dsDNA product and by
fluorescence resonance energy transfer (FRET) hybridization probes. The PCRs were
seen to have 15-fold more sensitivity than the cell culture quantitative assay of C. psittaci
B577 infectious stock. The number of chlamydial genomes detected by C. psittaci B577
FRET PCR correlated well with cell culture determination of inclusion forming units
(IFUs). When infected tissue samples were analyzed by cell culture and PCR, the
correlation coefficient between IFUs and chlamydial genomes was higher with C. psittaci
B577 FRET PCR than with Chlamydia ompl SYBR Green PCR (61). Thus, real-time
PCR is an effective approach for high throughput and sensitive detection and

quantification of chlamydial nucleic acids in clinical and experimental specimens.

Analysis of mouse models of chlamydial disease

A problem in the analysis of mouse models of chlamydial infection and disease is
the consistent evaluation of multiple functional parameters in infected tissue.
Determination of parameters such as reactive immune cells requires rapid processing of
live tissue, thus limiting the number of specimens. Analysis of transcript levels offers an
attractive option for screening or simultaneous examination of numerous outcomes
associated with known gene functions. Nucleic acids in specimens can reliably be

stabilized in specimens by homogenization in concentrated solutions of guanidinum
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isothiocyate (22). Of all methods used to quantify mRNA, real-time reverse transcriptase
PCR is considered the most sensitive and accurate one (14). Typically, separate real-time
RT-PCR assays are used to quantify analyte mRNA and the mRNA of a constantly
transcribed internal reference gene (also termed housekeeping gene). Thus, presently
reverse transcriptase real-time PCR is still a cumbersome technique that requires multiple

reactions per single specimen and has a high potential for operator errors.
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RESEARCH OBJECTIVES

The overall objective of this research was to evaluate multivariate influences on
the outcome of C. pneumoniae lung infection in mice. To this end, analysis of multiple
transcripts in murine lung tissue was required. An initial objective of this research was
therefore to develop accurate real-time RT-PCR methodology that allowed the
simultaneous quantification of analyte and reference transcript in a single reaction. To

acccomplish these goals, the following research objectives were identified:

1. Develop a single-tube, one-step, duplex real-time RT-PCR method to accurately
quantify 25 mRNA species by use of fluorescently-labeled oligonucleotide probes
and amplicon detection by fluorescence emitted after fluorescence resonance
energy transfer (FRET).

2. To analyze multivariate influences of mouse strain, immune status, time post
inoculation, and dietary protein and antioxidants on the outcome of experimental
intranasal C. pneumoniae infection of 320 inbred mice. The parameters disease,
expressed as lung weight increase over mock-infected mice, and lung C.
pneumoniae burden were to be associated with the categorical parameters mouse
strain, immune status, and time post inoculation, and with relative expression of

25 mRNAs in mouse lung tissue.
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CHAPTER 2: One-Step Duplex Reverse Transcriptase PCRs Simultaneously

Quantify Analyte and Housekeeping Gene mRNAs

INTRODUCTION

Of all methods used to quantify mRNA, real-time reverse transcriptase PCR is
considered the most sensitive and accurate one (1). In addition to its wide use in
laboratory research, real-time RT-PCR has the potential for broad application in
diagnosis of functional defects in disease. Absolute quantification of mRNA is generally
impractical and unnecessary, because consistently transcribed housekeeping genes
effectively serve as internal standards for relative quantification of the transcripts of
genes of interest (1, 2, 3, 4, 5). Fluorescent probes in real-time PCR have remedied
specificity problems inherent to the quantification of amplification products by double-
stranded DNA-binding fluorescent dyes (2). Nevertheless, reverse transcriptase PCR is
still a cumbersome technique that requires multiple reactions per single specimen. In
many RT-PCR methods, genomic DNA must be removed to avoid false positive
amplification. Separation of reverse transcription and PCR into a two-step RT-PCR is
necessary if multiple targets should be quantified relative to housekeeping gene
transcripts.  Finally, one-step RT-PCR, which combines reverse transcription and

amplification into one reaction, determines absolute, but not relative, amounts of single
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targets. These absolute quantities of different gene transcripts cannot be related to each
other because variations in reverse transcription and amplification efficiency cannot be
controlled between different single-target one-step RT-PCRs. Collectively, these
limitations increase the sample size required for the reaction, and decrease sensitivity and
specificity, thus preventing routine clinical diagnostic use of this powerful technique, and
rendering laboratory research applications cumbersome.

In this study, we combined two independent real-time PCR methods into a single
reaction, termed duplex PCR, allowing simultaneous amplification and quantification of
transcripts of both an analyte and a housekeeping gene. We present data that indicate the
validity of such a real-time duplex PCR method that also performs reverse transcription
in this single reaction prior to amplification. The present study examines in detail the
properties of such real-time one-step duplex RT-PCR methods that remove major

technical limitations of real-time reverse transcriptase PCR.

MATERIALS AND METHODS

Extraction of Total Nucleic Acids and RNase Treatment

Macrophages elicited via intraperitoneal thioglycollate injection from male A/J
and C57BL/6J mice were plated in 24-well-plates, stimulated with C. pneumoniae lysate,
and removed by use of a cell scraper (6). Total nucleic acids were extracted from
sedimented cells by use of High Pure PCR Template Preparation Kit (Roche Molecular
Biochemicals, Indianapolis, IN) as described and eluted in 10 mM Tris-HCL, pH 8.5, 0.1

mM EDTA (TioEo1) (7). For selected analyses, RNA in total nucleic acids was
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hydrolyzed at 37°C for 30 min with DNase-free RNase (Invitrogen, Carlsbad, CA) at 12.5
pg/ml.

All experimental animal procedures utilized in this research followed NIH
guidelines and were reviewed and approved by the Auburn University Animal Care and

Use Committee.

Design of Primers and Probes

Primers and FRET probes were obtained from QIAGEN, Valencia, CA, and are
shown in Table 1. Oligonucleotides were designed to span exon boundaries, thus only
allowing amplification from, and detection of, cDNA but not genomic DNA. The length
of the amplification products is between 160 and 220 bp. All oligonucleotides were
designed by use of the Vector NTI software (InforMax Inc., Frederick, MD) for a
calculated T, of 71° to 73° assuming 190 mMol salt concentration and 100 pM
oligonucleotide concentration. Carboxyfluorescein (6-FAM) probes were 3 labeled and
used unpurified as FRET energy donor probes excited by 488 nm light. Bodipy 630/650
and Cy5.5 probes were 5’-labeled, 3’-phosphorylated, HPLC-purified and used as
acceptor probes (8). Fluorescence emitted from Bodipy 630/650 probes served for
detection of the analyte gene Arginase I and Arginase I mRNAs (10, 11, 12) at 640 nm,
and from CyS5.5 probes for detection of the PBGD and HPRT housekeeping genes (3, 4,

5,13, 14) at 705 nm in each duplex PCR (Arginase [ + HPRT, Arginase II + PBGD).
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Reaction Mix for Real-Time One-Step Duplex Reverse Transcriptase PCR

The PCR buffer was 20 mM Tris-HCI, pH 8.4, 50 mM KCl, 4.5 mM MgCl,, 0.05
% Nonidet P-40, 0.05 % Tween-20, 0.03 % acetylated bovine serum albumin, and 200
uM each dATP, dCTP, dGTP, and 600 uM dUTP. Reactions were performed in glass
capillaries with 15 ul of 1.33 x master mixture and 5 pl of sample nucleic acids or
standards. Each 20 pl reaction contained 2.0 U Platinum Tag DNA polymerase
(Invitrogen, Carlsbad, CA), 0.2 U heat-labile uracil-N-glycosylase (Roche Molecular
Biochemicals, Indianapolis, IN), and 0.0213 U ThermoScript™ reverse transcriptase
(Invitrogen, Carlsbad, CA). PBGD primers were used at 0.8 uM, all other primers at 1
uM, Bodipy 630/650 and Cy5.5 probes at 0.2 uM, and 6-FAM probes at 0.1 uM. Master
mixes were prepared freshly from 10x PCR buffer, 5x oligonucleotide mix, 50x
nucleotide mix, and enzymes. For convenient pipetting, ThermoScript™ RT was used as
1:140 dilution in storage buffer. Standard reactions containing 10,000, 1,000, 100, or 10

copies of each target were performed with each run.

Thermal Cycling

All PCRs were performed on the LightCycler® real-time PCR platform (Roche
Molecular Biochemicals, Indianapolis, IN) using LightCycler® Software version 3.5.
Thermal cycling was preceded by a 20-minute reverse transcription reaction at 55°C
followed by 5 min incubation at 95°C. Thermal cycling consisted of 18 high-stringency
step-down cycles followed by 25 relaxed-stringency fluorescence acquisition cycles. The
18 high-stringency step-down thermal cycles for the Arginase I- HPRT duplex PCR were

6 x 15 sec @ 95°C, 60 sec @ 75°C; 9 x 15 sec @ 95°C, 60 sec @ 73°C; 3 x 15 sec @
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95°C, 30 sec @ 71°C, 30 sec @ 72°C. The high-stringency step-down thermal cycles for
the Arginase II-PBGD duplex PCR were 6 x 15 sec @ 95°C, 60 sec @ 72°C; 9 x 15 sec
@ 95°C, 30 sec @ 70°C, 30 sec @ 72°C; 3 x 15 sec @ 95°C, 30 sec @ 68°C, 30 sec @
72°C. The relaxed-stringency fluorescence acquisition cycling for both duplex PCRs
consisted of 25 x 15 sec @ 95°C, 8 sec @ 58°C followed by fluorescence acquisition, 30
sec @ 65°C, and 30 sec @ 72°C.

Single target (simplex) PCRs for Arginase I, Arginase II, HPRT, and PBGD used
a lower Platinum Taq DNA polymerase quantity of 1.5 U per 20 pl reaction, but
otherwise the respective identical protocols. Chlamydia pneumoniae 23S rRNA FRET
real-time PCR was performed as described (7).

All types of duplex PCR were analyzed by agarose gel electrophoresis, the
presence of two correctly-sized amplification products and absence of aberrant products

was verified, and both amplification products of each duplex PCR were DNA sequenced.

Color Compensation

A color compensation file was created in a calibration cycling protocol with 4
samples in PCR buffer without enzymes (1: blank; 2: 1 uM fluorescein probe; 3: 1 uM
Bodipy 630/650 probe; 4: 1 uM Cy5.5 probe). The thermal protocol for calibration of
color compensation was 1 x 30 sec @ 95°C; 40 x 0 sec @ 95°C, 10 sec @ 55°C, 10 sec
@ 72°C, and 1 temperature gradient step from 5 sec @ 40°C to 0 sec @ 95°C followed
by 1 x 30 sec @ 40°C. After calibration cycling, data were saved as color compensation

file and imported for analysis of duplex RT-PCR data.

56



PCR Standards

Templates for standard reactions were prepared from RT-PCRs that contained 200
uM dTTP instead of dUTP. This rendered the standards insensitive to cleavage by uracil-
N-glycosylase, which was used to prevent PCR product carry-over. PCR products were
isolated by 4 % MetaPhor agarose gel electrophoresis, extracted by glass matrix binding
and elution (Roche Molecular Biochemicals, Indianapolis, IN), quantified by PicoGreen
DNA fluorescence assays (Molecular Probes, Eugene, OR), verified by DNA sequencing,
and used at 10%, 10°, 10% 10, and 0 copies per 5 pl in a background of 100 ng purified
pGEM plasmid DNA (Promega, Madison, WI) in ToEo ;.

For evaluation of the quantification of the duplex PCR standards at different
target ratios and concentrations, each of 10, 10°, 10% or 10 copies of analyte standards
(Arginase I and Arginase IT) were combined with each of 10, 10°, 10% or 10 copies of
housekeeping gene standards (HPRT, PBGD), and each combination was quantified as
duplicates in 2 independent duplex PCRs. The copy numbers of each target in relation to
the copies of the respective other target as found in the assays were determined, related to
actual standard copy numbers, and equations for correction factors were deduced by
linear least-square regression analysis (STATISTICA 6.1 software [StatSoft, Tulsa,
OK]). For analysis of samples by duplex RT-PCR, standard reactions containing 10%,
10°, 10* or 10 copies of both DNA templates were performed without reverse
transcription and used to quantify the concentrations of specimen mRNAs, which had
been subjected to reverse transcription. The negative control was 100 ng purified pPGEM
plasmid DNA in 5 ul TioE¢;, mouse macrophage total nucleic acid positive for the

respective targets served as the control for reverse transcription.
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RESULTS

Prior to characterizing the real-time one-step duplex RT-PCR assays, we
undertook extensive efforts to optimize the methodology, starting from previously
established reaction chemistries and step-down thermal cycling (7, 9). Concentrations of
reverse transcriptase, Tag polymerase, primers, and all steps in the thermal cycling
protocols were calibrated. Of particular importance for fine-tuning the reactions were the
amount of reverse transcriptase, the relative numbers and annealing temperatures of high-
stringency step-down cycles (beginning at 70°C-75°C), and the relaxed-stringency
fluorescence acquisition cycles including fluorescence acquisition at 58°C after 8 sec
equilibration followed by 30 sec annealing at 63°C-65°C (data not shown). For all
duplex RT-PCRs gel electrophoresis demonstrated correct amplification products, and
DNA sequencing results of the amplified fragments precisely matched the mRNA

sequences.

Specificity of one-step duplex reverse transcriptase quantitative PCR (RT-qPCR)

To evaluate the ability of the one-step RT-qPCRs to discriminate between
genomic DNA and mRNA targets, we amplified total nucleic acids isolated from mouse
macrophages stimulated with lysed C. pneumoniae bacteria. Sample nucleic acids were
or were not treated with RNase, and were amplified in the presence or absence of reverse
transcriptase. Only C. pneumoniae DNA, but not the 4 mRNA targets were amplified in

the absence of reverse transcriptase (data not shown). RNase treatment of total nucleic
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acids abolished amplification of the mRNA targets, but not of C. pneumoniae DNA.
These results validated the application of the one-step RT-PCR using exon-spanning

primers and probes to the analysis of total nucleic acid specimens.

Evaluation of Target Quantification

DNA standards containing equal amounts of both targets had served to establish
real time one-step duplex RT-PCR. A fundamental question in duplex PCR is how the
targets interact during amplification and fluorescent detection when they are present in
unequal ratios. To examine these interactions, we performed for each of the 4 possible
pairs of analyte (Arginase I, Arginase II) and housekeeping genes (HPRT, PBGD) a
matrix of standard duplex reactions in the absence of reverse transcriptase in which 107,
10%, 10°, or 10 copies of one target were combined with 10*, 10°, 10%, or 10 copies of the
respective other target. Figure 1 shows as an example the results for the Arginase II-
PBGD duplex PCR. These reactions, termed standard performance, demonstrated that
targets in approximately 300-fold or lower abundance than the other target in a duplex
PCR were amplified less efficiently and under-reported (Fig. 1). This was true for all
targets in all combinations, but varied depending on thermal cycling conditions. In the
final protocols, we adjusted the thermal cycling parameters such that amplification of the
analyte genes was more efficient than that of the housekeeping genes, as evident in
Figure 1 and plots A and C of Figure 2 for Arginase II in comparison to PBGD. The
rationale for this approach was that highest sensitivity for amplification of housekeeping

gene mRNA was not necessary because a minimum of 20-30 copies of housekeeping
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gene mRNA is required for accurate normalization. Thus copy numbers of housekeeping
gene mRNAs lower than 20, even if quantified precisely, still would not allow accurate
determination of analyte mRNA copies, which presumably will show a wider
concentration range than housekeeping gene mRNA.

To evaluate the relative shifts in amplification efficiencies and data reporting, we
plotted for each duplex PCR the results of 2 replicates of duplicate reactions as logarithm
of target ratio determined in the assay versus the ratio of actual/assay-determined targets.
The equation for the least square best fit regression line allows determination of an assay-
specific correction factor for each target and its ratio to the respective other target. The
data plotted for the Arginase II-PBGD duplex PCR in Figure 2 clearly indicate for both
analyte and housekeeping gene targets a reduced amplification efficiency at low
abundance (log target ratio < 0; correction factors > 1), and increased efficiency at high
abundance (log target ratio > 0; correction factors [1 1). For PBGD, the correction factor
at —2.5, which is the lowest acceptable logarithm of target ratios, is higher than that of
Arginase II (1.238 vs. 1.168), reflecting the adjustment of thermal PCR parameters in
favor of the analyte Arginase II. Similar relationships between correction factors and
target ratios were found for the Arginase [-HPRT duplex PCR. Plots of logarithm actual
target copies versus logarithm assay-determined corrected target copies in Figure 2 reveal
linear fits with narrow confidence intervals over the 3 log range of standard targets tested.
These corrected assay data of all duplex PCRs correlated better with actual copy numbers
than the uncorrected assay results (data not shown). It is important to notice that only log
target ratios between —2.5 to 2.5 were used to calculate the correction factors. Higher and

lower values were excluded because of the assay inaccuracy for the respective lower
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target. Therefore, the duplex PCRs as described allow the reliable determination of 10-
10,000 copies of each target over a 100,000-fold range (10> — 10*°, equal to 1/320 -

320) of target copy ratios.

Color Compensation

The LightCycler® real-time PCR platform acquires fluorescent signals in FRET
duplex-PCR at 3 emission wavelengths, and residual signal of short wavelength peaks
may obscure fluorescence peaks in the long wavelength channels. To compensate for
such fluorescence spill-over, we acquired signals for a color compensation file according
to the LightCycler® instructions, and used this file to electronically compensate for
fluorescence spill-over during analysis of the results of duplex PCRs.

During attempts to combine the Arginase I analyte target with the PBGD
housekeeping gene target in a duplex PCR, we noticed extensive increases in the PBGD
fluorescent signal at 705 nm emission wavelength at 10-fold or higher copy ratios of
Arginase I to PBGD standards (Fig. 3). To evaluate if this excessive signal resulted from
fluorescent spill-over from the 640 nm Arginase I emission peak, we removed either the
Bodipy 630/650-labeled Arginase I FRET acceptor probe or the Cy5.5-labeled PBGD
FRET acceptor probe from the duplex PCR. Removal of the PBGD probe, but not of the
Arginase I probe, eliminated the excessive signal in the PBGD emission channel. These
data proved unequivocally that the excessive signal at 705 nm was not caused by lack of
compensation of fluorescence spill-over, but was generated directly by the PBDG Cy5.5-

labeled FRET acceptor probe.
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The minimum combination of reaction components necessary to create the
aberrant PBGD signal were Arginase I template, Arginase I and PBGD primers, the
Cy5.5-labeled PBGD probe, and either the Arginase I or the PBGD fluorescein probe.
These reactions were analyzed by agarose gel electrophoresis, sequence alignments of the
Arginase I DNA fragment with primers and probes, and DNA sequencing (data not
shown). A 146 bp product was identified in addition to the 212 bp Arginase I fragment.
Only the presence of large amounts of the Arginase I fragment was associated with
production of this aberrant fragment. This 146 bp fragment was primed at the 5° end by
the downstream PBGD primer (17 bp match), and downstream by the upstream PBGD
primer (10 bp match) or downstream Arginase I primer, resulting in a nested PCR from
the original Arginase I amplification product. Both the PBGD Cy 5.5 and fluorescein
probes match both the sense and antisense strands with 13 to 15 bp. Annealing of both
PBGD probes to the non-coding strand creates the thermodynamically most stable
hybrids, and separates the fluorescein and Cy 5.5 labels by 3 basepairs. If the Arginase I
fluorescein probe is combined with the PBGD Cy 5.5 probe, the fluorescent labels are
separated by 23 bp on the non-coding strand. Both combinations of the PBGD Cy 5.5
probe are sufficient to generate a 705 nm FRET signal under the conditions described.
Thus, the muPBDGCYS5.5 probe, annealing to high numbers of regular and aberrant
Arginase I amplification fragments in the Arginase I-PBGD duplex PCR, interacted with
both Arginase I and PBGD fluorescein probes to produce excessive PBGD signal.
Therefore, co-amplification of Arginase I and PBGD targets in a duplex PCR was not

compatible.
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Subsequent removal experiments of all probes in the duplex PCRs described here
revealed that fluorescent signals of the appropriate emission channels, and target
quantification, did not differ in the reactions from PCRs performed with the complete set
of probes. Also, equations deduced from standard performance reactions of these
reactions, as well as for the Arginase I signal in the Arginase [-PBGD, closely resembled
those deduced here for both Arginase II-PBDG duplex PCR channels (Fig. 3). Thus,
electronic color compensation reliably and quantitatively corrected fluorescence spill-
over, and excessive signal such as observed in the Arginase [-PBGD duplex PCR was the
result of sequence-specific interaction between DNA targets and probes. Also, relative
over- and under-reporting in dependence on target ratios in standard performance
reflected intrinsic properties of PCR assay chemistry, presumably competition between
targets for rate limiting Taq polymerase, rather than insufficient electronic signal

correction.

Reproducibility of Real-Time One-step Duplex RT-PCR

To assess the reproducibility and accuracy of the established duplex RT-PCR
methods over a range of target concentrations and ratios, we analyzed serial dilutions of
total nucleic acid samples from C. pneumoniae-stimulated murine peritoneal
macrophages. The raw numbers of mRNA copies of each target determined for 2
samples in both duplex RT-PCRs were multiplied with the appropriate correction factors,
and copies of analyte mRNA were expressed as normalized copy numbers per 1,000
copies of the respective housekeeping gene mRNAs. The corrected copy numbers of
HPRT and PBGD mRNAs, per 5 pl of the undiluted samples, were approximately 3,000
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and 1,200, respectively. The results in Figure 4 indicate that the transcript levels of both
Arginase | and Arginase II relative to HPRT and PBGD, respectively, remain nearly
constant over a 64-fold range of sample nucleic acid concentrations. The increased
standard deviation of analyte gene mRNAs per 1,000 housekeeping gene mRNA in
proportion to sample dilution indicates reduced accuracy at low copy numbers. The
results of this analysis validate the reproducibility of both real-time one-step duplex RT-
PCR methods within the range of target mRNA concentrations (10-10,000 copies per 5
ul) and ratios (107 — 10>, equal to 1/320 - 320) established in the standard performance

reactions.

DISCUSSION

The present study built on LightCycler® real-time PCR chemistry and step-down
thermal cycling strategies developed earlier (7, 9), and adapted these methods to one-step
reverse transcription, high-sensitivity amplification, and simultaneous real-time
quantitative detection of two mRNA targets. This method provides a number of
advantages over alternative approaches for mRNA quantification by real-time PCR (1, 2).
Most importantly, it simultaneously quantifies a target transcript of specific interest
together with a second mRNA, typically an internal control mRNA of an essential gene
present in all somatic cells in approximately constant steady-state equilibrium (4, 5).
Thus, one-step duplex RT-PCR generates results that allow calculation of the copy
numbers of a target transcript in relation to a constant number of internal control
transcripts of a housekeeping gene from the data of a single assay (normalization: relative

quantification).  This approach reduces inaccuracies such as differences in PCR
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efficiencies that cannot be avoided in methods that separate mRNA quantification into
sample reverse transcription and single target amplifications. Furthermore, reverse
transcription in one-step duplex RT-PCR is primed by a gene-specific primer that also
primes in PCR, likely improving the efficiency of production of target-length cDNA over
reverse transcription that uses random oligonucleotide or oligo (dT) primers. Finally, the
obvious simplicity of the one-step method likely will translate into enhanced precision by
minimizing the number of experimental steps and sample transfers.

Additional advantages come from the choice of exon-spanning primers and
probes, which prevents amplification or detection of genomic DNA. This approach
allows PCR-quantification of mRNA in total nucleic acid specimens, and eliminates the
need for DNase treatment of RNA samples and the controls necessary to assure
amplification of cDNA, but not of genomic DNA (1). The one-step duplex RT-PCR
methods in this study minimally detect 10 copies of analyte cDNA. However, our
unpublished data of limiting standard and sample dilutions suggest that well calibrated
one-step duplex RT-PCRs will detect a single copy of analyte cDNA in the presence of
20-30 copies of housekeeping gene cDNA. Thus, by virtue of the sensitive quantification
of mRNAs in minute specimen volumes in a single assay, the greatest benefits of the one-
step duplex RT-PCR most likely will apply to clinical specimens. Such specimens
typically provide limited amounts of extracted total nucleic acids that are subjected to
numerous analyses and might contain low concentrations of mRNA (15, 16, 17).

The appropriate choice of quantitative, and qualitative positive and negative
standards for real-time one-step duplex RT-PCRs is critical. Reactions of standard

dilution buffer without target fragments, with and without reverse transcription, serve as
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negative amplification controls. Control for reverse transcription, in our hands, was best
provided by known positive specimens. For quantitative determination, the interaction
between the targets in duplex RT-PCRs during amplification and fluorescent signal
detection is an important consideration. The matrix of standard performance reactions
validates the method and determines equations for correction factors. Quantitative
standards in the approach described in this study contain equal numbers of both double-
stranded target DNA fragments, not RNA standards, and are amplified without reverse
transcriptase. The number of standard molecules is therefore absolute, not created by
variable-rate reverse transcription of RNA standards. Reverse transcriptase generates
sample cDNA, but also reduces PCR efficiency by creating variable amounts of
background DNA. Therefore, the approach described here relates target quantification in
samples, that are variable in their PCR inhibition, to absolute target standards without
reverse transcriptase-mediated inhibition. Background inhibition in duplex RT-PCR of
unknown specimens affects amplification of both targets. Thus, analyte mRNA
quantification relative to housekeeping gene mRNA remains unaffected by variable
background PCR inhibition in specimens. Because of the PCR inhibitory background
created by reverse transcription, careful calibration of each batch of reverse transcriptase
is very important for overall performance of real-time one-step duplex RT-PCRs.

The acceptable range of 1/320 to 320-fold (107° — 10*) target ratios in duplex
RT-PCR specifies the limits of the analytical range of a real-time duplex RT-PCR. In
essence, mMRNA levels of analyte and housekeeping genes must be similar, and
transcription levels of analytic targets will dictate the choice of housekeeping gene. In

this study we sought to use housekeeping genes with low transcription levels for
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appropriate evaluation of genes typically transcribed at low levels. Additional
housekeeping genes will be needed for duplex RT-PCRs determining high-concentration
analyte mRNAs (4, 5). Amplification fragments in such duplex PCR methods should be
between 100-200 base pairs in length, and the Ty, of primers and probes should be as high
as 74°C, to allow for highly stringent thermal cycling conditions. Duplex RT-PCRs
designed according to these guidelines can be conveniently established by first fine-
tuning step-down cycling in 2°C annealing temperature steps starting approximately at
the primer Tp, such that a signal for 10* target copies appears between cycles 6-8 of the
subsequent fluorescence acquisition cycles. During these cycles, the 8 sec fluorescence
acquisition step at 58°C is critical and should not be modified. Omission of this step and
fluorescence acquisition at higher temperature results in delayed, but steep increases of
the fluorescent signal over only 2-3 cycles from threshold and saturation signal, vastly
reducing PCR accuracy. Efficiency of fluorescence acquisition cycles can be calibrated
by adjusting the annealing temperature following fluorescence acquisition to a
temperature between 61°C and 67°C. Quantification of more than 10* target copies is
less challenging, and the total number of step-down cycles must be reduced by 3-4 cycles
for each 10-fold increase of expected targets, or the specimen be appropriately diluted
such that less than 10* target copies are present per PCR.

In summary, we have established sensitive real-time PCR methodology for
accurate quantification of eukaryotic analyte mRNA relative to a housekeeping gene in a
single assay. The overall method discriminates cDNA from genomic DNA sequences
and entails reverse transcription of both target mRNAs from total nucleic acids, followed

by PCR amplification, real-time signal detection and quantification, and correction of
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assay results by factors deduced from reactions that evaluate quantification at variable
ratios of the target standards. We have used this approach to develop, with ease, more
duplex PCRs quantifying analyte mRNAs relative to PBGD and HPRT as well as
additional housekeeping gene transcripts. We anticipate that real-time one-step duplex
RT-PCR methods will accelerate the functional analysis of clinical specimens for gene

transcription in the context of disease.
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Table 1: Oligonucleotide primers and probes used in this study.

CDNA RT-PCR
Product,
Primer/ 1 ana op b ’
Sequence (5’ >3’) Tm Genbank
Probe . .
Locatio Accession
n Number
MUARGIUP | GTGGAGACCACAGTCTGGCAGTTGGA 372-397 | 75 goc
exon 3, Mouse
mMUARGIDN | GCAGGGAGTCACCCAGGAGAATCCT 233;\5;39 71.9°C | Arginase |
Bodipy 630/650- 526-555 on | 212bp
MUARG1BOD | GAAGGAACTGAAAGGAAAGTTCCCAGATGT-Phos exon4, |715°C
2 BC 013341
MUARG1TFLU | CATGGGCAACCTGTGTCCTTTCTCC -6-FAM 222;‘524 71.9°C
MUARG2UP | TTTCTCTCGGGGACAGAAGAAGCTAGGA 96-123 | 75 0°C
exon 1 Mouse
MUARG2DN | CAGATTATTGTAGGGATCATCTTGTGGGACA gigazgs 71.6°c | Arginase ll
MUARG2BOD | Bodipy 630/650-TCTTCAGCAAGCCAGCTTCTCGAATGG-Phos| 143169 | 75 g 160 bp
MUARG2FLU | GGTGGCATCCCAACCTGGAGAGC-6-FAM ;)7(;;]1 93 | 7p6°c | BC 023349
mUPBGDUP | CGGCCACAACCGCGGAAGAA 20-39 | 74 7oc | Mouse
exon 1, PBGD
muPBGDDN | GTCTCCCGTGGTGGACATAGCAATGA 183-188 | 73 5oc | 164 b
exon 4, P
MuPBGDCYS | 5 5. TCGAATCACCCTCATCTTTGAGCCGT-Phos 90-68 | 75 4oc | M28663,
5 exon 3, M28664
mMUPBGDFLU | CAGCTGGCTCTTACGGGTGCCCA-6-FAM 66-41 | 74 0°c | M28665,
exon 3 M28666
muHPRTUP | TCCCAGCGTCGTGATTAGCGATGA 102-125 | 75 70¢
exon 1, Mouse
mUHPRTDN | AATGTGATGGCCTCCCATCTCCTTCATGACAT gg;]zgz 72.9°c | HPRT
MUHPRTCYS. | Cy5.5-GATTATGGACAGGACTGAAAGACTTGCTCG-Phos 210-239 | 74.70¢ | 1720P
- NM 01
MUHPRTFLU | GGATTTGGAAAAAGTGTTTATTCCTCATGGAC-6-FAM ;)7«7)38 72.7°C 013556

a

Bodipy 630/650, amine-reactive Bodipy fluorophone attached to 5’ terminus; Cy5.5,

CE phosphoramidite attached to 5’ terminus; 6-FAM, 6-carboxyfluorescein attached

to 3’-O-ribose; Phos, phosphate group attached to the 3’ terminus.

b
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T, was calculated for 190 mM salt concentration and 100 pM probe concentration.
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Figure 1. The relative copy number of each target affects real-time duplex PCR
amplification of Arginase Il and PBGD standards. To evaluate the performance of the
duplex PCR standard at different target ratios and concentrations, a matrix of reactions
(standard performance) was performed in which 10, 10°, 10% or 10 copies per reaction
of the Arginase II template were combined with 10, 10°, 10?, or 10 copies of the PBGD
template. Upper row: fluorescent signals for 10* (left curve), 10°, 10% and 10 copies
(right curve) of the Arginase II template at simultaneous amplification of 10%, 10°, 10% or
10 copies of PBGD; lower row: signals for 10* - 10 copies of the PBGD template at
simultaneous amplification of 10* - 10 copies of Arginase II. Thermal cycling is
calibrated to maximize amplification efficiency of the Arginase II analyte target at high

or low PBGD copy numbers. Conversely, low copy numbers of the PBGD housekeeping
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gene target amplify poorly in the presence of high numbers of Arginase II templates.
This approach ensures valid results at low Arginase II transcript levels. Highest
sensitivity for detection of housekeeping gene mRNA is not required because results by

definition are inaccurate below 20 copies of the reference housekeeping gene mRNA.
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Figure 2. Factors deduced from the standard performance reactions effectively
correct the assay data of Arginase II and PBGD. Paired Arginase II-PBGD data from
4 standard performance reactions as shown in Fig. 1 were used to evaluate the
amplification of both targets relative to the known concentration of each standard. Least
square regression analysis obtained for each target a linear equation describing the
relation between the logarithm of Arginase II/PBGD copy numbers (and inverse ratio)
and actual (true) copies divided by copies as determined in the assay (assay copies). The

factor actual/assay copies is required for correction of assay copies to the true number of
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target copies in dependence on the number of copies of the respective other target. The
regression equation deduced in plot A (actual/assay Arginase II = 1.066 - 0.0408 x log10
assay Arginase [I/assay PBGD) was used to calculate correction factors for each pair of
data from each sample in plot B. Assay PBGD data in plot D were corrected using the
regression equation (actual/assay PBGD = 1.1143-0.0494 x logl0 assay PBGD/assay

Arginase II) deduced in plot C.
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Figure 3. Arginase I templates interact with the PBGD CyS5.5 probe to produce an
excessive PBGD signal at high Arginase I/PBGD template ratios. During method
development, Arginase I-PBGD duplex PCRs showed very high PBGD signals, resulting
in PBGD over-reporting, if a 10-fold or higher excess of Arginase I templates over
PBGD templates was added to the reactions. Omission of the Bodipy 630/650-labeled
Arginase I probe from the duplex PCR did not eliminate this signal, but removal of the
Cy5.5-labeled PBGD probe did. The minimum reaction components necessary to create
the aberrant PBGD signal were the combined Arginase I template, Arginase I and PBGD
primers, the Cy5.5-labeled PBGD probe, and either the Arginase I or the PBGD
fluorescein probe. Subsequent analyses revealed that muPBGDDN primed a 146 bp
nested PCR fragment from large amounts of the original Arginase I fragment. Both
PBGD probes, or the Arginase I fluorescein probe and the PBGD Cy5.5 probe, form

thermodynamically sufficiently stable hybrids with the non-coding strand, separating the
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fluorescein and Cy 5.5 labels by 3 or 23 basepairs, respectively. This resulted in the
aberrant 705 nm FRET signal, which made co-amplification of Arginase I and PBGD

targets in a duplex PCR incompatible.
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Sample 1, Arg | /HPRT
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Figure 4. Relative copy numbers of analyte and housekeeping genes in real-time
one-step duplex RT-PCRs remain constant in assays of sample dilutions. To test the
overall performance of duplex RT-PCRs, quadruplicates of undiluted (1:1) and serial 1:2
dilutions of two total nucleic acid specimens from C. pneumoniae-stimulated murine
macrophages were amplified for Arginase I and HPRT, and Arginase II and PBGD
mRNAs. Data are represented as means + standard deviation. The results indicate that
the ratios of analyte to housekeeping mRNAs as determined by duplex RT real-time PCR

remain nearly constant over a 64-fold range of specimen nucleic acid concentrations.
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CHAPTER 3: Multivariate Analysis of Chlamydia pneumoniae

Lung Infection in Two Inbred Mouse Strains

INTRODUCTION

Chlamydia pneumoniae is an obligate intracellular bacterial pathogen. It is the
most common chlamydial pathogen affecting humans, and typically causes a mild acute
respiratory infection. It is likely that C. pneumoniae infection can also result in chronic,
persistent infection with several possible disease outcomes, including coronary heart
disease and Alzheimer’s disease (22, 43). Epidemiological data on this important
pathogen provide a strong incentive to explore factors that potentially prolong or
exacerbate C. pneumoniae infections, to understand the molecular mechanisms of
chlamydial disease, and eventually to supply information useful for vaccine development.

It is well documented that people who have recovered from either an ocular or a
genital infection with C. trachomatis or from respiratory infection with C. pneumoniae
can be reinfected at the same site (33, 70, 79). It has also been established for both
genital and ocular infections with C. trachomatis that the major pathologic changes are
associated with the tendency for individuals to become re-infected, although the number
of the organisms actually cultured upon re-infection is often low. It is quite possible that
the pathology can be elicited solely by exposure to chlamydial antigen in the challenge

inoculum, via delayed-type hypersensitivity DTH (70).
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It has become apparent that cell-mediated immunity (CMI) is a significant factor
in the resolution of chlamydial infection. In both primate and murine models, the
mononuclear infiltrate in the genital tract has been characterized and found to be
composed of a large number of T cells. Mice have large numbers of T cells in the genital
tract following C. muridarum infection, and these cells are predominantly of the CD4"
phenotype (34). The ability of B-cell-deficient mice to resolve the infection suggested
that the T cell role was as a mediator of CMI rather than as a helper cell in the production
of antibody (57). Perry and colleagues (1997) showed that T cell-deficient mice were
unable to resolve C. muridarum infection. An important role for CD4" cells in the
resolution of upper genital tract disease in mice was demonstrated by Landers et al
(1991), who depleted mice of CD4" cells by treatment with anti-L3T4 antibody. When
they challenged these mice by intra-uterine injection with C. muridarum, they found an
increased number of organisms in the oviduct as well as an increased incidence of
hydrosalpinx in the depleted animals in comparison to control animals. Further proof of
the protective function of T cells was provided by successfully curing C. muridarum-
infected nude mice through the adoptive transfer of T-cell lines (56). Rothfuchs et al
(2004) reported that macrophage-, CD4", or CD8" T cell-derived IFN-y is essential for
protection against C. pneumoniae lung-infection in IFN-y deficient C57BL/6 mice while
NK cells were not needed for innate resistance against C. pneumoniae in their knockout
mouse model.

Other protective mechanisms have been proposed that are active in a protective
immune response to chlamydial-infection. Yang et al (1998) found that B cell-deficient
C57BL/6 mice have a significantly higher mortality rate and C. trachomatis growth in
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their lungs than control mice. On the other hand, Hawkins et al. transferred C.
muridarum-specific CD4Th2 and CD4Thl clones to C. trachomatis infected mice, and
found that the CD4" Th2 clones did not provide protection against genital infection of C.
trachomatis (24).

While there is consensus about the need for Thl-cell derived IFN- y for protection
of chlamydiae, the mechanisms of chlamydial disease are largely unknown (82).
Traditionally, chlamydial diseases have been described as mononuclear tissue infiltrates
that frequently can be macroscopically observed as granulomas. It is thought that these
lesions develop after numerous episodes of re-infection, and that they represent a DTH
response to chlamydial antigens.

Many Chlamydia researchers use knockout cell lines or nude mice to investigate
the relationship between immune response-related genes and disease outcome. This is a
useful approach for observation of the function of the target gene since the differential
outcome in the absence of the gene can be observed. However, knockout approaches
create completely new phenotypes that typically do not exist in natural populations. For
these reasons, knockout approaches fail to model multifactorial diseases with redundant
regulatory pathways. Many factors affect the outcome of chlamydial disease (1, 4, 6, 7).
Thus, strictly quantitative examination of determinants and disease outcome in
genetically unaltered hosts is required to understand potentially subtle interactions
between genetic regulatory mechanisms that may result in different outcomes of
chlamydial infection.

It was the goal of this investigation to elucidate mechanisms that differentiate

between the progression of chlamydial infection towards granulomatous disease versus
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mechanisms that result in resolution of the infection without sequelae. In this study, a
lung inoculation model of C. pneumoniae was used because of the readily quantifiable
disease characterized by interstitial mononuclear infiltrates, which can be measured as
increase in lung weight over the lung weight of naive mice (29). The influence of host
genetics was addressed by use of two inbred mouse strains with differential susceptibility
to chlamydial infection. The dependence of chlamydial disease on pre-existing immunity
to C. pneumoniae and on the time after challenge were examined by challenging naive or
immune mice and sacrificing them on day 3 or 10 after challenge inoculation. We report
here a simple model using 3 transcript parameters measured early after challenge
infection that can predict with high accuracy the late disease outcome. This model also

elucidates genetic mechanisms that determine the outcome of chlamydial lung infection.

MATERIALS AND METHODS

Experimental Design.

A balanced multivariate experiment was designed to evaluate the contribution of
the genetic background of two mouse strains (A/J or C57BL/6), in the presence or
absence of an established immune response against C. pneumoniae (immune or naive),
and at different temporal progression of the infection (day 3 or 10 post inoculation) to the
outcome of C. pneumoniae infection (Table 1). To exclude a confounding sex influence,
only female mice were used. Groups of 10 mice received 4 weeks prior to challenge a
low-dose immunizing C. pneumoniae inoculum (immune) or a mock inoculum (naive).
From two weeks before C. pneumoniae challenge until sacrificing all mice (Harlan

Sprague & Dawley) received one of the following four diets ad libitum: high-protein &
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high-antioxidants diet (HH), high-protein & low-antioxidants diet (HL), low-protein &
high-antioxidants diet (LH), or low-protein & low-antioxidants diet (LL) (Table 2). Mice
were sacrificed 3 or 10 days after C. pneumoniae challenge. The whole experiment
consisted of 32 different groups of two mouse strains, four diets, two immune conditions,

and two time points, comprising a total of 320 mice (Table 1).

Chlamydia pneumoniae.

C. pneumoniae strain CDC/ CWL-029 (ATCC VR-1310) was grown, purified and
quantified as described (20). Briefly, Buffalo Green Monkey Kidney cells (Diagnostic
Hybrids, Inc. Athens, OH) were used as host cells for propagation of chlamydiae. For
purification, EBs in supernatant culture medium were concentrated by sedimentation,
followed by low-speed centrifugation for removal of host cell nuclei, and by step-
gradient centrifugation of the supernatant in a 30% RenoCal-76 - 50% sucrose step-
gradient. Sediments of purified infectious EBs were suspended in sucrose-phosphate-

glutamate (SPG) buffer and stored in aliquots at -80°C.

Animals and diets.

Inbred A/J and C57BL/6 female mice were obtained from Harlan, Sprague and
Dawley (Indianapolis, IN) at 5 weeks of age. Udel “shoebox” type cages with spun fiber
filter top were maintained in static air or ventilated cage racks. Five animals were housed
per cage in a temperature-controlled room with a 12-hour light/dark cycle. They were
allowed ad libitum access to water and one of four diets. Mice were fed a 19%

protein/1.33% L-arginine standard rodent maintenance diet. All animal protocols
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followed NIH guidelines and were approved by the Auburn University Institutional
Animal Care and Use Committee (IACUC).

Two weeks before challenge infection and during challenge infection, mice were
fed one of 4 custom diets (Table 2) containing either 24% protein/1.8% L-arginine or
14% protein/0.7% L-arginine and either high or low antioxidants (low: 3.56 g vitamin C +
0.85 g vitamin E acetate/kg diet; high: 6.42 g vitamin C + 1.57 g vitamin E acetate/kg
diet). Diets were manufactured by Harlan Teklad (Madison, WI, USA). The

composition of the four custom diets is listed in Table 2.

C. pneumoniae lung challenge infection.

Mouse intranasal inoculation was performed as described (29). For intranasal
inoculation, mice received a light isoflurane inhalation anesthesia. Six week-old mice
received a low dose challenge of 5x10° C. pneumoniae viable elementary bodies in 30 pl
SPG buffer (immune mice) or a mock inoculum of 30 ul SPG buffer (naive mice).
Beginning at 8 weeks of age, all mice were fed a standardized custom diet containing
either 24% protein/1.8% arginine or 14% protein/0.7% arginine and either high or low
antioxidants (Table 2). Four weeks after the priming inoculation, at 10 weeks of age, the
mice were challenged by intranasal inoculation of 1x10® C. pneumoniae bacteria and
sacrificed by CO, inhalation 3 or 10 days later. Lungs were weighed, snap frozen in
liquid nitrogen, and stored at -80°C until further processing. Percent lung weight
increase was based on naive lung weights of 138.4 mg for adult A/J mice and 133 mg for

adult C57BL/6 mice.
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Mouse lung nucleic acid extraction.

Mouse lungs were homogenized in guanidinium isothiocyanate Triton X-100-
based RNA/DNA stabilization reagent in disposable tissue grinders (Fisher Scientific,
Atlanta, GA) to create a 10% (wt/vol) tissue suspension. This suspension was used for
total nucleic acid extraction by the High Pure® PCR template preparation kit (Roche
Applied Science, Indianapolis, IN) (10, 29) and for mRNA extraction using oligo (dT),
silica beads.

For total nucleic acid extraction, 100 pl of 10% lung suspension was mixed with
240 pl of DNA/RNA stabilization reagent and 40 pl of 10% proteinase K solution and
incubated for 1 hr at 72°C at 600 rpm in a shaking heater. This suspension was mixed
with 100 pl isopropanol and centrifuged through glass fiber filter tubes for 1 min at 5,000
x g to bind total nucleic acids. After two washing steps with 500 pl wash buffer for 1
min at 13,000 x g, total nucleic acids bound to the glass fiber filter were incubated with
100 pl of 10 mM Tris-HCIL, pH 8.5, 0.1 mM EDTA (10) for 5 min at 72°C and eluted by
centrifugation for 1 min at 13,000 x g.

For mRNA extraction, a suspension of oligo (dT),¢-coated silica beads (25 mg/ml
in dH,O; 1 um particle size, Kisker GbR, Steinfurt, Germany) was used. First, 100 pl of
10% lung suspension was mixed with 10 pl oligo (dT),o silica bead suspension diluted in
230 pl dilution buffer (0.1 M Tris-HCIL, pH 7.5, 0.2 M LiCl, 20 mM EDTA). For mRNA
binding, samples were incubated at 72°C for 3 minutes followed by room temperature for
10 minutes. The silica beads were sedimented by centrifugation at 13,000 x g for 2
minutes, supernatants removed by decanting, the beads resuspended in 100 pl DNase
buffer (20 mM Tris-HCI, pH 7.0, 1 M NaCl, 10 mM MnCl,) containing 100 U of RNase-
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free bovine pancreatic DNase I (Roche Applied Science, Indianapolis, IN) and incubated
for 15 minutes at room temperature. Subsequently, beads were washed three times with
wash buffer (10 mM Tris-HCIL, pH 7.5, 0.2 M LiCl, 1 mM EDTA) by vigorous vortexing
for 2 minutes followed by sedimentation at 13,000 x g, and mRNA was eluted by
resuspension of the beads in 200 ul DEPC-treated ddH,O followed by incubation at 72°C
for 7 minutes, centrifugal sedimentation, and removal of the supernatant mRNA. The
purified total nucleic acid and mRNA samples were stored at -80°C until used for real-

time PCR assays.

Analysis of lung nucleic acids by real-time PCR.
The primers and probes used in all PCR assays were obtained from Operon,
Alameda, CA, and the sequences are listed in Table 3.

C. pneumoniae and host cell DNA: The copy number of C. pneumoniae genomes

per lung were determined by Chlamydia genus-specific 23S rRNA FRET (fluorescence
resonance energy transfer) qPCR (15). Copy numbers of murine genomes per lung, as
markers of total number of cells, were determined by real-time amplification and
quantification of an intron sequence of the porphobilinogen deaminase gene (PBGD).
The qPCRs were performed in 20 pl volumes consisting of 15 pl reaction master mixture
and 5 pl sample aliquot in glass capillaries in a LightCycler® real-time thermal cycler.
The PCR buffer was 4.5 mM MgCl, 50 mM KCI, 20 mM Tris-HCI, pH 8.4,
supplemented with 0.05% each Tween-20 and Nonidet P-40, and 0.03% acetylated
bovine serum albumin (Roche Applied Science, Indianapolis, IN). Nucleotides were
used at 0.2 mM (dATP, dCTP, dGTP) and 0.6 mM (dUTP). For each 20 pl total reaction
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volume, 1.5 U hot-start Platinum Taq DNA polymerase (Life Technologies, Grand
Island, New York) and 0.2 U heat-labile uracil-DNA glycosylase (Roche Molecular
Biochemicals, Indianapolis, IN) was used. Heat-labile uracil DNA glycosylase is active
at room temperature and is inactivated at 50°C. This allows the use of UNG carry-over
prevention in one-step RT-qPCR. Thermal cycling consisted of a 2 min denaturation step
at 95°C followed by 18 high-stringency step-down thermal cycles, 40 low-stringency
fluorescence acquisition cycles, and melting curve determination between 50°C and
80°C. The parameters for the 23S rRNA qPCR were 6x 12 sec at 64°C, 8 sec at 72°C, 0
sec at 95°C; 9x 12 sec at 62°C, 8 sec at 72°C, 0 sec at 95°C; 3x12 sec at 60°C, 8 sec at
72°C, 0 sec at 95°C; 40x 8 sec at 54°C and fluorescence acquisition, 8 sec at 72°C, 0 sec
at 95°C (10, 16). The parameters for the PBGD intron qPCR were 40x 8 sec at 58°C and
fluorescence acquisition, 8 sec at 72°C, 0 sec at 95°C.

Transcripts: One-step duplex RT-qPCR was performed in a LightCycler as
described (29). In one-step RT-qPCR, RT reaction and PCR amplification for one of the
23 analyte transcripts and an internal reference gene transcript (porphobilinogen
deaminase, PBGD, for 22 analyte transcripts; or hypoxanthine guanine phosphoribosyl
transferase, HPRT, for Arginase 1 analyte transcript) were performed in the same tube.
All analyte transcript numbers are expressed as copies per 1000 reference transcripts.
The murine analyte transcripts for which one-step duplex PCRs were developed include
cellular markers, chemokines and cytokines, and inflammatory effectors and regulators

(Tables 3a-c, 4a, b).
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Statistical Analysis.

All statistical analyses were performed with the Statistica 7.0 software package
(StatSoft, Inc., Tulsa, OK). Data of C. pneumoniae genome and transcripts numbers
were logarithmically transformed. Normal distribution of data was confirmed by
Shapiro-Wilk’s W test, and homogeneity of variances by Levene’s test. Data were
analyzed by mean plots + 95% confidence intervals in factorial analysis of variance
(ANOVA). Comparisons of means under the assumption of no a priori hypothesis were
performed by the Tukey honest significant difference (HSD) test. Differences at p < 0.05
in the Tukey HSD were considered significant.

The influences of the main effects mouse strain, immune status or time after
inoculation on the 27 parameters were visualized in column plots of the Log, transformed
ratios of mean values at both effect levels. Correlations between day-3 or day-10 group
means of 25 cellular marker or transcript levels and day-3 or day-10 group means of the
main outcomes lung weight increase or C. pneumoniae lung load were visualized in
column plots.

Multivariate partial least squares regression (PLS; 28) was used to extract, by
linear combination of independent cellular marker and transcript variables, up to 3 latent
factors (components) for modeling of the outcomes lung weight increase or C.
pneumoniae lung load. The modeling power (r*) of these components, and the relative
contribution of the independent variables to these components was calculated.

The dichotomous independent variables mouse strain, immune status, time after
inoculation, diet protein, and diet antioxidants were used for single-component PLS

modeling of disease (lung weight increase) and C. pneumoniae load outcomes of the 32
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groups derived from all combinations of these variables. The relative contribution of the
main variables to disease and C. pneumoniae lung load was calculated from factor scores
derived by multiplication of weight by loading scores of all principal and their interaction
factors. In the single component PLS model weight and loading scores were identical,
and the factor scores were derived as the square of the weight score. The percent
contribution of each main variable to the overall outcome (sum of all factor scores) was
calculated from the sum of the fractional factor scores for each variable.

The influence of group mean day-3 transcripts levels on group mean day-10
disease or C. pneumoniae lung load outcomes was modeled using multiple regression and
PLS analyses. Initially, all day-3 transcript parameters were used to calculate a multiple
regression model for day-10 disease outcome. Using forward stepwise regression and
increasing stringency for entering and removing parameters, models of reduced
complexity were calculated that used only few parameters while still possessing high
explanatory power. Finally, a best-fit simple model using 3 transcript parameters was
established. The day-10 C. pneumoniae lung load outcome could be modeled with
similar, high accuracy by use of numerous combinations of day-3 transcripts.

To understand the predictive interaction of the transcript parameters, the stepwise
algorithm towards a simple best-fit multiple regression day-10 disease model was
emulated in manual PLS analysis. Components that contributed r* increases of less than
0.05 to the day-10 disease model were eliminated, followed by elimination of variables
that contributed less than 10% to the weighted sum of the remaining factor scores. The
reduced set of variables and components was used again for PLS analysis, followed by

further elimination. To avoid overfitting, all possible 3-way combinations of the

90



remaining variables were used to construct a best-fit final day-10 disease model with
three transcripts and three components. These transcripts were identical to those used in
the simplest 3-parameter multiple regression model, and the r* of the models was
identical. These day-3 transcripts were then used to compute a day-10 C. pneumoniae
lung load model. This model did not have the highest explanatory power, but was
calculated to visualize the complex, partially opposite effects of day-3 transcript levels on
the day-10 disease and C. pneumoniae lung load outcomes. The validity of both models
was confirmed by models derived from partial data sets of the even or odd cases of the
complete data. These models were deployed to predict the respective complementary

data sets.

RESULTS

In this study, multivariate regulation of disease and chlamydial burden was
examined in a C. pneumoniae mouse lung challenge model. Specifically, the
simultaneous influence of host (mouse strain), its anti-C. pneumoniae immune status, and
the time after inoculation, and the full factorial combinations of these variables, on
disease as measured by lung weight increase and on C. pneumoniae lung load was
analyzed. In addition, the influence of transcription of 25 genes on these outcomes was
evaluated. To maximize the analytical accuracy, these parameters were directly derived
from the mouse lung as the key affected organ. Transcripts were quantified by one-step
duplex real-time RT-PCR in which analyte and reference transcripts were simultaneously
amplified. In contrast to microarray experiments that target a high number of genes in a

small number of animals, this investigation targeted a smaller amount of transcripts, but
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with higher accuracy, and allowed outcome comparisons at multiple factor levels (overall
32 groups in this study) with appropriate statistical power (n=10/factor level). Multiple
regression and partial least square regression algorithms were used to model the relative

contributions of different factors and transcripts to disease and C. pneumoniae lung load.

The main factors mouse strain, immune status, and time after challenge inoculation
result in opposite outcomes for lung disease and elimination of C. pneumoniae.

After lung challenge inoculation with C. pneumoniae, mice were sacrificed on
day-3 or day-10, and lungs were processed to determine 29 outcome parameters which
included lung weight increase, C. pneumoniae lung load by real-time PCR, 25 transcript
concentrations by one-step duplex real-time RT-PCR, and two ratios of critical
transcripts. Transcripts of interleukin-4 (IL-4) and C-reactive protein (CRP) were not
detected in any specimen, and were therefore not included in analyses.

Analysis of the complete data from 160 A/J mice and 160 C57BL/6 mice for the
main effect mouse strain on disease and C. pneumoniae load showed that A/J mice had an
overall mean lung weight increase of 14.1 % (disease) that was highly significantly lower
than the 35.9 % lung weight increase observed in C57BL/6 mice (Figure 1, p < 10%). In
contrast, the 10°> C. pneumoniae genome load per lung in A/J mice of was highly
significantly higher than the 10*’ C. pneumoniae genomes per C57BL/6 mouse (p < 10°
). We conclude that A/J mice had a highly significant reduction in disease as compared
to C57BL/6 mice, but a highly significant increase in more chlamydial organisms per

lung. Thus, A/J mice prioritized minimizing disease at the cost of reduced pathogen
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elimination while C57BL/6 mice prioritized elimination of C. pneumoniae at the cost of
increased disease.

Figure 2 shows the interaction of the main factors mouse strain, immune status,
and time post inoculation to produce the outcomes shown in Figure. 1. Naive C57BL/6
mice had significantly higher lung weight increases than naive A/J mice on days 3 and 10
pi (p < 0.028), and immune C57BL/6 mice on day-10 pi (p = 0.0004). Between days 3
and 10 pi, disease (lung weight increase) decreased from 31.8 % to 16.6 % in immune
A/J mice, and increased from 43.0 % to 59.9 % in immune C57BL/6 mice. This
indicated that disease was enhanced by the host immune response in a host-restricted and
time-dependent fashion.

5.8
0

Conversely, naive A/J mice had a lung burden of 1 C. pneumoniae genomes

that was highly significantly higher than the 10°*® genomes of C57BL/6 mice (p < 10™).
ghly sig
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On day 10 pi naive A/J mice carried 1 C. pneumoniae genomes as compared to the

significantly lower load of 10*® genomes of C57BL/6 mice (p = 0.013). The C.

6.75 3.82
0 0

pneumoniae lung load declined from 1 to 1 in immune A/J mice, and decreased
from 10°% to 10*** in C57BL/6 immune mice from day-3 to day-10 (p < 10™). Overall,
the observation is of interest that early after inoculation on day 3 pi immune mice of both
strains showed highly significantly higher lung C. pneumoniae loads than naive mice (p <
107%.

In partial least square analysis all 5 binomial factors (mouse strain, immune
status, time pi, dietary protein, dietary antioxidants) and their 26 full factorial
combinations were used to model disease (lung weight increase; = 0.57,r=0.76, p <

10 and total C. pneumoniae lung burden (r* = 0.54, r=0.73, p < 10™) in best possible
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fits of all data (n = 320) or of the groups means (n = 32; lung weight increase and C.
pneumoniae lung burden: r* = 1) that differed in their explanatory power (r*). The
relative contribution of the main factors to disease and C. pneumoniae lung load was
identical in both models and was calculated from the sum of all fractional factor scores of
the single PLS component (Table 5). These data showed that immune status and mouse
strain were the main contributors to disease, while time after inoculation, immune status,
and mouse strain are the main influences on C. pneumoniae lung load. Dietary protein
and antioxidants only marginally affected the main outcomes of C. pneumoniae
challenge, and for that reason were not considered in the following analyses.

The 3 main binomial variables (mouse strain, immune status, time pi) and their
full factorial combinations were applied in a simplified 7-parameter full factorial PLS
model to predict lung weight increase and C. pneumoniae lung burden (Figure 3). The
relative contributions of each parameter to lung weight increase and lung C. pneumoniae
load are shown in Figure 4. This 7-parameter PLS model highly produced a highly
significant prediction of lung weight increase and C. pneumoniae lung burden with high
accuracy. Consistent with data shown in Figures 1 and 2, host genetics (mouse strain)
was the only factor contributing strongly, and with opposite effect, to both disease and C.
pneumoniae lung load. Disease (lung weight increase) was exclusively driven by
immune status and mouse strain, in this order of importance. C. pneumoniae lung load
was ~50% dependent on the interaction of immune status with time after challenge
inoculation, followed by time pi, mouse strain, and the interaction of mouse strain with

immune status. These results are consistent with data shown in Figure 2.
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Marker transcript levels differ significantly for the main factors influencing
outcomes of C. pneumoniae challenge infection.

Figures 5-12 show the summary information about the dependence of disease and
C. pneumoniae burden and of 25 gene copy or transcript concentration parameters on
main factors mouse strains, immune status and time after inoculation. C57BL/6 mice had
generally higher transcript levels than A/J for most cellular markers except for T cell
maturation markers (Figure 5, A). Most cytokines, inflammatory modulators, and
cellular markers were significantly lower in naive than in immune mice (Figure 5, B), and
significantly higher on day-3 pi than on day-10 pi (Figure 5, C).

In Figures 6-12, that present detailed transcript data, most transcript
concentrations showed a strong interaction between immune status and time pi for both
mouse strains. Typically, transcript levels decreased between days 3 and 10 pi in
immune mice, and increased in naive mice. This trend is evident for both A/J and
C57BL/6 mice in parameters PBGD intron, lactoferrin, F4/80, NKp46, CD45RB,
CD45RO, perforinl, Argl, Arg2, Nos2, Cybb, Ptgs2, IL-6, TNF-a, IFN-y, Cxcl2, IL-10,
and Ccl2. Serpine 1 decreases in both naive and immune mice between day 3 and 10 pi,
and CD19 does not show a significant trend.

Transcripts of the pan T cell marker CD33 in immune A/J mice were highly
significantly increased over naive A/J mice (p < 10™), but did not change significantly
between days 3 and 10 pi (Figure 7, A). In contrast, they increased in naive C57BL/6
mice (p = 0.007), but highly significantly decreased in immune C57BL/6 mice (Figure 7,
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B; p < 10™). Concentrations and immune-time interactions of the functional T cell
markers Tim3 and GATA3 are fundamentally different between A/J and C57BL/6 mice
(Figure 7, C-H). They decreased between days 3 and 10 pi in immune A/J mice, and
increased in immune C57BL/6 mice. This resulted in higher ratios of Tim3/GATA3 or a
stronger Th1 shift in immune C57BL/6 mice than in immune A/J mice both on day 3 (p <
10*) and on day 10 pi (p < 0.038).

Trends for Arg2 transcripts, the macrophage-specific arginase and an indicator of
macrophage activation status, were similar in A/J and C57BL/6 mice, with increases
between day 3 and 10 in naive mice, and decreases in immune mice. However, the
overall expression of Arg2 was higher in C57BL/6 mice. The specific activation status of
macrophages, as measured by the ratio of the arginase 2 transcript over the macrophage
marker transcript F4/80 (Arg2/F480), was highly significantly lower on day 3 pi in A/J
mice than in C57BL/6 mice (p < 0.009). It increased from day 3 to day 10 significantly

in A/J mice (p < 10), and decreased significantly in C57BL/6 mice (p < 0.037).

Early transcript levels on day 3 associate with opposite late C. pneumoniae infection
outcomes on day 10.

To survey the association of genetic parameters with the disease and C.
pneumoniae load outcomes, correlation coefficients (r) of the day-3 and day-10
parameters with the day-3 and day-10 outcomes of all animals, and of the day-3 group
means with the group means of the day-10 outcomes were plotted (Figure 13). For the
early outcomes, most day-3 parameters significantly positively correlated to both day-3
disease (lung weight increase) and day-3 C. pneumoniae lung load (Figure 13, A). In
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contrast, for the late day-10 peak disease or C. pneumoniae lung load outcome, the
correlation of day-10 parameters to day-10 outcomes was highly variable (Figure 13, C).
High day-10 CD35 transcript concentrations significantly associated with low day-10 C.
pneumoniae lung load. Importantly, Thl inflammatory markers Tim3, Tim3/GATA3,
and arginasel significantly and strongly positively correlated on day 10 with disease,
clearly indicating that C. pneumoniae disease associates with a delayed-type
hypersensitivity response. Several transcript concentrations such as those of F4/80,
arginase 2, Cybb, IL-6, Cxcl2, IL-10, and Ccl2 correlated positively with C. pneumoniae
lung load, and tended to also negatively correlate with disease. However, a significant
correlation to both outcomes was observed only for transcripts of the cytokine Ccl2
(Figure 13, C). Thus, at the late post-challenge time point these parameters were
associated with reduced chlamydial elimination but also a tendency to reduced disease.
To identify candidate mechanisms operative in precipitating late peak disease, or
protection from it, correlations of the 16 group means of day-3 transcript parameters with
the 16 corresponding group means of the day-10 outcomes were evaluated (Figure 13, B).
Virtually all day-3 transcripts correlated significantly and negatively with day-10 C.
pneumoniae lung burden, indicating that all early inflammatory mechanisms eliminated
chlamydiae. Most day-3 transcripts did not significantly correlate with day-10 disease.
The exception were lactoferrin, NKp46, Tim3/GATA3, Arg2, and Arg2/F4/80, which
were all significantly associated with increased day-10 disease. The inverse regressions
of day-3 lactoferrin, NKp46, and Arg2 transcripts to day-10 disease (lung weight
increase) and C. pneumoniae lung load are shown in Figure 14. Importantly, these data
suggest that an exaggerated contribution of innate immunity to the early response to C.
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pneumoniae challenge (lactoferrin, NKp46), and excessive Thl immunity
(Tim3/GATA3) and macrophage activation (Arg2, Arg2/F4/80) are involved in

precipitation of late disease.

Host-dependent levels of early Thl and Th2 responses, and their balance, highly
significantly model the late disease and load outcomes of C. pneumoniae lung
infection.

To better understand the contributions and interactions of host gene expression on
C. pneumoniae disease mechanisms, day-10 disease or C. pneumoniae lung load
outcomes were modeled by stepwise multiple regression analysis. An initial model
predicting day-10 lung weight increase from the 16 group means of all day-3 transcript
parameters was iteratively refined to models of reduced complexity to a final simple best-
fit model using the 3 transcript parameters Tim3, GATA3, and Arg2 that explained 85%
of the data (Figure 15 A). These day-3 transcripts were then used to compute a day-10 C.
pneumoniae lung load model (Figure 15 C). This model did not have the highest
explanatory power, but was calculated to visualize the complex, partially opposite effects
of day-3 transcript levels on the day-10 disease and C. pneumoniae lung load outcomes.
The validity of both models was confirmed by the similarity of models derived from
partial data sets of the even or odd cases of the complete data.

To dissect the interaction of the transcript parameters, the 3-parameter multiple
regression model for day-10 lung weight increase was emulated by partial least square
regression (PLS) analysis. The rearrangement of the transcripts into new composite

variables produced three components with potential biological significance (Figure 15 B).
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These components were termed Thl inflammation, Thl:Th2 balance, and Th2
inflammation because of the absolute factor scores and the relative values with which
Tim3, GATA3, and Arg2 contributed to these latent variables. Day-3 Tim3 and Arg2
transcripts, but not GATA3, contributed positively to component 1, which was therefore
termed Th1l inflammation, and which explained 55% of the day-10 lung weight increase.
Component 2 explained an additional 11% of the data, and was termed Th1:Th2 balance
because both Tim3 and GATA3 contributed, but not Arg2. Component 3 explained
additional 19% of the data. It was negatively determined by Tim3, strongly positively by
GATA3, and weakly positively by Arg2, and was therefore named Th2 inflammation.

Day-3 Tim3, GATAS3, and Arg2 transcripts predicted day-10 C. pneumoniae load
in a single-component PLS model with an r* = 0.72 (Figure 15 C). Components 2 and 3
were not used in PLS modeling because they contributed each only 0.01 to the overall 1*
value. The single component model indicated that high levels of transcripts of Tim3,
GATA3, and Arg2 correlated with low C. pneumoniae lung loads (Figure 15, D).

Figure 16 visualizes the complex interaction of Tim3, GATA3, and Arg2 lung
transcript concentrations that produce the day-10 outcomes as shown in Figure 2 and
modeled by PLS regression, i.e., high disease vs. A/J mice in C57BL/6 mice, particularly
those with immunity to C. pneumoniae, and ineffective C. pneumoniae elimination in
naive A/J mice vs. immune A/J mice and all C57BL/6 mice. The striking difference in
disease outcome between the 2 mouse strains in naive, but particularly in immune
animals, correlates with consistently higher Arg2 transcripts in C57BL/6 mice, and with
highly increased GATA3 transcripts in immune A/J mice. In contrast, decreased day-10
C. pneumoniae load correlates with increased Tim3 and Arg2 transcripts.

99



DISCUSSION

This investigation analyzed the simultaneous effect of multiple determinants on
two measures of the outcome of murine C. pneumoniae lung infection, 1) disease
expressed as lung weight increase and 2) the burden of C. pneumoniae bacteria in the
lung. The overriding result is that optimum outcomes for both measures appear
incompatible, and that the infected host has to prioritize the outcomes. C57BL/6 mice
showed under all conditions of infection higher disease than A/J mice, but generally
eliminated the infectious organisms more efficiently than A/J mice. Thus, A/J mice
prioritized minimizing disease at the cost of reduced pathogen elimination while
C57BL/6 mice prioritized elimination of C. pneumoniae at the cost of increased disease.
Therefore, the host genetic makeup was the decisive factor that determined if the
infection resulted in severe or marginal disease. This is consistent with a body of reports
about host genetic restriction of responses to chlamydial antigens or infection (9, 11, 13,

73, 84, 86).

Another important result is the observation that disease was always more severe
in animals that had established immunity against C. pneumoniae as compared to animals
that had not been previously exposed to the bacteria. Conversely, immune animals
reduced C. pneumoniae bacteria by about 100- to 1000-fold between 3 and 10 days after
inoculation while naive animals did not achieve net reduction of the bacteria during this
time. It is the adaptive immune response that maximizes disease but also accomplishes
the indispensable requirement of eliminating the bacteria from the infected host. Thus,
the interaction of acquired immunity with the host genetic background is the critical

determinant for disease severity.
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Finally, maximum disease required some time to develop, and was observed late
on day 10 after inoculation, but not early on day 3. This indicates that disease is
enhanced by the immune response in a time-dependent and host-restricted fashion. The
corollary of this observation is that host regulation of the early response to the C.
pneumoniae inoculum is the key disease determinant.

To pinpoint genetic mechanisms regulating disease, or protection from it, the
transcription of genes involved in immune regulation and inflammation was
quantitatively analyzed. Most of the transcripts decreased significantly between day 3
and day 10 in immune mice, increased significantly in naive mice, were on day 3 higher
in immune than in naive mice, and on day 10 higher in naive than in immune mice
(Figure 5). Obvious observations were the high transcript levels of markers of naive and
memory T cells, CD45RB and CD45RO, respectively, in A/J mice, immune mice, and on
day 3 rather than on day 10 pi. Of interest were also the consistently increased
concentrations of cytokine (particularly of IL-6 and IFN-y) and inflammatory effector
transcripts in day-3 immune mice (Figure 5). Correlations of day-3 transcript
concentrations with day-3 disease or C. pneumoniae load outcomes were concordant for
both outcomes, and day-10 transcript correlations were variable with both outcomes, but
mostly discordant (Figure 13).

Most revealing was the projection from day-3 transcription to day-10 outcomes of
the C. pneumoniae challenge: virtually all correlations of day-3 transcript means were
discordant for the day-10 outcome means. Consistent with the incompatibility of
simultaneous low disease and chlamydial load, high day-3 expression of marker

transcripts of neutrophils and natural killer cells (lactoferrin, NKp46) was associated with
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high day-10 lung weight increase and low C. pneumoniae lung burden. Similarly, high
transcript concentration of the macrophage-specific arginase 2, an indicator of
macrophage activation, and high ratios of Tim3 to GATA3, and of arginase 2 to F4/80
transcripts on day-3 associated with enhanced day-10 disease, but reduced chlamydial
lung loads. These data strongly suggested that an exaggerated contribution of innate
immunity to the early response to C. pneumoniae challenge (lactoferrin, NKp46), and
excessive Thl immunity (Tim3/GATA3) and macrophage activation (Arg2, Arg2/F4/80)
are involved in precipitation of late disease. In fact, disease-resistant A/J mice had
significantly lower levels of these markers, and also higher IL-10 transcripts, than
C57BL/6 mice (Figure 5), indicating an overall anti-inflammatory Th2 bias of the
response to C. pneumoniae infection in A/J mice.

A best-fit multiple regression model of the day-10 lung weight increase was found
by iteratively using all possible combinations of three day-3 transcript concentrations.
Using parameters Tim3, GATA3, and arginase 2, this model predicted peak disease on
day 10 pi with 85% explanatory power. PLS analysis dissected the interaction of these
parameters by combining them into three components that we termed Th1 inflammation,
Th1:Th2 balance, and Th2 inflammation because of the relative contribution of Tim3,
GATA3, and Arg?2 to these latent variables. Tim3, GATA3, and arginase 2 also predicted
the day-10 C. pneumoniae lung loads with an r* of 0.72 in a single-component PLS
model in which all day-3 transcripts negatively correlated with bacterial load.

Examination of absolute concentrations of the critical predictive determinants
reveals how the interaction of apparently unrelated gene transcription patterns produces

opposite disease outcomes - minimal disease in A/J mice and severe disease in C57BL/6
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mice, particularly in those with adaptive immunity to C. pneumoniae. Tim3 mRNA is
largely identical between the mouse strains, but is approximately 2-fold increased in
immune over naive mice. GATA3 is highly significantly increased in immune A/J mice,
and arginase 2 is consistently higher in C57BL/6 mice, and higher in immune than in
naive mice.

These data suggested a primary role for GATA3 in C. pneumoniae disease
regulation. Based on transcript data in this study, the following regulatory cascade was
envisioned: by inducing early after C. pneumoniae challenge a Th1:Th2 balance in
immune A/J mice, GATA3 mitigates the Thl-driven macrophage activation and
inflammation (3, 31, 36) and permits production of high levels of Thl, but also Th2,
cytokines by a robust T cell population. In contrast, low GATA3 activity allows an early
strong Thl polarity in immune C57BL/6 mice, resulting in high Thl, but not Th2,
cytokine production, and excessive macrophage activation. The ensuing intense
inflammation requires down-regulation by reduction of the CD4" T cell population and
Thl cytokine production driving inflammation because little Th2 anti-inflammatory
cytokines are released. Thus, high early IFN-y production required for elimination of
chlamydiae is balanced by IL-10 in immune A/J, but not in C57BL/6 mice.

These results do not negate the importance of Thl immunity in protection against
chlamydiae, emphasized in a large body of investigations that identified CD4" T cells and
their production of IFN-y as indispensable for clearance of chlamydial infections (34, 38,
53, 56, 57, 60). However, the results reported here clarify that Th2 immunity is not
exclusively counterproductive for resolution of chlamydial infection (24), but is also a

required component that controls inflammation elicited by the Th1 component of the anti-
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chlamydial immune response. In fact, the data presented in this study are consistent with
the fact that suppressed, but strongly Thl-polarized immunity is the pathogenetic
principle in chlamydial infection. Thus, host genetic control of induction and
maintenance of Th2 immunity and GATA3 expression (80, 88), the balance with Thl
responsiveness (68), and the avoidance of immunosupression associated with excessive
Thl immunity (14, 18) appear the main routes of inquiry that will provide answers to the

vexing problem of molecular mechanisms of chlamydial pathogenesis.
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Tables

Table 1. Balanced multivariate design of the C. pneumoniae challenge experiments.

Mouse® Immune Sacrifi%ing Diet
Strain Status Day Protein Antioxidants

. low

high .
AlJ high
low low
3 high
. low

high .
C57BL/6 high
low low
; high
naive ow

high -
AlJ high
low IC,)W
10 o

high -
C57BL/6 high
low low
high
. low

high ,
AlJ high
low low
3 high
. low

high ,
C57BL/6 high
low low
i high
immune ow

high -
AlJ high
low IC,)W
10 o

high -
C57BL/6 high
low low
high

*  Ten mice (2 cages of 5 mice) were used for each combination of experimental

categorical variables.

® Day 10 or 3 is the time to sacrificing of mice after challenge inoculation.
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Table 2. Composition of four custom rodent diets.

Components (g/kg) HH® HL LH LL

Casein 275.90 275.90 160.92 160.92
L-Cystein 4.41 4.41 2.41 2.41
L-Arginine HCI 9.37 9.37 2.46 2.46
Corn Starch 302.82 306.30 426.88 430.36
Maltodextrin 132.00 132.00 132.00 132.00
Sucrose 100.00 100.00 100.00 100.00
Soybean Oil 70.00 70.00 70.00 70.00
Cellulose (fiber) 50.00 50.00 50.00 50.00
Mineral Mix, AIN-93G-MX 35.00 35.00 35.00 35.00
Calcium Phosphate Monobasic -- -- 2.02 2.02
Calcium Carbonate 2.31 2.31 0.12 0.12
Vitamin Mix, AIN-93-VX 12.00 12.00 12.00 12.00
Choline Bitartrate 2.50 2.50 2.50 2.50
TBHQ (antioxidant) 0.01 0.01 0.01 0.01
Vitamin E Acetate (500 U/g) 0.72 0.10 0.72 0.10
Stay-C 35 2.86 -- 2.86 --
Food Color (soluble) 0.10 0.10 0.10 0.10

a

HH, high-protein & high-antioxidant: 24% protein, 1.8% L-arginine, Vit. E + Vit. C
HL, high-protein & low-antioxidant: 24% protein, 1.8% L-arginine
LH, low-protein & high-antioxidant: 14% protein, 0.8% L-arginine, Vit. E + Vit. C

LL, low-protein & low-antioxidant: 14% protein, 0.8% L-arginine.
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Table 3a. Oligonucleotide primers and probes used in real-time PCRs.

gene name
length
exon

primers

3 \a
probes® Sequence (5—3)

. UP | GGGGTTGTAGGGTYGAGRATAWRRGATC
gggﬂ%gf- DN | GAGAGTGGTCTCCCCAGATTCARACTA
166 bp BOD | BOD-CCTGAGTAGRRCTAGACACGTGAAAC—P
FLU | ACGAAARAACAARAGACKCTAWTCGAT—6-FAN
UP | CCTAGTAGAGACACACCTGAATTGCTATTGTGA
PBGDintron | DN | TTCATAGCCAAGACTACTGCTTACTGCCTG
176 bp BOD | BOD-TGAGCTGGGAAGCTTGCTTATCTCCT-P
FLU | TGGGCAGGCTGCCTGAGATAAGG-FAM
. UP | CCTGCATCCCTTGAGGAAGCGGTA
Lﬂggﬁ”m DN | TCCAGCATTGTCTCTCAGACACCTCAAG
o) OP BOD | BOD-GAGGAGCCATACTCAGGTTATGCTGGA—P
FLU | AGCCAACAAATGTGCCTCTTCCCC-6-FAM
UP | CAAAGACCTAGAGGTGACATGTGAAGATATTCA
;Zg%) DN | TTGCTGTATCTGCTCACTTTGGAGTATCAAGT
20 BOD | BOD-CTGCAAAAGGATCCTCTTCAAGTGTAAGGAP
FLU | GAAGGCTCCCAAGGATATGGAAACTTCA—6-FAN
UP | TGGCTCTTACAACGACTATGCATGGTCT
NKp46 DN | GATCCCAGAAGGCGGAGTCCTTTTG

80P | BOD | BOD-GAGTTTGACCTTTCAACCAATGAATCAGGA-P
FLU | CCTACCGACCCTACTTCTTCTCTTGATTATTG-6-FAN
UP | TGCAAGTCCATTACCGAATGTGCCA

;ﬁgii DN | ATCTTCACGATCTCGAAGAGGCTGATACAG

o BOD | BOD-CTTCTGGGGCTGCTGAGGTTCAAG—P
FLU | TTTGCAGGACATGAGACCGGAAGG—6-FAM

. UP | CTGAAATTAGACATCAAAGCAGCCAAGGT
éEgﬁL DN | GTTCTGATCGTTTCTCCAGAGTCCTTAATTTC
e BOD | BOD-GGAACAAAAATTTCCACATGGGCTGA-P

FLU ACAGACACTGGTGACCCTCCATAATAACAA-6-FAM

UP | AAGCCCAAGCGAAGGCTGTCG
?ﬁrﬁ3 DN | TTTCTTCATAGTCAGGGGTCTGTTAATATTATGAAG
A BOD | BOD-GCAATGCCTGTGGGCTGTACTACAAG—P

FLU | GAACGCTAATGGGGACCCGGTC—6-FAM

UP, upstream primer; DN, downstream primer; BOD, amine-reactive Bodipy
fluorophore attached to 5’ terminus; FLU, 6-FAM, 6-carboxyfluorescein attached to
3’-O-ribose; P, Phosphate group attached to the 3’ terminus; [=deoxy inosine;

K=G/T; R=A/G; W=A/T; Y=C/T.
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Table 3b. Oligonucleotide primers and probes used in real-time PCRs.

gene name primers ’ .
Izzgtnh probes® Sequence (5 —3’)
UP | CACAGAAGTCTTTGTCACAGGGCAAACA
CZ%‘;TB DN | GAGTTGTGAGGCTGGCACCTGGTG
oon 2'?7 BOD | BOD-CGTGGATAACACACCATCACTGGGTGTA-P
FLU | TGTGGGGACAGGTGAGGCAGCA—6-FAM
UP | CACAGAAGTCTTTGTCACAGGGCAAACA
C1D475§O DN | GTTCCCAAACATGGCAGCACATGTT
exi . 2'?9 BOD | BOD-GGCTGGCACCATCACTGGGTGTA—P
FLU | GCCCAGAGTGGATGGTGTAAGAGTTGTG—6-FAM
. UP | ATGTGAACCCTAGGCCAGAGGCAAAC
P?gzrt')” 1 DN | TCTGAGCGCCTTTTTGAAGTCAAGGT
oxon 1'?3 BOD | BOD-CGCATGTACAGTTTTCGCCTGGTACAA—P
FLU | GACCAGTACAACTTTAATAGCGACACAGTAGAGTG-6-FAM
UP | GGTCATTGCAAGGTCAGCAGTGTGG
1%% 1b9p DN | GGAGGCGTCACTTTGAAGAATCTCCTG
oxon 47 BOD | BOD-CCTGAGAAGGAAAAGGAAGCGAATGACT-P
FLU | GTGGCTTTTCTCTATTGTCAAAGAGCCTTTA-6-FAM
UP | GTGGAGACCACAGTCTGGCAGTTGGA
zﬁgg;p DN | GCAGGGAGTCACCCAGGAGAATCCT
oxon 35 BOD | BOD-GAAGGAACTGAAAGGAAAGTTCCCAGATGT-P
FLU | CATGGGCAACCTGTGTCCTTTCTCC—6-FAM
UP | TTTCTCTCGGGGACAGAAGAAGCTAGGA
1269§p DN | CAGATTATTGTAGGGATCATCTTGTGGGACA
oxon 13 BOD | BOD-TCTTCAGCAAGCCAGCTTCTCGAATGG-P
FLU | GGTGGCATCCCAACCTGGAGAGC—-6-FAM
UP | GCTACGCCTTCAACACCAAGGTTGTCT
1ngsbzp DN | CAAACACAGCATACCTGAAGGTGTGGTT
exom 145 |_BOD | BOD-GCAATGGGCAGACTCTGAAGAAATCTCTG-P
FLU | GCACATTTGGGAATGGAGACTGTCCC—6-FAM
UP | CTATTCAATGCTTGTGGCTGTGATAAGCA
1%bt?p DN | CCTGCACAGCCAGTAGAAGTAGATCTTTTTG
oxon o7 BOD | BOD-CAACTGCTATCTTAGGTAGTTTCCAGGCATC-P
FLU | TCTTCACTGGCTGTACCAAAGGGTCCA—6-FAM
UP | TCACAGGAGAAGGGACGCCATGCA
2£L6_£t1)p DN | GTGCAGCTTATCGATGAATCCAGGCA
xon 25 BOD | BOD-GTGAGCTCGTCTGTAGGGCTTCCAA—P
FLU | CTCACAGCAACGAAGAACACCACAGAG—6-FAM

UP, upstream primer; DN, downstream primer; BOD, amine-reactive Bodipy
fluorophore attached to 5’ terminus; FLU, 6-FAM, 6-carboxyfluorescein attached to
3’-O-ribose; P, Phosphate group attached to the 3’ terminus; [=deoxy inosine;

K=G/T; R=A/G; W=A/T; Y=C/T.
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Table 3c. Oligonucleotide primers and probes used in real-time PCRs.

gene name primers ’ .

I(:r;g:]h probes® Sequence (5'—>3’)
UP | AGGACTGGGCCATGGAGTGGACTTA

f?gif DN | CAGGGATGTGAGGAGGGTAGATCATCTC

exon5?7 BOD | BOD-GTATCCCCCCACAGTCAAAGACACTCA-P
FLU | AATTGAAATATCAGGTCATTGGTGGAGAGG-6-FAM
UP | GTTCCTCTCTGCAAGAGACTTCCATCCA

Zragp DN | CCATTGCACAACTCTTTTCTCATTTCCAC

exon 1.3 BOD | BOD-ACCAGCATCAGTCCCAAGAAGGCAA—P
FLU | TTGTGAAGTAGGGAAGGCCGTGGTTGT-6-FAM
UP | GCCACCACGCTCTTCTGTCTACTGAACT

1;$Ep DN | CTCCACTTGGTGGTTTGCTACGACGT

exon 2.5 BOD | BOD-TTGGGAACTTCTCATCCCTTTGGGGA-P
FLU | CCATAGAACTGATGAGAGGGAGGCCA—6-FAM
UP | CCTTCTTCAGCAACAGCAAGGCGAA

1gQ%p DN | CAGCAGCGACTCCTTTTCCGCTTC

oxon 34 BOD | BOD-GGGTTGTTGACCTCAAACTTGGCAATAC—P
FLU | TGAATGCTTGGCGCTGGACCTG-6-FAM
UP | ACGTGTTGGCTCAGCCAGATGCAGTTAA

éiﬁcgé DN | TGGACCCATTCCTTCTTGGGGTCA

exon 25 BOD | BOD-TGTCCCAAAGAAGCTGTAGTTTTTGTCACC—P
FLU | AGAGCTACAAGAGGATCACCAGCAGCAG—6-FAM
UP | GCACTGCTATGCTGCCTGCTCTTACTG

;E;%L DN | CAACCCAAGTAACCCTTAAAGTCCTGCAT

on 24 BOD | BOD-CCAGCTGGACAACATACTGCTAACCGACT-P
FLU | CCAGGTGAAGACTTTCTTTCAAACAAAGG-6-FAM
UP | ACGTGTTGGCTCAGCCAGATGCAGTTAA

1g§fp DN | TGGACCCATTCCTTCTTGGGGTCA

exon 24 BOD | BOD-TGTCCCAAAGAAGCTGTAGTTTTTGTCACC—P
FLU | AGAGCTACAAGAGGATCACCAGCAGCAG—6-FAM
UP | CGCCTCCTCATCCTGCCTAAGTTCTC

égg@; DN | TGAGATGACAAAGGCTGTGGAGGAAGAC

oxon o8 BOD | BOD-TAGCACAGGCACTGCAAAAGGTCAGG-P
FLU | AGTCTTTCCGACCAAGAGCAGCTCTCT-6-FAM
UP | GGACTCCTTGTCCTTGATCTTTCAGACAA

1g§§p DN | ACACATAGGAAGTATCTGACTCCTTGGGAAA

exon 1.3 BOD | BOD-TCATGAAGACATGTTTAAAAAGGCCTTTGT
FLU | ATCATGATCAGCTTCTCTCGGACTTTTG-6-FAM

a

UP, upstream primer; DN, downstream primer; BOD, amine-reactive Bodipy
fluorophore attached to 5’ terminus; FLU, 6-FAM, 6-carboxyfluorescein attached to
3’-O-ribose; P, Phosphate group attached to the 3’ terminus; [=deoxy inosine;

K=G/T; R=A/G; W=A/T; Y=C/T.
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Table 4a. Functional significance, GenBank accession number, and key references

of transcripts of cellular marker genes.

Specific marker & definition

GenBank accession
number & references

PBGD intron J04981
The 3" enzyme of the heme biosynthetic pathway Beaumont et al. (2).
NM_ 008522

Lactoferrin
Neutrophil secreted antimicrobial-globular protein

Shirsat et al. (66).
Rogan et al. (59).

F4/80
Macrophage surface antigen with unknown function

NM 010130
Lin et al. (40).
Schaller et al. (64).

NKp46
NK cell natural cytotoxicity triggering receptor 1

NM 010746
Vankayalapati et al. (75).
Pessino et al. (54).

Sivori et al. (67).

CD36
T cell-specific, expressed T cell receptor component

NM 013487
Elsen et al. (17).
Dave et al. (12).
Kappes et al. (32).

Tim 3
CD4 Th1 cell surface protein

AF450241

Monney et al. (44).

Khademi et al. (35).
Veillard et al. (76).

GATA-3
CD4 Th2 cell-specific GATA-3 transcription factor

X55123

Ko et al. (37).
Nawijin et al. (47).
Zheng et al. (85).
Pai et al. (52).

Zhu et al. (88).

CD45RB
Naive T cell surface protein

NM 011210
Hermiston et al. (25).
Saga et al. (62).

CD45RO
Memory T cell surface protein

NM 011210
Hermiston et al. (25).
Saga et al. (62).

Perforin 1

CD8 CTL and NK cell secreted cytolytic granule protein

J04148

Trapani et al. (72).
Podack et al. (55).
White et al. (78).

CD19
B cell surface protein

NM_009844
Zhou et al. (87).
Sato et al. (63).
Gardby et al. (20).
Gardby et al. (21).
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Table 4b. Functional significance, GenBank accession number, and key references

of inflammatory regulator gene transcripts.

Specific marker & definition

GenBank accession number and
references

Arginasel
Liver isoform, cytosolic enzyme

NM 007482
Takiguchi et al. (69)
Mori et al. (45).

Arginase2
Extra-hepatic (macrophage) isoform, mitochondrial enzyme

NM_009705
Shi et al. (65).
Mori et al. (45).

NoS? Lyons el (41)
Macrophage produced Nitric oxide synthase 2 Okamoto et al.(51).
Cybb NM_007807

Cytochrome b-245, beta polypeptide (formerly gp91°"*
subunit of the phagocyte oxidative burst NADPH oxidase)

Bjorgvinsdottir et al. (3).
Chamseddine et al. (10).

Ptgs2
Prostaglandin-endoperoxide synthase 2 (cyclooxygenase-2,
COX-2)

NM 01198
O’Banion et al. (49).
Ejuma et al. (16).
Hodges et al. (26).

IL-6
Interleukin-6

NM_ 031168
Van Snikc et al. (74).
McLoughlin et al. (42).

TNF-a
Tumor necrosis factor

NM_013693
Fransen et al. (19).
Botha et al. (6).
Jendro et al. (31).

IFN-y NM_008337
Interferon gamma Gray et al. (23).
Cxcl2 NM_009140

C-X-C motif ligand 2 ( formerly macrophage inflammatory
protein-2, MIP-2, homolog to human IL-8)

Tekamp-Olson et al.(71).
Hodges et al. (26).

1L-10
Interleukin-10

NM 010548
Kim et al. (36).
Murray et al. (46).

Ccl2
C-C motif ligand 2 (monocyte chemotactic protein-1, MCP-

D

NM 011333
Boring et al. (4).
Rutledge et al. (61).

Serpinel NM_008871

Serine proteinase inhibitor E 1 (formerly plasminogen Yamamoto et al. (80).

activator inhibitor-1, PAI-1) Rebecca et al.(58).

IL-4 NM 021283

Interleukin-4 Noma ctal. (48).
Butler et al. (8).

CRP NM_007768

C-reactive protein

Ohnishi et al. (50).
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Table 5. Percent absolute contribution of the main factors to disease (lung weight

increase) and lung C. pneumoniae load in the full factorial PLS model.

Factor Contribution to Contribution to lung C. pneumoniae,
Disease, % %

Mouse strain 37.8 21.4

Immune status 46.3 291

Time post inoculation 8.6 41.9

Dietary protein 4.6 4.7

Dietary antioxidants 2.7 2.9
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Figure 1. The fundamental conundrum: prioritize minimizing disease or eliminating
C. pneumoniae. Female A/J or C57BL/6 mice received a pre-challenge mock inoculum
(naive) or a low-dose C. pneumoniae inoculum (5x10° EB; immune), were fed a diet
containing low (14%) or high (24%) protein and low antioxidant (3.56 g vitamin C + 0.85
g vitamin E acetate per kg diet) or high antioxidant (6.42 g vitamin C + 1.57 g vitamin E
acetate per kg diet) concentrations, intranasally challenged 4 weeks later with 1x10° C.
pneumoniae, and sacrificed during early disease (3 days post inoculation, pi) or peak
disease (10 days pi). Results are shown for all A/J mice (n = 160) and C57BL/6 (n = 160)
mice as A, average percentage of lung weight increase + 95% confidence interval and B,
average log;o C. pneumoniae / lung + 95% confidence interval. Grey bars denote A/J
mice and black bars C57BL/6 mice. A/J mice had an average 14.1 % lung weight
increase that was highly significantly lower than the 35.9 % lung weight increase of
C57BL/6 mice (Tukey HSD test, A). The ratio A/J to C57BL/6 mice was reversed for the
C. pneumoniae lung burden with 10> copies of C. pneumoniae /lung in A/J mice that

were highly significantly higher than 10*” copies in C57BL/6 mice (B).
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Figure 2. Influence of mouse strain, immune status and time after challenge
inoculation on disease (lung weight increase) and C. pneumoniae lung burden. Data
represent means per treatment group (n = 40) = 95% confidence interval. Open circles
(©) denote naive mice and closed circles (@) immune mice. Both immune A/J and
C57BL/6 mice had significantly higher lung weight increase than naive mice on day 3
and day 10 (p < 10™, Tukey HSD test; A, B). Between day 3 to day 10, the lung weight
decreased significantly in immune A/J mice (p = 10™*) and increased significantly in
immune C57BL/6 mice (p = 0.023). The C. pneumoniae lung burden declined highly
significantly between day 3 and day 10 in immune mice of both strains (p < 10, C, D)

and increased in naive C57BL/6 mice (p = 0.05, D).
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Figure 3. Prediction of lung weight increase and C. pneumoniae lung burden in a 7-
parameter full factorial PLS model. Disease and C. pneumoniae lung burden outcomes
of the means of all experimental groups (n = 32 groups of 10 mice each) were modeled
by PLS analysis using the 3 dominant binomial variables (mouse strain, immune status,
time post inoculation) and their full factorial combinations (mouse strain X immune
status, mouse strain x time post inoculation, immune status x time post inoculation, and
mouse strain X immune status X time post inoculation). This 7-parameter PLS model
highly significantly predicted A, lung weight increase (+ 95% CI) and B, C. pneumoniae
lung burden (+ 95% CI) with high accuracy. Regression lines with the use of individual
animals (n = 320) instead of group means were identical, but the fit to the data was
different (lung weight increase: r* = 0.47, r = 0.69, p < 10™*; C. pneumoniae lung burden:

»=0.34,r=0.58,p<10™).
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Figure 4. Relative contributions to lung weight increase and lung C. pneumoniae
load of each parameter in the 7-parameter PLS model. Relative contributions of the 3
main variables (mouse strain, immune status, and time pi) and their full factorial
combinations on lung weight increase and lung C. pneumoniae load outcomes in the 7-
parameter PLS model were calculated from the factor scores. Black bars denote the
contribution to lung weight increase, and grey bars to lung C. pneumoniae load. Lung
weight increase was almost exclusively dependent on mouse strain and immune status,
while C. pneumoniae lung load was dominantly influenced by the interaction of immune
status with time pi, followed by time pi, mouse strain, and the interaction of mouse strain
with immune status. The variable mouse strain has opposite influence on disease and C.
pneumoniae lung load, while other variables such as immune status, or the interactions of

main variables predominantly influence either disease or C. pneumoniae lung load.

116



2.0

1.0

e Wlll

Ratio (A/J / C57BL/6), Log,

= g w b
(=] =] o o

Ratio (Immune / naive), Log,
o
(=]

-1.0

b
=}

L
il

g
bl

_.
T

0.04

Ratio (Day3 / Day10), Log,

Figure 5. Contribution of mouse strain, immune status and time post inoculation on
27 outcome parameters in C. pneumoniae lung infection. Results are shown as log,-
transformed values of the means of A, all A/J mice (n = 160) over C57BL/6 mice (n =
160), B, naive mice (n = 160) over immune mice (n = 160), and C, day-3 sacrificed mice

(n = 160) over day-10 sacrificed mice (n = 160). Grey bars denote no significant
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differences, and black bars denote significant differences for a parameter (p < 0.05,
Turkey HSD test). C57BL/6 mice had higher transcript levels for most cellular markers
with exception of T cell maturation markers CD45RB and CD45RO that were expressed
in A/ J mice at significantly higher levels. Immune mice showed significantly higher
transcript levels for most cytokines, inflammatory modulators, and cellular markers. The
exception was the CD8 T cell marker perforinl, which was significantly higher in naive
mice. Mice sacrificed on day 3 pi had significantly higher levels of most parameters than
those sacrificed on day 10. Significantly higher expression levels on day 10 were

observed only for the parameters lactoferrin, Tim3, perforinl, and Arg2/F4/80.
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Figure 6. Influence of mouse strain, immune status and day post inoculation on

total lung cell numbers (PBGD intron), and lung transcript levels of lactoferrin,

119



F4/80, and NKp46. Results are shown as log,-transformed values = 95% confidence
interval of the day-3 and day-10 means of naive and immune animals for both A/J and
C57BL/6 mice. Each data point represents 40 mice, comprising 4 groups of 10 mice fed
one of the 4 diets. Open circles (o) denote naive mice, and closed circles (@) immune
mice. In general, naive mice of both strains had significantly lower levels of these four
parameters on day 3 pi than on day 10 pi, while immune mice showed the opposite trend
with significantly lower levels on day 10 pi than on day 3 pi (A-H). Significant
differences typically can be deduced from the relative position of the error bars of the
95% CI: in 8-way post-hoc Tukey HSD comparisons of group means of a parameter,
non-overlapping error bars indicate significantly different means, e.g., the day-10 means
of the log, PBGD intron of naive and immune C57BL/6 mice are significantly different

(p=0.03).
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Figure 7. Influence of mouse strain, immune status and day post inoculation on
lung transcript levels of CD36, Tim3, GATA3, and ratio Tim3/GATA3. In general,

naive mice had significantly lower transcript levels of CD39, Tim3, and GATA3 than
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immune mice of both strains, particularly in A/J mice on day 3 pi (A-F). Interestingly,
transcript levels of Tim3 and GATAS3 decreased highly significantly in immune A/J mice
(p < 10™), and increased highly significantly in immune C57BL/6 mice (p < 10%; C-F),
which resulted in significantly higher ratios of Tim3/GATA3 or a stronger Thl shift in

immune C57BL/6 mice than in immune A/J mice (G, H).
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Figure 8. Influence of mouse strain, immune status and day post inoculation on
lung transcript levels of CD45RB, CD45RO, Perforinl, and CD19. Transcript levels

of CD45R0O, CD45RB and perforinl decreased in immune mice and increased in naive
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mice of both strains. In general, on day 3 pi immune mice had significantly higher
transcript levels than naive mice, and on day 10 naive mice had significantly higher
transcript levels than immune mice, indicating a significant interaction between immune
status and time pi (A-F). Transcript levels of CD19 with higher variance did not change

significantly for mouse strains, immune status and day pi (G, H).
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Figure 9. Influence of mouse strain, immune status and day post inoculation on
lung transcript levels of Argl and Arg2, and ratio of Arg2/F480. Argl transcript
levels decreased in A/J immune mice between day 3 and day 10 and increased in immune
C57BL/6 mice (A, B). Trends for Arg2 transcript were similar in A/J and C57BL/6 mice,
with significant increases between day 3 and 10 in naive mice, and decreases in immune
mice. However, overall expression of Arg2 was significantly higher in C57BL/6 mice

(C, D). The ratio of Arg2/F480 increased significantly in naive A/J mice (p = 0.0007)
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and immune A/J mice (p = 10™*) from day 3 to day 10, and decreased significantly in
naive C57BL/6 mice (p = 0.030) and immune C57BL/6 mice (p = 0.037) from day 3 to

day 10 (E, F).
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Figure 10. Influence of mouse strain, immune status and day post inoculation on
lung transcript levels of inflammatory effectors Nos2, Cybb and Ptgs2. Transcript
levels of Nos2, Cybb and Ptgs2 showed similar trends in both A/J and C57BL/6 mice.
Transcript levels increased significantly in naive mice and decreased significantly in

immune mice (A-F). In general, immune A/J and C57BL/6 mice had significantly higher

transcript levels on day 3 pi and lower transcript levels on day 10 pi.
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Figure 11. Influence of mouse strain, immune status and day post inoculation on
lung transcript levels of Thl-associated cytokines IL-6, TNF-a, IFN-y, and Cxcl2.

Transcripts of IL-6, TNF-a, IFN-y, and Cxcl2 in both strains declined significantly in
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immune mice and increased significantly in naive mice from day 3 to day 10 (A-H). On
day 3 pi, immune mice of both strains had significantly higher transcript levels than naive

mice.
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Figure 12. Influence of mouse strain, immune status and day post inoculation on
lung transcript levels of Th2-associated cytokines IL-10 and Ccl2, and acute-phase
protein Serpinel. Transcript levels of IL-10 and Ccl2 declined significantly from day 3
to day 10 in immune mice, and increased significantly from day 3 to day 10 in naive mice
in both strains (A-D). Serpinel transcripts decreased in both naive and immune mice

between day 3 and day 10, but the decline was stronger in immune mice (E, F).
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pneumoniae load). Correlation coefficients (r) between lung weight increase or C.
pneumoniae lung load and 25 transcript or gene copy (PBGD intron) parameters were
calculated for A, day-3 parameters and day-3 outcomes (n = 160), and C, the day-10
parameters and day-10 outcomes (n = 160). B, correlations between day-3 parameters
and day-10 outcomes were calculated from the means of corresponding day-3 and day-10
groups (n = 16). Grey bars indicate the correlation to lung weight increase, and black
bars to logjo C. pneumoniae lung load. Asterisks denote significant correlations (p <
0.05). Day-3 parameters typically significantly correlated positively to both day-3
disease (lung weight increase) and day-3 C. pneumoniae lung load (A). Correlation of
the late, day-10 parameters to day-10 outcomes was highly variable, but a significant
correlation to both outcomes was observed only for transcripts of the cytokine Ccl2 (C).
High levels of this transcript were significantly associated with low disease but high C.
pneumoniae lung load. High levels of most day-3 transcripts correlated with high day-10
disease, but only lactoferrin, NKp46, Tim3/GATA3, Arg2, and Arg2/F4/80 did so
significantly (B). High levels of most day-3 transcripts correlated significantly with low
day-10 C. pneumoniae lung load. Interestingly, high NKp46 and Arg2 lung transcripts
on day 3 after C. pneumoniae inoculation significantly correlated with later high disease

on day 10, but also significantly with low day-10 C. pneumoniae lung load.
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Figure 14. Day-10 disease and C. pneumoniae lung loads are inversely correlated to

day-3 lactoferrin, Arginase 2, and NKp46 mRNAs.

Open circles (0) and broken

regression lines denote day-10 lung weight increase, and closed circles (®) and regression
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lines day-10 log;o C. pneumoniae lung load. Day-3 transcripts of positively predicted
day-10 lung weight increase, and negatively predicted day-10 log;o C. pneumoniae / lung:
A, Lactoferrin: lung weight increase: ¥ = 061; r=0.78 p = 0.0004; logio C.
pneumoniae: = 0.10; r=-0.32, p=0.23; B, NKp46: lung weight increase: =049; r
=0.70, p = 0.003; log;o C. pneumoniae: 1’ =0.48; r=-0.69, p=0.003; and C, Arg2:
lung weight increase: ?=0.66; r=0.81, p= 10 log;o C. pneumoniae: ?=028; r=-

0.53, p=0.035.
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Figure 15. PLS models for modeling day 10 lung weight increase and C.
pneumoniae load using lung levels of 3 day-3 transcripts. Disease and C. pneumoniae
lung burden outcomes of the means of the day-10 experimental groups (n = 16 groups of
10 mice) were modeled using combinations of day-3 transcript means (n = 16 groups of
10 mice). A, initially, a simple, 3 transcript parameter (Tim3, GATA3, Arg2) best-fit
model for lung weight increase was established by forward stepwise multiple regression.
The same set of day-3 transcripts was also applied to model day-10 C. pneumoniae load
(r* = 0.74). Both models were corroborated by use of mean data subsets of the even and
odd cases. These models yielded regression equations similar to the full model, but with

lower explanatory power (lung weight increase: r* = 0.75, 0.72 [even, odd], r = 0.87,
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0.85;p< 104 logio C. pneumoniae lung load: = 0.69, 0.52 [even, odd], r = 0.83, 0.72;
p < 0.002) B, the interaction of the transcripts to produce potential latent variables
(components) with biological meaning was examined by PLS analysis. For lung weight
increase, this analysis produced three components that each significantly influenced the
overall model. Relative contribution of the three transcripts to each component is shown
by the absolute fractional factor score, and the effect on lung weight by a positive or
negative value. Based on the contribution of the transcripts, these components were
termed Thl inflammation, Th1:Th2 balance, and Th2 inflammation. C, the set of
transcripts that resulted in a best fit model for day-10 disease was also used to model day-
10 C. pneumoniae lung load in order to visualize the effects of the day-3 transcript on
both day-10 disease and C. pneumoniae lung load outcomes. PLS analysis with these
day-3 transcripts of the day-10 C. pneumoniae load revealed an r* = 0.72 for component
1, and r* values of 0.01 for components 2 and 3. Because of the minimal contribution,
components 2 and 3 were not used in PLS modeling. D, fractional factor scores and their
influence on C. pneumoniae load of the single component day-10 C. pneumoniae lung

load model.
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Figure 16. Day-3 lung concentrations of Tim3, GATA3, and Arg2 transcripts
influenced by mouse strain and immune status. Day-3 concentrations of the 3
transcripts used for best fit modeling of day-10 lung weight increase are shown as log-
transformed values + 95% confidence interval of the means of naive and immune A/J and
C57BL/6 mice. Each data point represents 40 mice, comprising 4 groups of 10 mice fed

one of the 4 diets. Grey bars denote A/J mice, and black bars C57BL/6 mice. Naive A/J
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mice had significantly lower levels of Tim 3, GATA3, and Arg?2 transcripts than immune
A/J mice (A, B, C; p<10™). In C57BL/6 mice, transcript levels of Tim3 and Arg2 were
significantly higher in immune mice (A, C; p < 10™), while GATA3 levels did not differ
significantly between naive and immune C57BL/6 mice (B). Naive C57BL/6 mice had
significantly higher levels of Tim 3 and Arg2 transcripts than naive A/J mice (A, C; p <
0.003). Immune C57BL/6 mice had significantly higher transcripts of Arg2 than naive
C57BL/6 mice (C; p = 0.003), and most importantly, immune C57BL/6 mice had highly

significantly lower GATA3 transcript concentrations than immune A/J mice (B; p < 10™).
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CHAPTER 4. Overall Conclusions

Reverse transcription PCR is a sensitive and powerful tool for detecting and
quantifying RNA. In its standard implementation, separate reactions are performed for
amplification of a reference mRNA (housekeeping gene mRNA) and of a target mRNA
(analyte mRNA). Such separate reactions render quantitative real-time RT-PCR
inherently inaccurate and cumbersome. In this study, we established a one-step duplex
RT-PCR method on the LightCycler® platform, allowing simultaneous RT and real-time
PCR amplification of two mRNAs of any analyte and reference gene in a single-tube
reaction. This single-step duplex RT-PCR reliably and accurately determined 10-10,000
copies of each target over a 100,000-fold range of target copy ratios. This method was
critical for accurate and high-throughput quantitative analysis of transcription patterns in
a multivariate mouse C. pneumoniae challenge experiment.

In the second part of this study, multivariate regulation of disease and chlamydial
burden was examined in a C. pneumoniae mouse lung challenge model. Specifically, the
simultaneous influence on disease as measured by lung weight increase and on C.
pneumoniae lung load was analyzed. Binomial variables were host (inbred mouse strain:
A/J vs. C57BL/6), its anti-C. pneumoniae immune status (naive vs. immunized by low-
dose C. pneumoniae infection 4 weeks prior to challenge), the time of sacrificing after
inoculation (3 days vs. 10 days), and the full factorial combinations of these variables. In

addition, the influence of transcription of 25 genes on the disease and bacterial load
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outcomes was evaluated. Data indicated that A/J mice prioritized minimizing disease at
the cost of inefficient pathogen elimination, while C57BL/6 mice prioritized elimination
of C. pneumoniae at the cost of high disease. Therefore, the host genetic makeup was the
decisive factor that determined if the infection resulted in severe or marginal disease.
Disease was always more severe in animals that had established immunity against C.
pneumoniae as compared to animals that had not been previously exposed to the bacteria.
Immune animals reduced C. pneumoniae bacteria in the lung by about 100- to 1000-fold
between 3 and 10 days after inoculation while naive animals did not achieve net
reduction of the bacteria during this time. Thus, the adaptive immune response
accomplishes the indispensable requirement of eliminating the bacteria from the infected
host but also enhances disease in a time-dependent and host-restricted fashion. The
corollary of this observation is that host regulation of the early response to the C.
pneumoniae inoculum is the key disease determinant.

Transcript lung levels on day 3 were used to model the day-10 peak disease and
C. pneumoniae load outcomes. A simple best-fit model used day-3 Tim3, GATA3, and
Arg2 transcript concentrations to predict day-10 lung weight increase and C. pneumoniae
lung load with r* = 0.85 and 0.72, respectively. This model indicated that host-dependent
levels of early Thl and Th2 responses, and their ratio, highly significantly predicted the
late disease and C. pneumoniae lung load. Transcript levels of the Th2-specific
transcription factor GATA3 were critical in C. pneumoniae disease regulation. They
were high in immune A/J mice that developed virtually no late disease, while they were
low in immune C57BL/6 mice that developed high disease. Thus, regulation of Thl vs.

Th2 immunity determines the outcome of murine C. pneumoniae lung infection.
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