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Persistent respiratory infections caused by Chlamydia pneumoniae have been implicated in the patho-
genesis of chronic diseases (e.g. asthma). Antibiotics are used to treat C. pneumoniae respiratory in-
fections; however, the use of antibiotics as anti-inflammatory agents in treatment of asthma remains
controversial. The current study investigated whether ciprofloxacin, azithromycin, or doxycycline can
suppress C. pneumoniae-induced production of immunoglobulin (Ig) E or cytokines in peripheral blood
mononuclear cells (PBMC) obtained from asthmatic children. Apart from blood, nasopharyngeal swab
specimens were also collected to test for the presence of C. pneumoniae and/or M. pneumoniae (qPCR).

Iéejl;‘;l‘/:l::l;('miae PBMC (1.5 x 10°%) from asthmatic pediatric patients (N = 18) were infected or mock infected for
IFN-y 1 h + C. pneumoniae AR-39 at a multiplicity of infection (MOI) = 0.1, and cultured + ciprofloxacin, azi-
IL-4 thromycin, or doxycycline (0.1 or 1.0 ug/mLmL) for either 48 h (cytokines) or 10 days (IgE). Interleukin
Asthma (IL)-4, interferon (IFN)-y and IgE levels in supernatants were measured (ELISA). When PBMC were

infected with C. pneumoniae, IL-4 and IFNy production increased (p = 0.06 and 0.03, respectively); IgE
levels were low. The now-elevated levels of IL-4 didn't decrease significantly after addition of cipro-
floxacin, azithromycin, or doxycycline. However, infected PBMC IFNy formation decreased significantly
when 0.1 ug/mL doxycycline was employed (p = 0.04); no dose of ciprofloxacin or azithromycin had any
impact. This inhibitory outcome with doxycycline lends support to the use of tetracyclines as immune
modulators and anti-inflammatory medications in treatment of C. pneumoniae-infected asthma patients.
© 2018 Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.
Published by Elsevier Ltd. All rights reserved.

1. Introduction

Chlamydia pneumoniae is an obligate intracellular organism [1]
that causes respiratory infections in adults and children and has
been implicated in the pathogenesis of chronic disease (e.g.
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asthma) [2]. Prior studies have shown that C. pneumoniae can cause
prolonged respiratory infection in asthmatic and non-asthmatic
subjects [3—5]. Infection with C. pneumoniae can activate immune
cells (e.g. macrophages, endothelial and epithelial cells) to produce
cytokines that may contribute to the pathology observed in asthma
[2]. In addition, C. pneumoniae infection triggers the production of
pathogen-specific IgE in children with chronic respiratory disease,
which may lead to inflammation [6].
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Treatment of atypical bacteria, specifically C. pneumoniae and
Mycoplasma pneumoniae, with antibiotics (macrolides, tetracy-
clines, quinolones) may have beneficial effects in patients with
asthma because of the eradication of acute or persistent C. pneu-
monaie infection [2,7], and potential pleiotropic anti-inflammatory
properties in addition to anti-chlamydial activity.

Previous studies in our laboratory investigated the steroid-
sparing effect of the tetracycline, minocycline, when given to
adults with moderate persistent or severe persistent asthma, in
addition to steroid treatment [8]. Minocycline treatment was
associated with improvement in pulmonary function and asthma
symptoms [8]; the effect was independent of the presence of
C. pneumoniae infection (culture and serology) [8]. The observed
effect may have been attributed to inflammation suppression or
eradication of the C. pneumoniae [3,9]. We have also previously
demonstrated that doxycycline can suppress C. pneumoniae medi-
ated increases in ongoing IgE and IL-4 responses by PBMC of pa-
tients with asthma [10]; the anti-inflammatory effects of
doxycycline observed in that model, were highest in the presence
of memory lymphocyte responses to C. pneumoniae [ 10]. It has been
speculated that targeting inflammatory mediators (e.g. IgE pro-
duction) may help improve asthma symptoms [10].

Quinolones (levofloxacin and moxifloxacin), azithromycin and
doxycycline are antibiotics which are frequently used for the
treatment of C. pneumoniae respiratory infections [7]. Ciprofloxacin
is significantly less active than moxifloxacin and levofloxacin and is
not used to treat C. pneumoniae respiratory infections in patients
[7]; however, ciprofloxacin has been used in the in vitro setting to
test drug class, as well as anti-inflammatory activity independent of
antimicrobial activity [11].

The role of macrolide antibiotics in asthma is ongoing and the
major areas of disagreement include the specific impact of these
antibiotics. The present study describes whether the role of mac-
rolide antibiotics is anti-inflammatory (having a non-specific ef-
fect) or bactericidal (leading to clearance of pathogens and
resolution of asthma symptoms). This was achieved by studying the
effect of ciprofloxacin, azithromycin, or doxycycline on
C. pneumoniae induced cytokine responses (interferon [IFN]-y and
IL-4) in children with allergic asthma, as well as the ability of these
drugs to regulate in vitro IgE responses.

2. Materials and methods
2.1. Study design

We recruited pediatric patients with allergic asthma (male/fe-
male, 8—20 years old) from the outpatient department at SUNY
Downstate Medical Center (Brooklyn, NY). Inclusion criteria
included a physician's diagnosis of stable asthma without current
respiratory infection, or current clinically defined persistent
asthma symptoms [12], or both, with elevated serum IgE levels
(>100 IU/mL). Asthma diagnosis was made at least one year before
study enrollment. Exclusion criteria included a history of chronic
immunosuppressive or autoimmune disease, human immunode-
ficiency virus infection, cancer, recent use of systemic corticoste-
roids (<30 days), antibiotic use, or immunotherapy, tobacco use
within the past year, and incomplete follow-up. All subjects had
a nasopharyngeal (NP) swab tested for C. pneumoniae and
M. pneumoniae by PCR. At time of enrollment, all subjects had NP
swabs and blood collected, and their clinical data was reviewed.

The SUNY Downstate Medical Center Institutional Review Board
(Brooklyn, NY) approved all studies and activities. Informed con-
sent (and assent) was obtained from participants for experimen-
tation with human subjects for use of their blood samples.
Procedures were followed in accordance with institutional

guidelines involving human subjects. The work described has been
carried out in accordance with the Code of Ethics of the World
Medical Association (Declaration of Helsinki) for experiments
involving humans.

2.2. Immunoglobulin determination: total serum IgE

Peripheral blood (10 mL) was collected at the time of enrollment
at the clinic site. Total serum IgE levels were determined in serum
using the UniCap Total IgE fluoroenzyme immunoassay (Pharmacia
and Upjohn Diagnostics, Freiburg, Germany) performed according
to the manufacturer's recommendations (reference range for
healthy subject: 20—100 IU/mL). All tests were performed in the
Clinical Diagnostic Laboratory at SUNY Downstate Medical Center
(Brooklyn, NY).

2.3. Detection of C. pneumoniae-specific IgG antibodies

C. pneumoniae-specific IgG antibodies were measured using the
microflourescence (MIF) test (AniLabsystems; Vantaa, Finland), as
previously described [13].

2.4. Preparation of C. pneumoniae

C. pneumoniae AR-39 (ATCC 53592; Manassas, VA) was propa-
gated as previously described®. Briefly, HEp-2 cell (ATCC CCL-23)
monolayers were inoculated with C. pneumoniae and grown to
high titers by serial passage in HEp-2 cells. C. pneumoniae
elementary bodies (EB) were purified by Urografin (Schering, Ber-
lin, Germany) density gradient centrifugation and were resus-
pended in sucrose phosphate glutamate buffer (comprising 74.62 g/
I sucrose (Sigma, St Louis, MO), 0.517 g/l KH,PO4 (Sigma), 1.643 g/l
K5HPO4 (Sigma), and 0.907 g/l potassium glutamate (Sigma)). Titers
were determined by infecting HEp-2 cells with serial dilutions of EB
suspension aliquots, fixing cells at 72 h post infection (p.i.), staining
with fluorescein-conjugated murine monoclonal genus-specific
anti-lipopolysaccharide monoclonal antibody (Pathfinder, Bio-
Rad, Hercules, CA), and counting inclusions per well. Aliquots
were frozen at —80 °C until use.

2.5. Cell cultures

PBMC were separated from blood on a Ficoll-Paque (GE
Healthcare, Sweden) gradient (density 1.077). The PBMC were
carefully removed using a transfer pipette (VWR Scientific, San
Francisco, CA). Cells were washed twice in RPMI -1640 medium
(Life Technologies/GIBCO, Grand Island, NY) with 10% fetal bovine
serum (FBS) (Atlanta Biologicals, Norcross, GA), and resuspended in
complete RPMI 1640 (c-RPMI). c-RPMI contained RPMI —1640
Medium HEPES Modification (Sigma) supplemented with 5 mM |-
glutamine (Sigma) and 10% FBS (Atlanta Biologicals). Cells were
counted on a hemocytometer (Fisher Scientific, Springfield, NJ), and
cell viability was evaluated, as judged by trypan blue (Fisher
Scientific) exclusion. For each experimental condition PBMC
(1.5 x 108/mL) were cultured in duplicate in a 24-well flat bottom
plate (1mL/well) (CORNING; Corning, NY) at 37 °C in cRPMI me-
dium in a humidified 5% CO, atmosphere for up to 12 days. Cell
viability was determined at 0, 48 and 240 h (>98%, 95%, and 90%,
respectively), in the absence of any infection with C. pneumoniae.

2.6. In vitro infection with C. pneumoniae and treatment with
antibiotics

Following a 2hr incubation to allow adherence, PBMC cultures
were infected with C. pneumoniae (by adding purified EB for 1 h), or
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mock-infected (MI) and/or stimulated in the presence or absence of
ciprofloxacin (0.1 or 1.0 pg/mL) (Sigma), azithromycin (0.1 or 1.0 pg/
mL) (Sigma) or doxycycline (0.1 or 1.0 ug/mL) (Sigma) for up to 12
days at 37 °C in cRPMI in a humidified 5% CO, atmosphere. All
antibiotics were serially diluted (1:1, 1:2, 1:4, 1:10) [10] to deter-
mine optimal dose and kinetics [10], for suppression (for the pur-
pose of cytokine production. Cytokine assays (IL-4 and IFN-y) were
run using supernatants collected from above cultures. The multi-
plicity of infection (MOI; 0.1) and time points (48 h p.i. for cytokines
[10] and 10 d p.i. for IgE [10]) used for analysis were selected by
kinetic and dose response studies (using MOI of 0.01-10) for
optimization of the assay, which revealed peak concentrations and
clear distinctive profiles for the respective outcome variables at
these time points. Adherent cells were stained with a fluorescein-
conjugated murine monoclonal genus-specific anti-lipopolysac-
charide antibody (Becton-Dickinson (BD) Biosciences, San Jose, CA)
to confirm and quantify infection with C. pneumoniae at 72 h p.i.
Two types of controls were used in infection experiments: identical
volumes of heat-inactivated purified C. pneumoniae [10] and iden-
tical volumes of HEp-2 cell cultures not containing any bacteria
processed the same way as the purified C. pneumoniae [ 14] based on
dose-response experiments.

2.7. Cytokine (IL-4, IFN-v) or IgE determination: ELISA

For the in vitro quantitative determination of human cytokine
or IgE content in cell culture supernatants, solid-phase sandwich
ELISA assays were performed using either cytokine (IL-4: IL-4
Human ELISA kit, Thermo Fisher Scientific, Waltham, MA) (IFN-
v: Abcam, Cambridge, MA) or IgE ELISA test kits (Bio Quant,
San Diego, CA), according to the manufacturer's recommended
procedure.

Cell culture supernatants were collected at either 48 h p.i. (cy-
tokines) [10] or 10 days p.i. (IgE) [10], by centrifugation, and sam-
ples were stored at —80° until analysis. All specimens were
analyzed in duplicate and standard curves determined. The IgE
ELISA was modified for in vitro use by using a low-range standard
curve; the sensitivity of the assay was determined by using 2
standard deviations above the mean of 10 negative control mea-
surements (0.3 ng/mL). Plates were read using an automated
microplate reader (Model ELx800; Bio-Tek Instruments, Winooski,
VT), with a 450-nm measurement filter. Optical densities were
converted to either IU/mL, ng/mL, or pg/mL (1 IU IgE = 2.4 ng/IgE
protein). Detection limits for cytokine assays were: IL-4: <2.0 pg/
mL; [FN-gamma: <5.0 pg/mL.

2.8. Quantitative real-time polymerase chain reaction (qPCR) of
bacteria in swabs and cultures

Extractions of bacterial DNA from NP swab specimens [15] and
PBMC were performed using a QIAAmp DNA Mini-Kit (Qiagen Inc.,
Valencia, CA), according to manufacturer's recommendation. For
PBMC cultures, supernatants (with adherent and non-adherent
cells) were collected and bacterial DNA extracted. NP samples
were stored in the freezer (—20 °C), until analysis. DNA was
extracted (QIAAmp DNA mini kit; Qiagen Inc), as previously
described [15,16]. In both cases, specimens were tested for the
presence and quantification of C. pneumoniae and Mycoplasma
pneumoniae DNA according to Apfalter et al. [15] and Waring et al.
[16], respectively, using TAQMan technology-based qPCR on a Light
Cycler 2.0 platform (software version 4.0, Roche Diagnostics Corp,
Indianapolis, IN). We considered a specimen from either nostril
positive for any bacterial species to represent a positive result.

2.9. Statistical analysis

Data are expressed as means + SD unless elsewise indicated. A
Students t-test and a non-parametric Wilcoxon Signed Ranks Test
were used to compare differences in means of normally and non-
normally distributed data, respectively. The Pearson Correlation
Test was used to assess the degree of correlation for continuous
variables. A 2-sided p-value < 0.05 was taken to indicate statistical
significance in all comparisons. All statistical analyses were per-
formed using Windows v.12.0 software (SPSS Inc., Chicago, IL).

3. Results
3.1. Study population demographics

A total of 18 pediatric asthmatic patients (9 male, 9 female;
mean age = 13 [+ 4] years [range 8—20 years]) were enrolled in the
study. All were classified as having moderate persistent asthma and
all had been treated with inhaled corticosteroids. Inhaled cortico-
steroids included Budesonide 500 mcg or Fluticasone HFA (176, 220
or 440 mcg). Leukotriene modifiers included Monteleukast (5 or
10 mg). Total serum IgE levels were high in the patient population
(665 [+ 159] IU/mL). Table 1 shows the patient baseline clinical and
demographic data.

3.2. Serological and nucleic acid amplification testing for
C. pneumoniae

Asthmatic patients had C. pneumoniae-specific IgG MIF titers
>1:16 with a median titer of 1:32. All patients tested negative for
C. pneumoniae and M. pneumoniae, as determined by qPCR (naso-
pharyngeal swabs).

3.3. Ciprofloxacin, azithromycin, or doxycycline effect on
C. pneumoniae-induced IgE

When PBMC from asthmatic patients were infected with
C. pneumoniae IgE levels were low (0.3 ng/mL) on day 10 and
remained at baseline levels. When C. pneumoniae-infected PBMC
were cultured with either ciprofloxacin (0.1, 1.0 pg/mL), azi-
thromycin (0.1, 1.0 pg/mL) or doxycycline (0.1, 1.0 pg/mL), IgE levels
remained low (similar to baseline on day 10) (Data not shown).

Table 1
Participant characteristics.

Asthma (N = 18)

Age, mean y 13
Female (%) 50
Male (%) 50
Asthma severity

Moderate persistent (%) 100
Asthma therapy

Inhaled corticosteroids (%)? 100

Leukotriene modifiers (%)" 72
FVC (% predicted) 86
FEV, (% predicted) 82
FEV,/FVC 84
FEF,5.75 (% predicted) 75
History of atopic dermatitis (%) 32
History of allergic rhinitis (%) 89

Total serum IgE (IU/mL) 665 + 159

Abbreviation: FVC: mean forced vital capacity; FEV;: mean forced expi-
ratory volume in 1 s; FEF,5.75: mid-flow rate or forced expiratory flow
occurring in the middle 50% of the patient's exhaled volume.

2 Inhaled corticosteroids included Budesonide 500 mcg or Fluticasone
HFA (176, 220 or 440 mcg).

b Leukotriene modifiers included Monteleukast (5 or 10 mg).

jjiac.2018.02.004

Please cite this article in press as: Smith-Norowitz TA, et al., Doxycycline suppresses Chlamydia pneumoniae induced interferon-gamma
responses in peripheral blood mononuclear cells in children with allergic asthma, J Infect Chemother (2018), https://doi.org/10.1016/




4

Thus, C. pneumoniae infection/antibiotic treatment had no effect on
IgE production in vitro.

3.4. Ciprofloxacin, azithromycin or doxycycline effect on
C. pneumoniae-induced IL-4

When the PBMC from asthmatic patients were infected with
C. pneumoniae, levels of IL-4 produced were increased (5-fold) from
baseline (p = 0.06) (Fig. 1). Levels of IL-4 decreased in non-
significant manners (i.e., slightly) from these organism-infected
levels after addition of ciprofloxacin (1.0 pg/mL), azithromycin
(0.1 pg/mL), or doxycycline (0.1 or 1.0 pg/mL). IL-4 levels did not
significantly decrease after addition of ciprofloxacin (0.1 pg/mL) or
azithromycin (1.0 pg/mL).

3.5. Ciprofloxacin, azithromycin or doxycycline effect on
C. pneumoniae induced IFNy

When PBMC from asthmatic patients were infected with
C. pneumoniae, levels of IFNy produced were increased (8-fold)
from baseline (p 0.03) (Fig. 2). Levels of IFNy decreased
from these organism-infected levels in a non-significant manner
after addition of 0.1 pg/mL ciprofloxacin or azithromycin, but

Cpn + ciprofloxacin 0.1 pg/mL
Cpn + azithromycin 0.1 pg/mL

Cpn + doxycycline 0.1 pg/mL
Cpn + ciprofloxacin 1.0 pg/mL

PBMC

Cpn + azithromycin 1.0 pg/mL
Cpn + doxycycline 1.0 pg/mL
Cpn S

-

L]

—
—
-

IL-4
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significantly so with this dose of doxycycline (p = 0.04). Use of any
of the drugs at 1.0 pg/mL imparted no significant reductions in
these elevated values.

4. Discussion

The current study examined in vitro activities of ciprofloxacin,
azithromycin, and doxycycline in C. pneumoniae-infected PBMC, as
well as their ability to regulate cytokine (IFNy and IL-4) and IgE
responses. The results demonstrated that in this ex-vivo PBMC
model: (1) only doxycycline (at 0.1 pg/mL) suppressed IFNy pro-
duction, (2) no drug had a significant effect on IL-4 production, and
(3) none of the three drugs affected IgE production. The results here
may assist in antibiotic selection for treatment of asthmatics with
C. pneumoniae infection.

Prior literature has reported that treatment of C. pneumoniae
and M. pneumoniae infections with antibiotics (quinolones, mac-
rolides, tetracyclines) may have beneficial effects in asthmatics
[2,7], as well as potential anti-inflammatory properties in addition
to anti-chlamydial activity. However, this study is novel in that we
looked at the in vitro effect of these 3 drug classes, which has not
been evaluated in the context of cytokine or IgE responses. For this
purpose, we established an experimental model based on our

Control B——

0

0.5 15

pg/mL

Fig. 1. Effect of ciprofloxacin, azithromycin or doxycycline on C. pneumoniae induced IL-4 responses. PBMC (1.5 x 10°) from asthmatic patients (N = 18) were infected with
C. pneumoniae (MOI = 0.1), and then cultured+/-ciprofloxacin (1.0 pg/mL), azithromycin (0.1 pg/mL), or doxycycline (0.1, 1.0 pg/mL). Levels of IL-4 were measured from supernatants
collected on day 2 of culture (48 h) (ELISA). Data are expressed as pg/mL (mean + SD). Cpn: C. pneumoniae.

IFN Gamma

Cpn + ciprofloxacin 0.1 pg/mL N

Cpn + azithromycin 0.1 pg/mL I

Cpn + doxycycline 0.1 pg/mL [ Yk

PBMC

Cpn + ciprofloxacin 1.0 pg/mL N —————————

Cpn+ azithromycin 1.0 pg/mL  E——
Cpn + doxycycline 1.0 pg/mL  EEE——A

Cpn

Control —

0

250

5

500 750

pg/mL

1000 1250 1500

Fig. 2. Effect of ciprofloxacin, azithromycin or doxycycline on C. pneumoniae induced IFN-y responses. PBMC (1.5 x 10%) from asthmatic patients (N = 18) were infected with
C. pneumoniae (MOI = 0.1), and then cultured+/-ciprofloxacin (1.0 pg/mL), azithromycin (0.1 ug/mL), or doxycycline (0.1, 1.0 pg/mL). Levels of IFN-y were measured from super-
natants collected on day 2 of culture (48 h) (ELISA). Data are expressed as pg/mL (mean + SD). Cpn: C. pneumoniae. Black star represents statistical significance P= <0.05.
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previous work [10,17], comprising treatment of C. pneumoniae-
infected PBMC with ciprofloxacin, azithromycin or doxycycline, at
two different concentrations.

It is well known that asthmatic patients are more susceptible to
C. pneumoniae infections, and that infections are associated with a
more severe, steroid resistant, non-eosinophilic phenotype of
asthma [18—20]. Prior literature has reported an association be-
tween C. pneumoniae infection and exacerbations of asthma
[1,2,20]. Antibiotic treatment of C. pneumoniae infection in asth-
matics may lead to improvement of disease activity [20,21]. How-
ever, it should be mentioned, that macrolides, quinolones, and
tetracyclines all have immunomodulatory activity which is inde-
pendent of their antimicrobial activity [2,7]; positive outcomes
from treatment may be due to immunomodulatory effects, anti-
chlamydial effects or both [7].

Recent findings in our laboratory demonstrated in vitro sup-
pression of C. pneumoniae-induced cytokine and IgE responses by
doxycycline which was independent of anti-chlamydial activity in
PBMC obtained from patients with asthma [10], suggesting that
antibiotics have an important anti-inflammatory role in patients
with asthma [10]. However, the observed differences from those
studies might be due to other elements of inflammation in the
group of patients, and further immunological studies are required
to evaluate this issue.

Krakauer and Buckley demonstrated that doxycycline has anti-
inflammatory effects in vitro (PBMC) and inhibits staphylococcal
exotoxin-induced cytokines (IL-1B, IL-6, tumor necrosis factor
(TNF)-a, IFN-y) and chemokines (macrophage inflammatory pro-
tein (MIP)-1a, MIP-1B) [22]. Thus, the use of doxycycline can pro-
vide both anti-microbial and anti-inflammatory effects in vitro;
however, anti-chlamydial effects were not studied.

Macrolides are effective against respiratory bacterial pathogens,
including C. pneumoniae and M. pneumoniae [7,21]; these patho-
gens have been implicated in asthma exacerbation [3,6]. However,
the efficacy of macrolides in clinical trials has been variable [7,21].
Other studies did not show a benefit of macrolide treatment in
C. pneumoniae infected patients with asthma due to low numbers of
study subjects with confirmed asthma [23,24]; a Cochrane database
systemic review published in 2005 was inconclusive [9]. These
discrepancies may be explained by the fact that asthma is a het-
erogeneous disease with different phenotypes and different re-
sponses to treatment [25]. It is well known that Th2 responses are
important in the pathogenesis of allergic asthma [10], but few
studies have examined the effects of macrolides on Th2 immune
responses to C. pneumoniae infection in an ex-vivo PBMC model.

The most important finding in the current study was that
doxycycline (0.1 pg/mL) suppressed IFN-y production, while there
was no significant effect on IL-4 production in vitro; IgE responses
were not affected. Of notable interest, the standard deviation was
much higher for both IL-4 and IFN-y in the groups treated with
higher doses of antibiotics. This may indicate greater variability in
bacterial load in these groups or that these higher concentrations
are having an effect on cell viability. However, it should be
mentioned, that infection-induced IFN-y can drive non-eosinophilic
asthma responses [19,20]; therefore, antibiotic therapies may be
useful in their treatment. Potential mechanisms for doxycycline
suppression of C. pneumoniae induced- IFN-y responses remain to
be elucidated.

It could be that macrolides act on different pathways and thus
affect different outcomes (Th1 and Th2 immunity) [26], or that
macrolides produce different outcomes in stimulated compared
with unstimulated cells [26]. We can also speculate that the cyto-
kine responses observed in the current study likely reflect the cu-
mulative responses of many cell types. Lin et al. demonstrated that
azithromycin reduced ThO and Th2 cell proliferation, T-cell viability,

and increased apoptosis ex vivo in children with asthma [27], and
that azithromycin decreased IL-5 production in Th2 cells, but did
not affect IL-13 or IFN-y responses [27]. Prior literature has focused
on effect of macrolides on the innate immune system (macrolide-
mediated modulation of monocytes) [28]. At the cytokine expres-
sion level, alterations of various pro-inflammatory cytokines, such
as IL-1B, IL-8, IL-17 or TNF-o. have been described [29]. In lung
epithelial cells, azithromycin can inhibit activation of pro-
inflammatory transcription factors (nuclear factor kf§ (NF-xf) and
activator protein 1) [30]. The NF-kf§ pathway is an important role in
innate responses against respiratory viral infections and has been
implicated in asthma pathogenesis [31].

Several important factors, including duration of infection before
treatment and character of individual host responses, should
be considered when assessing potential anti-inflammatory effects
of drug outcome [32]. Through understanding a drug's effect on
cytokine responses in patients, it should be considered that
decreasing cytokine responses could have advantages and disad-
vantages to the host [32]. These cytokine responses might affect
disease progression in a manner that may not be predicted by only
its antimicrobial activity [32]. It remains to be determined whether
the in vitro effect of azithromycin, ciprofloxacin, or doxycycline on
C. pneumoniae-induced cytokine responses, results in beneficial ef-
fect for patients. However, it should be mentioned that ciprofloxacin
does not effectively treat acute C. pneumoniae or C. trachomatis in-
fections in patients [7,33,34]. In vitro studies have reported that
ciprofloxacin treatment of C. trachomatis infected HEp-2 cells sup-
presses overt growth of the organism but does not completely
eradicate viable bacterium [11]. Since clinical treatment is not
effective [34,35] (based on MICs 2—4 pg/mL [7]), any observed re-
sponses in the present study after addition of ciprofloxacin, would
most likely not be due to its anti-chlamydial activity. However, one
could potentially use ciprofloxacin to augment conventional anti-
biotic treatment as an add-on or priming anti-inflammatory agent.

In the current study, in vitro activity of ciprofloxacin, azi-
thromycin or doxycycline in C. pneumoniae-infected PBMC did not
affect in vitro IgE responses. In our patient population, there were
no patients that produced high IgE levels in vitro, after 10 days of
stimulation. This finding is important because antibiotic therapies
may prove to be more effective in the treatment of certain asthma
phenotypes (non-eosinophilic/Th1/Th17 versus Th2). It is well
known that cytokines participate in many physiologic and immu-
nologic processes, including the regulation of inflammatory re-
sponses [35]; thus, the low levels of inflammatory responses we
observed in infected and non-infected PBMC (before and after drug
treatment) may be due to low levels of specific IgE, or unknown
mechanisms responsible for regulation of pathogen clearance.
Previous studies in our laboratory reported IgE production, along
with a significant increase in IL-4 levels, and a correlation between
levels of C. pneumoniae-induced IgE and IL-4, suggesting that
C. pneumoniae infection mediates IgE production through Th2
lymphocyte activation [10], and that doxycycline suppresses
C. pneumoniae-mediated increases in ongoing IgE and IL-4 re-
sponses by PBMC of patients with asthma [10]. This suppression
was independent of doxycycline anti-chlamydial activity [10].
Earlier studies in our laboratory demonstrated that minocycline and
doxycycline have the ability to suppress induction of IgE responses
by PBMC obtained from asthmatic serum IgE + atopic donors (adult
asthmatics) [36]. However, the differences observed may be due to
selection of different populations (adult vs. pediatrics).

5. Conclusions

The findings presented in this study highlight for the first
time, to our knowledge, the suppressive effect of doxycycline on
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C. pneumoniae induced IFN-y responses in PBMC from children
with allergic asthma. Drug trials evaluating antibiotics with po-
tential anti-inflammatory effects in patients with asthma need to
be based on pre-clinical studies identifying the optimal drug class
and concentration for optimal impact, as potentially effective
strategies for the treatment of asthma.
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