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Purpost. Chlamydia trachomatis (Ct) remains the leading
global cause of preventable blindness. There are limited data
on humoral immune responses in trachoma. Evaluating these
responses is important for understanding host-pathogen inter-
actions and informing vaccine design. Antibodies to chlamydial
heat shock protein 60 (cHSP60) have been associated with
infertility and trachomatous scarring. Other proteins, including
chlamydial protease-associated factor (CPAF) and a hypotheti-
cal protein unique to the family Chlamydiaceae, CT795, elicit
strong immune responses in urogenital infections, but their
role in trachomatous disease is unknown.

MerHODS. This study was conducted to expand on previous
cHSP60 findings and evaluate the association of CPAF and
CT795 antibodies with ocular Ct infection and disease. Clinical
trachoma grading was performed, and conjunctival samples
were obtained from individuals with trachomatous trichiasis
(TT; one or more inturned eyelashes) or inflammatory tra-
choma without trichiasis and control subjects without disease,
all of whom resided in trachoma-endemic regions of Nepal. Ct
infection was determined using commercial PCR. I1gG and IgA
tear antibodies against cHSP60, CT795, and CPAF fusion pro-
teins were measured by quantitative ELISA.

ResuLts. Significantly higher IgG antibody levels were found
against cHSPGO, CPAF, and CT795 in the inflammatory cases
compared with levels in the controls (P < 0.005 for all three).
Ct infection was independently associated with IgG antibodies
against all three immunogens in the inflammatory cases but not
in the controls (P = 0.025, P = 0.03 and P = 0.017, respec-
tively). Only IgG antibodies against CPAF were significantly
elevated among the TT cases (P = 0.013).

Concrusions. Among individuals with trachoma, 1gG antibody
responses to CPAF are likely to be both a marker and risk factor
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for inflammatory trachoma and severe trachomatous disease.
(nvest Opbthalmol Vis Sci. 2010;51:5128-5136) DOI:
10.1167/i0vs.09-5113

T rachoma, a disease that spans millennia, continues to be
the leading cause of preventable blindness worldwide.
Global estimates of blindness have ranged from ~2 to 9 million
people,! although the actual rates are likely to be much higher,
given the lack of screening programs in many countries. Chla-
mydia trachomatis (Ct), an obligate intracellular bacterium, is
a known etiologic agent in trachoma.”? Other species of
Chlamydiaceae are also likely to play a role in trachoma.? The
disease is endemic in rural areas of developing countries where
people live in close proximity with one another and with
livestock. In addition, a shortage of clean water impedes ad-
vances in health education that would improve facial cleanli-
ness and thereby decrease hand-to-eye-to-hand transmission of
Chlamydia.

The excessive global prevalence of trachoma prompted the
World Health Organization (WHO) to establish the Alliance for
the Global Elimination of Blinding Trachoma by 2020 and
implement the SAFE program (Surgery, Antibiotics, Facial
cleanliness, and Environment improvements). However, the
recurrence of disease 6 to 24 months after surgery for tracho-
matous trichiasis (TT; more than one eyelash touching the
globe of the eye) and after treatment of Ct infection with
antibiotics>™® is indicative of the complexity of controlling
trachoma and its sequelae.

Humoral and cellular immune pathways are involved in the
prevention and clearance of genital’'® and ocular Ct infec-
tions.''"'* However, the immune correlates associated with
disease or disease progression remain ill defined. Murine and
nonhuman primate studies have provided data that character-
ize the cell-mediated immune response, suggesting that CD4 ™"
T helper (Th)1 cells participate in primary and secondary
urogenital Ct infection,®'*~'® whereas CD8" Th1 cells are
associated with scarring and upper reproductive tract infec-
tions.'”'®

Although there is no murine model for trachoma, studies
among humans and nonhuman primates have shown evidence
of cellular infiltrates during active trachoma characterized by
polymorphonuclear cells (PMNs), macrophages, T lympho-
cytes, and dendritic cells within the epithelial and plasma cells,
specifically the IgA isotype, in the subepithelium.'*'® Further-
more, significantly decreased levels of the Th1 cytokines inter-
leukin (IL)-12 and interferon (JFN)y have been documented in
trachoma patients with trachomatous scarring (TS).'*2° Re-
cently, we expanded on cytokine and chemokine profiling for
trachoma and demonstrated that the Th2 cytokines IL-4 and -13
are important in eliciting protective immunity, whereas the
Th3/Trl cytokines IL-10 and -15 are risk factors for TS. IL-1b is
also a significant risk factor for scarring, but its antagonist,
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IL-1Ra, is inversely associated with scarring, suggesting an
immunoprotective effect.'?

Elucidation of the humoral immune response in patients
with urogenital and ocular Ct infections and disease has fo-
cused on antibody responses elicited against whole elementary
bodies (EBs), the major outer membrane protein (MOMP),*"*2
Chlamydia heat shock protein 60 (cHSP60),>?*"** polymor-
phic membrane proteins (Pmps),?>2® and the plasmid protein
pgp3.>” Neutralizing antibodies have been demonstrated
against MOMP, indicating the potential importance of this
protein in protective immune responses.”®>? In studies of
trachoma populations, minimal differences have been ob-
served in serum or tear antibodies against MOMP in individuals
with and those without trachomatous disease.”">> Conversely,
elevated serum IgG antibody titers to cHSP60 have been asso-
ciated with pelvic inflammatory disease, infertility, perihepati-
tis, and cervical cancer®® 3% and also with follicular trachoma-
tous inflammation (TF), intense trachomatous inflammation
(TD, and TS, compared with titers in individuals without dis-
ease.>?22% However, there are no studies of tear or serum
antibody responses to cHSP60 in TT cases.

Although Pmps and Pgp23 are important immunogens, we
have been interested in characterizing the humoral immune
response to chlamydial protease-associated factor (CPAF) and
hypothetical protein CT795 in trachoma patients because of
the emerging role of these proteins in immunity. CPAF has
been shown to degrade host proteins,®> and has shown prom-
ise in eliciting a protective immune response as a vaccine
construct in a mouse urogenital tract model.>**>” In addition,
data have recently shown that urogenital infections in humans
stimulate neutralizing antibodies against CPAF protease activ-
ity.>® CT795 is a hypothetical protein that is unique to the
family Chlamydiaceae and elicits strong systemic antibody re-
sponses in women with chlamydial urogenital tract infec-
tions, > although it is not clear whether this protein plays a role
in the immunopathogenesis of disease.

The purpose of our study was to expand on previous
cHSP60 antibody findings in trachoma populations and, given
the lack of ocular immune studies for CPAF and CT795, assess
their immunogenicity and potential role in trachoma pathogen-
esis. We determined the tear IgG and IgA antibody titers and
frequencies for these three proteins and correlated the results
with TF/TI and TT (a sequela of TS) cases compared with
age-matched controls who resided in a trachoma-endemic re-
gion of Nepal. To our knowledge, this is the first study to focus
on antibody responses in TT. In addition, we evaluated the
influence of Ct infection, as determined by commercial PCR,
on antibody production against each protein for each trachoma
grade. Finally, because of the different methods used for de-
tecting antibodies that are not standardized and that can result
in false positives, we developed a new quantitative ELISA that
eliminates the background in each sample, to ensure that the
antibody titers and frequencies are precisely determined.

METHODS

Patient Sample Collection

Verbal informed consent was obtained from all study subjects after
approval of the protocol by the institutional review board of Children’s
Hospital and Research Center (Oakland, CA) and Netra Jhoti Shang
(Nepal) and in accordance with the Declaration of Helsinki. Each
patient’s age, sex, and grade of trachoma were recorded, followed by
conjunctival and tear sample collection, as we have described else-
where.'® Grading of the upper tarsus of each study subject was per-
formed according to the modified trachoma grading scale of Thylefors
et al.*° Briefly, the grades were as follows: T0, no evidence of trachoma
characterized by fewer than five follicles on the lower two thirds of the
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upper eyelid; TF/TI, follicular and/or intense trachomatous inflamma-
tion; and TT, trachomatous trichiasis.

Detection of Ct in Conjunctival Swabs

Each conjunctival swab sample was screened for the presence of Ct
DNA (Amplicor-PCR assay; Roche Diagnostics, Branchburg, NJ), ac-
cording to the manufacturer’s instructions and a published method,*?
after the total genomic DNA yield was determined (Nanodrop 2000c;
Thermo-Fisher Scientific, Wilmington, DE), according to the manufac-
turer’s instructions. Samples were defined as positive at ODy5o,, >
0.8, negative at OD 5, < 0.2, and equivocal at 0.2 < OD 5, < 0.8.
Equivocal samples were resolved as negative or positive by PCR anal-
ysis that amplifies the ompA gene, as described elsewhere.”

Tear Sample Preparation

Tears were extracted from conjunctival sponges according to pub-
lished methods."? Briefly, sterile sponges (Weck-cel; Edward Weck,
Inc., Research Triangle Park, NC) were placed in the inner canthus of
each eye and allowed to saturate, as we have described previously.**
The sponges were immediately placed in a liquid nitrogen transport
container and stored in the laboratory in a —80°C freezer. Tear extrac-
tion was performed by incubating swabs with 100 uL of resuspension
fluid (50 mM Tris, 0.15 M NaCl, 10 mM CacCl,, and serine and cysteine
protease inhibitor [Protease Inhibitor Cocktail tablets, Roche Diagnos-
tics, Indianapolis, IN], adjusted to pH 7.5) and allowing them to sit for
30 minutes at 4°C. Fluid was collected via centrifugation at 16,000g for
20 minutes at 4°C and quantified by BCA protein assay (Thermo-Fisher
Scientific Inc.). The background against Escherichia coli and glutathi-
one S-transferase (GST) proteins was minimized by preabsorbing, 18
ug of tear fluid with 50 uL of GST lysate and 450 uL of 10% fetal bovine
serum (FBS) in phosphate-buffered saline (PBS) overnight at 4°C. The
supernatants were collected after centrifugation at 12,000g for 10
minutes.

Preparation of Recombinant cHSP60, CT795,
and CPAF Fusion Proteins

Opening reading frames (ORFs) of cHSP60, CT795, and the mature
form of CPAF were amplified by using the following primers specific
for reference strain Ct serovar E cDNA with engineered restriction
recognition sites at 5’-ends: cHSP60, forward 5'-GTCGACATG-
GTCGCTAAAAACAT-3', reverse 5 -CTCGAGTTAATAGTCCATTCCT-
GCG-3'; CT795, forward 5'-GGATCCATGAGATTCTTGTTAG-3', re-
verse 5'-GAATTCCTACTCAACAAATTCAGG-3'; and CPAF, forward
5'-GGATCCATACATTCTCCTGTAC-3', reverse 5'-GTCGACTTA-
AAAACTACCATCTTC-3'. The chlamydial genes were cloned into
the pGEX 6p-2 vector system (GE Healthcare, Piscataway, NJ),
which encodes a GST fusion protein on the N terminus, according
to the manufacturer’s instructions. Nucleotide sequence analysis of
each chlamydial gene insert was performed using GST sequencing
primers (GE Healthcare) that flanked the insert, to verify proper
orientation of the complete chlamydial gene. The E. coli BL21 (DE3)
strain was transformed with each plasmid and induced with 0.1 to
0.2 mM isopropyl B-p-1-thiogalactopyranoside (IPTG) at a cell den-
sity of ODgpopm 0.5 to 1.0 for 2 to 4 hours. Cell pellets were
resuspended in 1X PBS with serine and cysteine protease inhibitors
(Protease Inhibitor Cocktail tablets; Roche Diagnostics). Soluble
lysates were obtained via sonication at 4°C followed by incubation
with 1% Triton X-100 for 30 minutes. Soluble and insoluble fractions
were separated via centrifugation at 12,000g for 10 minutes at 4°C.
Recombinant soluble and insoluble fractions were analyzed using
SDS-PAGE on 4% to 20% Tris-glycine gels (NuGel, Austell, GA)
where GST-cHSP60 and GST-CT795 were present in soluble lysates,
whereas GST-CPAF remained in insoluble inclusion bodies. Solubi-
lization of inclusion bodies was performed by resuspending the
insoluble pellet in a denaturing buffer (8 M urea, 100 mM NaH,PO,,
10 mM Tris-Cl [pH 8.0]) and adding it dropwise to 1X PBS, resulting
in a final urea concentration of 0.8 M. The soluble fraction was then
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obtained after centrifugation at 12,000g, where the supernatant
demonstrated the mature form of CPAF with GST fusion tag (92
kDa) on an SDS-PAGE gel.

Detection of Tear IgG and IgA Antibodies against
cHSPG60, CT795, and CPAF

Custom glutathione-coated plates were produced according to a pub-
lished protocol.*! GST-fusion protein plates were developed by wash-
ing and coating plates with soluble lysates as described elsewhere.*”
Briefly, GST alone, cHSP60, CT795, or CPAF were dispensed into wells
at saturating dilutions of 1:10 (concentrations of >200 ug/mL of GST,
cHSP60, and CT795, and >50 ug/mL of CPAF) and allowed to incubate
overnight at 4°C. The plates were washed five times with PBS with
0.5% Tween-20 (PBST), and 50 uL of preabsorbed tear samples diluted
in 10% FBS in PBS were added to the wells and incubated for 2 hours
at room temperature. A set of standards was developed by adding to
each plate 1:3-fold serial dilutions of a previously tested patient serum
sample that demonstrated high antibody levels to cHSPG0. This stan-
dard serum sample was obtained by preabsorbing at a 1:150 dilution in
GST lysate with 10% FBS in PBS overnight. Samples were centrifuged,
aliquotted to avoid multiple freeze thaws, and stored at —20°C. Plates
were washed with PBST before horseradish peroxidase (HRP)- conju-
gated goat anti-human IgG was added, diluted 1:5000 or IgA diluted
1:20,000 (Jackson ImmunoResearch, West Grove, PA) and incubated
for 1 hour. After a series of washes, the wells were incubated with 80
uL of substrate (Ultra TMB; Thermo-Fisher Scientific, Inc.) for 30
minutes for colorimetric development. The reaction was stopped with
2 N H,S0,, and the absorbances were recorded at 450 nm minus the
570-nm background.

Statistical Analysis

Associations between age, sex, and Ct infection for the TF/TI and TT
cases versus the controls were initially performed with univariate
logistic regression. A standard curve for the patient tear sample dis-
cussed earlier was used for all microtiter plates, to quantify antibody
titers. Patient tear antibody titers against the chlamydial fusion proteins
cHSPG60, CT795, or CPAF were determined by analyzing the ratio of the
mean of the anti-chlamydial antibody results to the mean of GST
antibody results. Significant differences of tear antibody titers and
frequency variations (defined as the percentage positive with ratios
>2, demonstrating at least 3 SD above background GST control values)
between trachoma grade and the age-matched control were performed
by using multiple logistic regression adjusted for sex and Ct infection.
The influence of Ct infection on the frequency of antichlamydial
antibody production against each immunogen (see Tables 2-4) for
each trachoma grade and age-matched control group was determined
by multiple logistic regression adjusted for sex. Fisher’s exact two-
tailed tests were used to analyze tear IgA and IgG antibody frequencies
of each chlamydial protein for each trachoma grade and age-matched
control. A x test for trend was performed on the data for TF/TI and TT
outcomes with the respective control, for antibody responses to each
chlamydial fusion protein by titer and frequency. Differences at P <

TaBLE 1. Demographics
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0.05 were statistically significant (Stata. ver. 9.0; Stata Corp, College
Station, TX).

RESULTS

Study Population Characteristics

Our study population consisted of 65 TF/TI and 59 TT cases
and their respective age-matched controls. All cases were from
the trachoma-endemic Kapilvastu District of Nepal. The TT
cases and controls were significantly older than the TF/TI cases
and controls (Table 1, P < 0.001). Tear IgG antibody titers
against CT795 were inversely associated with age (odds ratio
[OR], 0.978; 95% confidence interval [95% CI], 0.96-0.99, P =
0.008).

Tear Antibody Responses against Chlamydial
cHSPG60, CT795, and CPAF Fusion Proteins for
TF/TI Cases Compared with Controls

Figure 1 shows the results of the tear immune responses
against cHSP60, CT795, and CPAF. There were significantly
elevated ratios (chlamydial gene/GST alone) of tear IgG anti-
body titers against all three chlamydial immunogens for the TF/TI
cases compared with the age-matched controls (Fig. 1A, mean
titer of CHSP60: TO = 1.21, TF/TI = 2.08, P < 0.005; mean titer
of CT795: TO = 1.60, TF/TI = 2.53, P < 0.005; and mean titer
of CPAF: TO = 1.53, TF/TI = 2.67, P < 0.005). These results
remained significant when evaluating the frequency (percent-
age positive, ratio >2) of tear IgG antibodies against each
chlamydial immunogen in the TF/TI cases and controls (Fig.
1C, mean frequencies of cHSP60O: TO = 0.06, TF/TI = 0.32;
mean frequencies of CT795: TO = 0.18, TF/TI = 0.46; mean
frequencies of CPAF: TO = 0.17, TE/TI = 0.52, all tests P <
0.005).

Although there was a trend toward elevated IgA antibody
titers and frequency against CT795, statistical significance was
evident only for cHSP6O (Fig. 1B, mean titer of cHSP60: TO =
1.16, TF/TI = 1.45, P < 0.05; Fig. 1D, mean frequency of
cHSPG60: TO = 0.05, TF/TI = 0.15, P < 0.05) between the TF/TI
cases and controls. Tear I1gG frequencies against CT795 and
CPAF were significantly higher than tear IgA frequencies
against the respective immunogens (mean frequency of CT795:
IgG = 0.32, IgA = 0.04; mean frequency of CPAF: IgG = 0.35,
IgA = 0.06, P < 0.001 for both), whereas there were minimal
differences for cHSPGO.

Tear Antibody Responses against Chlamydial
cHSP60, CT795, and CPAF Fusion Proteins for
TT Cases Compared with Controls

Figure 2 shows the results of the tear antibodies against
cHSPGO, CPAF, and CT795 fusion proteins for the patients

TF/TL TT
Controls Cases Controls Cases
Age, y* (range) 26.7 (10-70) 26.5 (10-70) 49.0 (13-75) 49.7 (13-75)
Sex
Male 20 21 22 14
Female 45 44 37 45
C. trachomatis PCR™ (%) 13/62 (20) 20/65 (31) 16/57 (28) 12/59 (20)

*The TF/TI cases and controls had a significantly lower age than did the TT cases and controls

P < 0.00D).
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Tear IgG and IgA antibodies against cHSP60, CT795, and CPAF fusion proteins in the TF/TI cases compared with levels in the

age-matched controls. Preabsorbed tear samples were measured by ELISA for IgG (A) and IgA (B) antibody titers specific for the chlamydial
proteins cHSP60, CT795, and CPAF. (A, B) Data represent antibody titers based on the chlamydial gene/GST ratio in the TF/TI cases (n =
65) or the age-matched controls (1 = 65). Horizontal lines: geometric means. (C, D) Frequency of tear IgG and IgA antibodies, respectively, against
cHSP60, CT795, and CPAF (ratios of chlamydial gene/GST = 2) in the TF/TI cases compared with that in the age-matched controls. Significant
differences between the TF/TI cases and controls were determined by multiple logistic regression adjusted for sex and Ct infection. *P < 0.005;

P < 0.05.

with TT compared with the controls. Although modest in-
creases in tear IgG antibody titers were found against all
immunogens, only titers against CPAF (Fig. 2A) were signif-
icant (by XZ analysis of trend [Fig. 2A]; mean values of CPAF:
TO = 1.49, TT = 2.00, P = 0.042). A significant difference
in IgG antibody frequency was also observed against CPAF
compared with that in age-matched controls (Fig. 2C, mean
frequency of CPAF: TO = 0.12, TT = 0.34, P = 0.013).
Although there was a similar increase in antibodies for
cHSP60 and CT795, these results were not significant for
either titer or frequency.

The overall frequency of tear IgA level was significantly
lower than that of IgG for both CT795 and CPAF, independent
of disease status, although comparable levels were observed
for cHSP60 (mean frequency of CT795: IgG = 0.19, IgA =
0.00; CPAF: IgG = 0.23, IgA = 0.08, P < 0.001 and P = 0.007,
respectively). Of novel interest was the significant elevation of
tear anti-CT795 IgA levels (Fig. 2B, mean frequency of CT795:
TO = 1.06, TT = 1.02, P < 0.05) among the controls compared
with the TT cases.

Effect of Ct Infections on Tear IgG and IgA
Antibody Responses against Chlamydial cHSPG60,
CT795, and CPAF Fusion Proteins

To determine whether a Ct infection biases the humoral
immune response, we analyzed the effect of infection on

these IgG and IgA antibody responses (ratios > 2) in the
TF/TI or TT cases and in the respective controls. Table 2
shows the results of these studies. There was a significant
increase in the frequency of tear IgG antibodies to cHSP60 in
the TF/TI cases during Ct infection compared with that in
the uninfected TF/TI cases (mean frequency of cHSP6O in
TF/TI group: Ct negative = 0.22, Ct positive = 0.55, OR,
3.94 [95% CI, 1.19-13.10]; P = 0.025). Antibody levels
against CT795 and CPAF showed patterns comparable to
those of cHSPGO; Ct infections were associated with a sig-
nificant increase in IgG antibodies against CT795 (Table 3,
mean frequency of CT795 in the TF/TI group: Cf negative =
0.33, Ct positive = 0.75, P = 0.03; OR, 4.1 [1.1-14.8]) and
CPAF (Table 4, mean frequency of CPAF in the TF/TI group:
Ct negative = 0.40, Ct positive = 0.80, P = 0.017; OR, 5.0
[95% CI, 1.3-18.5]) in the TF/TI group.

Between the TT cases and respective controls, there
were minimal differences in the association of Ct infection
and antibody levels against chlamydial recombinant proteins
(Tables 2-4).

DI1SCUSSION

Both humoral and cellular pathways appear to be involved in
the prevention and resolution of primary and recurrent Ct
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FIGURE 2. Tear IgG and IgA antibodies against cHSP60, CT795, and CPAF fusion proteins in the TT cases compared with levels in age-matched
controls. Preabsorbed tear samples were measured by an ELISA for IgG (A) and IgA (B) antibody titers specific for the chlamydial proteins cHSP60,
CT795, and CPAF. (A, B) Data represent antibody titers based on the chlamydial gene/GST ratio in the TT cases (z = 59) or the age-matc-
hed controls (7 = 65). Horizontal lines: geometric means. (C, D) Frequency of tear IgG and IgA antibodies, respectively, against cHSP60, CT795,
and CPAF (ratios of chlamydial gene/GST = 2) for the TT cases compared with the age-matched controls. Significant differences between TT and
control groups were determined by using multiple logistic regression adjusted for sex and Ct infection. *P < 0.05; **P = 0.013.

ocular and sexually transmitted infections.*? Our study ex-
panded on the limited characterization of the humoral immune
response in trachoma by analyzing tear antibody levels against
three chlamydial proteins, cHSP60, CPAF, and CT795, that are
all immunogens and either known or potential factors in chla-
mydial disease pathogenesis.>'>*#>%4 To generate high-quality
antibody data, we developed a robust quantitative ELISA that
can become the standard assay in future antibody studies. The
use of E. coli in the production of fusion proteins can result in
contaminating bacterial proteins and, together with the diverse
viscosity of biological samples, could result in a significant

difference among results when not controlling for these fac-
tors. In this study, we combined previous protocols*>*® with
additional controls and standard curves to quantify tear anti-
body levels. A standard curve derived from the same sample
was used on every ELISA plate, as were similar tear protein
concentrations for all samples. In addition, by controlling for
GST background and preabsorbing all tear samples with FBS
and GST lysates, we developed a standardized method for
adjusting for background levels and quantitying antibody lev-
els, which should assist in the comparison of results from
different studies.

TaBLE 2. The Effect of C. trachomatis Infection, as Determined by PCR, on the Frequency of Tear IgG and IgA Antibodies to cHSP6O

IgG™ Tears IgA* Tears
n (%) n (%)
Ct PCR™ Ct PCR* OR (95% CI) P Ct PCR™ Ct PCR* OR (95% CI) P
Controls 4/49 (8.2) 0/13 (0.0) NA NS 1/49 (2.0) 0/13 (0.0) NA NS
TF/TI 10/45 (22) 11/20 (55) 3.9(1.2-13.1) 0.025 7/45 (16) 3/20 (15) 1.8 (0.4-9.8) NS
Controls 4/41 (9.8) 2/16 (13) 1.3 (0.2-8.5) NS 4/41 (9.8) 2/16 (13) 1.4.(0.2-9.3) NS
TT 11/47 (23) 1/12 (8.3) 0.2 (0.0-2.2) NS 8/47 (17) 1/12 (8.3) 0.3 (0.0-2.7) NS

C. trachomatis PCR data were unavailable for three patients in non-TF/TT and for two patients in the TT group. Statistical analysis was
performed by logistic regression with adjustment for age and sex. Only significant differences (P < 0.05) between uninfected and C. trachomatis-

infected individuals were reported.
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TABLE 3. The Effect of C. trachomatis Infection, as Determined by PCR, on the Frequency of Tear IgG and IgA Antibodies to CT795
IgG* Tears IgA™ Tears
n (%) n (%)

Ct PCR™ Ct PCR* OR (95% CD P Ct PCR™ Ct PCR* OR (95% CD P
Controls 8/49 (16) 3/13 (23) 1.8 (0.4-8.8) NS 0/41 (0.0) 0/16 (0.0) NA NS
TF/TI 15/45 (33) 15/20 (75) 4.1 (1.1-14.8) 0.03 2/45 (4.49) 3/20 (15) 3.34 (0.5-23.5) NS
Controls 5/41 (12) 3/16 (19) 1.9 (0.4-9.9) NS 0/41 (0.0) 0/16 (0.0) NA NS
T 12/47 (26) 2/12(17) 0.9 (0.1-5.5) NS 0/47 (0.0) 0/12 (0.0) NA NS

The description of the PCR data and statistical analysis is the same as in Table 2.

Our study focused on characterizing host immunoglobulins
that are present at the foci of infection and disease, the con-
junctiva. Although ocular immunoglobulins may be locally or
systemically derived or represent a combination of both, our
main focus was to characterize the protective or pathogenic
events occurring in the conjunctiva in association with the
levels and frequencies of the immunoglobulins present in the
eye, regardless of their original origin. In our Nepali sample,
the TF/TI cases had significantly more frequency of antibodies
and higher tear IgG antibody titers against cHSP60, CPAF, and
CT795 fusion proteins than did the individuals without tra-
choma. This effect was more pronounced for all three immu-
nogens when there was concurrent Ct infection. For tear IgA,
significantly elevated antibody titers and more frequency of
antibodies were present against cHSPGO in the TE/TI but not
the TT cases compared with the controls. In the TT cases,
there was a significantly higher frequency of tear IgG antibod-
ies against CPAF compared with the controls. Together, these
data suggest that CPAF is both a marker and potential risk
factor for active inflammatory disease and the severe sequelae
of TT.

Several studies have identified host antibodies to cHSP60 in
association with an array of chronic diseases, including salpin-
gitis and tubal factor infertility,>"#>**47 reactive arthritis,*®
heart disease,* and trachoma.>??2* Of note, women with
Ct-associated tubal factor infertility are more likely than
women with other causes of infertility to have antibodies to
cHSPG60-specific amino acids 201-300.°° The high degree of
sequence homology between human HSP60 and cHSP60
(>70%) suggests that microbe-induced autoimmunity is a fac-
tor in some of these diseases.*® Further support for this idea
comes from the identification of 100% amino acid homology of
four defined epitopes shared by human HSP60 and cHSP60*®
and documentation of human serum antibody crossreactivity
to seven other epitopes also shared by human HSP60 and
cHSP60.>' A monoclonal antibody specific for bacterial HSP60,
including cHSP60, has been shown to recognize a unique
40-kDa human protein (CCP40) expressed by hematopoietic
cell lines, including peripheral blood progenitor cells,>* al-
though the importance of this protein is not understood.

In a study in The Gambia, the frequency of serum IgG
antibody responses to cHSP60 was significantly associated with
the TS cases compared with the controls; no other trachoma
grades were evaluated.”* These systemic findings have not
been supported by other studies in The Gambia®"** or in our
prior studies in different Nepali trachoma populations.>*> We
evaluated mucosal immune responses and found that villagers
with tear IgG antibodies to cHSPGO were significantly more
likely to have TI or TS than were those without any evidence
of trachoma,>** but there were no differences in tear IgA
responses. In the present study, we found a significant associ-
ation of the frequency of both IgA and IgG tear antibody
responses and titers against cHSPGO in the TF/TI cases com-
pared with the controls. The frequency of IgG, but not IgA,
antibodies was independently associated with Ct infection. The
collective IgG findings are consistent with those in experi-
ments in cynomolgus monkeys in which local ocular Chla-
mydia-specific IgG-secreting B cells were more numerous than
those in distant inguinal lymph nodes and peripheral blood
during Ct infection or after ocular challenge with cHSPGO in
immune cynomolgus monkeys.>>

Although there were no significant cHSPG0 tear antibody
frequency or titer associations with TT cases, our study is the
first, to our knowledge, to evaluate individuals with TT. Our
findings may reflect both the small sample size and the fact
that, in end-stage disease, there can be scarring of lacrimal
glands and other periocular tissues, resulting in insufficient
production of antibodies or decreased antibody production
simply from disease burn-out.”*~>® TT is the more advanced
stage of TS, and it occurs from repeated chlamydial infections.
By the time it develops, the immune damage from cHSP60 has
most likely already occurred.

IgG molecules play an immunologic role in neutralization,
opsonization, and complement activation. Unlike the neutral-
ization properties demonstrated with host antibodies against
the PmpD and MOMP in vitro®® and in vivo’ or the comple-
ment-mediated lysis of Ctinfected cells from monoclonal anti-
bodies directed against the chlamydial glycolipid exoantigen
(GLXA),>” the pathogenic activity of cHSPGO is thought to be
immunologically mediated. It is characterized by an inflamma-

TABLE 4. The Effect of C. trachomatis Infection, as Determined by PCR, on the Frequency of Tear IgG and IgA antibodies to CPAF

IgG* Tears IgA* Tears
n (%) n (%)
Ct PCR™ Ct PCR* OR (95% CD P Ct PCR™ Ct PCR* OR (95% CD P
Controls 10/49 (20) 1/13 (7.7 0.4 (0.0-3.5) NS 2/49 (4.1) 0/13 (0.0) NA NS
TF/TI 18/45 (40) 16/20 (80) 5.0 (1.3-18.5) 0.017 3/45 (6.7) 2/20 (10) 4.26 (0.5-35.8) NS
Controls 5/41 (12) 2/16 (13) 0.9 (0.2-5.8) NS 3/41 (7.3) 2/16 (13) 1.6 (0.2-11.4) NS
T 17/47 (36) 3/12 (25) 0.8 (0.2-4.0) NS 3/47 (6.4) 1/12 (8.3) 3.8 (0.3-53.2) NS

The description of the PCR data and statistical analysis is the same as in Table 2.
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tory response involving B- and T-lymphocyte infiltration of the
conjunctivae, including large numbers of antigen-specific lym-
phocytes®® and the subsequent development of scarring,>®
which have the features of a delayed-type hypersensitivity
(DTH) reaction. In experimental studies involving cynomolgus
monkeys, inoculation of cHSPGO into the eyes of immune
animals resulted in a DTH reaction.®® These findings are similar
to those in the salpinx of monkeys that were challenged with
cHSPG0.%' Although these studies are important, the discovery
of other Ct immunogens from genomic, proteomic, and anti-
gen screening studies suggests the need to expand on the
localized immune response to characterize other chlamydial
epitopes and their immunobiologic role in trachoma.

Antibodies against the unique chlamydial protein CT795
were first identified in 2006 among women with urogenital Ct
infections.>® In the same study, early and late protein produc-
tion was identified within inclusion bodies of Ct-infected HeLa
cells. The only other study of CT'795°% has shown that antibod-
ies to the protein (demonstrated by an ELISA) correlate with
other Ct serologic tests. However, there are no data on sero-
logic responses and the different disease states associated with
Ct. In the present study, we found a significantly increased
frequency of antibodies and elevated IgG tear antibody titer
against CT795 in the TF/TI cases, compared with those in the
controls, but no difference in tear IgA results. Ct infection was
independently associated with a higher frequency of IgG but
not IgA antibodies to CT795 in the TF/TI cases. Surprisingly,
there was a significantly lower titer of tear IgA in the TT cases
than in the controls. These data suggest either insufficient
antibody responses or a possible immunoprotective role, al-
though the biological significance has not been determined.
The former is less likely, in that antibody frequency and titer of
other immunogens did not differ between the TT cases and
controls. Additional research is needed to determine the asso-
ciation of antibodies to CT795 in different trachoma and sex-
ually transmitted disease populations, with or without docu-
mented disease.

CPAF has been well studied since its identification by Zhong
et al.>> less than 10 years ago. CPAF is known from in vitro
studies to be secreted into the host cytosol by 16 hours after
infection,®” resulting in degradation of host transcription factor
RFX5 (involved in major histocompatibility complex [MHC] I
and II expression),>> CD1d,** keratin 8,°> and proapoptotic
BH3 proteins (i.e., Puma and Bik).“ These studies suggested
that CPAF plays a role in chronic infection because of its late
expression, cytosolic location, and downregulation of host
antigen presentation machinery, including MHC-I and -II and
CD1d, and prolongation of host cell survival from loss of BH3
proteins.

CPAF has been shown to elicit a robust systemic humoral
immune response among women with Ct urogenital infec-
tions.®> A striking feature of this response was the higher
antibody levels directed against CPAF, compared with MOMP
and cHSPG60,°® suggesting that this immunogen plays a role in
the pathologic course of the disease or in protection. In a
recent study of the murine model for urogenital chlamydial
infections, intranasal immunization with CPAF plus CpG stim-
ulated antigen-specific CD4" T cells and IFNvy production that
resulted in a protective response.67 Other murine vaccine
studies demonstrated earlier resolution of genital C. murida-
rum infection and Chlamydia-specific IFN+y production com-
pared with controls.**>” However, an evaluation of CPAF in
uninfected human cells found that cell death occurred via
nonapoptotic pathways, which suggests that this protein is
involved in inflammation and disease.®® In our study, we found
a significantly increased frequency of tear antibodies and ele-
vated titers against CPAF in the TF/TI cases and TF/TI cases
with Ct infections. There was also a significant association of
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IgG antibodies against CPAF in the TT cases compared with
that in the respective controls. Together, these findings sug-
gest that the humoral IgG immune responses to CPAF may be
a risk factor for persistent or chronic chlamydial disease, al-
though further confirmatory studies in other populations and
characterization of IgG subclasses and pathologic pathways are
needed.

The humoral characterization of tear antibodies against
cHSP60, CT795, and CPAF among a trachoma endemic popula-
tion expands our understanding of microbe-induced immuno-
pathogenesis. However, because tear volume in each individual is
limited, it is difficult to perform large-scale immunoglobulin char-
acterization of isotypes and subclasses specific to each chlamydial
immunogen. Future studies are needed to more precisely deci-
pher the immunobiologic associations of antibody responses to
each immunogen as either pathologic or immunoprotective.
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