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Abstract It has recently been demonstrated that not only
mature B lymphocytes, but also non-lymphoid cells,
including cancer cells and neurons, express IgG. In the eye,
an important immune privileged site, the presence of IgG
has been ascribed to IgG entering the eye through breaches
of the blood—ocular barrier. Here we demonstrate that the
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eye itself can produce IgG intrinsically. Applying immu-
nohistochemistry, in situ hybridization, and RT-PCR,
several intraocular structures were found to express pro-
teins and mRNA transcripts of IgG heavy chains, light
chains, V(D)J rearrangements, and enzymes required for
V(D)J recombination. IgG receptors were also detected in
the intraocular epithelium and endothelium. The extensive
distribution of IgG and its receptors in intraocular struc-
tures indicates that locally produced IgG could play a
significant role in maintaining the ocular microenviron-
ment and protection of the eyes, and it might also be
involved in the pathogenesis of age-related macular
degeneration and some inflammatory diseases.
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Abbreviations
AEC 3-amino-9-ethyl-carbazole
AH Aqueous humor

AID Activation-induced cytidine deaminase
AMD Age-related macular degeneration
CPE Ciliary pigmented epithelia
FcyRs  Fc gamma receptors

FcRn Neonatal Fc receptors

Igy IgG Gamma chain v

Igk Ig Kappa light chain

Igh Ig Lambda chain 4

IGHG  Mouse IgG heavy chains

IGHG!1 Constant regions of human IgG1
IHC Immunohistochemistry

IPE Iris pigmented epithelium

ISH In situ hybridization
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uMT p chain mutated

RAG1  Recombination activating gene -1
RAG2  Recombination activating gene -2
RPE Retinal pigment epithelium

SCID Severe combined immune deficient
VDI, VDJ segment of Igy

Introduction

A number of sites in the human body, including the brain, the
reproductive organs (testis and ovary), and the eye are
extremely important for normal functions, and even minor
injury of such organs might lead to serious consequences that
should be prevented. These organs have therefore been
named “immune privileged sites”, where immune responses
are regulated locally [1]. As inflammatory responses are
toned down, non-MHC matched tissue grafts can survive in
such a location without being rejected. In the eye, several
mechanisms appear to contribute to ocular immune privi-
lege, including the lack of lymphatic drainage, blood—ocular
barrier, immune suppressive molecules in the ocular
microenvironment, restricted expression of MHC mole-
cules, expression of Fas ligands, and tumor necrosis factor-
related apoptosis-inducing ligand in ocular structures and
induction of suppressor immunity by regulatory T cells [1-
3]. The blood—ocular barrier is constituted by the blood—
retinal and blood—aqueous barriers. These barriers are
composed of complex tight junctions between endothelial
cells that prevent leukocytes including lymphocytes and
large molecules from crossing the blood—ocular barrier
under normal physiological conditions. Despite these barri-
ers, immunoglobulins have, however, been identified in
several ocular tissues. Allansmith et al. [4] detected IgG,
IgA, IgE, and IgD in various ocular structures, including the
cornea, choroid, conjunctiva, ciliary process, and ocular
muscles using immunofluorescence and single radial
immunodiffusion techniques. IgG was also demonstrated in
the aqueous humor (AH) and vitreous body of the human eye
under normal and pathological conditions [5-9]. It was
speculated that IgG could have been transcytosed across the
blood—ocular barrier by neonatal Fc receptors (FcRn), the
expression of which was demonstrated in various intraocular
structures, including those constituting the blood—ocular
barrier [10]. IgG might also reach these intraocular structures
through breaches in the blood—ocular barrier. Alternatively,
the presence of IgG in the eye could be a result of local IgG
production. Murray et al. [8] found increased IgG: albumin
relative concentration ratios in patients with Fuchs hetero-
chromic cyclitis and senile cataract, which were attributed to
local synthesis. They suggested that B lymphocytes crossing
the blood—ocular barrier were the cells responsible for IgG
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production. Until recently, it was widely accepted that
mature B lymphocytes and plasma cells were the only cell
types capable of Ig production. However, in the last few
years, other cell types, including neoplastic cells and neurons
of the brain have also been found to synthesize IgG [11-13].

However, the functions of IgG produced by non-lym-
phocytes have not been well elucidated. In cancers, tumor-
derived IgG is thought to promote the growth and survival
of cancer cells [13]. In the brain, IgG might act as a self-
protecting factor via a mechanism of enhancing microglial
endocytosis and release of TNF-a or by neutralizing
complement factors [14, 15]. In the eye, a prolongation of
the brain, TNF-o and the activation of the complement
cascade play a key role in pathogenesis of age-related
macular degeneration (AMD), the leading cause of blind-
ness in people over 50 in the Western world [16—18]. As in
the brain, IgG may also function as a self-protecting factor
and be involved in the development of AMD.

Here, we show that IgG in the eye could be the result of
local production by intraocular cellular elements with
immunohistochemistry (IHC), in situ hybridization (ISH),
and RT-PCR on eye tissues of humans and mice. Wide-
spread expression/production of IgG was detected in the
corneal epithelium and endothelium, ciliary epithelium,
and retinal ganglion cells of both the human and the murine
eyes. Furthermore, FcRn was detectable in corneal epi-
thelium and endothelium, ciliary epithelium, and retinal
vascular endothelium. Fc gamma receptors (FcyRs) were
detected in the pigment epithelium of the iris and processes
and stroma of the ciliary body only.

Materials and methods
Tissue samples

Eight human eye globes were obtained from the Eye Bank
of Weifang Medical University (Weifang, PR China).
These eye globes had been prepared within 12 h from
postmortem donors (five males and three females, mean
age 22.6 years, range 446 years) after their death of traffic
accidents, and they all had no history of ocular disease.
Normal ocular condition was confirmed by examination of
the donor’s blood sample and evaluation with slit-lamp,
specular microscope, and ophthalmofundoscope. Integrity
of the eye globe sample was also ensured by gross ana-
tomical and microscopic examinations. Surgically excised
tonsil tissues were used as positive controls (Weifang
Medical University).

Ten ICR, ten C57, ten Balb/C, ten severe combined
immune deficient (SCID), and ten p chain mutated (uMT)
mice were purchased at the age of 6-7 weeks from the
Experimental Animal Center of Peking University Health
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Science Center. Use of mice was approved by the Animal
Care and Use Committee of PUHSC.

Immunohistochemistry

Human eye globes were punctured with an 18-gauge nee-
dle to make the internal components accessible to the
fixation. Under anesthesia with 2% nembutal (45 mg/kg),
mouse eye globes were isolated, and punctured with a 30-
gauge needle. The dissected human and murine eye globes
were fixed in 4% paraformaldehyde and embedded in
paraffin. Lenses were eliminated before embedding. IHC
was performed on consecutive paraffin-embedded tissue
sections (4 pm thick) as previously described [19].

For THC staining of human eyes, tissue sections were
incubated with primary monoclonal mouse anti-human anti-
bodies to IgG heavy chain (Igy, 1:1,500, Sigma, St. Louis,
MO, USA), Ig kappa light chain (Igx, 1:500, Abcam, Cam-
bridge, MA, USA), Ig lambda chain (Ig4, 1:100, Zymed, San
Francisco, CA, USA), CD16 (FcyRIII), CD32 (FcyRII), and
CD64 (FcyRI) (1:50; Santa Cruz, Santa Cruz, CA, USA) and
polyclonal goat anti-human antibody to FcRn (1:50; Santa
Cruz). Horseradish peroxidase-conjugated anti-mouse/rabbit
IgG (PV9000 immunohistochemistry Kit, Zymed Laborato-
ries) or anti-goat IgG (PV9003 Immunohistochemistry Kit,
Zymed Laboratories) was added as the secondary antibody.
Human tonsil tissues were used as positive controls. 3-amino-
9-ethyl-carbazole (AEC) was used for visualization of sig-
nals. PBS substituted for the primary antibody was employed
as a negative control.

For THC staining of murine eye tissue sections, primary
goat anti-mouse polyclonal antibodies to IgG Fc fragment
(1:200, Bethyl, Montgomery, TX, USA), IgG Fab fragment
(1:200, Bethyl) whole molecular IgG (1:100, Jackson
ImmunoResearch, West Grove, PA, USA), were used.
Horseradish peroxidase-conjugated anti-goat IgG (PV9003)
was added as the secondary antibody. Spleens of ICR mice
served as positive controls.

RNA extraction, cDNA synthesis, and PCR

Mice were anesthetized with nembutal and perfused with
PBS. Eye globes were collected via enucleation and total
RNA was extracted from these eye globes following
elimination of the conjunctiva and lens using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Human eye globes were dissected
into cornea, ciliary body, retina and retinal pigment epi-
thelium (RPE) under a dissection scope (SMZ-B2,
Zhengzhou, China). Total RNA was isolated in each
structure separately using TRIzol reagent. RQ1 Rnase-Free
Dnase (Promega, Madison, WI, USA) was applied to
exclude DNA contamination. Five micrograms of total

RNA was reverse transcribed with oligo (dT);g primer
(Fermentas, Burlington, Ontario, Canada) using Super-
Script IIT Reverse Transcriptase (Invitrogen) according to
the manufacturers’ instructions. The reaction (RT) was
performed at 55°C for 60 min.

Semi-nested RT-PCR or RT-PCR was performed as
described previously [12]. In mouse ocular samples, mouse
IgG heavy chain (IGHG) and Igk mRNA transcripts were
analyzed using RT-PCR or semi-nested RT-PCR (IGHG:
RT-PCR, Igk: semi-nested). In human eye samples, nested
or semi-nested RT-PCR was carried out to amplify the
constant region of human Igy (IGHGL1), the VDJ segment of
Igy (VDI,), Igk, Ig4, activation-induced cytidine deaminase
(AID), recombination activating gene -1 (RAGI1), and
recombination activating gene -2 (RAG2). In total RNA
extracted from both human and mouse eye samples, CD19/
20 was amplified to evaluate possible contamination by B
lymphocytes and amplification of 18s rRNA or f-actin was
used as an endogenous reference. Fresh mouse spleen and
human tonsil tissues were used as positive controls. Details
of PCR amplifying reactions are presented for each tran-
script in Supplementary Table 1 [11-13].

All final products were analyzed by agarose gel (2%)
electrophoresis, purified with the Universal DNA purifi-
cation kit (Tiangen Biotech, Beijing, China) and their
identities were confirmed by DNA sequencing. Mouse Igk
PCR products were cloned into a pGEM-T vector (Tian-
gen, Beijing, China). Three clones were randomly chosen
and subjected to sequencing by ABI 3100 Genetic Ana-
lyzer (Applied Biosystems, Foster City, CA). The
sequences of these three clones were then compared to
published sequences in BLAST of the GenBank of the
National Center for Biotechnology Information (http://
www.ncbi.nlm.nih.gov/BLAST). The same procedure was
performed for human VDJ,, PCR products.

cRNA probe preparation and in situ hybridization

cRNA probes against IGHG1 and IGHG were prepared as
described previously [19]. The tissue sections used for ISH
were consecutive to the ones used for IHC. ISH was performed
on human and mouse ocular tissue sections as described pre-
viously [11, 12]. Mouse spleen and human tonsil tissues were
used as positive controls. Application of the corresponding
sense probe was used as a negative control.

Results
Expression of IgG in human and murine eye tissues

To study the distribution of IgG in the human eye, IHC
with antibodies to Igy, Igk, and Igi was performed on
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ocular tissues obtained from human autopsies. Igy, Igk, and
Ig4 were all detected in the human eye (Fig. 1). In the
cornea, IgG protein was detectable in the monolayer of
endothelial cells, the corneal stroma (Fig. le, g, h), and the
basal columnar epithelial cells characterized by large oval
nuclei (Fig. la, c, d). Consecutive sections were used to
evaluate IgG expression in the iris and ciliary body.
Co-expression of Igy, Igk, and IgA was found in both the
outer epithelial and the inner pigmented epithelial layer.
However, despite identical staining procedures, the
immunoreactivity of IgA was slightly less intense than that
of Igy and Igk (Fig. 1i, k, 1). In the sclera and choroid, IgG
protein was localized in the lumina of blood vessels and in
the connective tissue. In the retina, Igy immunoreactivity
was found in ganglion cells, as well as in some cells of in
the inner nuclear layer, the inner plexiform layer, and the
nerve fiber layer (Fig. Im, o, p). Using consecutive sec-
tions, co-expression of Igy, Igk, and Ig4 was demonstrated
in the same cells. In the tonsil tissue, Igy, Igk, and Ig4 were
localized to the cytoplasm of B lymphocytes of the ger-
minal center. In the negative control, in which PBS was
substituted for the primary antibody, no positive signal was
found.

To investigate the expression of IgG in the murine eye,
IHC with antibodies to IgG Fab fragment, IgG Fc frag-
ment, and whole molecular IgG was performed on ocular
tissue sections of ICR, C57 and Balb/c mice. The distri-
bution pattern in the murine eye shared many similarities
with that of the human eye. IgG Fab and Fc fragments, as
well as whole molecular IgG were detected in the cornea,
iris, ciliary body, retina, choroid and the sclera of eye
samples from all mouse strains tested (Fig. 2 and Supple-
mentary Fig. 1). The immunoreactivity had a cytoplasmic
localization. In the cornea, IgG positive signals were
clearly visible in the cytoplasm of endothelial cells,
whereas epithelial cells showed no staining and cells in the
substantia propria and stroma demonstrated only very weak
positivity (Fig. 2a, ¢; Supplementary Fig. 1a, d). In the iris,
positive IgG staining was found in the iris pigmented
epithelium (IPE) and the stroma. In the ciliary body, IgG
proteins were detected in the non-pigmented and pig-
mented epithelia (CPE), and the stroma (Fig.2d, f;
Supplementary Fig. 1b, e). In the retina, strong immuno-
reactivity was present in ganglion cells and in the retinal
pigment epithelium (RPE), whereas cells in the nerve fiber
layer and the photoreceptor outer segment layer showed
only weak staining (Fig. 2g, i; Supplementary Fig. lc, f).
In the sclera and choroid, IgG proteins were localized to
the same structure as those seen in the human eye. Despite
the presence of melanin in the pigmented epithelium
(including IPE, CPE, and RPE) of C57 mice (Fig. 2d, f;
Supplementary Fig. 1b, e), it was relatively easy to dis-
tinguish the red ITHC positive signals from the brown
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pigment granules. The IgG distribution in eye samples of
ICR and Balb/c mice was readily visible because of the
lack of melanin granules in the pigmented epithelium
(Fig. 2g, 1; Supplementary Fig. lc, f).

To exclude possible false-positive results caused by B
lymphocyte contamination, both SCID and uMT mice
were used. In SCID mice, which are B and T cell defi-
cient [20], IgG protein was not detected in any
intraocular structure (Supplementary Fig. Im). In con-
trast, in pMT mice, which have no mature B lymphocytes
due to a targeted disruption in the membrane exon of the
Igp chain gene [21], IgG proteins were expressed abun-
dantly in the corneal endothelium and ciliary epithelium,
and only weakly in retinal ganglion cells (Fig. 2j, 1). The
specificity of immunostaining was validated by the results
in the positive and negative controls (Supplementary

Fig. 1g-j).
IgG mRNA detection by ISH

Positive immune staining only confirms the presence of
IgG at the protein level, but not necessarily indicates that
IgG was actually produced within the eye. We therefore
performed ISH to detect [gG mRNA transcripts. ISH was
carried out on tissue sections consecutive to those used for
IHC with antibodies to human Igy and murine IgG Fab
fragment. The human and murine probes were specific for
the constant region of human IGHG1 and murine IGHG,
respectively.

In the human eye, the distribution of IGHG1 mRNA
showed a complex staining pattern. In the cornea, the
purple signals were located in the cytoplasm of endothelial
cells and basal epithelial cells (Fig. 1b, f). The corneal
stroma did not show any positive signal. In the ciliary body
and iris, IGHG1 mRNA was detected in the cytoplasm of
cells of both epithelial layers, but not in the highly vas-
cularized stroma (Fig. 1j). In the retina, positive signals
were seen in ganglion cells, RPE, and some cells in the
inner nuclear layer, the exact cell type of which cannot be
ascertained, but not in the nerve fiber layer or the inner
plexiform layer (Fig. In). Consecutive tissue sections
showed co-expression of IGHG1 mRNA transcripts and Igy
proteins in the corneal endothelium, corneal epithelium,
ciliary epithelium, retinal ganglion cells, RPE, and some
unidentified cells in the retinal inner nuclear layer. In a
number of structures that did show positive Igy immuno-
reactivity, including the choroid, sclera, corneal stroma,
ciliary body, and the retinal nerve fiber layer, no positive
IgG mRNA signal was detectable. The negative controls
validated the specificity of the ISH reaction. In the human
tonsil tissue, used as a positive control, hybridization with
the antisense probe yielded positive signals in the cyto-
plasm of B lymphocytes.
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Fig. 1 Expression and distribution of IgG and its receptors in the
normal human eye. a-h Positive immunostaining of Igy (a, e), Igk (c,
g), and Ig/ (d, h) antigens, as well as positive IGHG1 mRNA signals
(b, f) are detected in the cytoplasm of the basal cells of the epithelial
layer (arrow heads) and the cells of the endothelial monolayer
(arrows) of the cornea. Weak positive signals are detectable in the
tear film covering the outer surface of cornea. In e, f, g, h, the insert
shows a higher magnification of the selected area. Scale bars, 10 um
(insert, 20um). i-1 Consecutive sections showing coexpression of Igy
(i), Igk (k), IgZ (1) and IgG mRNA (j) in the ciliary body of the human
eye. The same epithelial cell is indicated in consecutive sections by
black arrow heads. Both ISH and IHC show positive staining in both
layers of the ciliary epithelium, while only IHC and not ISH shows

positive signals in the ciliary stroma (indicated by blue stars). Scale
bars, 20 pm. m—p Consecutive sections of retina. Igy, Igk, Igi, and
IGHG1 mRNA are all detected in a number of ganglion cells (arrow
heads) and in a few cells of the inner nuclear retinal layer (arrows).
q FcRn was detected in the epithelium (arrow heads) and the
microvascular endothelium (arrow) of ciliary body. r-t FcyRs
expression in human eye. FcyRIIl (CD16, r) and FcyRI (CD64, t)
are extensively expressed in PE cells (inner layer, arrow heads), and
FcyRII (CD32) is detectable in a limited number of cells in the ciliary
stroma (s, arrows). Scale bars, 20 pm. NFL nerve fiber layer, GCL
ganglion cell layer, /PL inner plexiform layer, INL inner nuclear
layer, OPL outer plexiform layer
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Fig. 2 IgG expression in the murine eye. a—c Positive IgG Fab a and
IgG Fc ¢ immunostaining and positive IGHG ISH signals b,
distributed in the cytoplasm of corneal endothelial cells. Inserts show
higher magnification. Scale bars, 20 pm (inserts, 20 pm). d—f Con-
secutive tissue sections showing IgG Fab d, IGHG mRNA e and IgG
Fc f in the ciliary body of a C57 mouse. Positive IgG signals were
found in the ciliary epithelial cells (black arrows). Scale bars, 20 pm.
g-i Consecutive sections of the retina of an ICR mouse without
melanin in its pigment epithelium. Positive IgG Fab g and Fc
i immunoreactivity is detected in ganglion cells (arrows), the nerve

In the murine eye, IGHG mRNA was detected in the
cytoplasm of cells of the following structures: corneal
endothelium (Fig. 2b), iris epithelium and IPE, ciliary
epithelium and CPE (Fig. 2e), as well as retinal ganglion
cells and RPE (Fig. 2h). On consecutive sections, we fur-
ther demonstrated co-expression of IGHG mRNA and IgG
Fab protein in the same cells. However, in a number of
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fiber, and RPE (arrow heads). Positive IGHG mRNA signals are only
detectable in ganglion cells and RPE cells. Serial sections show that
IgG protein and mRNA colocalize in the cytoplasm of ganglion cells
(see arrows for example). Scale bars, 20 pm. j—1 Consecutive sections
of the retina of a UMT mouse showing weak immunoreactivity in a
few ganglion cells. Arrows indicate the same single ganglion cell in
consecutive sections. Scale bars, 20 pm. NFL nerve fiber layer, GCL
ganglion cell layer, IPL inner plexiform layer, /NL inner nuclear
layer, OPL outer plexiform layer, ONL outer nuclear layer, PCL
photoreceptor cell layer, RPE retinal pigment epithelium

structures that had shown positive IgG Fab IHC staining,
no positive mRNA signal was detectable. These ocular
structures included the choroid, sclera, substantia propria
of the cornea, stroma of the ciliary body, nerve fiber layer
of the retina and the outer segments of the photoreceptor
layer. In eye samples of SCID mice, no positive signal was
detected (Supplementary Fig. 1n), whereas in uMT mouse,
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Igy mRNA transcripts were found to co-localize with IgG
Fab proteins (Fig. 1j, k, 1). In splenic tissue of ICR mice,
which were used as positive controls, the same probes
hybridized positively in the cytoplasm of B lymphocytes in
the white pulp (Supplementary Fig. 1k). In the negative
control, in which a sense probe was used instead of the
anti-sense probe, no positive signal was detected (Supple-
mentary Fig. 11).

Distribution of FcRn and FcyRs in eye of human
by IHC

Polyclonal goat anti-human antibody was used to detect
FcRn, whereas monoclonal mouse anti-human antibodies
to CD64, CD32, and CD16 were applied to detect FcyRI,
FcyRII, and FcyRIII, respectively. The results are shown in
Fig. 1. FcRn was detectable in the basal columnar epithe-
lium and the endothelium of the cornea, in the two layers of
the epithelium of the ciliary body (Fig. 1q), the epithelium
of the iris, and the endothelial cells of the blood vessels
present in the intraocular structures. FcyRI (Fig. 1t) and
FcyRIII (Fig. 1r) were expressed in the cytoplasm and
membrane of pigment epithelium cells. FcyRII (Fig. 1s)
was only detected in some cells located in the ciliary
stroma.

Detection of IgG associated transcripts

To confirm IgG expression in the individual structures of
the human eye, nested or semi-nested RT-PCR was
employed to identify Igyl, Igx, and IgA transcripts in
samples of cornea, ciliary body and retina. Igyl, Igx, and
IgA were positively amplified from all three intraocular
structures (Fig. 3a). The expression levels in these samples
appeared to be lower than that in tonsil tissue samples,
which were used as positive controls. CD 19 was only
amplified from the positive control but not from any of the
intraocular structures, again excluding the possibility of
lymphocyte contamination in the samples.

In B lymphocytes, recombination activating gene 1 and
2 (RAG 1 and RAG 2) are essential for V-(D)-J recombi-
nation, whereas activation-induced cytidine deaminase
(AID) is required for class switch recombination and
somatic hypermutation [22, 23]. To assess whether similar
processes take place in the IgG production in the eye, we
performed nested or semi-nested RT-PCR to identify
mRNA transcripts of RAG1, RAG2, AID, and VDJ,,, which
also includes a segment of about 120 bp of the constant
region of IgGl. VDJ; RAGI and RAG2 were positively
detected in the same eye structures (Fig. 3a, b), indicating
that V-(D)-J recombination might take place in the human
eye. AID was, however, not detected (Fig. 3a). The iden-
tities of all amplified products were confirmed by DNA

~o°8\
A o é&‘ «o‘g}\ o &e"’ c}_\\@d " &Q-‘a- Q\# &
200 bp —-= B-actin
B Marker%sg— % f%)fb_g@%
200 op — L S I ] o

Fig. 3 RT-PCR amplification of IgG mRNA transcripts in the human
eye. a IGHG1 (201 bp), VDJ,, (360—400 bp), Igk (231 bp), and Igd
(223 bp) transcripts amplified from the cornea, ciliary body and retina
of the normal human eye. AID transcripts are not detectable. No CD
19 band is identified. DEPC-treated water was used as a negative
control. b RAG1 and RAG?2 transcripts amplified from the normal
human eye. R DNase treated RNA as template (negative control);
C cDNA as template

sequencing. Three clones of VDJy were sequenced and
they showed high homology to the V4-61 germline
sequence with a mutation ratio of 2.7% (Fig. 4). The
constant region showed 100% homology to AY270190
further confirming the identity of the locally produced IgG.
As we cloned only a limited number of recombinants, no
conclusions can be drawn regarding the clonality of IgG
molecules produced by the eye.

To further investigate the endogenous production of IgG
in the eye, RT-PCR was performed on total RNA extracted
from murine eye globes. Igy and Igix were both positively
amplified from eye samples of ICR and pMT mice but not
from those of SCID mice (Fig. 5). Transcript levels of Igy
and Igx appeared to be expressed at lower levels in the eyes
of UMT mice than in those of ICR mice. Spleen tissues of
ICR mice were used as positive controls. Transcripts of CD
20, a marker for B lymphocytes, were only detected in the
positive control but not in eye tissues of ICR-, pMT-, or
SCID-mice, thereby firmly excluding possible contamina-
tion by lymphocytes in the tissue samples. The constant
region of the Igy PCR product was sequenced and found to
be identical to that of the mouse MMU65534 Igy germline
in BLAST. Three clones of the Igx variable region were
sequenced (Fig. 6) and compared with mouse Igx variable
regions published in BLAST (http://www.ncbi.nlm.nih.
gov/BLAST.cgi.). The VxJx recombinant of 1 clone
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Fig. 4 Results of sequence- A\Y4 region
blasting of IGHG1 mRNA < FWR1
transcripts amplified from V4-61 1 GAGGTGCAGCTCEAGCAGTCAGGCCGAACCETGACGETGTAGCCTICGGAGACCCTETCC 60
human eye samples. The VDJ, Clone 1 1 e e L e 60
sequences of all three clones Clone 1 . T iieans B Gt e s 60
show high homology to the Clone 3 1 L€ Gt i e 60
sequence of the V4-61 gene
(mutation rate 2.7%) < CDR1 <
V4-61 61 TCCTGTGAGGCTTCAGGATACACATITGGCACCTACTGGATAGGCTGGGTGCGCCAGATEG 120
Clone 1 Bl e Covnn. e o A. 120
C1ONE 2 Bl et e o A. 120
C1ONE 3 Bl et N e 120
----- FWR2 < CDR2
V4-61 121 CCCGGGAAAGGCCTGGAGTGEATGEGGATCATCTATCCCGGTGACTCTGATACCACATAC 160
Clone 1 S 17 c 180
Clone 5 R, 7 180
Clone 3 55 R, 7N c 180
>< FWR3
V4-61 181 AGCCCGTCATTCCGAGGCCAGETCACCCTCTCCGTCGACAAGTTCATCARTACCGCCTAC 240
Clone 1 = T 240
Clone 2 5= 5 o 240
Clone 3 5= 1 T ¢ Tttt 240
>
V4-61 241 CTGCAGTGGGACAGTCTCAAGGCCTCGGACACCGCCATATATTACTGTGCGAGA 294
C1one 1 241 eeennneee e i 294
C1ONE 2 241 4ttt ettt N 294
C1ONE 3 241 e et e e 294
N-D region
D5-18 5  TGGAATGTTATGATTGGATTTTATACAGCT 34
Clone 1,2,3 295 1 titteeteee e 324
JH region
J4 8  GACTACTGGGGCCAGGGAACCCAG 31
Clone 1,2 325  vevriiiiinnnnnnnnn .. 348
Clone 3 325 T G.... 348
Constant region of gamma 1
AY270190 349 GTCACCETCTCCTCAGCCTCCACCAAGGGCCCATCRETCTCCCCCCTGGCACCOTCCTCC 408
CLONE 1,2,3 340 4ttt ettt e e e e e e e et e e e e e 408
AY270190 409 AAGAGCACCTCTGEGEGCACAGCEECCCTEEGCTECCTOGTCAAGGACTACTTCCCCGAR 468
CLOME 1,2,3 400 ettt et ee e e et e e e e e e e e e e 468

AY270190

Clone 1,2,3 469

showed very high homology to bw20 germline (97.5%),
with a mutation ratio of 2.5%, whereas the VkJx recom-
binant of the other 2 clones showed 97.8% homology to
cw9 germline with a mutation ratio of 2.2%. The constant
region of Igk showed 100% homology to AK157380.

Discussion
To our knowledge, this is the first study demonstrating
local IgG synthesis by intraocular structures of human and

mouse eyes. Previously, intraocular presence of IgG was
thought to result from IgG entering the intraocular
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structures through breaches in the blood—ocular barrier or
from receptor-mediated uptake. Local production of IgG by
the eye itself has never been suspected or proven. Murray
et al. [8] provided preliminary evidence for local synthesis
of IgGl in Fuchs heterochromic cyclitis. However, they
assumed that B lymphocytes were the source of IgGl. In
our study, in addition to detecting IgG in the eye, we
detected expression of IgG mRNA in a number of ocular
cell types including pigmented epithelial cells, corneal
epithelial and endothelial cells, iris and ciliary epithelial
cells, and retinal ganglion cells. It is noteworthy that in a
number of sites including the corneal and ciliary stroma,
the retinal nerve fiber layer, the retinal inner plexiform
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Fig. 5 RT-PCR of murine eye samples. Both Igy (482 bp) and Igk
(410 bp) transcripts are amplified from eye samples of ICR and pMT
mice. No bands are observed in eye samples of SCID mice. Under
identical conditions, the band intensity of puMT mouse appears much
weaker than that of ICR mice. The band of ICR spleen sample shows
the strongest intensity. In none of the eye samples CD 20 band is
detected in eye samples. As a blank control, DEPC-treated water was
used in place of RNA

layer and photoreceptor outer segment layer, IgG could be
detected at the protein level but not at the mRNA level. It is
conceivable that following its production by corneal
endothelial, corneal epithelial, ciliary epithelial, or gan-
glion cells, IgG passively diffuses or is actively transported
into these tissues. Amplification of Igy, Igk, and Igl
mRNA transcripts further confirmed the ability of intra-
ocular tissues to produce IgG. Sequencing of the rear-
ranged genes of the variable regions of Igy and Igx was
confirmed by blasting, which further supported the
assumption that V(D)J recombination occurs in the eye.
The amplification of RAG1 and RAG2, two enzymes
constituting the RAG endonuclease essential for V(D)J
recombination in B lymphocytes, provided additional evi-
dence for such an event. Sequencing of the rearranged
genes of the variable regions of Igy and Igk, further sup-
ported the assumption that V(D)J recombination occurs in
the eye. The sequenced variable regions showed only a few
point mutations. The lack of AID expression in the ocular
tissues might explain this paucity of point mutations. The
negative finding of IgG expression in the ocular tissues of
SCID mice was due to a mutation in the gene encoding the
catalytic subunit of the DNA-dependent protein kinase
[20]. This enzyme is required for the repair of chromo-
somal breaks resulting from attempted V(D)J
recombination and thus defective activity of this enzyme
precludes successful completion of the V(D)J recombina-
tion process in pre B cells. As IgG was not expressed in
mice deficient of this enzyme, one could speculate that
V(D)J recombination is also required for the synthesis of
IgG by ocular cells. Analogously, the absence of IgG
expression in ocular cells of SCID mice could also be
attributed to the abrogation of V(D)J recombination. In
contrast to SCID mice, pMT mice did show IgG expression
in ocular tissues and the distribution appeared to be similar

to that in immune competent mice. Compared to SCID
mice, the development of B lymphocytes in pMT mice is
arrested at a later stage of B cell differentiation, i.e., the
pre-B cell stage [21]. This arrest is caused by a mutation in
one of the exons of the gene encoding the p chain constant
region resulting in the lack of mature B lymphocytes
capable of synthesizing Igs [21]. The fact that IgG was
detected in the eye of the UMT mouse indicates that intra-
ocular IgG production is not dependent on the presence of
mature B cells, further confirming that ocular cells them-
selves are capable of IgG production. In addition to the eye,
we have also detected the production of IgG in other
“immune privileged sites” such as the testes and placenta
and have evidence to show that locally produced IgG might
be involved in self-protection and “immune privileged”
status of testes and immune tolerance of the placenta and
the fetus. Manuscripts reporting these discoveries will be
published separately.

FcRn is an important Ig receptor widely expressed in
epithelium of several organs including the placenta, the
intestinal tract and the breast [24, 25]. In the nervous
system, it is expressed in the endothelium of brain blood
vessels [26], where it is involved in the transport of IgG
from the brain to the circulation across the blood-brain
barrier [27]. Intravitreally injected IgG permeated the
blood-retina barrier into the blood circulation in the normal
retina of mice, but not in FcRn knockout mice, suggesting
that FcRn is crucial for reverse transcytosis of IgG mole-
cules [28]. In addition, FcRn protects IgG from degradation
by proteinase, thus prolonging the half-life of IgG [29].
Here we demonstrated the expression of FcRn in ocular
epithelial and endothelial cells in close proximity to the
aqueous humor and tears and in the microvascular endo-
thelium. It is possible that FcRn mediates the active
secretion of locally produced IgG into the aqueous humor
and tears, as well as the reverse transport of IgG into the
circulation.

FcyRs are also essential factors in immune responses.
There are three kinds of FcyRs. They are FcyRI (CD64),
FcyRII (CD32) and FcyRIII (CD16), and each can be
divided into several subtypes according to their gene locus
[30]. Conventionally, FcyRs are expressed in most effector
cells of the immune system, notably monocytes, macro-
phages, NK cells, mast cells, eosinophils, neutrophils and
platelets. Responses triggered by IgG binding to FcyRs
include phagocytosis, endocytosis, degranulation, anti-
body-dependent cell-mediated cytotoxicity (ADCC),
transcription of cytokine genes, and release of inflamma-
tory mediators [31-33]. In immune privilege sites, FcyRI
expression has been demonstrated in microglial cells of
CNS [34] and FcyRs on Schwann cells in human peripheral
nerve [35]. In the present study, FcyRI and FcyRIII were
found to be expressed in the PE lining the iris, ciliary body
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Fig. 6 Results of sequence- Y region
blasting of three Igxk mRNA
transcripts amplified from ICR < FWR1 ><
mouse eye samples. The bw20 530 TGACCCAGTCTCCAGCATCCCTGTCCGTGGCTACAGGAGAAAAAGTCACTATCAGATGCA 589
variable region of Igx (ViJic) of Clone 1 BI3 ..'oiurinneiie e, G e 254
two clones showed 97.5%
homology to that of bw20. VkJx A o
of the other clone showed high CDR1 >< FiR2— 4
homology to that of cw9, with a bw20 590 TAACCAGCACTGATATTGATGATGATATGAACTGGTACCAGCAGAAGCCAGGGGAACCTC 649
mutation ratio of 2.16% Clone 1 2B3 ittt e e AC...... 194
> CDR2 >
bw20 650 CTAAGCTCCTTATTTCAGAAGGCAATACTCTTCGTCCTGGAGTCCCATCCCGATTCTCCA 709
Clone 1 193 ... ... ciiiiiiiniinnnn. L G 134
FWR3
bw20 710 GCAGTGGCTATGGCACAGATTTTGTTTTTACAATTGAAAACACGCTCTCAGAAGATGTTG 769
Clone 1 138 ittt i e i e e e e e 74
_____________>
bw20 770 CAGATTACTACTGTTTGCAAAGTGATAACATGCCTCTCAC 809
Clone 1 73 .. .....c....... G G..... 34
V region
FWR1
cwd 392 GACATCCAGATGACCCAGTCTCCATCCTCCTTATCTGCCTCTCTGGGAGAAAGAGTCAGT 451
Clone 2 1 .....T...Co.....ciiinn.. T e 60
Clone 3 1 ......... Covrneeen G 50
>< CDR1 924
cwd 452  CTCACTTGTCGGGCAAGTCAGGAAATTAGTGGTTACTTAAGCTGGCTTCAGCAGAAACCA 511
Clone 2 Bl ...iiiiiiiiiininnnnnn.. T e 120
Clone 3 6l ....vviiiiniinnennnnnn. T 120
FWR2 248 CDR2 ><
cwd 512  GATGGAACTATTAAACGCCTGATCTACGCCGCATCCACTTTAGATTCTGGTGTCCCAAAA 571
Clone 2 121 ... iiiiiii it A 180
Clone 3 12 o e To.... 180
FWR3
cwd 572  AGGTTCAGTGGCAGTAGGTCTGGGTCAGATTATTCTCTCACCATCAGCAGCCTTGAGTCT 631
Clone 2 18l ittt e e e e AL, .. 240
Clone 3 181 ..o viiiiiiii it G 240
>
cwd 632 GAAGATTTTGCAGACTATTACTGTCTACAATATGCTAGTTATCCGTACACGTTCGGAGGG 691
Clone 2 241 ... . e et G 300
Clone 3 241 ..ottt e Gt 300
cwd 692 GGGACCAAGCTGGAAATAAAACG 714
Clone 2 301 ...ivviiiiiiinnnnnnnnn. 323
Clone 3 30l ....iiiiiiniinnnnnnnn.. 323
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and retina. The PE is the most important protective struc-
ture in ocular physiology, whereas it is also thought to
contribute to the maintenance of the immune-privileged
status of the eye [36]. Given the extensive expression of
IgG and FcyRs in the PE, it appears highly likely that
endogenously produced IgG might play a protective role in
this “immune-privileged” site. For intraocular cells (such
as ciliary stromal cells) that were positive for IgG protein
but negative for IgG mRNA or IgG receptors, IgG protein
might be diffused into the cells from the surrounding
environment via pinocytosis with help of cationic peptides
[37, 38] or other unidentified mechanisms.

The functional significance of intraocularly produced
IgG warrants further investigation. In cancers, tumor-
derived IgG is thought to promote the growth and survival
of cancer cells. This assumption is based on the findings of
Qiu et al. showing that blockade of IgG by either antisense
DNA or anti-human IgG antibody increased apoptosis and
inhibited growth of cancer cells in vitro and that intra-
peritoneal treatment with anti-IgG antibody of nude mice
bearing HeLa MR tumors led to significant reduction of
tumor size [13]. In the brain, a self-protecting function is
also attributed to IgG. Hulse et al. [14] demonstrated that
nonspecific monomeric IgG at physiological concentrations
was neuroprotective in the rat brain via a mechanism that
enhanced microglial endocytosis and release of TNF-o.
Arumugam et al. [15] found that intravenous administra-
tion of Ig offered significant protection to neurons within
ischemic regions in mice suffering from cerebral ischemia
by neutralizing complement factors (C3 and C5). TNF-«
and dysregulation/activation of the complement system
(C3, CFH and C2, etc., especially the local complement
system in the RPE-choroid complex) is thought to play a
major role in the development of AMD, the leading cause
of blindness in the western world [16—18]. As in the brain,
IgG produced by ganglion and RPE cells of the retina could
also exert a self-protecting function and stimulate growth
and regeneration of such cells and may be involved in the
pathobiology of AMD. In addition, IgG could also directly
affect neuronal function. Binding of antigen—antibody
complexes to FcyRIs expressed on dorsal root ganglia was
found to lead to activation of such cells in vitro, as evi-
denced by the increased concentration of intra-cellular
Ca”" and the release of the neurotransmitter substance P
[39].

In recent years, several immunological molecules (e.g.,
TNF-a, IL-6, IL-8, IL-18, and IFN-y) that were tradition-
ally thought to be exclusively expressed by immune cells
were found to be produced by neural cells and to influence
nerve cell functions [40]. Vice versa, several neurotrophic
factors were found to modulate immune responses [40].
Being a classical immune mediator on the one hand, and
being produced by ganglion cells on the other, IgG could

be added to this list of immunological molecules mediating
neuro-immune crosstalk.

Locally produced IgG could also play a role in pre-
venting induction of immune responses by eliminating
undesired antigens and invading pathogens. In a mouse
model for Alzheimer’s disease, IgGs directed against
amyloid fS-peptide (Ap) antigens formed immune com-
plexes with Apf antigens and these antigen—antibody
complexes were subsequently transcytosed across the
blood-brain barrier into circulation, the process of which
was mediated by FcRn [41]. Intravitreally injected IgG was
demonstrated to be transported across the blood-retinal
barrier into the systemic circulation in a Fc-dependent
manner in a rat model [27, 28]. Future studies need to
investigate whether endogenous IgG also plays a role in the
elimination of potentially harmful antigens from the eye.

In conclusion, our findings established that IgG can be
produced locally by the pigmented epithelium, the corneal
epithelium and endothelium, iris and ciliary epithelium,
and retinal ganglion cells of human and mouse eyes. FcyRs
possibly regulate local immune responses, whereas FcRn
might mediate IgG transport in the eye. Endogenously
produced IgG most likely plays a significant role in pro-
tecting the eye but further studies are needed to elucidate
its exact function.
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