standing modulation of helminth develop-
ment in other host-parasite systems.
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Defective Antigen Processing in
GILT-Free Mice

Maja Maric,’ Balasubramanian Arunachalam,'* Uyen T. Phan,’
Chen Dong,'t Wendy S. Garrett," Kurt S. Cannon,’
Christopher Alfonso,?} Lars Karlsson,2 Richard A. Flavell,’
Peter Cresswell'§

Processing of proteins for major histocompatibility complex (MHC) class 1i-
restricted presentation to CD4-positive T lymphocytes occurs after they are in-
ternalized by antigen-presenting cells (APCs). Antigenic proteins frequently contain
disulfide bonds, and their reduction in the endocytic pathway facilitates processing.
In humans, a gamma interferon—inducible lysosomal thiol reductase (GILT) is
constitutively present in late endocytic compartments of APCs. Here, we identified
the mouse homolog of GILT and generated a GILT knockout mouse. GILT facilitated
the processing and presentation to antigen-specific T cells of protein antigens
containing disulfide bonds. The response to hen egg lysozyme, amodel antigen with
a compact structure containing four disulfide bonds, was examined in detail.

Exposure of proteins internalized by APCs to
the increasingly acidic and proteolytic envi-
ronment of the endocytic pathway generates
peptides that bind to MHC class I a3 dimers.
The reduction of inter- or intrachain disulfide
bonds, which facilitates this process, occurs
within the endocytic pathway (/-5). To de-
termine whether GILT, defined in humans
(6), is involved in these reduction events, we
elected to generate a knockout mouse. A
search of the dbEST database from GenBank
uncovered partial cDNAs encoding mouse
GILT. By means of a 5' end RACE (rapid
amplification of cDNA ends) polymerase
chain reaction, we confirmed the sequence

and cloned the complete cDNA (GenBank
accession number AF309649). Mouse GILT
has about 70% amino acid sequence identity
to human GILT, and the cysteine residues,
including those in the active site (6), are
highly conserved (Fig. 1A). A rabbit antiser-
um to mouse GILT was used to determine the
intracellular localization of mouse GILT by
immunofluorescence microscopy (7). GILT
was colocalized with MHC class II and the
lysosomal marker Lamp-2 in mouse dendritic
cells (Fig. 2A); this pattern is similar to the
distribution of GILT in human APCs.
Human GILT has both NH,- and COOH-
terminal peptides, which are removed in the
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endocytic pathway (6). Mouse GILT may
have a similar two-step pattern of processing.
A pulse-chase study (Fig. 2B) showed that it
was synthesized as a protein of about 35 kD
and was processed in two distinct steps to a
28-kD mature form. In A20 B cells, the ma-
ture form was stable for at least 24 hours. In
a second B cell line, CH27, GILT was simi-
larly processed but was more rapidly turned
over. As is the case for human GILT, a
fraction of the precursor form was secreted
and detected in tissue culture supernatants
(Fig. 2C). In other experiments, mouse GILT,
expressed in insect cells using the baculovi-
rus system, proved capable of protein disul-
fide bond reduction at low pH, similar to the
human enzyme (6).

Mouse GILT cDNA was used to identify a
genomic clone in a A 129/J phage library (8).
The GILT gene contained seven exons and
spanned 3784 base pairs (Fig. 1B). Embry-
onic stem (ES) cells were transfected with a
construct designed to replace exons 2 to 7
with the neomycin resistance gene (Fig. 1B)
(9. Two ES clones were injected into
C57BL/6 host mothers, resulting in three mo-
saic animals. The offspring of these founders,
after several generations of backcrossing onto
a C57BL/6 background, were tested by West-
ern blot using rabbit antiserum to mouse
GILT (Fig. 1C). GILT was absent from the
homozygous knockout animals, as expected.
In wild-type animals, GILT was well ex-
pressed in lymph nodes, spleen, and lung, all
sites where APCs (e.g., dendritic cells or
monocytes/macrophages) would be well rep-
resented. With the exception of kidney and
liver, where weak signals were detectable in
homozygous GILT-positive animals, other
tissues examined contained undetectable lev-
els of GILT (10).

Initial comparison of wild-type and GILT
knockout animals showed no difference in
the numbers of CD4-positive cells in either
spleen or thymus, suggesting that GILT does
not. play a major role in positive selection.
MHC class II expression in splenic B cells
was also normal. To determine whether GILT
is important for antigen processing, we sub-
cutaneously immunized GILT-negative ani-
mals and their homozygous positive litter-
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mates with a number of protein antigens in
complete Freund’s adjuvant (/[). Draining
lymph nodes were isolated and the lymphoid
cells were used in recall proliferation assays.
Hen egg lysozyme (HEL) was chosen as an
antigen because it has a compact structure
containing eight cysteine residues engaged in
four disulfide bonds (Fig. 3A). The response
of GILT-negative mice to HEL was about
one-tenth that of wild-type mice (Fig. 3B). A
similar reduction was seen in the response to
bovine ribonuclease A, which has four disul-
fide bonds (Fig. 3C), and to human immuno-
globulin G (IgG), which has multiple disul-
fide bonds. Only a slight difference was seen
in the response to bovine a-casein, which has
no disulfide bonds (Fig. 3D). Such a differ-
ence, although barely statistically significant,
could reflect effects of GILT on the pro-
cessing pathway independent of reduction,

A
10 v20

for example, on the activation of cysteine
proteases.

To examine the response in more detail,
we used splenic APCs from GILT-positive
and GILT-negative animals in in vitro assays
with .HEL-specific T cell hybridomas (12).
We used four different H2b-restricted HEL-
specific' hybridomas: Hbl.9 (recognizing
peptide 20-35), H30.44 (peptide 30-53),
H46.13 (peptide 46-61), and BO4 (peptide
74-88) (13). Three of these epitopes contain
cysteine residues. The peptides recognized by
Hb1.9 and H30.44 overlap and share the cys-
teine at position 30. H30.44 and H46.13 also
recognize overlapping epitopes (residues 46
to 53) but do not share any cysteines. BO4
recognizes an epitope with two cysteines in-
volved in two different disulfide bonds. Only
H46.13 recognizes a peptide with no cys-
teines. Hybridomas Hb1.9 and H30.44 were
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Fig. 1. (A) Comparison of mouse
and human GILT sequences. The ¢
predicted signal sequence peptides WT +/- -/- WT +/- /- H- -
are italicized, the underlined se- e : .
quences represent NH,- and %k p» & o “ “-—
COOH-terminal pro-peptlées. and .
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GILT genomic map and deletion
construct. A map of the phage
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structure of the GILT gene with its
seven exons. The neo resistance

gene was used to delete exons 2 to 7. (C) Western blot analysis of GILT expression in wild-type
(WT), heterozygous (+/-), and homozygous knockout (/=) mice. GILT is readily detectable only
in wild-type and heterozygous mice in lymph node, spleen, and lung.
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Fig. 2. (A) GILT is localized in MHC
class ll-positive, Lamp-2—positive
compartments. Immature (day 5) 5
bone marrow-derived mouse den- A20
dritic cells were stained using rabbit antibody to
mouse GILT, rat mAb to mouse Lamp-2, and a rat class
Il mAb. (B) Maturation of mouse GILT. The mouse B
cell lines A20 or CH27 were pulsed with [3*S]methi-
onine for 15 min and chased for different periods up to
24 hours. GILT was immunoprecipitated and analyzed
by SDS-PAGE followed by autoradiography. Mouse
GILT is processed in two distinct steps, similar to the
process seen with human GILT. Its stability is cell line—
dependent. (C) The precursor form of mouse GILT is
secreted. Detergent extracts of radiolabeled A20 cells
contain both the mature (28 kD) and precursor (35 kD)
forms of GILT (lane 1) detected by immunoprecipita-

tion with rabbit and mouse GILT, whereas the supernatant contains only the precursor form (35 kD,

Ll T
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lane 3). Lanes 2 and 4 represent immunoprecipitations with a negative control rabbit antibody.

Fig. 3. (A) Structure of HEL and schematic repre-
sentation of HEL epitopes. The epitopes recog-
nized by four different I-AP-restricted T cell hy-
bridomas are represented as follows: epitope 20-
35 in yellow (recognized by Hb1.9), 30-53 in
orange (recognized by H30.44), 46-61 in green
(recognized by H46.13), and 74-88 in purple (rec-
ognized by BO4). Cysteine residues, all involved in
disulfide bonds, are represented as red spheres. (B
to D) In vivo recall responses after immunization
with antigenic proteins. Relative to wild-type
mice (solid circles), GILT knockout mice (open
squares) showed about one-tenth the recall re-
sponse to HEL (B) and ribonuclease A (C), which
contain intrachain disulfide bonds, but showed
only a slight reduction in response to a-casein,
which does not (D). The proliferation of draining
lymph node cells was assayed by [*H]thymidine
incorporation (counts per minute) after 72 hours
of incubation with a range of HEL concentrations.

www.sciencemag.org SCIENCE

activated regardless of whether APCs ex-
pressed GILT; this finding suggested that
these two epitopes do not require reduction
and unfolding before proteolytic processing
(Fig. 4, A and B). However, recognition of
the other epitopes, 46-61 with no cysteine
residues and 74-88 with two cysteine resi-
dues, was adversely affected by the absence
of GILT. The response of the BO4 hybrid-
oma (74-88) to HEL was eliminated when
GILT-negative APCs were used (Fig. 4, C
and D). No response to this peptide was
observed even when the incubation period
was increased from 24 to 48 hours (/4).
When mice were immunized with HEL and
the recall responses to the individual peptide
epitopes were examined, responses to 20-35
and 30-53 were unaffected by the absence of
GILT, whereas no responses to 46-61 and
74-88 were observed in GILT-negative mice
(14). These results confirm a major role for
GILT in generating these two epitopes.

To determine whether prior reduction and
unfolding of HEL could compensate for the
lack of GILT, we reduced and carboxymethy-
lated HEL to block its cysteine residues (15,
16). This modification did not affect the pos-
itive responses of the Hb1.9 and H30.44 hy-
bridomas seen with both wild-type and
GILT-negative APCs (Fig. 4, A and B). The
response of H46.13 to HEL presented by
knockout APCs was reconstituted to wild-
type levels (Fig. 4C), consistent with the
postulated role of GILT in mediating reduc-
tion. The BO4 hybridoma remained unre-
sponsive (Fig. 4D), presumably because car-
boxymethylation of the cysteine residues in
the 74-88 epitope prevents its recognition, as
previously described (/7).

There are at least two possible explana-
tions for the effect of GILT on the processing

A
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25000
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of protein antigens. GILT could directly act
on the protein, reducing its internal disulfide
bonds. Alternatively, GILT could affect the
function of cysteine proteases within the en-
docytic pathway. To address the first possi-
bility, we pretreated HEL with purified hu-
man GILT before including it in assays with
the GILT-dependent BO4 hybridoma (I8),
chosen because the 74-88 epitope is the most
dependent on GILT. To ensure that internal-
ization of GILT by the APCs and subsequent
activity during incubation with T cells did not
confound the results, we heated the mixture
of HEL and GILT to 100°C for 5 min after
the incubation to inactivate the enzyme. Pre-
treatment of HEL with GILT successfully
restored the antigen-processine function of

REPORTS

intrachain disulfide bonds (Cys®~Cys'?’,
Cys3*—Cys!!5, Cys®-Cys®0, and Cys’*-
Cys®¥). The increased conformational stabil-
ity provided by these bonds reduces the T cell
response to HEL (19, 20). Not all epitopes
were equally affected by the lack of GILT.
Two epitopes—20-35 and 30-53, which share
Cys*°—did not require GILT for T cell rec-
ognition. The topology of these particular
epitopes may render them easily accessible to
proteolytic release, regardless of protein re-
duction. Alternatively, the acidic pH of the
antigen-processing compartment may be suf-
ficient to destabilize this region of the mole-
cule, making the epitopes accessible for
MHC class II binding before proteolysis.

Twn nther enitonee—46-61 withant anv cve-
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type and two GILT knockout mice (ko1, ko2, wt1, and wt2) together with the GILT-dependent T cell
hybridoma BO4. Native HEL in phosphate-buffered saline (pH 7.0) was included as an additional
control. APCs from the knockout mice (E) are able to present only GILT-treated HEL. Wild-type APCs (F)
present HEL normally, regardless of GILT pretreatment.

9 NOVEMBER 2001

not a simple reversal of folding, disulfide bonds
that are thermodynamically favored to form
readily may also be more difficult to reduce
upon denaturation. Thus, the disulfide bonds
involving Cys’® and Cys®° may be more depen-
dent on GILT for their reduction than the two
other disulfides. The 46-61 and 74-88 epitopes
contact each other in the native HEL structure
(Fig. 3A). This may explain the lack of a re-
sponse to the 45-61 epitope in GILT-negative
mice immunized with HEL and the partial loss
of presentation of the epitope by GILT-negative
APCs. Exposure of this sequence to class II
molecules may also depend on the reduction of
the disulfide bonds involving Cys”® and Cys®°.

Despite the similar responses of two of the
T cell hybridomas to specific HEL epitopes,
the in vivo immune response to HEL is sig-
nificantly diminished in animals lacking
GILT (Fig. 3A). Primary responses are less
sensitive, and the reduced response may re-
flect a dominant role for the two GILT-de-
pendent epitopes in T cell recognition. This is
supported by early studies of the HEL re-
sponse in H2® mice (13) and by data (/4)
indicating that in wild-type mice, the re-
sponse to the GILT-independent epitopes was
lower than the response to the GILT-depen-
dent ones. In addition, the APCs critical for
the primary response—presumably dendritic
cells—may be more dependent on GILT for
their antigen-processing function than are the
APC types (e.g., B cells, macrophages)
present in the spleen cells used in the in vitro
assays. Differences in GILT usage between
APC types may prove to be a fruitful area for
future studies. However, regardless of the
reason for the dominant effect on the primary
response, GILT is an important component of
the antigen-processing machinery. It may
prove to be especially important in responses
to viruses, whose envelope glycoproteins of-
ten contain multiple disulfides. GILT may
also be involved in responses to bacteria such
as Mycobacteria, Salmonella, or Legionella,
or protozoan parasites such as Leishmania,
which reside in macrophage phagosomes dur-
ing an infection.
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