INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI fims
the text directly from the original or copy submitted. Thus, some thesis and
dissertation copies are in typewriter face, while others may be from any type of
computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality illustrations
and photographs, print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

in the unlikely event that the author did not send UMI a complete manuscript
and there are missing pages, these will be noted. Also, if unauthorized
copyright material had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left-hand cormer and continuing
from left to right in equal sections with small overiaps.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6" x 9" black and white
photographic prints are available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly to order.

Bell & Howell Information and Leaming
300 North Zeeb Road, Ann Arbor, Mi 48106-1346 USA
800-521-0600

®

UMI






Université d’Ottawa - University of Ottawa






CD1 RESTRICTED RECOGNITION BY MURINE T CELLS

Theresa A. Podrebarac M.D.

in partial fulfiiment of the requirement for the degree of
Master’s of Science
Department of Biochemistry, Microbiology and Immunology
Faculty of Medicine

School of Graduate Studies
University of Ottawa
Ottawa, Ontario, Canada
May 6, 1999

© Theresa A. Podrebarac, Ottawa, Ontario, Canada 1999



Ld |

National Library

of Canada du Canada

Acquisitions and Acquisitions et

Bibliographic Services

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author’s
permission.

395, rue Wellington
Ottawa ON K1A ON4

Bibliothéque nationale

services bibliographiques

Your file Votre référence

Our file Notre réfdrence

L’auteur a accordé¢ une licence non
exclusive permettant a la
Bibliothéque nationale du Canada de
reproduire, préter, distribuer ou
vendre des copies de cette thése sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L’auteur conserve la propriété du
droit d’auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou autrement reproduits sans son
autorisation.

0-612-46602-7

Canada



ABSTRACT

CD1 molecules are non-polymorphic glycoproteins distantly related to
major histocompatiblity complex (MHC) molecules and represent a third lineage
of antigen-presenting molecules in the immune system. Uniquely, CD1 molecules
have the ability to bind and to present lipid antigens to T cells. An unusual subset
of CD1d restricted T cells in mice called NK T cells, express an invariant Vo.14-
Ja281 T cell receptor (TCR)a rearrangement. NK T cells have been shown to
play a pivotal role in the regulation of the immune response, the development of
autoimmunity and in tumour rejection. However, CD1d reactivity is not limited to
NK T cells alone. By immunizing mice with CD1d expressing transfectant cells, a
panel of CD1d restricted, directly reactive T cell clones was generated.
Functionally similar to NK T cells, these T cell clones secreted both Type1 (IFN-y)
and Type 2 (IL-4, IL-10) cytokines upon stimulation. In contrast, detailed TCR
analysis revealed that a diverse repertoire of T cells could recognize CD1d. T
cells expressing Va.10, -11, -15 and —17 and having non-germline-encoded
nucleotides resulting in diverse V-J junctions were identified. Three clones
expressed the invariant Va14-Ja281 TCR but were functionally indistinguishable
from the clones expressing diverse TCRs. Murine y8 T cells were examined for
similar reactivity to CD1d, but specific recognition of CD1d could not be
demonstrated. These data establish that the universe of TCRs capable of direct
recognition of CD1d is more diverse than was previously appreciated, indicating
the flexibility of the adaptive immune system in response to CD1d mediated

processes. Given the conservation of NK T cells between humans and mice, and



the important immunological roles attributed to NK T cells, further insights into
this complementary population of CD1d restricted T cells will have a significant
impact on our understanding of how dysregulation of these cells could potentially

lead to autoimmunity and tumour spread.
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INTRODUCTION

T lymphocytes are the principle specific effector cells in the adaptive
immune response and are responsible for the development and maintenance of
immunological memory. Tremendous excitement has arisen with the recent
description of an unusual lineage of T cells called natural killer T (NK T) cells. NK
T cells present in both mice and humans are defined as T cells bearing the NK
cell marker NK1.1 or its homologue NKR-P1A in humans and are distinguished
from conventional T cells by their expression of an extremely restricted a T cell
receptor (TCR) (1). Strikingly, NK T cells have been shown to protect against the
development of Type | diabetes in NOD mice and to play a profound role in the
rejection of certain tumours, suggesting that NK T cells are strategic in the
regulation of the immune response (2-4). NK T cells are particularly interesting
since they are restricted by CD1d1 rather than by major histocompatibility
complex (MHC) molecules.

CD1 molecules are non-MHC encoded surface glycoproteins that have the
unique ability to present foreign mycobacterial lipid antigens to T cells. Given the
notable diversity of human TCRs directed against CD1a, -b, and —c proteins and
the antigens they present (5), we hypothesized that murine T cells able to
recognize CD1d1 were not restricted to the NK T cell subsets. This research was
undertaken to investigate the diversity of the T cell populations that could
recognize CD1d1 and to fully characterize the functions of these T cells using an

in vivo mouse model.



BACKGROUND

Critical to our understanding of T cell biology was the discovery that T
cells could recognize specific peptide antigens presented by MHC molecules on
the cell surface of antigen presenting cells (APCs). The antigen specific (TCR),
MHC molecule and peptide antigen form a trimolecular complex that activates
the T cell (6). The derivation of a human CD4 CD8 double negative (DN) af T
cell line (DN1) challenged this traditional paradigm (7). Specifically, DN1 was
shown to recognize mycolic acid, a mycobacterial glycolipid antigen, presented
by the CD1b molecule expressed on the surface of human monocytes.
Subsequently, additional non-peptide antigens present in the cell wall of
mycobacteria, including glucose monomycolate and lipoarabinomannan (LAM),
were identified as ligands for CD1 restricted human T cells, clearly demonstrating
that certain TCRs can recognize antigens chemically distinct from peptides (8,9).
CD1 genomic classification

The CD1 genes, CD1A,-B,-C,-D and E in humans and CD71D1 and CD1D2
in mice, encode novel, nonpolymorphic antigen presenting molecules. In
humans, the CD1 gene family is located on chromosome 1 and is unlinked to the
MHC on chromosome 6 (10,11). The murine CD1D genes are located on
chromosome 3. Based mainly on their amino acid sequences, the CD1 proteins
are divided into two groups. Group | is comprised of CD1a, CD1b and CD1c
proteins while CD1d, which shows close homology to the protein products of the
two murine CD1D genes (CD1d1 and —d2), defines group |l. No protein product

has been identified for CD1E, but the gene is transcribed (10,11). In every



mammalian species thus far studied, CD1 genes and proteins have been
identified but differences exist with respect to the complexity and number of CD1
genes (11).
CD1 tissue distribution

Group | CD1 proteins initially identified on immature human thymocytes
are expressed on the surface of several APCs, especially dendritic cells. CD1a is
highly expressed on Langerhans cells in the epidermis, whereas dendritic cells in
the spleen, liver, lung, skin and kidney express CD1b and —¢ (11). A subset of B
lymphocytes within tonsil, spleen and blood also express CD1c. Group | proteins
are inducible in vitro by incubating circulating monocytes with granulocyte
macrophage-colony stimulating factor (GM-CSF) suggesting that these proteins
are upregulated by tissue macrophages during inflammation (12). The group
protein CD1d1 has distinct differences in its distribution. It is found on thymocytes
but the level generally decreases with maturation. In mice however, a residual
population of thymocytes expresses high levels of CD1d1 (13). An unusual form
of CD1d1 has been reported on gut epithelium, which lacks glycosylation and is
not associated with B2-microglobulin (14). In mice, cells of hematopoietic origin
including B cells, in particular splenic marginal zone B celis and T cells express
CD1d1 in addition to splenic dendritic cells (13,15). Human CD1d has been
detected at low levels on circulating monocytes and subsets of T and B cells (SA
Porcelli, M Exley, SP Balk unpublished data). In contrast to the group | proteins,
CD1d is not inducible by GM-CSF treatment (SA Porcelli, F Spada unpublished

data).



MHC-like characteristics of CD1

CD1 molecules are related to both MHC class | and MHC class Il
glycoproteins in structure and evolutionary origin. CD1 and MHC class | proteins
have a similar intron/exon organization with three major exons encoding three
extraceliular domains of approximately 90 amino acids in size designated o1, a2,
and a3 (11). CD1 protein is expressed on the cell surface as a polypeptide of
45kDa noncovalently associated with 2-microglobulin, similar to MHC class |
molecules. The recent X-ray crystallographic structure of murine CD1d1 confirms
that the molecule is similar to MHC class | in its overall topography (16,17). Most
notably, it was found that the CD1d1 ligand binding groove is much deeper than
peptide binding grooves for either MHC class [ or |l (Fig.1). The MHC molecules
have six to nine small binding pockets to accommodate amino acid side chains in
contrast to CD1d1, where only two large pockets, designated A’ and F’ exist.
Hydrophobic, non-polar amino acid residues form the interior of CD1d1, which
has little potential for hydrogen binding. In this light, it would be unlikely that the
CD1d1 groove would bind ligands in the same way as MHC molecules and
confirms that the CD1d1 cavity would be capable of binding hydrophobic lipid
antigens (11,16).
Direct recognition of CD1d1

Prior to the discovery of mycolic acid as a lipid antigen presented by the
CD1b molecule to human DN T cells, the first description of CD1 reactivity came
from DN a.p and y8 T cell clones in humans that could lyse tumor cell lines

expressing various CD1 isoforms (18). In the years following, studies in mice



FIGURE 1: Comparison of the crystal structure of CD1 to MHC class I.

A) Backbone ribbon diagram of mouse CD1d1: a-helices (red); B-strands (blue).
B) Ribbon diagram of MHC class | molecule H-2K®: a-helices (turquoise); B-
strands (green).

C) Superposition of the two molecules using alignment of f2m domains
illustrates structural differences. Note that CD1d1 has a deeper, more
voluminous antigen-binding pocket compared to H-2K® and a more narrow

entrance. (Figure reproduced with permission from Reference 17).






demonstrated CD1d1 T celi reactivity in the NK1.1*T cell population of normal
mice as well as in the residual CD4" population of MHC class Il deficient mice
(19,20). These studies were conducted using T cell hybridomas derived from
thymus. In the absence of added foreign antigen, these unusual DN T cells were
found to recognize CD1d1 expressed on cell lines transfected with CD1D as well
as CD1d1 on thymocytes. T cell recognition was specifically blocked with
monoclonal antibodies directed against murine CD1d1. This phenomenon is
referred to as direct reactivity or “autoreactivity” and suggests that this form of T
cell autoreactivity is inherent. This unusual lineage of T cells became known as
natural killer (NK) T cells (1).
CD1-restricted NK T cells

Numerically, NK T cells constitute up to 20% of the mature thymus, 20-
30% of the T cells in the liver and bone marrow and 1% of splenocytes,
representing the largest T cell clones in mouse (21). NK T cells characteristically
express most known natural killer (NK) cell lineage markers including the NK1.1
receptor and coexpress an invariant TCRa chain encoded by the precise joining
of Va14 and Ja281 gene segments in association with a limited Vp repertoire
predominantly VB8, 7 or 2 (1). The limited variability of the TCR suggests that
these cells will respond to only a restricted number of ligands. The NK T cell
homologue in humans similarly expresses an invariant Va24, JaQ with V11 and
NKR-P1A (22). These T cells have been found to be either CD4" or CD4°CD8".

Upon activation, NK T cells release cytokines of both T-helper (Th)1 and

(Th)2 origin. However, within an hour of TCR engagement, NK T cells secrete



large amounts of IL-4. It has been proposed that this potent biological effect can
polarize the immune response to that of the Th2 phenotype leading to antibody
production and immunity to extracellular parasites (23,24). In contrast to the
concept that all T cells are selected through the interaction between the TCR and
MHC molecule, NK T cells are selected by CD1. As evidence, mice with either a
targeted mutation of 2-microgiobulin or CD1D lack NK T cells (25-27). Similarly,
mice with a deletion of the Ja281 gene segment have an absence of NK T cells
(3).
CD1D™ mice phenotype

Since this project was begun, several important discoveries with regard to
CD1 have occurred. Three separate groups have reported on the generation of
CD1D” mice, 2 on the C57BL/6 background and one on the BALB/c haplotype
(25-27). Together, these animals confirmed the absolute dependence on CD1d1
for the selection and development of the NK T* Va14 Ja281 population.
Immediate production of IL-4 after TCR cross-linking was impaired in these
animals. In contrast to B2-microglobulin-deficient mice, CD1-deficient thymocytes
produced comparable levels of IFNy to their control littermates suggesting that
the immediate production of IL-4 is a CD1-dependent process, whereas
IFNy production is p2-microglobulin-dependent but CD1-independent. However,
IgE class switching in response to stimulation with anti-IgD, an IL-4 dependent
process, was unimpaired indicating that NK T cells are not the exclusive source

of Th2 cytokines.



CD1d1-presented antigens

Initial reports of CD1d1 antigen reactivity suggested that peptide antigens
could bind murine CD1d. These findings arose from a random synthetic peptide
library screening technique that identified the synthetic hydrophobic peptide p99a
as a potent stimulator of CD1d1 restricted, peptide-specific cytolytic T cells (28).
This suggested that in contrast to the non-peptide ligands identified for the
group | CD1 proteins, CD1d1 had maintained the potential to react with peptides.
Subsequently, accumulative data has now made this hypothesis much less likely.

Since initiation of this project, a recent breakthrough was made with the
discovery of specific antigens from a family of ceramide-like glycolipids,
specifically a-glycosyl acylphytosphingosines and glycosylphosphatidylinositol
(GPI), that could stimulate CD1d1 restricted murine NK T cells (15,16). These
compounds consist of an a-anomeric hexose sugar linked to an
acylphytospingosine moiety. At present these ceramides are known to naturally
exist in marine sponges but ongoing efforts are to identify structural analogues of
these lipid antigens in pathogens and inflamed or injured tissues. Intriguingly,
mammalian GPI is similar to the MTb antigens LAM and PIM, GPIs identified
earlier as CD1b presented antigens (8). These data support the hypothesis that
the group Il CD1 proteins, like the group | CD1 molecules in humans, evolved to
present lipid antigens to T cells.
NK T cells and tumours

IL-12 is known to mediate antitumour effects and it was hypothesized that

this effect was due to the activation of NK T cells. To clarify the role of IL-12 in



the FBL-3 erythroleukemia or B16 melanoma tumour models, mice that lacked
the invariant Va14J0281 TCR were generated (3). The numbers of NK1.1* were
reduced but the overall number of hematopoietic cells was unaffected in these
mice. With injection of IL-12 intraperitoneally, liver metastases were suppressed
in the liver of wild type mice but not Ja281™ mice. To confirm that this effect was
due to Va14"NK T cells, the Va14Vp8.2 transgene was introduced into the

"~ mouse which then preferentially generates

recombination activating gene (RAG)
Va14 NK T cells but blocks the development of all other NK, B and T cells. In
these transgenic mice, the tumour was rejected (3). The known primary effect of
IL-12 on Va14NK T cells is to induce proliferation of these cells and to increase
their cell volume. These findings suggest that our understanding of NK and T cell
functions may need to be reevaluated with our present knowledge of the
importance of NK T cells.
NK T cells and autoimmunity

Accumulating data suggest that NK T cells play a pivotal role in the
induction of autoimmune disease. A powerful analysis of identical twins/triplets
and the development of Type | diabetes mellitus (DM) showed that prior to the
onset of disease, the diabetic sibling had a lower frequency of Va24JaQ+ T cells,
the human NK T cell subset, than the non-diabetic sibling (2). Furthermore, the
Va24JaQ+ T cell clones isolated from the at-risk siblings that did not progress to
DM, produced both I[FNy and IL-4. In contrast, the siblings that did develop
disease, their Va24JoQ+ T cell clones produced only the Th1 cytokine IFNy. This

suggests that NK T cells regulate the development of autoimmunity by initially



producing both Th1 and Th2 cytokines and that disease progression correlates
with the cessation of IL-4 production. Pancreatic injury could be prevented in
diabetes prone NOD mice by the adoptive transfer of NK T cells, further
illustrating that these cells play a crucial role in regulation of the immune
response (4).

Several mouse models of SLE have demonstrated that NK T cells are
specifically reduced prior to the development of disease as seen in aging
C57BL/6 or MRU/Ipr/lpr mice, C3H gld/gld and (NZBXNZW)F1 mice, suggesting
that this diminution of NK T cells is associated with disease induction (31).
Injection of MRL /pr/lpr mice with an anti-Va.14 antibody accelerates the
development of lymphosplenomegaly and causes increased titers of anti-ds DNA
antibodies.

An analysis of patients with scleroderma demonstrated that compared to
healthy individuals, there was a selective reduction in Va24JaQ+ T cells. These
patients had an expansion of the Va24™ T cells but paired with alternate Jo gene

elements. Together these data suggest that the canonical receptors Va14Ja281

in mice and Va24JaQ in humans serve specialized immunoregulatory functions.

SPECIFIC AIMS

What remains unclear is whether additional subsets of CD1d1 restricted T
cells exist. What role do these cells play in the host immune response? The
function and location of these T cells, the cytokines they produce, their antigen

specificity, and the signals that stimulate or anergize these T cells will have
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tremendous biologic importance. Given the broad diversity of human TCRs able
to recognize CD1a,-b, and -c molecules and the antigens they present, we
hypothesized that diverse murine T cell populations have the ability to recognize
the CD1d1 molecule as well as CD1d1 presented hydrophobic antigens. The
research described in this thesis dissertation was designed to address the

following questions:

AIM 1: What other T cells in normal mice recognize CD1d1?
Do peripheral T cells have the ability to recognize CD1d1?

AIM 2: What is the functional outcome of CD1d1 recognition?
What is the cytokine profile of CD1d1 restricted T cells?
Do these T cells proliferate or cause cytolysis in response to CD1d1
recognition?

AIM 3: What is the nature of the TCRs capable of recognizing CD1d1?
Can diverse TCRs recognize CD1d1?
Does TCR analysis reveal conserved sequences that are required to

confer CD1d1 reactivity?
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CHAPTER 2: MATERIALS AND METHODS
Cell culture

All T cells were grown in complete media consisting of RPMI 1640 media
supplemented with 10 mM HEPES, 2 mM L-glutamine, 10 mM nonessential
amino acids, 10 mM essential amino acids, 0.055 mM 2-ME (all from Life
Technologies, Gaithersburg, MD), 10% heat-inactivated FCS (HyClone
Laboratories, Logan, UT), 1% penicillin/streptomycin and 1.5 nM recombinant IL-
2 (gift of Ajinomoto, Kawasaki, Japan). RMA-S cells were grown in complete
media without IL-2.
T Cell lines and clones

The RMA-S cell line, which is MHC class Il negative, was derived by
mutagenesis from a C57BL/6 T cell lymphoma cell line (RBL-5) and contains a
mutant TAP2 gene, thereby making these cells also defective in the MHC class |
processing pathway (33). These cells were chosen as an ideal APC for studying
CD1d restricted T cell responses. RMA-S cells were transfected with the
expression vector pSRa-NEO containing the CD1D1 cDNA (kindly provided by
Dr. Steve Balk, Beth Israel Hospital, Boston, MA) by electroporation. Stably
transfected cells were first selected for G418 resistance and then for high surface
expression of CD1d1 by sorting cells that stained brightly with the 3C11 and 1H1
Abs using the FACSort (Becton Dickinson, Raritan, NJ). CD1d1* RMA-S
(RMAS.CD1d1) clones were subsequently established by limiting dilution. The
CD1d1* L cell transfectant, a fibroblast derived cell line, was provided by Dr.

Steve Balk (Beth Israel Hospital, Boston, MA).

12



C57BL/6 mice were immunized with either of two protocols. The first
protocol was used to generate Line 14. RMAS.CD1d1 cells that had been
incubated with 10 uM p99a peptide at 37°C for 4 h, were washed, treated with
mitomycin C (Sigma, St. Louis, MO) and injected i.m. into the thigh.
Simultaneously, these mice each received 0.1 pmol p99a peptide in CFA (initial
immunization) or IFA (subsequent immunizations) s.c. in the contralateral thigh.
The immunization was repeated X 2 each 10 days apart. The second protocol
simply immunized the mice with 0.1 umol p99a peptide in CFA then IFA s.c. in
the absence of RMAS.CD1d1 cells to generate Line 24. Mice were euthanized by
CO. asphyxiation and the spleen and draining lymph nodes were removed. T
cells were enriched for by removing MHC class Il bearing cells from a single-cell
suspension by incubating the cells using the Ab M5/114.15.2 followed by
immunomagnetic bead depletion (Dynal Inc., Great Neck, NY). T cells were
cultured at a 2:1 ratio with mitomycin C-treated RMAS.CD1d1 cells in the
presence of 10 uM p99a peptide. After two weeks, the bulk cultures were
restimulated with the RMAS.CD1d1 APCs, 10 uM p99a and IL-2. Following two
restimulations, the bulk T cell line was assayed for reactivity to CD1d1 in the
presence and absence of p99a antigen.

T cell clones were isolated from T cell lines by limiting dilution on the third
restimulation. T cells were plated at 1, 5, or 10 celis/well in 96-well round-bottom
microtiter plates in the presence of [L-2, 10 uM p99a and 2 X 10° mitomycin C-
treated RMAS.CD1d1 cells. Plates were fed after 7 days culture at 37°C and then

every 3-4 days thereafter. Once T cell functional assays revealed CD1d1

13



reactivity in the absence of p99a antigen, clones were expanded by restimulation
with RMA-S.CD1d1 mitomycin C-treated APCs alone every 2-3 weeks. The
prefixes used to label the clones, 14 and 24, refer to original T cell line from
which the clones were derived.
Antibodies and antigens

The Abs M1/42.3.9.8.HLK (anti-MHC 1), M5/114.15.2 (anti-MHC 11), GK1.5
(anti-CD4) and 53-6.72 (anti-CD8a) were obtained from the American Type
Culture Collection (Rockville, MD). Abs 53-5.8 (anti-CD8p), H57-597 (anti-o.
TCR), GL3 (anti<d TCR), PK136 (anti-NK1.1), 5E6 (anti-Ly49C), 1B1 (anti-
CD1d1) were obtained from PharMingen (San Diego, CA). The hamster Abs
38-4.5 (IgG control), 3H3.23.2 and 5C6.4 (both anti-CD1d1) were used as spent
culture supernatants and were kindly provided by C.R. Wang (University of
Chicago, Chicago, IL) (34). The Abs 1H1 and 2C11 (rat anti-CD1d1) were
generously provided by Steve Balk (Beth Israel Hospital, Boston, MA) and 10A7
(anti-NKR-P1A/B) was a kind gift of James Ryan (University of California at San
Francisco, San Francisco, CA). The CD1d restricted peptide, p99a
(EHDFHHIREWGNHK) (28) was synthesized by the Brigham and Women's
Hospital Biopolymer Laboratory.
Flow Cytometry

Cells (2 X 10%) were stained with 50 pl of ascites (diluted 1:400) or purified
Ab (5 pg/mi) in FACS buffer (PBS/5% bovine calf serum/0.01% azide) for 1 h at
4°C. The cells were washed and resuspended in 20 ug/mi FITC labeled F(ab')2

rabbit anti-hamster Ig or PE-labeled donkey anti-rat Ig (Jackson
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ImmunoResearch Laboratories, West Grove, PA) for 1h at 4°C. Cells were
washed, resuspended in FACS buffer and analyzed on a FACSort (Becton
Dickinson). Dead cells were excluded based on propidium iodide counterstaining.
T Cell proliferation assays

T cells (5 X 10*well) were cultured in triplicate in 96-well flat bottom
microtiter plates in the presence of 10° mitomycin C treated APCs (RMAS.CD1d1
cells or untransfected RMA-S cells) in the presence or absence of p99a peptide
in a final volume of 200 pl/well. To assess CD1-restriction, the indicated
antibodies were used at a final concentration of 20 pg/mi or a final dilution of 1:4
for spent culture supernatants. Cells were cultured for a total of 48-72 h at 37°C
in 5% CO;, pulsed with *H-thymidine (1 pCi/well, 6.7 Ci/mmol, New England
Nuclear, Boston, MA) and incubated for 6h. The plates were harvested on a
Tomtec 96-well plate harvester (Wallac, Gaithersburg, MD) and thymidine
incorporation was measured with a Betaplate liquid scintillation counter (Wallac).
In general, the standard deviation (SD) of the triplicates was 5-10% of the mean.
Cytotoxicity assays

RMAS.CD1d1 or untransfected RMA-S cells were used as targets in a
standard %'Cr release assay. Targets were labeled with 200 uCi of 3'Cr for 2h.
Two thousand target cells were incubated with the effector T cells at the
indicated E:T ratios for 4h in triplicate. CD1d1 restricted responses were
assessed by using Abs specific for CD1d1 at a final concentration of 20 pg/mi or
supernatants at a final dilution of 1:3. Chromium release was evaluated by

spotting 25 pul of the supernatant onto fiberglass filter mats that were counted in a
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1205 Betaplate liquid scintillation counter (Wallac). Specific lysis was calculated
as [sample cpm - spontaneous cpm)/(maximum cpm — spontaneous cpm)] X
100. The SD of the triplicates was in general 1-5% of the mean.

Cytokine assays

IL-2, -4, -10 and IFN-y production by the T cell clones was assessed using
a sandwich ELISA 48 h after stimulation. Specific stimulation of the T cells
incubated with RMAS.CD1d1 was compared to T cells incubated with
untransfected RMA-S. The Abs specific for the cytokines were obtained from
PharMingen and used according to the manufacturer’s directions. The limits of
detection were 78 pg/ml.

PCR and sequencing

RNA was extracted from the T cell clones using RNAzol (Tel Test,
Friendswood, TX) and first strand cDNA synthesis was conducted using random
hexamers. Gene-specific oligonucleotide primers to the Va14 and Ca gene
segments and Taq polymerase were used initially (35,36). Expression of the
invariant TCR Va14-Ja281 was then assessed by using internal primers specific
for Va14 and Ja281 and the products were visualized on a 2% agarose gel using
ethidium bromide.

The remaining TCRa chains were determined by using inverse PCR as
described (37). Oligo(dT)-primed double-stranded cDNA was synthesized from
total RNA, and incubated with T4 DNA polymerase to form blunt-ended cDNA.
Circularization of the cDNA was done with DNA ligase and used as a template

for PCR using Ca primers oriented in opposite directions and KlenTaq
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(CloneTech) (38). The amplified genes were cloned into pBluescript Il

(Stratagene, La Jolla, CA) and sequenced at the Brigham and Women's Hospital
automated DNA sequencing facility using a 3’° Ca-specific primer (5'-
CGAGGATCTTTTAACTGG TAC-3');Va-specific primers (Va10:
GGAAGTCTCGTCAGCCTGTT; Va11: CCTCCCATTCTCCTTTGT; Va15:
GAGAAGGTCGAGCAACATGAG (35,36).VB gene usage was done by RT-PCR
using primers previously described (39). The additional primers used were
VB5:AACAAGTTCAGCAGATTCTGG;VB5:GGGTTGTCCAAGTCTCCAAGA;VBS:
GAAACAAGGTGGCAGTAACAGGAGG;VB14: CTGTTGGCCAGGTAGAGTCGG

CB: CCCAGGCCTCTGCACTGATGT and CR:GATGGCTCAAACAAGGAGACC.
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CHAPTER 3: FEATURES OF off T CELL RECOGNITION OF CD1d1
RESULTS
Derivation of T cell lines

T cells were isolated from the lymph nodes and spleens of normal
C57BL/6 mice (an NK1.1 positive strain) that had been immunized with
RMAS.CD1d1 mitomycin C-treated cells pulsed with p99a peptide or from mice
that had been immunized with p99a peptide alone. The p99a peptide was
included in the initial protocol since an earlier report indicated that this foreign
peptide primed murine CD1d1 restricted antigen-specific cytolytic T cells (28).
Despite the inclusion of p99a peptide in the immunization protocol and in the
primary culture, none of the T cell lines derived showed specificity for the
peptide. Instead, T cell lines recognized CD1d1 bearing APCs in the absence of
exogenous antigen. In a representative experiment, Line 24 was able to
specifically lyse RMAS.CD1d1 targets with an efficiency of 40-60% (Fig. 2A).
Preincubation of the target cells with 10 uM p99a antigen did not affect the
degree of lysis indicating that T cell recognition of the target cell was not antigen
dependent. Antibody blocking experiments illustrated that T cell cytotoxicity of
CD1d1" target cells could be inhibited from 60-70% specific lysis to 23-40% with
monoclonal antibodies specific for CD1d1. In contrast, isotype control antibodies
IgG2a (rat) and 38-4.5 (hamster) along with antibodies against MHC class |,
MHC class ll, CD4 and CD8 did not appreciably diminish cytolysis (Fig. 2B).

Proliferation as measured by [*H] thymidine incorporation yielded similar

results. For example, T cells from lines 14DND8, 24.CD8.1 and 24.CD8.2
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FIGURE 2: Cytolysis of CD1* APCs by op T cell lines

A) RMA-S cells stably transfected with murine CD1 cDNAs were labeled with
$1Cr for 2h either with 10 uM p99a peptide O; or without p99a peptide B; and
were used as targets in a standard 4h cytotoxicity assay. Line 24 T cells were
added to 2000 5'Cr-labeled RMAS.CD1d1 target cells at the indicated E:T ratios.
B) The 14S T cell line was incubated with 2000 %Cr-labeled RMAS.CD1d1 target
cells at E:T=50:1 in the presence of the indicated antibodies at 20 pg/ml in a
standard 4h 5'Cr release assay. Only the CD1d1 specific antibodies, 5C6,
3H3.23.2 (both hamster) and 1B1 (rat), inhibited specific lysis. Neither isotype
control antibody [IgG2a (rat), 38-4.5 (hamster)] nor antibodies specific for murine
MHC class |, MHC class I, CD4 or CD8a inhibited cell lysis. Similar results were
obtained with the other CD1-restricted T cell lines. Results are representative of

at least three experiments.

19



% specific lysis
[ H [3)] [22]
o o (=] o
T T L) L)

n
o

-
o

E:T Ratio

5C6
3H3.23.2
38-4.5
1B1
IgG2a
MHC |
MHC II
CD4
CDs8

20 40 60
% Specific Lysis

80

100



proliferated vigorously in response to RMAS.CD1d1 APCs. When this response
was compared to the proliferative response to the non-transfected RMA-S cells,
a 2-3 log difference was seen (Fig. 3A). In order to rule out that the T cells were
recognizing a clonal variation in the target RMA-S population unrelated to CD1, a
second set of CD1d1 transfectants was used. T cells from line 14DND8
proliferated only when cultured with L cell fibroblasts transfected with CD1d1
(L.CD1d1) confirming CD1d1 specificity (Fig. 3B).

By the third restimulation, the T cell lines were found to be heterogeneous
containing predominantly CD8* and DN T cells with some CD4" T cells. This
heterogeneity may in part have explained the incomplete blockade of cytolysis by
monoclonal antibodies. Hence, further functional experiments were conducted on
T cell clones derived from these lines to determine if reactivity to CD1d1 was
dependent on co-receptor expression and to analyze the TCR repertoire.
Functional assessment of murine T cell clones

T cell clones were derived by limiting dilution and a panel of 10 clones was
analyzed in depth. All of the clones expressed an aff TCR, CD28 and were either
double negative (7/10) or expressed CD8a.a. homodimer (3/10). Interestingly,
although C57BL/6 mice are an NK1.1 positive mouse strain, neither the T cell
lines nor clones expressed NK1.1 lineage markers as detected by specific
monoclonal antibodies to NK1.1 (PK136), NKR-1PA or NKR-1Pb (recognized by
10A7 mADb), nor Ly-49C. This suggests that the T cell clones derived from these
normal mice, were distinct from the NK T cell subset previously described.

Like the parent lines, the T cell clones were efficient cytolytic cells able to
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FIGURE 3: Recognition of CD1d1 by T cell lines

A) RMAS.CD1d1 B; and non-transfected RMA-S cells OJ; cells were treated with
mitomycin C and plated in triplicate at 10%/well. T cells from lines 14DNDS,
24.CD8.1 and 24.CD8.2 were added to the wells at 5X10*well. No antigen was
used in the assay. [*H] thymidine was added to the cultures for the final 6h. The
T cells proliferated only in the presence to the CD1* APCs.

B) In a similar assay, L.CD1d1 ®; and non-transfected L cells OJ; were used as
another pair of APCs in the proliferation assay. T cells from 14DND8 proliferated
with L.CD1d1 cells but not when cultured with the non-transfected L cells.

Results are representative of three experiments.
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recognize CD1" targets in the absence of added antigen but did not lyse the
untransfected targets (Fig.4). The clones varied in their lytic efficiency, but
consistently the RMAS.CD1d1 target cell was killed without the addition of
antigen. This effect was titratable with varying E:T ratios. For example, the T cell
clones 24.7 and 24.8 at E:T 40:1 lysed 25-35% of RMAS.CD1d but only 5% of
the untransfected RMA-S targets (Fig. 4A and 4B). Clone 14S3, at the same E:T
ratio 40:1, lysed 90% of the RMAS.CD1d target cells and <20% of the
untransfected RMA-S cells (Fig. 4C). To confirm the specificity of the interaction,
monoclonal antibody blocking was used demonstrating that only CD1d1 specific
antibodies could inhibit cell lysis (Fig. 5). The rat anti-CD1d1 antibody 1B1
virtually abolished lysis by clone 14S10 and the hamster 5C6 and 3H3.23.2 anti-
CD1d1 antibodies inhibited lysis by 60%.

Proliferation assays were also used as a measure of CD1d1 restricted
activity of the T cell clones. T cells proliferated only when cultured with
CD1*APCs in the absence of antigen. This proliferative response was striking in
some experiments with stimulation indices of up to 1000 comparing the ratio of T
cells proliferating in the presence of RMAS.CD1d1 to T cells cultured with
untransfected RMA-S. Antibody blocking studies confirmed that this reactivity
was CD1d1 specific. Only monoclonal antibodies 1B1 (rat), 3H3.23.2 and 5C6.4
(both hamster), all specific for CD1d1 blocked proliferation whereas the antibody
controls to MHC class |, MHC class Il, CD4 and CD8 did not inhibit recognition

(Fig. 6). The effect was dramatic and nearly complete.



FIGURE 4: T cell clones specifically lyse CD1*APCs.

Untransfected RMA-S [J; or RMAS.CD1d1 ®; cells were labeled with °'Cr for 2h
and used as target cells in a standard 4h cytotoxicity assay. T cell clones 24.7
(A), 24.8 (B) and 14S3 (C) were incubated with 2000 target cells at the indicated
E:T ratios in the absence of added antigen. The lysis profile is similar for the

other T cell clones. These results are representative of two to four experiments.
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FIGURE 5: Cytolysis of CD1* APCs is inhibited by CD1 antibodies

CD1d1 restricted cytolysis by T cell clones is inhibited in the presence of
monoclonal antibodies specific for CD1. In a typical experiment, 14S10 T cells
were incubated for 4 hours with 2000 *'Cr-labeled RMAS.CD1d1 targets at
E:T=10:1 in the presence of the antibodies indicated in the figure at 20 ug/ml.
Only the CD1d1 specific antibodies, 5C6, 3H3.23.2 (both hamster) and 1B1 (rat),
inhibited specific lysis. Isotype control antibodies IgG2a (rat), 38-4.5 (hamster)
and antibodies to MHC class |, MHC class I, CD4 and CD8a. did not alter the

degree of lysis by the T cells.
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FIGURE 6: CD1d1 recognition by T cell clones through proliferation.
Clones 24.7 (A) and 24.8 (B) were co-cultured with mitomycin C-treated
RMAS.CD1d1 APCs at T:APC=1:2 in the presence of the indicated antibodies at
a final concentration of 20 ug/ml. The assay was harvested on day 3 following a
6h pulse with 1uCi/well of [*H] thymidine. The presence of anti-CD1d1
monoclonal antibodies 1B1 (rat), 5C6 and 3H2.23.2 (hamster) dramatically

reduced the proliferative responses of the clones.

25



3H3.23.2 |-

5C6 |

3H3.23.2 |

38-4.5

1B1

lgG2a

MHC |

MHC I

| I | L ] . TR . L

A 0 2,000 4,000 6,000 8,000 10,000 12,000 14,000
cpm

5C6

1B1 |

IgG2a

MHC |

MHC i
B

] L I ) I L l ) I

0 5,000 10,000 15,000 20,000 25,000 30,000
cpm




Cytokine analysis

Since NK T cells are capable of producing Th1 and Th2 type cytokines,

the cytokine profile of these directly reactive CD1d1 T cell clones was assessed

for comparison. Upon stimulation with CD1*APCs, all of the T cell clones tested

produced significant amounts of IFNy, >80,000 pg/1 0° T cells with the exception

of clone 24.8. Similarly, IL-10 production ranged from 8400-22,000 pg/1 0° T cells

(Table I). Of note, neither the RMA-S cells nor the RMA-S transfectant

RMAS.CD1d1 cells produced any detectable cytokine in the absence of T cells.

TABLE | Cytokine profile of CD1d1 restricted af T cell clones
T cell clones IL-2 iL4 IFNy iL-10
CD1 NT CD1 NT | cD1 NT cD1 NT
14S3 ND ND 510 ND >80000 | ND 14,235 | ND
1454 ND ND 2838 | ND >80000 | ND 11,877 | ND
1487 ND ND 2267 | ND >80000 | 702 21,347 | ND
14510 7321 | ND 1931 | ND >80000 | 95 21,846 | ND
24.7 16,927 | ND ND ND >80000 | ND 8482 | ND
248 3881 | ND ND ND 13,539 | 4860 | 166 ND

T cells were co-cultured with RMAS.CD1d1 [CD1] or with non-transfected [NT] RMA-S celis at
T:APC=1:2 without antigen. Supernatants were sampled at 48h following stnmulatuon and frozen
at -20°C until cytokine determination by ELISA. Results are shown as pg/10° T cells/ml. ND= not
detected.

IL-4 production by the T cell lines initially exceeded 10,000 pg/1 0% T cells but with
further propagation in culture, the production of IL-4 diminished. Analysis of the
clones confirmed this variability in IL-4 production. Clones 24.7 and 24.8 did not
produce any detectable IL-4. In contrast, only clones 14S.10, 24.7 and 24.8

produced IL-2. For comparison, clone AE7 (40), a CD4", pigeon cytochrome ¢
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specific T cell clone, produced only IL-2 and IFNy when stimulated with irradiated

splenocytes and pigeon cytochrome c, a pattern typical of Th1 polarized T cells.

In summary, the cytokine phenotype of these directly reactive CD1d1 T cell

clones is unusual and suggests that these T cells may play a critical role in the

regulation of the immune response.

Analyze the T cell receptor usage of CD1d1 directly reactive T cells

In order to gain more insight into the nature of the TCR diversity for

CD1d1 directly reactive T cells, TCR analysis was performed (Table II).

TABLE Il Vand J gene usage of CD1d1 directly reactive T cell clones
T cell clones Phenotype Va Ja VB

24.7 DN AV14S1 281 BV6S1
24.8 DN AV14S1 281 BV8S2A2
249 DN AV14S1 281 BV8S3
1483 DN AV22S1 NEW.02 BV8S2A1
1454 DN AV22S1 NEW.02 BV8S2A1
1487 DN AV22S1 NEW.02 BV8S2A1
14810 CD8aa AV11S3 NEW.15 BV8S1
14811 CD8aa AV11St 19 BV8S2A3
14815 DN AV10S([2/9] TA65 BV5S1
1456 CD8ac AV17S1 TT11 BV14S1

Gene sequences were determined comparing the sequences to the NCBI database using the
BLAST algorithm. Nomenclature for the Va and VB family members is based on the WHO-IUIS
recommendations.

Three of the ten clones analyzed 24.7, 24.8 and 24.9, all used the canonical

Va4, Ja281 rearrangement as found on most NK T cells. Inverse PCR followed

by direct sequencing was required to determine the TCR Va usage of the

27



remaining seven T cell clones (41). Three clones, 14S.3, 14S.4 and 14S.7 had
identical Vo sequences encoded by Va15 rearranged to JaNew.02. Clones
14S.10 and 14S.11 used two members of the Va11 family with two separate
joining sequences JaNew.15 and Ja19 respectively. Clone 14S.15 was encoded
by Va10 and used yet another joining segment JaTA65. PCR ampilification of
14S.6 revealed two Va products and upon further subcloning and sequencing, it
was determined that Va17 was paired with JaTT11.

With this unexpected diversity in the Va gene usage of the TCR, we then
examined the VB genes by RT-PCR followed by sequencing. Seventy percent of
the clones analyzed including 14S.3, 14S.4, 14S.7, 14S.10, 24.8, 24.9 and
14511 all used a member of the VB8 family (BV8S2A1, BV8S1, BV8S2A2,
BV8S3 and BV8S2A3). The remaining three clones 24.7, 14515 and 14S.6 used
genes from V5, VB6 and VB14 families (Table ). Thus, despite the diversity
demonstrated at the Va locus, there was relative consistency of VP gene usage
suggesting that the recognition of CD1d1 may depend on interacting residues of

the TCR VB8 chain.
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CHAPTER 4: EVALUATION OF v3 T CELL RESPONSES TO CD1d1

INTRODUCTION

v T cells represent a separate lineage of T cells that do not transcribe the
af TCR genes. Accumulating evidence suggests that y5 T cells can be divided
into subsets that differ in respect to their origin, V gene usage, tissue localization
and specialized function (42). Overlapping waves of y5 TCR" cells appear in fetal
thymus. The initial wave of cells express Vy3 and Vy4 paired with V61/D§2/J52
genes. Surprisingly, there is no diversity in the junctions of these early y3 T cells.
These cells are later replaced with Vy2 and Vy1 bearing TCRs using a variety of
V8 genes. In the adult mouse, Vy3 expressing cells with invariant junctions are
localized to the skin while the Vy4" T cells are restricted to the tongue and female
reproductive tract. Vy2 and Vy1* cells with diverse TCRs are found in lymphoid
tissues and blood. Intestinal intraepithelial (IEL) y8 T cells appear to develop
extrathymically and predominantly express Vy5 with diverse V3 genes (43).
¥8 T cells in microbial infection

In the periphery, y8 T cells comprise <10% of the T cells. However, v T
cells are highly concentrated in the intestinal epithelium of mice and are the
major T cell lineage in the skin epithelia (42). Despite extensive study, yd T cells

have yet to be assigned any general functions. Striking clues as to the

importance of these cells have arisen from investigations in mice lacking either
ap oryd T cells. In several infection models tested, including Listeria

monocytogenes (44-46), Leishmania (47), Mycobacteria (46), Salmonella (48)
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and Plasmodium (49), y5 T cells clearly mediate a protective immune response.
v& T cells are often referred to as the “first line of defense” which in part relates to
the qualitative roles observed for y5 T cells. In Listeria infection for example, y6 T
cells are responsible for decreased bacterial growth in the early phase of
infection. The absence of y8 T cells results in enlarged liver lesions with abscess
formation, an effect not observed in mice lacking off T cells (44).
Antigen independent functions of y3 T cells

Several other functions have been ascribed to y5 T cells that appear to be
independent of antigen recognition. y& T cells can regulate af T cells, promote
isotype switching in B cells (50), produce a tissue-specific growth factor (51) and
regulate epithelial cell development (52). Anti-tumour effects have been
observed for a TCRy transgene. In a mouse T cell leukemia model, the presence
of TCRVy1.1Jy4Cy4 transgene protected the mice against the development of
spontaneous leukemia (53).
Antigen recognition by y3 T cells

What is clear, is that y3 T cells have different requirements for antigen
recognition. Unlike ap T cells, antigen processing and MHC molecules are not
required (54). Uniquely, human Vy2/V82* T cells can respond to phosphate-
containing non-peptide ligands such as isopentenyl pyrophosphate in the
absence of a presenting element or processing (55). These pyrophosphate
components are present in normal mammalian cells as precursors in lipid
metabolism and are present in the cell wall of mycobacteria. However, the

biological significance of this reactivity remains to be determined.
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CD1 recognition by human y5 T cells

Intriguing human data however, suggest that murine y3 T cells may have
evolved the ability to recognize CD1d1 molecules. The major circulating pool of
human y8 T cells express the Vy2V52 TCR and have been shown to recognize
phosphate non-peptide ligands (55). In contrast, the majority of y5 T cells within
tissues express Vy1V81 TCR. Recently, a major reactivity of this subset of cells
was identified as the CD1 molecules. Specifically, Vy1V81 TCR" cells recognize
both CD1a and CD1c directly in the absence of exogenous antigen. These
cytolytic T cells utilize both Fas/Fas ligand interactions and perforin/granulysin
mediated pathways to lyse their targets (18, F Spada, M Sugita, MB Brenner,
unpublished data). An antigen present in culture media or a self-lipid antigen has
not strictly been ruled out. Additional preliminary experiments also indicate that a
human 8 T cell clone recognizes mycobacterial (MTb) derived antigen presented
by the CD1c molecule (D Leslie, MB Brenner unpublished data).

Two well characterized murine y3 T cell clones, LBK5 and G8, have been
shown to recognize the mouse class || MHC molecule I-E* and the non-classical
MHC class | molecules T10 and T2 respectively (54,56). Both clones recognize

these protein antigens directly in the absence of antigen processing.

SPECIFIC AIMS:
We hypothesized that given the human examples of both direct and

antigen specific y3 T cell recognition of CD1 molecules, together with the known

murine examples of y8 TCR recognition of both classical and non-classical
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antigen presenting molecules, murine y8 T cells could also manifest recognition
of a third antigen presenting molecule, CD1d1.
AIM 1: Is there a subset of v8 T cells that can recognize CD1d1?

Are y5 CD1d1 directly reactive T cells limited to certain anatomical

locations?

What is the V gene usage of CD1d1 directly reactive y5§ TCRs?
AIM 2: What is the phenotype of 5 T cells that recognize CD1d1?

AIM 3: Does CD1d1 present foreign antigen to vd T celis?
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MATERIALS AND METHODS
Derivation of y3 T cell lines

TCR B chain gene knockout (T CRp™) mice, 4-10 weeks of age, on a
C57BL/6 background (Jackson Laboratory, Bar Harbor, ME) were used as a pure
source of y8 T cells. These mice have a targeted mutation of the TCR B chain
rendering them deficient in af T cells.

To generate CD1d1 directly reactive y3 T cell lines, the approach
described in chapter 2 was used. TCRB™ mice were repeatedly immunized using
mitomycin C-treated, RMAS.CD1d1 cells injected i.m. into the thigh. The p99a
peptide was not used in this protocol. At the same time, emulsified CFA and
subsequently IFA was injected s.c. into three sites. There were three
immunizations in total each ten days apart. Complete media was supplemented
with 5 ng/ml murine IL-7 (Genzyme, Cambridge, MA) as a growth factor foryd T
cells.

Lymphoid tissues were removed from the mice following euthanasia by
CO, asphyxiation. Nylon wool columns (Polysciences Inc., Warrington, PA) were
used as per the manufacturer's protocol to enrich for T cells that were then set up
in primary culture with RMAS.CD1d1 cells as the APC to derive CD1d1 directly
reactive yd T cells. The T:APC ratio used for the initial and subsequent
restimulations was 1:2. No antigen was added to the cultures. Reactivity to
CD1d1 was assessed using proliferation assays as described in chapter 2 on
either the second or third restimulation depending on the number of viable T

cells.
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A second protocol was used to generate antigen specific T cells. Crude
mycobacterial tuberculosis sonicate (MTb-H37RA Difco, Detroit, MI), prepared by
adding 5 ml distilled water to 1 vial of MTb-H37RA and sonicating for 5 minutes
on ice, was pulsed overnight at 37°C onto RMAS.CD1d1 cells at a final
concentration of 5 pg/ml. The RMAS.CD1d1 cells were then mitomycin C-treated
and injected i.m. into the thigh of TCRB™ mice. Simultaneously, crude MTb
sonicate was emulsified in either CFA or IFA and injected s.c.. There were a total
of three immunizations 10 days apart. Antigen specific CD1d1 reactivity was
assessed in these mice by preparing splenic T cells and plating the cells directly
in a proliferation assay using RMAS.CD1d1 and RMA-S as APCs with increasing
amounts of MTb antigen.

To examine for CD1d1 direct reactivity in the gut, small intestine
intraepithelial lymphocytes (IEL) were isolated as previously described (57) from
unimmunized TCRB” mice. The IEL were directly plated in triplicate for a
proliferation assay using RMAS.CD1d1 and RMA-S as APCs and increasing
amounts of IL-2 in the absence of antigen.

Production of T cell hybridomas

Seven to ten days following stimulation of the T cell lines, growing blasts
were fused to the BW5147 TCRaB™ thymoma fusion partner generously provided
by Dr. Willi Born (58) at a 2:1 ratio in 0.5 ml of 50% polyethylene glycol as
previously described (59). The cells were then distributed in 96-well flat-bottomed
plates with HAT medium and screened by FACS with the anti-CD3 antibody

(clone 500A2, PharMingen) for a productive rearrangement of the TCR.
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RESULTS
v8 T cell lines

Several y3 T cell lines were generated by isolating T cells from TCRB™
mice that had been immunized with RMAS.CD1d1 cells and adjuvant. FACS
analysis confirmed that the T cells uniformly expressed the y5 TCR (Fig. 7). To
screen the T cell lines for CD1d1 restricted activity, a similar approach was used
to the one that identified directly CD1d1 reactive a8 T cells. Prior to the second
or third restimulation with RMAS.CD1d1 APCs, proliferation assays were
performed with rested T cells comparing RMAS.CD1d1 as the APC to
untransfected RMA-S cells. However, unlike the af T cells lines generated, the
¥d T cells showed little discrimination between the APCs. In a representative
experiment, y3 T cells from lines 1.1, 1.3M and 1.3S when cultured with
RMAS.CD1d1 APCs, proliferated at a slightly higher rate than T cells cultured
with the untransfected RMA-S cells (Fig. 8A). The proliferative response was
weak and not significantly above the baseline proliferation of the APCs
themselves.

The proliferation of line 1.3S could be augmented by adding exogenous
IL-2, but this also increased the proliferative rate of the T cells assayed with the
untransfected RMA-S cells (Fig. 8B). These experiments were repeated several
times with similar results. In an attempt to isolate T cells that may have a higher
reactivity to CD1d1 than the parent line, T cell cloning using limiting dilution in the
presence of con A was performed. However, these attempts did not yield any

CD1d1 specific T cell clones.
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FIGURE 7: FACS profile of y5 T cell lines

FACS analysis was used to determine the TCR expression of the T cell lines
derived from TCR B mice. T cells from lines 1.1, 1.3S and 1.9S were stained
with the GL3 monoclonal antibody (open histogram) and compared with the
negative isotype control antibody (filled histogram). All of the positively staining
cells were also CD3 positive. P! counterstaining was used to define the viable

population within the lymphoid gate.
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FIGURE 8: Proliferation of v T cell lines in response to CD1* APCs.

A) Proliferation assays were done as previously described for figure 3. Lines 1.1,
1.2S, 1.3M and 1.3S were assessed for the ability of the T cells to proliferate in
response to RMAS.CD1d1 B; in comparison to RMA-S APCs [J; in the absence
of antigen. [*H] thymidine was added for the final 6h of culture. The T cells react
weakly above background. B) This proliferation assay compared the ability of
lines 1.4 and 1.3S to proliferate in response to RMAS.CD1d1 ®; in contrast to
RMA-S APCs O in the absence of antigen. The effect of supplemental cytokines
on 8 T cell proliferation in response to CD1* APCs was examined by adding
2nM IL-2 £ 5 ng/ml IL-7 to Line 1.3S. Line 1.3S shows an increase in proliferation

with the addition of IL-2 to both RMAS.CD1d1 ®; and RMA-S APCs [I.
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v T cell responses to MTb sonicate and CD1

¥8 T cells are difficult to grow and maintain so a number of other
approaches were then attempted to elucidate CD1d1 recognition by the y3 T cell
population. Instead of generating T cells lines, splenic T cells were purified from
TCR B mice immunized with RMAS.CD1d1 and MTb sonicate and set up
directly in a proliferation assay to assess whether CD1d1 restricted responses
were present (Fig. 9). MTb sonicate was selected since it had been used
successfully as a source of lipid antigen in the human system to derive both aff
and y8 CD1 restricted T cells and could potentially prime CD1 restricted T cells in
vivo. The T cells proliferated with increasing antigen titration however, the
untransfected APCs presented the antigen equally well. in these limited
experiments, MTb antigen did not appear to enhance CD1d1 recognition.
CD1d1 restricted responses in IEL

Unlike of T cells, v8 T cells have a skewed distribution in the organism
dependent on anatomic site. We had geared the initial experiments to isolating
peripheral T cells since they were the source of the CD1d1 restricted o T cells
and were the most readily available. We hypothesized that the splenic vy T cell
population which expresses primarily Vy2, Vy1 and diverse V8 genes has a low
avidity for CD1d1. We decided to then examine the y3 T cells abundantly found in
the intestine of mice which predominately express Vy5 and various V3 elements.
IEL were freshly isolated from TCRB” mice and a proliferation assay was
performed comparing the relative abilities of the RMAS.CD1d1 versus the

untransfected RMA-S to stimulate CD1 restricted T cell responses (Fig. 10).
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FIGURE 9: Proliferation of splenic T cells following immunization with MTb
sonicate.

Freshly prepared nylon wool separated T cells, from the spleens of TCR B mice
that had been immunized with mitomycin C-treated RMAS.CD1d1 in combination
with MTDb crude sonicate, were plated in a proliferation assay with either
RMAS.CD1d1 ®; or RMA-S APCs [ in the presence of increasing amounts of

MTb antigen. [*H] thymidine was added for the last 6 hours of this 72h assay.
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FIGURE 10: IEL responses to CD1* APCs

Freshly isolated |EL from naive TCR B”~ mice were co-cultured with
RMAS.CD1d1 m; or RMA-S APCs [O; at IEL:APC=1:2 with increasing
concentrations of supplemental IL-2 in a proliferation assay. The assay was

harvested after 72h of co-culture following a 6h pulse with 1pCifwell of [°H]

thymidine.
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The results confirm that |EL, in general, do not proliferate well. There was a trend
toward increasing proliferation with the addition of incremental amounts of IL-2 in
response to RMAS.CD1d1 APCs. The IELs that tend to have a memory
phenotype were able to distinguish subtle differences between the APCs. Further
investigation is needed to determine if this reactivity can be optimized and

reproduced.
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CHAPTER 5: DISCUSSION

CD1 molecules represent a third distinct lineage of antigen presenting
molecules and define a new paradigm for the recognition of non-peptide lipid
and glycolipid antigens by T cells. The focus of CD1 mediated T cell recognition
in mice has been dominated by NK T cells and their unique immunoregulatory
functions. NK T cells co-express NK lineage markers and a canonical o TCR
consisting of Va14Ja281 germline encoded gene segments with a limited VB
repertoire. The ability of NK T cells to produce large amounts of IL-4 upon
activation in addition to IFNy has prompted extensive investigation of these
unusual [ymphocytes.

The first evidence indicating that additional subsets of murine T cells could
recognize CD1 was derived from a T cell hybridoma analysis of the residual
CD4* T cells in MHC class Il deficient mice (20). Splenic T cells were found to
recognize CD1d1 independently of antigen and were termed “autoreactive”. TCR
analysis revealed that these cells were not derived from the NK T cell lineage.
Subsequently, an analysis of foreign lipid antigen-specific human TCRs capable
of recognizing CD1 demonstrated a surprising diversity of the TCR gene usage
(5). Transfection of these TCRs into Jurkat cells (a TCR B chain mutant)
reconstituted specificity for the lipid antigen along with the CD1 isoform
recognized. Including the recent CD1d1 crystal structural analysis, these data
suggest that lipids and CD1 molecules form complexes analogous to

peptide/MHC complexes that are recognized by TCRs.
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We then asked the question whether TCR diversity for CD1d1 recognition
exists in the murine repertoire. Unlike previous investigators, we sought to
examine the TCR diversity in mice with a normal immune system. By not pre-
selecting for NK1.1 positive T cells, we identified a panel of ap T cell clones that
recognized CD1d1 directly in the absence of exogenous antigen. Functional
characterization of these T cells revealed that they proliferated specifically in
response to CD1"APCs and lysed CD1 bearing target cells efficiently. Since
none of the clones expressed the CD8af heterodimer, cytolysis was independent
of CD8 co-receptor expression. Further analysis showed that these NK1.1°T cells
were capable of producing both Th1 and Th2 type cytokines in vitro when
stimulated by CD1*APCs. This pattern is similar to NK T cells.

Remarkably, the majority of the clones derived expressed diverse TCRa
gene elements. Seventy percent of the T cell clones did not use the Va14Ja281
invariant receptor, suggesting that the repertoire capable of recognizing CD1d1 is
more expansive than previously appreciated. This allows speculation that the
universe of antigens presented and recognized by CD1d1 extends beyond the
ceramide-like glycolipid antigens thus far identified. The overrepresentation of the
VB8 TCR chains in this analysis suggests that amino acid residues within the
conserved sequences of VB8 may be important for CD1d1 recognition. Recently,
Chiu et al. have characterized non-Va.14-expressing CD1d autoreactive af T cell
hybridomas derived from the spleens of MHC class Il deficient mice (60). These
NK1.1°T cells expressed a limited diversity in the TCR and secreted both IL-4

and IFN+y. Interestingly, the Va14"NK1.1" T cells they studied required the
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tyrosine based endosomal targeting motif in the cytoplasmic tail of CD1d1 for
direct recognition while the Va14'NK1.1" T cell population could recognize tail
deleted CD1d1. This suggests that the CD1d1 molecule has the ability to load
antigen in two different cellular compartments that are sampled separately by
MHC class | and MHC class || molecules (60).

None of the T cell lines or clones analyzed here, including clones 24.7,
24.8 and 24.9 which use the Va14-Jo281 TCR, expressed the NK1.1 receptor.
However, a recent report has shown that even limited short-term in vitro culture
induces loss of expression of the NK1.1 receptor from the cell’s surface (61). The
mechanism is unknown but implies that the mechanism of CD1d1 recognition is
independent of NK1.1 surface expression.

Although the T celi clones were shown to recognize CD1"APCs in the
absence of added antigen, it is highly likely that an endogenous self-lipid or an
antigen present in the culture media may be being recognized. This hypothesis is
supported by the crystal structure of murine CD1d1 that suggests that the
putative antigen-binding groove is not empty but contains a single acyl chain
(16). Furthermore, the discovery of non-peptide ceramide antigens as CD1d1
ligands strengthens this postulate that CD1d1 presents lipid antigen in a manner
similar to the group | CD1 molecules (29,30). a-galactosylceramides closely
resemble sphingolipids such as glucocerebroside and other gangliosides, the
major structural components of the brain, and raise the possibility that these
endogenous lipids may be among the naturally occurring CD1d1 ligands in

humans. In combination with the other correlative data linking NK T cells to



autoimmune disease, this raises the exciting question of whether CD1
presentation of myelin derived lipids becomes altered or dysregulated in muitiple
sclerosis. Many tumour antigens contain glycolipid epitopes including
gangliosides and could represent another instance of the importance of the cell
mediated immune response to non-peptide antigen.

The findings presented here are significant for several reasons. Because
these responses were generated in normal mice as opposed to MHC class I
deficient animals that have an unusual residual CD4 population, this analysis is
reflective of the T cells normally present in the lymphoid organs. Yet, little is
known as to the function of this complementary population of CD1d1 restricted T
cells. In the murine IL-12 tumour model described, the deletion of Va14Ja281 T
cells led to tumour dissemination (3). The diverse CD1d1 restricted population of
cells would still be present in these mice suggesting that although the two
populations of CD1d1 T cells produce similar cytokines, they are activated or
anergized differently and serve distinct functions in vivo. One hypothesis is that
the Va14Ja281 T cells having pre-formed cytokines, in particular IL-4, may
function as part of the early or innate host immune response and perform critical
immunoregulatory functions. The diverse population of T cells that recognize
CD1d1 may have evolved as part of the adaptive immune response with the
ability to recognize diverse non-peptide antigens. The analysis performed by
Chiu et al. supports this hypothesis that the invariant T cells and diverse T cells
have different functions. Since T cells with the invariant TCR can only recognize

full-length CD1d1, these T cells will sample antigen loaded in the endosome,
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while T cells expressing diverse TCRs can recognize tail deleted CD1d1 and
presumably, antigen loaded in other cellular compartments (60). By developing
an integrated understanding of how these distinct populations of CD1d1
restricted T cells are activated and regulated, several therapeutic potentials may
be realized.

Investigation of ¥ T cell reactivity to CD1 suggests that there may be
some modest recognition of CD1d1 but the data at present are unconvincing. In
summary, immunization of TCR B mice with CD1d1* transfectants did not yield
CD1d1 specific splenic y5 T cells. Further propagation of these peripheral T cells
in vitro to generate lines did not enhance CD1d1 reactivity. The slight trend in the
T cell proliferation in the gut suggests that this population of Vy5 bearing T cells
may represent a subset of y8 T cells on which to focus for CD1d1 reactivity.
Given that the IEL are localized to the intestinal mucosa, CD1d1 reactivity in this
population may have significant implications for mucosal immunity.

Most troublesome in the y8 T cell analysis was that the untransfected
RMA-S APCs also supported proliferation. Subsequent analysis has shown that
the parental line RMA-S expresses low levels of CD1d1 (MF| approximately 20).
This may account for the low level of y§ T cell reactivity to the untransfected APC.
Nevertheless, af T cells clones used in the same assays as positive contrals,
unequivocally proliferated only in response to RMAS.CD1d1 APCs, suggesting
that this low level of CD1d1 expressed on RMA-S cells was not significant.

Due to the small numbers of y3 T cells available in the mutant mice and

the difficuity maintaining these cells in cuiture, one potential solution is to
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generate T-T cell hybridomas. By immortalizing the T cells in this way, it would
then be possible to sample T cell populations in the mouse that are difficult to
grow as bulk lines such as intestinal intraepithelial T cells and thymocytes.
Secondly, normal C57BL/6 mice could be used as a source of y3 T cells. TCRp™
mice were chosen for these experiments so as to prevent the outgrowth of a8 T
cells and to have a starting population that homogeneously expressed the o
TCR. The characterization of the TCRB™ mice disclosed that these mice had very
small thymuses but that the T cells had otherwise developed normally (62). yd T
cell populations have not yet been examined in the CD1d1™" animals and it is
unclear whether af T cells may be required for the ontogeny of CD1d1 reactive
v T cells.

Initial T-T fusions using freshly isolated y8T cells from immunized animals,
fresh thymocytes stimulated in vitro for 48 h with anti-CD3 and activated T cells
from short-term lines have been done but, the experiments were technically
flawed. This technique will likely be the most definitive method to assess whether
CD1d1 reactivity exists in the y5 T cell population and will allow analysis of the
TCRs. The main disadvantage is that functional experiments will be limited.

The analysis of NK T cells has focused on the invariant Vo.14Ja281 TCR*
subset. However, there is a significant and largely ignored population of y3 T cells
that do express the NK1.1 antigen (63). In contrast to NK TCR «p* T
cells, NK1.1%y8 T cells are actually increased in p2-microglobulin deficient mice
suggesting that this population of T cells may be selected by a ligand other than

CD1d1. More recently, a novel population of murine v thymocytes has been
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described which appears to represent the y5 homologue to the ap NK TCR
Va14-Jo281. Phenotypically, this subset of y8 T cells is capable of producing
both IFNy and IL-4 upon stimulation, is Thy-1%" and expresses Vy1V56.4 with a
highly restricted junctional region (64). However, only 50% of these T cells co-
express the NK1.1 antigen. These y3 T cell hybridomas were not assessed for
reactivity to CD1d1. Since only half of the cells are positive for NK1.1, it would be
informative to look for the presence of NK1.1" Vy1V86.4 cells in both p2-
microglobulin and CD1d1 deficient mice to determine whether CD1d1 is the
selecting ligand for these cells.

Another possibility for the lack of CD1d1 reactivity in the y8 T cells studied,
is that the CD1d1 restricted population may be limited to certain sublineages
confined to specific anatomical locations. The invariant y6 T cell repertoires of the
skin and the vaginal epithelia, which would be predicted to recognize a non-
polymorphic ligand like CD1d1, have not yet been examined for CD1d1
specificity.

Despite the apparent homology of the y5 TCR to the aff TCR, there is no
data to support that yd T cell recognition of antigen requires a presenting
molecule. This has led others to hypothesize that vy T cells behave more like
immunoglobulin molecules that do not require antigen processing for recognition
(65,66). CD1d1 protein is a group 2 protein and despite the direct recognition of
CD1a and CD1c, both group 1 proteins by human y3 T cells, it is possible that y&
T cells cannot recognize group 2 proteins. Experiments to assess potential

human y5 T recognition of CD1d are currently ongoing. In short, the T cells
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expressing invariant TCRs and NK lineage markers differ between af and y3 T
cells. Further studies are required to assess CD1d1 reactivity in these y5

subpopulations.
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CONCLUSION

Until recently, it has been difficult to conceive of T lymphocyte biology
outside the paradigm of the TCR recognition of MHC/peptide complexes. The
emergence of an MHC-independent pathway of lipid antigen presentation
mediated by CD1 molecules, is clearly an important mechanism through which T
cells can respond to a ubiquitous class of molecules. This extended T cell
immune repertoire likely evolved as a critical component of the host's defense
against microbial pathogens and may have broad applicability with respect to
autoimmunity and tumour surveillance.

The specialized subset of NK T cells is but one population of CD1d1
restricted T cells in mice and humans. These studies have clearly demonstrated
the existence of a diverse repertoire of ap T cells with the ability to recognize
CD1d1 directly that share a similar NK T cell phenotype. Despite a concerted
effort, a reciprocal reactivity in murine y5 T cells could not be demonstrated.
Residues within the VB TCR chain may confer reactivity to CD1d1 as suggested
by the relative conservation of the VB8 chain among T cell clones. The direct
reactivfty observed may be the result of self-lipid antigen recognition. Further
investigation into the basic biology of CD1d1 restricted T cells is required. By
understanding how dysregulation of these cells may lead to disease, one can
begin to unravel how these potent cells may be activated in vivo to treat a

number of inflammatory, neoplastic and autoimmune diseases.
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