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ABSTRACT

Determination of the Expression Patterns of BoWoa-Classical Major Histocompatibility

Complex (MHC) Class | Proteins

by

Parveen Parasar, Doctor of Philosophy
Utah State University, 2013
Major Professor: Dr. Christopher J. Davies
Department: Animal, Dairy and Veterinary Sciences

My dissertation hypothesis is that bovine trophsbézlls express cell-surface and
secreted non-classical major histocompatibility ptem class | (MHC-1b) proteins which inhibit
NK cells and other leukocytes by binding to inhibjt receptors (e.g., LILRB1, LILRB2,
KIR2DL4, and/or CD94/NKG2A).

Extremely polymorphic and ubiquitously expressesical MHC class | (MHC-la)
proteins, which present foreign antigenic peptide€D8+ T lymphocytes, are involved in
acceptance or rejection of tissue grafts. Non-dabMHC class | (MHC-Ib) glycoproteins, such
as Human Leukocyte Antigen-G (HLA-G) and murine Rare important modulators of the
maternal immune system during pregnancy. MHC-lliging are: (a) oligomorphic or
monomorphic, (b) expressed in specific tissues wgplecific condtions, and (c) produced as
surface and/or soluble isoforms due to alternaplizing.

Third trimester-bovine trophoblast cells expresthiddHC-Ia and MHC-Ib proteins. The
MHC-Ib proteins expressed by trophoblast cellsrythe third trimester of pregnancy are
encoded by four bovine leukocyte antigen (BoLA):I&0LA-NC1, BoLA-NC2, BoLA-NC3,

and BoLA-NC4.



Two MHC-la (N*01701 and N*01802) and three MHC-ME1*00501, NC3*00101 and
NC4*00201) proteins showed cell-surface expressidransfection studies performed in murine
P815 and human K562 cells. Two additional isoforlNS1*00401 and NC2*00102, were not
detected on the surface of these cells. Neverthdbesh class la proteins, N*01701 and
N*01802, and five class Ib proteins, NC1*00401, N@1501, NC2*00102, NC3*00101, and
NC4*00201, were detected in crude cell lysates @stdfn blots. Precipitation of proteins from
culture supernatants showed that cell-surface M&lQNFO1701 and N*01802) and MHC-Ib
proteins (NC1*00501, NC3*00101, and NC4*00201) sined from the surface of these cells into
the media. The mechanism of shedding of theseipsoi® however, not known.

Monoclonal antibodies W6/32, IL-A88, H1A, H6A, H11A58A, and PT-85A
recognized surface MHC-| isoforms with varying aitfy. We were able to develop a sandwich
enzyme-linked immunosorbent assay (ELISA) usinigegiti1A or IL-A88 antibody as the
capture antibody and the W6/32 antibody for detectiVe produced monoclonal antibodies
against cattle NC1*00501 and NC3*00101 proteinse @monoclonal antibody generated against
BoLA-NC3*00101 was highly specific. Unfortunateijuie to failure to clone the NC3*00101-
hybridoma, we no longer have an infinite sourcthid monoclonal antibody for NC3*00101.

We eluted peptides from NC3*00101-transfected MH@-K562 cells and identified peptides
using liquid chromatography-mass spectrum (LC-M&)lgsis. Analysis of peptide binding data
using the SAS Proc mixed statistical program, ssgggethat the peptide EVTNQLVVL is a
potential peptide ligand, which can be used to ntaktamers for enumeration of antigen-specific

leukocytes.

(148 pages)



PUBLIC ABSTRACT

Determination of the Expression Patterns of BoWoa-Classical Major Histocompatibility

Complex (MHC) Class | Proteins

Parveen Parasar

This project was funded by the United States ofddepent of Agriculture (USDA),
which funds research aimed at improving productind animal health. The aim of this study
was to advance knowledge of maternal immune toterémthe fetus and mechanisms bovine
non-classical MHC class | proteins employ to intesgith immune cells and render them inert
towards the fetus.

A fetus is a tissue graft inside the mother’s uggret must be accepted by the mother to
maintain a successful pregnancy. Reproductive ficgericy and pregnancy failure are major
causes of production loss in cattle, especiallglamed animals. Knowledge of the receptors that
non-classical MHC class | proteins interact withymaake it possible to improve reproductive
efficiency in cattle. We have shown that three ntassical MHC class | proteins expressed
during the third trimester, NC1*00501, NC3*0010hdaNC4*00201, are expressed as cell-
surface isoforms. The other non-classical clagsetems, that we studied, NC1*00401 and
NC2*00102, were not expressed on the surface otellitines and may be secreted or soluble
proteins. The non-classical class | proteins exgg@sind/or secreted by embryos at different
gestational stages can be detected using enzykedlimmunosorbent assays (ELISA). We were
able to produce a NC3*00101-specific monoclonabaaly for use in ELISA; however, we lost
the cell line when we attempted to clone it.

Understanding the patterns of expression of thesteips during different stages of
pregnancy will help elucidate the association esthproteins with pregnancy success in normal
and cloned cattle and will provide insights intoamanisms that prevent rejection of the fetus by
the potentially hostile maternal immune systemeltwidate how non-classical class | proteins
interact with white blood cells in the uterus, wéiated studies to identify NC3*00101-specific
peptide ligands needed to make NC3*00101 tetramgrigh can be used to understand
interactions between MHC molecules and white blogits. Understanding the interactions of
non-classical class | proteins with maternal immceks will reveal the mechanisms of
inhibitory action that are used by class Ib prat@émsuppress the maternal immune system and
protect the fetus.

This study helped to elucidate patterns of expoassf cattle non-classical MHC class |
proteins, which are important to maintain a favéeamvironment within uterus during
pregnancy.
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CHAPTER 1

LITERATURE REVIEW

Pregnancy includes the complex steps of fertibbratcleavage of newly formed
zygote by mitotic divisions to form the embryo (mia), blastocyst (blastula), and
gastrula, and organogenesis resulting in a fullsetiged fetus. The average gestation
time in cattle is 285 days. The blastocyst develips?" day and hatches 8-9 days post-
conception. After gastrula formation (16%18ay post-conception) and elongation,
embryo implantation begins at ~22 days and compieted40 days post-conception.
Despite its allogeneic nature and its antigenictfetus is carried to term with successful
completion of each of these complex steps of pregynaithout being rejected by the
maternal immune system.

The Major Histocompatibility Complex (MHC) is themetic region that encodes
the transplantation antigens or MHC class | (MH@#Ad MHC class 1l (MHC-II)
molecules, which are primarily involved in protectithe body against pathogens.
Immunological recognition of pathogens includest@otysis of foreign proteins into
peptides, assembly of peptides on MHC-I and -ltgpyroteins specialized for presenting
the peptides on the cell-surface, and interacticth@MHC-I and MHC-II-peptide
complexes with CD8 and CD4 T cell-receptors, respely, leading to effector functions
including subsequent killing or removal of the ictied cells to clear the infection.

Because MHC glycoproteins present peptides, they ah important role in the
acceptance or rejection of the tissue grafts. Aesgful pregnancy requires that the fetal
allograft remains unharmed by the mother’s potégtiestile immune system

throughout pregnancy. In humans and mice, studidisate that another class of



transplantation antigens, referred to as “non-adassMHC class | (MHC-Ib) proteins,”
are expressed as alternatively spliced isofornfistal trophoblast cells and interact with
inhibitory receptors on natural killer cells anth@t maternal leukocytes resulting in the
inhibition of these cells. Examples of class Ibtpios are human leukocyte antigens
(HLA)-E, -F and -G Qa-2 in mice,Mamu-AG in Rhesus Macaques, aRdan-AG in

olive baboons.

After years of research on immune tolerance tdehes during pregnancy, novel
mechanisms of interaction of MHC-Ib proteins widteptors on maternal leukocytes
have been identified in humans and mice. In catkntification of bovine leukocyte
antigen (BoLA) class Ib proteins begs further rese#o investigate the mechanisms of
bovine maternal-fetal immune-regulation during paacy and achievement of an

immunologically tolerant state in the uterus.

The Structure of MHC Glycoproteins

Histocompatibility genes, which produce transpltéateor histocompatibility
antigens, were first discovered in mice [58]. Timsling led to the identification of loci
encoding human and mouse [59, 60, 110]. MHC clasgifjens and successful organ
transplantation in patients. The genes that enbid€ proteins and several other
proteins with related functions are tightly linkedhe MHC genetic region. The human
MHC, human leukocyte antigen (HLA) complex, and s®eWMHC, the H-2 complex, are
located on chromosomes 6 and 17, respectivelybdkime MHC, which is known as the
bovine leukocyte antigen “(BoLA) complex,” is loedton bovine autosome 23. The
genetic structure of BoLA was first described by &mona and Stone (1978) and Spooner

et al. [105, 106].



There are two classes of MHC glycoproteins: MHQ@d MHC-I1. Class |
proteins comprise an alpha) (polypeptide chain which is a large subunit ofkdld-
daltons (D) molecular weight (MW) that is non-caaaly linked with a 12 kD-light
chain called3, microglobulin ¢,m) to form a stable cell surface protein. The gen¢he
B2m is not located in the MHC region. MHC-I1I proteime heterodimers composed of an
alpha () and a betaB) polypeptide chain. Class Il molecules are exg@ s
professional antigen presenting cells (APCs) sscatheadritic cells (DCs), macrophages
and B cells. Class Il molecules are not expresseulacental trophoblast cells and,
therefore, will not be described in detail here.

The general structure of the MHC in mammalian sggeid relatively conserved.
The BoLA complex is divided into three regions -LBel, BoLA-II and BoLA-I1l with
different functions and roles. There are at leestlassical MHC-1 genes in the BoLA-I
region which are expressed in a number of diffecenmtbinations [11]. In addition, the
BoLA-I region contains four non-classical BoLA-ctasloci, NC1-NC4 [25].

BoLA-II was subdivided into BoLA-Ila and -Ilb based genetic mapping [5, 119]. The
BoLA-Ila subregion contains the DR and DQ clustiegenes [4, 98]. The BoLA-Ilb and
BoLA-Ila subregions are about 15cM apart. The BdliAsubregion includes the DMA,
DMB, LMP2, LMP7 and TAP genes whose products aveliwed in antigen processing
and transport [22, 66, 92]. The class llb regicoalarries some other genes of unknown
function such as DOA, DOB, DYA and DYB [66].

The BoLA-IIl region contains genes such as CYPZ,, BSP70 and C4 which
are not considered part of the MHC proper [6, 6&jure 1-1 shows the linkage map of

bovine MHC genetic regions as reported earlier [3].
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Fig 1-1 Genetic linkage map of the major histocontyigy complex (MHC) region in
cattle
Classical (MHC-la) and Non-classical (MHC-Ib) MHC-I Proteins

MHC-la proteins show ubiquitous expression. Theyabsent from mature
erythrocytes of larger mammals such as humans igsdopt in rodents they are present
on erythrocytes at low density. The MHC-la molesudee extremely polymorphic with a
large number of alleles present in the populafidrese proteins are transmembrane
glycoproteins and play an important role in immuegulation.

MHC-Ib genes are monomorphic or oligomorphic artérmpossess premature
stop codons, and/or putative non-classical amimb motifs (IPI and VPI) in the
transmembrane domain. Similar to class la genest ohass Ib genes have eight exons
which encode the heavy chain. Exon 1 encodes gimalssequence that is cleaved after
the newly synthesized protein is targeted intoeth@oplasmic reticulum (ER). Exons 2, 3
and 4 encode thel, a2 anda3 domains, which form the extracellular portiorthod
protein. The transmembrane domain is encoded by Bxg&xons 6, 7, and sometimes
part of exon 8 encode the cytoplasmic domain. htrest to MHC-la proteins, non-
classical class | proteins (MHC-Ib) are expressesbiecific tissues and under specific

conditions. These proteins often have a truncagezptasmic domain. As a result of



alternative splicing, these proteins are produsettamsmembrane and soluble isoforms
[49]. The process of alternative splicing detemsithe secreted or lipid-linked nature of
some class Ib molecules such as HLA-G (HLA-G2) @ad2 [50]. Alternative splicing

of HLA-G or Qa-2 transcripts that eliminates orispé out exon 5, results in only
secreted isoforms. In contrast to class la moéscwhich require binding with a light
chain orf2-microglobulin $2m) for their cell-surface expression [51, 95, 11E5],
MHC-Ib proteins do not always require a light chlmntheir expression. Membrane-
HLA-G1 and soluble HLA-G5 associate with a lighaghwhereas membrane HLA-G2

and —G3 and soluble HLA-G6 do not associate withd chain or32m [49].

Peptide Binding to MHC Glycoproteins

MHC class | proteins bind peptides from intraceliypathogens and the animal’s
own protein-derived peptides. The protein complexesdigested in the cytosol by
proteasomes into 8-10 amino acid long peptides [M¢se peptides are accommodated
in the peptide-binding cleft formed by th& anda2 domains of MHC-I proteins. The N-
termini of freshly synthesized MHC-I glycoproteic@ntain N-linked glycan. N-linked
glycans are trimmed by Glucosidases | and Il (B)gld a single terminal glucose
residue, which allows the MHC-I protein to interagth chaperon proteins. After this,
the first interaction is with calnexin (CNX), whi@tlowsp2m to bind with the MHC-I
heavy chain. Calreticulin (CRT) then recruits thel@ protein to the peptide loading
complex (PLC) [94]. The PLC is formed by the tram$er associated with antigen
processing (TAP) heterodimer together with othetgins and chaperon molecules.
Tapasin, Erp 57, and CRT in association with otteperons in the PLC help to locate

the MHC-I protein to the PLC. Peptides longer tBalD amino acids are trimmed by ER



aminopeptidases known as “ERAAP/ERAP1 and ERAPRAIFy, tapasin-mediated
editing results in preferential binding of approxit@ly sized peptides in the peptide-
binding groove [28, 79, 80, 112]. The MHC-I-peptmamplexes then move to the cell
surface for recognition by T cell-receptors on COBlymphocytes.

MHC-II glycoproteins bind peptides derived from engtosed extracellular
proteins. Ther andp chains of class Il proteins associate with theirant chain (li
chain) and the complex moves to a mature endosaartée trans-Golgi network (TGN).
In mature endosomes, the invariant chain is cle@yaaroteolysis to form the class I
associated invariant chain peptide (CLIP) [18,5%,63, 78, 83, 109, 127]. Endocytosed
proteins internalized by a cell from exogenous sesilare degraded in increasingly acidic
and proteolytic endosomal compartments of earlylatedendosomes, and lysosomes by
acidic lysosomal proteases called cathepsins igpdiges [123]. The MHC-II-related
chaperons such as HLA-DM and HLA-DO are expressdlle ER and form complex.
DM-DO complexes co-transport to late endosomesyevbd/l catalyzes the replacement
of the CLIP fragment in the MHC-I1I binding groovg bxogenous peptides [26, 70, 73,
74]. The DM protein regulates the binding of hidfiraty peptides to MHC-I1I [100]. The

MHC-II-peptide complexes move to the cell surfamerecognition by the CD4+ T cells.

MHC Glycoproteinsand Transplantation

The process of recognition of self and foreign g by T lymphocytes was
first studied in mice [128]. The findings demongtchthat cytotoxic T lymphocytes lyse
virus-infected cells under specific immunologicahditions. Virus-infected target cells
are killed only when they carry the same MHC-I gaitis as the immune T cells, which

explains MHC-mediated restriction of T lymphocyte€tion. The researchers reported



that virus-infected cellular targets of cytotoxidymphocytes contain two parts, the viral
antigen and the MHC-I antigen. Similar studies e¢ed that MHC-II antigens on APCs
must be the same as the MHC-II proteins that prithedl’ lymphocyte in order for the T
cells to recognize the antigens. They found thielper cells only recognize antigens on
the surface of APCs and the class Il molecule isqfehe antigenic complex recognized
by the T helper cells [101, 113]. Therefore, the ®hholecules, both class | and I,
govern the effector functions of cytotoxic and leelp cells, respectively. MHC-I and
MHC-II polymorphism have been associated with spsbgity and resistance to many
pathological conditions [21, 27]. Certain alleles emore frequent in one population than
in another. One consequence of the MHC-I and MH@sIlymorphism is that when a
diseased organ is replaced by transplantatiorheiéthy organ, the new organ may be
accepted or rejected based on the degree of sityibetween the class | and class Ii
antigens on the cells of the donor and recipissugs.

It is helpful to understand the following termsttdascribe transplantation
between animals:
Autograft - A tissue graft where the tissuetiansplanted back onto the original donor.
Isograft - A graft between individuals of identical genetiewgmosition (i.e. syngeneic
individuals) such as identical twins or mice of Hane inbred mouse line.
Allograft — A graft between individuals of the same speciesobdifferent genetic
compositions (i.e., allogeneic individuals) sucthaman to human and from one strain
of mouse to another.
Xenograft —A graft between members of different species (xenogeneic individuals)

such as a graft from a monkey to human.



The greatest concern is with allografts becausgfting is commonly practiced
for treatment of many human disorders. Blood trasishs as well as skin, kidney, liver,
and other organ transplants are all examples ofjafts. An allogeneic skin graft is
sloughed within 10 days due to the infiltratiortloé graft bed with lymphocytes,
monocytes and a few plasma cells. The second &rgeaft from the same donor is
rejected much faster than the first time and tiereore infiltration with
polymorphonuclear leukocytes, lymphoid cells, atagma cells, including thrombosis
and acute cell destruction. Therefore, the secehdegection is more severe than the
first-set rejection. Grafts from new donors arecggd at the same rate as the original
first-set rejection. The presence of immunologoaimory suggests that graft rejection is
mediated by lymphocytes. Transplantation rejectiam be prevented or delayed by
matching the MHC class | and class Il antigenefdonor and recipient. Another
method of preventing graft rejection is to use imguppressive drugs that inhibit T

lymphocyte activation.

Fetal Allograft and Placentation in Cattle

Despite its allogeneic nature, the fetal allogiaftot normally rejected by the
potentially hostile maternal immune system. Thdyeambryo is made of blastomeres
which are undifferentiated cells resulting fromastage of the fertilized egg (zygote).
After a series of divisions and compaction, the gmliorms a compact mass of 16-32
blastomeres known as the morula. The morula desettdp a fluid-filled hollow ball of
over a hundred cells known as the blastocyst. Atbtyst has two distinctive tissues, the
outer single-cell layer of trophectoderm or tropllasts surrounding the fluid-filled cavity

(blastocoel) which gives rise to extra-embryonssties and the inner cell mass gives rise



to the embryonic disc and eventually the embrygeroTogether with the somatic
mesoderm, the trophoblast layer is referred tthv@asdahorion.”

In cows, the gestation length is 285 days and tlogi@allantois starts attaching to
the gravid uterus at about 4 weeks of gestatioh Wie growth of extraembryonic
membranes inside the uterine lumen chorioallardiaigs to form “cotyledons” over
specialized areas of the endometrium known as fedes.” The caruncular surface
develops crypts and the apposing chorioallantoim$dinger-like projections, which
enter into the crypts, greatly enhancing the cdrdadace area between the endometrium
and the trophoblast [97]. The combination of calgieary and caruncular tissues forms
the “placentomes.” Placentomes are 10-12 cm lodg2aB cm thick. The chorioallantois
that develops and apposes with endometrium betplaeentomes is the
interplacentomal chorioallantois. The chorioallastboth cotyledonary and
intercotyledonary, is responsible for nutrient ket#hat provides for the fetal metabolic
demands and fetal tissue growth. This type of plces known as a “cotyledonary
placenta” and is found in ruminants. The majorityumminant trophoblast cells is
uninucleate and functions in nutrient exchangeraathbolism. An important feature of
the ruminant-placenta is the presence of binucleglts (BNC) or giant trophoblast cells,
which develop by acytokinetic mitosis of uninuckefiophoblast cells. Binucleate cells
constitute 15-20% of the bovine trophoblast c@8isucleate trophoblast cells fuse with
uterine epithelial cells both in the placentomes #re interplacentomal region to form
trinucleate cells, which are feto-maternal hybritispughout pregnancy [61, 124]. BNC
secrete bovine pregnancy-associated glycoprotBiA&§) [125], progesterone,

transforming growth factop-(TGF-), and placental lactogen which act as local
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immunomodulators to maintain pregnancy as welledg im the metabolism and
development of placentomes [34, 75, 89, 90].

Ruminant placenta is often referred to as “synefitichorial’. The bovine
chorion (trophoblast) layer is in intimate contadth the maternal epithelium. The
binucleate cells migrate toward the uterine epitimeland fuse with the epithelial cells,
secreting their granules to the basal side of ttrug. These secretory granules provide a
mechanism for transfer of MHC-I proteins to the enaél side of the placenta. The T
cells also have been identified in the uterineheghiim during pregnancy in ruminants
[64, 68, 85]. These cells may play a role in theellgoment of the conceptus,

immunosuppression, and placental detachment dpargrition.

The Roleof MHC Class| Proteinsin Reproduction

In most species, mature trophoblast cells do xptess highly polymorphic
classical class | protein [33, 40, 48]. Fetal alfdts expressing classical class | proteins
during the first trimester of pregnancy do not segvn the uterus [9]. In ewes, a study
showed that intrauterine skin autografts were imohagically accepted, whereas the
allografts were rejected [88].

In cattle, trophoblast cells in interplacentomataale, and villous/crypt regions
possess unique MHC-I expression patterns. In nopnegjnancy, cattle trophoblasts do
not show MHC-I expression before 120 days of praggaHowever, MHC-I expression
by interplacentomal and arcade trophoblast celfsxduhe last trimester in cattle is
normal [23]. Cows carrying MHC-compatible pregnascat term have reduced levels of
immunoreactive interleukin-2 (IL-2), less apopto$ess tumor necrosis factor-alpha

(TNF-a) in macrophages, and reduced degranulation otheate trophoblast cells,
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which is similar to the conditions seen with retrplacenta [24]. In the third trimester
of pregnancy, MHC class la and class Ib proteieseapressed in the interplacentomal
and arcade regions [25]. The ratio of class lddsesclb gene expression varies
extensively among pregnancies. About 34-79% ofstapts from interplacentomal
trophoblast cells are encoded by class Ib genase Gequence analysis led to the
discovery of four bovine non-classical loci: BoLAZN, BoLA-NC2, BoLA-NC3, and
BoLA-NC4.

Normally, cattle have a greater number of lymphesyh the non-gravid uterine
horn than in the gravid horn. In early pregnanbg, éndometrial lymphocytes decrease
in number in sheep, pigs, and cattle [12, 57, @2).1n 34-63 day old SCNT
pregnancies, trophoblast MHC-I expression was vdksl and accompanied by
endometrial infiltration of CD3+ T lymphocyte tHarmed aggregates as compared to
normal pregnancies [45]. This maternal lymphocsggponse involved 80% CD4+
helper T cells, with the remaining cells compris¢@qual numbers of CD8+ cytotoxic T
cells and B cells with a minimal numberyd$-T lymphocytes (Davies unpublished). The
large number of CD4+ T helper cells suggests thageneic trophoblast MHC-I1 proteins
are processed by maternal antigen presenting(@d¢d€s) and that MHC-I derived fetal
peptides are presented on maternal MHC class téjm® This is an indirect recognition
pathway, where recognition is restricted by thet Mi4C class Il molecules that have
bound peptides derived from an allogeneic MHC madke@43]. Fetal antigens are
probably carried towards the uterine endometrighepum by binucleate cells and
released with the secretory granules after the BNM€ with the uterine epithelial cells.

Presentation of peptides derived from fetal MHGuiéigens triggers recruitment of Thl
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cells and initiation of an inflammatory responsealving release of tumor necrosis
factor (TNF)«, interleukin (IL)-18, IL-12, and IFNy, which interferes with placental
attachment and causes embryonic death. The suatess nuclear transfer in cattle
ranges from 0% to 10% [114].

These findings suggest that abnormal trophoblasCMlgxpression accompanied
by lymphocytic infiltration of the endometrium cassearly embryonic mortality of
cloned fetuses. Therefore, appropriate expresditetal MHC-I antigens at the bovine
fetal-maternal interface is critically important ioomunological acceptance of the

allogeneic fetus by its mother.

Non-classical MHC-I (MHC-Ib) Proteinsand Toleranceto the Fetal-allogr aft

The mystery ofmmunological acceptance of the fetal allograft hasen the focus
of many studies. There are various mechanismsritiate maternal tolerance. These
include production of TGB1 and interleukin-10 (IL-10) by the¢f subset of
CD4+/CD25 cells, secretion of prolactin, gonadoingmnd progesterone by both fetal
and endometrial cells, and expression of high weécomplement regulatory proteins
by fetal cells and expression of inhibitory membarthe B7 and the TNF family of
ligands [19, 49, 95]. Fetal cells also produce imosuppressive cytokines, chemokines,
and prostaglandins, which dampen T lymphocyte fam@ltion, and secrete the
immunosuppressive hormone progesterone. Importanviyhoblast cells regulate the
expression of MHC-la and MHC-Ib proteins [23, 28].2As mentioned earlier, villous
trophoblast cells do not express class la and dlasslecules. However, in cattle

interplacentomal and arcade trophoblast cells espeiass | proteins during the second
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and third trimesters of pregnancy. MHC-Ib proteans uniquely expressed in human,
mouse, rhesus macaques, baboons, and cattle ttaphoélls.

HLA-E, HLA-F, and HLA-G are human class Ib proteend Qa-1 and Qa-2 are
murine class Ib proteins are. Similar class Ibgirat studied in non-human primates
include Mamu-AG irMacaca mulata and Paan-AG in olive baboons. HLA-G and Qa-2
proteins have been studied most extensively far tbke in maternal tolerance to fetal
allografts [20, 35]. HLA-G is predominantly expredson fetal extravillous trophoblasts
[35, 62]. HLA-G provides inhibitory signals to NKelts, macrophages, monocytes, and
lymphocytes by interacting with various inhibitagcetors expressed by leukocytes to
induce immunosuppression and fetal survival [48fe3e receptors are inhibitory
leukocyte immunoglobulin-like receptors 1 and 2L{RB1/LIR-1/ ILT-2 and LILRB-
2/LIR-2/ILT-4), CD94/NKG2A, and killer-immunoglobun-like receptor (KIR) 2DL4
(KIR2DL4) [2, 7, 38, 65, 84, 86, 102, 104].

Murine Q9 antigen (referred to as Qa-2) of the Qar2ily of proteins is encoded
at thePed (preimplantation embryonic development) gene lottusas recognized
because of its role in embryonic development apdoghictive tolerance. The murine Q9
antigen is a functional homologue of HLA-G [20].tBHLA-G and Qa-2 play a role in
tumor surveillance via peptide presentation to CD&sells [41]. HLA-G and Qa-2 can
present a larger array of peptides than HLA-E amel(54, 91, 111]. HLA-G can
display restricted but still a diverse set of pegsi [29, 52]. HLA-G has two free cysteine
residues (Cy% and Cy$*d unlike most of other MHC-I alleles. Both solulaled cell-
surface HLA-G isoforms can exist as disulfide-lididimer with intermolecular C§&

Cys* disulfide bond. The HLA-G dimer has oblique oriitn which exposes the



14

receptor-binding sites upward and more accesdiil&-G dimer has much higher
overall affinity toward LILRBs than the monomer bese it has increased avidity for its
ligand [15, 103]. The HLA-G dimer on the cell sudanhibits NK cells through LILRB1
binding [42]. The peptide binding surfaces of ebitlA-G monomer is too small to be
accessible by T cell receptor; therefore, it canmatk as antigen presenting molecule for
the T cell response. However, it can present LIaRd CD8- binding sites, which
suggests that HLA-G dimers are important in immupgsession.

HLA-E and Qa-1 are orthologues and present peptldased from the leader
sequences of other class | molecules [16, 53]. HL&ad Qa-1 play a role in the innate
immune response as ligands for the receptors cTD@4/NKG2 family expressed by
NK and T cells [17, 120]. In some bacterial andlinfections, class la proteins are
downregulated. Due to non-availability of leadegusence, HLA-E and Qa-1 are not
expressed properly. NK cells can detect and elitaittee compromised MHC deficient
host cells [1].

Cattle have two MHC clusters that are equivalenh&human MHC-I beta and
kappa blocks. The orthologous MHC-I region in @térries the heavy chain genes for
BoLA-NC2, -NC3, and -NC4. The only expressed MH@ehe in the orthologous human
kappa block is HLA-E. In addition, this block comssix to eight MHC-la genes and
expresses two to three MHC-la proteins. The cattleologo kappa block has one
expressed MHC-Ib gene, BoLA-NC1 (Davies unpublightdht maps very close to
HLA-E, which suggests that these genes can beotthelogs.

In Rhesus monkeys, an ortholog of HLA-G named “MaBi was identified in

trophoblast cells from a day-36 post-conceptiorgrda [13]. This class Ib protein is
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non-functional as it contained premature stop cedord frameshift mutations.
Therefore, it is encoded by a pseudogene. Anotherctassical molecule expressed
exclusively in rhesus monkey placenta, Mamu-AGrehéunctional similarities with
HLA-G [14]. It has both membrane and soluble ispfsras a result of alternative

splicing [93].

Peptide Presentation by Non-classical MHC-I Proteins

Human and murine class Ib proteins have been extdnstudied for their
peptide-presenting characteristics. Generally sdlagnolecules have peptide-presenting
capacity, which varies among all the expresseddtasmolecules [29, 99]. Compared to
class la molecules, class Ib molecules present@afaower range of peptides, which
correlates well with their narrow tissue distrilouti HLA-G molecules present nonamer
peptides, which are similar to those of class ldemdes. The anchor residues for HLA-
G are isoleucine (I) or leucine (L) at positiomp®pline (P) at position 3, and leucine at
position 9. HLA-G has a preference for non-anclesridues. For instance, position 1 is
generally positively charged and position 7 is drbphobic amino acid residue in most
of the ligand motifs [87]. Therefore, HLA-G glycayeins which present the specific
sequence motif with the consensus sequence XI/LPXXIXresemble classical MHC
class | proteins [96]. Because HLA-G interacts Witk cell inhibitory receptors and
provides a signal peptide for increased expressidtiLA-E, it inhibits the NK cells that
express C-type lectin like inhibitory receptors,[78].

The murine class Ib molecule Qa-2 binds with speadify histidine-containing
nonapeptides (9-amino acids long) with two anclkerdues, Histidine (H) at position 7

and Leucine, Isoleucine (I) or Phenylalanine (Raition 9 [91]. Positions 2, 3, 5, and 6
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are auxiliary anchors occupied by aliphatic ressddénis suggests that a relatively small
number of nonapeptides fit the Qa-2 motif compaoeithe large number of peptides that
bind to other class | proteins; however, Qa-2 bindhl a large array of endogenous
peptides [54, 91].

Peptide binding information is helpful to determthe physiological and
immunological role of class Ib proteins, which axpressed in tissues under specific
conditions. The peptide motif for BoLA class la f@ia, BoLA-N*01701, has been

identified [8, 39], but BoLA-Ib peptide motifs havet yet been identified.

Bovine MHC-Ib (BoLA-1b) Proteins

Transcripts fronfour bovine non-classical class | loci, BOLA-NCI19IBA-NC2,
BoLA-NC3 and BoLA-NC4 were identified [25] in thitdimester-interplacentomal and
arcade region trophoblast cells. Amino acid aligntwé class la and class Ib alleles at
the four BoLA-NC loci revealed that all of the BoLlA alleles possess characteristic
features such as limited or no polymorphism, pugation-classical amino acid motifs
(IP1, VPI or VLI) in the transmembrane domain, driéntial splicing in the
transmembrane domain, and/or premature stop codons.

The BoLA-NC1 locus encodes seven alleles. The NG18Q allele has already
been described [46]. NC1*00201 (AH19), NC1*00301@&, and NC1*00401(AH11)
were identified by Davies et al. (2006) [25]. Mostently NC1*00501, NC1*00601, and
NC1*00701 alleles have been identified (Daviesl .ei@ublished). Multiple NC1 splice
variants with partial or complete deletion of eXgrwhich encodes the transmembrane
domain, have been identified. Examples include NdD191 SV, NC1*00201,

NC1*00202 SV, and NC1*00401
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(http://www.ebi.ac.uk/ipd/mhc/bola/nomenclature.htrifhese splice variants suggest
that both membrane-bound and soluble isoformsrareded at this locus.

The NC2 locus exhibits minimal polymorphism withythree closely related
alleles identified: NC2*00101 [36], NC2*00102 [2%ind NC2*00103 (Davies et al.
unpublished).

NC3 and NC4 were new loci identified by Daviesle{2006) [25]. The NC3
locus appears to be monomorphic and encodes d@ HIE3*00101 that has an early
stop codon resulting in a truncated cytoplasmic aomFour alleles have been identified
at the NC4 locus: NC4*00101 (AH12), NC4*00201 (AH18C4*00202 and
NC4*00301. The NC4 locus may not be expressed imaglotypes. The variation in the
ratio of expression of classical to non-classi@legexpression in trophoblast cells
appears to be influenced by the haplotype composdf the fetus. Haplotypes that have
a higher ratio of non-classical class | expressiay be associated with higher

immunological acceptance of the fetal allograft.

Receptorsfor MHC-Ib Ligands

MHC-Ib proteins interact with inhibitory and acttuay receptors expressed on
maternal leukocytes and direct the actions oféh&dcytes. NK cell receptors are
encoded at two genetic regions, the natural killenplex (NKC) and the leukocyte
receptor complex (LRC). The NKC on bovine Chr5, meiChr6, and human Chr12
encodes killer cell lectin-like receptors suchrashitory and activating members of the
CD94/NKG2 receptor family. These are expressecetsrddimers; CD94 combines with
various NKG2 isoforms to form functional receptofee NKG2A isoforms have

immunoreceptor tyrosine-based inhibitory motifsiilly, whereas NKG2B and NKG2C
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isoforms have immunoreceptor tyrosine-based aatigahotifs (ITAM). Human HLA-E
interacts with CD94/NKG2A, B, and C receptors [49, 50, 82]. Similarly, murine Qa-1
binds with CD94/NKG2C and CD94/NKG2E activatingeptors on NK cells [67, 121].
There are two CD94 genes, seven NKG2A genes, aadN&iG2C gene expressed in
cattle [10]. In rodents, the NKC also encodes th¢9.family of receptors [126]. The

Ly49 receptors are homodimeric type-Il C type ledilke molecules [30]. In cattle, a
single Ly49 locus has been identified that is palypmic and produces three alternatively
spliced Ly49 receptors. These receptors were regpaat be inhibitory as reported earlier.
They therefore may act as inhibitory receptord\ircells [32, 72].

The other genetic region, the LRC present on bo@inel8, human Chr19, and
murine Chr7, encodes three types of receptorsilee immunoglobulin-like receptors
(KIR), the leukocyte immunoglobulin-like receptd@ts$LR), and the leukocyte-
associated immunoglobulin-like receptors (LAIR) €TKIR in primates are functional
homologues of the Ly49 receptors in rodents [56,18%]. Both KIR in primates and
Ly49 receptors in rodents are highly polymorphithwinique combinations of alleles
expressed on NK cells in different individuals [1178]. Killer Immunoglobulin-like
receptors recognize mostly MHC-la proteins [72]céttle, multiple KIR members have
been demonstrated [107, 108]. Soluble HLA-G bindk WIR2DL4 present on NK cells
and activates the NK cells. KIR2DL4 is predomingihticalized in endosomes. Soluble
HLA-G is thus endocytosed to interact with KIR2Dlldteraction between sHLA-G and
KIR2DL4 activates a proangiogenic response, whigipsrts a role for soluble HLA-G
in augmenting vascularization early in pregnancdfR2DL4 possesses structural

elements associated with both the activation ahibition of NK cells [81]. In addition
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to HLA-G, human trophoblasts express HLA-C, butiHbA-A or -B [69]. HLA-G and
HLA-C binding with KIR on human NK cells promotesrwersion of maternal spiral

arteries into blood and nutrient-supplying chantelthe placenta [44].

Summary

There is extensive literature on the role of MHOpfoteins in inducing maternal
immune tolerance to the fetus. This literaturdnestbasis for my research to better
understand the mechanism of immune regulationeairtaiternal-fetal interface during
bovine pregnancy. Fetal-allografts are immunoldgiceccepted in normal pregnancies.
Evidence of expression of class Ib molecules bydruand murine trophoblast cells and
their role in inducing immune tolerance by reactwith the inhibitory receptors
expressed on different leukocytes have been rephorteerefore, cattle class Ib proteins
are potentially key players in immunomodulationhet maternal-fetal interface.
Identification of the expression patterns of theibe trophoblast class Ib proteins and
their peptide binding motifs will help identify gatays these proteins use to maintain

maternal immunological tolerance to fetus.

Resear ch I mpact and Applications

This research project is based on the hypothesistitle MHC class Ib proteins
are produced as surface and/or secreted isoforchthag interact with maternal NK cells
and other leukocytes to provide an immunologicatiestvithin the uterus favorable for
maintenance of the fetus.

The research addressed the following specific aims
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1) Determine which bovine class Ib proteins are predues transmembrane
proteins and/or secreted isoforms.

2) Develop or identify monoclonal antibodies specific BoLA-Ib proteins

3) Determine peptide motifs recognized by BoLA-Ib pins and to make BoLA-Ib
tetramers to identify the maternal leukocytes &xairess receptors that bind BoLA-Ib
proteins.

Development of an enzyme-linked immunosorbentya@dsalISA) to measure
secreted MHC-Ib proteins in embryo and tropholda#ture supernatants and cattle
serum is important because secreted MHC-Ib protesngbe a biomarker for fetal
health. Once the importance of class Ib proteimaamtaining pregnancy has been
established, these proteins may offer a tool feventing immune-mediated abortions in
naturally bred and cloned cattle.

Identification of the BoLA-Ib peptide motifs wilacilitate BoLA-Ib tetramer
production. The BoLA-Ib tetramers can be used émiidly and sort lymphocytes that
react with cattle MHC-Ib proteins so that theirilmitory and activating receptors can be

characterized.
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CHAPTER 2
EXPRESSION OF BOVINE CLASSICAL (BoLA-la) AND NON-CLASSICAL

(BoLA-Ib) CLASS| PROTEINSIN MOUSE P815 AND HUMAN K562 CELLS

Abstract

During the third trimester of pregnancy in catifgerplacentomal trophoblast
cells express both classical (BoLA-lIa) and nonsitzd (BoLA-Ib) MHC class |
proteins. To investigate whether these proteingapeessed as surface or secreted
proteins, we cloned protein-coding DNAs in the pd8l1 mammalian expression
vector and sequenced the inserts to identify pldsnu transfect murine P815 and human
K562 (MHC null) cultured cells. Stably transfecte815 and K562 cell lines were
stained with H1A and W6/32 antibodies, respectividydetect expression of the proteins
by flow cytometry. We identified two bovine classli¢N*01701 and N*01802) and three
non-classical (NC1*00501, NC3*00101, and NC4*002p)teins on the cell surface.
Other non-classical proteins (NC1*00401 and NC2t®)1which may be released or
secreted by cells into their surrounding extra¢atlapaces (soluble or secreted proteins),
do not exhibit cell surface expression. The surtaqaessing cells were sorted and
enriched. Both classical and non-classical proteiie precipitated from the cell culture
supernatant using ammonium sulfate. The cell s surface expressing BoLA-la and
BoLA-Ib proteins shed and/or released more MHCek@ns into the culture
supernatants than unsorted non-surface expressiinignes. Transfected cells were lysed
and histidine tagged proteins were purified usiioggel affinity column chromatography.

Western blot analysis with an anti-V5 antibidy derstoated the presence of MHC-I
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heavy chains in all of the transfected cell linEsese data confirm that bovine class Ib

molecules NC1*00501, NC3*00101, and NC4*00201 aaressed as surface isoforms.

Introduction

The MHC, the genetic region that encodes the prsteisponsible for tissue graft
compatibility [21], encodes MHC class | (MHC-I) amMHC class Il (MHC-II)
glycoproteins. There are two subclasses of MHGstgins. MHC-la proteins are
membrane-bound isoforms that are expressed inueléated cells of the body and
present intracellular pathogen-derived peptidegb@ianimal’s own peptides on the cell
surface for immune recognition by CD8 T cells. Wttile discovery of HLA-G [12],
another category of MHC-I proteins referred, naassical class | (MHC-Ib), was
recognized. MHC-Ib molecules are less polymorpbiassess specific molecular motifs
in their transmembrane domains and contain prematop codons. These features make
MHC-Ib proteins important immunomodulatory moleauehich may induce
immunotolerance during pregnancy. MHC-II proteins expressed only on professional
antigen presenting cells (APCs) which present egthalar pathogen-derived peptides on
the cell surface for recognition by CD4 T cells.

An allogeneic transplant is a tissue graft fromeaggically distinct member of the
same species. A fetus carrying half of its genommfthe father is a semi-allogeneic
tissue inside the uterus, yet it circumvents théemmal immune system. Many studies
performed on humans, mice, and non-human primate=al that both fetal and maternal
mechanisms contribute to the immunological toleeamicthe mother to the fetus.
Placental lactogen, progesterone, prostaglandid®#rer immunomodulatory hormones

as well as chemokines synthesized by uterine éeikjding T-regulatory cells and
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trophoblast cells, contribute to tolerance [17,38)], Non-classical class | molecules
produced by fetal trophoblast cells interact withibitory receptors expressed by T-
lymphocytes and natural killer (NK) cells to inhiklhese immune cells, thus protecting
the conceptus from maternal immune attack [1, 312117, 19, 23, 32]. The human
class Ib molecule HLA-G interacts with leukocytailmtory receptors such as leukocyte
immunoglobulin-like receptors 1 (LILR1) and LILR@ induce immunosuppression [6,
19, 36]. HLA-G also upregulates expression of ILILX 3, ILT4 and KIR2DL4 in
APCs, NK cells and T cells, which protects the HGAexpressing tissues from immune
cell attack [26]. Qa-2, a mouse class Ib molecakkfanctional homolog of HLA-G,
controls the rate of cleavage and survival of mqursanplantation embryos [6].
Alternative splicing is a mechanism for generatingtein diversity in non-
classical major histocompatibility complex clagd#MHC-Ib) molecules. Alternative
splicing produces membrane and soluble isoformbBumans, differential mMRNA
splicing of HLA-G results in synthesis of membrasaforms, HLA-G1, -G2, and -G3
and soluble isoforms, HLA-G5 and —G6 [12, 19]. $amy, murine Qa-2 encodes two
soluble isoforms, S1 Qa-2 and S2 Qa-2 [6], mamuiA\esus monkeys encodes
membrane-bound isoformddamu-AG1, Mamu-AG2 and Mamu-AG3 [4], andPaan-AG
in baboonsencodes four membrane isofor®aan-AG1l, -AG2, -AG3 and AG4, and a
soluble isoformsPaan-AG1 [22]. Alternatively spliced variants of bovine stalb
protein, BOLA-NC1 have also been found (Davies Unlighed). However, splice
variants of BoOLA-NC2, -NC3, and -NC4 have yet togositively confirmed. This is the
first study to investigate the surface expressimi'@ secretion of BoLA-Ib proteins.

Here we report that the bovine class Ib moleculé4M0501, NC3*00101, and
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NC4*00201 are expressed as cell surface proteiogeder, membrane expression of the
bovine class Ib proteins NC1*00401 and NC2*00102 weat detected.

Most mammalian trophoblastic cells do not expresgrporphic, classical, MHC-
| molecules [10, 18]. However, cattle interplacen&b and arcade trophoblast cells
normally express BoLA-la molecules during the thiithester of pregnancy [9]. MHC-
la expression during the last trimester triggeesréiease of the placenta during
parturition [8, 16]. Interplacentomal trophoblastls from late pregnancy expressed
classical (BoLA-la) and non-classical (BoLA-Ib) g=nat varying levels depending on
the specific MHC class | haplotypes carried bydbeceptus [7]. Comparatively,
trophoblast cells expressed more MHC class | trgptscencoded at non-classical loci
than peripheral blood mononuclear cells (PBMC). idoear, all of the classical genes
expressed in PBMC were also expressed in trophoteds.

We propose that bovine trophoblast cells exprel$sedace and secreted non-
classical MHC-I proteins. To investigate this hypesis, we used the murine
mastocytoma cell line P815 (ATCC TIB-64) and thenlam MHC-null cell line K562
(ATCC CCL-243) to express cattle class | proteins. Gedlse transfected with bovine
transgenes encoding classical and non-classicss tlaroteins. Post-transfection analysis
of cell surface expression was performed by flovometry. Secreted proteins in culture
supernatants were precipitated by ammonium sypisgeipitation and then detected

using Western blots.
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Materialsand Methods
Samples

Full-length MHC-1 cDNA was reverse transcribed framterplacentomal
trophoblast-RNA, cloned in the pCR 1l TOPO vectowitrogen), and stored at -80°C as

part of a previous study [7]. These were the ihg&anples used in the current study.

Subcloning of Classical and Non-Classical MHC Clak&enes

We amplified classical (N*01802 and N*01701) andh+obassical (NC1*00401,
NC1*00501, NC2*00102, NC3*00101 and NC4*00201) slaslleles from the AH11
haplotype usingplatinum Pfx DNA polymerase (Invitrogen) and subcloned theta the
pcDNA3.1 One Directional V5-His mammalian expressiector (Invitrogen) to express
the protein with a 3’ 6x His tag and a V5 epitopity uL PCR reactions were prepared
by adding 1 UTag DNA Polymerase (proofreading), 0.8 uM of each primer (listed
below), 2.0 mM MgS0O4, 0.2 mM dNTPs, 1X optimizedRPRuffer, and 2 pL of the
diluted (1:1000) cDNA from the pCR Il TOPO clon€&CR amplification was carried out
using an Eppendorf Master cycl@rinkmann) with the following parameters: 1 min 30
sec at 94°C; 25 cycles of 30 sec at 94°C, 15 se@°atand 90 sec at 68°C; 10 min at
68°C; hold at 4°C. PCR products were purified vhign QIAquick PCR Purification Kit
(Qiagen) and product size was confirmed using 1&g gel electrophoresis. Purified
DNA was ligated into the pcDNA 3.1 expression vedto 5 min at room temperature,
transformed into TOP10F One Shot Competestherichia coli (Invitrogen), and plated
onLB agar containing 100 pg/mL ampicillin. There wasbhee/white screening.
Consequently, insert size in isolated colonies evexcked by PCR amplification of lysed

bacteria with T-7 forward and BGH reverse sequeanpiimers, which bind to sites
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within the vector, followed by agarose gel elechoqesis. Only clones with inserts of the
expected size were considered for further evaloatme forward and two reverse
amplification primers were used:
Forward primer (BoC1FP-E1B) ACCATGGGGCCGCGAACCCTC
Reverse primer (BoC1RP-3'A) GATGAAGCATCACTCAGTCCCC
Reverse primer (BoC1RP-E7A) TTTAGGAACCGTGAGAGACACAT

By using two different reverse primers, clones wita normal stop codon
(reverse primer BoC1RP-3'A) and clones expressigéx histidine tag and a V5

epitope (reverse primer BOC1RP-E7A) were produced.

Sequencing of Subclones

Correct size subclones were sequenced using Twafdrand BGH reverse
sequencing primers and subclones with full-sizerinsere selected for expression. For
all the alleles, clones from multiple cell preparas were sequenced. Plasmids were
purified using a QIAprep spin Miniprep Kit (Qiagemand sequenced in both directions
using a BigDy® Terminator v3.1 Cycle Sequencing Kit (Applied Biseems) and ABI
Prism® 3100 DNA Analyzer (Applied Biosystems). Sequencalgsis was done using
Lasergene SeqMan Il software (DNASTAR, Inc.) to trim vector sequas and
generate MHC class | consensus sequences. Thel@ustethod of Lasergene Meg-

Align™ software (DNASTAR, Inc.) was used to align seq@snc

Cell Lines and Transfection
P815 cells are mast cells derived from a DBA/2istraouse Mus musculus)

with a mastocytoma. The majority of these cellsagimo suspension with some (<5%)
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adherent cells. Cells were cultured in Dulbeccodiled Eagle Medium (DMEM)
(Caisson Laboratories) with 10% bovine calf sertiyc{fone), 2mM L-glutamine
(Hyclone) and penicillin 100 units/ml and streptaimy100 pg/ml (Hyclone) at 3T,
5% CQ.

The K562 cell line (CCL-243) is an MHC null celh& originated from a person
with chronic myelogenous leukemia. These cells grosuspension and were grown in
Iscove’s Modified Dulbecco’s Medium (IMDM) (Fish&cientific) supplemented with
10% bovine calf serumd00 units/ml Penicillin and 100 pg/ml Streptomygtyclone) at
37°C, 5% CQ, Both cell lines were obtained from American TypdtGre Collection
(ATCC, USA).

Cells were transfected with subclones of eithdaasical or non-classical MHC
class | gene in the pcDNA3.1 vector using Lipofeatae 2000 (Invitrogen) transfection
reagent. Untransfected cells were used as a negaintrol. Beta-galactosidase supplied
with the vector kit was expressed in P815 cella tiansfection positive control. Briefly,
plasmids from the correct subclones were isolagaaigua QIA plasmid Mini Prep kit
(Qiagen). Plasmids carrying cDNA for N*01802, N*@117 NC1*00401, NC1*00501,
NC2*00102, NC3*00101 and NC4*00201 were used. Geise washed 1x with
DMEM or IMDM (without serum or antibiotics) and respended at 1xf@ells/ml. For
the transfections, 2 ml of cells (2X1€ells) were plated per well in a 6-well tissuetaré
plate and incubated at 37, 5% CQ.. Four micrograms of plasmid DNA was diluted to
250ul in DMEM and mixed gently. Lipofectamine was mixgently before use, and
then 10ul was diluted in 25@| of DMEM or IMDM and incubated for 5 min at room

temperature. The diluted DNA was combined with té¢uLipofectamine (total volume =
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500ul) and mixed gently. The mixture was incubatedZ@min at room temperature.
After the 20 min incubation, 50@ of the complex (plasmid + Lipofectamine) was adide
to each well containing cells and mixed gently.I€elere incubated at 3¢, 5% CQ for

3 hours and then 5 ml of DMEM or IMDM with 10% baei calf serum was added to
each well. Transfected cells were incubated fora248 hours prior to selection of stable
transfectants by addition of G41i&ivogen) antibiotic (500 pug/ ml). After two weeks in

selective media the transfectants were screendédw\cytometry.

Flow Cytometry

The following monoclonal antibodies were used i &@malysis. The anti-human
MHC-I monoclonal antibody W6/32, which recognizesi®¥ class | heavy chains
associated with human or bovine beta-2-microglob(zm), was used as a negative
control for MHC-null K562 cells and as a positivantrol for mouse P815 cells because
they express mouse class | proteins that bind le@am present in the culture medium.
ColiS205D1 (IgG2a), which is specific feischerichia coli antigenwas used as an
isotype negative control. The anti-bovine MHC classonoclonal antibody H1A was
used to detect bovine MHC class | heavy chainsedhti-bovine MHC class |
antibodies that were also used included: H6A, HIAB3A, PT85-A, and IL-A88. All of
the monoclonal antibodies were obtained from thexddtonal Antibody Center at
Washington State University, Pullman, WA. Fluorasasothiocyanate (FITC)
conjugated anti-mouse IgG antibody (KPL) was used secondary antibody. For
staining, cells were resuspended in fluorescenfferbfrB; PBS with 0.1% Sodium
Azide, 1% bovine serum albumin) and incubated wrimary antibody (15 pg/ml) for

15 min. Cells were washed twice with FB and thexubated with secondary antibody
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for 15 min. All incubations were performed &4 Cells were washed twice and fixed in
PBS with 1% formaldehyde or paraformaldehyde. Oikom cells were stained for each
sample. Cells were analyzed using a Becton-Dickits&CSAria Il fluorescence
activated cell sorter (FACS) equipped with FACS software. The FACSAria Il was

also used to sort the transfected cells to enhiethigh expressing cells.

Western Blot

The high sensitivity Western Breeze ChemiluminiseeKit (Invitrogen) with
Alkaline Phosphatase (AP) conjugated anti-mouserskry antibody was used to
perform Western blots. Ten microliters of cell lyesar purified dialysate was added to 5
pl 4x LDS sample buffer (Invitrogen) and 5 pl demad water. Twenty microliters of
each sample was heated at@@or 10 min and 15 pl was loaded on a NUPAGE® Move
4-12% Bis-Tris Gel (Invitrogen). After 30 min ofegltrophoresis at a constant voltage of
200V, proteins were transferred to a polyvinylideifioride (PVDF) membrane
(Invitrogen) using a XCell SureLock® Mini-Cell anxCell 1I™ Blot Module Kit
(Invitrogen). Transfer was performed for 80 miraatonstant voltage of 30 Volts.
Membranes were blocked with blocking buffer prodadeth the Western Breeze Kit and
stained with anti-V5 antibody or AP conjugated arfi antibody (Invitrogen) as per the
instructions provided by the manufacturer. Chemihiscence was detected by exposing

Blue X-ray film (ISC Bioexpress) to the blots faffdrent exposure times.
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Purification of Recombinant Histidine Tagged Protes

Transfected P815 and K562 cells were grown in Télbotlture flasks (Corning)
to harvest ~100 x faells. Cells were harvested by centrifuging atalB®M for 10 min
at RT. Cells were washed in ice cold PBS, pH 7@Ilgsed in lysis buffer (50 mM Tris,
pH 7.8, 150 mM NaCl, 1% Nonidet P-40). Lysis wadg@ened by incubating the cells
for 1 hour at 4C. One micromole protease inhibitor cocktail (Sigrfiee mammalian cell
extracts and 1mM PMSF (Phenyl Methane Sulfonyl ftle) were also added to the
suspension. Cells were centrifuged at 10,000 RRM@amin at 4C and the supernatant
was filtered using 0.2 puM filters and stored irriggetubes at -28C until used for
purification.

HisGraviTrap Columns (GE Healthcare) were usedutifyphistidine-tagged
proteins. The manufacturer's recommended purificegirocedure was followed. After
loading lysate to the column, it was washed 4 timigis wash buffer with 40 mM
imidazole. Elution was performed with elution bufé®ntaining 500 mM imidazole.
Purified eluates were stored at 220 Eluates with specific strong bands were pootet] a
dialyzed against phosphate buffer solution (20 nddi®n Phosphate, 500 mM NacCl,
pH 7.4) using 20 kD molecular weight cut-off (MWCG6Ijde-A-Dialysis cassettes
(Pierce). To prevent precipitation and to maxinitze stability of the protein, 50 mM
charged amino acids L-Arg and L-Glu were addedItpuaification buffers and dialysis
buffers [15]. Dialysates were centrifuged at maximgpeed for 10 min a€ and the
supernatant was recovered in a fresh tube. Thesdigls were concentrated using
vivaspin-20 concentrators with 30 KD MWCO membrafM&ASPIN). Concentrations

of dialysates were measured using a BCA proteiayasis (Thermo Scientific).
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Ammonium Sulfate Precipitation

Thirty percent ammonium sulfate (AS) was used &xipitate proteins in the
culture supernatants (exhausted media) from thared transfected cells. The required
guantity of ammonium sulfate was calculated ushegEnCor Biotechnology Inc.
webpage (http://www.encorbio.com/protocols/AM-SQhh Salt was added slowly
while stirring the supernatant. Precipitation wasf@rmed at 4C for 1 hour. The
suspension was centrifuged at 10,00pfar 10 min at 4C to pellet the insoluble
precipitated material. The supernatant was pouffeaha the pellet was dissolved in a

mixture of 50% phosphate buffer with 50 mM L-Argdan-Glu, pH 7.2 and 50% DMSO.

Results
Subcloning and Sequencing Analysis

Most of the subclones had inserts with the cosequences in the correct
orientation and contained the C-terminal 6x Histidiag and V5 epitope in-frame. The
following alleles from the AH11 haplotype were eggged in the two cell lines:
N*01701, N*01802, N*01701, NC1*00401, NC1*00501, Rt0102, NC3*00101 and

NC4*00201.

Evaluation of Cell Surface Expression by Flow Cytetny

In order to determine which bovine class Ib pratenere expressed on the cell
surface, selected and stably transfected cell lvexe stained and analyzed using flow
cytometry. W6/32, which reacts with the MHC classeavy chains associated wim,
was positive on untransfected P815 cells as thaltseexpress mouse class | proteins. On

the other hand, W6/32 antibody was negative oranstected K562 cells because this
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cell line does not express MHC antigens. ColiS205Bdwed no reactivity with any of
the cell lines and served as a negative contrabaahy for both the P815 and K562 cells.
Monoclonal antibody H1A recognizes bovine clasedvVy chains. H1A antibody reacted
with P815 cells expressing N*01701, N*01802, NC150@ or NC3*00101 proteins,
whereas it did not recognize P815 cells expregsiagther bovine non-classical class |
proteins (Figure 2-1). The same pattern was segntie H6A, H11A, H58A, PT-85A
and IL-A88 antibodies.

K562 cells expressing N*01701, N*01802, NC1*0058€C3*00101 and
NC4*00201 were positive with W6/32 (Figure 2-2).AJH6A, H11A, H58A, PT-85A,
IL-A88 were also positive on K562 cells transfectdth these proteins. Twenty-four
hour post-transfection expression was <20% comparadtransfected cells which
increased to ~40% after selection with G418 for 2kse Therefore, we used FACS to
sort the positive stably transfected cells to énttansgene expression. Sorting of
transfected P815 cells was done using cells staimidthe H1A antibody. Transfected
K562 cells were sorted on the basis of stainingp W6/32. Sorted cells were cultured in
appropriate media for one week and rechecked ofiaWwecytometer to determine the
post-sort MHC-1 expression level. N*01701, N*0180&1*00501, NC3*00101, and
NC4*00201 positive cell lines were enriched to mitr@n 90% expression of the proteins
after sorting. Due to the lack of surface expressibthe NC1*00401 and NC2*00102
non-classical class | proteins, we were not abkotdthe cell lines expressing these
transgenes (Figures 2-1 and 2-2). The resultseotlss | monoclonal antibody
screening of the transfected cell lines using fay@ometry are summarized in Tables 2-1

and 2-2.
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Fig. 2-1: Flow cytometric analysis of murine P8 Elixtransfected with cattle MHC

class la and class Ib transgenes. ColiS205D1 an@2Néere used were used as negative
and positive controls, respectively. Three antitheWIHC-I monoclonal antibodies

were used: H1A, IL-A88, and PT-85A. As shown, tled B-NC1*00401, BoLA-
NC2*00102, and BoLA-NC4*00201 class Ib proteins dat exhibit surface expression
on P815 cells. On the other hand, BoLA-la protelit§1701 and N*01802, and BoLA-

Ib proteins NC1*00501 and NC3*00101 proteins wedgressed on the cell membrane

of transfected P815 cells.
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We noticed that the antibodies tested varied iir tfénity for different proteins. In
addition, there was considerable variation in thel of expression of the bovine MHC-I
proteins. The classical N*01701 protein was exést the lowest level and the non-

classical NC3*00101 protein was expressed at higbaesl in both P815 and K562 cells.
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Fig. 2-2: Flow cytometric analysis of BoLA-la anb) expression on transfected human
MHC-null K562 cells. Untransfected cells servecagegative control. W6/32, H1A,
H6A, H11A, and PT-85A antibodies were used to ddiegine class | proteins. As
shown, BoLA-NC1*00401 and BoLA-NC2*00102 class lofins did not exhibit
surface expression on K562 cells. BoLA-la protei)1701 and N*01802, and BoLA-
Ib proteins NC1*00501, NC3*00101, and NC4*00201tpnos were expressed on the

surface of transfected K562 cells.



51

BoLA-NC1 00401 w6-32 BoLA-NC1 00401 H1A BoLA-NC1 00401 HBA BoLA-NC1 00401 H11A BoLA-NC1 00401 PT85A
P4 P4 P4 200] P4 P4
135% . 0.01% 2004 0.82% 073% 200 0.38%
150
a 1 _ 50 ] _ i _— _ —
o O 200 O 100 o 100 o 100
L 100 50 50 so
° - - - v - - - 0 - ° : ° -
IS W e 10t 10 o' 102 a0 a0 0 0 0 a0 100 o R a0 0 a0
FITC-A FITC-A FITC-A FITC-A FITC-A
BoLA-NC1 00501 w6-32 BoLA-NC1 00501 H1A BoLA-NC1 00501 HBA BoLA-NC1 00501 H11A BoLA-NC1 00501 PT85A
P4 P4 PA | ] P4 P4
39.3% 35.5% 3.83% 3.02% 27.1%
] 200 2004 206 200
E 189 € 150 E 150 E 150 E 150
3 H 3 3 g
RRELE 100 © 1o © oo 1903
509 50 50 s0q 50
0 - o . o y 0 » o
W 1 16 1et 10 0 10 et 9 W 10 10 e W o 160 1a 1o W 0f 10 a0 10
FITC-A FITC-A FITC-A FITC-A FITC-A
BoLA-NC3 00101 w6-32 BoLA-NC3 00101 H1A BoLA-NC3 00101 H6A BoLA-NC3 00101 H11A BoLA-NC3 00101 PT85A
250 P4 250 P4 P4 200 P4 P4
94.6% 86.0% 200 55.7%) 56.7% 200 32.4%
200 200 150
150 150
3 3 3 2 100 3
3 S S 100 8 S 100
100 100
509 s0 oL " 50
0 - 0 o ° Fr > 0 ;
RS PREINERNCIRR I 0 e 10 100 W @ gt 10 1o 107 10° 100 10
FITC-A FITG-A FITC-A FITC-A FITC-A
BoLA-NC4 00201 w6-32 BoLA-NC4 00201 H1A BoLA-NC4 00201 HEA BoLA-NC4 00201 H11A BoLA-NC4 00201 PT85A
P4 P4 150 P4 P4 200 P4
o 19.3% 200] 0.45%) 253%| 25.8% 1.42%
150
_ _— —_— _ 100 —_— 90 — —eel
z £ 200 z € 13
2™ 3 3 H 3 100
5] S 8 8 w 8
s0 100 50| i .
0 o o 0 0
T TR R S R PR T R T T e i ol Pt
FITC-A FITC-A FITC-A FITC-A FITC-A

Detection of Protein Expression by Western Blotting

To confirm that the transgenes were translatetderhbst cells, we performed
Western blotting of the crude cell lysates usingati-V5 antibody (Invitrogen), which
recognizes the V5 epitope. We also tested an ahtidwected against the C-terminal His
tag (Invitrogen) but this antibody did not work.call line transfected witR-
galactosidase was used as a positive control ashd 120 kD band as expected. A lysate
from untransfected cells was used as a negativieatoAll of the bovine class la and
class Ib proteins were identified in lysates froemsfected cells with the anti-V5

antibody. The bands were all approximately 45 kBize as determined with the Magic
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Table 2-1 Reactivity pattern of monoclonal antilesdon P815 cells transfected with

cattle MHC-I genes

Antibody

Untransfected
P815 Cells

Transfected P815 Cells

N*01701

N*01802

NC1*00401

NC1*00501

NC2*00102

NC3*00101

NC4*00201

ColiS205D1

W6/32

FHH+

FHH+

FHH+

FHH+

FHH+

FHH+

FHH+

ot

IL-A88

+++

+H++

+H++

+H++

H1A

4+

FHH+

FHH+

FHH+

H6A

++

FHH

i+

FHH

H11A

++

+H++

+++

+H++

HS58A

i+

FHH

i+

FHH

PT-85A

+++

+H++

+H++

++

Table 2-2 Reactivity pattern of monoclonal antilesdon K562 cells transfected

with cattle MHC-I genes

Antibody Untransfected Transfected K562 Célls
K562 Cells
N*0170 | N*01802 NC1*00401 | NC1*00501 | NC2*00102 | NC3*00101 | NC4*00201

W6/32 - }-+++ ++++ - ++++ - ++++ ++

H1A - +++ ++++ - +++ - ++++ ++

HBA - +++ ++ - ++ - ++++ ++

H11A - +++ ++++ - ++ - ++++ ++

H58A - +++ ++++ - ++ - ++++ ++

PT-85A - +++ ++++ - +++ - ++ +
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Mark (Invitrogen) ladder. The NC1*00401 protein,ialhhas a complete deletion of the
transmembrane domain, was slightly smaller tharother MHC class | proteins.
Sometimes there were non-specific protein bands isethe crude lysates of the
transfected cells, but these bands disappearadpaitécation of the proteins with His

GraviTrap Columns (GE Healthcare; Figures 2-3 adql. 2

220
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Fig 2-3: Purified proteins from transfected muriP&L5 cells

Fig 2-4: Purified proteins from transfected humaH®Inull K562 cells
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Assessment of Protein Secretion by Ammonium Sulf@tecipitation

Ammonium sulfate precipitation was performed onaxdied media from all of
the cultured cell lines. Precipitated protein @tsliwere dissolved in 50% phosphate
buffer with L-Arg and L-Glu amino acids and 50% DM&nd processed to run on
Western blots. MHC class | proteins in the cultsupernatants were detected by Western
blotting with anti-V5 antibody (Figures 2-5 and 2-6trong bands were present for all of
the surface expressed MHC class | proteins: N*01RB01802, NC3*00101, and
NC4*00201 (only in K562 cells). This suggests tthegt class | proteins are being shed
from the cell membrane at a significant rate. Tiveass a clear but fairly weak band for
NC1*00401, which lacks the transmembrane domaithensupernatant from K562 cells,
suggesting that this may be a secreted isoform NIB2*00102 protein apparently

remained trapped inside the cells as it was netatled in the culture supernatants.

Fig 2-5: Ammonium sulfate-precipitated proteinsnirtransfected murine P815 cell-

culture supernatants
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Fig 2-6: Precipitated proteins from transfected hurK562 cell-culture supernatants

Discussion

We performed transfection experiments to identiiyt@ins encoded by two
classical and four non-classical genes. Our exparisnshowed that the two classical
isoforms, N*01701 and N*01802, and the non-clagsszdorms, NC1*00501,
NC3*00101, and NC4*00201, are surface or membraoteins expressed on the cell
surface. Immunoblotting experiments with proteinscipitated from culture supernatants
showed that these proteins are also shed or reléase the cell membrane.
NC1*00401, which lacks a transmembrane domain,seageted at a noticeable but low
level by transfected K562. The NC2*00102 proteirswat expressed on the cell
membrane or secreted by either of the transfeakdirees that were tested. Detection of
the MHC class | proteins by flow cytometry and Véestblots provides clear evidence
that the classical and non-classical MHC clasaridcripts isolated from third-trimester

interplacentomal trophoblast cells are translateal proteins.
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We do not have monoclonal antibodies that are 8péar the bovine non-
classical class | proteins. We are currently ingpess to produce monoclonal antibodies
to NC3*00101 protein by direct immunization of miwéh transfected cell lines. We
could not detect surface expression of NC1*004QlG2*00102 with W6/32, H1A or
the other antibodies that were tested. A previcarsstection study done with
NC2*00101 showed no surface expression with ILAFBH. NC1*00401 does not have
a transmembrane domain [7], hence we did not expecprotein to be expressed on the
cell surface. NC4*00201, which was not expressethersurface of P815 cells, showed
surface expression on K562 cells. It is likely thatnanB2m can associate with this
protein thereby allowing peptide binding and celfface expression, while murifi@gm
does not form a functional heterodimer with thisine MHC class | heavy chain.

Expression of membrane bound and secreted forBsloA-1b proteins is
important because these proteins may inhibit matéenkocytes by interacting with
inhibitory receptors expressed by the leukocytesmidrane bound and secreted class Ib
proteins, such as HLA-E, -F, and -G in humans, Qasice, and Mamu-E in rhesus
monkeys, interact with receptors such as LILRB1L,RB2, KIR2DL4 and
CD94/NKG2A expressed by maternal leukocytes antbintheir cell-lysis properties [1,
2,6, 14,17, 19, 20]. Membrane bound HLA-G isofsras well as soluble isoforms play
an immunosuppressive role in human pregnancy. Mangbisoforms induce suppression
of CD4" T cells and NK cells [25, 31]. It also has begporéed that T cells and NK cells
are rendered immunosuppressive by the transfereailrane patches containing HLA-G
from APCs or tumor cells [5, 31]. The soluble HLA:-@&oform induces maternal fetal

tolerance by inducing apoptosis of activated CD&:Ils [24, 37] and down-regulating
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CDA4 T cell proliferation [29]. It has been reportedt sHLA-G inhibits NK cell-
mediated cytotoxicity [30, 32, 33, 35]. It is pddsi that secreted or shed cattle class Ib
molecules act as soluble immunosuppressive fadioiag pregnancy.

There is nothing known about the role of classriitgins in cattle. The surface
expressed BoLA-Ib proteins, secreted NC1*00401,eresh NC2*00102 may interact
with inhibitory receptors expressed by maternakteytes and provide inhibitory
signals. Consequently, it is important to condtietlies to identify the leukocytes and
inhibitory receptors that interact with BoLA-Ib geins. To identify bovine class Ib
glycoproteins in trophoblast cell culture superntgathere is a need for monoclonal
antibodies to these proteins.

We were not able to see NC2*00102 protein on tesagface. In humans, HLA-
E does not bind with the peptides derived fromaicétiular proteins. Instead they bind
with peptides derived from other HLA class | sigeatjuences as required for cell
surface expression [3, 27, 28, 34]. It is possibée NC2*00101 is a homologue of
human HLA-E and requires a specific peptide oréeguptide for its cell surface
expression.

In summary, we have identified that cattle clasprtsteins, N*01701 and
N801802, and class Ib proteins, NC1*00501, NC3*AQXhd NC4*00201, are the
surface expressing proteins whereas, NC1*0040IN&2F00102 proteins, are not

expressed on the cell-surface.
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CHAPTER 3
SCALE-UP OF BoLA-NC3*00101 PROTEIN EXPRESSION IN M OUSE P815

CELLSUSING A PITCHED-BLADE

Abstract

In an attempt to express and isolate BoLA-NC3*0QE0kovine non-classical
MHC (Major Histocompatibility Complex) class | peat (class 1b), the mouse
mastocytoma cell line P815 was transfected witiNG&*00101 transgene. The
transfected cells were checked for expressionday fytometry and positive stable
transfectants were sorted using a fluorescenceadet cell sorter (FACS). A large
amount of purified protein is required to immuna& boost the host for several months
to produce monoclonal antibodies. To avoid theafselarge number of cell culture
flasks and shorten the time to obtain a sufficqgrdntity of protein, stably transfected,
BoLA-NC3*00101 expressing cells were grown in aipiblade bioreactor. One week of
culturing in a pitched-blade bioreactor yieldecage cell mass, which was used to

isolate and purify the protein.

Introduction

Transplantation antigens were discovered as maesgekponsible for acceptance
or rejection of tissue grafts in mice [1]. The gue@ce or rejection depends on the
degree of similarity among these antigens on the oéthe donor and recipient animals.
The genetic region encoding the most importantgmmstfor tissue graft compatibility is
called the major histocompatibility complex (MHQhe MHC encodes two types of

highly polymorphic cell surface glycoproteins, #éiC class | (MHC-I) and MHC class
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Il (MHC-II) proteins, which present peptide antigelo T lymphocytes. MHC-I proteins
have two subsets, classical (MHC-la) and non-atas$MHC-1b). MHC-la proteins are
expressed on all nucleated cells in the mammalway.bConsequently, any tissue graft
will express class la proteins and thus the rentpiell react to the graft. In addition,
class la proteins are extremely polymorphic or lyiglariable in the population,
therefore tissue graft donor-recipient pairs arelyaViIHC-matched [2]. MHC-la proteins
are usually expressed as membrane bound isofordnsinact directly with the T cell
receptor. In contrast, class Ib proteins are exaeke specific tissues or organs and their
expression may or may not be conditional. Theylese polymorphic and have few
variants; therefore they do not induce a transpigjection. MHC-Ib proteins are
expressed as membrane-bound and soluble isoforms.

A tissue graft from another member of the sameispés known as an allogeneic
transplant. A fetus is an allogeneic tissue thsitless inside the maternal uterus during
pregnancy. The MHC genetic region of cattle is kn@s the bovine leukocyte antigen
(BoLA) complex. Bovine trophoblast cells (the cehliat form the outer membrane of the
placenta and attach the embryo to the uterine waflyess four non-classical MHC class
| genes, BOLA-NC1, -NC2, -NC3 and -NC4 [3]. Thesass Ib proteins are believed to
play an important role in protecting the fetal tisgraft from hostile maternal immune
attack throughout pregnancy. Both class la anddbems help protect cells against
attack by natural killer (NK) cells. MHC class Ifogent cells are usually susceptible to
NK cell-attack and macrophage killing [4].

To study whether the bovine non-classical clagetgins are expressed as cell

surface and/or soluble isoforms, P815 (mouse mysto@) cells were transfected with
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the transgenes encoding these proteins. The m@&igedell line is a transfection
competent cell line that has been used for exprgssivariety of MHC class | proteins,
including HLA-B27 [5]. Transfected P815 cell linkave been used as immunogens to
immunize mice to produce monoclonal antibodiesragjdilLA-B27 and other HLA-B
antigens [5]. In other studies P815 cells have lesrsfected with equine [6, 7] and
bovine MHC class | protein-encoding transgened 13,

Transfection studies revealed that BoLA-NC3*001Was expressed on the cell
surface whereas the other three bovine MHC-1b prst@8oLA-NC1*00401,
NC2*00102 and NC4*00201) were not expressed assceface isoforms as determined
with flow-cytometric analysis of transfected P8El< (Parasagt al. in preparation).
The other three MHC-Ib proteins are probably exggdsas secreted isoforms. Our
objective was to produce monoclonal antibodiesregdiovine MHC-Ib proteins and
utilize the antibodies to detect soluble MHC-Ibteros in trophoblast culture
supernatants and serum from pregnant cows. Sin@&@CO01 protein is expressed on
the cell surface as a membrane bound protein,stpeasible to sort the positive and
stable NC3*00101 transfectants using FACS. Scaler@pbioreactor was used to
achieve higher cell mass and isolate more proteghorter time than in issue culture
flasks.

To date there is no report of any monoclonal amtybibat can differentiate the
bovine NC3*00101 protein from other bovine MHC-bteins. Availability of an
NC3*00101 specific monoclonal antibody will greadlgsist in determining the level of
NC3*00101 protein expressed on the surface of wbfast cells at different stages of

pregnancy and the amount of protein secreted phtblast cultures. In order to isolate a
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sufficient amount of NC3*00101 protein to immuninéce for antibody production, a
high number of P815 cells expressing bovine NC38&0frotein was required. A
bioreactor is an efficient, well-established, spBzed, simulated biologically active
environment. Growing cells in a bioreactor yieldgaiagreater cell mass in a shorter time
without affecting the integrity and quality of thells or their products. Pitched-blade
impellers have flat blades that are set at a 4§feaso that they provide simultaneous
radial and axial flow. Combined radial and axiaWilproduces better mixing and
promotes a high oxygen transfer rate. Animal amadhtptells often have low resistance to
shear [9]. Pitched-blade impellers are low sheaddd that cause less cell damage and
provide gentle and smooth mixing of the cells itiume. This type of impeller is widely
used with mammalian, insect and other shear seasiéll-lines growing in suspension
[10]. Because of these characteristics, we dediolggow transfected P815 cells

expressing NC3*00101 in a pitched-blade bioreactor.

Materials and Methods
Cell Line

The P815 cell line is a mast cell line derived fra@BA/2 strain-mouseMus
musculus) with a mastocytoma. The majority of these celt®agim suspension with some
(<5%) adherent cells. Cells were cultured in Dutlzes Modified Eagle’s Medium
(DMEM) with 10% bovine calf serum at 3Z and 5% CQ The cell line was obtained

from American Type Culture Collection (ATCC, USA).
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Transfection and FACS Sorting of Stable NC3*0010tahsfectants

The BoLA-NC3*00101 coding sequence was amplifieshfrcomplementary
DNA (cDNA) using specific primers (Forward primer
CACCATGGGGCCGCGAACCCTC and reverse primer
GATGAAGCATCACTCAGTCCCC). The pcDNA3.1 directionalOPO expression
vector (Invitrogen) was used for cloning the cDNAdaxpressing the protein in
mammalian P815 cells. Positive clones were sequlesnog full-length NC3*00101 clone
was selected for transfection. Plasmid was puriiigidg a QIA plasmid Mini Prep kit
(Qiagen). Lipofectamine 2000 (Invitrogen) was usettansfect P815 cells with the
pcDNA3.1 plasmid. This vector allows for expressadra specific protein with a V5
epitope and a C-terminal polyhistidine (His-His-HHss-His-His) fusion tag. The V5
epitope permits easy detection of recombinant prdig Western blot with anti-V5
antibody and the polyhistidine tag allows rapidificaition on nickel-chelating resin,
which binds His-tagged proteins.

To transfect, the cells, 2 x 46ells (1x 16 cells/ml of DMEM) were plated per
well in a 6-well tissue culture plate and incubaae@7?C with 5% CQ. Fourug of
plasmid DNA was diluted to 25@ in DMEM and mixed gently. Lipofectamine was
mixed gently before use, and thenyl@vas diluted in 25@! of DMEM and incubated
for 5 min at room temperature. The diluted plasBMA was combined with diluted
Lipofectamine (total volume = 50d), mixed gently and incubated for 20 min at room
temperature. An aliquot of 5Q0 of plasmid and Lipofectamine was added to each we
containing cells and medium and mixed gently. Celse incubated at 3T, 5% CQ

for 3 hours, then 5 ml of DMEM with 10% bovine cafrum was added to each well.
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Transfected cells were incubated for 24 to 48 hpus to addition of G418 antibiotic
(500 pug/ml; Invivogen) to select for stable tractdats. After two weeks in selective
media the transfectants were screened using floanostry.

The flow cytometry staining procedure was as fodo®ne million cells were
resuspended in fluorescence buffer (FB) [PhospBatiered Saline (PBS) with 0.1%
sodium azide, 1% bovine serum albumin] and incubaii¢h primary antibody for 15
min. The H1A monoclonal antibody was used for latgethe NC3*00101 protein and an
irrelevant antibody, ColiS169A, which does not rg@iae the mouse P815 cells or the
bovine class | protein, was used as a negativea@oBoth monoclonal antibodies were
obtained from the Monoclonal Antibody Center at Wagton State University, Pullman,
WA. Cells were washed twice with FB and then in¢abavith a fluorescein labeled
anti-mouse 1gG (Heavy+Light) secondary antibodyf6min. All incubations were
performed at 4C. Cells were washed twice and fixed in PBS withfb¥naldehyde.
Cells were analyzed using a BD Biosciences FACSKIfflaw cytometer equipped with
Diva software for data acquisition and analysis.

Prior to culturing the cells in the bioreactor, élescence Activated Cell Sorting
(FACS-sorting) was performed with the FACSAriadlisolate a subpopulation of cells
expressing a high level of NC3*00101 protein. Thiscwere stained with the H1A
monoclonal antibody as described above but werdxext in fluorescence fixative. The
sorted high-expressing cells were grown in T75Bamtil they reached a sufficient

number to seed the bioreactor.
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Culturing of Sorted NC3*00101-Transfectants in tH&itch-Blade Bioreactor

Sorted NC3*00101 cells were grown in T-75 flaska aeeding concentration of
1 x 10 cells/ml until a sufficient number of cells weretained. Cells were harvested
from eight T-75 flasks by centrifugation at 1000NRE500 g) for 10 min at room
temperature. Cells were stained with Trypan Blud%®solution) and enumerated with a
Countess Automated Cell Counter (Invitrogen). Télkdsaused to seed the bioreactor had
a viability of>95%.

A New Brunswick Scientific Celligen®310 stirred tahioreactor vessel with 5
liter capacity (3.5 L working volume) was used ¢aituring the cells. Because of the
shear sensitivity of the mouse P815 cells, a pddiiade impeller was selected for this
experiment (Figure 3-1). The bioreactor vessel wsislled on the control station. The
vessel was filled with PBS before autoclaving amelgH probe was calibrated before
vessel sterilization. The sterile assembly wasrtakea laminar flow hood and the PBS
was replaced with 3.5 liters of sterile prewarm&d°C) DMEM supplemented with 10%
bovine calf serum, 2 mM L-glutamine and 2 mM pdhicistreptomycin using a
peristaltic pump. The reactor was seeded with @xdlls/ ml and the dissolved oxygen
(DO) probe was calibrated. Cell viability was mongd by counting sample of cells
daily using a Countess Automated Cell Counter {togen). The BioFlo 310 cascades
were used to control DO and pH levels. After thitags of cell growth the culture was
collected into sterile bottles and cells were hareé by centrifugation at 2000 g for 10

min at 4°C. The process parameters and cascade &weshown below.



Fig 3-1 Pitched-Blade Bioreactor

Process Parameters

71

Air 4-Gas mixture (Air, @, CO,, Ny)
Temperature” 37°C
Gas Flo 0.5 slpm
Agitation 35 rpm
pH 7.2
Dissolved Oxygen (DO) 50%
Cascade Loops
From To Start Set | DO Start End Set DO End
Point Output % Point Output%
DO DO 0.0 50 100% 100
pH pH 0 25 100% 100

Purification of NC3*00101 Protein

Cells were kept on ice during lysis. One ml of 3Xi$ buffer (50 mM Tris-HCl,

pH 7.4; 150 mM NaCl with 1 mM mammalian proteadabitor cocktail(Sigma), 1 mM

PMSF) was added per 1 x Xlls. Cells were incubated at 4°C for 1 hour witation.

The suspension was then centrifuged at 10,000 §5onin at 4°C to remove insoluble
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material and nuclei. The supernatant containingggmavas collected in fresh tubes and
stored at -20°C until processed for protein puatiian.

His-GraviTrap Columns (GE Healthcare) were usepltify the histidine tagged
protein. After loading lysate on the column, it weashed 4 times with wash buffer with
40 mM imidazole. Elution was performed with elutionffer containing 500 mM
imidazole. Purified eluates were stored at@C(Eluates with specific bands on Western
blots were pooled and dialyzed against phosphdtertsolution (20 mM sodium
phosphate, 500 mM NaCl, pH 7.4) using 20 kilodalikn) MWCO Slide-A-Dialysis
cassettes (Pierce). To prevent precipitation amdagrimize the stability of proteins 50
mM charged amino acids, L-arginine and L-glutanveee added to all the purification
buffers and dialysis buffers [8]. Dialysates weeattifuged at maximum speed for 10
min at £C and the supernatant was recovered in a fresh Tigedialysates were
concentrated using Vivaspin-20 concentrators witiKB MWCO membranes
(Vivaproducts). The concentration of each fractias measured using a BCA protein

assay kit (Thermo Scientific).

Western Blotting

Western blots were performed with a highly sensiiiVestern Breeze
Chemilluminiscence Kit (Invitrogen). Tad of NC3*00101 protein was mixed with.B
LDS sample buffer (Invitrogen) andubdeionized water and heated af@Cdor 10 min.
Fifteenpul of denatured protein was loaded in each laneNMiBAGE® Novex 4-12%
Bis-Tris Gel (Invitrogen). After 30 min of electrbpresis at a constant voltage of 200 V,
proteins were transferred to a polyvinylidene difide (PVDF) membrane (Invitrogen)

using an XCellRureLock® Mini-Cell and XCell II™ Blot Module Kit (Invitrogn).
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Transfer was performed for 80 min at a constartiagel of 30 volts. Membranes were
blocked with blocking buffer provided with the West Breeze Kit and stained with AP
conjugated anti-V5 antibody (Invitrogen) as per itistructions recommended by the
manufacturer. Blots were evaluated by exposureud B-ray film (SC Bioexpress) for

different exposure times.

Results
Flow Cytometric Analysis of Transfected Cells andr8ng

Less than 20% of newly transfected P815 cells esgaic BoLA-NC3*00101
protein that could be detected by immunostainindyfeow cytometry. Growth in G418
antibiotic was used to select stable transfect&uifowing two weeks of selection
approximately 50% of the cells expressed immunareadlC3*00101 protein.
Following FACS sorting with an anti-bovine MHC csalsmonoclonal antibody (H1A),
98.4% of the cells expressed the bovine MHC clgsstein. NC3*00101-transfected
cells after sorting with H1A antibody had anexpr@s®f 98.4%. The pre-sorting and

post-sorting data are presented in Figure 3-2.

Growth of Cells in Pitched-Blade Bioreactor

NC3*00101-transfected cells grew with a doublingeaiof 24 hours. The reported
doubling time for this cell line is 18-22 hours. ptas maintained by utilizing CO2 from
the pH cascade. The total number of cells harvestsd3 x 18cells after 3 days of cell
growth. This was an adequate number for isolatfc@nough purified NC3*00101
protein for immunization of 10 mice and subsequenéening of the hybridoma-

supernatants by enzyme-linked immunosorbent agdapA).
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Fig 3-2: Flow cytometric analysis of murine P818<t&ransfected with an expression
vector encoding the bovine NC3*00101 protein. Pasitstably transfected cells

were sorted by FACS on the basis of H1IA monoclangéibody staining.

Isolation of BOLA-NC3*00101 Protein
The concentrations of BOLA-NC3*00101-crude celldyesand purified
concentrated protein sample were 1.9 mg/ml anan@/nl, respectively. This was

adequate for the downstream immunization and strgai the hybridoma supernatants

using ELISA.

Western Blot

A Western blot was performed to detect the spepifatein in the crude cell
lysate and the purified protein sample. The blo$ wabed with an antibody that
recognizes the V5 epitope at the C-terminal enth@fprotein. Untransfected cell lysate
was used as a negative control. Beta-galactosptasein (120 kD) isolated from cells

transfected with the beta-galactosidase contrampid was used as a positive control.
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The bovine NC3*00101 class | protein was detected 45 kDa band in the crude lysate

and the purified concentrated sample (Figure 3-3).

Fig 3-3 BOLA-NC3*00101 protein (45kD) specificaltgcognized by anti-V5

antibody

Discussion

The pitched-blade bioreactor was useful in theesogl of P815 cell growth and
protein production. The product quality did not eha as measured by SDS-PAGE and
subsequent detection with Western blotting. Imvslent from the trends in Dénd pH
values that P815 cells, like CHO cells [12], ugliarge amounts of oxygen for
respiration in their early exponential growth phasd thus, acidify the media. Later
during the proliferation phase the pH establistgslidrium, followed by an elevation in
pH indicating a stationary and death phase. A pigtvalue at 72 hours indicates high
alkalinity, which possibly is marker of lack of meints and cell death.

Stirred tank bioreactors have been used for cualgunybridoma cells in

suspension for monoclonal antibody production [Miuse P815 cells grow well in
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vessels with pitched-blade impellers at moderat@i@n rates. Shear sensitivity of
mammalian cells has been an important issue fdingaap production but advances in
technology have helped overcome this limitation.

This study resulted in successful scale-up in pcodao of murine P815 cells
expressing BoLA-NC3*00101 protein using sophisedatautomated bioreactor process
control machinery in batch-culture. This study destoated the feasibility of growing
FACS sorted murine P815 cells in a large vessdiawit loss of protein quality or cell
viability. Bioreactors are an efficient means byiethdifficult cells can be cultured under
controlled conditions to maintaining cell healttdancrease productivity.

The non-classical MHC class | proteins are impdrtamunoregulatory
molecules at the maternal-fetal interface. Withdbaeration of antibodies against these
glycoproteins it will be possible to quantify thevél of secretion of these proteins at
different stages of pregnancy. With the proteindoiced in the bioreactor we were able
to produce hybridomas that secrete monoclonal adiggs to the NC3*00101 protein.
Therefore, our findings show that pitched-bladedmator is a useful tool to scale-up the
expression of BOLA-NC3*00101 protein by culturirgettransfected cells on a large

scale.
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CHAPTER 4

PRODUCTION OF MONOCLONAL ANTIBODIES FOR BoL A-NC3*00101 AND

NC1*00501 PROTEINS

Abstract

We previously identified that cattle classical (MH proteins, N*01701 and
N*01802, and three non-classical (MHC-Ib) proteiN§1*00501, NC3*00101, and
NC4*00201, are expressed on the cell surface. Qe non-classical proteins,
NC1*00401 and NC2*00102, are not expressed ondhesgrface and may be secreted
or soluble in nature. To detect secreted or solalales 1b isoforms produced by bovine
embryos and trophoblast cells and to determinédetled of expression of class Ib
immunoregulatory molecules during pregnancy, we imixed mice and developed
monoclonal antibodies for two class Ib proteins.BNC1*00501 and NC3*00101.
Large numbers of P815 cells expressing NC1*005@1NM3*00101 proteins were
grown in multiple T75 flasks and/or a pitched bldi@eactor. The polyhistidine or 6X-
histidine-tagged proteins were isolated using HiaxvGtrap nickel affinity column
chromatography and were used as immunogens in Mmeoclonal antibodies were
produced at Washington State University (WSU) Mdooal Antibody Center.
Screening of sera from immunized mice and cultupematants from hybridomas was
done by flow cytometry and enzyme linked immunosottassay (ELISA). Our
objectives are to use the monoclonal antibodietet@lop an ELISA that can be used to
detect soluble MHC-Ib proteins from embryos anglablast cells and to use the
monoclonal antibodies in immunohistochemistry taraie the regulation of MHC-1b

expression at the maternal-fetal interface.
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Introduction

An antibody recognizes a specific linear or confational “epitope” on the
antigen. While conformational epitopes are dependerthe tertiar structure of the
protein, linear epitope remains intact when thegnos denatured. Polyclonal antibodies
or antisera collected from an animal immunized witspecific antigen contain antibodies
with different specificities and epitope affinitiddonoclonal antibodies are produced by
progeny from a single ancestral B cell from an imimed animal and recognize a single
epitope. B cells from the spleenor a lymph nodaroimmunized animal are harvested
and culturedn vitro. However, antibody producing B cells have limitéel span. B cells
are, therefore, immortalized by fusing them withehoyna cells. Kohler and Milstein [9]
were the first investigators to synthesize “hybmds” by fusion of mouse myeloma and
mouse spleen cells from an immunized donor mousmddonal antibodies are purified
from hybridoma culture supernatants or ascitiadfi@nce a hybridoma cell line is
established via single cell cloning, it can be &noand stored in liquid nitrogen for an
indefinite period. Monoclonal antibody (mAb or MoAproduction technology not only
enables researchers to isolate a specific antibody an immunized animal but also
allows scientists to produce specific antibodielarge quantityn vitro.

By virtue of their single epitope specificity, maronal antibodies decrease
background noise and cross-reactivity with non-gigeantigens and give reproducible
results. Use of a mAD allows for efficient affingyrification of the target antigens.
Monoclonal antibodies are used in various diagodssts to detect minute quantity of
antigens such as hormones, enzymes, drugs, taxinsa instance, in human medicine

detection of human chorionic gonadotropin (hCGjriime or serum is used for
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pregnancy diagnosis and an ELISA test is usedagndise AIDS. Rodents are routinely
used to produce monoclonal antibodies. Other asigr@ not commonly used because of
difficulties in establishing immortalized cell lisdy hybridoma formation, viral
transformation or reprogramming [10, 11, 15].

Our objective is to use the mAb against bovine Metg3s Ib proteins to develop
ELISA that can be used to detect secreted or seBbLA-Ib proteins in: serum from
pregnant cows, culture supernatants fiamwitro derived embryos, and culture
supernatants from cultured trophoblast cells froffieicnt terms of pregnancy. Surface
expressed bovine MHC class Ib NC1*00501 and NC36a0durified proteins were used
to immunize mice. Sera and hybridoma secreting m#dre tested by ELISA and flow

cytometry to check their specificity.

Materials and Methods
Cell Lines and Transfection

The murine mastocytoma P815 cell line was obtafrad American Type
Culture Collection (ATCC, USA). Cells were culturedDulbecco’s Modified Eagle’s
Medium (DMEM) with 10% bovine calf serum, 100 uhits penicillin, and 10Qg/ml
streptomycin (Hyclone) at 3€ and 5% C@ Cells were transfected with bovine MHC
class | proteins. Coding sequences for BoLA-NC1mD&nd NC3*00101 were
amplified from complementary DNA (cDNA) using thgesific specific primers shown
below:
Forward Primer CACCATGGGGCCGCGAACCCTC
Reverse Primer for NC1*00501 GATGAAGCATCACTCAGTCCCC

Reverse Primer for NC3*00101 GGCACTGTCACTGCTTGCAGTE
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The pcDNAS3.1 directional TOPO expression vectovi(hogen), which expresses
the protein with a C-terminal polyhistidine tag am®5 epitope, was used for cloning the
cDNA. Subclones were sequenced and NC1*00501 ar@F002 01 subclones were
selected to transfect P815 cells. Cells were testsfl using our previously described
method [13]. Transfected cells were fluoresceraheled using specific mAb and
analyzed by flow cytometry to check initial expriess Transfectants were selected with
G418 antibiotic (InvivoGen) and stably transfectetls were sorted using a BD
FACSAria Il fluorescence activated cell sorter (FRCSorted, high expressing
NC1*00501 and NC3*00101 cells were cultured in mpldt T150 flasks for antigen
production. For large-scale antigen productionscgkre sometimes grown in a pitched-

blade bioreactor. Sorted NC1*00501 cells were cattun multiple T150 flasks.

Purification of NC1*00501 and NC3*00101 Proteins

Cells were lysed in lysis buffer (50 mM Tris-HCEA mM NaCl with 1 mM
mammalian protease inhibitor cocktail (Sigma), 1 ®MSF; pH 7.4) with 1 x 10
cells/ml. After an hour-incubation at 4°C, the suyagant was collected by centrifugation
at 10,000 g for 15 min at 4°C.

Specific histidine-tagged NC1*00501 and NC3*00bateins were purified
using His-GraviTrap Columns (GE Healthcare) as ipresty described [13]. Eluates
which had specific protein bands on Western blasevpooled and dialyzed against
phosphate buffer solution (20 mM Sodium PhospH#e,mM NacCl, pH 7.4) using 20
kilodalton (kD) molecular weight cut-off (MWCO) 8ke-A-Dialysis cassettes (Pierce).
To prevent precipitation and to maximize the stgbdf proteins, 50 mM charged amino

acids, L-arginine and L-glutamate, were added tthal purification buffers and dialysis
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buffers [8]. Dialysates were centrifuged at 121®MRfor 10 min at 4C and the
supernatant was transferred to a sterile tubeyBa#ds were concentrated using
Vivaspin-20 concentrators with 30 KD MWCO membra(disaproducts). The
concentration of each fraction was measured usBGA protein assay kit (Thermo

Scientific).

Immunization

Antibodies to BoLA-NC1*00501 and NC3*00101 proteimsre produced at the
monoclonal antibody center at WSU, Pullman usimggiotocol described by Hamilton
and Dauvis [6]. Three mice per antigen were hypernumized with purified antigen in
Ribi's Adjuvant (Sigma-Aldrich). Each mouse hadrfaumunizations each with 50 ug
antigen/mouse. Because titer was low with initiahiunizations with purified antigens,
subsequent immunizations were done with P815 tralfsfected with NC1*00501 and
NC3*00101 cells and mice were boosted with thef@maiantigens. A final booster dose
of antigen was given intravenously through thewaih three days before the fusion of

spleen and myeloma cells.

Fusion

For each antigen spleen cells were collected anteddrom three mice. Spleen
cells (~1 x 16) were fused with 4 x TX63 Ag8.653 myeloma cells [8]. Fused cells
were resuspended in growth medium containing hypibwae aminopterin and
thymidine (HAT) medium and cultured in ten 96-wallture plates. We received three

live cultures (A, B, and C) of each of the NC1-MNZ;1-21, and NC1-40 hybridomas
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which were grown and supernatants were collecteldsareened by flow cytometry and

ELISA.

Flow Cytometry

Flow cytometry was used to test hybridoma supemstar the presence of
specific antibodies by indirect ELISA and flow cwietry [1]. For screening by flow
cytometry, NC1*00501 and NC3*00101-transfectedscelére stained using culture
supernatants and a fluorescein conjugated anti-enlg@ (H+L) secondary reagent.
Staining was evaluated using a FACSAria Il flowaryeter. Untransfected P815 cells
were used as a negative control. Positive hybridowexre expanded in 12-well culture
plates. Two ampoules of each positive hybridome Viere cryopreserved. Positive
cultures were cloned, and the clones were expaadédryopreserved. Supernatants
from the clones were collected at the time of crgsprvation and characterized by

ELISA, flow cytometry, and Western blotting.

ELISA

ELISA plates (CoStar Inc.) were coated with antigea concentration of 16
ug/ml in ELISA binding buffer (0.05M Tris, pH 9.5nd incubated overnight at 4°C.
Plates were washed with 1 X ELISA wash buffer (MY&sh Buffer: PBS with 1.4 M
Sodium Chloride, 0.5% Tween 20, 1% of 20% Sodiund@rand blocked for 2 hours at
37°C using blocking buffer (Binding buffer with @@3Bovine serum albumin, BSA).
Plates were washed four times prior to additioardfbodies. Monoclonal antibodies
H1A, W6/32, H6A, and H11A were used atd/ml with 100ul used per well. The

NC1*00501 and NC3*00101 hybridoma supernatants wested at 1:1 and 1:100
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dilutions of NC1*00501- and NC3*00101-hybridomatoué supernatants in dilution
buffer 1 (PBS with 0.3% BSA and 0.05% Tween-20)e Becondary antibody goat anti-
mouse-biotin was used at 1:10000 dilution in dilntbuffer | with 10Qul used per well.
Plates were incubated at 37°C for 1 hour. Afterhwragthe plate four times, the
streptavidin-AP diluted 1:1000 in dilution buffdr(PBS with 0.3% BSA) was added and
incubated for 1 hour at 37°C. Finally, freshly maiPP solution in substrate buffer (50
mM Potassioum carbonate; 2 mM Magnessium Chlomnde) added to the wells and
incubated at 37°C. The optical density (OD) at AGbwas measured at 15 min intervals
from 15 min up to an hour. Data were plotted withet on the X axis and OD on the Y
axis.

For Sandwich ELISA, plates were coated with antiesar hybridoma culture-
spernatants overnight at 4°C. After blocking thete)| purified cattle class | antigens
were added. A biotinylated W6/32 antibody was usedetection antibody. In other
studies capture (sandwich) ELISA are routinely usedetect the soluble class | proteins

[3,4,5,7, 14].

Production of Exhausted Hybridoma Culture Supernatizs

Exhausted culture supernatants for the NC3*001@iyemwere prepared at
Washington State University while exhausted cultupernatants for the NC1*00501
antigen were prepared at Utah State Universityis@a&tre thawed, enumerated and
cultured in a 6-well plate at a seeding concemnatif 1 x 16 cells/ml in RPMI with 1%
Zap Hybridoma supplement (InVitria). After 1 weékecalture, cells were transferred to a
T25 flask. When the cells were ~90% confluent, tweye transferred to T75 flasks.

Multiple T75 flasks were inoculated with 5 milli@ells in 50 ml of culture medium and
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cultured at 37°C at 5% CGQ@or a week by which time the media was exhaustedcells
had died. The exhausted supernatants containintgpdigs were collected by

centrifugation at 1500 RPM for 10 min.

Antibody Isotyping
The NC3*00101- and NC1*00501-hybridoma culture snptants were screened
using an ELISA murine antibody isotyping kit (Pieyd¢o determine the isotypes of the

antibodies. H1A, W6/32 and 1L-A88 were used as tpasicontrols.

Results
Establishment of High-Expressing Transfected Celhles

Less than 20% of newly transfected P815 cells esga BoLA-NC1*00501 or
NC3*00101 proteins that could be detected by flgtometry. Growth in G418
antibiotic was used to select stable transfect&utbowing two weeks of selection
approximately 25-50% of the cells expressed immeacive NC1*00501 or
NC3*00101 proteins. Following FACS sorting with anti-bovine MHC class |
monoclonal antibody (H1A), 92.3% of NC1*00501 ar&814%o of NC3*00101 cells
expressed the bovine MHC class | protein. Preamitpost-sort data are presented in

Figure 4-1.

ELISA Screening
Antibodies against NC1*00501

First Fusion: Supernatants NC1-19, NC1-21, and NC1-40 hadigesiactivity
sin the initial screening ELISA (data not showeTNC1-19 supernatant had stronger

reactivity than other two supernatants. Exhaustgematants were produced and used to
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test the monoclonal antibodies against all of domed MHC class | proteins. These
supernatants reacted with all of the cattle MHG<glgproteins but had higher affinity for

NC1*00501 protein (Figure 4-2). NC1-19, which apeebto be strong in ELISA, did not

appear to be a true clone in isotyping assay (Eigt2).
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Fig 4-1: Presort and post sort analysis of NC1*0&0d NC3*00101 transfectants

NC3*00101

First Fusion: NC3*00101-specific antibody secreting hybridomase screened
by ELISA and flow cytometry at WSU. Twelve positidMC3 hybridoma colonies were

found positive from the first fusion. NC3-4 and N@3vere slightly positive in ELISA.
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Second Fusion: From the second fusion of spleen cells with myelaells, one
positive hybridoma (NC3 supernatant 2) clone wéscsed and the supernatant was sent
to us for secondary screening. NC3-02 clone hgzkeific and positive reactivity with

NC3*00101 protein as determined by ELISA (Figurd)4-
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Fig 4-2: ELISA screening of anti-NC1*00501 exhadssepernatants
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Fig 4-3:ELISA screening of NC3*00101 supernatants. Noté @3 supe 2 has a

specific reaction with NC3*00101 protein as shownhie last line graph with the crossed

purple line of NC3 supe 2.
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initial screening but they were non-specific anakcted with all other class | proteins

(Table 4-1).

Table 4-1: The summary of ELISA results of NC1 &3 supernatants

mAb

N*01701

N*01802

NC1*00501

NC3*00101

H1A

++++

++

+++

We6/32

+++

++++

IL-A88 neat

++++

++++

++++

IL-A88 1:10

++++

++++

++++

NC1-19A 1:10

+++

++

+++

NC1-19A 1:100

NC1-21A 1:10

NC1-21A 1:100

NC1-40A 1:10

+++

NC1-40A 1:100

++

+/-

NC3-supe 2

++++

NC3-1

NC3-2

NC3-3

NC3-4

NC3-5

NC3-6

NC3-7

NC3-8

NC3-9

NC3-10

NC3-11

NC3-12
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Flow Cytometry
NC1*00501

In the initial screening of NC1 serum from immurdzaice, we saw a strong
NC1-specific response. However, it also produceeak response to untransfected P815
cells. In the first fusion one NC1 hybridoma wasipiee; however, there was no
outgrowth after transfer to the 12-well plate. Beeond fusion yielded positive
hybridomas whose expanded supernatants were tegtetlow cytometry.

First Fusion: One supernatant NC1-19 had a detectable actiuityt lbeacted
with other cell lines including untransfected P&&Hs. As shown in Table 4-2, 11 of the
supernatants (#24, #25, #27, #28, #30, #33, #3,#88, #40 and #41) appeared to have
a low titer against NC1*00501 protein. They akised to be the mixed population. We
rescreened all supernatants with 1:1 and 1:10iakisitof supernatants. The titer of
antibody in all anti-NC1 supernatants was likelwlNC1-19A and 40A reacted more
strongly with untransfected P815 cells than withIN@501-transfected cells (Figure 4-

4).

NC3*00101

First Fusion: None of the twelve sera was positive.

Second Fusion: Supernatants of NC3-1 and NC-9 hybridomas reagtitdall
cattle MHC-I proteins with a weak reactivity to tamsfected P815 cells which suggests
that these supernatants may have reacted with wrkoell-cycle antigen on mouse

P815 cells as mice were immunized with transfeB@@th cells. We did not see any
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specific reactivity in the NC3-9 supernatant. Copusntly, we did not clone NC3-1 and

NC3-9 hybridomas.
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Fig 4-4:Flow-cytometry staining of culture supernatant®af1*00501-hybridomas.

Third Fusion: From the third fusion of spleen cells, initialesening produced
ten NC3 positive clones. However, only two of thexpanded. These were frozen. We
received supernatants of NC3-1, NC3-2 and NC343 fitwe third fusion. The NC3-2
supernatant looked very promising and positive @8M0101-transfected cells even at
1:100 dilution (Figure 4-5). We decided to clone MC3-02 clone from the third fusion.
Cloning of the NC3-02 hybridoma cell line was atped twice at WSU, but the cell line

was not cloned or rescued. More fusions were atteanput all the clones had non-



93

specific reactivities. From the third fusion wetouéd NC3-2 (A, B, C, D, E, F), NC3-4
(A, B, C,D, E, F), NC3-7 (A, B), and NC3-8 (A, B, D, E, F) cell lines and tested them

by flow cytometry. 7A and 7B supernatants reactét the NC3*00101-transfected cell

line but they also reacted with untransfected R&1E with the same intensity.
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Fig 4-5:Flow-cytometry staining of culture supernatantiN@f3*00101-hybridomas.

Note that BoLA-NC3*00101-NC3-Supernatant 2 neatdapecific positive response
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Antibody Isotyping
All NC3*00101 and NC1*00501-hybridoma culture supsiants secreted IgG1
isotypes of immunoglobulins. As expected H1A, W6/82d IL-A88 antibodies were of

lgG2a isotypes. All samples tested were found te@lk@ppa light chains (Table 4-2).

Table 4-2: Summary of Isotyping of NC1*00501 and3¥@0101 supernatants

mADb | sotype Light Chain
H1A lgG2a Kappa
IL-A88 IgG2a Kappa
W6/32 lgG2a Kappa
NC1-19A IgG1 Kappa
NC1-21A IgG1 Kappa
NC1-40A IgG1 Kappa
NC3-2 original lgG1 Kappa
NC3-5 IgG1 Kappa
NC3-6 IgG1 Kappa
NC3-9 IgG1 Kappa
NC3-10 IgG1 Kappa
NC3-11 IgG1 Kappa
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Discussion

The report of bovine monoclonal antibody to redodl@ell antigen was published
by Tucker et al. 1987 [16]. Monoclonal antibodigsiast cattle MHC-I, IL-A88 and IL-
A19, were produced at International LaboratoryResearch on Animal Diseases
(ILRAD), Kenya. In one study, researchers notideat the MHC-I specific antibodies
recognized MHC class | heavy chain on Western [BlolWe tested H1A, H6A, H11A,
PT-85A antibodies but they did not work on Westalot. It is reported that in non-
reducing Western blotting conditions, they mayredict with the light chain (Beta-2
microglobulin) [12].

To develop ELISA to detect secreted proteins frosphioblast cell culture
supernatants, we attempted to develop monoclotibicalies against two bovine class Ib
molecules, NC1*00501 and NC3*00101. We were ablertaluce a hybridoma cell line
which secreted NC3-specific antibodies. Unfortulyatihe NC3-2 hybridoma, which
produced specific and high-titer anti-NC3*00101lilaodly, was not recovered and thus
we failed to retain the positive hybridoma. We wabée to use the NC3-2 original
supernatant in ELISA as a capture antibody for NiD301 protein.

In the future, we need to perform more fusions saréenings of hybridomas to
produce a positive hybridoma that is more stabteabie to secrete specific antibodies in
the supernatant. The use of transfected murine B8l1bas immunogens may also be
one of the considering factors as the hybridom&sgiants reacted with untransfected
cells when tested on flow cytometry. Using an MH@gell line such as human K562
and/or another host animal for immunization arepeaters to consider for future

projects to produce cattle class Ib specific armlies.
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CHAPTER S
IDENTIFICATION OF THE PEPTIDE MOTIFSOF CATTLE NON-CLASSICAL

MHC-I (BoLA-NC3*00101) PROTEIN

Abstract

We eluted and identified peptides which bind togkptide binding groove of the
NC3*00101 protein. We used a MHC-null K562 celdjmwhich only expresses the
transgene. K562 cells were transfected with thensotransgene coding for NC3*00101
protein and grown on a large scale. Peptides vedeased and eluted using mild acid
treatment. After purification with reverse phasghhpressure column chromatography
(RP-HPLC) and mass-spectroscopy (MS) the peptigessees were identified.
Sequences were matched with the mammalian datab&ksional Center for
Biotechnology Information (NCBI). Candidate peptgkxyuences were identified by
creating sequence logos (http://weblogo.berkeleylego.cgi) and comparing with
human non-classical class | specific peptide liga@hndidate peptides were tsted for
their specificity in refolding assays and peptideding assays. Our results indicate that
peptide EVTNQLVVL is potential peptide ligand of ISD0101 protein as identified by
peptide binding assay and statistical analysisgusiixed procedure of statistical analysis

software (SAS).

Introduction
There are two types of major histocompatibility gex class | (MHC) proteins,
classical (MHC-la) and non-classical (MHC-Ib) claggycoproteins. Class | proteins

bind with intracellular pathogen-derived peptideshe animal’s own peptides and
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present these peptides to the cell surface fotayo T cell-receptor interaction. Self-
peptides normally do not elicit a cytotoxic T-respe owing to their tolerance to self-
antigens. In bacterial, viral, and other infectigpsptides produced from the foreign
pathogen are subsequently loaded onto peptidergrgiooves of MHC-I glycoproteins
for presentation on the cell surface and immunahlgiecognition by class | restricted
cytotoxic T cells. Thus, an infected cell with adgn peptide in the MHC-I peptide-
binding groove is recognized and destroyed by oyiotT cells.

Binding of peptides to the peptide binding groawveritically important for the
expression of MHC-I proteins on the cell-surfack&ass | specific peptides are 8-10
amino acid long. These peptides tighly bind indgh@ove with their N- and C- termini
buried interacting with MHC residues. Side chaihpeaptide amino acid residues interact
with corresponding MHC residues to form pocketd taay in shape and location
depending on the allelic forms of the MHC moleculH. MHC-la proteins have been
studied to a significant extent in terms of theppde presentation characteristics.
Extremely polymorphic MHC-Ila proteins present at\asay of peptides to T cells. On
the other hand, MHC-Ib proteins bind with a narmange of peptides. Human MHC-1b
proteins, human leukocyte antigen (HLA)-E and HLAdGplay more restricted sets of
peptides than classical HLA-A, -B, and -C antigetiisA-E binds peptides derived from
leader sequences from certain HLA class | leadguessces [3, 4, 21, 22]. HLA-G binds
naturally processed endogenous peptides [6, 23)-Alis uniquely expressed as empty
MHC-I protein [10]. The murine class Ib molecule-@&inds nonapeptide which has a

histidine as an anchor residue at P7 [18].
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MHC-Ib proteins are important immunomodulatory pios which interact with
immunoglobulin-like receptors, LILRB1 and LILRB2@inhibit immune cells [1, 2, 9,
13, 14, 15, 24, 28, 35]. Soluble HLA-G isoform, HH@\ induces maternal fetal
tolerance uterus by inducing apoptosis of activ&B® T cells [9]. It also inhibits NK
cell-mediated cytotoxicity [25, 29, 30, 34].

The MHC of cattle, bovine leukocyte antigen (BoLAhcodes class Ib proteins at
four loci, BOLA-NC1, -NC2, -NC3, and -NC4. It is &wn that class Ib proteins undergo
alternative splicing so as to produce membranesaoceted isoforms. During the third
trimester of pregnancy, cattle trophoblast celisregs both class la and class Ib protein.
The characteristic features of BoLA-Ib proteins lass polymorphism (monomorphic or
oligomorphic), putative class Ib amino acid mofifel, VPI or VLI) in their
transmembrane domains and/or premature stop cododsurface and/or soluble
isoforms due to alternative splicing in the transrheane domain [5]. Transfection
studies revealed that BoLA-la proteins, N*01701 &r@1802, and BoLA-Ib proteins,
NC1*00501, NC3*00101, and NC4*00201, are expressethe cell-surface.
NC3*00101 protein is expressed at a high level caneqgb to other BoLA-Ib proteins, and
is an important immunoregulatory molecule. It igortant to investigate peptide motifs
that bind with NC3*00101 protein to understand riiiechanism of immune tolerance of
this protein during pregnancy.

Endogenous peptides associated with MHC-I proteamsbe identified using
reported methods [33]. MHC-I bound peptides caadd extracted from whole cells [7,
8, 31, 32, 33, 36, 37] or they can be acid-elutethfpurified MHC-I molecules [6, 7, 8].

Although the elution of peptides from purified MH@roteins gives better results, citrate
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shock or mild acid-elution can also be a methodhaiice when a MHC-1 specific
antibody capable of working in immunoprecipitatismot available.

We transfected a K562 cell line with a cattle NG@¥01 transgene and used the
citrate shock method to elute peptides after miid &reatment of transfected cells.
Peptides were purified using chromatography antiyaed by liquid chromatography
mass-spectroscopy (LC-MS) to identify sequencgseptides extracted from

NC3*00101-transfected K562 cells.

Materials and Methods
Cell Lines and Culture Conditions

The MHC-null cell line K562 (ATCC CCL243) is a lyrpblastic cell line
derived from a person with chronic myelogenous égnia (CML). Cells were cultured
and maintained at 37°C and 5% £i0 Iscove’s Modified Dulbecco’s Medium (IMDM)
(Fisher Scientific) with 10% heat-inactivated bavicalf serum (Hyclone), 100 units/ml

penicillin and 100 pg/ml streptomycin (Hyclone)arumidified incubator.

Flow Cytometry

The BoLA-NC3*00101 gene was amplified (Forward pgm
CACCATGGGGCCGCGAACCCTC and reverse primer
GGCACTGTCACTGCTTGCAGTCTG) and cloned in the pcDNABammalian
expression vector. Subclones were sequenced taroathie size of insert and full length
subclones were used to isolate the plasmid us@@parep kit (Qiagen). Cells were
transfected with the subclones of the NC3*0010legarthe pcDNAS3.1 vector using

Lipofectamine 2000 (Invitrogen) transfection reagémtransfected cells were used as a
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negative control. Four micrograms plasmid DNA wasdito transfect 2 x $6ells using
the method described in the chapter 3. For stajmwels were resuspended in
fluorescence buffer (FB; PBS with 0.1% sodium azidé bovine serum albumin) and
incubated with anti-MHC class | monoclonal antib&g/32 (15pg/ml) for 15 min.
Cells were washed twice with FB and then incubatitd secondary antibody for 15
min. All incubations were performed &t@l Cells were washed twice and fixed in PBS
with 1% formaldehyde or paraformaldehyde. One onilicells were stained for each
sample. Cells were analyzed using a Becton-Dickits&CSAria Il fluorescence
activated cell sorter (FACS) equipped with FACS @software. The FACSAria Il was
also used to sort the transfected cells to enhiethigh expressing cells.

For FACS sorting, cells were stained in IMDM mediusing the method
described above. Stable NC3*00101 transfectantb6R cells were cultured in T150

flasks and monitored by counting the cells andaliging daily under a microscope.

Mild-Acid Elution of NC3*00101-Peptides

Stably transfected and highly expressing NC3*00ttahsfectants were
harvested (~1 x faells) by centrifuging cells at 2000 xg at 4°C f6rmin. Cells were
washed twice with phosphate buffered saline (PBS&pmnning each wash at 2000 xg for
5 min. Cells were incubated on ice for 5 min. Ioédaitrate shock buffer (0.131 M citric
acid, 0.066 M NgHPOs, and 150 mM NaCl, pH 3.3) was added to cells mi/10° cells.
Cells were resuspended and incubated on ice fan5@ells were spun down to remove
the cell debris and supernatant was collectedster@le 15 ml centrifuge tube (Corning).
Cells were centrifuged at 15000 RPM for 30 minleacthe supernatant of the

precipitated material to avoid the blockade of gamgal filters in the subsequent
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procedure. In the meantime, 3 kD MWCO centrifugéfs (Amicon) were washed with
50% methanol and liquid chromatography-mass spaetiiy (LC-MS) grade-water
(Optima) by centrifuging filters at 4000 RPM for B0n. Clear supernatant from citrate-
treated cells was added to the filter and centeiflgt 4000 RPM for 30 min. Flow
through containing peptides lower than 3 kD size w@llected and pooled. The pooled
flow through was vaccum concentrated to 500 pl@ndfied using reverse-phase-high
pressure liquid chromatography (RP-HPLC) C18 Zip (Millipore). Peptide extractions
were performed in three replicates each of ~1%c&ls and analyzed by mass-assisted
laser desorption ionization (MALDI) mass spectrgsctor initial analysis of mass-
spectra to identify the presence of peptides anenpal m/z peaks of interest. Synthetic
peptide (YPAIPVLQI), which is the reported peptiaetif of cattle class | antigen
BoLA-A11 or N*01701 protein (http://www.ebi.ac.ugti/mhc/bola/index.html) [11, 12]
was ordered from Genscript and used as a posibnea reference peptide for the

MALDI protocol.

MALDI and LC-FT MS/MS

MALDI and liquid chromatography Fourier TransforidQ-FT) MSMS analyses
were carried out at the mass spectrometry andgmots core facilityUniversity of
Utah, Salt Lake City. Briefly, peptide samples wspetted using the dried-droplet
method. The matrixg-cyano-4-hydroxy cinnamic acid (CHCA), was prepared
water/acetonitrile [50:50] with 0.1 % trifluoroaeé&t (TFA) by thoroughly mixing the
matrix powder with 0.5 mL of solvent in a 1.7 mLpemdorf tube, and centrifuging to
pellet the undissolved matrix. The supernatant wezsl for sample preparation for

MALDI analysis. Peptide samples (0.5 uL of 1 pmb)/were loaded onto a stainless



105

steel target plate and mixed on the target withuQ.6f supernatant of saturated matrix
solution. After the sample spot was air-dried arelrixture of matrix supernatant and
peptide co-crystallized, the spot was ablated wilhkHz smartbeam-II™ laser from the
plate while the sample was simultaneously desoribed;ed, and then accelerated into a
flight tube. The MALDI spectrum was acquired inleetor mode, which was operated at

around 30,000 resolutions over a mass range frdn&6000 Da.

LC/MS Analysis of Peptides

LC-MS/MS analysis was performed using a LTQ-FT Igylonass spectrometer
(ThermokElectron Corp) equipped with lon Trap Foufieansform lon-Cyclotron
Resonance (FT-ICR) technologies. Primary massispeere acquired with the (FT-
ICR) part of the instrument. MS/MS fragmentatioedpa (i.e. peptide sequence
information) were acquired in the lon Trap partted instrument. Peptide molecular
masses were measured by FT-ICR, yielding primargsmsaectra of peptides with mass
errors typically less than 3 ppm. Peptide sequenaias performed by collision-induced
dissociation (CID) in the linear ion trap of thighnid instrument yielding fragment ions
with mass errors typically less than 0.3 Da. Rkpsamples were introduced by a
nanoLC column (2D-Ultra, Eksigent, Inc.) with naelectrospray ionization spray
(ThermokElectron Corp). Typically about 10 to 20ofes of peptide samples were
injected. NanoLC chromatography was performedgiainomemade C18 nanobore
column (75 um ID x 10 cm; Atlantis C18 udn particle-C18 material from Waters Corp)
at the University of Utah, Mass Spectrometry anatéamics -Core Facility. Peptides
were eluted during a 78-min linear gradient from &étonitrile (with 0.1% formic acid)

to 60% acetonitrile (with 0.1% formic acid) witHlaw rate of 350 nl /min.
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Peptide ID and Database Searches

All identified peptides were assigned from protéatabase searches, using in-
house processing with the MASCOT search enginédurse licensed, ver. 2.2.1, Matrix
Science, Inc.) at the University of Utah, Mass $mecetry and Proteomics Core
Facility. Mascot searching was performed fromraha@use computer using a search of
the NCBI protein database. Peptides mass speataanegre searched with non-enzyme-
specific cut sites and identified based on the “MS7 Mascot search option, with the
following criteria:
1) Accurate mass measurement of peptide molecularap®SMS with search
window 5 ppm (peptides typically had less than Bippass error). Molecular ions with
+1, +2, or +3 charge states determined from a FpkS8ary mass spectrum (LTQ-FT
instrument) were usually considered.
2) Peptide sequence information from MS/MS; CID fragtaton of the parent ion
of each peptide was obtained in the linear ion tegpon of the LTQ-FT instrument.
Mass error tolerance of 0.5 Da was allowed for jdegragment ion masses in the search
(MS/MS fragment ions typically had errors less tBa®Da).
3) Mass spectra peak lists for the Mascot searches g@rerated using Sequest in
QualBrowser software (Excalibur, Thermo Electromgp
4) Peptide modification was included in the search. (@xidation on methionine).
5) Searches were typically performed for non-spegiéptide cleavages. Two

missed cleavages were allowed.
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6) All identified peptides showed MASCOT scores gre#tan 20. Mascot
threshold cutoffs for acceptable identified pepitad MASCOT scores >20, mass

errors <3 ppm, and expected values less than 1.

Purification of NC3*00101-BSP and Boving2m Inclusion Bodies

The NC3*00101 heavy chain was fused with a sequdratecan be biotinylated
with a biotinylating enzyme (BirA). This sequeneg is therefore known as BirA
substrate peptide (BSP*41) tag. The NC3*00101-egthalar domains (alpha 1, 2, and 3
domains) or heavy chain was amplified from genoDBWA and cloned in pTCF33
vector (a generous gift from the NIH Tetramer RagiIEmory University) which
expresses the MHC-I heavy chain-BSP (BSP*41) sempugrE. coli. The pTCF33
contains a hybrid T7-lac promoter that drives egpi@n of MHC-BSP chain. Bovine
B2m was expressed into pET24a+ vector as per thelgtkamer Facility Protocol
(http://tetramer.yerkes.emory.edu/client/protoct)s# he primers for both the
NC3*00101-BSP and bovir&m were designed so that the amplicons contaiB&me
H1 restriction site. Clones were sequenced andkelueior the correct insert size. coli
BL21 cells were inoculated with full size subclores grown as per the NIH protocol.
Overinduction of expression was carried out usimgM Isopropylp-D-1-
thiogalactopyranoside (IPTG). Cells were harvestedentrifuging at 4000 RPM for 30
min. Bacteria were pooled and resuspended in 50Im84HCL, 25% (W/V) sucrose, 1
mM EDTA, 0.1% (w/v) NaAzide, and 10 mM freshly addeTT and the suspension was
stirred in a 100 ml beaker with a stirring bar.the stirring mixture was added, 1.2 ml 50
mg/ml lysozyme (final = 1 mg/ml), 30d 1.0 M MgCI2 (final=5mM), 1.0 ml of 2 mg/mi

Dnase | in 50% glycerol containing 75 mM NaCl, @0driton-X 100 (final= 1%), and
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600ul 1M DTT (final=10 mM). The suspension was stirfed 30 min at room
temperature and then sonicated for 1.5 min at€cSlernations at power 4 using
sonicator. The suspension was centrifuged in malép ml centrifuge tubes (Corning)
in a Beckman centrifuge at 10000 RPM for 10 mid°&. After decanting the
supernatant, 1-2 ml of wash buffer, pH 8.0 (50 mié-HCI, 0.5% Triton-X100, 100
mM NaCl, 1 mM EDTA, 0.1% Na-azide, 1 mM DTT addeesh) was added to the
pellet. The pellet was resuspended, and centrifagath. After two washes with wash
buffer with Tween-20, cells were washed with wasffdy without Tween-20 and
centrifuged. The final white pellet was solubilizedLO ml urea solution, pH 6.0 (25 mM
MES (pH 6.0), 8 M urea, 10 mM EDTA, and 0.1mM DTddad fresh). The protein
concentration was measured at A280 measuremenNam@drop Spetcrophotometer.

Urea solubilized bodies were frozen at a concantraif 2 mg/ml concentration.

Refolding of Cattle NC3*00101-BSP anfgPm Chainsand Biotinylation

Refolding was carried out in 500 ml of folding berf{f400 mM L-arginine, 100
mM Tris, 2 mM EDTA, pH 8.3) chilled at 10°C. To 5@4 refolding buffer, were added
0.76825 g reduced glutathione, 0.15315 g oxidizaththione, and 0.5 ml 200 mM
PMSF. Synthetically ordered peptides (15 mg) wéssalved in 500 ul DMSO and
added to the stirring reaction. Urea solubilizezlusion bodies (500 nmol NC3*00101-
BSP and 1000 nmol bovir2m) were diluted in injection buffer (3 mM GuanidirCl,
10 mM Sodium Acetate, 10 mM EDTA; pH 4.2) were leddnto two separate 3 cc
syringes using 20 gauge needles and injected fdigéfto the stirring reaction on a stir
plate. The reaction was incubated at 4°C withisgirovernight. Next morning, 500 nmol

of NC3*00101-BSP chain was injected into the reactollowed by 500 nmoles
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NC3*00101-BSP in the evening. Folding reaction wasibated for 2 more days at 4°C.
After 3 days of incubation, reaction was conceettatsing 5 kD cut off filters

(Millipore) to 7.5 ml and buffe-exchanged with 10 biotinylation buffer (100 mM
Tris, 200 MM NaCl, 5 mM MgCI2, pH to 7.5) using AD-Sephadex G-25M columns.
To 10.5 ml reaction, were added 500 ul ATP (100ntddly, 40 ul Biotin (L00mM
stock), 10 ul Leupeptin (1000x stock), 10 ul Pegstd 00x stock), 20 pul PMSF (0.1M
stock), and 20 pl BirA enzyme (Avidity) (stock atL.-mg/ml) and the reaction was

biotinylated by incubating overnight at RT.

Purification of Biotinylated MHC-Peptide Monomersrothe Mono Q Column
Biotinylation reaction was buffer-exchanged withrB® Tris, pH 8.0 using
Amicon Ultra-15 centrifuge filtering device 10 kDWICO (Millipore). Final
concentrated sample was dissolved in pl00ris buffer. The concentrated sample was
transferred to an eppendorf tube and centrifugdda00 RPM for 15 min at 4°C to
remove any precipitate. The concentrated sampleBQvas immediately processed for
Mono Q 5/5 purification column (GE Healthcare) wusBuffer A (20 mM Tris, pH 8.0)
and buffer B (20 mM Tris, pH 8.0 and 500 mM Na@®@jiefly, 2 ml loop was washed
two times with 2 ml of 20 mM Tris (pH 8.0). FPLCroputer program was opened and
set to run the Mono Q column. The parameters weeteeed manually and the program
was run for 2 hours until the MHC peaks showedTunz fractions were collected in 4 ml
polypropylene tubes. The specific fractions werelpd and concentrated using 10 KD
MWCO Amicon filters. The sample was concentratedritand the final sample was
diluted with ~1 ml PBS. The sample was transfercean eppendorf tube and stored on

ice or 4°C. Protein concentration was measuredyusia80 absorbance on a Nano drop
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spectrophotometer and the monomer samples weltediluith PBS to achieve the

concentration of 2 mg/ml.

Western Blotting Analysis of Biotinylated RefoldddHC-Peptideff2m Complex

To 3ul of diluted monomer samples from the previous stegs added 132l of
PBS (Final concentration 0.4 mg/ml). Five micraktef this monomer sample was
added with 5ul of 0.8-1 mg/ml streptavidin or water and incultbter 1 hour at room
temperature (RT). Samples were run on NUPAGE 4-Bid4dris gel and Coomassie
stained to identify the biotinylated heavy chamshift when treated with Streptavidin
(Biotinylation Shift Assay). For Western blottindpe incubated samples were run on the
gel and transferred to polyvinylidine diflourideMBF) membrane. The membrane was
incubated with anti-mougi2m polyclonal (Novus Biologicals) or W6/32 (VMRDdr)
antibodies for an hour at RT. Anti-mouse AP-conjadaantibody was used as secondary
antibody. Both denaturing and native conditionsengsed to test the antibodies to detect

refolded protein complexes.

Peptide Binding Assay

In a 24-well plate, 0.5 x f@ells (transfected or untransfected) were added.
Untransfected K562 cells were used a negative cbinteach experiment. All cells were
treated with or without peptides and incubated78C3for 16 hours. Cells treated with
DMSO (carrier) were used as reference sample falysis. Cells were analyzed for
NC3*00101 expression using anti-MHC class | antipdif6/32. Peptides tested were
YPAIPVLQI, EVTNQLVVL, LVDGVKRIL, SSKIVGDLA, and GSILSGTAIA. Results

were analyzed by creating overlays of flow cytomelata using FlowJo software.
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Statistical Analysis

Peptide binding assays were performed and meareuence values were
recorded for cell samples. DMSO-treated cells waken as control and peptides as
mentioned above were used as unknown treatmenpgyr@ifferent days were used as
covariables. A mixed procedure using statisticallgsis software (SAS) was used to
identify significant effects of peptide-treatments NC3*00101 expression. The least
square means and differences between the meanslaterenined for different treatment
groups to identify the differences of significarmween each peptide. P-value of 0.5

was used to identify the values of significance.

Results
Flow Cytometry

K562 cells transfected with NC3*00101 transgeneansith22.4% expression
compared to untransfected cells. We were ablertchgghly expressing cells using
W6/32 staining. Three sorts were performed whigulted in enrichment of highly

expressing cells with an expression level of 90(Btgure 5-1).

MALDI and LC-MS/MS Analyses

The mass spectrum of reference peptide YPAIPVL®@Ildgd a specific m/z peak,
which corresponded to a 1013.61 dalton moleculaght€expected MW 1013.65). We
had few m/z peaks of interest in the NC3*00101-jplepsample which led us to proceed

to subsequent LC-MS/MS analysis on NC3*00101 samptegure 5-2).



Untransfected K562 Colis205D1

2z}
0.20%

—_—

772

10

10

T

10 10 °

10

FITC-A

BoLA-NC3 00101 w6-32 Pre sort

300+

2004

Count

1004

0

P4
22.4%
S

'l
10

—
2
10

TRy

10" 10 >

10

FITC-A

Count

112

Untransfected K562 w6-32

4004

300

2004

P4
0.76%

—_—

10

1,2

T
10

™Y T T
103 IOh 10g

FITC-A

BoLA-NC3 00101 w6-32 Post sort

Count

1504

1004

50

0

2z

90.30

10

1.2
10

™y T T
103 101 10§

FITC-A

Fig 5-1 Sorting of K562-NC3*00101 transfectants was perfedmsing anti-

MHC-I monoclonal antibody W6/32

LC-MS/MS Analysis of NC3*00101 Extracted Peptides

Three different analyses were performed using vegfisnce logo and manual
comparisons. Peptide sequences were sorted iBtcaBd 10-amino acid sequences,
which were unique to NC3*00101-transfected celld different from peptides extracted
from untransfected K562 cells. As MHC-I specifippides are nonamers, we focused on
9-mer peptides. Sequence logos were created angacechwith other MHC class |
specific peptide residues. Four candidate peptidee selected which had non-polar
amino acids at -COOH terminals as reported [31{hBmm sequence logos
(http://weblogo.berkeley.edu/logo.cgi website, Fegb-3) and manual sorting methods,

candidate peptide motifs of NC3*00101 protein weltesen and ordered from
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Fig 5-3:Logos created with 9-amino acid long peptides idiedtwith the LC-MS/MS

on citrate-acid-eluted peptides

GenScript. These were EVTNQLVVL, LVDGVKRIL, SSKIVAMR, and

GSILSGTAIA.

Refolding of Heavy and Light Chains and Western Biag

NC3*00101-BSP and bovirg2m were successfully expressed in bacteria as
identified in a Coomassie stained gel (Figure 53ttlep2m was detected by Western
blotting with anti-mous@2m polyclonal antibody (Figure 5-4). We were ndeab

detect the NC3*00101 heavy chains with the W6/3ibady in Western blots as W6/32
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only recognizedN*01701 and NC1*00501 heavy chaiandnot other cattle class
heavy chains (Figure 5:4W6/32 and anti-moug#m antibodies did not react wi
refoldedbiotinylated MHC-peptide complexes. Refolded complexase treated witl
streptavidin and run on the gel followed by Cooneastining. We noticed tt
streptavidin band in aiditinylation shift assabut we did not see the expected he
chains (~45 kD) irstreptavidin negative lanes as highlighted withdtal regiorof
Figure 5-5. As th&V6/32 antibody did not ree with NC3*00101 heavy chai
(NC3*00101-HC) on Weéstern bilcs, it was not a surprise to see ttas antibodyfailed
to identify NC3*00101streptavidin complexes. Native conditions did n@tduce

positiveresults. Therefor we proceeded to test our peptides in peptide bindssgys

vine flm

W6/32 Antibody Anti-mouse f2m Antibody

Fig 54: Western blotting showing that W6/32 recognizé8IN01 and NC1*0050
proteins in whole cell lysates. A-mousef32m antibody identifiesattlef2m inclusion

bodies.
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NC3-HC

f2-m

Fig 5-5: Biotinylation shift assay. SDS-PAGE staliveith Coomassie stain to test the
refolded MHC-peptidgg2m complexes. As shown NC3*00101 heavy Afdh light

chains were expressed and purified as inclusiomesod

Peptide Binding Assay

In peptide binding assays, treatment of cells WSO produced an increase in
the expression of MHC-I protein. As seen in oveslthe expression of NC3*00101 was
increased by all of our peptides tested (Figurd.FH6wever, the increases in the shift
varied from batch to batch. An overall comparatvalysis of mean fluorescence values,

we found that the peptide EVTNQLVVL increased theé3400101 expression compared



117

with other peptides and DMSO treatments. Otherigept LVDGVKRIL,

SSKIVGDLA, and GSILSGTAIA were not consistently @ftive in increasing the shift
as EVTNQLVVL. However, we also noticed increasexpression with YPAIPVLQI
treatment, which may be because this peptiderfitee peptide-binding groove stably
because of its specificity with MHC-I proteins.

Using Proc mixed program of SAS we identified thet peptide EVTNQLVVL
had the highest least square mean among all. Wi#fidd that the EVTNQLVVL
peptide was significantly different from control [8®. Other three NC3*00101-cell-
eluted peptides were significantly lower than oSO and EVTNQLVVL. Therefore,
we conclude that EVTNQLVVL is a potential peptide NC3*00101 protein (see Table

5-1).

Discussion

Identification of NC3*00101-specific peptide motitsthe first endeavor to
elucidate the amino acid residues binding to NC38I0binding groove. It is critically
important to understand peptide binding charadtesi®f cattle NC3*00101 protein to
gain more knowledge about mechanisms of interastidMNC3*00101 protein with other
leukocytes and the receptors expressed by leukacydere we present a peptide motif
that increased the expression of NC3*00101 protemiansfected K562 cells and was
significantly different from other peptides testéditer initial failures of
immunoprecipitation method using W6/32 antibody,smétched to citrate shock method
to elute NC3*00101-peptides from its transfecteltkce

We tested four candidate peptides which were elinted NC3*00101-

expressing K562 cells after citrate-acid treatmBased on results of refolding and



118

400 400
300-| 200
€ €
S 200 S 200]
o o
100+ 100 /
0 0 - N
j T - R R IR T ]
1(}1 102 103 1(})t 105 10 10 10 10 10
FITC-A FITC-A
Sample Name Sample Name
—|K562 Untransfected w632 DMSO fcs NC300101 w632 DMSO B.fcs
NC300101 w632 DMSO B.fcs —INC300101 w632 P3 B.fcs
400 400
300 300
€ €
3 200 3 200
o o
100 /f 100 /
0 \ 0 A
R D R I T I R I T
10 100 10 10 10 10 10 10 10 10
FITC-A FITC-A
Sample Name Sample Name
INC300101 w632 DMSO B.fcs NC300101 w632 DMSO B.fos
INC300101 w632 P1 B fos NC300101 w632 P4 B fos
400 400
300 300-|
€ €
3 200 3 200
[§) o
100-| 100-| /
101 102 103 10 10 10 10 10 10 10
FITC-A FITC-A
Sample Name ‘ Sample Name
NC300101 w632 DMSO B.fos NC300101 w632 DMSO B.fes
E——INC300101 w632 P2 B fos F——INC300101 w632 P5 B.fcs

Fig 5-6: Peptide binding assay performed on NC3*0(-transfectants with peptides (F
YPAIPVLQI; P2: EVTNQLVVL; P3: LVDGVKRIL; P4: SSKIV@LA, P5:
GSILSGTAIA). X axis Log fluorescence and Y axiselCcount. Cells were incubatt
with (red ling and without black filled histogram) peptides for 1% hour at 3°C and

checked for the MHQ{NC3*00101)expression using W6/32 antibody.
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Table 5-1: The Mixed Procedure (SAS) output showiegleast square means and

contrast values for different treatments in pephoteling assay

The SAS System
The Mixed Procedure

Type 3 Tests of Fixed Effects

Effect | Num DF | Den DF | F Value | Pr>F
trt 5 117 16.71 | <.0001
Contrasts

Label Num DF | Den DF | F Value | Pr>F
DMSO vs P1, P2 1 117 5.74 0.0182
P1, P2 vs P3, P4, P5 1 117 76.01 | <0001
P3, P4, P5 vs DMSO 1 117 1893 | <0001
P1, P2, P3, P4, P5 vs DMSO 1 117 2.82 0.0956

Least Squares Means

Effect trt Estimate | Standard Error | DF | t Value | Pr > |{|

irt | DMSO | 7002.85 533.70 117 13.12 | <.0001

trt P1 7181.09 533.70 117 | 13.46 |<.0001

irt P2 7566.85 533.70 117 | 14.18 [ <.0001

irt P3 6398.71 533.70 117 11.99 [<.0001

irt P4 6364.47 533.70 117 11.93 | <0001

trt P5 6338.66 533.70 117 | 11.88 |<.0001

Differences of Least Squares Means
Effect trt _trt | Estimate | Standard | DF | t Value | Pr> | Adjustment | Adj P
Error [t]

trt | DMSO | P1 | -178.24 178.93 117 -1.00 [0.3212 Simulate | 0.9146
trt | DMSO | P2 | -564.00 178.93 117 -3.15 |0.0021 Simulate | 0.0231
trt | DMSO | P3 | 604.14 178.93 117 3.38 [0.0010 Simulate | 0.0115
trt | DMSO | P4 | 638.38 178.93 117 3.57 [0.0005 Simulate | 0.0063
trt | DMSO | P5 | 664.19 178.93 117 3.71 [0.0003 Simulate | 0.0040
trt P1 P2 | -385.76 178.93 117 -2.16 |0.0331 Simulate | 0.2558
trt P1 P3 | 782.38 178.93 117 437 [<.0001 Simulate | 0.0002
trt P1 P4 | 816.62 178.93 117 456 |<.0001 Simulate | 0.0002
trt P1 P5 | 842.43 178.93 117 471 |<.0001 Simulate | 0.0002
trt P2 P3 | 1168.14 178.93 117 6.53 |<.0001 Simulate | <.0001
trt P2 P4 | 120238 178.93 117 6.72 |<.0001 Simulate | <.0001
trt P2 P5 | 1228.19 178.93 117 6.86 |<.0001 Simulate | <.0001
trt P3 P4 | 342381 178.93 117 0.19 |0.8486 Simulate 1.0000
trt P3 P5 | 60.0476 178.93 117 034 [0.7378 Simulate | 0.9994
trt P4 P5 | 25.8095 178.93 117 0.14 [0.8856 Simulate 1.0000
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biotinylation shift assays, we were not able teedetefolded NC3*00101-peptidiEm
complexes. We do not have a functional antibodyclvhecognizes monomeric, dimeric,
trimeric and tetrameric complexes of NC3*00101-mptp2m. Natural ligands binding
to HLA-E are different than experimentally-derivachino acid residues [27]. It is
possible that NC3*00101-specific ligands may binthwendogenous peptides with
varying degree of similarity with residues idemdiin the present study. Nevertheless,
treatment of cells with peptides in peptide bindasgay shows that the peptide
EVTNQLVVL increases the NC3*00101 expression mayasistently.

It was not experimentally feasible to screen airepeptide library based on the
LC-MS/MS results. Therefore, it may further need¢oeen larger number of peptide
library to confirm positions of anchor and auxyiaesidues of NC3*00101-specific
peptides. However, unavailability of antibody tanmmnoprecipitate native NC3*00101
protein may present a caveat. Reports on HLA-Gather non-classical class | peptides
[6] suggest presence of non-polar or neutral aramad at the carboxyl terminals. Non-
polar amino acids are Alanine (A), Isoleucine (Bucine (L), Phenylalanine (F), Valine
(V), Proline (P), and Glycine (G). By comparing ivgeptide motifs of human MHC-Ib
proteins, HLA-E and HLA-G, we know that experimdiytaerived amino acid residues
may not always be the binding motifs of MHC-I piote Therefore, we are confident
that NC3*00101-specific peptide motif has a valseanchor residues at position 2, a
Val/lso/leu at position 8, and Iso/Leu at positibas anchor residues (Table 5-2).

In order to further confirm that P2 (EVTNQLVVL) NC3*00101-specific ligand, we
identified and statistically tested effects of treant of each peptide on the NC3*00101

expression with statistical analysis software (SA®ed Procedure (Proc Mixed).
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Table 5-2: NC3*00101 Peptide Binding Motifs andoanparison with HLA-G and HLA-

E peptide motifs

BoLA-NC3*00101 Position
1 2 3 4 5 6 7 8B 9
INDIVIDUAL LIGANDS E v T N @ L V V L
IL. & T & Vv K B I I
5 8 K I Vv & B L A
& 8 & L. 8 & T A Ik
POTENTIAL ANCHOR RESIDUES v v I
I L
L
Possible Preferred Residues Q A
13
L
A
HLA-G Position
1 2 3 4 5 6 7 8B 9
B LB ML 2B TR OB 5 . L
B EH BOE: R OB R T L
¥ oL B A 22 B Y T
Anchor Rezidues I P L
L
Preferred Residues R ¥ T Q
K Vv M
L
F
HLA-E Positions
Experimentally
derived motifs 1 2 3 4 5 66 7 8 9
M K A L/T L
L N T V E
Q A vV P F
Q
Residues in endogenous vV M A P R T L L L
HIA class Ia leader peptides v Vv
that bind HLA-E I
F
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The SAS output revealed that the treatment effest significant between different
treatments (Table 5-1). Using contrast method,deetified that treatment effect was
divided into two groups, one group containing Pd B& which has higher mean
fluorescence and the other group containing P3afRd P5 which have lower
fluorescence as compared to DMSO. The mixed praeethntrast output values reveal
that P1 (YPAIPVLQI) and P2 (EVTNQLVVL) as well a8 PLVDGVKRIL), P4
(SSKIVGDLA), and P5 (GSILSGTAIA) are not significy different than the control
(DMSO). However, it is clear that P1 and P2 araificantly different than P3, P4, and
P5. Differences of least square means in the &elén accordance with our hypothesis
that P2 is significantly higher than DMSO with afjusted P value of 0.0231 (<P=0.05)
whereas P1 is not (P=0.9146). P3, P4, and P5,eatkier hand, are significantly lower
than DMSO. This suggests that P2 is the most likahdidate peptide motif of
NC3*00101 protein.

In the pursuit of an antibody to detect folded Mid€ptidef2m complexes, we
tested W6/32 and anti-mouf2m antibodies. Monoclonal antibody W6/32 recognizes
heavy and light chain conformational epitope unmder-reducing conditions. Other
reports have been published showing that W6/3Ztetertain allelic forms of rabbit,
rat, mouse, and guinea pig class | heavy chainswinén they are complexed with
human or cattl$2m and not with autologo2m [16, 17, 19, 20, 26]. Therefore, it is
possible that cattle class | heavy chains whichatedetected with W6/32 may require
an association witf2m from other species for their detection with W&/@/e also
identified that W6/32 only recognized N*01701 an@IN00501 free heavy chains under

partially denaturing conditions which suggests Hibatattle class | proteins do not have
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identical association of heavy and light chainschitgan produce variations in the

formation of class | alpha chain loops and nornegitigle binding characteristics.
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CHAPTER 6

CONCLUSIONS

The first objective of this study was to elucidatel identify whether cattle non-
classical major histocompatibility complex clagdHC-Ib) proteins are expressed as
cell-surface and/or secreted isoforms. Transfewtadies were conducted to express two
classical MHC-I proteins, N*01701 and N*01802, divé non-classical MHC-I
proteins, NC1*00401, NC1*00501, NC2*00102, NC3*0@1and NC4*00201, in
murine P815 and human K562 cells. We identified bizdh class la and three class Ib
proteins, NC1*00501, NC3*00101, and NC4*00201, expressed on the cell surface.
Two additional isoforms, NC1*00401 and NC2*00102resnot detected on the surface
of these cells. It is possible that NC1*00401 ar€PXD0102 are expressed as secreted
isoforms and play important roles in immunosuppogsduring pregnancy.
Nevertheless, all the proteins were detected idecnell lysates on Western blots.
Precipitation of proteins from culture supernatafitswed that cell-surface MHC-la and
MHC-Ib proteins are shed or released from the sertd these cells into the media.

One of the cattle class Ib proteins, NC4*00201, dastified on the cell-surface
of human K562 cell line but not on murine P815s;eNhich suggests that this protein
associates with human beta-2-microglobufirg) and conforms better with humgam
than with muringg2m in P815 cells.

The second objective of the present study wasveldp an enzyme-linked
immunosorbent assay (ELISA) to quantitate secratetior soluble cattle class Ib
proteins from trophoblast cell culture supernatavts collaborated with the monoclonal

antibody center at Washington State University|rRath and produced monoclonal
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antibodies for NC1*00501 and NC3*00101 glycoproseiWe were able to produce a
positive and NC3*00101-specific hybridoma cell Isecreting monoclonal antibodies to
NC3*00101 protein as tested with flow cytometry &ldSA. However, the positive
NC3*00101-specific hybridoma could not be revivéterefore, further efforts need to
be planned and conducted in order to produce stines of hybridomas.

To advance our understanding of functional impareéaof the cattle class Ib
proteins, we identified the peptide motif of the 3¥G0101 protein to generate
NC3*00101 tetramers. A tetramer is a complex of fidentical MHC-peptidep2m
complexes linked together with streptavidin antbarbchrome. Leukocytes are stained
with tetramers to identify, enumerate, isolate anslitu stain antigen-specific T cells. As
a prerequisite to constructing NC3*00101-tetrameeseluted and identified the peptide
motif of NC3*00101. First, we isolated NC3*0010Jof®in in its native conformation
with bound peptide by immunoprecipitation and alutee peptide with acid treatment.
However, immunoprecipitation did not work as seéth woor results of liquid
chromatography mass-spectrometry (LC-MS). Therefweeswitched to citrate shock
method and treated NC3*00101-transfected K562 oatls low pH-citric acid to elute
and released peptides from the MHC proteins oréllesurface. With the help of LC-
MS, we identified nonamers which were candidateigep (EVTNQLVVL,

LVDGVKRIL, SSKIVGDLA, and GSILSGTAIA) for the NC3*0101 protein. These
peptides were ordered in synthetic forms from GepSand tested for their specificity
to refold NC3*00101-heavy chain with a biotin tagdedbovine2m. We tested each of
the four peptides to refold NC3*00101 heavy @@dh chains. Western blots with W6/32

and anti-mous@2m antibodies failed to detect refolded chains.Wéee not successful
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in detecting refolded proteins with Western blote further tested these peptides by
peptide binding assays. Transfected NC3*00101 eedl® incubated with peptides and
analyzed to identify their effects on NC3*00101 eegsion. Due to inconsistent and
varying results of peptide binding assays, we a®gl\the effects with a mixed procedure
of statistical analysis software (SAS). With thatistical analysis performed on mean
fluorescence values of transfected cells incubatédor without peptides, we identified
that EVTNQLVVL induces a significantly differentsponse compared with control cells
and is a potential peptide motif of NC3*00101 pnot®y understanding the peptide
ligands of non-classical class | NC3*00101 protaig,will be able to generate the
tetramers for this protein. Tetramers are valutdiés to identify the antigen-specific
leukocytes that bind to MHC proteins. NC3*0010asteric complexes will be very
helpful in identifying the antigen-specific NC3*001-specific leukocytes which will
further give an insight into different receptorpeessed by the leukocytes that bind with
NC3*00101 and how the NC3*00101-receptor interactiesults in immune tolerance

during pregnancy.
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