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Naturd killer ce11 (NK) -mediated cytotoxicity involves two families of receptors: 

activating receptors that trigger lysis of the target cells being recognized and inhibitory 

recepton specific pnmarily for Major Histocompatibility Complex Class 1 (MHC-i) on the 

target ce11 surface that can override the activating signal. Cells expressing reduced surface 

MHC-1 have k e n  s h o w  to be targets for NK-mediated cytotoxicity. M C - 1  molecules on 

the ce11 surface can be classified into molecules made stable by the binding of high affinity 

peptide (pH-MHC-1) or unstable molecules potentially capable of being stabilized by binding 

high affinity peptide (peptide receptive, PR-MHC-i). It has been previously shown that the 

Ly49A inhibitory receptor recognizes p ~ - ~ d .  Our data suggest the existence of other NK 

inhibitory receptor(s) recognizing PR-Kb, -D~, -Dd, or -K~. During the search for such 

receptofls), we found that the inhibitory receptor ~ ~ 4 9 ~ ~ ~  recognizes PR-tCb but does not 

recognize kCb once they have bound high affinity peptide. Furthamore, we have measured 

the stability of surface p ~ - ~ b  and PR-ICb molecules in the presence of BFA. p ~ - ~ b  has a ti12 

of -45k3h and surface PR-lCb has a t i ~  of approximately 3@4 min at 37OC. 

These observations suggest a possible explanation as to why some virus infectai cells 

become targets for syngeneic NK cells even without a major reduction in total surface MHC- 



1 expression. Our recent study on cells infected with adenovirus types 5 (Ad5) or 12 (Ad1 2) 

shows that Ad5 infected cells lose surface PR-K~ expression and become sensitive to NK- 

lysis within 9h pst-infection while Ad 12 infected cells have normal PR-Kb expression and 

remain resistant to NK-1 ysis until 42h pst-infection. Furthexmore, the total Kb expression 

remains unaltered on cells infected by either Ad5 or Ad12. These observations agree with 

Our hypothesis and further suggest that recognition of PR-MHC 1 may be one of  the 

mechanisms ernployed by NK cells to detect Mral infection. 
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CHAPTER 1 

INTRODUCTION 



1.1 NK CELLS- HISTORICAL OVERVIEW 

Natural killer (NK) cells were first functionally defined in the mid-1970s by their abiIity to 

mediate MHC-unrestricted cytotoxicity against some tumour cells in vitro (1, 2); (3). 

However, this definition has offered no means to isolate this srnail population of lymphocytes 

(- 5% of splenocytes) for detailed immunological analysis. A better operational definition of 

NK was reached at the Fifth International Workshop on Naturd Killer Cells in 1988 (4). NK 

cells were defined as "lûrge granular lymphocytes that do not express on their surface the 

CD3 antigen or any of the known T ce11 receptor chains (a$,y, or 6) but do express CD16 

and NKH- 1 (Leu- 19) ce11 surface markers in humans and MI. 1lNK2.1 in rnice and mediate 

cytolytic reactions even in the absence of MHC-I or MHC-II expression on the target cells." 

With this definition, the understanding of NK cells rapidly progressed. 

Three major lines of research were undertaken to study how NK cells recognize their 

target cells. First, a general "survey" of NK-sensitive and -resistant target cells was made in 

an atternpt to formulate a testabie hypothesis for NK recognition. It was found that NK cells 

could kill tumour ceIl Iines that have no or only low levels of MHC-1 (5-8). These 

observations, together with the findings that NK cells reject both allogeneic cells (including 

lymphoma and bone marrow grafts) and semi-allogeneic cells (as in F1-hybrid anti-parent 

resistance) (9, IO), led KWe et al. to hypothesize that NK cells recognize and eliminate cells 

that fail to express self-MHC-1 (the "missing self" hypothesis) (1 1). 

The second line of research involved the search for NK target antigen(s), based on the 

assumption that NK cells recognize and are activated by a specific Foreign antigen on the 

target ce11 surface. To this end, foreign antigens encoded by endogenous murine retroviruses 

( 12, 13), membrane-associated glycoproteins from NK-sensitive targets (14), transfemn 

receptor (15, 16), and MHC-1 (specificaily H-ZD*, (17)) were identified as putative target 

structures and shown to activate NK cells. However, none of the above could be shown to be 

expressed universally on al1 NK-sensitive target cells. Perhaps, the "target structures" which 

trigger NK cytotoxicity are diverse and varying from one target ce11 type to another. 

The third approach was the search for MC receptors. The first NK activation receptor 

studied was the receptor for Fc of IgG type mA (FcyRIIIA or CD16) (18). Through CD16, 

NK cells recognize IgG antibody-coated target cells and mediate antibody-dependent 



cytotoxicity (ADCC) (19). In the absence of antibodies, CD16 could not induce NK 

cytotoxicity: therefore, the MHC-unrestricted cytotoxicity against tumour cells appears to 

involve other NK receptors that could trigger IriK lysis in the absence of antibodies. In 1992, 

Karlhofer et al. made the seminal finding that interaction of Ly49 (now, Ly49A) with 

classicai MHC-1 molecules, ( l I - 2 ~ ~  or D ~ )  delivers an inhibitory signal to NK cells, thus 

acting as an inhibitory NK receptor (20). Since then, other NK receptors (activation or 

inhibitory receptors) have been reported in rnice and hurnans (21-35). The recent 

characterization of these receptors seems to suggest that NK recognition is a balance between 

activation and inhibitory signals and that the inhibitory receptors seem to play a major role in 

the specifici ty of NK recognition (26). 

Despite Our knowledge of NK receptors, their Iigands and the mechanism of how 

these ligands are implicated in MC recognition remains poorly understood. Most known 

ligands recognized by 1\TK inhibitory receptors are MHC-1 molecules encoded by different 

alleles (22, 27, 28), seerning to provide strong support for Kiirre's "missing-self' hypothesis. 

However. many studies have shown no inverse correlation between MHC-1 expression and 

NK sensitivity (29-3 1). Tumour ce11 lines expressing normal Ievel of MHC-1 molecules 

have been shown to be NK targets (31); and others with a low level of MHC-1 expression 

have been shown to be resistant to NK lysis (29,30). 

The "rnissing-self" hypothesis did not take into account the structurd bais of MHC-1 

molecules. With growing knowledge about MHC-1, it is now known that MHC-1 can be 

found in four different forms on the ce11 surface, each possibly possessing a different 

conformation (32-35). Several attempts have been made to investigate which region(s) and 

which form(s) of MHC-1 are important in NK-recognition. By perforrning exon-shuffling 

and point-mutation experiments on human MHC-1, Storkus et al. showed that the a 1 - d  

region of the a chain appears to be cntical in determining the specificity of MHC-1 as an 

inhi bitory ligand (36), and that the amino acids in the peptide binding groove of MHC-1 are 

important in confemng NK resistance (37). The addition of peptide that could bind to the 

protective W C - 1  results in the lysis of target cells. 

For mouse MHC-1, Chadwick and Miller (38), and Chadwick et al. (39) found that 

normal non-transformed lymphoblasts could be lysed by syngeneic mouse NK cells in the 

presence of peptide specific for their MHC-1, suggesting that binding of WC-1-specific 



peptide removes NK inhibitory ligand(s). On the contrary, the prototypic NK inhibitory 

receptor, Ly49A was shown to recognize peptide-bound MC-1, H - ~ D ~ .  Furthemore. 

Karlhofer and (20) and Sundback et al. (40) have mapped the deterrninant recognized by the 

inhibitory receptor Ly49A to the &-region of the D~ molecule. 

There are more puzzles than answers in how MHC-1 is involved in regulating NK 

functions; for example, both Ly49A (an inhibitory receptor, (17, 41)) and Ly49D (an 

activating receptor, (42)) recognize I 3 - 2 ~ ~  in the same animal. Many of the ligands for 

inhibitory and activating receptors have not yet k e n  identified; more work is required to 

better characterize the identified ligands. Until we have a better understanding of the 

structural basis for the interaction between inhibitory receptors and MHC-I molecules, how 

NK cells distinguish normal autologous cells from abnormal transformed cells remains in 

shadow. 

1.2 MISSING-SELF l[IYPOTHESIS 

The idea of self-recognition existed before the discovery of NK cells; severaI families of 

flowering plants employ the self-recognition of polymorphic products in the control of self - 
fertilization. The most inspiring biological creature in relation to rnissing-self recognition 

was the colonial tunicate Botryllus. This organism attempts to transplant itself to other 

members of the  species as a part of its daily lifestyle. By the end of the 1970s, it was already 

clear that the success of this colony-fusion was controlled by a single, highly polymorphic 

locus. Sharïng of a self-allele in this locus was sufficient to prevent rejection and promote 

fusion between two Botrylli. At the gem ce11 level, this led to the prevention of fusion, thus 

promoting outbreeding of this hermaphroditic species. Clearly, the idea that recognition of 

the setf-allele of a highly polymorphic locus can be used to prevent a cellular interaction has 

occurred to many organisms. Zn the case of NK recognition, Kihe hypothesized that 

recognition of the self-allele of MHC-1 (a highly polymorphic locus) is used to prevent NK- 

rnediated lysis of the ce11 (1 1) (Fig 1-1). 

It is well established that lysis of virally infected or transformed cells by cytotoxic T 

cells (CTL) requires that both effector and target share identical MHC-1 alteles, a 

phenornenon known as "MHC restriction" (43). However, it was clear that NK cells could 

kill tumour ce11 lines differing in MHC-1, or even with no or low fevel of MHC-1 (44). 





Together with the observation that NK cells from F1 (AxB) mice are capable of rejecting an 

infusion of either parent (A or B) cells, a phenomenon known as hybrid resistance (45,46), 

suggested that NK cells used an alternative strategy (different from T cells) to discriminate 

between normal and aberrant cells (Figl-2). In an attempt to seek out situations in which NK 

cells did not kill or reject, Kiirre compared al1 the disparate resistant targets and found that 

high levels of a complete set of autologous MHC-1 was a cornrnon denorninator for several 

resistant targets. The "missing-self hypothesis" is then established that NK cells recognize 

and eliminate cells that fail to express self-MHC-I (32, 47) (Fig 1-1). While T cells 

recognize "foreig~'~ antigenic peptides presented by a specific MKC, NK cells recognize 

target cells that have reduced MHC-1 expression. Consequently, these would be a backup 

system for the detection of ceils that fail to present antigen to T cells by virtue of their 

reduced MHC-1 expression. For example, several viral proteins have been shown to down- 

modulate MHC-1 expression (48-51). This hypothesis not only provided a conceptual 

framework for the study of NK recognition. it also provided testable predictions for how 

MHC-1 might influence NK sensitivity. 

Although the "rnissing-self' hypothesis has today found its molecular substrate in 

receptors identified in rnice, rats, and men, which are expressed preferentially on NK cells, 

and which inhibit NK effector function when bound to certain MHC-1 (23, 27, 52), there are 

observations that cannot be explained by this hypothesis (29-31). More knowledge on how 

NK cells are triggered and a better characterization of NK ligands, specifically the structural 

basis of MHC-1 in recognition, may complement the existing "missing-self' hypothesis in 

elucidating the mechanism of MC recognition. 

1.3 CLASSICAL MAJOR HISTOCOMPATIBILITY COMPLEX CLASS 1 

1.3.1 Overview 

It was Peter A. Gorer who in 1937 was the fint to demonstrate a histocornpatibility antigen, 

which led to the discovery of the H-2 histocornpatibility complex in rnice. Later a sirnilar 

complex was found in man, called HLA (first defined on human leukocytes, hence the name 

human leukocyte antigens). and in many other animals. Together they are called the major 

histocompatibility complex (MHC) because the corresponding antigens are major 





histocompatibility antigens (i-e., they induce strong alloirnmune responses and are mainly 

responsible for rejection of allografts). 

It became quickly accepted that MHC antigens were not created solely to embarras 

transplantation surgeons. Their biologicat function remained, however, an enigma until the 

early 1970s, when their important role in antigen recognition by T cells was discovered, 

particularly through the work of Doherty and Zinkemagel (43). In 1990s- the detailed study 

of T cell receptor, and the solution of the crystal structure of peptide-MHC-1 binary complex 

collectively yielded some important insight into the role of MHC-1 as informers for T cells. 

In 1985, the role of MHC-I in innate imrnunity. independent of T cells, was proposed (47). 

And recently, it was confirmed that MHC-I is involved in NK recognition through the 

identification of NK receptors recognizing MHC-I(53). 

A short summary of Our present knowledge of the structure and function of the 

peptide-presenting ("classical") MHC molecules is given here to aid the readers to better 

comprehend this thesis. No attempt wil1 be made to cover completely the vast amount of 

literature in this area. 

1.3.2 MHC-1 gene location and structure 

The major histocompatibility complex (MHC) is a cluster of genes spanning -4 million DNA 

base pairs (54, 55). The entire MHC complex comprises at least three known and 

functionally distinct classes of genes as indicated by the roman numerals 1-Iii. Gene products 

involved in antigen processing (TAP- 1, -3 peptide transporter, LMP proteasorne subunits) 

(56) and many other gene products that have roles (other than processing and presentation of 

antigens) in the immune system are also encoded by the MHC complex (Fig 1-3). 

MHC-1 consists of a transmembrane, heavy chain (a, -45kDa), encoded by genes 

present on chromosome 6 in human (HLA-A, HLA-B, and HLA-C) or chromosome 17 in 

mice (H-2K, H-3D, H-2L). The a chain associates non-covalently with a light chain 

(-LîkDa) known as f32-microglobulin (&m) encoded on chromosome 15 in humans and 

chromosome 2 in mice (55) (Fig 1-4). This a-Dzrn complex then associates non-covalently 

with a short peptide (usually 8 to 10 amino acids long) derived from cellular proteins or 

foreign antigen (57). a chahs are highly polymorphic (58), and most of the polyrnorphic 

residues are located in the two extracel1uIar domains, al, and az, which form the peptide 
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binding groove, giving different ailelic forms of these MHC molecules the ability to bind 

distinct arrays of peptides (59) (Figl-4). Peptide binding to MHC-1 is primarily determined 

by "anchor" residues. i.e., residues of the peptide whose side chains are buried in pockets 

within the MHC peptide-binding groove. For most MHC-1, the peptides have two pnmary 

anchor residues, one at the carboxyl terminus and one at an intemal residue whose position 

varies depending on the identity of the class 1 allele (60-63). In general MHC-1 optimaily 

bind peptides that are 9 amino acids (aa) in length; however, peptides of up to 33 aa have 

been found to be associated with some MHC-1(64,65). 

1.3.3 Mode1 of MHC-I synthesis and transport 

Most nucleated cells express MHC-1. Subunits of MHC-1 (i.e., a, Pzm, and peptide) are 

assembled in the endoplasmic reticulum (ER) (Fig 1-5). Peptides associated with are 

mainly denved from intracellular proteolytic degradation in the cytosol and delivered to the 

ER by the transponer associated with antigen proçessing (TAP) (54, 55). Many molecules 

are involved in the assembly of MHC-1 and some of them are targets of viral polypeptides 

which retard or prevent the expression of MHC-1 (56, 66, 67). The exact mechanism and 

molecules involved in MHC-1 assembly are yet to be definitively defined. Below is a bnef 

summary of current knowledge of MHC-1 synthesis and transport. 

During synthesis, a chain of M C - I  is extruded into the ER but remains anchored to 

the ER membrane (55). In mouse and human, a chain associates with cainexin soon after its 

synthesis, via interactions both with the immature glycan and with residues in the 

transmembrane (TM) domain of a chain. In mouse cells, B2rn binds to a chain while the 

latter is bound to calnexin; whereas, in hurnan cells, it appears that Bzm binding displaces 

calnexin (68), and the resulting a-Bzm binds instead to calreticulin (69). Calnexin is an ER 

resident type 1 transmembrane protein that associates transiently with a large number of 

olycoproteins such as newly synthesized subunits of TCR, Ig, and MHC-1 and -II. The .= 
precise role of calnexin in the expression of MHC-1 is unclear; calnexin is not essential for 

the assembly of mouse or human a-B2m heterodimer. However, calnexin might, rather, have 

an indirect role. Co-expression of cainexin with free a chains was found to protect them 

from rapid intracellular degradation. The tl/z was extended 4 or 5 fold (68). Calnexin has 

been proposed to retain assembled intemediates of MHC-1 in the ER. In B2m-deficient cells, 





calnexin was found to remain in association with free a chahs that accumulate 

intracelIu1arIy. 

Wi thin 10 min after a chain assembles with P2m, a&m heterodimer can be found in 

association with TAP (70). T m  is a heterodimeric complex of TAPl and TAP2, encoded by 

MC-linked genes. Both TAPl and TAPS are membrane-spanning proteins with an ATP 

binding cassette and their function is to translocate peptides into the ER lumen (71) (72). 

TAP has been found to display a dramatic preference for peptides of 7-13 arnino acids in 

length, closely matching the 8- to Il-amino acid length typically prefemed by MHC-1. 

Shorter peptides appear not to be transported; longer peptides appear to be transported with 

Iess efficiency. Peptides not trapped by MHC-1 in the ER have very short half-lives. Rapid 

turnover of these peptides could result either from a putative ATP-independent pump that 

returns peptide to the cytosol or from ER-degradation pathways. TAP also displays some 

sequence preference. In human, TAP preferentially excludes peptides with a C-terminal 

proline and possibly also glycine. In mice, TAP is more restrictive and only transports 

peptides with hydrophobic C-terminal residues (73). Note that al1 known mouse classical 

MHC-I bind peptides with hydrophobic C-terminal amino acids. By contrast, in humans, the 

more permissive TAP accommodates several HLA alleles that preferentially bind peptides 

with positively charged C-tennini. 

In TAP-deficient mouse cells, calnexin dissociates very slowly in paraltel with the 

slow transport of a-Pzm heterodimers in these cells. a-p2m heterdimers are unstable on the 

ce11 surface and have a t i c  of much less than 30 min compared to the t l ~  of peptide-bound a- 

B2m (sssuming the peptide has a high-binding affinity) (34. 74), which is usually greater than 

4h  (75, 76). Consequently, TAP-deficient cells have a lower level of MHC-1 expression and 

the MHC-I are usually not recognized by the T ce11 receptor (77). 

Proteasomes are important contributors to the MHC-1 antigen presentation pathway. 

The 26s proteasome complex present in the cytoplasm consists of a 20s proteasome catalytic 

core and a 19s regulatory particle (78). This structure is thought to be pnmarily responsible 

for the degradation of cytosolic proteins and has been implicated in the generation of 

peptides for the class 1 antigen presentation system. The 26s proteasome is integrally 

involved in ubiquitin-dependent processing of polypeptides (78), and ubiquination of intact 

antigens enhances their efficiency of presentation (79). When peptide aldehyde inhibitors 



inhibit both the 20s and 26s proteasomes, MHC-1 presentation is also inhibited (80, 81), as 

also seen in TAP-deficient cells. The overall composition of the central (p subunit) rings 

within the 20s-proteasome complex is controlled by the cytokine IFN-y. IFN-y up-regulates 

the transcription of LM.-2 and LMP-7 genes, located within the WC-II region adjacent to 

the TAP-1 and TAP-2 genes and LMP-10 (82-84). The increased incorporation of LMP-2, -7 

and -10 p subunits into proteasomes by I M - y  results in the reduced presence of 3 other 

constitutively produced p subunits in the complex. As the consequence of the replacement, 

heterogeneous proteasome structures with different catalytic specificity were obsewed (84). 

Therefore, IFN-y induction of cells could have a major impact on the types of peptides 

produced. Cumulatively, these reports implicate the proteasome as the predominant 

cytoplasmic structure responsible for the generation of MHC-1-restricted peptides. 

The ATP-dependent delivery of peptides to the TAP-HC-pzm complex results in the 

release of MHC-1 from TAP. The release is peptide-specific and is dependent on the MHC-I 

involved. The rate of release from TAP also mirrors the release of p-HC-p2m complex into 

the secretory pathway (85). 

Recently, a TAP-independent mechanism of MHC-I assembly in human has been 

discovered with the identification of an ER residential protein, Jawl (86). Jawl lacks an 

NI2-terminal-signal sequence, and is inserted into the membrane post-translationally by a 

hydrophobic TM region. It consists of a large cytosolic domain of several coiled coils, a TM 

region, and a 35x1 lumenal tail. It can efficiently deliver a carboxy terminal-antigenic 

peptide to MHC-1 in TAP-deficient cells or cells in which TAP is inactivated by the ICP47 

protein. Expression of Jaw 1 is limited to hematopoietic cells. The findings demonstrate two 

novel routes of antigen processing: 1) highly efficient peptide-liberation from the carboxy 

termini of membrane proteins in the ER, and 2) delivery of a cytosolic protein to the ER. 

1.3.4 Binding of peptide and MHC-1 conformation 

The a chain of MHC-1 forms a peptide-binding cleft in its membrane-distai domain, where 

the walls consist of two a-helices and the floor is a p-pleated sheet (Fig 1-6). The structural 

features necessary for peptide binding are fully contained in the alla2 region, as an MHC-1 

missing the entire a3 domain shows neither changes in or,/@ conformation nor altered 





peptide binding. The peptide-binding cleft of MHC-1 has closed ends, and bind short 

peptides (p). In contrast, the peptide-binding cleft of MHC-II has open ends and therefore, 

can accommodate longer peptides of 12-15 aa. Peptides are mainly bound in the cleft of 

IMNC-1 by hydrogen bonds between main-chah atoms along the peptide and MHC-1 residues 

in the peptide-binding cleft. High affinity binding of peptides is mediated through specific 

anchor residues, bound in complementary MHC-1 pockets (59-6 1, 87, 88). Anchor residues 

differ with regard to either the position of the anchors within the peptide or the chernical 

nature of the residue at a position that acts as an anchor. Although optimal binding requires 

octameric or nonarneric peptides (60, 61). longer peptides can be accornmodated in the 

binding groove, either by bulging out in the middle or by extending out from the carboxy (C) 

-terminal end (63,65, 89,90). The arnino-terminal is much more restrictive in its positioning 

requirements (91). The F-pocket of the peptide-binding cleft accommodates the C-terminal 

end and the C-terminal side-chain of the peptide ligand, and its contacts with the bound 

peptide contribute significantly to the overall binding strength (92-94). For example, the 

specificity of peptide binding is Iargely controlled by the polymorphic residue 116 of HLA- 

A2, which lies at the bottom of the F-pocket. Usually, three hydrogen bonds are made 

between conserved residues lining the F-pocket and the peptide-ligand backbone. Self- 

peptides, ive. peptides derived from proteins native to the cell, bind to MHC-1, but these are 

ovenidden by vira! peptides following viral infection (59,95,96). 

Most MHC-1 on the normal cell surface exist as ternary complexes, p-a-p~rn (55). 

The stability of the complex depends primarily on the binding affinity of the peptide. The 

temary complex pH-a-Bzrn (associated with high-affinity peptide, pH) is most stable, with a 

half-life of 4h or more (75). The complex pL-aBtm, in which the peptide is either too long or 

lacks the proper binding motif and thus binds with low affinity (therefore, pL), is also present 

and is less stable (59). Three other forms of MHC-1, al1 unstable, a-Pzm, p-a and a (perhaps 

in decreasing order of stability) can also be found on the ceIl surface (33, 34, 97). 

Col lectively, these have a half-life of 30 min or less at 37OC (34. 97) and rapidly denature 

(98). Such denaturation can often be detected by mAbs specific for the ala~ domains: the 

binding of such mAbs to live cells provides a rneasure of the capacity of cells to produce 

MHC-1 with stable peptide ligands. 

Due to the instability of pL-a-Pzm, a-Pzm, p-a and a, only the crystal structure of PH- 



u-pzm has been studied. The three-dimensional structure of a MHC-I molecule was first 

obtained in 1987 after the successful crystallization of HLA-A2 (99). This structure provided 

a conceptual framework for understanding some of the characteristics of MHC-I and 

su bsequen t structural determination of several other MHC-1 molecules (HLA-B27, HLA- 

Aw68, H - ~ K ~ ,  H - ~ D ~ )  has confirmed the overall molecular architecture of MHC-I(88, 100- 

1 04). 

1.4 NON-CLASSICAL MHC-1 

As the sequencing of the MHC loci progressed in a variety of marnrnalian species, it becarne 

clear that many other class 1 genes existed that showed sequence homology to the class Ia 

loci but differed both with regard to expression and polyrnorphism. These loci came to be 

called "non-classical" class 1 or class Ib in the mouse (105, 1û6) (Fig 1-3). Class Ib loci were 

found to lack the polyrnorphism of class Ia loci. Furthemore, expression of class Ib loci is 

often restricted to certain tissues, such as the thymus, liver, intestine or placenta (107, 108). 

In the mouse, class Ib proteins were identified during studies undertaken to define the 

antigens associated with normal T ce11 development. The thymus leukemia antigens (TL) 

encoded by H-2Q and H-2Tgenes were discovered in 1963, while other antigens such as Qa2 

and Qal were discovered much later (109-1 11) These were joined by gene products of a 

third and more distal class I subregion, H-2M (112) (named for the well-studied resident 

sene H-2M3), which has undergone recent characterization, 
U 

These non-classical MHC-1 molecules were found to possess some interesting 

modifications in their structures andor peptide-binding capabilities. For example, the Qa2 

antigen, encoded by the 47 gene, was found to be tethered to the ce11 membrane by a 

glycophosphoinositol (GPI) linkage, while a second H-2Q region gene, Q10, encoded a 

transrnembraneless, soluble protein. Further, H-2M3 was reported to bind N-forrnylated 

peptides produced either in the mitochondriz or during bacterial infection (1 13). 

In human, three loci, terrned HLA-E, HLA-F and HLA-G were first identified in the 

late 1980s (1 14, 1 15) (Fig 1-3). This was followed by the discovery of the MIC genes 

(MICA-E), which exhibited a greater divergence from class Ia than HLA-E, -F and 4. Of 

the  five members of this family, only the MICA and M K B  genes, situated between the TNF 

and HLA-B loci, are expressed (1 16). MICA requires neither B2m nor bound peptide for 



cell-surface expression and has been shown to be the ligand for the activating NK receptor 

complex, CD94MG2D (1 17). A putative empty class I molecule in the mouse (T22) was 

identified and shown to communicate with T cells (1 18). 

Similar to other classical MHC-1 molecules, the HLA-E heavy chain is expressed on 

the ce11 surface as a noncovalent complex with pzm and a peptide. For most MHC-1. the 

peptide is an octameric or nonarneric fragment derived from degradation of cytoplasrnic 

proteins, such as housekeeping enzymes, or viral proteins in infected cells processed by the 

proteasorne. For HLA-E and Qa-1, however, there are additional constraints (1 19, 120). 

AIthough HLA-E expression is TAP-dependent, its peptide repertoire is largely compnsed of 

the leader sequences from other class 1 molecules. In mouse, ~ a - l b  has been found 

preferentially associated with a peptide cailed Qdm (AMAPRTLLL), also derived from 

MHC-1 signal sequences. Furthemore, the leader sequences for HLA-E or Qa- 1 and certain 

other MHC-1 do not bind HLA-E or Qa-1, respectively (120). Interestingly, HLA-E and Qa- 

1 share an unusual feature involving the replacement of othenvise highly conserved Thr143 

and Trp147 by Serine residues. This could change one of the side pockets O in the peptide 

binding cleft, perhaps accounting for the restricted repertoire of peptides. Hence, expression 

of HLA-E or Qa-1 requires not only the normal production of these molecules but also 

synthesis of at least classical MHC-1 molecules. 

721.221 cells are HLA-A, -B, and -C negative mutant B-lymphoblastoid ceIl line 

(1 2 1). 7S 1.32 1 ceils do not express intact HLA-E molecules on the cell surface because they 

lack an adequate peptide suppiy due to deficient expression of other HLA molecules (122, 

133). Transfection of an HLA molecule into 721.221 cells may result in expression not only 

of the transfected HLA molecule but also of endogenous HLA-E (124). Moreover, there was 

a good correlation between capacity of û specific HLA molecule to confer resistance to NK 

lysis and the ability of its leader peptide to bind HLA-E. 

1.5 NK RECEPTORS 

1.5.1 Overview 

The molecules that modulate NK function appear to segregate into two basic categories: 

acti vating receptors and inhibitory receptors (25, 125, 126). Activating receptors can trigger 

lysis of the target cell k ing recognized while inhibitory receptors can ovemde the activating 



signal upon interaction with their ligand(s) (if present) on the same target cell. 

Almost al1 NK inhibitory receptors identified in human, mouse and rat have one or 

more immunoreceptor tyrosine-based inhibitory motif (ITIM, VkYxxL) regions in their 

cytoplasmic domain (23, 127, 138). When NK inhibitory receptors are cross-linked either by 

specific antibodies or ligands, the tyrosine (Y) residue in the iTIM regions will be 

phosphorylated. The phosphorylated KIM regions enable the recruitment of phosphatases 

( e g  SHP-1 and perhaps SHP-2) to counteract the activating signalling cascade and abon NK 

celI cytotoxicity (127). 

Unlike the inhibitory receptors, NK activating receptors have a very short 

cytoplasmic tail with a charged residue in the transmembrane sequence, through which they 

associate with a small transmembrane adapter molecule (e.g., D A . 1 2  and FcRy III) that 

mediates an activating signal upon receptor cross-linking. DAR2 exists as a disulfied-linked 

homodimer and has one immunoreceptor-based tyrosine-activating motif (ITAM, 

D/ExxYxxUIx~.~YxxUI) in its cytoplasmic tail (129, 130). When NK activating receptors 

are cross-linked by specific antibody or their ligands, the Y residue in the ITAM region will 

be phosphorylated to enable the recruitment of src homology domain-3 (SH2)-containing 

signalling kinases (e-g. Ick, ZAP7O and Syk), resulting in a rapid rise in [ca2+li and an 

increase in  phosphoinositide turnover (131). importantly, mAbs against NK activating 

receptor should tngger resting or IL-2 activated NK cells to kill target cells expressing the Fc 

receptor. In this process, termed "redirected lysis," rnAbs bind specifically to NK activating 

receptors while their Fc domains bind target-cell Fc receptors, thus providing cross-linking 

and bridging effects (132) (Fig 1-7). "Redirected lysis" is widely used as a functional assay 

in searches for NK activation receptors. 

1 S.2 ly49 and nkprl gene families 

Most NK receptors identified in mice are type II integrai membrane proteins (external C- 

terminus) that contain a carbohydrate recognition domain (CRD), a common feature of the 

members of the C-type lectin superfarnily (Fig 1-8). The first murine NK inhibitory receptor 

for MHC-1 was described by Yokoyama and his colleagues (1989) (133). They demonstrated 

that Ly49 (now, Ly49A) is expressed on a subset of NK cells as a disulfied-linked 

homodimer, and it inhibits cytotoxicity against targets that express the IMHC-1 antigens, 
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H - ~ D ~  and H - ~ D ~ ,  but not H - ~ D ~ ,  H - ~ K ~  or H - ~ L ~  (20). To date, at least 16 cross- 

hybridizing and linked genes encoding Ly49s (ly49a-p) have been identified on mouse 

chromosome 6. Four Ly49 homologs have also k e n  cloned in rat, but so far only one 

inhi bitory receptor, specific for MHC-1 (RT 1 .A), has been characterized (134). See 

Appendix A for a surnmary of NK receptors that have been identified and characterized. 

Ly49 receptors are expressed as disulfide-linked homodimers (1 33, 135- 138). 

Diversity within the ly49 gene family is provided by alternative mRNA spticing and allelic 

polymorphism (133, 135, 139-143). The [y49 genes differ both in their extracellular and 

cytopIasmic domains, implying diversity in ligand binding and signal transduction functions, 

respecti vel y. Furthermore, the expression of severd different ly49 genes in overlapping NK 

subsets also provides a diverse repertoire of Ly49 receptors. 

Table 1-1 summarizes monoclonal antibodies reactive with five Ly49 famity 

members. (1 36, 144- 147). Wi th these anti bodies the distri bution of the corresponding 

receptors on different NK cells has been exarnined and reveals a complex expression pattern, 

which raised two great concerns that are, unfortunately, often ignored when studying Ly49 

molecules (148). First, NK cells cornmonly express Ly49 receptors that are apparently 

irrelevant for the animal in the sense that they fail to react detectabIy with the host's MHC-1 

and second, NK cells CO-express two or more Ly49 receptors, which often recognize more 

than one MHC-1 allele, each. Nonetheless, the capacity of these Ly49 receptors to bind 

certain MHC-1 can explain most of the alloreactivity patterns of murine NK cells. 

Among the first activating NK receptors to be identified were the NKR-Pls (see 

Appendix A). These are 60-80 D a ,  disulfide-linked homodimers. There are three mouse 

NKR-Pl genes (MusNkrpI-A, -B and -C) and probably five in rat. The first mAb NKl. 1 to 

de fine a cell surface molecule predominantly expressed on mouse NK ce11 was made by Koo 

and Peppard (1984) (149). Later the mAb 3.2.3, which identifies al1 rat NK cells, was 

developed (132). Both of these antibodies recognize products of the NKR-Pl gene family 

and stimulate NK cytotoxicity and degranulation (132). The mouse NKl.1 antigen is encoded 

by MusNhpl  -C (1 50). Expression of NKR-P 1 varies between different strains of mice (15 1- 

153) (Table 1-2). The NK1.1- strains do contain Iow levels of transcripts for the other 

isofonns of NKR-Pl. Cloning of the promoter regions from these NKl. 1- strains showed a 

95-98% identities, suggesting that the differences in expression are due to strain-specific 



Table 1-1 Monoclonal Antibodies Speciflc for Ly49s 

Ly49 antigen mAb 

Ly49A A l ,  JF9.3 18, YE1/48, 12A8 

Ly49C 5E6,4L03311, lF8,14B11 

Ly49D 12A8,4E5, 12A1 

Ly49F 14B 1 1 

Ly49G2 4D11 

Ly49H 1F8 

Ly49I 5E6, 14B11 

Table 1-2 Strain Reactivity of rnAb PIC136 (NK1.1) 

N K I . ~ +  strains NKl.1- strains 

C57BU6 and congenic strains A/J 

C57BUlO and congenic strains A W J  

C57BR/cdJ BALBIc and congenic strains 

C5 815 C3HeB/FeJ 

CWJ DBA/2J 

NZBB 1 NJ NOD/LtJ 

NZW/LacJ 1 29/J 

ST/bJ 

BALB.B6-Cmvlr 

S W J  



transactivation factors. In tems of diversity, it is known that NK cells c m  express more than 

one member of the family. 

Although the biological function of =-Pl is presently unknown, clues corne from 

the studies of Ryan et al, who showed that loss of NKR-Pl expression by the rat EUciTK-16 NK 

leukemia ce11 line correlates with the inability to kill certain mouse tumour ce11 targets (154). 

Transfection of the RNK-16 mutant with rat NKR-P1A cDNA restores cytotoxicity against 

these targets. In addition, Kung and Miller (1995) showed that mAb NK1.1 can inhibit the 

killing of parental lymphoblasts by NK cells frorn (C57BU6 x BALB/c) F1 rnice, suggesting 

a role for NKR-PIC in target ce11 recognition (155). However, killing of most target cells 

does not seern to require NKR-PlC since NK1.1' mouse straîns possess normal NK cells. 

Perhaps, the NKR-Pl homologs in these mice are expressed but not stained by mAb NKl. 1. 

Until the functional characterization of Ly49D (42) and NKR-PIB (157), it was 

thought that mouse nkrpl genes encode NK activating receptors and mouse ly49 genes 

encode NK inhibitory receptors recognizing classical MHC-1. However, Ly49D were found 

to have al1 the characteristics of an NK activating receptor. It lacks the iTIM motif found in 

al1 NK inhibitory receptors and associates with DAPlZ (42). Furthemore, ~ ~ 4 9 ~ "  can 

trigger B6 NK cells to kill iarget cells expressing H - ~ D ~ .  Recently, Ly49H was also 

identified as an activating receptor (130). Conversely, NKR-PLB possesses an ITIM in its 

cytoplasmic dornain and was shown to inhibit NK cytotoxicity triggered by an NK activating 

receptor (lC10 antigen) (157). Thus, there are activating receptors and inhibitory receptors 

in both the NKR-P 1 and Ly49 families. 

Interestingly, both the ly49 and nkrpl gene clusters were mapped to a stretch of DNA 

on mouse chromosome 6 (156). The genornic region was then defined as the "NK gene 

complex (NKC)" (Fig 1-9). Having k e n  identified on syntenic regions of rat and human 

chromosomes, NKC was found to be conserved among species (156, 158). In addition to the 

Ly49s and NKRPls, the NKC contains some disease resistance genes that mediate their 

immune protective effect via NK cells, as well as genes that encode structurally unrelated 

proteins that may modulate NK function. 

Efforts were made to search for human homologues of Ly49 and NKRPl, but with 

limited luck. Human NKRP1-A was identified but its function was quite distinct from mouse 
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or rat NKRPl-A (159). The functional consequences of treating human NK ceils with anti- 

NKR-P I A mAb are more complex, resulting in no effect, activation, or inhibition, depending 

on the NK ce11 population studied (159) (124). It is also interesting to note that al1 rodent 

NKRPls express the CxCP motif that interacts with phosphorylated p561Ck, but human 

NKRP1-A lacks this motif (24, 25). The stmctural difference and the diverse response 

elicited by anti-NKR-Pl rnAb suggest that additionai, functionaily distinct isoforms of 

NKRPls might exist in human. As yet, human homologs of the Ly49 genes have not been 

identified. Instead, human NK cells express receptors belonging to the killer inhibitory 

receptor (KIR) family. 

1.9.3 Human NK receptors-KIRS and KARS 

Members of the KIR family are stmcturally distinct from Ly49 receptors (160- 162) (Fig 1-8). 

KIRS are type-1 integral membrane proteins belonging to the irnmunoglobulin (Ig) 

superfamily. Members of the IUR family can be grouped into 3 subtypes based on HLA 

specifici ty. HLA-C responsive KlRs contain two Ig domains; HLA-B responsive KIRs have 

three Ig domains, and an HLA-A responsive KIR also has three Ig domains (160, 161). 

Although KlRs and Ly49 inhibitory receptors both recognize MHC-1, KIRs differ from 

Ly49s in many aspects. For example, KIRS display little polymorphism although multiple 

farnily members do exist. Moreover, KIR genes map to chromosome 19 instead of the 

human NKC located on chromosome 12 (163-166). Therefore, KIRS and Ly49 inhibitory 

receptors do not subserve the identical function. KIR homologues have yet to be found in 

The molecular cloning of human KIRs revealed that some members of this gene 

famiIy also activate NK cells. These activating receptors, k i n g  close relatives of KIRs, have 

been termed killer activating-receptors (KARs) (167). KIRs and KARs are expressed in 

pairs. KAR (e-g . ,  p5O) and its KIR partner (e.g., p58), have identical extraceilular portions 

but different transmembnne and intracellular domains. KARs have a shorter cytoplasmic 

domain, and lack cytoplasmic ITIMs, but possess charged amino acids in their 

transmembrane segments that permit association with DAP 12 (129, 168). In addition, KAR 

also contains a CxCP motif in its cytoplasmic domain for interaction with p56'Ck. p5O KAR 

dispIays ELA-C specificity and is CO-expressed with at least one inhibitory receptor specific 



for another class 1 allele. A measurable NK triggenng via p5O KARs occurs only in the 

absence of inhibitory interactions. In vivo this situation may occw either following down- 

regulation or peptide-induced alteration of the HLA-1 interacting with the inhibitory 

receptors. Although p50 KARs appear to display the sarne allele specificity of the 

corresponding p58 KIRS, it is possible that inhibitory and activating receptors recognize 

different forrns of HLA class 1 motecules or different HLA ciass 1-bound peptides. 

1.5.4 CD94/NKG2 family 

Receptors homologous to C-type lectins (Fig IB) have k e n  identified on human NK cells 

but appear not to represent Ly49 or NKRPl homologues (169). CD94 and a family of 

molecules cal1ed M G 2  (A-F) display distant homology with the munne NKRPl and Ly49 

families and are encoded by genes clustered in the human NKC (170). CD94 forms 

disul fide-linked heterodimers with distinct members of the NKG2 family, these requiring 

CD94 for surface expression. NKG2A and B appear to be alternatively spliced from the 

same gene, but genomic studies have shown that other NKG2 proteins (NKG2C-F) are 

products of distinct genes. CD94 has a very short cytoplasrnic domain (7 amino acids), and 

therefore, signal transduction is mainIy through the NKGS partner. NKG21VB contain 

ITIMs and are inhibitory whereas NKG2C lacks an ITIM, associates with DAPL2 and is 

stimulatory (1 17, 129. 171). Thus far, there is little information on the expression/function of 

other identified NKG2 genes: NKG2D appears only distantly related to the family, NKG2E 

may be an activating receptor, and NKG2F is missing the carbohydrate recognition domain, 

which is a characteristice of a C-type lectin protein. CD94 and NKG2 orthologues have been 

identified in rodents. Like KIRS, CD94/NKG2 heterodirners are selectiveIy expressed by NK 

cells and a subset of CTLs. CD94MG2A was initidly believed to be involved in N K  

recognition of a broad spectrum of HLA-1; nevertheless, it has now k e n  finnly established 

that the specific ligand for both CD94/NKGSA and CD94MG2C is the non-classical MHC- 

1, HLA-E (133). CD94/NKGSD is a receptor for the stress-inducible MHC-1 like molecule 

MICA (1 17). Hence, KIRS, NKR-Pis, Ly49s (which recognize classical MHC-1) and 

CD94NKG3 receptors appear to play complementary roles for suweying the 

biosynthesis/expression of most if not al1 MHC-1. 



1.5.5 Other molecules implicated in NK activation or inhibition 

Many more moiecules that could activate or inhibit NK functions but do not belong to Ly49, 

NKRP1, KIR, or C D 9 4 M G 2  families have been identified over the years but, for the most 

part, are less well charactenzed. 1 wiII not attempt to describe al1 the NK receptors 

identified. Following are some of them. For activating receptors, NKp46, NKp30, NKp44, 

2B4 and CD16 are members of the Ig-superfamily and their masking by blocking mAb 

inhibits the NK lysis of a variety of target cells. CD16, NKp46 and NKp30 are associated 

with CD3< andor FcRy, whereas NKp44 is associate with DAPL'. Much current work 

involves searching for their ligands and their signalling pathways (24,25, 168). 

In addition, several adhesion molecules (e-g. CD2, CD 1 la/CD 18 (LFA- 1) and 

CD49lCD29 (VLA-4) have k e n  implicated in NK activation (172-177). It was hypothesized 

that changes in the quantity and activation stage of certain adhesion molecules on NK cells, 

and the density and arrangement of their ligands on target cells, may suffice to activate NK 

cells. In support of this hypothesis, some adhesion molecules are de novo expressed or up- 

regulated when NK cells are activated by target cells or inflamrnatory cytokines such as 

ThFa (175, 176). The cytoskeletal-membrane tinker protein, ezrin, was shown to directly 

control target susceptibility to NK cells via intracellular control of the ceIl surface expression 

pattern of the adhesion molecule ICAM-2 (ligand for CD1 la/CD18) (178). 

For inhi bi tory receptors, Ig-like transcripts (ILTs), leukocyte associated Ig-li ke 

receptors (LAIR) and Gp49 are the ones that are cumently being studied (179). LTs  includes 

at least eight members with different nurnbers of Ig domains, cytoplasmic tails with or 

wi thout ITIMs, and distinct expression patterns. ILTs are expressed primaril y on monocytic 

cells and dendritic celIs but are also found on some NK and B cells (164, 180, 181). They 

are encoded in a gene complex centromeric to the KIR gene complex. Three of the iLT 

family members (ILT6, ILT7 and ILTS) contain short cytoplasmic domains and are 

associated with FcRy which transduces stimulatory signais. LAIR carries a single Ig domain 

and is expressed on al1 leukocytes. Antibody cross-linking of LAIR on NK celts can inhibit 

NK cytotoxic function (via SHP-1 and SHP-2 signalling). Lastly, gp49 found on mouse 

cells, is a distant structural relative of KIR (182-184). Two gp49 genes, encoding gp49B and 

a non-inhibitory gp49A isoform, are linked on chromosome 10 in a region that is not syntenic 



with the human KIR gene complex (164). Gp49B has been shown to inhibit NK cytotoxicity 

and rnast ce11 de-granulation (184). 

1.6 MHC-1 AND NK RECOGNITION 

The "missing-self' hypothesis has suggested that the specificity of NK recognition is 

provided by inhi bitory signals transduced by receptors for self-MHC-1 and has been strongly 

supported by the recent discoveries of NK inhibitory receptors and ligands (Fig 1-1). 

However, not al1 lysis mediated by NK cells could be explained by this hypothesis. Since the 

proposal of the "missing-self' hypothesis, several groups have tried to better understand the 

structural basis of MHC-1 in NK recognition to complement the hypothesis. 

Several studies have focused on defining the regions of MHC-1 involved in the 

recognition by NK inhibitory receptors. In 1989, by perforrning exon-shuffling and poifit- 

mutation experiments on human MHC-1, Storkus et al. showed that the al-a2 region appears 

to be cnticaI in determining the specificity of MHC-1 (HLA-A and HLA-B) as an inhibitory 

ligand (36), and that the amino acids in the peptide binding groove of MHC-1 are important 

in conferring NK resistance (37). In 1998, Karlhofer et al. (20), and Sundback et al. (40) 

have mapped the mouse MHC-1 determinant recognized by the inhibitory receptor Ly49A to 

the a?-region of the D~ molecule. 

There are four different forms of MHC-1 (p-a-Brm. p-a, a-bzm, a) expressed on the 

surface of a normal ce11 (see "cIassical MHC-I" section); therefore, any of these four forrns of 

MHC-I coutd be the ligand for NK receptors. MHC-1 molecules capable of binding 

exogenously added peptides are present in a detectable level (by mAb-staining) on both 

normal and TAP-deficient (e.g., RAM-S) cells, and are conventionally refemed to as "empty" 

MHC-1 molecules (Chapter 2). It is essentially unknowable, however, to what extent these 

molecules are tmly empty, Le., contain solvent in their binding groove (e.g., a-$?m or a) 

versus a weakly bound peptide (e.g., pL-a-P2rn) (34, 74, 185). Nonetheless, the exogenously 

üdded peptide is most li kel y to bind to a-pzrn andor displace the p~ in the pL-a-B2m complex 

(after the p~ dissociates). Binding to a chah alone is probably unlikely as it was shown to be 

highly unstable on the ceIl surface at 37OC (34). We, thereby, refer to al1 forms of MHC-1 

that can bind exogenous peptide of high affinity as "peptide-receptive" MHC-I (Chapters 3- 



5) (74). This is an operational definition. Chnstinck et al. and Luscher et al. showed that 

approximately 10% of D~ molecules expressed on the surface of EL4 tumour cells are 

peptide receptive (76, 186). 

Peptide binding is known to influence the conformation of the surface of class 1 

molecules as detected with mAbs and TCR (187-190). Using a system employing 

fluorescence resonance energy transfer, Catipovic et al. found that H - ~ K ~  a-PZm 

heterodimers are in a relatively extended conformation, and that this conformation becomes 

more compact when peptide is bound (190). This is consistent with peptide-receptive MHC-1 

molecules (pL-a-P2m ancilor a-Bzm) having conformation(s) different from that of a PH- a- 

P m  ternary complex. It is possible that NK receptor(s) can distinguish different 

conformations of MHC-1. 

Since 1992, several studies have attempt to address the question of whether the 

presence of peptide in the peptide-binding groove within the a,az region is cntical in 

recognition by an NK inhibitory receptor. Storkus et d., using C 1R cells (an HLA-A, HLA- 

B nul1 human tumor ceIl line) that are normally lysed by human NK cells, found that these 

cells could be protected from lysis by transfection of certain HLA-A or HLA-B and that 

protection was reversed by the addition of peptide that could bind to the protective MHC-I 

(191, 192). Chadwick and Miller (38), and Chadwick et ai. (39) found that normal non- 

trnnsforrned iymphoblasts could be lysed by syngeneic mouse NK cells in the presence of 

peptide specific for their MHC-1. They tested 9 different peptides specific for ISb, D ~ ,  K ~ ,  L ~ ,  

or D ~ .  A11 of these peptides could sensitize a normal lymphoblast to be lysed if they could 

bind to it. There are two possibilities to explain these results: (1) binding of exogenous 

peptide replaces a protective sel f-peptide essential for NK inhibi tory receptor recognition, 

and ( 2 )  converting the peptide-receptive f o m  of MHC-1 into pH-a-Pzm complexes by 

binding of exogenous peptide maskes (or alteres) the region (or conformation) required for 

recognition by the NK inhi bitory receptor(s). 

In 1994, these two hypotheses were tested. Results of Correa and Raulet (193) and 

Orihuela et al (41) show that Ly49A, the prototypic NK inhibitory receptor recognizes D~ in 

the presence of either foreign or self-peptides specific for Ild. These groups transfected TAP- 

deficient RMA-S (41) or LKD8 (193) cells with D~ cDNA construct. In the absence of TAP, 

these cells express the a-&m. pL-a-prm and possibly the D~ a on their ce11 surface. al1 



known to be extremely unstable, thus resulting in low level of surface expression at 37OC. To 

stabilize D~ expression on the ce11 surface, foreign or self peptide@) of high binding afhi ty  

for Dd were used to convert the unstable forms of MHC-1 into the most stable form of MHC- 

1, pr-i-a-B2rn (tia > 4 h )  They found that Dd-transfected cells were protected from lysis 

mediate by Ly49Af B6 M< cells if D~ were stablized on the ce11 surface. The extent of 

protection correlated with the extent of stabilization of D" expression by added peptide. Both 

groups suggested that the role of peptide was to promote the assembly and ce11 surface 

expression of MHC-1 and that there was no peptide specificity in Ly49A recognition of D ~ .  

In agreement with these finding, a recent study on the crystal structure of the extracellular 

domains of Ly49A bound to Dd showed that the Ly49A dimer interacts extensively with Dd 

at two distinct sites (194). At site 1, which is less extensive, a single Ly49A binds at one side 

of the ~ ~ - ~ e ~ t i d e - b i n d i n ~  platform (al az domains) but away from the peptide antigen, 

suggesting that Ly49A recognizes the Ild conformation stabilized by Dd-specific peptide and 

not the peptide antigen. At site 2, which has a more extensive interface, the Ly49A dimer is 

wedged into a cavity bounded by the D" a2 (60%) and a 3  (15%) domains and Btm (25%), 

sugzesting that the overall D~ conformation is critical for Ly49A recognition. Moreover, 

while binding at site 1 is consistent with previous studies on the interaction between Ly49A 

on the  NK ce11 and D~ on the target ce11 (rrans-inreracrion), binding at site 2 seems to 

represent a possible cis-interadon between Ly49A and D~ on the same NK cells. The 

possible significance of this possible interaction is not known at the present time. 

In studying MHC-1 recognized by human NK receptors, Malnati et al used RMA-S cells 

transfected with HLA-B27 as targets, human NK clones expressing KIR receptors specific for 

HLA-B27 as effectors, and exogenous synthetic peptide ligands of HLA-B27 to stabilize 

surface expression of HLA on RMA-S cells (195). Surprisingly, only one of the four peptides 

specific for HIA-B27 tested provided protection from lysis by the specific NK clones (195). 

The protection was independent of the peptide binding affinity to HLA-BS7. By doing fürther 

analysis of HLA-B27 specific peptides using amino acid substitutions, Peruzzi et al. found that 

the side chains of the 7th and 8th arnino acid of "protective" peptides were conserved and may 

be involved in NK recognition (196). This involvement may be either indirect, by affecting the 

conformation of the KIR binding site, or direct through interference with KIR binding to the 

class 1 heavy chain. 



These observations were apparently contradictory to what Storkus et ai. and 

Chadwick et al. had shown. However, it remains possible that some inhibitory receptors 

recognize the pH-a-Dzm form of MHC-1 and other inhibitory receptors recognize the peptide- 

receptive form of MHC-1 or something else, for there are rnany mouse NK inhibitory 

receptors identified and their ligands are yet to be carefully characterized. Mandelboim et al 

showed that cell-surface expression of human MHC class 1 molecules, in the absence of peptide, 

was both necessary and suffîcient to inhibit HLA-specific human NK lines and clones (197). 

Using a similar system, they transfected RMA-S cells with human HLA-C of two different 

haplotypes dong with human P2m. Culture of the cells at 26°C without exogenous peptide 

allowed for high expression of the transfected HLA-I and this persisted for at les t  2 hr after the 

cells were transferred to 37OC. Resence of a particular peptide-receptive HLA-C haplotype was 

sufficient to inhibit lysis by an NK clone specifically inhibited by that haplotype. Therefore, it 

is possible that human NK inhibitory receptors cm also recognize two different foms of MHC- 

1. 

Instead of looking at the MHC-I structure, some groups have tried to seek out the 

regions on inhibitory receptor that are important for the receptor binding to its ligand, mainly 

MHC-1. Up to now, only a few Ly49 members have been studied in detail. The lectin 

domain of Ly49A has been shown to be functionally important in the inhibition of natural 

killing, but it is not known if the lectin domain itself participates in the binding of MHC-1. 

Murine class 1 antigen express two conserved N-linked carbohydrates, but it remains to be 

shown whether these are required for the binding of MHC-1 by Ly49 receptors. One 

possible, but hypothetical, mechanism for interaction with MHC-1, is that the lectin domain 

of Ly49 binds directly to a class 1 carbohydrate, thus facititating interaction of the receptor 

with other parts of MHC-1. Altematively, Ly49 receptors may interact through the lectin 

domain with a variety of ce11 surface molecules, but acquire specificity through the 

recognition of MHC-1. Relevant in this context are studies by Takei et al, indicating that the 

specificity of recognition is dependent on both the lectin domain and the adjacent 

extracellular stalk region of Ly49 (138, 147). 

In addition to the recognition of classical MHC-1, MS cells also express receptors for 

non-classical MHC-1. Recent studies on human NK cells have demonstrated that NK ce11 

CD94/NKG2 receptors bind to the non-classical MHC-I, HLA-E (198). It has k e n  evident 



that CD94/NKG2 receptors gauge the overall level of HLA ciass I expression on celis, one 

indicator of their health status. The mouse nonclassical MHC-1, Qa-1, shares several features 

with HLA-E, and ~ a - l b  tetramers have been shown to bind to a large subset of fresh or IL-2- 

activated NK l.l+/CD3- splenocytes independently of the expression of Ly49 inhibitory 

receptors. Binding occurs whether NK cells have evolved in an MHC-1-expressing or in an 

MHC-1-deficient environment. Recently, the mouse homologue of CD94MG2 has ken  

cloned and shown to recognize ~ a - l b  (199). Functional studies showed that recognition of 

Qa-1 results in the inhibition of target ce11 lysis by CD94/NKG2+ NK cells. 

1.7 VIRAL STRATEGIES AGAINST IMMUNE RESPONSE 

1.7.1 Ovewiew 

Viruses of different strains have very distinctive ways of entering and perpetuating 

themselves in the host. A generalization of the mechanisms of viral entry, replication cycle, 

and viral interaction with host does not exist. However, many viruses take sirnilar 

approaches to escape immune surveilIance. These approaches are 1) evasion of MHC-I 

presentation, 2) restriction of MHC-II-mediated antigen presentation, 3) negative regulation 

of cytokine-production, and 4) inhibition of apoptosis (48). 

1 J.2 Evasion of MHC-1 presentation: 

Cytotoxic T lymphocytes (CTL) play a crucial role in virus clearance. CTLs recognize 

infected cells through their T ceIl receptor (TCR), which bind to the MHC-1 expressed on the 

surface of most nucleated cells. It follows that viruses that attenuate MHC-1 expression have 

a selective advantage through making the infected cells invisible to CTLs. Every step in the 

assembly and trafficking of the MHC-1 complex (p-a-P2m) presents a suitable target for this 

strategy F ig  1-10). The first step in the generation of an antigenic peptide for MHC-1 

presentation is proteolysis. Both human cytomegalovirus (HCMV) and Epstein-Barr virus 
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Figure 1-10 Inhibition of MHC-1 antigen presentation by viral proteins. 



(EBV) encode proteins (pp6S and EBNA-1 respectively) that interfere with proteasomal 

proteolysis to inhibit the generation of virus-specific T ceIl epitopes (200, 201). 

Furthemore, instead of inhibiting peptide-generation, variants of human imrnunodeficiency 

virus (HZV) generate an antagonist peptide, which can actively silence HIV-specific CTLs 

when being presented by MHC-I(202,203). 

The second step in generating MHC-1 is TAP-dependent transport of cytosolic 

peptide into the ER lumen. Herpes simplexvirus (HSV) and HCMV both encode proteins 

(ICP47 and US6 respectively) that interfere with peptide-transport (204-208). ICP47 

cornpetes with peptides for the single peptide-binding site on the TAP complex while US6 

attacks the TAP complex from the ER-lumenai side (207, 208). Completely assembled 

MHC-1 must be transported to the ce11 surface to be recognized by T andor MC cells. 

Viruses like adenovirus, HCMV and HIV synthesize proteins (E3-19K, US3, and Vpu 

respectively) to force the retention of MHC-1 in the ER-lumen (209-2 15). Murine CMV 

(MCMV) is subtly different; vird protein gp40 causes MHC-I retention in the cis-Golgi 

cornpartment (216). In addition to retention, HCMV also encode proteins (US2 and US1 1) 

that bind to M C - 1  and redirect the a chain to the cytosol for degradation (217-219). 

MHC-1 may be retained in or purged from the ER, but even when they reach the cell 

surface, they are not safe. Internalization of MHC-1 is a viable strategy to avoid detection by 

T cells. In lymphoid cells, HIV Nef actively link the adaptor complex AP-2 to MHC-1, 

which leads to accelerated endocytosis and degradation of MHC-I(220). 

However, elimination of MHC-1 expression is not without risk to the virus: r\TK cells 

can recognize cells deficient in self-MHC products. To avoid NK attack, mouse, rat and 

human CMV encode their own MHC-1 homologs, ml44 (221), r144 (222) and UL18 (223- 

225), respectively, which serve as decoys for NK cells, to inhibit lysis of the infected cells 

(223, 226-229). Expression of UL18 (in a vaccinica vector) in Chinese hamster ovarian cells 

has shown that UL18 binds both pzm and peptide (230, 231). In vitro, UL18 is found to bind 

to NK inhibitory receptors WR-1 and to inhibit NK lysis through CD94 (223, 232). 

However, the expression of ULl8 in HCMV-infected cells has not yet been convincingly 

demonstrated, and HCMV-infected cells are highly susceptible to unfractionated NK cells in 

virro (233); hence, the physiological relevance of ULl8 in HCMV infection remains unclear. 

The in vivo relevance of MCMV ml44 has k e n  better defined: an MCMV mutant with an 



ml44 gene deletion is cleared more efficiently by NK cells, as confirmed by restored 

pathogenicity of the mutant virus in NK-depleted animals (229). NK inhibitory receptors for 

mi44 have not yet k e n  found; interestingly, unlike UL18, ml44 does not bind peptide 

(223), suggesting that the receptors that bind the viral MHC-I homologs differ in their 

requirernent for bound peptide or that the functions of ml44 and ULl8 are not equivalent. 

Another MHC-1 viral homolog (MC090R) has recently been identified in the slow growing, 

persistent human tumourigenic poxvims, molluscum contagiosum virus (234). Like m144, 

-MC080R also lacks conserved amino acid residues required for peptide binding (235). 

Further characterization of these MHC-1 homologs and the NK receptors involved might 

improve Our understanding of NK recognition. 

1.7.3 Restriction of MHC-II-mediated antigen presentation 

Unlike MHC-1, MHC-II are more restncted in their expression, k ing  found primarily on 

antigen presenting cells such as dendritic cells, macrophages, B cells, and (in the human) 

activated T cells (236). MHC-IL typically display exogenously acquired peptides that are 

recognized by the TCR-CD4 complex, thereby activating T helper cells. Very little evidence 

is available that suggests specific regulation of MHC-II expression following virus infection. 

EBV encodes an IL10 homolog which, like physiological IL-10, can prevent the surface 

display of MHC-II and so delay the cal1 for T ce11 help (237-239). The bovine papilloma 

virus (BPV) E6 protein and HIV Nef cm both affect the intracellular distribution of MHC-II 

or the antigens destined for presentation by MHC-II via interfering with the endocytic 

machinery (240-242). The E5 product of BPV can elevate endosomal pH and therefore spare 

certain antigens from proteolysis and prevent their presentation (243). 

1.7.4 Negative regulation of cytokine-production 

Cytokines can be either positive or negative regulators of immune and inflammatory 

responses, and for this reason, many vimses encode their own cytokines (244). For example, 

EBV IL-10 homolog BcrfL is a negative regulator of IL-12, which promotes IFN-y 

production and has a profound impact on the developrnent of Thl- and Th2- like cytokine- 

producing ce1 1s (237, 238). Viruses can also neutralize cytokine activities by ei ther 

inrerfering with intracellular signalling or synthesizing soluble receptors specific for 



cytokines. Adenoviruses encode at least four genes that antagonize different stages of 

tumour necrosis factor (TNF) induced biological activities (245-248), while members of the 

poxvirus farnily collectively encode an impressive may  of soluble receptors that bind and 

block the activity of IFN-a, -p, and -y, TNF, and IL4 (48, 50). Recently, more viral 

proteins have been identified to be the antagonists of cytokines and of chemokines, important 

regulators of the immune response. 

1.7.5 Inhibition of Apoptosis 

Apoptosis, or programrned ce11 death, is a process by which a ce11 dies in response to certain 

interna1 or extemal stimuli. CTL and NK recognition of virus-infected cells results in a 

rapid, apoptotic death of the target cells, providing an obviously important mechanism for the 

elimination of virus-infected cells. Virus infection c m  also induce apoptosis more directly 

and may restrict virus infection by killing off the host ce11 before the release of progeny 

virions. Because viruses require cellular rnachinery to complete their replication cycle and to 

reproduce, they have evolved to interfere with apoptotic ce11 death. One example of 

apoptotic interference involves C m  A (249), a poxvirus protein, which resembles a serine 

protease inhibitor (serpin) but functionally inhibits Asp-specific cysteine proteases (caspases) 

and probabIy also Granzyme-B which is normaliy released by CTLs or NK cells in inducing 

apoptosis (250-253). Several members of the herpesvirus family encode a protein termed v- 

FLPS that inhibit the recruitment and activation of FLICE, a caspase that is part of the 

death-inducing signal complex (254). ln this manner, V-FLIPs protect against ce11 death 

induced by activation of members of the TNF-receptor family (255). Another viral protein 

invohed in the inhibition of TNF-induced cytolysis is the ElB49K protein encoded by 

adenovims (247). There has no direct in vivo evidence yet but these factors may protect 

virus-infected cells from lysis mediated by CTL or NK cells. 

1.8 NK RESPONSE DURiNG VIRAL INFECTION 

1.8.1 Overview 

The innate immune system consists of pre-existing or rapidly inducibte effector components 

as a first line of defence against pathogens to which the host has not previously k e n  

exposed. Such a system is necessary as the B and T ceIl specific responses take several days 



to develop. An unimpeded replication of a virus producing lo5 progeny per cell could 

potentially infect al1 of the cells in the host after only 3 or 4 replication cycles (256). 

Without the innate immune system holding infection in check, pathogens could overwhelm 

the host before the T and B cell response became effective. 

1.8.2 Cytotoxicity 

The role of MC-mediated cytotoxicity in the anti-viral immune response remains 

controversial. It has been observed that, although NK cells are activated to mediate elevated 

cytotoxicity during LCMV infections, the deletion of NK cells from infected mice has no 

significant effect on viral resistance (257). In the case of NK cytotoxicity during MCMV 

infections. studies have shown that mice lacking the cytotoxic pathway (Le., pfonn"-) when 

infected have substantially higher virus titres in the spleens, compared to perfonn wild-type 

controls (258, 259). These experiments suggest that NK cytotoxicity might be essential in 

controlling viral replication of certain but not al1 strains of virus. 

NK cytotoxicity can be activated when the IFN-WB cytokines are induced (260) and 

also when there is direct contact between the virus-infected celIs and NK cells (261), as well 

as in the presence of positive (but absence of negative) signalling from the target to the 

effector cells for release of cytolytic molecules. As an apparent strategy to avoid recognition 

by T celk. certain viruses reduce expression of MHC-1 capable of stimulating negative 

receptors on the NK ce11 surface (52, 224, 226, 227). Nevertheless. not al1 vins-infected 

cells that are also NK targets express low level of MHC-1 and not al1 virus-infected cells 

expressing low level of MHC-I can activate NK cells. Several studies found that adenovirus 

type 12 (Ad12) can efficiently shut down host MHC-1 expression to weaken T cell-mediated 

anti-viral response (262, 263). Early viral proteins encoded by the ELA gene segment were 

implicated for this reduced MHC-1 expression (264-266). Surprisingly, ElA gene products 

al so confer resistance to NK-mediated c ytotoxici ty. O n  the contrary, Ad5 -infected cells 

express normal level of host MHC-I (267) and are shown to be NK targets in cytotoxic 

assays (268-270). Till now, no MHC-1 homolog has been found encoded by Ad12; perhaps, 

the understanding of the structural bais  of MHC-1 in NK recognition might aid in solving 

this puzzle. 



1.8.3 Cytokine secretion 

NK cells can make cytokines with antiviral functions, including IFN-y and TNFa (244, 27 1, 

272). Cytokine response is elicited at detectable protein levels during some but not ail virus- 

infections. NK EN-y production is observed dunng MCMV and influenza virus, but not 

LCMV, infections (273). Cross-linking NK activating receptors or the presence of IL-12 

(produced by virus-infected macrophages) can also induce NK cells to produce IFN-y (261). 

During MCMV infection, the NK IFN-y response is systemic, with serurn levels reaching 

10,000 pgmi at peak times. Depletion of IFN-y or L- 12 with mAbs increased the incidence 

of MCMV-induced hepatitis and virus replication in liver (273-275). 

One of the ways in which IFN-y can exert its antiviral effects is by inducing the 

expression of the gene for inducible nitnc oxide synthase (iNOS) in cells such as 

macrophages, Kupffer cells, and hepatocytes (276). iNOS then cataiyzes the production of a 

free radical gas, nitric oxide (NO), from the guanidine nitrogen of L-arginine. NO production 

has been shown both in vivo and NI vitro to inhibit the replication of vaccinia virus, 

ectrornelia virus, and HSV-I (277, 278). Recently, it was also shown that mice treated with 

an inhi bitor of NOS, Nwmethyl-L-arginine, had greatly enhanced MCMV synthesis in the 

liver by 3 days post-infection. However, even under conditions of high systemic IFN-y 

production dunng MCMV infection, peak antiviral functions in liver required the proximity 

of NK cells (259). 

TNFa also can be produced by NK cells (279). However, in contrast to IFN-y, a 

wide range of ce11 types can make this factor at early times after infection (280). 

Nevertheless, it is possible that NK ce11 produced TNF-a feeds back ont0 its own regulatory 

pathway and synergizes with IL42 to stimulate the production of more EN-y (272). In the 

liver, macrophage/Kupffer ce11 produce IL-12 and TNF-a rnight act on NK cells to stimulate 

the production of IFN-y, which in turn stimulates the macrophages, Kupffer cells, and 

hepatocytes to produce NO to control MCMV replication in that organ. Human recombinant 

TNF-a has been shown to selectively induce the lysis of cells infected with vesicular 

stomatitis virus (VSV), HCMV, Theiler's murine encephaiomyelitis virus, or HSV- 1 (256, 

279). 



1.9 OUTLINE OF THE THESIS 

One of the major interests in the Miller laboratory has been to investigate how NK cells 

distinguish self-cells from infected or transfonned cells. Specifically, how do initially NK- 

resistant, normal self-cells become NK-sensitive target cells? Ljunggren and Karre 

suggested that NK cells recognize and elirninate cells that fail to express self MHC class 1 

molecules (the "missing self* hypothesis), thus providing a conceptural framework and 

testable predictions for how MHC class 1 molecules influence NK sensitivity (1 1. 47). In 

1992, Chadwick, a forrnal Ph.D. student in the Miller lab made the initial observation that if a 

peptide specific for the MHC-I on noma1 non-transformed lymphoblasts was present in the 

culture, the lymphoblasts were lysed by added syngeneic mouse NK cells. This observation 

suggests that binding of MHC 1-specific peptide either triggered NK cells by creating an 

acti vating Iigand(s) or removing a "self marker" (inhibitory ligand(s)) from lymphocyte 

surface and hence, made the lymphoblasts susceptible to NK lysis. Since then, there has 

been a tremendous progress in Our understanding of MHC-1 biology (structure, antigen 

presentation, binding of MHC-1 specific peptides). Relevant to Our work are the findings that 

there are more than one form of MHC-1 expressed on the ceIl surface (32, 34, 97) and that 

108 of total surface H - ~ D ~  are peptide-receptive (76, 186). Only peptides that have the 

correct binding motifs and the right lengtb (-8-9 a a )  can bind to MHC-1 with high affinity 

and within a short pied of time (61, 186). When 1 joined the Miller laboratory in 1995, we 

decided to revisit Chadwick's system. We reasoned that a better understanding of how 

exogeneous MHC-I specific peptides modify surface MHC-1 molecules and thereby convert 

a normal syngeneic lymphoblast into a NK target would provide insights into the NK 

recognition mechanism of self-cells, andor the immune surveillance of virally infected cells 

in innate immunity. In my project, 1 have adopted and optimized the NK assay first 

described by Chadwick and Miller (39). The modified assay conditions and the use of high 

affinity peptides specific for several different MHC-I molecules allowed us to better define 

the binding and modification of target cells, and therefore, to characterize this phenomenon 

in greater details. In this thesis, we provide evidence to support the notion that surface 

peptide-receptive MHC-I (PR-MHC-1) might be the ligand for NK inhi bitory receptor, and 

that binding of specific MHC-1 peptides to the PR-MHC-1 molecules destroys the inhibitory 



signal delivered to MC cells. In search of the comsponding NK inhibitory receptor(s), we 

have identified ~ ~ 4 9 ~ ~ ~  as the NK inhibitory receptor that recognizes "peptide-receptive" H- 

z~~ molecules. We have extended the work by studying the stability of surface "peptide- 

receptive" H - ~ K ~  on splenocytes and the physiological relevance of such a recognition 

mechanism in viral infection. 

Chapter 1: lntrodrrctiort 

This chapter summarizes recent advances in NK inihibitory receptors and MHC-I expression 

involved in NK recognition. 

Chapter II.. NK cells c m  recognize different fonns of class I MHC 

In collaboration with Dr. Bnan H. Barber and Dr. Jean Gariepy who provided us with MHC-1 

specific peptides and experimental suggestions, we have confirrned Chadwick et al. ' s 

observation that lymphocytes pre-pulsed with high affinity peptide become sensitive to NK 

mediated l ysis. This study also suggested that surface peptide-recepti ve MHC-1 (PR-MHC- 

1), which is converted to peptide-bound MHC-1 upon the addition of exogenous high affinity 

peptide, might be a ligand for NK inhibitory receptors. Using the same system, we also 

showed that the prototypical NK inhi bitory receptor, Ly49A does not recognize PR-D~. 

Lymphocytes pulsed with ~ ~ - s ~ e c i f i c  peptide became sensitive to lysis by syngeneic Ly49A- 

NK cells but not by Ly49A+ NK cells. Dr. Sam K.P. Kung provided technical help and 

advice for some of the experiments. This chapter has been published: Su, R-C., Kung, 

S.K.P., Barber, B.H., Gariépy, J. and Miller, R.G. (1998) M( cells can recognize different 

foms of class 1 MHC. J. Imrnunol. 161(2): 755-66. 

Cliapter 111: ~ ~ 4 9 C 8 ~  NK Inlt ibitory Receptor Recognizes "Peptide-Receptive " H-2Kb 

In searching for receptor(s) that would recognize PR-MHC-1, we found that lymphocytes pre- 

pulsed with ~ ~ - s ~ e c i f i c  peptide became sensitive to lysis mediated by syngeneic NK cells 

expressing 5E6 antigens (Ly49C and Ly49I) but not by 5E6- MC cells. In collaboration with Dr. 

Suzanne Lemieux who provided us  with mAb 4L033 11 (recognizing Ly49C but not Ly49I), we 

found that Ly49C is probably the inhibitory receptor for PR-K~. Furthemore. in collaboration 



with Ms. Elizabeth T. SiIver in Dr. Kevin P. Kane's lab, who provided us with Ly49C- and 

Ly49I- cDNA constmcts, we showed that COS-7 cells that express Ly49C bound to K ~ -  

expressing lymphocytes in the absence of lCb-specific peptide, but not in the presence of K ~ -  

specific peptide. These observations strongly suggest that the ~ ~ 4 9 ~ ' ~  inhibitory receptor 

recognizes PR-Kb. Dr. Sam K.P. Kung provided valuable critiques and advice in this project. 

This chapter has been published: Su, R-C., Kung, S.K.P., Silver, E.T., Lemieux, S., Kane, K.P., 

and Miller, R.G. (1999) ~ ~ 4 9 ~ ~ ~  NK inhibitory receptor recognizes "peptide-receptive" H - ~ K ~ .  

J. ImmunoI. 163(10): 53 19-5330. 

Clioprer IV: Stability of Surfiace H-2Kb. H-2d:  and "Peptide-Recep f ive " H-2K6 on Splenocyte 

Surface MHC-1 expression plays important roles in CTL activation and NK recognition. In 

this chapter, we have studied the stability of surface ICb, D ~ ,  and PR-K~ and found that there 

are at least two sub-populations of both ICb, and Db. An unstable sub-population was lost 

within 4h  after the continuous export of MHC-1 was stopped whereas the quasi-stable sub- 

population had a t112 of -20h. Furthemore, -10% of total surface Kb are PR-K~  with a t1/2 

less than Ih. P R - K ~  generation and the kinetics of peptide binding to PR-lCb were also 

examined. This chapter will be published: Su, R.-C., and Miller, R.G. (2000) Stability of 

surface H - ~ K ~ ,  H - ~ D ~ ,  and "peptide-receptive" H - ~ K ~  on splenocytes. 

Chaprer V: A new rnechunisrn in NK-mediuted recognition of virally infected cells 

In searching for a physiological situation, which might result in down-regulation of PR- 

MHC-1 and as a result, activation of MC cells, we came across adenoviruses type 5 (Ad3 and 

type 12 (Ad12). In collaboration with Dr. Frank L. Graham who provided us with Ad5 and 

Ad12 viruses, we found that AdS-infected cells expressed reduced level of PR-ICb (albeit 

normal levels of surface K~ and D ~ )  and became sensitive to NK mediated lysis. In 

agreement with our previous studies, Adlî-infected cells expressed normal levels of surface 

K ~ ,  D ~ ,  and P R - K ~  and remained resistant to NK lysis until 42h post-infection. We funher 

showed that NKl.1 antigen (activating receptor) and SE6 antigens (Ly49C, and Ly49I 

inhibitory receptors) were important in the recognition of A&-infected cells by NK. This 

chapter will be published: Su, R.-C., Graham, F.L., Shannon, J., and Miller, R.G. ( 3 0 )  

Infection by Adenovims type 5 leads to reduction in "peptide-receptive" H - ~ K ~  expression 



and activation of NK cells. 

Chapte r VI= Discussion 

This chapter discusses how the results of our studying could complement the "rnissing-self' 

hypothesis if PR-ECb were considered as one of "self-marken" for NK recognition. 



NK CELLS CAN RECOGNIZE DIFFERENT FORMS OF CLASS 1 MHC 

A paper of the sarne title by Su, R-C., Kung, S.K.P., Barber, B.H.9 Gariépy, J. and Miller, 

R.G. has been pubtished in Journal of Irrmunology 161(2): 755-66 (1998). 



2.1 ABSTRACT 

NK recognition and lysis of targets is mediated by activation receptor(s) whose effects may be 

over-ridden b y inhibitory receptors recognizing MHC-1 on the target. Incubation of normal 

ConA blasts with a peptide that can bind to their MHC-1 renders them sensitive to lysis by 

syngeneic NK cells. By binding to MHC-1, the peptide alters or masks the target structure 

recognized by an inhibitory NK receptor(s). This target structure is most likely an "empty" 

dimer of class 1 heavy chain and P-microglobulin as opposed to a "full" class I trimer forrned 

by binding of specific peptide that is recognized by CTL. 



2.2 INTRODUCTION 

It is now widely accepted that NK cells recognize and lyse target cells through the interplay of 

two families of receptors (27, 156, 281). Activating receptors, when occupied, trigger lysis of 

the target ce11 king recognized. The activating signal, however, can be ovemdden by a 

dominant negative signai from an inhibitory receptor when the latter interacts with its ligand (if 

present) on the target cell. The ligand(s) for activating receptors remain unclear, but there is a 

general agreement that the ligand for sorne (perhaps dl )  inhibitory receptors is associated with 

cIass 1 major histocompatibility cornplex (MHC-I) dleles with a particular receptor k ing  

specific for a lirnited number of class I alleles. C1R is an HLA-A, HLA-B nul1 human tumor 

ce11 line sensitive to lysis by polyclonal human NK cells. Storkus et al. found that transfection 

of some (but not dl)  HLA-A or HIA-B molecules into ClR protected it from NK lysis (191). 

By doing exon shuffling and point mutation experiments, Storkus et al. showed that the al-a? 

region of MHC-1 appears to be criticai in detennining the specificity of MHC-1 as an inhibitory 

ligand (361, and that the amino acids in the peptide binding site of MHC-1 molecules appear to 

be important in the protection (37). In addressing whether occupation of the peptide-binding 

site was important, Storkus et al., using ClR cells transfected with protective human HLA-A or 

HLA-B MHC-1 molecules, found that addition of peptide that could bind to a protective MHC-I 

reversed protection, i-e. sensitivity to lysis was restored upon peptide binding (192). Sirnilar 

observations have been obtained in a more physiologicai setting in which normal, 

untransformed ConA blasts and syngeneic (polyclonal) mouse NK cells were used, respectively, 

as target and effector cells (38, 39). They found that the ConA blasts, which are resistant to 

lysis by syngeneic mouse NK cells, could be rendered sensitive to lysis if peptides that could 

bind to the MHC-1 of the nomai cells were included in the assay. Eight peptides, capable of 

binding K ~ ,  D ~ ,  lKd, or L~ class 1 molecules, were tested. Al1 8 peptides tested (7 of which 

included CTL epitopes and f of which did not) could sensitize norrnal targets for lysis if they 

could bind to the MHC-1 of the target, but otherwise had no effect (39). One possible 

explmation of these results, consistent with those of Storkus et al. (192), is that binding of 

peptide to MHC-1 is altering or masking an inhibitory ligand recognized by an inhibitory 

receptor and thus sensitizing the cells to lysis. 



Identification of human KIRS (pS8.1, p58.2 or p70) and murine Ly49A molecules as NK 

inhibitory receptors specific for particular MHC-1 alleles facilitates a detailed study of specific 

receptor-ligand interactions. Ly49A is known to recognize D~ (17, 20) and recent evidence 

indicates that recognition requires that D~ is loaded with peptide (41, 282). Both groups used 

mutant ce11 lines lacking functional peptide transporter molecules so that only empty (and 

unstable) MHC-1 molecules appear on the ceIl surface. These can bind and be stabilized by high 

affinity class 1-binding exogenous peptide (32, 97). Both groups used Ly-49A' NK cells as 

effecror cells and the mouse mutant ceIl lines RMA-S (282) or LKD8 (41), transfected with D~ 

as target cells. Addition of peptide that could bind to D~ was shown to protect the ce11 lines 

from lysis by Ly49~ '  mouse NK cells. The extent of protection comlated with the extent to 

which the added peptide stabilized D~ expression (282). Both groups suggested that the role of 

peptide was to promote the assembly and cell-surface expression of MHC-1 and that there was 

no peptide-specificity in Ly49A recognition of the Ild molecule. In a simiiar study, Malnati et 

al. used RMA-S cells transfected with HLA-B27 as targets, human NK clones expressing KIR 

receptors specific for HLA-B27 as effectors, and exogenous synthetic peptide ligands of HLA- 

B27 to stabilize surface expression of the HLA molecules on RMA-S cells (195). One of the 

four peptide ligands specific for HLA-B27 tested provided protection from lysis by the specific 

NK clones (195). The protection was independent of the peptide binding affinity to FILA-827. 

By doinz further analysis of HLA-B27 specific peptides using amino acid substitutions, Peruzzi 

et al. found that the side chains of the 7th and 8th amino acid of "protective" peptides were 

conserved and may be involved in NK recognition (196). This involvement may be either 

indirect, by affecting the conformation of the KIR binding site, or direct through interference 

with KIR binding to the class 1 heavy chain (33). 

in summary, binding of peptide to MHC-1 has been shown to sensitize targets to NK lysis 

(38, 39, 19S), as well as to protect targets from NK lysis (41, 195, 196, 282). We here try to 

reconcile these apparently contradictory findings by assessing the possibility that NK cells can 

recognize different forms of MHC-1 molecules. There are four possible forms of MHC-1 

molecules expressed on the normal ce11 surface. The majority exist as trimolecular complexes, 

each composed of a properly folded heavy chah (a) containing the peptide-binding groove, a 

noncovalently-associated ~2-microglobulin molecule (p2m) and a peptide (p) that can bind to 

MHC-1 with high afTinity (therefore, pH) in the peptide-binding groove (thus PH-a-hm) (34). 



Three other unstable forms of MHC-1, a-pzm, a - p ~ ,  and a (perhaps, in deaeasing order of 

stability) can be found (33.34, 187,283). In addition, pr-a-&m molecules in which the peptide 

is either too long or lacks the proper binding motif and thus binds with low aftinity (therefore. 

pL) are probably dso present. For the ceIl line RAM-S 0, a-B2rn and a have been shown 

directly to have haif lives of less than 30 min and at least one particular pr-a-fi2m has been 

inferred indirectly to have a comparably short lifetime and is likely to give rise to a-pzm 

whereas pH-a-Bzrn appears to have a lifetime much greater than 4h (34). Only two of these four 

forms of MHC-1 molecule (the vimolecular complex of a, Brm and PH, and the bimolecular 

complex in which the p~ is not present) are Iikely to be expressed in appreciable numbers on the 

surface of a normal cell (33, 34, 97, 283). Approximately 10% of D~ molecules expressed on 

the ce11 surface are likely to be bimolecular MHC-1 (a-Brm) molecules because: 1) About 10% 

of D~ molecules on EL4 cells cm be bound very rapidly by exogenous peptide (half-time of 9.3 

+/- 1.1 min at 37OC (186)), and 2) the binding of exogenous peptide to purified Ilb a chah was 

rneasured to have a half time of 13h, presumably because most of it was denatured, while 

binding of peptide to purified a-fitm bimolecules had a half time of less than 10 min at 22 O C  

(283). Although both a chah and a-f12rn bimolecule can potentially bind exogenous peptide, 

added peptide is most likely to bind to a-p2m bimolecular MHC-1 because a chah is very 

unstable at 37OC. We thereby refer to a-B2m bimolecular MHC-1 as "empty MHC-I". All four 

forms of MHC-1 molecule, but paiticularly PH- a-ptm and empty a-prm molecules (because of 

their appreciable abundance on the ceIl surface), rnight be recognized by NK inhibitory 

receptors involved in self-recognition. 

In this report, we first reinvestigate and further characterize the experimental system 

developed by Chadwick et al. in which incubation of normal ConA blasts with class 1-binding 

peptide sensitizes them to lysis by syngeneic NK cells (38,39). We conclude that the peptide is 

most likely altering or masking the ligand recognized by an inhibitory receptor. This ligand 

appears to be empty MHC-1, as defined above. Second, to reconcile this conclusion with the 

fact that the inhibitory receptor Ly49A recognizes the trimolecular complex of class 1 D~ plus 

peptide, we have investigated the lysis of normal ConA blasts by syngeneic Ly49A+and Ly49A- 

NK cells in the presence and absence of class 1 binding peptide. The results are consistent with 

the conclusion that Ly49A recognizes D~ plus peptide but, at the sarne time, suggest that there 



are addi tional in hi bi tory receptors that recognize empty MHC-I molecuIes. We propose a 

mode1 in which a small change in the total inhibitory signal delivered by several inhibitory 

receptors can switch a ceII from resistance to sensitivity to Iysis by NK cells. 



2.3 MATERlALS AND METHODS 

2.3.1 NK generation: 

The method used for producing activated N K  cells (LAK cells) was identical to that used 

previously (38, 39, 155). Briefly, 2x10~ nylon wool non-adherent spleen cells from B6 athymic 

nude mice (Jackson Laboratoiy, Bar Harbor, ME) were cultured at 37OC for 3 4  days in 5 ml a- 

MEM supplemented with 10% FCS, 50 pM 2-ME. and 10 mM HEPES buffer (hereafter 

referred to as 10% CM), containing 500 Ulm1 mouse rlL-2. in some experiments, as specified, 

B6 CD8 b o c k  out mice (284), BALB/c athymic nude mice (Jackson) or nomal BALBIc rnice 

(Jackson) depleted of T-cells using anti-CD4/CDS antibodies and Dynabeads @pal  A.S., Oslo, 

Nonvay), al1 depleted of nylon wool adherent cells, were used. Mouse rlL-2 was obtained as a 

supernatant from a ce11 line vansfected with the IL-2 gene (285). These cells were cultured in 

25 cm' flasks at 37°C in a 10% COz in air incubator. Yields typicaily exceeded 5000 U/ml of 

rIL-2. 

2.3.2 Target cell generation: 

Target cells were Concanavaiin A (ICN Pharmaceuticals Canada Ltd., Montreal, Que.) activated 

B6 lymphoblasts (B6 ConA blasts) produced by incubating 10' B6 splenocytes for 3 days in 10 

ml 10% CM supplemented with ConA (2 pg/ml). On day 3, ConA blast cells were harvested on 

Lympholyte M (Cedarlane Lab., Homby, ON) and S'~r-labelled by incubating about 6 x  10' cells 

for 90 min at 37OC with 360 pCi ~ a ' l ~ r 0 4  (NEN Life Science Products, Boston) in 150 pl of 

PBS containing 67% FCS. They were then washed 3 times with 1% CM (containing 1% FCS 

instead of 10% FCS), to remove non-incorporated N ~ ~ ' C ~ O J .  

2.3.3 MHC-1 binding Peptides: 

The effect of MHC-1 binding peptides on normal ConA blasts sensitivity to M< Iysis was 

assessed by pulsing ConA blasts with the experimentai peptide (at a concentration of 1 ng/ml in 

IO% CM, unless stated otherwise) for 45 min at 4OC before the assay. Peptides utilized were a 

D~-restricted epitope of influenza nucleoprotein, ASNENMETM. (Fl~-m366-~74) (286), a K ~ -  

restricted epitope of Chicken Ovalbumin, S m K L ,  ( O V A P ~ ~ - ? ~ ~  ) (287), a D~-restricted 

epitope of IW gp160, RGPGRAFVTI, (288), a K~-resaicted epitope of influenza 

nucleoprotein, TYQRTRALV, ( F ~ U - N P ~ ~ ~ . ~ ~ ~ )  (286, 289). and an L~-restricted epitope refemed 



to as Tum-, ISTQNHRALDLVAAK, ( T ~ r n - ~ ~ - ~ )  (290). Both Flu-NP peptides (>go% purity) 

were synthesized and purifieci by the Alberta Peptide hstitute (Edmonton, Alberta, Canada). 

C hicken Oval bumin, SJINFEKL (OVApzss_t65), and its derivatives, biotinylated Ovalburnin 

peptide, @O)-XSIINFEKL where X is aminocaproic acid (a linker between biotin and the 

peptide), and SIINFEK(bio)L were prepared by the Ontario Cancer Institute Biotechnology 

Laboratory, using an Applied Biosystems Peptide Synthcsizer (Applied Biosystems, Foster 

City, CA). HIVp ( 9 0 %  punty) was agift from Dr. D. Williams (Universityof Toronto). Flu- 

NP (Ilb), OVAp, HIVp, and Hu-NP (K*) peptides are natual Ligands for D ~ .  Kb, D* and ICd 

respectively and bind to D~, IKb, D~ and Kd with high affinities (286-289). Tum' peptide binds 

specifically to L~ molecules after k ing processed to its optimal length by proteases in serum. 

During the pulsing condition used in the current study, unprocessed Tum- peptide cannot bind to 

L~ (39). 

2.3.4 Peptide Pulsing and Cytotoxicity Assay: 

Methods for measuring lytic activity were identical to those used previously (39, 155). After 3 

washes, S1~r-labeled ConA blasts were incubated with peptide in 3 ml of 1 8  CM for 45 min at 

4°C and washed again before k i n g  used in a 4.5h ' ' ~ r  release assay performed in 96-we11 V- 

bottom rnicrotiter plates using 2000 targetdwell, dispensed in 100 pI aliquots and effectors at an 

E:T ratio as indicated or at 30:1, also added in 100 pl aliquots. For experiments where 

preincubation of NK cells with F(ab')z anti-Ly49A mAb (JR9-318) was required, the 

preincubation was done at 37OC for 30-45 min while preparing target cells for the assay. 

Specific Iysis was calculated as % specific Iysis = ('E-S)/(T-S) x 100 where each value 

represents the mean + S.E.M. of five replicates. E is the experirnental mean of 5 ' ~ r  released; S, 

the arnount of " ~ r  released when the target cells were cultured in medium alone; and T, the 

total amount of " ~ r  released in the presence of 2% acetic acid. Diaiyzed FCS (12 KDa cut off) 

was regularly used in place of regular FCS during the labeling, pulsing and assay stages 

(186,291). 

2.3.5 CTL generation and maintenance: 

Generation of peptide-specific CTL was done as described previously (292). Briefly, 

lymphocytes from normal C57BU6 (B6) rnice were depleted of B cells by passage through 



nylon wool and cultured at 5-6 x lo6 cells/ml in 10 mi 10% CM in the presence of 1 nglml of 

peptide plu-NP or OVAp) and 5 U/ml of mouse rIL-2 (285). On &y 7, CIZ were harvested on 

Lyrnpholyte M (Cedarlane Lab., Hornby, ON) and used in the cytotoxicity assay. To maintain a 

CTL line, 1o6 cells were harvested after 7-10 days of culture, and cultured with 2x10~ inadiated 

(15 gey) B6 spleen cells in the presence of 1 n g d  of peptide and 5 U / d  of mouse rIL-2 as 

above. 

2.3.6 Cold-Target competition assay: 

Radioiabelled B6 ConA blasts, either pre-pulsed or non-pre-pulsed with peptide (1 ng/mi), were 

tested as targets using either B6 NK cells or peptide specific B6 CTL lines as effectors, as 

described in the cytotoxicity assay except that unlabelled B6 ConA blasts, either pulsed (1 

ngml) or unpulsed, were included in the wells at O, 1, 3, or 5-fold multiplicities of the labeled 

targets as indicated. Cold and hot targets were premixed prior to the addition of effector cells 

(i.e. NK cells or CTL Iines). A 4.5h " ~ r  release assay was performed in 96-well V-bottom 

microtiter plates and specific release was measured. Specific lysis was calculated as 

described in the cytotoxicity assay section. 

2.3.7 Conjugate Formation Assay: 

FlTC (green dye, Sigma) labeled L M  cells were prepared as descnbed by Kung et al. (293). 

Bnefly, Day3 or Day4 B6 LAK cells (10-12 x106) were incubated with a FITC solution (10 

pgml PBS final) at 37OC for 18 min. Excess FlTC was removed by centrifuging the cells 

through 5 ml 6% BSAPBS. The cetls were then washed twice with 1% BSAPBS. PKH26 

(red dye, Sigma) labeled target cells were prepared according to the manufacturer's protoçol. 

Briefly, YAC-1 and B6 ConA blasts were washed twice with semm free medium, and then 

incubated with PKH26 dye (4x10~ M) in labeling buffer (Diluent C, 10' cells/ml) at 25OC for 3- 

5 min. The staining reaction was stopped by adding an quai  volume of 1% BSAPBS. The 

celIs were washed 3 times with 10% CM to remove excess PKH26 dye. The conjugation 

formation assay used was described by Cavstrec et al. (294). FiTC labeled LAK cells were 

pelleted and incubated with the PKW6 Iabeled target cells (B6 ConA blasts, B6 ConA blasts 

pulsed with OVAp peptide, or YAC-1) at an E:T=3:1 for 10 min at 37°C. At the end of 

incubation, the effector-target mixture was resuspended in 1 ml of 1% BSAlPBS and kept at 4°C 



before k ing  analyzed for its fluorescence. For negative controls, W< cells and target cells, at 

a ratio E:T=3: 1, were rnixed and vortexed without any co-centrifugation prior to the analysis 

with FACScan. 

2.3.8 Time Delay Experiment with or without Brefeldin A (BFA): 

B6 ConA blasts were pulsed with peptide and washed free of unbound peptide as described in 

the cytotoxicity assay section. The cells were then incubated in 10% CM at 37OC with or 

without BFA (5 @ml, Sigma-Aldrich Canada Ltd. Oakville, ON) for varying lengths of time 

before k ing  tested as targets in a 4.5h ' ' ~ r  release assay using either syngeneic B6 NK cells or 

peptide specific B6 CTL lines. 

2.3.9 Flow cytometry/FACs Analysis: 

To measure newl y emerged empty MHC-1 molecules, day 3 ConA blasts were pre-pulsed with 

iion-labeled OVAp peptide (10 ng/ml) for 45 min to fil1 empty K~ molecules. washed free of 

unbound peptide and then incubated at 37OC for O min or 90 min in the presence or absence of 

BFA before k ing  pulsed with biotinylated OVAp peptide (100 ng/ml). To measure the effect 

of BFA on the existing empty MHC-1 molecules, day 3 ConA blasts were incubated at 37OC for 

O or 4h in the presence or absence of BFA before being pulsed with biotinylated OVAp peptide 

(100 nglrnl). FïïC-conjugated mAb 5F1, purified from the hybridoma 5F1-2-14 (295), was 

used to detect the expression of peptide-~b complexes on the cell surface irnrnediately after the 

pulsing with biotinylated OVAp peptide as it has been shown (295) that this mAb does not 

recognize empty K~ molaules. O V A P ~ . ~ ~ ~  (does not bind to MHC-0, and OVAPK-~, were used 

in the staining assay. The binding of biotinylated OVAp was visualized with R-phycoerythrin 

conjugated streptavidin (Sigma) which binds to biotin, and analyzed using LYSE II program 

(Becton Dickinson). 

2.3.10 Cell Sorting for Ly49A' and Ly49K NK subsets: 

Day 3 BALB/c LAK cultures were harvested and resuspended in 1% BSAIPBS (10' cells/ml). 

The cells were then incubated with 4pg of IR9-318 mAb (146), obtained from Dr. D. RauIet 

with permission of Dr. J. Roland (Pasteur Institute, Paris. France), per 106 cells at 4°C on a 

rotator for 45 min. JR9-3 1 8 mAb recognizes the NK inhibitory receptor, Ly49A (146). Stained 



cells were washed with cold 1% BSAIPBS and then incubated with sheep anti-mouse IgG 

conjugated to Dynabeads @ynd A.S, Oslo, Nonvay) (1 bead per cell) for 45 min at 4 O C  on a 

rotator. L y 4 9 ~ +  cells, bound to the magnetic beads, were separated h m  Ly49A- cells and both 

were cultured in 5 ml 10% CM containing 500 U/ml mouse rlL-2 (285) for an additional 3 4  

days as above. Ly49A+ cells that were bound to the beads dissociated fmm the beads during the 

ovemight incubation and the beads were then removed. 

2.3.1 1 F(ab')z fragment generation: 

For F(ab'), fragment generation, 2 mg of affinity purified anti-Ly49A mAb (JR9-318) was 

resuspended in 1 ml of O.lM sodium citrate buffer (pH 3.5) and then digested with 10 pg pepsin 

(Boehringer Mannheim, Mannheim, Germany) at 37OC for 4-5h. The reaction was stopped by 

adding 1/10 volume of 1M Tris to the mixture. After a centrifugation at 10,000 rpm for 30 min, 

the supernatant was collected and mixed with Protein A -Sepherose beads (Sigma Chernicd 

Corporation, St. h u i s ,  MO) to remove undigested Ab and Fc fragments. The purïty and the 

binding activity of F(ab'), fragments were checked by 10% SDS-PAGE and flow cytometry, 

respectively. 



2.4 RESULTS 

2.4.1 Normal ConA blasts become sensitive to lysis mediateai by syngeneic NK celk after 

being pulsed with MHC-1 binding peptide. 

The effect of pulsing normal ConA blasts with MHC-1-binding peptide was studied. Effector 

cells were splenocytes from B6 (H-2 K ~ ,  D? athymic nude (T-cell deficient) or CD8 knock out 

mice (284) depleted of B cells by passage through nylon wool and cultured for 3-4 days in a 

high concentration of mouse rIL-2 (38, 155). This procedure produces a population of highly 

enriched and activated NK cells (often referred to as LAK or lymphokine activated killer cells). 

Target cells were 86 ConA blasts pulsed for 45 min at 4'C with either the ~ ~ - b i n d i n ~  peptide 

F I U - N P ~ ~ ; ~ ~  WU-NP) (286), the ICb-binding peptide OVAtss.zss (OVAp) (287), or the D ~ -  

binding peptide GAD-Hu-NP (Hu-NP with 3 additional arnino acids added to the N-terminus of 

the F I L I - I V P ~ ~ ~ ~ ~  peptide). Both Flu-NP and OVAp are natud ligands of an optimum length 

that can bind with high affinity to D~ or K ~ ,  respectively, in less than 30 min (75). In contrast, 

GAD-Flu-NP peptide rnight bind to D~ with a relatively low affinity (75, 186). On varying E:T 

ratio, sigificant lysis of Flu-NP or OVAp pulsed target cells was always observed for E:T 

ratios of 3: 1 to 10: 1, and usually reached maximum value by 10: 1 to 30: 1 (Fig. N A ) .  Normal 

ConA blasts pulsed with medium alone were, as expected, resistant to NK-mediated lysis. 

When normal ConA blasts pulsed with varying concentrations of Hu-NP or OVAp peptide were 

used in the assay, significant lysis over background of Flu-NP or OVAp pulsed target cells was 

seen for peptide concentrations as low as 1 pg/ml with the lysis values plateauing in the 10-100 

pgml range (Fig. 2-1B). When nomal ConA blasts were pulsed with a too long peptide, GAD- 

Flu-NP, no increase in lysis was observed over the whole dose-response range (Fig. NB). 

Pulsing normal ConA blasts with peptides that could not bind to either D~ or K~ did not sensitize 

these target ceils to lysis mediated by syngeneic NK cells (data not shown). Furthemore, no 

significant lysis of normal ConA blasts was observed when NK cells were pulsed with Flu-NP 

for 45 min at 4 OC and then used as effector cells (data not shown). Thus, sensitization to lysis 

required that the target cells be exposed to the added peptide and that the added peptide have 

both the correct length and motif to bind to a MHC-1 molecule expressed. 

The added peptide rnight sensitize normal ConA blasts to NK lysis by altering the level 

of overall MHC-1 expression rather than through direct binding to MHC-1. It is well established 
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Figure 2-1. Normal cells becorne more sensitive to NK lysis after king incubated with 

peptide that can bind to their MHC-1 molecules. (A) Percent lysis vs. E:T ratio for target 

cells pulsed with Hu-NP (closed square), OVAp (closed dimond) or no peptide (open 

diamond). B6 ConA blasts were pulsed with the peptide indicated (10 ng/ml) and then tested as 

targets at varying E:T ratios as indicated on the abscissa in a 4% 5 ' ~ r  release cytotoxicity assay 

using syngeneic B6 NK cells. This expenment is representative of more than 40 such 

experiments. (B) Peptide dose-response curve for Hu-NP (closed square), OVAp (closed 

diamond) or FIu-NP with GAD added on the N-terminus (open circle). B6 ConA blasts were 

pulsed with varying concentrations of peptide as indicated on the abscissa, washed free of 

unbound peptide, and then tested as targets in a 4.31 5 1 ~ r  release cytotoxicity assay using 

synseneic B6 NK ceils. Middle parts of both dose-response curves have k e n  reproduced at 

least 3 times for both peptides using B6 NK ceIls derived from B6 normal mice, B6 CD8 knock 

out mice and B6 athymic nude mice. This experiment is representative of 2 independent 

experirnents. 



that there is an inverse relationship between sensitivity to NK lysis and MHC-1 expression (1 1, 

191). Thus, as little as a two-fold decrease of MHC-1 can double the amount of lysis observed 

for a particular target ce11 (191). It is possible that binding of the added peptide to MHC-1 on 

the target ce11 surface induces MC sensitivity by inducing a relatively modest down regulation of 

MHC-1 expression. However, we found, if anything, a slight increase (40%) in the level of 

expression of ECb or D~ after B6 ConA blasts were pulsed with OVAp peptide or HU-NP peptide, 

respectively (data not shown). Hence, we conclude that the added peptide most likely exerts its 

effect through direct binding to the MHC-1 expressed on the target ce11 surface. 

2.4.2 Peptide binding to MHC-I appears to alter or mask an inhibitory signal. 

NK recognition is thought to be mediated by an activating receptor whose effects may then be 

overridden by an inhibitoq receptor (27, 156, 281). Our results are most easily explained by 

assuming that binding of the added peptide to the MHC-1 on the target ceIl surface altered or 

masked an inhi bitory signai recognized by MC c e h  However, in principle, the peptide binding 

to MHC-1 might either create a target structure that is recognized by an NK activating receptor 

(i.e., similar to T cell-recognition), or alter or mask an inhibitory structure that is recognized by 

an NK inhibitory receptor. In an attempt to distinguish between these possibilities, we did cold- 

target competition experiments. Radiolabelled, peptide-pulsed normal B6 ConA blasts were 

incubated with B6 NK cells and varying numbers of cold B6 targets that had or had not been 

pulsed with peptide. The results (Fig 2-2) show that the cold targets were equally effective 

competitors whether or not they were pulsed with OVAp-peptide (Fig. 2-2A). This implies that 

both peptide pulsed and unpulsed cold targets were equally effective in forming conjugates with 

NK cells. We tested this directly by measuring the ability of B6 NK cells to form conjugates 

with B6 ConA blasts pulsed or not puIsed with OVAp and, as a control, with YAC-1 (Fig. 2-3)- 

The NK cells were stained with a green fluorescent dye (FITC) and the ConA blasts with a red 

fluorescent dye (PKH26), mixed, and cenuifuged together (expriment, conjugates should form) 

or kept suspended (control, conjugates much less likely to form). Events detected in the flow 

cytometer that showed both green and red fluorescence were scored as conjugates. In 

agreement with the competition results (Fig 2-S), comparable numbers of conjugates forrned 

using both pulsed and unpulsed ConA blasts (Fig. 2-3). As only peptide-pulsed ConA blasts are 

lysed, the observations are consistent with the conclusion that binding of the added peptide to 
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Figure 2-2. Cold targets compete for NK-mediated lysis of hot targets whether or not they 

have been pulsed with peptide whereas only peptide pulsed cold targets can compete for 

CTL-mediated lysis. (A) B6 radiolabelled ConA blasts, either pulsed (filled symboIs) or 

unpulsed (open symbols) with OVAp (1 ng/ml) were tested as targets using B6 NK cells as in 

Fig 2-1B except that unlabelled B6 ConA blasts, either pulsed (1 ng/ml, diarnonds) or unpulsed 

(circles) were included at O, 1,3, or 5-fold muItiplicities of the labeled targets as indicated on the 

abscissa. Cold and hot targets were premixed prior to the addition of effector cells (Le. NK 

cells). The figure is representative of 6 independent experiments. (B) As in A except that an 

OVAp-speci fic CTL line was used at an effector to hot target ratio of 50 to 1. An additional 

g o u p  was included in which Fiu-NP-pulsed (1 ng/ml) targets were tested as cold cornpetitors 

( f i  l led square). The figure is representati ve of 4 independent exgerirnents. 



Figure 2-3. B6 ConA blasts, whether pulsed or not pulsed with peptide, are 

equally effective in forming conjugates with B6 LAK cells. Targets: A) 86 ConA 

blasts, B) B6 ConA blasts pulsed with OVAp, or C )  YAC-1 cells (labeled with 

PKH26: detected by FL2; fluorescence intensity is shown on Y-ais) were pelleted 

and incubated with effectors: B6 LAK cells (labeled with FïïC: detected by FL1; 

fluorescence intensity is shown on X-abscissa), at an E/T=3. Effector-target 

conjugates were detected as PKH26'FITC' events, shown in the boxed area. As 

negative controls, FïïC-labeled B6 LAK cells and PKH26-labelled targets: D) 86 

ConA blasts, E) B6 ConA blasts pulsed with OVAp, or F) Yac-1 cells, at a ratio 

m=3, were mixed and vortexed without any co-centrifugation pnor to the analysis 

with FACScan analyzer. Fewer effector-target conjugates (PKH26WC+ events) 

were forrned when the effectors and targets were not brought together by 

centrifugation. Note that 10,000 events per sarnple were analyzed, but only the first 

2,000 events were presented in the plot for the clarity and neatness of the 

presentation. G) and F) showed LAK cells and B6 ConA blasts alone, respectively. 

10,000 events per sample were shown in panels G) and F). The figure is 

representative of 3 independent experiments. 
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the MHC-1 on ConA lymphoblast target cells is altering or masking an inhibitory structure 

recognized by NK celis, leading to the lysis of target cells (see Discussion). 

As a control for the cold target cornpetition experirnent, the sarne cold-target 

competition experiment was done using an OVAp-specific C T L  line as the effector cells (292). 

Here, as expected, only OVAppulsed cold targets (and not Flu-NP pulsed or unpulsed targets) 

were effective cornpetitors (Fig. 2-2B), as it is known that a specific peptide-MHC cornplex (a- 

&m-pH) forms the target structure that is recognized and activates the CTL to lyse the target ceIl 

(296). Sirnilar cold target competition results for NK and CTL were obtained using the K ~ -  

binding Flu-NP peptide (data not shown). 

2.4.3 Peptide-pulsed target cells mmain sensitive to lysis mediated by CTL for a much 

longer period of time than by NK cells. 

To gain insight into the nature of the effect produced by peptide-pulsing, the lifetime of the 

Iysis-sensitive state was measured. Hu-NP pulsed B6 ConA blasts were washed free of 

unbound peptide and incubated for increasing lengths of time at 37OC before NK cells were 

added. The results show that sensitivity of these Hu-NP pulsed target cells to NK-mediated 

lysis returned to that of unpulsed targets following an incubation of 60-90 min (Fig. 2-4A). As a 

control, a CTL Iine specific for the same peptide was generated (292) and iested against the 

s a m e  target cells pulsed with the same peptide in the same assay. The peptide-pulsed targets 

retained full sensitivity to CTL-mediated lysis following up to 4h of incubation (Fig. NB). 

To verify that the short Iifetime of the peptide-induced sensitive state was not unique to 

FIu-NP peptide, we also tested the OVAp peptide in the sarne manner (Table 2-1). Again, 

sensitivity to lysis of OVAppulsed ConA blasts had returned to that of normal ConA blasts 

after 90 min of incubation in the absence of exogenous peptide. To test whether such targets 

could be re-sensitized to lysis, the same peptide (OVAp, Lng/well) was added into assay wells 

containing OVAp pulsed ConA blrtsts incubated for 2h in the absence of peptide (Table 2- 1, line 

5): Sensitivity to NK-lysis was restored to that of targets tested irnrnediately after the initial 

peptide pulsing (line 1). As a control, we also generated an OVAp-specific CIL line and found 

that, as for Flu-NP, OVAppulsed target cells retained full sensitivity to lysis after 4h of pre- 

incubation (data not shown). 



Time delay (h) 

Figure 2-4. The NK target structure formed by pulsing with peptide is short-lived 

compared to the CTL target structure formed by puising the same targets with the same 

peptide. (A) Time delay experiment - NK cells: B6 ConA blasts were pulsed with 1 ndml 

Flu-NP (filled square), a non-binding peptide, Tum- (filled circle). or no peptide (open diamond) 

a n d  washed free of unbound peptide as in Fig. 2-1. The cells were then incubated in 10% CM at 

37OC fo r  varying lengths of tirne, as indicated on the abscissa, before king tested as targets in a 

4.5h 5 1 ~ r  release assay using syngeneic B6 NK cells as in Fig. 2-1. The figure is representative 

of 8 independent experiments. (B) Time delay experiment - Cn: 86 ConA lymphoblast 

targets were pulsed with Hu-NP (filled square) or no peptide (open diamond), washed free of 

unbound peptide and incubated for varying lengths of time in 10% CM exactly as in A. They 

were then tested for their ability to be lysed by a CTL line specific for the peptide using 

conditions identical to those used for the NK cytotoxicity assay except that the E:T ratio was 

10: 1. The figure is representative of 3 independent experiments. 



Table 2-1: Time delay experiment for NK cells using OVAp peptide. 

B6 Con A lymphoblasts were pulsed with 1 ngm/mi OVAp and washed free of unbound 

peptide, as in Fig. 2-1. They were then incubated in medium at 37OC for various lengths of time 

as indicated under Time-Delay before king used as targets in a 4.5h 5'~r-release assay, as in 

Fig. 2- 1. The bracketed entry after each % Specific Lysis entry is the background lysis observed 

using targets that were not pulsed with peptide before the time-delay but were otherwise treated 

identically. After a 2h time-delay step, one set of target cells was cocultured with NK cells in 

the presence of added peptide (Ing/well) during the 5'~r-release assay (line 5). Data from one 

of two identical experiments are shown. 

Time-Delay (h) % Specific Lysis 

*Same as Iine 4 except 1 ng of OVAp peptide was added to each well at the start of the 

V r  reiease assay. 



2.4.4 Brefeldin A prevents the loss of sensitivity to NKImediaterl lysis. 

It is possible that the expression of newly synthesized MHC-1 molecules is involved in the loss 

of sensitivity to M(-lysis of peptide-pulsed target cells after the 90 min of pre-incubation. 

Brefeldin A (BFA) is a fungal metabolite which reversibly disnipts the Golgi apparatus resulting 

in the blocking of transport to the ce11 surface of newly synthesized protein (297). in particular, 

BFA has been shown to block the transport of MHC-1 molecules to the ceIl surface (298). We 

tested the effect of including BFA in the pre-incubation step of the expenments of Fig. 2-4: Hu- 

NP pulsed B6 ConA blasts were incubated in the absence of free exogenous peptide with or 

without BFA for varying lengths of time before NK cells or CTL were added. in the presence 

of BFA, the sensitivity of the Hu-NP pulsed target cells to NK-mediated lysis remained high for 

at least 2h instead of rapidly falling (Fig. 2-5A). CTL mediated lysis of HU-NP pulsed target 

cells was not affected in the presence of BFA (Fig. 2-58). Furthemore, background lysis of 

normal ConA blasts was not affected by BFA; BFA did not sensitize normal cells to NK-lysis in 

the absence of peptide. The presence of BFA also prevented the Ioss of sensitivity to NK lysis 

for OVAp-pulsed ConA blasts (Fig. 2-5C). Thus, we conclude that preventing the appearance 

of newly synthesized proteins, most Iikely MHC-1, on the cell surface prevents the loss of 

sensitivity to NK lysis of peptide-pulsed target cells. The possibility that BFA is having some 

other effect on MHC-I expression is explicitly addressed in the following section. 

2.4.5 Brefeldin A prevents the appearance of newly synthesized empty MHC-I but has 

little effect on overall MHC-1 expression. 

One explanation for the peptide-induced sensitization to NK lysis is that NK inhibitory receptors 

recognize empty MHC-1 molecules on the target ce11 surface and that the addition of high 

affinity peptide fills the empty MHC-1 molecuIes. Therefore, cells become sensitive to NK lysis 

because the added peptide blocks the NK recognition of inhibitory ligand. In the absence of 

exogenous peptide, newly synthesized empty MHC-1 molecules emerge ont0 the target cell 

surface and regenerate the inhi bi tory signal, thus preventing l ysis. 

To test directly for a correlation between the absence of empty MHC-1 and sensitivity to 

W-lysis, and the reappearance of ernpty MHC-1 and the loss of sensitivity to lysis, we 

measured the relative number of full and empty ICb molecules on ConA blasts pulsed with 

OVAp (K~-specific). OVAp-pulsed ConA blasts were washed free of unbound OVAp and 
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Figure 2-5. The NK target structure formed by incubation with peptide is stable in the presence of Brefeldin A (BFA). (A) 

B6 ConA blasts were pulsed at 4OC with 1 ndml Flu-NP (squares) or no peptide (triangles), washed fiee of peptide, and incubated 

in 10% CM at 37°C for varying lengths of time (obscissa) as in Fig 2-3A with (filled syrnbuls) or without (open syrnbols) added 

BFA (5pglml) before being used as targets for B6 NK cells as in Fig. 2-1. BFA (0.4yglml) was also included in the cytotoxicity 

assay for those groups (filled symbols) for which it had been used previously. The figure is representative of 6 independent 

experiments. (B) Samc iis A except that the effector cells were FIu-NP specific CTL generated and analyzed as in Fig. 2-3B. The 

figure is representative of 4 independent experiments. (C) Same as A except that OVAp (1 nglml, squares) was used to pulse the 

B6 ConA blasts. The figure is representative of 2 independent experiments. 



incubated at 37OC for 90 min in the presence or absence of BFA. The expression of peptide-~b 

complex was measured before and after the 90 min incubation using the mAb, 5F1, which 

recognizes specifically the trimolecular K~ complex (a-Bzm-p) (189, 295). We found that the 

Ievel of peptide-ICb complex expression was not affected by the 90 min incubation in the 

absence of BFA (Fig. 2-6a,b), but feIl slightly (-10-2096) in the presence of BFA (Fig. Mc), 

perhaps because BFA prevents the transport of newly synthesized trimolecular MHC-1 to the 

ce11 surface while having no effect on the endocytosis of ce11 surface proteins. Empty K~ 

molecules appeared only in the absence of BFA (Fig. 2-6e; Table 2-2). To detect empty K~ 

moiecules, we used an OVAp peptide in which the lysine (K) at position 7 was biotinylated 

(OVAP~.~~,). This lysine side chain is known to be one of the CTL epitopes in OVAp and is 

therefore expected to protrude from the peptide-binding groove (103,299). We found that this 

peptide binds specifically to K~ and can be readily detected by the addition of streptavidin-PE 

(Fig. 2-6 and data not shown). As a control peptide, we used OVAp to which a biotinylated 

minocaproic acid was added to the N-terminus (OVApx-b,,). This peptide did not bind (Fig. 2- 

6 and data not shown). 

Newly expressed empty ICb molecules were clearly detectable on pulsing OVAp-pulsed 

ConA biasts with O V A P ~ - ~ ~ ~  after the 90 min incubation in the absence of exogenous peptide 

(Fig. 2-6e; Table 2-2) but were not detectable when BFA was present during the 90 min 

incubation (Fig. 26f;  Table 2-2). The total number of OVApKa, bound K~ complexes was also 

measured and found to decline after the 90 min incubation (about 55% in the absence of BFA, 

and 53% in the presence of BFA, staining data not shown); nevertheless, the important point 

was that the decline was not affected by the presence of BFA. The large decline might be a 

result of the OVApK-bio peptide having a greatly reduced binding affinity to MHC-1 as a resuit of 

the modification. This appears to be the case: Approximatel y a ten fold higher concentration of 

O V A P ~ - ~ ~ ~  was required to stabilize K~ molecules on the ceIl surface of RMA-S tells. compared 

to that of OVAp (data not shown). 

Clearly, the loss of empty ICb molecules after peptide pulsing con-elated with the 

sensitivity of these target cells to NK lysis, and the re-appearance of empty Kb molecules after 

the 90 min incubation at 37OC coincides with the loss of sensitivity to NK lysis. Thus, these 

data are fully consistent with our hypothesis that NK inhibitory receptors recognize ernpty 

MHC-1 molecules. 



Figure 2-6. Totai peptide-~b expression was little amted by BFA but newly 

synthesized empty K~ mlecules emerged only in the absence of BFA during a 90 

min incubation. (A) FACs profiles for peptide-~b expression (left panels) and for 

empty K~ expression (right panels). The left panels (a,b,c) show p p t i d e - ~ ~  cornplex 

expression (measured with mAb 5F1 staining) immediately after peptide pulsing 

(panel a), and 90 min later in the  absence (panel b) or presence (panel c) of BFA. The 

right panels (d,e,f) show binding of biotinylated OVAp immediately after peptide 

pulsing (panel d), and 90 min later in the absence (panel e) or presence (panel f) of 

BFA. OVApx.bio where X is an aminocaproic acid serving as a linker between biotin 

and the peptide (does not bind to MHC-1) and O V A P ~ - ~ ~ ~  which binds to ICb were used 

in the staining assay. The binding of biotinylated OVAp was visuaiized with R- 

phycoerythnn conjugated streptavidin (Sigma) which binds to biotin, and analyzed 

using LYSIS II program (Becton Dickinson). The figure is representative of 6 

independent experiments. 
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A potential problem with this mode1 is the observation (Fig 2-5) that ConA blasts not 

pulsed with peptide and incubated with BFA remained resistant to lysis. Empty MHC-I 

molecules are known to be unstable and if BFA blocks expression of new empty MHC-1, one 

might expect al1 empty MHC-1 to disappear over the time of the assay, thus rendering the ConA 

bIasts sensitive to lysis. To address this possibility, we measured the relative number of empty 

K~ molecules on ConA blasts not pulsed with peptide and incubated with or without BFA for 

t=0. and t d h  using O V A P ~ . ~ ~  as in Fig 2-6. The relative number of empty K~ fell by 3 1k7 % 

in the presence of BFA and by 11212% in the absence of BFA over the 4h incubation. We 

hypothesize that the rernaining empty MHC-I molecules are sufficient to provide protection 

from NK lysis. (See Discussion) 

2.4.6 The Ly49A mdccule does not recognize empty D~ molecules. 

In contrast to our observations, other groups have shown that under appropriate conditions, 

addition of H - ~ D ~  specific peptide creates an inhibitory signal which protects NK-susceptible 

target cells expressing H - ~ D ~  from being lysed by L Y ~ ~ A +  B6 NK cells (41, 282). To attempt 

to reconcile this difference, we studied the recognition of D~ molecules by ~ y 4 9 ~ +  and Ly49A- 

NK cells in OUI- syngeneic experimental system. The ConA blasts and M( cells used were 

derïved respectively from normal and athymic nude BALBk (H-2d) rnice. Day 3, rL-2 

activated NK cells were sorted into L y 4 9 ~ +  and Ly49A- subsets using the mAb JR9-3 18 which 

recognizes Ly49A molecules on both B6 and BALBlc NK cells (146, 300). BALBk ConA 

blasts, both pulsed and not pulsed with a ~ ~ - s ~ e c i f i c  peptide. HIVgploOGl~~ ,  (HIVp) (288). 

were examined for sensitivity to lysis mediated by either Ly49A+ NK cells or Ly49A-NK cells. 

The results show that BALB/c blasts whether or not pulsed with HIVp were resistant to lysis 

mediated by the Ly49~' MC cells but when F(ab7)? anti-Ly49A mAb (JR9-3 18) was included 

in the assay, 60th normal, and HIVp-pulsed blasts were lysed by Ly49Af NK cells (Fig 2-7A). 

(See Discussion) In contrast, when Ly49A- NK cells were used, they lysed Wp-pulsed blasts 

and spared unpulsed blasts whether or not F(ab')z anti-Ly49A rnAb was present (Fig 2-7B). 

When a K~-specifîc peptide mu-NP-ICd) was used for pulsing BALB/c blasts, both Ly49~'  and 

Ly49A' NK populations could produce lysis. Interestingly, a mixture of both HU-NP-K~ and 

W p  peptide in the absence of F(ab')2 anti-Ly49A mAb (IR9-318) enabled lysis by Ly49~ '  as 

well as Ly49A- NK cells (Fig 2-7C,D). (See Discussion) 



Figure 2-7. ~ y 4 9 A +  NK c e b  lyse Flu-NP (~~-s~ecific) pulsed ConA blasts, but not 

HIVp (Dd-specific) pulsed ConA blasts. (A) BALBlc ConA blasts whether pulsed 

with HIVp (filled square) or with 10% CM done (open square) were resistant to lysis 

mediated by ~ y 4 9 ~ +  NK cells. The addition of F(ab1l2 anti-Ly49A mAb (JR9-3 18) in 

the assay made both HNppulsed ConA blasts (closed triangles) and 10% CM-pulsed 

ConA blasts (open triangles) susceptible to lysis by Ly49~' NK cells. The figure is 

representative of 3 independent expenments. (B) Nomal ConA blasts pulsed with 10% 

CM alone (open symbols) were resistant to lysis by Ly49A- NK cells either in the 

presence (triangles) or the absence (squares) of F(ab')2 ami-Ly49A rnAb (JR9-318), 

while HIVp-pulsed ConA blasts (closed symbols) were lysed by Ly49A' NK cells 

whether or not the F(ab')2 anti-Ly49A mAb (JR9-318) was added. (C) Both 10% CM- 

pulsed (open circle) and HNp-pulsed (filled squares) ConA bIasts were resistant to 

lysis by Ly49A+ NK cells. while ConA blasts pulsed either with FIu-NP-K~ peptide 

(~ 'k~ec i f i c .  closed circles) alone or with a mixture of both HU-NP peptide and HIVp 

(closed diamonds) were lysed. (TB) ConA blasts pulsed either with RU-NP-ICd (closed 

circles), HIVp (closed squares), or both (closed diamonds) were lysed by Ly49A- NK 

cells, while normal ConA blasts (open circles) remained resistant to lysis. The figure is 

representative of 3 independent experiments. 



Figure 2-7 
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The observation that HIVppulsed targets were not Iysed by Ly49~'  NK cells is fully 

consistent with the hypothesis that Ly49A recognizes peptide-loaded D~ molecules and prevents 

lysis that would otherwise have occumd. That these targets wete lysed when Ly49A molecules 

on the NK cells were covered up by F(ab'h ami-Ly49A rnAb and were also lysed when Ly49A- 

NK celIs were used as NK effectors is consistent with the existence of inhibitory receptors 

recognizing empty MHC-1 as hypothesized in the preceding sections. An explicit mode1 that is 

consistent with al1 the lysis results of Fig 2-7, in which resistance to lysis depends upon the total 

number of possible inhibitory signals is given in the Discussion (Table 2-3). 



2.5 DISCUSSION 

Self-recognition involves empty MHC-1 molecules. We here confirm previous results (38, 39) 

that normal ConA blasts become sensitive to lysis by syngeneic NK cells when incubated 

with peptide that c m  bind to their MHC-1 molecules (Fig. 2-1). The process does not seem 

to be peptide-sequence specific in that ail peptides tested sensitized targets for NK lysis 

provided that they could bind to MHC-1 in the peptide pulsing procedure. Concentrations 

of 1-10 pgml of the peptide tested ( d l  of which bind with high afinity) were sufficient to 

produce significant sensitization (Fig 2-1). For comparison, concentrations 100-fold lower 

are sufficient to sensitize ConA blasts to lysis by CTL lines specific for the same or simila. 

high affinity peptides (75). 

It is now widely accepted that if an activating receptor on an NK ce11 recognizes a cell, 

that ce11 will be killed unless an inhibitory receptor on the NK ce11 also recognizes the cell. 

According to this model, the added peptide in our system must be altenng the target cell either 

by creating a new ligand recognized by an activating receptor or by altenng or masking a ligand 

recognized by an inhibitoxy receptor (or possibly both). To distinguish between these two 

possibilities, the most powerful approach is to use specific mAb F(ab?2 fragments against the 

lisand as has k e n  done to block the inhibitory-MHC-1 interaction (20, 301). However, this 

approach cannot yet be used in this study because the putative receptor involved in our system 

has yet to be identified (except that Ly49A is not involved). We have relied on cold target 

cornpetition as an alternative for providing insight into the nature of the ligand affected by 

peptide-pulsing and found that unlabelled ConA lyrnphoblast targets, whether or not peptide 

pulsed, were equally effective competitors for NK-mediated lysis of labeled peptide-pulsed 

targets (Fig. 2-3). We also found, using flow cytometry, that ConA blasts pulsed or not pulsed 

wi th peptide were equally effective in forming conjugates with FiTC-labeled NK cells (Fig. 2- 

3). Similarly, Ljünggen et al. found that the cell line RMA (moderately resistant to hK lysis) 

and RMA-S, a mutant ce11 line derived from it and highly sensitive to NK lysis, were equivalent 

in their ability to bind NK cells (125). Taken together with the fact that only peptide-pulsed 

targets are lysed, we conclude that the added peptide is most Iikely altering or masking the 

ligand recognized by an NK inhibitory receptor. The BFA experiments support this conclusion. 



Preventing surface amival of proteins should not affect an activating ligand, which is already 

there. 

The observation that the ligand recognized by the NK inhibitory receptor operative in 

this system and the CTL receptor are affected âifferently by BFA leads to the hypothesis that 

they are recognizing different ligands and, in particular, that the inhibitory N K  receptor 

recognizes the empty fom of MHC-I molecules on syngeneic ConA blasts. The data of Figures 

2-1 to 2-5 can be explained by and support this hypothesis. Thus, normai ConA blasts can be 

recognized by syngeneic NK cells but their lysis is nonnally prevented when negative inhibitory 

si p a l s  generated by recognition of empty MHC-I molecules are above some threshold level and 

ovemde the activation signal in the NK cell. Pulsing normal ConA blasts with peptide of high 

binding affinity fills most (if not d l )  empty MHC-1 molecules and thus reduces the negative 

inhibitory signal below the threshold level in some NK cells and renders the ConA blasts 

susceptible to lysis (Fig. 2-1). When peptide-pulsed ConA blasts are incubated in the absence of 

exogenous peptide (preincubation experiment, Fig. 2-3A), newly synthesized empty MHC-1 

molecules are transported to and expressed on the ceIl surface where they regenerate the 

inhibitory structure that increases the inhibitory signal above the threshold level and thus 

prevents NK lysis. Furthemore, if MHC-1-specific peptide is added to the target celts again, 

1 ysis can be restored (Table 2- 1). If the "regeneration" of the inhi bitory structure is prevented by 

blocking the expression of newly synthesized MHC-1 in the preincubation step (BFA 

experiment, Fig. 2-4), the targets remain sensitive to lysis. 

An understanding of the number of "empty" MHC-1 molecutes on the ceIl surface under 

varying conditions is central to Our model. New empty MHC-1 molecules rnight arise on the 

ce11 surface through loss of peptide from the trimolecular complex on the ceIl surface as both 

peptide and prm can freely and independently disassociate from the aimolecular complex (33. 

34, 76, 302). Altematively, newly synthesized empty MHC-1 molecules cm aiso arrive at the 

ce11 surface (32, 97) . Whether MHC-1 molecules are truly empty or contain peptide binding 

with low affinity (pL) and readily lost is not clear. To distinguish between these possibilities, we 

directly exarnined the relative frequency of full and empty K~ on B6 ConA blasts pulsed with a 

high affinity binding peptide (OVAp) and then incubated for 90 min in the presence or absence 

of BFA (Fig. 2-6). In the presence of BFA, which should prevent the emergence of new 

empties from the ceIl interior, no new empties were detected after a 90 min incubation, implying 



that the trimolecular complex has a half-life much greater than 90 min and that little peptide was 

lost during this 90 min incubation. There is no direct measurernent of the half-life of this 

trimolecular complex. However, a possibly similar HU-NP-D~ trimolecular complex (the same 

as studied here, see Fig. 2-1) is known to have a haif-life of 10h (76, 186). In the absence of 

BFA, a significant number of new empties appeared on the ce11 surface (Fig. 2-6). We assume 

that these are newly synthesized molecules exported from the cell interior. Their appearance 

correlates with the disappearance of sensitivity to NK lysis (Fig. 2-4, 2-5). In examining the 

effect of BFA on normal B6 ConA blasts, we found that empty MHC-1 were still detected even 

after the cells were incubated for 4h in the presence of BFA at 37OC, aithough a decrease in the 

level of empty MHC-1 expression was observed. Given that the a-pzm forms of D~ and K~ 

molecules have been reported to have haif-lives much less than 2h (34,97,283), one might have 

expected unpulsed ConA blasts to have lost al1 their empty MHC-1 molecules dunng the 

incubation with BFA. That they did not has two possible explanations: (i) New empty MHC-1 

molecules are continuously formed through loss of low affinity peptide from trimolecular MHC- 

1 complexes ( p L - a - p ~ r n )  aiready on the cell surface. (ii) Measurements of a-bzm half-lives have 

been made by extracting a-B2m complexes from the ce11 surface with mAb. Molecules 

embedded in the membrane of a normal, viable ce11 may be more stable. We conclude that the 

ligand for the inhibitory receptor operative in our system is most likely to be empty MHC-1. 

The mode1 that added peptides rnight be displacing protective "self' peptides is rendered 

unlikely by the current data. A 45-min pulse with a high aff~nity peptide produced a state of 

sensitization (Fig 2-1). If the high affinity peptide is displacing particular protective self- 

peptides, then they must be bound with low affinity to be displaced in such a short time pulse 

(34). This then implies that control target cells not pulsed with high affinity peptide and then 

incubated with BFA shouId have become sensitive to lysis as the protective self-peptide was 

lost. This was not seen (Fig 2-5). 

An as-yet-unidentified inhibitory receptor, differing from Ly49A, recognizes the 

bimolecular form of the D* molecule. As descnbed in the Introduction, three groups have 

shown that, under appropriate conditions, addition of MHC-1 binding peptides to a target cm 

prevent NK lysis (41, 195, 282). To reconcile the ciifference between these published and Our 

experimental data, we studied the recognition of the D~ molecule by L y 4 9 ~ '  and Ly49A- NK 

subsets in Our syngeneic experimental system. We found that the ~ y 4 9 ~ '  subset of NK cells 



could not lyse syngeneic Dd-karing ConA blasts pulsed with ~~-b ind ing  peptide (Fig 2-7), 

consistent with the Ly49A inhibitory receptor recognizing the D~ trimolecular complex and 

providjng a dominant negative signal (Fig 2-7). In agreement with this, the targets were lysed 

when Ly49A was covered up by F(ab')? anti-Ly49A mAb. The Ly49A- subset of NK cells 

killed the same syngeneic ~ ~ - b e a r i n ~  ConA blasts pulsed with Dd-binding peptide, consistent 

with Our hypothesis that there might be an as-yet unidentified inhibitory receptor (which may or 

may not be a member of the Ly49 family) that recognizes the empty fonn of the Dd molecule. 

In support of our hypothesis that there are inhibitory receptors recognizing empty MHC- 

1 molecules, a recent report (197,303) concluded that cell-surface expression of human MHC-I 

molecules, in the absence of peptide, was both necessary and sufficient to inhibit HIA-specific 

human NK lines and clones. They transfected RMA-S cells with human HLA-C of two 

different ailotypes dong with human p2m. Culture of the cells at 26OC without exogenous 

peptide ailowed for high expression of the transfected MHC-1 and this persisted for at least 2h 

after the cells were transferred to 37OC. Presence of a particular empty HLA-C allotype was 

suficient to inhibit lysis by an NK clone specifically inhibited by that ailotype. Note that the 

inhibitory receptors involved in this study are most likely the members of NKIR (naturai killer 

in hi bi tory receptor) family, stmcturaIIy unrelated to the Ly49 family (160, 16 1). 

Here, we propose a teeter-totter model for resistance vs. sensitivity to NK lysis. Coma 

et ai. have shown that the L ~ ~ ~ A - D ~  interaction is sufficient to inhibit al1 types of NK ce11 

activation pathways that have k e n  exarnined, but the contrary has ken  observed in this study 

(193). Our data showed that Ly49At NK cells could lyse ~ ~ e x ~ r e s s i n g  ConA blasts pulsed 

with FIU-NP-K~ peptide even if they were & pulsed with Dd-binding peptide (Fig 2-6c). This 

apparent discrepancy can be explained by the following model: (i) Individual NK cells have 

different inhibitory receptors that can recognize either empty or full MHC-1 molecules. (ii) The 

strength of the inhibitory signal generated by a particular receptor is proportional to the number 

of MHC-1 molecules it cm recognize. (iii) For inhibition of lysis to occur, the surnrnation of dl 

inhibitory sipals  rnust exceed some critical tthreshold value. 

Let us apply this model to al1 the data of Fig 7 using Ly49~ '  NK cells (Table 2-3). We 

assume that 10% (O. 1) of ICd and Dd molecules on the ConA blasts used are empty, as has been 

reported (76, 186) for D~ molecules, but would reach the same conclusions for any value greater 

than zero and less than 1. For normal ConA blasts (line 1, Table 2-3). there is a total inhibitory 



Table 2-3: Mode1 for recognition by Ly49A* NK eells including two additional 

inhibitory receptors. 

Target cells Lysis seen ~ ~ ( f )  * ~ ~ ( e )  ICd(e) * Summation of 

in Fig 6 inhibitory signals 

Lymphoblast No 0.9 ** O. 1 O. 1 1.1 

Lyrnphoblast + ~ ~ - ~ e p t i d e  no 1 .O O O. 1 1.1 

Lymphoblast + JKd-pptide YeS 0.9 O. 1 O 1 .O 

Lymphoblast + K~-peptide YeS 1 .O O O I .O 

 peptide 
Lymphoblast + JR9-3 18 F(ab')z YeS O O. 1 O. 1 0.2 

Lymphoblast + Dd+eptide ;les O O O. 1 O. 1 

+ JR9-3 18 F(ab')2 

Lyrnphoblast + ~ ~ - ~ e p t i d e  YeS O 0.1 O O. 1 

+ JR9-3 18 F(ab') 2 

Note: + Dd(f)- inhibitory signal from Ly49A receptor recognizing peptide-bound D~ 

Dd(e)- inhibitory signal from receptors recognizing empty D~ 

ECd(e)- inhibitory signal from receptors recognizing ernpty K~ 

** The numbers are the inhibitory signal strengths assigned to each receptor involved 

in NK-recogni tion. 



signal of 1.1 (0.9 (from Ly49A recognizing peptide-bound Dd) plus 0.1 ( h m  a new receptor 

recognizing empty I ld)  plus 0.1 (from a second new receptor recognizing empty K~); no lysis is 

seen. When the ConA blasts are pulsed with ~ ~ - s ~ e c i f i c  peptide aine 2, Table 2-3). the total 

inhibitory signal remains as 1.1, because as the Ly49A signal goes up by 0.1, the inhibitory 

signai generated by the receptor recognizing ernpty Dd goes down by the sarne arnount, 0.1. and 

again no lysis is seen. However, when they were pulsed with ICd-specific peptide (line 3) or 

with both K ~ -  and D ~ -  specific peptide (line 4), the total inhibitory signal falls to 1.0; lysis is 

now seen. in going down Table 2-3, one sees that lysis was observed whenever the surnrnation 

of inhibitory signals was 1.0 or less. Cornparison of lines 2 and 4 is particularly interesting in 

that pulsing ConA blasts with ~ ~ - b i n d i n ~  peptide aione does not block inhibition (line 2) but 

pulsing ConA blasts with both ICd- and D ~ -  binding peptide does (line 4). 

The mode1 implies that there is a critical baiancing of activating and inhibitory signals 

leading either to sensitivity or resistance to lysis. It is much like a teeter-totter in a children's 

playgound in which a given end is either fully up or fully down depending upon the balance of 

the forces last acting on the two ends. Whether there is a subset of B6 NK cells with an 

inhibitory receptor that recognizes peptide-bound ICd molecules cannot be determined from 

these data as inhibition or activation of such a subset is difficult to detect unless the subset is 

relatively pure. We could detect the effect of the Ly49A inhibitory receptor in our system only 

after purifying Ly49Af cells. 

Most previous studies (for an exception, (304)) supporting the existence of negative- 

signahg NK receptors have involved the protection from lysis of allogeneic target cells 

recognized by inhibitory receptors. The data presented here provide direct evidence that 

negative-signding receptors can aiso protect normal syngeneic target cells from lysis. They aiso 

suggest a possible explanation as to why some virus infected cells become targets for syngeneic 

NK cells: As a result of the virus infection very few empty MHC-1 molecules are exported to the 

ceil surface either because very large quantities of viral peptide inside the ce11 saturate MHC-1 or 

because the virus greatly reduces ovenll MHC-1 production such that few empties (albeit a 

higher percentage of al1 class I) reach the ce11 surface. 



CHAPTER 3 

L Y ~ ~ C "  NK INHIBITORY RECEPTOR RECOGNIZES 

6'PEPTIDE-REXEITIVE" K l - 2 ~ ~ .  

A paper of the same title by Su, R-C., Kung, S.K.P., Silver, ET., Lemieux, S., Kane, K.P., 

and Miller, R.G. has been published in Journal of Immunology 163(10): 53 19-5330 (1999). 



3.1 ABSTRACT: 

NK-mediated cytotoxicity involves two fmilies of receptors: activating receptors that trigger 

lysis of the target cells k ing  recognized and inhibitory receptors specific primarily for 

MHC-I on the target ce11 surface that can ovemde the activating signal. MHC-1 molecules 

on the ce11 surface can be classified into molecules made stable by the binding of peptide 

with high affinity or unstable molecules potentially capable of binding high affinity peptide 

(hence "peptide receptive") and king converted into stable molecules. It has been 

previously shown that the Ly49A inhibitory receptor recognizes stable D~ molecules. We 

show here that the inhibitory receptor ~ ~ 4 9 ~ ~ ~  recognizes "peptide receptive" ICb molecules 

but does not recognize K~ molecules once they have bound high affinity peptide. 



3.2 INTRODUCTION: 

It is widely accepted that NK cells recognize and lyse target cells through the interplay of 

two families of receptors (25,27, 126, 156, 281). Activating receptors can trigger Iysis of the 

target cell being recognized. The activating signal, however, can be overridden by a negative 

signal from an inhibitory receptor when the latter interacts with its ligand (if present) on the 

txget cells. The ligand(s) for activating receptors are not yet clearly defined, but the only 

ligands identified to date for inhibitory receptors are associated with MHC-1 aileles (25, 27, 

126. 156, 281). Ly49A has been shown to bind to H - 2 ~ '  and D ~ ,  and can inhibit the lysis of 

target cells expressing these molecules (20, 305). The same appears m e  for Ly49C. Thus, 

COS-7 cells transfected with Ly49C receptor can bind to ~ - 2 ~ ,  H-2'. ~ - 2 *  and H-2k ce11 lines 

in cell-ce11 adhesion assays (306) and the presence of Ly49C has been shown to be 

responsible for the resistance to lysis of ~ ~ - e x ~ r e s s i n ~  target cells by 5 E 6  F1 (NZB x 86) 

NK cells in cytotoxicity assays (307). 

Most MHC-1 molecules on the normal ceil surface exist as ternary complexes, each 

composed of a properly folded heavy chain (a) containing the peptide binding groove, a non- 

covalently associated pz- microglobulin (P2m), and a peptide (p) (34). The stability of the 

cornplex depends primarily on the binding affinity of the peptide. The ternary complex PH- 

(associated with high-affinity peptide, pH) is most stable, with a half-life of 10 h or 

more (34). The complex pL-a-p2m, in which the peptide is either too long or lacks the proper 

binding motif and thus binds with low affinity (therefore, pL), is also present and is less 

stable (97). Three other forms of MHC-1, ail unstable, apzm, p-a and a (perhaps in 

decreasing order of stability) can also be found on the ce11 surface (33, 34). CoIlectively, 

these have a half-life of 30 min or less (34). 

MHC-1 molecules capable of binding exogenously added peptides are present on the 

surface of both normal and TAP-deficient (e.g., RAM-S) cells, and are conventionall y 

referred to as "empty" MHC-1 molecules. It is essentially unknowabie, however, to what 

extent these molecules are truly empty, i.e., contain solvent in their binding groove (e.g., a- 

Bzrn or a) versus a weakiy bound peptide (e-g., pL-a-B2m) (74). Nonetheless. the 

exogenously added peptide is most likely to bind to a-p2m ancilor displace the p~ in the PL-a- 

pZm complex (after the pl. dissociates), instead of a chain. Binding to a chain alone is 



probably unlikely as it is thought to be highly unstable on the ce11 surface at 37OC (33, 34). 

We, here, refer to al1 fonns of MHC-1 that can bind exogenous peptide of high afTinity as 

"peptide-receptive" MHC-1 (PR-MHC-I) (74). This is an operational definition. PR-MHC-1 

molecuIes are most likely the aDzm binary complex and the pL-&m temary complex, but 

may also include a alone. Approximately 10% of D~ molecules expressed on the surface of 

E L 4  tumor cells are peptide receptive (76, 186). 

Several studies have focused on defining the regions of MHC-1 involved in the 

recognition by NK inhibitory receptors. By performing exon-shuffling and point-mutation 

experiments on human MHC-1, Storkus et al. showed that the al-a2 region of the a chain 

appears to be critical in determining the specificity of MHC-1 (HLA-A and HLA-B) as an 

inhibitory ligand (36), and that the amino acids in the peptide binding groove of MHC-1 are 

important in confemng NK resistance (308). For mouse MHC-1, Karlhofer et al. (20), and 

Sundback et al. (40) have mapped the determinant recognized by the inhibitory receptor 

Ly49A to the &-region of the D~ molecule. 

Several studies have addressed the question of whether the presence of peptide in the 

peptide-binding groove within the al-- region is critical in recognition by an NK inhibitory 

receptor. Storkus et al., using C1R cells that are norrnally lysed by human NK cells, found 

that they could be protected from lysis by transfection of certain HLA-A or HIA-B MHC-1 

and that protection was reversed by the addition of peptide that could bind to the protective 

MHC-1 (193). Chadwick and Miller (38), and Chadwick et al. (39) found that normal non- 

transformed lymphoblasts could be lysed by syngeneic mouse NK cells in the presence of 

peptide specific for their MHC-1. They tested 9 different peptides specific for ICb, D~, K ~ ,  L ~ ,  

or D ~ .  Al1 of these peptides could sensitize a normal lymphoblast to be lysed if they could 

bind to it. Using a similar system, Su et al (309) found that the acquisition of sensit;vity to 

I ysis correlated wi th the disappearance of " P R  MHC-1. When 1 ymphoblasts made sensitive 

to NK lysis by king  pulsed with peptide were incubated in the absence of peptide, they lost 

their sensitivity to lysis as they reacquired PR-MHC-1, a process which took about 90 min. 

When production of new peptide receptive MHC-1 was inhibited (by inhibiting transport of 

new ce11 surface protein through the trans-Golgi) lymphoblasts remained sensitive to NK 

Iysis. These experiments led to the hypothesis that there are NK inhibitory receptors that 



recognize PR-MHC-1. The hypothesis would gain considerable credibiIity if one could 

actually identify an NK inhibitory receptor reactive against PR- MHC-1. 

Ly49A is the best characterised NK inhibitory receptor. Results of Coma and Raulet 

(282) and OrihueIa et al (41) show that Ly49A recognizes not the peptide receptive but the 

peptide bound Dd molecule. These groups transfected TAP-deficient RMA-S (282) or LKD8 

(4 1) cells wi th Dd and showed that the protection of D~-transfected cells from lysis mediated 

by Ly49A+ B6 NK cells requires peptide-binding to the D~ molecule. The extent of 

protection correlated with the extent to which the added peptide stabilized D* expression. 

Both groups suggested that the role of peptide was to promote the assembly and ce11 surface 

expression of MHC-I and that there was no peptide specificity in Ly49A recognition of D ~ .  

Su et al (309), using L y 4 9 ~ +  and Ly49A- BALBk (H-2) NK cells, investigated the effect of 

pulsing BALB/c lymphoblasts with a high affinity ~~-b ind ing  peptide. The results obtained 

were consistent with those just summarized i.e. Ly49A+ cells did not lyse Dd' normal 

lyrnphoblasts either before or after they were pulsed with a high affinity Dd-binding peptide. 

However, pulsing the lymphoblasts with high &nity K~ peptide sensitized these D*+ normal 

lyrnphoblasts to be lysis by ~ y 4 9 ~ '  cells, whether or not they were also pulsed with Dd 

peptide, thus implying the existence of an inhibitory receptor reactive against PR- K~ and 

also implying that it is the total balance of inhibitory and stimulatory signals that determines 

whether there is lysis. 

In this report, we have investigated whether another well-charactenzed NK inhi bi tory 

receptor, Ly49C, recognizes peptide-bound or "peptide receptive" ICb. We have used both a 

syngeneic experimental system (309) and an in vitro hybrid-resistance mode1 ((38) in which 

inhibitory function of Ly49A and 5E6 antigens has k e n  demonstrated (307)). SE6 mAb 

stains B6 LAK cells expressing Ly49C, andor Ly49I receptors (140). Most of our study has 

used 5E6' and 5E6' 86 LAK sub-populations as effector cells, but we also show that Ly49C- 

I+ (5~6'4L03311-) B6 LAK cells are not inhibited in the presence of either "peptide 

receptive" or peptide-bound K ~ .  We conclude from this study that the ~ ~ 4 9 ~ ~ ~  NK 

inhibitory receptor recognizes the "peptide-receptive" form of the K~ molecule. 



3.3 MATERIALS AND LMETHODS: 

3.3.1 Mice: 

Normal C57BU6 (336. H-24, BALB/c (H-2d), and F1 (BALBlcxB6, H-2wd) mice were 

purchased from the Jackson Laboratory (Bar Harbor, ME). C57BU6 (€3-29 athymic nude mice 

were purchased from Taconic, Germantown, NY. Fl (BALB/cxB6, H-2wd) athyrnic nude mice 

were purchased from the Jackson Laboratory. D ~ -  86 mice @bX? and ICw- 86 rnice @Wb? 
have been previously descxibed (3 10, 31 1). They were generous gifts from Dr. F. izmonnier 

(Pasteur Institute, Paris, France), and were bred in ow animai facility. Al1 mice were kept in a 

specific pathogen free environment. In most experiments. 6-10 week old female rnice were 

used (although either sex gave similar results). 

3.3.2 NK generation: 

The method used for producing activated NK cells (LAK cells) was identical to that used 

previously (38, 309, 312). Bnefiy, 2x10~ nylon wool non-adherent spleen cells from B6 

arhyrnic nude mice were cultured at 37OC for 3 4  days in 5 ml a-MEM supplemented with 

10% FCS, 50 pM 2-ME, and 10 rnM HEPES buffer (hereafter referred to as 10% CM), 

containing 500 U/ml mouse rIL-2. In some expenments, as specified, FI (BALBkxB6) 

athyrnic nude mice were used. Mouse rIL-2 was obtained as a supernatant from a ceIl line 

transfected with the LL-2 gene (285). These cells were cultured in 25 cm2 flasks at 37OC in a 

10% COz in air incubator. Yields typically exceeded 1200 Ulm1 of rIL-2. 

3.3.3 Target ce11 generation: 

Target cells were B6, BALBlc or Fl(BALBkxB6) Concanavalin A (ConA, ICN 

Pharmaceuticals Canada Ltd., Montreal, Que.) acti vated 1 yrnphoblasts (ConA blasts), produced 

by incubating lo7 splenocytes for 3 days in 10 ml CM supplernented with ConA (2 pglml). On 

day 3, ConA blasîs were harvested on Lympholyte M (Cedarlane Lab., Homby, ON) and 5 ' ~ r -  

labelled by incubating about 6x10~  cells for 90 min at 37OC with 360 pCi N ~ ' ' c ~ o ~  (NI3 Life 

Science, Boston, MA) in 150 pl of PBS containing 67% FCS. They were then washed 3 times 

wi th 1 % CM (containing 1 % FCS instead of 10% FCS). to remove non-incorporated ~ a ~ ' ~ t 0 4 .  



3.3.4 MHC-1 binding Peptides: 

The effect of MHC-1 binding peptides on nomal ConA blasts sensitivity to NK lysis was 

assessed by pulsing ConA blasts with the expenmental peptide (at a concentration of 100 n g h l  

in CM, unless stated othenvise) for 45 min at 4OC before the assay. Peptides utilized were K ~ -  

restricted epitopes of Chicken Ovalbumin, SJINFEKL, (OVAp38-265) (287) and Vesicular 

Stomatitis Virus NP, RGWYQGL, (VSVpsz.ss) (75), a D~-restricted epitope of influenza 

nucleoprotein, A S N ' E I W E M .  (F~u-NP-~M) (286), and a D~-restricted epitope of HIV gp160, 

RGPGRAFVTI, ( H N P ~ ~ ~ - ~ ~ ~ )  (288). Chicken Ovalbumin, S ~ K L ( O V A ~ ~ J ~ - ~ ~ ~ ) ,  and its 

derivative, biotinylated Ovdbumin peptide, SlINFEK(bio)L were prepared by the Ontario 

Cancer hstitute Biotechnolow Laboratory, using an Applied Biosystems Peptide Synthesizer 

(Applied Biosystems, Foster City, CA). Both VSVp5z-sg and Flu-NP peptides (>go% punty) 

were generous gifts from Dr. B. H. Barber (University of Toronto). HIVp (>W% punty) was a 

gift from Dr. D. Williams (University of Toronto). OVAp, and VSVp peptides are natural 

ligands for K~ and bind to ICb with high affinities (286, 287, 289). HIVp peptide is a natural 

ligand for D~ and binds with high affinity (288). 

3.3.5 Cytotoxicity Assay: 

Methods for measuring lytic activity were identical to those used previously (39, 155, 309). 

After 3 washes, -1abeled ConA blasts were incubated with peptide in 3 ml of 10% CM for 

45 min at 4OC and washed again before king used in a 4 h " ~ r  release assay perfomed in 96- 

well V-bottom microtiter plates using 2 0  targetdwell, dispensed in 100 pl aliquots and 

effectors at an E:T ratio as indicated or at 30:1, also added in 100 pl aliquots. For experiments 

in which pre-incubation of NK cells with 5E6 mAb was required, the pre-incubation was done 

at 4 OC for 3045 min while prpparing target cells for the assay. For experiments in which pre- 

incubation of target cells with 5F1, Y-3, or Z D l .  16 mAb (5 pg/ml/2x 10' cells) was required, 

the pre-incubation was done at 4 O C  for 20-30 min. Prior to the addition of mAb to 

target/effector cells, mAb were pre-incubated with soluble Protein A (2pg per 1Opg of rnAb 

used, Sigma, St. Louis, MO) and sotuble ProteinA/G mix (2pg per lOpg of mAb used, ICN 

Biomedicals Inc., Aurora, OH) for 30 min on ice. Soluble Protein A and G bind to the Fc 

portion of antibody, block the association of antibody to FcRDI on NK cells, and thus, prevent 

antibody-dependent cellular cytotoxicity (ADK).  The rnAb remained in the assay mixture 



during the 4h *kr-release assay. Specific lysis was calculated as % specific lysis = (E-S)/fl-S) 

x 100 where each value represents the mean + S.E.M. of five replicates. E is the experimental 

rnean of " ~ r  released; S. the amount of 5 1 ~ r  released when the target cells were culnired in 

medium alone; and T, the total amount of ' l ~ r  released in the presence of 2% acetic acid. 

Dialyzed FCS (12 kDa cut off) was regularly used in place of regular FCS during the 5 1 ~ r  

labeling, pulsing and assay stages (186, 291). 

3.3.6 Flow cytometry1FACS Analysis: 

To rneasure the disappearance of PR- K~ using OVAP-~.~~, ,  day 3 B6 ConA biasts were pre- 

pulsed with increasing concentrations of non-labeled OVAp for 30-45 min to convert PR- ICb 

to peptide-bound Kb. Unbound OVAp was removed and the cells were then incubated at 4 

O C  for 45 min with biotinylated OVAp peptide ( O V A P ~ . ~ ~ ~ , ~  pg/ml). The binâing of 

biotinylated OVAp was visualized with R-phycoerythrin conjugated streptavidin (SA-PE, 

Sigma) which binds to biotin, and analyzed using a FACScan flow cytometer and LYSIS IT 

program (Becton Dickinson). The maximum level of PR- Kb was measured by ornitting the 

addition of OVAp during the peptide-pulsing procedure. The relative level of PR- Kb was 

calculated as the fraction of the mean fluorescent intensity (MFI) detected when a particular 

OVAp concentration was used over the MF1 of the maximum level of PR- Kb and is plotted 

against the OVAp concentrations used. Altematively, the presence of PR- Kb molecule on 

the ce11 surface can be measured with OVAp-binding (Fig 3-2 B,C), which c m  then be 

visualized using FiTC-conjugated Z D  1.16 mAb (3 13). Z D  1-16 mAb was purified from the 

supernatant of 25-D1.16 hybridoma (re-clone #21) culture, a generous gift from Dr. 

R.Germain (NIH. Bethesda, MD). 2SD 1.16 mAb binds speci fically to OVAP-K~ complex. 

and not V S V ~ - K ~  complex or any other pept ide-~b complex (313). The level of PR- K~ on 

the ce11 surface was titrated by pulsing the B6 ConA blasts with increasing concentrations of 

VSVp for 30-45 min and then washing away unbound VSVp. The remaining PR- K~ 

molecules were detected by pulsing with OVAp (lpglrn1110~ cells for 30-45 min) and FiTC 

conjugated 25D1.16 mAb. which detects the OVAP-K~ complexes. The maximum level of 

PR- ICb was measured when no VSVp was used assuming that OVAp would bind to all the 

P R - K ~  molecules. In separate kinetics experiments (unpublished), it was found that 1 pg of 

O V A ~ / ~ V ~ O ~  cells produced half-maximum binding within 15 min and saturation binding 



within 45 min. The relative level of PR-ICb is calculated as the Fraction of the rnean 

fluorescent intensity ( M m  detected when a particular VSVp concentration is used over the 

MFI of the maximum level of PR-K~ and is plotted against the concentrations of VSVp used. 

3.3.7 Cell Sorting: 

Day 3 or day 4 8 6  LAK cultures were harvested and resuspended in 1% BSA/PBS (10' 

cells/ml). The cells were then incubated with 5E6 mAb (4 pg per 1o6 cells, Pharmingen), at 

4°C on a rotator for 45 min. 5E6 mAb recognizes the NK inhibitory receptors, Ly49-C and I 

(140). Stained cells were washed with cold 1% BSNPBS and then soned (Coulter Epics V) 

into 5E6' and 5E6- sub-populations. Ly49C+ (5E6+4L033119 and Ly49CT 

(5E6'4L033 1 1 -) 86 LAK sub-populations were isolated by sorting SE6' 8 6  LAK cells (day 

5 or day 6) stained with biotinylated 4LO33ll mAb (140) (lPg/lo6 cells. specific for 

Lyl9C). F1 (BALBkxS6) LAK celis were sorted into 5E6Ly49A' and 5E6Zy49A- sub- 

populations using FlTC-labeled 5E6 (4 pg/l~6 cells), and biotinylated JR9.318 mAb (4 

pg/106 cells). IR9-318 mAb binds specifically to Ly49A (146); the hybndoma was obtained 

from Dr. D. Raulet with permission of Dr. J. Roland (Pasteur Institute, Paris, France). Sorted 

cells were cultured in 5 ml CM containing 500 U/ml mouse rIL-2 (285) for an additional 2-3 

days as above. 

3.3.8 &, Fragment Generation: 

For Fab fragment generation, 8 mg of affinity purified antiXb rnAb (SFl) was resuspended in 1 

ml of digestion buffer (20 mM phosphate, 20 mM cystein-HC1, 10 mLM EDTA-Na, pH 7.0) and 

then digested with 0.5 ml of irnrnobilized papain (Pierce, Rockford, IL) for 10 h in a shaker at 

37'C at high speed. The reaction was stopped by adding 1.5 ml of 10 rnM Tris-HCI (pH 7.5) to 

the digestion mixture as suggested by the manufacturer's protocol (Pierce, Rockford, IL). After 

a centrifugation at 10,000 rpm for 5 min, the supernatant was collected and rnixed with Protein 

A/G -Sepharose beads (ICN Biomedicals Inc., Aurora, OH) to remove undigested Ab and Fc 

fragments. The purity and the binding acîivity of Fab fragments were checked by 10% SDS- 

PAGE and flow cytometry, respectively. 



3.3.9 COS-7 Cell Expression and Cell-Ceil Adhesion Assay: 

~ ~ 4 9 ~ ~ ~  and ~ ~ 4 9 1 ~ ~  cDNAs were inserted into the multiplecloning site in PCI-ne0 

mamrnalian expression vecton (Promega, Madison, WI). Transfection of COS-7 cells (gift 

from Dr. M. B. Wheeler, University of Toronto) with Ly49 cDNA was camied out using 

Lipofectamine (Life Technologies, Baithersburg, MD), following the manufacturer's 

instructions. Briefly, one &y pnor to transfection, COS-7 cells were seeded in 6-well plates 

(2x10~  cells in 2 ml of 10% CM pet well) and incubated at 37OC for suffkient time (18-24 h) 

to reach 50430% confluence. On the day of transfection, 2 pg of DNA were incubated with 

1 O p1 of iipofectmine reagent diluted in 750 pl of DMEM (free of semm and antibiotics) at 

room temperature for 30 min. COS-7 cells were washed once with 2 ml of DMEM 

(Dulbecco's MEM H21, free of serurn and antibiotics) prior to the addition of transfecting 

reagent @NA-lipofectamine complexes). At the end of a 5 h incubation at 37*C, transfecting 

reagent was replaced with 2 ml DMEM supplemented with 20% FBS. One day following 

transfection, COS-7 cells were trypsinized and transferred to 24-well plates at 0 . 5 ~ 1 6  cells 

per well. Three days post-transfection, day 3 ConA blasts (6x10~ cells) were labeled for 90 

min at 37°C with 360 pCi ~ a " ~ r 0 ~  (NEN Life Science Products, Boston) in 150 pl of PBS 

containing 67% FCS. They were then washed 4 times with 1% CM, to remove non- 

incorporated ~a' lcr04.  These target cells were incubated with OVAp ( 1 ~ g / d 1 0 ~  cells), 

mAb (5F1, or Y-3. 5 0 p ~ / x n ~ 1 0 ~ )  or 1% CM alone on ice for 45 min and tested for adhesion 

to COS-7 cells by addition to the wells at 4x10' cellslwell in 0.5 ml. As indicated in Figure 

3C, COS-7 cells were incubated with 5E6 mAb (20pg/welUO.2 ml) at room temperature 30 

min prior to the addition of target cells. Plates were centrifuged for 5 min at 200g and 

incubated for 2 h at 37OC in a CO? incubator. At the end of incubation, plates were washed 5 

times with pre-wmed media and then photographed. Bound ConA blasts were lysed with 

500pVwell of 10% Triton X-100 (Sigma Chernical Co. St. Louis, MO) and the radioactivity 

was determined by subjecting 250 pUweli of ceIl lysate to y-counting. Cell binding was 

calculated as percent celis bound = (E / T) x 100 where each value represents the mean I 

S.E.M. of quadruplicate wells. E is experimental mean of the radioactivity in the lysate; and 

T is the total amount of radioactivity in the 4x10' ConA blasts added to each well. 



3.4 RESULTS: 

3.4.1 NK-resistant B6 ConA blasts became susceptible to lysis by 5E6' B6 LAK on 

binding either peptide or selected antibodies specific for K~. 

The mAb SE6 identifies an inhibitory receptor that recognizes l 3 - 2 ~ ~  (307). We performed 

experiments to identify which form of lCb this receptor was recognizing, in particular whether 

it recognizes PR-lCb. IL-2 activated NK (LAK) cells from B6 nude mice (lack T-cells) or 

normal 86 mice were sorted into 5E6* and 5E6- populations and used as effectors. Targets 

were ConA activated B6 blasts (B6 ConA blasts) either unpulsed or pulsed with CM 

containing MHC-I specific peptide before k ing  used as target cells in a 4-h "~r-release 

assay. As shown in Table 3-1, B6 ConA blasts were resistant to lysis by either 5E6' or 5E6- 

B6 LAK cells (lines 1, 8). They became significantly susceptible to lysis by 5E6+ B6 LAK 

cells when pulsed with lCb-specific peptides (OVAp or VSVp) (Table 3-1: Iines 2, 3). 

Further, the masking of 5E6 antigens on 5E6+ 86 NK cells resulted in the lysis of unpulsed 

syngeneic ConA blasts (line 4). ICb-pzptide pulsed 86 ConA blasts remained resistant to 

lysis by 5E6- B6 LAK cells (lines 9, 10) and the addition of 5E6 mAb had little effect (line 

I l ) .  These results are consistent with there k ing  an inhibitory receptor present in the 5E6' 

population and absent in the 5E6- population that recognizes PR-K~. 

As a further test of this hypothesis, we examined the effect of mAbs recognizing 

different forms of ICb. The mAb Y-3 recognizes both PR and stable temary complexes of ICb 

(3 14, 3 15). Addition of Y-3 mAb led to the lysis of B6 ConA blasts by 5E6+ B6 LAK cells 

but not by 5E6- B6 LAK cells (Table 3-1: lines 5,12). Soluble Protein A and Protein G were 

used to pre-coat the Fc portions of mAbs used in the assay to block ADCC. The mAb 5F1 

recognizes primarily stable temary K~ complexes (295). Addition of either intact or Fab 

fragments of 5F1 mAb had Little effect on the resistance of B6 ConA blasts to Iysis by either 

5E6' or 5E6- B6 LAK cells (lines 6,7,13,14). Nor did the addition of isotype control 

antibody (IgG2b, anti-TNP mAb) have any effect on the resistance of B6 ConA blasts to lysis 

(Iines 1,8). In separate control experiments, it was shown that both Y-3 and 5Fl mAbs can 

bind to K~ under the conditions used (data not shown). 

None of the 5E6- groups showed lysis above background. This is consistent with 

there being no inhibitory receptor for PR-ICb in the 5E6- NK sub-population. To verify that 



Table 3-1. NK-resistant 86 Con A blasts became susceptible to lysis by 5 ~ 6 ~  B6 LAK on binding ~ ~ - s ~ e c i f i c  peptide. 

Line# B6 LAK Ly49 Target Treatment % s~ecific lvsis 

Subset Expression E/T= 30 10 3 

1 5 ~ 6 '  ct, 1' IgC2ba, Prot. AlG 19.1k1.0 8.920.9 2.121.0 

2 OVAp ( K ~ )  45.112.7 30.1+2.1 8.2+0,9 

3 VSVp (K~) 55.623.4 29.612.1 6.520.8 

4  SE^^, Prot. AIG 44.1+3.1 32.3k2. 1 18.711.7 

5 Y-3', Prot. A/G 41 .5+1.9 35.220.7 29.720.9 

6 Intact 5FI mAb, Prot. A/G 7.121.6 4.811.5 5.121.9 

7 Fabof 5Fl mAb, Prot. AIG 12.3t1.2 3.89.8 4.220.8 

8 5 E6' C ,  1 IgG2ba, Prot. AIG 16.121.3 8.9k0.9 2.521 .O 

9 OVAp ( K ~ )  4.0i0.7 2.5fl.6 1.721 .O 

10 VSVp (K') 4.1 + 1 .O 1 .7+0.8 0.720.6 

11  SES^, Prot. NO 14.9t1.2 3.150.8 2.920.9 

12 Y-3', Prot. A/G 17.9+2.0 12.- 1 .O 2.9-t - 1 .O 

13 Intact 5FI mAb, Prot. A/G 5.3t1.8 4.01.4 3.2'1.3 

14 Flh of SFl mAb, Prot. A/G 14.721.1 10.3+1 .O 5.5+1 .2 



Table 3-1. 

a. lgG2b is an isotype control Ab for non-specific binding; it recognizes TNP which is not found on the target ceIl surface. 

Comparable percentages of speci fic 1 ysis of target cells not pulsed with peptide were observed in the absence and presence 

of IgG2b. Hence, it is also used as the negative control for peptide-pulsing. 

b. SE6 is a mAb of isotype lgG2a. The observation that the presence of SE6 did not enhance the lysis of target cells by S E 6  

B6 LAK suggests that non-specific ADCC against the target cells did not occur. 

c. Y-3 is a mAb of isotype lgG2b and has been shown to recognize both peptide-receptive and peptide-bound foms of K~ 

molecules. 

Note: Lines 2 ,3 ,9  and 10 are representative of more than I 0 independent experiments. Lines 4-7, and 1 1 - 14 are representative 

of 3 independent experiments. 



the 5E6- LAK had normal cytotoxic function, we tested both SE6+ and 5E6' B6 LAK cells for 

their ability to lyse ~ ~ - p e ~ t i d e  ( n ~ - m ~ ~ ~ - ~ ~ ~ )  pulsed B6 ConA blasts. They were lysed by 

both sub-populations (Table 1: lines 15-18). This observation verifies that the 5E6- LAK 

cells are active and implies the presence of an undescribed inhibitory receptor present on at 

least some LAK cells in both the 5E6' and 5E6- sub-populations, a receptor which recognizes 

PR-D~  molecules (See Discussion). 

In sumrnary, reagents (mAb or peptide) that could bind to PR-K~ molecules or 5E6 

antisen rendered 8 6  ConA blasts susceptible to lysis by 5E6' B6 LAK cells but had n o  effect 

on their lysis by 5E6- B6 LAK cells. 

3-42 The presence of 46peptide-receptive" K~ molecules on B6 C o d  blasts correlates 

with the resistance to lysis by SE6 B6 LAK cells. 

We have previously shown that PR-MHC-1 molecules can be regenerated when peptide- 

pulsed ConA blasts are incubated for 90 min or longer at 37OC in CM that contains no free 

exogenous peptide (309). We therefore tested whether the reappearance of peptide receptive 

K~ molecules on the target ce11 surface would restore the resistance of these peptide-pulsed 

B6 ConA blasts to lysis by 5E6+ B6 LAK cells. As shown in Figure 3-1A. 8 6  ConA blasts 

pulsed overnight with the ~ ~ - s ~ e c i f i c  peptide, OVAp, had no detectable P R - K ~  molecules on 

the cell surface. When these OVAp-pulsed 86 ConA blasts were incubated at 37OC for 2 h in 

10% CM that contained no free exogenous peptide, PR-ICb molecules could be detected (Fig 

3-IB). However, no measurable PR-ICb-molecules were observed if OVAp was included in 

the culture during that 2-h incubation (Fig 3-IC). The cell-surface expression of PR-ICb 

molecule was measured using an OVAp peptide in which the lysine (K) at position 7 was 

biotinylated (OVAP-~.~~,). This lysine side chain is known to be one of the CTL epitopes on 

OVAp (3 16, 3 17) and has been shown to protmde from the peptide-binding groove towards 

the solvent (102, 103). We found that this peptide binds specifically to lCb and can be readily 

detected by the addition of streptavidin-phycoerythrin (S A-PE) (309). 

The target cells analyzed in Fig 3-lA-C, were tested for their sensitivity to lysis by 

5E6+ 86 LAK cells in a 4h 51~r-release assay. The OVAp-pulsed 86 ConA blasts after 

being cultured at 37OC for 2h in the absence of exogenous ICb-specific peptide were resistant 

to lysis by B6 5E6+ LAK cells (Table 3-2: line 1). The same OVAp-pulsed B6 ConA blasts 
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Table 3-2. The presence of peptide-reccptive K' on B6 Con A blasts correlates with the resistance to lysis by 

5 ~ 6 '  B6 LAK cclls. 

Line # B6 LAK Prcsence of Target Treatment % soecitic lyis 

Subset Empty iCb (B6 Con A blasts) E/T= 30 10 3 

1 5 ~ 6 '  Y es OVAp (OhJr, CM (2 hrf' 25.0~0.9 16.2k1.3 0.720.9 

mlgGIc, Prot. N G  

2 No OVAp (OM)', OVAp (2 hrf 94.522.1 70.322.7 1 1.30.7 

mIgG I ', Prot. AIG 

3 Y es OVAp (OlN)", CM (2 hrf' 32.151.2 23.521.6 6.2t0.9 

2SD 1.16 rn~b', Prot. A/G 

4 No OVAp (ORJ)', OVAp (2 hr)' 94.122.1 62.122.9 12.8+0.9 

25D 1.16 rn~b', Prot. A/G 

5 5 E6' Yes OVAp CM (2 hr)b 21.151.1 1 1 .90.8  O.eO.7 

mIgGlc, Prot. AK 

6 No OVAp (O/N)', OVAp (2 hrlb 39.42 1.5 27.4+ 1.6 12.120.9 

mlgG l ', Prot. A/G 

7 Yes OVAp CM (2 hr)b 20.82 1.2 8.2t0.7 0.0&0.9 

2SD 1.1 6 r n ~ b ~ ,  Prot. A/G 

8 No OVAp (ON)., OVAp (2 hrlb 43.521 .O 31.w1.6 12.310.6 

2SD1.16 r n ~ b ~ ,  Prot. AIG 



Table 3-2 

a. Day 2 B6 Con A blasts were cultured in the presence of OVAp (1 pdml) ovemight ( 16- 18hr). 

b. On Day 3, B6 Con A blasts cultured in the presence of OVAp were washed twice with 1% CM and then culiured in 

IO% CM either in the presence of the absence of OVAp ( 100ng/ml) for 2 hr at 37 O C .  

c. mlgGI is an isotype control Ab; it recognizes HLA-B which is not found on the target cell surface. 

d. 25D1.16 mAb is IgG 1. The observation that the prescnce of 25D1.16 mAg (line 3) did not sigificantly enhance the 

lysis of target cells by 5 ~ 6 '  8 6  LAK suggests that non-specific ADCC against the target cells did not occur. 

Note: Resul ts on this table ore representative of 3 independent experiments. 



after being cultured at 37OC for 2h in the presence of OVAp remained significantly 

susceptible to lysis by 8 6  5E6+ LAK cells (Table 3-2: line 2). Taken together, the presence 

of P R - K ~  molecules on the target ce11 surface seems to conelate with the resistance of the 

target ce11 to lysis by 5E6+ B6 LAK cells. 

To eliminate the possibility that peptide-pulsing created a target structure that served 

to activate 5E6' 86 LAK cells, 25D1.16 mAb, which recognizes only OvApXb complexes 

(not VSVP-K~ nor other peptide-K~ complexes, (313)) was used to mask the putative target 

structure. As in Figure 3-1, 86 ConA blasts were pulsed ovemight with OVAp and stained 

with FITC-labeled X D l .  16 mAb to detect the presence of O V A ~ - K ~  complex (Fig 3-2A). 

These OVAp-pulsed 8 6  ConA blasts were thcn incubated at 37OC for 2h in the presence or 

absence of OVAp. The B6 ConA blasts incubated in the absence of peptide have PR-K~ 

molecules on their ce11 surface (Fig 3-1B) and were shown to be resistant to lysis by B6 LAK 

cells (Table 3-2: line 1). The ConA blasts incubated in the presence of peptide have no PR- 

ICb molecule on the ce11 surface (Fig 3-lC), and were shown to be susceptible to lysis by 

5E6' B6 LAK cells (Table 3-2: line 2). Both groups of target cells were stained positive by 

25D1.16 mAb (Figure 3-2B,C) suggesting that both have O V A ~ - K ~  complexes on the ce11 

surface. Furthemore, masking of the O V A ~ - K ~  complexes using 25D1.16 rnAb had no 

effect on the resistance or sensitivity of these two groups of target cells to lysis by 5E6+ B6 

LAK cells (Table 3-2: lines 3,4). Hence, the sensitivity of these target cells to lysis mediated 

by 5E6' 86 LAK cells does not depend on either the recognition of or presence of stable 

OVAP-K~ complexes on the ce11 surface. 

To further examine how the level of PR-Kb expression on the target ce11 surface 

correlates with the sensitivity of the target cell to lysis by 5E6* and 5E6- 8 6  LAK 

populations, 86 ConA blasts were pulsed with increasing concentrations of OVAp. The 

level of the remaining PR-K~ molecu1e.i on the cell surface after OVAp pulsing was 

measured by pulsing these cells with 1 pg/106 cells/ml of O V A P - ~ - ~ , ~  as described above. As 

shown in  Figure 3-3A, the relative level of remaining peptide receptive K~ molecules 

decreased as the concentration of OVAp used in pulsing these cells was increased. The 

sensitivity of these OVAp-pulsed B6 ConA blasts to lysis mediated by 5E6' 8 6  NK cells was 

also evaluated, and found to be inversely correlated with the relative level of PR-ICb 

molecules on the cell surface after the OVAp-pulsing procedure (Fig 3-3A). Thus, as the 



(25D1.16 mAb-FITC) Log Fluomscence lntendty - 
Figure 3-2. Detection of OVApKb complexes on the 86 ConA blasts using mAb 25D1.16, whicb specifically 

recognizes 0 V ~ p - K h  complexes on the tell surface. (A) B6 ConA blasts pulsed with OVAp (100ng/m1/10%ells) 

stained positive by mAb 25D1.16, suggesting that 0 V ~ p - K h  complexes are present. (B) These OVAp-pulsed 86 ConA 

blasis afier being cultured ai 37°C for 2h in the absence of OVAp were still stained positive by mAb 25D1.16. (C) 

Furthemore, the 86 ConA blasts when cultured ai 37OC for 2h in the prcsence of OVAp (100ng/m1i106 cells) remained 

positive for m Ab ZSD 1.16-staining. 



Figure 3-3: Lysis of 86  ConA blasts pulsed with Kh-specific peptide corrclated inversely with the presence of PR-Kt' 

molecules on the target cell surface. (A) The decrement in the expression of PR-Kh on the taget ce11 surface (squares, right y- 

axis) correlated with the increasing sensitivity of these target cells to lysis by 5E6' B6 LAK cells (closed triangles, lefi y-axis). 

The presence of PR-Kb molecule on the cell surface was measured by OVAp-,, binding, as descnbed in Fig 3- 1. The relative 

level of PR-Kb was calculated as the fraction of the mean fluorescent intensity (MFI) detected when a particular OVAp 

concentration was used over the MF1 detected when OVAp was omitted during the peptide-pulsing procedure (right y-axis). The 

specific lysis of these OVAp-pulsed target cells by 5E6+ B6 L M  cells (closed triangles) or 5E6- 86 LAK cells (open triangles) 

was evaluated using a 4h *'Cr-release assay. (B) The specific lysis (lefi y-axis) of VSVp-pulsed ConA blasts by Ly49Ct B6 LAK 

cells (closed triangles) increased proportionally to the decrement of PR-Kb on the target ce11 surface (closed squares, right y-axis). 

The disappearance of PR-Kb fiom the cell surface had no effect on the resistance of these 86 ConA blasts to lysis by Ly49C'It 06 

LAK cells (open triangles). The susceptibility of the VSVp-pulsed 86 ConA blasts to lysis by either Ly49Ct (closed triangles) or 

Ly49C-lt 86 LAK (open triangles) was examined with the release assay. The presence of PR-Kh molecule on the cell 

surface was measured with OVAp- binding, as described in (C). (C) The level of P R - K ~  on the cell surface was titrated by pulsing 

the B6 ConA blasts with increasing concentrations of VSVp for 30-45 min and then washing away unbound VSVp. The 

remaining P R - K ~  was then measured by pulsing with OVAp and labeling with FlTC conjugated mAb ZDl .  16. The level of PR- 

Kh that remained on the ce11 surface was inversely proportional to the amount of VSVp used in the pulsing procedure. The 

maximum level of PR-Kb was measured when no VSVp was used, assuming that OVAp would bind tu al1 the PR-ICb molecules. 

The relative level of P R - K ~  was calculated as the fraction of the MF1 detected when a particular VSVp concentration was used 

over MF1 of the maximum level of PR-K" and is  plotted in panel B (closed squares, right y-axis). 



Relative level of PR-Kb Relative level of PR-Kb 



OVAp concentration used in pulsing the target cells was increased, the specific lysis of these 

target cells also increased reaching a plateau around 1 n g h l  of OVAp. The resistance of 

these target cells to lysis by 5E6- B6 LAK cells was independent of their exposure to ICb- 

binding peptide (Figure 3-3A, open triangles). We conclude that the sensitivity of the target 

cells to lysis by 5E6' B6 LAK cells is inversely proportional to the expression of PR-Kb 

molecule on the ce11 surface. 

3.4.3 The Ly49C NK inhibitory receptor recognizes the PR-form of the K~ molecule. 

The mAb 5E6 recognizes two members of the Ly49 family, Ly49C and Ly49I (140). whereas 

the mAb 4L033 11 binds specifically to Ly49C (3 18). To determine whether Ly49C, Ly491, 

or both recognize the peptide-receptive form of ISb. we sorted Ly49C' (Le. 5E6+4L033119 

and Ly49C-I+ (i-e. 5E6*4L03311-) 86 LAK populations and used them as effecton in " ~ r -  

release assays. 8 6  ConA blasts pulsed with Kb-specific peptide (OVAp or VSVp) becarne 

significantly susceptible to lysis by Ly49C+ 86 LAK cells (Table 3-3: lines 2,3) but remained 

relatively resistant to lysis by Ly49C-I+ B6 LAK cells (lines 8.9). Masking of peptide-bound 

lCb molecules on 8 6  ConA blasts with 5F1 Fab fragments in the presence of soluble Protein A 

and Protein G did not alter their resistance to lysis by either Ly49C+ or Ly49C-T* B6 LAK 

celIs (lines 4,lO). However, the use of SE6 mAb to block Ly49C and Ly491 led to the lysis 

of 86 ConA blasts by Ly49ct but not by Ly49CT B6 LAK cells (lines 6.12). Taken 

together, the results indicate that Ly49C recognizes the peptide-receptive form of K~ 

molecules and not the stable temary K~ complex containing a high affinity peptide. The data, 

however, do not enable one to determine the ligand identified by Ly491 or even whether it 

fùnctions as an inhibitory receptor. 

Titration of VSVp peptide during the peptide-pulsing step showed that the sensitivity 

of the target cells to lysis by Ly49C' 8 6  LAK cells correlated directly with the increasing 

concentrations of VSVp used in the pulsing procedure, and correlated inversely with the level 

of P R - K ~  on the B6 ConA blasts (Fig 3-3B). The relative number of PR-ICb molecules 

remaining on the ce11 surface after VSVp pulsing was measured by pulsing these cells with 1 

pg./lo6 cells/ml of OVAp. The binding of OVAp was then visuaiized with FITC-conjugated 

25D 1-16 mAb (Fig 3-3C). Here, the level of staining by FITC labeled Z D l .  16 mAb reflects 



Table 3-3: ~ ~ 4 9 ~ ~ ~  NK inhibitory receptor recognizes the peptide-reccptive form of K ~ .  

Line # B6 LAK Ly49 Target Treatment % s~ecific Iyis 

Subset Expression (B6 Con A blasts) ~ r r =  30 t O  3 

1 5 ~ 6 ' 4 ~ 0 3  3 1 1 + C+ None 1.320.6 O. 120.7 1,420.6 

2 OVAp (K~) 65.62 1.4 39.62 1.5 8.650.8 

3 VSVp (K~) 72.5k1.3 39.2t1.2 8.350.6 

4 5FI(F,b),Prot.A/G 1.251.1 1.420.7 0.5fl.6 

5 IgG2b",Prot.A/G 2.2t1.2 2.89.9 1.4-1.0.8 

6 5 ~ 6 ' ,  Prot. A/G 30.921 .O 17.3t0.6 6.7k0.9 

7 5 ~ 6 ' 4 ~ 0 3 3  1 1' C-, I+ None 0.920.7 0.6+0.7 O.eO.8 

8 OVAp (ICb) 4.50.7 5.3-9.7 5.q10.8 

9 VSVp (lCb) 3.6k0.5 2.6t0.7 0.50.8 

10 5Fl(Fab), Prot. AIG 1.4fl.6 0.7fl.7 0.1fl.7 

1 f IgG2ba, Plot. A/G 1.8t0.8 2.42 1.1 1.10.6 

12 sesb, Prot. A/G 8.121.1 6.w.9 2.30.9 



Table 3-3 

a. lgG2b is an isotype control Ab; it recognizes TNP which is not found on the torget ce11 surface. Comparable 

percentages of specific lysis of target cells not pulsed with peptide were observed in the absence or the presence of 

IgG2b. Hence, it is also used as the negative control for peptide pulsing. 

b. SE6 is a mAb of isotype lgG2a. The observation that the presence of SE6 did not enhance the lysis of target cells by 

5E6- 86 LAK suggests that non-specific ADCC against the target cells did not occur. 

Note: Results on this table are representative of 2 independent experiments. 



the arnount of PR-K~ molecule on the cell surface at the time of the cytotoxicity assay of 

Figure 3-3B. The specific lysis of these target cells by Ly49C' B6 LAK cells increased as 

the level of PR-K~ expression declined, and reached a plateau when about 10 ng/ml of VSVp 

was used. At this point, the expression of PR-lCb had dropped to about half of its startinp 

level. Again, the resistance of these target cells to lysis by Ly49CT 8 6  LAK cells was 

independent of the exposure to ISb-binding peptide (Figure 3-38, open triangles). 

3.1.4 ~ ~ 4 9 ~ ~ '  recognizes peptide-bound D~ on BALBlc and FI (BALBfcxB6) ceils. 

Our results indicate that ~ ~ 4 9 ~ ' ~  recognizes the peptide-receptive form of the ICb molecule 

in a syngeneic system. Using a system of hybrid-resistance, Yu et al. have shown that the 

ligand for Ly49C on Fl (NZB x B6, H-2dm) NK cells is the ICb rnolecule expressed on B6 (H- 

zb) ConA blasts, and the ligand for Ly49A on the same Fl MC cells is the D~ molecule 

expressed on BALWc (H-?) ConA blasts (307). Here, we first confirm their findings and 

t hen test w hether Ly49C and Ly49A are recognizing peptide-recepti ve or peptide-bound 

foms of K~ and D~ respectively. In concordance with Yu et al., B6 ConA blasts were 

resistant to lysis by Pl (B6 x BALWc) 5 E 6 l y 4 9 ~ '  LAK cells (Table 3-4: line 1) but were 

susceptible to lysis by 5E6Zy49~+ F1 LAK cells (line 8). This was interpreted by Yu et al. 

as meaning that the presence of ICb on B6 ConA blasts "prevented" the lysis mediated by 

5E6'Ly49A' FI LAK cells, and the absence of D~ rendered B6 ConA blasts sensitive to lysis 

by 5E6Zy49A' FI LAK (307). On the other hand, BALB/c ConA blasts were found to be 

resistant to lysis by 5E61y49A+ F1 LAK ceils (line 1 1) because the presence of the D~ 

molecule could inhibit Ly49A expressing LAK cells whereas the absence of the K~ molecule 

on BALBIc ConA blasts made them sensitive to lysis by SE6Ty49A' F1 LAK cells (line 4). 

BALBIc or F1 (B6 x BALB/c) ConA blasts pulsed with HIVp (Dd-specific peptide) 

remained relatively resistant to lysis by 5E6Zy49~+ FI LAK cells (lines 12,14), consistent 

with Ly49A recognizing the p H - ~ d  cornplex. However, B6 ConA blasts pulsed with ICb- 

speci fic peptide (OVAp or VSVp) became more susceptible to lysis by 5E62y49A- F1 LAK 

cells (lines 2,3), consistent with Ly49C recognizing P R - K ~  as in Tables 3-1,3-2, and 3-3. 

The ~ ~ - s ~ e c i f i c  peptide results are in agreement with published studies using D ~ -  

transfected RMA-S cells and Our previous study using the BALBIc syngeneic system 

showing that Ly49A recognizes peptide-bound D~ (41, 282, 309). The sarne HIVp-pulsed 



Table 3-4, While ~ ~ 4 9 ~ ' : '  recognizes peptide-receptive K~, ~ ~ 4 9 ~ ~ '  recognizes peptide-bound D! 

Line # F 1 LAK Ly49 Target Target % s~ecific lvsis 

Subset Expression (Con A blasts) Treatment En= 30 10 3 

1 5 ~ 6 ~ ~ ~ 4 9 ~ '  c', 1' A- B6 N one" 0.9fl.9 0.620.9 1.640.8 

2 OVAp ( K ~ )  79.9t2.0 42.821 .O 1 1.3+0.7 

3 V S V ~  ( K ~ )  77.021.6 47.3+1.2 9.9fl.6 

4 BALB/c None' 27.122.0 18.822.0 10.I51.3 

5 HIVp (D') 61.812.4 39.222.4 9.22 1.4 

6 F1 Nonea 7.0iL.1 5.23-1.0 2.320.6 

7 HlVp (D') 65.6-1.2 39.5+1. 1 9.3fl.8 

8 5 ~ 6 ~ ~ 4 9 ~ '  C; 1' A' B6 None" 33.82 1 .O 20.v0.9 6.13.8 

9 OVAp (ICb) 33.5+1.2 17.4fl.6 6.4T0.8 

10 VSVp (ICb) 29.4fl.8 16.320.8 5.6t0.6 

11 BALB/c Nonea 8.22 1.4 6.8+ 1.3 5.22 1.4 

12 H I V ~  (D~) 8.5+1.7 5.821.3 3.421.8 

13 FI Nonea 5.10.9 3.620.7 4.5s.7 

14 HlVp (D~) .O 3.19.8 1 .4+0.6 

a. Target cells were pulsed with CM, in the absence of exogenous peptide. 

Note: Results in this table are representative of 3 independent experiments. 



BALBfc or F1 ConA blasts became more susceptible to lysis by 5E6ly49A- F1 LAK (line 

5,7) suggesting that there is an unidentified inhibitory receptor expressed on the Ly49A' NK 

sub-population that recognizes PR-D~.  

3.4.5 ~ ~ 4 9 ~ "  binds to B6 ConA blasts expressing PR-K~ molecules. 

Brennan et al. have shown that ~ ~ 4 9 ~ ~ ~  expressed on COS cells (by transfection) mediates 

cell-ce11 adhesion by binding to H-2b or H-2* on the ce11 lines tested (306). Here, this sarne 

assay was used to test whether ~ ~ 4 9 ~ ~ ~  binds to the PR-K~ molecule or the pH-aS2m lCb 

ternary complex. As shown in Figure 34A, COS-7 cells uansfected with ~ ~ 4 9 ~ ' ~  bound 

ConA blasts from Db'Kb/+ B6 mice which express both PR-K~ and the pH-ae2m ICb temary 

complex (a). The same ConA blasts, pulsed with OVAp ( ~ ~ - s ~ e c i f i c  peptide) to remove PR- 

K ~ ,  bound poorly to COS-7 cells transfected with Ly49cB6 @). Exogenous OVAp was left in 

the wells throughout the whole assay. Only 721 % of OVAp-pulsed ConA blasts added 

bound to the ~ ~ 4 9 ~ ~ ~ ,  compared to 5 6 e  % of non-peptide pulsed ConA blasts (Fig 34B). 

ConA blasts from D~+/%~" B6 mice (which express only H - ~ D ~ )  were used as a negative 

control and did not bind to COS-7 cells transfected with ~ ~ 4 9 ~ ~ ~  whether or not OVAp was 

present (Fig 34A. c,d). It has been shown previously that ~ ~ 4 9 1 ~ ~  does not bind to cells 

expressing H-zb molecules using this assay system. COS-7 cells transfected with ~ ~ 4 9 1 ~ ~  

were therefore, used as a negative control for cell-ceIl adhesion (Fig 3-4A e-h). As s h o w  on 

Figure 34A,  COS-7 cells transfected with ~ ~ 4 9 1 ~ ~  were bound by significantly fewer D ~ -  

ECb'/' 8 6  ConA blasts than ~ ~ 4 9 ~ ~ ~ - e x ~ r e s s i n ~  COS-7 cells (a vs. e). The presence of 

OVAp did not have a major effect on the number of D ~ - / - K ~ / '  B6 ConA blasts binding to 

COS-7 cells expressing Ly491B6 (Fig 3 4 A  e,f). There was no visible binding of D ~ ' + K ~ -  B6 

ConA blasts to ~ ~ 4 9 1 ~ ~ - e x ~ r e s s i n ~  COS-7 cells regardless of the presence or absence of 

OVAp (Fig 3 4 A  g,h). Furthermore, none of the B6 ConA blasts tested bound to COS-7 

cells treated with the sarne transfecting reagent from which DNA was omitted (Fig 3-4A i-1). 

The effect of various mAbs on cell-cell adhesion was tested in a separate expriment 

(Fig 3-4C). 5E6 mAb (recognizes Ly49C and Ly49ï) and Y-3 mAb (recognizes both p ~ - ~ b  

and PR-ICb) reduced binding of D"-K~/' ConA blasts to both Ly49C- and Ly49I- transfected 

COS-7 cells to background values. 5Fl mAb (recognizes mainly p ~ - ~ b ,  but little PR-K~)  
b-/- b+/+ reduced binding of D K ConA blasts to Ly491-transfected COS-7 cells but had little 
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Figure 34. Ceii-eell bindiag mediateci by ~ ~ 4 9 ~ )  and ~ ~ 4 9 1 ~ .  (A) 

~ ~ 4 9 ~ ~ ~  cDNA (ad), ~ ~ 4 9 1 ~  (e-h) cDNA, or blank (i-1) were transiently 

expressed in COS-7 cells and tested for binding to "~r-labelled ConA blasts 

derived h m  D ~ x ~ ' +  B6 mice in the presence @,a) or absence (a,e,i) of 

exogenous OVAp, or h m  D ~ ' + E C ~ -  B6 mice in the presence ( a l )  or absence 

(c,g,k) of OVAp. 4x10' cells were incubate- in each well(24-well plate) for 2h at 

37OC. Unôound cells were removed and plates were photographed. (8) Ce11 

biading was quantitated for individual plate weils by lysing bound ceiis Mth 

Triton-X 100. ' ' ~ r  radioactivity in the ce11 lysate was measured by y-counting as 

described in Materials and Methods. R d t s  arc represented as the mean percent 

of input celis bomd and the S.E.M. h m  quadniplicate weiis. ReSults in (A) and 

(B) are from one expairnent and are representative of 3 independent experiments. 

(C) Cell-cell adhesion couid be prevented by the binding of mAb Y-3 or mAb 

SE6 to targets or ~ ~ 4 9 ~ "  transfected COS-7 celis respectively. Results are h m  

one expniment and are representative of 3 independent experiments. 



effect on Ly49C-transfected cells, again implicating PR-K~ as the ligand for ~ ~ 4 9 ~ ~ .  We 

conclude fiom the cell-cd Ahesion studia that ~ ~ 4 9 ~ ~ ~  binds to PR-K~ and that ~ ~ 4 9 1 "  

binds weakly to peptide-containing Kb. 



3.5 DISCUSSION: 

Our results demonstrate that the presence of PR-ICb on the target ce11 surface prevents lysis 

mediated by 5 ~ 6 ~  B6 LAK celis (Table 3- 1, 3-2). Binding of hi@ affinity lCb-specific 

peptide converts most if not al1 PR-ICb molecuies on the target ce11 sucface to the fonn of pH- 

a-B2rn K~ ternary complexa which are no longer peptide-rezeptive (or only slightly s~). 

This prevents the inhibitory recognition mediated by SE6 antigens and d t s  in the lysis of 

previously NK-resistant target cells by  SE^+ B6 LAK cells. The disappearance of PR-K~ 

fiom the target ceIl d a c e  can be measured and was found to correlate with the increased 

sensitivity of these target cells to lysis by 5 ~ 6 '  B6 LAK cells (Fig 3-1, 3-2, and 3-3). 

Furthemore, when PR-ICb molecules were rnasked by Y-3 mAb, which binds to both peptide 

receptive and pH-a-P2m Kb ternary complexes (3 14, 3 15), the target cells became susceptible 

to lysis by 5 ~ 6 '  86 LAK cells but remainecl resistant when only pH-a-btm Kb ternary 

complexes were rnasked using 5F1 mAb. This argues against the involvement of pH-a-Bm 

ICb ternary complexes in inhibitory recognition (Table 3- 1). 

NK recognition involves both activation and inhibitory receptors. It is possible 

(although rendered unlikely by the results just summarized) that pulsing normal B6 ConA 

blasts with ~ ~ - s ~ e c i f i c  peptide creates a target structure that activates the 5~6'  B6 LAK cells 

to kiIt the target cells rather than masking an inhi'bitory ligand as proposed above. in this 

case, the susceptibility of the target cells to lysis by SEC 86 LAK cells would directly 

correlate with the formation of peptide-a-P2m ICb ternary complexes. To directly test this 

possibility, target cells expressing both PR-K~ molecules and 0VAp-a-f3zm ICb complexes 

were used. Cells carrying large numbers of 0VAp-a-Ptrn ICb complexes were generated by 

culturing B6 ConA blasts overnight with OVAp. PR-K~ molecules were regenerated on 

OVAp-pulsed 86 ConA blasts by culturing these cells at 37OC for 2h in the absence of 

exogenous peptide. The 2h tirne period should be sufficient to allow newly synthesized PR- 

ICb molecules to restore equilibrium values on the ce11 surface (309). Despite the presence of 

OVAp-a-Pzm ICb complexes on the ce11 sudace, as shown by 2SD1.16 mAb staining (Fig 3- 

2B,C), the cells remaineci resistant to lysis by 5 ~ 6 +  B6 LAK -11s if PR-ICb molecules were 

expressed on the ce11 surface (Table 3-2). Furthemore, the blocking of OVAP-K~ complexes 

with 2SD 1.16 mAb did not alter the resistance of the 86 ConA blasts that expressed PR-ICb 



or the sensitivity of the B6 ConA blasts that e x p d  no PR-ICb to lysis by 5E6' B6 LAK 

cells (Table 3-2). Taken together, these observations support our hypothesis that pulsing the 

B6 ConA blasts with OVAp masked the inhibitory ligand (the PR-K? from beuig recognized 

by 5E6 antigens on B6 LAK ceiis instead of creating a target structure. 

The 5E6 mAb has been shown to bind to both Ly49C and Ly49I B6 NK inhibitory 

receptors (140). Our data ( h m  both the fundonal and binding assays) show that the NK 

inhibitory receptor that recognizes the PR-ICb molecule is ~ ~ 4 9 ~ ~ ~  and not Ly49Is6. We 

have not yet examined whether Ly49C BA WC ncognizes PR-ICb. The 4L033 1 1 mAb, specific 

for Ly49C, was used in this study to sort ~ y 4 9 ~ '  (4L033 1 1 + 5 ~ 6 3  and ~ y 4 9 C T  (4L033 1 1 - 

5 ~ 6 3  86 LAK sub-populations, which were then used in peptide-pulsing experiments. B6 

ConA blasts pulsed with lCb-specific peptide (OVAp or VSVp) were susceptible to lysis by 

~ ~ 4 9 ~ ~  B6 LAK cells either in the presence or the absence of 5F1 mAb, while 8 6  ConA 

blasts pulsed with media alone remained resistant under the same conditions (Table 3-3 lines 

1-5). Furthemore, the presence of SE6 mAb in the assay eahanceû the lysis of B6 ConA 

blasts by Ly49~' B6 LAK ceiis as expected (Tabie 3-3 lines 6). These observations suggest 

that PR-ICb is the ligand for Ly49Cm, and that blockage of Ly49C-mediated inhibitory signai 

by masking Ly49cB with SE6 mAb or masking PR-ICb with high affinity ICb-speçific peptide 

or mAb leads to lysis of target cells as observed (Table 3-1, lines 4 and 5; Table 3-3, line 6). 

In support of our fhctional data, we showed that ~ ~ 4 9 ~ ~  expressad on the surface of COS- 

7 cells c m  bind to D~"x~+"+ B6 ConA blasts and that such binding could be blocked by the 

presence of ~~-specific peptide, OVAp (Fig 34A a,b). A g a .  the binding data strongly 

suggest that PR-K~, and not the pH-a-P2m ICb ternary cornplex, is the ligand for ~ ~ 4 9 ~ ~ ~  in 

inhibi tory recognition. 

Based on the predicted atnino acid sequence, ~ ~ 4 9 1 ~  contains an ITIM motif in its 

intracellular domain and is therefore prediçted to be an NK inhibitory receptor (1 37, 140). 

We observed (Fig 3-4) weak binding of B6 ConA blasts to COS-7 cells transfected with 
W b+/+ ~ ~ 4 9 1 ~ ~  that required the presence of both ICb (86 D X bound, B6 D ~ ' ' K ~ -  did not) and 

~ ~ 4 9 1 ~ ~  (no binding to non-transfected controls). Further, binding was marginally higher 

aRer pulsing with high affinity ICb-specific peptide (OVAp). These data suggest that ~ ~ 4 9 1 ~  

recopizes stable ICb-pqtide complexes. However, this recognition did not lead to inhibition 

in our experimental system. Masking of either ~ ~ 4 9 1 ~  or rn-ICb with appropriate mAbs 



8 6 b  (Table 3-3, Lines 12 and 10 respectively) did not lead to lysis. It rnay be that the Ly49I -K 

interaction is of too low affinity to trigger inhibition or that the mAbs tested do not 

eflectively block the hct ional  sites in this particular interaction. The d e  of ~ ~ 4 9 1 ~  in NK 

recognition remains unclear. 

Using the same adhesion assay and COS cells transfected with the Ly49cB6 construct, 

~ ~ 4 9 ~ ~ ~  was shown to bind to cells expressing ~ - 2 ~ ,  H-2', H-2' or H-2d molecules (306). 

Despite the binding of Ly49cM, H-2d cells that do not express K~ molecules are highly 

sensitive to lysis by 5 ~ 6 '  86 LAK celis (307). A possible explanaîion rnay be that ~ ~ 4 9 ~ ~  

has different afFuiities for ~ - 2 ~ ~  H-2', H-2d and H-2'. Kane (1994) showed that a higher 

surface density of Dk than Dd is required to have equivaient binding to ~ ~ 4 9 ~ "  (17). 

Furthemore, mAb agallist D~ or ICd cannot completely block the binding of ~ ~ 4 9 ~ "  (140). 

Ly49J, Ly49K, and Ly49N are al1 encoded in the B6 genome, are closely related to 

~ ~ 4 9 ~ ~ ~  (3 19), and rnay also recognize PR-ICb. Fmm the predicted amino acid sequences, 

the presumed epitope for 4L033 11 mAb (Lemieux, unpublished) is absent, but the epitope 

for SE6 mAb rnay be presmt on Ly49J, Ly49K and/or Ly49N. Therefore, it is possible that 

these Ly49 mernbers are expressed on either or both the 5 ~ 6 ' 4 ~ 0 3 3  1 1' and 5 ~ 6 ' 4 ~ 0 3 3  1 1- 

NK subsets. Ly491 has an ITIM motif and rnay be implicated in the lysis of B6 ConA blasts 

pulsed with ICb-spcific peptide. However, fûrther study is required to determine whether 

Ly491, Ly49J, Ly49K and/or Ly49N recognize PR-MHC-1. 

A caveat shouid be added regarding our use of anti-MHC-1 mAbs in lysis-blocking 

çnidies. Neither 5F 1 (recognizes mostl y p ~ - ~ b  ternary complexes) nor 25D 1.1 6 (recognizes 

O V A ~ - K ~ )  were able to block the delivery of an inhibitory signal to ~ ~ 4 9 ~ " .  Our 

interpretation above was that these mAbs do not block because they do not recognhe PR-ICb. 

It rnay be that neither mAb blocks the epitope on the K~ m o l e d e  recognized by ~ ~ 4 9 ~ ' ~ .  

Thus, the an ri-^^ mAb 34-5-8s blocks Dd signahg to Ly49A but other anti-D* mAbs that 

bind to different sites do not block (41). Further, the effect of using mAb to block 

recognition elernents (e.g., 5E6 antigen, ICb molecule) was not always optimal, and appeared 

to v a q  with the state of activation of the LAK cultures used. As shown in Table 3-3 (line 6), 

the use of SE6 mAb in this experiment resulted in sub-optimai blockage of SE6 antigens, 

compared to the use of ~ ~ - s ~ e c i f i c  peptide (lines 2 and 3) in blocking inhibitory recognition. 

However, our argument for PR-ICb being the ligand for Ly49cB6 does not depend exclusively 



on our interpretation of the mAbs blocking studies. In particular, binding of peptide to ICb 

with high affinity does block signaling. 

Our data strongly support the conclusion that ~ ~ 4 9 ~ ~ '  and ~ ~ 4 9 ~ ~  are MC 

inhibitory receptors that ncognize different fomis of MHC-1 @H-D~ for ~ ~ 4 9 ~ ~ '  and PR-K~ 

for ~ ~ 4 9 ~ ~ ) .  Our data of this study and a previous study (309) also provide direct evidence 

for the existence of three new NK inhibitory receptors that recognize PR-MHC-1: (i) Both 

5 ~ 6 ~  and 5E6- B6 M( cells lyse 86 ConA blasts pulseci with high affinity ~ ~ - s ~ e c i f i c  peptide 

(Table 3-1, lines 15-1 S), implying the existence of a novel inhibitory receptor recognizing 

PR-D~. (ii) 5 ~ 6 1 ~ 4 9 ~ '  F1 (B6xBALBk) NK cells lyse both Fl and BALBk ConA blasts 

pulsed with hi& a t y  ~~-b ind ing  peptide (Table 3-4, lines 5 and 7), implying the 

existence of a novel inhibitory receptor recognizing PR-D~. Su et al. found a similar receptor 

studying lysis of BALB/c ConA blasts by Ly49A- BALBlc NK cells (309). (ci) BALB/c NK 

cells, either unf'ractionated or sarted into ~ y 4 9 ~ +  and Ly49A- sub-populations lyse BALB/c 

ConA blasts pulsed with high affinity ICd-binding peptide (309) implying the existence of a 

novel ùihibi tory receptor recognizing PR-ICd. Whether these unidentifid receptors are 

members of the Ly49 family, mouse homologs of the KIR family (yet to be found) or some 

completely novel structure is unlcnown at the present time. 

It appears that the presence of one NK inhibitory signal may not be sufficient to 

prevent lysis if a second is removed. Thus, the observation that B6 ConA blasts pulsed with 

~ ~ - s ~ e c i f i c  peptide were sensitive to lysis by either 5~6' or 5E6- syngeneic NK subsets 

suggests that the inhibitory signal mediated by SE6 antigens in recognition of pR-ICb is not 

dominant. It is in concordance with the hypothesis that the outcome of NK recognition is 

dependent on the balance of inhibitory and stimulatory sipals (25, 27, 126, 156, 28 1). The 

binding of ICb-specific peptide can remove inhibitory ligand recognizd by SE6 antigens, 

resulting in the reduction of the total inhibitory signal. By the same token, the binding of D ~ -  

specific peptide can also reduce the inhibitory signal in NK cells that bear receptor(s) 

recognizing PR-D~, resulting in the activation of the NK cells. Single NK cells have been 

shown to CO-express multiple Ly49 receptors in a stochastic manner; in particular 5~6 '  and 

5E6- B6 NK subsets express similar profiles of other Ly49 members (320). Therefore, it is 

likely that both 5 ~ 6 +  and SE6 NK subsets have an equal representation of NK inhibitory 

receptor(s) recognizing PR-D~. Although NK inhibitory receptors recognizing Qal (i.e., the 



mouse homologs of human NKG2 and CD94, (32 1)) might also be equaliy expressed on bot .  

5 ~ 6 '  and 5E6- NK subsets, the addition of ~ ~ - s ~ e c i f i c  peptide having an effect on the 

recognition of Qal is unlikely as there is no ewidence that a ~ ~ - s ~ e c i f i c  peptide such as Flu- 

NP can bind to non-classical MHC-1, like Qa 1 (75,286,287). 

It is not clear, how an NK inhibitory receptor c m  distinguish between peptide- 

receptive and pH-a-p2m MHC-1 molecules. A 30-min pulse with high affinity peptide at a 

concentration of 1 Cig/ml/106 cells (Fig 3-3) was sufficient to load al1 PR-MHC-1. We found 

previously (309) bat if export of newly synthesized MHC-1 was blocked, no detectable new 

PR-MHC-I appeared on the ceIl d a c e  over at least 4h, implying that peptidebound MHC-1 

is extremely stable. We hypothesize that during the peptide pulse, al1 "empty" MHC-1 and 

al1 MHC-1 containing low affinity peptide are converted to pH-cx-P2rn temary stable fonn. It 

is likely that the conformation of the stable, peptidebound MHC-1 molecule differs fiom that 

of the possible peptide-receptive precursors. It muld well be that NK inhibitory receptors 

can distinguish between these confomations. 

Peptide binding is known to influence the confornation of the surface of class 1 

molecules as detected with mAbs and TCR (187, 189, 322). Using a system ernploying 

fluorescence resonance energy transfer, Catipovic et al. found that H - ~ K ~  a-P2m 

heterodimers are in a relatively extended conformation, and that this cooformation becornes 

more compact when peptide is bound (190). This is wnsistent with PR-MHC-1 molecules 

(pL-a-p2m and/or a-P2m) having confonnation(s) different h m  that of a PH- a-b2m temary 

cornplex. Using cornputer-modeling analysis of MHC-1 structures, Achour et al. postulated 

that peptide binding to D~ imposes a specific conformation, different h m  that of PR-D~, a 

conformation required for recognition by Ly49A (323). This specific conformation is not 

found on molecules such as D~ or ICb, which are not ligands for Ly49A. It is also possible 

that pH-a-Pzm and PR-MHC-I molecules may differ in their ability to associate with each 

other or with other ce11 surface molecules and thus affed their ability to be rscognized by NK 

inhibitory receptors. 

PR-MHC-I on the ce11 surface has a half-life of less than 30 min at 37 OC (34). For 

this reason, the recognition of PR-MHC-1 by NK inhibitory teceptors poses a potential 

advantage for the organism. During a virai infection, very few PR-MHC-1 are exported to 

the ce11 surface either because v a y  large quantities of virai peptide inside the celi saturate 



MHC-1 or because the virus greaUy reduces overail MHC-1 production such that few PR- 

MHC-1 (albeit pehaps a higher percentage of  all MHC-1) mach the ce11 sudace. In the latter 

case, the disappearrtnce of PR-MHC-I may be detected earlier compared to the detection of 

the loss of pH-a-p2m ternary MHC-1 since these have a hdf-life of more than 10h (34, 185). 

The process described here would allow NK cells to detect Wally infected host cells many 

hours earlier than if detection required a çomplete loss of MHC-1 and mmy days before the 

acquired immune system (B cells and T cells) is able to mount an effective response. 



STABUITY OF SURFACE H-zKL, E - ~ D ~ ,  AND 

"PEPTIDE-RECEETIVE H-2rC ON SPLENOCYTES. 



4.1 ABSTRACT 

We have studied the stability and peptide-binding capability of MHC-1 on the surface of 

normal mouse spleen cells in a natural environment. Stable MHC-1 molecules consist of 3 

subunits: heavy chah (a). f3z-microbIobulin ($?m) and a peptide (p) noncovalently 

associated with the a l - a 2  domain of the a subunit, although molecules rnissing pzm andor p 

can also be found. We found that both surface K~ and D~ on B6 T lyrnphoblasts consist of 

two approximately equal sized sub-populations with very different half-lives: unstable ( t l / ~  

- 1.11 O. 1 h) and quasi-stable (tilt -20I 1 lh). Our data further suggest that quasi-stable 

surface MHC-1 are associated with high aftiinity peptide (pH) whereas some of the unstable 

MHC-1 are associated with either low affinity peptides (pL) or no peptide and are potentially 

capable of k i n g  stabilized by binding to high affiinity peptide. They are hence, refemed to as 

"peptide-receptive" MHC-1 (PR-MHC-I). P R - K ~  aiso consists of two sub-populations: 

Quasi-stable PR-ISb (-26%) has a tl/z of 4.2+2h and unstable PR-Kb (-74%) has a t1/2 of 

38113min. We provide evidence implying that quasi-stable PR-Kb are K~ associated with 

low or medium affinity peptide, consistent with the finding that binding of exogenous peptide 

to such PR-MHC-1 is deterrnined by the off-rate of pre-bound peptide. Unstable PR-ICb may 

be K~ molecules that are truly empty or associating with peptides of extremely low affinity. 

We have also measured the rate of P R - K ~  accumulation on the ceIl surface (-286-230 

molecules per hour), and found it to be in agreement with its short t'/2. 



4.2 INTRODUCTION 

Stable MHC-1 is a heterotrimer consisting of a polymorphic integral membrane glycoprotein 

(heavy chain, cc) non-covalently associated with an invariant protein (beta-2-microglobulin, 

P2m) and with a peptide of the correct length and motif to bind with high affinity. The a 

chain consists of 3 domains. The a3 domain associates with P2m; and the al and a2 domains 

constitute the antigen binding groove (54, 324), which c m  accommodate peptides of 8-10 

residues with the right binding motif (324-327). Such peptide binds to a chain with high 

aEfinity and is here referred to as p ~ .  Peptides that are longer or contain partial binding motif 

may also bind, but do so with lower affinity (89, 186), such peptides king here referred to as 

PL. MHC-1 are constitutively synthesized in the ER and exported to the ce11 surface as 

heterotrimers containing peptides of varying affinity. Once on the cell surface, both the 

bound Bzm and peptide cm exchange freely and independently with p2m and peptide from 

the surroundings (76,302,328). 

Since the most well studied function of MHC-1 is its ability to present peptide antigen 

to CD8-expressing T lymphocytes, many studies have focused on examining the kinetics of 

exogenous peptide binding to MNC-1. Studies using biochemically purified and re-folded 

MHC-1 subunits show that Db a binds to a ~ ~ - s ~ e c i f i c  p" (Y-Hu-NP) with a t'lz of 13h at 

22°C (283). If Bzrn :s also present, the D~ a binds Y-Hu-NP with a tilt of 0.75h. The study 

suggests that $?rn is critical in re-configuring the a to make it receptive to peptide. When 

pre-formed a-Bzm heterodimers were used in the binding, Y-Hu-NP bound much more 

efficiently, with a tifr of less than O.2h at 22°C. Since most surface MHC-1 contain bound 

peptide, Hong et al. exarnined the binding of exogenous peptides to pre-formed p-a-pzm 

heterotrimers (328). In a ICb-~trn complex loaded with PolyI peptide (pH), the p~ was 

replaced by K6 peptide (a medium-affinity peptide, ph() with a t1l2 of 6h; whereas in a K ~ -  

prrn complex loaded with VSVp (pM), the pu could be replaced by another phi (E6 peptide) 

with a tl/z of 1.5h. This study suggested that the rate of binding of exogenous peptide to 

-WC-1 is determined by the off-rate of the pre-bound peptide. 

Exogenous peptide binding to MHC-1 on the ce11 surface has also been examined. 

The half-time required for the p". Y-HU-NP, to bind to cell-surface Db is 9.321.1 min 



(peptide concentration, 1.68pIt4, (186)), very similar to results for Y-Flu-NP binding to 

purified a-pzrn heterodimers (283). MHC-1 that are capable of binding exogenously added 

peptide are referred to as "peptide-receptive" MHC-1 (PR-MHC-i) in this study (74.). 

Luscher et al. and Chnstinck et al. showed that approxirnately 10% of surlace D~ on ELA 

thymoma cells are available for binding by '?-Y-HU-NP peptide dunng a 2h incubation at 

37OC (76, 186). It is still unknown whether these PR-D~ molecules contain solvent in their 

peptide binding groove (Le., a-pzm) or a weakly bound peptide (i-e., pca-pzm; PL denoting a 

low affinity peptide). 

To increase the number of PR-MHC-1 on the ce11 surface and so to facilitate the study 

of peptide binding, many investigators have used the murine mutant ce11 line RMA-S (32, 

97). RMA-S cells are MHC-1-deficient somatic variants of the T-lymphoma ce11 line, RMA 

resulting from a defect in the transporter associated with antigen processing (TM), necessary 

for providing processed peptides for binding to newly synthesized MHC-I (185, 329). PR- 

M C - 1  can be stabilized on RMA-S cells by cultunng cells at 26OC but are unstable at 37OC 

(tl/. -30-60min) (32, 74, 97). The binding of exogenous peptide, however, can stabilize the 

PR-ICb at 37OC and thus, facilitate the study of peptide binding kinetics. 

Stability of MHC-1 complexes has generally been studied by monitoring changes in a 

conformation that result in gain or loss of conformationally specific antibody-recognition 

epitopes on the al, a2 andor a3 domains. Burshtyn et al. examined the retention of aiaz 

antigenic epitopes on biochernically punfied MHC-1 complexes with an alaz-specific rnAb 

(283). It was found that a pHcontaining heterouirner, Y-HU-NP-D~- Btm, is relatively stable 

with a tl/? ranging from 2.5-5h. At 37OC. Y-F~u-NP-D~ is slightly less stable (tl/z-2h) than 

the heterouirner but is much more stable than Ilb- D2m complexes (t1/2-0.2h). The stability 

of Y - F ~ U - N P - D ~ - B ~ ~  heterotrimen on the EIA ce11 surface was investigated and was found 

to be significantly more stable than the punfied fonn with a tllz greater than 10h at 37°C (76, 

186). 

In the presence of peptide, a-B2m complexes can be stabilized (i.e., can retain a~az 

antigenic epitopes) by binding to peptide (32, 330). In the absence of peptide in the 

surroundings, the a-Bzm heterodimer quickly undergoes conformational changes leading to 

the loss of the a l a z  antigenic epitopes (thereby denoted as "aia2- a-p2m") (32, 34, 74). The 



half time for the transition from ala2+ state to ais< state was estimated to be -30-60 min 

(34, 74). Antibodies that recognize specifically the a 3  antigenic epitopes are often used to 

detect the presence of alay MHC-1 on the ce11 surface because the a3 domain is generally 

not affected by peptide or P2m dissociation (33, 34). The Bzm exchange occurs 

independently of the peptide associated with the a (Le., it occurs for pH-a-P2m at the same 

rate as for pr-a&m or a-P2m cornpiexes) (76, 328). The dissociation of P2m from the aiai 

u-p2m complexes induces conformation changes in the a leading to loss of the a3 epitope 

(33). a3- K~ was detected on the ce11 surface by immunoprecipitation using a rnAb 

recognizing an intracellular domain of H - ~ K ~  (ap8) (314). These a3- a have a tl/z of -1h on 

the ce11 surface. It was found that '/3 of surface K~ a on EL4 or spleen cells are not 

associated with Pzrn and are aia2' (314). Surface expression of MHC-1 is also lost through 

internalization (34). Intemalization of MHC-1 occurs constitutively on activated Iymphoid 

cells at a rate of -10% of cell surface a3'MHC-1 per hour (331-333). 

As is clear from the above, much is known about the stability and expression of 

MHC-1. However, most studies have used transfonned tumour and mutant ce11 lines, and 

biochemically puri fied and reconstituted MHC-1 complexes. in this study, we have 

examined more fully the generation, stability, and peptide-binding capacity of MHC-1 

located in a "natural" environment on the surface of normal mouse spleen cells. 



1.3 MATERIAU AND METHODS 

4.3.1 Cells and Culture: 

Nomal C57BU6 (86, H-2b) mice were pwhased h m  the Jackson Laboratory (Bar Harbor, 

ME) and kept in a specific pathogen free environment. In most experiments, 6-10 week old 

female mice were used (although either sex gave similar results). Spleens harvested from B6 

mice were pressed through a wire mesh screen with a disposable syringe plunger into a-MEM 

medium (Gibço, BRL, Bwlington, ON, Canada) supplemented with 10% FCS, 5OpM 2-ME, 

and lOmM HEPES (10% CM). Splenocytes were washed once with 1% CM (supplemented 

with 1% FCS, instead of 10% FCS) and were resuspended in 5 mi 10% CM, underlaid with 5 

ml Lyrnphol yte M (Cedarlane Lab., Hornby, ON), and centrifuged at 500g for 20 min to remove 

red ce1 1s and dead cells. Concanavalin A activated t ymphoblasts (ConA blasts) were generated 

by culturing approximately 5x10~ splenocytes in 5 ml of 10% CM supplemented with ConA 

(2pg/mi, ICN Pharmaceuticals Canada Ltd., Montreal, Que.). For most experiments (unless 

stated otherwise) day 1.5 ConA blast cells were used. 

4.3.2 Antibodies: 

The following antibodies were used: PE-labelled rnAb AF6-88.5 (-lpg/10~cells/100pI) 

recognizing specifically the alaz region of H-21Cb (334, 335) and FiTC-labelled mAb KH95 

(- 1pg/106cellsl100p1) recognizing specifically I 3 - 2 ~ ~  (336) were purchased from Pharmingen 

(San Diego, CA). FïïC labelled anti-biotin mAb was purchased from Sigma (St. Louis, MO). 

The mAb Y3 (igG2a, -l.5Cig/106 ceIls/lOOpl) recognizing the alaz dornain of H - ~ K ~  (189. 

337). rnAb 5Fl (igG2b, -lpg/106 cells/lOOpI) recognizing the a2 domain of H - ~ K ~  (189), and 

rnAb ?SD 1.16 @gG2a, -0.5pg/i0~ cells/lûûpl) recognizing the SIINFEKL peptide associated 

with H - ~ K ~  (313) were purified from hybridoma culture supematants using Protein A (Sigma, 

St. Louis, MO) chromatography. Purified antibodies were labelled with FITC by adding 0.5-1 

mg FITC-CEUTE (Calbiochem, La Jolla, CA) to the antibody solution (1-2 mg of purified 

mAb in PBS, adjusted to pH 9.0 with 5% sodium carbonate solution). The mixture was 

incubated in the dark for 30-45 min at room temperature. The FITC-labeled antibody was 

recovered by centrifugation at 500g for 5 min and hctionation on a P l 0  Bio-Gel exciusion 

column (BioRad, Hercules, CA). The yellow mAb-containing fractions were collected, passed 

through a 0.2 pm fiiter (Gelman Sciences, Ann Arbor, Michigan), and stored at 4°C. 



43.3 Flow cytometry and data analysis: 

Fluorescence and light scatter properties of individual cells were measured on a FACScan 

analyzer (Becton-Dickinson) using logarithrnic amplification of the fluorescence signals and 

linear amplification of the right angldfonvard angle Iight scatter signais. Live splenocytes were 

gated (on the basis of right angldforward scatter measurements) and analyzed for their 

fluorescence. Cells (5x16) in 50 pl of 0.5% BSAPBS were first incubated with 4 pl of 

reconsti tuted normal mouse serum (Jackson ImrnunoResearc h Laboratories, West Grove, PA) at 

room temperature for 5 min. FITC- or PE-labelled mAbs were then added to the cells and 

incubated on ice, in the dark for 30-45 min. The cells were then washed in 0.5% BSNPBS, 

resuspended in 0.3 ml 0.5% BSNPBS and analyzed in a FACScan analyzer- The number of 

antibody bound (antibody binding capacity, ABC) (for AF6-88.5 mAb, KH.95 mAb, SF1 mAb, 

Y3 mAb, and 3SD1.16 mAb) per ce11 was calculated using a Quantum Simply Cellular Kit 

(Sigma, St. Louis, MO). Quantum Simply Cellular Kit is a mixture of four populations of 

microbeads with different ABCs plus one non-binding microbead population. The ABC is 

derived from covalently bound Goat anti-mouse Ig on the microbeads. This Goat anti-mouse Ig 

has equivalent reactivity to each mouse isotype m l ,  IgG2a and IgG2b). Quantum Simply 

Cellular rnicrobeads were used in the experiments as an extemal calibrator. 10' microbeads in 

50p1 of 0.5% BSA/PBS were stained with lWC- or PE-labelled mAbs in parallel with the ce11 

samples. Staining of microbeads and ce11 samples was analyzed with the same instramental 

setting except that Iight side scatter was set lower for microbeads. A regression cdibration 

curve was constructed using the QuickCal program (provided by the manufacteur), which plots 

the mean fluorescent intensities 0 of the Quantum Simply Cellular microbeads against the 

ABC values predetermined for each microbead population. The ABC values for ce11 sarnples 

were calculated using the regression calibration curve and the MF1 of mAb-stainings. In 

studying the stability of surface ICb and D~, the percentage of stable K~ (or D? molecules 

remaining on the ce11 surface was calculated as (ABC of AF6-88.5 (or -5) per ceIl at time, 

t)/(ABC of AF6-88.5 (or KH95) per ce11 at t a ) .  Since ABC is proportional to the number of 

antigens per ceil, for other studies, the number of antigens per ceIl was used directly in plotting 

and statistically analysis. 



43.4 MHC-I binding peptide: 

Peptides utilized were ICb-restricted epitopes of Chicken Ovalbumin, SIINFEI(L, (OVAms-ztjs) 

(237) and Vesicular Stomatitis Virus NP, RGYVYQGL, ( V S V P ~ ~ . ~ ~ )  (75), and a D~-restricted 

epitope of influenza nucleoprotein, ASNENMETM, @h-NP366-374) (286). Chicken Ovaibumin, 

SENFEKL (OVApzss-265) was prepared by the Ontario Cancer Lnstitute Biotechnology 

Laboratory, using an Applied Biosysterns Peptide Synthesizer (Applied Biosystems, Foster 

City, CA). A derivative of SIDFEKL, biotinylated Ovaibumin peptide (SIINFEK(bio)L) was 

purchased from Alberta Peptide Lnstitute, prepared by using an Applied Biosystems Mode1 

430A Peptide Synthesizer. Both VSVp51-S9 and FIu-NP peptides (>90% purity) were generous 

gifts from Dr. B. H. Barber (University of Toronto). OVAp, and VSVp peptides are natural 

ligands for K~ and bind to ICb with high affinities (75, 287). Hu-NP peptide is a natural ligand 

for D~ and binds with high affinity (286). 

4.3.5 Measurement of the stablty of MHC-1 and PR-K~: 

ConA activated splenocytes were washed twice with 1% CM and the ce11 pellet was suspended 

in 10% CM (4x10~ cells/rnl) supplemented with 5pglml of Brefeldin A (BFA, Sigma-Aldrich 

Canada, Oakville, Canada). BFA is a fungai metabolite that has been shown to block protein 

transport to the ce11 surface (298). Cells were then cultured at 37OC in a 4ml pol ystyrene tube 

(106 cells / 250pl per tube) for various lengths of time as indicated. For the 24h time point, cells 

were spun down at t=15h, and re-cultured in 10% CM supplemented with 2pg/ml of ConA to 

preserve ce11 viability and OSpg/rnl of BFA, which is sufficient to maintain the BFA effect 

without provoking cytotoxicity. At the end of incubation, cells were washed twice with 0.5% 

BSA in PBS. The expression of ICb and D~ was exarnined by staining the cells with antibodies 

(PE-AF6-88.5 mAb for K~ and FITC-KH95 for D?. The expression of PR-FCb was studied by 

incubating the cells with OVAp (or OVAP~-~;, when cells were pre-pulsed with OVAp) 

(100ng/ml/10~cells) on ice for 45 min, washing twice and then staining with FïïC-25D1.16 

mAb (or FITC-anti-biotin Ab when was used). Note that mAb 25D1.16 is specific 

for K ~ - O V A ~  (3 13). 



4.3.6 Pre-puising of ceils with high aPTinity peptides: 

Day 1 ConA-activated splenocytes were washed once with 1% CM and then recultured in 10% 

CM supplemented with OVAp (or VSVp), Flu-NP peptides (1pglml) and ConA (2pghl)  

overnight (8-10h). The cells were then washed three times and used to study the stability of 

surface ICb and D~ or  the re-generation of surface PR-ISb. in experiments studying the stability 

of surface PR-K~ or  OVAp binding to PR-K~, the pre-pulsed cells were re-cultured in 10% CM 

supplemented with ConA (2pg/ml) at 3PC for an additional 6h  in the absence of exogenous 

peptide. 

4.3.7 Measurement of OVAp binding: 

Day 1.5 ConA-activated splenocytes were washed twice and resuspended at 4x10~  cells/ml in 

1% CM containing OVAp ( l p g h l ,  100ng/ml, lOngImi or  l n g h l )  with or  without BFA 

( 5 )  Cells were then cultured at room temperature in 4rnl polystyrene tubes (1o6 celld 

2 5 0 ~ 1  per tube) for various lengths of time as indicated. At the end of incubation, cells were 

washed twice with 0.5% BSNPBS. OVAp binding was detected with FITC-25D1.16 rnAb 

staining. 

4.3.8 Generation of PR-K~: 

Day 1.5 ConA-activated splenocytes, after k i n g  pre-pulsed with OVAp or VSVp (lpg/ml) 

ovemight, were washed three times with 1 % CM and re-cultured in 10% CM supplemented 

with ConA (2pg/ml) at 37OC for various lengths of time as indicated. 250~1  (4x10~ celldml) of 

pre-pulsed cells was cultured in a 4ml polystyrene tube for each time-point. At the end of 

incubation, the expression of surface PR-K~ was detected by incubating the cells with OVAp (or 

O V A P ~ . ~ ~ ,  when cells were pre-pulsed with OVAp) (100n~/rd/10~ceils) on ice for 45 min, 

washing twice and then staining with FITC-25D1.16 mAb (or mC-anti-biotin Ab when 

O V A ~ K - ~ ~ ,  W S  used). 

4.3.9 Data Analysis: 

Curve fitting was perforrned using the GraphPad Prismm data analysis program (version 2.0, 

Intuitive Software for Science, San Diego, CA). The following formuIae were used: For two- 

phase exponential decay, f (t)=Ai*expA(-kl*t)+ A2*expA(-kz*t). Here, f (t) is the remaining 



fraction of surface MHC-I at time t; Al and A2 represent the initial fractions (or numbers of 

ABCs) of the two MHC-1 sub-populations; and kl and ki are the first order decay rate 

constants. For loss of surface MHC-I t1/2 was calculated from the relation tic= ln(2)/k. For 

first order decay: f(t)=A*expA(-k*t). "A" represents the number of Ab binding sites per ce11 

and k is the first-order rate constant. Data from the study of surface PR-K~ on VSVp-pulsed 

cells were fit to the equation f(t)=A*expA(-k*t) +p, where p is the plateau value for the 

expression of the quasi-stable PR-ICb sub-population. For peptide binding, the receptor- 

ligand association relation is f(t)=P*(l-expA(-k*t)). " P  represents the plateau value of 

OVAp binding. The rate of PR-lCb generation on the ce11 surface is the balance of the rate of 

PR-ICb expon and the rate of PR-ICb decay on the ceIl surface. Data from the study of PR-K~ 

generation were fit to this relation f(t)=an<*(l-expA(-k*t)). "a" is the rate of PR-K~ export, 

in molecules per hour and "k" is the rate of decay of ce11 surface PR-ICb. Note that the ratio, 

ak gives the plateau value. 



4.4 RESULTS 

4.4.1 Stability of total MAC-1 on the cell surface. 

Stability of total surface MHC-1 on B6 ConA blasts was monitored as a function of time after 

blocking the export of newly synthesized MHC-1 by addition of BFA. Antibodies and 

peptides used in this study are summarized in Table 4-1. Optimal staining conditions were 

determined for each mAb used in staining 5x10~ cells in 5 0 ~ 1  volume (data not shown). 

Exarnples of K~ and D~ staining with mAb AF6-88.5 and KH95, respectively, are shown in 

Figure 4-1 (A, B). Since the loss of antibody recognition epitopes is thought to be rapidly 

followed by the decay of the molecule (34, 74, 314), in this study, the loss of antibody 

recognition epitopes is regarded as the loss of MHC-1. 

The expression of surface MHC-1 at indicated time (t) after the addition of BFA is 

presented as a fraction of total surface MHC-1 at t=O (i.e., Kb(t)/Kb(O) and Db(t)/Db(O)) and is 

plotted as a function of time (Fig. 4-2). The mean values of measurements from three 

independent experiments were fit to a two-phase exponential decay equation (see materiais 

and methods). Figure 4-2 (circles) shows an initial rapid decline in the antigenic epitopes 

recognized by ICb- and D ~ -  specific antibodies, followed by a pseudo plateau with a much 

slower rate of decline, suggesting two sub-populations (an unstable sub-population, and a 

quasi-stable sub-population) with very different half-lives for both ICb and Ilb. 

The t'h values and curve-fitting results are summarized in Table 4-2 (#1,2). The 

analysis indicates that approximately 47514% (K~) or 6&17% (Db) of MHC-1 were quasi- 

stable with the unstable molecules decaying with a tln of -1 h (K~) or 0.9h (Ilb). 

4.4.2 Stability of p H - ~ b  and p H - ~ b  complexes on the ce11 surface. 

We next investigated the decay of the quasi-stable MHC-1. MHC-1 containing high affinity 

peptides (pH) have k e n  shown in vitro to be very stable (33, 74, 187, 328), leading us to 

hypothesize that such p ~ - ~ b  and p H - ~ b  are the quasi-stable populations observed in Fig 4-2 

(circles) and that lCb and D~ populations not associated with p~ are unstable. We thus 

examined how an increased expression of ~ H - K ~  and p H - ~ b  on the ce11 surface would 

influence the t l ~  of surface ISb and D ~ .  ConA blasts were pre-pulsed with p" (the ICb-specific 

peptides, VSVp or OVAp, and the D~-specific peptide. Hu-NP) ovemight to maxirnize the  



Table 4-1. Specificity of Antibodies and Peptides used 

mAb 1 peptide Specificity Reference 

mAb AF6-88.5 aiat of K~ 334,335 

rnAb Y3 alaz of K~ 189,337 

rnAb 5F1 a? of Kb 189 

mAb KH95 D~ 336 

OVAp rCb 287 

VSVp ICb 75,287 

Flu-NP D~ 286 

mAb 25D1.16 O V A ~ - K ~  33 1 







Time of incubation with BFA (h) 

Figure 4-2. Stability of ce11 surface D~ and K~ on spleen cells in the presence of BFA. 

The expression of ICb (closed symbols) and D~ (open symbols) on the ce11 surface was 

monitored using rnAb AF6-88.5 and mAb KH95 respectively. ConA blasts were cultured in 

the presence of BFA (Spg/ml), which blocks the export of newly synthesized MHC-1, for 

various Iengths of time (as indicated). At the end of the incubation, the expression of K~ and 

and D~ was assessed (circles). The stability of ICb (closed symbols) and D~ (open symbols) 

expression on the ConA blasts pre-pulsed with high afaffity peptides (OVAp or VSVp 

specific for K~ and FIu-NP or p33 specific for D ~ )  was also studied (triangles). Peptide pre- 

pulsed Day 1.5 ConA blasts were washed free of unbound peptide and incubated in the 

presence of BFA for various lengths of time as indicated. Numbers of Ab-binding sites 

(ABC) were calculated for each experiment using a Quantum Simply Cellular Kit (Sigma. St. 

Louis, MO). At t=O, the number of ABC per ceIl ranged from 118900 to 135700 for K~ and 

68000 to 75200 for D ~ ;  the number of ABC per ce11 (pre-pulsed with VSVp) ranged from 

1 16000 to 120000 for ECb and 56ûûû to 76000 for D ~ .  The results are presented here as 

fractions of ICb and D~ molecules remaining on the ce11 surface at each time point after the 

start of incubation. The data plotted are the mean values of 3 independent expenments and 

were fit to a two-phase exponential decay relation. The fitting parameten were calculated 

and are summarized in Table 2: #1,2 



Table 4-2. Stability of surface MHC-1. 

ICh and D~ on 86 ConA hlasts 

0.53 A- O. 1 0.63 * 0,2 1 . 1  h 0.1 h 0.47 f 0.08 0.04 * 0.04 20 f 1 1 h 0.97 

D" 0.34 h 0.2 0.78 k 0.6 0.9k0.6 h 0.68k0.12 0.03*0.04 21 k 6  h 0.83 

K' and Ilb on B6 Con A blasts pre-pulsed with VSVo (or OVAP) and Flu-NP 

K' 0.94 k 0.03 0.008 * 0.005 83 k 37 h 

D" 1 .O0 f 0.04 0.033 * 0.008 2 1 k 14 h 

OVAD-ICb corn~lex in the presence of BFA ' 
OVA~-K' 7.3*0.1x10~ 0.015~0.004 45k3h 

OVAD-K~ cornolex in the absence of BFA " 

O V A ~ - K ~  7.4 k 0.1 x 1 o4 0.05 1 k 0.002 14k 1 h 

PR-Kb on 86 ConA blasts " 

P R - K ~  9373 h 366 1.08k0.10 0.63k0.22h 3215k25 O. 12 zt 0.04 4 * 2 h  0.98 

PR-Kh on 86 ConA blasts ore-pulsed with VSVD' 

PR-K' 13000 * 2100 1.4 1 A- 0.28 0.50 * 0.06 h 



Table 4-2 

Note: a. The SD valiie for the 1'12 reprcsents the variation between thc t112 values from independent cxperiments that were calculatcd 

i ndcpendentl y. 

b. The mean values of three independent experiments are plotted as a function of time (Fig 4-2, circles) and fitted tn a two- 

phase exponential decay relation: f (t)=Al *expA(-ki *t)+ A2*expA(-k2*t). f(t) is the remaining fraction of surface MHC-1 at 

time, t; Al and A2 represent the fractions of the two MHC-I sub-populations; and ki and k2 are the first order rate constants. 

The t ' /2 for loss of surface MHC-I was calculated fiom the relation t l ~ =  ln(2)tk. 

c. The mean values of three independent experiments are plotted as a function of time (Fig 4-2, triangles) and fitted to a first 

order exponential decay relation: /(t)=A*cxpA(-k*t). "A" represents numbers of Ab binding sites per cell and k is the first- 

order rate constant. The rather poor fit (see ? values) may be explaineà by heterogeneity in the actual k value. 

d. The mean values of two independent experiments are plotted as a function of time (Fig 4-4) and fitted to a first order 

exponential decay relation. 

e. The mean values of three independent experiments arc plotted as a function of time (Fig 4-5, open symbols). They were 

fitted to a two-phase exponential decay relation (as in a). 

j: The mean values of two independent experiments are plotteâ as a function of time (Fig 4-5, closed symbols). They were 

fitted to a first-order exponential decay relation. The plateau value obtained from the fitting program was 37m 160 

molecules. 



expression of pH-bound K~ and D~ and hence minimize the expr~ssion of K~ and D~ not 

associated with PH (74, 328). The cells were washed free of exogenous peptide, and BFA 

was irnrnediately added to prevent export of newly synthesized MHC-1. Surface K~ and D~ 

expression was then followed for the next 10h (Fig 4-2. triangles). The expression of surface 

ECb and Db at various time points after the addition of BFA is presented as a fraction of total 

surface ICb and Db at t a ,  respectively. The mean values of measurements from ihree 

independent expiments were plotted as a function of time and were fitted to a first order 

decay equation (see materiais and methods). The results of curve fitting are surnmarized in 

Table 4-2 (#3,4). The data did not fit the fint order decay equation with a single k value 

particularly well (see 8 values), suggesting heterogeneity in the k values. With this 

reservation, the tir_ value for the loss of surface K~ was 83+37h, and for surface D~ W ~ S  

2 k14h (Table 4-2). 

In comparison with the results obtained without pre-pulsing with p" (Fig 4-2. circles), 

there was no early drop in K~ or D~ expression and therefore, unstable sub-populations of D~ 

and K~ (with t1/2 - 1 h) were not present on these pH-pulsed cells (Fig 4-2, triangles). The data 

suggest that p ~ - ~ b  and p H - ~ b  are quasi-stable and that the unstable populations are not 

associated with p ~ .  and that their expression is minirnized by pre-pulsing with PH. 

Two other rnAbs, 5Fl and Y3, were also used to examine the stability of surface K~ 

in the presence of BFA as a function of time (Fig 4-3). U4b 5F1 has been shown to 

recognize mostly peptide associated K~ (189) whereas rnAb Y3 was shown to recognize both 

P R - K ~  and peptide-bound JCb (189, 337). Examples of K~ staining with mAb Y3 and mAb 

5Fl at t=O are shown in Figure 4-1 (C, D). The staining pattern of K~ with Y3 mAb and 

AF6-88.5 mAb were very similar (Fig 4-3). Both rnAb Y3 and mAb AF6-88.5 have 

comparable binding sites on each cell, while mAb 5Fl seems to have fewer binding sites per 

cell. In the presence of BFA, the ICb that are recognized by mAb 5F1 seemed to remain 

stable on the ce11 surface (Fig 4-3A). In comparison, the ICb molecules that were recognized 

by mAb Y3 represent two sub-populations: unstable and quasi-stable, as observed with mAb 

AF6-88.5. When the stability of K~ on cells pre-pulsed with p~ was examined, there was no 

difference in the decay of K~ monitored by either mAb (Fig 4-3B), suggesting that the quasi- 

stable K~ are recognized by mAb 5F1 and are the peptide associated lCb. Furthemore, the 

unstable K~ sub-population was not obviously detectable by mAb RI (Fig 4-3A). suggesting 
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that unstable ECb do not contain a peptide that could stabilize the ECb ce chah for recognition 

by mAb 5F1. 

B6 ConA blasts OVAp-pre-pulsed B6 ConA blasts 

Time of incubation with BFA (h) 0 Y3 mAb 
0 AF6-88.5 

A A 5Fl mAb 

Figure 4-3. Stability of ccll surface K~ assessed with mAbs AF6-88.5, Y3 and 5F1. (A) 

B6 ConA blasts were cultured in the presence of BFA (Spg/ml), for various lengths of time 

(as indicated) and the expression of K~ was assessed using PEconjugated mAb AF6-88.5 

(squares). FITC-labeled rnAb Y3 (circles) and FITC-labeled rnAb 5FL (triangles). This is 

representative of two independent experiments. (B) Expression of ICb on ConA blasts pre- 

pulsed with OVAp (closed symbols) were also examined as described in Fig 4-2, with mAb 

AF6-88.5 (squares), mAb Y3 (circles) and rnAb SFl(triangles). This is representative of two 

independent experiments. For each experiment, the number of ABC per cell was calculated 

using a Quantum Simply Cellular Kit (Sigma, Si. Louis, MO). The data plotted are number 

of ABC per ce11 against time and fit to an exponential decay relation, f(t)= Ai*expA(-kict) + 
AlfexpA(-k2*t) for rneasurements made in (A) and a one-phase decay relation, f(t)= 

A *expA(-ki *t) for measurements made in (B). 



4.4.3 Half-life of the O V A ~ K ~  complex on ceIl surface. 

We next exarnined whether the decay of the O V A ~ - K ~  complex is sirnila. to the decay of 

total K ~ ,  as monitored with mAb AF6-88.5. ConA blasts were pre-pulsed with OVAp 

ovemight, washed free of unbound exogenous OVAp, and recultured irnmediately with 

BFA. The expression of O V A ~ - K ~  complexes and of total ICb were rnonitored using FITC- 

labeled 25D1.16 mAb (313) and PE-labeled AF6.88.5 mAb, respectively (Fig 4-4A). The 

data were again successfully fit to a fint order decay model; the tin value for OVAP-K~ 

complexes was caiculated to be 45dh (Table 4-2: #5) and for total surface Kb was 29f9h. In 

cornparison to quasi-stable ICb, O V A ~ - K ~  seems to be more stable with a longer t'/t. As 

shown in Figure 44A. only a very slight deciine in the O V A ~ - K ~  expression was observed 

over 24h but only approximately 65% of surface ICb remained detectable by mAb AF6-88.5, 

21h after the BFA addition (Fig. 44A). Changes in total surface K~ expression dunng the 

first 10h post BFA addition are in agreement with what was observed in Fig 4-2 (triangles). 

The tin for O V A ~ - K ~  was also measured in the absence of BFA and, to Our surprise, 

it was L4h, much shorter than that in the presence of BFA (Fig 4-48, Table 4-2: #6). This 

suggests that BFA increases the ce11 surface persistence of MHC-1, perhaps by preventing its 

internalization. This would be a previously undescribed property of BFA and would imply 

that the recycling mechanism for MHC-1 has a tin of about 14h. There was very little change 

in total surface ISb expression (Fig. 4-4B), certainly due to it k i n g  continuously replaced by 

new synthesis. 

4.4.4 Stability of PR-K~ on cell sur€ace 

Besides pH-MC-1, a population of MHC-1 called "peptide-receptive" has been docurnented, 

these being MHC-1 on the ceIl surface that can bind appropriate exogenous peptides (74, 186, 

328). We next studied the stability of these "peptide-receptive" (PR) ICb on the ce11 surface. 

In the presence of BFA, the surface expression of PR-Kb was monitored for 6h using OVAp 

and FITC-labeled 25D1.16 mAb as descnbed previously (313, 338). An example of PR-ICb 

staining at t=û is shown on Fig 4-1E. The mean values of measurements from three 

independent experiments were plotted as a function of time. The data suggest the existence 

of two sub-populations of PR-K~ with very different half-lives and were fitted successfully to 

a two-phase exponential decay equation (Fig 4-5, Table 2, #7). The less stable subpopulation 



Time of incubation with BFA (h) 

- 

O 10 20 30 

Time of incubation (h) 

Figure 4-4. Stability of cell surface O V A ~ - K ~  complexes in the presence or absence of 

BFA. Day 1 B6 ConA blasts were pre-pulsed with OVAp (lpglrnl) ovemight and washed 

free of unbound peptide before king re-cultured in 10% CM with (A) or without (B) BFA 

for various lengths of time (as indicated). At the end of incubation, the expression of OVAp- 

bound K~ complexes (solid circles) and total surface K~ molecules (open circles) were 

examined using 25D1.16 mAb and AF6-88.5 mAb respectively. For each expriment, the 

number of ABC per ceIl was calculated. The data plotted are number of ABC per ce11 against 

time and fit to an exponential decay relation, f(t)= A*expA(-k*t). The results of the curve 

fitting are summarized in Table 2: #5,6. 



(-74% of total, calculated from Ai/(AI+A2)) has a tllz of 0.6I0.2h and the quasi-stable 

subpopulation (-26% of total. calculated from At/(Al+A2)) has a t'/z of 4.2+2h (Table 4-2: 

#7). As seen in Figure 4-5 (open circles), the surface expression of PR-ICb decreased 

drastically during the first 2h (-2&1% PR-ICb remained) followed by a much slower rate of 

decline, such that by 6h, about 1-% PR-K~ remained on the ce11 surface, implying that PR- 

K~ are included in the unstable ICb observed in Fig 4-2 (circles). 

We next studied the decay of PR-Kb on cells pre-pulsed with a high-affinity peptide 

(pH). ConA blasts pre-pulsed with VSVp (pH) were washed three times and then recultured 

at 37°C for 6 h  to allow the constitutive export and accumulation of newly synthesized PR-K~ 

on the ce11 surface. At the end of the incubation. BFA was added and surface PR-Kb 

expression was monitored for 6h. The mean values of measurements from two independent 

experiments were plotted as a function of time (Fig 4-5 closed circles). There was a rapid 

decay of surface P R - K ~  in the first 2h (-5.3-.1% PR-ICb remained) followed by a pseudo 

plateau with a much slower decline rate. The data were successfully fitted to a first order 

decay equation. The tm of the P R - K ~  on VSVp-pre-pulsed cells was calculated to be 

O.m. l h (Table 4-2: #8). By 6h, there were only 4.1fl. 1 % PR-K~ remaining on the ceIl 

surface, suggesting a small population of quasi-stable PR-ICb on VSVp pre-pulsed cells in 

cornparison to non- pre-pulsed celis (-2421%) and hence, implying that quasi-stable 

might be K~ associated with pu or pr, the expression of which was greatly reduced on VSVp 

pre-pulsed cell. 

4.4.5 OVAp binding to PR-K~. 

We next studied the kinetics of p~ binding to surface PR-ICb. ConA blasts were pulsed with 

OVAp peptide for various lengths of time and the formation of O V A ~ - K ~  complex was 

detected using FITC-labeled 25D1.16 mAb. It was found that OVAp binding to I 3 - 2 ~ ~  

followed biphasic kinetics with a pseudo plateau being reached by - lh  (Fig. 4-6A). The 

initial binding appeared to follow first order kinetics (t'/z of -15-16 min), while the latter 

binding occurred at a slower steady rate (ti/z of -45-53 min). The half times for OVAp 

binding were derived by fitting the data to a receptor-ligand association equation (see 

Materials and Methods) and are surnmarized in Table 4-3. A plateau for OVAp binding was 

not observed during the 2h pulse, perhaps because newly synthesized PR-K~ were k ing  
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Figure 4-5. Stability of PR-K~ on spleen cells. The expression of P R - K ~  on &y 1.5 B6 

ConA blasts after k i n g  cultured in the presence of BFA (open circles) was examined as 

previously described. Briefly, at each time point, cells were pulsed with OVAp (1pghi) for 

45 min, and then stained with 25D1.16 mAb. The expression of P R - K ~  on ConA blasts pre- 

pulsed with VSVp overnight was also exarnined (closed circles). Day 1 ConA blasts were 

pre-pulsed overnight with VSVp (lpg/rnl), washed three times with 1% CM, re-cultured in 

10% CM for dh, and then re-cultured again in 10% CM supplemented with BFA (5pghl) for 

various lengths of time as indicated. The expression of PR-ISb was then exarnined. The data 

for no pre-pulse were fit to a two-phase exponential decay model, f(t)=Ai*expA(-kl*t)+ 

Az*expA(-kz*t) (open circles) and for VSVp pre-pulse to an one-phase exponential model, 

f(t)= A*expA(-k*t)+p where p is a plateau value (closed circles). The results of the curve- 

fittings are summarized in Table 4-2: #7,8. 
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Figure 4-6. Kinetics of OVAp binding to surf'ace PR-K~ on spleen cells. (A) Binding of 

OVAp to P R - K ~  on day 1.5 ConA blasts was examined by pulsing the cells with OVAp 

(100ng/ml) for various lengths of time as indicated. The O V A ~ - K ~  complexes were detected 

using X D  1-16 mAb. This is representative of 2 independent experiments. (B) Binding of 

OVAp to PR-ICb on ConA blasts was repeated in the presence of BFA, which blocks the 

export of newly synthesized proteins. Four different concentrations of OVAp were used in 

the assay: 1pg/ml (not shown in the graph, see Table 4-3), 100ng/ml (open circles), lOng/rnl 

(closed triangles) and lng/ml (open squares). ABCs were calculated, plotted against time 

and fitted to a binding equation, f(t)=p*(l-expA(-kt) where p is the plateau value and k is the 

rate constant. The results of curve fitting are surnmarized in Table 4-3. 



continuously exported to the ce11 surface. We therefore repeated the expenment in the 

presence of BFA (Fig +dB). 

In the presence of BFA, a rapid increase in OVAp (100nghl) binding was observed 

in the initial phase. with a half-time of -1 1 min (Table 4-3: #3), followed by a pseudo plateau 

with a much slower rate of OVAp-binding (t'/2 of 2.2h) (Fig 4-6B). The presence of BFA 

greatly reduced the rate of binding in the latter phase, in concordance with Our hypothesis 

that the export of newly synthesized PR-ICb might be the major source of surface PR-ICb for 

OVAp binding in the latter phase observed in Figure M A .  Another source of PR-ICb rnight 

be from the dissociation of peptide from K~ containing p ~ .  The quasi-stable PR-ICb sub- 

population observed in Ag 4-SA (-262 of total PR-K~) very likely consists of pM-~b-fizm, 

which is more stable on the ce11 surface than pL-~b-$zm and becomes peptide-receptive upon 

the dissociation of p ~ .  

We also examined OVAp binding to surface PR-ICb using various concentrations of 

OVAp peptide and found that the rates of OVAp-binding (during the initiai phase of binding) 

are logarithmically proportionai to the concentrations of OVAp used (Fig 4-6B). On 

average, - 11 min was required for either lpg/ml or 100ng/rnl of OVAp to saturate half of the 

surface PR-ICb while -17.5 min was required for longlm1 of OVAp and -29 min was 

required for lng/ml of OVAp (Table 4-3). In addition, we found that the OVAp 

concentration used appeared to have very little effect on the latter binding phase. Although 

different amounts of time were required for different concentrations of OVAp to reach a 

plateau of binding, there was no significant variation in the plateau values. The plateau 

values for O V A ~ - K ~  formation were -15000 molecules calculated for Fig 4-6B independent 

of the OVAp concentration (lpglml, lûûnglml and lOng/ml) used in the study (Table 4-3). 

Taken together, these observations suggest that the concentration of OVAp used is 

the rate-limiting factor during the initial phase of binding but not dunng the latter phase 

(pseudo plateau). 

4.4.6 Rate of PR-K~ generation. 

We next measured how fast new surface PR-ICb were generated and accumulated on the ce11 

surface to keep the PR-lCb expression relatively constant on resting cells. In this expriment, 

a zero baseline of PR-ICb expression was established by pre-pulsing ConA blasts ovemight 



with VSVp and then washing the cells 3 times. PR-ICb generation was monitored using 

OVAp and FITC-labeled 2SDl. 16 mAb. The measurements were fit to the equation, 

f (t)= ak*(l-expA(-k*t), where a is the number of PR-ICb exported to the ce11 surface per unit 

of time and k is the exponential decay constant for those that have reached the surface. Note 

that the ratio alk defines the plateau value reached. The fitting parameters are summarized 

in Table 4-4. The mean values of two independent experiments presented in Figure 4-7 

depict the kinetics of PR-ICb generation at 37OC. There was a steady increase in PR-ICb 

expression within 4h of incubation, followed by a plateau of -17700 PR-ICb molecules per 

ceII (Fig. 4-7, Table 4-4). The plateau value was a bit higher than the number of surface PR- 

K~ on unmanipulated cells (-12700 PR-ICb molecules per cell, Table 4-2: #7, A1+A2). 



Table 4-3. OVAp binding to surface P R - K ~  " 

Line # [OVAp] (ng/ml) Ovcrall 1'12 (min) Pseudo-plateau (x 10.9 )'/? (1) (mi") h tl/? (2) (h) ' 

1. 1 O0 55 

In the Presence of BFA - 

2. 1000 32 

3. 100 30 

4. 10 54 

S. " 1 83 

Table 4-3 

Note: a. This is representative of two independent experiments. The measurements were plotted against time (Fig 6) and were 

fitted to the receptor-ligaiid association relation, f(t)=P4( 1 -expA(-k*t)). "P" represents the plateau value of OV Ap 

binding and "k" represents the binding constant. 

6. The measurements of OVAp binding within the first hour after the addition of OVAp were fitted to the receptor-ligand 

association relation with fixeâ "P" value (fiom the curve fitting results using the whole set of data). 

c. The measurements of OVAp binding during the second hour afier the addition of OVAp were fitted to the receptor- 

ligand association relation with fixed "P" value (fiom the curve fitting results using the whole set of data 

d. OVAp (Indml) binding did not reach a plateau dunng the 2h-experiment, therefore the pseudo-plateau value could not 

be calculated, 



Table 4-4. Re-geaeration of surface PR-K~ 
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Figure 4-7. Generation of PR-K~ on spleen cells. The accumulation of surface PR-lCb on 

ConA blasts was studied by pre-pulsing day 1 ConA blasts with VSVp ( l w r n l )  overnight, 

and then re-cultunng the cells at 37OC for various lengths of time (as indicated). At each time 

point, the expression of surface PR-ICb was examined by pulsing cells with OVAp (1pgIml) 

for 45min and then staining the O V A ~ - K ~  complexes with 25D1.16 mAb, as described in 

Fig. 4-3A. The data were plotted as the mean values (n=2) of the number of Z D l .  16 

binding sites per ce11 against time. The results of curve fitting are summarized in Table 4-4. 



4.5 DISCUSSION 

In this study, we have used conformationally sensitive antibodies to examine the stability of 

surface MHC-1 on spleen cells. AF6-88.5 mAb recognizes a confomationaily specific 

epitope on the alaz domain of the K~ molecule (334, 335); KH95 rnAb recognizes a 

confomationally dependent epitope on the a* domain of Db (336) (Table 4-1). Note that loss 

of the conformational epitope of the a subunit is thought to be followed by rapid 

degradation/ intemaiization of the molecule (34, 74, 314). Our data suggest that ICb and D~ 

both exist on the ce11 surface as two sub-populations with very different haif-lives (Fig. 4- 1 & 

Table4- 2: #1,2): unstable and quasi-stable. Approximately 50% of surface ICb molecules 

were quasi-stable while the other 50% were unstable and were lost with a t112 of - 1. la. lh. 

Similar observations were made for surface D ~ :  -6846 of surface I lb  were quasi-stable. 

Quasi-stable ICb and Db sub-populations appeared to be MHC-1 molecules associated 

with p~ or p~ because MHC-I associated with pH (e.g., O V A ~ - K ~ )  were more stable and had 

a longer t'lr (Fig 4-4A; Table 4-2: #5; tl/r -45i3h) than the W C - 1  associated with p~ or p~ 

(318. 339). In support of this hypothesis, surface K~ on cells pre-pulsed with p~ also had a 

longer t l l z  (-83i37h) than that of the ICb on non-pre-pulsed cells (-2&11h) (Fig 4-2 

triangles, Table 4-2: #3,4). We assume that when cells are pre-pulsed with a high 

concentration of ovemight, pre-bound p~ and pl. are replaced by p~ as they dissociate 

during the incubation. Thus, pre-pulsing cells with p~ increases the percentage of PH-MHC-1 

and decreases the amount of pw-/pL-WC-I on the ceIl surface. Figure 2 depicted a strong 

correlation between the increased percentage of p H - ~ b / ~ b  and increased sizes of quasi-stable 

K~ and D~ sub-populations. Note that unstable lCb and D~ sub-populations were not 

detectable on cells pre-pulsed with p~ when export of newly synthesized MHC-1 was blocked 

(Fig 2). 

Peptide receptive K~ was not detectable on cells pre-pulsed with high concentrations 

of p~ if the continuous export of new MHC-1 from the ER was blocked by BFA (Fig 4-IF) 

(309), suggesting that PR-K~ constituted at least part of the unstable ICb sub-population. 

Surface PR-ICb have been reponed (32. 34, 74) and are confirmed here by us to be very 

unstable (Fig. 4-5, Table 4-2: #7,8). in studying the stability of PR-ISb, we found that there 

were again two sub-populations. Approximately 74% PR-ICb had shon tllz, 0.610.2 h (Fig 4- 



5, Table 4-2: #7) and could not be detected after 2h of incubation in the presence of BFA. 

The quasi-stable PR-ICb sub-population had a longer tllz, 4.2& h (Table 4-2: 117). PR-K~ 

reappear (at a rate of 28-230 ABCs per h, Table 4-4) on the ce11 surface pre-pulsed with 

p" in the absence of exogenous p~ via the continuous export and accumulation of new K~ 

(Fig 4-7; (338)). Pre-pulsing cells with high concentrations of p~ decreased surface PL and 

p~ associated K~ suggesting that the quasi-stable PR-ICb might be ICb associated with p~ or 

phi. Table 4-2 (#8) and Fig 4-5 show that the size of the quasi-stable PR-K~ sub-population 

was substantially reduced on cells pre-pulsed with PH. 

Binding of exogenous peptide to PR-MHC-1 is detennined by the off-rate of pre- 

bound peptide (302, 328); therefore, a K~ molecule is tmly peptide-receptive when the pre- 

bound peptide has already dissociated and before the molecule decays. Consequently, the 

unstable PR-K~ sub-population may contain no peptide or peptides of extremely low affinity 

in their binding grwve and the PR-ICb quasi-stable populations may be the K~ bound with PL 

or PM. The release of p~ and p~ can oçcur later during the incubation, resulting in the 

formation of PR-ICb. The reduction in the size of the quasi-stable PR-Kb sub-population on 

cells pre-pulsed with p~ implicates that less quasi-stable PR-ICb was exported to the ce11 

surface dunng the 6h pst-pulsing incubation, in comparison to unstable PR-Kb. Such 

observation makes logical sense in the maintenance of surface ICb expression: unstable PR-ICb 

has a much shorter t'/t and therefore, more has to be made to balance the rapid loss. The 

quasi-stable PR-Kb has a longer t'/z and therefore, a slower rate of generation will avoid 

over-accumulation of quasi-stable PR-lCb on ce11 surface. In agreement with this speculation. 

Christinck et al. and Luscher et al. showed that - 10% of total D~ on EL4 cells are peptide 

receptive (76, 186). Here, we also showed that -10% (42600 binding sites for 2SDl. 16 

mAb per cell, Fig 4-5, t a )  of surface K~ (424000 binding sites for AM-88.5 rnAb per cell) 

are peptide receptive. At equilibrium, the number of molecules on the ce11 surface with a 

particular half-life will be given by the expression cr/k (see Fig 4-7) where CY is the rate of 

export (molecules per unit time) and k is the decay constant (unit tirne-'). Using the data 

obtained in this study, we have calculated that for every twenty Kb expo~ed  to the ce11 

surface, only one K~ is associated with a p~ (see footnote for calculation)'. 

Change in surface MHC-1 (cW) can be calculated as the difference between the number of MHC-I generated 

and the number of MHC-1 lost. That is dN = a*dt - k*N(t)*dt. Here, N(t) represents the nurnber of molecules 



The kinetics of OVAp binding to PR-ICb was examined in this study. OVAp binding 

was biphasic with a rapid increase whose rate was dependent upon peptide concentration, 

followed by a much slower increase whose rate was independent of peptide concentration 

(Fig 4-6A). We hypothesize that the initial rapid increase in OVAp binding depicts the 

stabilization of unstable PR-ICb containing either no peptide or p~ of extremely low affinity, 

and the much slower rate represents OVAp binding to the quasi-stable PR-ICb which becarne 

zvailable for peptide binding on dissociation of the p~ they contain. In comparing the rate of 

binding using different concentrations of p ~ ,  we observed that a higher concentration of p~ 

(100ng/ml) had a more rapid binding rate (t'/z -30 min) and a lower concentration of p~ 

(lng/ml) had a slower binding rate (t112 -83 min). These observations suggest that peptide 

concentration is the rate limiting factor dunng the initial phase of binding and that the 

number of PR-K~ is finite. In addition, since the peptide concentrations used did not affect 

the binding rate or plateau values during the pseudo-plateau period peptide concentration 

may not be a limiting factor. 

The equilibrium constant (IQ) for dissociation was calculated to be -1.1 nM at 24OC 
kas 

in the presence of BFA, assurning a reaction of the form, (peptide + ICb \-2 ~ ~ - ~ e ~ t i d e ,  

where O. 104pM of OVAp (equivalent to lûûnglml) was used, and kd= k&kass; ks values are 

from Table 4-2: #5,6; kW= kbJO.104; bbs values are from Table 4-3:#1, #7). The kd 

calculated in the absence of BFA is -7.3nM, suggesting that OVAp will start to dissociate 

from K~ when the exogenous OVAp concentration falls below 7.3nM. It might be an over- 

estimation because in the absence of BFA, PR-ICb is continuously exported to the surface and 

therefore, the starting number of IKb is not fixed in the equation and over time. more peptide 

is required to favor the formation of ~ ~ - ~ e ~ t i d e  complex. In the presence of BFA, the initial 

number of peptide and ICb are fixed and therefore, the kd value may be more valid. 

Although this study has revealed some insights into the expression and stability of 

surface K ~ ,  D~ and P R - K ~  in panicular, it has also raised a few questions. Approximately 

50% of total surface K~ molecules were unstable. This includes PR-ICb. However PR-K~ 

ar time t, " k  is the decay constant and is calculated as ln(2)/t1/* and "a" represents the generation constant. The 

number of total MHC-1 on the cell surface is constant. Hence, dN=û and the a values for quasi-stable (q) and 

unstable (a,,) K~ sub-populations can be calculated. a = kSN(t); a, = (124000 * 0.47)*(ln(2)/20)=2020 

moIecules/h; a,, = -( l B O O O *  0.53) * (-ln(2)/1.1) = 414 12 molecules per h. aJ(q,+q)= - 



oniy constitutes -10% of total surface K'>; even in the presence of continuous ICb export, the 

maximum number of PR-ISb that can be stabilized by OVAp binding within the first 2h of 

incubation is approximately 13 11 x l d  molecules, (-IO-&2% of AF6-88.5 positive surface 

Kb). Then what constitutes the other approximately % of unstable surface ICb? Although this 

study has revealed some characteristics of this % of unstable surface K'>, its molecular 

identity awaits to be revealed. Our data showed that it has a t'/z of -1.lh and that it 

disappeared dunng the overnight pre-pulse with p~ because the unstable ICb sub-population 

was not observed on pre-pulsed cells (Fig 4-2, triangles). Figure 4-3 showed that the 

unstable ICb sub-population was not obviously detectable by mAb 5F1, which recognizes 

mainly peptide associated ICb and thus suggesting it lacks peptide. Moreover, studies with 

purified K~ complexes and K~ in the ce11 lysates suggest that some a-bzm, a, and p-a do not 

contain the alaz antigenic epitope and are not stable on the ce11 surface (33, 34, 74, 97, 314, 

340). These could al1 very well be the candidates for the '15 of the unstable sub-population of 

Elb. There is still much to be discovered about the expression, structure and stability of 

m c - 1 .  

It has been widely assumed that the functional MHC-1 conformation is the peptide- 

itssociated heterotrirner. Previous work from this laboratory suggests that NK cells express 

in hi bi tory receptor(s) recognizing the peptide-receptive form of MHC-I (309, 338) and not 

the stable heterotrimer. While T cells recognize the peptide residues presented in the peptide 

binding groove of MHC-I as well as part of the MHC-1 molecules itself (316), NK cells 

seerned to "see" conformationally specific MHC-1 (194). The prototypic mouse NK 

inhibitory receptor, Ly49A, was shown to recognize MHC-1 associated with peptide (41, 

282). Analysis of the crystal suucture of the extracellular domain of Ly49A and its ligand, 

D ~ ,  suggests that the peptide is not directly involved in the recognition (194). It is the 

conformation of D ~ ,  shaped by peptide binding, that is important for Ly49A recognition. In 

suppon of this, Chung et al. showed that the ~ ~ - ~ e ~ t i d e  complex (transgenically expressed in 

a P2m-deficient background) could stimulate T ce11 activation but failed to interact with NK 

cells expressing Ly49A, suggesting, again that NK and T cells recognize MHC-1 differently 

(341). Furthemore, another MC inhibitory receptor, Ly49C seemed to recognize PR-ICb and 

not Kb associated with a high affinity peptide; binding of Ly49C to K'> was prevented by 

loading surface PR-K~ with a high affinity peptide (338). The important physiological roles 



of MHC-1 in both NK and T recognition highlight the necessity in studying the structural 

conformations and stability of ce11 surface MHC-1. 



CHAPTER 5 

A NOVEL MECHANISM FOR RECOGNITION OF ADENOVIRUS TYPE V 

JNFECTED CELLS BY NATURAL KILLER CELU 



5.1 ABSTRACT 

NK specificity is pnmarily determined by inhibitory receptors that recognize particular 

MHC-1. We have found that these include inhibitory receptors that recognize only MHC-1 

capable of binding exogenous peptide. Thus, the mouse inhibitory receptor ~ ~ 4 9 ~ ~ ~  

recognizes only the peptide-receptive form of ICb (PR-K~). Following Adenovirus type V 

infection of a cell, total K~ expression was little affected but PR-K~ disappeared between 6 

and 9h post infection. This correlated directly with acquisition of sensitivity to NK lysis and 

the stimulation of IFN-y synthesis. Adenovirus type W infected cells did not down-regulate 

either total or PR-ECb and did not become sensitive to NK cells. The data suggest an 

extension of the "missing self' hypothesis to include different forms of MHC-1. 



5.2 INTRODUCTION 

Natural killer (NK) cells play a cntical role in the control of viral infection, both by their 

cytotoxic potential and by their capacity to secrete anti-virai cytokines (259, 342, 343). 

However, target structures important for NK ce11 recognition of virally infected cells are not 

weIl defined. NK cells stimulated by virai infections in vivo were shown in the 1970s to lyse 

targets expressing reducedho Class-1 major histoçompatibility complex (MHC-1) (257, 344, 

345). This later became a cntical criterion in fomulating the "rnissing-self' hypothesis (1 1). 

It was hypothesised that MC cells look for the absence of a self-marker on the target ce11 

surface, and that this self-marker is surface MHC-1. Evidence continues to accumulate in 

support of this hypothesis (346). However, down-regulation of total surface MHC-1 is not 

always observed on virally infected cells that are sensitive to NK lysis and down-regulation 

of total MHC-1 does not always correlate with the sensitivity of the infected cells to NK lysis. 

For exarnple, cells infected by HSV (347) or transformed by adenovims type V (Ad3 (267, 

268, 348, 349) become susceptible to MC lysis but do not have reduced total surface MHC-1 

expression. Further, cells transformed by adenovims type XII (Adl2) have reduced 

expression of total surface MHC-1 but remain resistant to NK lysis (348, 350, 351). These 

observations suggest that the "missing-self' hypothesis may be incomplete in depicting the 

mechanisms of NK recognition. Perhaps, Our understanding of MHC-1 as a self-marker in 

NK recognition is incornplete. 

Several NK receptors involved in activating and inhibiting NK function have k e n  identified 

and characterized (23-25); the current mode1 of NK-recognition suggests that MC recognition 

and lysis of targets is mediated by activation receptor(s) whose effects may be ovemdden by 

inhibitory receptor(s) recognizing MHC-1 (126, 168). Viral modulation of ligands 

recognized by NK activating receptors is yet to be defined (256, 261, 271). However, there 

are two major sub-populations of surface M E - 1  (peptide-receptive MHC-1 or "PR-MHC-ï', 

and non-peptide-receptive MHC-1 associated with high affinity peptides (pH)) (74, 328) that 

have been implicated in recognition by NK inhibitory receptors (41, 282, 338) and may be 

differentially regulated by viral proteins. 



Viral proteins that are involved in interfering with the processing pathway of MHC-1 have 

been identified (48, 66, 256). Examples of viral strategies in shutting down surface MHC-1 

expression are global disruption of protein synthesis, prevention of peptide binding to MHC-1 

in the ER, and transport of MHC-1 to the cytosol instead of the ceIl surface (48, 66, 256, 

352). Surface P R - K ~  molecules on a TAPdeficient ce11 line (RMA-S. which lacks proper 

peptide-loading machinery) have been shown to be unstable, with a tl/z of less than OSh, 

whereas surface MHC-1 associated with p" have a tllz of greater than LOh on EL-4 cells. 

Thus, when export of MHC-1 to the ceIl surface is disnipted during a virai infection, the 

virus-infected cells will be detected first by NK cells expressing inhibitory receptors for PR- 

MHC-1, perhaps within 1-2h after disruption of MHC-1 synthesis andor transport, and then 

later by NK cells expressing inhibitory receptors for pH-bound MHC-1, perhaps 20h later. 

No monoclonal antibody is yet available for staining surface PR-MHC-1. They can only be 

detected by measuring the binding of MHC-1 specific peptide and have only recently been 

shown to be a ligand for NK inhibitory receptor(s) (309, 338). In most studies of viral 

infection, only the changes in total MHC-1 expression have been examined (267, 346, 347). 

Since PR-MHC-1 appears to constitute only -10% of total surface MHC-1 (shown with PR- 

K~ and PR-D~) (76, 186) (Su & Miller, in preparation), changes in PR-MHC-1 expression on 

virally infected cells rnight only reflect a slight change in total surface MHC-1 expression. 

Consequently, the loss of PR-MHC-1 on viraily infected cells might not be detected with 

mAb against total cell surface MHC-1, but could be detected by NK cells expressing 

inhibitory receptors recognizing PR-MHC-1. In this study, changes in surface PR-K~ and 

total surface MHC-1 on 86 spleen cells infected with Ad5 or Ad12 have been studied during 

the first 24h after viral infection. 



5.3 MATERIALS AND METHODS 

5.3.1 Mice and vinises: 

Normal C57B W6 (B6, H-2b) mice were purchased from the Jackson Laboratory (Bar Harbor, 

ME). C57BU6 (H-zb) athymic nude mice were purchased from Taconic (Germantown, NY). 

Al1 mice were kept in a specific pathogen free environment. In rnost experiments, 6-10 week 

old female rnice were used (although either sex gave sirnilar results). The human Adenovirus 

type 5 (Ad3 and type 12 (Ad12) used have been previously descnbed (353,354). 

5.3.2 Cells: 

Splenocytes were prepared by pressing spleens through a wire mesh screen with a disposable 

plunger into a-MEM (Gibco, BRL, Burlington, ON, Canada) supplemented with 10% FCS 

(Gibco, BRL), 50 pM 2-ME, and 10 m M  HEPES (10% complete medium, CM). 

Splenocytes were resuspended in Sm1 CM, underlaid with S m l  lympholyte-M (Cedarlane 

Laboratories, Hornby, ON, Canada), and centnfuged at 500x g for 20 min to remove red cells 

and dead cells. After two washes in CM, 5x10~  splenocytes were re-suspended and cultured 

ovemight in 5rnl CM supplemented with Concanavalin A (ConA, 2pg/ml, ICN 

Pharmaceuticals Canada Ltd., Montreal, Que.). Day 1 ConA-activated blasts (ConA blasts) 

were used in the virus infection experiments. A ce11 population enriched in dendritic cells 

was obtained by plating splenocytes from B6 mice on polystyrene petri dishes at 10' cells per 

ml and culturing at 37OC for 3h. At the end of incubation, non-adherent cells were washed 

off gently with warm CM. The adherent cells were re-cultured at 37°C for an additional 1.5h 

and washed twice with warm CM. The resulting adherent cells are enriched in dendritic ceils 

(355). These detached from the petri dish on k i n g  cultured ovemight at 37OC and could then 

be harvested by gentle washes with warm CM. A ce11 population enriched in dendritic cells 

was used as antigen presenting cells for raising virus-specific cytotoxic T lymphocytes 

(CTL). 

5.3.3 Virus infection: 

Day 1 ConA biasts were pre-washed twice with 1% CM (supplemented with 1% FCS instead 

of 10% FCS) and cocultured with Ad5 or Ad12 virus (LOO pfdcell) in PBS for 2h at 37OC in 



a 7% COz incubator (-4x10~ cells in 0.2m.i PBS per well of a 24-well plate) for absorption. 

At the end of incubation, ConA blasts were washed once with 1% CM to wash away 

unabsorbed viruses and re-cultured in 2rnl diluted supernatant from ConA blasts culture 

(50% dilution with 10% CM), at a density of 106 cells per 0.5ml per well of a 24-well plate. 

A ce11 population enriched in dendritic celis was also infected with Ad12 (100 pfu/cell in 

PBS) in a sirnilar manner and used for raising Adl2-specific T cells. At the end of co- 

incubation with viruses, the dendritic ce11 enriched population was washed twice with l% 

CM and re-cultured in 1 ml 1 0 1  CM in 25 cm2 flasks (in upright position) in a 7% COr 

incubator until the addition of T cells. 

5.3.4 Surface MHC-1 expression on vins-infected celis: 

Surface ICb and D~ expression were examined using PE-Iabeled AF6-88.5 rnAb and FïI'C- 

labeled -5 respectively (lpg/106celld0.1ml, purchased from Pharmingen, San Diego, CA). 

As described previously (338), the expression of surface PR-K~ was detected by incubating the 

cells with OVAp (100ng/~106cells) on ice for 45 min, washing twice and then staining with 

FITC-labeled 25DL 16 mAb. 25D 1.16 mAb recognizes specifically the OVA~PR-ICb complex 

(3 13). To stain cells with rnAb. 2x10' cells in 100 pl of 0.5% BSMPBS were first incubated 

with 4 pl of reconstituted normal mouse serum (Jackson LmmunoResearch Laboratories, West 

Grove, PA) at room temperature for 5 min. Fluoresçently-Iabeled mAbs were then added to the 

cells and incubated on ice, in the dark for 30-45 min. The cells were then washed in 0.5% 

BSA/PBS, resuspended in 0.3 mi of 0.1% paraforrnaldehyde and 0.25% BSA in PBS and 

analyzed by flow cytometry. The fluorescence and light scatter properties of individual cells 

were measured on a FACScan anaiyzer (Becton-Dickinson), using Iogarithmic amplification of 

the fluorescence signals and linear amplification of the right angldforward angle light scatter 

signals. Live splenocytes were gated (on the basis of right angle/forward scatter measurement) 

and anal yzed for their fluorescence. The number of antibody binding sites (ABC) (for AF6-88.5 

rnAb, KH95 mAb, and 25D1.16 mAb) per ce11 could be caiculated using a Quantum Simply 

Cellular Kit (Sigma, St. huis ,  MO). Quantum Simply Cellular Kit is a mixture of four 

populations of microbeadsi with different ABCs plus one non-binding microbead population. 

The ABC is derived from covalently bound Goat anti-mouse Ig on the microbeads. This Goat 

ami-mouse Ig has equivalent reactivity to each mouse isotype (IgGl, IgG2a and IgGSb). 



Quantum Simply Cellular microbeads were used in the expenments as an extemal calibrator. 

10' rnicrobeads in 5 0 ~ 1  of 0.5% BSAPBS were stained with FïïC- or PE-labelled mAbs in 

paralle1 with the ce11 samples. Staining of microbeads and ce11 samples was analyzed with the 

same instrument settings except for side light scatter (much lower for rnicrobeads). A 

regression calibration curve was constructed using the QuickCal program (provided by the 

manufacteur), which plots the mean fluorescent intensities 0 of the Quantum Simply 

Ce1 lular microbeads against the ABC values predetennined for eac h microbead population. The 

ABC values for ce11 samples were calculated using the regression caiibration cuve and the MF1 

of mAb-staining. In this study, the number of ABC was equated to the number of antigenic 

moIecules on the ceIl surface. 

5.35 NK and CTL generation: 

The method used for producing activated NK cells (JAK cells) was similar to that used 

previously (38, 309, 312). Bnefly, 2x10' nylon wool non-adherent spleen cells from B6 

athymic nude mice were cultured at 37OC in 5 ml 10% CM supplemented with 5000 U/ml 

human IL-2 (Chiron Corp. Emeryville, CA). Day 3-4 NK cells were used in cytotoxicity 

assays. Day 0.5 NK cells were used in IFN-y assays. Adl2-specific CTL were generated in 

vitro using Ad 12-infected dendritic cells (within 24h pst-infection) as stimulators and 

lymphocytes from normal C57BU6 (B6) mice, depleted of B cells by passage through nylon 

wool, as a source of T cells. For primary stimulation, 10' T cells were stimulated with 5x16 

Ad 1 Zinfected dendritic cells in l O d  of 10% CM supplemented with 5u/rnl of mouse rIL-2 in 

25cm2 flask, cultured in an upright position at 37OC in a 7% COa incubator. To maintain a CTL 

line, CTL were harvested after 7-10 days of culture (or 12-14 days after the primary stimulation) 

on Lympholyte M (Cedarlane Lab.. Hornby, ON) and recultured with 1x10~ Adl2-infected 

dendritic cells as in the primary stimulation. For cytotoxicity assays, &y 5 CTL were harvested 

on Lympholyte M and used. Mouse rL-2 was obtained as a supernatant from a ce11 Iine 

transfected with the IL2  gene (285). 

5.3.6 S'~r-release assay 

Methods for measuring lytic activity were identical to those used previously (39, 155,309,338)- 

Ad5- and Adl2-infected ConA blasts were S'~r-labelled by incubating about 1x10~ cells for 



90 min at 37°C with 180 pCi ~ a 2 ' ~ r O d  (NEN Life Science, Boston. MA) in 75 pl of PBS 

containing 67% FCS. They were then washed 3 times with 1% CM, to remove non- 

incorporated ~ a ' > ' c r Q  before king used in a 4 hr (unless stated othenvise) " ~ r  release assay 

performed in 96-well V-bottom rnicrotiter plates using 2ûûû targetdwell, dispenseci in 100 fi 
aIiquots. NK cells or C7TL (at E!ï ratios, 30, 10 and 3) were also added in 100 pl aliquots. 

RMA-S cells (-106) were S'~r-labelled for 60 min at 37°C or for 90 min at 26OC and then 

prepared in the sarne way as ConA blasts for the assay. For experiments in which pre- 

incubation of NK cells with soluble NK1.1 rnAb or SE6 mAb bound to Dynabeads was 

required, the pre-incubation was done at 4 OC for 30-45 min while preparing target cells for the 

assay. Rior to the addition of NK1.1 mAb to NK cells, NK1.1 mAb was pre-incubated on ice 

for 30 min with soluble Rotein A (2pg per lOpg of mAb used, Sigma, St. Louis, MO) and 

soluble Protein N G  mix (2pg per lOpg of mAb used, ICN Biornedicals Inc., Aurora, OH). 

SoIuble Protein A and G bind to the Fc portion of antibody preventing antibody from binding to 

the Fc receptor on NK cells and thus, prevent antibody-directed cellular cytotoxicity (ADCC). 

The rnAb rernained in the assay mixture during the 4h "~r-release assay. For experiments in 

which pre-incubation of target cells with OVAp (100n~/ml/10~, (287)) was quired, the pre- 

incubation was done at room temperature for 3045 min. The target cells were then washed 

twice More king used in the assay. Specific lysis was calculated as % specific lysis = (E- 

S)/(T-S) x 100 where each vaiue represents the mean t S.E.M. of five replicates. E is the 

experimental mean of ' ' ~ r  released; S, the amount of " ~ r  released when the target cells were 

cultured in medium alone; and Tl the total amount of " ~ r  mleased in the presence of 2% acetic 

acid. 

5.3.7 IFN-y production assay 

NK ceIls used in this study were nylon wool non-adherent spleen cells from B6 athymic nude 

mice cultured at 37OC in 5 mi 10% CM supplemented with 2200 Ulm1 human IL-2 for 10-12h. 

On the day of assay, NK cells were washed twice with 1% CM and kept on ice in 10% CM 

before king added to the infected cells. Ad5- and Ad12- infected ConA blasts were co- 

cultured with NK cells (at least one NK ceIl per three infected ConA blasts) for 2h at 37'C. 

ailowing time for NK activation. Brefeldin A (BFA, Spg/ml, Sigma-Aldrich Canada, Oakville, 

Canada), a fungal metabolite that blocks protein export to the cell surface and thereby stops 



IFN-y secretion, was added to the bbco-culture'' containing NK cells and virus-infeaed cells, 2h 

after the addition of NK cells. The "CO-culture" was then incubated at 37°C for an additional 4h 

allowing time for IFN-y to accumulate in the cytosol. EN-y synthesis was assayed by flow 

c ytometry . Ce1 1s were washed once in M ~ * + -  and ca2+-free PBS (PBS-), re-suspended in 100 pl 

of PBS- and then incubated with 4 pi of reconstituted normal mouse serum (Jackson 

LmmunoResearch Laboratories, West Grove, PA) and 8@ of the supernatant from hybridoma 

(2.462) at room temperature for 10 min. MAb 2.462 binds to the FcRIII on NK cells and thus, 

prevents the subsequently added mAb h m  binding to FcFüIl non-specifically. PE-labeled 

NKI. 1 mAbs were then added to the cells and incubated at m m  temperature for 20 min. The 

cells were then washed with PBS-, fixed and perrneablized using the CytofixKytopenn kit 

purc hased from Pharmingen (San Diego, CA). Fixed cells were incubated with anti-mouse 

IFN-y rnAb ( 0 . 5 ~ ~ / 1 0 ~  cells per 100p1, clone XMGl.2, Pharmingen, San Diego, CA) on ice for 

30 min. At the end of incubation, cells were washed twice and re-suspended in 0.3 ml of 

washinp buffer for FACScan analysis. 



5.4 RESULTS 

5.4.1 Changes in host MHC-1 expression during adenovims infection. 

Adenovirus type V (Acis) and type XII (Ad12) have been shown to have different effects on 

transformed ce11 lines (267, 268, 348, 349, 352, 356). We measured whether there were 

differential effects on host MHC-I expression during the early phase of viral infection. 

Figure 5-1 shows the staining of K~, D~ and PR-lCb on cells infected with Ad5 or Ad12, 7h 

and 10h post infection while Figure 5-2 shows changes of MHC-1 expression over time. A 

small but significant increase in surface K~ expression was observed on the ConA blasts 

infected with either Ad5 or Ad12 by 18h pst-infection (student t-test, p 4.01) (Fig 5-2A). 

Surface D~ expression was also slightly up-regulated on Adl2-infected cells by 18h post- 

infection (p 4-02) ,  but not on A&-infected cells (Fig 5-2B). Down-regdation of either K~ 

or D~ surface expression was not observed over the first 42h following infection. 

Since changes in surface peptide-receptive ISb (PR-K~) expression might affect the 

susceptibility of the infected cells to NK lysis (309, 338), we also exarnined whether Ad5- 

and Ad 1 2-infection had an effect on surface PR-K~ expression, sornething not previously 

examined. Surface expression of PR-lCb remained unchanged during the first 6h after A d 5  

and Ad1 2-infection (Fig 5-2C). A drastic drop in PR-ICb expression on AdS-infected ConA 

blasts occurred between 6h and 9h pst-infection such that there was very little or no 

detectable PR-ISb expression between 9h and 42h pst-infection. On the contrary, Ad12- 

i nfected ConA blasts expressed up-regulated PR-ICb on their surface by 18h pst-infection (p 

~0.01). No decrease in surface PR-K~ expression was observed on Adl2-infected cells (Fig 

5-2C) over the 42 hours. 

In summary, AdS-infection down-regulated surface PR-ICb expression between 6h and 

9h post-infection and up-regulated K~ expression by 18h pst-infection, without affecting D~ 

expression. In contrast, Adl2-infection increased surface ICbl Ilb and PR-fCb expression by 

18h post-infection. 
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Figure 5-1. Surface K ~ ,  D~ and P R - K ~  expression on AdS- and Adl2-infected cells at 

7h and 10h post-inteetion. B6 ConA blasts infected by Ad5 (a,d,g), Ad12 (b,e,h) or 

rnock-infected (c.f,i) were examined for surface ICb (a,b,c), D~ (d,e,f) or PR-K~  (g.h,i) 

expression at 7h (black lines) and 10h (grey lines) pst-infection. The data s h o w  are 

representative of data used for Fig 5-2. 
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Figure 5-2 Changes in surf'ace K ~ ,  

D~ and PR-K~ expression on Ad5 and 

Adl2-infected celis. B6 ConA blasts 

infected by Ad5 (closed diamonds) or Ad12 

(open diarnonds) for the indicated time (x- 

axis) were examined for changes in surface 

K ~ ,  Db, and PR-ICb expression. Cells that 

received the same treatments as Ad5- or 

Ad12- infected cells, except for the 

addition of virus, were also examined 

(closed circles). Surface ICb (A) and Db (B) 

expression was examined using PE-labeled 

AF6-88.5 mAb and FWC-labeled KH95 

rnAb respectively. P R - K ~  expression (C) 

was monitored using OVAp and FITC- 

labeled 2SDl. 16 mAb, which recognizes 

specificall y the O V A ~ - K ~  cornplex, as 

described previously (3 13). Data shown are 

from one of two independent identical 

experiments. Three other experiments 

examined changes of surface MHC-1 on 

AdS- or Adl2-infected cells during the first 

18 or 24h after virus infection and showed 

similar results. 



5.4.2 Cytotoxicity and IFN-y production by NK cells cocultured with AdS- nad Ad129 

in fected splenocytes. 

We next tested whether ConA blasts would become sensitive to lysis during the early 

phase of infection by Ad5 or Ad12. Con A blasts infected with Ad5 or Ad12 remained 

resistant to NK mediated lysis for the first 6h pst-infection (Fig 5-3A). By 9h, AdS-infected 

cells became highly sensitive to NK lysis and remained so throughout the rest of the time 

course. Adl2-infected cells remained resistant and only became sensitive to M( lysis 42h 

post-infection (Fig 5-3A). 

IFN-y is a major cytokine synthesized by NK cells during viral infection (260, 261, 

275). We tested Ad5 and AdlZinfected cells to see whether they would activate NK cells 

to produce IFN-y. Fig 5-3B shows the intracellular staining for IFN-y production by NK cells 

at t=24h post virus-infection (Ad5 Ad12, or rnock). Only AdS-infected cells induced IFN-y 

synthesis. Consistent with their sensitivity to NK lysis, Ad5-infected ConA blasts could 

induce significaqt IFN-y synthesis from NK cells at as earfy as 9h pst-infection (Fig 5-3C). 

The percentage of IFN-y producing NK cells increased between 9h and 24h pst-infection 

and reached a maximum value (of -45% in this particulsir experiment), suggesting that only a 

subset of NK cells could be activated by AdS-infected Con A blasts to produce IFN-y. 

Adl2-infected ConA blasts could not stimulate NK cells to synthesize IFN-y and even 

suppressed IFN-y synthesis below that observed in cultures containing mock-infected cells, 

even though Adl2-infected cells becarne sensitive to NK lysis by 42h pst-infection. These 

observations suggest that activation of NK cells to produce IFN-y correlates with the 

disappearance of surface PR-K~ expression on the AdS-infected cells. The time that the 

surface P R - K ~  on AdS-infected cells was down-regulated correlated well with the time the 

cells became sensitive to NK lysis. 

To confirm t hat Ad 12-infection occurred, Ad 12-specific CTLs were generated in vizro and 

Adlî-infected cells were tested for sensitivity to CTL lysis in a 4h "~r-release assay. Lysis 

of Adl2-infected cells could be detected at 24h pst-infection and was further increased by 

42h post-infection (Fig 5-3D), suggesting Ad12 viral antigens were presented on target cells 

by 24h post-infection. Furthemore, some of the CTLs might be recognizing viral antigens 

that are expressed by both Ad5 and Ad12 because Ad5-infected cells also 



Figure 5-3. Activation of NK- and CTL- mediated cytotoxicity and of WN-y synthesis. 

B6 ConA blasts infected by Ad5 (solid diamonds), Ad12 (open diarnonds), or mock (open 

triangles) for the indicated time (x-mis) were tested by (A) ' ' ~ r  release assays for sensitivity 

to IL-2 activated NK (day 4). Experiments were done with three EYï ratios; shown here is 

E/T=30. (B) Infected cells were tested to see whether they could activate NK cells to 

synthesize IFN-y (see material and methods), BFA was added to the culture 2h afier the 

addition of NK cells to block IFN-y secretion. Cells were further cultured for 4h to ailow the 

accumulation of IFN-y in the cytosol of M( cells that were activated by virally infected cells. 

The time indicated on the x-axis is the time when BFA was added. At the end of 4h culture, 

K I .  1' cells were examined for IFN-y staining. Shown in (B) are dot-plots of IFN-y staining 

of NK1.1' cells CO-cultured with ConA blasts infected by AdS. Ad12. or mock at t=24h post- 

infection. (C) The results are presented as 95 NK1.1' cells that are IFN-y+ over time. @) 

Ad5 and Ad12- infected cells were examined for their susceptibility to lysis mediated by 

Ad 12-specific CTLs in a 4h 'kr-release assay. Experiments were done with three ratios; 

shown here is Elï=30. This figure (A-D) is representative of two independent experiments. 

Sirnilar experiments exarnining NK sensitivity of Ad5  or Adl2-infected cells dunng the first 

9h, 18h, 24h, or 36h after virus infection al1 showed sirnilar results. Two other independent 

experiments examining IFN-y production during the first 18h after AdS- or Ad12-infection 

also showed similar results. 
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became slightly susceptible to CTL lysis at 24h pst-infection (Fig 5-3D). Taken together, 

although AdlZinfected cells could not activate EN-y synthesis by NK cells, they could 

activate cytotoxicity mediated by both activated NK cells and CTLs. 

5.4.3 The involvernent of NK1.1 and 5E6 antigens (Ly49C & Ly49ï) and PR-K~ in 

an ti-viral cytotoxicity. 

NK1.l antigen has k e n  shown to be an activating receptor in NK recognition (155, 357). 

The 5E6 antigen, Ly49C, has been shown to be an NK inhibitory receptor recognizing 

surface P R - K ~  (338). To examine the importance of NKI.1 and SE6 antigens in anti-viral 

cytotoxicity, soluble NKl.l mAb and Dynabead bound SE6 mAb were used to block 

activating receptor (ml. I antigen) and to cross-link the Ly49C inhibitory receptors 

respectively in "~r-release assays. In the presence of soluble NKl.1 mAb, lysis of A&- 

infected cells (24h post-infection) dropped from high to near background levels while the 

Iysis of Ad12- or moçk-infected cells was little affected (Table 5-1: #1,2), suggesting that the 

NK1.1 antigen plays an important role in activating NK cytotoxicity during anti-viral 

immunity. In this expriment, soluble Protein A and Protein G were used to coat the Fc 

portion of NK1.1 mAb to avoid undesirable ADCC. Dynabeads coated with 5E6 rnAb were 

used to cross-link the SE6 antigens (Ly49cB6 and ~ ~ 4 9 1 ~ ~ )  on NK cells. This resulted in a 

moderate inhibition of lysis of AdS-infected cells (Table 5-1: # 1,3). 

As a further control, we examined whether binding of a ICb-specific peptide (OVAp) 

to surface PR-ECb would result in lysis of Adl2-infected cells and whether the blockage of 

P R - K ~  and Ad5- infection (which resulted in the loss of surface PR-K~) would have 

comparable effects on activating NK cytotoxicity. Note that binding of OVAp convens most 

if not al1 surface PR-ICb to peptide-bound ICb, which can no longer be recognized by the NK 

in hi bi tory receptor, ~ ~ 4 9 ~ ~ ~  (338). Ad 12- or mock- infected cells, when pre-pulsed with 

OVAp, becarne sensitive to NK lysis (Table 5-1: #1,4). A&-infected cells, already sensitive 

to NK lysis, showed little change in sensitivity on king pre-pulsed with OVAp. These 

observations suggest that the loss of PR-ICb on AdS-infected cells can serve as a trigger of 

NK cytotoxicity and further suggest that the presence of PR-K~ on Ad12- and mock-infected 

celIs protects them from lysis. 



Table 5-1. The involvement of NK receptor in the lysis of vims-infeeted ceUs 

% specific lysis (I s.e.m.)t 

T=24h Ad5 Ad12 Mock 

Note: t experiments were done with three E/T ratio (3, 10, 30); shown here is 

Wï=30. This is a representative of four independent experiments. 



5.4.4 P R - K ~  can partly but not completely protect RMA-S ceh  from NK lysis. 

The TAP-deficient ce11 line, RMA-S, has served as a prototype for defining and studying PR- 

MHC-1 molecules and should express PR-fCb molecules. We therefore examined what role 

these PR-IKb molecules might play in protecting RMA-S cells from NK cytotoxicity. RMA-S 

cells have been shown to express low levels of PR-ICb molecules, whose surface expression 

can be increased by culturing the cells at room temperature (32, 74). Here, the susceptibility 

of RMA-S cells to NK lysis was examined in a ' ' ~ r  release assay performed at 26OC. Figure 

5-4 shows that RMA-S cells cultured ovemight at 26OC (hence, RMA-S26) were less 

sensitive to NK lysis (Fig 5 4 A ,  dashed line) than RMA-S cells cultured overnight at 37OC 

(Fig 54B. dashed line), possibly because the increased surface expression of PR-K~ 

con ferred partial NK resistance. On pre-pulsing wi th OVAp (solid lines), both RMA-S26 

and RMA-S37 cells becarne more sensitive to NK lysis, with the increase king much greater 

for RMA-S26 cells. 
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effector:target ratio 

Figure 5-4 P R - K ~  molecuks in pmtecting RMAS from NK cytotoxicity. RMA-S 

cells were cultured at (A) 26OC or (B) 37OC ovemight, pre-pulsed with either OVAp (solid 

lines) or nothing (dashed lines), and then tested for Iysis by B6 NK cells (H-2b) in a 5h 5 1 ~ r -  

release assay at 26OC. Data are representative of 3 independent experiments. 



5.5 DISCUSSION: 

NK cells can contribute to the first line of defence dunng a viral infection (261, 270, 271). 

According to the "missing-self' h ypothesis, NK c ytotoxicity is inhibited by the recognition 

of self-MHC-1 on normal autologous cells (11). Therefore, viruses that down-regutate 

surface MHC-1 expression during the early phase of infection will activate NK cytotoxicity 

and cytokine synthesis and thus, be eliminated by NK cells. In this study, AdS-infected cetls 

that lost surface P R - K ~  expression by 9h pst-infection (but with no detectable decrease in 

total surface K~ or D~ expression) became sensitive to NK lysis and could trigger NK IFN-y 

synthesis during the first 24h of infection. In contrast, Adl2-infected cells had increased 

surface ISb. D~ and PR-ICb expression, were protected from NK lysis, and could not trigger 

NK EN-y synthesis. NK-mediated immune responses involve both activating and inhibitory 

receptors (24, 126, 168). Both blocking an NK activating receptor (NKLl), and cross- 

linking NK inhibitory receptors (Ly49C and Ly49i) to induce an inhibitory signal resulted in 

reduced NK cytotoxicity against AdS-infected cells (Table 5-1). In particular, ~ ~ 4 9 ~ ~ ~  has 

been implicated in recognizing PR-ICb as an inhibitory ligand (338). Blocking the 

recognition of PR-ICb by adding OVAp, which binds to PR-K~ with high afhi ty ,  did not 

further increase the lysis of A&-infected cells but rendered previously resistant mock- and 

Adl2-infected cells highly sensitive to NK-lysis (Table 5-1). These observations provide 

strong evidence that PR-ICb is a "self-marker" for NK recognition whose absence is sufficient 

to trigger lysis of AdS-infected cells. One cannot rule out the possibility that there are other 

changes taking place with the same kinetics in AdS-infected cells which increase their 

susceptibility to MC Iysis andor their ability to induce IFN-y synthesis. 

This is the first study examining the relationship between MHC-1 expression on 

virally infected primaty cells and activation of autologous NK cells. Several viruses have 

evolved to develop a variety of strategies in global or selective down-regulation of surface 

MHC-I to prevent thcir antigens from being recognized by CTLs (48, 49, 66, 67, 352) but 

cells infected by these viruses may still be detected by NK cells. Surface PR-ICb molecules, 

which constitute only -10% of total surface fCb, are very unstable with a tl/? of less than lh 

(74) (Su & Miller, in preparation). Consequently, changes that affect the continuous supply 

of PR-ICb from the ER may be detected within l h  by NK cells expressing inhibitory receptors 
b 1 for PR-K~.  In contrast, the loss of p H - ~ b  or pH-D (t /z >20h) induced by viral infection may 



not be detected until much later than 20h. in this study, the loss of P R - K ~  was detected 

within 9h post A&-infection (Fig 5-2C) and correlated with sensitivity to NK lysis (Fig 5- 

3A) and E N - y  production (Fig 5-3C). This time is less than the completion time of one viral 

replication cycle (352, 358). Loss of PR-K~ on AdS-infected cells has not been reported 

previousl y; mechanisms involved in the down-regulation of host PR-ELb expression will 

require further investigation. lt may be a direct effect of viral infection on MHC-1 biogenesis 

or an indirect effect of early viral gene products on other cellular processes. The ELA region 

(an early transcriptional unit) of Ad5 (267, 359) has k e n  implicated in increasing surface 

MHC-1 expression (264, 348, 360) and confers NK susceptibility to AdS-transformed cells 

(350). It is possible that viral products encoded by the Ad5 ELA region may be responsible 

for the decreased surface PR-ECb. Note that BFA, which blocks export of newly synthesized 

protein frorn the ER to the ce11 surface, leads to loss of PR-K~ within l h  of addition (298, 

309). 

UnIike Ad5, Ad12 has evolved to circumvent NK detection. Ad12 increased surface 

K ~ ,  D~ and PR-JCb expression on the host cells (Fig 5-2C); Adl2-infected cells did not 

activate NK cytotoxicity until 42h pst-infection. Mechanisms involved in how Ad12 up- 

regulate M C - 1  are still not clearly defined. The EIA region of Ad12, which was shown to 

down-regulate the transcription of peptide transporter genes, TAPl and TAP2 (361), may be 

responsible for the increased output of PR-lCb. The TAP heterodimeric complex has been 

shown to facilitate the loading of peptide to newly synthesized MHC-1 (74, 324); reduced 

expression of the TAP complex rnay result in increased export of PR-MHC-1 and decreased 

export of stable MHC-I(74). The Ad12 ELA region has also been shown to be responsible 

for increased K~ rnRNA expression in the cytosol of Adl2-infected mouse embryonic cells 

(362), consistent with the up-regulated surface ICb and D~ observed in this study, and the 

resistance of Adl2-transfonned cells to NK cytotoxicity (269, 350). However, the Ad12 

gene products responsible for regulating host MHC-1 remain to be identified. 

It is generally agreed that whether NK recognition leads to lysis results from the 

balance of activating and inhibitory signals (24, 25, 309). Mouse activating receptors, 

Ly49D fias been shown to recognize surface MHC-1 (42, 130, 363) and hence, increased 

surface MHC-1 expression may trigger NK activating receptors. On pre-pulsing with OVAp, 

Adl2-infected cells were slightly more sensitive to NK lysis than moçk- or A&-infected 



cells (Table 5-1: #4). It is possible that an up-tegulated MHC-1 could trigger an activating 

signal, but that the increased activating signal was not strong enough to overcome the 

inhibitory signal and therefore, AdlZinfected cells remained resistant to NK lysis during the 

first 24h of infection (Table 5-1). When the inhibitory signal contributed by PR-lCb 

recognition was removed by the OVAp pre-pulse, the activating signal overrode any 

remaining inhibitory signals and the Adl2-infected cells became sensitive to NK lysis (Table 

5- 1 : M). Wh y Ad1 2-infected cells became susceptible to NK Iysis at 42h pst-infection 

cannot be explained with changes in surface MHC-1 expression and requires further study. 

Physiological ligands for most NK activating receptors remain Iargely unknown and have 

been speculated to be adhesion molecules, carbohydrate, lipids andlor heat-shock proteins 

(144). Identification and characterization of NK activating ligands will be extremely 

valuable in understanding NK recognition. 

The presence of PR-TSb molecules on RMA-S cells was not sufficient to confer 

resistance to NK lysis (Fig 5-4). We estimate that an RMA-S ceIl expresses -2 x lo4 PR-ICb 

when cultured at 37OC and that this increases about 5-fold when cultured at 26OC, whereas 

only -4000 PR-K~ on a 86 ConA blast are sufficient to protect from NK lysis (data not 

shown). However, removing the PR-K~ on RMA-S cells by pulsing with OVAp did increase 

the observed level of lysis, particularly for cells cultured at 26OC (Fig 5 - 4 ,  consistent with 

PR-ICb being the ligand for an inhibitory receptor. We hypothesize that RMA-S, a 

transformed ceIl line, cames high levels of ligand(s) for NK activating receptors and that the 

presence of the inhibitory signal provided by the PR-ICb alone is not sufficient to counteract 

these activating signals. Data of Coma and Raulet (1995) can be interpreted to support this 

hypothesis. They transfected RMA-S cells with D~ and stabilized D~ expression by 

incubating the cells with a high affinity D~-binding peptide. They then tested these cells for 

sensitivity to lysis by Ly49A+ 86 NK cells. Ly49A is an inhibitory receptor for which D~ 

associated with high affinity peptide is a ligand (41, 282). The cells were only partially 

protected. 

Recentty, Franksson et al. (1999) and Michaëlsson et al. (2000) have addressed the 

peptide-dependency of K~ to Ly49C. In one study, RMA-S cells were pulsed with OVAp or 

other ICb-binding peptides ovemight, washed to remove excess peptide before analyzing their 

susceptibility to 5E6+ LAK cells in a cytotoxicity assay. In contrast to our study, it is found 



that RMA-S cells pre-pulsed with OVAp were protected from 1 ysis by 5E6' LAK cells (364). 

It remained unclear why other ICb-binding peptides, which bind and stabilize surface ICb 

molecules equall y well. show different protective capacity to 5E6+ LAK cells in their study. 

Furthemore, since OVAp (but not other peptide tested) has been shown to stabilize both lCb 

and D~ on the RMA-S ce11 surface (74). it is possible that PR-ICb and PR-D~ molecules were 

regenerated before the assay. In our previous study, we have shown that PR-K~ molecules 

could be regenerated within 1 'Ir hr and render the cells resistant to NK lysis (309, 338). 

Michaëlsson et al. (2000) demonstrated specific interaction between Ly49C and tetramers of 

H - ~ K ~  in flow cytometry. This finding cannot be easily reconciled with Our finding that in 

the presence of exogenous OVAp, OVAp-pre-pulsed B6 ConA blasts of D~-deficient mice 

(which express ICb only) did not bind to the COS-7 cells that were transfected with Ly49C 

cDNA in cell-adhesion assay (338). It is possible that Ly49C-COS-7 transfectants are 

different from other transfectants or naïve NK cells used in Michaëlsson's study (365). 

Altematively, tetramers of bactenally expressed, non-glycosylated MHC class I molecules 

refolded with different peptides might be different from the native surface ICb molecules on 

ConA blasts for NK recognition. 

In conclusion, this study provides evidence for the physiological significance of 

surface PR-K~ and its receptor, ~ ~ 4 9 ~ ~ ~ .  in NK mediated anti-viral responses. This study 

also provides evidence for an extension of the "rnissing-self' hypothesis: PR-MHC-I should 

be included in the hypothesis as one of the "self-markers". That is, NK cells survey tissues 

for normal expression of both pH-associated MHC-1 (as suggested by study of Ly49A, (41, 

282, 309)) and PR-MHC-1 (as suggested by the study of ~ ~ 4 9 ~ ' ~ ,  (338)) and lyse targets 

when either of them is absent. Since NK cells play a critical role in the early anti-viral 

immune response, it will be advantageous for the host immune system if NK cells can 

recognize virally infected cells during the early stage of infection before the completion of 

viral replication. Hence, NK recognition of PR-MHC-1 (because of its short tllz and low 

surface expression) might be of significant importance in controlling virus load before the 

acquired immune responses mediated by C ï L s  andor antibodies are in action. 



DISCUSSION 



The current mode1 of NK recognition suggests that there are multiple receptors on a single 

NK cell surface. The outcome and specificity of a NK-target ce11 interaction (also 

specificity) depend on the interplay between signals derived from activating and inhibitory 

receptors (Fig 6-1) (25, 168). In 1992, Karlhofer and Yokoyama identified Ly49A molecule 

as the NK inhibitory receptor for mouse H - 2 ~ *  molecule (20). This seminal finding 

provided the first direct evidence to support the molecular mechanism of NK recognition, the 

"Missing-self' hypothesis, as first proposed by K m  et al. in 1985 (47). Specifically, it 

explains in part how quantitative changes in MHC-1 level c m  trigger NK recognition. For 

example, when dysregulated cells lose al1 or most of the MHC-1 expression dunng 

turnorigenesis or infections (47), the inhibitory effect on NK cells, exerted through the 

inhi bi tory receptors, is lost, confemng suscepti bility to NK 1 ysis. However, there are 

exceptions to the "missing-self' hypothesis, suggesting its incompleteness in depicting the 

mechanisms of NK recognition (29-3 1). For example, cells infected by HSV or transformed 

by adenovirus type V (Ad3 becarne susceptible to NK lysis but had no reduced total surface 

MHC-I expression (262, 264). On the contrary, cells transformed by adenovirus type XII 

(Ad12) had reduced expression of total surface MHC-1 but remained resistant to NK lysis 

(263). It is conceivable that the original "missing-self' hypothesis examined only changes of 

total stable surface MHC-1 on the target cells, and might have overlooked changes of sub- 

populations of surface MHC-1. 

We have addressed the issue of whether the NK receptors have the ability to 

recognize different forms of MHC-1 molecules. There are two major sub-populations of 

surface MHC-1: peptide-receptive MHC-1 or "PR-MHC-1", and MHC-1 associated with high 

affinity peptides (pH) (74, 328). The latter constitutes the majority of ce11 surface MHC-1 

molecules and has a long half-life (-20h). PR-MHC-1 is unstable and was shown for ICb and 

D~ to constitute -10% of total surface MHC-1. Loss of PR-MHC-1 cannot be easily detected 

by mAb against total surface MHC-1, and may have been overlooked while examining the 

relation between loss of MHC-1 and susceptibility of the target cells to MC lysis. In this 

study, we have shown that NK cells are inhibited by the presence of PR-MHC-1. Blocking 

PR-MHC-1 with PH or with MHC-1 specific mAb rendered the cells susceptible to lysis by 



ln hibitory Receptor 

Figure 6-1 A two-receptor model for NK recognition. This model predicts that NK cells express two types of 
receptors, one for activation, presumably upon interaction with a target ceIl ligand. Another receptor interacts with 
target cell MHC-1 @,,-MHC-1 andlor PR-MHC-1) then delivers an inhibitory signal that disrupts signalling through 
the activation receptor. 



autologous NK cells. Such effect is reversible, because MHC-1 are continuousl y s ynthesized 

and exported to the ce11 surface from the ER. When cells pre-pulsed with p~ were re-cultured 

in the absence of exogenous PH, PR-MHC-I accumulated on the ce11 surface and again 

restored the resistance to NK lysis. Our results suggest that there are NK inhibitory receptors 

recognizing PR-D~, PR-ICb, PR-ICd, ancüor PR-D~. In searching for NK inhibitory receptors 

recognizing PR-MHC-1, we found that an NK inhibitory receptor, ~ ~ 4 9 ~ ~ ~  recognized PR- 

K ~ .  There may be many more NK inhibitory receptors recognizing PR-MHC-1 that have yet 

to be identified. 

Since both pH-MHC-1 and PR-MHC-I are implicated in NK recognition (41, 282, 

338), we examined the generation, stability, and peptide binding capacity of MHC-1 on the 

surface of normal spleen cetls. It was found that there are two sub-populations of MHC-1 

with very different half-lives. Approximate 50% of surface ICb are associated with relatively 

high affinity peptide and are quasi-stable with a ta/z of -20h; the remaining 50% of surface 

K~ are unstable with a of-0.5-0.6h. The NK inhibitory ligand, PR-MHC-1 falls within the 

unstable MHC-1 sub-populations and the half-life of PR-JCb was measured to be 21-48rnin. 

We argue that surveillance of different forms of MHC-1 molecules of different half-lives is 

well suited for the innate defense against some and perhaps al1 virus infections where NK- 

response is involved. When the export of MHC-1 to the cell surface of the infected ce11 is 

disrupted during a viral infection, the level of PR-MHC-1 with a shorter half-life, surface 

expression will be changed within 1-2 hr and be recognized by NK cells that express the 

inhibitory receptors for PR-MHC-1. Further changes in the level of pH-MHC-1 (tin of -20 hr) 

will then be detected by the NK cells bearing their cognate inhibitory receptors (eg. Ly49A). 

We therefore tested whether there is qualitative changes in MHC-I level dunng viral 

infections that may account for the NK susceptibility. In the study of virus infection, we 

showed that Ad-infected cells had no reduction in the expression of total surface K~ or D~ 

but yet became susceptible to lysis by autologous NK cells 9h after the infection. This 

observation is consistent with the reported studies of AdS-transformed cells (264, 269,270). 

but seems to contradict with the proposed "rnissing-self' hypothesis. We then exarnined PR- 

K~ expression on AdS-infected cells and found that surface PR-ICb expression was greatly 

reduced suggesting that PR-ICb rnay be one of the self-markers described in the "rnissing- 

self' h ypothesis. Indeed, when NK inhi bitory receptors, Ly49C, which recognize PR-ICb 



were cross-linked with mAb to induce a negative signai, lysis of AdS-infected cells was 

blocked. This study showed that PR-ICb played a role in NK-mediated response to A d 5  

infection and suggests that NK cells survey tissues for normal expression of both PH-MHC-1 

and PR-MHC-1 and lyse targets when either of them is aberrant or absent. NK cells have 

been shown to be crucial in the contnol of MCMV infection in mice (259, 366). 

Interestingly, there is also evidence to suggest mechanisms of viral evasion of NK ce11 

recognition. Munne cytomegalovirus (MCMV) encodes a MHC-1 homologue (m144). which 

has been shown to associate with p2m but not peptide, resembling an empty munne MHC-1 

(221, 223, 226, 227). Functional studies suggest that the MCMV encoâed MHC-1 

homologue contrîbutes to immune evasion through interference with NK-mediated clearance 

(229)- Human cytomegalovirus (HCMV) also encodes a MHC-1 homologue UL18, which 

unlike 111144, associates with both p2m and endogenous peptide and acts as ligand for an NK 

inhibitory receptor, LIR-1 (52, 367). NK receptor(s) recognizing ml44 have not yet been 

identi fied and may be the same NK inhibitory receptor(s) that recognize PR-MHC-1(52,224, 

225). Taken together, this study supports a role of NK cells in the control of viral infections, 

and reveals a novel mechanism of NK surveillance of viral infecteci cells. 

6.2 Concluding Remark- more questions than answer 

This study has identified a new mechanism in NK recognition but at the same time, raised 

many questiontions. Every Ly49 receptor seems to have more than one ligand. Ly49cB6 

binds to PR-ICb, ~ - 2 ~ ,  and H-2'. whereas Ly49A binds to D ~ ,  D~ and ICb. It is not known 

whether ~ ~ 4 9 ~ ~ ~  also binds to the PR form of H-2d and H-2'. If yes, does the conformation 

of PR-K~,  required for Ly49cB6 recognition, resemble the conformation of PR-H-2' or PR-H- 

2 9  Although, it is interesting, it is technically difficult to address this question. The major 

obstacle is that PR-WC-I are not stable and therefore, their conformations could not be 

accurately exarnined using crystallography and compared. In contrast, we could easily 

examine whether Ly49A recognizing p H - ~ k .  If yes, the Ly49A recognition sites on p ~ - ~ d  

and p ~ - ~ k  may be identified by comparing the crystal structures of p ~ - ~ d  and p H - ~ k .  

Furthemore, ml44 is an M C - 1  homolog encoded by MCMV and has k e n  found to 



be expressed as an empty MHC-1 on the host ce11 surface (223, 226). Functional study of 

ml44 suggests that it functions as a decoy to inhibit NK cytotoxicity, and thus further 

supports the physiological relevance of PR-MHC-1 in anti-viral responses (227, 229). NK 

receptor for ml44 has not yet been identified. Soluble ml44 (if retain the comct 

conformation) will be a valuable reagent to be used in searching for receptors recognizing 

PR-MHC-1. Identification of receptors specific for PR-MHC-1 (other than H-29 will 

facilitate the evaluation of this newly identified NK recognition mechanism in other strains 

of mice. 

With the inclusion of PR-MHC-1 as a self-marker, the "rnissing-self' hypothesis still 

does not seem to be complete. In this study, Adl2-infected celis remained resistant to NK 

lysis up to 42h after the infection. After 42 hr, these cells became susceptible to MS lysis, 

despite no changes in the surface ICb, D~ or PR-ISb expression. It is possible that Ad12- 

infection has up-regulated a tnggering molecule, or down-regulated some yet-to-be identi fied 

"self-marker" which may or may not be MHC-1. PR-D~ may be a "self-marker" and its 

expression may be selectively down- regulated. To test this hypothesis, P R - D ~  expression 

can be examined using a radiolabelled peptide, specific for D ~ .  Altematively. Ad12 infection 

could be studied using splenocytes and autologous NK cells from a D~-deficient B6 mouse 

which expresses only ICb. Furthemore, PR-ICb constitutes only -10% of total surface ICb and 

we have shown that -50% surface ICb are unstable; perhaps, the other 40% of unstable 

surface K~ is also a ligand for NK inhibitory receptors and therefore, serves as a "self- 

marker". Identification and charactenzation of this 40% of unstable surface K~ might yield 

some insight into NK recognition andor the stabihty of surface MHC-1. It should be noted 

that the putative "self-market" does not have to be MHC-1 although most NK inhibitory 

receptors seem to recognize MHC-1. The newly identified inhibitory receptor, MCR-PLB 

does not seem to recognize MHC-1 and may be recognizing some carbohydrate moieties. It 

is equally possible that ligands for NK activating receptor(s) were up regulated around 42h 

after the AdlZinfection. 

The large and ever increasing number of putative NK ce11 receptors indicates that the 

entire field of NK ce11 receptors is advancing rapidly. Many receptors have been described 

and several are well characterized with respect to their ligand specificity and functionai 

activities. These recent advances in Our understanding of NK receptors, as well as 



availability of specific reagents, have presented a testable framework for further elucidation 

of the role of MC cells in immune surveillance and the molecular mechanism of NK 

recognition. The real challenge now i s  to understand the interplay of these multiple receptors 

in various physiological settings such as viral infections (272, 368, 369), pregnancy (370- 

372) or tumor surveillance (373, 374). What is the signaling pathway involved in NK 

activation andor inhibition? Does the affinitylavidity of individual receptor-ligand 

interaction influence the intensity of signaling relative to the inter-dependent critical 

thresholds- ultimately determining either the repression or activation of NK functions? Many 

in vitro findings about NK recognition should be validated in vivo. The implementation of 

cellular experimental systems to reliably identify and characterize NK inhibitory and 

activating ligands involved in NK recognition in vivo might provide some answers to these 

questions and heip to explain some ciifferences in observations made in difierent in vitro 

systems. 



APPENDIX A, SUMMARY d~ NK RECEPTORS 

Rcccptor Species Activaiingt Functional stnicturc / motif Mab Ligand 

Inhibitory (Dindiiig assays) 

Mernbcrs of C-type Lectins 

NKR-P 1 A 

NKR-P 1 B 

NKR-PIC (CD161) 

NKR-P I A 

NKR-P 1 B 

NKR-P I A 

Ly49A 

Ly49C 

Ly49D 

Ly49F 

Ly49G2 

Ly49H 

Ly491 

Ly49 

Ly49L 

Mouse 

Mouse 

Mousc 

Rat 

Rat 

Human 

Mousc 

Mousc 

Mousc 

Mousc 

Mouse 

Mouse 

Mouse 

Rat 

Human 

CxCP 

lTlM 

CxCP, Associates with FcRy 

CxCP 

lTlM 

No CxCP motif or tTlM 

lTlM 

Associates wiih DAP 12, Syk 

ITlM 

l TlM 

Associales with DAP 12 

1TlM 

ITIM 

I ï ï  M 

ICI0 

lCl0  

PK136,1C10, IF10 

mAb 3.2.3 

Nil 

19188 

A 1, JR9.3 18, Y E 1/48, 

12A8 

5E6,4L033 1 1 ,  IF8, 

14Bll 

12A8,4ES, 12A1 

14Bll 

4DI 1 

I F8 

5E6, 148 1 1 



Rcccptor Spccics Acîivntiiigl Furictional structwrc / nioiif Mab Ligand 

inhibi tory (Binding assnys) 

CD94 Hunian,Mouse Co-reccptor Associates wiih NKG2s or fomi 

NKG2A mouse 

NKG2A (Kp43) Human 

Members of lmmunonlobulin ( la)  Su~erfamily 

284 Mouse, human 

Mouse 

Mouse 

Human, 

Mousc 

homodimer 

1 Associates with CD94; ITlM 

1 Associates with CD94; ITIM; 

SHP-1 and SHP-2 

Associates with CD94 

A Associates with CD94, DAP- 12 

A Associates with CD94, DAP- IO 

9 Associates with CD94 

A (TxYxxl/V), resembling ITlM 

A 

I lTlM 

A Associates with CD3< 

284  (mouse), I 58 

(human), c 1.7 

(human) 

Anti-semm 

B23.l 

3G8 (human) 

264.2 (mouse) 

RM2- I 

@? 

Qa- 1 

HLA-E 

@? 

HLA-E 

MICA 

l? 

CD48 
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