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* Nawral killer (NK cells in the humin are o populution of

arpe grenular lymphocytes {LGL) with at least one
unigne surface antigen not expressed on cells of other

“fineages. NK-target-cell interaction uppears 1o iavolve
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carbohydrate recognition and. Tollowing kisding, the NK
cells are induced to generate 047, transmethylate mem-
brane phospholipids. and uctivate phospholipase  Aa.
Some or all o these activities trigger o caseade of eveats
which uitimalely leads to the secretion ol a substance
toxic to the target ¢ell. A variety of genes controls various
steps in this cytolytic patbway. There is a good deud of
evidence in the mouse. and some in the human. thiat NK
cells play a role in host surveillance agninst tumor Jevel-
opment. resistance o viral infections, and, puossibly.
hemlopaictic regulation,

KEY WORDS: N:-u':rnI killer celli: tmmune surveillange; viral

. resistance: hetnatopoietic repulution,

INTRODUCTION

Naturil Killer (NK) cells are lymphoceytes from
asormal nonimmune donors with the capacily 1o

rapidly Tyse (withtn_hours) tumeor cells, virally in-

v

fected cells, or certain undifferentiated normai cell
types both in vive and in vitro. This “*spontancous’™
cytolysis was first recognized as the function of a
discrete lymphoid subpopulation in 1975 (1-3) and
several excellent reviews on early developments in
ihe field have been written (4-6). [a this article we
allmpl 1o review some recent advances in our
padenstanding of endogenous humian NK cells,
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CHARACTERISTICS

NK cells originate in the fewal liver of man as
carly as 9 weeks of gestation {7} and are present in
significant levels ut birth in the curd blood (7. ).
Fetal fiver also harbors NK  progenitors in the
mouse (9). Following hirth there is a gradual in-
crease in NK levels to high levels inwdulthood. with
Ao decrease in activity Lt inlife (10-16), Most NK
activity in the adult is found in the peripheral blood

and splecn, with Tow levels in bone muerow, lymph

S ——— . . . .
node. and thorucic duct and no activity in thymus

(14, 16, 17}, :

Fluman NK cclls have been described morpho-
logically as large granular fymphocytes tLGL) with
a high cytoplasm:nucleus rutio, pale cytoplasm, und
shightly cccentric reatlorm aucleas with & 1o 12
azurophilic granules in their eytoplusm (18). [t has
not been possible to separate LGL from cytolylic
funciion by adherence to target cells {18) or scdi-
mentation in Percoll density gradients ([9) and the
number of LGL binding to KS62 tumor cells corre-
luted with the distribution of cytotoxicity in normal
individuals (18). Therelore mast, if not ull. NK cells
are LGIL..

Most LGL beur receptors for the Fe portion of
lpG und cxpress low-allinity receptors lor sheep
¢rythrocytes (20), and two new monoclonal anti-
bodies have been shown to bind sclectively to LGL.
Almost all (>92% ) HNK =17 cells separiated on the
fluorescence-activated cell-sorter {(FACS) exhibited
the LGL morphology and cvtolytic function,
whereas FINK =17 cells Lcked hoth charucteristies
(21). No other cells in the blood or a panel ol tumar
cell ines bound: o HNK =1 with the cxeeption ol
HSB~2. the line used to immunize the mice lor

030w 1200 i dranasd ranar 1S o Pobilindung (ss st

e rauNtal W AEEL

e .
e e

Ly

Rt bt vl i e 0

P Y



A

28y

- hybridoma production. In double marker studics no

HNK~1" cells expressed surfuce immunoglobulin
(s[g) ur phugoeytosed lutex beads. However, sume
HNK~1" cells stained with OKT3 or leud, which
arc pan T reagents, but all of the ¢ytolvtic activily
was confined 1o a OKTA7 HLA-DR™.OKM1"' sub-
population comprising upproximately 609 ol the
HNK~1" pool (Abo uad Balch, personal conununi-
cation). Since NK cells originate in the bone mar-
row (9. 22) and since all of the HNK~1 " cells in the
bone marrow werc OKT37, then one could specu-
late that the Cytolytically active HNK—~1",0KT3",
NK subpopulation  dillercatistes  from  an
HNK~1*.OKT3' precursor (pre-NK) which is not
yat cylolytic (Abo and Bulch, pcrsonzﬂ communica-
tion). Another menocional antubody, NK—X, {rom
mice immunized with human LGL. bound 10 a
subpopulation of LGL (33%] but no other ccll types
in peripheral blood or a pancl of cell Hines represent-
ing the T. B. myeloid. or erythroid lincuge (23).
Seventy percent of the LGL forming conjuputes
with K552 tumor cells were NK—=8%. Pretrcatment
of effectors with anti-NK—¥ antibody in the ab-
sence of complement blocked cytotoxicity against
isotope-lubeled K562 cells and also blocked inter-
feron relcase by LGL. although targel—-eftector con-
Jjugate formation was normal. The mechanism of
blockindis unknown but it is interesting lo note that
NK -2 did not block cytotoxicity against (etul libro-
blast targets. In summuary it would appear that
HNK~1 marks all LGL.. whereas NK -8 is specific
only for those LGL capable of binding to target
cells. It should be kept in miad that the number of
cytolytically active NK cells accounts for only a
few percent of peripheral blood lymphocytes.

Human NK cells share a plethora of additional
surface antigens in common with other cell lin-
cages. OKM!U is found on NK cells. monoceyles. and
granulocvies (24-26). whereas MAC-| is prescnt on
monocytes and NK eclls 7). [tis unlikely that NK
celts belong 1o thé monoevte lineage. however,
since they lack the monocvie lincage-specitic murk-
er Mo2 detected on all human monocytes but no
other cell types (28). Ia our hinds the mujority of
nonsdherent, mononucicar cceits enriched for NK
celis on Percoll gradients wis HNK =17 and exhib-
ited L.GL morphology. whereas <16 stained with
Mo or phagocytosed antibody-coated erythrocytes
(291, Furthermore, LG are positive for a-maphthyl
acetate esterase (ANAE) in the presence of sudium
fluoride, which is known to inhibil the munocyte
ANAE reaction (30).

" this specics (41-43).
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Humun LGL also share a number of antigens
with T cells. ORTI0 is expressed on 62% of LGL
(31}, mast immature thymocyltes. and some (1(45¢)
imyeloid cclls in the bone marrow (32). whereas
markers restricted exclusively to mature [ cefls
(QK'TA, leud) are absent from 1.GL. JAT and SA71)
are expressed on both T cells and LGL (31, 33).

These findings Ju not allow the placement of NK
cells vn o known lincage. and until proven other.
wise we assume that NK cells diverge very cariy ip
lymphopoiesis on u lincage of their own, The exjs-
tence of NK-specilic markers will greatly facilitue
wark in the field.

ORI LY. TN LIV COPE R T

MECHANISM

The development of a single-cell assay for dissp.
cinting NK-niedizted bindmg and lysis in the maouse
(34, 35) led 10 the development ol a stimalus secre.
tion model lor NK-muediated cytolysis (35, 36). The -
model has some similacities to, but also disting
differences from, carlicr work in the cytolytic T-celj .
(CTL) ficld (37, 38} us discussed previously (39,
Under this model speciiic target-cell contact resyitg |
in a change in the cyclic nucleotide bulunce, g .
some olher second messenger. which trigeers secre.
tion of the lethal substance (39). These results have |
been conlirmed and extended in the human (40
following the development of conjugate assays g
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One of the carliest events (seconds) that cun be
detected in the human NK cell, subsequent g
target-ccl! contact, is the rapid burst in the genera.
tion of the supcroxide anion, 0.7, us measured by
chemiluminescence or cytochrome reduction (44,
45). Intuct celis or plasma membrane vesicley (rop
NK-sensitive, but not NK-insensitive, targets ip.
duced the Oa~ responsc which was necessary [o
cytolysis to proceed since superoxide dismutase,
but not calalaxe. specifically blocked both 0,-
generation and cytolysis. Although Os  was nccc-s.
sary for NE-mediated cytolysis, it was not suff.-!
cient since Chedink-Higashi putients produced nop.
mal umounts in the abseace of cytolysis. We do ngy f
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believe that a7 iy the Iytic agent bul postulate jy !
role as a cofactor or aclivator [or some subsequen !
step in the cascade ol events feading to tysis, I

The triggering mechanism in NK cells subsequen !
to target~ctlector tinding is unkaown, but indireq ;
evidence implicates the eychie nucleotides. n bog §
the mouse (46) and the human (47} the addition of i

H
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cAMP. or inducers thereof. to highly enriched NK
cells caused an inhibition of cytolysis. wherecas
¢GMP or inducers, including interferon (48). caused
wugmentation.,  Although  specific  antagonists
blocked these effects, specific measurements of
intracellulae cAMP and ¢GMP in the NK cell,
hefore and after target-cell contact, have not yet
Leen made. The initial finding thut c<GMP or induc-
s could reverse the defective NK response in
thediak-Higashi (CH) patieats {49) has not been
ronfirmed in a study of four additional patients (50)
or in heige mice (36). the animal model of the CH
Lyndrome.,

A later event in the cytolyiic pathwiy. measur-
able dircctly Gt | hr posthinding. involves the meth-
Sation of phospholipids within the NK cell (51).
Iahibitors of transmethylation (3-deazaadenosine)
slocked cytolysis, and it is conceivable that trans-
methylation may enhance signal trunsduction
across the plasma membrane of NK cells as occurs
i7 many other systems (52). A concurrent increase
n phospholipase A, activity was also measured
directly and could be blocked by several specific
inhibitors of this enzyme including pL-(2,3-distear-
ayloxy propyldimethyl-2-hydroxyl)cthylimmonium
icetate. These results have been confirmed in the
nouse (53) but it remains to be shown if phospholi-
witse As or its detergent-li€e product, lvsophospha-
idylcholine, is the Jethal substance. '

The cvidence that secretion may be important in
ke cytolvtic pathway of human NK cells can be
ammarized as follows: (i) pretreatment of LGL
iith Sr=° fed to degranulation. and following wash-
g, there wus a concomitant loss of cytolvtic
activity (54); (i} cytotoxicily was inhibited by mon-
zsin, a carboxylic ionophore, which blocked cellu-
far secretion in LGL (40); (i) agents which inhibit
ytolysis (cAMP. PGEL, theophylline, histamine)
“16] also block lysosome secretion in other cells (46,
53r at the same concentritions. and conversely,
agents whith inceease lysosomal discharge (cGMP,

curbamylchuline; augment NK cytolysis (48): (iv)
calorequine. a selective inhibitor of lysosoines,
<imultancously decreased NK cytolysis and N-
acelyl-B-plucowaminidase levels in mouse spleen
136) and human peripheral blood lymphocytes
(PBLY (56): (v) secretion is encrgy dependent. sind
ANPwnd CCCP, uncouplers ol oxidative phosphor-
“laton, black both NK eytolysis (35, 40) andd sevie-
dontand (vid GH patients and beige mice crry a
sene mutation which selectively impairs both the
tcthal-hit stage of NK-medialed cytolysis (39) and
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the secrction of lysosomad enzymes in The Sadncy
and into the phagolysosume -of icul:otytes 15735
Since HNK=1" LGL [rom CH pitioms hawe a
single giant grannle ratherwhan muny small grmules
(58). it is likely that lack of saorciem may Hlso
explain this genclic NK nsnfliiongy. Nedher
maoaocytes nor T cells from fhear pitionis wrhibited
giant granules, and buth wlleetorvetl) tvpes had
nonmad eylolytic functionsitRy G0y, {21 wawms Tikely,
therefare, that the giant pramiles im MK odlls mray
be linked 1o the lunctiondldlelngt im OH meicms.
Twa hypotheses have theen put danward kar The
nature ol the Jethal-hit phise < MNE-modiced crrol-
ysis, First, it-was suggesioddghutadlvsosomul pretie-
ase was the lethal substnnecr wiwie weckcuan -of
lysosomal or grunule contanis magy ‘e invebwad
{abuve) and since inhibitar o wrdine wrkenises
(PMSF. DIFP) blocked klMlingzhutantihindmg tothe
target (35. 39). Subscquem wsnk wising a lwrger
panel of more specitic inhinitors ihis vl that 4
chvmotrypsin-like activite, :uswmpesedlito w typsin
activily. may be involved ineadiyseitivutian.coents
rather than the lethal hii disdf iGhey The second
hypothesis suggests thatwilidilsiusicnuileovies are
relcased by the NK ceilanliihind to ypanific accep-
tor sites oa the target-cgll imenthounc «@9). Humas
PBL stimulated by feciing wglense sulutie Jactors
which are toxic to NK-wonsiiee, thut not NK-
resistant. targets (61), 1 Remiins o the wbhown 1f
these toxins are releasad fxenmn B edilk wor wolher
cells in the mixture. Thewnistwonzewhitkiinacecor
sites on the target-cell mentbrune ibws haeninlerred
from duta showing thit ‘NE-resmitant mmuetants of
YAC bound normally te ithe ¥NE wel fun nesisied
lysis {62). Cytolysis by uillonmmune L o amti-
body and complement wissmanunudl ifhowby siupeest-
ing the existence of a snocific tagenadl determi-
nant important for tysis but metinudivad ita target—
cflector binding. It is canepivihle $ha the toxia
contains 2 hexose phosphits wesidue wiiich binds to
the ucceptlor sites since mustaneseérrhowphule and
stercochemically similar fEruciossh-phaspibaze in-
hibit NK-inedialed cytolvaisat the turgatael] fevel,
and gelonin conjugated 5o anunneowHphowphate
was highly toxic 1o NE-Remuttrez. hut st NK-
resistant, targets (36), In g siowlar smautoes various
carbohydriles competed wirh derxms Jdenhad from
PRI, in another system ehild, THy imahilis of NK
cells 1o kil NK-insensitme tepets Ganacent hy-
standers) after triggering sills NMK-romsitnie durgets
does not exclude the exiswnge «af solidfHle 1oxins,
The insensitive targel man duck soogpier Sites Tor
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the toxin or there may be a specialized mode of
Jelivery that prevents leakage.

SPECIFICITY

NK cells bind to their targets using onc of two
alternative modes. The first mode involves a recep-
tor-ligand interaction between a targel slructure
(TS} on the plasma membrane of the target cells and
a recognition receptor (RR) on the surface of the
NK cell. In the sccond mode the target cell is
couled with antibody specific for a target-cell anti-
gen and the NK cell then binds the Fe portion ol the
antibody to complete the necessary bridge. Both of
these binding events appeuar o activate the same
cytolytic pathway within the NK eflector cell.

The nature of the RR is not known, but in the
mouse (35) and man (unpublished vbservations)
pretreatment of NK cells with protcolytic enzymes
{trypsin. papain, proaasc) climinated both target-
cell binding and cytotoxicity. These lwo functions
regenerated in parallel aver a 4-hr time course and
could be blocked by cyeloheximide. Treatment of
nontrypsinized cells for 18 hr with the minimum
concentrations of puromycin or cycloheximide re-
quired to inhibit protein synthesis by 0% ulso
decreaged both target-cell hinding and lysis. It is
likely therefore, that the NK RR is a4 de novo
svathesized protein with a turnover time similar (o
that of other membrune proteins. The ability of
simple sugars to inhibit target—etfector binding in
the mouse (63) suggests that lectin-like receptors
are invo]ved, although the sugar specificitics in the
human are clearly difierent (56; Werkmeister, per-
son:l communication). {n view of the lack of signifi-
cant segregation of larpet specificities in cloned NK
lines in the mouse (64). it is unlikely that NK RR are
clonully distributed. It is possible, however, that
the RR is widely distributed among non-NK leuko-
cytes since nonlytic thymocyles and peritoncal
macrophages prelerentially bind NK-sensitive tar-
gel cells (65),

The target structure CI'S) has been moce exlen-
sively analyzed (66, 67). Preincubation of human
PBL with solubilized glycoproteins from NK-sensi-
tive, but not NK-resistant, target cells inhibited
binding to the homalogous intact Gugel cells by
.Jppm\un.m.l\' S50%: (60). However, these molecules
were noi related 1o any known surface proteins
including viral and MHC products, and the quanti-
ties recovered were (oo low to inhibit eytolysis. In

retrospect it became ¢lear that anly 4 minority of

L,
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the conjugates detected in this assity consisted pf
Iytic NK cells since extensive purificitions were
not employed (68). Other investigalors have used
wbsorption technigques whereby NK cells were dp.
pleted on target-cell monolayers and then analyzed
far cytotoxicity against « panel of targets (69).
Absorption of PBL from some donors with certaig
cell lines removed cytolytic aclivity against the
homologous celf line and some third-pasty lines
which were presumed (0 shire an antigen. Reuctiv.
ity against some third-party lines was not rcmm'cd_‘
and (his anulysis concluded that up e seven TS
were involved. Some were unigue Lo i given Rruu;af
ol targels. whereas others were shured wnong 4.
the cell lines. Similar evidence for multiple speciti.
jics wax obtained by others using ““inteructiyg
analysis™ (70). monolayer absorptions {71, or com.;
petitive inhibition assays with unlabeled Girgety (72
73) or purificd membrane glycoproteins (66),

in some target celis the TS may represent Carly:
antigens that are lest upon differentiation or matury.
tion. Hence immature thymocyles from nconates, ;
but not mature thymocytes or T cells. were sengi.
tive to NK-mediated cytalysis in the maouse (24, 75,
Human thymocytes were also NK sensitive (76) ang.
there was an inverse correlation between the sepg.:
tivity of fetal fibroblasts und the age ol the donor
fetus {41). Adult fibroblasts were usually resistan
to NK cells. Undifierentiated embryonal carcingmy
cells were highly NK susceplibie in the mouse,
whercas (heir more ditfercntiated endodermal prog.
eny were NK resistant (77). In the human there v.';;;
a good correfation between controiled ditferenia.
tion in K562, U-937, or GM-B6 tumor celf lines any
increased resistance to NK-mediuted eytolysis (78,
These results have been confirmed and extended j
differentiated K562 and HL-60 fines. und Werk.
meister ¢f al. (79) have shown that the NK resigp.
ance is due o a loss of TS and is selective sinee
cylolysis mediated by monoeyies or T cells wag
normal. One could hypothesize that NX cells recoy.
nize “fetal-like™ antigens which arc lost upen du
ferentintion of undillerentiated wmor cells or por.
mal celis. In the cuse of the more ditterentinieq
tunmors, these antigens may be derepressed during
the malignant Wansformation process. Howerer
exceptions exist, and i theopivy Rinc-indueeyd mc!:;-
nomit lines (79 NK sensilivity was increased raghe
than decreased following differentiniion. An nlrigy
ing ulternattve hypothesis has been developeg by
Kavrre which suggeses that NK ceils e lriggered by
alack of selt=-MHC antigens ol the cliss | type. am
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<y is kaown that undiflerentinted lines express less
T2 (s
The chanycs that occur in the TS during dilleren-
gation are ool yet known, However. analysis of
several TS loss variants in the mouse (81-83) has
=vealed a ncgative correlation between NK senst-

. qivity and the amount of cell-surface sialic acid (83),

whereas a positive correlation between asialo-GM,
and NK scasitivity was found in two independent

studics (83, 84). These results suggest that sialic
... wcid may mask the TS but further work is needed to

mmplicate GM, ur other gangliosides. 1t has recently
teen proposed that the mechanism of cffector—
reet inleraction involves the binding of effeclor-
rarne Lansferrin 1o targel-borne {ranslerrin recep-
ors (83). and therelore one would predict a correla-
ton between the rate of proliferation in u given
arpet cell anid NK sensitivity since the guantity of
insternin receptor expression is related directly to
tie proliferation rate (86, 87). Alternatively. the
ransferrin receptor itsell’ may be the TS.

REGULATION

Human NK function-is markedly augmented by
neman intederon of either the alpha or the beta
family (F8. 89). As previously obscrved in the
mouse (35), interferon Jues not increase the number
of conjugale~forming NKeells in the human (43, 90)
put may recruit ponlytic pre-NK cells (FeR7) to
secome cytolytic NK cells (FFeR™) by a process
requiring MRNA and protein synthesis (91). which
is also required for the induction of the antiviral
siate (92). Similar findings have been made in the
mouse (93, 94). It is of interest that the totally
deficient NK uctlivity in palients with defective
jnmune interferon production (DUP) (93) cun be
compleicly restored to normal levels following in
vive injection of interferon (96). During human trials
it sheuld be kept in mind that interferon can oppuose
the sugmented NK aclivity by simultancously pro-
wecting the malignant eells from lysis ux shown in
the mouse both in vitro and in vivo (97).

A great many other agents including BCG (Y8)
have alsa been shown to augment NK activity but
most likely operate as inducers {revicwed in Ref
ML The beman NK cell itsell can be induced by
rmor cells to synthesize large amounts ol ibterfer-
on within a short time (18 hr) alter stimulation,
whereas antigen-stimulated T eells require several
days (9930 A variely of agents including B-cstradiol
ot nonphysiological concentrations (104), prosta-

Loveennadl of Crinvad bvnieen oy, Vod, Mo NoL d,) (9D
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glundins (101}, and corticosteroids (102) has been
shown 10 inhibit NK Tunction (39). Somc of these
agents seem 10 act threugh suppressor macrophages
in mice (39, 103). Tomor growth itself can often
inhibit NK activity hy unknown mechanisms (39).
On the other hand intericukin-2, a T-cell product,
can also augment NK cytolytic function (104)) NK
cells theretore arc enmeshed in a cellular network
of regulatory influcncex within the immunce system,

GENETIC AND CLINICAL FACTORS

Target-cell recognition in the mouse is under the
controf of autosomu! dominunt, H-2-linked genes on
chromasome [7 (34). whereax the postbinding cyto-
lytic puthway is blocked by mutations in the bg
gene oa chromosome 3 (108) and possibly other
mutations on other chromosomes {106: reviewed in
Ref. 39).

In the human. males have slightly higher NK
activity than females (10. 12, 107}, and «n associa-
tion between NK uctivity and HLA A3, B7 (low
NK) (107, 108), und Rh negativity thigh NK) (109)
has been reported. Not all investigators have ob-
tained similar results (10, T1U). [0S well estab-
lished, however. that the level of endogenous NK
activity in healthy donors is & stable characieristic
of the donor, even when tested over many yeus
(103, and it is possible to cateparize healthy people
as “thigh™ or “low™ NK responders, Lven cord
bivod lymphocytes show distinct patieras of high
and low NK activity (14), as well as the shight male/
female difference seen in aduithood (10).

Difterences between high and low individuals are
due largely to ditlerences in the triggering of active
NK cells, as opposed to differences in reeycling
capacity (68). The frequency of HNK =17 cells and
larget-binding cells does not differ between the two
groups, suggesting that low NK responders have a
“defect™ in the postbinding cytolylic pathway.
Chemiluminescence und Q" production upon ltuc-
pet-cell contact was deficient, which suggests an
impaired Iriggecing mechanisin in low NK donors
(111, Studics on the in vitro BCG reactivily of low
normil donors (112) indicate that these individualds
are less reactive than those with high or normal NK
activity, Others have Tound that the responsivencess
of low aormal idalis (Pross unpublished) or nco-
nates (14) o interlferon s normal,

I presumed that NKoactivity s gengticadly
determined and anulogous to the stein diflerencey
in NK activity seen in inbred miice (39), FBunily
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studies have suggested that similur patterns of rcac-
tivity exist among family members (110) but the
resulls arc not clear-cut, both because of difficulties
in NK quantitation ({13, 114) and because mar-
riages between donors at the upper and lower 10th
percentilc extremes of NK activily are infrequent
{¢100). We have studied two pairs of monozygous
twins, and the NK activity of cach member of the
pair was identical to that of the sibling. One of the
pairs was studied 20 times over 4 years (o establish
that they both have similar, high NK activity. Since
their NK activity 'was higher than that of all cxcept
[ of 105 healthy temales who were repcatedly
tested, it is unlikely that this observation is due to
chance. Identical NK activity was coufirmed in
these twins in a single-cell cytotaxicity assay. hy
HNK—1 staining. and using Kinctic analysis meth-
ods (Rubin. Cullewacrl, and Pross, unpublished).
Several genctic diseases are also associialed with
an NK deficiency. The Chediak-Higashi (CH) syn-
drame causcd a profound (59) and sclective impair-
ment in NK cytolytic activity (60, [15), whereas Lhe
frequency of HNK =17 cells (24) and their ability 1a
bind target cells (60) were normal. These results
have been confirmed by two independent studics
(96, 115). Paticnts with X-linked lvmphoprolifera-
tive syndromg (XLP) also had impaired NK activity
compared to phenotypically normal XLP carriers or
normals (117, Patieats with cither XLP or CH
usually develop fatal lymphoproliferative malignan-
cies. which are clearly EBV associated in the case
of XLP: Of the classical immunodeficiencies, only
severe combined immundeficiency (SCID) had
markedly impaired NK function-({[8, [1%). In gen-
eral, patients with X-linked aganmmaglobulinemii,
common variable immunodeficiency, hyvper-lgM
immuaodeficiency, hypogammaglobulinemia, and

““immunodeficiency thymoma were relatively normal

in NK lunction (120). In other disorders such as IgA
deficiency. ataxia (clangicctasia, and Wiscott-Al-
drich syndromc some patients were low and others

"were normal in NK tunction depending on the

investigation and the methods employed (119, 121).

THE EFFECT OF DISEASE

Low NK aclivity has been described in associa-

tion with malignant discase (122-128), lcukemian (22,

120-132). aplastic ancmia (22}, chronic ulcerutive

herpes simplex infection (113), chronte renal Guilurg

(134, 135). fibrocystc breast discase (128), and

RODER AND IPROSS

discases such as rheumatoid arthritis (136), system.
ic lupus erythematosus (136, 137), Hashimotg's
thyroiditis (138), and multiple sclerosis (139, 140).

e

In none of these disorders is there an invariable
correlution between low NK function and disease,
and some investigators have heewr unable to find any
abnormalitics in NK function in patients with multi-
ple sclerosis (190) or rhewmatoid arthritis ([41), The
existence of NK depression due to therapy has been
reporicd in association with radiation therapy (142),
extensive surgery (143), cytoloxic chemotherapy
(131), predaisone (102), and diethylstilbestrol (144).
Removal of these ageats results in recovery of
normal NK lunction in most patients. and it has alsg
been reporied by Guillou er al. (143) that NK
function may gradually recover in spite of long-term
immunosuppression with steroids and azathioprine,
The mechanismix by which various diseases bring
aboul WK depression are extremely complex m

may involve onc or more compunents ol the NK

svstem and modulating substances such as interfer.
on and prostaglandins (145-147). ]

Decreased NK in MS patients was accompanied
by & decrense in the ability to make or respond (o
interferon (139; (McGarry. personal communica-
tion). A similar defect was inferred by Hersey ¢t of.
in Fanconi’s syndromc t1438) and by Kadish er of, )
a study of low NK donors with brecast cancer (127),
Low NK aclivity in most cancer patients with solig
tumors and feukemia can be accounted for by u low
frequency of cytolviic NK cells as detected in ;
single-cell assay. an obscrvation similar to thy
made in low NK responder normals (Pross. unpub.
lished obscrvation). Immunosuppressive therapy
may also result in reduced NK frequency as welf as
defective rccycling capacity (68). In other studieg
_suppression of NK ia PBL, in lymph nodes, and i4
situ in cancer patients has been attributed 10 sup.
pressor cells (126, 149—-151). u conclusion biused o
the inhibitory cllect of umor-assoctated lympho-
cvtes on NK cells invitra. NK does not correlage
with serum immune complexes in malignant diseuse
(Dorval, Pross, and Baines. unpublished), and iy
most instanccs. the mechanisms underlying jow Ny
activity have not been clucidited.

Elevated NK acuvity in vive has usually beep
attributed to activation by interferon. A number of
inflammatory disorders such as ulopic_dcrmz:lilis
(152}, chronic hepatitis {153, 154), incipicit reny)
transplant rejection (143), and gradt vs host discase
(155, 15¢) have been cotrelated with increased NK
activity, although itis unknown wiiether interfergn
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ts (he activating .agent in all cases. As in animal
models, viral (156, 157) and parasitic (158) infec-
tions lead'to an clevation in NK activity which may
precede or coexist with specific elfector cells. The
NK response of normal donors to viral infection
was recently determined in a double blind trial in
which influenza virus or placebo was administered
intranaszlly to voluntcers. NK-mediated lysis of
K562 tumar cells and MRC-5 (ibroblasts increased
in parallel with interferon induction, peaking on the
third day and correlating with clinical evidence of
viral infection (£57).

ANTITUMOR SURVEILLANCE IN MICE

As reviewed in detail elsewhere (39, 159, 160),
there is a large body of evidence which suggests
that NK cells play a role in host defense against
transplantable (umors. More recently it has been
shown that sclectively NK-deficient (105) homozy-
gous be/be mice are more suceptible to the growth
and metastasis of transplantable, syngencic tumors
than their normal +/bg litltermate controis (16—
163). whereas no differences were found using NK-
resistant tumors or regressing MSV-induced tumors
- (80), which are killed by a T cell-dependent mecha-

nism rather than NK ¢Clls (164). In preliminary
studies by Haliotis ef al. beige mice have a higher
incidence of spontaneous tumors (usually lympho-
mas) Jaic in life. compared 10 a lower incidence in a
sroup of uge-maiched littermate controls (165). As
expected, treatment with NK-suppressive doses of
sarcinogens or ridiation did not show any differ-
ences in the incidence of primary tumars in these
two groups of mice (165, 166}. In chickens NK cells
may prevent the growth of tumors induced by
Marek's disease virus (167). These data are compat<
ible with the suggestion that NK cells play a role in
aost defense against primary oncogenesis, at least
0 the lymphoid system.

Il NK ceils are important in antitumar surveil-
iance, then one would predict u positive correlation
between NEK sensitivity and tumorigenic potential
in ranstormed cells. Inone study (16%) 3 cloned line
of pormal fetal fibroblasts from Balbic mice was
‘ound (o resist NK lysis in vitro und these cells did
nol grow in uparose and were nontumorigenic in
normal mice ar NK-deficicrit mice (iype N cells).
Clones of chemicully transformed variunts grew in
agarose and formed tumors in NK-deprived mice
‘NKT) but not normal mice with high levels of NK
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cells (NK*). These type T oells weore thigdhlty NK
seasitive in vitro. Cell Iines establisheilfrom Tape |
cells growing as tumors: in WK :miwee were NK
resistant and grew as wmers in aornuil:mice (NK Y
(type C cells). The N-I mutution lleading o mooher
uge independence was imhal e B weosgnity.
whereas a second mutuiwm '.w;m'nu,m'iml! ne cscEpe
surveillance and grow as.a aumew itn maeol NRE ™
mice. In an independent <tudy HIFGY it waw Foond
that a’ permanent cell line e} L, wullls ((hresamably
type [) was highly sensitive no MK ndils, sihorgas ©
several malignant sublines tame-1C) avoxke WK westst-
ant. There was no dillercnoehutverenanilivnunt and
nonmalignant sublines intesms o wpacupiibitay to
lysis by alloimmune CilL.. imwsgphyges, e ant
body and complement. These dindlings ‘m mice
therefore explain expectaenyin theliemun where-
by spontaneous tumors.ies:dlen iy pandy iysed
by NK cells, if at all.

ANTITUMOR SURVENE G0N E W PN VNS

Animal studies have shoventhati! raporcelis e
NK sensitive in vifro. iwn zoinmiis wwith high MK
activity are more efficient :fhum HowHHC antmads ot
resisting the growth andt metistuie spiend ol these
tumor cells in vivo (39, 870, 0718 leiksiso anrrain
that this resistance is dne o ME guths S0700. Con-
versely, patients with MR acficionatos siugh us T
or XLP have an incremed andidlenae 4 saitignancy
(117, 172). Thesc obzurvnfions wuggedt Shat WK
cells play a fundamenta! ivale it nditumer surveil-
lance. Such a theary mestadkeiniesusant weveral
scemingly paradoxicul :obxommtions: 6 (the wast
majority of cancer pativass an ithe wndy wties of
discase has normal levels sof Rl sunvhditty (122-328,

TISEI173).7GE) tresh timore e smdlitvdly iinsensitive

o lysis by NK cells ¢y 1785). @ni ivophecyies
isolated from tumor bigpsies:itach S8 acervity {151,
176-178) (iv) interferor & sehidiseily, inefloctive at
inducing NK activily swgninesi sundiogeus tmopsy-
derived target cells (179), wme! ot} e vl of NK
aclivity in irradiuted levhwnnn puthcits afler suc-
cesslul bone marrow teauspilisnideuyy Gues med cor-
relate with the prevention o meliapas 00,

All ol these observations nee wiangntiyie wih the
hypothesis which states sl 8 cuith, wec Circum-
vented by tumor variant deimathean b2 K1 830 180).
As shown in the mouse w62, KR IR carly
neoplastic cells muy be highly WK wanitinez., where-
as variants can be sclented wiaeh wesest NEK fysis
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and grow up as an observable tumor, This mecha-
nism muy also be operative in metastasis lormation:
it was shown by Brooks ef «l. (182) that mammary
adenocarcinoma cells ixoluted from some metustal-
ic deposits in the rut were less NK sensilive than
the primary tamor. Conversely. Gorelik ¢f al. (181)
selected an NK-reststunt subline of Lewis lung
carcinomit by in vive passuge and found that these
cells had an increased potentiad for sponlancouns
metastasis formation. In (the human, few studies
have been underway long ¢nough to relute individ-
ual NK aclivily in carly-stage disease with ultimate
survival. Hersey ef al. (125) found thal the posisur-
gical cell-mediuted cytotoxicity of patients with
meclunoma correlaled inveraely with recurrenee,
Mukherjt and Daval (I83) lfound no corrclation
between the development of sew primary meliano-
mas and NK activily in six patients. This *"'model™
resembles one of surveillanee more than studies on
tumor recurrence. On the other hand, Morales
{personul communication) has noted high NK activ-
ity in patients receiving intravesical BCG, o treat-
ment which reduces the frequency of new trunsi-
tional cell carcinomas in patienls with unstable
bladder epithelium (184, 185). Other investigutors
have also reported the stimulation” of humun NK
activity in wvive with agents such as BCG (1R6),
interferon (I87. 188). poly(IC) (189). and Strepto-
coccal Preparation OK-432 (190). A cause and
cileet refationship between NK function and appar-
ent therapeutic bencfit can only be interred from
these studies, however,

Escape from NK surveillance may iso result
from the local suppression o NK activity by tumor
products {c.g.. prostaglunding (147). tumor surlagce
“antigens™ (66, 191}] or ¢ven carcinogens and (u-
mor promolters. such as hix been shown with ure-
thane (192) and phorhol esters (193). It is unlikely
that NK cells functian against allogeneic turgets
only. in vitro. since carly work established that
(resh. Fe receptor-positive fvmphocytes rom naor-
mal donors can lyse synpencic EBV-translformed
cells (4).

Bused on the data from anigmal modcels, the pe-
ripheral biood und splenic distribution of NK-cell
activity, the NK resistance of established tumors,
and the lvmphaopraoliferitive nature of malignancics
in NK-delicient patients, we support the Eypothesix
that NK cells are eesponaible tor carly sarvellangee
sgainst malignancies of the hematapoictic system
and. possibly. blood-borne metastases rom salid
tumors.

RODIIR AND I"Ri)sg

OTHER FUNCTIONS )

A detailed discussion of other functions which
have been attributed to human NK cells is beyong
the scope of this bricl revicw. As mentioned ibove,

 NK celis may also be tmportant in host reactivity

against virally infected cells. Human cell lines
which arc NK resistant (Helu) become markedly
NK sensitive in vive in nude mice upon inlection
with a variety ol persistent viruses (194, Infectey
cell lines are also sensitive o human NK cells (198,
196) and NK-deficient heige mice have a mueh
lower LD« for murine cytomegalovirus than nor-
mal littermate controls (197}, an ellect which is Jue
to impaired NK vesistunce rather than impaiced
viral replication. Since human NK cells Tysed virus.
producing cells at an early stage of the LBV cycle
before virus particles were assembled. it was sug-
gested that they may restrict the spread of virug
from Luently inlected cells (198).

1L is adso possible that NK cells serve primarily as
regulator cells ol hemalopoiesis. The evidence for
this is derived matnly from studies on hybrid resist.
ance by Cudkowicz und collecagues (103) which
show a4 high degree of parallelism between the
characteristics of the parcntal murine spleen cells
which ure the eflectors in [f; bone marrow rejection
and those of NX cells. In man. it has been suggest-
ed that bone marrow trinsplant-recipient NK cells
(as delined by HSV=—l-inlected fibroblast lysis)
intcract with [TLA A, B. C. and D matched donor
hemalopoictic cells. The result of this interuction
was stimulation ot the donor cells to produce graft
vs host discase. [n transplunt-surviving donors with
no NK (HSV—1} activity prior to transplant. no
GVH discuse was observed. Aside from the prog.
nostic value of these NK results, it is possible that
NK cell-hem:nopoietic cell interaction is the result
of the NK ccells attempting (o carry oul it normal
regulatory function. Other evidence sugpesting thay
NK cells may have a regulatory funclion stems
from studies on paticnts with NK  prolileration
disorders. Although severul patients have been de.
scribed with Ty or K-cell lymphoceytasis (199-201:;
reviewed in Rell 2000, .only two have beeu Je-
scribed in which NK cuells are functionally ictive
and incrcased in number (2000 2000 In ibhese pa-
ticnts. leukopenin and recurrent infections were the
principal presenting problems. suggesting that N
cells actively suppress Jeukapoiesis, Reseaeh intg
the effects of puriticd human NK cells on henmaio.
poiesi i vitro will hopelully provide delinitive
answers s [o the regulatory role of these cells,
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