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IFN-y suspends the killing license of anti-tumor CTLs
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The magnitude and diversity of T cell
responses reflects the outcome of a
competition between positive signals
initiated by T cell receptors (TCRs) and
negative signals originating from an
array of cell surface receptors. Fine con-
trol of this balance is essential for
mobilizing protective immune re-
sponses while concurrently limiting
potential immunopathologic compli-
cations, such as autoimmunity and
destruction of bystander cells by toxic
cytokines or cytolysis.

A rapidly accumulating body of liter-
ature in a variety of viral infection and
tumor systems documents that con-
ventional afy TCR CD8* T cells express
receptors originally shown to impair
NK activity (1). Do these inhibitory NK
receptors (iNKRs) operate similarly to
dampen CD8* T cell functions? In
many, but not all, cases, when these
receptors are blocked by mAbs or
transgenically expressed, effector activ-
ities (i.e., cytotoxicity and cytokine pro-
duction) of antigen-specific CD8* T
cells are enhanced or diminished,
respectively (2). Taken together, the
data support the concept that CD8* T
cells, like NKs, express iNKRs to
restrain their “lethal” behavior. iNKRs
also regulate noneffector CD8* T cell
functions, including protection from
TCR-driven apoptosis and the promo-
tion of memory T cell homeostasis (3).
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iNKRs and their ligands

iNKRs fall into two structurally distinct
groups. The first consists of type I
transmembrane proteins with
immunoglobulin (Ig) domains: these
include killer cell Ig-like receptors (KIR)
and Ig-like transcripts (ILT)/leukocyte
Ig-like receptors (LIR). The second
group includes type II transmembrane
proteins containing C-type lectin-like
domains: these include the Ly49
homodimers, and heterodimers of
CD9%4 covalently associated with either
the inhibitory NKG2A or activatory
NKG2C or NKG2E isoforms. Of the
panoply of iNKRs expressed by NK and
T cells, only the CD94/NKG2 receptors
are conserved between mice and
humans, indicating that these receptors
evolutionarily predate the other INKR
families. In general, the ligands for the
Ig-like iNKRs and Ly49 receptors are
classical MHC class I molecules.
CD94/NKG2 receptors stand out as an
exception. Both the inhibitory and acti-
vatory CD94/NKG2 receptors recog-
nize the nonclassical MHC class Ib
molecule human leukocyte antigen
(HLA)-E or its murine ortholog, Qa-1,
loaded with a nonapeptide derived
from the leader sequence of certain clas-
sical MHC class I heavy chains (5, 6).
Thus, CD94/NKG2 receptors can sut-
vey a broader range of MHC class I mol-
ecules than can those iNKRs whose lig-
and specificity is constrained by class I
MHC polymorphisms.

CD94/NKG2A receptors inhibit
antiviral and anti-tumor CTLs
Recent evidence points toward
CD94/NKG2A receptors as a dominant
iNKR expressed by activated CD8" T
cells. In response to infection by mouse
polyoma virus or lymphocytic chori-
omeningitis virus, most virus-specific
CD8" T cells upregulate CD94/NKG2A
receptors (7-9). In the polyoma virus

model, clearance of infectious virus is
paralleled by an increase in the propor-
tion of antiviral CD8* T cells expressing
CD94/NKG2A receptors, which act to
limit their cytotoxic activity (7). Poly-
oma virus is a potent oncogenic
pathogen that establishes persistent
infection in mice; therefore CD94/
NKG2A plays a critical role in balancing
excessive CTL lysis of widespread chron-
ically infected cells against the need for
effective CTL surveillance for virus-
transformed cells. This is in line with the
proposal that iNKRs help maintain
peripheral tolerance of autoimmune T
cells (10). It is perhaps also not surpris-
ing that CD94/NKG2A is stably
expressed at high levels by virus-specific
memory CD8" T cells in persistent, but
not acutely cleared, viral infections (7,
8). Deleterious consequences of an
imbalance in iNKR activation is evident
in the finding that premature CD94/
NKG2A expression on antiviral CD8" T
cells is associated with delayed viral
clearance and susceptibility to polyoma
virus-induced tumors (7).

Like persistent virus infections,
tumors provide a venue for chronic
antigen presentation to T cells. Because
tumors frequently overexpress self-pro-
teins that serve as targets for anti-
tumor T cells, the host might unwit-
tingly engage iNKRs to preserve
peripheral T cell tolerance. High pro-
portions of CD8* T cells that infiltrate
melanomas and astrocytomas in
humans express CD94/NKG2A (11,
12), and antibody blockade of
CD94/NKG2A receptors on mela-
noma-specific CD8* T cells has been
shown to restore anti-tumor CTL func-
tion in vitro (13). Because autoreactive
T cells typically express low-affinity
TCRs, TCR signaling would be expect-
ed to be at a disadvantage to negative
signaling by iNKRs. Moreover, negative
signaling tends to dominate positive
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signaling when iNKRs and activatory
NK receptors (aNKRs) co-engage MHC
class I ligands on antigen-presenting
cells (APCs), possibly due to the higher
binding affinity of iNKRs (14). Thus,
there is considerable interest in under-
standing the mechanisms that control
iNKR expression on CD8" T cells. In
vitro studies indicate that TCR activa-
tion and/or treatment with particular
cytokines upregulate expression of cet-
tain iNKRs on antigen-specific CD8* T
cells (15). Little is known about factors
that control expression of iNKRs on
CD8* T cells in vivo.

Upregulating iNKR ligand
expression
An alternative way to control the activ-
ity of INKR* CD8" T cells is to manip-
ulate expression of iNKR ligands.
There is precedent for this. Human
cytomegalovirus (HCMV) and HIV
encode proteins that selectively down-
regulate surface expression of MHC
class I molecules that present viral pep-
tides to TCRs but retain expression of
those that engage iNKRs (16, 17). Sim-
ilarly, distressed cells (e.g., infection,
neoplasia) upregulate MHC class I-
related molecules, such as MICA/B
(humans) and Rael (mice), that serve
as ligands for the activatory NKG2D
receptors expressed by NKand CD8* T
cells (18, 19). We previously speculated
that the cytokine microenvironment
created during viral infection might
affect MHC class I expression levels on
APCs and alter the balance between
TCR and iNKR signaling (7). Specifi-
cally, we hypothesized that IFN-y, a
dominant cytokine generated during
innate and adaptive phases of immu-
nity to many viral infections, would
upregulate both TCR and iNKR lig-
ands. If iNKR-transduced negative sig-
naling overrode TCR positive signal-
ing, IFN-y could impair antiviral CD8*
T cell function. This possibility is sup-
ported by evidence that IFN-y can facil-
itate viral evasion of NK killing. The
HCMYV ULA40 glycoprotein, which con-
tains a sequence identical to the
HLA-E-binding peptide in the HLA-C
leader sequence, triggers CD94/
NKG2A receptors on NK only in con-
junction with IFN-y-induced upregu-
lation of HLA-E on APCs (20).
Malmberg et al. (4) provide data sup-
porting this hypothesis in a clinically
important tumor model. While assess-
ing the ability of short-term tumor cell

lines derived from ovarian carcinoma
patients to be lysed by CD8* CTL, these
investigators employed the common
practice of pretreating target cells with
IFN-y to enhance MHC class I levels,
with the intention of boosting CTL
recognition. Unexpectedly, the oppo-
site occurred. Because the allogeneic
and peptide-specific CTL lines used in
this study uniformly expressed
CD94/NKG2A, the authors tested and
found that blocking this receptor with
a CD9%4 mADb restored lysis of the IFN-y-
treated tumor target cells. Important-
ly, the same result was seen for a
tumor-associated T cell line against
autologous ovarian tumor target cells.
We have similarly found that IFN-y
upregulates Qa-1 expression on target
cells and enhances their resistance to ex
vivo lysis by CD94/NKG2A* polyoma
virus-specific CD8* T cells (N. Andrews
et al., unpublished observations) An
initially confounding result in the
Malmberg et al. study was that IFN-y
treatment of long-term lines derived
from a variety of tumors, including an
ovarian carcinoma, improved CTL

CD40 CD40 ligand

:’. 4 gé Thi

IL 12

MHC class |l

Kill

Tumor cell

O 18
o

ﬂ MHC class | %{[TCR
* iNKR Y aNKR

Figure 1

IFN y

IFN y

recognition, despite evidence that these
cells expressed HLA-E and IFN-y
upregulated HLA-E expression. The
answer lay in whether the tumor cells
co-expressed another nonclassical
MHC class Ib molecule, HLA-G. Of
MHC class I molecules containing
leader sequences that bind HLA-E, the
leader sequence of HLA-G contains the
peptide with highest HLA-E binding
affinity (14). Only the short-term ovar-
ian carcinoma cell lines expressed
HLA-E and HLA-G, and IFN-y induced
expression of both molecules. By
boosting the MHC class I antigen pro-
cessing machinery, IFN-y should also
promote generation of the HLA-G
leader sequence peptide and its assem-
bly with HLA-E. Loss of HLA-G expres-
sion by tumor cells with in vitro pas-
sage is also consistent with the
hypothesis that neoplastic cells main-
tain expression of this MHC class Ib
molecule in vivo to thwart anti-tcumor
CD94/NKG2A* CTL and NKs.

Unlike HLA-E (and Qa-1), which has
a broad tissue distribution, HLA-G
expression is largely restricted to pla-
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Model for IFN-y-mediated inhibition of NKs and anti-tumor CTLs. Tumor-infiltrating macrophages
present MHC class Il:tumor peptide ligands to antigen-specific Th1 cells and induce them to produce
IFN-y. In addition, by upregulating CD40 ligand, these activated Th1 cells ligate CD40 receptors on
the macrophages and induce them to secrete IL-12; IL-12 then triggers IFN-y production by NKs. Low
MHC class I-expressing tumor cells also activate high-avidity tumor-specific CTLs and NKs (unen-
gaged iINKRs + activated aNKRs) to produce IFN-y. By upregulating classical and nonclassical MHC
class | surface expression by tumor cells, IFN-y, either endogenously produced or injected, promotes
activation of INKRs on NKs and anti-tumor CTLs and turns off their cytotoxic effector function.
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cental extravillous cytotrophoblasts.
Because of its highly restricted tissue
distribution and evidence that HLA-G
expression on cytotrophoblasts
increases with invasion of the mater-
nal decidua, HLA-G has been postu-
lated to play a role in blocking mater-
nal immune responses against the
semiallogeneic fetus (21). The new
mechanistic twist is that HLA-G medi-
ates immunosuppression at the
maternal-fetal interface by generating
a ligand for the inhibitory CD94/
NKG2A receptors on T cells and NKs.
By ectopically expressing HLA-G, neo-
plastic cells appropriate this placental-
based immunosuppressive mechanism
to escape destruction by lymphocytes.

The central question is whether
IFN-y makes use of iNKRs to negative-
ly modulate virus- and tumor-specific
CD8* T cell responses in vivo. IFN-y
may be produced early during the
course of primary viral infection by
activated NKs (perhaps by IL-12
released by infected or toll-like recep-
tor-activated dendritic cells and
macrophages), followed by virus-spe-
cific Thl cells or CD8" T cells. By
upregulating ligands for INKRs, IFN-y
may provide negative feedback regula-
tion for antiviral CD8* effector T cells.
For tumors, IFN-y may be secreted
early in an anti-tumor immune
response by NKs responding to low
MHC class I expression on neoplastic
cells, by Th1 cells recognizing tumor
epitopes displayed by infiltrating
MHC class II* macrophages, and by

anti-tumor CD8* T cells with suffi-
cient avidity to be activated by low
numbers of MHC:peptide ligands (Fig-
ure 1). IFN-y from each of these
endogenous sources may conspire to
nullify the effector activity of NK cells
and anti-tumor iNKR* CTL. Thus, the
findings of Malmberg et al. (4) strike a
cautionary note for using IFN-y for
tumor immunotherapy. Future stud-
ies to define factors that regulate
expression and activation of iNKRs on
CD8" T cells may lead to novel strate-
gies to reissue the killing license to
anti-tumor CTLs.
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