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ABSTRACT T lymphocytes react minimally with nonacti-
vated endothelial cells (ECs). However, natural killer (NK)
lymphocyte interactions with resting ECs are rapid, avid, and
result in endothelial activation andyor cytotoxicity. The molec-
ular basis for these interactions and EC sensitivity to NK-
mediated lysis is unclear. To address the EC-specific nature of
NK sensitivity, we used syngeneic human umbilical vein ECs,
dermal microvascular ECs, dermal fibroblasts, and B lympho-
blastoid cell lines in calcein-AM retention NK assays with
allogeneic NK effector cells and found the EC lines consistently
more NK-sensitive. Because NK inhibitory receptors are engaged
by membrane major histocompatibility complex (MHC) I mol-
ecules and MHC I-deficient targets are NK-sensitive, we inves-
tigated the quantitative levels of membrane MHC I on the panel
of syngeneic lines. Highly sensitive ECs expressed similar (or
higher) levels of membrane MHC I than their syngeneic NK-
resistant counterparts. Pretreatment of ECs with g interferon
(IFN-g) conferred protection against NK-mediated lysis, with
much more rapid kinetics (2–6 hr) than those required for
membrane MHC I hyperinduction (>8 hr). These kinetics are
consistent with induction of transporter associated with antigen
processing (TAP) expression and function. As opposed to NK-
resistant cell lines, TAP-1 was undetectable in resting ECs.
Recombinant expression of the TAP inactivator ICP47 by ad-
enoviral-mediated transduction was used to selectively inhibit
IFN-g-mediated EC TAP function. ICP47 expression abrogated
EC cytoprotection conferred by IFN-g. We demonstrate a rela-
tionship between both basal and induced TAP-1 expressiony
function and EC sensitivity to NK-mediated cytotoxicity. We
discuss the influence of an induced MHC I-associated peptide
repertoire on vascular vulnerability to cytotoxic lymphocytes.

The endothelium plays a prominent role in recruitment and
emigration of circulating lymphocytes into sites of inflammation
and immune responses (1). Natural killer (NK) cells make up to
30% of circulating peripheral blood lymphocytes and their role in
providing the first line of defense against viral infections and
tumors has been established (2). Endothelial cells (ECs) can be
primary targets of immunologic injury, leading to vasculopathy
and organ dysfunction. T lymphocytes react minimally with
resting endothelium (3). In contrast, we have previously shown
that NK cells adhere avidly to and activate resting allogeneic ECs
and have the ability to efficiently lyse ECs in vitro (4, 5). The
molecular basis for this endothelial sensitivity to NK-mediated
lysis is unclear.

There has been a longstanding observation of an inverse
correlation between the expression of major histocompatibility

complex (MHC) class I molecules on target cells and their
susceptibility to NK-mediated lysis (6, 7). The lack of indiscrim-
inate killing by NK cells reflects the expression of specialized NK
inhibitory receptors (NKIRs) that recognize allelic forms of
MHC class I molecules (for review, see ref. 8). These receptors
are clonally distributed (9), and upon engagement, negative
signals are generated that inhibit the cytotoxic process (10–12).
Certain allele products, such as HLA-A2, are not protective (7).
It remains unclear whether the mere quantity of target membrane
MHC class I molecules determines the level of sensitivity or
whether the ‘‘quality’’ and nature of processed antigenic peptides
presented by these class I molecules plays a major inhibitory role.

Activation of target cells with gamma interferon (IFN-g) can
confer resistance to targets that are otherwise highly sensitive to
NK-mediated lysis (13, 14). Given the profound effect of IFN-g
on MHC I expression and the inhibitory signals generated by
target cell MHC I molecules upon NKIR engagement, it appears
likely that this protective effect of IFN-g is mediated through
augmentation of membrane MHC I. However, there have been
reports of IFN-g-mediated protection in the absence of increased
surface MHC I levels (15–17). IFN-g affects peptide antigen
processing not only by enhancing transcription of MHC I heavy
chain and b2-microglobulin genes but also by inducing expression
of the proteasome subunits LMP7, LMP2, and MECL-1, which
replace the ‘‘housekeeping’’ subunits X, Y, and Z, respectively
(18). In addition, IFN-g up-regulates the 20S proteasome acti-
vator PA28a subunit (19) and transporter associated with antigen
processing (TAP) expression and activity (20, 21), thereby alter-
ing their catalytic activity. These IFN-g-mediated events may
alter the nature of MHC I molecules expressed on target cell
membranes.

In this work, we use a panel of syngeneic cell lines and
demonstrate a discordance between membrane MHC I levels and
sensitivity to NK-mediated lysis, with ECs exhibiting the greatest
degree of NK sensitivity despite expressing normal MHC I levels.
IFN-g treatment converts ECs to NK-resistant cells with much
more rapid kinetics than those required for increasing membrane
MHC I levels. We use an adenovirus-based transduction system
to express ICP47 in ECs. The recombinant expression of ICP47,
which binds to and inactivates TAP complexes, abrogates the
IFN-g-mediated protection. We thus demonstrate a relationship
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between both basal and induced TAP-1 expressionyfunction and
EC sensitivity to NK-mediated lysis. We discuss this apparent
‘‘defect’’ in peptide antigen processing in human ECs and its
contribution to endothelial susceptibility to injury by circulating
NK lymphocytes.

MATERIALS AND METHODS

Antibodies and Reagents. Recombinant IFN-g, EC growth
supplement, and dispase were obtained from Collaborative Bio-
medical Products (Bedford, MA). The following mAb-containing
ascites fluid (A) or purified Abs (P) were used for panning or flow
cytometry: anti-CD3 (clones 7D6 and OKT-3, A), anti-CD4
(clone S1.1, A), and anti-CD8 (clone S3.5, A) were made available
by E. Engleman (Stanford University); anti-b2-microglobulin
(clone BBM.1, A), anti-HLA-B5 (clone 4D12, A), anti-HLA-B7
(clone BBM7.1, A), and anti-HLA-A2 (clone BBM7.2, A) were
purchased from the American Tissue Culture Collection; anti-
pan-HLA-B alleles (clone 4E, P) is a mAb with broad reactivity
to HLA-B alleles (22); anti-HLA-C (clone L31, A) was as
described (23); anti-class-I HLA (clone W6y32, P), anti-VCAM-1
(clone E1y6, A), and anti-intercellular cell adhesion molecule 1
(ICAM-1) (clone R6.5, A) were provided by P. Parham (Stanford
University), R. Rothlein (Boehringer Ingelheim, Ridgefield, CT),
and M. Bevilacqua (University of California, San Diego), respec-
tively.

Cell Culture. Single-donor human umbilical vein endothelial
cells (HUVECs) were harvested as described (24) and always
maintained as single-donor lines in medium supplemented with
fetal bovine serum (FBS, 15%), EC growth supplement (25
mgyml), and heparin (50 mgyml) and used within the fifth passage.
Stimulation with IFN-g and all other assays were performed in
EC growth supplementyheparin-free medium. Syngeneic human
microvascular ECs (MVECs) were established as described (3)
with modifications. Preputial skin from newborns, from whom
the umbilical cords were obtained, were treated with dispase
(100%) for 1 hr at 37°C, after which the MVECs were extruded
and cultured in medium supplemented with FBS (8%), human
peripartum serum (2%), 3-isobutyl-1-methylxanthine (IBMX, 33
mM) and dibutyryl cAMP (DBcAMP, 0.5 mM). Cells were
identified as ECs by morphological analysis using light micros-
copy and immunofluorescence techniques as described (3). All
assays were performed in IBMX- and DBcAMP-free medium.
Autologous fibroblasts were also isolated from preputial skin as
described (3) and cultured in IBMXyDBcAMP-free MVEC
medium. Syngeneic B lymphoblastoid cell lines (B-LCLs) were
established from autologous cord blood by Epstein–Barr virus
transformation with 395–8 Marmoset supernatant. Peripheral
blood mononuclear cells (PBMCs) were isolated by Ficolly
Hypaque gradient centrifugation of either leukocyte-enriched
products or whole blood samples obtained from healthy adult
donors. NK-cell-enriched cultures were established by maintain-
ing PBMCs in the presence of irradiated (2,000 rad; 1 rad 5 0.01
Gy) RPMI-8866 cells for 2–6 weeks as described (25). NK cells
were isolated by negative immunoselection with a panning tech-
nique, using a combination of mAbs anti-CD3, anti-CD4, and
anti-CD8. NK cells obtained by this method were .98% CD561

CD161 and less then 1% CD31 as detected by cytofluorographic
analysis using a FACSort cytometer (Becton Dickinson). Purified
NK cells were ‘‘rested’’ and maintained in RPMI medium sup-
plemented with FBS (10%) for at least 18 hr prior to cytotoxicity
assays. Alternatively, freshly isolated resting NK cells were ob-
tained from normal leukopheresis as described (26), routinely
yielding .97% CD32, CD561, CD161 NK lymphocyte popula-
tions.

Flow Cytometry. Lymphocytes or ECs were harvested and
stained either directly with conjugated Abs or with primary then
fluorophore-conjugated secondary Abs, and 5,000 cells were
analyzed per sample on a FACSort.

Cytotoxicity Assays. Cytotoxicity analysis was performed by
using calcein-AM retention assays, as described (27). Briefly,
adherent confluent target cells plated in gelatin-coated microtiter
plates at a concentration of 2 3 104 cells per well were washed
once with PBS and labeled with 8 mM calcein-AM (Molecular
Probes) in serum- and phenol red-free medium (GIBCOyBRL)
for 40 min at 37°C. B-LCLs were labeled with 5 mM calcein-AM,
at a concentration of 2 3 106 cells per ml, washed once with PBS,
and distributed into U-bottom microtiter plates at a concentra-
tion of 2 3 104 cells per well. Labeling efficiency was initially
assessed by using a Cytofluor II fluorescence plate reader (Per-
septive Biosystems, Framingham, MA). Effector cells were added
at different effectorytarget (EyT) ratios in quadruplicate. Phenol
red-free medium was added to a six-well set of target cells for
estimation of retention of calcein-AM in medium alone. Maximal
lysis was determined by solubilizing six wells of target cells in lysis
buffer (50 mM sodium boratey0.1% Triton X-100, pH 9.0). After
the indicated time (2–3 hr) of incubation at 37°C, the assays were
terminated by washing the plates twice and the remaining fluo-
rescence was read. Percent specific cytotoxicity was calculated as
follows: % cytotoxicity 5 [(retention experimental well 2 reten-
tion maximal lysis)y(retention in medium 2 retention maximal
lysis)] 3 100. Retention values were calculated by normalizing
measured fluorescence with initial labeling of the same well.

Recombinant Adenoviral Transduction of EC. The recom-
binant adenovirus expressing ICP47 (AdICP47–1) and the
‘‘null’’ adenovirus, used as control (Add1E1), were provided
by D. Johnson (Oregon Health Sciences, Portland, OR). The
construction of AdICP47–1 and Add1E1 has been described in
detail (28). The recombinant adenovirus expressing b-galac-
tosidase (LacZ) was provided by R. Crystal (Cornell Univer-
sity). ECs were infected at a multiplicity of infection of 200 in
a small volume of high glucose DMEM supplemented with 5%
FBS, glutamine, and antibiotics for 1 hr at 37°C. Fresh
endothelial growth medium (see above) was then added for
additional 14 hr at 37°C before functional experiments. De-
spite prior reports of EC activation induced by adenoviral
infection (29, 30), membrane, ICAM-1, and MHC I levels,
were identical in uninfected, control virus-infected, and
ICP47-transduced HUVECs.

Immunoblotting and Immunoprecipitation. ICP47 was de-
tected in transduced cells by Western blotting and ECL using
rabbit anti-ICP47 antibodies (28), provided by D. Johnson. For
TAP-1 immunoprecipitation, cells were metabolically labeled for
4 hr with Trans-35S-label (ICN) and lysed in TBS (10 mM
TriszHCl, pH 7.4y150 mM NaCl) containing 1% Triton X-100, 1
mM EDTA, 0.02% sodium azide, 0.2 mM phenylmethylsulfonyl
fluoride, and a protease inhibitor mixture [leupeptin (1 mgyml)y
chymostatin (1 mgyml)ypepstatin (1 mgyml)y1 mM benzami-
dineykillikrein inhibitor (10 unitsyml)yaprotinin (1 mgyml)]. La-
bel incorporation was determined by trichloroacetic acid precip-
itation as described (31). Total protein amounts were determined
by using the Bio-Rad Bradford method. Equal amounts of
35S-labeled proteins were subjected to immunoprecipitation with
rabbit anti-TAP-1 antibodies. After SDSyPAGE and autoradiog-
raphy, densitometric analysis was done on a Computing Densi-
tometer, model 300E (Molecular Dynamics).

RESULTS

Comparative NK Sensitivity and MHC I Expression in a Panel
of Syngeneic Cell Lines. We have demonstrated (3, 4) that EC are
sensitive to NK-mediated lysis. To determine whether there exists
a preference or specificity toward ECs in this regard, HUVECs,
MVECs, fibroblasts, and B-LCLs, all isolated from the same
donor, were used as targets in a 3-hr cytotoxicity assay. Fig. 1A
demonstrates that both EC types were highly sensitive NK targets,
whereas the syngeneic B-LCLs and fibroblasts were relatively
resistant. In fact, the measured cytotoxicity against ECs (.90%
at a 25:1 EyT ratio) is nearly identical to that detected when

2436 Immunology: Ayalon et al. Proc. Natl. Acad. Sci. USA 95 (1998)



standard MHC I-deficient NK targets, such as K562, were
analyzed (data not shown). The relative hierarchy of sensitivity
was highly reproducible when multiple NK cell–target combina-
tions were used.

Because of the well-described inverse relationship between NK
sensitivity and membrane MHC I levels, target-cell class I levels
were determined by flow cytometry. Fig. 1B demonstrates that
the absolute level of total MHC I membrane expression does not
correlate with resistance to NK-mediated lysis. That is, syngeneic
fibroblasts and B-LCLs express nearly identical MHC I levels to
those of HUVECs and MVECs, respectively, yet both non-EC
types were NK-resistant. MVECs, the most NK-sensitive of all the
syngeneic cells, express the highest level of membrane MHC I
(Fig. 1B), demonstrating that features of ECs other than total
membrane class I levels confer their sensitivity to NK-mediated
lysis. Anti-HLA-A2 (for HLA-A21 cell lines) and anti-pan-
HLA-B antibodies were also used to determine whether sensi-
tivity correlated with the amount of membrane MHC I encoded
at specific lociyalleles. The pattern was identical to that seen with
W6y32. That is, HLA-A2 and -B expression were greater in
MVECs and B-LCLs, yet MVECs and HUVECs were, by far, the
most NK-sensitive targets, as shown above. HLA-C staining,
using mAb L31 (23), revealed that only B-LCLs are minimally
reactive, possibly due to antibody cross-reactivity with membrane
Epstein–Barr virus antigens.

We have previously shown that the b2 integrin–ICAM-1
adhesion pathway plays a major role in NK–EC interactions (26),
and ICAM-1 expression correlates with target sensitivity to
NK-mediated lysis in some experimental systems (32). All four
syngeneic cell types expressed the same level of basal ICAM-1, as
determined by superimposed flow cytometry-generated fluores-
cence histograms (data not shown). Thus, the differential NK
sensitivities cannot be explained by varying ICAM-1 levels.

IFN-g-Induced Protection Against NK-Mediated EC Lysis. As
described for other cell types (13, 14), pretreatment of ECs with
IFN-g (100 unitsyml) conferred resistance to NK-mediated cy-
totoxicity. Fig. 2A demonstrates a representative experiment,
using the HUVEC line H637 as a target. Protection by IFN-g was

observed at the earliest time point evaluated, that of a 2-hr
activation (which includes the cytotoxicity assay). A brief expo-
sure to IFN-g, followed by removal of the cytokine from the
medium, achieved the same effect as maintaining IFN-g in the
EC culture for the duration of the activation (data not shown). In
contrast to these rapid kinetics, no changes in MHC I membrane
expression levels were detected within 8 hr of EC stimulation by
IFN-g. The basal levels of H637 total MHC I and HLA-B were
280 and 70 mean channel fluorescence units, respectively (Fig.
2B). After 10 or more hours of IFN-g stimulation, membrane
MHC I levels gradually rose, reaching mean channel fluorescence
values in excess of 1,000 after 36 hr.

The kinetics of IFN-g-mediated EC MHC I induction and
protection against NK-mediated lysis were compared by combin-
ing data from eight parallel cytotoxicity and flow cytometry
assays, using eight NK–EC allocombinations. Fig. 3 confirms, as
noted above, that IFN-g induces EC protection against NK-
mediated lysis much more rapidly than detectable increases in
MHC I can be observed.

The Role of TAP in IFN-g-Mediated Resistance. Although
absolute EC MHC I levels do not change as rapidly as NK
sensitivity in response to IFN-g, there are several critical steps in
the MHC I assembly and membrane expression pathway that are
potentially enhanced by IFN-g and may play a role in the nature
of the expressed MHC I complexes. Peptide transport from the
cytosol to the endoplasmic reticulum lumen is one such step.

FIG. 1. MHC I expression and NK sensitivity of a panel of
syngeneic cell types. (A) Calcein-AM-loaded HUVECs (thick solid
line), MVECs (solid line), fibroblasts (dashed line), and B-LCLs
(dotted line) isolated from the same donor were used as targets in a
calcein-AM retention NK assay, with allogeneic NK effector cells at
the noted EyT ratios. Results are representative of three experiments,
each with different NK–target allocombinations. (B) The indicated
cells, all isolated from the same donor, and corresponding to those
used as targets in A, were analyzed for total membrane MHC I
expression by flow cytometry using mAb w6y32. Five thousand gated
events were analyzed per sample.

FIG. 2. Induced HUVEC resistance to NK-mediated lysis by
IFN-g. (A) Calcein-AM-loaded HUVECs were used as targets in a
calcein-AM retention NK assay with allogeneic NK effectors at 10:1
EyT ratio. HUVECs were untreated (0 hr) or IFN-g (100 unitsyml)-
pretreated for the indicated times. Results are representative of eight
experiments, each with different NK–HUVEC allocombinations. (B)
HUVECs used in the cytotoxicity assay above were analyzed in
parallel for total membrane MHC I (mAb w6y32) or HLA-B (mAb
4E) expression by flow cytometry. Cells were untreated (heavy line)
or treated for 2, 4, or 8 hr (curves overlapping with 0-hr curve) or for
the indicated times with IFN-g (100 unitsyml) before harvesting for
analysis. Five thousand gated events were analyzed per sample.
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TAP-1 and TAP-2 levels are minimal in resting HUVECs, but
both mRNA and protein are induced rapidly by IFN-g (O.A. and
J.R.B., unpublished observation and ref. 21). To determine
whether basal levels of TAP-1 correlate with NK sensitivity, the
four syngeneic cell types were metabolically radiolabeled fol-
lowed by TAP-1 immunoprecipitation. Volume of cell lysate used
per sample for the immunoprecipitation was determined by
measured total protein recovered and 35S incorporation. Fig. 4A
demonstrates easily detectable TAP-1 immunoprecipitated from

fibroblasts, B-LCLs, and IFN-g-treated HUVECs, which was
absent from resting HUVECs and MVECs. Fig. 4B displays the
densitometric analysis, normalized for a nonspecific irrelevant
39-kDa band (seen also TAP-1-negative cell line immunopre-
cipitations and was not IFN-g-modulated) observed throughout
all experimental samples. The TAP doublet represents coimmu-
noprecipitated TAP-1 and TAP-2 (69 and 72 kDa, respectively),
as described (33). This supports the concept that NK sensitivity
relates to TAP function, i.e., expression of MHC I loaded with
TAP-dependent peptides.

To evaluate whether the induction of TAP function is a
required critical event in the noted cytokine-mediated resistance,
HUVECs were transduced with an adenoviral construct encod-
ing the herpes simplex viral protein ICP47, which specifically
binds and inactivates TAP-1yTAP-2 dimers (34). The ICP47 gene
in this E1yE3-deleted construct is under the control of the
cytomegalovirus promoter, thereby blocking the expression of
other viral proteins (28) and minimizing unwanted effects on
antigen processing. As controls, HUVECs were infected with
either null (vector without insert) or LacZ-containing virus.
Western blot analysis demonstrated the presence of the 9-kDa
ICP47 protein in the ICP47-transduced cells, which was unde-
tectable in the null virus-infected cells (data not shown). As
described, the transduction efficiency was very high, with positive
b-galactosidase staining observed in .95% of LacZ-transduced
cells (data not shown).

As expected, Western blot analysis demonstrated that ICP47
expression has no effect on IFN-g-mediated TAP-1 protein
induction (data not shown). Thus, any observed effect would be
a consequence of functional inhibition of the transporter com-
plex. To directly address this, HUVECs infected with ICP47,
LacZ, or null virus were used as targets in a 3-hr cytotoxicity assay
with allogeneic NK effector cells. No differences were detected in
the NK sensitivity of resting ECs (no IFN-g) infected with
AdICP47 or control viruses (Fig. 5, 0 hr). Because ICP47 inhibits
TAP function, this further suggests that basal EC TAP is minimal
and not functionally involved in the determining resting EC
sensitivity (or resistance) to NK-mediated lysis. After 6 hr of EC
stimulation with cytokine, the protection induced by IFN-g is
completely abrogated in the ICP47-transduced cells but persists
in null and LacZ virus-infected cells (Fig. 5, 6 hr). As noted above,
this 6-hr time preceded any detectable increase in the level of
membrane MHC I (data not shown), suggesting that induced
active peptide transport plays a critical role in IFN-g-mediated
protection, even without augmenting total class I levels. The
inhibitory effect of ICP47 expression was more dramatic with an

FIG. 4. TAP-1 expression in a panel of syngeneic cell lines.
HUVECs, MVECs, fibroblasts, B-LCLs, and IFN-g-treated (for 18 hr)
HUVECs, all isolated from the same donor, were 35S-labeled for 4 hr.
Upon cell lysis, equal amounts of labeled protein extracts (based on
total protein and acid-precipitable counts) were used for immunopre-
cipitation. (A) The 69-kDa immunoprecipitated TAP-1 band and an
irrelevant (39 kDa) band seen in are in all lanes. (B) The densitometric
analysis for A, with normalization to the irrelevant band.

FIG. 3. Comparative kinetics of IFN-g-induced cytoprotection and
membrane MHC I hyperinduction. Calcein-AM retention NK assay
and flow cytometry of membrane MHC I from eight experiments
(eight different allocombinations) were combined and displayed
graphically. Fluorescence values correspond to mean channel f luores-
cences (MCF) at the indicated IFN-g treatment times. Values are the
mean 6 SEM from the combined data.

FIG. 5. Effect of ICP47 on IFN-g-mediated HUVEC cytoprotec-
tion. HUVECs were infected with ICP47 (heavy line), LacZ (broken
line), or null (shaded line) adenovirus, loaded with calcein-AM, and
used as targets in NK assays with allogeneic NK effector cells.
Transduced HUVECs were either untreated (0 hr) or IFN-g-treated
(100 unitsyml) for the indicated times.
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18-hr IFN-g stimulation, after which cytotoxicity in the LacZ-
infected cells was minimally detectable (6% at a 10:1 EyT ratio),
whereas ICP47-transduced cells were lysed as in the non-IFN-g-
treated cells (50% at a 10:1 EyT ratio) (Fig. 5, 18 hr). The more
pronounced difference at 18 hr is likely a consequence of both
enhanced TAP function and increased total membrane MHC I
levels (data not shown). However, despite such an increase in
both total membrane MHC I and HLA-B in the ICP47-
transduced cells, the long-term (18 hr) IFN-g treatment could not
induce NK-resistance in these cells.

DISCUSSION

According to the ‘‘missing-self’’ theory of immunosurveillance
initially proposed by Kärre (35), NK cells efficiently lyse MHC
I-deficient targets. The characterization of NK inhibitory recep-
tors specific for MHC I has shed considerable light on the
molecular mechanisms governing NK cell–target interactions.
The endothelium is a unique target, because it is continuously
exposed to circulating lymphocytes, of which up to 30% are NK
cells. NK cell–EC interactions that control allorecognition and
lytic mechanisms could be primarily involved in the acute or
chronic injury of allograft vessels.

In this study, we demonstrate that, of several target cells tested,
ECs are the most sensitive to NK-mediated lysis. Within an
experiment, the target cells used were all isolated from the same
donor, thus controlling for the target MHC haplotype. Moreover,
the effector cells used were polyclonal in their class I specificity
and NKIR expression (O.A. and J.R.B., unpublished observa-
tion) and were tested in numerous EyT allocombinations, rep-
resenting a wide spectrum of NKIR–MHC I interactions. The
differential sensitivities of the target cells were not simply a
manifestation of their MHC I membrane levels, as these two
target cell features were discordant. Rather, there was a corre-
lation between basal NK sensitivity and lack of TAP-1 expression,
as detected by quantitative immunoprecipitations of TAP-1 from
metabolically labeled target cells. This suggests that the qualita-
tive nature of membrane MHC peptide complexes is at least as
critical as the quantitative level of surface class I to engage and
activate inhibitory receptors and confer target cell protection.
The control of TAP expression in a cell typeytissue-specific
fashion and, in particular, the cis elements and transregulatory
factors that dictate the lack of basal expression and inducibility in
EC have not been explored.

Another indication that the inherent NK sensitivity of ECs is
not merely the result of insufficient surface MHC I expression
comes from IFN-g activation experiments. The kinetics of IFN-
g-induced EC protection against NK-mediated lysis are repro-
ducibly much more rapid than those for hyperinducing membrane
MHC I levels. The protective kinetics are consistent with the
induction of functional TAP complexes. TAP complexes consist
of two polypeptides, TAP-1 and -2, which combine to form a
heterodimeric member of a family of integral membrane trans-
porters that bear a transmembrane peptide channel and a cyto-
solic ATP binding cassette. Endogenous proteins are proteolyti-
cally degraded and the product peptides can be transported by
TAP across the endoplasmic reticulum membrane (36). These
peptides can then associate with MHC I heavy chain–b2-
microglobulin complexes, promoting stabilization, transport, and
expression on the cell membrane (37). TAP preferentially trans-
ports peptides of 8–10 amino acids, with some further specificity
(38) (see below). The kinetics of TAP induction in human ECs
have recently been demonstrated (21). HUVEC TAP-1 and -2
mRNA and proteins are rapidly induced by IFN-g (onset within
3 hr). This is consistent with the cytoprotection rapidly achieved
in IFN-g-treated HUVECs, further substantiating that it is the
nature of the membrane MHC I–peptide complexes, rather than
the quantity, that is critical for NKIR engagement and NK
resistance.

To confirm that TAP induction is critically involved in the
conversion of ECs from NK sensitive to resistant, a strategy to
selectively inhibit TAP was used. Expression of recombinant
proteins in HUVECs is generally fraught with inconsistent trans-
fection efficiencies of plasmid DNA. Viral infection and gene
transduction has been much more successfully achieved, by using
retrovirus (39)- and adenovirus (40)-based systems. To this end,
we expressed ICP47 by HUVEC infection with recombinant
adenovirus (serotype 5) and assessed whether this protein, which
is a 9-kDa herpes simplex virus-encoded protein that binds and
inactivates TAP complexes, could inhibit the IFN-g-mediated
protection against NK-mediated lysis. Adenoviral gene products,
in particular those encoded in the E1A conserved region 1 (41),
can, in of themselves, inhibit IFN-g-mediated cytoprotection.
However, all the viral constructs used in these experiments were
E1 (and E3)-deleted, and the recombinant protein (ICP47 or
LacZ) was driven by the cytomegalovirus promoter, bypassing the
expression of other adenoviral gene products. The inactivation of
TAP through ICP47 expression abrogated the protective effect of
IFN-g. This further substantiates that a basal ‘‘TAP deficiency’’
state in human ECs results in NK sensitivity and that a rapid TAP
induction is required for induced resistance.

Although prevention of TAP function inhibits IFN-g-mediated
cytoprotection, other IFN-g-regulatable genesymolecules may
also be critically involved in this phenomenon. Because absolute
membrane MHC I levels do not dictate NK sensitivity in this
system, other elements that affect MHC I–peptide antigen pro-
cessing and the qualitative nature of MHC I–peptide complexes
may be important determinants. Upon stimulation of various
antigen-presenting cells with IFN-g, two constitutive subunits of
the proteolytic 20S proteasome are replaced by MHC-encoded
subunits LMP2 and LMP7. The PA28 regulator of this protea-
some complex, which promotes dual protein cleavage and mark-
edly enhances the production of antigenic peptide MHC ligands,
is also IFN-g-regulated (42). The combination of LMP2, LMP7,
and PA28 within the complex markedly alters the quality of
antigenic peptides produced (43), dramatically increasing the
spectrum of generated peptides. It is noteworthy that a recent
report described augmented efficiency of cytotoxic T lympho-
cyte-mediated lysis in the context of a 3-fold increase in target
PA28 expression, in the absence of increases in surface MHC I
(19). Any or all of these regulatory steps may be critically lacking
in basal resting human ECs and integrally involved in protection
conferred by IFN-g.

On the basis of NKIR–target MHC I interactions, immune
surveillance by NK cells is regulated by allotype-specific recog-
nition. When HLA class I allele products are expressed in
TAP-deficient cell lines, specific peptides can both rescue mem-
brane MHC I expression and inhibit NK-cell-mediated lysis (44).
Other peptides, in particular those with lysine at position 8 (P8),
are not inhibitory. The exact effect of the peptide and the nature
of its interaction with inhibitory receptors remains unclear. A
recent report demonstrated that peptides derived from either
glutamic acid decarboxylase (GAD) or coxsackie virus may or
may not have inhibitory activity against NK2-specific clones,
when loaded onto HLA-Cw7, the NKIR2-reactive inhibitory
MHC I (45). Because GAD and coxsackie virus have both been
associated with autoimmune diabetes mellitus, it was postulated
that the exact sequence of MHC I-loaded peptides is a critical
determinant in promoting NKIR-mediated inhibition and that an
auto-peptide antigen that is not protective could allow establish-
ment of a tissue destruction cycle, manifested as autoimmunity.

Whereas the anchor side chain of the peptide C-terminal
amino acid (usually P9) is in the F pocket of the binding groove,
the P8 side chain points upward. This has been proposed as an
explanation of the critical nature of this amino acid position, in
that it has the potential to interfere with NKIR–MHC interac-
tions, andyor mimic an MHC I residue that is nonprotective (45).
The link between the specific nature of MHC I-associated
peptides and the TAP dependence demonstrated in this report is
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not clear. That is, the substrate specificity of the TAP transporter,
although biased for peptides that can bind to MHC I molecules
(9- to 12-amino acid peptides with a compatible C-terminal
residue), is not obviously directed at those peptides that will more
efficiently allow a productive NKIR engagement by MHC I,
thereby promoting inhibition. Studies to determine the ‘‘protec-
tive peptide repertoire’’ induced by IFN-g in human EC are
currently underway in our laboratory. We have recently demon-
strated that cytoprotection is conferred on otherwise NK-
sensitive, resting HUVEC, when these cells are pulsed with
peptides isolated from syngeneic IFN-g-treated HUVECs (O.A.
and J.R.B., unpublished observation). This further suggests that
a class of IFN-g-induced peptides can contribute to NK resistance
in ECs.

As noted above, endothelial sensitivity to NK-mediated lysis
could have substantial relevance in the setting of vascularized
allografts. Furthermore, NK cells have the potential to damage
autologous vascular endothelium. Self MHC I expressed on
highly sensitive NK targets may not be sufficiently protective,
especially in the setting of activated NK cells. For example, an
antiviral NK cell response in lymphoid tissue may expose normal
endothelium to NK-mediated damage. The production of IFN-g
by activated NK cells would confer cytoprotection on the sur-
rounding ECs, focusing the immune response on virus-infected
antigen-presenting cells and sparing the vascular supply of the
vital tissue or organ.

In summary, we have demonstrated that human ECs are
exquisitely sensitive NK targets and that their sensitivity relates to
a basal insufficiency in MHC I–peptide antigen processing. IFN-g
can correct this defect, at least in part by augmenting TAP
expression and function. Further studies on other components of
endothelial MHC I assembly, peptide antigen processing, and
induced protective peptide repertoires should provide further
insight into the peptide specificity of NKIR engagement and
potential immune-mediated vascular injury by this subset of
cytotoxic lymphocytes.
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