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iruses with mechanisms for evading the immune system
have a unique ability to establish long-term infection in
the host. The adenovirus E3 19-kDa protein, E19, is one
of at least four E3-encoded proteins that attenuate the host immune
response to adenovirus infection (1, 2). E19 has been shown to
bind class I MHC molecules and prevent their cell surface expression (3, 4), inhibiting the CTL response against adenovirus-infected cells (5). It has been demonstrated that E19 contains a dilysine endoplasmic reticulum (ER)3-retention motif in its
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cytoplasmic domain (6). The effect of this motif on ER retention of
class I molecules has been shown by expression of the deletion
mutant DE19, which lacks the retention motif, in murine mastocytoma cells (7). In the presence of DE19, a portion of H2-Kd
molecules travel to the cell surface, where they elicit a CTL response. No such response is detected when wild-type E19 is expressed. While this result highlights the ability of E19 to act as an
ER-retention molecule, the data also suggest that E19 may be affecting class I expression by an additional mechanism. In the presence of DE19, the kinetics of Kd maturation are delayed almost
10-fold, and a significant portion of Kd molecules fail to reach the
cell surface. Additionally, the maturation of those human and murine class I alleles that are bound only weakly by E19 is still
greatly delayed in the presence of the viral protein (8, 9). These
observations prompted our further investigation into the effect of
E19 on the class I assembly pathway.
Class I MHC molecules are assembled in the ER as a membrane-bound heavy chain and a soluble light chain, b2-microglobulin. Class I heterodimers acquire peptides that are generated in the
cytosol by proteasome-mediated degradation and transported into
the ER lumen by TAP. Tapasin, an ER-resident membrane protein,
facilitates the interaction of class I molecules with TAP by joining
the two proteins and cementing the formation of a class I assembly
complex, which also includes calreticulin and ERp57. (For a recent
review see Lehner and Trowsdale, Ref. 10). We hypothesized that
E19 could be inhibiting an additional step in the class I assembly
pathway because of the persistent effect of DE19 on the export of
murine class I molecules. To address this question, E19 was expressed in a panel of human cell lines, and the interactions of E19,
class I molecules, and TAP were studied. We report here that E19
binds both class I molecules and TAP. Unlike tapasin, however,
E19 binds class I molecules and TAP independently rather than
simultaneously and, thereby, causes a decrease in class I/TAP association, which can explain the delay in class I maturation we
observe in the presence of DE19.

Materials and Methods
Cell lines, Abs, and virus
EBV-transformed human B lymphoblastoid cell lines (LCL) were cultured in RPMI 1640 supplemented with 2 mM L-glutamine and 10%
FBS at 37°C in 8% CO2. The TAP1-/TAP2-negative LCL 721.174 (11),
the HLA-A-, -B-, -C-negative LCL 721.221 (12), and the tapasin-negative LCL 721.220 (13, 14) transfected with HLA-B8 were from Dr.
Robert DeMars (University of Wisconsin, Madison, WI). HeLa 229
cells (American Type Culture Collection, Manassas, VA) were cultured
in DMEM supplemented with 2 mM L-glutamine and 10% FBS at 37°C
in 6% CO2. The specificities of mAb W6/32 (anti-human class I MHC
0022-1767/99/$02.00
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Viral strategies for immune evasion include inhibition of various steps in the class I MHC assembly pathway. Here, we
demonstrate that adenovirus produces one gene product with
a dual function in this regard. It is well established that adenovirus E19 binds class I molecules and retains them in the
endoplasmic reticulum (ER). However, E19 also delays the expression of class I alleles to which it cannot tightly bind. Here,
we show that E19 binds TAP and acts as a tapasin inhibitor,
preventing class I/TAP association. DE19, an E19 mutant lacking the ER-retention signal, delays maturation of class I molecules, indicating that E19’s inhibition of class I/TAP interaction is sufficient to delay class I expression. These data identify
tapasin inhibition as a novel mechanism of viral immune evasion and suggest that, through this secondary mechanism, adenovirus can affect Ag presentation by MHC alleles that it can
only weakly affect by direct retention. The Journal of Immunology, 1999, 162: 5049 –5052.
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(15)) and Tw1.3 (against adenovirus E19 and DE19 (7)) and of polyclonal Abs R.RING4C (16) and R.gp48N (14) (against TAP1 and tapasin, respectively, both from Dr. Peter Cresswell, Howard Hughes
Medical Institute, Yale University School of Medicine, New Haven,
CT), P129-143 (anti-E19, from Dr. William Wold (St. Louis University
School of Medicine, St. Louis, MO) (17)), anti-TAP2 (18), and UCSF#2
(anti-class I) (18) have been described. Vaccinia virus constructs encoding the E3 19-kDa protein of adenovirus type 5 (E19-Vac), a deletion mutant of E19 lacking the C-terminal 6 amino acids (DE19-Vac),
and the nucleoprotein of influenza virus (NP-Vac) are described
elsewhere (7, 8, 19).

Infection and metabolic labeling

Immunoprecipitation and Endoglycosidase H treatment
Cells were lysed in 1% digitonin (Calbiochem, La Jolla, CA), 10 mM Tris
(pH 7.4), and 150 mM NaCl on ice for 20 min. After pelleting the nuclei,
lysates were precleared with protein G-Sepharose for 1 h at 4°C, then
incubated with 2 mg of Ab and fresh protein G-Sepharose for 2 h at 4°C.
Immunoprecipitates were washed and analyzed under reducing conditions
by SDS-PAGE. For Endoglycosidase H (EndoH) treatment, cells were
lysed in 1% Nonidet P-40 (ICN Biomedicals, Aurora, OH) and immunoprecipitated as above. Immunoprecipitates were washed and resuspended
in 200 ml 100 mM sodium citrate (pH 5.6), 0.2% SDS, and 150 mM 2-ME.
Samples were divided in half and incubated at 37°C for 16 h in the presence or absence of 5 mU EndoH (Boehringer Mannheim, Indianapolis, IN)
followed by SDS-PAGE analysis. For immunoblotting, proteins were
transferred to nitrocellulose, incubated with Ab followed by HRP-conjugated secondary Ab (Zymed Laboratories, South San Francisco, CA), and
visualized by enhanced chemiluminescence (ECL) and exposure to film.
Bands were scanned and quantitated using the NIH Image 1.61 program.

FIGURE 1. Delayed maturation of human class I MHC molecules in the
presence of adenovirus DE19. HeLa cells were infected with DE19-Vac (A)
or a control virus (NP-Vac) (C) or not infected (B), then pulse-labeled with
[35S]methionine (10 min) and chased for the times indicated (in minutes).
Class I MHC molecules were immunoprecipitated from cell lysates with
mAb W6/32, which coprecipitates DE19. Immunoprecipitates were divided
in half and either treated with EndoH (1) or left untreated (2), then analyzed by SDS-PAGE and visualized by autoradiography. Migration positions of uncleaved (upper band) and EndoH-cleaved (lower band) class
I molecules and DE19 are indicated at the left, as is the position of b2microglobulin. Migration positions of m.w. marker proteins are indicated at
the right (in kilodaltons).

Results

Adenovirus E19 binds TAP

Adenovirus DE19 delays the maturation of human class I MHC
molecules
Adenovirus E19 has been shown to bind both human and murine
class I MHC molecules (20) and to prevent their cell surface expression (3, 4, 21). Though it lacks an ER-retention motif, DE19
caused a significant delay in the maturation of murine class I molecules (7). We wanted to determine whether the same delay is
observed in human class I expression in the presence of DE19 and
where the delay occurs in the secretory pathway. When DE19 was
expressed in HeLa cells using a vaccinia virus vector (DE19-Vac),
class I molecules remained sensitive to treatment with EndoH
throughout a 2-h chase period (Fig. 1A). EndoH cleaves N-linked
carbohydrates that have not been fully trimmed and terminally
glycosylated, modifications which take place during passage
through the Golgi complex. Thus, EndoH sensitivity can be used
as a measure of a protein’s progression from the ER through the
secretory pathway. Class I molecules typically begin to acquire
EndoH resistance within 30 min (Fig. 1B). Our data show that in
the presence of DE19, human class I molecules, like murine class
I molecules, are significantly delayed in export from the ER, remaining EndoH sensitive for longer than 2 h. When cells were
infected with a control vaccinia construct encoding the nucleoprotein of influenza virus (NP-Vac), class I molecules acquired
EndoH resistance without delay, indicating that vaccinia infection
itself does not affect class I maturation (Fig. 1C).

To determine whether the inhibition of class I MHC expression
observed in the presence of DE19 is due to a block in class I
assembly, we investigated whether class I molecules bound by E19
associate with TAP. Only properly assembled class I dimers interact with TAP (22). Thus, TAP association can be used to assess
whether early steps in the class I assembly pathway are intact.
During the course of this investigation, we found an unexpected
direct association between E19 and TAP. E19 was expressed in a
panel of human B LCL and immunoprecipitated from cell lysates
with mAb Tw1.3. Immunoblotting analysis showed that, in the
wild-type cell line JY, Tw1.3 coprecipitated both the class I heavy
chain and TAP2 with E19 (Fig. 2A). In the class I-negative cell line
721.221 the coprecipitation of TAP with E19 was maintained, indicating that the association of TAP with E19 is not dependent on
class I molecules. In the reciprocal experiment, the absence of
TAP (721.174 cells) did not prevent the coprecipitation of class I
molecules with E19. Identical results were obtained from cells
expressing DE19 (Fig. 2B), showing that E19’s ER-retention signal is not required for E19/TAP association. These data suggest
that, in addition to binding class I molecules, E19 binds TAP.
While the results from .221 cells indicate that E19 does not
associate with TAP indirectly through classical class I MHC molecules, nonclassical class I molecules, known to be expressed in
.221 cells (12), could be responsible for the coprecipitation of TAP
with E19. Additionally, E19 may bind tapasin and could thereby
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HeLa cells (1.5 3 107) were infected with vaccinia virus (25 PFU/cell) in
2 ml 0.2% BSA/PBS for 45 min at 37°C. Virus was removed, and cells
were maintained in DMEM/10% FBS until 2 h postinfection. LCL (5 3
106) were infected with 30 PFU/cell in 1 ml RPMI 1640/1% FBS for 2 h
at 37°C. RPMI 1640/10% FBS was added (to 106 cells/ml), and infection
proceeded for 12 h. For 35S metabolic labeling, cells were starved in cysteine/methionine-free medium supplemented with 5% dialyzed FBS for 1 h
at 37°C. Cells were labeled by the addition of 1 mCi per 107 cells Tran35SLabel (ICN Pharmaceuticals, Irvine, CA) for 10 min at 37°C, washed three
times in ice-cold PBS, and chased in medium containing five times excess
methionine at 37°C.
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associate with both classical and nonclassical class I molecules and
TAP indirectly. To examine both of these possibilities, we expressed E19 in a tapasin-deficient cell line (721.220/B8). When
E19 was immunoprecipitated from .220/B8 lysates, we continued
to observe coprecipitation of both class I molecules and TAP (Fig.
2C). In tapasin-deficient .220/B8 cells, this coprecipitation cannot
be attributed to tapasin. Nor is it likely to be attributable to E19
interaction with nonclassical class I molecules, since the surface
expression of HLA-E has been shown to be tapasin-dependent,
which suggests that nonclassical class I molecules are not bound to
TAP in these cells (23). Furthermore, the level of expression of
nonclassical class I molecules in .221 cells is extremely low compared with total levels of class I molecules in other LCL (12).
However, comparable levels of TAP coprecipitated with E19 in
.221 and wild-type JY cells (Fig. 2A), strengthening our conclusion

that nonclassical class I molecules are not solely responsible for
E19-TAP association. Therefore, we conclude that E19 binds both
to class I molecules and TAP.
Adenovirus E19 inhibits the interaction of class I MHC
molecules with TAP
The fact that both class I MHC molecules and TAP coimmunoprecipitated with E19 in tapasin-deficient .220/B8 cells suggested
that E19 might be acting as a tapasin mimic. To test this hypothesis, we infected JY and .220/B8 cells with a vaccinia virus vector
encoding adenovirus E19 (E19-Vac) and immunoprecipitated TAP
from cell lysates with anti-TAP1 rabbit serum. In uninfected JY
cells, both tapasin and class I molecules coprecipitated with TAP
(Fig. 3A, lane 1). In the absence of tapasin, class I molecules failed
to coprecipitate with TAP (Fig. 3A, lane 3). The expression of E19

FIGURE 3. Inhibition of class I MHC/TAP interaction by adenovirus E19. A, Human LCL, indicated above the lanes, were uninfected (lanes 1 and 3)
or infected (lanes 2 and 4) with E19-Vac. Cells were lysed in 1% digitonin, and TAP was immunoprecipitated with anti-TAP1 rabbit serum R.RING4C.
Immunoprecipitates were separated by SDS-PAGE, transferred to nitrocellulose, immunoblotted for TAP1 (R.RING4C) and class I MHC heavy chain
(UCSF#2 rabbit serum), and visualized by ECL. The nitrocellulose was then stripped and reprobed for tapasin (R.gp48N rabbit serum). Migration positions
of TAP1, tapasin, and class I heavy chain are indicated at the left and of m.w. marker proteins (in kilodaltons) at the right. B, Protein bands from uninfected
and E19-Vac-infected JY cells in A were scanned and quantitated using the National Institutes of Health Image 1.61 program. Ratios of class I heavy
chain:TAP and tapasin:TAP were calculated. This quantitation of the data in A was reproduced in subsequent experiments and shows a typical decrease
in the ratio of class I molecules coprecipitated with TAP in the presence of E19.
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FIGURE 2. Adenovirus E19 binds TAP. A and C, Human LCL, indicated above the lanes, were uninfected or infected with E19-Vac or a control virus
(NP-Vac). E19 was immunoprecipitated from cell lysates with mAb Tw1.3. Immunoprecipitates were separated by SDS-PAGE, transferred to nitrocellulose, immunoblotted for E19 (anti-E19 rabbit serum), class I MHC heavy chain (UCSF#2 rabbit serum), and TAP2 (anti-TAP2 rabbit serum). Migration
positions of these proteins are indicated at the left. Proteins were visualized by ECL. Lanes 1, 4, 7, and 10 are uninfected; lanes 2, 5, 8, and 11 are infected
with NP-Vac; lanes 3, 6, 9, and 12 are infected with E19-Vac. B, LCL were uninfected (2) or infected (D) with DE19-Vac. DE19 was immunoprecipitated
with mAb Tw1.3, and TAP2 was visualized as in A and C. The migration position of TAP2 is indicated at the left. JY is a wildtype LCL; 721.174 is a
TAP-negative LCL; 721.221 is an HLA-A-, -B-, -C-negative LCL; 721.220/B8 is a tapasin-negative LCL that has been transfected with HLA-B8. Migration
positions of m.w. markers are indicated at the right of each panel (in kilodaltons).
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in .220/B8 cells did not restore the coprecipitation of class I molecules with TAP, indicating that E19 cannot substitute for tapasin
(Fig. 3A, lane 4). This is consistent with lack of sequence homology between the two proteins (24). Interestingly, when E19 was
expressed in JY cells, the coprecipitation of class I molecules with
TAP was greatly reduced (Fig. 3A, lane 2). Quantitation showed
that, in the presence of E19, the ratio of coprecipitated class I
molecules to TAP was decreased by ;75%, while the amount of
tapasin bound to TAP was approximately the same (Fig. 3B).
Taken together, these data indicate that E19 binds to both class I
molecules and TAP independently, and in so doing, prevents tapasin from bridging the two molecules. The result is a reduced
steady state association between class I molecules and TAP.

Discussion
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4. Andersson, M., S. Pääbo, T. Nilsson, and P. A. Peterson. 1985. Impaired intracellular transport of class I MHC antigens as a possible means for adenoviruses
to evade immune surveillance. Cell 43:215.
5. Andersson, M., A. McMichael, and P. A. Peterson. 1987. Reduced allorecognition of adenovirus-2 infected cells. J. Immunol. 138:3960.
6. Jackson, M. R., T. Nilsson, and P. A. Peterson. 1990. Identification of a consensus motif for retention of transmembrane proteins in the endoplasmic reticulum.
EMBO J. 9:3153.
7. Cox, J. H., J. R. Bennink, and J. W. Yewdell. 1991. Retention of adenovirus E19
glycoprotein in the endoplasmic reticulum is essential to its ability to block antigen presentation. J. Exp. Med. 174:1629.
8. Cox, J. H., J. W. Yewdell, L. C. Eisenlohr, P. R. Johnson, and J. R. Bennink.
1990. Antigen presentation requires transport of MHC class I molecules from the
endoplasmic reticulum. Science 247:715.
9. Beier, D. C., J. H. Cox, D. R. Vining, P. Cresswell, and V. H. Englehard. 1994.
Association of human class I MHC alleles with the adenovirus E3/19K protein.
J. Immunol. 152:3862.
10. Lehner, P. J., and J. Trowsdale. 1998. Antigen presentation: coming out gracefully. Curr. Biol. 8:R605.
11. Spies, T., V. Cerundolo, M. Colonna, P. Cresswell, A. Townsend, and
R. DeMars. 1992. Presentation of viral antigen by MHC class I molecules is
dependent on a putative peptide transporter heterodimer. Nature 355:644.
12. Shimizu, Y., and R. DeMars. 1989. Production of human cells expressing individual transferred HLA-A, -B, -C genes using an HLA-A, -B, -C null human cell
line. J. Immunol. 142:3320.
13. Greenwood, R., Y. Shimizu, G. S. Sekhon, and R. DeMars. 1994. Novel allelespecific, post-translational reduction in HLA class I surface expression in a mutant human B cell line. J. Immunol. 153:5525.
14. Sadasivan, B., P. J. Lehner, B. Ortmann, T. Spies, and P. Cresswell. 1996. Roles
for calreticulin and a novel glycoprotein, tapasin, in the interaction of MHC class
I molecules with TAP. Immunity 5:103.
15. Barnstable, C. J., W. F. Bodmer, G. Brown, G. Galfre, C. Milstein,
A. F. Williams, and A. Ziegler. 1978. Production of monoclonal antibodies to
group A erythrocytes, HLA and other human cell surface antigens: new tools for
genetic analysis. Cell 14:9.
16. Ortmann, B., M. J. Androlewicz, and P. Cresswell. 1994. MHC class I/b2-microglobulin complexes associate with TAP transporters before peptide binding.
Nature 368:864.
17. Hermiston, T. W., R. A. Tripp, T. Sparer, L. R. Gooding, and W. S. M. Wold.
1993. Deletion mutation analysis of the adenovirus type 2 E3-gp19K protein:
identification of sequences within the endoplasmic reticulum lumenal domain that
are required for class I antigen binding and protection from adenovirus-specific
cytotoxic T lymphocytes. J. Virol. 67:5289.
18. Bresnahan, P. A., L. D. Barber, and F. M. Brodsky. 1997. Localization of class
I histocompatibility molecule assembly by subfractionation of the early secretory
pathway. Hum. Immunol. 53:129.
19. Smith, G. L., J. Z. Levin, P. Palese, and B. Moss. 1987. Synthesis and cellular
location of ten influenza polypeptides individually expressed by recombinant
vaccinia viruses. Virology 160:336.
20. Signäs, C., M. G. Katze, H. Persson, and L. Philipson. 1982. An adenovirus
glycoprotein binds heavy chains of class I transplantation antigens from man and
mouse. Nature 299:175.
21. Burgert, H.-G., J. L. Maryanski, and S. Kvist. 1987. “E3/19K” protein of adenovirus
type 2 inhibits lysis of cytolytic T lymphocytes by blocking cell-surface expression
of histocompatibility class I antigens. Proc. Natl. Acad. Sci. USA 84:1356.
22. Solheim, J. C., M. R. Harris, C. S. Kindle, and T. H. Hansen. 1997. Prominence
of b2-microglobulin, class I heavy chain conformation, and tapasin in the interactions of class I heavy chain with calreticulin and transporter associated with
antigen processing. J. Immunol. 158:2236.
23. Braud, V. M., D. S. J. Allan, D. Wilson, and A. J. McMichael. 1997. TAP- and
tapasin-dependent HLA-E surface expression correlates with the binding of an
MHC class I leader peptide. Curr. Biol. 8:1.
24. Ortmann, B., J. Copeman, P. J. Lehner, B. Sadasivan, J. A. Herberg,
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These data identify tapasin inhibition as a novel viral strategy for
immune evasion and show that tapasin inhibition is a second
mechanism by which adenovirus E19 interferes with maturation of
class I MHC molecules. We believe E19 evolved this second strategy to inhibit expression of class I alleles to which it cannot tightly
bind. Polymorphism of class I molecules poses a considerable
challenge to E19 in terms of binding and retaining many different
alleles. E19 does, in fact, exhibit allelic specificity toward class I
molecules (9, 25). By inhibiting class I/TAP association, E19 can
still exert a block on the expression of class I alleles with which it
associates only weakly. Like tapasin, E19 is capable of binding
both class I molecules and TAP. However, E19 is unable to bridge
class I molecules to TAP, and instead appears to bind only one
protein at a time. In doing so, however, E19 inhibits the ability of
tapasin to join class I molecules to TAP, resulting in a reduced
steady state class I/TAP association. This interference with TAP
association can explain the delay in class I maturation seen in the
presence of DE19. While tapasin inhibition allows DE19 to reduce
the efficiency of class I assembly, it does not block it completely,
as a small portion of class I molecules do become EndoH-resistant
over time (Fig. 1A). Thus, E19 provides itself with a backup mechanism enhancing ER retention and inhibition of class I expression.
Inhibition of class I MHC/TAP interaction should lead to a delay in peptide loading of class I molecules. We are unable to detect
such a delay, primarily because assays that rely on the thermal
instability of empty class I dimers are difficult to interpret. E19 has
been shown to bind the a1/a2 domains of the class I molecule (9,
25), the same region where peptide binds. E19 and DE19 remain
bound to class I molecules following detergent lysis and heat treatment (data not shown), and, therefore, may be stabilizing empty
dimers, rendering them undetectable. However, since we observe both inhibition of class I/TAP association in the presence
of E19 and delayed kinetics of class I maturation in the presence
of DE19, the most viable explanation is that E19 delays peptide
loading.
Viral immune evasion strategies highlight the evolutionary pressure on viruses to prevent clearance by the host and ensure their
continued spread. Blocking Ag presentation is one mechanism by
which viruses escape immune detection. In addition to adenovirus,
human cytomegalovirus, HSV, and HIV have all been shown to
prevent Ag presentation by class I MHC molecules (reviewed by
Ploegh, Ref. 26). However, adenovirus E19 is unique in that it is
the only viral gene product identified so far that uses more than one
mechanism to inhibit class I expression, inhibition of class I/TAP
interaction and ER retention. The ability of E19 to inhibit tapasin
function appears to be novel, although additional studies will determine whether other viruses use this strategy as well.
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