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The E7 oncoprotein of human papillomavirus 16 (HPV16) transforms basal and suprabasal cervical epi-
thelial cells and is a tumor-specific antigen in cervical carcinoma, to which immunotherapeutic strategies
aimed at cytotoxic T-lymphocyte (CTL) induction are currently directed. By quantifying major histocompat-
ibility complex class I tetramer-binding T cells and CTL in mice expressing an HPV16 E7 transgene from the
keratin-14 (K14) promoter in basal and suprabasal keratinocytes and in thymic cortical epithelium, we show
that antigen responsiveness of both E7- and non-E7-specific CD8™ cells is down-regulated compared to non-E7
transgenic control mice. We show that the effect is specific for E7, and not another transgene, expressed from
the K14 promoter. Down-regulation did not involve deletion of CD8™ T cells of high affinity or high avidity, and
T-cell receptor (TCR) Vf-chain usage and TCR receptor density were similar in antigen-responsive cells from
E7 transgenic and non-E7 transgenic mice. These data indicate that E7 expressed chronically from the K14
promoter nonspecifically down-regulates CD8" T-cell responses. The in vitro data correlated with the failure
of immunized E7 transgenic mice to control the growth of an E7-expressing tumor challenge. We have
previously shown that E7-directed CTL down-regulation correlates with E7 expression in peripheral but not
thymic epithelium (T. Doan et al., J. Virol. 73:6166-6170, 1999). The findings have implications for the
immunological consequences of E7-expressing tumor development and E7-directed immunization strategies.
Generically, the findings illustrate a T-cell immunomodulatory function for a virally encoded human onco-

protein.

Human papillomavirus type 16 (HPV16) is tropic for human
anogenital epithelium and is associated with the development
of premalignant and invasive squamous disease. The product
of the HPV16 E7 open reading frame transforms basal cells of
cervical epithelium. Since persistence of E7 oncoprotein is
necessary to maintain the transformed cell phenotype (42), E7
functions as a tumor-specific antigen in cervical carcinoma, to
which immunotherapeutic strategies are being directed (6, 32).
Patients with HPV16- associated cervical carcinoma make
poor E7-directed cytotoxic T-lymphocyte (CTL) responses ei-
ther to endogenously expressed E7 (34) or following E7 im-
munization (6), and poor non-E7-directed CTL responses, at
least to certain antigens (34), in spite of immunocompetence
measured by other criteria.

Mice which express an E7 transgene driven from an epithe-
lium-specific keratin-14 (K14) promoter in basal and supra-
basal cells of peripheral epithelium and in thymic cortical (but
not medullary) epithelium display hyperplasia and dysplasia,
frequently leading to papillomatosis and squamous cell carci-
noma (22), and provide a model for E7-mediated epithelial
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transformation in humans. The mice display down-regulated
E7-directed T-cell responses, as evidenced in vitro by dimin-
ished CTL activity (14) and in vivo as failure to control E7-
associated tumor development following specific immunization
(12). We have demonstrated using bone marrow radiation chi-
meras that E7-directed precursor CTL (pCTL) are function-
ally down-regulated in reconstituted mice expressing E7 in
peripheral epithelium but not thymus but are not down-regu-
lated in mice expressing E7 in thymus but not peripheral epi-
thelium (13). We have interpreted this finding to indicate that
E7 expression in the peripheral epithelium is sufficient to
down-regulate E7-directed pCTL. In the present study we
characterize this E7-induced T-cell down-regulation using the
more sensitive tool of major histocompatibility complex
(MHC) class I tetramers to quantify CD8" T cells bearing
cognate T-cell receptors (TCR). We report that not only E7-
specific CD8" T-cell responses but also non-E7 CD8* T-cell
responses are down-regulated in immunized E7 transgenic
mice which express E7 in peripheral epithelium and thymic
cortical epithelium. The down-regulation is manifest in vitro as
a failure of CD8" T cells to respond to restimulation with
cognate antigens. We show that down-regulation is E7 depen-
dent since topographically identical expression of a non-E7
transgene did not down-regulate CD8" T-cell responses. Our
data indicate that down-regulated pCTLs from E7-transgenic
mice have a range of TCR affinities for peptide-MHC complex
similar to that of pCTL from non-E7 transgenic mice and have
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similar TCR VB-chain usage. We interpret these data to indi-
cate that E7 expressed chronically in epithelium nonspecifi-
cally down-regulates CD8" T-cell responses and that T-cell
deletion does not play a major role in this tolerizing process.

The observations are of potential relevance to cervical car-
cinoma patients who may have experienced many years, even
decades, of expression of E7 in cervical epithelium during
tumor development. The possibility arises that chronic expres-
sion of E7 in transformed cervical epithelium serves to func-
tionally down-regulate E7-directed and other pCTL. Thus, E7-
induced putative CD8" T-cell down-regulation may confound
E7-based immunotherapy. The results of this study are rele-
vant to the understanding of the immunological consequences
of E7 expression in epithelium. Generically, the findings illus-
trate a T-cell immunomodulatory function for a human onco-
protein.

MATERIALS AND METHODS

Mice. KI4.E7*/* mice (22) are transgenic for a DNA fragment containing
HPV16 positions 79 to 883 engineered to transcribe E7-specific RNA from the
human K14 promoter, which is restricted in its activity to the stratum basale of
peripheral squamous epithelium and thymic cortical epithelium (26, 29).
K14.hgh/B7*/* mice (43) express a human growth hormone/B7.1 transgene from
the K14 promoter. By crossing each line of mice with A2.1Kb*/* mice (41), the
F, offspring also express a chimeric class 1 transgene comprising the -1 and «-2
domains of HLA A#0201 and the a-3 domain of H-2K" on all nucleated cells.
K14.E7 crosses are designated KA(E7+). Parental (FVB) non-E7 transgenic
crosses are designated FA(E7—). Mice were housed under specific-pathogen-
free conditions, and genetic authenticity was tested at intervals. Mice were used
at 6 to 20 weeks of age but within a given experiment were littermates or closely
age and sex matched.

Cells. EL4.A2 cells express a-1 and «-2 chains of HLA Ax0201 and are
susceptible to specific CTL lysis through both H-2° and A*0201 pathways (12).
Cells were maintained as described previously (12).

Peptides and epitopes. Peptides containing (i) HLA A*0201-restricted CTL
epitopes of HPV16 E7 ((’LLMGTLGIV*® [33], designated E7/A2) and influenza
virus matrix protein (**GILGFVFTL®® [21], designated influenza virus/A2) and
(ii) H-2 -restricted epitopes of HPV16 E7 (*’RAHYNIVTF®’ [15], designated
E7/H-2°) and ovalbumin (SIINFEKL [7], designated OVA/H-2°) were synthe-
sized with free ends using 9-fluorenylmethoxy carbonyl chemistry and analyzed
by high-pressure liquid chromatography by Chiron Corp. (Melbourne, Victoria,
Australia). Peptide stocks were made at 10 mg/ml in dimethyl sulfoxide and
diluted into tissue culture medium for assays.

CTL assays. CTL assays were conducted as previously described (12).

Immunizations and restimulations. For generation of a primary response,
groups of three mice were immunized once with 50 pg of an equimolar peptide
mix of CTL epitopes, 10 pg of Quil A adjuvant (18), and 0.25 pg of tetanus
toxoid (CSL, Melbourne, Victoria, Australia), as a source of T-helper epitope(s),
in 100 pl of phosphate-buffered saline (PBS) subcutaneously at the base of the
tail. Ten days later, pooled splenocytes were harvested and restimulated in vitro
for 6 days in the presence of 1 pg of each peptide per ml prior to inclusion in
tetramer staining or CTL assays. To recall a memory response, the in vitro
restimulation was performed 2 months after immunization.

MHC class I tetramers and FACS staining. Phycoerythrin (PE)-conjugated
HLA A*0201 tetramers of epitopes E7/A2 and influenza virus/A2 and H-2°
tetramers of E7/H-2" and OVA/H-2" epitopes were constructed by the National
Institutes of Health (NIH) Tetramer Facility (Atlanta, Ga.). For staining, spleno-
cytes or post-in vitro restimulation cells were separated over Ficoll-Paque (Phar-
macia, Uppsala, Sweden), and 10° leukocytes were costained with tetramer and
fluorescein isothiocyanate (FITC)-anti-mouse CD8a (Sigma Chemicals) at 4°C
for 60 min. prior to washing, fixation in 1% paraformaldehyde, and fluorescence-
activated cell sorting (FACS) analysis. Tetramer dilutions and staining condi-
tions were optimized in preliminary experiments. Data sets in all experiments
included staining with irrelevant MHC-matched tetramer and staining of cognate
tetramer on irrelevant CD8* T cells as negative controls. FACS plots record
60,000 events. Cells positive for both tetramer and CD8 staining are expressed as
a percentage of total CD8™ cells.

Antibodies. FITC-pan-TCRB (PharMingen), FITC-anti-CD8a (Sigma), and
PE-anti-CD4 (Cappel) were used according to manufacturers’ instructions. A
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panel of anti-mouse TCR VB-chain specific monoclonal antibodies was obtained
from Larry Palmer, NIH, Bethesda, Md. Specific anti-VB-chain binding was
detected with FITC anti-rat, anti-mouse, or anti-hamster immunoglobulin, as
appropriate.

Tumor challenge. Groups of five mice were immunized on days 0 and 21 with
E7/H-2" or PBS as described above and challenged 14 days later with the
E7-expressing epithelial tumor line TC-1 (28), 2 X 10° cells per mouse subcu-
taneously in the flank. Tumor growth was quantified as percent tumor-free mice
over a 21-day period.

RESULTS

Immunization-induced E7-and non-E7-CD8* T-cell re-
sponses are down-regulated in mice expressing E7 in periph-
eral epithelium and thymic cortical epithelium. We used HLA
A#0201 class I tetramers of CTL epitopes E7/A2 and influenza
virus/A2 and H-2" class I tetramers of CTL epitopes E7/H-2°
and OVA/H-2" to examine the CD8" T-cell response in im-
munized KA(E7+) and FA(E7—) mice, before and after re-
stimulation of spleen cells in vitro with cognate peptide. Few
E7/A2 and influenza virus/A2 tetramert CD8" cells were
found in ex vivo splenocytes from E7-immunized and influenza
virus-immunized FA(E7—) and KA(E7+) mice, respectively
(Fig. 1A to D). Following restimulation and expansion of
splenocytes in vitro with cognate peptide, ca. sixfold fewer
E7/A2 tetramer™ CD8" T cells were found in E7/A2-immu-
nized KA(E7+) mice than identically immunized FA(E7—)
mice (Fig. 1E and F). A similar fold reduction in the numbers
of influenza virus/A2 tetramer* CD8" cells was found in re-
stimulated spleen cells from influenza virus/A2-immunized
KA(E7+) mice compared with identically immunized
FA(E7-) mice (Fig. 1G and H). Comparable results were
observed when draining lymph node cells were used in place of
splenocytes (data not shown). Similarly, fewer E7/H-2" tet-
ramer” CD8" cells were seen in restimulated splenocytes from
E7/H-2"-immunized KA(E7+) mice than from identically im-
munized FA(E7—-) mice (Fig. 11 and J), and fewer OVA/H-2°
tetramer” CD8™ cells were seen in restimulated splenocytes
from OVA/H-2" immunized KA(E7+) mice than from iden-
tically immunized FA(E7—) mice (Fig. 1K and L). Comparable
results were obtained when whole E7 protein and ovalbumin
were used for immunization in place of E7 and OVA peptides,
respectively (not shown).

Thus, as demonstrated by responses to two E7 epitopes
(E7/A2 and E7/H-2") and two non-E7 epitopes (influenza vi-
rus/A2 and OVA/H-2") restricted through MHC class 1 hap-
lotypes HLA A#0201 or H-2°, these data indicate that expres-
sion of E7 as a transgene from the K14 promoter is associated
with down-regulation of the numbers of antigen-responsive
E7- and non-E7-specific CD8" T cells. The down-regulation
could not be reversed by provision of interleukin-2 (50 U/ml)
during in vitro restimulation (not shown).

Numbers of A2 tetramer” CDS8" cells were monitored
throughout the 6-day period of restimulation. An increase in
numbers was first recorded after 4 days of restimulation with
E7/A2 epitope or influenza virus/A2 epitope from immunized
KA(E7+) and FA(E7—) mice (not shown), accumulating at 6
days to maximal levels shown in Fig. 1E to H. This indicates
that the kinetics of accumulation of tetramer* CD8" cells over
the 6-day period of restimulation was the same in specifically
restimulated splenocytes from both KA(E7+) and FA(E7—)
mice.
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FIG. 1. Specific tetramer staining of splenic CD8* T cells from E7/A2-, influenza virus A2-, E7/H-2°, or OVA/H-2"-immunized FA(E7—) and
KA(E7+) mice. Stainings were performed on fresh ex vivo spleen cells (Immunised) or on spleen cells after 6 days restimulation in vitro with
cognate epitope as indicated (Immunised and Restimulated). CD8" tetramer™ cells appear in top right quadrant of each plot. ', epitope used for

immunization of mice and in vitro restimulation of splenocytes.

Impairment of maturation of immunization-induced E7 and
non-E7 CD8™ T-cell responses is associated with expression of
E7. We examined whether the capacity to mount TCR-specific
responses during immune system maturation was associated

with K14-driven expression of E7. KA(E7+) and FA(E7-)
mice 2 to 3, 4, and 6 weeks old were immunized with E7/A2 or
influenza virus/A2, and spleen cells subsequently were restim-
ulated in vitro with cognate peptide. One half of the restimu-



J. VIROL.

TINDLE ET AL.

5988

UL b e e L ey

%9

N

30
0001 v
T T I R E EE T TR

v %t

i

N<\&N=W=ﬂ=~

Ll uuitra o w

%b"

0o

3d

MR IS WA T I T W

~ %k

oLTd

CV/LA

I (+LIDVI ———

“£1101%010140 Ju01ad *, *$31400u9[ds JO TONERINWISAI OIJIA UL PUR 01W JO
uoneziunwwi 10y pasn 2donds ¢ 1:06 Jo onel 1:g ue 1B 9,61 > sem sisA| punoidyorg -opndad 91euS00 10] UmOys d1e $INSIY ‘[:0] PUB [:(S JO soner I:g 1 (punoisyorq) apndad jueadforr
i 10 apridad o3euSoo yim pasind s[[e0 108181 7V H TH YIM PIIOBIT 9IOM S[[3 JOJOIJD ‘sAeSSe T 1)) UJ "PIIBIIPUI SB “IOWERIID] 7V/SNIIA BZUINPUI YIIM JO IOWEI}) TV/LH YIM PIUTE]S dIoM S[[QD)
'soge snorrea Jo 901w (+/q)V pue (—/g)VA POZIUnwI-7y/SnIIA BZUSNYUI PUe -7V/LH Wwoij so3kooudyds pajenwisal jo (syesur) SIsA] 1D oyroads pue Surureis gD pue Iowend], 'z "Old

JWRIP

UL LU L UL L

%EPT

ad
000}

HTT N T N R T TS WY

i

Jv/ezuanpuy

WIS L ORI b L )

/ . %9

3d

=]

IR T T T W  eT

nes LA

0L 0s
0
D Y

001

M (-LDVA

¢V/LA

Moacﬁ&ﬁ

8dD



VoL. 75, 2001

KA(E7+)

Khgh/B7 (E7-)

HPV16 E7 DOWN-REGULATES T-CELL RESPONSE 5989

FA(E7-)

00

100
20 90 90
N 80+ 8o
. B 70
Epitope v o 5
o 50 \ 8 - £ 50
o 0 | e 40
g A 20 E_ B 301 -
20 20.
50:1 1001 5011 10:1 50:1 10:1
" E:T ratio : :
Influenza/A2 o
IS
b =1 frenn - rrrmr—-rmm =TTt =TT T 8
0 =
= : : S
%] 20 %0 M
80 804 80 i &
U 70+ 70 70 n
60 60 60 | id
[} 50- -4 fu} 504 {2
= 1 Q 40
gD - \ AqF o,
204 ) 20
0.6% * 9.5%"
] 504 10:1 IR . 50:1 101
=1 el
E7/A2 i &
- T '1 T |-|u T ln:nm TP T =T l'lII I-I TETITIY |. TITmr T ||in-u . i l' Ll O-I" T T T T T
Tetramer

FIG. 3. Tetramer and CD8 staining and specific CTL lysis (insets) of restimulated splenocytes from influenza virus/A2 or E7/A2-immunized
KA(E7+), K14.hgh/B7 (E7—), and FA(E7—) mice. Cells were stained with influenza virus A2-tetramer (A to C) or E7/A2 tetramer (D to F). In
CTL assays, effector cells were pulsed with EL4.A2 target cells pulsed with influenza virus/A2 peptide (A to C), E7/A2 peptide (D to F), or
irrelevant peptide (background). Results are shown for influenza virus/A2 peptide and E7/A2 peptide. Background lysis was <20% at an E:T ratio

of 50:1.

lated cells was stained with specific tetramer and anti-CDS§, and
the remaining half was reacted in a >'Cr release CTL assay
against peptide-pulsed target cells at various effector/target cell
(E:T) ratios. Restimulated spleen cells from FA(E7—) mice
immunized with E7/A2 or influenza virus/A2 showed increas-
ing staining with E7/A2 tetramer (Fig. 2A to C) and influenza
virus/A2 tetramer (Fig. 2D to F), respectively, with age of the
mice. In contrast, restimulated spleen cells from KA(E7+)
mice immunized with E7/A2 or influenza virus/A2 failed to
show increasing tetramer staining with either E7/A2 tetramer
(Fig. 2G to I) or influenza virus/A2 tetramer (Fig. 2J to L) with
increasing age of the mice.

Tetramer binding correlated with CTL killing. The CTL
activity of restimulated splenocytes from immunized FA(E7—)
mice on E7/A2-pulsed targets (Fig. 2A to C, insets) and influ-
enza virus/A2-pulsed targets (Fig. 2D to F, insets) increased in
mice 2 to 4 weeks of age (but note that a maximal level of CTL
killing could be reached, upon which further increase in spe-
cific tetramer-binding cells did not occur [Fig. 2E and F]). The
CTL activity of restimulated spleen cells from immunized
KA(E7+) mice on E7/A2-pulsed targets (Fig. 2G to I, insets)
and on influenza virus/A2-pulsed targets (Fig. 2J to L, insets)

was down-regulated compared to corresponding responses of
FA(E7—) mice, and no augmentation of the KA(E7+) re-
sponses was seen with increasing age of mice, representing
increasing cumulative lifetime experience of E7.

These results demonstrate that expression of transgene E7 is
associated with the lack of maturation of the ability to mount
cognate CD8" T-cell responses to both E7- and non-E7 anti-
gen following specific immunization, as measured by accumu-
lation of TCR-specific CD8" T cells and by functional (CTL)
assay.

Expression of a non-E7 transgene from the K14 promoter
does not down-regulate immunization-induced T-cell re-
sponses. We used Kl4.hgh/B7 mice expressing a human
growth hormone/B7 transgene driven from a K14 promoter to
confirm that down-regulated T-cell responses in mice express-
ing E7 from the K14 promoter were due to E7 and not to some
other transgene(s) expressed with an identical tissue distribu-
tion and in similar amounts. Restimulated splenocytes from
influenza virus/A2- and E7/A2-immunized K14.hgh/B7 mice
exhibited comparable CTL killing of target cells pulsed with
cognate peptide to FA(E7—) mice (Fig. 3B, C, E, and F,
insets), in contrast to restimulated splenocytes from immu-
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TABLE 1. CTL lysis of peptide-pulsed target cells by restimulated
splenocytes from FA(E7—) and KA(E7+) mice 2 months after
immunization

% CTL lysis (mean * SD) at E:T ratio

Epitope” of:
50:1 10:1

E7/A2

FA(E7-) 11.6 = 1.7 35+1.5

KA(E7+) —-02+0.3 0.1 £04
Influenza virus/A2

FA(E7-) 512=1.6 60.7 £ 2.3

KA(E7+) 13.7 = 0.9 5.7x0.1

“ Epitope used for immunizing mice, restimulating splenocytes, and sensitizing
target cells.

nized KA(E7+) mice, which exhibited characteristic down-
regulated CTL responses against target cells pulsed with ei-
ther influenza virus/A2- or E7/A2 epitope (Fig. 3A and D,
insets). Similarly, specifically restimulated splenocytes from
K14.hgh/B7 mice immunized with influenza virus/A2 or E7/A2
displayed high levels of E7/A2 tetramer or influenza virus/A2
tetramer binding, as in restimulated splenocytes from
FA(E7-) mice (Fig. 3B, C, E, and F) in contrast to restimu-
lated splenocytes from immunized KA(E7+) mice, which
showed characteristic low levels of influenza virus/A2 and
E7/A2 tetramer staining (Fig. 3A and D).

These results show that expression of E7, but not another
gene, from the K14 promoter is associated with down-regula-
tion of immunization-induced T-cell responses to E7 and
non-E7 immunogens.

E7 expression down-regulates memory as well as primary
T-cell responses to immunization with E7 and non-E7 anti-
gens. To examine whether E7 expressed as a transgene down-
regulates memory as well as primary T-cell responses, we com-
pared specific CTL activity of restimulated splenocytes from
KA(E7+) and FA(E7—) mice which had been immunized 2
months previously. Restimulated splenocytes from both E7/
A2-immunized and influenza virus/A2-immunized KA(E7+)
mice displayed lower CTL responses against target cells pulsed
with specific peptide than restimulated splenocytes from cor-
respondingly immunized FA(E7—) mice (Table 1). These data
are consistent with the notion that E7 expression down-regu-
lates memory CTL responses to E7 and non-E7 immunogens.

Avidity and affinity of CTL cells in KA(E7+) mice do not
differ from those of CTL cells in FA(E7—) mice. A number of
animal models demonstrate that peripheral tolerization in-
volves deletion of high-affinity and -avidity pCTL which recog-
nize cognate peripherally expressed antigen, leaving a residual
population of low-avidity and -affinity pCTL (4, 25, 30). To
examine the avidity of E7/A2- and influenza virus/A2-specific T
cells in KA(E7+) and FA(E7—) mice, equal numbers of re-
stimulated splenocytes from E7/A2- and influenza virus/A2-
immunized mice were reacted in °'Cr release assays with target
cells pulsed with a range of cognate peptide concentrations.
The data in Fig. 4 show a uniformly lower level of killing by
specifically restimulated splenocytes from KA(E7+) mice than
from FA(E7—) mice on E7/A2-pulsed targets (Fig. 4A) and on
influenza virus/A2-pulsed targets (Fig. 4B). However, specific
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tetramer labeling indicated the number of tetramer-binding
cells in restimulated splenocytes from KA(E7+) mice to be 6-
to 10-fold lower than in FA(E7—) mice (Fig. 1), confirming
earlier findings of lower pCTL frequency in limiting-dilution
CTL assays (12). Were the data in Fig. 4A and B normalized to
the number of E7/A2- and influenza virus/A2 tetramer-binding
cells, respectively, then the difference in cytotoxic efficacy be-
tween effector populations from KA(E7+) and FA(E7—) mice
would vanish. Thus, the data in Fig. 4 suggest that E7/A2- and
influenza virus/A2-specific CTL populations in KA(E7+) mice
have a spread of avidities for target cells displaying E7/A2 and
influenza virus/A2 epitopes, respectively, similar to the spread
of avidities seen in corresponding CTL populations from
FA(E7-) mice.

The kinetics of binding of epitope tetramer to cognate TCR
provide a measure of affinity of the TCR for the epitope-MHC
class I complex (44). To monitor the affinities of the E7/H-2"-
specific and OVA/H-2"-specific T cells of KA(E7+) mice com-
pared with those of FA(E7—) mice, specifically restimulated
splenocytes from E7/H-2° and OVA/H-2"-immunized
KA(E7+) and FA(E7-) mice were reacted with cognate tet-
ramer and examined at intervals over a 50-min period. (Pre-
liminary experiments indicated that maximal staining occurred
by 50 min). More than 65% of maximal staining with E7/H-2"
tetramer occurred after 5 min and >85% occurred after 20 min
in restimulated splenocytes from E7/H-2°-immunized
FA(E7—) and KA(E7+) mice (Fig. 5A and B, respectively). [A
similar kinetics of staining with OVA/H-2" tetramer was seen
in restimulated splenocytes from OVA/H-2"-immunized
FA(E7—) and KA(E7+) mice (Fig. 5C and D, respectively).]
Comparable kinetics of tetramer binding in KA(E7+) mice
and FA(E7-) mice indicate a similar range of affinities of
E7/H-2°- (and OVA/H-2"-) CD8™ T cells for cognate epitope-
MHC complex in mice which express E7 from the K14 pro-
moter [KA(E7+)] and those which do not [FA(E7—)]. A sim-
ilar conclusion regarding affinities was inferred from the
binding kinetics of E7/A2 and influenza virus/A2 tetramers to

restimulated splenocytes from appropriately immunized
KA(E7+) and FA(E7—) mice (data not shown).
% TraE| ~—FA(E7 -)
451 A mKA(E7+)| 901 B —aKA{E7+)
E 401 80+
9 35+ 70+
& 201 60-
b= o5 50
= 20 40
B 154 30
3% 104 ./E/.\i\.\. 20
5+ 104
0 ————— 0 —————]
100 10 1.0 0.1 0.01  0.00% 100 10 1.0 01 0.0t 0.001

PEPTIDE CONCENTRATION (pg/mL)

FIG. 4. Cytotoxicity (°'Cr release) of specifically restimulated
splenocytes from E7/A2 (A)- and influenza virus/A2 (B)-immunized
FA(E7-) and KA(E7+) mice against EL4.A2 target cells pulsed with
a range of concentrations of cognate peptide. The E:T ratio was 50:1.
Controls included target cells without peptide or pulsed with irrelevant
peptide (background). Background lysis was <16% for FA(E7—) as-
says or 5% for KA(E7+) assays.
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Minutes
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16% 18% 18%
FA (E7-) p
B 2% 3% 3% 3%
KA (E7+) .
E7/H-2" Tetramer
C 30, 4% 4% 5%
FA (E7-) ;
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FIG. 5. Binding kinetics of E7/H-2° tetramer and OVA/H-2° tetramer to specifically restimulated splenocytes from E7/H-2°-immunized
FA(E7-) mice, OVA/H-2P-immunized FA(E7—) mice, E7/H-2-immunized KA(E7+) mice, and OVA/H-2 -immunized KA(E7+) mice. Cells
were reacted at time zero with anti-CD8 antibody and tetramer and then sampled for specific staining at the time intervals shown. Data are gated

on CD8™ cells.

Down-regulation of tetramer-binding and CTL activities in
specifically restimulated splenocytes from KA(E7+) mice is
not associated with TCR down-regulation. It has been demon-
strated at least in some models that a way to achieve a low-
avidity phenotype and tolerance is to decrease the density of
specific TCR on the cell surface (16, 20). We examined
whether the down-regulated tetramer-binding and CTL activ-
ities observed in restimulated splenocytes from KA(E7+) mice
were associated with TCR down-regulation in specific tet-
ramer-binding cells. Data showed that the intensity of TCR
staining in E7/A2 tetramer® CD8™ cells did not differ appre-
ciably between restimulated splenocytes from E7/A2-immu-
nized FA(E7—) and KA(E7+) mice (Fig. 6E and F). Similarly,
the intensity of TCR staining in influenza virus/A2 tetramer™
CD8™" T cells did not differ appreciably between restimulated
splenocytes from influenza virus/A2-immunized FA(E7—) and
KA(E7+) mice (Fig. 6G and H). CDS staining is included as a
control (Fig. 6A to D). Note that CD8 and TCR antibody
binding levels were unaffected by cobinding of tetramer, indi-
cating that no competition for binding occurred (data not
shown). Since we hypothesize that E7 expression in epithelium

is associated with a general down-regulation of responsiveness
in CD8™" T cells of all specificities, we also examined levels of
TCR expression in total T cells from KA(E7+) and FA(E7-)
mice. No difference in intensity of TCR (Fig. 6L to N) or CD8
(Fig. 61 to K) staining was observed between splenic T cells
from immunized FA(E7-) and KA(E7+) mice either with or
without in vitro restimulation. These data indicate that toler-
ance in CD8™" T cells from mice expressing E7 in epithelium is
not associated with TCR (or with CD8) down-regulation on
activated or nonactivated T cells.

Down-regulation of tetramer-binding and CTL activities
in specifically restimulated splenocytes from immunized
KA(E7+) mice is not associated with overall alteration in TCR
VB-chain usage. Deletional models of T-cell tolerance indicate
that clones of T cells whose TCRs recognize self antigen plus
MHC with high affinity are deleted, leaving holes in the T-cell
repertoire detectable at the population level by skewed TCR
VB-chain usage (25, 30). We examined VB-chain usage in
restimulated splenocytes from E7/A2-immunized KA(E7+)
and FA(E7—) mice. Restimulated KA(E7+) splenocytes
which stained with E7/A2 tetramer displayed an oligoclonal
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FIG. 6. CD8 and pan-TCR staining of T cells from E7/A2-immunized and influenza virus/A2-immunized FA(E7—) and KA(E7+) mice gated
on E7/A2 tetramer * cells (A, B, E, and F) or influenza virus/A2 tetramer™ cells (C, D, G, and H) or total splenic T cells (I to N). Shaded,
KA(E7+) splenocytes; unshaded, FA(E7—) splenocytes. [Functional tolerization of KA(E7+) splenocytes compared with FA(E7—) splenocytes
was confirmed in this experiment by down-regulation of specific cytolysis in a concomitantly conducted CTL assay (not shown).]

response, utilizing predominantly TCR VB3 but also VR4,
VRS, VB8.2, VB8.1.2.3, VB9, VB13, and VP17 (Fig. 7). Re-
stimulated FA(E7—) splenocytes which stained with E7/A2
tetramer had a similar pattern of TCR VB-chain usage. (Note
from Fig. 7 that positive staining with the above VB antibodies
accounts for about 100% of the E7/A2 tetramer™ cells. Thus,
we consider it unlikely that we have missed any significant TCR
VB usage.) These data lend support to the premise that down-
regulation of T-cell responses in mice expressing E7 in epithe-
lium is not associated with deletion of E7-specific T-cell clones
from the T-cell repertoire.

T-cell functional down-regulation is associated with inabil-
ity to control E7-expressing tumor. We have previously shown
that control of E7-expressing tumor is effected by CD8™ T cells
(17). To determine whether lack of CD8" T-cell responsive-
ness in KA(E7+) mice, as measured in vitro, translated into a
lack of responsiveness in vivo, we challenged E7/H-2-immu-
nized KA(E7+) and FA(E7—) mice with the E7-expressing
epithelial tumor TC-1. E7/H-2"-immunized FA(E7—) mice de-
veloped no tumors, indicating that specific immunization can
confer tumor protection in these mice. However, E7/H-2"-
immunized KA(E7+) mice developed tumors almost as readily
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FIG. 7. Restimulated splenocytes from E7/A2-immunized KA(E7+) mice (shaded bars) and FA(E7—) mice (unshaded bars) have similar
patterns of TCR VpB-chain usage. Specific VB-staining cells are shown as a percentage of total E7/A2 tetramer-binding cells. The level of
background staining is indicated by the dotted line. [Functional tolerization of KA(E7+) splenocytes compared with FA(E7—) splenocytes was
confirmed in this experiment by down-regulation of specific cytolysis in a concomitantly conducted CTL assay (not shown).]

as PBS-immunized (control) KA(E7+) mice (Fig. 8). Note
also that KA(E7+) mice developed tumors more readily than
control FA(E7—) mice, suggesting that they were unable to
respond to endogenous E7 expressed by the tumor. These data
are consistent with the notion that lack of CD8" T-cell respon-
siveness associated with E7 expression in epithelium precludes
effective control of E7-expressing tumor.

T-cell development in mice expressing E7 in cortical thymic
epithelium. Our previous experiments indicated that E7 ex-
pression in thymic cortical epithelium is not necessary for the
development of down-regulated E7-directed CTL responses in
KA(E7+) mice, consistent with a lack of negative selection of
E7-directed precursors during T-cell maturation in the thymus.
However, we wished to inquire whether E7 expression in thy-
mic cortical epithelium otherwise perturbed gross T-cell devel-
opment which might influence the outcome of CTL responses
in the periphery. Groups of three KA(E7+) and FA(E7-)
mice were examined at various ages. Thymuses of all and
spleens and lymph nodes of some KA(E7+) mice at 6 and 13
to 14 weeks, but not 5 to 9 days, were larger than those of
age-matched FA(E7—) mice (not shown). We examined CD4
and CDS8 expression in thymic, splenic, and lymph node cells of
KA(E7+) and FA(E7—) mice (Fig. 9). Overall proportions of
CD4/CDS8 double-negative, CD4/CD8 double-positive, CD4
single-positive, and CDS8 single-positive T cells were similar in
thymuses from age-matched FA(E7—) and KA(E7+) mice.
However, thymuses from KA(E7+) mice at 6 weeks and 13 to
14 weeks contained CD4/CDS8 double-positive cell populations
with a wider spread of staining intensities, and somewhat
higher numbers of CD4 single-positive cells, than thymuses
from correspondingly aged FA(E7—) mice (Fig. 9). Absolute
numbers of CD8 single-positive T cells and proportions of CD4
single-positive and CDS single-positive T cells in peripheral
lymphoid organs were comparable between KA(E7+) and
FA(E7—) mice at all ages tested (Fig. 9).

DISCUSSION

There is no natural animal model of HPV-associated cervi-
cal cancer, since (i) HPV infection is species-specific and (ii)
animal papillomaviruses produce dissimilar diseases. Mice
which express an E7 transgene driven from an epithelium-
specific human K14 promoter display hyperplasia and dyspla-
sia, frequently leading to papillomatosis and squamous cell

carcinoma (22), and provide a model for E7-mediated epithe-
lial transformation in humans.

The human K14 promoter drives gene expression in skin,
tongue, and esophagus epithelium and in thymic epithelium,
where it is specifically active in cortical epithelial cells, the cell
type involved in positive selection of T cells (26, 29). Mice
which express HPV16 E7 oncoprotein from a Kl4-driven
transgene show down-regulation of E7-directed CTL re-
sponses as measured by classical >'Cr release assays (12, 19).
Using bone marrow-reconstituted, thymus-grafted radiation
chimeric mice, we have shown that (i) T cells made to mature
through a non-E7-expressing thymus into a mouse expressing
E7 in peripheral epithelium show down-regulated CTL re-
sponses compared to T cells from non-E7 transgenic mice, and
(ii) in contrast, T cells made to mature through an E7-express-
ing thymus into a mouse which does not express E7 in periph-
eral epithelium do not show down-regulated CTL responses
compared to T cells from non-E7 transgenic mice (13). In
further experiments (14), we have shown that precursor CTLs
in E7-naive adult splenocytes transferred into E7 transgenic
(but not non-E7 transgenic mice) showed down-regulated CTL
responses. We interpreted these data to indicate that expres-
sion of E7 in peripheral epithelium is sufficient to cause down-
regulation of E7-directed CTL responses.

In the present study we use the more sensitive tool of MHC
class I tetramer binding to quantify CD8" T cells bearing cog-
nate TCR in specifically immunized mice expressing E7 in
peripheral epithelium and thymic cortical epithelium and in
controls. We show that E7 epithelial expression down-regu-
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FIG. 8. Growth of E7-expressing tumor (TC-1) in immunized
KA(E7+) and FA(E7—) mice.
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FIG. 9. CD4 and CD8 expression on cells of thymus, pooled inguinal, and popliteal lymph nodes and spleens from KA(E7+) and FA(E7—)
mice of various ages, measured by FACS analysis. Numbers in quadrants are percentages. For thymus, percentages are given as percent total cells
(i.e., all four quadrants). For spleens and lymph nodes, percentages are given as percent total CD4" plus CD8" plus CD4/CD8 double-positive
cells (i.e., not including the CD4/CD8 double-negative quadrant, which contains B cells, etc.).

lates the expansion of not only E7-directed CD8" T cells but
also, surprisingly, non-E7-directed CD8™" T cells in response to
restimulation with specific antigen.

Specific tetramer binding was unable to distinguish between
the numbers of precursors in spleen or lymph nodes of specif-
ically immunized KA(E7+) mice and FA(E7—) mice ex vivo
after specific immunization (Fig. 1). This may reflect the limits
of sensitivity of detection of the assay (ca. 1 in 10*). However,
the capacity of primed E7/A2- and influenza virus/A2 precur-
sors to proliferate in vitro (measured by tetramer binding) in
response to restimulation with cognate antigen was severely
compromised in KA(E7+) mice, and this was reflected in
diminished CTL responses against target cells coated with rel-
evant epitope (Fig. 1). Topographically identical expression of
a non-E7 transgene did not appreciably compromise cognate
antigen restimulation or the capacity of restimulated cells to
kill relevant targets (Fig. 3), indicating that the CD8" T-cell
functional down-regulation is associated with expression of E7.

Tetramer binding represents interaction between TCR and
cognate MHC complex, and the kinetics of binding provides a
measure of affinity of TCR for its peptide-MHC ligand. The
kinetics of tetramer binding of E7/H-2"-restricted precursors
of immunized KA(E7+) mice was similar to the corresponding
precursors of immunized FA(E7—) mice (Fig. 5). A similar
finding was obtained with E7/A2-restricted precursors. A re-

cent suggestion that interaction of the CD8 molecule with the
class I domain may supplement TCR binding (9) is unlikely to
be relevant at least in the latter result since murine CDS has
limited capacity for binding the human «-3 domain (23)
present in our tetramers. We interpret the tetramer-binding
kinetics data to indicate that the range of affinities displayed by
E7-directed (and OVA- and influenza virus-directed) CD8" T
cells in KA(E7+) mice is similar to the range of affinities
displayed by CD8* T cells from FA(E7—) mice.

Likewise, the avidity of pCTL from KA(E7+) mice is similar
to that seen in FA(E7—) mice, as evidenced by similar sensi-
tivity to E7/A2 peptide concentration used for sensitizing tar-
get cells (Fig. 4). Additionally, we note that overall levels of
CDS8 and TCR expression (which contribute to T-cell avidity)
are similar on E7/A2 and influenza virus/A2 tetramer-binding
CD8™" T cells from KA(E7+) and FA(E7—) mice (Fig. 6). We
have not excluded the possibility that the expression of a sec-
ond «a chain, which can compete with the same B chain to
produce another TCR with a different specificity, may have
reduced the actual density of TCR specific for cognate antigen.
This phenomenon was not observed, however, in tolerized
CTL in p53 self-tolerant mice (23, 39) or influenza virus nu-
cleoprotein transgenic mice (10).

A mechanism of CD8* T-cell tolerance induction by periph-
eral expression of neo-antigen, at least in some other trans-
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genic mouse systems, is specific deletion of high-affinity pCTL
by apoptosis, leaving a residual population of low affinity pCTL
(see reference 30 for a review). We argue from the above data
that CD8* T-cell functional down-regulation induced by ex-
pression of E7 transgene in epithelium does not involve ap-
preciable deletion of high-affinity/avidity E7-directed CD8"
pCTL. The argument for lack of deletion is supported by our
observation of similar TCR VB-chain usage in E7/A2 tet-
ramer” CD8" T cells from KA(E7+) and FA(E7—) mice (Fig.
7). (While variation in VB-chain usage may occur among in-
dividual mice [10], this has been minimized in our experiment
by pooling splenocytes from five mice per group.) Our data
suggest the absence of holes in the repertoire which may be
observed among T-cell populations in which clonotypic dele-
tion of self-reactive T cells has occurred (4), in accord with
recent findings in tolerized T-cell populations in other trans-
genic models where autoreactive T cells have escaped deletion
(e.g., reference 10).

A further outcome of our study is the demonstration of the
limitations of bulk CTL readouts as a measure of immune
status (31). Figure 2D to F, Fig. 2J to L, and Fig. 3A to C
clearly demonstrate that percent CTL lysis does not accurately
reflect numbers of antigen-specific CD8™ cells, and indeed it is
only when these cells are quantified using tetramers that the
magnitude of the down-regulation of CD8" T-cell responsive-
ness to E7- and non-E7 antigens in KA(E7+) mice becomes
apparent. We cannot exclude the possibility that CD8" T cells
of too low an affinity to bind tetramer, yet still capable of
specific target cell lysis (23), may have been present in our
system. In six of seven assays documented here and elsewhere
(13, 14) and in many others from our laboratory, influenza
virus/A2 CTL responses were consistently ca. 5 to 15% lower in
KA(E7+) mice than in FA(E7—) mice. In the absence of
tetramer data prior to this study, we had previously overlooked
this difference (13, 14). In the light of our present results, we
now interpret these CTL data to indicate that the KA(E7+)
mice display down-regulated CD8" T-cell responses to non-E7
(i.e., influenza virus/A2) as well as E7 epitopes.

The data presented in this study do not formally distinguish
whether down-regulated CD8" T-cell responses to E7 and
non-E7 antigens occur as a result of E7 expression in periph-
eral epithelium, thymic cortical epithelium, or both. However,
we have previously demonstrated that down-regulated E7 CTL
responses occur in mice expressing E7 in peripheral epithelium
in the absence of E7 in the thymus but not in mice expressing
E7 in thymic cortical epithelium in the absence of E7 in pe-
ripheral epithelium (i.e., peripheral rather than central down-
regulation). An additional possibility with respect to the
KA(E7+) mice used in the present study is that while negative
selection of cognate T cells on E7 expressed in thymus cortical
epithelium may not have occurred, nonetheless E7 expression
in cortical epithelium may have nonspecifically perturbed T-
cell maturation and/or function. The observation of thymo-
megaly, frequent splenomegaly, and lymph node enlargement
and a somewhat different pattern of CD4/CD8 T-cell subsets in
thymuses (but not spleen or lymph nodes) of adult KA(E7+)
mice compared to their FA(E7—) counterparts (Fig. 9) sug-
gests that T-cell maturation and homeostasis are not identical
in the two lines of mice. However, the marked down-regulation
of CD4 and CDS coreceptors in thymic T cells in mice express-

HPV16 E7 DOWN-REGULATES T-CELL RESPONSE 5995

ing a K14-driven non-E7 transgene (ovalbumin peptide) (29)
and in K14.E7 mice, which unlike the KA(E7+) mice in the
present study are homozygous for the E7 gene (and are on a
solely H-29 background) (K. Malcolm, personal communica-
tion), was not seen in the present study.

In support of a peripheral mechanism for generalized down-
regulation of CD8" T cells responses, down-regulated influ-
enza virus/A2 responses as well as E7/A2 responses were seen
in chimeric mice expressing E7 in skin but not thymus which
were reconstituted with KA(E7+) bone marrow (high influ-
enza virus/A2 responses were recorded in the absence of E7 in
skin, with or without E7 expression in thymus) (13). While this
result was less clear when FA(E7—) bone marrow was used for
reconstitution, in a further experiment adult splenocytes from
FA(E7—) mice adoptively transferred to irradiated adult
KA(E7+) recipients showed down-regulated reconstitution of
E7 and influenza virus CTL responses compared to FA(E7—)
recipients 2 weeks after transfer (14).

These observations, and our previous results demonstrating
cross presentation of E7 (14) are consistent with a model in
which E7 in skin is accessed by professional antigen-presenting
cells (dendritic cells, macrophages) which deliver a nonspecific
down-regulatory signal to CD8™ cells in primary and secondary
lymphoid organs. The concept of a distinct set of dendritic cells
which transports antigen from the periphery to T-cell areas of
draining lymph nodes for induction and maintenance of pe-
ripheral T-cell tolerance is supported by other observations
(36, 37, 38). Additionally, T-cell functional down-regulation in
KA(E7+) mice may result from expression of E7 in thymic
cortical epithelium which may serve to perturb the develop-
ment of and/or the ability of mature CD8" T cells to respond
to cognate antigen. Antigen expression in thymic cortical epi-
thelium is classically thought to induce positive selection (26)
or at the very least, activation, but not deletion (29) of cognate
T cells. Our data on similar VB-chain usage in KA(E7+) and
FA(E7—) mice might argue against the differential expansion
of E7-specific T-cell clones in the former mice. Nonetheless,
recently reported cognate TCR editing occurring on thymic
cortical epithelium (29), in which autoreactive (in our case E7)
TCR may be internalized and new secondary TCR gene rear-
rangements may allow the expression of a TCR of modified
specificity, could have perturbed the T-cell repertoire in our
system.

Dendritic cells and macrophages pretreated with E7 (but not
other HPV proteins) in vitro produce high levels of immuno-
suppressive alpha interferon (27) and inhibit T-cell responsive-
ness as measured by allogeneic mixed lymphocyte reaction.
Furthermore, E7 added directly to peripheral blood mononu-
clear cell cultures inhibits the T-cell response to unrelated
recall antigens (27), probably by the same mechanism. These in
vitro observations suggest a possible mechanism for the non-
specifically down-regulated CD8™ T-cell responses in vivo ob-
served in the present study. Dendritic cells have been shown to
secrete a number of other cytokines which may inhibit T-cell
activation under various circumstances, e.g., NO (1), interleu-
kin-10 (35), and transforming growth factor 8 (5). Our data are
also consistent with observations that anergic T cells inhibit
responsive T cells by perturbation of antigen presentation by
dendritic cells (40).

Down-regulation of CD8" T-cell responses to peripherally
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expressed antigens depends, at least in some cases, on the
generation of regulatory CD4™ T cells (25). It is unlikely that
the CD8" T-cell functional down-regulation that we report
here depends on impairment of cognate CD4™ help, since we
have previously shown enhanced E7-directed CD4" T-helper
responses in E7 CTL-tolerant mice expressing E7 in peripheral
epithelium and thymic cortical epithelium (19). Similarly, pa-
tients with E7-associated cervical carcinoma make adequate
E7-directed T-proliferative (24) and antibody (11) responses
suggesting intact CD4™ helper function.

While we have shown that mice expressing an E7 transgene
in epithelium make no measurable CTL responses to the trans-
gene E7 (16), our present data indicate the existence of high-
avidity E7-directed pCTL in such mice. Lack of E7-directed
autoimmunity in these mice (3) is in agreement with models in
which pCTL to self (39) or transgene (10) antigens may be
demonstrated without concomitant autoimmune conse-
quences.

Cervical carcinoma patients make poor CTL responses, in-
cluding responses to both the E7/A2 epitope and influenza
virus/A2 epitope used in our study (33), even after specific
immunization. This suggests that E7 expression in transformed
cervical epithelium may serve to functionally down-regulate
T-cell responsiveness, with the result that specific immuniza-
tion fails to control tumor growth, as it does in our mouse
model (Fig. 8). Thus, means to circumvent down-regulation of
CTL function may be necessary for optimizing immunotherapy
for cervical cancer. That E7-mediated CD8" T-cell functional
down-regulation does not delete high-avidity E7-specific CTL
gives optimism for overcoming putative CTL tolerance in cer-
vical cancer, since high-affinity CTL are likely to be most func-
tionally effective in reducing tumor load (3, 44, 45).

There are parallels with mice in which residual CTL re-
sponses (reflecting substantive, but incomplete tolerance) to
nonmutated self antigens e.g., p53 (23) and melanoma antigens
(8, 45) can be enhanced with appropriate immunization. While
CTL in such models are predominantly low affinity (because,
unlike the situation with E7 expression in epithelium in our
mice, tolerization in these models involves deletion of most
antigen-specific T cells of high avidity), selective expansion of
high-avidity CTL could be achieved with low concentrations of
restimulating peptide (2, 45) or peptide tetramers (44).

Overall, our data are consistent with a hypothesis in which
expression of HPV16 E7 in epithelium serves to down-regulate
E7-specific CD8" T-cell-mediated responses necessary for
control of E7-expressing tumor, and also non-E7-specific
CD8™" T-cell responses. The mechanism(s) of this down-regu-
lation is the subject of ongoing investigation in our laboratory.
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