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The Journal of Immunology

Induction of Tumor Cell Apoptosis In Vivo Increases Tumor
Antigen Cross-Presentation, Cross-Priming Rather than
Cross-Tolerizing Host Tumor-Specific CD8 T Cells

AnnaK. Nowak,* Richard A. Lake* Amandal.Marzo,® Bernadette Scott,>*
William R. Heath," Edward J. Collins,* Jeffrey A. Frelinger,* and Bruce W. S. Robinson**

Cross-presentation of cell-bound Agsfrom established, solid tumorsto CD8 cellsisefficient and likely to havearolein determining
host response to tumor. A number of investigators have predicted that when tumor Ags are derived from apoptotic cells either no
response, dueto Ag “sequestration,” or CD8 cross-tolerance would ensue. Because the crucial issue of whether thishappensin vivo
has never been addressed, we induced apoptosis of established hemagglutinin (HA)-transfected AB1 tumorsin BALB/c mice using
the apoptosis-inducing reagent gemcitabine. This shrank the tumor by ~80%. This induction of apoptosis increased cross-
presentation of HA to CD8 cells yet neither gross deletion nor functional tolerance of HA-specific CD8 cells wer e observed, based
on tetramer analysis, proaliferation of specific CD8 T cells, and in vivo CTL activity. Interestingly, apoptosis primed the host for
a strong antitumor response to a second, virus-generated HA-specific signal in that administration of an HA-expressing virus after
gemcitabine administration markedly decreased tumor growth compared with viral administration without gemcitabine. Thus
tumor cell apoptosis in vivo neither sequesters tumor Ags nor cross-tolerizes tumor-specific CD8 cells. This observation has
fundamental consequences for the development of tumor immunotherapy protocols and for understanding T cell reactivity to
tumors and the in vivo immune responses to apoptotic cells. The Journal of Immunology, 2003, 170: 4905-4913.
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pathway for presentation by host APCs to CD8 cells, aapy, alters the efficiency of cross-presentation and the response o

process commonly known as “cross-presentation” (1-3).tumor-specific T cells.
Cross-presentation has been the focus of much research over theln vitro, Ags from apoptosing cells can be cross-presented to
past few years. It is an extremely efficient process and because specific CD8 cells via dendritic cells (DCAnd, in some studies,
can induce either tolerance or immunity to Ags expressed in normacrophages and B cells (5). Studies with APCs loaded with apo-
mal tissues, it is thought to have a role in the maintenance of selptotic cells in vitro then injected into mice have produced quite
tolerance as well as the rapid clearance of viruses (2) althoughariable results, some demonstrating tolerance (6—8) and othersg
the overall importance of cross-presentation in vivo remainspriming of CD8 responses (9—15). An in vivo study of apoptosing @
uncertain (4). pancreatic islet cells demonstrated the development of tolerance @

It is unknown whether apoptotic or live cells are the source ofafter cross-presentation of islet cell Ags (16), but no clear picture S

cross-presented Ag in normal tissues (1). It is essential to undeiis available of what is likely to occur in vivo when tumor cells JC>
stand the effects of apoptosis on tumor Ag cross-presentation inpoptose. However, what happens in vivo is important, because the@
vivo because such knowledge is crucial for understanding how @utcome of cross-presentation of Ags derived from tumor cells that %
host interacts with established tumors and, equally importantlyapoptose in vivo is likely to be critical for developing effective
tumor immunotherapy approaches (17, 18). Therefore, it is crucial
to establish methods of evaluating the in vivo host response to
*Tumor Immunology Group, Department of Medicine, University of Western Aus- tUmor Ags that are cross-presented from cells made apoptotic in

tralia and Western Australian Institute of Medical Research, Perth, Austfédia;  vivo, and whether such a process induces tolerance or activation of
munology Division, Walter and Eliza Hall Institute, Parkville, Australia; difxk- ;
partment of Microbiology and Immunology, University of North Carolina, Chapel reSpondmg CD8 cells.

A ntigens from peripheral tumor cells can enter the class lhow the induction of apoptosis in tumor cells, e.g., by chemother-
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Hill, NC 27599 Most of the data describing the relationship between cellular
Received for publication November 8, 2002. Accepted for publication February@POPtosis and T cell responses to Ags from such cells has been
24, 2003. generated in part or in whole by cross-presentation experiments
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host immune responses. This may explain why in vitro studies
have produced variable results with regard to the capacity of apo-
ptotic cells to be cross-presented by different host APCs.

To determine whether Ags cross-presented from tumor cells
which apoptose in vivo are sequestered from the host Ag presen-
tation pathways and/or induce Ag-specific tolerance, we estab-
lished a model using hemagglutinin (HA) Ag-transduced tumor
cells, in which apoptosis could be pharmacologically induced in
vivo using the false nucleotide agent, gemcitabine. This agent is
ideal for studies of in vivo induction of apoptosis because it in-
duces cell death by apoptosis, is relatively nontoxic, can be used in
vivo, and its general effects on immune responses are well-de-
scribed (20-22).

The data in our study demonstrate that induction of tumor cell
apoptosis in vivo not only does not sequester cell-associated Ags
but actualy increases tumor Ag cross-presentation, leading to
priming rather than tolerance of tumor-specific CD8 T cells.

Materials and Methods
Mice

BALB/c (H-2%) mice were obtained from the Animal Resources Center
(Perth, Australia) and maintained under standard conditions in the Depart-
ment of Medicine animal holding area (University of Western Australia,
Perth, Australia). Two lines of anti-HA TCR transgenic mice were used.
Clone 4 TCR transgenic mice (CL4; Ref. 23) express a TCR recognizing
the dominant class I-restricted HA epitope. HNT TCR transgenic mice
express a class |l-restricted receptor that recognizes the dominant class
I1-restricted HA epitope (24). All mice used in these studies were between
8 and 12 wk of age.

Céll lines

All cell lines were regularly tested and remained negative for Mycoplasma
spp. The murine AB1 tumor cell lineisaclass 1", class I~ tumorigenic
malignant mesotheliomacell line (25). Cell lines were maintained in RPMI
1640 (Invitrogen, Carlsbad, CA) supplemented with 20 mM HEPES, 0.05
mM 2-ME, 100 U/ml penicillin (CSL, Melbourne, Australia), 50 ug/ml
gentamicin (David Bull Labs, Victoria, Australia) and 5% FCS (Invitro-
gen). AB1 cells were transfected with the murine influenza HA gene as
previously described (AB1-HA; Ref. 26). Expression of HA was measured
by FACS analysis before use in each experiment. Gemcitabine-resistant
AB1-HA (AB1-HA-GR 250) was generated by culturing cells in media
containing progressively increasing concentrations of gemcitabine (Eli
Lilly, Indianapalis, IN). At each concentration, the cell line was passaged
until growth rates were the same as the untreated parent cell line before
increasing the concentration of gemcitabine. This cell line was grown and
passaged in a final concentration of 1.67 wg/ml gemcitabine. The IC5, as
assessed by the colorimetric MTT assay was >800-fold that of the parent
cell line. AB1-HA-GR 250 maintained equivalent expression of the
HA Ag.

Experimental protocol

AB1-HA or AB1-HA-GR250 tumor cells (1 X 10°) were inoculated s.c. on
one side of the ventral surface in the lower flank region. Treatment com-
menced 9 days later when a small palpable tumor was evident, ranging
from 1-2 mm in diameter. Mice were then injected i.p. with 120 ug/g
gemcitabine every third day for five doses, a regimen previously estab-
lished as a maximal tolerated dose for BALB/c mice (27). Control mice
received PBS vehicle alone. Mice were weighed before each dose and the
dose was adjusted for individual mice. Tumor size was measured with
calipers three times weekly during the course of chemotherapy and sub-
sequently until tumor size reached ~10 X 10 mm, at which point mice
were culled.

Adoptive transfer of transgenic lymphocytes

Adoptive transfer of transgenic lymphocytes was used to monitor changes
in tumor-specific CD8 cell numbers in tumors by tetramer staining, lym-
phocyte proliferation assays, and changesin levels of in vivo CTL activity.
Briefly, single cell suspensions of TCR transgenic lymphocytes were pre-
pared from BALB/c HNT and BALB/c CL4 mice. CD4 lymphocytes were
added to maintain CTL activity over the experimental time course (17).
LNs were donated by i.v. injection 1 day before the first treatment dose.
Cells were washed three times in PBS and counted by trypan blue exclu-

sion after the third wash. Mice were warmed with a heat lamp and then
briefly restrained for i.v. injection. Cells (1 X 10%) of each of HNT and
CL4 lymphocytes were injected in 200 pul.

CFSE (“ Lyons-Parish”) assay

To follow the fate of individual T cells throughout activation and clonal
expansion, the fluorescent dye CFSE (Molecular Probes, Eugene, OR) was
used. Dilution of CFSE-labeled T cells was performed as originaly de-
scribed by Lyons and Parish (28). Single cell suspensions were prepared
from LNs harvested from HNT or CL4 mice and labeled with CFSE. Ex-
perimental groupswereinjected i.v. with 200 ul per mouse. Sixty-six hours
after transfer, experimental mice were culled and single cell suspensions
were prepared from the draining LNs (DLN), contralateral LNs, mesenteric
lymph nodes (MLN), and spleens. Analysis was performed on a FACScan
using CellQuest software (BD Immunocytometry Systems, San Jose, CA).
For analysis of CFSE-labeled cells, 100,000 events were collected and
analyzed.

Tetramer staining

Tetramers were made as follows: HA-peptide/K® complexes were purified
by HPLC size exclusion chromatography and biotinylated. Tumor-infil-
trating lymphocytes were extracted by mechanical disaggregation of tumor.
For analysis, 1 X 10° lymphocytes were blocked in purified anti-mouse
CD16/CD32 (FcyllI/1IR; BD PharMingen, San Diego, CA), then stained
with the HA tetramer for 2 h at room temperature. Samples were then
incubated with FITC-labeled anti-CD8 Abs for 30 min. Data were acquired
on aFACScan flow cytometer, and analyzed using CellQuest software (BD
Immunocytometry Systems).

Bone marrow chimeras

BALB/c mice were lethally irradiated with 900 rad and then injected i.v.
with 5 X 10° BALB/c or BALB/c.H-2° T-depleted bone marrow cells (1,
2). The next day each recipient was injected i.p. with 50 ul of Thy-1-
specific ascites (T24) to remove residua T cells. Mice were |eft to recon-
stitute for at least 6 wk before use.

In vivo cytotoxic T-lymphocyte assay

The “in vivo CTL assay” examines effector CTL function so it has some
significant advantages over the in vitro CTL precursor expansion assay,
including the avoidance of many of the in vitro artifacts generated by the
latter assay and the selective expansion of CD8 populations. It was per-
formed as previously described (17). Experimental groups were injected
i.v. with 200 ul of differentially CFSE-labeled splenocytes per mouse.
Eighteen hours later, experimental mice were culled and single cell sus-
pensions were prepared from the DLN, contralateral LN, MLN, and
spleens. Analysis was performed on a FACScan (BD Biosciences, Moun-
tain View, CA) using CellQuest software. The cytotoxic ability of the host
CD8* population is measured by monitoring the loss of the peptide-labeled
CFSEH"SH peak as compared with the control CFSE-°" pesk (as per Ref. 17).

Lymphocyte proliferation assay

Single cell suspensions of lymphocytes were washed and resuspended in
RPMI 1640 with 5% FCS at 2 X 10° cells per well in 50 ul, and seeded
into 96-well flat-bottom tissue culture plates (BD Biosciences). Some wells
were precoated with 200 ul of antimurine CD3 (mAb KT3.2; American
Type Culture Collection, Manassas, VA; 1 mg/ml in PBS) overnight at
4°C, otherwise CL4 peptide was added to the cultures at concentrations of
1, 0.1, and 0.01 pg/ml. After a 48-h incubation, wells were pulsed with
[®H]thymidine (1 uCi/well) for 15 h, and harvested onto filter paper for
scintillation counting. All assays were done in triplicate.

Satistical analysis

Data comparing differences between groups was assessed using a Student’s
t test or the Mann-Whitney U nonparametric test. Differences between
tumor growth rates were compared using ANOVA. Kaplan-Meier survival
curves were compared using the log rank test. Differences were considered
significant when the p value was <0.05. Statistical analysis was conducted
using the SPSS for Windows program and the GraphPad Prism program
(GraphPad Software, San Diego, CA).

Results
Tumor Ag cross-presentation to host CD8 cells requires host
APCs and weakly cross-primes

To confirm that the HA Ag was cross-presented by donor APCs
rather than directly presented by the host tumor cells, bone marrow

2202 ‘6 1snbny uo 1s9nB Aq /60" jounwiwi:mmm//:dny wouy papeojumoq


http://www.jimmunol.org/

The Journa of Immunology

FIGURE 1. Tumor Ag cross-presentation to host

CD8 cdlls requires host APCs. To determine whether
host APCs were required for tumor Ag presentation,
BALB/c mice were either studied intact (A) or lethaly
irradiated to 900 rad and then injected i.v. with 5 X 10°
T-depleted bone marrow cells from BALB/c (B; i.e.,
which could present the peptide) or BALB/c. H-2° (C;
i.e., which could not present the peptide). Shown are
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reconstitution experiments were performed. HA cross-presenta-
tion, measured by adoptive transfer of CFSE-labeled CD8 cells
into the animals as described in Materials and Methods, was re-
stored in irradiated mice that received BALB/c marrow, i.e., with
APCs that bore the H-2¢ MHC restriction elements required to
present the class | HA peptide to host CD8 cells. HA cross-pre-
sentation was not restored in animals that received BALB/c.H-2P
marrow, i.e., by cells that expressed H-2° and therefore could not
present this peptide (Fig. 1). Thus, only when the host bone mar-
row-derived APC expressed the correct MHC haplotype was HA
presented to HA-specific T cells. Thisindicates that the tumor does
not directly present HA, but requires cross-presentation by
host APC.

The apoptosis-inducing agent gemcitabine shrinks the AB1-HA
tumor in vivo

Thein vitro sensitivity of AB1-HA to gemcitabine was established
using the colorimetric MTT assay to determine the ICg, of the drug
on this cell line. The IC4, of the gemcitabine-resistant cell line
AB1-HA-GR250 was >800-fold higher (data not shown). To ex-
aminein vivo sensitivity to gemcitabine, mice were given standard
therapy on a third daily schedule for five doses, 9 days after
AB1-HA tumor inoculation. Tumor sizes ranged from just palpa-
bleto 2 X 2 mm. Mice treated with gemcitabine showed a decrease
in tumor size and significant growth delay of tumors compared
with control treatment (p < 0.05) (Fig. 2A). When mice bearing
the gemcitabine-resistant AB1-HA-GR250 tumor were similarly
treated (Fig. 2A), there was no change in tumor growth rate be-
tween mice receiving gemcitabine or control injections. To quan-
tify the amount of tumor shrinkage induced by gemcitabine, the
effect of gemcitabine on larger established tumors was examined
by starting treatment when tumor size reached ~50 mm?. These
tumors showed an early decrease in size followed by a plateau
after ~81% shrinkage on tumor volume in vivo (Fig. 2B). Tumor
regrowth almost always occurred several days after the end of
treatment.

Induction of apoptosis in vivo does not result in sequestration of
tumor Ags from the cross-presentation pathway

The effect of apoptotic cell death on cross-presentation was as-
sessed in mice inoculated with AB1-HA tumor then treated with
gemcitabine, with tumor Ag-specific proliferation in vivo assessed
by analyzing changes in fluorescence in adoptively transferred
CFSE-labeled tumor-specific lymphocytes (Fig. 3).

In tumor-bearing mice treated with control vehicle, there was a
gradual increase in tumor size and in the proportion of proliferat-
ing adoptively transferred HA-specific CD8 lymphocytes. When
mice were treated with gemcitabine, the slope of the line increased
significantly (p < 0.02), with increased proliferation seen when
related to equivalent tumor size (Fig. 3A). For example, at asize of
40 mm?, Ag presentation from tumor that had been treated with
gemcitabine was nearly double that of animals given PBS aone
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(Fig. 3B). This demonstrates that Ag is more available for cross-
presentation following gemcitabine treatment, rather than being
sequestered from the cross-presentation pathway. This effect was
unlikely to be due to prolonged presentation from an “earlier”
tumor Ag load as Ag presentation ceased within several dayswhen
mice were “cured” of tumor and in animals that rejected allogeneic
tumor (data not shown).

To determine whether this effect was due to tumor apoptosis or
smply a direct effect of gemcitabine increasing the cross-presenting

A. Early therapy with gemcitabine
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FIGURE 2. The apoptosis-inducing agent gemcitabine induces regres-
sion of the AB1-HA tumor in vivo. A, Early treatment. To determine
whether this agent could produce tumor regression in vivo, mice (five per
group) with established AB1-HA or gemcitabine-resistant AB1-HA-
GR250 tumors were treated with five doses of gemcitabine or PBS injec-
tion every 3 days from days 9 to 21 after tumor inoculation, and tumor size
was evaluated. B, Late treatment. Mice (five per group) with established
AB1-HA tumors were treated with five doses of gemcitabine or PBS in-
jection at third daily intervals from when tumors reached a mean size of 50
mm?. Tumor size was calculated as the product of two measurements ob-
tained using calipers. Both experiments were repeated on three occasions
with similar results.

2202 ‘6 1snbny uo 1s9nB Aq /60" jounwiwi:mmm//:dny wouy papeojumoq


http://www.jimmunol.org/

4908 TUMOR APOPTOSIS CROSS-PRIMES HOST TUMOR-SPECIFIC T CELLS
A. Gemcitabine-sensitive tumor.
100 p<0.02 = Tumor + gemcitabine
2 o Tumor + PBS
§- " 59 S e Tumor + gemcitabine
-& E, O Tumor only linear
gs T " 7B T o
rﬁ 50yn, .
£g
I | i i ey o
£ asfrET
o o
0 T T T LI AL BB SRS S |
0 25 50 75 100 125 150
Tumour size (mm?)
B. Apoptosis increases antigen presentation.
Tumor free Tumor control Tumor + gemcitabine
o (=1 [~
= = =
23 2 2
T _ T T
Lo 3 ’ . b J L. ]
[0 L Pes &-. [ B I
O : Dl T lllIl 1' T Ill-l 2[ T lll-l 3l T T 4 o : 0! T l"-l 1! LRLLLL | 2I T lll.l 3l T 4 D ] Ul T lll-' 1' T lll.l 2! T lll.l 3! LELLEL q
10~ 10" 10© 10 10 10 100 10~ 10" 10 100 10" 10 107 10
FL1-H FL1-H FL1H
C. Gemcitabine-resistant tumor
754
1 o Tumor + PBS
g p=0.4 = Tumor + gemcitabine
gw 1 o Tumor + PBS
’é é 50__ a s Tumor + gemcitabine
=&
El:
3 =9
&)
0 e e
0 50 100 150 200 250
Tumor size (mm?)
FIGURE 3. Induction of apoptosis in vivo does not result in sequestration of tumor Ags from the cross-presentation pathway. To determine whether

apoptosis inducted prevented removed tumor Ags from the cross-presentation pathway, mice were inoculated with (A) AB1-HA tumor or (B) gemcitabine-
resistant AB1-HA-GR250 tumor, treated with gemcitabine as described above and a CFSE dilution (“Lyons-Parish”) analysis was undertaken. One, 5, 13,
and 21 days after gemcitabine treatment commenced, mice were adoptively transferred with CFSE-labeled cell suspension lymphocytes from naive CL4
mice. Sixty-six hours later, mice were culled and their lymphocytes were analyzed by FACS for proliferative activity, represented as a halving of
fluorescence for each division. Results were plotted representing tumor size vs percent proliferating cells adjusted for division number. C, Representative
CFSE analyses for gemcitabine-sensitive tumor at a tumor volume of 40 mm?.

activity of APCs, this experiment was repeated using the gemcit-
abine-resistant cell line AB1-HA-GR250, as above. When mice
bearing the gemcitabine-resistant tumor were treated, there was no
significant difference in proliferative activity between animals re-
ceiving gemcitabine and those receiving control vehicle (Fig. 3C).
Furthermore, when splenocytes of gemcitabine-treated mice were
used as APCs in a lymphocyte proliferation assay requiring pre-
sentation of specific peptides to untreated HNT or CL4 lympho-
cytes, there was no difference in proliferation between gemcitab-
ine-treated or control APCs (data not shown). Thus, APC function
is not nonspecifically altered by gemcitabine.

Apoptosing tumor cells do not induce deletion of tumor-specific
CDS8 cells

We assessed deletion of tumor-specific CD8 cells after gemcitab-
ine-induced apoptosis by using tetramers to evaluate tumor-spe-
cific CD8 cell numbers in vivo during and after treatment. Mice
bearing AB1-HA tumors were treated with gemcitabine or control
vehicle and DLN and spleens were removed, made into a single
cell suspension and double-stained with anti-CD8 Ab (BD Phar-
Mingen) and class | MHC-HA tetramer complexes then analyzed
by FACS to determine the percentage of CD8™ T cells specific for
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FIGURE 4. Apoptosing tumor cells do not delete CD8. To determine whether exposure of host T cellsto Ags from apoptotic tumor cellsinduced deletion
and functional tolerance, these parameters were assayed in mice inoculated with AB1-HA tumor and treated with gemcitabine or control vehicle as
described. A and B, Tumor cell apoptosis does not delete tumor-specific CD8 T cells. Five to 21 days after treatment commenced, mice were culled and
their DLN (A) and spleens (B) were removed and double-stained for HA-specific lymphocytes using the K 9-HA peptide-PE tetramer and CD8-FITC. The
percent of lymphocytes staining double-positive for both tetramer and CD8 is shown. C, Tumor cell apoptosis increases tetramer™ CD8 T cells in tumors.
Thirteen and 21 days after treatment commenced, mice were culled and their tumors were double-stained for tumor-infiltrating lymphocytes as above. The
percent of lymphocytes staining double-positive for both tetramer and CD8 is shown. D, Tetramer™ CD8 T cells also increase in tumors following adoptive
transfer of tumor-specific T cells. To increase the precursor frequency of tumor-specific T cells, 1 X 107 of each of HNT and CL4 lymphocytes were
adoptively transferred 1 day before commencing treatment and tetramer analysis were performed on tumor-infiltrating lymphocytes as above.

HA.. Despite exposure to increased levels of cross-presented tumor
Ag, tumor-specific CD8 T cell numbersin the DLN (Fig. 4A) and
spleens (Fig. 4B) of gemcitabine-treated animals were similar to
those from control animals. Interestingly, when tumors were ex-
amined, there was not only no evidence of reduction of specific
CD8 T cdlls in tumors but in fact a significant increase in the
percentage of tetramer-positive cells in gemcitabine-treated ani-
malswas observed 13 days after the start of gemcitabine treatment,
although there was no significant difference between the groups at
21 days (Fig. 4C). Because examination of a small number of
lymphocytes in tumors can be inaccurate, we increased the pre-
cursor frequency of tumor-specific T cells by prior adoptive trans-
fer and again, gemcitabine-treated animals exhibited clearly in-
creased proportions of tumor-specific CD8 cells within tumors
(Fig. 4D). This pattern in tumors was not present at earlier time
points (data not shown). Overall there was no clear evidence that
tumor-specific CD8 cells were deleted after gemcitabine-induced
tumor apoptosis.

Apoptosing tumor cells do not induce functional tolerance of
tumor-specific CD8 cells

Functional tolerance of tumor-specific CD8 cells after gemcitabine
treatment was evaluated by assessing in vivo CTL activity in mice
bearing AB1-HA tumor and treated with gemcitabine or control
vehicle. CTL activity increased in both groups between days 1 and
5 and at no time was there any significant difference between gem-
citabine-treated and control animals in the DLN (Fig. 5) and non-
DLN or MLN. Thus gemcitabine-induced apoptosis does not lead
to functional tolerance of tumor-specific CD8 cells.
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FIGURE 5. Tumor cell apoptosis does not diminish tumor-specific CD8
T cell lytic function in vivo. To determine whether apoptosis reduced the
in vivo functional CTL activity of tumor specific CD8 T cells, 1-21 days
after gemcitabine treatment commenced mice were injected with 2 X 10°
target cells (splenocytes loaded with tumor peptide and with different
CFSE concentrations (CFSE™'®" or CFSE-°W). One day later, mice were
culled and LN cells and spleens were examined by FACS for the ratio of
CFSE™'SH:CFSE-“" cells to determine the percent killing of peptide-la-
beled cells. Data shown are for the DLN from one experiment using five
mice per experimental group. The dotted line represents the mean values
seen in mice identically adoptively transferred with CL4 and HNT lym-
phocytes but that did not receive any tumor, and gemcitabine did not sig-
nificantly alter those values. *, Statistical significance, p < 0.05
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Apoptotic cells prime host antitumor CD8 responses in vivo

Although it was clear that the induction of tumor cell apoptosis
neither deleted nor tolerized the tumor-reactive CD8 cell popula-
tion, additional experiments were required to determine whether
apoptotic tumor cells significantly primed the host antitumor im-
mune response in vivo. The proliferative ability of tumor-specific
CD8" T cells following gemcitabine administration was assessed
as follows. Mice with small established tumors were treated with
afull course of gemcitabine, culled 1, 5, 13, and 21 days &fter the
start of gemcitabine treatment, and their lymphocytes were as-
sessed for proliferation in response to the nonspecific stimulus anti-
CD3 and to the class | HA peptide CL4. Although proliferation in
response to anti-CD3 was diminished in the lymphocytes of gem-
citabine-treated animals, these animals showed significantly
greater proliferation to stimulation with the CL4 peptide at al time
points. Day five posttreatment is shown as representative of these
data (Fig. 6).

To further determine whether apoptotic cells primed host anti-
tumor responses, we vaccinated these animals with the HA Ag-
bearing PR8 influenza virus in the presence or absence of gemcit-
abine-induced apoptosis and evaluated tumor growth. Although a
minimal delay in tumor growth was demonstrable for PR8 virus
alone (Fig. 7A), this was consistently <10% and much smaller in
magnitude and duration than the growth delay seen after gemcit-
abine treatment (Fig. 7B). Also, while there was a small increase
(p < 0.05) in the median survival of mice receiving PR8 virus
without apoptosis induction 4 (+4 days) and 8 (+7 days) days
after tumor inoculation, mice treated with PR8 virus after gemcit-
abine treatment showed a 16-day increase in median survival (p <
0.05) compared with mice treated with gemcitabine alone (Fig.
7B). In addition, when occasional mice (< 2%) were cured of
established tumor using gemcitabine alone, they were subse-
quently resistant to rechallenge with the same tumor and did not
show any ongoing Ag presentation (data not shown). This priming
effect of tumor apoptosis induction was further confirmed by stud-
ies of activating anti-CD40 Ab FGK45 administration after gem-
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FIGURE 6. Apoptotic tumor cells prime CD8 cells. To determine
whether tumor-specific CD8 T cells had been primed in vivo by tumor
peptides following apoptosis induction, mice were inoculated with
AB1-HA tumor and 8 days later were given HNT and CL4 transgenic
lymphocytes to increase the precursor frequency of tumor-specific T cells.
The following day, mice were treated with gemcitabine or PBS on a third
daily schedule. Five days after starting treatment, mice were culled and
their LN tested for proliferation to CL4 peptide, plate-bound anti-CD3, or
no stimulus. Tumor-free BALB/c LN were also examined. Data shown
represent one of three similar experiments and were obtained from four
mice per group in triplicate wells. Results were similar between the three
experiments. *, A value of p < 0.05 between gemcitabine-treated and
PBS-treated groups.
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FIGURE 7. Apoptotic cells prime host antitumor immune responses in
vivo. A, Groups of 10 mice were inoculated with AB1-HA tumor. Four, 8,
and 12 days after tumor inoculation, mice were vaccinated with 500 U of
PR8 virus or control vehicle i.p. without receiving any gemcitabine ther-
apy. B, Groups of 10 mice were inoculated with AB1-HA tumor, treated
with gemcitabine as above, then, 2 days after the final dose, were vacci-
nated with 500 U of PR8 virus or control vehiclei.p. Mice were monitored
for tumor growth rate. Data show one of three separate experiments with
similar results.

citabine-induced apoptosis induction where synergistic effects
were seen in delaying tumor regrowth and curing a proportion of
mice (A. Nowak, B. W. Robinson, and R. Labe, manuscript in
preparation). Thus, gemcitabine-induced tumor cell apoptosis
clearly primes host antitumor responses in vivo.

Discussion

Cross-presentation of peripheral tissue Ags has been demonstrated
for a number of tissues and is thought to be important for devel-
opment of tolerance and the induction of immune responses to
tissue Ags (2). Although cross-presentation of tumor Ags has been
demonstrated by a number of investigators, there is still uncer-
tainty regarding the resulting response of tumor-specific CD8 cells
(4). The CD8 responseis likely to be influenced by the viability of
the tumor cell containing the cross-presented Ag, but it remains
uncertain whether the cellular source of cross-presented Ags in
vivo is live or dead cells (1). Because phagocytosis of cells dying
by apoptosisin vivo is exceptionally efficient, it has been theorized
that tumor cell apoptosis could result in Ag sequestration (29) and
that when that process is overwhelmed or fails, the host would
respond by tolerance induction (8, 30). This sequence of eventsis
integral to the “danger theory” which proposes that only necrotic
cell death, particularly when associated with cellular stress, should
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lead to the induction of immune responses of the sort likely to
destroy tissue, e.g., antitumor responses (31). However, it has been
proposed that when massive apoptosis occurs, the normally effi-
cient phagocytic system is overwhelmed, resulting in secondary
necrosis in vivo, release of proinflammatory mediators, and an
increase in cross-presentation (30).

Because until now it has not been possible to accurately analyze
in vivo specific tumor Ag cross-presentation and tolerance induc-
tion following in vivo apoptosis, we established a transfection-
transgenic model of tumor immunity in which each of those pro-
cesses could be analyzed. The transfected marker Ag enabled
tumor-specific responses to be studied in vivo, and the availability
of transgenic mice with large numbers of T cells expressing TCRs
with specificity for that Ag enabled the level, location, and kinetics
of Ag cross-presentation to be evaluated in vivo. Importantly, the
tumor was sensitive to in vivo apoptosis induction by gemcitabine
at doses that did not significantly otherwise ater the key immu-
nological events being studied. The data clearly demonstrate that
apoptotic tumor cells are not sequestered from cross-presentation
pathways and that tumor-specific CD8 cells which respond to
cross-presented tumor Ags from apoptotic cells are not deleted and
are primed rather than tolerized in the process.

Tumor-derived Ag requires host APCs for presentation to host
CD8 célls, i.e,, is cross-presented

The requirement for host APCs demonstrated by the bone marrow
chimera experiments confirms that the tumor Ag (HA) is cross-
presented rather than directly presented by the tumor cells in the
DLN. This is consistent with the lack of any evidence that this
tumor metastasizes to LN (32). This cross-presentation of tumor
Ag in DLN is efficient and tumor Ag cross-presentation is seen
throughout the period of tumor growth, i.e, is constitutive (26).
This parallels observations in normal rats where apoptotic bodies
have been demonstrated to be constitutively present in APCs
draining the normal gut, implying continuous sampling of apopto-
tic gut epithelial cells (33).

The only cellular source of the cross-presented Ag in our ex-
periments was the tumor cell, although it was impossible to know
whether the cells that donated tumor Ag were alive, apoptotic, or
necrotic. The latter was unlikely as staining of tissue sections dem-
onstrated no evidence of either tumor necrosis or the inflammation
usually associated with necrosis in these tumors with or without
gemcitabine therapy. Therefore, the source of cross-presented Ag
was likely to be either apoptotic or live cells. As it is technically
not possible to precisely identify which type of cell delivers tumor
Ags for cross-presentation in vivo, we chose the strategy of in-
ducing a large shift in the balance of live to apoptotic tumor cells
in vivo by inducing substantial apoptosis pharmacologically, then
determined how this affected cross-presentation and T cell
responses.

Ag from apoptotic tissue is not sequestered from the
Ccross-presentation pathway

As expected, in our experiments gemcitabine induced tumor cell
apoptosis in vitro and caused shrinkage of tumor in vivo (20, 22).
This was dependent upon the continued presence of the drug, as
cessation of gemcitabine administration was associated with rapid
outgrowth of the remaining tumor cells within 1 wk, mimicking
clinical experience with noncurative cytotoxic chemotherapy.
With the induction of massive tumor cell apoptosis, which reduced
tumor volume by ~80%, no reduction in tumor Ag cross-presen-
tation was seen. Indeed, when corrected for tumor size and hence
peripheral tumor Ag load, cross-presentation of tumor Ag approx-
imately doubled. This supports the view that apoptotic cells are
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efficiently cross-presented. If live cells were the only source of
such Ags, cross-presentation should have declined following this
large shift from live to apoptotic cells in vivo. Furthermore, our
observation that the gemcitabine-treated drug-resistant line did not
exhibit the same increase in tumor Ag cross-presentation con-
firmed that the results were due to the induction of tumor cell death
and not due to any nonspecific augmenting effects of the drug itself
on the cross-presenting functions of APCs.

CD8 cells specific for cross-presented Ags from apoptotic tumor
cells are not deleted

Cross-presentation has been reported as a mechanism of induction
of tolerance by deletion of specific CD8™ T cells, a process known
as “cross-tolerance,” and, importantly, this has been described for
the Ag used in our studies (HA). Ins-HA mice expressing the HA
on the pancreatic islets do not develop insulitis. In this system,
cross-presentation of islet HA occurs and is followed by rapid
activation and deletion of CD8™ T cells (34). Deletional tolerance
has also been demonstrated following cross-presentation of self
Ags from the pancreas of mice expressing the model autoantigen
OVA inthissite (35). Tolerization by CD8™" deletion has also been
demonstrated in the thymus (36). In contrast, our data do not dem-
onstrate any decrease in numbers of HA-specific CD8 T cells fol-
lowing the increase in cross-presentation mediated by gemcitab-
ine-induced apoptosis. Indeed, numbers of tumor-specific CD8 T
cells within tumors increased up to 3 wk after induction of apo-
ptosis commenced. This strongly suggests that cross-presentation
of Ags from apoptotic cells is not a deletional event.

CD8 cells specific for cross-presented Ags from apoptotic tumor
cells are not functionally tolerized

Sherman and coworkers (34) showed, using HA-specific T cellsin
the nontumor INS-HA transgenic model where HA is expressed in
the pancreas, that tolerance in the CD8 compartment occurred as a
consequence of cross-presentation and was dose-dependent (34).
Apoptosis of pancreatic islet cells has also been demonstrated to
induce tolerance in vivo (17). Therefore, it is crucial to understand
the fate of CD8 cells that respond to cross-presented tumor Agsin
vivo because it provides essential information for planning tumor
immunotherapy studies. If apoptotic cells induce tolerance, then
any increased load of apoptotic cells that ensued from administra-
tion of a cytotoxic agent like gemcitabine might be expected to
provide strong tolerogenic signals, rendering immunotherapeutic
strategies useless.

Our demonstration that an HA-expressing tumor induces effec-
tor CTL by day 10 and that progressive tumor growth, with its
increased load of cross-presented tumor Ags, does not substan-
tially reduce the level of CTL activity supports the view that grow-
ing solid tumors are not tolerogenic to CD8 cells per se. This is
supported by our previous studies using OVA as the model tumor
Ag in C57/BL6 mice where no tolerance of tumor-specific CD8
cells was observed over 4 wk of tumor growth (37). This effect
contrasts to the outcome that occurs following the in vitro loading
of DCswith tumor Ags, where tolerance in the CD8 compartment
has been observed, a process thought to be due to a combination of
maturational block, suppression of responsiveness, and the induc-
tion of suppressive molecules such as IL-10, transforming growth
factor B, and PGE (7).

Overall, our data do not support a view that the induction of
tumor apoptosisin vivo tolerizes the tumor-specific CD8 response.
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Ags from apoptotic tumor cells cross-prime specific CD8
responses

If CD8 T cell activation was an automatic result of increased Ag
cross-presentation then the induction of apoptosis in vivo by che-
motherapy drugs like gemcitabine would be expected to induce
some level of immunity. For example, one might expect prolonged
recurrence-free intervals following chemotherapy and the detec-
tion of new delayed-type hypersensitivity skin test reactivities to
tumors. Thisis not the usua clinical experience as most advanced
cancers recur soon after cessation of chemotherapy. Clearly, in our
experiments, while there is increased Ag cross-presentation and
CD8 tolerance was not induced, it was important to determine
whether apoptosis induction was a “null event” or in some way
primed the host antitumor CD8 response. Our observation that
apoptotic cell death primed CD8 T cells for an increased prolifer-
ative response to HA peptide is further supported by the demon-
stration that postapoptosis administration of tumor Ag-containing
virus markedly slowed tumor growth. These data are consistent
with the notion that the cross-presentation of tumor Ags from apo-
ptosing tumor cells is not in fact a null event but provides a level
of priming. This is confirmed by the demonstration of increased
tumor-specific CD8 responses in vitro following apoptosis induc-
tion. It is aso consistent with the observation that mice exhibiting
complete regressions following gemcitabine therapy alone (~2%
of treated animals) were immune to rechallenge (data not shown)
and, indirectly, by the demonstration of increased numbers of tu-
mor-infiltrating lymphocytes following apoptosis induction. It is
possible that this priming is only apparent, and is simply a reflec-
tion of the increased Ag dose delivered to the DLN following
apoptosis induction, but in other experiments increased dose alone
has not been enough to prime host CD8 cells (37). It ismore likely
that the induction of apoptosis atered the context in which the
tumor Ag was delivered. There are two main candidate mecha-
nisms for this. First, chemotherapeutic agents can increase the
level of some stress proteins expressed by cells (38), and these
proteins are capable of stimulating host antitumor responses that
may be sufficient to induce CD8 responses to the cross-presented
tumor Ag (39). Second, the increased phagocytosis of apoptotic
tumor cells by tumor-associated macrophages, one of the main
sources of the proinflammatory cytokines that underlie the “cancer
syndrome” of weight loss, anorexia, and lethargy, may augment
the release of these proinflammatory cytokines and thus increase
the responsiveness of APCs to cross-presented tumor Ags (40).

Considered together, our findings show that tumor Ags from
apoptotic cells, when cross-presented to host CD8 cells, do not
induce tolerance in these CD8 cells as occurs with in vitro-cultured
DCs (6), nonobese diabetic mice with apoptotic pancreatic 3 cells
(17), and class Il-positive B cell tumors (41), and that a level of
CD8 priming results.

Implications for tumor therapy

There have been few studies combining apoptosis-inducing che-
motherapy and immunotherapy in cancer, presumably because it
has been assumed that chemotherapy is so immunosuppressive that
it would negate any potential benefits from immunotherapy (42).

Simultaneous administration of immunotherapy agents which
prime DCs, such as IFN « and TNF-«, has been used with che-
motherapy (43—46). Although this has some scientific logic, par-
ticularly in stimulating the capacity of the DCs cross-presenting
the increased Ag load to promote CD8 differentiation, these com-
binations have often proven to be toxic. Previously published lit-
erature in this area have been limited for variety of reasons, such
as an inability to study specific antitumor reactivity due to a lack

of defined tumor Ags and limitations in assays available for anal-
ysis of CD8 function in vivo. One of the most widely studied
agents is cyclophosphamide, which can prime CD8 responses via
a process thought to include suppression of regulatory T cells (47).
It is important to make it clear that gemcitabine is not simply
acting in a similar way—if that were so, similar results would of
course have been seen when gemcitabine was administered to
gemcitabine-resistant tumors, although of course we cannot com-
pletely exclude a contributory effect of gemcitabine-induced
changes in lymphocyte numbers or function in these studies.

Chemotherapy-induced apoptotic destruction of tumor cells ex-
poses the host immune system to large amounts of tumor Ag.
Although this is not enough aone to initiate a powerful antitumor
response it does prime the host immune system for “adjuvant”
immunotherapy. In this study it was noteworthy that ~10% of
animals whose established tumors regressed following gemcitab-
ine plus influenza vaccination showed no evidence of recurrence
up to 6 mo following therapy, i.e., were “cured,” a phenomenon
rarely seen with the tumor used in this study or with other aggres-
sive solid tumors. This has severa implications for planning tumor
immunotherapy trials. First, it suggests that the level of cross-
presented tumor Ag from established tumorsis not limiting. There-
fore, therapy in such situations is better aimed at boosting re-
sponses to endogenous cross-presented tumor Ag rather than
delivering extra Ag. Second, as drug therapy protocols using apo-
ptosis-inducing agents like gemcitabine can prime antitumor im-
mune responses, combining this therapy with immunotherapy is
logical. Third, as postchemotherapy delivery of immunostimula-
tion was more effective rather than pretreatment, the timing of such
immunotherapy may be critical.

As not al chemotherapy induces apoptosis, not all drugs act by
the same mechanisms, and individual tumors can express different
mechanisms of resistance to apoptosis (48—50), we cannot con-
clude that all agents would have this immune priming effect. Thus
this study, which provides understanding of the host T cell re-
sponses to specific tumor Ags following chemotherapy, is a foun-
dation for deciding which immunotherapeutic approaches may en-
able the immune system to mount a strong antitumor response to
chemotherapy-induced tumor lysis.
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