Cancer Immunol Immunother (2013) 62:149-159
DOI 10.1007/s00262-012-1326-1

ORIGINAL ARTICLE

Memory T cells are uniquely resistant to melanoma-induced

suppression

Lucy Wentworth - Justin V. Meyers *
Sheeba Alam - Andrew J. Russ - M. Suresh -
Clifford S. Cho

Received: 7 March 2012/ Accepted: 20 July 2012/ Published online: 4 August 2012

© Springer-Verlag 2012

Abstract We have previously observed that in vivo
exposure to growing melanoma tumors fundamentally alters
activated T cell homeostasis by suppressing the ability of
naive T cells to undergo antigen-driven proliferative expan-
sion. We hypothesized that exposure of T cells in later stages
of differentiation to melanoma would have similar suppres-
sive consequences. C57BL/6 mice were inoculated with
media or syngeneic B16F10 melanoma tumors 8 or 60 days
after infection with lymphocytic choriomeningitis virus
(LCMV), and splenic populations of LCMV-specific T cells
were quantified using flow cytometry 18 days after tumor
inoculation. Inoculation with melanoma on post-infection
day 8 potentiated the contraction of previously activated
T cells. This enhanced contraction was associated with
increased apoptotic susceptibility among T cells from tumor-
bearing mice. In contrast, inoculation with melanoma on
post-infection day 60 did not affect the ability of previously
established memory T cells to maintain themselves in stable
numbers. In addition, the ability of previously established
memory T cells to respond to LCMV challenge was unaf-
fected by melanoma. Following adoptive transfer into
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melanoma-bearing mice, tumor-specific memory T cells
were significantly more effective at controlling melanoma
growth than equivalent numbers of tumor-specific effector
T cells. These observations suggest that memory T cells are
uniquely resistant to suppressive influences exerted by mel-
anoma on activated T cell homeostasis; these findings may
have implications for T cell-based cancer immunotherapy.
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Introduction

Following antigenic stimulation, naive resting CD8+
T cells undergo profound activation-driven proliferative
expansion. After clonal expansion, activated T cells enter a
phase of rapid contraction, during which the vast majority
of short-lived effector T cells undergo apoptotic cell death.
A small subset of memory precursor effector T cells
(MPEC) survives contraction and eventually differentiates
into memory T cells, which are capable of prolonged
homeostatic proliferation and rapid expansion in response
to repeat exposure to their cognate antigen [1-6]. The
ability to identify and expand large populations of activated
CDS8+ T cells specific for cancer antigens has motivated
great interest in the use of adoptive cell transfer as a novel
means of treating cancer [7-14]. Following adoptive
transfer, cancer-specific T cells must overcome an array of
immunosuppressive obstacles in order for them to exert
their therapeutic effect. In addition to being capable of
evading immunological detection, growing tumors even-
tually elaborate a number of immunosuppressive mecha-
nisms that can neutralize the efficacy of cancer-specific
T cells [15-17].
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Our laboratory has also demonstrated that in vivo
interaction with cancer impairs the ability of naive T cells
to undergo maximal antigen-driven proliferative expan-
sion. This effect appears to be mediated by increased
susceptibility of activated T cells to apoptotic cell death
[18]. The magnitude of this suppression is proportional to
the extent of tumor burden; moreover, this influence is
exerted in a globally non-specific manner that affects tumor
antigen-specific T cells to the same degree as non-tumor
antigen-specific T cells [19]. These observations indicate
that the presence of cancer fundamentally alters the
homeostasis of newly activated T cells; indeed, we have
found that the ability of mice to generate new MPEC is
markedly impaired in the presence of melanoma tumors
[18]. Another implication of these findings is that previous
exposure to tumor may negatively impact the ability of
expand sufficient numbers of tumor-specific T cells that
would be needed for successful adoptive immunotherapy.

In this report, we tested the influence that in vivo
exposure to cancer has on T cells in other states of dif-
ferentiation. We previously observed that exposure of
naive T cells to melanoma suppresses their ability to
undergo antigen-driven proliferative expansion due to
upregulated apoptosis; we therefore hypothesized that
exposure of acutely activated effector T cells to melanoma
would potentiate apoptotic contraction. We further
hypothesized that in vivo exposure of previously estab-
lished memory T cells to melanoma would impair their
ability to undergo both homeostatic proliferation in the
absence of antigen stimulation and proliferative expansion
in response to antigen challenge.

Materials and methods
Mice

Seven- to eight-week-old female CS57BL/6 mice were
purchased from Taconic (Hudson, NY) and maintained in
pathogen-free conditions. All animal work was performed
in strict accordance with the guidelines of the University of
Wisconsin and William S. Middleton Memorial VA
Hospital Animal Care and Use Committees.

Tumor cell lines and virus

B16F10, a poorly immunogenic melanoma cell line derived
from C57BL/6 mice, was maintained in RPMI-1640 med-
ium (Mediatech, Herndon, VA) supplemented with 100U/mL
penicillin, 100 pg/mL streptomycin, and 2 mM L-gluta-
mine (Life Technologies, Inc., Grand Island, NY) and
10 % fetal bovine serum (HyClone Laboratories, South
Logan, UT). A single inoculum of 10° BI16F10 cells
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suspended in serum-free RPMI1640 media was injected
subcutaneously into C57BL/6 mice and tumors were
measured using electronic calipers every 3 days. Mice
were infected with 2x10° PFU Armstrong strain lympho-
cytic choriomeningitis virus (LCMV) by intraperitoneal
injection. To test LCMV-specific memory T cell responses,
LCMV-immune mice were infected with 10® PFU clone 13
strain LCMV by intravenous injection. Mice were also
inoculated with 10° B16GP33 cells, previously generated
in our laboratory by stable transfecting B16F10 cells to
express low levels of the LCMV epitope peptide GP33
[19].

Apoptosis assay

Isolated splenocytes (10° cells/well) were incubated in flat-
bottom 96-well plates at 37 °C in RPMI with 10 % FBS for
5 h. Cell surface staining with anti-CD8-PerCP, anti-
CD44-PE, and APC conjugated MHC class I tetramers
loaded with LCMV epitope peptides (NP396, GP33, or
GP276) was followed by permeabilization with Cytofix/
Cytoperm solution (BD Biosciences) and intracellular
staining with anti-caspase 3-FITC. All antibodies were
purchased from BD Biosciences Pharmingen (San Diego,
CA).

Flow cytometry

MHC class I tetramers loaded with various LCMV antigen
peptides were prepared as previously described [1]. Single-
cell suspensions of splenocytes were stained with fluoro-
phore-labeled MHC class (D) tetramers loaded with class
I-restricted LCMV epitope peptides (NP396, GP33, or
GP276), as well as anti-CD8, anti-CD62L, anti-CD44, anti-
CDI127, or anti-KLRG-1 antibodies. Alternatively, freshly
harvested splenocytes (10° cells/well) were stimulated with
or without various LCMV epitope peptides (NP396, GP33,
GP34, or GP276) at a concentration of 0.1 pg/mL in the
presence of brefeldin A and human recombinant IL-2 (10
Ulwell) at 37 °C for 5 h in flat-bottomed 96-well plates.
Cells were stained with anti-CD8 and anti-CD62L anti-
bodies, and then permeabilized and stained for intracellular
cytokines using anti-IFNy, anti-TNF«, and anti-IL-2 anti-
bodies using the Cytofix/Cytoperm kit purchased from BD
Biosciences Pharmingen. Stained cells were acquired on a
FACSCalibur flow cytometer (BD Biosciences) and
resulting data were analyzed using FlowJo software (Tree
Star, Inc., Ashland, OR). LCMV antigen-specific T cell
populations were identified either by their expression of
T cell receptors specific for LCMV antigen peptides or by
their ability to elaborate inflammatory cytokines in
response to LCMV antigen peptide stimulation. All
reagents and antibodies were purchased from BD
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Biosciences Pharmingen (San Diego, CA) with the
exception of anti-CD127 and anti-granzyme B antibodies,
which were purchased from eBioscience, Inc. (San Diego,
CA), and Invitrogen, Inc. (Carlsbad, CA), respectively.

Adoptive transfer

Mice bearing B16F10 or B16GP33 melanoma tumors
underwent intravenous injection of serum-free media or
10* CD8+4 GP33-specific T cells of effector or memory
phenotype. Effector T cells were isolated from splenocytes
harvested from C57BL/6 mice 8 days after LCMV infec-
tion, and memory T cells were isolated from splenocytes
harvested from C57BL/6 mice 50 days after LCMV
infection. Splenocytes were enriched for CD8 expression
using magnetic bead separation columns from Miltenyi
(Auburn, CA) and flow cytometry was used to quantify
CD8+ GP33-specific T cell populations.

Statistical analysis

Experimental data were analyzed using IBM SPSS statis-
tical software version 19 (Armonk, NY). Groups were
compared using an analysis of variance (ANOVA), and
pair-wise comparisons were made using Fisher’s protected
least significant difference tests and Tukey’s adjustment.
All data were log transformed prior to analysis in order to
better meet the assumptions of ANOVA. All p values
reported are two sided, and significance was defined as
p < 0.05. All error bars in graphical representations of data
indicate standard errors of the mean.

Results

In vivo exposure to melanoma potentiates apoptotic
contraction of acutely activated T cells

CD8+ T cell responses to acute LCMV infection occur in
three distinct phases: an expansion phase (occurring on days
0-8 post-infection), a contraction phase (days 8-30 post-
infection), and a memory phase (>30 days post-infection).
To assess the influence of melanoma on contraction of
LCMV-specific effector CD8+ T cells, mice were inocu-
lated with media or B16F10 melanoma 8 days after LCMV
infection, which corresponds to the onset of T cell con-
traction. In this way, equivalent numbers of LCMV-specific
T cells were present in all mice at the moment of peak T cell
expansion and melanoma inoculation. Splenocyte analysis
was performed 18 days after tumor inoculation, which
corresponds to the same duration of tumor growth tested in
our previous analysis of naive T cells [18]. LCMV-specific

T cells were identified and quantified based on staining with
MHC tetramers loaded with LCMV epitope peptides. At
18 days after tumor inoculation, significantly smaller
numbers of LCMV-specific T cells as detected by CDS§
expression and staining positivity for MHC tetramers
loaded with LCMV epitope peptides were observed in
tumor-bearing mice compared with controls (Fig. la, b).
Comparison of effector activation status as measured by
CD44"e" and CD62L'"Y expression identified no differ-
ences among LCMV-specific T cell populations between
controls and tumor-bearing mice (data not shown). To
determine if the reduced number of LCMV-specific CD8+
T cells might be due to enhanced apoptosis, expression of
activated caspase-3 was measured after 5 h of in vitro
culture. The proportions of caspase-3-expressing cells were
greater among LCMV-specific CD8+ T cells from tumor-
bearing mice as compared with controls (Fig. 2). Although
slightly smaller percentages of LCMV-specific T cells bore
memory precursor phenotype (CD127"€KLRG"Y) in
tumor-bearing mice compared with controls, the predomi-
nant difference was in the absolute numbers of LCMV-
specific T cells present following contraction (Fig. 3).

In vivo exposure to melanoma does not impair
the persistence of previously established memory
T cells

To assess the effect of melanoma on preexisting CD8+
memory T cells, mice were inoculated with media or
B16F10 melanoma 60 days after LCMV infection.
Splenocyte analysis was again performed 18 days after
tumor inoculation, and LCMV-specific T cells were iden-
tified and quantified based on staining with MHC tetramers
loaded with LCMV epitope peptides. No significant dif-
ferences were observed in the numbers of LCMV-specific
T cells present in tumor-bearing mice compared with
controls (Fig. 4). In order to verify that LCMV-specific
T cells exhibit a functional phenotype consistent with
memory T cells at this time point, explanted splenocytes
were stimulated for 4 h in vitro in the presence of LCMV
epitope peptides, after which intracellular levels of IL-2
were measured. Memory T cells are unique in their ability
to elaborate relatively high levels of IL-2 in response to
antigen stimulation; although LCMV-specific T cells har-
vested from tumor-bearing and control mice were both
capable of relatively high levels of IL-2 production in
response to antigenic stimulation, levels of IL-2 expression
were not significantly different between groups. Similarly,
no differences in expression of activated caspase-3 were
observed after 5 h in vitro culture among LCMV-specific
T cell populations harvested from tumor-bearing mice
compared with controls (Fig. 5).
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Fig. 1 Contraction of activated T cells is potentiated in the presence
of melanoma. C57BL/6 mice were infected with LCMV then
inoculated with media (n = 4) or B16F10 melanoma (n = 4) on
post-infection day 8, at which time expansion of LCMV-specific
CD8+ T cells reaches its peak and LCMYV is cleared. Splenocytes
were harvested 18 days later on post-infection day 26, at which time
contraction of LCMV-specific T cells has occured. LCMV-specific
CD8+ T cells were identified by staining cells with fluorophore-
labeled antibodies against CD8 and fluorophore-labeled MHC
tetramers loaded with MHC class I-restricted LCMV epitope

In vivo exposure to melanoma does not impair

the ability of previously established memory T cells
to undergo antigen challenge-driven proliferative
re-expansion

Mice were inoculated with media or B16F10 melanoma
60 days after LCMV infection, and then re-infected with clone
13 strain LCMV 10 days after tumor inoculation. Splenocyte
analysis was performed 5 days after challenge infection, and
LCMV-specific T cells were identified and quantified based on
their ability to elaborate IFNy in response to 4 h in vitro
stimulation with LCMV epitope peptides. No significant dif-
ferences were observed in the numbers of LCMV-specific
T cells expanded in response to LCMV challenge in tumor-
bearing mice compared with controls (Fig. 6). To address the
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peptides, and then quantified by flow cytometric analysis. a Repre-
sentative dot plots demonstrate smaller percentages of CD8+ T cells
specific for the immunodominant LCMV epitope peptide NP396
(gated on lymphocytes) among splenocytes harvested from mela-
noma-bearing mice compared with control mice. b Histograms of
absolute numbers of LCMV-specific CD8+4 T cells per spleen
(calculated as the percentage of cells by flow cytometry multiplied by
the total number of splenocytes) demonstrate smaller populations of
LCMV-specific CD8+ T cells for all LCMV epitope peptides tested.
This experiment was performed four times. (*p < 0.05)

functional competence of activated T cells expanded in
response to antigenic challenge, intracellular levels of gran-
zyme B expression were measured; no differences in granzyme
B expression were observed among activated LCMV-specific
T cells in tumor-bearing mice compared with controls (Fig. 7).

Memory T cells are more effective than effector T cells
in an experimental model of melanoma adoptive
immunotherapy

Splenocytes were harvested from mice either 8 or 50 days
after LCMV infection, at which time LCMV-specific CD8+
T cells were exclusively of effector or memory phenotype,
respectively. Harvested splenocytes were enriched for CD8
expression using magnetic bead separation, and representative
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Fig. 2 Potentiated contraction A
in the presence of melanoma is
associated with increased
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aliquots were analyzed for specificity against GP33 by flow
cytometric analysis of staining with MHC tetramers loaded
with GP33 peptide. Expression levels of CD127 and KLRG-1
were used to verify effector (CDI127'°*/KLRG"€") and
memory (CD127"°*/KLRG"#") phenotype (data not shown).
One day after inoculation with either B16F10 or B16GP33
melanoma, a separate group of mice received intravenous
injections of serum-free media (control) or 10* CD8+ GP33-
specific effector or memory T cells, and B16GP33 melanoma
tumor growth was assessed by serial tumor measurements.
B16F10 melanoma tumor growth was comparable in all three
groups (data not shown). B16GP33 melanoma growth was
significantly impaired in mice treated with adoptive transfer of
GP33-specific T cells; comparison of tumor growth curves in
mice treated with adoptive T cell transfer identified signifi-
cantly more potent suppression of B16GP33 melanoma
growth among mice treated with memory T cells (Fig. 8).

Discussion

Ample evidence indicates that tumor antigen-specific
T cells must overcome a number of physiological barriers

control

in order for them to be able to exert any potential thera-
peutic benefit. Downregulated tumoral expression of MHC
class I molecules and antigenic variation resulting from
high frequency somatic mutations allow tumors to elude T
cell recognition, and active immunosuppressive mecha-
nisms elaborated by growing tumors further thwart the
ability of T cells to initiate a meaningful immune response
[15-17]. Adoptive immunotherapy has been proposed as a
means of overcoming these barriers by repopulating the
host T cell repertoire with sufficiently large populations of
tumor-specific T cells harvested from tumor-infiltrating
lymphocytes (TILs) [7-14].

In response to antigen encounter, resting CD8+ T cells
are stimulated to undergo rapid proliferative expansion.
Following expansion, acutely activated T cell populations
enter a phase of programmed contraction, during which the
vast majority of antigen-specific short-lived effector T cells
undergo apoptotic cell death. A small subset of memory
precursor effector T cells survive contraction and eventu-
ally differentiate into memory T cells capable of long-term
survival, even in the absence of antigenic stimulation
[1-6]. We have previously found that a critical window of
in vivo interaction exists between resting T cells and
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in the presence of melanoma

results in marked diminution in

the size of memory T cell

populations. C57BL/6 mice

were infected with LCMV, and

then inoculated with media

(n = 4) or BI6F10 melanoma KLRG
(n = 4) on post-infection day 8.

Splenocytes were harvested

18 days later and splenocytes

were stained with fluorophore-

labeled antibodies against CDS,

KLRGI, CD127, and

fluorophore-labeled MHC

control tumor

tetramers loaded with MHC

. . CD127
class I-restricted LCMV epitope
peptides, and then quantified by B
flow cytometric analysis. 0 60
a Representative zebra plots (:n”
demonstrate smaller 3
percentages of KLRG1"™" and ﬁ
CDI127"&" memory phenotype © ]
(gated on CD8+ T cells specific § 40 1
for NP396) among splenocytes 2 *
harvested from melanoma- = I N
bearing mice compared with 5 e
control mice (gated on - e
lymphocytes). b Histograms of § e
absolute numbers of LCMV- 5 201 m: e
. C
specific CD8+ memory T cells 9 SRR
per spleen demonstrate smaller =3 e
populations of LCMV-specific g’ W
CD8+ memory T cells for all g e
LCMV epitope peptides tested. € o r
This experiment was performed control tumor
three times. (*p < 0.05)
C 20
< [ control
2 tumor
@ 1.5
o
Q.
(2]
2
38
— 1.0
kS
s I
)
& 057
Q
2 * 1
oy * *
[
0.0 m e
NP396 GP33 GP276

growing tumors, after which resting T cells are no longer
capable of maximal proliferative expansion in response to
antigenic stimulation. Importantly, this suppression is
observed even when the in vivo interaction is halted, either
by resecting tumor or by taking resting T cells out of the
tumor environment and transferring them into a tumor-free
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environment [18]. An implication of this suppression is that
tumor-specific T cells harvested from TILs may be ill-
equipped to undergo the extent of proliferative expansion
needed to therapeutically engage and eliminate tumor
antigen. In the present analysis, we sought to expand on our
previous observations by examining the in vivo influence
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Fig. 4 Maintenance of memory T cells is unaffected by the presence
of melanoma. C57BL6/mice were infected with LCMV, and then
inoculated with media (n = 4) or BI6F10 melanoma (n = 4) on post-
infection day 60. Splenocytes were harvested 18 days later and
splenocytes were stained with fluorophore-labeled antibodies against
CDS8, KLRGI1, CDI127, and fluorophore-labeled MHC tetramers
loaded with MHC class I-restricted LCMV epitope peptides, and
then quantified by flow cytometric analysis. a Representative dot plots
demonstrate similar percentages of NP396-specific CD8+ T cells

exerted by growing tumors on T cells in later phases of
differentiation: acutely activated T cells and memory T
cells.

We hypothesized that in vivo exposure of previously
activated T cells to melanoma would potentiate the con-
traction phase of T cell homeostasis. To test this hypoth-
esis, mice were inoculated with melanoma tumors 8 days
after LCMV infection (at which point activated LCMV-
specific T cells have undergone maximal expansion and
LCMV has been cleared). Indeed, in vivo exposure of
activated T cells to melanoma ultimately resulted in sig-
nificantly smaller populations of LCMV-specific T cells
after contraction had taken place (26 days after LCMV
infection). As we had previously observed among activated
T cells undergoing proliferative expansion [18], the effect

epitope-specific T cells/spleen, 10(6) O
o

GP33
LCMV epitope peptide

GP276

among melanoma-bearing and control mice. b Representative zebra
plots demonstrate similar percentages of KLRG1'% and CD127"ieh
memory phenotype (gated on CD8+ T cells specific for NP396)
among splenocytes harvested from control and melanoma-bearing
mice (gated on lymphocytes). ¢ Histograms of absolute numbers of
LCMV-specific CD8+ memory T cells per spleen demonstrate
similar populations of LCMV-specific CD8+ memory T cells for all
LCMV epitope peptides tested. This experiment was performed three
times. (p > 0.05)

of melanoma appeared to impact the size of T cell pools
following contraction and not the activation status of
individual T cells. LCMV-specific T cells harvested from
melanoma-bearing mice were much more susceptible to
apoptotic cell death than comparable T cells harvested
from control mice. We previously observed accelerated
apoptosis among activated LCMV-specific T cells in mel-
anoma-bearing mice during proliferative expansion [18],
suggesting that in vivo exposure to melanoma broadly and
non-specifically upregulates the apoptotic susceptibility of
acutely activated T cells.

By inhibiting expansion and augmenting contraction of
T cells following antigen encounter, the presence of mel-
anoma can be expected to have long-term consequences on
later phases of activated T cell homeostasis. The size of a
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Fig. 5 Functional capacity and apoptotic susceptibility of memory
T cells are unaffected by the presence of melanoma. Single-cell
suspensions were prepared from spleens harvested from mice as
described in Fig. 4. a Splenocytes were stimulated with or without the
immunodominant LCMV epitope peptide NP396 (0.1 pg/mL) in the
presence of brefeldin A and IL-2 at 37 °C for 5 h, and then analyzed
by flow cytometry. Representative zebra plots demonstrate similar
levels of IL-2 expression (gated on CD8+ NP396-specific IFNy-
producing T cells) in control and melanoma-bearing mice. b Alterna-
tively, splenocytes were cultured in full media in the absence of

memory T cell population is a function of the clonal burst
size of T cells present at the moment of maximal prolif-
erative expansion and the rate of apoptotic contraction that
takes place thereafter; by negatively impacting both of
these variables, the suppressive influence of melanoma
would be expected to markedly impair the generation of
new T cell memory [3-6]. We previously observed sig-
nificantly smaller numbers of LCMV-specific MPECs
10 days after viral infection; in the present analysis, we
confirmed that there are markedly smaller numbers of
LCMV-specific memory T cells present 26 days after viral
infection [18]. Although these findings are most applicable
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stimulation for 5 h to promote apoptotic cell death. Cells were stained
with fluorophore-labeled antibodies against CD8 and activated
caspase-3 and fluorophore-labeled MHC tetramers loaded with
NP396, and then quantified by flow cytometric analysis. Histograms
of mean data demonstrate similar relative expression levels of
activated caspase-3"€" expression (gated on CD8+ T cells specific for
NP396) among splenocytes harvested from control and melanoma-
bearing mice. This experiment was performed three times.
(°p = 0.05)

to the generalized ability of cancer patients to establish
new T cell memory to novel antigens, another possible
implication of this observation is that the ability of adop-
tive immunotherapy to promote durable tumor immunity
through the induction of tumor-specific memory T cells
may be undercut by the presence of tumor.

We hypothesized that melanoma would also exert a
non-specific suppressive influence on the maintenance of
previously established memory T cells. In contrast to acute
effector T cells, memory T cell populations are capable of
prolonged persistence in the absence of antigenic stimula-
tion through a process of homeostatic proliferation that is
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Fig. 6 The ability of memory T cells to expand in response to antigen
challenge is unaffected by the presence of melanoma. C57BL/6 mice
were infected with LCMV, and then inoculated with media (n = 4) or
B16F10 (n = 4) on post-infection day 60. Mice were infected with
clone 13 LCMV 10 days later, and splenocytes were harvested 5 days
after LCMV re-infection (at the time of peak re-expansion of LCMV-
specific T cells). Splenocytes were stimulated with or without various
LCMV epitope peptides in the presence of brefeldin A and IL-2 at
37 °C for 5 h, and then analyzed by flow cytometry. a Representative
dot plots demonstrate similar percentages of CD8+ T cells expressing

largely driven by in vivo exposure to IL-7 and IL-15
[20-22]. When melanoma tumors were inoculated into
mice 60 days after LCMV infection, at which time
remaining LCMV-specific T cells are of memory pheno-
type, populations of LCMV-specific memory T cells after
18 days of tumor growth (the same interval used in our
previous experiments examining resting and acutely acti-
vated T cells) were no different than in tumor-free control
mice. No differences in apoptotic susceptibility were seen
between LCMV-specific memory T cells from control
versus tumor-bearing mice. Moreover, the ability of mice
to re-expand acutely activated populations of LCMV-spe-
cific T cells in response to challenge infection was

IFNy in response to stimulation with the immunodominant LCMV
epitope peptide NP396 (gated on lymphocytes) among splenocytes
harvested from control and melanoma-bearing mice. b Histograms of
absolute numbers of LCMV-specific CD8+4 T cells per spleen
(calculated as the percentage of cells by flow cytometry multiplied by
the total number of splenocytes) demonstrate similar populations of
CD8+ T cells expressing IFNy in response to stimulation with all
LCMYV epitope peptides tested. This experiment was performed two
times. ™ p > 0.05)

unaffected by melanoma. These observations suggest that,
once established, memory T cells may be uniquely resistant
to the suppressive influences exerted by melanoma tumors.

We explored a potential clinical implication of these
findings: the possibility that tumor-specific T cells of
memory phenotype may represent an ideal subset for use in
clinical adoptive immunotherapy. Recent analyses of
resected melanoma, renal cell, and colon carcinomas have
found the presence of memory T cells within TILs to be
associated with favorable prognostic outcome measures
[23-25], highlighting a potential oncological advantage for
tumor-specific memory T cells. Indeed, it has been spec-
ulated that adoptive transfer of memory T cells may be
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Fig. 7 Granzyme B expression levels among effector T cells
expanded by LCMV-immune mice in response to LCMV challenge
are unaffected by the presence of melanoma. Splenocytes harvested
from mice described in Fig. 6 were stained with fluorophore-labeled
antibodies against CD8 and granzyme B (or isotype controls) and
fluorophore-labeled MHC tetramers loaded with the immunodomi-
nant LCMV epitope peptide NP396 and analyzed by flow cytometry.
Representative histograms (a) and histograms of mean data (b) dem-
onstrate comparable levels of upregulated granzyme B expression
among expanded CD8+ T cells from control and melanoma-bearing
LCMV-immune mice. (*p < 0.05)

more effective than acute effector T cells in promoting
tumor clearance [26]. A recent investigation using a murine
model of adoptive cell transfer immunotherapy identified
no obvious advantage to the use of memory T cells over
effector T cells [27]. Importantly, this model employed
aggressive in vitro stimulation of effector and memory
T cell populations prior to adoptive transfer; consequently,
it is possible that this preparative regimen effectively
enriched homogenous populations of acutely activated
effector T cells in both experimental groups, diluting any
potential therapeutic benefit that memory T cells may
inherently offer. We previously described the selection of
B16F10 melanoma cell line clones stably transfected to
express very low and poorly immunogenic levels of the
LCMV epitope peptide GP33 (B16GP33) [19]. By ren-
dering GP33 a novel tumor antigen and harvesting effector
or memory phenotype GP33-specific CD8+ T cells from
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Fig. 8 Melanoma-specific memory T cells are more effective than
effector T cells at controlling melanoma tumor growth following
adoptive transfer. 10* CD8+ GP33-specific T cells harvested from
mice 8 or 50 days after LCMYV infection were adoptively transferred
into mice 1 day after inoculation with B16GP33 melanoma. Control
mice received intravenous injections of serum-free media alone in
place of adoptive transfer immunotherapy. a Tumor growth curves
demonstrate significant impairment of B16GP33 melanoma tumor
growth in mice receiving effector and memory T cell immunotherapy
as compared with controls. Comparison of B16GP33 melanoma
tumor growth curves following immunotherapy demonstrates signif-
icantly greater tumor control with the use of melanoma-specific
memory T cells as compared with equal numbers of melanoma-
specific effector T cells. (*p < 0.05 compared with controls;
p < 0.05 compared with effector T cells)

mice 8 or >30 days after LCMV infection, respectively,
our model enables us to precisely control the phenotype of
adoptively transferred tumor antigen-specific T cells. When
equivalent numbers of GP33-specific CD8+ T cells were
adoptively transferred, memory T cells were far more
effective than effector T cells at controlling B16GP33
tumor growth. Interestingly, the kinetics of B16GP33
tumor growth were essentially superimposable for the first
8 days after adoptive transfer of acute and memory T cells,
after which tumors progressed in mice treated with effector
T cells but regressed in mice treated with memory T cells.
These preliminary data verify a therapeutic advantage for
memory T cell-based immunotherapy. This advantage may
reflect the enhanced durability of memory T cells as
compared with short-lived effector T cells in tumor-bearing
mice; this possibility will require closer analysis.

In summary, our observations indicate that in vivo
exposure to melanoma alters activated T cell homeostasis
by blunting the transition of resting to acutely activated
T cells and weakening the transition of acutely activated
T cells to memory T cells, but appears to exert no effect on
the maintenance and activation of previously established
memory T cells. Preliminary exploration of the preclinical
implications of this finding suggests that this physiological
advantage of memory T cells may make them optimal for
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use in adoptive immunotherapy. Ongoing investigations in
our laboratory will examine how these observations may be
applied to the design and implementation of novel adoptive
immunotherapeutic strategies for cancer.
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