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Introduction

Summary

The development of successful vaccination strategies for eliciting cytotoxic
T lymphocytes (CTLs) will be facilitated by the definition of strategies for
subdividing CTLs into functionally distinct subpopulations. We assessed
whether surface expression of a number of cell-surface proteins could be
used to define functionally distinct subpopulations of memory CTLs in
mice immunized with a recombinant vaccinia virus expressing human
immunodeficiency virus (HIV)-1 envelope (Env). We found changes in
cell-surface expression of CD1la, CD44, CD45RB, CD49d, CD54 and
CD62L on Env-specific CD8" T cells that appeared to differentiate them
from other CD8* T cells within 1 week to 1 month following immuniza-
tion. Further, we saw an up-regulation of CD62L surface expression on
Env-specific CD8" memory T cells several months after immunization.
However, CD62L expression did not correlate with differences in the abil-
ities of CTLs to proliferate or produce interferon gamma (IFN-y) and
tumour necrosis factor alpha (TNF-a) in vitro in response to Env peptide
stimulation. Moreover, the expression of CD62L did not allow differenti-
ation of CTLs into subpopulations with distinct expansion kinetics in vivo
after adoptive transfer into naive mice and subsequent boosting of these
mice with a recombinant adenovirus expressing HIV-1 Env. Therefore,
the definition of memory CD8" T-cell subpopulations on the basis of
CD62L expression in mice does not allow the delineation of functionally
distinct CTL subpopulations.

Keywords: CD8" T lymphocyte; cell surface molecule; memory; mouse;
vaccination

tional characteristics.*® Effector memory T cells (Tgnms)
migrate to peripheral tissues and sites of inflammation.

A number of persistent or chronic pathogens, including
Mycobacterium  tuberculosis, human immunodeficiency
virus (HIV) and hepatitis C virus, are contained by cellu-
lar immune responses, and efforts to create effective vac-
cines to protect against these organisms have therefore
focused on the generation of cytotoxic T lymphocytes
(CTLs).! The goal of these vaccines is to induce long-term
memory cell populations that will rapidly expand upon
exposure to the replicating pathogen.” The vaccine strat-
egies being explored for protection against these organ-
isms include plasmid DNA and live attenuated or
replication-deficient recombinant viral vectors, as they
induce potent, high-frequency CD8" T-cell responses.’
Distinct populations of memory CD8" T cells have
been defined based on phenotypic, homing and func-
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Upon re-encountering a specific antigen, these cells
rapidly mediate effector functions, including perforin-
associated cytolytic activity and cytokine secretion. In
this manner, Tgys provide immediate protection against
infection or reactivation of micro-organisms. Central
memory T cells (Tcyms) express lymph node homing
receptors that lead to cellular retention in secondary
lymphoid organs. Although they can differentiate with
time into cytolytic and interferon (IFN)-y-producing
cells, they do not rapidly mediate effector functions
following antigen exposure.*” Tcys have a greater capa-
city to persist in vivo as well as a higher proliferative
capacity than Tgys. Thus, it is presumed that Tcys
have the greatest potential for conferring protective
immunity against pathogens, as they will rapidly expand
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on exposure to a pathogen and differentiate into effector
cells that will populate peripheral sites."®

The development of vaccine strategies for inducing
effective cellular immune responses would be greatly faci-
litated by the definition of cell surface proteins whose
selective expression would allow the differentiation of
antigen-specific memory CD8" T cells into Tgys and
Tcms. An ideal immunization protocol may induce both
subsets of memory cells: Tcys that proliferate in secon-
dary lymphoid tissue to expand the effector lymphocyte
population, and Tgys that can immediately fight invading
pathogens at the site of infection." However, as Tcys are
purported to have a greater proliferative capacity than
Tems, priming immunizations may be most effective if
they expand the largest possible population of Tcys.
Moreover, the most effective timing for delivery of boost
immunizations should be at the time of maximal Tcy
expansion.” These issues would be clarified by an ability
to monitor the development of subsets of antigen-specific
memory CD8" T cells in vivo.

The present study was initiated to explore the utility of
selected monoclonal antibodies for defining functionally
distinct subpopulations of vaccine-elicited CTLs. In fact,
we found that the expression of cell surface molecules
that had been associated with memory CTLs was not use-
ful for differentiating between functionally distinct sub-
populations of vaccine-induced CTLs.

Materials and methods

Mice

Female Balb/c mice (6-12 weeks of age) were obtained
from Charles River Laboratories (Cambridge, MA) or
Taconic (Germantown, NY). All animal studies were per-
formed in accordance with the Harvard University Hand-
book for the Care and Use of Laboratory Animals.

Viruses and immunizations

Recombinant vaccinia virus expressing HIV-1 B10 gp160
(rVac-Env) was generously provided by Dennis Panicali,
Therion Biologics Corporation (Cambridge, MA). Mice
were immunized intraperitoneally (i.p.) with 2 x 107 pla-
que-forming units (PFU) of rVac-Env. Recombinant
adenovirus expressing HIV-1 envelope (Env) (rAdeno-Env)
was generously provided by Dr Gary Nabel (Vaccine
Research Center, National Institutes of Health, Bethesda,
MD). Mice were immunized intramuscularly (i.m.) in the
quadriceps with 10%° particles of rAdeno-Env.

H—2Dd/p1 8 tetramer construction
Tetrameric H-2D® major histocompatibility complex

(MHC) class I with the p18 peptide RGPGRAFVTI from
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the V3 loop of HIV-1 Env’ (H-2D%/p18 tetramer) was
produced as previously described'®'! using streptavidin
coupled to phycoerythrin (PE) (DAKO Corporation,
Glostrup, Denmark).

Surface staining of blood and splenocyte samples for
phenotypic analyses

Peripheral blood mononuclear cells (PBMCs) from 100 pl
of heparinized blood were prepared as previously des-
cribed, with red blood cells (RBCs) lysed in a solution
of NH,Cl-Tris."""? Isolated splenocytes or PBMCs were
washed in phosphate-buffered saline (PBS) containing
2% fetal calf serum (FCS) and stained with 0-1-0-2 pg
H-2DY/p18 tetramer-PE along with anti-CD62L-fluoresc-
ein isothiocyanate (FITC) and anti-CD8o-PerCP (clones
MEL-14 and 53-6-7, respectively; BD Pharmingen, San
Diego, CA) or anti-CD8a-allophycocyanin (APC) (clone
CT-CD8a; Caltag Laboratories, Burlingame, CA). Addi-
tional phenotypic analyses were performed by staining
splenic samples with H-2D/p18 tetramer-PE and anti-
CDB8a-PerCP along with one of the following antibodies
conjugated to FITC: anti-CDl1a, anti-CD25, anti-CD44,
anti-CD45RB, anti-CD49d, anti-CD54 or anti-CD95
(clones M17/4, 7D4, IM7, 16 A, R1-2, 3E2 and Jo2,
respectively; BD Pharmingen). Samples were fixed in 1-5%
paraformaldehyde and analysed on a FACSCalibur using
CeLLQUEST software (BD Immunocytometry, San Jose, CA).

Splenocyte sorting into CD62L" and CD62L™ T cells

In vitro assays. At 1, 2 and 8 months after rVac-Env
immunization, splenocytes from two mice were isolated
and pooled. T cells were negatively selected using the Pan
T Cell Isolation Kit and an AutoMACS separator accord-
ing to the manufacturer’s instructions (Miltenyi Biotec
GmbH, Gladbach, Germany). A subsample of the recov-
ered T cells was removed for use in assays, and the
remainder were incubated with anti-CD62L beads
(Miltenyi) and sorted again via AutoMACS into CD62L"
and CD62L" T-cell fractions. Each fraction, as well as
unsorted cells, was stained with H-2D%/p18 tetramer-PE,
anti-CD62L-FITC, anti-CD3e-PerCP (clone 145-2Cl11;
BD Pharmingen) and anti-CD8a-APC to monitor sorting
efficiency as well as the proportion of H-2DY/p18 tetr-
amer” CD8" cells in each fraction. The T-cell fractions
for each experiment were 92-98% pure. Between 41 and
57% of the CD62L" subpopulations were comprised of
T cells staining positively for CD62L, while between 87
and 94% of CD62L" subpopulations were comprised of T
cells staining negatively for CD62L surface expression.
The apparently large proportion of CD62L™ cells in
the analysed CD62L" subpopulation was a result of the
blocking of the anti-CD62L-FITC staining antibody by
the previously bound anti-CD62L sorting beads, and
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therefore does not reflect the true purity of the CD62L*
subpopulation (data not shown).

In vivo assays. Splenocytes from 13 to 16 rVac-Env-
immunized mice (> 4 months postimmunization) were
pooled and sorted into CD62L* CD8" T and CD62L~
CD8" T-cell fractions. This was accomplished by first
incubating splenocytes with a combination of anti-CD4-,
anti-CD19- and anti-CD11b-conjugated paramagnetic
beads (Miltenyi) according to the manufacturer’s instruc-
tions. Cells were sorted by AutoMACS, and the nega-
tive fraction was incubated with anti-CD62L-conjugated
beads for separation into CD62L" and CD62L~ memory
subpopulations. To determine the sorting efficiency and
percentage of H-2DY/p18 tetramer” CD8" cells in each
lymphocyte subpopulation, subsamples of each fraction
were stained with H—2Dd/p18 tetramer-PE, anti-CD3¢-
PerCP, anti-CD8a-APC, and anti-CD62L-FITC, anti-
CD19-FITC or anti-CD11b-FITC (clones 1D3 and M1/70,
respectively; BD Pharmingen), as well as with anti-CD4-
PE or anti-CD4-APC (clone CT-CD4; Caltag) in combi-
nation with anti-CD3e and anti-CD8a antibodies. The
T-cell fractions for each experiment were 41-71% pure.
Generally <1% of isolated subpopulations were CD4"
T cells. Approximately 50% of CD8" T cells in CD62L"*
subpopulations stained positively for CD62L surface
expression, while >95% of CD8" T cells in CD62L™ sub-
populations stained negatively for CD62L surface expres-
sion.

In vitro proliferation

Following sorting, unfractionated T cells, CD62L" T cells
and CD62L™ T cells were labelled with 0-8 um CFSE
(Molecular Probes, Eugene, OR) and then rested overnight
at 4 x 10° cells/ml in media containing 5% FCS to avoid
confounding effects resulting from the stimulation of the
CD62L" population during the process of sorting. The
following day, 3 x 10° cells of each of the three T-cell
subpopulations were placed into 96-well plates with or
without 100 ng/ml p18 peptide. On the second day of
culture, 5 U/ml recombinant rat interleukin (IL)-2
(Sigma-Aldrich Company, St Louis, MO) was added to all
cells. Cells were harvested on days 0-8 of culture and
stained with H—ZDd/pIS tetramer-PE, anti-CD3g-PerCP
and anti-CD8a-APC for flow cytometric analysis of CFSE
dilution.

Intracellular cytokine stimulation and staining

Following an overnight rest, unfractionated T cells,
CD62L" T cells and CD62L™ T cells were stained with
H-2D/p18 tetramer-PE and then washed. In parallel,
aliquots of as many as 2 x 10° of each cell population
were exposed to no peptide or 1 pg/ml p18 peptide and

© 2005 Blackwell Publishing Ltd, /mmunology, 116, 443-453

CD62L expression as a marker for memory CTLs

2 pg/ml each of anti-CD28 and anti-CD49d (clones 37-51
and R1-2, respectively; BD Pharmingen). As controls,
aliquots of cells were also exposed to 10 pg/ml phorbol
12-myristate 13-acetate (PMA) and 50 pg/ml ionomycin
(Sigma). All samples were treated with Golgi Plug
(containing brefeldin A; BD Pharmingen) and then
incubated for 6 hr at 37°. Following incubation, samples
were stained with H-2DY/p18 tetramer-PE, anti-CD62L-
FITC and anti-CD8a-PerCP, and then permeabilized
by incubation with Cytofix/Cytoperm (BD Pharmingen)
and stained with anti-IFN-y- or anti-tumour necrosis
factor (TNF)-a-APC (clones XMGI1-2 and MP6-XT22,
respectively; BD  Pharmingen) for flow cytometric
analysis.

In vivo proliferation

Splenocytes from 13 to 16 mice immunized with rVac-
Env were pooled and then sorted into CD62L" CD8*
T-cell and CD62L™ CD8" T-cell fractions as described
above. Two separate experiments were performed, one at
5 months and one at 8 months post-rVac-Env immuniza-
tion. Cells were labelled with 8-10 pm CFSE at 37° for
30-60 min and then rested overnight at 4 x 10° cells/ml
in media containing 5% mouse serum (Jackson Immuno-
Research Laboratories, West Grove, PA) to avoid con-
founding effects resulting from the stimulation of the
CD62L" population during the process of sorting. The
following day, sorted cells were transferred into naive
Balb/c mice by tail vein injection. The total number of
cells transferred was <50 x 10° donor cells per recipient
mouse and contained 2-8 x 10° H-2D%/p18 tetramer®
CD8" cells. In a given experiment, each mouse received
an equivalent number of H-2DY/p18 tetramer” CD8* T
cells. Recipients of these Env-specific memory CD8" T
cells were boosted immediately following adoptive cell
transfer with 10%° particles of rAdeno-Env. Following
transfer and boosting, peripheral blood samples were
obtained from recipient mice and the proliferation of the
infused donor cell populations was determined by evalu-
ating CFSE dilution and staining with H-2DY/p18 tetra-
mer-PE, anti-CD3e-PerCP and anti-CD8u-APC by flow
cytometric analysis. Control experiments were performed
similarly using donor splenocytes from naive mice (data
not shown).

Results

We first established a mouse model to explore phenotypic
strategies for defining HIV-1-vaccine-elicited memory
CTLs. A single i.p. inoculation of Balb/c mice with
2 x 107 PFU of recombinant vaccinia-HIV-1 BH10 gp160
elicited a high-frequency and durable HIV-1 Env-specific
CTL response (Fig. 1). The magnitude of the CTL
response in these mice was determined by monitoring the
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Figure 1. Kinetics of pl18-specific CD8" cell responses following
immunization with recombinant vaccinia virus expressing human
immunodeficiency virus (HIV)-1 B10 gpl60 (rVac-Env). D%/p18
tetramer” CD8" cells as a percentage of total CD8" cells were monit-
ored in (a) peripheral blood mononuclear cells (PBMCs) and (b)
spleen cells of Balb/c mice inoculated intraperitoneally (i.p.) with
2 x 107 plaque-forming units (PFU) of rVac-Env. Plotted values rep-
resent the median + standard error for n = 5-10 (a) or n = 4 (b)

mice.

well-defined H-2D%restricted p18 epitope-specific CD8*
CTL response in PBMCs using tetramer staining and flow
cytometric analysis (Fig. 1a). This epitope-specific CTL
response was maximal in PBMCs on day 6 following
immunization, with 82 + 1-4% of CD8" T cells binding
the H-2D%/p18 tetramer. This CTL population decayed
rapidly thereafter, reaching a plateau 2 days later of
5.6 + 0-8% of CD8" PBMCs. Importantly, H-2D%/p18
tetramer-binding CD8" T cells were readily detected at
least as late as 8 months following a single inocula-
tion of the recombinant vaccinia-HIV-1 Env construct
(45 + 0-5% of CD8" PBMCs; data not shown). More-
over, these circulating H-2D%/p18 tetramer® cells repre-
sent a systemic antigen-specific cell population, as
tetramer-binding CD8" cell populations of comparable
magnitude were detected in the spleens of these same
mice (Fig. 1b).

In view of the impressive durability of the HIV-1 Env
epitope-specific CD8" T-cell responses elicited by rVac-
Env immunization, we sought to determine whether we
could detect phenotypic and functional heterogeneity in
these CTLs. Our aim was to determine whether pheno-
typic markers could be established that define the mem-
ory subset of CTLs in these vaccinated mice. To this end,
naive mice and mice inoculated with rVac-Env 5, 6, 7, 8
and 14 days previously, as well as 1, 3, 5 and 8 months
previously, were killed and splenocytes were evaluated by
monoclonal antibody staining and flow cytometric analy-
sis. CD8" T cells and H-2D/p18 tetramer* CD8" T cells
were evaluated for expression over time of the following
molecules: CD11a, CD25, CD44, CD45RB, CD49d, CD54,
CD62L and CD95 (Fig. 2). These phenotypic analyses
demonstrated that all p18-specific CD8" T cells expressed
the activation-associated surface adhesion molecules
CD1la (integrin oy) and CD44 (hyaluronate receptor)
virtually as soon as the CTLs were detected, and main-
tained expression of these molecules throughout the
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duration of the study. CD11a and CD44 were detected on
only approximately half of all CD8" T cells of these mice.
In contrast to this, expression of both CD25 (IL-2Ra)
and CD95 (Fas) on H-2DY/p18 tetramer” CD8" T cells
remained indistinguishable from their expression by the
entire CD8" T-cell population throughout the period of
evaluation. CD54 [intercellular adhesion molecule type 1
(ICAM-1)] was expressed on almost all H-2Dd/p18 tetra-
mer” CD8" T cells early following recombinant vaccinia
inoculation and fell to levels seen on all CD8" T cells
(10-20% CD54") by 1 month following vaccination.
While only a small percentage of H-2DY/p18 tetramer*
CD8" T cells expressed the cell surface protein CD45RB
(protein tyrosine phosphatase) and CD62L (L-selectin)
early after vaccination (~ 20%), the expression of these
molecules was indistinguishable from that on all CD8" T
cells by 5 months following vaccination. H-2D%/p18 tetra-
mer" CD8" T cells shifted from >80% CD49d (integrin
o) expression positive until 5 months following immun-
ization to a percentage indistinguishable from that of
all CD8" T cells (~20% CD49d") by approximately
8 months following vaccination.

In view of the dynamic changes in CD62L expression
by the vaccine-elicited H-2D%/p18 tetramer® CD8" T cells
(Fig. 2) and the previously reported expression of this
molecule on memory T cells,”"* ™ we sought to deter-
mine whether the expression of CD62L could be used to
differentiate between effector and memory CTLs. We
therefore isolated CD62L" and CD62L" subsets of H-2DY/
p18 tetramer” CD8" T cells at various times postimmuni-
zation and evaluated their functional properties using
both in vitro and in vivo assays. Because stimulation of
CD62L" T cells results in the rapid loss of surface CD62L
expression,”’zo we fractionated CD62L" and CD62L~
T-cell subsets prior to performing assays. Moreover, as it
is also possible that the procedures used to isolate these
lymphocyte subsets might expose CD62L* T cells to a
costimulatory signal that might alter the responsiveness of
the cells, we rested the lymphocyte subsets in culture
overnight following fractionation before subjecting them
to functional evaluation.

In vitro proliferative capacity

Splenocytes were obtained from mice 1, 2 or 8 months
following rVac-Env immunization and were evaluated as
unfractionated, CD62L" or CD62L™ T cells. These lym-
phocyte populations were stimulated by p18 peptide and
their in vitro proliferation was assessed (Figs 3 and 4).
The proliferation of H-2D/p18 tetramer” CD8" T cells
obtained from mice 2 months post-rVac-Env immuniza-
tion was first evaluated by flow cytometric assessment of
CFSE-labelled cells (Fig. 3). In the absence of p18 peptide
stimulation, CD8" T cells in culture did not divide. Fol-
lowing exposure to pl8 peptide, the unfractionated,
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Figure 2. Activation/maturation-associated surface molecule expression on CD8" T cells and DY/p18 tetramer* CD8" cells following immuniza-

tion with recombinant vaccinia virus expressing human immunodeficiency virus (HIV)-1 B10 gp160 (rVac-Env). Shown are the percentages of
total CD8" cells and Dd/p18 tetramer” CD8" cells (a) or dot plots and mean fluorescence intensity (MFI) of total CD8" cells (b) expressing the
indicated surface proteins in spleens of Balb/c mice inoculated intraperitoneally (i.p.) with 2 x 107 plaque-forming units (PFU) of rVac-Env. In

(a), plotted values represent the median + standard error for n = 4 mice. Circles, D¥/p18 tetramer™; triangles, CD8". In (b), a representative dot

plot is shown from the day 29 (2 month) and day 232 (8 month) post-infection (p.i.) time-points; the MFI of these CD8" cell populations is

indicated in the lower right-hand corner of each plot.

CD62L" and CD62L™ T cells demonstrated a comparable
dilution of CFSE after 2, 4 and 6 days in culture with
p18, indicating comparable in vitro proliferation. In addi-
tion, the fold-increase in the total H-2D%/p18 tetramer®
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CD8" T-cell numbers after 2, 4 and 6 days in culture with
p18 (normalized to day 0 lymphocyte numbers) noted in
Fig. 3 indicates comparable proliferation of CD62L" and
CD62L™ T cells. Splenocytes obtained from mice at 1 and
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Figure 3. In vitro p18 peptide stimulation of CD62L* and CD62L™ D¥/p18 tetramer” CD8" T-cell division. Splenocytes from two Balb/c mice
immunized with 2 x 107 plaque-forming units (PFU) of recombinant vaccinia virus expressing human immunodeficiency virus (HIV)-1 B10

gpl60 (rVac-Env) were harvested at 2 months postinoculation. Populations of unfractionated (unfrac.) T cells, CD62L" T cells and CD62L~
T cells (3 x 10° cells/well in 96-well plates) were labelled with 0-8 um CFSE and cultured with 100 ng/ml p18 peptide and 5 U/ml rat interleukin
(IL)-2 added on day 2 of culture. Loss of CFSE fluorescence by splenocytes after 2, 4, and 6 days of culture indicates division of D%p18

tetramer” CD8" T cells. The fold-increase in total DYp18 tetramer” CD8* T-cell number in cultures (normalized to day 0 lymphocyte numbers)

is indicated in the upper left corner of each dot plot.

8 months following rVac-Env immunization were simi-
larly evaluated; the unfractionated, CD62L" and CD62L"
T cells demonstrated a comparable dilution of CFSE (data
not shown).

Further, we evaluated the magnitude and kinetics of
expansion of the p18-specific CTL subpopulations follow-
ing in vitro exposure to pl8 peptide (Fig. 4). An expan-
sion of H-2D/p18 tetramer” CD8" T cells was evident by
3 days after initiating the cultures of pl8- and IL-2-
stimulated splenocytes, and continued until day 8 of cul-
ture, by which time >80% of CD8" T cells in all cultures
were pl8-specific. In the presence of p18 peptide stimula-
tion but in the absence of IL-2, cultured H—ZDd/pIS
tetramer” CD8" T cells divided much more slowly and
generally did not exceed 40% of CD8" T cells (data not
shown). The kinetics of the expansion of H-2D%/p18
tetramer’ CD8" T cells in the IL-2- and pl8 peptide-
exposed cultures were similar in unfractionated, CD62L*
and CD62L™ CD8" T cells at all evaluated time-points.
Moreover, this same finding was noted in splenocytes
obtained from mice 1, 2 and 8 months following
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vaccination. Therefore, CD62L expression did not differ-
entiate between subpopulations of CTLs with different
proliferative capacities.

IFN-y and TNF-a production

We then evaluated the cytokine production profile of
these subpopulations of vaccine-elicited CTLs. CD62L*
and CD62L™ CD8" splenic T cells were isolated from mice
immunized with rVac-Env 1, 2 or 8 months previously.
These cell populations were stimulated in vitro for 6 hr
with pl8 peptide and assessed by intracellular cytokine
staining for production of IFN-y (Fig. 5a) and TNF-a
(Fig. 5b). Modest differences in p18-stimulated cytokine
production by these cell subpopulations were apparent at
these various time-points. A similar evaluation of IL-2
production by the CD62L* and CD62L~ CD8"* splenic
T-cell subpopulations was not performed as we observed
that fewer than 15% of p18-specific CD8" T cells pro-
duced IL-2 following a 10-hr stimulation with pl8
peptide (data not shown). Cytokine production by

© 2005 Blackwell Publishing Ltd, Immunology, 116, 443-453
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Figure 4. In vitro p18 peptide stimulation of CD62L* and CD62L~ D/p18 tetramer® CD8* T-cell division. Splenocytes from two Balb/c mice
immunized with 2 x 107 plaque-forming units (PFU) of recombinant vaccinia virus expressing human immunodeficiency virus (HIV)-1 B10

gp160 (rVac-Env) were harvested at the indicated times postinoculation. Populations of unfractionated T cells (crosses), CD62L" T cells (circles)
and CD62L™ T cells (triangles) (3 x 10 cells/well in 96-well plates) were cultured with 100 ng/ml p18 peptide and 5 U/ml rat interleukin (IL)-2
added on day 2 of culture. (a) No peptide; (b) 1 month post-infection (p.i.); (c) 2 months p.i; (d) 8 months p.i. The kinetics of expansion of

D?/p18 tetramer™ CD8" T cells is shown over 8 days in culture. Plotted values represent the median + standard error of two separately performed

experiments.

pl8-stimulated lymphocyte subpopulations was maximal
in splenocytes obtained 2 months following vaccination,
with 30-45% of H-2D%/p18 tetramer”™ CD8" T cells pro-
ducing IFN-y and 40-55% producing TNF-o. At
8 months following vaccination, H-2D/p18 tetramer*
CD8" T cells produced lower levels of both cytokines fol-
lowing pl8 peptide stimulation, with 20% producing
IFN-y and 20-35% producing TNF-o. Importantly, no
significant differences were noted in the production of
these cytokines between the CD62L" and CD62L~ H-2DY/
pl8 tetramer” CD8" lymphocytes. Similar results were
obtained in parallel studies performed following a 3-hr
rather than a 6-hr in vitro exposure of the isolated T-cell
subpopulations to p18 peptide (data not shown). There-
fore, CD62L expression did not allow the differentiation
of distinct subpopulations of CTLs with different cytokine
production profiles.

In vivo proliferative capacity

While these in vitro analyses of proliferative function and
cytokine production did not suggest that CD62L expres-
sion provided a useful means of separating vaccine-
elicited CD8" T lymphocytes into functionally distinct
subpopulations, we evaluated vaccine-generated CD62L"
and CD62L" CTLs for their ability to expand in vivo
following a secondary exposure to antigen. Mice were
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immunized with rVac-Env and splenocytes were obtained
5 or 8 months later. These Env peptide-primed spleno-
cytes were incubated with anti-CD19-, anti-CD11b- and
anti-CD4-conjugated magnetic beads. CD4" T cells were
removed from the immune splenocytes to avoid the con-
founding functional effect of an unequal distribution of
pl18-specific CD4" T cells between CD62L" and CD62L~
CD8" T-cell subpopulations (data not shown). The
isolated CD8" T cells were then incubated with anti-
CD62L-conjugated magnetic beads to generate cell sub-
populations for adoptive transfer. Figure 6 shows the
combined results of two experiments in which rVac-Env
vaccine-induced memory CD62L" or CD62L™ H-2D"/p18
tetramer” CD8" T cells were adoptively transferred in
equal numbers into naive Balb/c mice. These recipient
mice were then immediately immunized with 10%° parti-
cles of rAdeno-Env. We had previously determined that
10%° particles of rAdeno-Env would induce the expansion
of pre-existing H-2D%/p18 tetramer” CD8" T-cell popula-
tions but would not elicit a measurable H-2DY/p18 tetra-
mer" CD8" T-cell response in the peripheral blood of
naive mice (data not shown). No differences in the mag-
nitude or kinetics of the responses of CD62L" or CD62L~
H-2D/p18 tetramer® CD8" T cells were seen in the
recipient mice following rAdeno-Env immunization. Both
CD62L* and CD62L" memory H-2DYpl8 tetramer®
CD8" T-cell subpopulations began expanding in PBMCs
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Figure 5. In vitro p18 peptide stimulation of interferon (IFN)-y and
tumour necrosis factor (TNF)-a production by CD62L" and CD62L~
DYp18 tetramer” CD8" T cells. Splenocytes from two Balb/c mice
immunized with 2 x 107 plaque-forming units (PFU) of recombinant
vaccinia virus expressing human immunodeficiency virus (HIV)-1
B10 gpl60 (rVac-Env) were harvested at the indicated times post-
infection (p.i.). Populations of up to 2 x 10%, CD62L" T cells (open
bars) and CD62L™ T cells (filled bars) were incubated with no
peptide (Unstim.) or 1 pg/ml p18 peptide and 2 pg/ml each of anti-
CD28 and anti-CD49d antibodies (p18). Control cells were incuba-
ted with 10 pg/ml phorbol 12-myristate 13-acetate (PMA) and
50 pg/ml ionomycin (PMA/iono). All samples were treated with
Golgi Plug and incubated for 6 hr at 37° before flow cytometric
analysis for production of IFN-y (a) or TNF-a (b). Plotted values
represent the mean + standard error of two separately performed
experiments.

1 week following immunization, and reached plateau
levels of 3-4% of CD8" T cells 4-5 weeks later. Thus,
CD62L expression did not provide a useful phenotypic
marker for fractionating functionally distinct rVac-Env-
elicited CD8" memory CTL subpopulations.

Discussion

These studies were initiated in order to define a pheno-
typic profile of recombinant poxvirus-elicited memory
CTLs to facilitate the process of devising strategies to
expand CTLs maximally through vaccination. A prospect-
ive evaluation of recombinant vaccinia-HIV-1 Env-
induced CTLs demonstrated a dramatic change in CD62L
expression in the weeks following immunization, whereas
the expression of CD11a, CD44 and CD49d on recombin-
ant vaccinia-HIV-1 Env-induced CTLs was relatively sta-
ble. In fact, up-regulation of CD62L on memory T cells
following antigen exposure has been observed in several
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Figure 6. In vivo expansion of CD62L" (circles) and CD62L" (tri-
angles) DY/p18 tetramer” CD8" T cells following antigen stimulation.
A total of 2-8 x 10° CD62L" or CD62L™ D/p18 tetramer” CD8* T
cells were harvested from spleens of 13-16 Balb/c mice at 5 or
8 months postinoculation with 2 x 10" plaque-forming units (PFU)
of recombinant vaccinia virus expressing human immunodeficiency
virus (HIV)-1 B10 gpl60 (rVac-Env), sorted into CD62L" and
CD62L~ CD8" T-cell populations, and adoptively transferred into

naive Balb/c mice. Recipient mice were boosted with 10°

particles
of rAdeno-Env intramuscularly (i.m.) at the time of adoptive trans-
fer. Plotted values represent the median + standard error of two sep-
arately performed experiments with n = 5-7 (CD62L") or n = 4-6

(CD62L") recipient mice.

model murine systems, including skin allografts and
infection with Listeria monocytogenes, influenza virus, and
Sendai virus.'>'®?*'"2*> However, the kinetics of the switch
of antigen-specific CD8" T cells from CD62L™ to CD62L*
varies widely. For example, by 5 weeks following Listeria
infection and by 2 months following skin allografting,
more than 60% of antigen-specific memory T cells in mice
express CD62L. However, the expression of CD62L on
virus-specific T cells did not occur until approximately
5 months following Sendai virus infection, and until 1 year
or more following influenza virus infection.''**'"** The
kinetics of CD62L expression on the H-2D%/p18 tetra-
mer" CD8" T lymphocytes in the present study were thus
consistent with previous findings.

The significance and impact of CD62L surface expres-
sion on memory T cells are not clear. CD62L plays an
important role in lymphocyte rolling along endothelial
surfaces during trafficking to lymphoid tissues. Cells lack-
ing surface CD62L are confined mainly to non-lymphoid
tissues.*»*> CD62L can also function as a signalling recep-
tor by virtue of its association with tyrosine kinases. Its
ligation in the process of lymphocyte trafficking and
homing leads to increased tyrosine phosphorylation of
several cellular proteins, and results in increased MAPK
activity and the translocation of NFAT to the nucleus.*®*
Both the trafficking and the signalling functions of
CD62L could explain an association of CD62L with mem-
ory T cells.

Several groups have proposed that memory T cells do
not immediately display all of their hallmark functional
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traits early in their development, but instead gradually
acquire memory cell characteristics.*®?® Thus a gradual
re-expression of CD62L on memory T cells after recom-
binant vaccinia immunization (Fig. 2) might represent a
useful surrogate marker for the acquisition of characteris-
tic memory cell functions. We reasoned that such func-
tions, in particular the ability to proliferate rapidly in
response to antigenic stimulation, might be harnessed to
improve our ability to generate memory CTLs by inocula-
tion with recombinant vaccinia vectors. We therefore tes-
ted CD62L" and CD62L™ CD8" memory T cells at 1, 2
and 8 months post-recombinant vaccinia immunization
to determine whether there was indeed a kinetic of func-
tional acquisition that correlated with CD62L surface
expression. We analysed the capacity of CD62L" and
CD62L~ CD8" memory T-cell subpopulations to prolifer-
ate in culture (Figs 3 and 4) and to produce cytokine
(Fig. 5) in response to specific p18 peptide stimulation.
In the future, similar analyses comparing the functional
capacities of CTLs with differential surface expression of
the IL-7Ro chain (CD127) may prove useful, as recent
evidence has suggested that it is the IL-7Ro™ cells that
differentiate into long-lived memory cells.***°

Based on the results of previous studies, we expected
CD62L" T cells to produce cytokines more efficiently than
CD62L" T cells following restimulation with the p18 pep-
tide, while CD62L" T cells would re-enter the cell cycle
more quickly than CD62L™ T cells.>'»*»*'> We also
expected that the functional capacities of memory CD8"*
T cells would evolve with the passage of time postinocula-
tion.»*****7 However, we found the rVac-Env-induced
CD62L" and CD62L™ H-2DY/18 tetramer” CD8" T-cell
subpopulations were functionally indistinguishable. These
cell subpopulations demonstrated comparable dilution of
CFSE labelling, expansion in culture, and production of
cytokines following p18 stimulation at all evaluated time-
points following immunization.

We also assessed the abilities of CD62L" and CD62L~
H-2D%p18 tetramer’ CD8" T-cell subpopulations to
expand in vivo following adoptive transfer into naive mice
and a repeated antigen exposure by boosting the recipient
mice with a recombinant adenovirus vector expressing
HIV-1 Env. We removed CD4" cells from the T-cell sub-
populations for these in vivo experiments to avoid the
complication of transferring unequal numbers of Env-
specific CD4" T cells along with the CD62L" and CD62L~
H-2D%/p18" CD8" T-cell subpopulations. The absence of
Env-specific CD4" cells in the transferred cell subpopula-
tions should not have hindered the p18-driven secondary
expansion of H-2DY/p18 tetramer’ CD8" T cells, as the
absence of CD4" cells during recall responses has minimal
effects on the ability of previously generated memory
CD8" cells to respond.”®™*° Nevertheless, we saw no
reproducible differences in the in vivo proliferative abilit-
ies of CD62L" and CD62L~ H-2D"/p18 tetramer” CD8" T
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cells (Fig. 6), with indistinguishable kinetics of expansion
of these cells following stimulation with the p18 antigen.

However, a number of technical limitations may have
biased the outcome of these adoptive transfer experi-
ments. Because these studies were not performed using
transgenic mice, we were limited to transferring 8 x 10°
pl18-specific CD8" T cells into recipient mice. We also
could not rule out the possibility that the H-2D%/p18
tetramer” CD8" T-cell responses generated in the recipi-
ent mice were the result of a primary immune response
against the p18 epitope. Arguing against that possibility,
however, was the observation that 10%° particles of
recombinant adenovirus is a quantity of virus that
expands p18-primed but not naive CD8" T cells and, fur-
ther, does so with the characteristic kinetics of a secon-
dary immune response (data not shown).

The findings of the present study in mice are not in
accord with the described paradigm of functionally dis-
tinct populations of human memory Tgys and Tcps
associated with distinct surface expression of CCR7 and
CD62L.»®133173441 However, the results of the present
studies are consistent with experiments in lymphocytic
chonomeningitis virus (LCMV)- or Listeria-infected mice
demonstrating that both CCR7' CD62L" (Tc¢y) and
CCR7™ CD62L™ (Tgy) memory CD8" T cells can rapidly
kill in vivo, proliferate in vitro, and produce the cytokines
IFN-y and TNF-a in response to specific antigenic stimu-
lation.*'>*>™* Further, a third subpopulation of memory
CD8" T cells has recently been proposed: intermediate
memory T cells (Tpys), with a mixed CD62L™ and CCR7*
phenotype.*® Because equal numbers of antigen-specific
Tgvms and Tpys resided in the spleens of LCMV-infected
mice,*® it is possible that a Tpy subpopulation of cells
may have influenced the results of the present studies.
Recent attempts to define antigen-specific CD8" Ty and
Tgm subpopulations in humans have proved increasingly
complex, with the expression of as many as five separate
cell-surface proteins (CD27, CD28, CD45RA, CCR5 and
CCR?7) being evaluated.”” Finally, as cells expressing the
two lymph node homing receptors CD62L and CCR7
have been seen in non-lymphoid organs, expression of
these molecules may not accurately predict the functional
capacities of cells found in either lymphoid or non-
lymphoid compartments.****>! The present study sug-
gests that CD62L expression alone is not sufficient to
define distinct functional subpopulations of memory CD8"*
T cell subsets in mice following rVac-Env immunization.
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