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Introduction

A hallmark of cell-mediated immunity is the generation
of millions of copies of effector CD8" cytotoxic T lym-
phocytes (CTLs) and a small fraction of memory CTLs
arising from the proliferation of extremely low numbers
of naive CD8" T-cell precursors (approximately 10 of
3000)."* This dynamic event is largely regulated by a
multitude of factors during priming and effector phases
of CTL responses.* Among these factors, CD4" T cells are
known to mediate helper effects either indirectly by
inducing maturation signals to antigen-presenting cells
via CD40 ligand (CD40L) signalling,”” or directly by
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Summary

Increased CD8" T-cell precursor frequency (PF) precludes the requirement
of CD4" helper T (Th) cells for primary CD8" cytotoxic T-lymphocyte
(CTL) responses. However, the key questions of whether unhelped CTLs
generated at higher PF are functional effectors, and whether unhelped
CTLs can differentiate into functional memory cells at higher PF are
unclear. In this study, ovalbumin (OVA) -pulsed dendritic cells (DCoya)
derived from C57BL/6, CD40 knockout (CD407/ ~) or CD40 ligand knock-
out (CD40L /") mice were used to immunize C57BL/6, Ia®~/~, CD40 '~
or CD40L '~ mice, whose PF was previously increased with transfer of
1 X 10° CD8" T cells derived from OVA-specific T-cell receptor (TCR)
transgenic OTI, OTI(CD40 ') or OTI(CD40L ") mice. All the immu-
nized mice were then assessed for effector and memory CTL responses.
Following DC immunization, relatively comparable CTL priming occurred
without CD4" T-cell help and Th-provided CD40/CD40L signalling. In
addition, the unhelped CTLs were functional effectors capable of inducing
therapeutic immunity against established OVA-expressing tumours. In
contrast, the functional memory development of CTLs was severely
impaired in the absence of CD4" T-cell help and CD40/CD40L signalling.
Finally, unhelped memory CTLs failed to protect mice against lethal
tumour challenge. Taken together, these results demonstrate that CD4"
T-cell help at higher PF, is not required for effector CTL priming, but is
required for functional memory CTL development against cancer. Our
data may impact the development of novel preventive and therapeutic
approaches in cancer patients with compromised CD4" T-cell functions.

Keywords: CD4" T-cell help; CD40/CD40 ligand signalling; increased
precursor frequency; primary and memory CD8" cytotoxic T lymphocyte
responses and anti-tumour immunity.

modulating CD8" T-cell responses via cytokine (interleu-
kin-2; IL-2) and co-stimulatory (CD40L) signals.s’9
Recently, several studies have indicated that natural dif-
ferences in the size of the CD8" T-cell precursor popula-
tion for a given antigenic epitope can affect the
magnitude of effector and memory CTL responses.'®'°
Even in genetically identical twins, variations in CD8"
T-cell repertoires impact the development of autoimmune
diseases, such as type 1 diabetes and multiple sclerosis.'”
These observations inspired researchers to investigate
whether altered precursor frequency (PF) modifies the
requirement for specific regulatory factors in the develop-
ment of CD8" T-cell responses. Studies in several models
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CD4" T-helper requirement for CTL responses at high PF

have recently suggested that primary CTL responses at
higher PF could occur independent of CD4" T-cell help,
even against minor-H antigen.'"'>'® We have recently
demonstrated that at higher PF, the primary CTL
responses derived from ovalbumin (OVA) -pulsed den-
dritic cell (DCqoy,a) stimulation occur in the absence of
CD4" T-cell help (unhelped) in Ia® knockout (Ia®~/7)
mice.'® However, whether these unhelped CTLs are func-
tional effectors is unknown. Although most of the studies
have focused on the effect of PF on the primary CTL
responses, its potential relation to the requirement of
CD4" T-help and its helper signals mediated by CD40L
for functional memory CTL development at higher PF is
poorly understood. In addition, the situation is further
complicated by observations that show significant differ-
ences in the requirement for CD4" T-cell help in different
types of infections or immunizations,>®*!"1»20:2!

Hence, in the current study, by employing an adoptive
transfer system and various gene knockout and transgenic
mice, we investigated whether unhelped CTLs stimulated
by DCova at higher PF are functional effectors, and
whether unhelped CTLs can differentiate into functional
memory cells at higher PF.

Materials and methods

Reagents, tumour cells and animals

Biotin- or fluorescence-labelled [FITC or phycoerythrin
(PE)] antibodies specific for CD11c (HL3), H-2K® (AF6-
88.5), Ta® (KH74), CD80 (16-10A1), CD40 (3/23), CD4
(GK1.5), CD44 (IM7), CD127 (A7R34), CD62L (MEL-
14), CD69 (HI1.2F3), Vf5.1,5.2 T-cell receptor (TCR;
MR9-4), interferon-y (IFN-y; XMGI1.2) and IL-2 (JES6-
5H4), streptavidin-PE-Cy5 and streptavidin-FITC were
purchased from BD-Biosciences (San Diego, CA), and
FITC-anti-CD8 (KT15) was obtained from Beckman
Coulter (Miami, FL). The recombinant granulocyte—
macrophage colony-stimulating factor, IL-2 and anti-IL-4
antibodies were obtained from R&D Systems (Minne-
apolis, MN). The OVAI (SIINFEKL) and the control 3LL
lung carcinoma Mutl (FEQNTAQP) peptides®® were syn-
thesized by Multiple Peptide Systems (San Diego, CA).
The OVA was obtained from Sigma-Aldrich Canada
(Oakville, ON, Canada). The OVA-transfected, mouse
malignant melanoma (BL6-100y4)%° cell lines were cul-
tured as described previously.® The wild-type (WT)
C57BL/6 (B6), OVA,5;7 y64-specific TCR-transgenic OTI,
CD40 ', CD40L '~ and Ia"~/~ mice on B6 background
were purchased from Jackson Laboratory (Bar Harbor,
ME) or bred in the University’s animal resource centre
(Saskatoon, SK, Canada). The OTI/CD40 '~ and OTI/
CD40L™'~ mice were generated by backcrossing desig-
nated knockout mice with OTI mice, and tested as
described previously.® All the animal experiments were
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performed as per the guidelines approved by the Univer-
sity Committee on Animal Care and Supply, University
of Saskatchewan.

Preparation of mature DCgoya

Bone-marrow-derived DCqy, from B6 mice were gener-
ated by culturing bone marrow cells for 6 days in medium
containing IL-4 (20 ng/ml) and granulocyte—macrophage
colony-stimulating factor (20 ng/ml) and pulsing with
0-1 mg/ml OVA overnight at 37° as described previ-
ously.20 The DCoys generated from CD40~~ and
CD40L ™/~ mice were referred to as (CD40~'") DCoya
and (CD40L™"7) DCqva, respectively.

Isolation of mononuclear leucocytes from lung

The lungs were finely minced and digested for 30 min
with collagenase D (1 mg/ml) at 37°. The cell suspension
was incubated with 0-01 M EDTA for 5 min and subjected
to gradient centrifugation using Histopaque (Sigma, St
Louis, MO). The white buffy coat at the suspension and
Histopaque interface was collected for analysis.

Assessment of primary and memory CTL responses

The naive CD8" T cells were isolated from WT OTI,
(OTI) CD40~~ or (OTI) CD40L ™'~ mouse splenocytes
by enriching T lymphocytes in nylon wool columns (C&A
Scientific, Manassas, VA), and negative selection using
anti-CD4 (L3T4) paramagnetic beads (DYNAL, Lake Suc-
cess, NY) as previously described.® The endogenous PF of
mice was increased by intravenous transfer of the above
different types of OTI CD8" T cells (1 x 10° cells) 1 day
before intravenous immunization of WT B6 or CD40 '~
or CD40L™"~ mice with DCqya or (CD40™'7) DCqoya or
(CD40L™7) DCoya (1 x 10° cells) derived from WT B6
or CD40~'~ or CD40L™’~ mice. Six or 90 days after
DCovya immunization, the blood samples were collected,
re-stimulated with OVAI and subjected to intracellular
IFN-7 staining (BD Biosciences) for assessment of primary
and memory CTL responses.”> Experiments were also
performed to determine the presence of IFN-y* CTLs in
lung or spleen during effector stage or day 24 of tumour
challenge.

In vivo cytotoxicity assay

The targets were prepared as described previously® by
labelling splenocytes differentially with high (3-0 um) or
low (0-6 um) concentrations of CFSE and by pulsing with
OVALI or the control Mutl peptide, respectively, and co-
injected intravenously (2 x 10° cells/mouse) at a 1 : 1
ratio into immunized or unimmunized mice. Sixteen
hours later, the relative proportions of target CFSE"&"
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(H) and CFSE"" (L) cells remaining in the spleens were
analysed by flow cytometry.

Phenotypic characterization of memory CTLs

To phenotypically characterize memory CTLs, the blood
samples were collected 60 days after DCoy, immuniza-
tion, and stained with PE-tetramer, FITC-anti-CD44, a
panel of biotin-conjugated antibodies specific for effector
or memory T-cell markers and subsequently with strepta-
vidin-PECy5. The relative expressions of surface markers
were analysed in the tetramer® CD44" cell population.

Tumour protection studies

All the immunized mice were challenged with BL6-10
(0-5 x 10° cells/mice) on the 90th day of DCoy, immu-
nization as shown in Table 1 and monitored for protec-
tion up to 24 days or earlier if the mice became
moribund as described previously.® The tumour grading
was carried out depending on mean numbers of meta-
static tumour colonies in lungs: —, no tumours; +, 1-24;
++, 25-49; +++, 50-74; ++++, 75-99; +++++, 100-250;
++++++, > 250.

Statistical analysis

The statistical analyses were performed using Student’s
t-test or Mann—Whitney U-test (GraPHPAD Prism-3.0,
GraphPad Software Inc., San Diego, CA); *P < 0-05 and
*¥*P < 0-01.

Results

Unhelped CTLs generated from higher PF retain
effector cytokine-secreting and cytotoxic functions

We previously demonstrated CD4" T-cell-independent
CTL responses in 12~ mice at higher PF.' Here, we
investigated whether the CD4" T-cell-independent pri-
mary CTLs (unhelped CTLs) generated at higher PF
retain effector cytokine (IFN-y) secretion and cytotoxic
functions using OVA-specific intracellular cytokine stain-
ing and in vivo cytotoxicity assay, respectively. Two criti-
cal experiments were performed as shown in Fig. 1(a,b):
one in the absence of CD4" T-cell help by transferring
WT OTI CD8" T cells to WT or Ia®/~ mice before
immunizing with DCqv,s; and the other in the presence
of endogenous CD4" T cells but in the absence of CD40
or CD40L signalling by transferring (CD40 ') OTI or
(CD40L™"") OTI CD8" T cells to CD40 '~ or CD40L "~
mice before immunizing with (CD407'7) DCoya or
(CD40L ') DCoya, respectively. The initial experiment
allowed us to determine whether CD4" T-cell help is
required for priming CTL responses, whereas the latter
experiment precluded the possible CD40 or CD40L sig-
nalling among interactions of CD4" T, DC and CD8"
T cells.>®**2° Consistent with earlier reports,™*?’ fol-
lowing DCoy,a immunization, we observed a CD4"-inde-
pendent primary CTL response in Ia®~~ mice with
transfer of 1 x 10° naive OTI CD8" T cells (at higher
PF). This number was used throughout the experiment
unless specified. At higher PF, intracellular IFN-y staining,

Table 1. CD4" T helper signals are required of functional memory cytotoxic T-lymphocyte development at higher precursor frequency

Micel Adoptive transfer (10°) Immunization Tumour-bearing mice (%) Lung tumour scoring
(a) In the absence of endogenous CD4" T cells

WT OTI CD8" T - 8/8 (100) -

a® ™/~ OTI CD8" T - 8/8 (100) A
WT OTI CD8" T DCova 0/12 (0) —

>~ OTI CD8" T DCova 10/10 (100) -
la®/~ (CD40~'7) OTI CD8* T DCova BL6-100va 10/10 (100)
la®~ (CD40L™'") OTI CD8" T DCova BL6-100yA 10/10 (100)
(b) In the presence of endogenous CD4" T cells

WT OTI CD$* T DCova 0/12 (0) -

CD40~/~ (CD40~'7) OTI CD8" T (CD407"™) DCoya 10/10 (100) S
CD40L™"~ (CD40L™"7) OTI CD8" T (CD40L™"") DCova 10/10 (100) HHH+

"The precursor frequency (PF) of wild-type (WT) B6, 1a°~'~, CD40 '~ or CD40L ™'~ mice were increased by transferring OTI CD8" T cells with
or without CD40 or CD40 ligand (CD40L) into mice. All the groups were immunized with ovalbumin (OVA) -pulsed dendritic cells (DCoya)
with or without CD40 or CD40L as indicated. Ninety days later, all these groups were intravenously challenged with highly metastasizing BL6-
10ova tumour cells. Twenty-four days later, the percentage of tumour-bearing mice and the grading of metastasis in lungs of tumour-bearing
mice were determined. (a) The impact of CD4" T helper signals on functional memory cytotoxic T-lymphocyte responses was measured by com-
paring protective immunity in WT B6 and 1a"~~ mice. (b) The impact of CD40/40L signal alone on functional memory CTL responses was
assessed in CD40~'~ and CD40L ™'~ mice, which were previously transferred respectively with (CD40~'7) OTI CD8" T and (CD40L~'7) OTI
CD8" T cells before immunizing with (CD40™'7) DCoya and (CD40L™'") DCoy,. The data in (a) and (b) are cumulative of two independent

experiments, each with four or six mice per group.
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Figure 1. Unhelped primary cytotoxic T lymphocytes (CTLs) generated from higher precursor frequency (PF) retain normal effector cytokine-
secreting and cytotoxic functions. (a) A schematic protocol. Wild-type (WT) B6 or knockout mice were adoptively transferred with OTI CD8"
T cells [with or without CD40 or CD40 ligand (CDL molecules)] and intravenously immunized with ovalbumin (OVA) -pulsed dendritic cells
(DCova) (with or without CD40 or CD40L). All the groups were monitored for CTL proliferation, survival and function during priming and
memory stages. Ninety days later, all the groups were challenged with BL6-10oyva and assessed for protection. (b, ¢) After immunizing mice with
higher PF, the blood samples were analysed by intracellular interferon-y (IFN-y; b, and ¢, left panel) or interleukin-2 (IL-2; ¢, right panel) stain-
ing assays 6 days later. The values in each figure or bar diagram represent mean % =+ SD of IFN-y* or IL-2" CTL in total CD8" T-cell popula-
tion, and are cumulative of two independent experiments with five or six mice per group. (d) The infiltration of IFN-y" CTLs was also
determined in spleens and lungs of WT B6- and Ia®~/~-immunized mice. The values represent frequencies of IFN-y* CTLs in the total CD8"
T-cell population, and are cumulative of two independent studies with two or three mice per group. The horizontal bars indicate means. (e) In
the above immunized groups shown in (b), the proportions of CFSEMS"_OVAI-pulsed target cells lysed by effector CTL were determined in the
spleen 7 days later by in vivo cytotoxicity assay. The values in each figure represent mean % =+ SD of targets remaining in the spleen relative to

the controls.

rather than tetramer staining, was used because it detects of overall CD8" T-cell repertoire responses. In the
only antigen-experienced CTLs derived from activation of absence of CD4" T-cell help or CD4" T helper-provided
transferred OTI CD8" T cells as well as the endogenous CD40/CD40L  co-stimulation  (Fig. 1b-iii-v), DCoya
OVA-specific CD8" T cells, providing a complete picture immunization induced considerable proportions of

© 2012 Blackwell Publishing Ltd, /mmunology, 138, 298-306 301
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IFN-y" effector CTLs relatively comparable to the
induction in WT mice (Fig. 1b-ii). Similarly, the CD4"
T-cell-independent IFN-y" CTL response was also
observed in CD4" T-cell-depleted WT mice (Fig. 1c, left
panel). Interestingly, both Ia®~~ and CD4" T-cell-
depleted WT B6 mice also showed the presence of IL-2"
CTLs comparable to their presence in WT B6 mice
(Fig. 1c, right panel). The levels of IFN-y* CTLs also did
not vary considerably in spleens and lungs of WT B6 and
I1a®~/~ mice (Fig. 1d). Furthermore, correlating with the
levels of IFN-y* CTLs (Fig. 1b,d), the results from the in
vivo cytotoxicity assay also showed a substantial loss of
the CFSE"®"-labelled OVA-specific target cells in CD4"
T-cell-deficient mice or in mice without CD4" T helper-
provided CD40/CD40L compensatory signalling (Fig. le-
iii—v), similar to the situation observed in the WT B6
mice (Fig. le-ii). These results indicate that unhelped
CTLs generated from higher PF are functional effectors.

Unhelped CTLs generated from higher PF have
therapeutic effects against early established tumour

As the success of cancer immunotherapy heavily depends
upon its ability to induce protection against established
tumours, we asked whether the functional CD4" T-cell-
independent primary responses observed at higher PF can
be exploited to treat established tumours in DCoya
immunization protocols. We challenged two groups of
mice with BL6-10gy,, as shown in Fig. 2(a). In the first
group, 3 days after challenge (early tumour burden), PF
was increased before immunizing with DCoy,. In the sec-
ond group, similar procedures were performed on the
sixth day of challenge (established tumour burden). When
compared with WT B6 and Ia®~/~ mice with endogenous
PF, day 3 tumour-bearing WT B6 and Ia®~/~ mice with
increased PF showed nearly complete protection
(Fig. 2b), which also correlated with efficient recruitment
of IFN-y" CTLs into lungs (P < 0-01; Fig. 2c). Further-
more, even on day 6 after challenge, higher PF signifi-
cantly decreased the tumour burden and incidence in
both WT B6 and Ia®~ mice (Fig. 2d). In contrast,
increasing PF (as high as 2 x 10° to 5 x 10° precursor
cells/mouse) alone, without DCuya immunization, failed
to provide anti-tumour protection (data not shown).
These results indicate that unhelped CTLs generated from
higher PF have a therapeutic effect against early estab-
lished tumour.

CD4" T-cell helper signals are required for generation
of memory CTLs at higher PF

In various models, CD4" T cells have been shown to affect
the generation and survival of memory CTLs.®*"*3°
Hence, the fate of helped and unhelped effector CTLs that
generated at higher PF were monitored by intracellular
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staining assay 90 days after DCoy, immunization. When
compared with WT B6 mice, mice missing CD4" T cells
or possible compensatory CD40/CD40L signalling or mice
missing CD40/CD40L signalling alone showed significant
decrease in the number of IFN-y" memory CTLs in the
blood (Fig. 3a; P < 0-01). The decrease in the IFN-p*
memory CTL population was strongly pronounced in
1a>~'~ compared with the CD40~'~ or CD40L~'~ mice
lacking CD40L signalling alone. As there were consider-
able differences in memory CTL survival in Ta"~'~ mice
compared with WT B6 mice, we sought to determine
whether altered surface-marker expression correlates with
survival rates. In both WT B6 and 1a°~/~ mice, the tetra-
mer" population expressed high levels of CD44. Further-
more, the analysis of tetramer” CD44" population
revealed the central memory (Tcy) phenotype, showing
considerable expression of CD62L and IL-7Ra, but not
CD69 (Fig. 3b). However, there was no drastic difference
in the expression of these markers between WT B6 and
1a>~'~ mice, suggesting that other factors might influence
the generation of helped versus unhelped memory CTLs.

CD4" T-cell helper signals are required for functional
memory CTL development at higher PF

To further analyse tumour-killing functions of memory
CTLs generated at higher PF under CD4" T helper
influence, all the immunized mice were challenged with
BL6-100ys 90 days after immunization and assessed for
anti-tumour protection as shown in Table 1. Interest-
ingly, our preliminary attempts to challenge mice at
30-45 days after immunization induced anti-tumour pro-
tection irrespective of CD4" T-cell help (data not shown),
perhaps because of the prolonged maintenance of the
transferred unstimulated naive® and stimulated effector
CTLs or effector memory CTLs derived from higher PF.
It was previously shown that the presence of pre-existing
effector CTLs can boost the responses of other naive
CD8" T cells in certain situations.”””" Consequently, sur-
vived residual DCoy, might receive additional signals to
prime remaining naive OTI CD8" T cells, which escaped
priming during the early stage, and so prolong the anti-
tumour protective ability of primary CTLs. However,
during the later stages, the residual naive OTI CD8" T
cells, which escape DCpy, priming, are unlikely to partic-
ipate in protection against lethal tumour challenge, as we
observed complete failure to protect against tumour chal-
lenge in both WT B6 and Ia®~/~ mice transferred with
OTI CD8" T cells alone (Table 1). Upon challenge, in
contrast to WT B6, 1a®~~ mice with or without possible
CD40/CD40L signalling completely failed to protect
against tumour challenge (Table 1, Expt a). Consistent
with these results, WT B6 mice displayed much higher
recruitment of IFN-y* CTLs in lungs, compared with
1a°/~ mice (Fig. 3¢; P < 0-01), consistent with the above

© 2012 Blackwell Publishing Ltd, Immunology, 138, 298-306
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Figure 2. Unhelped primary cytotoxic T lymphocytes (CTLs) generated from higher precursor frequency (PF) have therapeutic effect against

early established tumours. (a) An experimental design. Wild-type (WT) B6 or Ia®~/~

mice were first challenged with BL6-10gy, 3 days (early

tumour burden) or 6 days (late tumour burden) before ovalbumin (OVA) -pulsed dendritic cells (DCpy,s) immunization. One day before immu-

nizing, the endogenous-PF of all these mice was increased by transferring OTI CD8" T cells. Twenty-four days after challenge, all the groups were

assessed for tumour protection. (b) Impact of higher PF on the efficacy of

DCov,a immunization in early established tumours. Gross pathology

of lungs showing relative surface tumour burden. (c) To determine whether protection is a result of effector CTL recruitment, the infiltration of

interferon-y-positive (IFN-y*) CTLs in the lungs of some immunized mice was determined by intracellular staining assay. The values represent

frequencies of IFN-y* CTL in the total CD8" T-cell population, and are cumulative of two independent studies with two or three mice per group.

The horizontal bars indicate means. **P < 0-01, versus lab~/~

with endogenous-PF. (d) Impact of higher PF on the efficacy of DCoya immuni-

zation in late-established tumours. Gross pathology of lungs showing relative surface tumour burden. The results in (b) and (d) are cumulative

of two independent studies with four mice per group.

animal study (Table 1, Expt a). Although other CD4" T-
cell signals ensued, all mice missing exclusively CD40L
developed tumours (Table 1, Expt b). However, these
mice had twofold to fivefold lowered tumour burden,
when compared with mice with the complete absence of
CD4" T-helper signals. These results indicate that
although CD4"- and CD40L-independent primary
responses occur, CD40L-induced signal alone or in con-
cert with other CD4" T-helper signals appears to be
essential for programming of memory CTLs for both
development and anti-tumour functions, even at higher
PF.

© 2012 Blackwell Publishing Ltd, Immunology, 138, 298-306

Discussion

It has been demonstrated that altered CD8" T-cell PF
could affect effector and memory CTL responses.”'® '
We have recently demonstrated that, at higher PF, pri-
mary CTL responses derived from DCqya stimulation
occur in the absence of CD4" T-cell help in Ia® '~
mice."” However, whether unhelped CTLs stimulated by
DCoys at higher PF are functional -effectors, and
whether unhelped CTLs can differentiate into functional
memory cells is still unclear. In this study, we reported

that it is possible to achieve the generation of CD4"
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Figure 3. CD4" T helper signals are required for optimal generation and functions of memory cytotoxic T-lymphocytes (CTLs) at higher precur-
sor frequency (PF). (a) Ninety days after ovalbumin (OVA) -pulsed dendritic cells (DCoyva) immunization, the peripheral blood samples were
analysed for interferon-y-positive (IFN-y*) memory CTL survival by intracellular staining assay. The values represent mean % + (SD) of IFN-y*
CTL in total CD8" T-cell population, and are cumulative of two independent experiments with five or six mice per group. **P < 0-01, versus
wild-type (WT). (b) Sixty days following immunization, the blood samples were stained for triple markers, and the expression of activation
(CD69) and memory [CD62 ligand (CD62L) and interleukin 7 receptor o (IL-7Re)] markers were analysed in tetramer” CD44" population (his-
togram grey-filled overlays). Irrelevant isotype-matched antibodies were used as controls (open black lines). (c) To determine recruitment and
expansion of IFN-y* memory CTLs in lungs of challenged mice, the WT B6-immunized and Ia®~~-immunized mice were challenged 90 days
later, and the lungs were assessed for IFN-y* CTLs by intracellular IFN-y assay after 24 days. The values represent frequencies of IFN-y* CTLs in
total CD8" T-cell population, and are cumulative of two independent experiments with two or three mice per group. The horizontal bars indicate

means. **P < 0-01, versus WT B6 mice.

T-cell-independent primary CTLs that retain normal is possibly because of using DC lacking CD40, the co-
phenotype and cytotoxic functions by increasing PF in stimulatory molecule important in optimal CTL pro-
the DC immunization protocol, which is consistent with gramming by antigen-presenting cells.”> These unhelped
some previous observations in other models.'>*” Min- CTLs displayed in vivo killing activity against OVA-
tern et al.”’ showed that CD40L-deficient CD8" T cells pulsed target cells as well as a therapeutic effect against
proliferated well and exhibited cytotoxicity when stimu- 3-day and 6-day established tumours, suggesting that it
lated with antigen-coated splenocytes. Similarly, func- is possible to considerably enhance anti-tumour thera-
tional effector CTLs were observed in a tissue peutic efficacy of DCoya immunization by increasing PF
transplantation model, even when CD40L or CD28 co- even in the absence of CD4" T-cell help.

stimulation was blocked using specific antibodies.'"'* In To date, factors that govern CTL memory development
the present study, we prevented any compensatory at higher PF have not been established. We demonstrated
mechanisms that may occur in the absence of a single here that CD4" T helper signals, although dispensable for
co-stimulatory molecule among DC, CD4" or CD8" T primary CTL responses, are indispensable for the func-
cells®**2° by using gene knockout mice and their tional memory CTL development even at increased PF.
immune cells, and confirmed that, even in the complete This phenomenon of differential CD4" T helper require-
absence of CD40L co-stimulation, relatively comparable ments for primary and memory CTL responses is also fre-
primary CTL responses occur at higher PF. Although quently observed in many acute infections.*****
not dramatic, it appears that CD40/CD40L signalling Primary CTL responses to live microbial diseases, such
also slightly affects acute CTL responses (Fig. 1b). This as intracellular bacterial and viral infections, occur
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independent of CD4" T-cell help. It was suggested that
live microbes directly license DCs by providing ‘danger or
inflammatory’ signals such as toll-like receptor signalling.
Yet, in these circumstances, although dispensable for
primary CTL responses, CD4" T-cell help has been
frequently implicated for subsequent memory CTL
responses. From these observations, it is apparent that
CD4" T-cell help is indispensable for functional memory
CTL responses across a range of infectious or immuniza-
tion conditions. At higher PF, what determines the gener-
ation of functional primary CTLs independent of CD4"
T-cell signals needs further investigation. At least one
explanation could be the attainment of threshold levels of
CD8" T-cell-secreted IL-2 signals as we observed consid-
erable proportion of IL-2-secreting primary CTLs at
higher PF without CD4" T help.

The CD4" T cells contribute to memory CTL genera-
tion either indirectly by modulating antigen-presenting
cells,””*! or directly by modulating cognate CD8"
T cells®**** via CD40L signalling. Consistent with these
data, even at higher PF, we observed poor memory CTL
responses with an inability to provide anti-tumour pro-
tection in the absence of CD40L signalling, although
endogenous CD4" T cells retaining other helper factors
were ensured. Nevertheless, the lack of CD40L signal
alone resulted in a relatively low tumour burden, com-
pared the situation with the complete absence of CD4"
T cells, suggesting that other CD4" T helper factors are
likely to contribute to memory generation. Whether the
reduced protection in Ia°~~ mice or in mice without
CD40/40L signalling alone is the result of an actual
decrease of CTL survival rate as shown previously”” or
the loss of memory functions needs further investigation.

DC-based and T-cell-based vaccines have been widely
applied to induce therapeutic anti-tumour immunity.*®*~*?
Unfortunately, they often fail in the treatment of malig-
nancies because of inefficient CTL responses, resulting
from tolerance induction, inhibitory receptor expression,
lower reactive PF and lack of antigen immunodomi-
nance.”**** The present results are particularly relevant
in the development of effective DC-based vaccines against
established malignant tumours. For example, the fre-
quency of pre-existing tumour-specific CTL precursors in
mice represents a critical determinant of the quality of
anti-tumour responses, in accordance with the already
recognized role that initial T-cell numbers have in the
functional immune responses against pathogens.'**°
Their cumulative frequency was found to be significantly
higher in cancer patients and varies widely in relation to
various tumour-antigen peptides.'” The detection of these
CTLs in cancer patients is currently applied for evaluating
tumour antigens in vaccination.*”*® Recent evidence sug-
gests that antigen presentation by DCs and PF levels also
determine the immunodominance, and thereby, protec-
tion against foreign pathogens.*”*” In support of this, we

© 2012 Blackwell Publishing Ltd, Immunology, 138, 298-306

also observed an increase in the therapeutic anti-tumour
efficacy of DCoy, immunization for prolonged periods in
the absence of CD4" T-cell help, suggesting that sustained
CD4"-independent effector functions can be achieved by
increasing CTL PF and by immunization with mature
DCs.

Taken together, we demonstrate that CD4 T-cell help is
not required for effector CTL priming but is required for
functional memory CTL development against cancer at
higher CD8" T-cell precursor frequency. Our data may
therefore impact the development of novel immune-based
therapies and prophylaxis in cancer patients with com-
promised CD4" T-cell functions.
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