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Abstract Toll-like receptors (TLR) are pattern-recogni-
tion receptors that recognize a broad variety of structurally
conserved molecules derived from microbes. The recog-
nition of TLR ligands functions as a primary sensor of the
innate immune system, leading to subsequent indirect
activation of the adaptive immunity as well as none-
immune cells. However, TLR are also expressed by several
T cell subsets, and the respective ligands can directly
modulate their effector functions. The present review
summarizes the recent findings of o T cell modulation by
TLR ligands. TLR1/2/6, 3, and 5 ligands can act directly in
combination with T cell receptor (TCR) stimulation to
enhance cytokine/chemokine production of freshly isolated
human yd T cells. In contrast to human yd T cells, murine
and bovine yd T cells can directly respond to TLR2 ligands
with increased proliferation and cytokine production in a
TCR-independent manner. Indirect stimulatory effects on
IFN-y production of human and murine yd T cells via TLR-
ligand activated dendritic cells have been described for
TLR2, 3, 4, 7, and 9 ligands. In addition, TLR3 and 7
ligands indirectly increase tumor cell lysis by human yd T
cells, whereas ligation of TLRS8 abolishes the suppressive
activity of human tumor-infiltrating Vo1 0 T cells on ooff T
cells and dendritic cells. Taken together, these data suggest
that TLR-mediated signals received by yd T cells enhance
the initiation of adaptive immune responses during bacte-
rial and viral infection directly or indirectly. Moreover,
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Introduction

76 T cells are a small subset of unconventional CD3" T
cells that display characteristics of the innate and the
adaptive immune system. In contrast to «ff T cells, human
70 T cells recognize non-proteinaceous antigens without
requirement of antigen processing and independently of
classical MHC molecules [1, 2]. VJ2- and Vol-expressing
70 T cells are presented only in small numbers in peripheral
blood of humans, whereas Vdl-expressing yo T cells are
relatively abundant in intestine, skin epithelia, and uterus
of humans. Under pathological conditions, 6 T cells can
quickly expand and infiltrate into lymphoid compartments
and other tissues [1, 3, 4]. Human V32 99 T cells recognize
phosphorylated intermediates of the non-mevalonate path-
way of bacterial isoprenoid biosynthesis pathway, whereas
Vo1 0 T cells recognize stress-inducible MHC class 1
chain-related antigens (MIC) A/B or self-lipid presented
antigens by CDIlc [5-7]. Both yd T cell subsets rapidly
release IFN-y, TNF-¢, MIP-1a/f (CCL3/4), RANTES
(CCL5), and granzymes after TCR stimulation, thereby
activating other cells of the immune system [4]. There are
alternative nomenclatures for murine Vy/Vo genes in this
review. We follow the nomenclature of Heilig and
Tonegawa [8].

In mice, distinct differences in the T cell receptor (TCR)
repertoire of yd T cells correlate with their anatomical
location. Murine Vy3V41- or Vy5Vol-expressing dendritic
epidermal T cells (DETC) recognize stressed, transformed,
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or damaged keratinocytes, whereas Vy6Vol-expressing
subset seeding in the uterus, the tongue, and the peritoneal
cavity have a protective role against infections. Vyl and
V92 95 T cells colonize the lymphoid system and Vy4 y6 T
cells additionally the lung, thereby playing a role in
immune surveillance against inflammation and infection.
VyT7-expressing intraepithelial T cells (IEL) are important
in the control of epithelial homeostasis [1, 9, 10].

Pattern-recognition receptors (PRR) such as Toll-like
receptors (TLR) are widely expressed by various cells of the
immune system, on none-immune cells such as epithelial
cells, endothelial cells, keratinocytes, as well as on different
tumor cells [11]. TLR sense diverse pathogen-associated
molecular patterns (PAMP), e.g., lipid-containing ligands,
proteinaceous ligands, and nucleic acid ligands [12].
Besides their direct effects on cells of the innate immunity
such as dendritic cells (DC) and NK cells, TLR have also
been shown to co-stimulate TCR-activated human T cells
[13-15]. In 96 T cells, TLR1/TLR2, TLR2/TLR6, TLR3,
and TLRS ligands induce an enhanced production of cyto-
kines and chemokines and an up-regulation of activation
markers [16, 17].

In this review, we provide insights into the modulation
of TLR on 94 T cells and their interactions with DC or
tumor cells. This forms the basis for new perspectives of
the immunotherapeutic manipulation of (0 T cell
responses.

TLR: history, structure, and signaling

Toll was first discovered in Drosophila melanogaster
involved in dorsoventral embryonic development and
antifungal immune responses [18, 19]. The first human
homolog of the Drosophila Toll protein was cloned in 1997
by Medzhitov et al. and was named Toll-like receptor due
to the similarity to Toll protein of Drosophila [20]. So far,
12 mammalian TLR (human: TLR1-10, murine: TLR1-9
and TLR 11-13) have been discovered [11, 12, 21, 22].
TLR belong to the TLR/IL-1 receptor (TIR) superfamily
and to the type I transmembrane glycoprotein receptor
family. They contain an ectodomain composed of 19-25
leucine-rich repeats for recognition of ligands and an
intracytoplasmic TIR domain that is conserved among all
TLR [23]. Moreover, the TIR domain is required for
downstream signaling by recruiting different combinations
of five TIR-domain-containing adaptor molecules: Myeloid
differentiation factor 88 (MyD88), MyD88-adaptor-like
(MAL)/TIR-associated protein (TRIAP), TIR-domain-
containing adaptor inducing interferon (IFN) f (TRIF or
TICAM1), TRIF-related adaptor molecule (TRAM or
TICAM?2), and negative adaptor sterile - and armadillo-
motif-containing protein (SARM). MyD88 is utilized by all
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kinds of TLR, except for TLR3. MyD88 activates tran-
scription factor NFkB and interferon regulatory
transcription factors (IRFs)-1, -5, and -7, whereas MAL
and TRAM act as bridging adaptors. MAL recruits MyD88
to TLR2 and 4, and TRAM recruits TRIF to TLR4
resulting in the activation of NFxB and IRF-3. TLR3
recruits TRIF, resulting in the induction of a signaling
cascade, which activate IRF-3 and -7, and NFxB. SARM
inhibits TRIF-mediated transcription factor activation [24,
25]. Most TLR including TLR1, 2, 4, 5, 6, 10, and 11 (only
in mice) are expressed at the cell surface, whereas TLR 3,
7, 8, and 9 are located on membranes of intracellular
compartments such as endolysosomes [12, 26]. TLR3,
TLR7, and TLRY are localized in the membrane of endo-
plasmic reticulum (ER) in unstimulated DC. After TLR
ligand stimulation, trafficking of TLR7 and 9 from the ER
to endolysosomes is regulated by an ER-localizing protein
UNC93B1. TLR3 also interacts with UNC93B1, but a role
of UNC93B1 in TLR3 trafficking has not been described
[27]. A further protein named PRAT4A is also required for
trafficking of TLR9, but not for trafficking of TLR3 [28].

TLR ligands, TLR agonists, and antagonists

TLR recognize PAMP of bacteria, viruses, parasites, and
fungi either alone or as heterodimers formed with other
TLR or non-TLR receptors [12, 21]. TLR agonists
including natural TLR ligands or synthetic analogues of
natural TLR ligands offer a therapeutic potential for
treatment of cancer, infectious diseases, and type I allergy
or as vaccine adjuvant [29, 30]. TLR antagonists bind to
TLR but inhibit the biological activity of the respective
TLR [e.g., TLR4 antagonist, lipopolysaccharide (LPS)
from R. sphaeroides or TLR9 antagonist, oligonucleotide
(ODN)-TTAGGG]. Moreover, neutralizing antibodies,
TLR-related short hairpin (sh) RNAs and inhibitors of the
TLR signaling cascade can also function as TLR antago-
nists [29, 31, 32].

TLR expression in T cells

TLR expression was initially detected in innate immune
cells and epithelial cells where they mediate immune
responses upon infection. In recent years, it has been
observed that TLR expression is not restricted to the innate
immune system. TLR were detected in B cells as well as in
T cells and in their subpopulations [14, 15, 33]. Recent
studies (as described below) identified TLR expression in
10 T cells possibly playing an important role in early
immune responses of o T cells against different
pathogens.
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Co-stimulation by TLR ligands is influenced
by the activation status of yé T cells

Due to their small number in the peripheral blood, human
10 T cells are often expanded for several days, and thereby
y0 T cell lines are established, before functional studies
were performed [34-36]. However, the response to TLR
ligand co-stimulation of expanded 90 T cell lines differs
from the response of freshly isolated yd T cells. The
co-stimulation of IFN-y production in TCR/TLR3 ligand
stimulated freshly isolated y6 T cells compared to TCR
stimulation alone is much higher than in similar experi-
ments with yd T cell lines [17, 37]. An explanation for this
discrepancy is given by the enhanced IFN-y production of
0 T cell lines after TCR stimulation compared to the
production of TCR-stimulated freshly isolated y6 T cells.
Therefore, an additional stimulus via TLR-ligand stimula-
tion is more effective in freshly isolated yd T cells than in
70 T cell lines. Moreover, the supplementation of IL-2 to
the cultured yd T cell lines might also play an important
role in the extent of IFN-y production as described in more
detail below. In literature, y6 T cells are often termed
“peripheral” or “circulating” yd T cells independently of
their activation status in vitro [34, 35]. To easily distin-
guish in this review between these different activation
situations, human 9 T cells isolated from PBMC will be
termed as follows:

(i) “freshly isolated y0 T cells” are ex vivo isolated y6 T
cells (“resting cells”), which were either positively
isolated from PBMC by magnetic sorting or nega-
tively by magnetic sorting followed by flow cytometry
sorting. In general, these cells are highly purified
(>98%). The initial stimulation of these cells resulted
in “short-term activated yd T cells” [16, 17, 37-42].

(i)  “short-term yd T cell lines” are generated out of PBMC,
which were stimulated with yd T cell-specific antigens
(e.g., phosphoantigens (PAg), aminobisphosphonates
(N-BP) or alkylamines) and IL-2 for 2-3 weeks. The
purity of these cells was in the range of 70-95%
depending on the stimulus and the frequency of IL-2
supplementation [34, 42]. Several investigators sorted
these cells to enhance their purity (>98%) [36]. Then,
these cells are termed “highly purified short-term y6 T
cell lines”. To establish “yd T cell lines”, allogeneic or
autologous feeder cells (irradiated PBMC and/or EBV-
transformed B cells), IL-2 (or other cytokines) and
antigens (e.g., PAg, N-BP or PHA) were used every
2-3 weeks to expand the cells. IL-2 is given every
second or third day when cells are split [17, 35, 37, 43].

(iii) “ypo T cell clones” are established from freshly

isolated-, short-time activated o T cells or short-
term 0 T cell lines by limiting dilution assays or

FACS cloning device. For expansion, feeder cells as
mentioned under (ii) are necessary [35, 43—46].

TLR1, TLR2, and TLR6 expression

TLR2 recognizes PAMP from various pathogens including
peptidoglycan (PGN), lipopeptides, glycolipids, or glycosyl-
phosphatidylinositol-anchored structures, e.g., lipoteichoic
acid (LTA), lipoarabinomannan, non-enterobacterial LPS
from bacteria, zymosan from fungi, and hemagglutinin pro-
tein from measles viruses [22, 29, 47-49]. TLR 2 usually
forms a heterodimer with TLR1, TLR6, TLR10, or possibly
with non-TLR such as CD36 and dectin-1 [50-52]. In humans,
TLR1/2 heterodimer recognizes triacylated lipopeptides such
as PamzCSK4, whereas in mice an additional TLR1-inde-
pendent TLR2 activation upon activation with Pam;CSK4
has been described [53, 54]. TLR2 requires TLR6 as a
co-receptor for recognition of macrophage activating lipo-
peptide (MALP-2) from Mycoplasma fermentans and for
diacylated lipopeptide such as FSL-1, but not for Pam,CSK4
[53,55, 56]. Rose and colleagues recently identified FSL-1 as
auseful TLR2 agonist, which induced significant resistance to
herpes simplex virus type II (HSV-2) infection when applied
in mice or human vaginal epithelial cell cultures [57]. More-
over, Lu and colleagues described a mushroom extract named
Polysaccharide Krestin (PSK) as a useful TLR2 agonist with
inhibitory activity on breast cancer growth in tumor-bearing
new transgenic mice, but not in TLR2™ mice. The inhibition
of tumor growth seemed to be mediated by activation of TLR2
expressing CD8" T cells and NK cells [58]. Activation of
TLR?2 is also reported in several other diseases such as rheu-
matoid arthritis, sepsis, or diabetes. Neutralizing anti-TLR2
Ab T2.5 combined with anti-TLR4/MD-2 Ab and antibiotics
protected mice against sepsis induced by E. coli or Salmonella
enterica [59, 60]. An exhaustive examination of available
TLR2 agonist and antagonists and the development of new
compounds are under investigation [29, 30]. MAL, for
example, seems to be an attractive therapeutic target for sev-
eral diseases, because TLR2 requires MAL for the recruitment
of MyD88 and thus for TLR2 activation [29].

TLR1, 2, and 6 expression in yd T cells

Hedges and colleagues detected a weak TLR2 and TLR6
expression in human, short-term yd T cell lines by
Affymetrix GeneChip array [36]. Moreover, they observed
TLR1-10 mRNA expression in freshly isolated, sorted
bovine yd T cells by RT-PCR. The expression of TLR1-10
mRNA in short-term yd T cell lines (<90% purity) was
reported by Deetz et al. [34]. Our own data revealed that
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non-activated, freshly isolated yd T cells (>98% purity)
from peripheral blood of human donors also express TLR1,
2, and 6 mRNA as measured by quantitative RT-PCR
[16, 38]. Although expression levels varied among donors,
and between VOl and V62 yd T cell subsets, TLR1 and
TLR2 expression was generally more abundant than
expression of TLR6. Despite strong RNA expression,
TLR1 expression on the protein level was very low on
freshly isolated Vol and V42 6 T cell in some donors and
absent in most analyzed donors. TLR2 and TLR6 protein
was slightly expressed on V31 as well as on Vo2 T cells.
TCR stimulation but not TLR ligands induced an up-reg-
ulation of TLR after 20 h, also of weakly expressed TLR2
(Wesch & Peters, unpublished data). Similar results with
an up-regulation of TLR2 and TLR6 after TCR stimulation
were observed in freshly isolated off T cells [61]. In con-
trast, staining protocols of Deetz et al. failed to confirm
TLR2 expression on the cell surface [34]. Based on our
experience with different anti-TLR2 mAb and differential
staining protocols, initial staining of cells with anti-TLR2
mAb and subsequent washing of the cells before staining
with additional mAb (e.g., anti-TCRyd mAb) is recom-
mended [16]. The simultaneous staining with various mAb
diluted the concentration of the applied anti-TLR2 mAb,
which could result in the apparent absence of TLR2
staining [16].

Recent studies have shown that murine yé T cells
increased in the peritoneal cavity of C3H/HeN (missense
mutation in the cytoplasmic domain of TLR4) and C3H/
HeJ mice treated with native lipid A derived from E. coli
[62]. TLR2 mRNA expression was detected in these
expanded Vy6Vdl yd T cell subset (>99% after sorting),
moreover, TLR2-deficient mice showed an impaired
increase in yd T cells after Lipid A injection [62]. Martin
et al. [63] demonstrated that only CCR6™ IL-17-producing
peritoneal yd T cells (sorted cells) expressed TLR1, TLR2
and dectin-1 mRNA, but not TLR4 mRNA in C57BL/6
mice63. Transiently enhanced TLR2 and low TLR4
expression was observed in murine blood, spleen, and
mesenteric lymph node 9 T cells 24 h after burn injury in
C57BL/6 mice by flow cytometric analysis [64].

Direct co-stimulatory effects of TLR1, 2, and 6 ligands
on y0 T cells

The results by Deetz et al. with short-term yd T cell lines as
well as our own results with freshly isolated y6 T cells
clearly demonstrated that a cross-talk of TCR- and TLR2
signaling is necessary to enhance effector function of
human peripheral blood yé T cells [16, 34, 38]. Deetz et al.
described a co-stimulatory effect of triacylated lipopeptide
Pam;CysSK4 on IFN-y production and degranulation
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(determined by lysosome-associated membrane CD107a
protein expression on the cell surface) of activated y6 T
cells. Moreover, an impaired IFN-y production and pro-
liferation of short-term activated Vo2 yd T cells mediated
by the inhibition of TNF-a signaling could be partially
reverted by Pam;CysSK4. In this context, the usage of
TLR2 agonists during anti-TNF-o therapy could be sup-
portive to ensure IFN-y production of y6 T cells, which,
e.g., support maturation of DC [34, 65].

The co-stimulatory effects of Pam;CSK4 could be par-
tially confirmed with freshly isolated yo T cells depending
on the presence of TLR1, which forms a heterodimer with
TLR2 and is necessary for the recognition of triacylated
lipopeptides [16, 66]. We observed a donor-dependent
variability of TLR1 expression on the surface of freshly
isolated y0 T cells, similarly to results with off T cells [16,
61]. Moreover, diacylated lipopeptides such as Pam,CSK4
and FSL-1 induced a co-stimulatory effect in freshly iso-
lated y6 T cells in the presence of TCR stimulation. To
compensate for the donor-specific individual variability in
the expression of TLR1, we used a mixture of TLR2
ligands (Pam3;CSK4, Pam,CSK4, and FSL-1) to investigate
the co-stimulatory effects on freshly isolated yd T cells. An
enhanced production of RANTES and IL-8 involved in the
recruitment of inflammatory cells was observed in freshly
isolated Vo1 as well as in V92 9 T cells. IFN-y production
was only detected in freshly isolated Vo2 T cells (Fig. 1).
The differential capacity of both yd T cells subsets to
produce IFN-y could be explained by their distinct roles in
immunity. Vo1 yd T cells are rare in the peripheral blood,
whereas pro-inflammatory cytokine-producing V62 96 T
cells involved in immune responses against bacteria are the
main y6 T cell population in the peripheral blood. Addi-
tionally, Hedges and coworkers observed a slight
enhancement of MIP-1o and MIP-1f mRNA in human
activated y0 T cells after stimulation with TLR2 ligand
PGN alone [36]. The weak response could be explained by
the absence of TCR-cross linking. These data suggest that
TLR-mediated signals received by 75 T cells might
enhance the initiation of adaptive immune responses during
bacterial infections independently of APC.

In contrast to human yd T cells, purified neonatal bovine
6 T cells from peripheral blood expressed increased
MIP-1a and RANTES levels in direct response to PGN.
Moreover, Lubick et al. demonstrated the expression of
CD36 on resting bovine 0 T cells [67]. CD36 has been
shown to facilitate TLR2 responses against LTA in bovine
70 T cells analyzed by enhanced MIP-1« production and by
blocking activity of anti-CD36 mAb [67]. CD36 expression
is not analyzed for human yJ T cells, which could possibly
explain the failure of LTA from S. pyrogenes or B. subtilis
to enhance TCR-mediated IFN-y production as observed by
Shrestha et al. [42].
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Fig. 1 A summary of the direct co-stimulatory effects of TLR ligands
on human 9J T cells. Freshly isolated human yo T cells (V41 or V2
subset) are activated via their T cell receptor with anti-ydTCR mAb or
phosphoantigens (PAg) together with a mixture of Pam,CSK4,
Pam;CSK4, and FSL-1 (TLR1/2/6 ligands), with poly(I:C) (TLR3

The involvement of the TCR in the recognition of TLR
ligand of murine and human yd T cells has been contro-
versially discussed. Mokuno and coworkers described an
increased proliferative of murine peritoneal Vy6Vdol yé T
cells after application of lipid A from E. coli as well as
from P. gingivalis in vivo and in vitro in a TCR-indepen-
dent manner [62]. Studies by Mokuno and Leclercq et al.
suggested that 0 T cells with invariant Vy5V4Jl or
Vy6Vdl TCR, which develop in the thymus and the epi-
dermis of mice, rapidly respond to bacterial components
via TLR2 [62, 68]. The discrimination of murine peritoneal
10 T cells with respect to their IL-17 and IFN-y production,
demonstrated that only IL-17-producing cells expressed
TLR1 and 2, and could directly interact with bacterial
pathogens [63]. Moreover, the addition of IL-23 induced an
expansion of IL-17 production by peritoneal CCR6™"
TLR1/2 expressing y0 T cells and the recruitment of neu-
trophils [63]. 0 T cell-deficient mice show particular
defects in neutrophil-dependent inflammatory responses
[69]. Moreover, adoptive transfer of 6 T cells from wild-
type B6 into TLR2-deficient mice applied with Pam;CSK4
resulted in a TCR-independent direct effect against path-
ogen-derived molecules and an expansion of IL-17
producing y6 T cells [63]. Furthermore, an increased
number of murine peripheral blood and splenic 70 T cells,
which transiently up-regulated TLR2, was reported 24 h
after burn injury in C57BL/6 mice [64]. Taken together,

Pam,CSK4

up-regulation of

- CD69

- (IFN=)

- RANTES, IL-8

- proliferation (+IL2)
- degranulation

Flagellin

up-regulation of
- CD69
- IFN-y

up-regulation of

- CD69

- IFN-y, (TNF-0,, GM-CSF)
- MIP-1a, RANTES

- Granzyme B (unpublished
observation)

ligand) or flagellin (TLRS ligand). The co-stimulation significantly
enhances the expression of activation marker CD69, cytokine/chemo-
kine or granzyme B production, degranulation, or proliferation as
indicated. Cytokines presented in brackets are exclusively produced
by V52 4 T cells. In compliment for references [16, 17, 34, 37, 38, 44]

murine Vy5Vd1-, IL-17-producing Vy6Vol-, blood and
splenic y0 T cells respond to bacterial components via
TLR2 in a TCR-independent manner, thereby recruiting
neutrophils.

The activation and mobilization of yJ T cells in patients
with systemic inflammatory response syndrome has also
been observed without information of TLR expression in
these yd T cells [70].

Indirect effects of TLR2 ligands on 73 T cells response

Collins et al. described an enhancement of CD25 expres-
sion on human V41 yd T cell clones derived from synovial
fluid of Lyme arthritis patients or murine splenic short-term
activated y0 T cell lines after stimulation with Borrelia
burgdorferi in the presence of monocyte-derived immature
DC. When they analyzed yd T cell responses to B. burg-
dorferi in mice, they found that DC from TLR2- and
MyD88-deficient mice induce only weak CD25 expression
on y0 T cells after B. burgdorferi stimulation, in contrast to
DC from wild-type mice. Therefore, the authors suggested
that the activation of yd T cells by B. burgdorferi is
mediated indirectly via TLR stimulation on DC or mono-
cytes. DC or monocyte-derived cytokines potentiate
activation of Vol yd T cells from Lyme arthritis patients
[45].
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Similar to the results with Vo1 y6 T cells, a mutually
co-stimulatory effect between short-term activated Vo2 yo
T cells and immature DC in humans has been described
by Shrestha et al. [42]. TLR2 ligands such as LTA from
S. aureus, S. pyrogens, and B. subtilis or mycobacteria
lysates/extracts stimulated DC, thereby leading to
enhanced IFN-y production of short-term activated V2
70 T cells. Conversely, IFN-y produced by Vo2 90 T cells
enhanced maturation of immature DC, thereby leading to
IL-12p70 production by DC (Fig. 2a). The authors sug-
gested that IFN-y production by short-term activated Vo2
70 T cells co-stimulated effective priming of Thl CD4 T
cells by DC, which is critical when the abundance of
TLR2 ligand for DC maturation is limited [42]. Moreover,
Shrestha suggested that an incomplete maturation of DC
mediated by an intrinsically weak pathogen or by a defect
TLR signaling could have particular importance for the
immune response of CD4 T cells [42]. A defect in TLR2
signaling is associated with a lepromatous type but not
with a tuberculoid type of leprosy and decreased IL-12
serum levels in leprosy patients [71-73]. Leprosy is
associated with priming of non-protective, IL-10 secreting
CD4 T cells and thereby with an uncontrolled prolifera-
tion of Mycobacteria due to the failure of TLR2 ligand
mediated maturation of DC [42, 74]. V62 yd T cells were
still responsive in patients, but delivered different
co-stimulatory effects to DC in the absence of TLR2-
signaling [42].

In both publications [42, 45], a modulation of the close
interaction of yd T cells and immature DC by TLR ligands
is described, which might enhance the response to bacteria
or influence the priming and cytokine production of anti-
gen-specific aff T cells.

Fig. 2 A summary of indirect a
effects of TLR ligand activated

DC on 75 T cells. a TLR2 pDC
ligand LTA, TLRO ligand CpG
ODN2216, or Yellow Fever
Virus (YFV) interact with
plasmacytoid DC resulting in
enhanced IFN-y production of
10 T cells (7). Indirect effects of
TLR2 ligands on yJ T cells
trigger DC maturation (2), and
IL-12p70 production of DC (3).
b TLR3- and TLR4 ligands
enhance the activation human
10 T cells via the stimulation of
type I IFN production in
myeloid DC. In addition, TLR4
ligand Lipid A presented by DC
via CD1b/CDlc increases
proliferation and TLR4
up-regulation in yo T cells. In
compliment for references

[35, 39-42]

DC maturation

1 IFN-7 (D)
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1 IFN-y

TLR3 expression

TLR3 recognizes a genomic RNA purified from double-
stranded RNA (dsRNA) viruses such as reoviruses, synthetic
analogue of dsRNA, polyinosinic-polycytidylic acid
[poly(I:C)], and small interfering (si) RNA [12, 75, 76].
Additionally, TLR3 binds to dsSRNA produced during the
course of replication of single-stranded RNA (ssRNA) viru-
ses such as West Nile virus (WNV), respiratory syncytial
virus (RSV) and encephalomyocarditis virus [12, 77, 78].
TLR3 triggers antiviral immune responses through the
production of type I IEN. Tabeta et al. reported that TLR3 ™~
and TLR9PSVPS! (codominant CpG-ODN unresponsive
phenotype) mice are susceptible to lethal infection with
murine cytomegalovirus (MCMYV) [79]. TLR3 deficiency in
humans is associated with the susceptibility to HSV-1 [80].
In vivo application of the TLR3 agonist poly(I:C) is described
to have a lot of side effects such as renal failure and hyper-
sensitivity reactions, whereas Ampligen®, also known as
poly[I:C(12)U] was well tolerated (e.g. after intravenous
administration to HIV* patients). Ampligen® has been pro-
duced under GMP conditions for clinical use. Ampligen®
promotes DC maturation and Th1 T cell responses [81].

TLR3 expression in yé T cells

A weak expression of TLR3 mRNA in human short-term
70 T cell lines was reported by Hedges et al. [36]. We and
others identified the expression of TLR3 mRNA in freshly
isolated y6 T cells from adult donors, and, additionally,
demonstrated that the TLR3 mRNA expression in y6 T
cells was higher than in «ff T cells [17, 38, 44].

b
mDC
(immature) o TLR4
z z W' CD1b/CD1c
— — @ Lipid A
(0] (0]
Q. Q.
2 2
§ TCR
g
=]
vo T cell -é Y8 T cell
(5]
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1 %%69 1 CD69 1 TLR4
TIFNy 1 IFN-y 1 proliferation
1 Iytic activity

1 Th1 cytokines
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Interestingly, TLR3 mRNA expression in yd T cell clones
derived from blood of pre-termed neonates was signifi-
cantly impaired compared to yo T cell clones from full-
termed neonates or adults [44]. Moreover, we detected a
prominent intracellular TLR3 expression on protein level
by flow cytometry and confocal laser scanning micros-
copy [17]. TLR3 was not expressed on the cell surface of
non-activated, freshly isolated y6 T cells, but was up-
regulated on the cell surface 24 h after TCR-stimulation,
and not after TLR3 ligand incubation in freshly isolated
human yd T cells [17]. The expression of TLR3 on the cell
surface after TCR stimulation might provide a basis for
poly(I:C) entry. TLR3 inhibition experiments with anti-
TLR3 mAb suggest a functional significance of TLR3 on
the cell surface [17]. Moreover, a pronounced TLR3 cell
surface expression has been reported for airway epithelial
cells [82, 83]. In contrast to the short-term activated yo T
cells, TLR3 was only weakly expressed on the cell surface
in y0 T cell lines and clones cultured over a longer period
[17].

Direct co-stimulatory effects of TLR3 ligands on y6 T
cells

In agreement with the lack of TLR3 cell surface expres-
sion on freshly isolated y0 T cells, these cells did not or
only very marginally respond to TLR3 ligand poly(I:C)
alone in the absence of APC [17, 40]. However, an
additional signal via TCR-crosslinking (e.g. anti-TCRyJ
mAb or PAg,) enhanced CD69 expression and IFN-y,
MIP-1oc and RANTES production in freshly isolated,
short-term activated y6 T cells [16, 17, 38] (Fig. 1). In
this context, purified, short-term activated Vo2 yd T cells
produced remarkably higher levels of IFN-y than purified,
short-term activated VJ1 y0 T cells. The levels of MIP-1a
and RANTES were comparable in both y6 T cell subsets
[16]. TNF-a, GM-CSF and IL-8 were produced only by
short-term activated V62 y0 T cells. To rule out that
positively selected yd T cells, which are highly CD69
positive, give rise to artificial results, negatively sorted yJ
T cells were also used in additional studies. In line with
positively isolated yd T cells, IFN-y production and CD69
expression were enhanced after TCR activation with PAg
and further up-regulated in the presence of poly(I:C) [37].
Increased levels of IFN-y mRNA and IFN-y protein were
also observed in short-term activated y6 T cell lines/
clones derived from human adults or term babies after
TCR stimulation (anti-CD3 mAb) in combination with
poly(I:C) by Gibbons et al. [44]. In comparison to freshly
isolated, short-term activated yd T cells, y0 T cell lines
and clones cultured for a longer period did only slightly
express TLR3 on the cell surface, which fits well with the

moderate [17] or absent [35, 40] effect on IFN-y secretion
after combined poly(I:C) and TCR stimulation. The rea-
son for this discrepancy in TLR3 cell surface expression
on freshly isolated yd T cells versus T cell lines/clones is
not clear. However, the different effects of an integrated
TCR/TLR3 ligand signal on freshly isolated, short-termed
activated y0 T cells versus 0 T cell lines/clones could be
explained by the different activation status and the IL-2
requirement of these cells, which we have previously
discussed [16, 17]. Briefly, the enhanced production of
IFN-y and chemokines were measured 24 h after initial
TCR/poly(I:C) stimulation in the absence or presence of
low concentrations of IL-2 (25-50 IU/ml). The addition
of poly(I:C) to freshly isolated y6 T cells might replace
the requirement of IL-2 for enhanced IFN-y production.
Freshly isolated yd T cells are not able to produce IL-2
[84]. The IL-2 production of yd T cell lines/clones, or
rather the addition of high concentrations of exogenous
IL-2 (100-300 IU/ml), resulted in an enhanced IFN-y
production. The IL-2 production could only slightly or not
at all be further increased with additional poly(I:C)
stimulus, because the maximal capacity of INF-y pro-
duction has been reached. The cross-talk between TCR
and TLR signaling should be investigated in more detail
to reveal the difference between freshly isolated, short-
term activated y0 T cells and long-term cultured y6 T
cells.

In addition to the cytokines and chemokines up-reg-
ulated after co-stimulation with poly(I:C) in short-term
activated 0 T cells, several interferon/virus-induced
genes such as interferon-induced protein with tetratrico-
peptide repeats (IFIT)1, MX1 and IRF-7 as well as
TLR3 and TLR7 genes were enhanced as revealed by
microarray analysis and quantitative real-time RT PCR
[16, 38]. These data confirmed that freshly isolated y0 T
cells need an integrated signal via TCR and TLR ligand
to efficiently support antiviral immunity and thus
appropriate effector function against viruses. The
requirement of TCR-engagement was also observed by
others demonstrating a TCR-dependent expansion of V42
10 T cells in CMV-infected patients after kidney trans-
plantation. Interestingly, TLR3 together with TLR9
seems to be involved in antiviral immunity against
murine CMV infection [79]. Moreover, murine yd T cells
have also been shown to recognize HSV-1 antigen via
their TCR, a pathway which protects mice from HSV-1
induced lethal encephalitis [85, 86]. The association of
TLR3 deficiency with the susceptibility to HSV-1 in
humans, fits well with the observation that yé T cells
from pre-term infants expressed reduced levels of TLR3,
produced lower levels of IFN-y after TCR/TLR3 ligand
stimulation and were more susceptible to HSV-1 infec-
tions [44, 80, 87].
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Indirect effects of TLR3 ligands on yé T cells response

Besides the co-stimulatory effect of poly(I:C) on freshly
isolated yd T cells, other studies reported that y6 T cells
were also stimulated indirectly via TLR3-mediated acti-
vation of immature myeloid DC [35, 40]. In these studies,
Vo2 y6 T cells up-regulated CD69, produced enhanced
levels of IFN-y and increased their proliferation mediated
by the release of type I IFN, but not by IL-15 or IL-12p70,
derived from TLR3-expressing myeloid DC (mDC).
Reciprocally, activated y0 T cells promote maturation and
migratory capacity of DC and thereby CD4 T cell priming
[35] (Fig. 2b). Independent of direct co-stimulatory effects
of poly(I:C) or indirect effects via mDC, TCR stimulation
of y0 T cells is required in both situations for contribution
of po T cells to an antiviral immune defense.

In the context of indirect poly(I:C) effects on yd T cells,
it has been shown that the time-point of administration of a
TLR signal is also very important [43]. Pre-treatment of
pancreatic adenocarcinomas, lung carcinomas, and squa-
mous cell carcinomas of the head and neck with poly(I:C)
for nearly 20 h was necessary to induce up-regulation of
CD54 on tumor cells [43]. The interaction of CD54 and the
corresponding ligand CD11a/CD18 expressed on yd T cells
is responsible for triggering cytotoxic activity of yo T cells
(Fig. 3). Thus, the TLR3 ligand pre-treatment of tumor
cells enhanced the cytotoxic activity of short-term acti-
vated y0 T cells lines and y6 T cell clones, but not of
freshly isolated y0 T cells. The re-stimulation of yd T cell
lines/clones via TCR further increased these TLR3 ligand
mediated enhancement of cytotoxic activity.

TLR4 expression

TLR4 recognizes LPS, a glycolipid component of the outer
membrane of Gram-negative bacteria that can cause septic
shock [88]. TLR4 forms a complex with MD-2 on the cell
surface, which binds LPS. In addition, LPS-binding protein
and CD14 are also involved in binding of LPS [89]. LPS
consists of a hydrophobic lipid A component, a hydrophilic
core oligosaccharide and an O-antigen. The best charac-
terized ligand for the MD-2/TLR4 complex is Lipid A.
TLR4 is also involved in the recognition of Streptococcus
pneumoniae, RSV fusion protein and mouse mammary
tumor virus (MMTV) [12]. Regarding prophylactic and
therapeutic vaccine programs, 3-O-decaylated monopho-
sphorylated Lipid A (MPLA) is a promising candidate due
to its absent toxicity in humans. MPLA induces DC mat-
uration, up-regulation of co-stimulatory molecules on DC
and enhances humoral- and cell-mediated immune
responses to DNA vaccination against HIV-1 [90, 91].
MPLA has already been incorporated into hepatitis B virus
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Fig. 3 Indirect effects of TLR ligand (TLR-L) activated tumor cells
on o T cells. Cytotoxicity and granzyme A/B production of human
y0 T cells are enhanced after pretreatment of tumor cells with
poly(I:C) (TLR3 ligand) or imiquimod (TLR7 ligand). TLR3 ligand
treated tumor cells up-regulate CD54. The interaction of CD54 on
tumor cells with CD11a/CD18 on co-cultured yJ T cells resulted in an
enhancement of cytotoxic activity by yo T cells. TLR7 ligand induces
a down-regulation of MHC class I molecules on tumor cells possibly
resulting in a reduced binding affinity for inhibitory receptor NKG2A.
In compliment for reference [43]

(HBV) vaccines and human papillomavirus (HPV) vaccine
[92].

TLR4 expression in yé T cells

TLR4 mRNA and protein expression was not detected in
highly purified, freshly isolated yé T cells [16, 38], but was
up-regulated after activation at the mRNA and protein level
in human short-term yJ T cell lines [36, 39]. In accordance
with human yd T cells, murine yd T cells did not express
TLR4 on the cell surface, as analyzed with blood y¢
T cells, peritoneal Vy6Vdl yd T cells, as well as Vy3-
expressing DETC or DETC lines from C57BL/6 mice
[63, 64, 93]. However, TLR4/MD-2 expression was up-
regulated when DETC emigrated from the epidermis dur-
ing cutaneous inflammation and was slightly increased on
blood yd T cells in an experimental thermal injury model
[64, 93]. Additionally, TLR4 expression was reported on
murine splenic 0 T cells stimulated with anti-CD3 mAb
and IL-2 [94].

In contrast to human and mice, TLR4 mRNA was
detectable in purified, freshly isolated bovine yJ T cells and
in non-stimulated CD8aa™ avian yd T cells [36, 95].
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Indirect effects of TLR4 ligands on yé T cells response

Cui et al. demonstrated that “resting” human 6 T cells
recognize TLR4 ligand Lipid A presented by monocyte-
derived dendritic cells (moDC) in a CD1b/CD]1c-restricted
manner [39]. y0 T cells up-regulated TLR2 and TLR4,
produced higher amounts of Th1 cytokines and proliferated
much better after stimulation with Lipid A-pulsed moDC.
However, only anti-TLR4 antibody could partially inhibit
y0 T cell response to Lipid A. Moreover, the authors
suggested that the binding of Lipid A at TLR4 on the
surface of activated yd T cells further enhanced 70 T cell
effector function (Fig.2b) which further support the
elimination of Gram-negative bacteria [39]. In addition,
LPS-activated myeloid DC induced a type I IFN-mediated
rapid and strong IFN-y response of human V42 yd T cells
suggesting an adjuvant role of y0 T cells in the cross-talk
with DC during microbial infections [35] (Fig. 2b).
Moreover, they observed that Yellow Fever Virus (YFV)
activated indirectly IFN-y production of 6 T cells via
plasmacytoid DC (Fig. 2a).

In contrast to freshly isolated human yd T cells from
adult donors, freshly isolated, neonatal bovine y6 T cells
responded more vigorously to the TLR4 ligand. The
stimulation of freshly isolated bovine yd T cells with
phenol-extracted LPS induced a rapid up-regulation of the
chemokines MIP-1o and RANTES [36]. Moreover, a TCR-
independent up-regulation of GM-CSF was observed in
murine Vy3 yd T cells after LPS stimulation [36, 68].

TLRS expression

Flagellin, a protein of the bacterial flagellae, is recognized
by TLRS. Flagellin induces DC maturation and chemokine-
and IL-12 production by DC, IL-12-dependent Thl pro-
motion and o-defensin secretion by NK cells [96, 97].
TLR5 '~ mice develop spontaneous colitis, whereas high
concentrations of TLRS ligands can amplify inappropriate
human T cell immune responses causing chronic inflam-
mations such as inflammatory bowel diseases [98, 99]. In
contrast, low concentrations of TLRS ligands enhance the
suppressive activity of regulatory T cells, which have a
important role in maintaining gut homeostasis [98]. In this
context, Gewirtz and coworkers reported that a common
TLRS5 polymorphism that produces dominant negative
receptor is protective against Crohn’s disease, but not
against ulcerative colitis [100]. Flagellin derivate
CBLB502 protected hematopoietic cells and cells of the
gastrointestinal tract of lethally irradiated tumor-bearing
mice from cell death, but did not decrease tumor radio-
sensitivity. Therefore, TLR5 agonists may be useful as
adjuvants for cancer radiotherapy [101].

TLRS expression in y0 T cells

Expression level of TLR5 mRNA was nearly undetectable
compared to TLR1 and TLR2 expression in freshly isolated
human 90 T cells [16, 36, 38]. However, Gibbons et al.
mentioned in their study similar levels of TLR5 mRNA in
adult and neonatal y6 T cells as demonstrated by micro-
array analysis [44]. In accordance with human yd T cells,
the expression of TLR5 mRNA in bovine yd T cells is also
very weak [36]. No data on TLRS expression in mice have
been reported.

Direct co-stimulatory effects of TLRS ligands on y6 T
cells

Despite the nearly absent expression of TLR5 mRNA,
freshly isolated human VJ1 yo T cells increased IFN-y
production after stimulation with TLRS ligand flagellin
derived from Salmonella typhimurium alone (Fig. 1).
IFN-y secretion was further enhanced in the presence of
TCR stimulation in these Vo1 y6 T cells. Although the
tendency towards increased IFN-y production was observed
among all tested donors, the overall level of IFN-y pro-
duction in V41 yo T cells was very low. Further experiments
are necessary to examine a possible direct effect of flagellin
on Vol pd T cells in more detail. In contrast to V1 yd
T cells, V62 y6 T cells did not further increase IFN-y
production after an combined TCR/TLR5-ligand activation
compared with TCR stimulation alone [16].

TLR7/8 expression

TLR7 recognizes imidazoquinoline derivatives such as
imiquimod and resiquimod (R-848), guanine analogues
such as loxoribine, sSRNA derived from RNA viruses
such as HIV, influenza A virus and vesicular stomatitis
virus, poly(U) RNA and certain siRNAs [12, 102].
TLR7-expressing cells such as plasmacytoid DC produce
large amounts of type I IFN after virus infection [103].
Viruses are internalized, recruited to the endolysosomes,
and recognized by TLR7 resulting in an antiviral
immune response. TLR7 also senses replicating vesicular
stomatitis virus that enters the cytoplasm by autophagy
[104].

Imiquimod (marketed as Aldara®) is used as first line
topical therapy for malignant tumors of the skin such as
basal cell carcinomas as well as for actinic keratosis and for
genital condyloma. 85A is structurally related to imiqui-
mod and is used for the treatment of melanoma [92, 105].

Phylogenetically similar to TLR7 is TLR8, which rec-
ognizes preferentially viral sSRNA from HIV and R-848,
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thereby inducing an antiviral immunity. Moreover, TLR8
is up-regulated in monocytes after bacterial infections [12].

TLR7/8 expression in y0 T cells

Freshly isolated human yd T cells express TLR7 on the
mRNA level in both V1 and V62 T cell subsets, while
TLR8 mRNA was unverifiable in these cells [16, 38, 44].
At the protein level, endosomal TLR7 was observed
intracellularly in Vo1 and V62 pd T cells (unpublished
observation), whereas TLR8 was only marginally detected
in both subsets [16]. TLR7 mRNA expression in short-term
activated yd T cell clones derived from blood of full-
termed neonates or adults was significantly improved
compared to short-term activated yd T cell clones from pre-
termed neonate [44]. In addition, human tumor-infiltrating
Vol yo T cells also express TLR7 and TLRS [46].

TLR7 expression was found in purified splenic y0 T
cells of mice, whereas a weak TLR8 mRNA expression
was detected in purified bovine y0 T cells [36, 94].

Direct co-stimulatory effects of TLRS ligands on y0 T
cells

A regulatory role of TLRS ligands for V51 y0 T cells was
described by Peng etal. [46]. The authors isolated
transcription factor FoxP3- and CD25-negative tumor-
infiltrating V1 y0 T cells from breast tumor patients with
tumor suppressive activity [46]. These cells posses a potent
TCR-dependent, cell-cell contact-independent immuno-
suppressive capacity on effector functions of off T cells and
maturation of DC. The immunosuppressive activity of
these Vo1 o T cells could be abolished by TLR8 ligands
Poly-G3 and ssRNA40 in vitro and in vivo, but not by
TLR7 ligand loxoribine or by TLRO ligand CpG-B (Fig. 4).
Knockdown experiments with siRNA demonstrated that
the MyD88-dependent signaling pathway via TRAFG6,
IKKa, IKKf, or p38 molecules in Vil y6 T cells is
required to induce a TLRS8 ligand-mediated reversal of
suppression [46].

Indirect effects of TLR7 ligand on yé T cells response

Pretreatment with TLR7 ligand enhanced human ¢ T cell-
mediated cytotoxicity towards pancreatic adenocarcino-
mas, lung carcinomas, and squamous cell carcinomas of
the head and neck [43]. Our results revealed a down-reg-
ulation of MHC class I molecules on tumor cells after
treatment with TLR7 ligand imiquimod. The down-regu-
lation of MHC class I molecule in the tested tumor cell
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Fig. 4 TLRS8 ligand abrogate the suppressive activity of tumor-
infiltrating V1 90 T cells. Human VJ1-expressing tumor-infiltrating
lymphocytes (TIL) derived from breast tumors suppress off T cell
effector function and DC maturation in vitro and in vivo. The
suppressive activity can be reversed by TLRS ligand. In compliment
for reference [46]

lines possibly results in reduced binding affinity for
inhibitory receptor NKG2A expressed on yd T cells.
NKG2A as well as activating receptor NKG2D are
expressed on most human yd T cells, thereby regulating
their activation, but were not modulated by TLR7 ligand
imiquimod (Fig. 3). Moreover, none of the tested cyto-
kines, which were up-regulated after imiquimod treatment
of the tumor cells influenced the y0 T cell-mediated lysis.
In addition, imiquimod did not induce up-regulation of
co-stimulatory molecules or cell death in the tested tumor
cells [43]. The data clearly demonstrate that TLR7 agonists
enhanced cytotoxicity of pd T cell lines and clones. An
intravenous administration of TLR7 agonists to cancer
patients has to be carefully tested due to the unknown
side-effects on other TLR7-expressing cells.

TLRY expression

TLRY was identified to recognize unmethylated 2'-deoxy-
ribo (cytidine-phosphate guanosine) (CpG) DNA motifs
that are frequently present in bacteria. Synthetic CpG
oligodeoxynucleotides (CpG ODN) are classified accord-
ing to their nucleotide sequence and their backbone
modification into three classes (A-C). Class A CpG ODN
directed to lysosomal compartments of plasmacytoid DC
induces type I IFN production in these cells. Class B CpG
ODN traffic to endosomal compartments of B cells, thereby
triggering IL-12 production. Class C CpG ODN initiates
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both type I IFN secretion and B cell activation. All classes
activate a strong Thl response, a property that is explored
for clinical trials, e.g., for treatment of Th2-mediated type I
allergic disorders, as adjuvant in vaccines against HBV,
HCYV, or influenza or cancer therapy [12, 62, 106].

Moreover, TLRY recognizes viral DNA from HSV-1/2
and murine CMV. Similar to TLR7, TLRO is localized in
the endolysosomes, and endosomal acidification is required
for ligand binding.

TLRY expression in y0 T cells

TLR9 mRNA expression was nearly undetectable in highly
purified, freshly isolated V41 and Vo2 yd T cells and in
short-term activated yo T cell clones [36, 38]. In purified,
freshly isolated bovine y0 T cells, TLR9 mRNA expression
was generally more abundant than expression of other TLR
[36].

Indirect effects of TLR9 ligands on yé T cell response

Rothenfusser et al. and Kunzmann et al. reported that
TLRO ligand CpG (ODN 1585, 2216) enhanced the acti-
vation of freshly isolated human 76 T cells via the
stimulation of type I IFN production in plasmacytoid DC in
vitro [40, 41]. In their studies, CpG ODN sequences
interacting with plasmacytoid DC represented a strong
adjuvant for short-term activated yo T cell effector func-
tions such as Thl-cytokine production and lytic activity
[41] (Fig. 2a). Similar to the results with direct co-stimu-
latory effects of other TLR ligand stimulations, an
additional signal via TCR on yd T cells is required for
maximal stimulation of these cells [41]. Synergistic acti-
vation of 0 T cells by phosphoantigens and adequate
adjuvant induce an increased secretion of Thl-cytokine
IFN-y, which might be beneficial for potential immuno-
therapy of cancer or defense against viral diseases.

TLR10/11 expression

TLR10 is expressed on human B cells and plasmacytoid
DC. However, TLR10 has not been detected in mice due to
an incomplete TLR10 gene sequence. TLR10 forms
homodimers or heterodimers with TLR1 and TLR2. The
ligand for TLR10 is unknown. Similar to other TLR,
TLR10 directly associates with MyD88 [50].

TLR11 is expressed in murine kidney and bladder.
TLR11-deficient mice are susceptible to infection with
uropathogenic bacteria, suggesting a role of TLR11 in the
recognition of these bacteria. Moreover, TLR11 recognizes

a profilin-like molecule derived from Toxoplasma gondii
[107, 108].

TLR10 expression in y6 T cells

Deetz et al. identified the expression of TLR10 mRNA in
human short-term yd T cell lines (<90% purity) [34].

Concluding remarks

Taken together, the results with human yd T cells dem-
onstrate that TLR ligands on their own (except for TLRS
ligand flagellin) are not sufficient to exert a striking effect
on y9 T cells. A co-stimulatory effect is induced in freshly
isolated human 70 T cells after combined TCR- and TLR1/
2/6, -3 or -5 ligand stimulation. However, in y0 T cell lines
and clones, the addition of exogenous IL-2 (necessary for
expansion of pd T cells) might overcome the co-stimula-
tory effects of TLR ligands. In addition, TLR8 ligands
abolish the suppressive function of tumor-infiltrating Vo1
70 T cells, and several other TLR ligands induce an indirect
effect via DC or tumor cells on yd T cell effector functions.
These data demonstrate that TLR ligands can modulate the
effector functions of yo T cells. The combined TCR-TLR
ligand stimulation of yd T cells (directly or indirectly)
could be a strategy to optimize Thl-mediated immune
responses as adjuvant in vaccines against viruses or
bacteria or could help to improve the therapeutic potential
of cancer vaccines.
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